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ELECTRONIC STRUCTURE AND MAGNETIC INTERACTIONS
IN DILUTED MAGNETIC SEMICONDUCTORS

H. Ehrenreich, K.C. Hass,* N.F. Johnson, B.E. Larson, and R.J Lempert

Division of Applied Sciences and Department of Physics
Harvard University, Cambridge, Massachusetts 02138

USA

*Also at: Dept. of Physics, MIT, Cambridge, MA 02139

We summarize recent calculations of the electronic structure and exchange

interactions in Cdl-,Mn.Te and related alloys.

Mn-substituted 11-VI diluted magnetic semiconductors (DMS) (e.g. Cd 1 ,_MnTe)
exhibit a variety of interesting phenomenal) of potential technological significance.
This paper summarizes recent theoretical progress2"4) made in understanding the elec-
tronic structure and magnetic interactions in these materials. The problem is compli-
cated by the facts that DMS: 1 ) (1) are random alloys exhibiting both compositional
and structural disorder, (2) contain local moments due to narrow, strongly correlated
Mn d bands, (3) are magnetically disordered due to the formation of a low temperature
spin glass phase, and (4) have experimentally inaccessible z = I tetrahedral limiting
crystals. The work described here overcomes these difficulties by combining a number
of techniques developed pieviously for other transition metal and semiconductor alloys.

Figure 1 presents an overview of the emerging theoretical picture. We begin our
discussion near the bottom to emphasize the chronological development of the subject.
Most early theoretical studies') of DMS were based on the phenomenological Hamiltoni-

ans HH and HK. The former is a spin 5/2 Heisenberg Hamiltonian which has been

used extensively to examine the magnetic properties and phase diagrams of DMS. The
Mn-Mn exchange constants Jd-d have been determined empirically1l5) for most 1I-VI
DMS and are known to be antiferromagnetic (AF) and of the order of -10 K for
nearest neighbors (assuming a total interaction between two spins of -2Jd-d -i).

The Kondo-like Hamiltonian HK describes Mn d-sp band exchange. This has been

combined1) with a 1.-g-virtual crystal approximation (VCA) treatment of the sp
bands to describe the unique magneto-optical and magneto-transport properties of

DMS. Typical values6,7 ) for the k'=0 conduction and valence band edge exchange

constants aie NIV, --- '-d • 0.2 eV and N f0 =- -1.0 eV, respectively.

Our work has focused on the development cf a detailed electronic structure

model designed to provide a more fundamental understanding of DMS. The staring

point, in principle, is the many body Hamiltonian shown at the top of Fig. 1. For most
purposes it is sufficient, and simpler, to consider an effective one electron Hainiltituiaii

obtained in one of two ways. The left hand approach in Fig. I treats correlation effects

in the linearized Hubbard approximation (LHA). This assumes that a Mn d electron of

spin a in orbital & has the energy (d + Uff <n,_o-> where <ne,,-,> is one if

the opposite spin state is occupied and zero if it is unoccupied. We use this approach

in the alloy calculations below because it is applicable to disordered as well as ordered
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systems. By contrast, the right hand approach in Fig. 1, the local spin density approxi-
mation8 ) (LSDA), is easily implemented only in ordered systems. The LSDA forms the
basis of most ab initio spin-polarized band calculationsg) and is thus useful for obtain-
ing information on the hypothetical z -1 tetrahedral compounds.2-49 )

The schematic one electron Hamiltonian in Fig. I contains three terms. The
first, H,,, describes itinerant semiconducting sp bands and is similar to that which

I would occur in isoelectronic II-VI alloys,') H4 describes localized, half-filled Mn d

shells which are spin-polarized on a given site. The sp-d hybridization Ho_- de-

localizes the d states and broadens them into bands. H,,... is small compared to Ue

but has noticeable effects on the electronic structure and is the dominant source of

magnetic interactions. 2-4,11)

We perform realistic
electronic structure calcula-
tions for Cdl_,Mn.Te using
an empirical tight binding ELECTRONIC THEORY OF Mn-BAeED DM$

model (right side of Fig. 1). Many Body Hamiltonian

The basis consists of s2 , pI
d1° orbitals for each cation
and s2, p6 orbitals for Te. Linearized Hubbard Approximation LSDA

The Mn d electrons are ( (e

treated in the LHA. Occu-
pied d states are assumed to H On E i ltna

have either spin up (T) or H a-Hr•+ I' + Hsp-d
spin down (4) at random.
The alloy is thus modeled ;' . . Electronic Tigh,-Bindi•g

as the pseudo-ternary (VCA) Structure (CP or VCA)

Cd1.... (MnT)2 12(Mn1)~,2Te.
The MnT and MnJ concen-
trations are assumed equal to
ensure zero net magnetiza- [Mn-sp Bond Exchange Mn-Mn Exchange
tion. Compositional and mag- H js- Si - * suprexch
netic disorder in the alloy are * B•oembergenwlond

treated in the coherent poten- H-j

Itial approximation (CPA). Modified
Parameters are obtained 

I

(assuming nearest neighbor
[ ~~hopping only) by fitting to

theppiknownly d y baind str (Magneto-) Optical and Magnetic Properties
the known CdTe band struc- Transport Properties and Phases

ture anr the results of

LSDA-augmented spherical
wave calculations 2) for Fig. 1 - Schematic overview of theoretical
hypothetical AF zincblende developments summarized in the text.
MnTe. The values of c4

and Uf derived from the latter are adjusted to correct for errors in LSDA quasiparti-Sceeeris4
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Figure 2 shows the CPA total and projected d (shaded) densities of states for
x=0, 0.3, 0.6. The zero of energy is fixed at the CdTe valence band maximum. The
occupied Mn d states have been shifted down by -, 1 eV from the LSDA results to
place them near -3.4 eV, in agreement with photoemission experiments 12,13) The loca-
tion of the unoccupied d states has yet to be determined definitively (e.g., by inverse
photoemission). Here we have shifted them up by -- 2 eV from the LSDA results. This
places them at about 4.5 eV above the region of the upper valence band at L, a loca-
tion which provides a possible explanation for the anomalous structure seen in optical
data at this energy.14)

The occupied d states are CdTe
split into two peaks due to sp-d
hybridization. The lower t2, states
hybridize more strongly in the .
tetrahedral environment and are
shifted to lower energy due to a 0

repulsion from the Te p-like upper Cd°'7 Mn'0 3 Te
valence bands. The corresponding d .

"5-admixture in the upper valence W
region is responsible for the spectral 2

, change near -1 eV in Fig. 2 (which
has been observed in photoemission U 0
experiments12)) and the slight shift Cda~n°'6Te
of the valence band maximum. The
cation s-like conduction band
minimum is unaffected by sp-d
hybridization by symmetry. The 01
energy of this state increases from -4 0 4
1.6 eV at x =0 to 2.6 eV at z =0.6 ENERGY (eV)
due to the difference between Cd and Fig. 2 - Calculated CPA total and pro-
Mn atomic s levels.10) jected d (shaded) densities of states.

The connections in Fig. I between the electronic structure and the Mn-sp band
and Mn-Mn exchange interactions have been extensively discussed elsewhere.2"4) The
qualitative difference between Nct and Nfl results from the differing effects of sp-d
hybridization on the conduction and valence band edges. 3 11) The Mn-Mn exchange has
been calculated quantitatively and shown to result primarily from hybridization-
induced AF superexchange. 2,4) This accounts for about 95% of Jd-' at near neighbor
distances with the Bloembergen-Rowland mechanism (resulting from HK) accounting
for most of the remaining 5%.

We have recently developed a physically transparent model 4) of both N. 0 and
Jd-d in Mn-based lI-VI DMS using only four parameters: cd, Ueff, the location of the

valence band edge EV, and a hybridization parameter V,4 . The analytic expressions

N.= -2Vp ((f4 + Ue0 - E.)-' + (E.-f d)-'} (1)

Jd'-(R) = -2 VI' , + Uff - E ff-'Ul + ((d + Uf. - Eii)f(R) (2)
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result from a Schrieffer-Wolff transformation4,11) and an approximation to the formal
results in Ref. 2, respectively. R here is the Mn-Mn separation and f(R) is a univer-

sal function for I1-VI DMS (ýsO.2exp(-4.89R 2/a 2 ) where a is the cubic lattice con-
stant). An application of these formulae to Cd1 .. Mn.Te, Cd1 -zMn:Se and

Cdl..MnS is given in Table 1; the entries correspond to z - 0.1 but are not very

sensitive to x. The E. - Ej values are taken from photoemission experiments. 12 ,13 )

The value Ueff = 7.0 eV for Cd-...MnzTe is chosen from Fig. 2; the slight increase in

Uff down the column is estimated from simple electrostatic arguments4) based on

increasing Mn -- anion charge transfer. V,, is obtained from Eo. (2) and the experi-
ment N. 0 values6,7) in the table. We attribute the increase in V,, from telluride to

sulfide to the decrease in Mn-anion bond length. Eq. (2) is seen to predict nearest
neighbor (nn) jd-d values in Cdl_,Mn.Te and Cdl-,Mn3 Se in excellent agreement
with experiment.5) In view of the extremely large jd-d value predicted for the sulfide,

further experimental studies on this material would clearly be of interest.

Table 1 - Anion dependence of electronic structure parameters (defined in text) and
exchange constants in Cd-based DMS.

EU-d , f v, Nod " (theory) J'11 (expt.)

Cdo.9 Mno0 1Te 3.4 eV 7.0 eV 0.88 eV -- 0.88 eV -8.0 K -6.3 K
Cd0.9 Mn0 1Se 3.4 7.6 1.01 -1.11 -9.0 -7.9

Cd0 9 Mn0 1S 3.4 7.9 1.60 -2.7 -46 -

This work was supported by the Joint Services Electronics Program (No. N00014-84-K-
0465), and the Defense Advanced Research Projects Agency (through ONR Contract N00014-
86-K-003).
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DILUTED MAGNETIC SEMICONDUCTORS

*

H. EHRENREICH, K.C. HASS , B.E. LARSON AND N.F. JOHNSON
Harvard University, Division of Applied Sciences and Department of Physics,
Cambridge, Massachusetts 02138

Also at MIT, Dept. of Physics, Cambridge, MA 02139

ABSTRACT

Recent calculations of the electronic structure and magnetic interactions in Mn -
alloyed I]-VI diluted magnetic semiconductors (DMS) are summarized. Detailed band
structure results are obtained using an empirical tight-binding, coherent potential
approximation approach with input from experiment and local spin density band cal-
culations. The dominant magnetic interactions in these systems result from hybridi-
zation between spin-split Mn d states and sp valence bands. Superexchange between
Mn moments is well described by a simple three-level model which yields accurate Mn
- Mn exchange constants for a variety of II-VI DMS as well as the rocksalt insulators
MnO and cr-MnS.

!NTRODUCTION

This paper summarizes recent theoretical contributions to the electronic struc-
ture and magnetic interactions in Mn - alloyed II-VI diluted magnetic semiconductors
(DMS) (e.g. Cd 1,2 MnTe). These materials have generated considerable fundamental
and technological interest because of their unusual magnetic properties (e.g. non-
metallic spin glass phase) and because, of'their novel interplay between semiconductor
physics and magnetism (e.g. enhanced band edge Zeeman si,.ittings) [1]. The detailed
microscopic picture reviewed here, which is in good agreement with experiment, is
based on a variety of theoretical techniques developed previously for isoelectronic sem-
iconducting alloys and transition metal oxides. Important issues resolved by this
work include the effects of Mn d electrons on the electronic structure and the origin of
Mn - sp band and Mn - Mn exchange interactions.

A brief overview of the developments discussed here and their relationship to
previous theoretical models for DMS is presented in Fig. 1., The upper two-thirds of
this figure, which will be described in detail, begins with the construction of a detailed
electronic structure model based on a realistic microscopic Hamiltonian. Calculations
of magnetic interactions within this framework provide fundamental support for the
phenomenological spin Hamiltonians H. and H. used extensively in early theoretical
studies of DMS [I]. A modified k'p approach, which combines the Kondo-like interac-
tion H. with a simple k-p virtual crystal approximation (VCA) treatment of sp band
edge states, accounts well for the unique magneto-optical and magneto-transport pro-
perties of these materials [2). The spin 5/2 Heisenberg Hamiltonian H,, similarly pro-
vides an excellent description of the magnetic properties and phase diagrams of DMS
[3].

ELECTRONIC STRUCTURE

The description of the electronic structure of I_ IMnn%1 alloys, in principle, is a
complicated many body problem. Local muagnetic moments in these systems result
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Many Body Hamiltonian

Linearized Hubbard Approximation LSDA
(disordered) (ordered)

Trasportt Prpetesa d Paesed

Fig. 1 EffSchmticverview Eetof tHemiteoreicaln e opet
dicuHe =n the +text.sp

(VCA) Structure (CPA or V

Mn - cspBoand Exchange Mn-Mn Exchange

HK =-Z ed Sid" cr o Superexchonge

treat s e s by c Bloem berden- Rowland

I-M

Transport Properties and Phases

Ftig. a - Schematic overview of the theoretical developments
discussed in the text.

from strong exchange-correlatica usefultfons among the Mn d electrons which
strongly favor a spin-polarized d 6 configuration on each Mn site (Hund's rule). We
treat these effects by considering the two commonly used approximations shown in the
second line of Fig. 1. The linearized Hubbard approximation. on the left., assumes
that a Mn d electron or spin o" in orbital or has the energy Cd + Uffs <n,,.-,> where
<n,,•_,> is one if the" opposite spin state is occupied and zero if It is unoccupied 141.
This approximation is particularly useful for the alloy tight-binding calculations

described below because it is applicable to disordered as well as ordered systems. The
second approach, the local spin density approximation (LSDA) [5]. involves no
adjustable parameters but is esily implemented only in ordered systems. Ab iitio
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spin-polarized band calculations based on the LSDA have successfully described the
propertiws of a large number of mnagnetic compounds 161. Such calulz..tions are impor-
tant in the present context for providing band structure information for hypothetical
or metastable ordered contigurations, particularly tetrahedral MnV1 crystals [7-101.

Each of these approximations leads to an effective one electron Hamiltonian
which is written schematically in Fig. I as the sum of three terms. The first term,
H . describes itinerant semiconducting sp bands. The similar behavior of these bands
in II N-.Mn VI MS and in isoelectronic Il-VI alloys explains the similar semiconduct-
ing properties of these materials in the absence of a magnetic field. The second term.
Htd.'describes the local aspects of Nn d states, including the spin splitting U(/f at each
site. The final term. 1 " _d, describes the hybridization between the two sets of elec-
ironi. This effect will be seen to be small compared to U(,1 , but to represent the dom-
inant source of magnetic interactions in these materials.

\Ve have constructed a realistic electronic structure model based on this Hamil-
tonian by combining an empirical tight-binding (ETB) ill] description of the various
terms with a coherent potential approximation (CPA) 1121 treatment of disorder
effects (fourth line of Fig. 1). The basis consists of two s, six p and ten d orbitals per
cation, and two s and six p orbitals per anion. We first discuss the unperturbed sp
band structure which results from H,, acting alone. The effects of Mn d electrons will
then be examined using information obtained from LSDA calculations and experimen-
tal data.

sp Bands

The first detailed calculations of the sp band structure of a DMS were performed
by Hass and Ehrenreich for Hg_ vMn 1Te 1131. This work was based on the ETB-CPA
formalism developed previously for Hg, 1CdTe, which provides a sophisticated means
of interpolating between tight-binding, parametrizations for the limiting crystals 1141.
For HgTe and CdTe in 1141, the diagonal tight-binding parameters, whi-h play the
most important role, were fit to atomic levels [15], as suggested by Harrison [11]. Off-
diagonal parameters (up to second neighbors) and a uniform shift of the diagonal
parameters relative to the sp bands were chosen to provide the best overall fit to the
known HgTe and CdTe band structures. The extei.,on to Hg, 1MnTe was accom-
plished by considering a hypothetical zincblende (zb) x=1 limiting crystal. Diagonal s
and p tight binding parameters for Mn were again chosen from atomic levels on the
same absolute energy scale. Off-diagonal parameters for zb-MnTe were assumed to be
Lhe same as those of CdTe. This approximation is reasonable in view of the small
difference in bond lengths between the two crystals (- 2 %) and the fact that off-
diagonal parameters in zincblende compounds are relatively insensitive to the chemical
nature of the constitutents [11].

Figure 2 shows the resulting placement of the sp ETB bands for HgTe, CdTe
and zb-MnTe relative to the diagonal sp tight-binding parameters assumed in the cal-
culations. (The lower energy Te 5s level and associated split-off valence band
included in the calculations are not shown here.) The zero of energy corresponds to
the valence band maxima which are assumed to be the same in the three crystals
because of the large Te 5p component of the l. states. The increase in band gap from
HgTe to CdTe results from the much higher cation s level in CdTe, which contributes
significantly to the conduction band edge r6 state. The still higher s level in Mn
results in an even larger gap in zb-MnTe. The predicted gap value here of 3.2 eV is in
good agreement with the extrapolated value obtained from low temperature measure-
nrent- on ll_ 1 ln Te alloys [16]. The rise of the cation .s levels also accounts for the
slight decrease in the width of the upper valence region in the series
HlLTe--CdTe--n 'ne.
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Fig. 2. - Limits of sp upper valence and lower conduction bands (darker
and lighter boxes, respectively) for HgTe, CdTe and hypothetical zinc-
blende (zb) MnTe relative to atomically-derived sp diagonal tight-
binding parameters. Details of alignment are discussed in text. The Mn
d lcvels are assumed to be spin split by an amount Uq! at each site
with the occupied states having a spin oa. The resulting regions of large
d state densities in zb-MnTe are shown as cross-hatched regions labeled
d "bands."

For many purposes, the behavior of the sp bands at intermediate alloy composi-
tions can be reasonably described by a simple VCA averaging scheme. The VCA
predicts a nearly linear x dependence of the band features shown in Fig. 2. The addi-
tional effects of compositional disorder, included in the CPA, result primarily from the
differences between cation s levels in the alloy constitutents. The 1.4 eV difference
between Hg and Cd s levels, for example, is known to affect the bowing of band gaps
and electron mobilities in Hg_ CdjTe, and to give rise to a nearly split valence band
density of states near -5 eV [141. Qualitatively similar behavior is predicted for the
sp bands of Hg_ 2Mn 2 Te and Cd _,MnTe with the most pronounced disorder effects
occuring in the former system where the Hg and Mn s levels differ by - 3 eV. A
consequence of this enhanced disorder is that, for a given band gap, the limiting elec-
tron mobility due to alloy scattering in Hg1 _ MnTe is estimated to be about a factor
of three smaller than in Hg_ 'Cd.Te, despite the smaller x value required to produce
that gap 1131.

Effects of Mn d Levels

Thf, Hubbard-like treat ient of Mn d levels described above is illustrated on the
ri< I uih d I P of Fig. 2. N inltif perturbative analysis by Hass and Ehrenreich [131
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demonstrated that the principal effect of sp-d hybridization is to broaden the spin-
split d states into bands, denoted by cross-hatching in Fig. 2. The label ir (-ar) on the
occupied (unoccupied) d band indicates that the associated extended wavefunction for
a state of given spin has large amplitude only on those Mn sites whose net spin is in
the same (opposite) direction. This basic picture holds regardless of whether the Mn
spins are ordered antiferromagneticallv, as would be expected for zb-MnTe at low
temperatures, or are randomly oriented, as would occur at either higher temperatures
or in the spin glass phase of IIf Mn VI alloys.

We obtain ETB parameters describing the location of Mn d levels and the mag-
nitude of sp-d hybridization by fitting to the results of augmented spherical wave
(ASW) - LSDA calculations for antiferromagnetic (AF) zb-MnTe [7.9]. The resulting
hybridization parameters are in good agreement with previous estimates [131 obtained
from Harrison's "universal" tight-binding scheme [11]. The location of Mn d levels
relative to the sp bands is less reliable, however, since the LSDA is well known to
underestimate quasiparticle excitation energies [17]. Both the ASW results of [71 and
[91 and more recent linearized augmented plane wave calculations 110] for AF zb-.MnTe
place the occupied d states degenerate with the sp valence band near -2 eV and the
unoccupied d states in the sp band gap. In our final ETB parametrization shown in
Fig. 2 the 3d, level has been shifted to -3.4 eV to agree with the (x independent) loca-
tion observed in photoemission experiments on Cdl_ .MnTe [18]. The 3d, level has
been similarly shifted to 3.6 eV to place it about 4.5 eV above the region of the L
point of the upper valence band. This placement is consistent with the anomalois
structure seen 'n ellipsometry [19] and reflectivity 120] data for Cd1 _1MnTe at 4.5 eV.
The magnitudes and signs of the above d level adjustments are consistent with the
expected corrections to LSDA eigenvalues [9,17].

The inclusion of d states on the same footing as sp bands in the ETB-CPA
requires the consideration of magnetic as well as compositional disorder 121,221. We
model this effect for Il_ Mn 3 VI alloys by assuming that the occupied d states have
either spin up (T) or spin down (1) at random. The alloy is thus treated as the
pseudo-ternary system Iil (MnT) (Mnr) V\. The constraint y=0.5 is imposed in.,z (\ 2Y" * (I-1M) ". , .
the ground state calculations described below to ensure zero net magnetization. Vari-
ations in the value of y may also be considered to simulate the behavior in an external
magnetic field.

Figure 3 shows the calculated CPA total and projected d (Ehaded) densities of
states for Cdl_.(Mnt),/2(Mnl) /2Te with x = 0.0, 0.3 and 0.6. The similar shape of the
x=0.3 and x=0.6 results indicates that the d contribution to the density of states is
determined primarily by the local environmcat of the Mn and is not strongly affected
by the presence of magnetic disorder. Compositional disorder resulting from the
difference betweei Cd and Mn s levels, on the other hand, does produce a slight
change in the sp contribution to the density of states in the lower valence region
showi in the figure. States contributing to the -4.5 eV peak in CdTe are composed
primakrily of Cd - and Te p orbitals. Upon alloying with Mn, this peak shifts to higher
energy and decreases in magnitude while new structure appears in the alloy sp bands
near -3.9 eV which is superimposed in Fig. 3 on the much larger Mn d contribution at
this energy.

The splitting of the occupied Mn d peak in Fig. 3 is a consequence of sp-d
hybridization. The lower energy states, which have t2# symmetry, hybridize more
strongly in the tetrahedral environment than those of e, symmetry and are repelled

by the Te p - like upper valence region. The interaction in turn produces an appreci-
able d admixture throughout the upper valence region, including the valence band
maximum. The resulting change in the structure of the density of states near -1 eV
has been observed directly in photoemission experiments 1181. The small shift of the
valence b!,nd maximum is overstimated in the CPA by the neglect of short ranged AF
correlations. i, contrast to the valence band behavior, the conduction bands in Fig. 3
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are relatively unaffected by
sp-d hybridization except

for a slight broadening of CdTe
the unoccupied d peak.
The d admixture in the 5,
conduction band minimum,
in fact, is strictly zero by
symmetry.

Much more detailed "-
band structure information Cd 0 7 Mn 0 3 Te
can be obtained from an
analysis of k dependent,

properties in the ETB- W 5-

CPA. Such calculations o
for Cd _Mn Te indicate

that magnetic disorder o') 0
causes an appreciable 0
damping of states Cd 0.4Mn 0 .6 Te
throughout the region of
the upper valence peak in 5-
Fig. 3. The damping
shows up in the calcula-
tions as a broadening of k
dependent spectral densi- 0
ties which in the absence of -4 0 4

disorder would reduce to ENERGY (eV)
series of 6 - functions at
the band energies. The cal- Fig. 3. - Calculated CPA total and pro-
culated broadening and jected (shaded) densities of states for
peak location of the upper Cd1  MnT) 3 (Mn4), 2Te with Y - 0.0,
valence band spectral den- ,(I

sity at L is qualitatively 0.3 and 0.6.
consistent with the
anomalous behavior of the
E, optical transition
observed in recent ellipsometry experiments 119]. A more detailed analysis of spectral
densities will be particularly important if more extensive angle-resolved photoemission
data becomes available.

MAGNETIC INTERACTIONS

The preceding elec~ronic structure model is now used to to examine the principal
magnetic interactions in II_ ,Mn 2VI DMS along the lines indicated in Fig. 1.

Mn - sp Band Exchange

The Kondo-like interaction H. between Mn local moments and the spins of band
edge electrons and holes is the larger of the two exchange interactions considered here.
The relevant exchange constants for most I 1 1Mn,"V, DMS have been determined

from experiment and found to be N0o J' . - z 0.2 eV for the conduction band edge

and .A•-3- J,"-d"" -1.0 eV for the valence band edge [23]. The qualita'ive difference
btwcfn , -' values can 1),, understood in terms cf the different effert:s of sp--d
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hybridization on the two band edges 18.9,241. For the conduction band edge, where no
d admixture is allowed by symmetry, N 0 a is a purely potential exchange interaction;
this is a relatively weak effect in these systems, and always ferromagnetic. By con-
trast, the appreciable d admixture in the valence band edge gives rise. through the
Schrieffer-Wolff transformation 1251, to the much larger, antiferromagnetic exchange
constant NO6. Substitution of the above ETB parameters for Cd,_ Mn Te in the
appropriate Schrieffer-Wolff expression yields an estimate of NO witi_• 20 % of
experiment. Accurate values of both N 0a and N 0f3 in II-,_MnI XV DMS have also been
extracted from ab initio LSDA calculations of band edge spin splittings in hypotheti-
cal ferromagnetic compounds (x = 1.0 and 0.5) [8-10].

Mn - Mn Exchange

The weaker Mn - Mn exchange interaction HH is known to be short-ranged and
antiferromagnetic in II _,Mn V1 alloys [3]. Experimentally derived nearest neighbor
exchange constantsd are typically of the order of -10 K (-9 x 10-4 eV). assuming a

total interaction between two spins of -2J (Rij)SSj [261. The hierarchy of Mn - Mn
exchange mechanisms has recently been examined quantitatively by Larson. et. at.
starting from a simplified version (VCA sp bands, single sp-d band hopping parame-
ter) of the effective one electron Hamiltonian discussed above [7,9]. The total \In -
Mn interaction in this work is calculated as a fourth order perturbation in H./ with
the contributions of various mechanisms classified by intermediate states. Processes
which involve the creation of two holes in the sp valence band are associated with
superexchange (27]. Processes which involve the creation of one electron and one hole
are associated with the Bloembergen-Rowland mechanism [28] (RKKY in metals).
Two-electron processes are also considered. The approach is superior to that of previ-
ous calculations of J (Ri) in DMS which considered only a second order perturbative
treatment of HK [29]. The retention of only spin degrees of freedom in HK neglects
many of the effects of sp-d hybridization which play an important role in determin-
ing J d(Ri2 ).

Numerical calculations based on the above approach indicate that AF superex-

change accounts for about 95 % of J.,, in wide gap Cd and Zn DMS and remains dom-
lnant out to about fourth nearest neighbors [7,9]. The Bloembergen-Rowland mechan-
ism makes an increasingly important contribution in narrower gap Hg systems (partic-
ularly for more distant neighbors) but is unlikely to ever become dominant. Exchange
processes involving holes are more effective than those involving electrons because of
the larger density of states and the larger degree of Mn d - sp band hybridization in

the sp valence band. The net J values calculated by Larson, et. al. for
Cd_ ,Mn z Te are -12 K in (7] and -8 K in 19] using a more refined set of parameters.
The excellent ag--',ment with experiment (-6.3 K (26]) is a clear indication of the vali-
dity of the result;i,; physical picture and the underlying electronic structure model.

Three-Level Model of Superexchange

We have recently developed a more physically transparent model of superex-
change in Mn-based systems which involves only the essential features of the elec-
tronic structure [9]. The model contains four parameters: the occupied d level energyI the unoccupied d level energy E• + U ,I' the energy of the valence band maximum
E,. and a MIn d - anion p hybridization parameter V'p. The analytic expression
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dd U efl + c + U~ -E,)'] f(RJ (R) =-2Vpj + U(f-E,)) (1)

can be written down immediately in analogy with the full fourth order perturbation
theory of [7]. The remarkable feature of this formula is that the function f(R), which
describes the dependence on the Mn - Mn separation R, is largely independent of the
details of the electronic structure within a closely related class of materials.

For 1 1- Mn "V1 DMS, with cubic lattice constant a, f(R) is well approximated

out to about fourth nearest neighbors by the Gaussian decay 0.2 exp (-4.89 R 2/a 2) 17).
Trends in exchange constants upon variations in the group I1 or group VI element can
thus be understood directly in terms of the corresponding trends in electronic struc-
ture parameters. By further supplementing this model with the Schrieffer-Wolff
expression

NO/3 =-2V ' ( d +Uei -E,,)' E-~ (2)NoPd + (E2)-

one can obtain a consistent description of both Mn - sp band and Mn -Mn exchange in
these materials.

The utility of these expressions is first illustrated by considering those wide gap

IIl_ MnVI DMS for which reliable experimental values of J;. have been reported 126].
The composition x=0.1 is chosen for clarity although none of the parameters or
results depend strongly on x. The electronic structure parameters used in the model
are given in the left-hand columns in Table I. The E. - f, values for the two Cd

alloys are taken from photoemission experiments [181. The value U - 7.0 eV in

Cd_, Mn.Te is chosen from Fig. 2 and the increase in UI in Cd 1 _,MnSe is
estimated from the smaller dielectric constant in this system. Voth E, - c, and UO
are assumed to be the same in the corresponding Zn alloys since these quantities are
relatively insensitive to the cation species. The values of V are determined from Eq.
(2) and the experimental N0/3 values in the table [231.

Table I - Electronic structure parameters used as input in three-level model
and associated experimental (exp.) and theoretical (th.) exchange constants for a
variety of Mn-based DMS and rocksalt insulators.

EV-(d Uff Vd N0f (exp.) J, (th.) (exp.)

Cd0 9 Mn 0 iTe 3.4 eV 7.0 eV 0.88 eV -0.88 eV -8.0 K -6.3 K

Cdo 9 Mno ISe 3.4 7.6 1.01 -1.11 -9.0 -7.9

Zno 9 Mno ITe 3.4 7.0 0.99 -1.12 -13.0 -8.8

Zno gMno ISe 3.4 7.6 1.06 -1.22 -11.0 -13

a-MnS 0.5 8.0 1.08 - -1.7 -4.4

MnO -2.5 9.0 1.84 - -5.0
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The resulting theoretical values of J • obtained from Eq. (1) are compared to thenn

corresponding experimental values [26] in the right-hand columns of the table. The
simple model not only yields absolute values of the exchange constants within 50 % of
experiment for each DMS considered, but it also accounts for the observed trends
towards larger Jdd in Cd1 Mn Se compared to Cd Mn Te and when Cd is replaced
by Zn. Both of these trends result from an increase in VPd which we attribute to a
decrease in the Mn - anion bond length. The failure of the theory to account for the
experimentally observed increase in Jgdd in Zn 1 _ Mn.Se compared to Zn MnTe may.
be an artifact of our assumed constancy of E, - c and Uff in Cd and Zn alloys.

The three-level model of superexchange outlined here is expected to have more
general applicability to a variety of Mn - based non-metals. The function f(R) will
differ somewhat depending on the symmetry and sp bandwidths in a given class of
materials but within each class f(R) is expected to remain largely independent of the
actual atomic constituents [9]. We illustrate this point by considering the Mn - based
rocksalt insulators MnO and ct-MnS. By coincidence, the appropriate f(R) for Mn
nearest neighbors in these materials (- 0.017) turns out to be the same as in
Inl _MnV1 DMS, despite the difference in symmetry and smaller sp bandwidths in the
rocksalt systems [8]. The values of E,-cd, Ue1 and V for MnO and ci-MnS given in
Table I were obtained in (91 from a variety of theoretical ingredients including LSDA
calculations [30] and tight-binding "scaling laws" [11. The resulting theoretical values

of J d are again in reasonable agreement with experiment 1311. More importantly, thenn

increase in J d from a-MnS to MnO is well accounted for in the model and related
directly through Eq. (1) to changes in the corresponding electronic structure parame-
ters.
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A detailed description is presented of the recently developed molecular coherent-potential approxi-
mation (MCPA) theory of the electronic structure of zinc-blende pseudobinary alloys [K. C. Hass,
R. J. Lempen, and H. Ehrenreich, Phys. Rev. Lett. 52. 77 (1984)]. This approach is superior to pre-
vious CPA treatments because of its ability to treat the dominant effects of both random chemical
and random bond-length variations. The two effects are modeled as diagonal and off-diagonal disor-
der, respectively, in an empirical tight-binding framework. A straightforward application of the
MCPA is made possible by the presence of one chemically ordered sublattice. General consequences
"of this approach are illustrated through detailed applications to ln,-.GaAs and ZnSc.Te;_. The
interference between chemically and structurally induced scattering in different energy regions is ana-
lyzed by comparing MCPA, site CPA, and virtual-crystal spectral densities and band-edge proper-
ties. Differences between the two materials are used to contrast the behavior in cation-substituted
Ill-V and anion-substituted I1-VI alloys. The merits of the MCPA are discussed in relation to some
alternative alloy theories (bond-centered CPA, supercell, and recursion method).

I. INTRODUCTION constant. A similar near conservation of tetrahedral bond
lengths7 has also been observed recently in EXAFS results
for other zinc-blende pseudobinary systems.a This effect

Isoelectronic semiconducting alloys have become in- is believed to be a general feature of these materials result-
creasingly important technologically because of their ing from the much stronger bond-stretching forces com-
tailorable band gaps and other materials properties. t In pared to bond-bending forces in covalent systems. '1-
recent years considerable effort has been devoted to exam- Most previous band-structure calculations' for zinc-
ining the role that disorder plays in determining their blende pseudobinary alloys have either neglected disorder
electronic structure. 2 This issue is of practical as well as entirely [as in the virtual-crystal approximation (VCA)],
intrinsic interest since the presence of disorder may in- or else taken into account only the chemical compo. ent
pose fundamental limits on device performance. While [e.g., in the coherent-potential approximation1 0 (CPA)].
some progress has been made in understanding disorder A more comprehensive treatment, capable of including
effects in certain specific alloy semiconductors, 34 no fully the dominant effects of both types of disorder, as well as
satisfactory theory has yet emerged which is capable of the correlations between them, was outlined by the
providing quantitatively accurate results for a variety of present authors in a recent Letter. 11 The approach is
materials over a wide energy range. based on modeling of chemical and structural disorder as

This paper focuses on an important restricted class of diagonal and off-diagonal disorder, respectively, in an
semiconducting alloys known as zinc-blende pseudobinary empirical tight-binding framework. 12.13 An unconven-
alloys. These materials are of the form A',, A;'B where tional unit cell is chosen so that the dominant disorder
the A'B and A "B limiting crystals are ordinary III-V or effects are "cell diagonal." The problem is then treated
I1-VI compound semiconductors having the zinc-blende within the molecular coherent-potential approximation
structure. (The A' and A" atoms may be either cations, (MCPA). "' This simple matrix extension of the CPA re-
as in Hg, ICdTe, or anions, as in GaAs1 _. P,. ) Alloy tains the favorable analytic properties of the CPA. ""•b• A
disorder in these systems is conveniently divided into a complex MCPA effective potential is defined by the condi-
chemical and a structural component. The former is asso- tion that a single cell, as opposed to a single site, embed-
ciated with the different atomic potentials of the A' and ded in the effective medium, on average, produces no fur-
A" atoms, which we will assume to be randomly distri- ther scattering. (The imaginary part of the potential
buted.5 The latter is associated with local distortions in reflects the fact that alloy quasiparticle states are damped.)
the underlying lattice structure which occur due to a Early applications of the MCPA to binary metallic alloys
difference in A'-B and A"-B bond lengths. The pres- were of limited validity because of the absence of an ap-
ence of structural disorder was first unambiguously propriate molecular unit.1 t A natural unit exists in the
identified by Mikkelsen and Boyce 6 in extended x-ray- case of zinc-blende pseudobinary alloys because of the
absorption fine-structure (EXAFS) measurements on presence of the chemically ordered B sublattice. 'o
Ini-,GaAs. There the In-As and Ga-As nearest- This paper provides a much more complete account of
neighbor bond lengths were found to vary by less than the MCPA treatment of zinc-Jlende pseudobinary alloys.
2% from their limiting-crystal values, despite a 7% Important general consequences of this approach are dis-
Vegard's-law (linear) variation in the average x-ray lattice cussed in detail and illustrated by specific applications to

36 1111 t987 The Amercan Phicatl &-iety
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In,_,GaAs and ZnSeTe-,_. These materials were II. DESCRIPTION OF THE MODEL
chosen both for the interesting contrasts they provide (the
former is a III-V cation-substituted alloy and the latter is A. Tight-binding treatment of structural disorder
a II-VI anion substituted alloy) and because both are ex-
pected to exhibit appreciable chemical and structural dis- The basic idea illustrating the MCPA treatment of

order. 1 While it is not our intent here to provide a structural disorder is shown schematically in Fig. I for a

definitive treatment of these materials, the detailed semi- two-dimensional analog of the zinc-blende structure.

quantitative descriptions which emerge may nevertheless The upper half of the figure shows the true structure

be of interest in their own right, expected for a concentrated A , - A,'B alloy whose hmit-

The key assumptions of the MCPA model and its basic ing crystals A 'B and A "B are poorly lattice matched.

formalism are outlined in Sec. I. The disordered-alloy We assume that the crystalline nearest-neighbor bond

Hamiltonian is constructed by interpolating between lengths d4"e and d 4B are such that d,.4 >d..-8 The

Slater-Koster parameters12 for the limiting crystals. Sec- characteristic feature recently revealed by EXAFS is that

tion III discusses the specific choice of parameters for the the A'-B and A"-B bond lengths do not change very
In_-,Ga.As and ZnSeTel_, systems. Constraints simi- much in the alloy but instead retain mean values closer to

lar to those suggested by Harrison 13 are imposed to ensure dA.s and dA'B than to the average value

the physical reasonability of the MCPA scattering param- d(x)=(l-x)dAD +xdA8. The associated distortions are

eters. accommodated locally and preserve the zinc-blende topol-

The significance of structural disorder is illustrated by ogy. Such structural disorder is much simpler than that

means of comparisons of the MCPA results to those of in amorphous semiconductors. An effective-medium ap-

the VCA and site CPA (Ref. 4) (diagonal, or chemical, proach is therefore more appropriate.

disorder only). Section IV examines this issue in the con- Within tight-binding theory, the actual locations of the
text of damping effects throughout the bands. Section V atoms never need to be specified as long as the Hamiltoni-

focuses on two band-edge properties: the alloy scattering an contains the appropriate matrix elements and has the

mobility and band-gap "bowing."'12 The principal con- property connectivity.- 2 The alloy constituents in the

clusions are that (1) disorder effects are generally small, MCPA are thus assumed to occupy the sites of an or-
particularly near the band edges, (2) the effects of dered zinc-blende "virtual lattice" with nearest-neighbor
structural disorder in these alloys can be of comparable spacing d(x). Structural distortions are modeled by
magnitude to those of chemical disorder, and (3) the inter- choosing the Hamiltonian matrix elements to be those ap-
play between the two types of disorder can either enhance propriate to the actual distorted structure. This is done
or diminish the total scattering in a particular energy re- here by assuming that the structural disorder resides en-

gion. A preliminary discussion of these results based on tirely in the variation of the dominant nearest-neighbor
more limited calculations for In, -Ga.As was given in hopping integrals. The hopping associated with the

Ref. 11. longer A'-B bond is assumed to be smaller in magm-
The paper concludes in Sec. VI with a discussioni of the tude than that associated with the A"-B bond, as illus-

relationship between the MCPA and some alternative al-
loy theories. Sections VI A and VI B present comparisons
to results obtained within the bond-centered CPA and the Actual Structure dA,8 > dA.B

supercell approach,7'"8 respectively. Section VI C briefly
comments on the recursion method.9'2 0  The bond-
centered CPA is a limiting case of the MCPA similar to
that used in many previous treatments of zinc-blende
pseudobinary alloys.3,21 It is shown here to be unreliable
for alloys with appreciable chemical disorder because it
neglects an important distinction between s-like and p-like
scattering. The former usually dominates because s states
are more sensitive to the core.

Supercell and recursion-method calculations are con- '•.es Mom 1h Ih<.*I

ceptually different in that they do not involve h

configuration averaging. The former applies standard
crystalline band-structure techniques to ordered alloy
configurations. This approach is especially interesting in
view of recent experimental5('fid) and theoretical1bW indi-
cations that the growth of such ordered alloys may, in

fact, be possible. The recursion method, by contrast, is a

cluster approach. We argue that both this and the super-
cell method contain much of the same basic physics as the
MCPA and lead to similar physical results. The supercell FIG. I. Two-dimensional analogue of the true structure of an

method, however, provides more limited band-structure A i- A"*B zinc-blende alloy and its corresponding ":virtual lat-

information for random alloys because of its introduction tice" model. The bond-length difference d.A- > d 4 .s is modeled
of artificial periodicity. as a difference in hopping integrals I h 4's 1 < 1 h I 'o i.
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trated in the lower half of Fig. 1.
Additional effects associated with bond-angle variations

and longer-range strain fields23 are neglected to make the
problem tractable. 24 Estimates indicate that for a general
k point this will usually be a good approximation. Near
the band edges, however, angular variations and long-
range strain fields play an increasingly important role 5
because of the higher symmetry and long wavelength of
states near k=O. We return to this issue in Sec. V as a . A

possible explanation for some of the quantitative
discrepancies in the MCPA band-edge results.

One additional feature of Fig. I is worth noting. Since VIA

the A' atoms are always surrounded by longer bonds than
the A" atoms, the structural and chemical disorder are 8
strongly correlated. These correlations were neglected in
many earlier treatments of structural disorder in zinc-
blende alloys based on analogies with finite-temperature
effects. 2`"J'26 They are naturally included in the present FIG. 2. Unit cell employed in the MCPA model of
model and will give rise to novel interference effects be- A -. A;'B zinc-blende alloys. Lobes represent sp 3 hybrid orbit-
tween the two types of disorder. als on central A' or A" atom and on neighboring B sites.

Chemical disorder is modeled by random E' and Vý_
B. Construction of the alloy Hamiltonian Differences in A '-8 and A "-B bond lengths are modeled by

random V98.
A realistic alloy Hamiltonian based on these ideas is

constructed by interpolating between Slater-Koster pa-
rametrizations of the electronic structure of the limiting
crystals. 2 An orthonormal basis of one s and three p or- The E,. contain only intra-atomic and nearest-neighbor
bitals per site is employed with hopping integrals extend- hopping integrals which couple orbitals within the same
ing up to second-nearest neighbors. This is known to pro- cell. The most important of these are the matrix elements

vide a reasonable description of the valence and lowest EA, V A, and Vg' shown in Fig. 2. The ho(O,j) contain
conduction bands in zinc-blende crystals.4 The trunca- intra-atomic and nearest-neighbor hopping integrals which
tion at second neighbors is not essential to the MCPA for- couple orbitals in different cells. An example would be a

malism but provides a useful compromise between ease of Vf coupling (not shown) between two sp 3 hybrid orbitals
parametrization and the quality of the resulting band on a B atom. The last term in Eq. (2) describes second.

structures. . I and in principle, more distant neighbor interactions. Ex-
The alloy disorder is modeled most conveniently by plicit expressions for the Et•, hzoj, and (a,k I H2 13.k)

performing a unitary transformation to an equivalent basis in terms of Slater-Koster parameters are presented in the
of sp3 hybrid orbitals. Details of this procedure are Appendix.
presented in the Appendix. The unconventional unit cell The advantage of this unusual description is that it al-
shown in Fig. 2 is chosen for reasons described in more lows the dominant disorder effects in the alloy to be
detail below. The cell is centered on an A sublattice site modeled entirely in terms of the randomly distributed
and consists of the four sp3 hybrid orbitals from the cen- cell-diagonal matrix elements co. This restriction is
tral A atom plus those four from neighboring B atoms essential for straightforward application of the MCPA.
which point in the direction of the cen'ral site. The orbit- The specific assumptions concerning the form of disorder
als are labeled as Ia,j) where a= 1-4 correspond to A made here are motivated by Harrison's universal tight-
hybrid orbitals, a=5-8 to B hybrid orbitals, and Rj is a binding scheme" and defect molecule calculations of iso-
lattice vector. Orbitals I and 5, 2 and 6, 3 and 7, and 4 lated impurity levels in semiconductors. 27 The chemical
and 8 lie along the [111], [1 TT], [lIlT], and (I1 1] direc- component is represented by differences between the E4

tions, respectively, and Vi' matrix elements for A' and A" atoms. This is

Construction of the Bloch sums equivalent to assuming that the s and p atomic-level ener-
gies differ in A' and A" atoms. The difference in A'-B

I a,k) =NI/2, e k' a,j) , (1) and A"-B bond lengths is represented by different VýaI hopping integrals for the two types of bonds. Other in-

where N is the number of unit cells in a normalization teratomic matrix elements are an order of magnitude
volume, reduces each limiting-crystal Hamiltonian tc an smaller and are treated in an averaged fashion, as are
8 x 8 matrix for each k point. The crystalline matrix ele- intra-atomic matrix elements h•,s for the B sites.

ments are conveniently written in the form The A ,- A,'B alloy Hamiltonian can then be written
as

(a,kIH IOl,k)=tod+ I hAa(O,j)e'k'R, l"aiia= 7 1 ta j)v-0(j)(,6,j I + (3)
ji-j a.0

+ (a,k I H 2 1,6,k) . (2) where H is a periodic reference Hamiltonian with k-space
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matrix elements quantities so that the matrix elements shown explicitly in
- k 1- Fig. 2 retain their limiting crystal values EA', Vj14, V1

45 or
(a,k H I,',k)='B+ • hAa(O,i)e r.4 ',V1 ",V� . A generalization to allow these matrix

elements to vary with x could also be easily introduced.

+ (a,k 1 N2 ;3,k) (4) A variation in V2` 8 , for example, could reflect the fact
that the A'-B bond lengths do change slightly in the al-

and the loy, although much less rapidly than the average bond
Va8(j)== E•j)--aa(j) ( length d(x).

The linear x dependence of dx and the corresponding
are fluctuations in the intracell matrix elements with virtual lattice constant are taken into account through an
respect to their average values at site Rs. The averaged appropriate choice of reference Hamiltonian H. Here we
quantities in Eq. (4) are obtained using a scaled version 3  employ Harrison's ansatz13 that interatomic matrix ele-
of the VCA specified below. The E,,j) are assumed to ments in zinc-blende crystals scale as d -2, the inverse
take on two sets of values, with probabilities I - x and x, square power of the bond length. Other scali.6 laws2.

respectively, depending on whether the central A atom in produce only small quantitative changes. The averaged
the cell is A' or A ". For simplicity, we define these quantities in Eq. (4) are defined to be

I(l-x)C,4+xe"4;' for CA, VA, Vi", and R ,

g | l(1 --x)(r') 8+x (r")e•" for all other parameters , (6a)
" h(O)--i (1 -x )h j/(O,j)+xh S(Oj) for Vf

(l--x)(r')h4s(O,j)+x(r")hAe5 (O,j) for all other parameters ,

and
<a,k { H, •B,k) =( !-x)(r')(a,k ]It As B, k)+xr"( Ak H "s n )(

where r'=[dA.T /d(x)] 2 and r"=[dA,.Bj(x)j2 . The superscripts indicate limiting-crystal values. The matrix elementsI' and Vf are defined in an analogous fashion to e A and V1i (see the Appendix). The V2 parameter in Eq. (6a) is not
scaled in order to simplify the MCPA formalism. Since the actual choice of fp is arbitrary as long as the vn(j) in Eq.
(5) are properly specified, this has no bearing on the final results.

The v.$(j) can now be written explicitly as

V xA.0 if site R/ is occupied by an A' atom (7)

-(l-x)A4,0 if site Rj is occupied by an A" atom.II
The A4, are elements of the scattering matrix (cf. Eq. (AS)]. For dA',P>dA-,, we constrain the

o A A A A o o "structural parameter" A2 to be positive since VAB is gen-
erally negative and its magnitude decreases with increas-

A, Ao A, A1  0 A2  0 0 ingbond length.
At At AO At 0 0 A2  0 This completes the description of the alloy Hamiltonian

A& At At A0  0 0 0 A2  used in Ref. I Iand the present work. The form ofA
A A 0 0 0 00 ) may also be generalized to include disorder in other intra-

42 0 0 0 0 0 0 0 cell matrix elements. The inclusion of additional diagonal

0 42 0 0 0 0 0 0 elements in Z to reflect a dependence of B-site hybrid en-
ergies on the occupation of the central A site would be ofo 0 A2  0 0 0 0 0 particular interest. "Redistribution disorder" of this kind

0 0 0 A2  0 0 0 0 has been considered previously in studies of the alloy
scattering mobility in zinc-blende alloys. 29 It is neglected

with scattering parameters here because (I) its importance is difficult to assess in an
4=E A' •E , (9a) empirical scheme, and (2) more severe limitations on the

accuracy of the present calculations are believed to result
A,= VA'- VA" , (9b) from the neglect of intercell disorder effects, particularly

those resulting from bond-angle variations about the B
and sites.

A2 = VA"B -- VfI'B.(90) C. Implementation of the MCPA

The signs of the "chemical parameters" Ao and AI depend The alloy Hamiltonian, Eq. (3), is a simple matrix gen-
on the relative binding energies of atomic s and p levels eralization of the one-band single-site Hamiltonian used

I
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extensively in early CPA studies. ' The MCPA analysis (Throughout this paper we use the single subscript t, to
proceeds in an analogous fashion. The present section der.ote quantities whose t2,,t2 ,t2, components are all
serves only to outline the most basic features of the for- equal.) The scattering matrices in Eq. (15) are given by
malism as applied to the present problem. Additional de- A, A,
tails and the analytic properties of the MCPA Green's a. =a,= "116)
function are discussed in Ref. 14. 1 0 J' " IA2  0 1

The disordered-alloy Hamiltonian is replaced in the
MCPA by a periodic effective Hamiltonian where A, =A0+3A, and ap =Ao--A1 . The quantities A,

and A4 are simply the differences in the A' and A " s and
Hei(Z)=H+1(z) (10) p on-site energies in an atomic-orbital basis. The self-

which is a function of the complex energy z. The effective energy has the form

potential, or self-energy 1(z), is itself complex and cell- I (z) YA(z)
diagonal. Its 8X 8 matrix representation I (z) in the basis 1(z)=[Vfi(z) Y(z) X-a ,t2 (17)
1a,j) or Ia,k) is determined by the condition that the
average i matrix associated with scattering from a single with
cell (as opposed to a single atom) embedded in the
effective medium vanish. This leads to the self- 0,r(z)=,o0+3 1,r(z)=Xo'-!i'
consistency condition y ,BZ AS

x:B (z)=B0 +3Y 1, f, 8 -z=!60 -x- 4 
. (18)

(z)=[ ( 1--x)L + (z)F(z)[x - !(z) ] (11) yx (Z .B+32a . (Z) = y8-_ y
which is analogous to that obtained in the single-site,
single-band CPA. Here P(z) is the cell-diagonal block of The Green's-function matrices F,(z) are defined by ex-
the Green's function with matrix elements pressions similar to Eqs. (17) and (18). These quantities

couple the a, and t2 equations since both P,, and F, de-
Faia(Z)=N- Z• [zI--•ef(kZ) , (12) pend on both I., and 11 through Eq. (12). If A, =0, Eq.

k (15) reduces to the scalar site CPA equations considered
his the 8X8 identity matrix, and Re•f(k,z) has matrix ele- previously by Hass, Ehrenreich, and Velicky.4 This limit
ments of chemical disorder only will be used as a basis of com-

(a,k I Hfd(z) I Ok) = (a,k 1i 1,6,k) +1, (13) parison for the present MCPA results.
The alloy electronic structure in the MCPA is con-

Symmetry conditions on the X1, allow us to write Y.(z) veniently described by the spectral density function
explicitly as A (k,E)=-- -ir- lm I (a,kI [E +-Hi ](E -)p a,k)

a
"0 1 1 A 2 (19)

1 0 f X 3  with E*=E+iO+. A(k,E) represents the average prob-

I 4 1' 4 " 4 1f d X i' 5" B X•• j 2 ability of finding an electron with wave vector k having an
YA X4 1 A 1 A XYAB YB Xa i AB s energy E. Denoting the eigenstates and corresponding ei-

genvalues of H by Ink) and E,(k), respectively, we can
12') , 3 3 3 7 7 x7 Z~' Z ~ I¢ write Eq. (19) in the form

2 3 3 7 -.7 (k,E+)

x3 x7 x7 xE. x(k x- -(E + ]+i',E)]'

(20)
(14)

The structure of A(z) is identical. [Note that all the ele- where

ments of 1(z) are nonzero despite the sparseness of the (nk X(E+)Ink)=un(k,E)+ia.,(k,E) (21)
scattering potential A. The level of complexity is thus not
affected by the inclusion of additional intracell disorder defines the real and imaginary parts of
effects.] (nk I (E +) 1 nk). In the absence of disorder I(E ÷) =0

The matrix equation (II) is simplified considerably by and A (k,E) reduces to a series of 8 functions at the band
exploiting the tetrahedral symmetry of the effective medi- energies E,(k). In the weak-scattering limit, ") which is
urn. Block diagonalization reduces the problem to two often applicable in semiconductors, aA(k,E) is small and
2 X 2 matrix equations associated with the usual a, and t2 the principal effect of the disorder is to shift the spectral
symmetries: density peaks and to broaden them into Lorentz ians.

!•(z)=[(1--x) +!A(z)A(z)[xT•-- (z)], It is useful to express (nk fI(E*)fnk) in terms of
the self-energy components defined in Eq. (17). We first.=attg . (15) introduce the symmetrized orbitals
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lat,) l~) 12,j)+ 13,j)+ 14,j))/2, toJ) = I5,j) + 16,j)-- 17,j) - ! 8,j))/2 ,

ItA, j)=Il,j) + 12,j)- 13,j)- 14,j))/2, trfy,j)=( 5,j)- 6,j)+ 7,j)- i8,j))/2
t ,j =( 1j ) -- 12 ,j)+ 13,j) -- 14,jW /2 , It18 j) = (15 ,j)- 16 ,j) -- 7 ,j) + I8j ))/2 ,

2z ( 1 1,j) - 12j1)- 13j)+ 14,j))/2  (22) the first four of which reduce to ordinary s and p atomic

I aj) =( 5,j) + 16,j) + 17,j ) + 18,j))/2 , orbitals on the A sites. The appropriate expansion is then

(nk I (E÷)ln) I [ I (nk I X-A,J) I IMA (E +)+ I (nk I ks) t f(E +)

+2Re((nkIXA,j)(XB,j Ink) )X%(E+)] , (23)

where k.=at,t2,z 2 ,,t2, and all three t2 components of the five iterations, quantities of physical interest are analyti-
self-energy are equal to the values given in Eq. (18). In cally continued back to the real axis. A sampling of 444
the weak-scattering limit, the Y; themselves can be ex- k points in the Brillouin zone was found to be sufficient
panded as for most of the numerical integrations required in this pa-
y (z)-x -A per. Still, the MCPA was found to require about 3 times
. ~X _ l -x)[Aift(z)+2,&AAz (z)+Aiff(z)J ' as much computer time as an equivalent site CPA calcu-

Z%'O(z)=xl(1-x)[AzLAJf$(z)+ Ajfý'(z)], (24) lation.

-f(z))zx (1 -x)[1jfP(z)J. IL. LIMITING-CRYSTAL PARAMETRIZATIONS
Here A,• =As, At2 =Ap, and the f&(z?'s are components oftHee A., Green's,2=A e fu i s and cobaneds by The success of the MCPA approach depends in large

te GesP.an ,) opart on the choice of tight-binding parameters for the lin-
setting Y.0=0 in Eqs. (12) and (13). These expressions iting crystals. It is physically simpler to address this
again reduce to those of Ref. 4 in the case A2 =-0. Only problem in the more familiar atomic-orbital basis using
the A site-diagonal components then contribute. If, furth- the standard Slater-Koster notation. 12 Parameters in the
ermore, 1 A I A,, I, which is often satisfied in prac- sp3-hybrid basis follow from the transformation in the
tice, Eq. (23) becomes simply Appendix.
(nk I 1(E1) I zk) nx(l-x)A.j (nak ,j) I If.AAs in Sec. 11, we formally neglect spin-orbit splitting

n-2fa(E) " for computational convenience. The MCPA formalism is

(25) easily generalized to include this interaction but the re-
sulting matrices are then doubled in size. The empirical

This expression and Eqs. (23) and (24) will be helpful in nature of the MCPA implies that scalar relativistic effects
Secs. IV and V for comparing the MCPA and site-CPA are automatically included as long as parameters are oh-
results. tained by fitting to experimental data or relativistic calcu-

The calculations are performed numerically by an itera- lations. However, the magnitudes of the spin-orbit split-
tive procedure using the full MCPA expressio-is. The tings themselves in In.._Ga.As and ZnSeTej_ are ac-
first step is to obtain the cell local Green's function P(z) tually quite large (from E(F1)-E(F',)=O.35 eV in GaAs
for 1=0. This is done by inverting the effective Hamil- to 0.9 eV in ZnTe; cf. Table I]. Suitable corrections must
tonian in Eq. (12) and summing over the Brillouin zone. thus be included in comparing with experiment (cf. Sec.
The resulting matrix is then transformed into the a, and V)
t2 basis and the self-energies Ux(zl are calculated using a To reduce the arbitrariness associated with the large
modified version30 of Eq. (15). The .!(z) are then number of tight-binding parameters (23 for each crystal),
transformed back into the hybrid basis and a new we require that the parametrizations satisfy various physi-
Aftr(k,z) is found. The process is repeated until conver- cal criteria in addition to providing a reasonable fit to the
gence. limiting-crystal bands. This is particularly important for

The most time-consuming aspect of the calculations in- the alloy scattering parameters A,, A,, and A2. This
volves the Brillouin-zone integrations. These are more problem was discussed extensively in Ref. 4 for the case
difficult here than in the site CPA because additional off- of chemical disorder alone.
diagonal Green's-function matrix elements are required. The specific physical constraints imposed on each
The computational effort is reduced considerably by a re- A 'l- A7'B system are the following.
cently developed technique based on analytic continua- (1) The difference in A' and A" on-site parameters in
tion.)' All calculations are first performed off the real the atomic basis should closely approximate the
axis where the integrand of Eq. (12) is slowly varying, differences in corresponding atomic-energy levels.
When full convergence is reached, usually after three to (2) The B on-site energies should be the same in the
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TABLE I. Comparison of energy eigenvalues (in eV) at r, X, and L in present tight-binding model with empirical pseudopotential
method (EPM) results of Ref. 33 for lnAs and GaAs and experimental results for ZnSe and ZnTe. Symmetry labels including spin-
orbit interactions are given in parentheses.

InAs GaAs ZnSe ZnTe
Present Present Present Present

work EPM work EPM work Expl. work Expt.

rF, (F'g) -12.42 -12.42 -13.16 -12.55 -15.39 - 15.2b -12.62 - 12.6"
(F) -0.26 -0.35 -0.43' -0.50W

Fis ([1) 0.03 0.17' -0.10 0.00 -0.15 0.00b 0.11 0.43'
rF (rs) 0.56 0.54 1.46 1.51 2.89 2 .9 d 2.82 3.0'

(1F) 4.56 4.55
Fr5 (Fi) 3.89 4.80 4,18 4.71 7.48 6.56

XV (XV) -9.98 -10.03 -10.05 -9.83 - 12.83 - 12.5b - 10.87 - 11.2b

XS (X6) -6.33 -6.47 -7.09 -6.88 -5.43 -5.6b' -4.85 -5.1b
(XV) -2.30 -2.99

XN (XI) -2.13 -2.20 -3.40 -2.89 -1.99 -2.1b -1.53 -2.0b
X1 (X1,) 2.22 2.45 2.17 2.03 4,37 4.3d 3.41 3.3'
X5 (X5) 2.47 2.83 2.87 2.38 4.56 5.14 4.92
XS 7.25 7.80 8.20 8.52

LI (L'6) -10.50 -10.60 - 10.97 -10.60 -13.41 - 13.1b -11.31 - 11.6'
LI (L6) -5.93 -6.06 -7.30 -6.83 -5.45 -- 5.6' -4.99 -5.11

(LI) -1.09 -1.42
Ll (LI..) -1.43 -0.83 -1.73 -1.20 -1.09 -1.3b -0.45 -0.7b
LI (Lj) 1.92 1.70 1.49 1.82 4.10 3 .7d 3.40 3.1'

(L6) 5.59 5.47
LS (LI.s) 4.99 5.72 5.19 5.52 6.79 6.69
L 1 6.33 6.11 7.42 7.30

'Reference 34.
bReference 38(a).

'Reference 39(f).
dReference 39(a).

'Reference 40.
fReference 39(c).

A 'B and A"B crystals (consistent with our neglect of in the fitting. The parametrizations appear to be fairly
redistribution disorder). unique although no attempt is made at optimization.

(3) The difference in V2's and V24"' should be in
reasonable agreement with the value obtained from A. InAs and GaAs
Harrison's universal parametrization scheme. 13

(4) Other nearest-neighbor hoppings in the hybrid basis Accurate empirical pseudopotential band structures for
and all second-neighbor parameters for each crystal InAs and GaAs have been calculated by Chelikowsky and
should be small relative to VA8 . Cohen. 33 These provide valence energies in good agree-

(5) The alignment of A'B and A "B crystal bands on a ment with photoemission experiments and optical gaps in
common energy scale should correspond to the "natural" agreement with reflectivity and electroreflectance measure-
valence-band offset, as far as it is known (±0.2 eV). ments. Table I lists the eigenvalues from Ref. 33 for the

CGinstraints (D)-(3) are the most crucial since they en- symmetry points r, X, and L. Spin-orbit splittings were
sure that the MCPA scattering parameters are reasonably included in Ref. 33 so the notation is that of the zinc-
unique to within a few tenths of an eV. Constraint (4) en- blende double group. The zero of energy is chosen as the
sures that the 14 second-neighbor parameters used to im- GaAs valence-band maximum E (r,). The fr level in
prove the crystalline bands do not become unphysically InAs is assumed to be 0.17 eV higher, in accordance with
large or strongly influence the results. Constraint (5) p.o- recent heterojunction measurements34 (assuming interface
vides a common energy zero. The MCPA results are iot dipole effects to be negligible).
very sensitive to the valence-band offset as long as the oth- Tight-binding parameters for these systems are chosen
er constraints are satisfied. This contrasts with treatments to provide reasonable fits to the valence and lowest con-
of alloy disorder in which the scattering potentials are duction states at r, X, and L (with the spin-orbit split-
determined directly from the band alignment. 32  tings averaged as -[2E(rF)+E(FI]), in addition to

The specific input data and resulting parameters for the satisfying the above physical criteria. The resulting eigen-
ln,-,GaAs and ZnSe.Te;, systems are discussed values are listed in the "present work" columns of Table
below. A successive approximation approach is employed 1. The agreement for all states of interest is typically
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better than ±0.3 eV. The largest discrepancy (-0.6 eV) B. ZnSe and ZnTe
occurs for the GaAs Fr level which could not be raised
appreciably without violati'g either constraint (2) or 3). Much more limited band-structure information is avail.
This may indicate that the As on-site parameters should able for ZnSe and ZnTe. Few theoretical calculations ex-
actually differ slightly "n InAs and GaAs as in some pre- ist 37 and experimental data3Si 39 are quite widely scattered.
vious parametrizations." The tight-binding description is To obtain parameters which are consistently determined
further limited by the fact that the lowest conduction we fit the valence eigenvalues of both crystals at F, X. and
band exhibits too little dispersion (not shown) and the L to the x-ray photoemission results of Ley et at., 31' £

placement of higher conduction states is incorrect, corrected for the measured spin-orbit splittings. "f' The
The parameters for InAs and GaAs are listed in Table lowest conduction states are fit to values obtained by add-

II. The chemical scattering parameters A, =0.92 eV and ing the relevant low-temperature optical gaps. 39aL c! The
AP =0.12 eV are close to the values 0.8 and ).I eV which resulting data are summarized in Table 1. The ZnSe
result from differences between relativistic In and Ga valence-band maximum E(lmg) is chosen as the zero of en-
atomic levels. 36 (The corresponding nonrelativistic values ergy; the r8 level in ZnTe is assumed to be 0.43 eV
are 1.25 and 0.21 eV.) The structural scattering parame- higher, as suggested by the empirical tabulation of Kat-
ter A•2 =0.50 eV (obtained by transforming to the hybrid nani and Margaritondo.'0

parameters VA-2" and V A') is close to the value 0.66 eV The tight-binding eigenvalues and parameters for ZnSe
obtained from Harrson's approach' 3 using the InAs and and ZnTe are again listed in Tables I and II. The F15
GaAs bond lengths in Table I. The second-neighbor pa- levels lie at -0.15 and 0.11 eV, respectively, in agreement
rameters are small, as required by constraint (4). with the spin-orbit averaged experimental results. The

TABLE I1. Limiting-crystal bond lengths (d) and Slater-Koster parameters in eV used in present
work and resulting MCPA scattering paameters A,, A,, and A2 for In,•,Ga.As and ZnSe.Tel,,.

lnAs GaAs ZnSe ZnTe
Parameter d-=2.61 A d=2.45 A d=2.45 A d=2.64

E.(000). --8.53 -8.53 -11.50 -9.90
E.(000). -3.21 -4.13 -1.00 -1.00
E,(000)., 0.87 0.87 0.93 1.33
Ea,(00), 2.69 2.57 4.80 4.80

E.(.11T)ý -1.46 -1.70 -1.87 -1.472 2 2

T 221 1.01 1.15 0.90
E. (1f i.05 1.10 1.24 1.17
E(,T I 1,." 0.39 0.49 0.77 0.65
E.,/ i I ), 1.15 1.37 1.17 1.12

E.( 10),m -0.02 0.00 0.00 0.00
E0( i I0)€,- 0.01 0.08 0.00 0.09
E.(110)•, 0.00 0.00 0.00 0.00
E.(110)m 0.00 0.00 0.00 0.00
E,(011), -0.04 -0.10 0.08 0.00
E,(01 1), 0.09 0.12 --0.12 --0.10

E, I(I0). 0.09 0.06 0.08 0.00
E.( 110),. 0.15 0.14 0.18 0.18

E.(0 I)m,. -0.1" -0.04 -0.04 0.03
E4 (01 )Om -0.20 -0.20 -0.08 -0.24
E.,(1 10).. 0.00 0.10 1 0.12 0 13
E,,( 110),. 0.00 0.08 0.03 0.05
Eý,(OI 1.. 0.10 0.10 n.00 -0.10
E,,(O1 i1) 0.10 0.10 0.10 0.00

A, 0.92 1.60
4, 0.12 0.40
-2 0.50 0.51
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quality of the fits elsewhere is comparable to that achieved scattering is somewhat weakc-, as evidenced by the more
in InAs. The chemical scattering parameters , = 1.60 eV nearly Lorentzian behavior. The extremely sharp spectral
and A, =0.40 eV are close to the values 2.0 and U.5 eV densities in the conduction band indicated a virtual ab-
obtained from relativistic atomic-level diffe-ences3 6 (3.2 sence of disorder effects for ,tates at these energies.
and 0.9 eV nonrelati istically). The structural parameter Figure 4 compares the In,-_Ga•As density of states
A,=0.51 eV is comparable to the value 0.57 eV obtained g(E)= Ik A (k,E) calculated in the (a) VCA, (b) site
from Harrison's universal scheme' 3 and the difference in CPA, and (c) MCP',. The differences between the VCA
ZnSe and ZnTe bond lengths. and site CPA resul indicate that chemical disorder act-

ing alone preferentiwdly damps only states in the lowest
IV. EFFECTS OF CHEMICAL conduction-band region and near -6 eV in the valence

AND STRUCTURAL DISORDER IN THE MCPA band. Similar behavior was found in p-evious site CPA
calculations 4  for Hg-, Cd.Te. In both systems

The x=0.5 concentrations arc :hosen for this discus- 1 A, 1 >> J Ap I and only states with a large amplitude on
sion, because disorder effects are maximized in these al- cation s orbitals are strongly affected by the chemical dis-
toys. Emphasis is placed on the damping associated with order. The imaginary part of the VCA Green's-function
a '(k,E÷ ), which results from scattering on the energy matrix element,
shell. By contrast, disorder-induced energy shifts (dis-
cussed in Sec. VB) associated with o',ak,E+) are deter- ImfAi(E )=_-N-r." ](nkia,4 ,j) I 2 5(E-Ek)) ,
mined by scattering over a much wider energy range. k

Figure 3 shcws MCPA spectral densities for i26)
Ino 5GaD.5As for several k points along the (100) and
(111) directions. The normalization A (k,E)/ plotted in Fig. 5(a), projects the total VCA density of
[A (k.E) +-5 e'v - 'cell- spin-'] is used to facilitate states on cation s orbitals. The cation s comporient is
graphing; peak widths are thus slightly exaggerated. The clearly seen to be largest in Fig. 5(a) near -6 and + 2
VCA bands resulting from H are also plotted for compar- eV. The presence of strong chemical disorder effects in
ison. The fact that the MCPA results do not differ appre- these regions follows from the weak-scattering expression
ciaWly indicates that disorder effects in this system are rel- Eq. (25).
atively weak. The behavior is qualitatively different, how- Relative to the site CPA results, the MCPA density of
ever, in different energy regions. The strongest scattering states in Fig. 4(c) shows increased broaaening throughoit
is evident 5-7 eV below the valence-band maximum the upper valence bands. The peak ne-r -6 eV, in fact,
where the MCPA spectral densities are relatively broad nearly splits in two. With increasing 'Ja concentration x,
and non-Lorentzian. Elsewhere in the valence band the the lower peak in this region increases in height and the

n0 (0') VC, Ina 5GAs SAS

-3.

S (b) Sk E -CPA

44

Cd C.

0

in (C) NCsA
a

-120 -80 -40 00 4 C

FIG. 3. Normalized MCPA spectral densities
(A(k.EI/[A(k,E)+5 eV'cell-'spin-']) for InosGaosAs as a FIG. 4. Comparison of InoGaoAs densities of states calcu-
function of energy E for various k points. VCA bands plotted as lated in the (a) VCA, (b) site CPA (chemical disorder only), and
solid curves. (c) MCPA (both chemical and structural disorder).
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S , A '' . .. In-As Go-As

T 0

10 jb(foi. i As, "'Z -1,0 Go

-120E-.0 G4. 0e4) FIG. 6. Schemnatic representation of energi levels for single
tn--As and Ga--As bonds as dernved from constituent atomic

FIG. 5. Real (dashed) and imaginary (solid) parts of the VCA sp"• hybrid energies taverage values denoted by dashed !hne+, and
Green's-function ;namx elements Ia) f. and (b) /'48 for hybridization sphtungs (denoted by arrow.si.
n(. )Gao 1As.

upper peak decreases. A similar strong scattering feature bonding levels (dashed line) is lower for a Ga-As bond
has recently been observed experimentally'1 in the than an In--As bond because of the deeper Ga atomic

Hgi _•CdxTe system. There, however, the effect is purely levels (chemical disorderj. The shorter Ga-As bond
a chemical one.4 Here the splitting only becomes appre- length, however, results in a larger V :value and.

ciable due to the additional effects of structural disorder. hence, a larger hybridization spliting. The two effects
i ~Whether it is large enough to be resolved experimentally add to give an increased separation between ln--As and

is unclear. Detailed photoemnission studies on Ga-As bonding levels, but essentially cancel for ants-
lni_ 1Ga1 As samples with varying x values would be use- bonding levels. The correlation between chemical and
ful.' 2  structural disorder thus results in stronger valence-band

i A surprising feature of the MCPA conduction-band and weaker conduction-band scattering in the alloy than

state density in Fig. 4(c) is that the broadening actually would occur if either type of disorder acted alone.
decreases and the peak height increases relative to the site Formal insight can be obtained by examining the
CPA results. The absence of appreciable damping in the MCPA weak-scattering expressions. The analytic proper-

l conduction-band spectral densities in Fig. 3 may be attrn- ties of the MCPA imply that the total imagmnary part of

buted to a destructive interference between chemically and (n k IY(E +)I n k) is negative definite. Several of the
structurally induced scattering. This effect was explained terms appearing in the expansion of Eqs. (23) and (24).
physically in Ref. 11 using the schematic energy-level dia- however, can be of either sign. The net imaginary part is

Sgrain in Fig. 6. The mean energy for bonding and anti- given in the weak-scattering limit by

o;(,+=xlx•A&[ nlaj 'm•(++e(k;Aj(L~ Ink))Imf('(E÷)]+ .'- , (27)

where the ellipsis represents additional negative definite (27) and (28) is positive for states with bonding character
terms. Since f((E I) is a diagonal Green's-function ma- and negative for states with antibonding character."i

tnix element, Imf•(E+) is negative definite. The imagi- Since the terms in parentheses in Eq. (27) are generally of
nary part of the off-diagonal element f pa(E t), is a type the same sign, the nature of the interference between

of bond order, 4 3 given explicitly in the VCA by chemically and structurally induced scattering construc-
rive or destructive) for a given state is determined by the

has recentl ) e obsN- erved , signs of the products AbA2 and Abe Au . The qualitative pic-

ture developed in Fig. 6, in particular, depends on the fact

a hmia oe"Heeth pltig( - on(l) beoe ap28) lnthat howevr, results in n GaA all arger th sam s11:

Figure 7 shows the normalized MCPA spectral densi-
This quantity is also negative in the valence band, but ties and the corresponding VCA bands for the anion-

positive in the conduction band, as seen in the example in substituted I-VI system ZnSe rnTe in. The VCA, site

Fig. 5(b). The sign change results from the fact that CPA and MCPA densities of states are compared in Fig.
conducti onk-b (nkd spe j)), which appears in both Eqs. 8. A striking feature of the MCPA riaults is the split-
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a weak Lorentzian broadening of states in the upper
>_ valence bands, but produces no appreciable damping of

states in the conduction band.

Compared to In,-,GaxAs. the effects of chemical dis-
order in ZnSe.Te1 _, occur in a different energy region
and are much more pronounced. In an anion-substituted

alloy like ZnSe•Tei-, the states which are affected most
by chemical disorder are those with a large amplitude on
anion s orbitals. That such states occur pnmarily in the

lowest valence-band region in zinc-blende compounds can
,-6 be seen from the imaginary part of the VCA Green's-

" Zt z~s4.5r, os function matrix element f, (E ) shown in Fig. 9. By

contrast, the cation s projection for the cation-substituted
alloy In,..GaAs shown in Fig. 5(a) is not only peak, .
in a different region but is also more widely dispersed

-12 over a broad energy range. The concentration cr Imf,2 , in

a narrow energy range in ZnSe, Tel _ is a consequence of
the more polar, and less covalent, character of Il-VI corn-

L r x pared to III-V compounds. The combination of this
F.7. Same as Fig. 3 but for ZnSeosTo feature with the larger chemical scattering parameter 4,

FIG. 7accounts for the more pronounced effects of chemica. dis-

order in ZnSejTei_.
The additional effects of structural disorder are qualita-

band behavior observed in the lowest valence region in tively similar in the two systems. The increased valence-

both the density of states and the spectral densities. This band broadening in ZnSeTet_, again results from the

strong-scattering effect should be easily observable in pho- fact that As, A., and A2 all have the same sign. A cancel-

toemission experiments. With increasing Te concentra- lafion of conduction-band disorder effects also occurs in

tion the upper ZnTe-like peak should grow and the lower ZnSe.Tel_, but is not apparent in Fig. 8 because neither

ZnSe peak diminish The fact that the splitting already chemically- nor structurally-induced scattering is appre-

appears in the site CPA results indicates that it is primari- ciable in this region.

ly chemically induced; the addition of structural disorder In summary, the damping of VCA eigenstates in

enhances the effect slightly. In other energy regions, the different energy regions of zinc-blende pseudobinary al-

site CPA results are virtually indistinguishable.from those loys is determined qualitatively by the nature of the disor-

of the VCA. The addition of structural disorder results in dered sublattice (anion or cation) and the relative signs of
A,, A., and A2, and quantitatively by the magnitudes of
the scattering parameters and the degree of polarity in the
system. An examination of Harrison-derived scattering

.. o parameters2 3 for all possible II-V and I-VI pseudobinary

40 ia) VCA Zn'e 0 -T.0  alloys indicates that the relationships I1A6, 1 I Ap I andI f A&,A2>0 observed in both systems considered here are
generally obeyed. Damping effects will thus usually be

Ii fa20

S4.0- (c)iMCPA
00

XX< -2.0
2. I•i I t ! I t

-15D -100 -5.0 OO 5.0
7. M , A - ENERGY (WV

0 -i2.O -6.0 0 6.0 FIG. 9. Real (dashed) and imaginary tIolid) part of the VCA
ENERGY (WV) Green's-function matmx element fý', for ZnSeo sTe, 5. (Note that

FIG. S. Same as Fig. 4 but for ZnSeo Teo s. the A here denotes anion, unlike the case in Fig. 5.)
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strongest in the valence band, particularly for states with The familiar Brooks formula 47 for the alloy scattenng
large amplitude on the s orbitals of the disordered sublat- mobility at temperature T,
tice. The few exceptions are alloys of the form
Hgl-,ZnX (X=S,Se,Te) and Ali-.InY (Y=P,As,Sb). ,eV= -(34)

In these systems, A, A2 < 0 and conduction-band damping 3(m,' ( ! -x(A,&e,) 2VkT
should be more pronounced. follows from Eq. (29) by assuming nondegenerate statis-

V. IMPLICATIONS FOR tics and parabolic band edges. Here ka is Boltzmann's
BAND-EDGE PROPERTIES constant, No is the number of atoms per unit volume, andmB* and mh* are the electron and hole effective masses, re-

A. Limiting mobilities due to alloy scattering spectively. Most previous discussions47 of Eq. (34f have
been obscured by confusion concerning the appropriate

Damping effects are particularly important near the choice of A•- and A4 . We emphasize that the MCPA
band edges in semiconducting alloys because they impose provides a unique and consistent definition of these quan-
fundamental limits on achievable electron and hole mobil- tities in Eqs. (30) and (311 in terms of the previously
ities. For most direct-gap zinc-blende pseudobinary a]- defined tight-binding parameters.
loys, it is sufficient under low-field conditions to consider A few general conclusions follow immediately. First, a
the weak-scattering or perturbation-theory limit,4 5 rather clear difference exists between the effective scattering pa-
than a full-MCPA two-particle Green's-function formal- rameters for electrons and holes. Second, these quantities
ism analogous to that of Ref. 46. The solution of the are not simply related to differences in limiting crystal
transport equations then reduces to that of the Boltzmann band gaps or electron affinities. Third, the magnitudes of
equation with a current relaxation time given by A' and &h depend sensitively on all of the factors dis-

cussed in Sec. IV which determine the interplay between
.- (E) = -- (2/A)o,'(k,E~ ÷. chemical and structural disorder for particular eigenstates.

Here Ink)= k -[l) for electrons (e) and Ink)= I r1) The physical differences between A' and Ahf- critically de-
for holes (h). The golden-rule expression pend on the fact that I r ) is an antibonding s state withr ha larger cation component and i Fr, ) is a bonding p state

- ()-" -r AV2" (29) with a large anion component.
"r+'E)"hx(l--x)(A ')2 g(E) Table III lists the MCPA band-edge scattering parame-

follows by expanding the Green's-function matrix ele- ters for the present In1 _,GaZAs and ZnSe.Tej_, param-

ments [e.g., Eqs. (26) and (28)] in Eqs. (23) and (24) near etrizations for x=0.5 together with the corresponding site
k=0. The effective scattering parameters CPA results and values of a, and ap. The entries in

Table III are relatively insensitive to x. In both materials
a l+a, I the addition of structural disorder in the MCPA decreases

A I 2 1A-- (I -- s )i/ 2A2  "(30) the magnitude of Ar by about a factor of 3 (an increase of
a factor of 9 in 14 ,) and increases the magnitude of Ahy

and by more than a factor of 5. These results are consistent
with the conduction- and valence-band behavior discussed

- _ +(I -a 2/2 in Sec. IV.
(31) Experimental values of l,, in principle, can be ex-

tracted from detailed transport studies." In practice, this
are obtained by diagonalizing the VCA Hamiltonian at is usually quite difficult because of uncertainties in the
k=O to determine the coefficients (nkl A,j) and contributions of other scattering mechanisms (e.g.,
(nk I X.9j). The "polarities" a, and a. are defined as electron-phonon interactions), which usually dominate,

ErA _B even in good samples. Even the T - 1/2 dependence in Eq.
wit [(( -) + 4 V2]1,/2 r , (32) (34), which is often used as a signature of alloy scattering,

S~with

E, = R(000)_,+ 12_V ( 110), v=A,B

TABLE Ill. Polarities a, and o, [cf. Eq. (32)] and effective
E=E,(000),+8E,,ý(ll0),+4E,(011),,, v=A,B electron and hole scattering parameters [AW and A•,

(33) respectively--cf. Eqs. (30) and (311] for lni-.GaAs and
u1- )AE ZnSe.Te1 _•

SIno, 
Gao sAs ZnSeo sTen 5

a, 0.4 -0.6
Note that a, > 0 for cation-substituted alloys (A the cat- Aw (site CPA) 0.64 eV 0.31 eV
ion), a, <0 for anion-substituted alloys ( A the anion) and A,• (MCPA) 0.19 eV -0.09 eV
0 < I a, • 1 1. The quantities defined in Eqs. (30)-(32) are a. 0.5 -0.6
all weakly dependent on x through the VCA averages in Aof- (site CPA) 0.03 eV 0.10 eV
Eq. (33). A• (MCPA) 0.46 eV 0.51 eV

I



29

36 MOLECULAR COHERENT-POTENTIAL APPROXIMATION FOR ... 1123

is not completely reliable since similar behavior can also individual VCA valence- and conduction-band states in-
result from space-charge or neutral-impurity scattering. 41 volved. The real part of I [cf. Eq. (21)] is given by a Hil-

In general the MCPA is expected to overestimate lhoy bert transform of aok,E) which can be written in the
because of its inclusion of only short-range contributions form
to the alloy scattering potential. Previous calculations
have demonstrated that states at k=O are particularly (k,Ej= ' 1 E f a, +k, Idt+-+i fEF o,,(k+i/)di
sensitive to clustering effects5° (both statistical and nonsta- E -it JE E - 17
tistical). Intercell disorder contributions such as bond- (35)
angle fluctuations and longer-ranged strain fields also tend
to increase scattering and lead to a reduction in p4l(oy, where EF is the Fermi level. This separation into valence-

In the two alloy systems considered here, only the elec- and conduction-band contributions provides a rigorous
tron mobility in In1 -_Ga. As has been extensively ana- basis for distinguishing between ii.traband and interband
lyzed. 5 ' The experimental results are most consistent disorder-induced shifts25 (f VCA eigenstates within the
with a value of 1A ,. in the range 0.5-1.0 eV. The MCPA.
MCPA value of 0.19 eV in Table III thus leads to an We focus here on the bowing of the fundamental gaps
overestimate of uaoy by about an order of magnitude. 52  it, ini_•,Ga.As and ZnSe.Tel_,. In both systems this
While this result is consistent with the above arguments, gap is direct (at k=O) for all concentrations and depends
much of the present discrepancy may simply bc due to parabolically on x.5 3

,' Calculated results in the present
subtraction errors in Eq. (30) due to uncertainties in A, work for both the individual r15 and [n band-edge states
and A2. One can also not rule out at this point the possi- and the spin-orbit-averaged rj-ry5 gaps are summarized
ble presence of uncharacterized defects which has fre- in Table IV. The linear contributions listed in the top
quently turned out to be the cause of theoretical overesti- row are obtained by straightforward interpolations be-
mates of mobility in other systems. tween limiting-crystal values. The remaining entries

represent deviations from linearity at x=0.5. These devi-
B. Band-gap bowing ations are a factor of 4 smaller than the so-called "bowing

parameters" b, defined so that the net deviations from
The "bowing," or nonlinear concentration dependence linearity are of the form -bx (I -x). The intrinsic VCA

of band gaps in zinc-blende pseudobinary alloys is techno- nonlinearities which occur in both materials result pri-
logically important and frequently misinterpreted. Much marily from the scaling in Eq. (6) and the -7% variation
of the confusion stems from the conventional in alloy lattice constants.55
separation2"'I of bowing into an intrinsic VCA contribu- In 1no 5Gao.5 As the addition of chemical disorder (site
tion plus an extrinsic disorder-induced contribution. In CPA) has no effect on the anion p-like rF state but pro.-
the context of a comprehensive alloy theory such as the duces a -20 meV extrinsic shift of the cation s-like r,
MCPA, which contains both ingredients, this separation level. This shift is largely an intraband repulsion induced
often provides useful physical insight. It is imiporlant to by the appreciable cation s scattering of conduction states
keep in mind, however, that (1) only the net bowing is in the site CPA. The addition of structural disorder
physically observable, (2) VCA nonlinearities are highly (MCPA) shifts both the valence- and conduction-band
model specific, and (3) the magnitude of the extrinsic bow- edges up relative to the site CPA results by + 20 meV
ing alone is a poor indicator of the importance of disorder and + 33 meV, respectively. The former is an intraband
effects for other physical properties. effect cause by the increased valence-band scattering dis-

The extrinsic bowing of a gap in the MCPA is deter- cussed in Sec. IV. The latter is due in part to a reduced
mined by the real parts of (nk I I(E+(k}) Ink) for the intraband repulsion resulting from the decreased

TABLE IV. Linear interpolation formulae for x dependences of band edges and fundamental gaps in In,_,GaAs and ZnSe.Te,_.
compared to deviations from linearity at x=0.5 obtained in various theoretical approaches and experiment. All entries are in meV.

InI Ga. As ZnSe, Tel -
rTs iEm rj, 1` EM

Linear interpolation 30- 130x 560 + 900x 530 + 1030x - 150 + 260x 2890-70x 3040- 330x
Deviation from
linearity (x=0.5)

VCA + 12 -47 -59 -15 -5 +10
Site CPA + 12 -67 -79 0 -5 -5
MCPA + 32 -34 -66 +-85 -5 -90
Supercell +26 -34 -60 +43 -6 -49
Expt.1 - 12 3 b, - 1331 -270'

"Spin-orbit averaged.
bReference 53(a).

"Reference 53(b).
dReference 54.
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conduction-band scattering. The interplay between chem- a,R,)._ =y_ a,Rs)-y i a+4,Rj)
ical and structural disorder also produces a strong inter
band repulsion of r' which results in a smaller net devia- respectively (a- / -4)a We choose the coefpicients
tion from linearity in the MCPA than in the VCA. This yt weak/2)l/e and y_=(1-ah/2)"2 to depend on
unusual behavior can be traced to the corresponding real the weakly x-dependent polarity
parts of the two terms given explicitly in Eq. (27). Both EoA -ED
real parts contribute positive shifts because of the same a -0
sign of A, And L"2 and the antibonding character of the F' [ 0 1 1,
conduction-band edge. [Note, for example, that Within this basis the MCPA scattering matrix becomes
Ref., (E '))> 0 for E>0.]

The behavior in ZnSeo.jTeo.5 differs quantitatively be- A6  86 86 8  A• 8S 8• 86
cause of the anion substitution and larger value of A,. In 6b At 8

b 8b 8b. A6. 8b. 6b.
this system the rF5 state is more strongly affected by the 8b 8b A b 8 6b . 86 A6, 86
disorder while the rF state experiences no disorder-
induced shifts. The extrinsic shifts of 175 are + 15 meV 2 band =

in the site CPA and + 100 meV in the MCPA. The net A6. 86. 86W 8 A, 8, 8 6.
extrinsic contribution to the MCPA gap, -100 meV, is 8b. Ab.  86. 86. b, A. 8. 6,

much larger than the corresponding -7 meV in
ln0 .Gao sAs. 86b 6t. Ab. 

8
ab 8. ba A. 5.

In both materials the MCPA underestimates the bow- 8b. 86. 8b. A .  b. 8• 6 4 A
ing of the spin-orbit averaged experimental gaps53'3 by (37)
more than 50%. This is somewhat misleading since in
absolute terms the experimental nonlinearities are ex- with
tremely small (<0.3 eV). The same factors proposed at
the end of Sec. VA as possible causes of the mobility Ab=y 1+Ao+2y+yA 2, 86 =yi+A,
overestimates in the MCPA (uncertainties in MCPA
scattering parameters, intercell disorder effects, cluster- A.= Y+rAo+(y_ -y 2+)A2 , 86.=yyA 1 , (38)
ing56) would also tend to increase the magnitude of the A, =-YAo--2r+ y_-A2. 6.=y2 A,-
bowing beyond the MCPA prediction. The above
analysis serves to emphasize, however, the intimate con- The transformed cell diagonal Green's function and
nection between extrinsic band-edge shifts and the effects MCPA self-energy matrices have structures identical to
of chemical and structural disorder elsewhere in the Eq. (37).
bands. Two simplifying assumptions are then imposed. First,

the disorder associated with each bond (value of a ) is
VI. COMPARISON WITH ALTERNATIVE decoupled by setting 66 =8 . =S. =0. This is equivalent

ALLOY THEORIES to neglecting A, in Eq. (8). Second, the self-energy is re-
stricted to having nonzero components only within the

The present formulation of the MCPA is believed to be 2 X 2 blocks associated with each bond. This assumes
the most complete effective medium theory yet developed that the Green's-function matrix elements between orbit-
for zinc-blende pseudobinary alloys. The relationship of als associated with different bonds are small compared to
this approach to some alternative treatments of these ma- bond-diagonal elements. Numerical calculations confirm
terials is therefore of interest, that this is usually the case. The self-consistency condi-

tion within the bond-centered CPA [analogous to Eq.
A. Bond-centered CPA (11)] thus reduces to four equivalent 2X2 matrix equa-

tions for the self-energy corrections associated with each
The first alternative, which we will refer to as the pair of bonding and antibonding orbitals.

bond-centered CPA, is suggested by the simple molecular The approach is attractive in that it is computationally
level diagram in Fig. 6. This scheme considers only diag- simpler than the MCPA and, unlike the MCPA, can
onal disorder in a basis of bonding and antibonding orbit- be applied directly to group-IV alloys (e.g., SiGe, .. ,)

als. A similar approximation has been made in many pre- and two-sublattice quarternary alloys 16
b (e.g.,

vious effective medium calculations for zinc-blende pseu- In,-_GaAsyPb,-_). Its inadequacies are illustrated by
dobinary alloys. '3121 It will be argued that while this ap- comparing the MCPA and bond-centered CPA densities
proach includes structural disorder in the same mannler as of states in parts (a) and (b) of Figs. 10 and I1. In both
the MCPA, its treatment of chemical disorder will usually In0 ,Ga0o.As and ZnSeo0.Te 0  the bond-centered CPA
be inadequate for detailed applications. greatly underestimates the effects of disorder in strong

We begin with a unitary transformation from the sp3 scattering regions. This failure can be traced directly to
hybrid orbital basis to a basis of bonding and antibonding the neglect of A,. Stated differently, the bond-centered
orbitals CPA neglects the strong correlations in the disorder asso-

1a,Rd)=y. a,R)+-y_ la+4,R,) ciated with the four bonds emanating from eacb A site
(cf. Fig. I). Since AI =(A,--Ad/4, this approximation is

and equivalent to assuming that s and p states are equally
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In 1% 5600 5AS Zn Se 5Te0 -5
(a) MCFPA 4.0 - (0)MCPA

22.0

(b)Bond-Centered CPA -t 4.0 -(WBond-Centred CPA

W~ 2.0-

"i (c u(fl' to cspe0 0

t IoiE/ a(C) Supercei to - (c Superce I

"-12 -8 -4 0 4 -12 -6 0 6

ENERGY (eV) ENERGY (eV,

FIG. 10. Comparison of Ino sGao 5sAs densities of states-calcu- FIG. 11. Same as Fig. 10 but for ZaSeDT sTe0.s. [(a) is identi-
lated in the (a) MCPA, (b) bond-centered CPA, and (C) supercell cal to Fig. 8(c)].
approaches. ((a) is identical to Fig. 4(c)].

affected by the presence of chemical disorder. In bors. The difference between A'- B and A"- B bond
In1 1 .GaxAs, ZnSexTei. and most other zinc-blende lengths is accommodated by a displacement of the B
pseudobinary alloys, however, I A, I >> IAp 1. The atoms from their ideal fcc lattice sites.
bond-centered CPA thus tends to underestimate disorder This approach is attractive because it permits the use of
effects for s states and to overestimate them for p states. more accurate and sophisticated band-structure tech-
Since the only chemical scattering parameter in the ap- niques than the empirical tight-binding method, Self-
proach A0=(&, +3 Ap)/4 is weighted more heavily by the consistent density-functional-theory calculations. •b''9 for
p disorder, the s-state discrepancies tend to be more example, have recently been shown to provide important
severe, information concerning local structure properties and

charge-redistribution effects in zinc-blende pseudobinary

B. Supereell approach alloys. The relevance of the associated band-structure in-
formation to random alloys is much less clear. This rela-

The other alternatives to be considered are conceptually tionship is elucidated here by comparing the results of
different in that they forego configuration averaging en- analogous MCPA and supercell calculations for
tirely. The first of these, the supercell method,'-" intro- Ino.sGeo.3As and ZnSe0 .Teo.s.
duces an artificial periodic ordering to allow the use of To isolate the effects of ordering, we construct a super-
standard crystalline band-structure techniques. The unit cell Hamiltonian which is locally equivalent to the ran-
cell in this approach is chosen to represent the most prob- dom alloy Hamiltonian in Eq. (3). The specific assump-
able local configuration in the alloy. A common example tions employed are (1) an undistorted chalcopyrite lattice
is the modeling of an A ;. 5 A ý' 5B zinc-blende pseudobinary (eight atoms per unit cell) with all nearest-neighbor bond
as a chalcopyrite crystal. 7 The larger chalcopyrite unit lengths equal to j(x=0.5), (2) A' and A" intraatomic
cell"s accommodates two different types of A atom with matrix elements and V2'" and Vý-' parameters identical
each B atom having two A' and two A," nearest neigh- to those in the corresponding A,'B and A "B zinc-blende
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limiting crystals, and (3) scaled-VCA values [Eq. (6)] for influenced by the introduction of artificial periodicity and
all other matrix elements. The resulting Hamiltonian is anisotropy.
32 X 32 in k space. Band structures are obtained by direct
diagonalization using the limiting-crystal parameters in C. Recursion method
Table II.

The associated supercell densities of states for The final alternative, the recursion method, "9 has only
In0 .5 Ga0 5 As and ZnSeo.Tec s are plotted in Figs. 10(c) recently been implemented in electronic structure calcula-
and 11(c), respectively. Except for some additional fine tions for semiconducting alloys. ` This approach obviates
structure, the basic features are remarkably similar to the the need for configuration averaging by the direct con-
corresponding MCPA state densities. Even the nearly sideration of large clusters characteristic of the alloy envi-
split-band behavior near -- 6 eV in In 0o Gao 5As and -- 12 ronment. Spectral densities and local densities of states
eV in ZnSe0. 5Te0 , is well reproduced. 18'bi We conclude are calculated by a recursive solution to the Schrbdinger
that the gross features of the electronic structure are equation.
determined primarily by local bonding properties and are Davis has demonstrated that for -andomly generated
relatively insensitive to long-range correlations. This be- clusters and similar tight-binding Hamiltonians the recur-
havior follows from Heine's invariance theorem4 3 which sion method yields similar results to the MCPA.201blb2

states that local Green's functions are insensitive to the This result provides additional support for the reasonabili-
environment beyond a few electron wavelengths. Here ty of the MCPA mean-field approximation. The real
the nearest-neighbor environments around each A' and power of the recursion method, however, lies in its ability
A" atom are identical in the two approaches and the to go beyond cell-diagonal disorder and to consider clus-
nearest-neighbor environment around each B atom in the ters with arbitrary degrees of short- or long-range correla-
supercell is the most probable one in the MCPA. A simi- tions. These features have yet to be exploited for zinc-
larity in local, and hence total, densities of states is thus blende pseudobinary alloys but have been included in
to be expected, regardless of how the local environments calculationslimic for Geu(GaAs)2 _,. The main disadvan-
are connected to form the alloy. tage of the recursion method is that, like the MCPA, it is

The long-range correlations in the supercell model do limited to an empirical tight-binding description at the
produce some observable differences, however. New present time. The approach is also more computationally
structure appears in f~igs. 10(c) and I 1(c) due to new criti- intensive than the MCPA (Ref. 62) and somewhat less
cal points in the smaller chalcopyrite Brillouin zone. This physically transparent.
structure is spurious as far as random alloys are con-
cerned but may be useful for detecting ordering in real ACKNOWLEDGMENTS
materials (e.g., through an examination of optical We are grateful to L. C. Davis for useful discussions
spectra"'c). The supercell bands are also somewhat nar- and correspondence pertainir-! c the recursion method.
rower than in the MCPA. This reflects the fact that, rela- This work was supported ! part by the Joint Service
tive to the VCA, the MCPA perturbation produces a Electronics Program (N00014-84-K-0465), the Defense
repulsion from states throughout the zinc-blende zone Advanced Research Projects Agency (through Office of
while the supercell perturbation produces a repulsion only Naval Research Contract No. N00014-86-K-0033) and
from states with particular k vectors. An important the National Science Foundation (Contract No. DMR-
consequence is that VCA band-edge states generally ex- 85-14638).
perience a smaller intraband repulsion in the supercell ap-
proach than in the MCPA. The predicted bowing of the APPENDIX: TRANSFORMATION
fundamental gap is thus usually smaller in the supercell FROM ATOMIC TO sp' HYBRID BASIS
approach than in the MCPA, but still larger than that of
the VCA.W° The calculated supercell band-edge results in The standard Slater-Koster description12 of zinc-blende
Table IV for Ino.sGao.5As and ZnSeo.5Teo.5 confirm this semiconductors without spin-orbit interactions employs an
behavior. The much large discrepancy between the orthonormal basis of atomiclike orbitals d4,(r-R -T,)
MCPA and supercell results for ZnSeo5 Te0 35 reflects the with Vy=s,x,yz; /=A,B; 1,4 =0; and TB--=a/4(lll). (a
much larger extrinsic contribution to the bowing in this is the cubic lattice constant.) This gives rise to an 8 x 8
system. 61 Hamiltonian matrix t AO(k) in the basis of corresponding

We conclude that the supercell approach is largely Bloch sums. The matrix elements of f AO(k) are
complementary to the MCPA. Both approaches are supe-
rior to the VCA in predicting properties sensitive to local (yvk H I y'v'k e ' I Ery,(itn , (A 1)
bonding characteristics because both include two distinct
types of A -B bond instead of one bond of average char-
acter. 'The supercell approach is particularly useful if em- where a/2(1imn)=R + r-',-, and the Er,(mn ,,. are
ployed with more sophisticated band-structure techniques. Slater-Koster parameters such as those given in Table II.
The approach is only applicable to certain x values, how- The explicit form of F1 AO(k) for interactions up to
ever, and provides no information on damping effects and second-nearest neighbors is given in the Apper.dix of Ref.
limiting mobilities due to alloy scattering. It is also un- 4 for the Hamiltonian labeled H0 .
reliable in predicting k-dependent band-structure proper- The equivalent description in the sp3 hybrid basis de-
ties (e.g., effective masses, gaps at k-*O) which are unduly scribed in Eq. (2) of Sec. II 1. obtained by performing the
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unitary transformation
/ftlhb(k)=S1 •AOA(k)Sg.(A4"'

Here 3k is block diagonal in the index v with the A block
equal to

--1 -1 1 A 3 
IA

1 -1 -1 1-

and the B block equal to A - /i k-, -i-r, -i-r - " ikf V1 Ai V5y j"
I e - ik'v5 e -- ik-%e e -- ik.'r7 e _ kr 

.

-kz e - i :Z -- e it. - - (A4) 2.O-i .....

e - e- •e ' FIG. 12. On-site and nearest-neighbor hopping matrix ele-
The basis vectors in (A4) are ments in sp' hybrid orbital basis. Lobes a= I and a=5 are lI-

beled explicitly to illustrate convention introduced prior to Eq.

.rs=(a/4)(ll,l) , (D). Intracell (intercell) hoppings (cf. Fig. 2) denoted by solid
(dashed) lines. Elements VWm and Vet connect orbitals with

, dihedral angles of 60 and 180, respectively.

'r7=(a/4)(, I,]),

and
"s , VA4  VA VA Ve VfA VfA V A

i's (a /4)(1,T, I).
ve Ee vA VA vIA ve4  vfA vfW

Equation (2) follows by dividing the atomic-orbital I V V•A VfA VI A

Hamiltonian as
A (AVA - V Ve £4 Vf A V•fA VA VAR

1Ak..f~o~iO (A5 Ve~ Vf VfA VfA es 0 0 (1
with il A0 (k) containing only intra-atomic and nearest-
neighbor interactions and l A°(k) containing all longer- Vf A ViE VfA VfA 0 Eg 0 0

ranged interactions (second neighbors in the present case). VfA VfA VAR VfA 0 0 Eg 0
The quantities (a,kIH 2 1~,6k) in Eq. (2) are matrix ele- 2

ments of S•R o°(k)Sk which never need to be explicitly V 3 A A V~ A Vi 0 0 0
written in the hybrid basis. The quantities e, and (A6)
hap(O,j) in Eq. (2) are determined by analytically evaluat-
ing -1 kf I o°(k, The e. are elements of the matrix and

VS, for a=5-8; --5-8; floa; Rs=,'.-1 ,

V~'s for a=l-4; •=S-8; J90a+4; Rj=-'r+ 4 -- Tp,

V44 for a=1-4; 6=5-8; 00a+4,j6'; Rj=7 0.- rp where 9'--5-8; ffl*a+4,

h 02 (O,j)= and a=S-8; ft-1--4; a*fi+4,a'; R= r.-r.- where a'==5-8; a'*0+4 , (AW)

Ve' for a= 1--4; 6=a+4; Rj- -' +(4-sT where a'= I -4; a':Oa ,

and a=5-8; al-a-4; Rj =,r.- 1a, where a'=5-8; a'*a.

0 for all other matrix elements.

The hybrid orbital matrix elements appearing in (A6) and (AW) [cf. Fig. (12)] are given by

Q=[E,•(OO0.+ 3E,,(OOWi,/4, v= A,B,

V1---[E.(OO0)iw-E,,(O000},]/4, v---A,B,

V ='[E.(4++22)AB-3Ex(T0AR-3Eu( TT' +)A--3E,x(T}-T-),A - 6Exy(TTT)AJ/ 4 ,2 [E T )A2(T , -3)T ,

VrB =-[E.G(-fT),All +E,(.GLTI+) AD- 3E,,(11-1)lAD +E•.,I1TT)BA + 2EylTT-L-)AD]/4, (AS)
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-f4 -[ET(TTT)Aa+E-(4T)AB +E.{(++ )AD -- 3E,(+TT)BA + 2 E.,(1+1)Ah]/4,
VA8=E.(1+E, (2TTZT10A -- 2E,,( TT) AB ]/4

4 2 2 _f {)AB+E-(+++)Aa +E,{(+-f )AB+E.(++4iB -2L 2'A-f

VA =[EI,(Tj+4A)A- 3 E.(++})Aa +Eu(+++)AB+E.(+-{)sA+2E.y(-,+{)Ae]/4 .
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The local structural properties of Hg, - . Cdý, Te, Hgj - . Zn2 Te, and Cd, -_ Zn, Te are examined
using a self-consistent pseudopotential approach. An accurate description of the limiting crystals
is obtained by adding empirical corrections to ab initio total energies calculated with the group-Il
d states included in the cores. Similar calculations for x = 0.5 ordered alloys confirm the presence
of nearest-neighbor bond-length differences in these systems without violation of Vegard's law.
An anomalously large "relaxation" is predicted here for Hg, - Cd. Te( -2% bond-length
difference in the alloy compared to only 0.3% between limiting crystals) due to the dominance of
chemical effects neglected from simple valence force models. The implications of the present
results for alloy mixing energies and possible deviations from randomness are discussed.

I. INTRODUCTION II. THEORETICAL APPROACH

The local structural poperties of tetrahedrally bonded semi- A Umitlng crystals
conducting alloys play an important role in determining the
electronic,', thermodynamic, 3" and defect properties7'" of We begin with a straightforward application of the
these materials. Recent extended x-ray absorption fine- ab initio pseudopotential method" to the limiting crystals
structure (EXAFS) measurements"` have demonstrated HgTe, CdTe, and ZnTe. This approach has been extremely
that in a variety of A I, B2 C zinc-blende systems, the indi- successful in describing the structural properties of group IV
vidual A-C and B-C nearest-neighbor bond lengths do not and III-V crystals and has recently yielded important in-
simply equalize to an average "virtual lattice" value but in- sight into the effects of bond relaxation in In, - , Ga, F' and
stead each bond length remains much closer to that of its In, - Ga, As. ' A complicating factor in the case of II-VI's
limiting crystal. The "relaxation" of an A-C bond is conve- is the presence of shallow group-II d states" ( > - I Ry).
niently described by the dimensionless parameter For computational convenience, we treat these states here as

S=(d - - d part of the core. We later add empirical corrections to the
-(dAc [BC:A- d )/(dC Be total energy to compensate for the errors introduced by thiswhere d~c and dc are the limiting crystal bond lengths assumption.

and d Ac ( BC:A I is the A-C bond length associated with an Ab initio, "norm-conserving" pseudopotentials are gener-
isolated A impurity in a BC crystal. Typical values ofe mea- ated for Hg2 +, Cd2 +, Zn2 +, and TeO' using a slight modifi-
sured in EXAFS experiments range from 0.6 to 0.8. An up- cation"6 of the Hamann-Schliiter-Chiang procedure. 7 Rel-
per bound of 4f = I is predicted by classical valence force ativistic effects, which play an important role in these heavy
(VF) models3 ' which involve a competition between bond- ions," are included in the scalar approximation of Ref. 19.
stretching and bond-bending forces. Total energy calculations are performed within the local

In the case of Hg, - Cd, Te (MCT), local structural dis- density approximation using a plane-wave basis") and a He-
tortions have generally been assumed to be unimportant in din-Lundqvist exchange-correlation potential.2" Plane
view of the excellent agreement between limiting crystal waves with energies up to 8 Ry are treated exactly and those
bond lengths (Ad00.01 A). Tight-binding calculations' between 8 and 12 Ry are treated perturbatively. Brillouin
presented at the 1983 MCT Workshop, however, suggested zone integrals are evaluated using two special k points22 for
the possibility of an anomalously large relaxation (c > 1) in zinc-blende crystals and the corresponding k point sets for
this system due to an additional chemically induced force lower symmetry structures.
omitted from simple VF models. We have recently con- Total energies are obtained for each crystal at both a series
firmed this prediction using a more realistic self-consistent of zinc-blende lattice constants and a series of ( I l I ) trigonal
pseudopotential total energy minimization procedure.' 2 In distortions. Results in the former case are used to calculate
this paper we present a more detailed account of this work the equilibrium lattice constant (a), bulk modulus (B), and
and its implications for other alloy properties (e.g., charge cohesive energy (E,~,). The latter results are used to calcu-
redistribution and mixing energies). Similar calculations are late the zone-center transverse-optic phonon frequency-3

reported for the closely related Hg, - ,Zn, Te and [vTo(F)]. Ab initio predictions for these quantities are
Cd, -, Zn, Te systems, which have become increasingly im- compared to experiment2' in the upper part of Table I. The
portant in their own right. theoretical lattice constant in each case is too small by
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TABLE 1. Top: Comparisons ofcalculated and expenmental (Ref. 24) lattice constants a (in A). bulk moduli B (in kbar), cohesive energies £• tin eV/
cell), and zone-center phonon frequencies vTo ( r) (in 10'" Hz). Deviations from experiment are listed in parentheses. Bottom: Coefficients (in eV A') of
nearest-neighbor IV,) and cation second-neighbor (V2) r • repulsions assumed in modified total energy results.

ZnTe CdTe HgTe

a Abinitio 5.618( - 8%) 5.818( - 10%) 5.6161 - 13%)
modified; expt 6.103 6.482 6.462

R Ab mitio (at a,.,) 273( -46%) 133( -69%) 47( - 89%)

modified 544( +7%) 412( -3%) 447( +2%)
expi 509 424 437

,, A bimnio (at a..) 6.75( +41%) 6.77( +54%) 7.05( + 115%)
modified 4.69( - 2%) 4.23( - 4%1 3.44 - 5%)

expt 4.80 4.40 3.28

vTO (r) Abinitio (at a, 1 4.41(- 17%) 3.07( - 27%) 2.20( - 38%)

modified; expt 5.30 4.20 3.54

V, 90.530 193.350 230.733

V2 1074.311 1482.937 2556.274

S10% and the other three quantities are predicted with such arrangement: the A0o Bo.C simple tetragonal struc-
even less accuracy. By comparison, similar calculations for ture shown in Fig. 1. We assume that the A and B atoms in
group IV and III-V crystals"3 typically yield errors of only this structure occupy alternating (001) planes of an undis-

I % in a, 5% in B and Eoh, and 3% in vT0 (r). toned fcc sublattice. The neglect of an overall tetragonal
We attribute the much larger errors here to an inadequate distortion is consistent with the relatively weak broadening

treatment of the cation d states. The "frozen core" approxi- of the cation-cation separation observed in EXAFS mea-

mation breaks down because the large radii of these states surements on random alloys."' The C atom location in Fig.

make it impossible to choose fully satisfactory cutoff radii I is allowed to vary from its ideal tetrahedral position
for the d components of the ionic pseudopotentials. In con- (u = 0.25) to accommodate a relaxation of nearest-neigh-

trast to the present results, ab initio calculations for II-VI's bor bond lengths. The A-C and B-C bond lengths are given
which include the d electrons on the same footing as valence by (u 2 + 0.125) "'2 a and [ (u - 0.5)2 + 0.1251]112a, respec-

s and p electrons yield accuracies comparable to those for tively, where a is the lattice constant.
group IV and III-V systems.25-27  The modified total energy is minimized with respect to

To compensate for the errors inherent in the frozen core both u and a for each of the Hgo, Cdo 5 Te, Hgo.5 Zno 5 Te,

approximation, we add empirical repulsive forces to the total and Cd0 s5Zno,,Te systems. Ab initio calculations are first
energy which we assume to be independent of chemical envi- *ferormed for each system in exact analogy with those of

ronment. The particular choice of these interactions is moti- Sec. II A. Empirical corrections are then added by assuming

vated by a desire to provide an accurate description of the that the A-C, B-C, A-A, and B-B interactions in an

limiting crystal properties in Table I with as few empirical Ao.0 Bo.0 C alloy are well described by the same V, and V2

parameters as possible. The best compromise we have
achieved assumes pairwise repulsions of the form VYr-'
between nearest neighbors and V2r-' between cation second
neighbors. where r is the separation between atoms. This
introduces only two parameters for each crystal which we fit
to the experimental lattice constants and vTO (r) values.
The resulting V, and V2 parameters are listed at the bottom
of Table I. The increase in magnitudes from Zn-. Cd - Hg
is consistent with a corresponding increase in the d-state ra-
dius. The significant improvements achieved in the modifiedmFi. I. Simple tetragonal structUre
B and E,0 h values in the upper part of the table support the assumed for an A0 ,B C ordered

alloy with lattice constant a. The pa-
validity of this approach and give us the confidence to em- rameter u is allowed to vary to ac-

ploy the same empirical corrections in the alloy calculations commodate a difference in A-C and

described below. B-C bond lengths.

B. Ordered alloys 
00!

A direct extension of this approach to intermediate alloy 0

concentrations is practical only for ordered configurations 0 0 0
with small unit cells. Here we consider only the simplest A 6 C

J. Vat. Sci. Technol. A. Vol. 6, No. 5. Sep/Oct 1987



3021 K. C. Hass and D. V.)ncderbilt: Bond relaxation in HgCd,13ind related alloys 3021

parameters as in the limiting crystals. The only complication d 0(05 ) 3 3d','(/4 - d(0.5 )/4
which arises concerns art A-B interaction, for which there is The smaller ,laxatiun compared to the orlered case is a
no crystalline counterpart. Here we a,sume that the appro- consequence of the fact that, while the bond lengths relax
pnate V. parameter for this interaction is given by either an coherently in the ordered systems, many or the local envi-
anthmetic or a geometric mean of the corresponding V. pa- roments in the random alloys are more highly strained4

rameters for the A-A and B-B interactions. The two ap- [e.g., th e A-C bond length associated with a configuration

proximations will be seen in Sec. III B to lead to slightly of fourtA nearest neighbor as our model is always the virtual

different alloy mixing energies. The equilibrium bond latticevalue d(x)i.

lengths in the two cases are indistinguishable, however, since The solid lines in Fig. 2 for Cd , Zn,Te correspond to
the cation-cation interaction playý no role in determining relaxation parameters of -0.6. This is in reasonable agree-
the equilibrium u value for a given lattice constant. rel wion reters AFS This is in re aso webl a s

ment with recent EXAFS experiments"0 (cn-0.75) as well as
with previous VF"5 and tight-binding3 calculations. The

III. RESULTS AND DISCUSSION slightly smaller relaxation predicted here iay be an artifact
A. Alloy structural properties of our assumed perfection of the cation sublattice.

The calculated equilibrium lattice constants for Much more unusual behavior is found here for tsl:- two
HgoCd,,,Te. Hg,,Znr, Te, and CdoZn0 Te are all 1, ,sed systems. The anomalously large relaxation pre-
found to be within 0.5% of the limiting crystal averages. dicted for Hg, - d Te(e =5.8) supports the earlier tight-
This result is consistent with the nearly linear (Vegard's binding analysis of Ref. 8 (L =2) and is in striking contrast
law) concentration dependencies observed in x-ray to the predictions of VF models. The Hg-Te and Cd-le
lattice constant measurements on Hg, - ,Cd.Te.' 8  bond lengths are found to differ by -2%(0.05 A) in this
Hg, -, Zn, Te,-' and Cd -_, Zn, Te. o system. which should be easily resolvable in EXAFS expert-

The predicted nearest-neighbor bond-length behavior is ments. By contrast, the relaxation predicted here for
summarized in Fig. 2. The dashed lines rer;esent the average Hg, -. , Zn, Te (_0.2 1) is much smaller than that in pre-
vanationd(x) expected for both bond types in an undistort- vious VF 3"5 and tight-binding5 calculations (c>0.70).
ed virtual lattice. The relaxed bond lengths calculated for the EXAFS results for this sysm would thus also be of interest
x = 0.5 ordered alloys are denoted by x's. In the corre- We attribute the dramatic failure of VF predictions for
sponding random alloys, one expects a distributio.. of bond Hg - . Cd, Te and Hg, -, Zn, Te to the presence of an addi-
lengths due to variations in the local eavironment. We esti- tional chemically induced force associated with a difference
mate the mean values in such systems (solid lines in Fig. 2) in cation electronegativities. Such a force has been discussed
using a binomial distribution analysis similar to that of Ref. previously in the tight-binding analysis of Refs. 5 and 9 and
4. The specific assumptions made are that (0) the A and B shown to result from the difference in "metallic coupling"
atoms in an A, - ý B,C system remain fixed on their fcc lat- between the alloy and crystalline environmnxts. The metal-
tice sites, (2) the A-C bond length associated with a given lic coupling is defined as the interaction between a giver,
nearest-neighbor environment of the C atom varies linearly bonding state and its neighboring antibondirg states.-9 - he
with the number of B neighbors, (3) the A-C bond associat- fact that an A-C bonding state is coupled to some B-C anti-
ed with a configuration of two A and two B nearest neigh- bonding states in an A, -, B, C alloy produces a change in
bors at x = 0.5 has the length d" calculated for the corre- the effective A-C force constant. Relative to the virtual lat-
sponding ordered alloy, and (4) the mean A-C bond length tice structure, the presence of this effect generally drives a
dc (x) varies linearly with x (as observed in EXAFS ex- contraction of the less ionic bond in order to increase charge
periments). The resulting mean value at x = 0.5 is transfer from the less to the more electronegative cation. In

the case of Hgl - , CdTe, Hg is more electronegative and
the contraction of the Hg-Te bond results in a net Cd - Hg
charge transfer, which is energetically favorable. The anom-
alous behavior in this system results from the unusual situa-

Sd. tion in which the limiting crystals have roughly the same
"bond length despite an appreciable difference in ionicities°
In systems which are poorly lattice matched (e.g.,

dcdi.-r. Hg _Zn, Te and Cd, _Zn Te), the consequences of the275/ ~ -r chemical force are more difficult to predict due to additional

complications associated with bond angle changes (e.g., re-
270- z.-T.hybridization). The present calculations, which include

a -these effects automatically, suggest that the chemical force
has little effect on the resulting bond lengths in

i _ _ _ __Cd_ -,Zn_ Te but is respinsible for the much smaller relax-
ZýTv cr, HqT, ZnTo ation predicted here for Hg, -,,Z-,Te compared to prc-

ALLOY COMPOSITO? vious VF estimates.

Fir 2 Calculated nearett-neighbor (NN) bond lengths in ordered ar One final feature of Fig. 2 which is worth noting is the fact
random alloyt compared to average behavior (d) predicted for unrelaxed that the calculated bond lengths satisfy the transitivity rela-
virtual latrice tionship
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dz, [ [CdTe:Zn] -+- dcIT, [HgTe:Cd ] + d HT, [ZnTe:Hg boundanes of thecrystalline unit cells. 5EcS ,in general, can
d -- dbe of either sign. Here we find negative values in each of the
- d dT, three syste.- 'i Table II with magnitudes which depend

to within better than0.2%. (Thisis equivalent tosaying that sensitively on the averaging procedure (anthmetic or geo-
the sum of the slopes of the solid lines in Fig. 2 is zero.) We metric mean) used to treat the empirical repulsion between
are unable to provide a simple explanation for this behavior cation second neighbors.
at this time but we note that simple VF estimates ofimpurity In the final step, the individual nearest-neighbor bond
bond lengths in a wide variety of zinc-blende systems3 ' pre- lengths in the alloy are allowed to relax to their preferred
dict a similar relationship to hold in most common anion and equilibrium positions. This yields a structural energy contri-
common cation systems. Further EXAFS studies would be bution AE' which is always negative. The magnitudes of
useful to test for such transitivity experimentally. AE' are generally much larger than the predictions of sim-

ple VF models3 o5 since the local distortions in the alloy are
B. Alloy mixing energies accompanied by the additional charge redcstribution effiects

We conclude this paper by exploring some of the implica- discussed in Sec. III A. The presence of these effects gives
tions of the above bond-length calculations for the thermo- rise to a much larger i AE' value compared to 1AE "' in
dynamic properties of Hg, - ý Cd, Te, Hg1 - Zn, Te, and Hgo Cd 5 Te but is not sufficient to overcome the valence
Cd, _ Zn_ Te. The discussion is based on the total excess distortion energies in the Zn alloys.
energies AEo of the x = 0.5 ordered alloys relative to their The total excess energies in Table 11 are obtawied by sum-
segregated crystals. Srivastava. Martins. and Zunger4 have ming the AEvD, AEcE, and AEs results. Despite the large
recently shown that, contrary to previous expectations, uncertainties in these numbers, t'tere does seem to be a much
the AEo's associated with various ordered phases of larger tendency towards ordering (negative AE,) in the
In, - Ga, P are actually negative which suggests that such Hg0 3 Cdo0 Te system than in the two Zn alloys. Even in
phases may actually represent the stable low-temperature Hgo 5 C s Te, however, the magnitude of AE, is probably
ground states of this system. Here we find a similar result for too small to overcome entropy effects at typical growth tem-
Hg, _- Cdý Te but a much smaller tendency towards order- peratures. I It is important to note that, while the smaller
ing in the two Zn alloys. AEo value in Hgo.,Cdo•Te compared to HgosZnaoTe

We proceed as in Ref. 4 by considering the formation of a means that the former ordered alloy is more "stable" in the
relaxed x = 0.5 ordered alloy as a three., tep process. In Liep technical sense, the present results provide no direct infor-
one, the segregated crystals are appropriately expanded or mation on individual bond strengths in the two systems. L.-
contracted to the alloy lattice constant a. This costs a valence tight-binding prediction" that the weak Hg-Te bond (cf.
distortion (VD) energy AEvD which is always positive and E,o, values in Table I) may be somewhat stronger in
is the only contribution considered in simple virtual lattice Hgi , Zn, Te tha, ,n Hg, -• Cd. Te is thus not contradict-
strain models of alloy mixing energies." ' Calculated values ed by our results. ]
of A vD in the three systems considered here are listed in the The bottom line of Table 11 lists experimentAlly deter-
top line of Table 11. The negligible distortion energy in mined enthalpies of formation A&H for disordered
Hgo.,Cdo4 Teis a consequence oftheexcellent lattice match 4d, -,Zn, Te, Hg, -.,CdTe, and Hg,-. ZnTe alloys.3 2
in this system. Like A4 A&H is also found to be smallest in magnitude irr

In the second step, the ordered alloy is formed with all. Hg, _, Cd, Te, although its sign is positive. A possible origin
atoms in their ideal tetrahedral locations (u = 0.25). fhe of the positive A&H value in Hg, -.,CdTe has recently
associated chemical energy contribution AE"E results from been Droposed in terms of the Coulomb energy associated
a slight charge redistribution which x)ccurs at this stage to with charge fluctuations in a disordered ionic system.3" The
smooth out any discontinuities in tme charge densities at the present bond-length results suggest an additional contribu-

TASLE IH. Contributions to the total exces energiesA4,E of the x = 0.5 ordered alloys, The valence distortion energies ).cbemical energies (AEC¼,
and structural energies (AE5s ) are defined in the text. Results are presented for both the arithmetic mean (a.m. ) and geometric mean (g.m.) treatments of the
.mpirica) repulsion between unlike cation second neighbors. The final line gives the eapenmentally determined enthalpivs of fnrmation AHD of the
corresponding disordered alloys. All energies are in eV/(zinc-blende cell).

"Cd,,,Zno0 Te Ho,5CdoTe Hgo ZZn, Te

AEvo +0.075 0.0002 -0071
AEc (t.m) -0.001 -0002 -0.003

(gm.) -0.009 -0.034 -0085

&E, -0.047 -0012 -0.013

AE, (a m.) +0.027 - 0.014 +0 •s5

(g m.) + 0.019 - 0046 - 0.,127

-I1,, (expt) - 0-014 0.007. 0.01 5 -- 0.032
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A novel analytic approach for calculating superlattice effective masses both
perpendicular and parallel to the layer planes is summarized. The approach is
based on the crystalline oscillator strength ("f-') sum rule and the envelope func-
tion approximation. Applications to GaAs/Ga,_,AlAs and HgTe/CdTe yield
exctelent agreement with experiment for a conduction : valence band offset ratio
of 70:30 and a valence band offset near zero, respectively.

A periodic superlatvce (SL) containing an arbi- envelope functions and their spatial derivatives. These
trazy number of constituents may be conveniently integrals may also be evaluated analytically since the
viewed as a crystalline solid having a large unit cell. envelope functions themselves are simply trigonometric
While any bulk band structure technique is thus di- functions within each layer.
rectly applicable to SL's, most realistic calculations The sum in Eq. (1) is found to be dominated by
are limited in practice either to relatively thin-layered only a small number of SL states whose energies lie
systemst or to the dispersion only along the growth well within the range which is adequately described by
direction. 2 Recently, we presented a novel analytic ap- the Kane model. The use of only J? = 0 information
proach for the calculation of SL effective masses which allows mi1 to be calculated as easily as mj without any
a valid for arbitrary directions and layer thicknesses in of the previously reported difficulties2 associated with
any system composed entirely of direct gap materials. t

The present note briefly summarizes the key ingredi- the coupling of SL light and heavy hole bands for finite
eats of this method and its predictions for the K? values parallel to the planes.
GAs/Ga-...AI2 As and HgTe/CdTe systems. A more Values of both electron effective masses for an BOA

iimplete description of this work will be given else- GaAs/20A Ga1 -. Al.As SL were obtained in Ref. 3
where.approach baed on the well known -sum using standard bulk parameters' and a conduction:
role relationship between effective masses and opti"l valence band offset ratio' of 70:30. The results agree
acillator strengths. For a SL characterized by eigen- well with recent cyclotron resonance measurements1

states IL,/f) and energies Es,(R), where L and R are and with previous theoretkal calculationss of m±. The
the SL band index and wavevector, respectively, this two masses start out at the same bulk GaAs value oftreSlbationdhinde t a nd wavevehte r, t 0 067m for z:=O and increase to mf/. == 0.114 andrelationship takes the form mu/m = 0.070 for z = 0.3. The relatively small in-

S2 I(L,O[ p.1 V,0)2 crease in mg follows a slight increase in the SL band gap
" I+ E + (1) which results from the increasing barrier height in the

i(0) - EL(0 (1) Ga1 .. AI.As layers. The perpendicular mass, by con-
trast, is much more sensitive to the barriers; for thick
Ga-s,.A1As layers, m.L -- co. In terms of oscillatorHere P. is the momentum operator component either strengths, the difference between mi and mu results

perpendicular (a = 1) or parallel (a = I1) to the layer primarily from the coupling betwu the conduction
planes and (mV/m)L is the corresponding - 0 ef- band minimum and the next highest i? = 0 conduc-
ftive mas of SL band L in units of the electron mass tion state which lies . 160 meV higher due to sane-
m. The quantities summed in Eq. (I) represent the folding. This transition has an appreciable oscillator
secillator strengths associated with optical transitions strength only for the perpendicular directions where it
between SL states JL,0) and IL',0). Analytic solutions st gnlfor th e pr ndicu tion where it
for the IL,0)'s and E4,(0)'s are easily obtained in terms makes a significa"t negatite contribution to the sum in
of bulk band structure parameters using the Kane i. - Th. e f-sum rule approach has also been applied to
model4 (including finite spin-orbit splitting) and the HgTe/CdTe SL's using the bulk parameters of Ref.
envelope function approximation; 2,s the treatment of 9. While the appropriate value of the valence band
bnd discontinuities and the boundary conditions are offset A (defined to be positive if the valence band
equivalent to those of Ref. 5. The relevant momen- maximum of HgTe lies above that of CdTe) remains
turn matrix elements then reduce to integrals over the controversial,' 0 the calculated electron rol, values in
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Fig. 1 Calculated variations of the superlattice electron assumed alignment of the bulk conduction (solid)

effective masses m.t (dotted) and mll (dashed) and and valence (dashed) band edges (zero valence
band gap Es (solid) as functions of layer widths in band offset).
the HgTe/CdTe system. The inset shows the
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f-Sum Rule and Effective Masses in Superlattices
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The f-sum rule, relating effective masses to oscillator strengths, is extended to semiconducting super-
lattices and applicd to GaAs-(GaAI)As and HgTe-CdTe. This novel approach is implemented analyti-
cally by use of the envelope-function approximation to calculate both parallel and perpendicular mawses
and is used to account for their difference physically. Agreement with experiment is excellent, but mn
HgTe-CdTc only if the valence-band offset is small.

PACS numbers: 73.20.Dx. 73.40.Kp, 73,40.Lq

The f-sum rule has been extremely useful for the ex- Equation (1) is exact as it stands. Here we evaluate
traction of a wide range of physical information pertain- the relevant SL quantities analytically in terms of bulk
ing to condensed matter. As shown here, this is equally electronic structure parameters using the envelope-func-
true for superlattices, in particular, GaAs-(Ga,AI)As tion approximation.' The envelope function F.(L,KLr)
and HgTe-CdTe. Specifically, we (1) relate the parame- is defined by the coefficients of the expansion of (r I L,K)
ters in the formal, exact expression for the f-sum rule to in terms of bulk Bloch functions (r I n) for band n at
those of the bulk constituents using the envelope-func- k -0. F. (L,Kr) varies slowly with r on the scale of the
tion approximation'; (2) obtain oscillator strengths unit-cell size. For the well-lattice-matched SL's con-
relevant to optical absorption and show that only a small sidered here, (r I n) may be assumed the same in each
number of superlattice (SL) bands contribute to the constituent. This easily generalizable assumption is
sum; (3) derive values of both mm and m. (the effective justified here by the similarity of the bulk pseudopoten-
masses in the plane of the SL and along the growth or z tials and momentum matrix elements. 2
axis, respectively) simultaneously and show that they, For the energy region of interest here, the envelope
compare well with experimental information; (4) com- function may be calculated with the Kane model includ-
ment on band-offset values that yield effective masses ing finite spin-orbit coupling. 3 A finite heavy-hole mass
consistent with cyclotron resonance experiments. It is obtained by the inclusion of the next higher conduction
should be emphasized that these results can all be ob- band by perturbation theory. The function F(L,K~r)
tained from physically transparent, analytic expressions with components F.(L,Kr) in an A (B) layer is deter-
without extensive numerical computation. mined from

For superlattices characterized by eigenstates I L,K) HA,(y)1 k,kr,k.-- -iW(8fz)]F(LKr)
"and energies EL(K), where K and L are the SL wave
vector and band index, respectively, the f-sum rule takes -EL(K)F(L,K:r),

where H,.4) is the 8x8 Hamiltonian matrix.3  For

(m/mL).1+X L'fZL, (i) K-(o,0,K,) only bulk states with the same m, mix,
where where J is the total angular momentum, and each F, be-

comes independent of x and y. These simplifications' do

2 I(L,OIp.IL*,0)I 2 not occur for K-(K,,O,0) since the bulk states being
fZ.'L EL(O) -EL,(0) mixed correspond to Arj - ± 1,0. Both effective masses

mr. and mo can be calculated from the f-sum rule if
is the oscillator strength. The valence- and conduction- F(L,0;z) is known. The involvement of only K-0 states
band extrema are assumed to be at K-0. p. is the reduces the number of coupled differential equations,'
momentum operator component along the principal axis thereby permitting an analytical solution to the problem
a (a-z or .L. for the growth axis and x. y, or 11 within for arbitrary direction. The boundary conditions used
the layers, respectively), and (mt/M). is the correspond- are equivalent to those of Bastard and Mailhiot and co-

ing effective mass in units of the electron mass m. workers. 3-

The relevant matrix elements are given by

3(L5 0 Ip I L',0) [P7,,a,.(L.L)+8,i,, (LL')], (LO px IL ',0) "i,.P7,a,,(LL'), (2)
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EL' (0) L. Envelope Functions ft I ( f-) fL Ci
iev) LcI (',C (%f")

Higher Bonds -0.17 -0
GaAs GoA63A

1.72 C2 FP r i - 4.89 -0

1.56 Cl F- r. - (Ac

-0.006 HH1 Fr. 
0 6.85

-0.017 LHI F r. 8.90 2.48

LH2--'LHI5 0.60 0.43
HH2 - HH7 0 0.27

-0.36 LHI6 F r? 3.36 3.35
"40 0 40

Lower Bonds ZA)- ~0 (VB) 0

m.L/m 0 0.114 m,/m 0.070

FIG. 1. Contributions to f-sum rule for 80-A GaAs. 20-A Gao. Al0 .sAs superlattice. Envelope functions shown for unponant su-
perlattice K -0 states I L ',0) at energies EL.(O). Partial sums of oscillator strengths over superlattice conduction and valence bands
(CB and VB) in parentheses. Masses calculated from Eq. (I).

where P. --(n I P. in') is the bulk momentum matrix element, and
r ffI/2 (I~t,/2+I, 1a,.,(L,L.') -d - f J""']dzF ,(L.O=z)F. ('.O~z ),

(3)

rA ,/ 2 +J4/ 2+1,]dzFR(L0;z)(8/iz)F.(L,0;z).

Here i. (y) is the A (B) layer width and d -- A + 1 is the
superlattice period. The F.'s are trigonometric functions culated with the oscillator strengths shown in Fig. I.
within each layer; the integrations are therefore straight- The results are shown in Fig. 2 as functions of Al con-
forward. centration x for the layer widths used in Fig. I and com-

Figure I shows the dominant F's for an 80-A GaAs, pared to the T-75 K experimental cyclotron resonance
n0-A Ga 0 ,A10 3As SL over an energy range -0.36 values of Duffield et aL7 As expected, the m, value in-
< ELO < 1.72 eV. The condition-band-valence-band creases with x, i.e., with the barrier height separating the

offset ratio is taken to he 70:30.6 and standard bulk input GaAs layers, and agrees well with that obtained by
parameters are employed. 2 The large number of SL differentiation of the dispersion relation derived in Ref.
valence bands are associated with the zone-folding due to 3. By contrast, m4 is nearly proportional to the band
the smaller SL Brillouin zone. The few IL',0)'s of pri- gap, also shown in Fig. 2, much as in bulk GaAs. The
mary importance to the f-sum rule, whose F's are agreement between theory and experiment, although ex-
sketched in Fig. I. have substantially the atomic symme- cellent, could be improved by the addition of tempera-
try of the bulk bands from which they originate, al- ture corrections to the T -0 K theoretical results.
though small admixtures of other bands included in the It is clear that m, > ml because of the barriers. A
Kane model are present. This behavior is associated more subtle explanation of this inequality is provided by
with the small curvature of the F's (for a bulk crystal consideration of the oscillator strengths fL.,c and their
they would be constant). The closely spaced SL sums, as shown in Fig. 1. We note first that the principal
conduction-band states I Cl,0) and I C2,0) have F's contributions to the f-sum rule determining m.1 and m,
resembling the ground and first excited states of standing come from SL states near the GaAs bulk r 6 , r7, and rg
waves in a box. Even though they derive primarily from levels. The total Lalence-band contributions to m.L and
the same bulk symmetry Fr, they can have nonvanishing m4 obtained by summation of ft'.c, and fL'.cl, respec-

momentum or optical matrix elements coupling them be- tively, are the same and are nearly to the bulk value. In-
cause of the crystal momentum supplied by the barriers, dividual f's differ, however, just as in the bulk Kane

Values for the electron masses mo and m , may be cal- model where the : direction is given special significance.
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1. - BondBond Effective GopGap E Mosses (ev)
(eV)eV
leVI .. / v1

9
.i...-

0.12 k 0.4

O.I"2

B m1 A- Q2
0.10 - mn . /m 0J .50'•- -. I I 0

0.01 n I 0 20 40 60 80 20

0. OI 0.2 0- HgTe widd (h) --

xFIG. 2. Comparion or experimental (crosses. Ref. 7) and FIG. 3. Variation of effective masscs as functions or layer
theoretical (solid lines) values or electron masses for so-A widths in HgTe-CdTe superlattice. The superlattice band-Zap
GaAs, 20-A/ Ga1 -zAI As superlattice. Top: theoretical super- behavior corresponds to 50-A CdTe. Inset: Schematic corn-
lattice band gap. plex band structure of bulk CdTc near k -0.

The difference between •fx~ and Y.!' is seen to arise more rapidly. This effec•t is most pronounced when the
from the negative contribution of C2 to yf. which SL gap is + E5 (CdTe), i.e.. at E,(SL) -0.8 eV. Figure
has no analog in the bulk band structure. The 3 shows the peak in m 1. to occur at that energy. For/,,
(ClO1p2 J C2,0) matrix clement, while smaller than~typ- values smaller than that for which the peak occurs, m~
i.cal bulk values, gives rise to an appreciable oscillator decreases and approaches the CdTe value as ',A ap-
strength because of the energy proximity of Cl1 and C2. proaches zero. Values of m are within 5% of those ob-

Results for HgTe-CdTe are obtained with standard tuinable from the dispersion relation of" Ref. 3.
bulk parameters 2 and a variable valence-band offset A Magnetoabsorption measurements of Berroir ei al.t

(defined to be positive if the r5 level of HgTe lies above for a 100-A HgTe, 36-A CdTe SL have yielded m,/rn
that of CdTe). Values of m±j/m and m,/rn calculated -0.017 ±-0.003. The present theoretical results for a
for the controversial common-anion-rule value A'0 are positive band offset A (in electronvolts) can be empirical-
plotted in Fig. 3 as functions of HgTe layer width ('A) ly represented by mirn m--.014 -0.046A. Good agree-
ror a series of CdTe widths (Ii). The behavior of the SL ment with experiment is thereby achieved for small A

band gap E, is shown for a single representative CdTe but not for the value A - 0.36 eV suggested by recent
width of 50 A For thick CdTe widths. Es corresponds photoemission experiments.9 We are not suggesting that
physically to the kinetic energy of confinement in the any of these experiments is flawed; neither is it likely

l ~ HgTe quantum well. 4r increases with decreasing 1,A as that the results of k- p calculations can be seriously in er-
expected. For narrow CdTe widths (e.g.. ls-20 A). for ror. (Large band offsets, however, have been obtained
which the extent of the F's is greater than 1s, the SL from first-principles band calculations, ° which do not

case can be shown to be substantially equivalent to that address effective mass values.) These inconsistencies
of the alloy Hgi -xCdrTe (x -In/d) and m, ma~i.oy tO pose an interesting dilemma which remains unresolved,Ibetter than 10%. This work was supported by the Joint Services Elec-

The remarkable peak in m z as a function of HgTe tronics Program through U. S. Office of Naval Research
thickness for fixed CdTe width (e.g.. /1-50 A) can be (ONR) Contract No. N00014-84-K-0465, and by the

Sexplained by reference to the inset in Fig. 3 showing the Defense Advanced ResearchPrjcsAeythoh

Garjecs 20nc through 2

complex band structure of bulk CdTe near k -0. Note ONR Contracts No. N00014-86-K-0033. No. N00014-
that the SL gap E,(SL) lies ioside the CdTe gap 86-K-0760, and No. N00014-T6-K-0841.
Ea(CdTe). The imaginary wave vector th, which charac- -AIstSceaico

terizes the decay length of F in the CdTe barriers, in-
creases as E, (SL) becomes larger and causes F to decay va)Present address: Research Staff. Ford Motor Co.. Dear-

S~2354



47

VOLUME 59, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NOVEMBER 1987

born MI 48121. 'See, for example, J. Menendez, A. Pinczuk. D. J. Werder.
'G. Bastard, Phys. Rev. B 25, 7584 (1982). A. C. Gossard, and J. H. English, Phys. Rev. B 33, 8863
2E. 0. Kane, in Narrow Gap Semiconductors: Physics and (1986).

Applications. edited by W. Zawadzki, Lecture Notes in 7T. Duffield, R. Bhat, M Woza, F. DeRos, D. M. Hwang.
Physics Vol. 133 (Springer-Verlag, New York. 1981), p. 19; P. Grabbe, and S. J. Allen, Phys. Rev. Lett. 56, 2724 (1986).
D. Long, Energy Bands in Semiconductors (Wiley, New York. sJ. M. Berroir, Y. Guldner, J. P. Vieren. M. Voos. and J. P.
1968), p. 195. The Kant momentum matrix energy (E,) is Faurie, Phys. Rev. B 34,891 (1986).
taken as 18 eV for HgTe and CdTe, and 24 eV for (Ga.AI)As. 'S. P. Kowalczyk. J. T. Chcung, E. A. Kraut. and R. W.

3G. Bastard, in Proceedings of the NATO Advanced Study Grant, Phys. Rev. Lett. 56, 1605 (1986); T. M. Duc, C, Hsu,
Institute on Molecular Beam Episaxy in Heterostructures, and J. P. Faurie, Phys. Rev. Lett. 58, 1127 (1987); C. K. Shih
Erice, Italy, 1983. edited by L. L. Chang and K. Ploog and W. E. Spicer. Phys. Rev. Lett. 58, 2594 (1987).
(Martinus-Nijhoff, Dordrecht, 1984). p. 381. °0See, for example, S. H. Wei and A. Zunger, Phys. Rev.

4C. Mailhiot, T. C. McGill, and D. L. Smith, J. Vac. Sci. Lett. 59, 144 (1987), and references therein.
Technol. B 2, 371 (1984). D. L. Smith and C. Mailhiot, Phys. IINote that while the recent empirical pseudopotential calcu-
Rev. B 33, 8345 (1986). lations of M. Jaros, A. Zoryk, and D. Ninno. Phys. Rev. B 35.

SThe results for fJUL are insensitive to the addition of a 8277 (1987), for A -0.37 eV claim consistency with experi-
smoothing function guaranteeing continuity at the cell bound- mental SL band gaps, we find that the present k- p model, in
ary. fact, yields much better agreement, particularly for small A.

2355



48

PHYSICAL REVIEW B VOLUME 37, NUMBER 8 15 MARCH 19881-

Theory of exchange interactions and chemical trends in diluted magnetic semiconductors

B. E. Larson,' K. C. Hagst and H. Ehrenreich
Division of Applied Sciences and Physics Department, Harvard University, Cambridge, Massachusetts 02138

A. E. Carlsson
Physics Department, Washington University in Saint Louis, Saint Louis, Missour 63130

(Received 15 July 1987)

The electronic structure and magnetic properties of Mn-substituted II-VI diluted magnetic semi-
conductors are treated theoretically with emphasis on Cdl -MnTe. The derived electronic struc.
ture is based on a combination of ab initio spin-polarized band calculations, a semiempirical tight-
binding model containing the relevant experimental input, and consideration of alloying effects.
The magnetic properties are calculated using a multisite Anderson Hamiltonian incorporating the
derived electronic structure. The derived sp-band-Mn-d and Mn-Mn exchange constants compare
as well with experiment as any previous calculations of this kind. The results establish the impor-
tance of sp-d hybridization and demonstrate superexchange as the dominant Mn-Mn exchange
mechanism. A phenomenological three-level model for superexchange is constructed, which gives
results in excellent agreement with the detailed calculations, provides physical insight, and permits
exploration of chemical trends in the magnetic behavior for the series M1'..,Mn,Xv' (M"=Cd or
Zn; XV =Te, Se, or S). The same model, with minor modification, is found to be applicable to MnO
and a-MnS, which are insulating and have the rocksalt structure.

I. INTRODUCTION (LSDA) for a hypothetical zinc-blende MnTe compound.

(The structure of MnTe is nickel arsenide.) The derived
This paper presents a comprehensive treatment of the electronic structure represents the x = 1 limit of the

electronic structure and magnetic properties of the Mn- Cd1 ._MnxTe, Zn1 _, Mn.Te, and Hg1 _,Mn.Te alloys to
substituted II-VI class of diluted magnetic semiconduc- be considered here. The spin-polarized band calculations
tors (DMS's).' The discussion of the electronic structure for CdI , Mn1 Te will be described here in detail. In ad-
is based on a combination of ab initio band calculations, a dition, we present new results for MnSe and MnS (Sec.
semiempirical tight-binding model (ETBM) based on II A). The inclusion of spin polarization in these calcula-
these results, carefully referenced relevant experimental tions is of particular importance for the placement of oc-
input, and consideration of effects associated with alloy- cupied (spin-up) and unoccupied (spin-down) Mn d bands
ing. The resulting electronic structure model is therefore and for treating their hybridization with sp bands
consistent with currently available experimental and correctly. The derived band structures are fit by an ap-
theoretical evidence and represents a suitable starting propriate parametrization of simplified ETBM results
point for the formulation of a model Hamiltonian useful and then adjusted using opticall°-1 3 and photoemission
for calculating magnetic properties. data"4-1 6 (Sec. IIB).

The magnetic properties to be considered here are The magnetic interactions to be considered here are as
Mn-(sp-band) exchange and Mn-Mn exchange. The re- follows.
suits establish the importance of p-d hybridization and (1) The (sp-band-edge)-Mn or sp-d exchange interac-
demonstrate superexchange as the dominant Mn-Mn ex- tion having the Kondo form17

change mechanism. 2 Related calculations of exchange
anisotropy and spin-resonance linewidths will be dis- -IJ d•,Si" , (1.1)
cussed in a subsequent publication.3 Some of the present
results have been briefly reported previously.4,5 where S" is the Mn moment at site i, 3 h' is the spin

The first picture of the DMS electronic structure wheretSr iste Mn moment a sit e he spin
emerged from the empirical-tight-binding-method- operator associated with a valence-band-edge hole (hi or
coherent-potential-approximation (ETBM-CPA) calcula- a conduction-band-edge electron (e), and J, 4 -- 1.0
tions of Hass and Ehrerireich.( These calculations em- eV, 1 P.e-r0.2 eV are the corresponding exchange con-

phasized the effect of chemical disorder on the s and p stants. 1 5 ý The sum extends over Mn occupied sites

levels. The occupied Mn 3d states were included much in only.
the same way as in the combined interpolation scheme 7  (2) The Mn-Mn or d.d exchange described by the spin-
for the transition metals and exhibited strong hybridiza- T' Heisenberg Hamiltonian
tion with the anion derived p states. y_,Jdd(R i)S, -S , (1.2)

The results to be described here are based on self-
consistent augmented-spherical-wave (ASW) band calcu-
lations8 utilizing the local-spin-density approximation9  where Jdd(R,, )= - I meV (Refs. 31-401 is the antiferro-

37 4137 C)1988 The American Physical Society
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magnetic (AF) coupling between spins separated by R,J. I1. ELECTRONIC STRUCTURE
Again, the sum extends over Mn-occupied sites only. AND MODEL HAMILTONIAN
The exchange constants are determined by a random
multisite Anderson Hamiltonian (Sec. II B), which in- A. Electronic structure

corporates the relevant features of the DMS electronic As a guide to the electronic structure of DMS's, we
structure4 (Sec. 11 A), using second- and fourth-order per- have performed self-consistent spin-polarized band calcu-
turbation theory41 "42 for Eqs. (1.1) and (1.2), respectively lations for hypothetical stochiometric antiferromagnetic
(Secs. III and IV). JO'•,,. is theoretically determined from MnTe. MnSe, and MnS compounds having the zinc-
band-edge spin splittings of ferromagnetic ASW bands, blende structure. This section discusses only results for
or experimentally from magnetooptic experiments. The MnTe; the results for MnSe and MnS are quite similar.numerical relationship43 between JU.C adt eh bii

nmi.l and the hybridiza- The AF-l ordering, consisting of alternating (001) spin-up
tion parameter V,,d [Eq. (2.4)] determining the sp-d band and spin-down planes, is chosen for simplicity, although
mixing, follows directly from a Schrieffer-Wolff transfor- the DMS's are believed to prefer the more complicated
mation." The detailed calculation of Jdd(R,,) presented AF-I1 ordering. The zinc-blende lattice constant of
here establishes superexchange, resulting from p-d hy- 6.430 A used here is obtained by linear extrapolation of
bridization, as the dominant mechanism at near-neighbor measured values for x < i.'7 Possible tetragonal distor-
distances, and as significantly more important than the tions due to the antiferromagnetic ordering are neglected.
Bloembergen-Rowland interaction.45 The latter has been Exchange and correlation effects are treated in the
previously suggested as responsible for Mn-Mn ex- local-spin-density approximation (LSDA) using an
change.46 Further suppo-t for the present view is provid- exchange-correlation functional of the von Barth-Hedin
ed by numerical estimates of the total ASW energy form.9 The LSDA is primarily a ground-state formalism
differences between ferromagnetic and antiferromagnetic and yields band gaps in semiconductors and insulators
configurations which are in surprisingly good agreement which are typically 40-60% too small. Relativistic
with the perturbation results. The excellent agreement effects are neglected.
between theory and experiment (-- 50%) results from the The one-electron Schr~dinger equation is solved using
accuracy of the input parameters (most notably V 4 as the augmented-spherical-wave (ASW) tecl tique.8 with
determined by the experimental J•.d) and the detailed extra ASW spheres centered on the tetrahec;at inter-
understanding of the electronic structure. The superex- stices.4 s This results in a bcc lattice of spheres for which
change results are at least as accurate as any theoretical the sphericalization of the Wigner-Seitz call inherent in
values previously obtained for other materials, the ASW method is a good approximation. This radii of

The detailed results for CdI_ Mn.Te are used to con. spheres are chosen to be equal. This procedure produces
struct a three-level, four-parameter phenomenological results for tetrahedrally coordinated materials which
model for superexchange which is able to reproduce them agree well with state-of-the-art linear-augmented-plane-
simply, thereby providing insight into their -physical wave (LAPW) and pseudopotential calculations.' Re-
significance (Sec. V). More importantly, the model is suIts for zinc-blende MnTe similar to those reported here
applicable to other Mn-based DMS's and permits the ex- have recently been obtained using an LSDA-LAPW ap-
ploration of chemical trends in magnetic behavior, This proach.5
model expresses Jdd(Rj) as a product of two factors. The calculated ASW bands for AFI zinc-blende MnTe
The first depends explicitly on the electronic level param- are shown in Fig. I. The energy zero is fixed at the
eters; the second is a function f(Rij/a), where a is the valence-band maximum. The corresponding density of
lattice parameter, which is approximately the same for all states and the densities of states projected on the Mn
members of a class of materials like the DMS's having a sphere majority (1) and minority ( ) spin d components
given chemical structure. The model is supported by the are plotted in Fig. 2. We define the majority (minority)
results of exchange constant estimates derived from ASW spin component to be that which contains a larger (small-
band and total-energy calculations. Applications are er) percentage of the occupied d states at a given site.
made to the DMS series M•1_•MnXv' (M"=Cd or Zn; The magnitude of the net magnetic moment inside each
Xvi= Te, Se, or S). Experimental information is used to Mn sphere is 4 .2Mta. This is less than the atomic value of
fix the input parameters. The calculated exchange con- 5,up because of hybridization.
stants are in satisfactory agreement with experiment. The states lying between -4 and 0 eV are derived pri-

Somewhat surprisingly, the model turns out to be appl- marily from Mn majority spin d levels and Te sp levels.
icable as well to at least some materials (MnO and ct- Those between -4 and -3 eV and between -2 and 0 eV
MnS) which are largely ionic, insulating, and have the have the largest Te sp components but display strong p-d
rocksalt rather than the zinc-blende structure. The func- hybridization effects. The Mn d content of the valence-
tion f(R,,/a), while quantitatively different from that band maximum E,,, for example, is roughly 50%. The
appropriate for the zinc-blende materials, is again insensi- bands are quite flat between - 2 and - 2.5 eV and consist
tive to the chemical composition for this crystal struc- of largely unhybridized d levels (> 80% Mn d content at
ture. r).

Discussion of theoretical matters pertaining to the ac- The states lying between + 1.0 and +2.5 eV are de-
curacy of the LSDA, the ETBM model and its implemen- rived primarily from unoccupied Mn minority spin d lev-
tation, and the derivation and properties of the function els. The lower bands in this complex are only slightly hy-
f(RJ /a) are relegated to appendixes. bridized with the Te levels ( > 80% Mn d content at r),
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while the upper bands exhibit stronger hybridization of relativistic effects.
effects (<65% Mn d content at F). The spin splitting, In applying the crystalline MnTe and well-known
which is most directly associated with the splitting c. -ET CdTe results to Cd, _,MnTe, we use insight drawn from
in Fig. 2, is roughly 3.5 eV. The bands above 3 eV corre- Hass and Ehrenreich's empirical tight-binding-
spond to the conduction band in an ordinary sp-bonded method-coherent-potential-approximation (ETBM-CPA)
semiconductor. The minimum at r contains roughly calculations for Hg-,xMn.Te and Cd,_, Mn#Te."' The
equal contributions from the s orbitals in the Mn spheres, ETBM-CPA calculations indicate that the important
the Te spheres, and the empty spheres neighboring the features of the alloy electronic structure for the present
Mn spheres, and none from the Mn d levels, purposes are understandable within the virtual-crystal

It should be noted that LSDA band energies have no approximation (VCA), which will be made in Sec. I1 B.
rigorous significance except for the highest occupied level The upper valence bands in both CdTe and zinc-blende
and the lowest unoccupied level.5 1 Furthermore, the ap- MnTe are largely Te 5p derived. Using the common
proximate LSDA one-electron potential does not contain anion rule, it is assumed that these lie at the same abso-
the discontinuity 52' 5 3 between the valence and conduction lute energy level before p-d hybridization. The ETBM
bands which must be present in the exact density- calculations indicate that the effect of such hybridization
functional potential. Some insight is gained54 by associat- on the valence-band edge is small. The valence-band
ing the LSDA eigenvalues with hypothetical quasiparti- edge thus remains largely independent of x. This asser-
ties which are completely screened as they would be in a tion is supported by the observed x independence of the
uniform electron gas. Since true Landau quasiparticles in photothreshold in Cdl-,Mn.Te.14 It is also consistent
an insulator are not completely screened in the absence of with experimental evidence for a small valence-band
other quasiparticles the LSDA underestimates quasiparti- offset in epitaxial Cd_, MnTe grown on CdTe.6 The
cle excitation energies: conduction bands are too low, sp conduction-band edge, on the other hand. is predicted
valence bands are too high, and band gaps are too small. to increase linearly with x in the VCA due to the
In the present case the occupied d states may be about I difference between the Cd 5s and Mn 4s atomic levels.
eV too high and the unoccupied d states about I eV too This is consistent with the linear increase in the net sp
low. Appendix A contains a more detailed discussion of band gap observed in optical absorption'0  and
the errors associated with the LSDA and with the neglect reflectivity' 2 measurements.

The location of the occupied and unoccupied Mn 3d

TOTAL (a)

2a

4-

2-

> .2

"-40 -2.0 0 2.0 4.0

• "- ENERGOY (cV)

R1 .. FIG. 2. Total and projected densities of states (per unit cell)

X Mr MIORT

of zinc-btende MnTc in the AF-l ordering. (a) Total density of
FIG. I. Spin-polarized A1 SW band structure for hypothetical states. (b) Mn d majority spin (solid line) and minoriiy •pii

zinc-blende MnTe with AF-I ordering. The symmetry direc- (dotted line) projected densities of states, Calculanom,, em-
lions F-M and F-.R in the tetragonal unit cell (showni corre- played the ASW-LSDA scheme described in the test. Majority
sponding io r -X and r -L in the zanc-blende zone, respective- and minority spin Mn d states of e, symmeiry at r" are labseied
ly. by e: and c:•. respectively. The valence-band edge is labeled E..
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states relative to the Te p-like valence-band maximum prime indicates that the sum extends over only Mn-

should not be very sensitive to x. Photoemission stud- occupied sites. H, acts on a subspace (per site) consisting

ies'14"1 indeed show the growth of a Mnd peak approxi- only of d", •5, and d' configurations.T 5,e assume
mately 3.4 eV below the valence-band edge for all con- (n, ý =0 or 1, and that Hund's rule cemains in effect,
centrations. Angle-resolved measurements indicate that consistent with the observed magnetic moment of 5pB.5 8

the occupied states contributing to this peak exhibit The parameter Ed is taken to have the value - 3.4 eV
dispersion of about I eV,16 suggesting that they are actu- with respect to the valence-band-edge zero of energy.
ally bands resulting from p-d hybridization. Spectral The parameter Uff is assigned a value of 7.0 eV in accor-
changes higher in the valence band as a function of x are dance with the discussion at the end of Sec. IIA. This is
also attributable to hybridization. In addition, its pres- somewhat larger than the value 5.5 eV used in our previ-
ence provides a qualitative explanation'" for the decrease ous calculations of Jda(R. )." The results of Sec. IV are
of the E, optical transition energy observed in ellip- not qualitatively sensitive to variations in U~ff of this

sometry measurements with x. magnitude.
The location of the unoccupied Mn d states has not yet The term

been established definitively. Transitions from sp k- R

valence-band states to the unoccupied d states should be Hpd = 2' Y , [ TVP(n,k)e ýd,,c,k, + H. c ( (2.4)
optically observable. Kendlewicz interprets structure at f ,a R.A

4.5 eV in reflectivity measurements as arising from these describes Mn 3d-Te 5p hybridization. Here d,' creates
transitions.' 2 Structure at 4.5 eV has also been observed a d electron at site i in orbital m with spin a. We define
recently in ellipsometry data." The most plausible Vpd to be the real-space hopping amplitude from a Mn d
initial-state energy for these transitions corresponds to to a neighboring p orbital, neglecting any m dependence.
the first maximum in the upper-valence-band density of The four-orbital ETBM model of Appendix B then yields
states. This assignment would place the unoccnpied d V:d(n,O)=4N-"1

2 Vy for the upper valence band and a
states 3.5 eV above the valence-band edge. The optical general wave-vector-dependent hopping amplitude of
structure at lower energies can be explained in terms of
standard interband transitions in zinc-blende semicon- Ppd(n,k) = p(n,0) 17, (p, lk I nk) eI -
ductors and Mn2+ multipletlike excitations,13 which are 1 4
essentially Frenkel excitons and do not appear in a band
picture. (2.5)

Here (czvk nk) is the coefficient in the Bloch function

B. Model Hamiltonian I n I ) of the Bloch sum i avk ) corresponding to orbital
a of basis atom v [ =0 (cation), I (anion)] in the unit cell.

The model Hamiltonian to be used in the determina- The bi are the four basis vectors to neighboring Te with
tion of the magnetic exchange constants has the form of a respect to a Mn cation at R =0; N is the number of unit
multisite Anderson Hamiltonian containing the essential cells in a normalization volume. The value of Vd is ob-
ingredients of the band structure. Explicitly, tained in Sec. Ill from experimental sp-d exchange con-

stants. As discussed in Appendix B, the numerical calcu-
lations in Sec. IV involve averaging Eq. (2.5) over princi-

Here pal directions.
The Mn-d-sp-band potential exchange is given by

Ho= C eW(k)C4koC•, (2.2)
"nJ" n ka=-n d, (Jk-dk(kikR)e -

X J (k. k.k

describes the virtual-crystal sp bands, E.(k); cnko, creates

an electron in band n, with wave number k, and spin a in .xS,. c5 , , (2.61
the Bloch state O,,k (r). The sp bands are determined by

|/,V

the ETBM using a basis of three anion p orbitals and one
cation s orbital (Appendix B). With the proper choice of Here

parameters this model yields band gaps in agreement j
with experiment as well as reasonable bandwidths and df d'r f dSr',,d,(r)i,:A(r')v•( r-r'
wave-function components for the highest valence bands
and lowest conduction band. X 1d. r'hbk .(r) (2.7)

The term
Hd = .(Ed + Ue'(n, -0 ) )n,, (2.3) is the ordinary exchange integral with screened Coulomb

,.o interaction v,,( r-r' ; ) between a d wave function
4,dm(r) and sp Bloch states (n,k) and (n,k'); a,, are the

describes five degenerate Mn d levels per site i with site- Pauli matrices. H.r-derived terms are unimportant for
localized linearized electron-electron interactions of the d-d exchange, and become important for sp-d exchange
Hubbard form. Here n,,, is the number operator for d only when the Hd contribution vanishes by symmetry.
electrons of magnetic quantum number m on site i. The Mn-Mn direct exchange is even smaller and is neglected.
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II. sp-d EXCHANGE Simultaneous measurements of such transitions together
gHamiltonian17  with magnetization data yield the experimental values

The commonly used sp- exchange Hagiven in Table I.
HP• d ' JP-d( k,k Vle " k V)R, .The exchange constants a and /3 can be determined

,~ J,. (k~within the mean-field approximation from the ASW

bands for a hypothetical ferromagnetic zinc-blende MnTe
XS1 CAYo,,nn,, (3.1) compound.' The ferromagnetic order is imposed only to

AV model the effects of a magnetic field in producing finite

involves JP (k, k'), the exchange between sp band states magnetization and associated mean-field spin splittings.
(n,k) and (n,k') and Mn local moments S, (S- I for More-direct calculations of sp-d exchange constants for

valence bands (n =v) and conduction band (n =c). In- spin-6isordered alloys are difficult. We believe the x = I
terband terms n-n' in Eq. (3.1) are smaller and are case to be relevant because experimentally Jetermined ex-

neglected. The analysis below is restricted to the band- change constants are reasonably insensitive to x, at least

edge sp-d exchange constants a--JP-d(0,0) and for x <_0. 30.60 The ASW-LSDA calculation scheme is

/3--JJP(0,0). The former will be seen to result ex- the same as that described in Sec. II. The results for the

clusively from the term Hx in Eq. (2.1). The latter de- majority and minority spin bands are shown in Fig. 3.

pends predominantly on Hp and is thus more sensitive to We take S. to be the calculated total i.iagnetic moment

details of the band structure. (4.8/uj). Assuming the conduction- and valence-band-

Experimentally, a and /3 are determined from the edge spin splittings [&Ec'-Ec'( 41 )_E.,( T)] to be pro-

enhanced Zeeman splittings of free-exciton lines in mag- portional to S2, we find

netooptic experiments.' 8 For an external magnetic field
along the z direction, the spin Si is replaced in standard Na =AEc/VS =0. 33 eV, N/3= v/S 2 --. - 1.05 eV .

mean-field theory by an average spin S9 proportional to (3.3)
the magnetization. Equation (3.1) is then diagonal in k.
The effect of HP.d on band-edge states, Similar ASW calculations were perfox ned for a fer-

-I S-d ) ( , (3.2 romagnetic Cdo.5Mno,5 Te alloy in an ordered simple
-Tx Jn'fO,,,o,-,sfl,,, In =c.V), (3.2) tetragonal structure. These assume a basal-plane lattice

constant of 6.414 ;, and perfect tetrahedral coordination.
can thus be considered independently of other k states in The x independence of jPP-d is supported by the good
the same band. In all DMS's except Hg-based corn- agreement between the calculated values Na=0.32 eV
po unds, the splitting produced by an external magnetic and N/3= - 1. 12 eV and the results in Eq. (3.3).
field in the presence of Hq d is more than an order of The comparison of MnTe results with experiment in
magnitude larger than the intrinsic Zeeman splittings of Table I shows satisfactory agreement. This agreement
these states.'9 The observed splittings therefore are near- should be viewed with caution because (1) the perturba-
ly proportional to S2 . From Eq. (3.2), the splitting Df the tive treatment of N/3 given below indicates that this ex-
j--=I, m=---- (valence-band edge) to j=-, mlj=-! change constant would be reduced in a calculation em-
(conduction-band edge) exciton transition is seen to be ploying the correct d level locations; and (2) the experi-
&E 3/ 2 =xNSz(/3-a). A different linear combination of a mental N/3 is properly defined as the exchange constant
and f3 can be obtained from a different exciton transition. for the rs level (j = -1), whereas the present calculations

TABLE 1. MI.,MnXv sp-d exchange constants from experiment, and corresponding Mn-Y"1
sp -d exchange constants from the ferromagnetic ASW band calculations.

Experimental ASW calculation
Na (eV) N16 (eV) Na (eV) N0 (eV)

Cd -Mn_ Te 0.22 -0.88,
MnTe 0.33 - 105

Zn-,,Mn,Te 0.18 1.05"
Cd,.•Mn, Se 0.26 -1.11I

MnSe 0.33 -1.35
Zn,•Mn,Se 0.26 -1.31d
Cd, - Mn, S 0.22' -1.8O

MnS 0.36 -1.50
Znl_,Mn,S

'References 18 and 20.
bReferences 19, 21, 22, and 23.

'References 19. 21, 24, and 25.
dReferences 19, 21. and 26.

'Reference 30.
'Reference 27.
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Majority Minority IV, Mn-Mn EXCHANGE
Spin Spin The spinm- Heisenberg Hamiltonian describing the

4- Mn-Mn, or d-d, exchange in Cd, -, Mn.Te is given by

H = _-Ijdd(R,,)S,-S, . 4.)

0 r Mn d Jdd(R* ) is the exchange constant for Mn lob - rr.ments
>" S, and S,, separated by R -1 R, - R, and thc -um ey"
a: &E, tends over Mn-occupied sites. (Note tiat with the
Z _, •present convention the total interaction between two- 4 • spins is - 2Jdd(R, )S, .S .]

n 4 The value of Jdd =Jdd (nearest neighbor R, ) is estiinat-

ed first from ASW-LSDA total-energy calculations.
More extensive calculations of Jdd(RJ) are then per-

formed within fourth-order perturbation theory using the
model Hamiltonian (2.1) and the electronic structure a-rameters obtained earlier.

FIG. 3. Spin-polarized ASW energy bands for ferromagnetic The estimate of Jdd is based on the ASW-LSDA total-
MnTe along the symmetry direction r-X. Left (right) panel
shows majority Iminority) spin bands. Shown also are the energy difference between (hypothetical) zinc-blendeshow maoriy tinoity spn bnds Shwn lsoarethe MnTe in antiferromagnetic and .ferromagnetic ordering%-
valence- and conduction-band-edge spin splittings, AEV and Mnsmein ne aromagnei a nd eragtiordeingsIAEc. We assume only nearest-neighbor interactions in the fcc

Heisenberg Hamiltonian (4.1) leading to an energy per
spin of -24J'dS 2 in the totally aligned (ferromagnetic'
state and 8Jlrds 2 in the AF-I state. S is taken t, :e one-
half the computed Mn-sphere moment: S =1-(4.4 7 piR)

refer to a nonrelativistic F-1 band edge. The neglect of for ferromagnetic ordering and SAF = 4.23/as) for anti-
spin-orbit splitting in the present calculations may be ferromagnetic ordering. The difference in Heisenberg en-
unimportant because of experimental evidence that the ergies per spin, J~di8S2F +24S2) is equated to AEAsw,
exchange constants of the rs and F7 (j = 1) levels are the the difference between antiferromagnetic and ferromag-

same."' The uncertainty due to effects (1) and (2) should netic ASW-LSDA total energies per Mn. The computed
not exceed 20%. AEASW of -0.23 eV yield% an antiferromagnetic ex-

The qualitative difference between a and 4 reflects the ch-ange constant ofidd = - 17.1 K.
importance of p-d hybridization and the different symme- Fhis result can be directly compared to experimental
try character of the conduction- and valence-band edges. Cd 1 _ Mn.Te exchange c nstants since the latter are
The present ASW results support the anaiysis of Ref. 43. only weakly x dependent. The best evidence for the weak
The presence of hybridization introduces an appreciable x dependence is the good agreement between the value of
Mn d admixture in "ae Fr, valence-band maximum. This Jidd/k 8 (=- -7 K) obtained from magnetization step ex-
is seen in Fig. 3 to give rise to a strong repulsion from periments-31.24 for x <0.05 and the value "Jd/k 8

lower, occupied Mn d states in the majority spin bands -7.5 K) obtained from neutron scattering experi-
and higher. unoccupied Mn d states in the minority spin ments 3s for x •0.65. The ASW-LSDA calculations
bands. Large negative values of AE, and hence 13 result, overestimate , jdd Similar overestimates result from
By contrast, hybridization between the F, conduction- ASW-LSDA calculations of d-d exchange constants in
band edge and Mn d states is forbidden by symmetry. MnO, MnS, and NiO.63 This effect is probably associated
The much smqller, positive values of AE, and a are thus with the LSDA underestimate of the energy of unoccu-
determined exclusively by potei.",l exchange (the Hx pied Mn 3d levels discussed in Sec. II.
terms in Eq. (2.1)]. The perturbative calculation of Jdd(R,1 ) begins with

An explicit theoretical expression for 43 in terms of the the unperturbed Hamiltonian Ho +H, in Eq. (2.1). The
parameters defined in Sec. II B permits the calculation of perturbation H±+Hx partially lifts the large ground.
the hybridization parameter Vd from experimental sp-d state degeneracy of H0 + H, associated with the moment
exchange constants. By neglecting Hx, and performing a directions on each Mn site. The resulting spectrum of
Schrieffer-Wolff canonical transformation' to eliminate low-lying states is described by the Heisenberg Hamil-
H~d ti first order in Eq. (2.1), we obtain tonian (4.1). The lowest-order contributions to Jdd(R~i )

NO= - 32V,[(ca Ed - E-)- I (-)E, -- Ed )- ] 3.4) arising from HPd and H. are termed kinetic and potential
d exchange, respectively.) As pointed out in Sec. Ill, H 1 - is

where E, is the valence-band-edge energy. Substituting important only at k points where H, vanishes (e.g., the
.NO= -- 0.88 eV. E, -Ed =.3.4 eV. and Ucf-= 7.O eV for conduction-band edge). Since Jdd(R,,) is determined by
Cd• . ,Mn,Te yields I'nd =0.22 eV. The value of Vpd integrals over the entire zone. the contribution of Hi is
agrees very well with . at ( -0.2 eV) obtained from an significantly smaller and may be neglected.
ETBM fit to the ASW bands.6 2 Previous estimates of Pd 1i RI in DMS's have started
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from H0 and the sp-d exchange Hamiltonian (3.1)." This ly includes the quantum numbers associated with filled
fundamentally different approach neglects important in- sp-valence and empty sp-conduction bands, and the mag-
termediate states in which the Mn d-shell occupations netic quantum numbers of S,, -< -M, <_ . Hn of Eq.

differ from five. The restriction to fixed occupancy is val- W4.1) connects i and j f):
id at near-neighbor distances only in materials in which
potential exchange dominates kinetic exchange [e.g., EuO ( I/I t4R,) (4.2)
(Ref. 65)]. Since the opposite limit holds for (f I H1 I / )=-2 (R 1  .
Cdl_,Mn.Te it is important to consider the effects of
Hd explicitly in calculating Jdd(R,,) instead of starting Since HH is an effective Hamiltonian representing the
from Eq. (3.1). effects of the more fundamental Hamiltonian (2.1),

The kinetic exchange contributions are calculated by Jdd(R, ) can be calculated by computing the matrx ele-
considering an initial state i) = M...... ,-- ., ment on the left-hand side of (4.2) in terms of Hd. The
M = ) and final state If)= I......M first nonvanishing terms in Hd connecting 0 and :f)
M --.. ) The specification of I i) and f) implicit- are of fourth order. Thus,

-)j -a (fIHdjll)(I1, IH II)12( Hdll1,)(1,jHPd[i)

-2 J (E_-E,)(Eo-E 2 )(Eo-E 3 )

Here I",,2"3 label intermediate states, to be described in more detail below, specified by the occupation of sp-band
states and Mn d orbitals and sites i and j with four, five, or six electrons per site. E 1, E 2, E ,, and E0 are the energies of
the intermediate states and the ground state, respectively. This method of calculating Jdd(R,, ) is very similar to the ap-
proach developed for rare-earih compounds and NiO by Falicov and co-workers.4'1, 2

The assumption in Sec. 1IB that Pdin,k) is independent of the Mn orbital index m allows Eq. (4.3) to be factored
into two terms. The first term depends only on the Mn-ion ground state, and is exactly one for the Mn2*•S"2'
configuration assumed here. The second term is a perturbation expression identical to Eq. (4.3) but for S= +. The cal-
culation of Jdd(R,, ) thus proceeds exactly as in the case of a single d orbital per Mn.

Figure 4 shows a schematic representation of terms contributing to Jdd(R,1 ). Each arrow represents the formation of
one on the intermediate states 1,, 12, or 13 through transfer of one electron between Mn ions at R, or R, and the sp
bands. All permutations of the arrow labels consistent with particle conservation and the exclusion principle produce
intermediate states that contribute to the exchange constants. The sums of terms with two-hole [Fig. 4(a)], hole-
electron [Fig. 4(b)], and electron-electron (not shown) intermediate states are denoted by J,(R,), J,,(R,,), and
J",(Ru0), respectively. Thus Jd"'( R ) = JMf( R,j ) + Jd"(R ) + Jd( R, ). h e

Let [ A,B,C,D] be the sum of the terms in Eq. 14.3) corresponding to the intermediate-state sequence shown in Fig.
4(a) plus the same term with i and j interchanged. The total contribution to66 J•4(R, ) is then

Jdd(R, )=[ A,B,C,DJ+[C,D, A,B]+[ A,CD,B]+[ AC,B,D]+[C, A,D,BJ+[C, A,B,D]h =-21 M -tPd(n,k)121P,,(n'k')l2cos[(k--k')'Rijl

k,k' n.i'

XIU-'[(E,(k)-E d-Uf-]I-[E,.(k')-Ed-.Ueff]--[E,(k)-.Ed• Uf]-[ti,(k')-Ed-Uf]- I

4.4)

Here the sum on bands is restricted to the upper valence bands, and the k,k' sums extend over the first Brillouin zone.
Both terms in curly brackets are positive. The rapid decrease of d(vk )I 2 away from k =0 discussed in Appendix
B implies that the integrals over k and k' are positive. J,'(R,J ) is thus negative or antiferromagnetic.

Jdhd(RO) will be seen below to be the dominant exchange mechanism in Cd_, MnTe at near-neighbor distances.
Since J i(Ri,) involves only the anion-derived upper-valence-band states, it is identified with superexchange.
The present k-space description of superexchange is believed to be superior for CdI_ -Mn,Te to more familiar real-
space, path-counting schemes6 7 because the upper valence bands are relatively broad. In materials with narrower
valence bands (e.g., NiO), the sp hopping itself can be treated as a perturbation and only the shortest paths contribute
significantly to Jdd(R ). Correlation effects within the valence band may also be important. In Cd, -Mn,Te. howev-
er, the broader, uncorrelated valence bands require a relatively large number of paths to be retained. The appropriate
summation over paths is taken care of automatically in Eq. (4.4) by the cosine factor and k-dependent hopping ampli-
tudes V,, 4(n,k).

Jdd(R,) contains intermediate states involving the lowest conduction band and the upper valence bands. In analogy
to Eq. 4.4). we find
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J•,',4(R 1)=-2E I flo(n,k) I'l P,,(n',k') I2cost(k-k')'R,,

x(U-1' [,, (k)-,d - Ug]- l[C --E,(k 1)]

++[E,,(k)-e..(k')-I' [Cd -••.(k')]-1 + [eWk)-Ed - -] ) , (4.5)

where n =c and n'=v refer to conduction and valence
bands, respectively. In a metal [E,(k)-E-.(k')]j- is compared to the upper valence band, and (2) the fact that
singular over the Fermi surface, leading to the oscillatory Pd(c,k) vanishes at k =0 and remains small throughout
long-ranged Ruderman-Kittel-Kasuya-Yosida (RKKY) the Brillouin zone. These same factors cause the two-
interaction at large distances. In systems with an energy electron contribution Jdd(R, , which is also antiferro-
gap, there is no singularity and the interaction (the magnetic, to be completely negligible.
Bloembergen-Rowland interaction6 s) is characterized by Equation (4.3) for Jdd(R,,) has been evaluated numert-
a large-distance associated exponential decay. This in- cally for first and second neighbors in Cdl-,Mn,Te
teraction dominates asymptotically in DMS's. The su- (0<x <0.70). using the Etk) and Vwn.k) determined
perexchange contribution Jd(R,1 ý also decays exponen- by the four-orbital ETBM model described in Appendix
tially but with a larger decay constant. For first and B. The sphericalization procedure which is used assumes
second neighbors in Cd_ 1  Mn, Te the calculations below E, (W) and Vd(n,,ý cpend on ý k ! according to analytic
indicate that J ,(R, ) (which in general can be of either expressions obtaineu along r -X. This approximation is

sign) is antiferromagnetic and much smaller (- 5%) than reasonable because the main contribution to JddR,1 ,

Jd(R,). The smaller magnitude results from (1) the arises from the central region of the Brillouin zone where
smaller density of states in the lowest conduction band , (kW and V-,d(n,k) are isotropic.

For x=0.30, we find Jd/k,=.-8 K and
J'"/k;=J (second neighbor RA)/kBar-0.9 K (also

ta) antiferromagnetic). The ratio Jd /Jd =0. II is probably
more accurate than the absolute values because it is in-

i dependent of Vd,. Superexchange, or Jhh(R1 j) contrib-
utes about 95% to the total Jid and J2d for x =0.3. The
J41(Ri) contribution accounts for most of the remaining

A 5%. If Vp is assumed independent of x, the calculated
values of Jdd and J,/ are nearly constant throughout the

physically attainable concentration range (0 < x < 0, 70).
In Sec. V we argue that Vd should actually increase

slightly with x, leading to an increase of -20% in the
magnitude of JId and Jf between x =0 and x =0.7.

The nearly complete x independence of jdd /k, (with
W// Vp assumed constant) results in part from a competition

,between A and Jd'/kB. The former increases in

XX/ A magnitude for nearest neighbors from - 7.6 K at x = 0. 1
to -- 8.1 K at x =0.7. This enhancement results from
the increasing Te p character of the upper valence bands

which accompanies the increase in band gap. The
Jh'/kH contribution for nearest neighbors decreases in
magnitude over the same composition range from -0.6
to -0.3 K. The much larger percentage change in Jh,

D C reflects the strong band-gap dependence of the energy
denominator [cE(k)-E-,(k')]-1 in Eq. (4.5).

The principal uncertainty in our numerical results lies
in the parameters Vp, and Uefr. The magnitude of V, is

contri- largely constrained by Eq. (3.4) and the values of Ed, Ur,FIG. 4. Diagrammatic representation of fourth-order anconbtjd sprprioaroi- aml aluaand NJ9 but jdd is proportional to V-4.. Sample calcula-
butions to Jd")R,). The filled valence bands, empty conduction t5tions show Jdd to vary by - ±50% for changes in Uenf of
band. and Mn d levels at R, and R, are shown. Solid (dashed) v
arrows at i and j represent the initial (final) Mn spin states. -- t15%, and by -±30% for changes in NO or (d of
Terms contributing to (a) Jd(R,J) and (b) J•,•'(R,,) correspond ,± 15%. The overall accuracy of the calculation of j1 d

to allowable permutations of the spin-conserving transfers A. B. is thus - ±50%.
C. and D. The intermediate states of holes or electrons are Ia- The most accurate experimental values of Jd /k9 in
beledbyin.AIorin',k'). Cd, -MnTe range from -b. 1 to -7.7 K. 31 32134 '15 As
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discussed earlier, no significant differences have been ob- calculations of the preceding section provides physical in-
served between experimental determinations for dilute sight for this and other Mn-based systems. The
(x <0.05) and concentrated (x >0.6) samples. Much of simplified expression to be developed here is based on a
the experimental variation, in fact, may only reflect a three-level model which contains only the most relevant
dif-erence in assumptions made concerning J~d and more characteristics of the electronic structure. The model
distant neighbor exchange constants. Direct experimen- contains four parameters: an occupied d level at energy
tal information on interactions beyond nearest neighbors Ed, an unoccupied d level at energy Ed + Uff, a p level at
is unavailable. An upper bound of Jdd ajvd < 0. 5 (Ref. the energy of the sp-valence-band edge, Er,, and the single
69) iE imposed by the observation of short-ranled AF-I1I hopping parameter Vd (defined in Sec. 11) which con-
ordering in neutron scattering experiments.3 Detailed nects the p level to both d levels. The three levels r1 , E,
analysis of the neutron scattering data as well as magneti- and e,, and Ed + U,fr correspond to Ed, E., and c' in Fig.
zation step data place this ratio in the narrower range 2, respectively. (The numerical values of the parameters
0.1-0.3.35.3i Overall, the agreement between the present will be different from those indicated in Fig. 2) The
pei-turbative calculations of Jrd and j 4 and experiment is model neglects conduction states since these have been
excellent. This agreement strongly supports the basic va- shown to be unimportant for superexchange (Sec. IV).
lidity of the electronic structure model used here and The expression for superexchange is first calculated
confirms superexchange as the dominant source of Mn- strictly within the three-level model, where perturbation
Mn interactions at near-neighbor distances. Conversely, theory (in analogy to the development in Sec. IV) yields72
the success of the present calculation of superexchange
may be attributed to the detailed knowledge of the J )(R I- 2pV [U"(E-
relevant parts of the electronic structure.

More-accurate calculations of Jd, have been performed -(E, -Ed- Uff)-3]f(r) . (5.1)
in connection with a recent study of anisotropic superex-
change in DMS's. 3 These calculations employ the Bal- The dimensionless function f(r) describes the depen-
dereschi "special k points" method, with 10 k points in dence of Jdd(Ri) on R,,/a = r, where a is the cubic lat-
the irreducible Brillouin zone (as well as more realistic e, tice constant. This dependence is trivial for the pure
and 12, symmetry d orbitals).°'0 71 The results are very three-level problem- f(rl=I for nearetm neighbors and
similar to those reported here: Jh =-5.6 K (-25% vanishes for more distant neighbors.73
smaller), and relative chemical and compositional trends The expression (5.1) is actually more widely applicable
are effectively unchanged ( < 10% difference). The good than its derivation above might suggest. It describes
agreement supports the adequacy of the spherical ap- Mn-Mn exchange in both DMS's and the rocksalt insula-
proximation used in this section for treating Jdd. The tors MnO and a-MnS. Within each class of materials a
same approximation also leads naturally to the simple single-material insensitive-function f(r) may be
three-level model for superexchange described in4he fol- defined. Here "material insensitive" means independent
lowing section, of electronic structure details within a class of materials

having the same or closely related symmetries. Varia-
V. THREE-LEVEL MODEL OF SUPEREXCHANGE lions of Jdd within a class are therefore controlled by the

IN Mn-BASED MATERIALS simple three-level-derived prefactor in Eq. (5.1).

A. Three-level model An expression for f(r) in DMS's which is exact within
the fourth-order perturbation theory of Sec. IV may be

A transparent expression for the superexchange contri- obtained by comparing Eq. (5.1) with Eq. (4.4). We
bution to Jdd(R,1 that is unobscured by the elaborate denote the result by '(r):

7(r)=Y, I cos(ak'r)cos(ak'-r)V• 4  k I Ppn'.k') V2[ Uj [W (k)--Ed - U -ffl-[Ef(k)-Ed- U~f] 2 I

n,k oe.k'S~X(E,.(k')--Ed--Uef]-'[Utf'(Eý--Ed--Ue)-2--(E,--Ed--Odr)-')-' (5.2)

In the limit of fiat valence bands, 7(r) becomes 9 for to all tetrahedrally bonded Mn-based DMS's, f rI is ap-
nearest neighbors and vanishes at larger r. Thus the flat proximately material insensitive.
band case reproduces the results of the three-level model By making the following approximations to fPr' we
as generalized to include valence-band degeneracy. For obtain a form for f(ri which is explicitly insensitive to
finite band dispersion the sums in Eq. (5.2) are dominated variations in the DMS energy bands E,(k) and electronic
by the region near k=0. The discussion in Appendix B structure parameters EdI Uf, and Vp.
shows that both I 'P(n,k) 12 and the energy denomina- (I) The energy bands and P lpd(n.k) 2 are assumed
tor factors decrease away from k =0. Phase cancellation to depend isotropically on k as discussed in Appen-
due to the cos(k-r) factors further enhance the zone- dix B. The result for it n,k) " is JEq. iB8)8
center contribution. Because these features are common Pp,(0) I 2z 2(k)•cos2(ak /4). where z (k) is the averaged
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projection of the periodic part of a valence-band Bloch wide range of DMS parameters (Appendix C), including
function onto the anion p orbitals [Eq. (B7) and follow- those of Sec. IV. Finite valence-band dispersion is re-
ing; z(O)=- , z(21r/a)=O.8]. The cos2(ak/4) factor sponsible for the 50% reduction from the flat band value
arises from the interference of hopping amplitudes to of 9.
different anions. Figure 5 shows f(r) (dotted line), and the f(rl (solid

(2) The energy denominators in Eq. (5.2) and z(k) are line; Eq. (5.2)] corresponding to Cd0 7 Mn0o 3Te parame-
each averaged over the Brillouin zone, weighted by ters. The functions f and I agree at small r where the
cos2(ak /4). This averaging is performed by first interpo- averaging assumption (2) is most accurate. At larger r
lating the k dependence and is carried out explicitly in the neglect of k dependence in the energy denominators
Appendix C. Denoting this average for a quantity A (k) causes f to fall off somewhat too quickly. The reason.
by (A(k)), we define ableness of the functional form given by Eq. (5.5) suggests

E E,(k). c d - IUew I(kl_ _U ' fIr))51.2e-"' 2  (5.6)

(5.3) (the dashed line in Fig. 5). This function reproduces 1(r)
to 20% for first through fourth nearest neighbors 7' with

and z (z(k)). f(NN)=4.4 and f(NNN)=0.4. (Here NN and NNN
(3) Terms containing a. -b, are neglected relative to denote nearest and next-nearest neighbors, respectively.)

those containing a, +b,. For DMS parameters this ap. Also shown in Fig. 5 is the exponential asymptotic form
proximation is accurate to better than 10%. for f(r) obtained analytically as described in Ref. 68.

With these approximations The exponential is apparently inapplicable for r < 1.5.
Table [I contains parameters and the resulting Jd'(R, )

('V avalue for Cdi-,,Mn,,Te using empirical f (r) of Eq. (5.6).
12 [The - 5% difference between this value of Jldd and the

[ f d'k cos(ak.r)cos2 ( I result in Sec. IV is due to the d:screpancy between f(NN)
2 (5.4) and I(NN), and the neglect of Jh, terms.]

The integral on the right-hand side is expressible in terms B. Chemical trends in DMS's
of special functions, but for the physically interesting re-
gion r < 1.5, including out to fourth nearest neighbors, it The usefulness of the three-level model will be illustrat-
is well approximated by 3.3e -2.58,2 (Appendix C). Thus, ed first by applying it to DMS's other than Cd, _I Mn, Te.

f f(r) z = [IZ'1a,, Ila. +b. ](3.3e -2"')2 Although much less experimental information is present-
ly available for these materials, a consistent set of input

' '" data will be obtained here using what is available togeth-

= 30.7e - .6" (5.5s er with simple theoretical estimates. An additional con-
sistency check on anion trends is provided by the results

Here +(. a, )(,m a,, +b,,,) is approximately 4.5 for a of first-principles ASW calculations.
For clarity the comparisons will be restricted to a sin-

gle concentration, x=0.1. Calculations not discussed
here indicate that the chemical trends are characteristic

- of a wide range of concentrations. The material insensi-..... -tivity of f(r)ragimplies that the J•dJ' drai il ecn

stant. Therefore we focus on changes in J•d.

f1. Anion substitutions

"Changes in the anion species are particularly
significant since both d-d and sp-d exchange in DMS's are
primarily determined by the anion-derived upper valence

"- bands. Chemical trends in the series Cdo 9 Mn0 Te

N N -- Cd0 .9Mn0 . Se --. CdogMno, S are summarized in the
,o" 1) , first three columns of Table II. The input parameters

0 02-5 05 075 1.00 t.25 ) E, -Ed, Uff, and Vd for the selenide and sulfide are ob-

FIG. 5. The dimensic.less functions f(r) (solid line). f(r taied as follows.4
(dotted line) of Eq. (5.5), and the empirical f(r) (dashed line) of (1) E, -Ed is obtained from photoemission data.

Eq. (5.6). as a function of r =_R /a. Here a is the cubic lattice The surprising constancy of this difference in Cd-based

constant. Parameters correspond to those of Cd0 oMn0 3Te. DMS's presumably results from two competing effects.
Also shown is the asymptotically valid exponential form offiri E, shifts to lower energy (by about I eV between the tel-
(dot-dashed line) for the same parameters. The first four nearest luride and selenide and 0.80 eV between the selenide and
neighbors on the fcc magnitude lattice are indicated by NN. sulfide7 9) due to the deeper anion potential seen by the
NNN, 3NN, and 4NN. outer valence p electrons. For the same sequence the ma-
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TABLE II. Chemical trends for Mi'., Mn.Xvi, computed using the three-level model, compared with experiment. The calcula-
tions of J1", employed Eq. (5.1) with f( rW =4.4 for nearest neighbors as given by Eq. (5.6).

Cdo ,Mno ,tTe Cda 1MnojiSe Cdo0 ,Mno ,S Zn0 ,Mno.0 Te Zno.9Mno ,Se Zn0 ,Mno tS
Input parameters

E. -Ed (eV) 314' 3 .4 b 3.41 3.4 3.4d 3.4
U,, (eV) 7.0' 7.6 7.9 7.0 7.6 7.9
V,, (eV) 0.219 0.255 0.330 0.240 0.277 0.351'
dM.,XV1 (A) 2.759 2.572 2.453 2.722 2.533 2.411

Theoretical estimates
[Eq. (5.1)] Jf"/k, (K) -7.6 -9.0 -21.0 -11.0 - 13.0 -27.0

Experiment
J-I/k, (K) -6.3' -7.9' -8.6' -8.8k -9.91

-9.3' - 16.1"
--6.1, --8.1' - 10.61 -9.5 - 12.3

"Reference 14. hReference 32.
bReference 76. 'Reference 37.
'References 75 and 77. 'Reference 36.
"8Reference 78. 'Reference 38.

'Reference 11. 'Reference 39.
'Estimated in text. 'Reference 40.
'Reference 31.

terials become more ionic and the d-level energy Ed also
shifts to lower energy because of the larger Mn-to-anion Here dMoj.,v, and do .v, are the nearest-neighbor bond
charge transfer. lengths in the limiting x =0 and x = 1 zinc-blende crys-

(2) The variations in Ufr are estimated using a simple tals. The values of dMn.XV (x =0. 1) listed in Table 1I are
electrostatic argument. Although information on this pa- obtained from Eq. (5.7) and the tabulated crystalline bond
rameter is not available for DMS's other than lengths in Ref. 86. With the value of Vd determined in
Cd I-x Mn.Te, the value of Uf, is not expected to change Sec. III for Cdo.gMn0 1Te scaled by the dMn.Xvi (x =0. 1)
appreciably as a function of anion substitution since it is
largely an intra-atomic property of Mn. A slight increase of Table II, the scaling theories yield V in
is expected in the series telluride -. selenide -- sulfide Cdo.Mtno.,Se, Cdo.gMno.tS as 0.31, 0.36 eV (d-4), or

due to the reduced screening associated with the increas- 0.29, 0.34 eV (d -7/2). Neither set of values agrees par-

ing Mn to anion charge transfer. We estimate U: by as- ticularly well with the experimentally determined entries
suming a linear dependence on the inverse dielectric con- in Table II, probably because chemical differences be-stant a li and fitting to Cddc oMn Te and MnO. (Ui 7 tween the anions are neglected.stan coI ad fitin toCdl-,MnTeand nO.(Uf =7 Substitution of Eý--Ed, Uetr, and Vd determined in
and 9 eV and EO=0. 14 and 0.25, respectively, for the two Substitto Eq. ( and the detecainedinmateial. 2 WSi)The alusw '=.17 or d~eand (1)-(3) above into Eq. (5.1) yields the theoretical predic-materials. 2,8°- 8 ) The valuess° e- 1 =0. 17 for CdSe and tion for Jid listed in Table 11. The 18% increase from the

0.19 for CdS lead immediately to the Uff entries in Table tion o te in Table . e inrease from th
1. The estimated variations from the telluride toth telluride to the selenide is in reasonable agreement with
sulfide is less than 15%. the 25% increase observed experimentally3 1 '3 ' The

(3) The p-d hybridization parameter Vd is determined larger predicted increase in ] I from selenide to

from Eq. (3.4) using the above parameters and the experi- sulfide somewhat overestimates the experimental trend.

mental sp-d exchange constants NPl listed in Table 1. The The discrepancy is still within the accuracy of the model,

increase in Vd from the telluride to the sulfide is qualita- and may be corrected when more-accurate input parame-
ters (e.g., Ur.) become available. (To aid comparison, the

tively consistent with scaling arguments for V. given a experimental JTd entries in Table II are all taken from ex-decrease in the Mn-anion bond length. Different scalingI

theories' 2 "'3 predict a bond length d dependence of either periments in which the effects of second and more-distant

d " or d -72. Recent extended x-ray absorption fine- neighbor exchanges are approximately corrected for.)

structure (EXAFS) studies of a number of semiconduct- The rtsults of ASW-LSDA calculations listed in Table

ing alloys including Cd I_, Mn 1 Te (Ref. 84) provide some II for the limiting crystalline compounds MnTe. MnSe,

further information, They show individual cation-anion and MnS are qualitatively consistent with the anion
bond lengths in the alloy to retain values close to those of trends. The calculations assume that all three have the

the limiting crystals. A simple central-force model" zinc-blende structure and an AF-I antiferromagnetic or-

based on those results suggests that the Mn-anion bond dering. (At small Mn concentrations Cd_ MnSe and

length in MiiXvi DMS's should exhibit the weak x Cd1 ,_MnS actually have the wurtzite structure.) The

dependence spin splitting E-- E, or U,, in the present model, in-
creases somewhat from the telluride to the sulfide al-

d•iA.xV(x i=d" x, + L(l -d ?,,o i though the magnitude of this splitting is known to be
seriously underestimated in the LSDA (Sec. II and Ap-

5.7) pendix A). The difference E -Ed is roughly constant
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TABLE Ill. ASW-LSDA results for zinc-blende MnTe, The JP results in Table 11 indicate a clear trend to-
MnSe, and MnS in the AF-I ordering. Here a is the cubic lat- wards a larger superexchange interaction in Zn-
tice constant, and Mi is the Mn-sphere magnetic moment. substituted DMS's. Quantitative agreement with experi-
The meaning of & 4- I and E, --41 in all three systems is theEd d ment is achieved for Zn0.9Mno jTe and Zno 9Mno Se.
same as indicated in Fig. 2 for MnTe. The value of I 1Jd in Zno 9 Mn0 o1S is found to be the

a M1 , 4-4t E.- E J1/k, largest of any of the DMS's considered here. This predic-
(A) (A.) (eV) eV (K) tion agrees with a recent neutron scattering experiment.' 0

MnTe 6.34 4.23 3.2 2.2 --17 By using the experimental values of Jdd given in Table II

MnSe 5.82 4.15 3.4 2.1 -24 for Cd1-,MnS and Zn,_MnS together with Nf3 for

MnS 5.60 4.14 3.9 2.4 -26 Cd_,MnS in Eqs. (5.1) and (3.4), we predict N,6 for
ZnI-,MnS to be -(2.2 to 2.4) eV. This prediction
should be checked experimentally.

An alternative model of cation trends has recently been

across the series, although the values are -30% smaller proposed by SpaIek et aI.s They assume that J• is

than those listed in Table II. The increasing INBI affected principally by the change in the Mn-anion-

values in the ASW results in Table I provide support for Mn bond angle due to the structural distortions associat-

an increasing Vp from the telluride to the sulfide. The ed with different cations. This undoubtedly has some

Jad values in Table III are obtained as before from ASW effect, but is neglected here, since, as in the case of amor-

total-energy differences between AF-I and ferromagnetic phous covalent semiconductors, we regard changes in Vd
orderings. The increase in magnitude is smaller than that due to small variations in bond length to be considerably

given in Table II. As was found for the larger discrepan- more important.

cy in ,j1 d magnitudes, the discrepancy in the telluride-to- The present approach provides a consistent interpreta-

selenide Jd trend is probably associated with the LSDA tion of the increase in both N,5 and jdd as Cd is replaced
underestimate of the energy of unoccupied Mn 3d levels by Zn. In addition, this interpretation implies a depen-
(See. II and Appendix A). dence of Vd on x within the Cd and Zn alloy systems,

since both must extrapolate to the same value at x = I. If

2. Cation substitutions d._.rvi follows Eq. (5.7), a 6.2% increase in Vd is pre-

dicted in Cd,..1 MnTe between x =0 and x =0.75. This
Changes in the cation species play a far less important leads to a 13% increase in NJ9 and a 27% increase in Jd

role in determining the magnetic properties. Here we (if other factors are neglected).
consider only the replacement of Cd with Zn. Hg-based
DMS's are omitted because of larger experimental uncer- C. MnO and a-MnS

tainties in sp-d exchange constants. Furthermore, Jd as. It is remarkable that the three-level expression (5.1) is
sociated with the Bloembergen-Rowland ititeraction, applicable to a quite different class of materials, illustrat-
neglected in this section, plays a more important role in ed by the insulators MnO and a-MnS. This is seen by
the zero-gap case. Nevertheless, superexchange is be- calculating the Mn-Mn exchange interaction in these ma-
lieved to be dominant in Hg-based alloys. 7  

. terials. The f(r) appropriate to the rocksalt structure,
The substitution of Zn for Cd has only an indirect hereafter denoted f 5 s(r), is again insensitive to the

effect on the band-structure features relevant to superex-
change. We estimate the associated changes in Jd using seii aeil

g WThe main differences between the electronic structure
Eq. (5.1) and the input data listed in Table II. E••Ed of DMS's and MnX (X =O,S) result primarily from the

and Ueff are assumed to be the same in the corresponding increased ionicity of the rocksalt compounds. They are
Cd and Zn alloys since these parameters are determined (I) the anion p-derived levels lie primarily below the occu-
primarily by the Mn and the anion. (Experimental infor- pied Mn d levels and are significantly narrower than in
mation is presently available only for ZnI-.,Mn1 Se, when DMS's; (2) UeT is larger than in DMS's, because the
E, - Ed is 3.5±0. 1 eV, consistent with this assumption.7 8 ) screening charge on the Mn cation is decreased; (3) the

Vd values in Zno.gMn 0 . Te and Zn0 .gMno, Se are deter- higher symmetry of the rocksalt structure leads to
mined from the experimental NP' values in Table I. Small I V (v,k) 2 =0 at both r and X.
but definite increases in Vd are observed relative to the Although we would expect the three-level model to ap-
corresponding Cd alloys. We interpret this trend as an ply generally to Mn-based nonmetals, the corresponding
indirect effect of the cation on the Mn-anion bond length. f(r) for different classes of materials will generally de-
The dMn.Xv, values in Table I1 indeed decrease slightly as pend on their point-group symmetry. For example, selec-

Cd is replaced by Zn. The variations in Vd' for tion rules (Goodenough-Kanamori rules"9 ) reduce the re-
Cd0 .9Mn 0 ITe - ZnoqMn.0 Te and Cd0 9 Mn 0,.Se gion of the Brillouin zone where p-d hybridization
-. Zno9 Mn0 ,Se in fact are well described by a d - 7/2 or occurs, thereby decreasing f(r). For DMS's these selec-
d -4 power law. (Scaling works better here than for the tion rules impose no restrictions; however, the higher
anion trends because the chemical nature of the anion is symmetry of the rocksalt structure causes a reduction of
unchanged and the variation in d is smaller.) In the ab- nearest-neighbor superexchange by - -.. The effect on
sence of an experimental N13 value, we estimate VPd for f(r) will generally depend both on the functional form of

Zn,_• MnS by scaling the Cd0 9 Mno IS value. i'(vk) and on the !ccation of critical points in the ener-
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TABLE IV. Chemical trends for the rocksalt compounds MnO and a-MnS, computed using the
three-level model, compared with experiment. The calculations of J"' employed by Eq. (5.1) with
fRs(r)=4.4 for nearest neighbors as given by Eq. (5.6).

E, -- E, Ut VP. d J",(theory)/k 8  J)diexpt.Wlk,
(eV) (eV) (eV) (A) (K) (K)

MnO - 2.5' 9 .(b 0.46 2.225' -5.0 - 714
a-MnS 0.5±1.0' 8.0 0.27 2.605' -1.7+±0.4 -4.4'

'Reference 63, and references therein.
b Reference 2.I

gy denominators of Eq. (5.2). For example, in DMS's the MnX, and that a single function fRst r), which needs to
minima in energy denominators [Eq. (5.2)] and in be calculated only once for each class of materials, can be

Pd(v,k) 12 both occur at r, causing f(NN) to be re- defined. The calculations, like those for DMS's (Sec.
duced by - - from the flat-band result (cf. Sec. V A). By V B), are remarkably simple, requiring only the electronic
contrast, in the perovskite compound KMnF 3, the structure input parameters (E, -Ed, Ucfr, and V) and
minimum in the energy denominators at r corresponds the function fRs. As a result it is reasonable to expect
to a zero in Pd(v,k), leading to a larger reduction, es- that the three-level model will also provide useful numer-
timated at -- ,L. ical estimates of exchange constants in other Mn-based

In MnX the flat-band limit should correspond to a nonmetals.
good approximation for f rs(r) since W(E.-Ed
-- Uer) - << 1. (W is the average bandwidth of the sp ACKNOWLEDGMENTS
valence bands.90) In contrast to DMS's, this limit here
implies f~r) is nonzero for both first and second neigh- Research Agency (DARPA) through U.S. Office of Naval
bors on the fcc magnetic lattice, since superexchange to Research (ONR) Contracts Nos. ONR-N0C)014-86-K-
both is mediated by p orbitals of the nearest-neighbor 0760 and 0033, by U.S. Joint Service Electronics Program
anions. Second neighbor superexchange is reduced by (JSEP) through ONR Contract No. ONR-N00014-86-K-
the same factor -f as first neighbor superexchange because 0465, and (for A.E.C.) the U.S. Department of Energy
only one anion mediates these processes, compared to (Grant No. DE-FG02-84ER45130). One of us (B.E.L.)
two anions for first neighbors. In DMS's, f(NN) is re- acknowledges partial support by the National Science
dued by due to the presence of broad bands (se Foundation during the beginning stages of this work. We
preceding paragraph). It therefore turns out by accident have benefited from helpful discussions with R. L. Ag-
that fRs(NN)=f(NN). However, fRS and f differ for garwal, M. Cardona, A. Franciosi, J. K. Furdyna, T. M.
second and more-distant neighbors. The function fRs(r) Giebultowicz, A. V. Nurmikko, A. K. Ramdas, and Y.
is expected to be similar in MnO and a-MnS because Shapira.

W(E,-Ed--Ueff)- t
I<< I in both. As in DMS's, fRs is

material insensitive because the k integrations are dom-
inated by I Vd(v,k)I 2  APPENDIX A: CORRECTIONS TO THE LSDA

Table IV contains parameters and calculated values of To quantify the.discussion of Sec. II, corrections to the
Jd, for MnO and a-MnS using Eq. (5.1) and (5.6) with LSDA eigenvalues has been estimated, employing a sim-
fRs(NN);f(NN)•-4.4. E,,-Ed was taken from the pie method based on empirical dielectric constants."

ASW-LSDA calculations of Terakura et al.;,' Uer for Corrections to the MnTe conduction and valence sp band
a-MnS was estimated as in Sec. V B; Vd was calculated edges, and the majority and minority spin levels of e.
d from ,d for Cd1 _.MnrTe and was assumed to obey the symmetry at r, were computed. The value E0= 7 was de-
a- 1 2 scaling law. rived by linear extrapolation from dielectric constants in

The good agreement of the calculated J'1' with experi- the alloy for x < 0. 7. The estimated difference between
mental results given in Table IV in both magnitude and the LSDA eigenenergies, E LSO, and the true quasiparti.

trend indicates that the three-level model is applicable to cle energies, 9f, is given by 5

E-ELS,%A = e2 f d 3rd3r' 6n()n(r)--6n LSDA(r)6n DA(r') (A)
2o cell r -r'

Here and bn 'SDA(r)=bn(r)+6n,,r(r). The LSDA screening

S(r) 1 - charge bn=c(r)is given by

In (r) i th L w functi cell r -r' I-]6nIr) . (A3)dc(r) is the LSDA wave function corresponding to ELSDA, •,c~)=•fd3'g(ir- °+; S r).(3
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where g( r -- r' H ) is the pair distribution function simplified notation in Table V. The parameter values for
(taken to be spin independent) for a uniform electron gas Cd 1 _,MnTe listed in the third column of the table are
having the weighted average density obtained as follows.

(1) The cation on-site energy E, is assumed to exhibit
if jn (On (ra13 . (A4) the linear VCA variation

To aid comparison with experiment, scalar-relativistic E, = A, +x(U,(Mn)-F,(Cd)) . (Bl)
corrections were also estimated. The MnTe sp- Here E(Cd)= 0.12 eV and E,(Mn= 1.72 eV are the Cd 5s
conduction and valence-band-edge shifts were approxi- andeMn 4sdon-sitee energy levels,.respectively, and
mated using the corresponding shifts for a Te atom: and Mn 4s on-site energy levels, respectively, and

A,=3.16 eV is chosen to reproduce the experimental(core charge of O)td ---x =0 band gap.

(energy shift of #)•= (core charge of ).,,, (2) The anion on-site energy E. and the single nearest-

neighbor hopping parameter V,. are assumed to be in-

X (energy shift of 0),t.. dependent of x and have the same value as in more-
extensive ETBM parametrizations of CdTe.95 The x in-

(AS} dependence of E. reflects a common anion assumption.(3) The second-neighbor parameters (C, A ,A2) are

These calculations lead to the following results. also assumed to be x independent and are required to be
(1) The LSDA correction is largest for the d levels no larger than -10% of V, 0. The chosen values yield

since the associated orbitals are most localized. The oc- conduction and valence bandwidths in reasonable agree-
cupied d levels are shifted to lower energies by 1.5 eV and ment with experiment.
the unoccupied levels to higher energies by 1.0 eV. Thus The spherical approximation used in the calculation of
the energy required to create a separated d-electron-d- Jd(Rji) assumes that the sp bands are isotropic and have
hole pair is underestimated by the LSDA spin splitting, the k dependence given by the diagonalization of Ho
Since the LSDA eigenvalues are computed using the along I-X. This direction is chosen because the result-
ground-state potential, the LSDA spin splitting may ac- ing eigenvalues
tuafly correspond more closely to the energy of an intra-
atomic S =A-.S = ~-! transition.93 The corrections in- e 3(k)=E, +4AI (I +cos( +0k)jf4A2cos(fak) (B2)

crease Uf from 3.2 to 5.7 eV. This improves agreement and
with the value Ueff=7 eV, derived from experiment,
which was used in the magnetic calculations. E4, j(k)=([g1(k)+g 2(k)]

(2) The valence-band edge is shifted to lower energy by
0.5 eV due to the LSDA corrections, and by a further 0.4 - 4[g4(k)_g 2(k)] + 16Vcsin'(.ak)j i/2 (83)
eV by scalar-relativistic corrections. These ihifts, com- can be obtained analytically. Here
bined with (1), cause the energy required to remove an
electron from the top of the valence band and place it in g1(k)=E,+4C[l+2cos(Gak)]
an unoccupied d level infinitely far away in the crystal to (134)
increase from I to 2.9 eV. Additionally, the valence- g2(k)=E.+4A2+8Aicos(+ak)
band-edg-tc-oc,.upied .' splitting inCreastcs, Bands 2 and 3 are degenerate valence bands with an x-
0.6 eV from 2.3 to 2.9 eV. This value is closer to the 3.4 independent bandwidth of 2.2 eV. Band I is the wider
eV (for x <0.6) value discussed in Sec. II. valence band, with a bandwidth of 5.1 eV at x =0 and 4.8

eV at x = I. Band 4 is the sp conduction band, with a
APPENDIX B: ETBM MODEL AND SPHERICAL bandwidth of 2.8 eV at x =0 and 2.5 eV at x = i. The

APPROXIMATION FOR H, AND H,, band gap is given by ( 1.6+ 1.6x) eV.

The empirical tight-binding model used to obtain the
explicit forms of the H0 and Hpd terms in Eq. (2.1) em-
ploys a minimal basis set consisting of one s orbital per TABLE V. ETBM parameters for Cd1_,MnjTe. The table
cation and three p orbitals per anion. The resulting sp also establishes the correspondence between the Slater-Koster
Hamiltonian H0 provides a good semiquantitative notation and the notation used in this work.
description of the Te p-like upper valence bands in Parameter Value
Cdl_,MnTe. The lowest conduction band is also Slater-Koster This work (eV)
reasonably described although this is less important for
the numerical calculations of Jad(R,, ) in Sec. IV. Scalar- E,,(000),, 3.16+ 1.6x
relativistic effects are included in the model by the empir- E,ý1O00)o r4  0.10
ical choice of parameters. The neglect of spin-orbit split- - 4 1.103
ting is not believed to lead to serious errors in Jdd(R'1).

We consider interactions for first- and second-nearest E,, (I10)" C 0.015

neighbors. Ho is then completely characterized by six E-,(1101_ A. 0,13

Slater-Koster parameters" for which we introduce a E_,(0111- 4,_ _ 0.15

I
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We now consider Hpd, for which we compute Pd (n, k) The ap",, (k) are calculated along F-X, i Vpd(n, k) 1 1 is

within sthe ETBM. Let I d G)I be a d function a) site iO averaged over principal directions, and the result is taken
We assume a Lp wdin orthogonalization96 has made this to be a function of I k I in a spherical Brillouin zone:
functinonzerogfnal to the other basis functions. In the e denomiNat orsarw akl .d n toVCA I s fcj(nk) factor an- jJ2 ( n(k) . (p8)d

(di I HI cor(k 'k" - , Here z2(k) is the average of a .(J2 over principal
g, y.. 6O directions. (For the three sp valence bands the result of

o i indices this averaging is independent of n.)

APPENDIX C. DERIVATION AND

Here 8 i is one of the four R ii associated with nearest-PR ETISOf(r

neighbor anions to the Mn, an a',','(k) is the coefficient Beginning with the definition of,7(r) given in Eq. (5.2),

in th so ta the eBloch function I n k ) of the Bloch with the isotropic approximation made for the k depen-
sum go ak) corresponding to theath basis function. de at dence of energy bands and I of(n,k)I [Eq. (Bf) and
T.. (as,p,p.,p.; v=aw c for anion and cation.) Our following], the energy denominators are averaged next
basic approximation is that the hopping integral Vd is (1) over the Brillouin zone. Averaging is reasonable because

only nonzero for nearest-neighbor anion p orbitals, and the energy denominators are weakly k dependent cod-(2) independent of the type of p and d orbitals involved. pared to I Pd(n,k) I 2. The average is weighted by the

We thus define dominant cos2(ak14) factor in y I + (l ,k)II [Eq. (BC).

Vp+o= f+,c(r)Htp+kr- 2)-•o)dar[ (B6) This choice of weighting ensures that f(r) has the
correct limit as r -0. The average of a quantity A (k),

THis ha ar ma8-.)imu at porbialcentdenoted by d iW(al), is given explicitly by
t iere•I-rway rom is ansi at the p t Twii o v a
The b eae son for this is a good approximation for [AEq ) f2 d(k3cosT(iak)n'trd3kcos2( 1.2) is
DMS's is that V h is determined from experiments which to t cn
give an orbitally averaged quantity. On te the tr hand, (CI)
orbital indices are summed over in the calculation of
Jedc(Ri ), so that the averaged parameter should provide a In order to perform this averaging on Eq. (5.2), the k

good approximation. dependence of the energy denominators and of the factor

I F (n,k) t h which occurs in the calculation of z (k) (Eq. (B7) and following) are approximated by

J44(Rem ), contains the factor erla (k)s- d -t U,+r0.46 (E, - Ed - U,10- I

here, 1.6 becus it 1ollows(fo ak slcton( rle.k Th net +, -y+.2 ( I -y, + .2( )s'-y ak, (C2)

"s aand

+ Cos( Tlak. )cos( lak•1. (B7)
STheey. are defined by

This has a maximum approx anall dirtch y. = ( E - +0. -U Wý .Ed - U(0
tions away from k =0, vanishing at the X point. This de. where W,, is the bandwidth of the valence band E,(k)

crease comes from the interference of hopping amplitudes [Eqs. (B2) and (B3)h. The interpolation of Eq. (a.2) isto different anion neighbors as k -' becomes compar. chosen to reproduce the correct values and first deriva-Sable with the M~n-anion distance. The factor tives of the energy denominators at r and X. Using
•, x,., p,(k I - • (k)I is the square of the pro - CO4jection of the periodic part of the Bloch function at k 4cs(a)-04 Tn cs(a)=.8,(4

onto the anion p orbitals. For the upper valence bands, we compute the quantities a,, b,, and z defined in Eq.
Ithis factor is just I at k=O and decreases along F-X.For the lowest conduction band a; R"k=O)=O. (This

remains true for a more general basis than we consider a, =y, +0.,46(l --y,, (C5)
Shere, because it follows from a selection rule.) The net b, =y I+O.92v.(l -y,,)+0.28(1I-y.v) (C6)

effect of the two k dependencies is to suppress hopping
through the conduction band relative to the valence and
bands, and to emphasize hopping through the states near

We adopt an approximation to V";d(n,k) which a ~ +0a.- •08. (7
preserves these features and is consistent with the as.

sumed spherical energy bands icalculated along F-X), Inserting Eq%. (C5)-(C7) in Eq. (5.2) and neglecting
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a,, - b,, relative to a., + b. (accurate to - 10% far y, cor- tegral is approximated by
responding to a wide range of the parameters E., -Ed
UEf, and W,, ), we obtain Eq. (5.4). 16 02ep 0() 1(9

The integral on the right-hand side of Eq. (5.4 is IT

I 3fd'k cos(ak-r)cos 2( 4,-ak) Using"7 0'(2):--O.645 yields Eq. (5.5) for f (r).
2 1 irThe results of the averaging appear in Eq. (5.4) as the
28a factors Z4 and +L(I,, a,, XI. a., + b, ) =_Q. The factor Q

=-7rrWr r(2+2r)r(2-2r)V-'j . (C8) is insensitive to changes in valence bandwidth. To show
this, we compute Q assuming all valence bands have the

By expanding average bandwidth W, with E., -Ed - Uff= 3.6 eV. For

in[ r(2±2r)fr=±2rO(2) +1/2(2r)',fi'(2) W=0, one has Q=9, but for the range W=2 eV to
W = 6 eV relevant to DMS's, Q changes only from 5.5 to

where 0'(r)=_d~nr)/dr is the digamma function, the in- 3.8.
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A variety of superlattices is predicted to exhibit high-speed carrier-activated light modulation.
The proposal is based on the large, tunable, and very narrow absorption peak for transitions
between the two lowest conduction subbands. The theory, which is demonstrated to be
predictive, also suggests correspondingly large variations of the refractive index.

Recent reports have highlighted the potential impor- a light distribution propagating normal to the superlattice
tance of intersubband transitions between the two lowest and tuned to the band gap at that level. The analysis that
conduction subbands (C 1,C2) ofasemiconductorsuperlat- follows demonstrates that useful carrier-activated modula-
tice (SL) in optoelectronic applications. ' Two factors are tion is possible under practicable circumstances.'
of key significance: intersubband transitions are spectrally These considerations are firmly based on the theoretical
tunable and exceptionally strong. The VB (valence envelope function description ofsuperlattices which has pre-
band) - Cl band gap and the CI- C2 subband gap are de- viously yielded quantitative results for effective masses and
termined independently by choice of superlattice period and oscillator strengths in 3-5 and 2-6 superlattices.' The optical
alloy composition. The absorption coefficient and change in absorption is equally well described. As shown in Fig. I for
refractive index associated with the C I - C2 transitions de- the InAs/GaSb type II SL, the results, which depend only on
pend directly on the number of electrons in the C I subband input pertaining to the bulk parent compounds within the
and may be adjusted to exceed the values associated with the Kane model, (I) agree as well with experiments as Kane's
fundamental absorption of a direct gap bulk semiconductor. original calculations for bulk InSb and (2) provide a quanti-
These considerations also apply to silicon-based SL's, al- tative description of the structure due :o both VB--C I and
though the effects are a factor of 10 smaller. C2 transitions. Similar quantitative results have been ob-

The carrier dependence of the intersubband optical tained for HgTe/CdTe and GaAs/CaALAs superlattices.
properties is the basis of a novel class of carrier-activated The illustration presented here provides a particularly strin-
light modulators. A light beam tuned to the miniband gap gent test since the VB envelope functions peak in the GaSb
energy propagates through an undoped superlattice without layers, whereas those associated with the conduction bands
appreciable attenuation since there are no carriers in the C I peak in the InAs layers. This effect leads to relatively low
subband. If, however, the beam is polarized perpendicular to values of a(E), where E is the photon energy. Formal diffi-
the superlattice planes (the z direction) and electrons are culties conne;ted with satisfying envelope function bound-
electrically injected into or optically generated within the ary conditiot s at the interface, when the bulk band structure
superlattice, the beam can be modulated by the induced in- used as input is limited to only those bands considered in the
tessubband absorptive and/or refractive effects. In view of Karc aodel, kave been shown to have very small numerical
the polarization restriction, carrier-activated modulation is cifects. Tiese considerations provide confidence that the
most simply realized in integrated optical configurations present theoretical approach is indeed predictive.
where the light signals are guided by planar waveguide chan- Figure 2 shows the C I - C 2, K = 0 gap E cic 1, the cor.
nels aligned parallel to the planes of the superlattice. One responding oscillator strength fct.C2 - (2/m)
particularly promising configuration, which wGuld be useful
in communications and computer applications, is that of a
crossed waveguide switch wherein the crow-channel cou-
pling is controlled by carrier-activated index changes at the .... alt.

intersection of waveguides. 4' A second promising configu- tIeary
ration, which would be uweful in signal processing applica-
tions, is that of a one-dimensional spatial modulator wherein . - "
a planar beam is diffracted by an induced spatially varying 4 2-
carrier distribution within the planar channel.* Picosecond -- -/1
response of these modulators is expected if the electrons are u •

electrically injected normal to the superlattice planes by res-
onant tunneling. The response of optically activated devices
would be limited to the nanosecond range by carrier recom- 01 0.2 03 04 05 o6
bination, but the independent tunability of the VB--. C I band Phoo Energy E Isv)

gap makes possible three-dimensional stacking of switching
structures in which the signal at a given level is controlled by FIG. 1. Companson ofexpenmensal (das•. .ine) of Chang etal. (mee 1t4.

9) and teoretwmal (solid line) fundametaal abaori4on codkic•tsa(E) as
function ophoton agy E for 37 A lnA/37 A GaSb at T- 4 K. The

"To whom all correspondence should be addresed. theory contains only bulk input pammetesm

1I0 Ago Phys. Let. 63(3). 18 July 1988 0003-6951/86/290180-02$01 00 Oe 1988 Amcano Instiute of Phtymsc t80



67

Ec?,CC

'0,2 -16 2-L~

""I IXt 
I

0.1 .8 0.10 0.11 0.12 0,13

4 Energy E (eV)

FIG. 3. Calculated refractive index nt(E) (solid line; left-hand scale) and
0 4 60 0 101 ) absorption coefficient alEl (dashed-line-, right-hand scale) vsphoton ener-

GaAs width (A) gy E for 80OA GaAs/l160 A Gk,,AI015As at T = 300 K. for ClI elecron
concentration ~ X 10'1 cm .

FIG. 2. Calculated VB -ClI fundamental superlattice band gap Ec "0 and
C I -C2 subbwzsd ppE~CI cvs GaAslayer width for~aAs/Ga,,Al 3 As
superlattice having 300 K bulk paramneters. Relative layer widths are apeci-
fied Isy ratio ( - (GaAs width)/(G%,A(1 Al5As width) = 2 (dotted), I of the near parallelis:- of the C1, C 2bands, the linewidthA&E
(solid), and U/2 (daahed). Coriexpoading oscillator strengths f c,, are for which a(E) is nonzero is very narrow. Specifically,
given on the ni,,ht-hand ticale. &~E= ( 10 -20 n) eV, where n is tl~e carrier concentration

(e.g., 0.005 eV for n = 5 X 10"' cm - ). Temperature effects.

XIC.0[,IC,0)1/Ecc'=,/E2-c' an th SL causing broadening or the electron distribution and a (E),
x~~~~ I C20pC10)I/ c- &E/~.i adteS are small for the same reason. The index of refraction n (E)

band gap E~ci.VBas afunction of GaAs layer width o.., for and a(E), corresponding to T = 300 K and n,, = 5 x 10"
three width ratios I .. ~ where /,, is the cm '.which specify the optical constants completely, are
width of Ga,.,7 AL1.3 As layers. The matrix -lement of p1 re- shown in Fig. 3. The total absorption width of 0.01 eV is
fers to light polarized along the z direction. Layer width ad- comparable to semiconductor laser widths.
justment leads to a E~ - tunability extending from 0.05 eV Figure 3 also shows that ti.,: value of n(E) below the
(25 Mm) to 0.2 eV (6pum). This fact suggests that the in- absorption peak, which is nearly thesam.. ý.s n (0) when C I is
frared bstnd-aligned SL lattice suggested by Yuh and Wang' unpopilated, is significantly larger (-0.6) than the value
is more practically achievable by adjusting laye; widths than above the peak. This variation suggests that the cr-rent and
by well shaping. The limiting oscillator strength is - 15 (in optical power requirements for refractive applications are
agreement with the estimates of West and Eglash') and is modest. To switch a beam in a cross waveguide configura-
greater than the value - 10 associated with the fundamental tion by carrier activation requires a minimum injection cur-
optical absorption. The decrease of f'c1,472 with decreasing rent of order 10,pA (i.e., a currernt density of 10 A/cm2 ) or a
Io0.,L,. reflects the diminished effectiveness of the barriers as light input of 10 pW.
they become thinner, Similar effects are found in related su- This work was supported by the Defense Advanced Re-
perlattices. The value off i,c for llgTe/CdTe and InAs/ search Projects Agency through U. S. Office of Naval Re-
GaSb of comparable thickness i,. similar it, that found in search (ONR) contract No. N00014-86-K-0033 and by the
GaAs/GaAL~s. Joint Services Electronics Program through ONR contract

For I.. = 90 A and ~T=1/2, we find E1, is 1.6 eV for No. N00014-W4K-0465.
C I1- C 2 compared to the fundamental absorption value
V13-Cl of l~iiV; however, the ratioEcl vS/Ec2 , 1 = 12.3
more than compensates for this reduction inf' ,.c-,. The size LcwetaS.JEgaAp.Ph.Lt.46156(98.

off' .c together with the large joint density of states, due 'B. F. Levine, K. K. Choi. C. G. Betbes. L. Walker, and R. 1. Malik. Appi.
to the fact that C I ane ' C2 are nearly parallel and form criti- Phys. Lett. 50. 1092 (0987).
cal surfaces aogthe 11direction. leads to an ecpinly 'Perng-tei Yui, and K. L. Wang. Appi. Phys. Lait. 31, 144 (1987)

alon excptioally K. lahidia. H. Nakamura. H. Matswnura. T_ Kadoi. and H. Inoue, Appi
large optical absorption coefficient a( E). The two-dimen- Phys. Lett, 50. 141 (1987).
siona] joint density of states m,,/1rfid is constant and pro- 'Y. Silberberit. P. Perlmutter. and J. E. Baran, Appil. Phys. Let. 51. 1230
portional to the reduced mass m, - m - 'which (1987).

C . C2.1 For example. Rt. Arrathoon, E. Rt. Sr~hrooder. and L. D). Hutcheson. Opt.-
is large (d is the SL period). We find inc-,1 = 0.066m and Lett. 10. 244 (1985).
?"C2.,1 M0.074m, mn,, = 0.6 1m, and a (E) = 4x 104 cm -' 'Full details of the relevant theory wi~llappear elsewhere. Furthef inform&a-
when the ClI filling corresprinds to ne-, = 5 X 10"7 CM' - sion isavailable from the authors.

(Fig 3) AtT =0 Ktherane fr wicha(E isnonanih- N. F. iohnswn H. Ehrenreich. K. C. Htass, and T. C. McGill, Phy.s. Rev
(ig . 3). At " c Ok th rang for E " k = ) which kE n vanish LW t. " , 2352 (1987).

ngsEItc L,0> >~c-( k) wir n L.L.ChangO.0.A-Sai-Holaax. L.EAaki. and R. L Aggarwai.iJ Vac. Sci.
kp, the Fermi wave vector, are parallel to the planes. Because Technol. 19. 589 (19911)
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We propose an approximate general method for calculating the effective dielectric function of a
random composite in which there is a weakly nonlinear relation between electric displacement and
electric field of the form D-eE+ZI Et 12 E, where e and Z are position dependent. In a two-
phase composite, to first order in the nonlinear coefficients Z, and Z2, the effective nonlinear
dielectric susceptibility is found to be ZL-,-(Z, Ip1 )(8e4 /Oe)oI e,/belo, where e.to) is the
effective dielectric constant in the linear limit (x, -0, i - 1,2) and e, and p, are the dielectric
function and volume fraction of the ith component. The approximation is applied to a calculation
of X, in the Maxwell-Garnett approximation (MGA) and the effective-medium approximation.
For low concentrations of nonlinear inclusions in a linear host medium, our MGA reduces to the
results of Stroud and Hui. An exact calculation of Z, is carried out for the Hashin-Shtmkman
microgeometry and compared to our MG approximation.

I. INTRODUCTION susceptibility of a composite medium in the limit of a
small concentration of nonlinear inclusions in a linear

There are many phenomena in composite media in host.
which nonlinearity plays an important role. Among these In this paper, we derive a more general type of approxi-
are dielectric breakdown in metal-insulator compos'tes., mation for the nonlinear susceptibility--one which is not
and the nonlinear optical susceptibility of composite limited to a system of dilute nonlinear inclusions in a
media. In this paper we will be concerned with determin- linear host. The resulting approximation for nonlinear
ing the effective nonlinear dielectric susceptibility of a media is similar in spirit to the well-known effective-
two-phase, weakly nonlinear, inhomogeneous composite. medium approximation 2 for linear composite media. Be-

For linear composites, the effective dielectric e, is a sides this generalization, we also present an exact calcula-
function of the geometry of the composite, and the volume tion of the nonlinear susceptibility for a composite that
fraction and the physical properties of each component. has the special geometry first discussed by Hashin and
There have been numerous approximations developed to Shtrikman.4
calculate e, in the linear regime. Two of the most widely The remainder of the paper is organized as follows. In
used methods are the Maxwell-Garnett approximation I Sec. II, we present our general method of approximation,
(MGA) and the effective-medium approximation 2  and apply it to obtain a number of specific results. Sec-
(EMA). Both methods involve an approximation which tion III describes an exact calculation of the nonlinear
results in a uniform field inside one or more of the pure susceptibilities for the Hashin-Shtrikman microgeometrY
components. and compares this result with the Maxwell-Garnett sp-

In a nonlinear composite, unlike a linear one, the dielec- proximation. A brief discussion and summary follows in
tric function depends on the applied electric field. If the Sec. IV.
applied electric field is sufficiently low, however, the
relevant nonlinear effective susceptibilities can be ob-
taincd by a perturbation approach. This perturbation ap- II. GENERAL APPROXIMATION METHODproach can be used to give an exact expression for the AND ITS APPLICATIONSnonlinear susceptibility in terms of the electric field distri-
bution in the related linear medium. 3 Recently, Stroud We consider a two-component composite in which each
and Hui 3 have used this result in the low-concentration component is described by a weakly cubic nonlinear rel3-
limit to obtain an exact expression for the cubic nonlinear tion between the electric displacement D and electric field

31 10970 C) 1988 The American Physical SocietY
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E of the form that

Di - 40 E +Xi I EI 2'E. (1) E G"E(O) + -L.F;IF;IF' lEd+'X2F IFjIEd. (9)
P1 P2

Such an expansion will always be possible provided that where FU(8Er/8e•) (i-1,2). We now find that 4, is
Zj I E 2 '< o (i, 1,2). The term quadratic in electric given by
field will vanish unless the constituents lack inversion sym-
metry. The space-averaged fields and displacements (E) Z' M FI F, F + Z-Fj I F1  I . 00)
and (D) are related by an equation of the sarme form: P t P2

(D) - e,(E)+X, I (E) 12 (E). (2) Equation (10) is our principal result. It is based on the
assumption that the fluctuations (JE, 14)-(IEil )2

Our goal is to find approximations for 4. within the ith component are small, compared to (I E, I 4 )
Now in a binary composite, the linear effective dielec- itself. This approximation will be most accurate in

tric function can always be written in the form geometries, such as the Hashin-Shtrikman geometry dis-
o(3) cussed below, for which the electric field is nearly uniform

within the nonlinear component, and less accurate when
where p Iis the volume fraction of the el component, and these fluctuations are large, such as near a percolation
Fissome fun n which will, in general, depend on the threshold. To illustrate its predictions, we proceed to ap-

geometry of the composite. In order to obtain our approx- ply this general formula to various binary composites with

imation for X,, we initially assume that only component I different geometric configurations and different densities

is nonlinear, so that e2 -e?°). We then invoke an approxi- of inclusions.

mate nonlinear form of Eq. (3):

e, -F(ej,e2,pj). (4) A. Low-density limit

Here ei -- e!+Z,(I E, I 2) and (4 El 2) is the mean square We first consider a linear host containing a very small

of the electric field in the ith component in the linear lim- volume fraction of nonlinear inclusions. In this case. we

it. Equation (4) is strictly valid only if el and E2 are con- recover the known results of the low-density theory.3 The

stant in each component. Thus, our use of Eq. (4) here in- argument is the following: in the low-density regime, the

volves making the approximation that the field E is uni- effective dielectric function of such a composite in the

form in the nonlinear component. This assumption is con- linear limit is

sistent with the spirit of linear effective-medium approxi- (o)e0) , (1 I)
mations.

Next, we expand the function F in a Taylor series about e 1 2

the linear 4JO), to obtain where E2 is the host material and e, the nonlinear in-
clusion. 04I8ej°)° is then

84 J, U2 E 2 (2
where X1 is the nonlinear coefficient of the component I I at, o0 'I1°)+2(2

and F -mF/Ie,. Now this partial derivative can be ex-
pressed exactly in terms of the average squared electric Substituting Eq. (12) into Eq. (8), we obtain
field in component I in the linear limit; the relation is5

p,(I E l J2 )/EA .(0E. io ,o F (4 0 oEIo),p 1), (6) X, - ZI 1p , Fe 0o)+ 2,,2 4e o)+ 2e2 (13)

where Eo is the external field. Therefore, we have This is the same as the result of Stroud and Hui. 3

,-<°+ "' P I IEJ, (7)
P+ I . Maxwil-Garnett approximation

and by the definition of the effective nonlinear coefficient Next, we obtain Z, for a composition which in the linear

Z,, we obtain regime is described by the Maxwell-Garnett approxima-
tion. As is well known, the MG approximation is most ap-

n propriate for a composite in which one of the constituents
X,-- . (8) plays the role of a host medium and the other acts as anP1 aEl 8ci o inclusion. If medium 2 is then host, then the MG approxi-

mation takes the form 6

These considerations are easily generalized to the case 4 0o) ef4o)( + 2p))+2ed0 (l _ps)
where both components are nonlinear. In this instance, - (14)
we simply expand Eq. (1) around both 40) and e2(0), so e2 ej 0)(1 -p,)+ 4 e)0 (2+Pi)
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From this we obtain

c 10 1o[e(o)(2+p,)+e(O)(l -po)ll

and
F2= 1 2_!e,.el°)p,-4 e0)°e $)p,+2eto)2p,+4el')2+4E•°)2+eIO)+E4o) 2

eF 2 - P2 [j0)(2+p,)+e+,o)(l -p&P . (16)

From these two formulas, we can calculate Z, using Eq. for parallel cylinders and
(10).zt Z2

o)Z' )o)p (20)Lv-tp+(e•O pdflo')]4 I+ [+(ei ptell )]1

C. Exactly solvable ,,,crogeemetry:
Parallel cylinders and slabs for parallel slabs. Both of these results are exact for a

weakly nonlinear medium, since the local field is in fact
There exist a number of special microgeometies for uniform in each component in these two cases, even if the

which e() can be calculated exactly. The first of these is components are weakly nonlinear. [The local field may be
the case where the components are arranged in the form uniform in these geometries even if the components are
of (not necessarily circular) cylinders parallel to the exter- strongly nonlinear, but in such cases the results (19) and
nal field. Another soluble geometry is one in which the (20) will no longer apply.]
constituents are arranged in the form of flat slabs perpen-
dicular to the applied field. The effective dielectric con-
stant takes the form D. Effective-medium aspoximaioe

e(o). (0)+ _(0 ) (17) In the effective-medium aproximation26 (EMA). the
Pf I P20 effective dielectric function Ec is one of the solutions of

the quadratic equation
for parallel cylinders and (0) (0) 0) _(0)

el -G - +0 -PI) e _fe -0
e(o).,/fP'- P2 'I () O,_(4o)_.o.4o)0 +(l-p() -og(O) 0_( 0))

Here g is a geometric factor related to the depolarization

for parallel slabs. These results are analogous to the factor of the inclusions and dependent on their shape. For
effective capacitance for capacitors in parallel and in a three-dimensional composite with compact, roughly
sefftives. cfspherical inclusions, g -4-, while for a two-dimensional

Ss EriEs, composite with circular inclusions, g- f . If e40) az ')
Using Eq. (10), we obtain for the effective nonlinear am nil and positive, then the physically relevant solution

dielectric susceptibility is the positive one.

The required derivatives F, and Fj can readily be cora-
X, "pIZX +p 2Z2  (19) puted from this equation, with the results

- IF 2! 1 [[)H2(E1o-_etO))p? +22410)_2efOlg)p I+2(Veo)_- eo))g 2I; 24-z(-l)

+ 2ej 0 )g1(2 (140 ) - e(O)) 'p? + 2(241)2 - e1o )2)g _2elo)+ 2eolO)elp

+(e$O) )g +2el (elo - el)g+ +&) j1) _p, +g), (22)

and

F2 2 1 1 2(I°).-.E!))p + 2(2$0o)g_2$to)+e•O))p 1 +2(e') - ( j2 ,-(o)4 2f0 ')g+2eo

x(21(e?)- 40)) tp+(2 (0)2 - (0 )')g - 240)2 + 2E(0)dO)jPI

-, +2 (el -el))g + 49,n) - I +pI+g - . (23)

Given these formulas for F, and F2, one car readily calculate the effective dielectric nonlinear susceptibility Z, using
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Eq. (10). The resulting expression for Z, exhibits interest- -.

ing behavior, especially near the percolation threshold, (b)
which will be discussed elsewhere.

111. EXACT RESULTS FOR THE HASHIN-swrRIMAN~
MICROGEOME~.IY

In the Hashin-Shtrikman microgeometry,4 the entire
binary composite is composed of coated spheres with a
core made of one component el and a concentric spherical
shell made of the other component e2 (see Fig. 1(a)).
These composite spheres must come in a variety of sizes in
order to fill up the entire volume, but all must have the
same ratio of core volume to shell volume. It is easy to
show' that for this microgeometry the bulk effective linear
dielectric constant 40) is exactly equal to the MG result. FIG. 1. (a) Schematic representation of the Hashin-
Furthermore, in the linear limit it is possible to evaluate Shtrikman microgeometry. The cores are described by etZl; the
the local electric field E(r) exactly within both the cores shells by eaZ2. The ratio of core-to-shell volume is the same for
(where it is uniform but different from the average field each composite sphere, and equal to the ratio of volume frac-
E0) and the shells [where it is not uniform; see Fig. I (b)O . tionsp,/(! -p,). (b) Schematic showing the solution for the lo-
Given these fields, we can exactly evaluate the nonlinear cal electric held in the Hashin-Sbtrikman microgeometry. The
susceptibility Z. from the expression 3  field E remains undistorted and equal to the applied field Eo out-

side the inclusion, is uniform but *Eo in the core, and has a di-

4 "n•JdVX(r)(E/Eo)4. (24) polar form in the shell.

The result is

ZI-XIplII (I -p2),l°)+(2+pj)4eel + -pl)e( 0)+(2+pt)eI°l4
(0)0))2- Jp (0)2 (0)0O)

x((e10)+2e4))+ Jp$eLpO (O)2 +2,e ) - p,(l+pl)f•°)3(e40)+24O))+ p,(l +p+pb40°)]. (25)

Comparing this to the MG result found earlier, and but also to l/f noise or resistance fluctuations in compos-
given implicitly by Eqs. (14)-(06). we can show that the .jte conductors. The connection arises because the mean-
coefficient of X, is the same. but that of Zz is different, square resistance fluctuations are given by an expression
This difference has a simple explanation: The MGA for similar to Eq. (24). 3.-- Our EMA result thus provides an
Z, is based on the assumption that E is uniform in each approximate calculation for the noise power spectrum.
component, while in the Hashin-Shtrikman geometry E is The result proves to differ from that of Ref. 7. In particu-
uniform within the cores but not the shells of the compos- tar., our result exhibits no divergence of the relative noise
ite spheres. at the EMA percolation threshold. A detailed compara-

tive discussion of the various types of effective-medium
IV. DISCUSSION AND CONCLUSIONS approximations that can be developed for this problem

will be given elewhere.'
We have presented a simple approximation for the non-

linear susceptibility Z, of a weakly nonlinear dielectric
composite. The approximation consists of assuming that ACKNOWLEDGMENTS
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A quantitative comparison is presented of two realistic superlattice k p electronic structure cal-
culations. The first is an analytic approach based on an extended bulk Kane model; the second is an
extended-basis treatment, developed by McGill and collaborators, based on bulk pseudopotential
calculations. Both approaches are applied to HgTe/CdTe superlattices. Energies, wave functions,
effective masses, and oscillator strengths are found to agree within 10%. The limited-basis ap-
proach based on the Kane model is seen to be adequate for superlattices whose bulk constituents
have direct gaps in the conduction- and valence-band regions near the superlattice band gap.

INTRODUCTION or for properties (e.g., optical) involving larger energy
ranges, a more elaborate approach, such as the extended-

The electronic properties of semiconductor superlat- basis model, is required.
tices are most conveniently calculated using the bulk
electronic structures of the constituent materials obtained DESCRIPTION OF MODELS

by the k-p method as a starting point.' In this ap- We begin with a precise specification of the two mod-
proach,2 the superlattice (SL) wave function for SL band els. The limited-basis model (LBM) considers -only the
L at wave vector K is expanded in terms of a Luttinger eight (rin) in Eq. (1) that are contained in the bulk
basis as Kane model including spin-orbit splitting. A finite

heavy-hole mass results from the inclusion of the anti-
(rIL,K) , F(L,K;r)(r ln , bonding conduction-band p state by perturbation theory.

"The LBM has been used successfully to calculate SL

where (rin, k =0) (rtn ) is the bulk Bloch function of gaps, 2 effective masses6 using the f sum rule, and the op-
tical absorption coefficients in various III-V-compoundband n at k=O. Both constituents will be regarded as an IV opudspratcs7

direct-band-gap materials with valence-band maxima and and Il-VI compound superlattices.

conduction-band minima at k=O. F.(L,K;r) is the en- Specifically, the features associated with the model are
velope function. 2  the following.The correct microscopic boundary conditions demand (1) The bulk band structures are assumed isotropic.The correact icroscic b(r K nd its de mand (2) The bulk k-p parameters are taken from experi-
that at each interface (rIL, K) and its derivative be con- ment. This applies to the effective masses m *and band
tinuous for all r. In practice, however, most calculations merit. T h constitue The oatses mati ele-
employ approximate boundary conditions which are ob- gaps E, for both constituents. The optical matrix th-
tained after averaging the SL wave function over a bulk merits Pmodel (n, kt xpin', k-0) are deduced from the
unit cell. This practice derives from the fact that the Kane model and the experimental bulk m and E,. The
bulk basis set I (rn )I must be :runcated for tractable difference between the P,,, for HgTe and CdTe is less
computations. The bulk band structure therefore must than 10%. A single value of P,,,, applicable to either
be chosen so as to include the most important physical constituent, is obtained from an arithmetic mean.
features in their simplest form and the basis set must be (3) The (rin) are assumed the same for each constitu-
sufficiently complete that the boundary conditions are ent. The procedure for obtaining the parameters de-
satisfied to a suitable level of approximation. scribed in (2) is essentially equivalent to that assumption.

This paper compares the results of two such calcula- (4) Superlattice K=0 energies, masses, and envelope
tions involving quite different levels of basis-set trunca- functions can be obtained analytically.
tions. One model, developed by McGill and collabora- The extended-basis model 3-5 (EBM) contains many
tors, to be termed the extended-basis model considers an bands in addition to those considered within the Kane
extended basis containing 54 (tin)'s,3-5 The other model. These bands are folded down using Lowdin per-
simpler model, to be termed the limited-basis model, con- turbation theory. The EBM is properly regarded as the
siders only the eight fold basis contained in the Kane "state of the art" of the superlattice k-p approaches.
model but yields analytic results.2' 6 It will be seen, in Specifically, the model contains the following features.
reference to the HgTe/CdTe SL, that the simpler ap- (1) The bulk band structure and the (rtn ) are obtained
proach is jufficient for a quantitative description of the from an empirical pseudopotential calculation that con-
SL electronic properties over the energy region subsumed tains the full zinc-blende symmetry.
by the lowest band gaps. At the same time we emphasize (2) The bulk k-p parameters are calculated utilizing
that for SL having constituents with indirect band gaps, these pseudopotential results.

38 13 095 © 1988 The American Physical Society
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(3) The <rln ), and hence the parameters calculated layer width SL, since for the SL Brillouin zone of the (13
from them, differ for the two constituents, in contrast to A HgTe)/(13 A CdTe) SL, demonstrated by a dotted
the LBM. vertical line in Fig. I, and for the same region along the

(4) The boundary conditions, as expected, are better Im(k) axis the two sets of results are in very good agree-
satisfied by the EBM than by the LBM. ment.

The results for HgTe/CdTe obtained from each of The consequences of neglecting the full zinc-blende
these two approaches as described above will be com- symmetry, as exemplified by the choice of different
pared by using the bulk band gaps and effective masses growth axes, are discussed in Ref. 4. The differences are
resulting from the pseudopotential calculations of the on the meV scale, and are smaller than those resulting
EBM as input for the LBM as a common base. from the neglect of basis states in the LBM.

The second concern is the assumption that the (t In
CRITIQUE OF THE LIMITED-BASIS MODEL are the same for each SL constituent. This assumption

The possible shortcomings of the LBM should be con- implies that the P.,, are material independent in the
sidered before proceeding to a detailed comparison. LBM description of the superlattice. The substantial
There are three major points of criticisml constancy of direct gap momentum matrix elements inTher ar thee mjorpoits o crticsm.the Ill-V compound and lI-VI compound bulk semicon-

The first concerns the adequacy of the LBM bulk band has been c ong recogieand by nowiwell
structure and the limited number of bulk bands involved ductors has been long recognized and is by now well
in the description. Figure 1 compares the bulk band dozumented.' However, this assumption, while certain-
structure as a function of complex k for Hgo 5Cd 0 .Te for ly valid for HgTe/CdTe, requires reexamination for su-

e to perlattices whose constituents involve different rows ofthe two models in the virtual crystal approximation,. h eidcTbe hs setosaespotdas
(This bulk band structure is appropriate here since the SL the Periodic Table. These assertions are supported also
to be considered have equal layer widths.) The results by the pseudopotentials given in the review by Cohen and
agree well near k=O. For finite real k, the LBM light Heine.9

hole band (rT0) flattens out too rapidly, as does the split- The third question concerns the interface boundary
hoff band ( alattensgu the rplys diion. These- conditions and whether they are adequately satisfied inoff band (rFi along the Irak) direction. These the LBM. The current averaged over a bulk unit cell is
discrepancies are associated with the absence of higher continuous across the interface for both models con-
and lower t'ilk bands in the LBM. For example, in the sidered in this paper at K=O. However, the extent to
case of the split-ofr b-tnd (r7 ) along Im(k) the higher which the microscopic boundary conditions are satisfied
band to which i, connects is missing in the LBM. By in the LBM because of the more severe basis-set trunca-
contrast, since :'7 and r 6 are present in both models, the in the nBgleca of theumoresvere b is-erunca-t*ions and the neglect of pseudo-wave-function differences
curvature along Im(k) is very similar in the two cases, requires detailed examination. This matter will be dis-
These differences are of little concern even in a narrow cussed in the next section. The implementation of the

LBM boundary conditions is equivalent to that in Refs. 2
and 10, while that of the EBM is equivalent to that de-
scribed in Ref. 4.

1.5- DETAILED COMPARISON
1.0- iHgTe/CdTe is a type-Ill superlattice because of the in-

.veiled bulk band structure of HgTe. The s-p mixing ac-
cordingly is much larger than that characteristic of the

0.5- wide gap type-I superlattices, many (but not all) of whose
features can be described by the continuum approxima-Stion exemplified by the Kronig-Penney model. The
strong s-p admixture in the SL under consideration
amplifies the difficulty of satisfying the boundary condi-

S0tions. The situation is made yet more difficult in the
thin-layer limit, to be considered here, in which the inter-
face region comprises a significant fraction of the SL

-1.0- period. Strain effects will be neglected because the super-
lattice under consideration is well lattice matched.

The (13 A HgTe)/(13 A CdTe) SL contains only eight
0.25 0 0.25 molecular layers per period. The results for the envelope

Im( k) Re ( k ) functions to be presented assume a valence band offset of
(units of 2w/a) 40 meV. While this value is now widely believed to be

FIG. I. Virtual crystal Hgo 5Cd1o 5Te bulk band structure too small, the quantitative aspects of the comparison
Ek)I for a limited-basis (LBM--solid line) and extended-basis made here are little affected by the choice of a larger
(EBM-dashed line) model vs real k and imaginary k; k is in offset.
units of 2r/a. where a is bulk lattice constant. EBM calcula- The unit-cell average used in obtaining the approxi-
tion is for k parallel to [1001. Dotted vertical line denotes mate boundary conditio,s implies that they can be ex-
Brillouin-zone boundary for (13 A HgTe)/(13 .ACdTe) SL. pressed entirely in terms of the envelope functions
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h--HgTe---t--CdTe---' along the growth axis on either side of the HgTe/CdTe
2 interface, which is taken to correspond to z =0. The en-

IFs(Cl.O; zAl velope functions shown correspond to the conduction-
band minimum (L =C) and the bands nearest the

0.04 i valence-band maximum (L =LHI, light-hole band;
Cl L = HH 1, heavy-hole band). In both models the envelope

0.02 functions are continuous to a good approximation. The
S(0,)discontinuities in the IF,,(L,O;z)1 2 are seen to be larger

for the EBM. This discrepancy is only apparent: The
0 continuity conditions apply to quantities involving

F,,(L,O;z)(rln ), and are still satisfied within the EBM
since the difference between the (rin ) on either side of

0.02 the interface in the EBM compensates for the discon-
HHI tinuity in the Fý. The magnitude of the two sets of F,

0201 - jF,(HH1,O;z)) are in excellent overall agreement. Significant differences
extend over only a small region of the distance z =26 A

IFy(HHIO;z)12  shown in the figure. For a (39 A HgTe)/(39 A CdTe)su-

01 perlattice that region becomes a smaller fraction of the
total. Properties, such as optical matrix elements and
tunneling probabilities, depending only on integrals in-
volving the F. will therefore be well described in both ap-

0.04 - IFZ(LH 1,0 z)12 proximations."I Fz(CI,0;z)12 exhibits evanescent charac-

LHI ter, as does IFz(LHI,0;z)i 2 to a lesser extent. (LHI is

0.02- commonly termed the "interface state" for that reason.)
The HHI envelope function is seen to be more confined
within the HgTe layer than the LH I function. This is be-

03 cause the bulk heavy-hole mass is larger than the bulk
-13 0 1 light-hole mass, and hence the tunneling probability out

of the HgTe layer (which acts as the quantum well for the
FIG. 2. Square of absolute value of dominant envelope func- hole states) is smaller for the heavy hole than for the light

tions vs distance along growth (z) axis for the K=0 (13 A hole. This effect is amplified if the band offset is made
HgTe)/(13 k CdTe) superlattice states for superlattice bands
Cl, HHl, and LHI. Solid and dashed lines correspond to larger.
limited-basis and extended-basis models, respectively. The su- Table I compares energies, masses, and oscillator

strengths for (13 A HgTe)/(13 A CdTel and (39A
perlattice wave function is normalized to unity over the 26-A HgTe)Ce r s A given by t Lperiod.HgTe)/(39 Ak CdTe) superlattices, as given by the LBM
period, and EBM. EL(O) is the K=0 energy of SL band L, mj is

F,,(L,K;z). These correspond to the bulk basis states [cf. the corresponding effective mass perpendicular to the lay-
Eq. ()] In )IS), IX), IY), and 1Z) in the notation of ers, and fAct is the total K =0 oscillator strength (po-
Ref. I or equivalently to the linear combinations ap- larization parallel to the layers) between the superlattice
propriate to the band edges under consideration as valence bands LHI and HHI, and Cl. The agreement of
defined by Kane. m I and f ,B,c, illustrates the ability of the LBM to pre-

Figure 2 shows the most important IF,,(L,O;z)12 for the dict superlattice properties analytically both perpendicu-
(13 A HgTe)/(13 A CdTe) SL as a function of distance lar and parallel to the layers.' 2 (References 2 and 4

TABLE I. Comparison of superlattice energies EL(O), masses ml perpendicular to the planes, and
total valence-band to conduction-band oscillator strengths fY1 , ci where polarization is parallel to the
planes for (13 .A HgTe)/(13 A CdTe), and (39 A HgTe)/(39 A COTe) superlattices as calculated in the
limited-basis (LBM) and extended-basis (EBM) models. m0 is the free-electron mass.

(13 A HgTe)/(13 A CdTe) (39 A. HgTe)/(39 k CdTe)

EBM LBM EBM LBM
Ec, (0) 0.48 0,50 0.21 0.23

(eV)
EH,,(0) -0.018 -0.018 -0.0085 -0.0095

(eV)
ELH,(0) -0.020 -0.019 -0.019 -0.019

(eVI
0.050m, 0.047 m0 0.092m 0  0.099m0

M4HI - l.1m 0  - lOMO oc 00
M LHI -0.055mo -0.052m,) -0.055m" -0.058mo
S[ _ ___ 21 20 27 26
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speculate that parallel properties, e.g., f ,scl would not which the LBM is put to a particularly stringent test, one
be reliably given within the Kane model without exten- would expect this model to be applicable to other SL as
sive numerical computation.) The agreement between the well. This observation is confirmed by our experience.? 7

mode1L for a given layer thickness is generally better for
the hole sdites (LHI, HHI) than for the electron state ACKNOWLEDGMENTS
(Cl). This is a consequence of the small valence-band
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for offsets as large as 350 meV.) Contracts Nos. N00014-86-K-0033, N00014-86-K-0760,

Since the HgTe/CdTe case considered here is one in and N00014-86-K-0841.
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Valeace-Band-Offset Controversy in HgTe/CdTe Superlattices: A Possible Resolution

N. F. Johnson, P. M. Hui, and H. Ehrenreich(')
Div.ision of Applied Sciences. Harvard University. Cambridge. Massachusetts 02138

(Received 12 July 1988)

The valence-band-offset controversy in HgTe/CdTe superlattices can be simply resolved- It is shown
that, while the superlattice becomes semimetallic with increasing valence-band offset, it reverts to semi-
conducting behavior as the offset is increased yet further. The observed electron-cyclotron mass and the
band gap can be better explained for the offset of 350 meV measured by photoemission than for the
smaller offset -40 meV which coincidentally is also in fair agreement with the magneto-optical data.

PACS numbers: 73.40.Lq, 73.20.At. 73.20.Dx

The dilemma posed by the differing valence-band basis set exemplified by the Kane model, even for narrow
offsets A in HgTe/CdTe superlattices (SL) obtained layer width. This approach has been shown to yield
from room-temperature photoemission (A - 350 meV)1 quantitative results for effective masses and optical-
and low-temperature magneto-optical experiments (A absorption coefficients for a variety of 3-5 and 2-6

40 mcV) 2 can be resolved in favor of the larger A by SL's.7.s The theoretical approach outlined in Ref. 7 can
showing, as we do here, that the effective mass and the therefore be regarded as applicable to the present con-
band gap obtained by Berroir et al. 2 are consistent with siderations. The calculations, however, neglected strain
the value A- 350 meV. As noted previously 3 the con- effects.
duction and valence bands of the semiconducting super- Figure 1 shows the relative alignment of the bulk
lattices cross as A is increased from small values and HgTe and CdTe band edges (1 6 and rF) schematically.
render the material semimetallic. What has been missed The band offset A is defined to be positive. The potential
is the fact that the superlattice again becomes semicon- well formed by the F6 edge (solid line) becomes shal-
ducting as A is increased further for the layer widths lower with increasing A, whereas that for the F, egde
corresponding to the SL described in Ref. 2. (dashed line) becomes deeper.

These results are obtained with use of the envelope- The present calculations refer to the 100-A HgTe/36-
function approach which has recently been criticized4,1 A CdTe SL considered in the magneto-optical experi-
because of its reliance on k-p perturbation theory. mers of Ref. 2. The only input consists of the constitu-
Indeed, the bulk k -0 basis set used here is limited to , ent bulk parameters listed in Table I. These parameters
that of the Kane model. The results have been ques- *determine the bulk momentum matrix elements for each
tioned on the grounds that a broader width of the bulk material within the Kane model. They differ by less
Brillouin zone than that adequately described by the than 10% and will therefore be taken to have the same
model would play a role in the SL electronic structure. average value for both materials.

S However, as we have recently shown,6 the results ob- Figure 2 shows the energies of the CI, LHI, HHI,
tained using the extended basis comprising -50 bulk HH2, and HH3 (C denotes conduction, LH light hole,
wave functions at k -0, which would be expected to de- and HH heavy hole) bands at K -0 (K is the SL wave
scribe the requisite region of the Brillouin zone ade- vector) as a function of band offset A. The zero of ener-
quately, are essentially the same as those for the limited gy is taken to be the valence-band maximum for A -0.

At zero offset the electrons are locaterl in a quantum well
of finite depth, whereas the holes see no potential varia-

WOe HoTe COTe

I l7•CB TABLE 1. Parameters for bulk CdTe and HgTe used in the
present calculations.

CdTe HgTe

,A VB Electron mass (mo) 0.11 0.031 ar ---- r _ 8--r (%r) - E (17) (eV) 1.6 -0.3
Spin-orbit splitting (eV) 0.9 1.0
Heavy-hole mass (mo)b 0.1 0.7

FIG. I. The relative alignment of the bulk HgTe and CdTe "Referecnc 9.
band edges. The valence-band offset A is defined as the dif- bReference 10. We use the heavy-hole masses along the (1111 direc-
ference between the HgTe and CdTe rt valence-band maxima. tion.

0 1988 The American Physical Society 1993I
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FIG. 3. The band gap, Ep, as a function of the band offset A

FIG. 2. The energies of the bands CI, LHI, HHI, HH2, for IO0-A HgTe/36-A CdTe superlattice. Also shown are the
and HH3 at K-0 as a function of band offset A for 100-A band structures in the .L direction at K,-0 for A-40, 260.
HgTe/36-A CdTe superlattice (see Ref. 2). and 350 rneV.

tion. With increasing A the electron energies become SL Brillouin-zone face K.L -x/d, where d is the SL
less positive, whereas the hole energies become more period. (CI and HHI just touch at A-295 meV.) In

negative as the well becomes more substantial. The most this region C! becomes a valence and HH I a conduction
dramatic feature is the rapid variation of the Cl and miniband. In the absence of conduction-band electrons,

LH I bands relative to the HH bands. This behavior is Et - 10 meV for A -350 meV.
associated with the light bulk effective masses character- The behavior of the in-plane electron effective mass
izing the former bands. The heavy-hole bulk mass is m, and the corresponding band structure along K, as a
sufficiently large that the potential well seen by the HH function of band offset is shown in Fig. 4 using the same
particles is effectively infinite for A _ 100 meV and the format as that of Fig. 3. The behavior of the band struc-
values become virtually constant. The CI and HHI ture is quite reminiscent of that encountered in

bands cross at 230 meV, the HH I electrons are HgCdi -. Te alloys as a function of Hg concentration x.
transferred to the CI band, and the SL becomes semime- With increasing band offset the band gap decreases until
tallic. the CI and HHI bands just touch at 230 meV and the E

The behavior of the minimum band gap E, is deter- vs K dispersion becomes linear. Subsequently they ax-
mined by the SL band structure along Ka perpendicular change toles in that HHI becomes the conduction band
to the layers. Figure 3 shows E as a function of A and and CI the valence band. This behavior results from tbe
directly above the appropriate energies a sketch of the k- p interaction between the two bands along the H direc-
SL band structure for the offset indicated by the arrows. tion. They do not interact along the .L direction. For

The figure divides itself into three regimes. For 0 < A A < 230 meV, m, is roughly proportional to E., and for-

< 230 meV the SL is a semiconductor (SC) with a mally vanishes at the intersection. The effective mass m,

direct gap at K-0 and with Cl and HHI the lowest shown in the subsequent region is that of the new con-
conduction band and highest valence band, respectively. duction band HHI at K -0.
For 230 <A < 295 meV the superlattice is semimetal- The experimental electron-cyclotron mass (m,/mo

iic.13 -0.017±0.003) at I T, 2 extrapolated to vanishing
The new and remarkable feature we note here is the magnetic field (0.015 ± 0.003) is also shown with its er-

third region in which the SL becomes semiconducting ror bars at both A -40 and 350 meV. The magnitude is

once again for A > 295 meV as a result of the continued somewhat larger than the band-edge, K -0, value at
downward shift of the CI band and a resulting uncross- A-350 meV. The energy gap is seen from Fig. 3 to

ing of the CI and HHI bands. The band gap in this re- have a value 10 meV as compared to the quoted 2 "-20
gion is still direct but, as shown in Fig. 3, it occurs at the meV." Since unintentionally doped n-type samples have

1994
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iOOAHgTe/36 A CdTe Becausc of the unexpected semimetal to semiconduc-
tor transition at A -295 meV, the data of Ref. 2 are seen
to be better explained by an offset A -350 mneV (or pos-

HH1 40 sibly even a slightly larger value) than the smaller A -40
meV. The semiconductor and semimetal transitions de-120 E

S(,fv) scribed here depend sensitively on the quantum well

04 width for a given narrow barrier and band offset. For
A - 350 meV and the well width of the SL in Ref. 2 re-

'L H11 HH2 - duced to 50 A, Cl would be above HHI and E. would
Cl lie at K -0, as is commonly assumed. The dependence

U of Er on composition, strain, and temperature' 2 requires
I ]further investigation.

0.020 n4 We are grateful to K. C. Hass and J. R. Meyer for
"Tm helpful discussions. We also thank R. J. Wagner for
expf-I .ecrý' correcting our interpretation of the imagneto-optical

data. This research was supported by the U.S. Defense
; 0.010 -Advanced Research Projects Agency under Contract No.

ONR N00014-86-K-0033 and the Joint Services Elec-
40 230 M ~ tronics Project under Contract No. ONR N00014-84-

"_ Bo •K-0465.0 o0 200 30D 400

Bond Otfset A (eV)

FIG. 4, Bottom: The in-plane effective mass m. at K-0
(solid line) as a function of the band offset A for 100-A
HgTe/36-A CdTe superlattice. The experimental value ta)To whom all correspondence should be addressed.
(crosses) of the cyclotron mass me* in the limit of zero field is IS, P. Kowalczyk, J. T. Cheung, E. A. Kraut, and R. W.
shown with its error bars, together with the theoretical values Grant, Phys. Rev. Lett. 56, 1605 (1986); T. M. Duc, C. Hsu,
(solid circles) of me with use of 6x 10"6 cm -3 for A-350 and J. P. Faurie, Phys. Rev. Lett. S9, 1127 (1997); C. K. Shih
meV and 10" cm for A -40 meV. Top: The band struc- and W. E. Spicer, Phys. Rev. Lett. 55, 2594 (1987).
tures in the 11 direction at KL --0 for A -40, 230, and 350 2j. M. Berroir, Y. Guldner, J. P. Vieren, M. Voos, and J. P.
meV. Faurie, Phys. Rev. B 34, 891 (1986); see also J. M. Berroir.

Y. Guldner, and M. Voos, IEEE J. Quantum Electron. 22,
1793 (1986).

carrier densities n t 1016 Cm -3, an electron density was 3C. A. Hoffman, J. R. Meyer, F. J. Bartoli, J. W. Han, J. W.
calculated that would produce a value of m,/rmo con- C&)k, Jr., J. F. Schetzina, and J. N. Schulman, to be pub-
sistent with the experimental mass (Ref. 2 does not cite a lished. We are grateful to J. R. Meyer for communicating

precise value of 0). As shown in Fig. 4 the requisite these results prior to publication.

electron concentration for A--350 meV is 6 x 1016 cm -3 4M. Jaros, Phys. Rev. Lett. 60, 2560 (1988).
3G. Bastard. Phys. Rev. Lett. 60. 2561 (1988).(The extremal values of mc*/Ymo at Kj..-0 and n/d are ~,Bsad hs e.Lt.6,26 18)

alThet identical bealuese toe HHo at constant enarge- 6N. F. Johnson, H. Ehrenreich, G. Y. Wu, and T. C. McGillalmost identical because the HHI constant energy sur.- hs e.B(ob ulse)
faces are calculated to be nearly cylindrical. This point Phys. Rev. B (to be published).point N. F. Johnson, H. Ehrenreich, K. C. Hass, and T, C.

will be fully discussed elsewhere.) The corresponding McGill, Phys. Rev. Lett. 59, 2352 (1987).
Fermi energy lies 17 meV above the band minimum. IN. F. Johnson, H. Ehrenreich, and R. V. Jones, Appl. Phys.
Thus no interband transitions should be observed below Lett. 53, 180 (1988).
27 meV, in accord with experiment. 2 The same calcula- 9Y. Guldner, C. Rigaux, M. Grynberg, and A. Myciclski,
tion for A-40 meV and n-1016 cm- yields Phys. Rev. Bg, 3875 (1973).
mc*/mo-0.OI8, quite close to the A-350 meV value. 10J. N. Schulman and Y. C. Chang, Phys. Rev. B 33, 2594
This observation provides some insight into the cause of (1986).
the band-offset controversy: Both values of A coinciden- I lThis discussion assumes that the band crossings and un-

tally lead to similar results. The value of Es, however, is crossings responsible for the semiconductor and semimetal
33 meV for A --40 meV and therefore larger than the transitions are confined to the region around K -0 considered

xm ate f pr i l A here and that other regions of the Brillouin zone have larger
approximate experimental value cited in Ref. 2.

gaps. This is inferred from the bulk band structures, their rela-
Note that for A -- 350 meV, a smaller unintentional tive energetic positions, and the fact that the SL bands are de-

doping corresponding to n 2X I016 cm -3 yields scribed qualitatively by folding bulk bands into the new Bril-
m,*/mo0.02. This result still falls within the experi- Iouin zone.
mental error2 cited for me', and shows the precise value -2D. H Chow, J. 0. McCaldin, A. R. Bonnefoi. T. C. McGill,
of n to be relatively unimportant. I. K. Sou, and J. P. Faurie, Appl. Phys. Lett. S1, 2230 (1981).
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Numerical study of optical absorption in two-dimensional metal-insulator
and normal-superconductor composites

X. C. Zeng
Department of Physics, Ohio State University, Columbus, Ohio 43210-1106

P. M. Hui
Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

D. Stroud
Department of Physics, Ohio State University, Columbus, Ohio 43210-1106

IReceived 22 April 1988; revised manuscript received 18 July 1988)

We analyze a random resistor-inductor-capacitor (RLCI lattice model for the optical properties
of a two-dimensional normal-metal-insulator composite, using the Y-A transformation algorithm
developed by Frank and Lobb. Within such a model, the surface plasmon resonances of a Drude-
metal-insulator composite are modeled by the ac resonances of a random RLC network. The real
part of the effective conductance is found to show a broad surface plasmon resonance peak below
and above the metal percolation threshold, and a Drude peak above the threshold. An effective-
medium-approximation (EMA) calculation is in excellent agreement with the results of the simula-
tions. We also calculate the far-infrared absorption in a model composite of normal metal and su-
perconductor, using a lattice model. The absorption shows a strong absorption below the supercon-
ducting energy gap. An approximate calculation based on the EMA is again in excellent agreement
with these results.

1. INTRODUCTION In this paper we present the results of a numerical
study on two-dimensional normal-metal-insulator com-

The ac conductivity of granular materials is very posites on square lattice, using an efficient numerical al-
different from that of ordinary bulk materials. These gorithm' 6 recently proposed by Lobb and Frank for cal-
differences are particularly pronounced in composites of culation of the effective response of the networks. This
normal metal and insulator or of superconductor and algorithm is considerably faster than the transfer matrix
normal metal near the percolation threshold p,, at which method. It has been shown to work efficiently not only
one of the two components first forms a connected path for problems involving dc conductivity but also for calcu-
extending through the system. Numerous recent studies lating the critical current of a normal-metal-
have been devoted to this problem, both theoreticaUy' II uperconducting composite. When we apply the Lobb-
and experimentally. 6-1 2 Recently, Bug et al 8 have stud- Frank algorithm to ac problems in normal-
ied the anomalous frequency dependence of the ac metal-insulator composites, we see the surface plasma
response in two-dimensional networks of conductors and peak both above and below p, and the Drude peak above
insulators near the percolation threshold. Laugier et al.9  PC Using the same algorithm to simulate far-infrared
have investigated the scaling laws followed by the com- absorption in two-dimensional normal-metal-supercon-
plex dielectric function in the critical regime. ductor composites, we find a strong absorption below

Many numerical studies have benefited from the twice the superconducting gap. The analytic effective-
transfer-matrix algorithm,13-15 which is a widely used medium approximation17 (EMA) is in excellent agree-
method for calculating the transport properties of ran- ment with all the results of our simulations.
dom systems numerically on a two-dimensional strip. The remainder of this paper is organized as follows.
But despite its efficiency, this technique has certain disad- Our lattice models for composite media are described in
vantages. For example,I in order to get a reasonably 'ac- Sec. 11. Numerical results are presented in Sec. III fol-
curate result for some properties, one must consider a lowed by a brief discussion in Sec. IV.
strip of length 10-W for strip of width 20. This re-
quires a considerable amount of computer time. The sur- It MODEL COMPOSITE MEDIA
face plasmon modes in a two-dimensional normal metal-
insulator composite have recently been studied by Koss We consider two types of binary composite media:
and Stroud'0 using this technique. But because of the normal metal and insulator, and normal metal and super-
limitations imposed by computing time, they carried out conductor. Both are two dimensional in the sense that
the simulation only on a rather small strip (lOx 100). the networks are confined to a plane, and that the
Not surprisingly, the results showed large numerical fluc- relevant Kirchhoff's equations (which are the discrete
tuations. version of the electrostatic equations for these problems)

39 1063 .0l989 The American Physical Society
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are two dimensional. But real composite films are, of quency uni:s such that w.o = I. Thu- :he various proper-
course, embedded in a three-dimensional space. This dis- ties of the lattice model, and, in particular, the
tinction should be remembered in comparing these re- frequency-dependent absorption, should be the same as
suits with experiments on real films, those of the metal-insulator composite.

Halperin, Feng, and Sen'9 have recently noted that real
composites may differ significantly from lattice models of

A. Metal-insulator composite composites, especially near the percolation threshold. In

It is well known that normal-metal-insulator compos- particular, the critical exponents which descriK the
ites possess surface -lasmon modes or Mie resonances.' 8  power-law variation of transport properties, such as the

In a bulk (three-dimensional) composite, such modes are dc conductivity, near the percolation, threshold of real
easily understood by considering a small spherical metal composites may differ from those of lattice models. To
particle described by a Drude dielectric function represent a real composite, therefore, one should prob-

ably use a different network than the one described
P above-for example, a continuous distribution of admit-

l wtc-',-i/ ' tances, rather than a unique admittance for the conduct-

ing elements. We will not consider such refinements in
embeddec in an insulating matrix of dielectric constant of this paper, although their inclusion would be straightfor-
value unity. Here w. is the plasma frequency and - is a ward.
characteristic relaxation time. If we imagine that the
medium is subjected to an appl~ed electric field
Eoexp( + iaon) in the long-wavelength limit, the field inside B. Normal-superconductor composite
the small particle is uniform and is given by To mooel a composite of normal metal and supercon-

3Eo ductor, we use the description of Garner and Stroud."
E,=ý exp( + icl) . (2) These workers described the conductivity of the super-conducting component in the Mattis-Bardeen20 form.

In the limit wp, '> 1, the real part of 3/(e,, +2) be- Using the effective-medium approximation, they predict-
comes very large at frequencies co-w- p/V 3, which is the ed a strong absorption in such composites belk-k the opti-
surface plasmon frequency of a small spherical metal par- cal superconducting gap 2A/Ir, where A is the supercon-
ticle. Near this frequency, the small metal particle will ducting energy gap. The extra abso.-ption was found to
show strong energy absorption-that is, the absorption be particularly pronounced near the percolation thresh-
coefficient a,= (W/c)Im Ve(w) will exhibit a strong peak old, at which the superconducting component first forms
near (o= wp/ V3. an infinite connected path. At these concentrations, the

We will model a composite of Drude metal and insula- absorption was found to be considerably enhanced, rela-
tor by means of a two-dimensional random lattice of tire to that of the normal state.
resistors, inductors, and capacitors, following the previ-" In order to simulate a two-dimensional composite of
ous work of Koss and Stroud."0  The composite is normal metal and superconductor, we consider a square
represented by a random network which consists of insu- lattice containing bonds of two kinds. The "normal"
lating bonds and metallic bonds. An insulating bond is bonds are modeled as resistors with conductance g,. The
represented simply as a capacitor, with admittance "superconducting" bonds have a conductance of the

Mattis-Bardeen form,aI -ioJ€, "(3)

while a metallic bond is represented as a series of a resis-

tor and inductor in parallel with a capacitor. The metal- Here Go=o°,(rA/l), where a. is the frequency-
lic bond has total admittance independent real conductance of the superconducting

! +iwc C-•LC component in its normal state. The function a; is given
aM= I +i coL (4) in terms of elliptic integrals of the second kind; its real

R + icL part vanishes except for frequencies greater than the opti-
Here R is the resistance of the conducting element, L is cal gap 2A /4.
its inductance, C is a capacitance, and C' is the capaci-
tance of the insulating element. If we put L = C = C'= 1, IIl. RESULTS
then the ratio am /a, takes the form We have carried out extensive calculations for the two

,M/GV = I -1/[ colT-i/)], (5) models described in Sec. I, using the propagation algo-
rithm described by Frank and Lobb. l In this method,

where r = L IR is a characteristic relaxation time. one can exactly calculate the equivalent conductance of a
The connection between this lattice model and a corn- square network of arbitrary size, using a sequence of net-

posite of Drude metal and insulator can be seen in the work reductions familiat .,, electrical engineers, known as
following way. For the latter composite, if we choose the "Y-A transformations." 1 tie propagation starts from the
dielectric function of insulator to be e = 1, then the ratio square in the first column and first row. After each prop-
E /f= I - /[to' (co-i/r)]. This ratio is identical to agatbon, one square is deleted. The Y-A algorithm is then
a G/Ia, for the lattice model, provided we choose fre- used to delete successively all the other squares in the
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first column. Once the first column is deleted, the propa- efficient for reducing a large square network to a single
gation algorithm comes to the next colutmn. After ap- Lhective conductance. 1621 Indeed, it is considerably fas-
proximately N3/3 propagations on an NXN network, ter than the transfer matrix algorithm applied to the
the whole network is reduced to just a single conductor, same square networks.
which gives the effective conductance of th, whole net- Our simulations are done on IOOX 100 square net-
work. It has been shown that this algorithm is highly woris. For the model normal-metal-insulator compos-

0.5 
p-0 4  

p-07

° .I

Opi02 0 =5 D088
/0 I

0 -4

Z~2.0

p,0.3 p-0.6 p.O.9

t4-04 tg fo 41

FIG- I Real part of the effective conductance, Rec,(ý,). for a model composite of Drude metal and insulator. as calcuTe- bN nu-

merical simul,.tjon on a t00X 100 lattice, for metal voiume fractions p from 0. 1 1( ) Q. The square,, represent the resuýfs r. ' -mula-
tion. and the solid lines d~note the effective-medium calculations The simulation result% ,ho%%n represent an aver-ec of fi, e t-. la•-
tvons for each concentration. The relaxation time is taken to be .r: = 10in 311 calcul•tionm,
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ites, we carry out the calculations for metal fractions
from p =0, I to 0.9. In each case, we use bond P =O6
percolation -that is, the admittance of each bond is001iY
chosen randomly and independently. The characteristic -* ,or(w
relaxation time is taken as r= 10 in all our calculations.

Figure I shows the real part of the effective conduc-o

tance, Recr,(w), for this two-dimensional metal-insulator V
composite as a function of frequency. This quantity, of
course, corresponds to absorption in these composites.
For each value of the metal filling fraction p. we have

averaged five realizations of each composite. (We also
have averaged 20 realizations for a fe%% metal filling frac- b 0-

tions p, and find that the resuits change little from 0.

averaging five realizations.) Also shown are the

effect ive-med ium calculations for the same model.
As in Ref. 10, the resuits show both an "impurity

band." which is the network analog of the band of sur-
face plasmon resonances in a bulk metal insulator comn-
posite, and a "Drude peak." The surface plasmon peak is
broadened as the metal fraction increases. The Drudle

pacorresponding to nonzero dc conductivity, appears

only at concentrations above the percolation threshold.________________________________
In contrast to the results of Ref. 10, we obtain a relatively C
smooth impurity band (both because of the larger sam-
ples and becau-se of the several realizations), and a corre- W /U)
spondingly better agreement with the effective-medium
predictions. In principle, the fluctuations in the structure FIG. 2. Same as Fig 1, but Aith on)% p =0 6 and single
can be averaged out with yet larger number of realiza- relzain
tions. We believe that, if a few thousand realizations faiainI were to be run for each concentration, rather than about
10, the resulting absorption curves wouid be quite
smooth.

To show the effects of averaging over realizations, we
show in Fig. 2 the calculated Recr,(c) for a singlt realiza-__________________________________

tion of a IOOX 100 lattice at p =0.6. There is somewhat 3 0

more structure thain in the ensemble -averaged calcula-Itions, which are effectivtly considering much larger lat- _
tices. However, even this curve is much smoother than 0
that obtained by Koss and Stroud for a lOX 100 lattice. . O

In Fig. 3 we show the calculated ReodW&) for the 82 -0&- 007
two-dimensional normal-superconductor composite at b p-.0002 and -0003 V p.,O3
several values of the superconductor fraction p. Theo P0

results are plotted in terms of the ratio Reo,(w&/ 0b,-

a., where a. =Reacc ~). The effective-medium predic- 7
tions are also shown on the same plot. For p sufficiently
near pC, a noticeable bump develops in this ratio at fre- Cý

quencies below 2A/A, which shows that there is strong 0-3VV
absorption as predicted by the effective-medium approxi- 4,~
mation.

IV. DISCUSSION r- ~ ~3

The present results S'i'ow thiat two-dimensional metal-
insulator and normal-metal - superconductor compocites
are both well represented within the effective-medium ap- FIG 3 The ratio RedY,iG-/Rea, x i,as, calculated b% the

posites satisfy, the assumptions of randomness impliciti in b% effectise-mediurn approximation 1solid lines . The quantitN

theeffct ve-edim tror. Or rsul-, lsodemion- sh'own is thi- ratto of the composite conductance to ihaT of th'e
strte he ffiiený o th Lob-F alk3gorithm for aL SUPCIrLoniuc fine component in iT., normal miaie The quiraimt.Ias well a,; dc problems. In the case of the metal-insulaior r, is the perco'lation thresh-ld, and .Ap -- j, teqjuenc:ý

composite. only a propag2ation algorithm, such a% the unwt.arc such that A, --
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transfer matrix method or the present technique, can deal confirmation that this approximation is accurate for such

with the RLC resonances (Gaussian overrelaxation or un- materials, even though our model is slightly different

derrelaxation techniques, as used in older papers, do not from that studied in the literature. :

converge at all near the resonance). Of the two propaga-

tion algorithms, the Lobb-Frank method is by far the fas- ACKNO",LEDGMENTS
ter.
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The valence-band offset controversy in HgTe/CdTe superlattices can be simply resolved by
showing, as we do here, that a large offset value (A > 300 meV) is indeed consistent with the
magneto-optical data of Berroir et al. [Phys. Rev. B 34, 891 (1986) ]. The superlattice ( 100 A
HgTe/36 A CdTe) becomes semimetallic (SM) when A is increased from small values, but
reverts to semiconducting (SC) behavior for A > 300 meV. The band gap in this new regime
occurs at the superlattice Brillouin zone face. The sensitivity to layer thicknesses of such
SC- SM - SC transitions is discussed and experiments suggested.

Tbe controversey surrounding the differing values of the va- becomes semimetallic. The new and remarkable feature we
lence-band offset A in HgTe/CdTe superlattices (SL's) ob- note here is the third region (A > 295 meV) in which the SL
tamed from room-temperature photoemission- (A - 350 becomes semiconducting once again as a result of the un-
meV) and low-temperature magneto-optical experiments4  crossing of the C I and HH I bands. The band gap in this
(A - 40 meV) is here resolved in favor of the large- A by region is still essentially direct"' but it occurs at the SL Bril-
showing that the effective mass and band gap obtained by louin zone face KI = ir/d, where d is the SL period.
Berroir et al.' are consistent with the value A - 350 meV. Figure 3 shows the behavior of the minimum band gap E,
The experimental and theoretical results in Refs- 1-4 are between C I and HH I as a function of both A and HgTe layer
completely correct; however, it was not recognized until our thickness for a fixed CdTe layer thickness of 36 k. The zzro

theoretical calculations' that the particular sample chosen gap (E = 0) regions correspond to semimetallic behavior.
by Berroir et al.4 becomes semiconducting again for A > 300 while nonzero E. corresponds to semiconducting regimes
meV (see Fig. 2). The bold curve (100 A HgTe) corresponds to the sample

The present calculations employ the envelope function ap- thickness of Ref. 4. Values of the band gap for A > 350 meV
proximation, with a modified Kane model' as input, to ob- are seen to be in better agreement with the experimental
rain the SL K = 0 energies and envelope functions analyti- quoted - 20 meV4 than the value for A - 40 meV.
cally (where K is the SL wave vector). K'p perturbation It isclear from Fig. 3 that the 100 A, HgTe/36,•ACdTeSL
theory with respect to the SL K = 0 states is then used to accidentally gives similar results for small and large A be-
obtain the SL band structure for finite K. This approach has cause of the nearly symmetrical location of the semimetallic
been shown to yield quantitative results for effective masses regime between the high and low values of A. Such symme-
and optical absorption coefficients for a variety of III-V and try only occurs for HgTe thicknesses near 100 A (given a 36-

1I-VI SL's"x and agrees well with more complicated kp.p* A CdTe barrier thickness). As expected, E. tends to de-
approaches.' crease with increasing HgTe "well" thickness for fixed A.

Figure 1 shows the relative alignment of the bulk HgTe Figure 3 suggests that an optical study of band gaps in un-
and CdTe band edges (r, and F,) schematically. The band doped HgTe/CdTe SL's having 36-A CdTe layer width but
offset A is defined to be positive. Even though the superlat- varying HgTe layer widths should detect
tice electron and hole states contain both r, and r, compo- semiconducting - semimetallic - semiconducting transi-
nents, one can roughly associate the solid line with the quan- tions if A is indeed large.
tum well appropriate to electrons, and the dashed line that Figure 4 shows the corresponding behavior ofthe in-plane
appropriate to holes.

Figure 2 shows the SL band structure for the 100 A HgTe/
36 A CdTe ( I 1) SL of Ref. 4 as a function of A. K, is along Cd Te HgTe CdTe
the growth axis. The zero of energy is taken to be the valence-
band maximum of bulk HgTe. The most dramatic feature r
with increasing A is the rapid downward variation of the CB

lowest conduction miniband C I and highest light-hole band
LH I relative to the heavy-hole bands HH land HH 2. This
behavior is associated with the light bulk effective masses -----
characterizing the former bands. The heavy-hole bulk mass AT -- q r8
is sufficiently large that the potential well seen by the bulk
heavy hole is effectively infinite for A > 100 meV. Thus the
HH minibands are virtually independent of A. As a result, Fi(, I Therelat~e aihgnment ofthebulk HpTeand CdTchandeddge, The
the C I and HH I bands cross at A - 230 meV as shown; the valence-band offiei A i, defined a, the differenl-e hoiene the HiTe and
HH I electrons are transferred to the C I band, and the SL CdTe F. valence-band mamima

424 J. Vac. Sei. Technol. A 7 (2), Mar/Apr 1909 0734-2101/891020424-03501.00 c 1989 American Vacuum Society 424
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E (meV)

Eq/- 40
+9 t20

C) 
FiG. 2. The band structures for 100 Ai

HHHI 0 HgTe/36 A CdTe supertattice as a function
HM I E HH I of band offset A. As A increases, the system

LH .HH2 HM 2 -20 metallic (SM) and back to semiconducting

.j. *. - ,.j I (SC) due to the crossing and uncrossing of

K,. 0 KK, 0 K, K,,
0  K the C I and HH I bands.

SC SM SC

40 230 350

0 100 20o0 300 "O

Bond Offset A (meV)

electron effective mass min at K = 0. The bold curve again CdTe layer thickness of 36A) is reminiscent of that encoun-
corresponds to the sample thickness of Ref. 4. For small A tered in Hg, Cd, - ,Te alloys as a function of Hg concentra-
(below the semimetallic region) the value of m, corre- tion x.
spondstotheClband, whilethevalueinthelargeAregionis The experimental electron cyclotron mass (m.*/n,,
that of the new conduction band HH I at K = 0. The behav- = 0.017 + 0.003 at I TV) extrapolated to vanishing magnet-
ior of MI can be readily understood by referring back to the ic field (0.015 + 0.003) is also shown in Fig. 4 for 100 A

band structures in Fig. 2. With increasing band offset, the HgTe with its error bars at both A = 40 and 350 meV. The
band gap decreases until theC I and HH I bandsjust touch at experimental value is somewhat larger than the calculated
A = 230 meV and the E(Kl) ) dispersion becomes linear. K = 0value at A = 350meV. Since unintentionally doped n-
The large K.p interaction between these two bands in the type samples have carrier densities n > 106, an electron den-
parallel direction implies that ml is roughly proportional to sity was calculated that would pruduce a value of in*/m,,

E4, and formally vanishes at the intersection. (These two
bands do not interact along the I. direction.) The depen-
dence of ml, on HgTe layer thickness (for a given A and a

ImV 40

404

60 0.4* HqTe

(mIV 0-02- 100 wit
200o so (A)

width 120
1010o 0 200 400

0 200 400
FiG, 4. The variation of in-plane electron effective mass m at K = 0 as a

-. A- function of band off.sel A and HgTe layer width for fixed CdTe width of 36

(meV) A. The bold line represents the experimental s)stem of 100 A HgTe/36 Ak

CdTe superlaitice (see Ref 4). The expenmental value (crosses) of the

FiG,3 The variai.on of band gapE, between Cl and HH I aa fjnciion of c)clotron mass m*m,, in the limi of zero field is shown with its erronr bars.

band offset A and HgTe layer A idth for fixed CdTe width of 36 A The bold together with the theoretical values (solid circlde) of mir!,, using doping

linerepresnts the expenmental system of 100 A HgTe/36 A CdTe super- conceniratlon% of 6x 10"' cm ' for A = 350 meV and O'" cm ' for
lattice (see Ref 4) A = 40 meV (%ce Ref. 5).

L J. Vac. Sc. Technol. A, Vol. 7, No. 2, Mar/Apt 1989
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K (units of 'rd120%. The conclusion of a large band offset is further sup-
ported by recent tight-binding calculations including
strain. "

Using finite temperature bulk parameters as input, " we
find the band structure at 300 K for A = 350 meV to havec a
direct gap of 48 meV at K = 0. The C I and HH I bands.
respectively, correspond to the lowest conduction band and
the highest valence band. When the doping conc.n'tration is

0-250.25experimental result of -90 meV obtained optically at 300

The effect of Hg concentration x in the CdTe barrier has
also been examined. Using the virtual-crystal approximation
for the alloy barrier and assuming that A is 350 (1 - x)
meV, we found that the band gap is fairly insensitive to the
composition, with the band gap at K, = if/d decreasing by

FIG. 5. Constant energy surfaces along K1 and K, ofHH Ifor100A HgTe/ < 2 meV for x 0.Oý15.
36 A CdTe superlattice with A = Y- meV. Acknowledgments: This work was supported in part by

the Defense Advanced Research Projects Agency under
Contract No. ONR N00014-86-K-0033 and the Joint Ser-

consistent with the experimental mass. Reference 4 does not vices Electronics Project under Contract No. ONR NOQO 14-
cite a value of n. As shown in Fig. 4, the requisite electron 84-K -0465.
concentration for A = 35C meV is 6 X 10"' cm -'. The extre-
mal values of m*/m~, at K, = 0 and ir/d are almost identical.
This can be seen from Fig. 5, which shows HH I constant
energy surfaces to be nearly cylindrical. Indeed they are cy- 'S. P. Kowalczyk, I. T. Cheung. E. A. Kraut, and R W. Grant, Phys Re!ý
lindrical at the corresponding Fermi energy of 17 meV above Lets. 56. 1605 (t986).
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will only affect the band structure quantitatively on the meV However, the interpretation of recent single-barner tunneling experi-

ments suggests that A may depend on temperature II D 1-4(Chois et al.
scale, and will not alter the cyclotron mass by more than Appi. Phys. Lett. 51, 2230 (1987) 1.

J. Vac. Sci. Technol. A, Vol. 7. No. 2, Mar/Apr 1989



87

Physica A 157 (1989) 192-197

North-Holland. Amsterdam

MEAN FIELD THEORY FOR WEAKLY NONLINEAR COMPOSITES
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We discuss the nonlinear behavior of a random composite material characterized by a
weakly nonlinear relation between the electric displacement of the form D = tE v- x EI:E,
where t and k are position dependent. A general expression for the effective nonlinear
susceptibility to first order in the nonlinear suscepibilitv of the constitutents in the composite
is given. A general method of approximation is introduced A.hich gives ihe effective nonlinear
susceptibility in terms of the solution of the linear dielectric function of the random
composite Various applications of the proposed approximation are demonstrated

1. Introduction

There are many electrical-transport phenomena in solids in which nonlineari-
ty plays an important role. At zero frequency, such nonlinearities show up in
such effects as dielectric breakdown and the burning out of fuses. At finite
frequencies. the nonlinear dependence of displacement current on electric field
in some materials is the basis of nonlinear optical phenomena.

Ih this paper we consider some aspects of nonlinear behavior in granular
materials and other composites. In particular. we consider various approxima-
tions for calculating the effective nonlinear susceptibility of a composite in
which one or more of the components has nonlinear behavior.

The plan of the paper is as follows. In section 2, we give a general expression
for the nonlinear susceptibility which is correct to first order in the nonlinear
susceptibility of the constituents; and apply it to the case of a dilute composite.

i In section 3. we propose an effective medium approximation for weakly
nonlinear composites. and explore its applications. We discuss our results in
section 4. More details of the results presented here can be found in recent
articles by the present authors [1,2I.

0378-4371/891S03.50 Q Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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2. Nonlinear susceptibility

We consider the system of a two-component composite in which each
component is described by a weakly cubic nonlinear relation between the
electric displacement D and the electric field E of the form

D, = e','E, + X, IE,j2E, . (1)

Such an expansion will always be possible provided that xiEJ 2 4 e° (i = 1,2).
The term quadratic in electric field will vanish unless the constituents lack
inversion symmetry. The space-averaged fields and displacements, (E) and
(D), are related by an equation of the same form.

(D) = +•ýE) + xJý(E)1(E) . (2)

where ec and k, are the effective linear dielectric function and the effective
nonlinear susceptibility of the composite. respeclively.

To first order in the nonlinear susceptibility of the constituents, the effective
nonlinear susceptibility of a composite has been shown by two of the present

authors I] to be of the form

X.= I f x(x)IE,1n(x)I-E,,l(x)- E,,n(x) d .3x (3)

where E, is the average field I I] and E,,(x) is the electric field taken from the

solution of the linear problem (i.e. by solving the same composite problem
with X, = 0). and V is the volume of the system.

The above formu!a can easily be applied to the case of a composite in which
a small concentration of spheres of nonlinear material is included in a linear

host. In this case. the effective nonlinear susceptibility is exactly

Xe = px1 I3eJ/(e, + 2&;)I[3e.'(e, + 2eu.)V (4)

where X, is the nonlinear susceptibility of material 1. present in volume fraction

p 4 1 in a host of linear material 2 (i.e. X, = 0). This result is valid to first order

in V,.
An interesting feature in eq. (4) is the vast enhancement of nonlinearity at

frequencies such that e + 2e 0. This is the condition for the occurrence of a

surface-plasmon resonance which leads to a great increase in electric field near
certain characteristic frequencies. This field enhancement is responsible for the
enhancement of the nonlinearity.
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3. Weakly nonlinear composite: a general approximation method

Consider the two-component composite defined in the previous section. The
linear effective dielectric function can always be written in the form

e 0 F ( e 1. e ,, ), p , ) 5

where p, is the volume fraction of the component 1. and F is some function
which will. in general. depend on the geometry of the composite. We invoke an

approximate nonlinear form of eq. (5).

e,• = Re, 16'. pI). -(6)

Here e, = -','+ X,(IEI) and (1EVz) is the mean-square of the electric field in
the ith component in the linear limit. Eq. (6) is strictly valid only if e, and e,
are constant in each component. Our use of eq. (6) here thus involves making
the approximation that the electric field is uniform in the nonlinear component.

For simplicity, we assume that only component I is nonlinear, so that
e, = e . We then expand the function F in a Taylor series about the linear c" to
obtain

e, P )+ ,- , •,- e. pp ik, (iE F) t (7)

where F; = aF/I.'E'. Now this partial derivative can be expressed exactly in
terms of the average squared electric field in component I in the linear limit;

the relation is (3]

p, (IE,) IE,,: = (a8e'Ia&,) = r,(e"'. e'. p, ) . (8)

where E,, is the external field. Therefore, we have

i ,P 1• - IF;It~E,. (9)

and by the definition of the effective nonlinear coefficient X, we obtain

) , F;I F. (10)
P1

These results can readily be generalized to the case where both components

are nonlinear. In this case. we simply expand eq. (6) around both e', and e4.)

and obtain for x,.
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X= 1 F IF;I + L2 F' , (11)P2

where F, = (8I,) (i = 1.2). Eq. (I1) is our principal result. It is based on
the assumption that the fluctuations (IEj 4) - (IE0I 2)2 within the ith compo-
nent are small, compared to (lE,') itself. This approximation is valid for

many. but not all weakly non-linear systems.
Eq. (11) gives the effective nonlinear susceptibility in terms of the function

F, which can take on several forms according to different approximations for
the solution of the linear problem. In the following, we apply eq. (11) to obtain
X, for different forms of the function F.

3.1. Low density limit

For the case of a small concentration p, of spheres of nonlinear material I
embedded in a linear host of material 2. The effective linear dielectric function
can be written as [4]

0 11-- I

e C = e2 + 3ep, C' e (12)- - e',' + 2eq' '

Given this form of the function F. application of eq. (11 ) leads to the same
result as eq. (4). discussed in the previous section.

3.2. Exactly solvable microgeometries

For the case where the components are arranged in the form of cylinders
(not necessarily circular) parallel to the external field. the function F can be
obtained from the result

e, =p. +p,_e,_ (13)

Eq. (11) then leads to

Xe = PIXI + P2X 2  (14)

for parallel cylinders.
For the case in which the constituents are arranged in the form of flat slabs

perpendicular to the applied field, the function F is given by

E1/ + . (15)EC2
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and x, is then found from eq. (11) to be

xlP, . .... XP

XC (p + e p (II ' t)4 ( 2 + f .• (16 )

3.3. Maxwell-Garnett approximation and effective medium approximation

The most successful approximations for the linear effective dielectric func:
tion of a binary composite are the Maxwcll-Garnett approximation (MGA) for
dilute concentrations and the effective medium approximation (EMA) for
general values of concentration. Within MGA. e',' is given by 151

et I - 21), 2) c I -
• = ( ) (17)++, •]~'(1-p) + f"'(2 + p,

Within EMA, e" is given by 161 solving the following quadratic equation:

P( -0 , - =,0. (18)-- 11 II - I+, , + .

where g is a geometric factor related to the depolarization factor of the
inclusions and dependent on their shape. From these expressions for ,, eq.

(11) can be applied to calculate the nonlinear susceptibility of a binary
composite, whether host or inclusions (or both) are nonlinear.

4. Discussion

Besides the present approximations, one can also prove exact results. For
materials with cubic nonlinearities, it can be shown [1, 7] that the effective
nonlinear susceptibility is closely related to the relative resistance fluctuations
in the linear composite 18], as both of these problems can be related to the
fourth moment of the current distributions in the linear problem. Hence.
results for the divergence of the relative fluctuations (noise) near the percola-
tion threshold of a random composite are immediately applicable to the
nonlinear susceptibility.

Some of the most potentially interesting applications of this work lie in the
field of nonlinear optics. One important goal of nonlinear optical studies is to
obtain new materials with large nonlinear susceptibilities X. The use of the
present formalism may help in the design of such materials by suitable choices
of nonlinear constituents, particle shapes. and other geometrical factors.

I
I
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Correlation and clustering in the optical properties of composites: A numerical study
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We have numerically investigated the effects of correlation and clustering on the far-infrared

(FIR) absorption and surface-plasmon modes of a model two-dimensional metal-insulator compos-
ite. We model the composite as a diluted resistor-inductor-capacitor (RLC) network. Two-site and

nearest-neighbor-site correlations amorig the conducting bonds are found to enhance the FIR ab-
sorption per metallic bond by a factor of 5 relative to a network of the same concentration with a

purely random distribution of metallic bonds. Ring-shaped clusters (which model insulating parti-
cles with a metallic coating), and percolation clusters are found to produce a FIR absorption

enhanced by more than 2 orders of magnitude per metallic bond. The surface-plasmon absorption
peak in a percolation cluster is found to be strongly broadened relative to the predictions of the

Maxwell Garnett approximation. In the two-site correlation model, the surface-plasmon absorption
peak is weakly split, whereas in the nearest-neighbor site-correlation model, it is weakly red shifted.
Ring-shaped clusters are found to produce double and triple peaks in the surface-plasmon frequency

range. Possible explanations for these novel features are briefly discussed.

I. INTRODUCTION numerical algorithm proposed by Lobb and Frank,25
based on the y-A transformation familiar to electrical en-

The optical properties of granular materials have at- gineers. Various models with short-range order are then

tracted much attention in recent years. Many experimen- studied numerically and are shown to give widely varying

tal studies'-5 of the far-infrared (FIR) absorption by responses both in the far-infrared and in the optical fre-

small metallic particles embedded in an insulating matrix quency ranges.

have shown unusual results. Earlier studies show that We turn now to the body of the paper. The model and

the magnitude of the FIR absorption is a few orders of the numerical algorithm are described in Sec. II, and nu-

magnitude larger than the predictions of classical elec- merical results are given in Sec. !II. A brief discussion

tromagnetic theory, even though the classical theory follows in Sec. IV.
gives correctly the frequency, size, and concentration

dependence of the absorption. This discrepancy remains n. MODEL

even when magnetic dipole absorption is taken into ac- We study thinfilm composite of Drude metal and in-

count.' Many theoretical explanations for this discrepan-

cy7-1  have been proposed. Among these are a broad sulator, modeled as a two-dimensional random lattice of

distribution of particle sizes, absorption due to resistive resistors, inductors, and capacitors. Several studies of

coating on particles, quantum size effects, clustering of this nature have already been carried out,24 '26-10 but for

small metal particles into clumps, and the formation of purely random lattices. Each bond in the network is ei-

percolation clusters and fractal clusters of various ther an insulating bond or a metallic bond. The former is

geometrieso represented by a capacitor with admittance

In this article, we study numerically the effects of oa, jiC'. (l1
correlation and clustering on the optical properties of
two-dimensional metal-insulator (M/1) composites. The A metallic bond is represented by a series of resistor and

composite is modeled as a resistor-inductor-capacitor inductor in parallel with a capacitor, and has admittance

(RLC) network, such as has been used previously 24 to de-
scribe random metal-insulator *composites. The ac l+ioRC -wLC (2)

response of this network is calculated using a very fast U - R +iwL

39 13 224 © 1989 The American Physical Society
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FIG. I Typical distribution of metallic bonds for the various models discussed in the text: (ai randomly distributed bonds. (b)

two-site correlation model, (ci NNS cornelation model, Id) percolation cluster, (e) single ring-shaped cluster, 4f) sandwich of two nng-
shaped clusters, and (gý double ring-shaped cluster. In all cases, the nominal fraction of metallic bonds is 0.05. The two vertical lincs
represent the superconducting bars to wAhich the external voltage is applied.
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Here R, L, and C are the resistance, inductance, and ca- are quite different in the two cases.
pacitance of the conducting element, and C' is the capac- We have also calculated the ac respcise of several
itance of the insulating element. For simplicity, we set metal-insulator composites with percolation or ring.
C=C', and introduce the plasma frequency shaped clusters [see Figs. l(d)-l(g)]. A number of
w,=(LC)-1/2 and the relaxation time 'r=L/R. The ra- theoretical studieso's5 ' 21"23 suggest that such clusters will
tio a /ol then takes the form tend to enhance the FIR absorption considerably, re' .tive

2 to purely random confi;gurations. Other studies"7.i9-23
I- 1 i (3) have predicted double absorption peaks or red-shifted

ai(w-ilr) surface-plasmon peaks in the optical frequency range.
All these studies are based on various analytical models.

which is identical to the ratio of dielectric functions of a In order to confirm these predictions, we have carried out
Drude metal and insulator with dielectric function e, = 1. numerical simulations in RLC networks on which such
For convenience, we hereafter use units such that p = 1. clusters are generated.

To determine the ac response of an RLC network, we
use the propagation algorithm developed by Frank and 11. RESULTS
Lobb, 2- based on the Y-A transformation, to calculate the
effective admittance o, of the entire network. This We carry out our simulations on 100X 100 RLC net-
method has been used previously to study the surface works. For all our calculations, we have used approxi-
plasmon modes in random metal-insulator composites mately the same concentration =5% metallic bonds.
below and above the metal percolation threshold p,2' The characteristic relaxation time T is chosen as
and to investigate ac transpot' troperties in a model for I= 101/,,. For all those configurations generated by ran.
continuum percolation.3° A .d.,ailed description of this dom numbers, we average over five to ten realizations to
model can be found in Refs. 24 and 30. obtain an effective conductance. Previous experience2 '

The new feature of the present calculation is the in- indicates that such averages are sufficient to eliminate
clusion of clustering. The characteristic feature of clus- most of the fluctuation structure produced by small sam-
tering is the existence of nonrandom short-range order pies.
among the metallic bonds. We have carried out two Figure 2 shows the real part of the effective conduc-
types of calculations. The first involves the effects of a tance per metallic bond, Re(o',)/bond, plotted as a func-
very local short-range order, which gives rise primarily to tion of frequency in the FIR region. As can be seen,
small clusters consisting of only a few metallic bonds. short-range correlations (both in the two-site and the
The second kind leads to large clusters of metallic bonds, NNS correlation models) enhance FIR absorption by
including ringlike clusters and percolation clusters.I about a factor of 5 relative to that of a purely random

To treat short-range correlations, we introduce two network. This enhancement is even more striking in the
models, to be labeled the two-site model and the nearest- larger clusters. For example, ring-shaped clusters, which
neighbor-site (NNS) model, which modify the random
method of bond assignment. In a purely bond-randdm
RLC network, one would assign a random number be- tur I
tween zero and one (say n,) to each bond in the network.
If n, is smaller than some metallic bond fraction, say Pt r "
(O<p, < 1), one would label the ith bond as metallic; oth- V
erwise, . would be insulating. In the two-site model, the 9
charactc; of a particular bond is determined by the values 0 VW /W
of random numbers assigned to the two sites (the "site A
numbers") connected by the bond. If the sum of the A).
two-site numbers exceeds a certain number 2p, b ,
(0<pI < I), the bond between these two sites is chosen to
be conducting; otherwise, the bond is insulating. In the
NNS correlation model, one initially sets all the bonds in • t
the lattice to be insulating. Each site is then assigned a
random number ni (the site number) between zero and
one. One then scans sequentially through all the sites in ttir
the lattice. For each site scanned, if the site number of a tool 1.0
center site is larger than a certain number P2 (0 <P2 < I )
and the sum of nearest-neighbor-site numbers is larger FIG. 2. Real pan sf she effective conductance per metallic
than 4p2, then all four bonds attached to the center site bond, Re(o,)/bond, plotted as a funct;on of frequency. The fre-
are chosen to be conducting. quency range shown, 0.00. - co 0.0,. is typically within

Figures l(a)-l(c) show lattices with typical metallic the far infrared in a free-electron metal. Calculations are car-
bond distributions produced by a purely random algo- ned out on 100X 100 networks. For those configurations gen-
rithm, the two-site model, and the NNS model. The crated by random number, the plots represent a~erages o-er fi'e
latter two do, indecd, produce correlations between realizations. The legends (a)-(gi correspcnd to the morphole-
neighboring metallic bonds, but the bond morphologies ges of Fig I
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represenl metal-coated insulating particles, and percola- 3(c)), it is weakly red shifted but not split. - :tc percola-

tion clusters each produce an enhancement of about 2 or- tion cluster [Fig. 3(d)] exhibits a surface-plasmon peak
orders of magnitude relative to that of a random network which is strongly broadened, relative to the purely ran.
of the same concentration. These results are consistent dora configuration (Fig. 3(a)]. Perhaps the most intrgu-
with some previous theoretical calculations"'15.17 based ing results are those shown in Figs. 3(e)-31g). The single
on effective-medium and renormalization-group analyses. ring-shaped cluster shows a conspicuous double peak
Note that in all the FIR calculations the absorption is [Fig. 3(e)], while for the "sandwich" cluster a tiple peak
found to have a nearly w2 frequency dependence, in- is obtained [Fig. 3(f)]. The double ring-shaped cluster
dependent of short-range order. This dependence is con- shows a double-peaked structure [Fig. 3(g):, in which one
sistent with experiments,' -5 of the two peaks is itself weakly split in two,

Figures 3(a)-3(g) show Re(o,)/bond for frequencies
near w.. The absorption bands in these figures are the iv. DISCUSSION
network analogs of the surface-plasmon resonances seen
in bulk metal-insulator composites; the figures show how Many of our numerical results can be understood, at
these bands are affected by short-range order and cluster- least roughly, by simple qualitative arguments For ex-
ing. The purely random composite [Fig. 3(a)] has a ample, the FIR absorption is enhanced by clustenng be-
surface-plasmon band with a single peak, as predicted by cause clustering produces regions in the composite u here
the Maxwell Gar,:-:t approximation. For samples with the metal concentration is locally much greater than
two-site correlations [Fig. 3(b)], the surface-plasmon average. It is well known, both theoretically and expert-
band is split, and.for those with NNS correlations [Fig. mentally t that the FIR absorption coefficient a w of a

Vit0 41t11 r
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FIG 3 Same as Fig 2, but for a frequenct range corresponding to the optical region in a typical metal. For those configuration,
grncrated h% random number, the plots represent averages over ten realizations
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FIG. 3. (Continued).

wea.-Msulator composite varies as a(,)wA (p 6)c2, Configuration [Fig. I(c)], many metallic clusters Are sym-
six=~ te coefficient A (p ) tends to diverge as the metal metric crosses. The absorption peak in this instance is

'omrfaction p approaches the percolation threshold weaktly red shifted relative to the purely random cs
p: Er= below. As this concentration is approached, of [Fig. 1(al]. The red shift may perhaps be understood
in..r larger and larger clusters are formed. When fromr a model proposed by Liebsch and Oonzilez (MG."
hzr.-=age order or other clustering mechanisms are in- 1.0 model a ceronet composite as a diluted cubic lattice of

txirnd . such large clusters can form even at low metal metal spheres in an insulating host. Using the coherent-
conm--ations. Hence, the strongly enhanced FIR ab- potential approximation, they find that, as the average
sc'-,r_ expected near the percolation threshold can spacing between particles is reduced (at fixed metal con-
az-z Y_ much smaller metal volume fractions. centration), the disorder-induced red shift of the surface-

Lk.±s-,se, the structure seen in the surface-plasmon fre- plasmon peak is increased. By analogy, the symmetric
qaL7 -ange can be simply understood. The two-site crosses of Fig. 11c) might be viewed as spherical clumps

- -- ns depicted in Fig. 1I(b), for instance, lead to a of particles with relatively small interparticle spacing for
t-- i o small, chain-shaped clusters. These can be the given concentration. Then, by analogy with the re-

31' as the discrete versions of ellipses. Such el- sults of LG, one might expect that the surface-plasmon
::t- characterized by two different depolarization peak would be red shifted relative to that of the purelyId ha,'at, therefore, two distinct surface-plasmon random distribution of Fig. I1(a).

SOne thus expects the composite of Fig. For percolating clusters, several effective-medium cal-
,ie a split surface-plasmon peak, as observed. culations have been carried out." Hui and Stroudl'
Daks correspond to the two different orienta- have shown that for such a cluster, the surface-plasmon

techain-sh3ped clusters. In the NNS absorption peak will be strongly broadened. in qualitati'.e

IX• •
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agreement with our numerical simulation, which it is assumed that V E• 0, k being the electri.
At least two explanations seem plausible for the multi- field. In some granular metals, it is %ell known' that

pie absorption peaks seen in the case of the ring-shaped magnetic dipole absorption, which is absent in the quasi.
clusters [Figs. lI(e)-I(g)]. In the case of the simple ring- static approximation, can greatly enhance far-infrared
shaped clusters [Fig. H(e)), one possible explanation is absorption. This absorption would have to be added to
that the double absorption peak is due to the two onenta- the clustering effects considered here, to obtain a com.
tions of the ring frame. The parts of the frame parallel to plete theory in the far infrared. It should also be em.
the external field produce the lower peak, while those phasized that the present calculations are two dimension.
perpendicular to the field generate the upper peak. We al in a literal sense, and thus may not strictly apply to
have attempted to check this analysis by moving one of realistic thin granular films. In the experimental case,
the ring arms far from the remaining three, leaving a U- electric field lines may not be confined to the plane, and
shaped metal particle and a needle; the resulting absorp- thus some account should probably be taken of the
tion spectrum is still very similar to that of Fig. 3(e). "three-dimensional" character of these films.
This picture suggests no simple explanation for the struc- In summary, we have presented an efficient method for
tures seen in Figs. 3(f) and 3(g). Another possibility is analyzing the effects of short-range order on the ac prop.
suggested by considering the standard electrostatic prob- erties of composite media and described some initial re.
lem of a sphere with multiple alternating coatings, placed suits which show that clustering is of great importance,
in a uniform external field. If the innermost sphere has both in the far-infrared and in the optical frequency
the same dielectric constant as the (insulating) host medi- ranges. Although our method is applicable thus far only
urn, and if it is coated by alternate layers of Drude metal in two dimensions, the Y-A transformation can be extend.
and insulator (all of equal thickness), so that there are an ed to three dimensions also. Thus, the present method is
odd number (say, 2n + 1) of coating layers in all, then it a very promising tool for analyzing the ac response of a
can be shown that the composite particle exhibits exactly variety of granular materials.34

2n + 2 surface-plasmon resonances. If we view the two-
dimensional particles of Figs. I(e) and l(f) as having one
and three layers, respectively, then this analysis would ACKNOWLEDGMENTS
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The nonlinear response is studied in a percolating network of superconductor and normal con-
ductor with nonlinear I-V characteristic below the percolation threshold of the superconductor
"The crossover current density JL.NL, defined as the current density at which the linear and nonlinear
responses of the network become comparable, is found to have a power-law dependence
JL.NL - (P, __p) as the percolation threshold is approached from below. With use of a model of the
percolating network below p, analogous to the nodes-links-blobs picture, H is found to be
H = v,(d - 1) - 1, where vd is the correlation-length exponent and d is the dimensionality of the lat-
tice.

I. INTRODUCTION effective nonlinear response of a S/N network below the
percolation threshold of the superconductor.

The subject of percolation phenomena has attracted Below the percolation threshold p,, the conductivity of
much attention over the past decade.1,2 Studies in the the whole network is still finite. The I1V response of the
geometric aspects of percolating systems, for example, network, however, is nonlinear due to the nonlinearity of
has led to the use of the idea of fractal objects in physical the individual nonlinear bonds. We define a crossover
systems. Transport properties in percolating systems are current density JL.NL as the current density at which the
usually studied within models of random resistor net- linear response and the nonlinear response of the network
works.2 In a network which consists of randomly occu- become comparable. Using a picture of the percolating
pied normal conducting and insulating bonds (N/I sys- network below p, anailogous to the nodes-links-blobs pic-
tems), the network conducts only above the percolation ture often used above p, a power-law dependence of
threshold where there exists a connected path of conduct- JL-NL is derived. It is found that, near the percolation
ing bonds. Similarly, in a network with superconducting threshold, JL.NL-(P-P)flý where H =vd(d - 1)-1,
and normal conducting or insulating bonds (S/N or S/I where p is the fraction of superconducting bonds, yd is
systems), the n.-twork becomes superconducting above the correlation-length exponent in d dimension, and d is
the percolation threshold of the superconducting bonds, the dimensionality. This result shows that the nonlinear
For linear I- V response for the conducting bonds, one can response of the network becomes more pronounced as the
define critical exponent t (s) describing the divergence of threshold is approached due to the restricted geometry of
the network resistance (conductance) in a N/I (S/N) sys- the path through which current flows in the vicinity of
tem in the vicinity of the threshold. It is these richnesses the threshold.
in the interplay between geometric and transport proper-
ties that have led to a deeper understanding of the phys- II. DERIVATION
ics in macroscopic disordered systems.

In this Brief Report, we consider the geometrical We consider a d-dimensional hypercubic lattice with
effects of a percolating system on the nonlinear transport fraction p of superconducting bonds and fraction I -p of
properties in a superconductor-normal-conductor non- normal conducting bonds. Each normal bond is assumed
linear resistor network. Nonlinear composite systems to have identical I- V response of the form
have recently attracted much interest.3 Stroud and Hui v =• +bia (a >I), (I)
studied the finite-frequency nonlinear dielectric response
of a mixture of nonlinear dielectric in a linear host in the where v and i are the voltage across the bond and the
dilute limit of nonlinear constituent, and demonstrated current in the bond, respectively. The second term in Eq.
the relation between the nonlinear-random-network prob- (1) represents the nonlinear response of the nonlinear nor-
lem and the noise problem in linear random network.4  mal bond. Response of the form Eq. (1) has been studied
Zeng et al.5 proposed a general effective-medium-type ap- previously in a N/I mixture and also in the finite-
proximation for calculating the effective nonlinear sus- frequency regime,4' 7 although most studies in nonlinear
ceptibility of a mixture for all concentrations. Recently, percolating systems assumed nonlinear response of the
Blumenfeld and Bergman6 pointed out that the results in form without the linear term in Eq. (i).s The form of Eq.
Ref. 4 can be used to derive a characteristic value of the (i) is of interest because most materials have linear
current at which the nonlinear and nonlinear responses in response in the limit of small current and become non-
a N/i mixture become comparable. It is the purpose of linear in the presence of large current. For materials
this paper to study the effects of percolation on the with inversion symmetry, the lowest order nonlinearity

41 1673 © 1990 The American Physical Society
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refers to a=3. V ( /ý)V 5,
We first consider the case of a full lattice of nonlinear due to the assumed geometry of the percolating network

bonds. Let L be the linear dimension of the lattice and a belo trw
be the lattice constant. If a current I is injected into the e -
lattice, the voltage V across the network is given by Substituting the form of 1 and Eq. 14). Eq. 0) can be

rewritten as
V~l(l~-~~/L)dd-~ -I2 V• t - E lo 6

as I/IL/a 1 -is the current in each path connecting the L,
lattice from one side to another in a full lattice. The in-
jected current density is given by J = I/L d -'. Let JO.NL where J =/Ld-1 is the injected current density. We
be the current density at which the linear response and define the crossover current density JL-•L as the current
the nonlinear response in Eq. (2) become equal in magni- dens the liner andnninear termsrint
tude, then for a full lattice density at which the linear and nonlinear terms in Eq. (6)

become equal in magnitude. Hence,
JO.LNL = ( r/b)l /(a- "~a -( )(3)t l):•o-

As more and more normal bonds are rernoved and re- JLNL= Lb,
placed by superconducting bonds, the percolation thresh-
old p, of the superconductor is approached. Below PC The correlation length ý diverges as ý-a(p,-p( '.

the conductance of the network is still finite. The I-V where _"d is the exponent characterizing the divergenct in
characteristic of the network is nonlinear due to the as- a d-dimensional system. Substituting this result and
sumed nonlinearity in each of the individual normal L -(p, -p) ` into Eq. (7), we obtain
bonds. To consider the percolation effect on the non-
linear response, we invoke a picture9 for the percolating JL-NL J°L.NL (Pc -- P), (8)

S/N network similar to that of the "nodes-links-blobs"
picture in N/I networks.' 0 For p :pC, the percolating with the exponent H given by

material (superconducting clusters in this case) can be ap- H = d(d -1)-- . (9)
proximated by an array of nodes separated by the corre-
lation length ý. Each node is the center of a supercon- The crossover current density "L-NL thus decreases to
ducting cluster of linear size of order ý. Adjacent clus- zero following a power law as the percolation threshold is
ters are separated by a thin layer of normal bonds. At approached from below and H is the exponent character-
some places, there is only one normal bond separating the 1i7ng the power-law behavior. Note that with the present
superconducting clusters. These bonds are the "singly model for the percolating network, H does not depend on
disconnected bonds" (SDB's). The number of SDB's a, i.e., the crossover current density behaviors the same
diverges as (p,--p)-1 as the percolation threshold is ap- way independent of the detail of the nonlinear behavior
proached from below. 1'0 11 This picture of the percolating of individual normal bonds.
network below p, has been used successfully to study the
problem of fluctuations in resistance,"t i.e., the noise III DISCUSSION
problem, in percolating networks. Also, the present au-
thor and co-workers used this model to study the Near the percolation threshold, JL-NL vanishes with a
nonuniversal breakdown behavior in superconducting power law with exponent H =vd (d - 1 -- 1. To show
and dielectric composites.12 that this is the case, we use the standard values for vd 5

Using this model of percolating systems below p,, the which give H = -T and 0.76 ford =-2 and 3, respectively."
nonlinearity of the network can be studied. Let I be the The exponent H increases as dimensionality increases and
current injected into the lattice, the current passes takes on the value H = 3 for d =6, the upper critical di-
through each path from one side to another in the array mension of percolation. Hence, H >0 for all d.

of superconducting clusters and thin layers of normal Te res ltiEq .() nd ( implesrtat du
bonds is approximately given by I/(L/g)d - 1, as there The result Eqs. (8) and (9) implies that due to the re-
bondsLisapproximatel giveming by rular ar as. Lethbe stricted geometry near the threshold, the nonlinear be-
are (L /., -') paths assuming a regular array. Let L t be havior is enhanced relative to the case of a full lattice of
the number of SDB's in the thin layer separating adjacent nonlinear bonds. This result will be of potential practical
superconducting clusters. As mentioned above, L, use because such percolating S/N composite has a high
-(P -P)-'. The current in each SDB is thus given by conductance and yet is highly nonlinear. It is well known
"i=I/(L/g)d ILI, if we neglect the effects of multiply that the system of N/S composites can be related to a
connected regions, i.e., places where adjacent clusters are N/I composite if the dielectric constants are considered
separated by more than one bond.' 3 The voltage t7 across instead of the conductivities, as the imaginary part of the
the layer of normal bonds separating two adjacent clus- dielectric function of a normal component diverges at the
ters is given by low-frequency limit and thus plays the role of supercon-

ductor in a S/N composite.17 Thus, with slight
7=r'[+b' . (4) modification, the result here can be used in N/I compos-

ites in the low-frequency regime. It will be interesting to
The voltage V across the system is then given by see if other methods such as the effective- medium ap-
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We show that an n-doped parabolic quantum well absorbs far infrared radiation at the bare
harmonic-oscillator frequency ao independently of the electron-electron interaction and the num-
her of electrons in the well. In the presence of a magnetic field tilted with respect to the plane of
the quantum well, we find that the cyclotron resonance becomes coupled to this so frequency
mode. The absorption then occurs at two frequencies, which are again independent of the
electron-electron interaction and the fractional filling of the well.

Wide parabolic quantum wells have been proposed' -4 with respect to the electron-slab plane. The experiments
as structures in which a high-mobility quasi-three- suggest that fA, corresponds to the plasma frequency
dimensional electron gas can be realized. A parabolic po- [n. -- (4irnoe 2/em*) "' of a three-dimensional electron
tential of width W and height A, is equivalent to the po- gas of density no, which by construction is equal to the
tential created by a uniform slab of positive charge with a frequency of the bare harmonic oscillator potential. This
thickness W and density no--2ei,/ W 2e 2r, where e is the frequency f(. is very different from the energy separation
electron charge and e is the dielectric constant (taken to between the subbands of the self-consistent Hartree po-
be constant in the well). Electrons, which arise from tential. Karrai et al. 5 therefore conclude that the three-
donor impurities located away from the well, enter the dimensional character of the electron gas tends to
well and screen this "fictitious" potential, forming a uni- predominate over the two-dimensional properties. 5

form layer of density no (see Fig. 1). By increasing the In this paper we study the optical absorption of an n-
number of electro~ns per unit area n, between zero and doped parabolic quantum well. In addition we investigate
noW, the thickness of the electron layer will increase the coupling between the excitations of this system and
linearly between zero and W, and a thick slab of electrons the cyclotron energy in the presence of a magnetic field
(> 2000 A) can be achieved, which is tilted with respect to the quantum-well plane.

These wide parabolic quantum wells have recently been We find that in the ideal parabolic well the absorption
grown 2' 3 by tailoring the conduction-band edge of a grad- spectrum is independent of the electron-electron interac-
ed GaI -,AIAs semiconductor, and magnetotransport ex- tion, and also independent of the number of electrons in
periments on these systems2"3 confirm the existence of a the well.
thick slab of high-mobility electron gas. In addition Kar- First, in the absence of any magnetic field, the Hamil-
rai et al. 5 have reported measurements3 of far-infrared tonian of our system (with electrons in the x-y plane) is
magnetotransmission in these parabolic wells. These ex- given within the effective-mass approximation by
periments reveal a coupling between the cyclotron reso- N N 0
nance and a frequency fl,, as the magnetic field is tilted .E.(p+p ,+p,)+ QM Z?+U' (I)

c 12.5 Al = 150meV nwhere pi and r, are respectively the momentum and posi-
W= . .s tion operators of the ttb particle, m* is the electron

0.2 m 0=O.0•7 W = 40OA .8 effective man of the host semiconductor, uo-(BAI/
S• W2m*) I2 is the bare harmonic-oscillator frequency of

> (b) E the parabolic well, and U is the interaction between elec-

SWe define raising and lowering operators,
N

(C 2 N* :1( w P.) (2)

-. 00_ . .. - It then follows from the quadratic form of the man-made
- 0o ooo 2000 potential that

z(A) -[H,eI I - ± hoe±. (3)
FIG. 1. Calculated electron density profile and self-consistent If V is an cigenstate of H with eigenenergy E., Eq. (3)

potential for an 80% full AI.Ga -. As parabolic well of total
width 4000 A. (a) Potential for the empty well. (b) Self- implies
consistent total potential in the Hartree approximation. (c) HI ± - ( ± hamo+E,,)et± ". (4)
Self-consistent charge density profile as obtained in the Hartree
approximation. The parameters of the well are given in the Defining I,, N e ± 't*,,, it is clear that ,4', ± is an exact
figure. eigenstate of our Hamiltonian with energy E.±, -E.

4Q 10647 © 1989 The American Physical Society
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±hwe. construction to the plasma frequency of a three-dimen-
When the system is placed in an electric field E applied sional electron gas of density no. 6 Therefore the appear-

in the z direction, the following term must be added to the ance in optical-absorption experiments of a peak at this
Hamiltonian: energy does not imply that the system has a three-

N • dimensional behavior, but rather that the bare potential is
H'-- . Ee -`'z, -E (• + + -) (5) parabolic. In the three-dimensional limit when the thick-2m 0)" ness of the electron slab is comparable to the wavelength

This perturbation will only connect the state 'jv with the of incoming light (frequency fe), Eq. (5) is no longer ade-
states *,v ±1. A sharp peak in the absorption spectra is quate to describe the interaction of the light with the sys-
therefore expected at the frequency wo. This result is not tern. Retardation effects' must be taken into account. In
affected by the electron-electron interaction U. The para- this thick-slab limit the peak at wo in the light absorption
bolic well consequently absorbs light at the frequency w0 spectra disappears and the Drude-type behavior of a bulk
independently of the number of electrons in the well. We three-dimensional electron gas is restored.8 However, the
conclude that in the case of a parabolic quantum well the experimental samples are far from this limit and Eq. (5)
dielectric function diverges at the bare harmonic- holds to a good approximation.
oscillator frequency w0, and not at the frequencies of the Next we consider the optical absorption of the parabolic
intersubband separation obtained in a Hartree or more so- quantum well in the presence of a magnetic field
phisticated calculation. B-(Bsin,0,Bcos8) tilted at an angle 0 with respect tc

The bare harmonic-oscillator frequency fo is equal by the z direction. Choosing the gauge A--(OxBcosG-zB
I xsin9,0), .he Hamiltonian of the system becomes

N N j 2uS H- 1 + .p2+[p.,,+(eBc)(xcos6-zsinG)12 +P1 !j + - Z+ (6)
2m" i-i " -I 2

This Hamiltonian can be simplified through a change of coordinates x - x' and z -b z' corresponding to a rotation of an-
gle a with respect to they axis,9' 01

N ,* N N
H- • T-.(pP,!.+p,!,+p`2g')+-+• 12 (oix.'2+ izj 2)+U+ wIE[sin(a- )zi'pi,+cos(a- )x.'pi,]. (7)

2m* -t 2j-1i-1I

The rotation angle a is obtained from

w2,sin2(

tan(2a)u" ecos2-_ • (8),

The frequencies ow.2 are

0)1, 2 0[f (ocl+w)± +(w4+o j-2a 1cos28)"12 J1, (9)

and a), "eB/m *c is the cyclotron frequency. Defining the length light, polarized in the z direction (x direction), the
raising and lowering operators optical absorption of the parabolic well will present two

N 0peaks at w, and 02 with intensities proportional to sin a:±E. mwe xi-ipj.x.+ cos(a-O)p, , (oos2a) and cos2a (sin2a), respectively. Once again this
0) result is independent of the electron-electron interaction

(10) and is a direct consequence of the parabolic form of the

i [ 'moJ~z,; -T-.ip +W bare quantum-well potential. If the term corresponding toI IM, inpaOap• + the parabolic well is dropped frorm the Marni;teqian roua-
2 tion (6), then o, -- ,, 02 -0 and we recover the Kohn re-

it follows from Eq. (7) that sult" that the cyclotron resonance ow in a bulk three-
[h ±,S ± --0, dimensional gas is not affected by the electron-electron in-

teraction U.
[H,± - ± ± , (11) In the experimental samples the width of the parabolic

± h±2 ± well is finite, and the well is confined by an additional bar-
[b Jrier (see Fig. I). This extra confinement will not affect

If *'l,, is an eigenstate of H with eigenvalue E,,,., then our results as long as the number of electrons in the well is
S ± ',, 2~,,,--( ± hw, +E,,.) :..± small enough so that the self-consistent charge-density

+ (12) profile remains essentially unchanged. We have checked
Hi ± ".- ( ± h 2+ E•,., 2)b ±V 1,0, this numerically in the case of n,) magnetic field by calcu-

+ lating the dynamical conductivity'2,' 3 for the potential
Defining , . and *,P,,I±,E, b - 02,,. we profile shown in Fig. I. For a density of electrons per unit
see that ',, ± ,,, and Ihfl•±I are both exact eigenstates area n, bigger than 0.9Wn0, we find that small satellites
with energies E,, t I.,,,,M ± hon and Ef,,-,2 ± --E,,,.n appear in the optical absorption close to w0. Of course,
± hW2, respectively. When illuminated with long wave- impurities or other imperfections in the well can lead to
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Abstre-t. A simple. non-variational approach for calculating exciton binding energies in
superlattices is developed. The approach is sufficiently versatile that It applies in the limits
of strongly coupled and isolated quantum wells, and in the presence of external fields,

Excellent agreement is obtained with expenmental bindingenergies in GaAs/GaAIAs using
only bulk k -p parameters as input.

Many experimental and theoretical studies have been reported of excitons in single
quantum wells [1]. Increasing attention is now being paid to the properties of excitons
in superlattices with finite barrier thicknesses [2-51. such that the exciton can spread
over several superlattice periods. In particular, experimental values of superlattice
exciton binding energies both with [2] and without 13] external electric fields have
recently been reported. Theoretical studies of excitons in superlat .ices have however
primarily utilised variational 'particle-in-a-box' approaches or the computationally
intensive k-space sampling technique of Chu and Chang (6].

In this letter we present a simple and versatile non-variational approach for cal-
culating superlattice binding energies based on the crystal coordinate representation
(CCR) using a basis consisting of superlattice Wannier functions. The formalism under-
lying the present approach exploits the 3D superlattice periodicity, as in the case of the
one-electron f-sum rule [7], and is applicable to semiconductor superlattices (types I, I
and Ill) with arbitrary layer widths. The exciton equation in the ccR representation
yields a ID tight-binding equation involving the growth axis. An approximate solution
yields excellent agreement with recently measured binding energies in GaAs/GaAIAs
superlattices as a function of (i) layer widths spanning the range from strongly coupled
to isolated quantum wells (3] and (ii) electric field strength (2]. Preliminary results from
this work have been briefly reported (8]. The effects of other (e.g. magnetic) fields will
be considered in a future publication (9].

The eigenstates of the superlattice single-particle Hamiltonian HSL are defined for
band L at wavevector K by

HSL ILK) = EL(K) LK). (1)
As in the bulk, the superlattice Wannier function at superlattice lattice vector R =
(X, Y, Z) is defined as

(rILR) = f dKe "(rILK) (2)

where Q is the normalisation volume. The superlattice growth (-.) axis is taken to be

0953-8984/90/082099 + 06 S03.50 C 1990 lOP Publishing Lid 2099
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the Z axis while the in-plane (11) directions are described by X and Y. The superlattice
period in the 1 (I1) direction is d (a), where d is typically of the order of 100 A while a
6 A. The superlattice Wannier function will have a spatial extent of the order of d (a) in
the .L. (11) direction 191.

The many-body Hamiltonian is given by

H = 1 HSL(r, ) + v v(r, - r,) (3)

where the latter term is the Coulomb interaction. We are only interested in electron-
hole excitations and expand the exciton wavefunction in a basis of two-particle Wanner
states 1 LR + R'. L'R') each consisting of a symmetrised product of electron (hole)
Wannier functions 1101 for band L (L') centred at R + R' (R'). To simplify notation we
only consider two superlattice bands although the formalism can be easily generalised.
The total exciton state I '4' at zero exciton wavevector (i.e. the optically active exciton)
can be written (10] as

TI') = (Q/8A3 )1I" T U(R) ILR' + R: L'R') (4)
R R.

where U(R) is the exciton CCR wavefunction. The sum over R' includes all two-particle
states with a given electron-hole separation R while the sum over R accounts for all
possible electron-hole separations. Evaluating the many-body Hamiltonian of (3) in the
two-particle basis leads to a set of difference equations (101

Y((Q18/8)r3 f dKe'"(R')(Et.(K) - EL.(O )))U(R') - V(R)U(R)= EU(R). (5)

Here E is the excitation energy of the superlattice and V(R) is the direct Coulomb term
[111 given by

V(R)I= , eL.R) 1 _re I(rhIL'O)I2 dr, drh (6)
JJ le~r -rh I

where r, (rh) defines the electron (hole) coordinates and E is the static dielectric constant.
To evaluate (5) for the superlattices of interest, we write

E L (K) - EI.(K) + Eg - X 2W(n)(cos(nK~d) - 1) (7)2/UI .

where ti is the parallel reduced mass and E, is the K = 0 gap between bands L and L'.
The parabolic approximation has been made in the parallel direction. The expansion
of the perpendicular dispersion as a cosine series with coefficients W(n) exploits the
approximate inversion symmetry of superlattice energy bands under K, -+ - K,. The
equivalent of the effective mass approximation is then made in the parallel direction
where the exciton radius (typically 100 A in the bulk semiconductors of interest) is much
greater than the underlying superlattice unit cell size (a= 6 A). The lattice vector
coordinates X, Y can therefore be treated as continuous variables. Notice that the
effective mass approximation cannot be made in the growth direction since d is of the
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order of the exciton radius. Using (7) and the above approximations, equation (5) yields
a set of coupled differential equations

a-2: + )- V(X. Y.d) U(X. Y, jd) - Y w(,)(v(x. Y. (I + n)d)

+ U(X, Y, (j - n)d)) E - 2 W(n)))U(X. Y.jd)

where e = (E - E.) represents the exciton binding energy. The two possible cases of
(8) are as follows.

(i) W(n) = 0 in (8) for all n. which is characteristic of a thick barrier limit in which
the electron and hole cannot tunnel between adjacent wells. Equation (8) becomes

[h -a - V(X. Y.jd) UT'(X, Yjd) = , (X, Y,, d) (9)

which yields the mth (excited state) exciton solution for a given electron-hole separation
of j periods. The corresponding binding energies c0,, for a given j are analogous to the
energy levels of a hydrogenic atom. For convenience we can represent the eigenstate of
(9) for a given j and m in terms of an orthonormal basis lix. y.1d) corresponding to the
superlattice lattice points; hence

0O,. .. _ U-'(X. i.j'd) 6 ,,.x.r,,.
0' 46X YýI'

(ii) W(n) * 0; here the exciton is characterised by a distribution ofjs. The eigenstate
of (8) can therefore be represented as

mJ0.m .M

It then follows formally from (8) that [9]

r- + 2W(n)),6,5.6.., - e0'-(,),,. C, o (11)

where

"'(n) W(n) dff dXdY( UL'(X, Y,j'd))'U-(X, Y,jd).

Equation (11) is identical to a ID tight-binding equation where EO" is the on-site energy
at site j ,and WT." (n) is the hopping term. Equation (11) is the main result of the
formalism for the zero-field binding energy e and isapplicable to superlattices of arbitrary
width.

We now solve (11) approximately to compare with the experimental results for
GaAs/GaAIAs [31. Only the nearest-neighbour hopping W' ""(1) will be retained since
we are mostly interested in superlattices with barrier thicknesses greater than 30 A. In
order to obtain values of E°-1, the potential function V(X, Y, jd) needs to be specified
(see (6)). Explicit forms for the electron and hole Wannier functions ((rel LR) and
(rhj L'O) respectively) must therefore be used. Since the electron-hole Coulomb inter-
action is slowly varying on the atomic scale a, the rapidly varying portion of the super-
lattice Wannier functions in (6) can be integrated out [9]. leaving an envelope function

I
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Figure I. Binding energies of the heavy-hole Fure2.Experimentall2]andtheoreticalexciton
(cI-HHi) exciton versus supcrlatticc period d binding energies for the 40A GaAs140A
for (d/2) GaAs/(d/2) Gao0 A103As. Full curve: Gak 5Al 03sAs superlattice versus electric field
present theory; experimental points: from 13]. strength F. Binding energies of the hez'y-hole

(ci-HiHI) excton are shown by the full curve
(theory) and full circles (experiment). Light-hole
(CI-LHI) exciton binding energies are shown by
the broken curve (theory) and open circles (ex-
penment)-

modulation of each Wannier function on the scale of d (a) in the L. (11) direction. We
then assume for simplicity that the charge distribution associated with the electron (hole)
Wannier function is well described by a uniformly charged rod of X-Y cross section
equal to a x a and length 1, (1h), where 4, (l,) corresponds to the spatial extent of the
electron (hole) Wannier function in the growth direction. We take 4. (1h) to be equal to
the well width plus twice the electron (hole) envelope function decay length in the barrier
layers. This simplification leads to an analytic expression for V(X, Y, jd). The resulting
nearest-neighbour tight-binding equation is then easily solved. Values of the electron
and hole bandwidths and the superlattice in-plane masses [121 are obtained using the
envelope function approach of [71 which accounts for valence-band mixing. The bulk
k . p input parameters for GaAIAs are the same as in 17]..

Figure 1 compares the experimental [3] and present theoretical binding energies for
Is excitons formed from the lowest conduction band a and the topmost valence band
HHI in the (d/2) GaAs/(d/2) Ga0%.A10 .3As superlattice at low temperature. The excellent
agreement between theory and experiment implies that the simplifying assumptions
made in the previous paragraph are reasonable. For small d, the superlattice exciton
binding energy is nearly equal to that of the bulk alloy Ga0,sAlJ s5As chosen to have theI same Al concentration as the superlattice. The exciton CCR wavefunction U(X, Y, jd) is
non-zero over many superlattice periods in this regime. An increase in d implies an
increase in the barrier thickness for holes and electrons. As a result the total electron-
hole bandwidth given by 4W(1) decreases. and the binding energy increases. For
d > 140 A, W(1) is zero; hence the electron and hole are localised in the same layer. The
superlattice exciton binding energy becomes equal to the value for a single quantum
well which gradually decreases as d increases [13].
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The presence of a finite electric ficld F along the growth direction adds

-eF1 z,
I

to the total exciton Hamiltonian (3). A term eFjd consequently appears in the CCR
exciton equation, and corresponds to intra-sub-band transitions induced by the electric
field. Contributions arising from inter-sub-band transitions are neglected. The effect of
the electric field on the zero-wavevector exciton energy spectrum is then described in
the present theory by

(EOm eid- + 2W(n))45d4..m W (n)6lc', ,=0. (12)

In the zero-field limit, (12) is identical to (11). In the absence of the Coulomb interaction,
E0' -= 0 and (12) leads to the formation of a Stark ladder [141.

Figure 2 compares the experimental (2] and theoretical exciton binding energies for
the 40 A GaAs/40 A Ga0 65A10.35As superlattice as a function of increasing electric field
F. The heavy-hole (ci-Hm) and light-hole (CI-LHI) binding energies shown corresporkd
to the intra-well exciton. which is characterised by the electron and hole becoming
localised in the same well at high electric fields. The total bandwidth of the electron and
heavy hole (4W(1)) is 15 meV while that of the electron and light hole is 28 meV. At low
fields the exciton binding energy tends to the zero-field result (cf figure 1). As Fincreases
the binding energy increases due to the enhanced electron and hole localisation associ-
ated with the formation of the Stark ladder 1141. At high fields (eFd X> 4W(I)) the exciton
binding energies become those of an isolated quantum well of width 40 A. The reason
that the theoretical binding energies lie below the experimental values at high fields is
most likely due to the neglect of inter-sub-band transitions and tunnelling effects.

The author is very grateful to Professor H Ehrenreich for stimulating the research. He
is also very grateful to J Dempsey, P M Hui, R D Meade, S Tyt and P M Young
for invaluable discussions. This work was supported by the Joint Service Electronics
Program through US Office of Naval Research (ONR) Contract Nos N00014-84-K-0465
and N00014-89-J-1023, Defense Advanced Research Agency through ONR Contract
No N00014-86-K-0033, and by aSt John's College (Cambridge, UK) Fellowship.
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The electronic structure and optical properties of I1I-V and Il-VI semiconductor superlattices are
treated theoretically using a superlattice-representation formalism. The band structure is obtained
from superlattice K 'p theory. The theory is based on closed analytic calculations of the superlattice
states at wave vector K =0 and the envelope-function approach. The known parameteis of the bulk
constituents represent the only input. The electron effective masses and gaps of GaAs/Gal -,AIAs
(type 1), 1nAs/GaSb (type 11), and HgTe/CdTe (type 111) are investigated for a wide range of layer
widths using the recently deduced large valence-band offset of HgTe/CdTe. The behavior of the
masses is also discussed in terms of the f-sum rule. The calculated fundamental absorption
coefficients for lnAs/GaSb and HgTe/CdTe are in excellent agreement with experimental data.
The intersubband absorption between the lowest two superlattice conduction bands is investigated.
In the thick-barrier limit of GaAs/Gal-, Al, As the absorption can be larger than the fundamental
absorption and as narrow as a laser linewidth. In the thin-barrier limit the absorption is smaller and
broader, as illustrated for lnGal-,As/in.Al, -,As.

I. INTRODUCTION electronic properties.
Sections III and IV present a quantitative comparison

of the electronic and optical properties of several techno-
This paper presents a detailed treatment of the elec- logically important SL's. Section III A describes the lay-

tronic structure and optical properties of III-V and II-VI er width dependencies of the SL electron mass and gap in
semiconductor superlattices (SL's) based on and extend- GaAs/Ga,_,AlAs (type 1), InAs/GaSb (type I1), and
ing previous brief publications. 1-3 The present theoreti- HgTe/CdTe (type III). The behavior of the masses is
cal approach describes the superlattice as a perfectly then discussed in terms of the f-sum rule for the
periodic system within the envelope-function approxima- InAs/GaSb SL (Sec. HII B), which is of theoretical in-
tion. 4, The standard formalism for bulk periodic solids, terest because the electron and hole wave functions are
including K-p theory, is then directly applicable. The concentrated in separate layers. Section III C compares
only input parameters for the theory are those of the bulk the band structures of the three SL's.
materials involved in the superlattice. This approach has The discussion of optical properties in Sec. IV is essen-
previously been used (i) to extend the well-known bulk t' tially self-contained. The primary motivation for study-
sum rule to superlattices,' (ii) to predict large intersub- ing HgTe/CdTe, and to a lesser extent InAs/GaSb, is for
band optical absorption between the lowest two superlat- use in infrared etectors. This application makes use of
rice conduction bands,' and (iii) to propose a resolution fundamental SL absorption in the l0-Am range. The
of the valence-band offset controversy in HgTe/CdTe present theory yields fundamental absorption coefficients
SL's. 3 The results presented in this paper exhibit the ex- in excellent agreement with experimental data7.8 for both
cellent agreement obtained between the experimental HgTe/Hg,_,Cd•Te and InAs/GaSb (Sec. IV A). The
values of quantities such as the fundamental absorption type-I SL's considered here have been recently proposed
coefficients for InAs/GaSb and HgTe/Hgl_,Cd Te and for use in optoelectronics owing to the large intersubband
the results obtained using this theoretical approach. oscillator strength between the lowest two SL conduction

The present approach, described in Sec. 11, is easy to bands, C and C2.'9 -12 In particular, the C1--C2 ab-
implement without large scale computation and yields re- sorption in GaAs/Gat pAlrAs with thick GaIAl2As

liable results for superlattice properties (e.g., effective barriers has been suggested for use in carrier-activated

masses) both perpendicular and parallel to the planes in ligh asionen te for use in carre spond

the energy region of interest. The superlattice states at light modulation in the 10-pm range.' The correspond-
ing absorption coefficient is shown here to be sharply

ksuperattice wave vector K =0 are first expressed in terms peaked with magnitude _ 104 cm -I (Sec. IV B). In the
of known bulk k-p parameters using the envelope- thin-barrier SL limit the absorption coefficient is predict-
function approach and a modified bulk Kane model as in- ed to be broader and smaller ( - l0 cm- 1), as illustrated
put. The adequacy of this limited-basis k-p model has re- in Sec. IV B for InGal_,As/lnAll-yAs.
cently been verified by comparison with the state-of-the- y
art extended-basis model of McGill and co-workers. 6  UI. FORMALISM
The K =0 masses can then be obtained analytically using The Hamiltonian in an A 1B superlattice is given by
the f-sum rule.' Superlattice K-p theory is employed to
yield the SL band structure at finite K. The optical prop- Hir)= -L + V(r)+ c [oXVV(rJp (1)
erties are then obtained from knowledge of the finite K 2m 4m 217

41 3655 ©E1990 The American Physical Society
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where V(r) is the microscopic SL potential, p is the The bulk momentum-matrix elements of HkPf, (k; con-
momentum operator, and the last term describes the tain the effects of the rapidly varying (rnO)'s.
spin-orbit coupling. The SL wave function at SL wave The envelope-function equation [Eq. (4)] is truncated
vector K in band L satisfies here to a limited number of bulk bands by using the

H(r)(rILK)=EL(K)(r1LK) (2) specific form of HVB8 (k) corresponding to the modified
Kane model"3 including finite-spin-orbit splitting.'5 A

where EL(K) is the corresponding energy. The z (or 1) finite bulk heavy-hole mass is obtained though inclusion
axis is chosen as the SL growth direction with z=0 of remote band effects via perturbation theory. The eight
defined as the center of a given layer of material A. For bulk k=0 basis states (rnO) being considered are
lattice-matched SL's having the xy interface plane coin- defined in Table I in terms of the states ,S ), tX ), Y ),
cident with a crystal plane, K=(k.,ky,Ki)_=(Ký,,K,) and 1Z) using the notation of Ref. 13. The correspond-
where k, and k. are bulk wave vectors. ing k=0 energies E,(O) in material A are also given.

We employ the envelope-function approach' to express Each (rlnO) can be characterized by JM,) as shown in
SL quantities in terms of bulk electronic structure param- Table 1, where M, is the z component of the total angular
eters. The envelope-function expansion is given by momentum J. 13

The SL states at K=(O,O,K,) can be labeled by M,
(rlLK)=• F (L,K;r)(rlnO) (3) which remains a good quantum number.5 Specifically

"12 M M=-±' for the light particle SL states, and Mj = _ 1 for
where ( rn0) is the bulk Bloch function for band n at the heavy-hole SL states. The resulting 8 X 8 matrix
k=0 in either material A or B and F,(L,K;r) is the en- equation obtained from Eq. (4) at K=(,O.K,) consists
velope function. For the well-lattice-matched SL's con- of two equivalent 4X4 blocks corresponding to positive
sidered here, (rIn0) may be assumed to be the same in A and negative Mj values, respectively. Table II shows the
and B. This assumption is justified here by the similarity 4 X4 block corresponding to positive M, (i.e., M, = -
of the bulk pseudopotentials and momentum-matrix ele- and + 1). The 4 X 4 block corresponding to negative M,
ments for the A and B bulk materials under considera- can be obtained from Table II by replacing F1 by F 2 , F 3
tio:s.5 ' 3 The envelope function F,(L,K;r) is taken to be by F 4, F5 by F6 , and F7 by Fg. Each F, is independent
slowly varying on the scale of the bulk unit-cell size, and of x and y. The Kane-matrix element
can therefore be cell averaged. This approximation to- P -iV23(SlpjZ ) which appears in Table I1 is de-
gether with the substitution of Eq. (3) into Eq. (1) yields a duced from experimental bulk masses and gaps. The
multiband effective-mass-like Hamiltonian function mHH(z) corresponds to the bulk heavy-hole

mass m HH when z is in material A or B, respectively.HA'ra(k,,k,9,k --- - -i(a /az ))F (L , K ; r) m ass m ,B)
The quantities Vr,(Z), Vrz), and Vr(z Ware set equal to

=EL(K)F(L,K;r) (4) zero in material A. They are given in material B by the

governing the envelope functions at r in a layer of materi- differences Vr.1 Vr,, and V between the corresponding

al A (B). The matrix Hk&,(k) is the general k-p matrix bulk band edges of material A and B as shown in Fig. I.
for bulk A (B) material and F(L,K;r) is a column vector The quantities mHH(Z), Vr(z), Vr 1z), and Vr,(Z) are as-
with components F,(L,K;r). The boundary conditions sumed to change abruptly at an interface on the macro-
for F(L,K;r), to be specified explicitly later, are obtained scopic length scale of the SL period.
by integrating Eq. (4) across an interface, and are con- The coupled differential equations for F•(L,K,.zJ in
sistent with continuity of the cell-averaged current. 14 Table II can be rewritten equivalently as

TABLE I. Bulk modified Kane model k=0 states inO), energies E,(O) in material A, and angular
momentum labels IJM,) for r,, rF, and rs bulk band edges, using the notation of Refs. 5 and 13. The
origin of energy is defined as the r 6 edge. The bulk band gap and spin-orbit splitting in bulk A material
are EA and A4, respectively.

""t nO) E,(0) iJ M)

:ISt ) 0 +-1

2:1S0) 0
3:V2131Z )-VT61X +iY1 ) 2I +)
4:v2-/31Z )+0 I-61X-iYt) -I E-)

6: V/2 IX-iY) -EA 2
7:'/1/3-1ZI )+ V /3X+iYl ) -E -A, TII
8:VI/T 31ZI- V• I-3X - M~ -E ,4- 'A +, )
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-ýzB,,(z,Et(K ))-ýz A,(Z,EL(K, ))+ P.(z) F,(L, K,;z)=EL(K. )F,(L,K,;z). 15)

The coefficients A,(ZEL(KI)), B,,(z,EL(K, )), and PV(z) p functions. Therefore for (riL,0)'s with P = -- - the
are summarized in Table III for n =,.... 8. The nonvanishing FM(L,O;z)'s in Table IV are even boddj for
specific forms of the envelope-function boundary condi- n = 1,2 and odd (even) for n = 3 ...- 8. respectively. An-
tions resulting from iitegration of Eq. (4) or Eq. (5) alytic expressions for EL(O) appear in Ref. 5. The quan-
across an interface are obtained by requiring continuity tities k A and k8 appearing in the expressions for the light
of particle (heavy-hole) SL states in Table IV, are bulk wave

d vectors for the bulk light particle (heavy-hole) bands at
B,(z,EL(K ))- A,,(Z,EL(KI))F,(L,KX;z) energy EL(0) in materials A and B, respectively. Figure

1 indicates k.4 and kR for the case where L is a light par-
and ticle SL band.

AM (z, EL (KUM(L. K,; z) .The superlattice band structure EL(K) for Ký-0 can
A( now be obtained using SL K-p theory. Writing

With these boundary conditions Eq. (5) can be solved (riL,K)= .cCLy,(K)e'K'r(r1N'0) (6)
analytically at K =0. N,

The K=0 SL states given by (r1L,0)
= 7 FM(L,0;z)(r~nO) have either even (P= +) or odd the SL K'p equation for SL band L at wave vector K be-
(P = - ) parity under r-. -r within the present model, comes
Therefore (riL,0) can be labeled by parity P = ± in ad- ±!K
dition to Mj. Table IV gives the analytic expressions for ¶2EK(O)+ _I-EL(K) 6.N,+--iK 1pvv
the nonvanishing F.(L,O;z)'s corresponding to (rIL,0)'s N 2m
with parity P and positive Mj in an A/B SL with layer
widths A,' 1 and period d. 17 Discontinuities in the en- CLN,(K)=0 (7)
velope functions arise due to the truncated basis set.6"'4  where PNN,=(N01p1N'0) is the SL momentum-matrix
The FM's for the -- Mj SL states can be obtained from element at K=0. Equation (7) may be used to derive the
those of the +M, states by interchanging F,.-.F2, f-sum rule, which yields the SL effective masses mL for
F 3*.F 4 , Fs-.-F6, and F7 *-ýFg. The bulk k-0 Bloch band L at K=O:
functions (rln0) for n I and 2 transform like atomic s
functions under operations of the tetrahedral group, =.I+ I fR'L- (8)
while the (rIn0)'s for n -3 ... . 8 transform like atomic ,a "

(L'*LI

E Mk E (k) Here
\\ k 84 2 I(L,0IpjIL,0) 1

2  (2/m)lPaL.I2  (9)

./f m'L m EL()--EL.(O) AELL.(0)

v r is the oscillator strength, (2//m)n PLOL, I
\, /Z a =(2/m)I(L,0OpaIL',O)I 2 is an energy associated with

0e the magnitude of the K=0 momentum-matrix element,
and a= (z) or 1 (x,y). The f-sum rule is also useful for
discussing SL optical properties. The SL matrix elements
appearing in Eqs. (7) and (8) are given byI

(L,OIp 1(,)IL',0) = a.,(L,, p,,', , (10)

(L,OIp, IL',O )= ] [a,.,(L,L')p;M, + FTM(L.L')6.,.J,
Rm,

Bulk A Bulk B (11)

FIG. 1. Relative bulk band alignments of the r 6, I,, and F" where p., (n0[pjn'0) is the bulk momentum-matrix
edges in materials A and B defining V, Vr6 , and Vr, respec- element, and
tively. The complex band structure associated with the bulk B
band gap is shown dashed, and the maximum of the imaginary 1 [ L ,•A2 IA/2+8 Idz
partofthebulk wavevector"Max Im(k)" is indicated. k,4 (kq) adLL)= i,+ f1,2 '41
is the magnitude of the bulk wave vector along the growth axis
at energy EL(0) in bulk material A (B). XF:*(L,O;z)FM,(L ,tU,z) , (12)
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1 t l' ,e'4/2 + TYPE! I TYPE It I TYPE M

d -I4/2 A4/2 8 A B A a 6 A 9

The selection rules within the modified Kane model are r -

(L,Oip,)JL',0)=0 unless (i) Mj-Ms.=O(±I), and (ii) A '-r. r4

IL,0 and IL',0) have different parities. 
Oy _ A .4

For the SL's considered here, the a,,.(L,L')pn<n terms -A "A

dominate over the I,,(L,L') terms in (L,0JpIL',0).
Therefore the Kronig-Penney model is inadequate for cal-
culating SL momentum-matrix elements since that model FIG. 2. Schematic band alignments for the three types of su-
only contains nI terms. It can be shown14"18 that for perlattice. The electron well associated with the rF

type-I SL's such as GaAs/Ga,_,AIAs having a gap conduction-band maximum (solid line) and the inverted hole
much larger than the conduction- and valence-band well associated with the rs valence-band maximum (dashed
offsets, line) are shown. The electron and hole envelope functions are

shown schematically for a type-Il superlattice, where the two
(L,Olp,1L',O)-(m/me* )I,{LL'), n 1, ,2 (14) are concentrated in adjacent layers. A is the valence-band

where L =C1,C3, ... , L'=C2,C4,...., and me* is the offset.
bulk electron mass. (Cl is the lowest SL conduction

band.) The effect of Ul,(L,L') in Eq. (11) is therefore
smaller by about m /m* than the first term. In the bulk offset. Although the SL electron and hole states contain
limit (i.e., 1, or 1,R- 0 ) the F,'s for C2 become sine or both F 6 and [8 components, the solid line (r 6 ) can be as-
cosine waves with period d while the F,'s for CI become sociated roughly with the quantum well appropriate to
constant. The a and n1 integrals for L =C I and L'=C2 electrons, and the dashed line (rF) with that appropriate
vanish and (C1,01pIC2,0) is therefore zero. This be- to holes. As indicated by the sketched envelope func-
havior is consistent with that of a bulk intraband transi- tions, the electron and hole in type-Il SL's are therefore
tion which vanishes in the absence of scattering. In a su- concentrated in layers A and B, respectively. By ccntrast
perlattice, the barrier layer supplies crystal momentum in both electron and hole are concentrated in layer A in
the I (z) direction. Hence (CI,0Ip•IC2,0) will be larger type-I and -III SL's. The spectral limit theorem'9 implies
than (Cl,01p 1 iC2,0). that a positive SL gap always exists in type-I SL since

there is a gap region common to both materials A and B.
III. ELECTRONIC PROPERTIES For type-Il and -III SL's the gap may be zero.

Table V gives the bulk k-p parameters and valence-
The three types of superlattice (SL) being considered band offsets A used as input to the envelope-function

are shown in Fig. 2. The relative alignments of the F16 equations [Eq. (5)). A is taken as 350 meV for
and F8 bulk band edges are shown for type-i HgTe/CdTe (Ref. 3) in contrast to our previous zero
(GaAs/Ga,_•,Al.As), type-II (InAs/GaSb), and type-III offset analysis.' Although the qualitative features of Fig.
(HgTe/CdTe) A 1B superlattices. A is the valence-band 3 in Ref. I are unchanged, m, in the HgTe/CdTe SL isi

TABLE V. Bulk k-p parameters and valence-band offsets (A) used as input to the superlattice envelope-function equations.
m,*(m t*H) is the bulk electron (heavy-hole) mass. E(rF6 , E(rF), and E(rF) are the energies of the r, r 7, and rs edges, respectively.

Type I Type 1I Type III
GaAs Ga0.7A1o, 3As' lno.0 3Gao.47As Ino.52A 0o.4gAs InAs GaSb HgTeb CdTeb

(A) (B) (A) (B) (A) (B) (A) (B)
T=O K T=60 K T=O K T=O K

E(r 6 )-E(rF) (eV) 1.52c 1.98 0.76d 1.47d 0.42' 0.81V -0.30 1.60
E(rg)-E(r,) (eV) 0.341 0.32 0.35' 0.32' 0.38' 0.751 1.0 0.90

A (eVI 0.1381 0.16d 0.571 0.35
m*/too 0.067' 0.084 0.042d 0.075d 0.022 0.042' 0.031 0.11

m HH/MO 0.7' 0.7 0.5" 0.5" 0.4e 0.4V 0.7 0.7

'Virtual crystal alloy values.
IReference 3.
cReference 13.
dReference 10.
'Reference 20.

r7 0:30 conduction-band:valence-band ratio (Ref. 21).
'Reference 22.I
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roughly twice as large for A=350 meV than for A=0 and homogeneous virtual crystal alloy (VCA) limits (dot-
while m and ESL both tend to be slightly smaller, ted lines). The behavior of the effective masses will be

discussed again in Sec. III B on the basis of the J-sum
A. K =0 gaps and masses rule.

The QW picture is appropriate in the thick-barrier lim-
Figure 3 shows the SL band gap EsL and the K=0 C it where mn, is large. The SL band gap EsL is then deter-

electron masses m. (solid line), m (short-dashed line) as mined by the kinetic energies of confinement of the elec-
functions of layer width. The behavior can be under- trons and holes in their respective wells. In the QW pic-
stood qualitatively by considering the quantum well (QW) ture, the energies of the electrons and holes are more sen-

sitive to their respective well widths than the correspond-
ing barrier widths. Furthermore, because of its lighter
bulk mass, the electron confinement energy is more sensi-

, J2 GOAS/ 48 G,00 AA0 As tive to the electron well width than the hole energy is to
E f,...... 0 - the model well width.

GoB " The VCA picture is appropriate in the thin-barrier SLo, .L/BOdo
S.... V, 20.. limit where the envelope-function decay length in the

L_/40 , 0 s...- o . barrier is much greater than the barrier thickness. In this

limit the A /B SL is expected to behave like a homogene-
* / q 60 40o7 .. j 70 ous alloy A,,B,-2 where x ='A /d is the concentration of

04,- - " , material A assumed to be uniformly dispersed
, 0 / 40 7 -4/0 throughout the sample. The VCA picture predicts that

0 _ s'o - iil and m, will be equal and follow ESL as in the bulk.*" • 4 A';t) 9 SL
o 40 "0 20 ........ For fixed barrier width 1. in cach SL system, E. de-

-At; creases as 'A increases, due Lo a reduction in the QW
electron kinetic energy of confinement. In
GaAs/Gal_,AlIAs [Fig. 3(a)] ESL tends to the bulk

WIv\ loA,/48 Gsb GaAs gap with increasing 'A- Figure 2, on the other
E,, 00. ..- hand, suggests that in InAs/GaSb [Fig. 3(b)] and

G a\ HgTe/CdTe [Fig. 3(c)] the gap EL becomes zero for
0(a) 02Z large 'A because the decreasing electron confinemnt en-

so004o ergy cau/ the electron energy level to fall below that of

, 40 the hole level. In the VCA picture an increase in 'A is"02 / // / equivalent to an increase in x. Since the bulk A gap is

004 
A less than that of bulk B, the VCA gap also decreases.

i 0 40 o0 /0 The variation of the VCA gap for GaAs/Gal-x AlIAs

o :... -- 20 ( and HgTe/CdTe using x ='A Id is shown by the dotted
line in Fig. 3.23 As expected the VCA gap agrees well
with E SL for thin barriers 1i9St

In GaAs/Gaj _,AlsAs and HgTe/CdTe, EsL increases
with increasing barrier thickness I1 at fixed 1 . and satu-

"4A Hq v / 49 Cd. T rates at the isolated quantum-well value. For InAs/GaSb
Effch,,, 02 the confinement energy of the electron increases as 1B be-
Mass Bond comes larger, but the hole confinement energy decreases.

02 40. 0•,v - Hence E g"may increase or decrease with increasing 1I
• 400 4 depending on whether the electron or hole energy shift

0-4 dominates.
40/ 0 .0 Figure 3 shows that mi, indicated by the short-dashed

o2( / ., •• line, decreases somewhat with increasing 14 in

p 0 / / GaAs/Gaj_ AlsAs and HgTe/CdTe for fixed Is. ThisS/" i m•/m• 0 40 1O "t
/ / corresponds to the expected bulklike behavior for which

0 40•" -- ' 9E SL_-M, In HgTe/CdTe m,, becomes zero for

-sufficiently large 1 as indicated by the long-dashed line
in Fig. 3(c). As 'A is increased further, mn. actually be-coe ozr oncemoeAdealdacutfthb-

FIG. 3. Superlattice gap EsL and the K=O Cl electron comes nonzero more. A detailed account ofthe be-
masses m, (solid line), m, (short-dashed line) as functions of havior of ml and for HgTe/CdTe in this layer width
layer widths 14, I' in (a) GaAs/Gao A10 3As, (b) InAs/GaSb. regime is given in Ref. 3. The VCA masses, shown by a
and (c) HgTe/CdTe. The locus of ESL=O is indicated by a dotted line, agree well with mi for thin barriers 1B. As
long-dashed line for InAs/GaSb and HgTe/CdTe. VCA masses shown in Fig. 3(b), mrn in InAs/GaSb exhibits a peak at
and gaps for the alloy A,BI,_ withx 1=4/d are shown by dot- 1.4 =25 A for GaSb widths greater than 40 A. The corre-
ted lines. sponding electron energy level coincides with the max-I
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imum imaginary wave vector in the bulk GaSb gap [see with fg'L given by Eq. (9). Type-I SL's have already been
the cross labeling "Max lm(k)" in Fig. 1]. The decay discussed in Ref. 1. We focus here on the somewhat
length of the electron wave function in GaSb is therefore more complicated type-II case, InAs/GaSb, for which
a minimum, and the electron is maximally confined to the the electron and hole envelope functions are confined in
InAs layer. As a result the in-plane SL mass m resem- separate layers. Figure 4 shows the variation of Ej.!0O,
bles the bulk InAs electron mass m nAs(Ecj(0)) at a finite (2/m) Pýc c and fc, (a=1,,) for L C2, C1. HH1,
energy EC,(O) corresponding to the electron confinement and LH1 (where HH denotes heavy hole and LH denotes
energy above the InAs conduction-band edge. However light hole) as a function of well and barrier widths for
the 14 -. 0 limit of m1 is given by the bulk GaSb electron InAs/GaSb. Three typical sets of layer widths (60 .A/40
mass mGasb(0 which is smaller than mtnAs(Ecl(0)) due A, 40 A/40 A and 40 A/60 A) are considered to illus-
to the large conduction-band nonparabolicity in bulk trate the behavior. The (40 A InAs)/(40 k GaSb) SL is
InAs. This effect gives rise to a peak in m .24 used as a reference. The f-sum rule contributions to C1

Turning now to the case where 1, is fixed and ', is from bands other than those given above are also listed,
varying, we see that the behavior of m in all three SL as are the values of m, and m obtained from Eq. (8(. As
systems is again similar to that of ESL as described above, shown by sketches for the (40 A lnAs)/(40 A GaSb) SL.

Figure 3(a) shows that m, in GaAs/Ga1 _,AlAs in- the F,(L,O;z)'s are concentrated in InAs (layer A ) for the
creases with 'A at fixed 1B. The electron energy is electron states (CI,C2) and in GaSb (layer B) for the
lowered and as a result the effective barrier height is in- hole states (HHl, LHI). The 1, (VB( edge of GaSh is
creased, and the tunneling probability is decreased. As taken to be the zero of energy.
indicated in Figs. 3(b) and 3(c) m, in InAs/GaSb and We first focus on C2 and Cl. The CI -C2 properties
HgTe/CdTe exhibits a peak which occurs at the value of of lnAs/GaSb are representative of those of type-] and
14 for which the electron decay length in layer B is a type-IIl SL's. As indicated by the upward arrow in the
minimum. The corresponding tunneling probability C2 column, increasing 1, (the electron well width) from
through layer B is therefore a minimum. 25  40 to 60 A at fixed l =40 A causes Ec2 (O( to decrease

Finally for fixed 1,4 m, increases with increasing bar- from 0.67 to 0.42 eV, and Ec1(0) to decrease from
rier thickness 1B in all the materials due to a decrease in 0.16 to 0.052 eV due to a reduction in the electron
tunneling probability, confinement energy. Hence the energy difference

AEc 2.c(0)= Ec 2(0)- Ec( (0) decreases. The energy
B. f-sum rule - (2/m)(C2,0tpliClO)12 decreases

The behavior of m1 and m:t of SL band CI at K=0 from 4.9 to 4.5 eV as 'A increases since (2/m)IPC2.0-:
can also be understood in terms of the f-sum rule, Eq. (8), vanishes in the bulk limit of pure A material. However,

L C2 C I HHI LHI

F Frr•. -

InA$ thnA GoSb GoSb

EL0O) 60:40 0.42 0.052 -0.040 0 .8
(eV) 40'40 0,67 016 -0.040 0.16

40,60 0.641 0.18 - 0.020 0 .0

60.40 4.5 7.0
40140 4.9 0 5.5 B
40,60 7.1 6,2 Other arods mjIf 0

f, 60,40 -12 30 14 0 03 140,40 - %6 0 27 9. 1 O 03 1 1
4060 -15 22 14 0 05?

2 P 1 60.40 0.10 0.oA 0 35-. P L , i 4 0 4 0 0 . 1 I1 . 6 0 . 7 1

(evi 40,60 0.19 I t 0.35 0ther 8oads , Vm0

f 6040 -028 9.6 1.5 24 0.029

SL.CI 40,40 -0.29 8.4 2.2 'S 0.034
40,60 - 0.42 5.3 r 2 9 0 040

FIG. 4. Energies EL(O), (2/m)IPjlHl 1=(2/m)l(L,Ol•e,,,ICI,0)1 2
2. and oscillator strengths f for 1InAs/1 G supr

tice. Results are given for three sets of layer widths: 60 A/40 A, 40 A/40 A. and 40 A/60 A. The upward and downward arrows in-
dicate increasing InAs (1 ) and GaSb (I,) width, respectively. Dominant envelope functions are shown for the important K =0 su-
perlattice states L =C2. Cl. HHI, and LHI in the (40 A inAs(/(40 A GaSb) superlattice. The total contribution from other superlat-
lice bands is also listed. Superlattice masses are calculated using the f-sum rule Eq. (8).
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f',,cl increases in magnitude (from -9.6 to - 12) be- K:0 by diagonalizing the SL K'p matrix in Eq. (7). The
cause of the dominating variation of the energy denomi- SL matrix elements PLL(K)=(LKipýL',K) for finite
nator. K are then calculated using the relationship P11.,tK)

Along the same lines, as indicated by the downward ar- X Imm.cLM.(f K )cL 3 (K)(MO;pIM'O), which follows
row in the C2 column, increasing /B (the electron barrier) from Eq. (6). The resulting SL properties are illus-
from 40 to 60 A at fixed 14 =40 A causes AEc2.c,(O) to trated in Fig. 5 which shows EL(K( and
decrease. This change is small because the electron ener- (2/m)1PLL.(K)(--(2/m)!(L,Kip. L',K) " for (190 A
gies are insensitive to 1B for sufficiently thick barriers. GaAs)/(200 A Gao 7 5AI0 2,AS), (37 A lnAs/37 A GaSbh,
The energy (2/m)!P -. 1 ,I increases from 4.9 to 7.1 as I1 and (58 A HgTe/42 A Hg0 15Cdo gsTe) along the K. and
increases because the deviation from bulk A behavior be- K, directions. Both EL(K) and (2/m)iPLLjK): are in-
comes larger. Alternatively, the increase in dependent of the direction of K. within the present mod-
( 2 /m)iP`2,C1, can be viewed as resulting from the in- el.
creased effectiveness of the barriers in supplying crystal The valence-band structure calculated by Chang and
momentum. The net result is an increase in the magni- Schulman 2b utilizing an elaborate tight-binding approach,
tude of f52cl from -9.6 to -15. The quantities which has been widely used, is shown by the dashed line
( 2 /m)iP.cc i2 and fe2.cl are negligible since the paral- for the GaAs/Ga,-,AlAs SL. The agreement with the
lel direction is essentially bulklike. We note in passing present results is good for both the band structure and
that a (40 ;k GaAs)/(40 A Gal _,AIAs) SL has a smaller matrix elements even though only eight L,0)'s were ex-
energy (2/m)IPc 1

2 (= 1.5 eV) associated with the plicitly included in the SL K-p matrix of Eq. M7, all other
CI-C2 matrix element' than (40 A InAs)/(40 A GaSb) be- 'L,O)'s lying in the energy range from -2 to 2 eV being
cause InAs. where the CI--C2 transition occurs, is far treated perturbatively. Sixteen :L,0)'s were explicitly in-
more nonparabolic than its GaAs counterpart. cluded in Eq. (7M in the cases of the InAs/GaSb and

There are several differences between the intersubband HgTe/Hg,-_ CdTe SL's in order to facilitate the calcu-
C1-.C2 and valence-conduction-band VB-CI proper- lation of optical properties, to be discussed in Sec. IV,
ties (where VB=HHI,LHI) of InAs/GaSb. In contrast over a wider energy range.
to the electron energies Eci(O) and Ec 2(0), the hole energy The CI energy band for K, =0, given by Ecl(K ), is
Evo(O) is more sensitive to 1B than i, for large 'B, since reasonably parabolic in the K, direction for each of the
the hole is located in the B layer. Furthermore, the ener- three SL's. However, the topmost valence bands show
gies (2/mIIPv'ci 2 =(2/m(iýVB,0(p,,,, )P are large nonparabolicity beyond 7r/d as a result of hybridi-
small compared to the bulk VB-.CB value of 15 eV since zation. The relative ordering of the LHI and HH2 bands
the electron and hole are in adjacent layers. (Recall that for each SL depends on the particular choice of SL layer
(2/mrlIP2.ci 12 is smaller because of its intraband charac- widths. At K=O HHI and LHI are repelled strongly by
ter.) The oscillator strength f c, can however still be Cl in the K,, direction. The repulsion between LHI and
appreciable since AEci vB(O)=Eci(O)-EvB(O) is also HH2 is also appreciable since the bands are close in ener-
small. The quantity f 1Hic vanishes because of the gy. LHI therefore bends upward in the parallel direction
selection rules mentioned in Sec. II. for the InAs/GaSb SL due to the ordering of the

Unlike ( 2 /m)1PC 2• i 12 which increases as 1B increases, LHI and HH2 bands but sends down for the
tve energies (2/mH.P'Jc1 1 decrease as either 'A or Is is GaAs/Ga,-,AI,,As and HgTe/Hg1 _,CdTe SL's. At
ma%;e larger. Specifically, for fixed 1A =40 A, increasing finite K, in the three SL's, the HHI band contains a
Ig from 40 to 60 A causes both the electron and hole bar- 1C!,0) component to first order in the K-p interaction,
riers to become more effective since the electron barrier and hence indirectly acquires a ILHI,0) component to
thickness and the effective hole barrier height increase, second order in the K-p interaction. This leads to an an-
As a result the electron-hole overlap is reduced. The de- ticrossing of HHI and HH2 in the GaAs/Ga1 _ AlAs
cr.ease in (2/m)JPVc811,-P2 as 'A is increased for fixed SL and the HgTe/Hgl-.CdTe SL at finite K._. In the
ID =40 A can be understood using a similar argument. In InAs/GaSb SL the anticrossing involves LH I and HHI.
this case the hole barrier thickness and the effective elec- The HH3 band is flat in the parallel direction for the
tron barrier heigii, increase. GaAs/GaIA, AlAs SL since HH3 is not included in the

In contrast to type-I SL's (Ref. I) the values of mt more limited set used for this SL.
shown in Fig. 4 are small and comparable to the VCA The energies (2/m)IP!L.(K)12

mass [see Fig. 3(b)] despite the fact that fc 2.cl is large. =(2/m)I(L,K~pIL',K) W shown in Fig. 5 are relevant
Furthermore the contributions to the f-sum rule from to the calculation of fundamental optical absorption dis-
HHI and LHI are small. The contributions from the ex- cussed in Sec. IV, where the incident light propagates
cited hole states are therefore important as indicated in along the z (1) axis and the polarization vector lies in the
the column "Other Bands." For type-Il SL, excited hole xy(jj) plane. At K, =0 the energies (2/m)!P1L.(K, )"
states near the top of the (rg) hole well can leak into lay- depend sensitively on K,, due to the significant hybridiza-
er A thereby increasing the electron-hole overlap which tion of the SL valence bands. In the GaAs/Ga,_.1 AiAs
leads to an appreciable contribution to the f-sum rule. SL the crossing of LH I and HH3 causes

C. Finite K properties /r' ... (K.L (12 to drop abruptly to zero at the
C.IHH Finiten pont proerre kae n, the nowM upper-

The results for the SL energies and matrix elements at LHI-HH3 crossing point. For larger K, the now upper-
K =0 can be used to obtain the band structure EL (K) for most HH3 band does not interact with Cl. The values of



1,21

3664 JOHNSON, EHRENREICH, HUI, AND YOUNG 41

(2/rn)[Pi`L'(K)I 2 for the HgTe/Hgi-,CdTe SL are seen the crossing of the LHiI and HH2 bands.
to be smaller than those of the GaAs/Gal-.,Al,,As SL. The preceding results all pertain to the valence-band
The state 1CL.O in the HgTe/Hgl-,CdTe SL has an offisets A listed in Table V. One of the remarkable prop-
appreciable Fr component since the bulk HgTe erties of the HgTe/CdTe electronic structure is that a
conduction-band edge has r`, symmetry, thereby reduc- semiconductor -semimetal - semiconductor transition

occurs as the valence-band offset A (cf. Fig. 2) is in-ing the matrix element between C1 ;ind the SL valence creased from A=0. This behavior underlies our recently
bands. By contrast the lnAs/GaSb mý'atrix elements are pooe eouino h aec-ado~e otoe'small because the electron and hole are separated, as dis- prosdeoltnofhevec-bdofetcnre-

cussd i Se. II B.In he H~e/gl-CdT SLthe sy in HgTe/CdTe SL's.' Explicitly it was shown in Ref.
cused n Sc. IB.In he g~eHg1 .~C~TeSL he 3 that a large offset value (A =z350 meV) is indeed con-

value of (2/m)IPC,.HH2(K)1 is nearly equal to that of sistent with the magneto-optical data of Berroir et al. ,
(2/m)IP6lllHt (K)12 because the envelope functions cor- obtained from an unintentionally doped lO10 AL
responding to C2 and HH2 both resemble first excited HgTe)/(36 CdTe) SL sample. The ex'perimental data had
states in the same well. previously been interpreted as being uniquely associatedThe perpendicular band structure for K,, =0, given by with a small offset A= ~40 meV.
EL(K,), shows essentially no dispersion for the Figure 6 shows the band structure for the (100A
GaAs/Gal-,AlAs SL since the Ga 1-,AlAs layer is HgTe)/(36 A CdTe) SL for A=40, 230, and 350 meV.
thick. The K.! =0 energy (2/n)FP)!L.(KI)1 2 shows a For smallA ( - 40meV) C1 lies above H HI and the SL is
weak dependence on K, for GaAs/Gai.,Al,,As and semiconducting. As A is increased Cl drops in energy
HgTe/Hg 1 -,CdTe, in contrast to the InAs/GaSb SL. unti' *t touches HH1 for A=230 mev. and the SL be-
The stronger dependence in InAs/GaSb is associated corn semimetallic. For A > 295 meV the SL is semicon-
with the electron and hole lying in different wells and has ducting once agdiin as a result of the uncrossing of the ClI
been discussed previously by Voisin et al,.27 In the and HH 1 bands. The band gap in this region is still
InAs/GaSb SL, the interchange of (2/rn 1'&,LHi (K, )12 direct but it occurs at the SL Brillouin-zone face
and (2/mn)iPý5lHH2 (K,)12 at finite K, is associated with K 1=ir/d, as shown for A35OmeV.

190A GaAs/2O0AGai Al As 37;InAs/37; GoSb 58A HgTe /42A Hgl-,CdTe

Kit KI Kit Kt K11  K1

1.45 C2
ci 0.4

EL(K 10 0.2

(e V) Q- I.- 0.2

2M 0414

v-/d 0 r/d -rD 0 -/ 0 ld

NMI4 -iTl

Plýu.!X~j 4- I

(eV) NM12-c2
L"I -C1 I L4I-CI2

4

M--C I442C -C14 I

0--- HM1-C 0 U0
- r/d 0 r /d -r/d 0 w~d -w~d 0 r/d

K11  K I Kill KI Kit K1L

FIG. 5. Band structures E (K) and energies (2/mn)(PIý-(K)I 2=(2/m)I(L,Klpfl!L',K)I2 for (190 AGaAs)/(200A
Ga0, 7,A10 2,As), (37 A lnAs)/37 A GaSb), and (58 A HgTeW/42 A Hg0 15Cd0, ,Te) superlattices shown as functions of K and K
The origin of energy is defined as the valence-band (r%) edge of GaAs. GaSb. and HgTe. respectively. The label L'-..L indicates ihe
transition corresponding to (2/m)IPjjL.(KWI. The superlattice growth axis is along the .1 direction, The tight-binding results of
Chang and Schulman lRef. 26) are shown (dashed line) for comparison.
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Et,,wl IV. OPTICAL PROPERTIES

c 1
40 The results of Sec. IIl C permit evaluation of the imagi-

nary part of the dielectric function at frequency co given
20 by

C×I f ( k d( -11 m KL X
2 

1 
LL' (LK-

HM 2 -20

K4 0(1

Sc SM SC X[ E k)-f(L()
40 230 350

0 .. o 200 30 400 2n (wWto)

Bond offe A IMV) where L(L') is the SL band index of the initial ffinal)

state, K is the SL wave vector and fiE) is the Fermi-
FIG. 6. The band structures for a (100,0 HgTeW/(36 A CdTe) Dirac distribution. The unit vector t defines the polar-

superlattice as a function of band offset A. As A increases, the ization of incoming light. The quantities n I &) and KiW)I
system changes from semiconducting (SC) to semimetallic (SM) are the real and imaginary parts of the refractive index.
and back to semiconducting due to the crossing and uncrossing The two optical processes of interest are fundamental
of the Cl and HHI bands. absorption involving transitions between SL valence and

conduction bands (Sec. IV A), and intersubband absorp-

tion involving transitions between the lowest two SL con-
Figure 7 shows the nearly cylindrical constant energy duction bands CI and C2 (Sec. IV B). Fundamental ab-

surfaces of HHI along K,, and K, for the (100 A sorption in SL's is appreciable regardless of the polariza-

HgTe)/(36 A CdTe) SL with A=350 meV. Energies are tion of the incident light, although for the cases of in-
measured from the bottom of the HHI band (0 meV). terest in Sec. IV A the polarization vector i lies in the
The bulges are a consequence of the K, dependence of plane of the layers. Intersubband absorption is only ap-

the in-plane band structure, Assuming reasonable values preciable if the polarization vector i is perpendicular to
of the intrinsic electron concentration (n,> 2XlO 1  the plane of the layers, and if there are carriers in CI .
cm- 3 ) the calculated cyclotron mass is consistent with The imaginary part of the dielectric function
the zero field experimental v'alue of 0.015±0.003. Re- e 2(w) =2n (0W)x(6) can be written as
cently, unintentional doping concentrations of
n-•5Xl105 cm- have been measured in other E 2(W)=C°(W)+&• 2 C2(CJ)+b6B'vB(W) (16)
HgTe/CdTe samples. 2 9 Using n, =5 X loi5 cm -, the cal- where e"2'ci( w) is associated with CI--C2 absorption,
culated cyclotron mass becomes consistent with the ex- 6EB'vBe, w) is associated with fundamental absorption be-
perimental value for a band offset of A=370 meV, 3° or tween SL valence (VB) and conduction (CB) bands withinpossibly even a somewhat larger value. 31 -0.5 eV of the onset, and co(w) is the contribution asso-

ciated with other occupied states. The real part of the

K1. (units of =/d I dielectric function el (w) _--n 2(W)--K2(0) is given by

f"i (w) = f3(&) ) + (seF2" l(o)-) + 66CB'VB(Wo}) (17)

where the individual contributions 6cc2"CI1W),

6B-svB~o•), and E°(w) are obtained from bei 12"ctw),

8CBevi(on), and E°(W), respectively, using a Kramers-
Kronig relation. The real part of the refractive index
n (wa) is related to e1 (wa) and e•.(w) by

(10"ev) (ortv) (10 OVI1 /216 i units of +r/ 1 (a=•()+[(a)•(a]/1

"2."/d[ C ( (18)

The absorption coeflicient is defined as

For light polarized perpendicular to the layers the
Cl -. C2 contribution to 00(c), given by &~2 Ci(w) ) in
Eq. (16), is appreciable over a narrow energy range and at
energies far below the onset of VB--CB transitions for

FIG. 7. Constant energy surfaces along K,ý and K, of HHI the cases of interest- The corresponding contribution to
for a (100 A HgTe)/(36 A CdTe) superlattice with A= 3'n meV. E1(W), given by 8bc 2-c (ct) in Eq. (17). is a strong function
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of w in this frequency range and is equal to the principal not reproduced by the theory, is possibly due to disorder
part of (2/ir) jordao'•& 2 cilo') /lo'0--). The fre- in the SL layer widths. The inset in Fig. 8 shows the
quency dependence of the refractive index n (w) [Eq. (18)] modified theoretical absorption curve allowing for a ran-
must therefore be taken into account in calculating the domly distributed -4-4A fluctuation (corresponding to
intersubband absorption a(w) [Eq. (19)]. about a monolayer) in the individual layer widths, but

By contrast, the contribution co(W) in Eq. (16) has a keeping the SL period constant at 74 A.
broad structure regardless of the polarization of incident Figure 9 shows a similar comparison between the ex-
light and only becomes appreciable at high energies (> 2 perimental' and theoretical absorption curves for a (58 A
eV). The corresponding contribution to e1t,), given by HgTe)/(42 A Hg 1 _,CdTe) SL at room temperature.
eN(O) in Eq. (17), is therefore reasonably independent of The experimental results of Lansari et al.7 (dashed line)
frequency w over the energy range of interest 0< -o <0.5 are demonstrably reproducible in the sense that two
eV. In addition f)(co) dominates 5ecBVB(w). For funda- separate samples grown under the same conditions yield
mental absorption with light polarized within the layer an identical a(E) curve. 7 The experimental data show' no
plane 8e•.Ci(w) and 8EJ2"cl(w) are negligible; hence the evidence of a theoretically inexplicable tail, possibly indi-
refractive index n (w) can be taken to be constant near cating that the corresponding disorder in the InAs/GaSb
the fundamental absorption edge. We have estimated the sample is absent in the HgTe/Hgl_,CdTe samples. The
actual variation in n (wo) to be less than 10% using a two- theoretical curve for A=350 meV (solid line) is in re-
band SL model. markable agreement with the experimental data. Al-

though alE) is not very sensitive to A the agreement be-
tween experiment and theory is better .or A=350 meV

A. Fundamental absorption than for A=40 meV (dashed-dotted line). The partial
contributions for A=350 meV, shown by long-dashed
lines, are again dominated by the HHI-.-CI and

Figure 8 compares the experimental absorption curve LHI-,CI transitions at energies near the fundamental
(dashed line) for a (37 A InAs)/(37 A GaSb) SL at T=4 SL gap. The HH2--C2 contribution near E-0.5 eV be-
K (Ref. 8) with the present theoretical results (solid line), comes comparable in magnitude to :iat of HHI-.CI
The agreement is seen to be satisfactory. The absorption since the corresponding matrix elements are nearly equal
coefficient a(E) is an order of magnitude smaller than (Sec. IIIC). The HH3--C3 contribution is large for
that of a direct-gap bulk material because the electron E-0.8 eV. Calculation of a(E) for E>0.55 eV is
and hole in the SL are concentrated in separate layers re- difficult since many SL bands contribute, and EL(K) is
suiting in reduced overlap. The structure in a(E) mainly required for large K, values. The HH3--C3 contribu-
arises from the transitions HHI--Cl and LHI-Cl tion, shown by the dotted lines, was therefore included
whose onsets are indicated by arrows. The corresponding
partial contributions are indicated by long-dashed lines.
The tail of the experimental absorption curve, which is

2 - expt. (Schetzino etall)
theory (total)

I - A - 350meV
- --- expt, (Chang etat) A -

- theory (total) ---- A • 40meV

with1 fluctuationis approximate
E E

1 - I wI tutuhn$t

-3 2 0.2

I•J I "C- _ ý HH3-*C3' C"'-<' " : ..... 0
I -i-CiLHI ----. H22-.C2

// ,-

0 o/ 0I
0.t 0.2 0.3 0.4 0.5 0.6 0 0.2 0.4 0.6 0.8

Photon Energy E(eV) Photon Energy E (eV)

FIG. 9. Comparison of experimental coefficients (short-
FIG. 8. Comparison of experimental coefficients (short- dashed line) of Lansari et al. (Ref. 7) and theoretical (solid line)

dashee line) of Chang et al. (Ref. 8) and theoretical (solid line) fundamental absorption coefficients a(El as a function of pho-
fundamental absorption coefficients a(E) as functions of photon ton energy E for (58 A HgTe)/(42 ;, Hg0 1 Cd0 ,Te) at T= 300
energy E for (37 A [nAs)/(37 A GaSb) at T=4 K. Dominant K. A is taken as 350 meV. Dominant partial contributions are
partial contributions are shown (long-dashed line). Inset: ex- shown (long-dashed line). Theoretical curve above E=0.55 eV
penmental vs theoretical tail of a(E) including a 44-A layer is approximate (shown dotted). The theoretical absorption
width fluctuation in the theory, at constant superlattice period, curve using A =40 meV is indicated by a dashed-dotted line.
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approximately in Fig. 9 using a two-dimensional density lies in the continuum. The CI -. C2 absorption of Ref.
of states and a K-independent SL matrix element. The 12 is smaller and broader than for the case of Ref. 2
observed structure in all cases, even the last, coincides where both Cl and C2 are below the top of the well. As
with theoretically expected transitions, shown here, a thin-barrier SL also gives rise to a broad

The fundamental absorption in the a(E) having a magnitude comparable to that of Ref. 12
GaAs/Gal-,AlxAs SL was not considered due to the (-10' cm-'). T'his is because the oscillator strength
importance of excitons which are not included in the fL.c, is small in the thin-barrier SL (Sec. Ill B) and the
present theory. Cl and C2 bands have finite dispersions along the perpen-

dicular direction. The specific thin layer SL system
B. Intersubband absorption chosen here, (40 A ln,,Gal, 1 As)/(20 A InAl-,_As)

which corresponds to the bulk materials suggested by
In contrast to fundamental absorption. the Cl1C2 Levine et al.,'0 exhibits a larger high-energy cutoff for

absorption is only appreciable if the Cl band contains a(E) than a GaAs/Ga _.AlAs SL of comparable layer
carriers, and the incident light is polarized perpendicular widths. In the GaAs/Ga_, Al,,As SL, the Gal_,Al1 As
to the layers. The dependence of the C I -- C2 absorption X-point minimum imposes a lower wave-
on the light polarization follows from the anisotropy of length limit of n 5 i um,1° whereas in lnoeGalr As/
the Cl--C2 oscillator strength fc2.c discussed in Sec. In Al, As the limit is -2 jum.
III B (cf. Fig. 4). Several practical applications of the I, A
strong C I - C2 absorption have recently been suggested.

a. Carrier-activated light modulators. High-speed 1. Thick-barrier limit
carrier-activated light modulation is possible in thick-
barrier SL's (Ref. 2) where the Cl-.C2 absorption is Equation (15) can be used to obtain a simple analytic
large ( -i10 cm-') and narrow (- 10 meV) as a result of form for 14C2.Cl(w) for wide-gap SL's such as
the large Cl --. C2 oscillator strength fL2.cI and the fact GaAs/Gal-,AlxAs in the thick-barrier limit. The Cl
that the Cl and C2 bands are essentially parallel in all and C2 bands are dispersionless along the perpendicular
directions. The properties of a(E) and n (E) will be illus- direction. The in-plane dispersions of Cl and C2 are par-
trated here by considering an (80 A GaAs)/{160 , abolic to a good approximation, with masses mcl, and
Ga_ I -,AIAs) SL. Mc 2.,,, respectively. In addition the matrix element

b. Infrared detectors. Levine et al. 12 have proposed an ý(CI,KJp 1 C2,K)J2 is essentially independent of K be-
infrared detector consisting of GaAs/Ga-,,Al 1 As quan- cause the two bands are nearly parallel.
turn wells with sufficiently thin well layers such that C2 At T=0 K the expression for 8U2'C1 1 0 ) reduces to

I

4v ) I M110 - I(cI,0op,1 c2,0)r2 if Ec 2,C(O)>fiW>EC2,C1(K =K

0 otherwise (20)

where (m,,J l/fd) is the C1-I.C2 joint density of states I
with m,,,/m=(m/mCe.n-m/mC2,)-t. The in-plane GoAs/Go1 A,,,As -, .4
masses mc1,11 and mic211 differ slightly because of nonpara- 6 _
bolic band effects in the bulk. The low-energy cutoff I
for Ucf2 cI(w)is E9cl'c(K!--Kr) where E.c"( K,,) " _
=Ec2(K,,)-Ec,(K) and KF is the Fermi wave vector 4 0
along the parallel direction. It follows that the absorp- - nol - 2ation2idth c"'( •.C2.Cl =K-
tion width E"2,cI(0)'"E' ( K F11-F) is irncfl 2d/m, I
where nc, is the concentration of electrons in Cl and 2 /
nC2= 0 .

Since Cl and C2 are essentially parallel, mi,11 is large,
and therefore 64c2XcR() is large and narrow. Figure 10 O 0
shows the corresponding a(E) (dashed line) and n(E) 0.10 0.11 0.12 0.13
(solid line) for (80 A GaAs)/(160 A Gao.7 AIo.3 As) at Energy E (eV)
T=300 K with nc, =5×X 10 cm- 3. The 5-meV width is
comparable to a laser linewidth. The sharp structure in FIG. 10. Calculated refractive index n(E) (solid line; left-
a(E) is accompanied by a large variation in the refractive hand scale) and absorption coefficient at(E) (dashed line; right
index n (E). The sensitivity of n (E) to the photon energy hand scale) vs photon energy E for (80 A, GaAs)/(160 A
E has potential application in high-speed light modula- Ga0e7A10 As) at T=300 K, for Cl electron concentration
tion.2 The slight smearing on the low-energy side of nFir =5X 107 cm -. The incident light is polarized perpendicu-
a(E) is due to the finite temperature Fermi distribution. lar to the layers.
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L EL(O}(V) EL (K) Constant-Energy Surfaces (eV)

KII KI

CI~~~~~ A.8,,I'• ''
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C2 1.35 1.4 C2 0021
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1.0

Cl1 0.88 
I I/ /
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FIG. 1I. Cl and C2 band structure for (40 A In0o,3Ga0.47As)/(20 Ano 52Alo0.4As), together with Cl constant energy surfaces and
C I- C2 constant energy surfaces. The chemical potential EF( T 60 K)= 0.065 eV corresponds to a C l electron concentration of
nc= 1.4X 108 cm- 3. The shaded region of K space corresponds to K points at which the probability of occupation of Cl is greater
than 2.

The results plotted in Fig. 10 obey the sum rule K=0 oscillator strength fC52.Cj is -4.0 and therefore

2no'e 2 _ 1r 2 smaller than the thick-barrier GaAs/Ga1 _,Al1 As value
meE*C--(-w)dwo m , (21) of -- 13.5. We consider the situation with carriers in CI

f0 - Mat temperature T, and a Fermi level at energy EF(MT)
above the CI edge. The shaded portions in Fig. 11 corre-

where n, is the electron density, p is the bulk electron spond to the region in K space where the Cl band is oc-
mass (m2 * 0.07m), and the plasma frequency cupied for an electron concentration nc =l.4XI10a
WP =41rn e2 /m:, to a good approximation. This will not cm at T=60 K IEF(T)=0.065 eV]. The C2 band is
be the case for the thin-barrier SL to be discussed later. empty, hence C I-- C2 transitions will occur at wave vec-
The magnitude of the absorption curve in the thick- tors K within this shaded region. As seen from the
barrier SL, which is larger than that for the interband C --- C2 constant energy surfaces in Fig. 11, the number
bulk absorption, is a consequence of its narrow energy of C1-- C2 transitions occurring at a given incident pho-
range. Substituting the general expression for 642,CI(o,) ton energy E is a weak function of E over the range
in a thick-barrier SL [Eq. (20)] into Eq. (21) yields
fc12,] I =Mn/mr*. This approximate result for If¢12.Cl is
verified for the (80 A GaAs)/(160 A Gal_.AlAs) SL in
Fig. 10 where f•2.ClI= 13.5 compared to mr/nm = 15.

Physically, the magnitude of a(E) in Fig. 10 can be un-
derstood using a bulk free carrier absorption model for InxGo IAS/InyAIIyAS 4
the C1--,C2 transition. Explicitly, th.. barrier (B) atoms
are imagined to be homogeneously distributed
throughout the SL sample giving rise to scattering of the E
electrons. The impurity concentration of B atoms re- - -
quired for a bulk free carrier absorption of magnitude 2 0
- W0 cm-1 roughly corresponds to the concentration of 2 2 -.
barrier atoms within the spatial extent of the C1 envelope .,/ wo
function in the barrier (- 30 A). / "

2. Thin-barrier limit //
2 I . I I 10

Figure II shows the CI and C2 band structure for (40 0.20 0.30 0.40
A In0 .53Ga 0.47As)/(20 A Ino., 2Alo.48As) together with the Energy E (eV)
Cl constant energy surfaces, and the C I-- C2 constant
energy surfaces. The nonzero dispersion of CI and C2 FIG. 12. Calculated refractive index n(E) (solid line; left-
along the perpendicular direction gives reduced nesting hand scale) and absorption coefficient a(E) (dashed line; right-
between the Cl and C2 bands compared to the thick- hand scale) vs photon energy E for (40 A Ino ,3Gao 4,As)/(20 A
barrier case. The energy difference Ec2(K)-Ec1 (K) is a In0 51Ao04,As) at T=60 K, for Cl electron concentration
maximum at K=0 which represents a high-energy cutoff n = t.4X l0 1cm>-. The incident light is polarized perpendic-
of 0.47 eV (2.6 jam) for the C1--.C2 transition. The ular to the layers.
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0.25 < E < 0.45 eV, therefore the absorption curve will be barrier SL. The important consequence of the sum rule is
reasonably flat. Figure 12 shows the corresponding a(E) that a narrow, large CI-.C2 absorption in thick-barrier
(dashed line) and n (E) (solid line) for (40 AL SL's becomes not only broader, but also considerably
InxGa,-xAs)/(20 A InyA],-_As). The broad structure smaller for thin-barrier SL's than would be the case if the
in a(E) yields a weaker variation in n (E) than for the C1--C2 transition still exhausted the sum rule.
thick-barrier SL. The small peak in a(E) near 0.45 eV is
reminiscent of a one-dimensional joint density of states
and is associated with the near parallelism of CI and C2 ACKNOWLEDGMENTS
in the two in-plane (K, ) directions.

In the thin-barrier limit considered in Fig. 12 the c,- This work was supported by the U.S. Defense Ad-
sum rule of Eq. (21) is only approximately half exhausted vanced Research Agency (DARPA) through U.S. Office
by the Cl--C2 transition as a result of the finite band of Naval Research (ONR) Contract No. N00014-86-K.
dispersion along the perpendicular direction. This effect 0033 and by the U.S. Joint Service Electronics Program
causes nonzero free carrier absorption within CI and also (JSEP) through ONR Contract Nos. N00014-84-K-0465
gives greater relative weight to transitions to higher mini- and N00014-89-J-1023. One of us (P.M.Y.) would like to
bands. The c,-sum rule therefore provides an upper acknowledge the Fannie and John Hertz Foundation for
bound to the C -I-C2 absorption strength in the thin- nartial financial support.

"*To whom all correspondence should be addressed. M8The derivation of Eq. (14) is similar to the bulk impurity prob-
IN. F. Johnson, H. Ehrenreich, K. C. Hass, and T. C. McGill, lem considered by W. Kohn, in Solid State Physics, edited by

Phys. Rev. Lett. 59, 2352 (1987). F. Seitz and D. Turnbull (Academic. New York, 1967), Vol.
2N. F. Johnson, H. Ehrenreich, and R. V. Jones, Appl. Phys. 5, p. 284.

Lett. $3, 180 (1988). 19H. Ehrenreich and L. Schwartz. in Solid State Physics, edited
3N. F. Johnson, P. M. Hui, and H. Ehrenreich, Phys. Rev. Lett. by H. Ehrenreich, F. Seitz, and D. Turnbull (Academic, New

61, 1993 (1988); P. M. Hui, H. Ehrenreich, and N. F. York, 1976), Vol. 31,p. 149.
Johnson, J. Vac. Sci. Technol. A 7,424 (1989). 20G. Bastard, Acta Electron. 25, 147 {1983).

4M. Altarelli, Phys. Rev. B 28, 842 (1983). 2t See, for example, J. Menendez, A. Pinczuk, D. J. Werder, A.
5G. Bastard, in Proceedings of the NATO Advanced Study Insti- C. Gossard, and J. H. English, Phys. Rev. B 33, 8863 (1986).

tute on Molecular Beam Epitaxy in Heterostructures, Erice, 22D. Long, Energy Bands in Semiconductors (Wiley, New York,
Italy, 1983, edited by L. L. Chang and K. Ploog (Martinus- 1968), p. 195.
Nijhoff, Dordrecht, 1984), p. 381. 23For an InAs/GaSb SL (type Ill, the electron and hole do not

6N. F. Johnson, H. Ehrenreich, G. Y. Wu, and T. C. McGill, have common barriers. Therefore both layers must be thin
Phys. Rev. B 38, 13095 (1988). before the VCA gap (x = 1./d) will adequately describe the

7Y. Lansari, J. W. Hans, S. Hwang, L. S. Kim, J. W. Cook, Jr., actual SL gap in InAs/GaSb. The VCA gap lies above the
and J. F. Schetzina, J. Vac. Sci. Technol. A 7, 241 (1989). energy scale shown in Fig. 3(b) for the ranges of SL layer

8L. L. Chang, G. A. Sai-Halasz, L. Esaki, and R. L. Aggarwal, widths considered.
J. Vac. Sci. Technol. 19, 589 (1981). 24The HgTe/CdTe SL does not exhibit a distinguishable peak in

9L. C. West and S. 1. Eglash, Appl. Phys. Lett. 46, 1156 (1985). m I, as a function of HgTe width 1, since the bulk CdTe mass
10B. F. Levine, K. K. Choi, C. G. Bethea, J. Walker, and R. J. m&T,, which represents the IA -- 0 limit of Min, is large

Malik, Appl. Phys. Lett. 52, 1481 (1988). (m &T, =0.- lmo).
I1P. Yuh and K. L. Wang, Appl. Phys. Lett. 51, 1404 (1987). 25The peaks in m , and m,1 for lnAs/GaSb both occur near
12B. F. Levine, C. G. Bethea, K. K. Choi, J. Walker, and R. J. 1 =25 A.

Malik, J. Appl. Phys. 64, 1591 (1988). 26y. C. Chang and J. N. Schulman, Phys. Rev. B 31, 2069
13E. 0. Kane, in Narrow Gap Semiconductors: Physics and Ap- (1985).

plications, Vol. 133 of Lecture Notes in Physics, edited by W. 27p. Voisin, G. Bastard, and M. Voos, Phys. Rev. B 29, 935
Zawadski (Springer-Verlag, New York, 1981), p. 13. (1984).

14N. F. Johnson, Ph.D. thesis, Harvard University, 1989. 28J. M. Berroir, Y. Guldner, J. P. Vieren, M. Voos. and J. P.
"•Inclusion of finite spin-orbit splitting, A, is necessary for an Faurie, Phys. Rev. B 34, 891 (1986).

accurate description of excited SL hole states with energies 29M. Voos (private communication).
comparable to A. 30p. Young, H. Ehrenreich, and N. F. Johnson (unpublished).

161n fact Eq. (5) holds for a general heterostructure state at 3t Further evidence for a large band offset has recently been pro-
KO=0, if the SL labels L and K, are dropped. vided by M. Voos, J. Manasses, J. M. Berroir, Y. Guldner, 1.

"7The expressions for the Fe's reduce to those of M. de Dias P. Vieren, X. Chu, and J. P. Faune, in Proceedings of the 4th
Leyva and J. Lopez Gondar. Phys. Status Solidi B 128, 575 International Conference on Modulated Semiconductor
(19851 in the limit of infinite spin-orbit splitting. Structures, Ann Arbor, 1989 (Surf. Sci., to be published).



127

Surface Science 228 (1990) 197-201 19"Y
North-Holland

INFRARED OPTICAL PROPERTIES OF IlI-V AND EI-VI SUPERLAITICES

N.F. JOHNSON and H. EHRENREICH *
Division of Applied Sciences. Harvard University, Cambridge, MA 02138. USA

Received 23 May 1989: accepted for publication 31 October 1989

The infrared optical properties arising from fundamental and intersubband absorption in Ill-V and II-VI semiconductor
superlattices (SL) axe calculated using a superlattice representation formalism. The SL electronic structure at finite wavevector K is
obtained from the known K - 0 solutions using SL K "p theory. The theoretical fundamental absorption curves for HgTe/HgCdTe
SL are in excellent agreement with recent experimental data. Intersubband absorption between the lowest conduction subbands Cl
and C2 is large in both the thick and thin barrier limit, and of potential technological importance.

This paper discusses aspects of the infrared fundamental optical absorption, where the inci-
optical properties o" II-V and II-VI semicon- dent light propagates along the z (_ ) axis and the
ductor superlattices (SL) associated with funda- polarization vector lies in the xy (II) plane for the
mental and intersubband absorption. The present case of interest. The values of (2/m) I PLL' (K) 12

theoretical approach, summarized in fig. 1, em- for the HgTe/HgCdTe SL are seen to be smaller
ploys a superlattice representation which is ob- than those of the GaAs/GaAlAs SL because the
tained from the Bloch representation describing state IC1, 0> in the HgTe/ HgCdTe SL has an
the bulk constituents using envelope functions. appreciable p-component associated with the p-
The standard formalism for bulk periodic solids, like character of the bulk HgTe conduction band
including K *p theory, is then directly applicable edge. By contrast the InAs/GaSb matrix elements
to the superlattice [1]. are small because the electron and hole lie in

Fig. 2 shows the resulting band structures and different layers. The valence band offset of
optical (momentum) matrix element energies for HgTe/CdTe was taken to be 350 meV. One re-
190AGaAs/ 200AGa 07 5 Al 0 .25 As, 37AInAs/ markable feature of the HgTe/CdTe electronic
37AGaSb and 58AHgTe/42AHg0 .t5 Cd 0 .85 Te structure is that a semiconductor - semimetal --
along the K11 and K, directions, where ._. denotes semiconductor transition can occur as the valence
the SL growth axis. The valence band structure band offset A is increased from A - 0. This be-
calculated by Chang and Schulman [21 utilizing havior led to our recently proposed resolution of
their widely-used tight-binding approach, is shown the valence band offset controversy in HgTe/CdTe
by the dashed line for the GaAs/GaAIAs SL. The SL's [3].
present results for both the band structure and Fig. 3 shows a comparison between the experi-
matrix elements agree well. The relative ordering mental [4] and theoretical fundamental absorption
of the LHl and HH2 bands for each SL depends curves for 58AHgTe/42AHg 015 Cd 0.g5Te SL at
on the particular choice of SL layer widths (and room temperature. The experimental (dashed line)
valence band offset). The energies (2/m) x results of Lansari et al. 141 were shown to be
I PtlL, (K) I 2 = (2/rn) <(L, K I p1l IL'. K> 1 2 reproducible in the sense that two separate sam-
shown in fig. 2 are relevant to the calculation of pies grown under the same conditions yielded

identical absorption coefficients a(E). The theo-
retical curve for A = 350 meV (solid line) is in

* To whom all correspondence should be addressed. excellent agreement with the experimental data.

0039-6028/90/$03.50 0 Elsevier Science Publishers ByV.
(North-Holland)
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o Envelope Functions: F, (L, K; r)

(rlL, K) = ( FiLK;r)(rlnk =0)

SL Wave Functions Bulk Bloch Functions
Band L, Wavenumber K Band n, Wavenumber k = 0

* SL Band Energy EL(K) from:

HSLIL,K) = EL(K)IL,K)

I 
Slowly varying F.(L,K;r)

H,&a)(kg, k,, -i - )F(L, K;r) = Er (K)F(L,K;r)

Bulk A(B) k .p F= {F,,)
matrix

"* Effective-Man Like Eqs. for Fn's

- Install Standard Boundary Conditions at Interfaces

- Use Bulk A(B) Modified Kane Model

- Solve analytically at K = 0

"* Superlattice Representation JL,0):

{F,(L,O;z)) , Ez(0)

"* Momentu2m/Optical Matrix Elements I
(L, 01piL', 0)/ ,,

SL K .p Theory f-Sum Rule

SL Bands EL(K) K = 0 Effective Mases
(L,KjpIL',K) m1 , M11

"s Optical Properties

Absorption Coefficient a(w)

Fefractive Index n(w)

Fig. 1. Theoretical approach to calculation of superlattice electronic and optical properties.

Although a(E) is not very sensitive to A the dominated by the HH1 - Cl and LH1-- C1
agreement between experiment and theory is be- transitions at energies near the fundamental SL
tter for A = 350 meV than for A = 40 meV gap. Calculation of a(E) for E> 0.55 eV is dif-

(dashed-dotted line). The partial contributions for ficult since many SL bands contribute, and EL( K)
A = 350 meV, shown by long-dashed lines, are is required for large K,, values. The HH3 -- C3
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190. GoAs/2OOA GoALAs 37A InAs/37. GoSb 58A HqTe /421 HqCdTe

K11  K1  K11  K1  KII K,

" 45 04 FC'

(ev) 0- HM 02 C.

i 14'l ---. I

10 ,1,,0....

-w/d 0 Wrd -p1d 0 W/d -w/d 0 W/d

2o rrso(K)n2 to 2 -CI P0 *A4I -CI

(cv) 
6  itZCo

~.V LI..CI 1* 44 lH142-CI LI-ICt

-l/d 0 W/g 18/ 0 14d -W/d 0 wid

K11  K1  KU K1  KI1  K1

Fig. 2. Band structures EL(K) and energies (2/rn) IPTL'(K) 12..- (2/rn) J(L, K I pl, I L', K)12 for l9OAGaAs/200AGa0 75A1. 2,As.
37AlnMs/37AGaSb and 58AHgTe/42AHgO013 Cd08 3Te: superlattices shown as functions of K,, and K,. The origin of energy is
defined as the valence band (I's) edge of GaAs, GaSb and HgTe respectively. The label L' - L indicates the transition

corresponding to (2/rn)l P~L'(K) 12.

2 ext.(Shetinaeal)contribution, shown by dotted lines, was therefore
theory (total) included approximately in fig. 3 using a two-di-

- A - 350 meV mensional density of states and a K-independent
A-.-A.40meV SL matrix element. The observed structure in all

E -cases, even the last, coincides with theoreticallyU o- pprox.
2_ * expected transitions. Similar agreement has alWo4 , • been obtained for the InAs/GaSb system (5].

Unlike fundamental absorption, the intersub-
o HH3--C3 band absorption between conduction subbands

HHI•Cl / ...... CI and C2 is only appreciable if the incident light
_-HHZ-C2

"-LHI- • is polarized perpendicular to the layers and the
_" C1 band contains carriers. The dependence of the

0 LTo 0.2 0.4 0.6 0.8 C1 -+ C2 absorption on the light polarization fol-
Photon Energy E (eV) lows from the anisotropy of the CI - C2 oscilla-

Fig. 3. Comparison of experimental (short dashed line) of tor strength fc2.cl [6]. Several practical applica-
Lansari et al. [4] and theoretical (solid line) fundamental tions of the strong C1 -- C2 absorption, in par-
absorption coefficients a(E) as a function of photon energy E ticular carrier activated light modulators [5J and
for 58AHgTe/42AHg 0 .15 Cd0 .g5 Te at T- 300 K. Dominant infrared detectors 17], have recently been sug-
partial contributions are shown (long dashed line). Theoretical
curve above E - 0.55 eV is approximate (shown dotted). A is gested.
taken 350 meV. The theoretical absorption curve using A - 40 Fig. 4 shows the schematic band structure of

meV is indicated by a dashed-dotted line. CI and C2 in the thick and thin barrier SL limits.
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E C 2 with carriers filled up to the Fermi level EF, For
C c i thick barriers the bands Cl and C2 are essentially

E-- •'ECI I/ Emin parallel in all directions assuming both Cl andC2
C2(o EEl o) lie energetically below the top of the barrier. The

Ema, . joint density of states is a sharply peaked function

of energy. In addition the Cl -- C2 oscillator
w /d 0- 0 - strength f• c is large since the thick barriers are

(a) Thiek earriers (OW) effective in supplying crystal momentum along the
growth axis. The resulting intersubband absorp-
tion coefficient is therefore sharply peaked f5J. For

E thin barriers, the SL bands have finite dispersion
Sc2 along the growth axis. The joint density of states

f C• between C1 and C2 is smaller in magnitude for
Ec2(0)-1Cc(0) _cil Zl the thin barrier SL, but is also non-zero over a

Em E wider energy range as a result of reduced nesting.
7 IlThe oscillator strength fc2.cl is also smaller for

,,d - 0 the thin barrier SL since thin barriers are less
effective at supplying crystal momentum.

Wb) Thin Barriers Fig. 5a shows the Cl -- C2 contribution to the
Fig. 4. Schematic band structrure of the lowest two superlattice imaginary part of the dielectric function SeC2.Ct(E)
conduction bands Cl and C2 in the (a) thick and (b) thn (dashed line) as a function of energy E for the
barrier SL limits. Carriers are present in CI with an associated thick barrier SL 80AGaAs/160AGaAIAs at T =

Fermi level EF. The maximum and minimum energies for

photon absorption are indicated by Ema. and E., respectively. 300 K. The tail of &e c2.o( E) on the low-energy

80 GoAs/160 AGoAIAs
I

6~ / I
1 I

/ i

U/ 0.8
. /Energy E (eV)

0.11 0.12 0.13 0.6
U U

0.4-

o[o

1 010 O.1 0.12 0.13
-16 a Energy E (eV)

Fig. 5. Intersubband Cl -C2 optical properties in 80AGaAs/I60AGaoAI[ 3As superlattice with Cl career concentration
n- 0 5 X 17 cm- 3 at temperature T- 300 K: (a) contributions to the real (85'.-ct(E); solid line) and imaginary (6 '2C I(E);

dashed line) parts of the total dielectric function, and (b) reflectance R.
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I I I structure in a( E) results in a weaker variation of
4 - InGoAs/InAAs 4 n(E) than in the thick barrier SL case. The near

parallelism of C1 and C2 in the two in-plane (K,)
'E directions gives rise to a small peak in a( E) near
'1 0.45 eV which is reminiscent of a one-dimensional

2 ,joint density of states. The magnitude of a(E) in
3 2 fig. 6 is comparable to that of ref. [7).

/ I .
/I This work was supported by JSEP (ONR con-

tract N00014-84-K-0465 and N00014-89-J-1023)
2 _ ,I 0 and DARPA (ONR contract N00014-86-K-0033).

0.20 0.30 0.40
Energy E (eV)

Fig. 6. Calculated refractive index n(E) (solid line- left-hand
scale) and absorption coefficient oi(E) (dashed line; right-hand References
scale) versus photon energy E for 40Aln 0 .53Ga 0 .47As/
20Aln0 52Al0. 4 As at T- 60 K. for C1 electron concentration [1) A detailed account of the approach. together with specific

n -1.4 x 1018 cm- 3. input parameters and a complete list of references, can be
found in an extended paper being submitted to Phys. Rev.
B.

side is due to finite temperature smearing of the 121 Y.C. Chang and J.N. Schulman. Phys. Rev. B 31 (1985)
Fermi-Dirac distribution in C1. The contribution 2069.
to the real part of the dielectric function 8cc2"C1(E) [31 N.F. Johnson. P.M. Hui and H. Ehrenreich. Phys. Rev.

is also shown (solid line). The corresponding re- Lett. 61 (1988) 1993;

flectance is shown in fig. 5b. Fig. 3 of ref. [51 P.M. Hui, H. Ehrenreich and N,F. Johnson. J. Vac. Sci.
Technol. A 7 (1989) 424,

shows the resulting sharply peaked absorption [41 Y. Lansari, J.W. Han. S. Hwang. L.S. Kim. 3.W. Cook. Jr.
coefficient (magnitude - 104 cm-t; width - 5 and J.F. Schetzina, J. Vac. Sci. Technol. A 1 1QRQ1 241.
meV) and refractive index. 151 N.F. Johnson, H. Ehrenreich and R.V. Jones. Appl. Phys.

Fig. 6 shows the smaller but broader a(E) Lett. 53 (1988) 180.

(dashed line) for the thin barrier 40AInGaAs/ 161 N.F. Johnson. H. Ehrenreich. K.C. Hass and T.C. McGill.
Phys. Rev. Lett. 59 (1987) 2352.

20,InAlAs SL together with the corresponding 171 B.F. Levine. C.G.Bethea. K.K. Choi, J. Walker and R.J.
refractive index n(E) (solid line). The broad Malik. J. Appt. Phys. 64 (1988) 1591.
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Infrared optical absorption in imperfect parabolic quantum wells

L. Brey, Jed Dempsey, N. F. Johnson, and B. I. Halperin

Lyman Laboratory of Physics, Harvard University. Cambridge, Massachusetts 02138
(Received 26 February 1990)

The effects of possible imperfections on the infrared optical absorption and on the charge-density
profile of wide parabolic quantum wells (WPQW's) are studied. We consider effects that can arise
from the finite width of WPQW's, from the existence of a quartic component in the confining poten-
tial, and from the existence of a region of flat potential in the center of the well. Within the local-
density approximation, we confirm that a perfect WPQW absorbs light only at the bare harmonic.
oscillator frequency, and show that the effects of small imperfections of the types considered on the
absorption spectrum are twofold: a shift in the location of the main peak and the appearance of new
peaks nearby.

I. INTRODUCTION electron-random impurity potential can be considerably
smaller than is possible in the usual doped semiconduc-

The properties of an interacting three-dimensional (3D) tors. The mobility of these samples, even in the presence
electron gas in a uniform positive background have been of alloy-disorder scattering, should be significantly higher
widely studied over the years' and different many-body than that of doped semiconductors with the same concen-
effects have been predicted. In particular, the ground tration of carriers.
state of this system in an external magnetic field is ex- In the experimental samples, the parabolic potential is
pected to be a spin-density wave or a Wigner crystal achieved by tailoring the conduction-band edge of an al-
when the electron density is low enough.2 In order to ob- loy semiconductor, usually Gal-,AlAs. Since the band
serve these broken-symmetry ground states, a lower den- offset between GaAs and Ga-,, Alý As is proportional$ to
sity of electrons than that found in normal metals is re- x, it is possible to obtain a parabolic potential by varying
quired. For this reason, n-type doped semiconductors the fraction of aluminum quadratically with position.
with small effective mass and low carrier density might Recently, structures of this type were grown using
seem the best candidates to exhibit exotic ground states. molecular-beam epitaxy by Gossard and co-workers,' and
Unfortunately, the interaction between the electrons and independently by Shayegan and co-workers. 7 Magneto-
the neutralizing charged impurities in these systems is transport experiments"' 7 on these WPQW's reveal that
strong enough 3 to preclude any broken-symmetry ground they hold a thick, high-mobility slab of electron gas. In
state favored by the electron-electron interaction. In addition, recent theoretical studies of these systems have
contrast, the study of a high-mobility, two-dimensional discussed electron energy levels and charge-density
(2D) electron gas has been possible experimentally,4 due profiles,8 electronic structure in the presence of a longitu-
in part to the development of modulation-doping tech- dinal magnetic field,9 and the existence of a spin-density-
niques, which reduce the electron-ionized impurity in- wave instability in the presence of a longitudinal magnet-
teraction by separating the 2D electron gas spatially from ic field.10

the neutralizing positive charges. The infrared optical absorption and magneto-optical
To achieve an almost-3D electron gas while reducing absorption in WPQW have been studied experimentalvy1

the electron-impurity interaction, a remotely doped and theoretically.12 It has been shown' 2 that, in the ab-
wide- parabolic-quantum-well (WPQW) structure has sence of an applied magnetic field, an ideal n-type doped
been proposed.2 In such a well, the parabolic potential, parabolic quantum well absorbs far-infrared radiation
V(z ) = Az 2, mimics the potential created by a uniform only at the bare harmonic oscillator frequency, indepen-
slab of positive charge of density no= A e/2,re2. In this dent of the electron-electron interaction and of the num-
expression, e is the electron charge and c is the (uniform) ber of electrons in the well. For this reason, it has been
static dielectric constant of the host semiconductor. thought that optical-absorption measurements might be
Electrons are introduced remotely in the WPQW by plac- useful in characterizing departures from ideal parabolici-
ing donors at some distance from either side of the well. ty in experimental samples.
The electrons enter the well to screen the parabolic po- The aim of the present work is to study, within the
tential and distribute themselves in a uniform layer of framework of the Hohenberg-Kohn-Sham local-density
density no over the fictitious positive charge. In practice, approximation (LDA), how the optical absorption of a
the WPQW's are -4000 A wide, and uniform electron WPQW changes from its ideal form when different im-
layers of thickness > 2000 ,A have been obtained. Be- perfections are present. We also report the influence of
cause the donors can be separated by several hundred imperfections on the charge-density profile and on the
angstroms from the electrons in such a system, the electronic states. In Sec. II we describe the method used

42 1240 © 1990 The American Physical Society
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in our calculations, and in Sec. III we discuss three exper- body Schr6dinger-type equation, where the electrons
imentally relevant 6 effects: the effect of the finite width of move in a potential that is the sum of the external ipara-
the well, the effect of a quartic term added to the parabol- bolic) potential, the Hartree potential, and an exchange-
ic potential, and the effect of a region of flat potential in correlation potential. Although the energy eigenvalues of
the center of the well. Finally, in Sec. IV, we summarize this one-particle equation do not correspond to the quasi-
our results. particle energies, one can consider the exchange-

In the present paper we confine ourselves to the case of correlation potential as a local, energy-independent
zero applied magnetic field. If one can neglect the self-energy. 15 The LDA gives good results for conduc-
scattering of electrons by impurities and phonons, the ab- tion electrons in silicon inversion layers and
sorption in this case is produced only by the component GaAs/Ga1 .1 AlAs heterostructures. and for quantum
of the electric field in the z direction (perpendicular to the wells. 4.16

layer). Thus, to see the effect, one must use radiation that In our system, we replace the localized donor charges
is incident at an angle far from normal incidence. vy a z-dependent charge density that has been averaged

over the x-y plane. If we restrict ourselves to self-
II. METHOD OF CALCULATION consistent solutions that respect translational symmetry

We consider a WPQW with the geometry used in Ref. in the x-y plane, the one-electron equation describing the
6,where thierwellhas a fe width W, go eptry A nd is R motion of the electrons separates, and the wave functions6, where the well has a finite width WV, a depth A1, and is aneinvusar

bounded by an additional barrier of height A2. To de-

scribe the electrons in the host semiconductor, we use the !Lk2 +i 2kk
E,,, ý, ky E,, +a)effective-mass approximation. We take the static dielec- E = E 2m * 2m*

tric constant and the effective mass to be uniform across
the well. In the actual WPQW, 6,7 these quantities vary q/n. kky(r) =-=-' e q,(z1, (Ib)
by only 11 and 7 %, respectively, from the center to the V iS

edge of the well, and including this variation in the calcu- where we have supposed spin degeneracy and omitted the
lation produces only small changes in the results. Also spin index. In the above expression, S is the sample area,
omitted from the calculation are the nonparabolicity of k=(ký, ky) is the wave vector of the electron, m is the
the conduction band and the band-mixing effects induced effective mass, and E,, and q',,(z) are obtained from the
by confinement. These effects, again, have only a small one-dimensional Schr6dinger equation
influence on the electronic properties of the system.

The interactions between electrons in the conduction 42 d 2
band can be separated into a Hartree term due to the ----- + V(z)+ VH(z)+ VxC(z) ,(Z)=Eq7,(z)
electrostatic potential of the total electron density and an 2m dz2

exchange-correlation term.' The exchange-correlation (2)
part of the ground-state energy can be described as a
functional of the electron density. 3 In the LDA this In this expression, V(z) is the bare well potential,
functional is assumed to have only local dependence on which depends on the Al concentration at the position z,
the electron density. The LDA has been used very suc- and which corresponds to the position of the bottom of
cessfully to obtain ground-state properties of many sys- the conduction band in the absence of doping; V,,(z) is
tems.14 Making this local approximation leads to a one- the exchange-correlation potential17

V,,(z)-0. 985-2n 113() 1+ 0.034 1Vxcl)=-O985 nl/3z) la~n/3(zln~l+Ig.376a~n"/3(,"),1i
aa*n 1/(z)

where a e 2 /m *e2 ; VH(z) is the Hartree term due to where n,(z) is the contribution of the ith subband to the
the electrostatic interaction of the electrons with them- charge density, O(E) is the Heaviside unit-step function
selves and with the [(x,y)-averaged] impurity charge, (O=0 for E <0 and 0= 1 for E >0), and EF is the Fermi

d 2 V(z) 41re 2  energy obtained from the condition

"- =--_-- n(Z)--Noiz)1,(4
dz 2  n, IN,

where ND(z) is the density of positive charge necessary to (6)
maintain charge neutrality. The electron density n (z) is N, -f(EF--E, O(EF-E,)
given by V42

n(z)= n,(z). N, being the number of electrons per unit area in the ith
subband. Consistent with our use of a dielectric constant

(5) that is uniform across the well. we have neglected the
•-((z)' - )I=,(z); 2 e(EF-E, ) M effect of image potentials in Eq. (2).

7rtV
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The self-consistent solution of Eqs. (2)-(6) gives us the Eq. (9) represent the depolarization and excitonic effects,
charge-density profile, the Fermi energy, the subband en- respectively, and are given by the expressions
ergies, and the total potential, which is defined as 42re +=
VrT(z)-_ V(z)+ Vy(z)+ V,,,X). From the eigenfunctions aG,,,,mm,= f _ dz q9,(z)p,',.(z)
and eigenvalues, we can obtain the infrared (ir) optical
spectrum of the system. X f dz'f dz" 9q, (z"

The peaks in the ir optical absorption do not appear at
frequencies corresponding to the quasiparticle energy Xq',,z')
separation. Instead, the resonances are shifted from the
self-consistent subband separation by the depolarization
effect,18 due to the Hartree screening of the resonance, +. • • V-1
and by the excitoniclike' 9 or vertex-correction effect. In 2ln,,, mm= 2 f - (z)qD,.(z) an (Z) •,,(z)dz
fact, the absorption peaks correspond to the collective
modes of the system, which must be determined from the (12)
poles of the appropriate response function.20 In the case It is also easy to show that the two-dimensional dynami-
of a quantum well, in the long-wavelength limit, the cal conductivity satisfies the sum rule
movement of the confined electrons can only be coupled
to an electric field perpendicular to the electronic sheet, e2 r IT
and the charge in the well absorbs ir radiation only if the f m (13)

electric field has a component in the perpendicular direc-
tion. We are able to use the dipole approximation in In this model the vertex corrections are given by the
describing the interaction between light and the electrons functional derivative of the e'.change-correlation poten-
and to neglect retardation effects 2' because the thickness tial with respect to the density. That this correction is in-
of the typical WPQW is much smaller than the wave- dependent of frequency is consistent with the lack of
length of the light with frequency corresponding to the dependence of the exchange-correlation potential on the
self-consistent subband separation. quasiparticle energy. It is important to note that, to be

We obtain the optical absorption by using the self- consistent, the use of the exchange-correlation potential
consistent-field approximation 22 together with the LDA. in the calculation of the excitoniclike effects must be ac-
In the form derived by Ando,19 the optical absorption per companied by the inclusion of V1c in the one-dimensional
unit area can be written as Schr6dinger equation, and vice versa.

p~ca=-•Re[,..(o)D] ,(7)
111. NUMERICAL RESULTS

where D is the external electric field directed in the z
direction and aF. is the modified two-dimensional dynam- We are interested in the electronic and optical proper-
ical conductivity ties of the model parabolic potential

e 2 , 4AIz 2
e 2 Al Vlz)=-".-2O(W/2- lzl)+(A, +A2)O(lzl - W/2)

where we have introduced a phenomenological relaxation (14)

time T and and in the effects that different perturbations, when add-
1/2 ed to this potential, have on those properties. In our cal-

2Zm' a culations we use the following set of parameters:
= . , e=12.5, A1=150 meV, A2=75 meV, and m'-0.067

N 1/2 2 times the free electron mass. The positively charged
, -donor impurities are in two layers of equal charge densi-

.ZRj U,', ,1  , (9) ty, 200 A thick, located just outside the well on either
side. We have checked that our results are insensitive to

where Z,,,, is the matrix element of the z coordinate be- the precise location of the positive charges for reasonable

tween the states qpy and qip- E*t2 in Eq. (8) and U,.,.. in choices of the parameters.
Eq. (9) are the eigenvalues and eigenfunctions of the ma- In some of the actual WPQW the parabolic potential is
trix created by changing the relative thickness of alternating

GaAs and Al0 3Ga0.7As layers in a superlattice of period
AF,1,- 1" ,,,8mm 20 A, so that the average aluminum composition changes

quadratically across the well.6 Since the resulting poten-
+ (N. -N,) 2(N,- N,)" 2  tial is very difficult to handle numerically, we have used

2 (10) the averaged potential in our calculations. To check the
sensitivity of our results to short-wavelength variations in

In the above expressions, the indices n, n', m, and m' the potential, we have compared the results for another
refer to the eigenvalues and eigenvectors of the one- fine superlattice with those for its averaged parabolic po-
dimensional equation (2). The matrix elements a and 6 in tential. The fine superlattice we considered had a period

moo
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of 20 ;, a fixed barrier thickness of 10 •,and a barrier 0
height which changed quadratically from one period to 0.2
the next. The differences between the charge-density b)
profiles obtained for the fine superlattice and for the aver- r t-

aged potential are very small. The superlattice produces o. 1 (C) 4
an oscillation of very small amplitude in the charge-
density profile, with the same period as the superlattice. -
There are also small differences in the charge-density dis- 0 0 -O,_L,- ,c

tribution at the center of the well, due to the region of flat ').06
potential that the superlattice produces in the center of o0.2 ' -- )E
the well. This flat region typically corresponds to 3 or 5 (b)
periods of the fine superlattice. The effects on the energy /6 6b
levels and on the optical absorption are also small. The 0 - (C -- -4
insensitivity of our results to fine structure in the poten-
tial arises because the reciprocal lattice vector corre- -. - ,

sponding to the superlattice period has an associated ki- o.0
netic energy much larger than the energy spacing be- -2000 -1000 0 1000 2000
tween the parabolic-well states in which we are interest- Z (A)
ed. In summary, we have checked that the use of the
averaged potential instead of the fine superlattice poten- FIG. 1. Potential and charge density in a WPQW for two
tial does not affect our results. different fractional occupations, 71=0.6 and in= 1. Curve (a)

shows the bare potential V(zU for the well, and curve (b) shows

A. Size effects the total self-consistent potential VT(Z). Curve (c) shows the
self-consistent charge-density profile n ;z). The parameters of

In this subsection we study the effects of the finite the WPQW are given in the text.

width Wand the additional confining potential A2 on the
properties of the system. We apply the method described h
in Sec. II to the potential of Eq. (14), V(z)=V,(z), and whe system absorbs light only at the bare frequency
we study the variation of the properties of the system 00O-8A 1 /W 2 m*)/. This frequency can be identified
with the fractional occupation q7 defined by with the plasmon frequency of a 3D electron gas of densi-
1=n,/(n0 W), where n, is the number of electrons per ty no, since by construction coo=(47rnoe:/nm *)I/: This

unit area in the system. We have found, in agreement result is expected from the analysis of Ref. 12. In the
with Ref. 8, that the number of occupied subbands in- parabolic potential there is an exact cancellation of the

creases with the number of electrons in the well, that the depolarization term and the vertex-correction term by

separation in energies between occupied subbands de-
creases with nr, and that the separation between the Fer-
mi energy and the first subband occupied goes quickly to .0o
the 3D value Cr=h2(3vr2n0 )21 3/2m*. We have also 7 1.0
checked that the thickness of the electron slab increases
linearly with the fractional occupation 71. Our calcula- o.5
tions show that a very uniform slab of electrons is formed
when only two subbands are occupied. i-

Size effects become important when the fractional oc- E o. . .
cupation is near I and the electrons feel the abrupt V ,o.9
change in potential at the edge of the well. In Fig. I we ,
plot the charge-density profile for 17=0.6 and for 71= 1. 0.5,
In the i7=0.6 case the charge is almost uniform in the oc- -.

cup:ed part of the well. The small bumps at the edges of 3

the slab are Friedel-type oscillations, similar to those - o.o
which appear at metal-vacuum interfaces. 3  As the tI* oe
WPQW meves toward complete filling (?I= I), the elec-
trons start to feel the nonparabolic confining potential 0.5,
(&,), and the amplitude of the oscillations at the edge of
the charge-density profile increases. For q > 1, extra ___charge accumulates at the edges of the well, and the dis- 0
tribution of electrons becomes more and more like two ,o
2D sheets.

Figure 2 shows the infrared optical absorption for FIG. 2. Calculated real part of the dynamical conductivitv
different values of the fractional occupation 71. When the 6 `(w) in a WPQW for different values of the fractional occupa-
number of electrons in the well is small enough, so that tion 17. The parameters of the WPQW are given in the text.
the charge does not feel the edges of the well (,i < 0.8), The value of the phenomenological relaxation time, r. its 0.01j.
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the corrections to the quasiparticle energy spacing due to
the electron-electron interaction. 0. 2 \ 7 // P

The effects of tE finite width of the parabolic well be- >
gin to appear when 71 _> 0. 8. The effect of the finite width
is negligible for fractional occupations smaller than 0.8 0'1 - (C)
but increases quickly for higher values. For values of 1 -4

smaller than 1, the perturbation is still relatively small t0 "2
and has two main effect: on the optical absorption of the 0.0 "" "
WPQW. First, the main peak in the absorption spectrum ,0 6
is shifted to a slightly higher frequency because the extra 0.2- q -4omev [ 1
confinement increases the oscillation frequency of the 3 I] ;
center of mass of the electrons. Second, small satellites r-
appear around the main peak because the electric field of •
the incident light can now couple to the internal motion
of the electrons as well as to the motion of the center of ( 2
mass. 0.0 " "

B. Effect of a quasrtic term added to the parabolic potential -2000 -1000 0 1000 2000
z (A)

In this subsection we study the effect that a quartic
term of the form FIG. 4. Potential and charge density in a WPQW for two

different values of the quartic term added to the potential:
16Aqz 4  A, =75 meV and A. -40 meV. The fractional occupation is

Vqz)(W/2--zl) (15 7=0.6. Curve (a) shows the bare potential V(z)= VC(z)+ Vq(Z)
for the well, curve (b) sho,,'s the total self-consistent potential

has on the properties of the WPQW. We apply the Vr(z). Curve (c) shows the self-consistent charge-density profile
method described in Sec. II to the potential n (z). The parameters of the WPQW are given in the text.
V(z)= V,(z)+ Vq(z). In order to exclude effects due to
the finite width of the well, we fix the fractional occupa-
tion at 71=0.6. Note that with this value of r7, the ratio behavior is quite different for different signs of A . For
of the quartic potential to the parabolic potential at the positive values, the quartic potential induces a convex
edges of the electronic slab is only one-third the same ra- parabolic correction to the nearly uniform charge distri-
tio at the edges of the well. bution produced by the parabolic potential alone. The

In Fig. 3, we show the subband energies and the Fermi positive quartic potential also increases the confinement
energy as a funcLIun of Aq. Figure 4 shows the initial po- of the electrons in the well, so the subband energy spac-
tential, the self-consistent potential, and the charge- ing increases with increasing Aq.
density profile for the cases 6q -40 and 75 meV. The For negative values of A., the quartic potential adds a

concave parabolic component to the charge distribution.
Even a moderate negative Aq causes the charge to spread
out considerably in the well and destroys the uniform
charge-density profile. For small negative values of AV
the main effect of the perturbation is to reduce the

5.0 confinement of the electrons and, thus, the intersubband
separation. For values of A q more negative than those

4.0 shown in Fig. 3, the charge builds up more and more at
the edges of the well, and the energy levels approacl
those of two 2D electron gases.

- 3.0 In Fig. 5(a) we show the real part of the dynamical
conductivity for different positive values of A . For small

2.0- . .values of Aq the effect of the perturbation on the optical.S2.0
absorption spectrum is twofold: a small shift to higher
frequencies of the main peak and the appearance of small

.0- satellites around it. This is similar to the effect produced
ooo ...o : - by the finite width of the well. But now instead of several

00, , peaks at higher frequencies than oo there is only one ad-
-40 -20 0 20 40 60 80 00 ditional peak, This shows that the step-potential A. al-

At (meV) lows more different transitions than the smoother quartic
potential. At larger values of Aq the quartic term is corn-

FIG. 3. Fermi level E,,-c, (solid circles) and energy-level parable to the parabolic term and several transitions,
separation E, -E (open circles) as a function of the strength of with similar intensities, appear around wo0 .
the quartic term A, tsee text. The fractionai occupation 77 is Figure 5(b) shows the optical absorption for negative
0.6. The parameters of the WPQW are given in the text. values of A In this case, as mentioned above, moderate
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10FIG. 6. Fermi level F-Et, (solid circles) and energy-level
separation E, - EI (open circles) as a function of the width of the

Oregion of flat potential, WI, (see text). The fractional occupa-
tion Fq is 0.6. The parameters of the WPQW are given in the
text.

- 4

fiat segment of potential of width Wf centered about

zF=0. When added to the perfect parabolic potential,
0a VOWTo acts as a barrier in the center of the we-l which

0. tends to separate the electron gas into two 2D systems.
-htouIn Fig. 6 we plot the subband energies and the Fermi en-

ergy as a function of Wfl, having fixed 71 at 0.6 as before
4q, 20to eliminate finite-width effects. As Wn increases, the

0 00.

values of A¢ produce large changes in the charge-density > 0.2i
profile, and the ir spectrum shows several peaks of corn- - o \-• f -
parable intensity around a main peak that is shifted down 01- ,/-" c)\ /- .
slightly fromwo COO. I\"W 2c

C. Effect of a region of flat potential In the center of the well 0.0..
In this section we apply the method of Sec. II to the -2000 -1000 0 '000 2000

potential V( z) =V1 (z)9+ V• (z), where Vfl(z) is given by Z (Al
F4IGz 2  

FIG. 7. Potential and charge density in a WPQW for two
Vtlz)= --- WTO( We/2- [zt) different widths of the region of flat potential W 4 -100 and 400

2uri Aer de o h oeta. The fractional occupation is. 176 curv 4a hw h

bare potential V(z)= V 1 (z)+ V•Sz) for the well, and rurve ib)
-- W--"T [' ( IuZ-- Wt/2) . (16) shows the total self-consistent potential Vriz). Curve Ic) shows

the self-consistent charge-density profile n.(I. The parametersV7(z) cancels Vi (z) in the e well, producing a of the WPQW are given in the text.
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1.0 .same, namely (i) a shift of the main peak due to a shift in

- WitO 400i the frequency of oscillation of the center of mass of the
electrons, and (ii) the appearance of new peaks around

0.5- the main peak. The additional peaks had zero intensity
in the ideal parabolic case, because they correspond to
forbidden transitions. With the perturbaions, the wave

0o.0 functions change and the transitions are no longer forbid-
Z wq- 3oo; den. The number of additional peaks and their positions

depend on the particular form of the perturbation.
".0o.5- When the strength of the perturbation increases, the

importance of the parabolic potential decreases, and the

3 At -charge density in the electron slab becomes less and less
".0o.0 uniform. When the uniformity is lost, several peaks with

•l 2comparable intensities appear in the ir absorption spec-
trum.-

S0.5- Our LDA calculations are consistent with the result of
Ref. 12, in that the optical-absorption spectrum we calcu-
late in the absence of imperfections shows only one peak,

0 2 which falls at precisely the expected frequency. On the
W/wo other hand, one should not view this as strong

confirmation that the LDA treats the electron-electron
FIG. 8. Calculated real part of the dynamical conductivity interaction accurately. The result of Ref. 12 holds for

ao,(w) in a WPQW for different values of the width of the re- any interaction of the form V(r-r'), whether Coulombic
gion of flat potential. The fractional occupation 17 is 0.6. The or not. Our agreement with the general result shows only
parameters of the WPQW are given in the text. The value of that, as we have used it, the LDA respects the transla-
the phenomenological relaxation time, r., is 0.010w. tional invariance of the electron-electron interaction.

Also, the result of Ref. 12 implies that we must find an

levels tend to become degenerate, as expected for two 2D exact cancellation in our calculations of the depolariza-

electron gases. This is seen more clearly in Fig. 7, where tion term and the vertex-correction term by the correc-

the self-consistent charge-density profile is plotted for tions to the quasiparticle energy spacing due to the

two values of Wfi. For Wt = 400 A, the charge lies most- electron-electron interaction. In fact, we find that the

ly to the sides of the barrier created by Vfl(z). cancellation also occurs when the vertex-correction term,

As in the case of negative quartic term, the splitting of Eq. (12), and the exchange-correlation potential, V•, are

the charge-density profile strongly affects the optical- simultaneously omitted. This occurs because the depo-

absorption spectrum, shown in Fig. 8. As Wft increases, larization term, Eq. (11), and the vertex-correction term

different peaks. with comparable intensities, appear separately cancel the effects of the Hartree and the

around the frequency w o. exchange-correlation potentials, respectively.
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We study collective excitations in a model array of parabolically confined quantum dots in an ap-
plied magnetic field. Treating the interactions between electrons on the same dot exactly and those
between electrons on different dots in a simple approximation, we find that the Hamiltonian

separates into a term involving center-of-mass coordinates of the electrons on each dot and a term
that depends on the relative coordinates on each dot. We diagonalize the center-of-mass Hamiltoni-
an exactly and discuss retardation effects and interactions between the array and far-infrared radia-
tion.

In recent years there has been growing interest in the J + 2A( )2
electronic properties of quantum-dot systems.'-" Most H0= a 2m- P, c Oai (1)
often these structures are formed when the quasi-two-
dimensional electron gas (2DEG) at a semiconductor H -' '( -r), (2)
heterojunction or in a narrow quantum well is confined a .s'
further, so that the electron motion is constrained in all H(2) 7 V- (3)
three dimensions. In many of the experimental samples, -e - 2 e V r,-r )
particularly those where the dots are defined by metallic .
gates near the 2DEG,1 3.4.6 or by "deep-mesa" etching, 2.6 In these expressions m is the effective mass, R, is the
the confinement in the plane is expected to be nearly par- center position of the ath dot, r., = R+u,, is the posi-
abolic.7' 8 To provide adequate signal strength in mea- tion of the ith electron on the ath dot, and we take
suren'ents of optical transmission and of capacitance, ar- A(r,,i)= Ao(rai )=Bxa1 9. The terms H"' and H,2'
rays of as many as 108 dots covering several square mil- represent the interactions between electrons on the same
limeters are fabricated. In this paper, we discuss collec- dot and on different dots, respectively. The Hamiltonian
tive modes in a model array of quantum dots with two- H incorporates the following characteristics: (i) a para-
dimensional parabolic confinement in an applied magnet- bolic potential before electrons are added, (ii) no tunnel-
ic field, treating the interactions between electrons on the ing between dots, (iii) a uniform external magnetic field
same dot exactly and those between electrons on different B=Bi, and (iv) instantaneous interactions of the form
dots within a simple and often accurate approximation. V([r 0,- -ryj). We shall later relax the last of these as-
We also investigate the interaction of the collective sumptions. We also point out that the quantity moj6 in
modes with far-infrared radiation and calculate the Eq. (1) is the curvature of the parabolic potential
effects of retardation in a system where the array is em- confining the electrons on each dot when the dot is part
bedded in a semiconductor crystal so that the dielectric of the array. In principle, this should be slightly different
constant is the same on both sides of the dot layer. than the curvature of the confining potential of an isolat-

It has been shown recently9 that parabolically confined ed dot because of a small contribution from the fixed pos-
electron layers with or without an external magnetic field itive charges on the neighboring dots. We also ignore the
have center-of-mass collective modes that can be treated Zeeman energy, which does not affect our results.
exactly. More recently, it has been noted that the tech- We define center-of-mass position and momentum
niques of Ref. 9 apply also to single quantum dots with operators for each site and for the system as a whole:
general three-dimensional parabolic confinement'° and to Ua=nt 1 ua0 , Pa= Yi Pa0 , U=N-' Xn 0 U0 , and
single parabolic dots in external magnetic fields. " These P= Y.. P,, where N is the total number of electrons and
results for single parabolic dots have also been obtained n,, is the number of electrons on the ath site. Defining
recently by other techniques. 12 On the other hand,
theoretical work on arrays of parabolic quantum dots'3  C- /[2MA(4w0 2]"
has failed to treat the interactions between electrons on
the same dot accurately. Moreover, previous work on ar- x MW0.U'TjiPx+X(±jiM6_U Uy+Py)
rays has not considered the case of an applied magnetic
field and has ignored effects due to retardation.

We begin with the model Hamiltonian H =H 0  +moj n1X, , (4)
+Hn'+• H ', where a

42 11 708 ,) 1990 The American Physical Society
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where M_ Nm, X=_=R,-i, X=_tl, and coj=)=(Mw,/2) nates IUGI and momenta IP,,j of the electrons on each
+{toS+2a•/4 "2, we find that [H.C7]=-±•.wC- and dot and H/,, depends only on the n,,-l relative coordi-
that the ICIf obey the commutation relations nates on each dot and on their conjugate momenta. The
[C.,C ]=6ý.X, and [C7,C7-]=0=[Cx.,C- I. Thus importance of this result is that the only coupling be-
Cx and C- are the creation and annihilation operators tween dots is in / which is the Hamiltonian for lat-

for exact excitations of our Hamiltonian. These excita- tice vibrations of charged ions in a magnetic field in the
tions correspond to the classical modes in which all the harmonic approximation. Specializing to the case when
electrons on all the dots move together in phase, main- na =n for all a, Rm is given by
taining their relative positions. This represents a general-
ization of the results for single dots 0- 12 to arrays of dots. /'c. 1( I )2 +[Py+nm&cIX,"u

To study modes where the electrons on different dotscm. 2nm (P' )[ nU
do not move in phase, we make a harmonic approxima-
tion to the interaction between pairs of electrons that lie + ± 22 + nm I U,.(DatUq , 7)
on different dots. We note that although our treatment - nmwlUa 2-
up to this point has assumed that V'2 ' in Eq. (3) depends
only on I ra, --rj, the interactions in actual dot arrays where
may be more complicated, due, for example, to the effects
of image charges on gate structures that do not possess (n /r)da, c•a
translational symmetry in the xy plane. Then the interac- Dao= (n/rm) I w w8,, =a (8
tion between electrons on different dots must be written
in the more general form V 2 '(r•,,rtj). Image charges on )"C

gate structures will also cause modifications in the Using the equation-of-motion method or techniques simi-
confining potential for an electron on a single dot and will lar to those of Tikochinsky, " ftc rr can be diagonatized
modify the interactions between two electrons on the
same dot, thereby affecting the assumptions that enabled exactly: Hcm = ZkX hoký,Ck4Ck- +const. where wk, is

us to sol]e exactly for the center-of-mass motion for a given by

single doi. Nevertheless, under many conditions a k_ 71 Ja 11 ±a,,+ý
simple-harmonic-oscillator approximation will be valid
for small displacements. -4(alla 2 2 -t2 -ýa. 2)I]I; ,9)

For simplicity, we assume that the IRJ lie on a
periodic lattice and that ±1 is invariant under with -+l, al,=(wg+ ')+D", a,,=2Dt., a,2 E_,5

reflections as well as under translations through lattice +DIV, and Dt' - e "DO. Here Ck, and Ck are
vectors, and write VF21(rai,r,6e) =V 12'(Ra0,uaw,u6j)

= V'2ý(Ra, -u6i,-uad), where R ftl-Rt9-Ra. Using
these symmetries and assuming that ua, and uq, are small
compared to the scale of variation of V'(r.,,rtyj), we 1- - -_-----

write V' 2
'(ra,,r6j) = f/," +0(u 3 ) where ......

"1.3 BIT
f/' = RV''(,,RtR)+(uai -upj )"fq

+!(u ,w a~ua +u~a w u0 )+u sd -u, , .

and fa =(aV'21.•V u01 ), Waf.(, 2 V 1 2 1/auaiaUa), d0 6 Bo O
.(a 2 V2 /au,,iauj), with all derivatives evaluated at 1

ui =O=u01 . We emphasize that because the effective di-
ameter d of the dots is generally much smaller than their 0.9
nominal diameter and very much smaller than the spac-
ing R 0 between dots, the replacement of V"' by F/"' is 0.8- - - - - -

often an excellent approximation. For example, if V' 2 ) is .
a Coulomb interaction and d/Ro=0.1, then the worst 0.7_....___,_, ___,_,_,

case fractional error ( Pi 2l- V' 21)IV, 21 is of order 10-3 rn/4 ,T2 3nt4
for electrons on neighboring dots and decreases rapidly kR0
for dots that are not nearest neighbors.

Substituting H f/21a,3j for H"', one FIG. I. Dispersion of center-of-mass collective modes wo

can show that the resulting Hamiltonian separates into for square lattice of lattice constant R,,= 5000 A, for k= k in
two parts: the first Brillouin zone, with B=O T (solid lines) and B= 1 T

(dashed lines). Parameters are 11o6 =3 ineV, n=200, c= 12. and
HEH-H ,+ 

1
H'+•4-'• Hcm +Hrf , (6) m equals 0.07 times the electron mass, We assume Coulomb in-

teractions. The nearly vertical dotted line at left is the line
where H, m. depends only on the center-of-mass coordi- sn=kc/ c
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creation and annihilation operators which satisfy the the electron mass. The dynamical matrix has been calcu-
commutation relations [Ck:Xo,Ck'X l=E•.S6kk. and lated using the results of Bonsall and Maradudin."1

[C-,, C- ]=0=[C'x.,C'.]. In the special case when Having diagonalized /1,m, we now consider the in-
V(2

1 V"(1r.,-r6j ), one can show that d•,1=-w,9 teraction of light with an array described by the Hamil-
and that D[v_0=0. In this case, Wk=o.A is identical to w;,, tonian ff. We choose light incident obliquely on the ar-
Ck=o.A is identical to CC, and our approximation repro- ray with q=q_.+q and mE=cz+E. One way to take
duces the exact result. In Fig. I we plot the frequencies the light into account is to add a time-dependent com-

Wk,. for a square lattice of lattice constant R 0 =5000 A ponent A 1(ra,-)=Re[C(E 0 c/ioo)exp(iq -r,,, -icotn] to the
for k=kj in the first Brillouin zone, with no magnetic vector potential in our Hamiltonian. If we treat this as a
field (solid lines) and with B= I T (dashed lines). We small perturbation, neglect the A2 term, an.d make the
have assumed Coulomb interactions and have taken dipole approximation exp(iq "ua,,, 1, we can write the
hto0 = 3 meV, n=200, E= 12, and m equal to 0.07 times perturbing Hamiltonian as

Eo q .RE
H'=E-e Xe •E:.u, +H.c.=-e Ne ..U_q +H.c.

2 2 -2

1/2
=N " i (Ec, +i" .,a q,,, )C'q,:.k + H.c. O(10)

2 4, 2mwcdk

where a=±, X=_I, lattice. For small q,, the modes created by C;,, in fact

[- % (COqA( --2a 33 -ioa 1 1 lie in a continuum of radiation modes and thus become
aq --a xa 11)-iawxa12] (11) resonances with finite widths and with central frequenciesAiA. w 2- -q~a12 that are shifted from coq .. These changes in the modes

and are known as "retardation" effects because they result
when the instantaneous interactions in our model Hamil-

wA~x-- tq•i 1 + (ceA- a ) tonian are replaced by the correct retarded interactions.
×[a2 2 fz

2 
-a,) Because the wavelength of light of frequency woo is so

qA large compared to the lattice spacing, the region where
+ 2 0 a22 2

+a1 2]/(4c•z-q,.aI2) . (12) retardation effects are important is a very small fraction
of the Brillouin zone, the region to the left of the nearly

We see that, in the dipole approximation, light couples vertical dotted line in Fig. 1. On the other hand, it is pre-
only to the center-of-mass excitations of H. For first- cisely this region that is probed by infrared optical ab-
order processes, the perturbation H' can cause transitions sorption, so we must understand the effects of retardation
only to states that differ in energy by ±+ohq,. ,_. or to understand the optical response of our quantum dot

±_Wq,._1 from the original state. Because the wave- array.
length of light of frequency 0)_5 X1012 S-1 is To study retardation effects, we consider the classical
(2Trc//e1 2 Wo)_ 10-2 cm-200Ro, the dipole approxima- electrodynamics of our array in the long-wavelength lim-
tion is very well justified throughout the optical absorp- it. 16 For s.mplicity, we consider a system where the dot
tion region. In the special case of normal incidence array is embedded in an infinite semiconductor crystal so
(q•,=0) with V, 2) of the form V12 1 U(Ira,-r,, I), the dipole that the dielectric constant e is the same for z >0 and
approximation is exact in our two-dimensional model and z <0. Because the radiation interacts only with the di-
the light couples only to the exact center-of-mass excita- pole moment on each dot in the long-wavelength limit.
tions of H with frequencies wo. . Thus, within this per- we treat our array as a two-dimensional lattice of two-
turbative picture, the optical response at normal in- dimensional harmonic oscillators, where each oscillator
cidence of an array of quantum dots described by our has charge -ne, mass nm, and natural frequency w, tin-
original Hamiltonian with any number of electrons on cluding the effects of any fixed positive charges in the ar-
the dots is exactly the same as for a single dot10- 1 with ray). The dynamics of the ath dot are given by
the same total number of electrons. For non-normal in-
cidence, within the dipole approximation, perturbation + iE x B 2 U . (13)
theory predicts sharp peaks in the infrared optical ab- m I c

sorption at q ._ iI.*

This analysis, however, is inadequate. It is known where E, is the component of the macroscopic electric
from the study of polar crystals' 6 that the optical proper- field E that lies in the plane of the array. "r Taking the
ties of such systems are not given accurately by first- continuum limit, we incorporate the charged oscillators
order perturbation theory because the radiation mixes through a polarization P= VE, where we use Eq. (13) to
strongly with the dynamical degrees of freedom of the write
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(n2--om iWw w2  0 1= I 2
0~2- 22_0W(n~e2/m ) 2i 2 0(14 ( c~o o - ) --co c

X =8(z) ( 2g-0_ )2_c.a .o2 0 (14) o1w q W

0X Jw0w--o l 2 " 2)1/2

where 6(z) is the Dirac delta function and n, =(n /R 2) is

the number of electrons per unit area in our array. We where o_=(2rn' e 2/eI/ 2mc). Outside the radiation con-
assume E=E(z)exp(iqpjx -iuo) and B=B(z)exp(iq,,x tinuum, a2 -(q 2 c2 /e-o)E/c" is positive and we take
-iwt), and solve Maxwell's equations subject to the ap- the positive square root. Inside the continuum, a6 is
propriate boundary conditions. Outside the continuum, complex near the roots of the dispersion relation and we
we require that E I -- 0 as z-- ±coo Inside the continu- take the square root wil-h negative imaginary part.
um, we require that E(z) be an outgoing wave, In both Two special cases deserve mention. When q, =0, the
cases we get the dispersion relation dispersion relation given by Eq. (15) factors, yielding

0.01 0.01 .

(a)(b) Unretarded v _.•"

0.005 .. rd "-1  0.005 Unretarded -•

3000 - 3•

""d Retarded:
l m }I r a d i a t i v e - , 0 e a d d

-0.005 nonradiativSnon radia tive -Im ) radiative

nonradiative

-0.01 ,-0.01
0 0.05 0.1 0 0.05 0AI

kR0  kRo

0.0 . .-

(c)

0.005 Unretarded 1 --

+ 0

Retarded:
ReIraitv

-0.005 Im
nonradiative

-0.01
0 0.05 0.1

kR0

FIG. 2. (a) Small-k behavior of longitudinal mode frequencies (B=0 TP: unretarded (diagonal dashed line), and retarded (real part,
solid line; imaginary part, dash-dotted line). (b) Small-k behavior of transverse mode frequencies i8=0 TP: unretarded (horizontal
dashed line), and retarded (real part, solid line: imaginary part, dash-dotted line). (c) Small-k behavior of high-frequency mode (B= 1
T): unretarded (slanted dashed line), and retarded (real part, solid line: imaginary part, dash-dotted line). Nearly vertical dotted line
in (a)-4c) is the edge of the radiation continuum ai=kc/-" 2. Modes in the continuum are radiative and have complex frequencies.
Modes outside the continuum are nonradiative and have real frequencies.
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ret = X(o/2) + (w/+14_ikwt/2 )1/2 presumably arise from impurity scattering and from im-perfections in the dot array. The same conclusions hold

--iw,/2 with or without external magnetic fields. Thus it is very
t wdifficult to observe effects of interdot interactions with in-

with .= or, where the square root is taken with positive frared optical absorption, even when the effects are large
real part. For n1010s" cms - and e-12, we find outside the optical absorption regime. It may, however,

wtl 0io s-1 <<a 0 , so ±4, and the B-field dispersion be possible to observe the dispersion outside the radiation
of the frequencies at q,,=0 is hardly affected by retarda- continuum by Raman scattering or by oil,,- techniques
tion. such as the use of a grating. is

When B=O, Eiq. (15) factors again and we get separate In summary, we have studied collective excitations in
dispersion relations for the longitudinal and transverse an array of parabolically confined quantum dots, with
modes For the longitudinal mode we find =`i5o and without an external rnagnetic field. Using instarn-
-ao•/2+w,(--o&o+o.4/4+qic /E)"' 2. This is complex taneous interactions and a harmonic approximation towit co st n relp r o ,<( o &2 /4 s R w

with constant real part for q• < (~o~--O;/4 )e!c, so Rew the interaction between electrons on different dots, we
is almost dispersionless in this region. Thus retardation have found that the Hamiltonian separates into a term
effects strongly suppress the dispersion of the longitudi- that depends only on the coupled center-of-mass motions
nal mode for q,, in the radiation continuum. As q, in- of different dots and a term that depends only on the rela-
creases beyond the critical value (w6--w,/4)E/c 2 , w, be- tive coordinates within each dot. Diagonalizing the
comes real and rises toward its nonretarded value. Fig- center-of-mass portion of the Hamiltonian, we have
ure 2(a) shows the small-q,: dispersion of Rew, (solid line), shown that light couples only to the center-of-mass
Imai1 (dash-dotted line), and the unretarded longitudinal modes to an excellent approximation. Although the
frequency wq+,. 1 (dashed line). The edge of the radiation modes show dispersion at short wavelengths, the disper-

continuum is indicated by the nearly vertical dotted line. sion would be very difficult to observe via far infrared op-

Figures 2(b) and 2(c) are similar plots for the transverse tical absorption-first, because the wave vector in such

mode and for the higher-frequency mode when B=I T, an experiment is always very small compared to the re-

respectively, ciprocal lattice vectors of the dot array, and second, be-
With the addition of a small disspative term in )C, the cause the effects of retardation serve to reduce still fur-

complex-frequency modes will appear as resonant peaks ther the dispersion in the optical region.
in the infrared optical absorption spectrum. " If the elec-
trons on different dots are screened from each other, as We are grateful to S. Das Sarma, P. M. Young, and
may be the case in samples with a metallic gate very close especially R. D. Meade for several helpful discussions
to the array," ,3.4 the optical absorption spectrum is that and suggestions. One of us (L.B.) wishes to acknowledge
for isolated single dots, with no dispersion. Even when support from Spain's Ministerio de Educacion y Ciencia.
there is no such screening, however, we see that, when re- This work was supported by the National Science Foun-
tardation is taken into account, the optical absorption dation through the Harvard Materials Research Labora-
spectrum is essentially unchanged by interactions be- tory and Grant No. DMR88-17291, by U.S. Defense Ad-
tween dots, except that the peaks acquire finite natural vanced Research Projects Agency through U.S. Office of
widths on the order of oj. These widths are much small- Naval Research Contract No. N00014-86-K0033, and by
er than those shown in the experimental data, 1-4 which St. John's College, Cambridge, England.
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Electronic and optical properties of a superlattice in a parabolic potential
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The electronic and optical properties of a superimposed parabolic and superlattice potential are
calculated within the local-density approximation for a range of superlattice periods d. For small d,
the properties are similar to those of a parabolic quantum well containing electrons with effective
masses corresponding to the underlying superlattice. The "effective-mass approximation" is valid in

this regime. Fo. lalit d. the spacing of the ideal-parabolic-well energy levels becomes comparable
to the superlattice miniband width, and the effective-mass approximation breaks down.

I. INTRODUCTION width is much greater than the parabolic-well subband
spacing) the properties of the combined superlattice and

Remotely doped wide parabolic quantum wells parabolic quantum well correspond to those of a parabol-
(WPQW's) have recently been proposed' as systems ic well with a renormalized mass equal to the superlattice
where an almost three-dimensional electron gas can be mass. In particular, the self-consistent energy levels show
obtained without significant electron-impurity interac- a fairly weak dependence on the superlattice-layer period.
tion. Several experimental and theoretical studies of the The static dielectric screening of the superlattice poten-
properties of WPQW's have recently been reported.2 -7  tial by the electron gas in the parabolic potential is simi-
In particular, the infrared optical absorption and lar to the screening obtained from a bulk three-
magneto-optical absorption in WPQW's have been stud- dimensional electron gas. The combined PQW and SL
ied experimentally' and theoretically.' It has been absorbs infrared light with the electric field along the
shown7 that, in the absence of an applied magnetic field, growth axis at only one frequency, independent of the
an n-type doped parabolic quantum well absorbs far- electron-electron interaction or the electron concentra-
infrared radiation at thc bare harmonic-oscillator fre- tion. (iii) For superlattices with thick barriers the spacing
quency, independent of the electron-electron interaction of the ideal parabolic energy levels becomes comparable
and the number of electrons in the well. For this reason, to the superlattice miniband width, and the effective-mass
it has been thought that optical-absorption measurements approximation begins to break down. In particular, the
might be useful in characterizing departures from ideal self-consistent energy levels show dramatic variation with
parabolicity in experimental samples. superlattice-layer period. The optical-absorption spec-

Experimentally, WPQW's have been created from a trum for light with the electric field along t growth axis
thin layer GaAs/Ga1 _,AlAs superlattice by changing shows increasing structure with increasing superlattice
the-relative GaAs and Gal _,Al1 As layer thicknesses in a period. Satellites appear around the fundamental absorp-
20-A-period superlattice so that the average Al concen- tion peak, which itself becomes shifted to lower frequen-
tration varies parabolically along the growth axis. 2 The cies. Effective masses, obtained from the area under the
implicit assumption being made is that an electron in a fundamental peak, and the position of the fundamental
short-period superlattice "sees" an average "effective" po- peak, respectively, are shown to differ increasingly from
tential (defined by the bottom of the superlattice conduc- each other and from the bare superlattice band-edge mass
tion band) which varies quadratically along the growth with increasing superlattice period.
axis. This assumption subsumes the properties of the un- In Sec. I we describe the calculational approach.
derlying superlattice into a renormalized electron mass which is the self-consistent-field approximation within
equal to the superlattice conduction-band-edge mass. the Hohenberg-Kohn-Sham local-density approximation
The effective-mass approximation has essentially been (LDA). In Sec. III the calculated electronic and optical
made. properties of the combined SL and PQW potentials are

The aim of the present work is to study the electronic presented. Finally, in Sec. IV we summarize our results.
and optical properties of a combined parabolic-quantum- In the present paper we restrict ourselves to the case of
well (PQW) and superlattice (SL) potential for an arbi. zero applied magnetic field. If one can neglect the
trary superlattices period d. For simplicity only periodic scattering of electrons by impurities and phonons, the ab-
superlattices are investigated. We find the following re- sorption in this case is produced only by the component
suits. (i) the superlattice potential introduces oscillations of the electric field in the z direction (perpendicular to the
in the self-consistent charge-density profile with spatial layer). Thus, to see the described effects experimentally,
period equal to that of the superlattice. (ii) For superlat- one must use radiation which is incident at an angle far
tices with thin barriers (such that the superlattice band- from normal incidence.

42 2836 1 1990 The American Physical Society



147

42 ELECTRONIC AND OPTICAL PROPERTIES OF A ... 2887

It. FORMALISM A2_ d2 )

We use the effective-mass approximation in order to 2m* dz2  V(z)+ VH(Z)+ z-
describe the electrons in the host semiconductor. We
take the static dielectric constant to be constant along the (2)

well. The nonparabolicity of the conduction band and In this expression V(z) is the bare potential, Y,c~z) is the
the band-mixing effects induced by the confinement are exchange-correlation potential,x and 111z) is the Har-
omitted from the calculation. These effects only have tree term due to the electrostati anderaction of the elec-
small influence on the electronic properties of the system. tree te them eles tati terion of rthes.

The interactions between electrons in the conduction trons with themselves and with the ionized impurities.
band can be separated into a Hartree term due to the Consistent with the approach of a constant value of the
electrostatic potential of the total electron density and an dielectric constant, wE he neglected the efect of the ir-exchange-correlation term. The exchange-correlation age potentials in Eq. (2}. The self-consistent solution of
part -ofthe ground-statem. Thenegy canbedecribed aso a Eq. (2) gives us the charge-density profile, the Fermi ener-
pfunctional of the elctron density.c In the LDA this aune- gy, the total potential-defined as Fr(z)mY(z)

tional is assumed to have only local dependence on the . VH(2+ V,,(z)-and the subband energes. From the
electron density. Making this local approximation leads eigenfunctions and eigenvalues, we can obtain the in-

to a one-body Schr6dinger-type equation, where the elec- frared (ir) optical spectrum of the system.

trons move in a potential that is the sum of the external The electrons absorb light at the frequencies corre-

(e.g., parabolic plus superlattice) potential, the Hartree sponding to the collective modes of the system which
potential, and an exchange-correlation potential. Al- must be determined from the poles of the appropriate

though the energy eigenvalues of this one-particle equa- response function. Within the LDA, the resonances are

tion do not correspond to the quasiparticle energies, one shifted from the self-consistent subband separation by the
can consider the exchange-correlation potential as a lo- depolarization effect due to the Hartree screening of the

cal, energy-independent self-energy.2  The LDA gives resonance, and by the excitoniclike14 or vertex-correction

good results for conduction electrons in silicon inversion effect due to the exchange-correlation screening of the

layers and GaAs-Ga_..,AIAs heterostructures, and for resonance. If one can neglect the scattering of electrons
quantum wells."f'1 2  by impurities and phonons, the absorption of light is pro-Specifically, within these approximations the motion of duced only by the component of the electric field perpen-

the electrons in directions parallel (x,y) and perpendicu- dicular to the electron layer. In this case, and within the

lar (z) to the electron sheet are separable. The electrons dipole approximation, we obtain the optical absorption

are free to move in the plane perpendicular to the by using the self-consistent-field approximation together

confining direction, and the wave function and eigenval- with the LDA.14 In the form derived by Ando,14 the op-
ues are given by tical absorption per unit area can be written as

h~. ftlk (a P(aw)-Re[&(ca)D 2 j, (3)
E,.,,., + 2m-* 2m-* U) where D is the external electric field in the z direction.

%P,.k,,.,kji= I .ei(kb) The quantity 0, is the modified two-dimensional dynam-
V'(z (b ical conductivity given by

Spin degeneracy has been assumed, and the spin index e 2  
_' _

omitted. In the above expression, S is the sample area, m (4)(-2X

k=(k, ky ) is the wave vector of the electron, mi is the I

effective mass, and e, and •,,(z) are obtained from the where we have introduced a phenomenological relaxation
one-dimensional Schr6dinger equation, time r', and

2m' • _(e .l [ I N ,- N,,, U

Here, Z,,. is the matrix element of the position operator z between the states qy. and qi., ns is the two-dimensional
electron density, and N, is the number of electrons per unit area in the ith subband. • in Eq. (4) and U,..,, in Eq. (5)
are the eigenvalues and eigenvectors of the matrix

A.,,,, m.=-E.?,, 8,,.,,,, ....,, +(N,,-N,,.)"(N,.-Nm,)"2 (Em E,,,E, I (a,. nr, 8.,.,,,)~ (6)

In the above expressions the indexes n, n', m, and m' refer to the eigenvalues and eigenvectors of the one-dimensional
Hamiltonian given in Eq. (2). The matrix elements a and 0 in Eq. (6) represent the depolarization and excitonic effect,
respectively, and are given by the expressions
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-2 2 az 41 (Z*R".z) f dz'(f_ z (z")q8,.)z

where n(z) is the electron density. It is also easy to prove wells of width a. In our calculations V0 was taken to be
that the two-dimensional dynamical conductivity satisfies 15 meV and the barrier and well thicknesses were taken
the sum rule to be equal (a =b). The position of the superlittice is

=ar nchosen such that there is a barrier at the center of the
f & a )dld (9) parabolic well (z =0) and the superlattice retains inver-

sion symmetry about z =0.
It is important to note that, to be consistent, the use of

the Hartree potential in the calculation of the depolariza- A. Electronic sUactre
tion effect must be accompanied by the inclusion of VH in In this subsection we study the electronic structure of a
the one-dimensional Schrbdinger equation. and vice ver-
sa,15 Also, the inclusion of the excitoniclike effect in the cine SL potential I an parabolecnwell poten-response function needs to be accompanied by the in- tial Veow(z). in Fig. 1 we compare the initial potential.
reuspone ofunhc ne-oelation needstoenticm alin the one- the self-consistent potential, and the charge-densityclusion of the exchange-correlation potential iprofile in both the absence [Fig. l(a)] and presence [Fig.
dimensional Schrbdinger equation.15 (b)) of the superlattice potential VSL(z). The specific su-

III. RESULTS perlattice period used in this illustration was 300 A. In
the absence of the superiattice potential [Fig. l(a)], the

A parabolic potential V(z)- A 2 mimics the potential charge is almost uniform in the occupied part of the well.
created by a uniform slab of positive charge of density The small bumps at the edges of the slab are Friedel-type
no= A /2ire 2 . In this expression e is the electron charge osciflations. 6 In the presence of the superlattice poten-
and c is the (uniform) static dielectric constant of the host tial [Fig. I(NI], additional oscillations of the charge-
semiconductor. The actual parabolic potential profile density profile appear with the same periodicity as the su-
Vprw(z) used in the calculations was modified to model perlattice. It is interesting to note from the self-
the experimental WPQW samples more closely, consistent total potential that, although Vpwiz) is well
Specifically, a finite parabolic well was chosen of thick- screened by the electron gas, VsL(z) is not.
ness Wand height A,, bounded by an additional potential Figure 2 shows the self-consistent subband energies E,,
barrier of height A2,

4A~z2
VpQw(Z) = 0(W/2--zt) 0. ) S"

> .( ii) E

+('&,+'&21O(!-- W12) €(10) 6

where e is the unit-step function. We define the fraction- 0.1 lil 4
al occupation of the WPQW as n1,/nd W, where n, is " (i) 2
the number of electrons per unit area in the system. The N -

thickness of the electron layer increases linearly with n,, 0

and for 71= I the thickness will be W. When q is larger (b)
than one, the excess of electronic charge will be concen- 0.2 (ii) 6
trated at the edges of the WPQW and the charge-density > V
distribution will no longer be uniform. We are interested f
in the cases of uniform charge distribution and we re- T 01 •4
strict ourselves to i7=0.6. Size effects in a parabolic 2 6
quantum well for 71 near I are investigated in Ref. 16. In
the present calculations we use the following set of pa- 00

rameters: e=12.5, A1=150 meV, A2 =75 meV, and 2000 -100 0 1000 2000

'/mo0 -0.067, with mo the free-electron mass. The (A)

positively charged donor impurities are in two layers of FIG. 1. Potential and charge density in a parabolic quantum
equal charge density, 200 A thick, located just outside the well in (a) the absence and (hi the presence of an additional su-
well on either side. We have checked that our results are perlattice potential of period 300 A. The fractional occupation
insensitive to the precise location of the positive charges 1=0.6, and the barrier height in the superlattice potential is 15
for reasonable choices of the parameters. meV. Curve 1i) shows the bare potential V(zl for the well, and

The superimposed superlattice potential VSL(Z) used in curve 6ii) shows the total self-consistent potential Vrl:). Curve
the present work is the Kronig-Penney potential consist- (iii) shows the self-consistent charge-density profile n (z). The
ing of rectangular b:trriers of width b and height Vo, and parameters of the parabolic quantum well are given in the text.
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T describe the SL by an effective medium with a renormal-
ized mass equal to the band-edge SL mass, and the

50F effective-mass approximation begins to break down. As
each subband 'solid line) crosses the bandwidth (dashed

line), a more appropriate value of the electron mass be-
4 0 comes the negative mass at the top of the first SL mint-

band. The energy E, therefore starts to increase with in-
E '•creasing d. For larger d these subbands lie in the SL gap

a 0 The corresponding eigenstates are evanescent and are
only allowed because of the presence of the parabolic po-
"tential which breaks the Bloch condition. Since an
evanescent state can occur at the left and right walls of
the parabnlic potential, a symmenc (bonding) or an-

i.0 " tisymmetric lantibonding) linear combination of the two
can be formed. These two "gap" states become deven-

0_0__.... ___ T erate as d increases, as can be seen from Fig. 2 since the
0 100 200 300 400 decay length eventually becomes much less than the well

d (A) width.
It is interesting to consider the SL potential to be an

FIG. 2. Fermi level. tF-E, (line with solid dots). and external probe for investigating the screening properties
energy-level separation, E, -Z (solid line), as a function of the of the electron gas in a PQW. The presence of such an
superlattice period d. The fractional occupation il is 0.6. The external periodic perturbation yields the total self-
bandwidth of the lowest conduction miniband of the superlat- consistent potential Vr(Z) and charge density shown in
tice is shown dashed. The parameters of the parabolic quantum Fig. I(b). For a given SL period d, we can then define a
well and superlattice are given in the text. screening factor e(q,z), where q =21r/d, given by

measured with respect to the lowest subband CU I I as a E(q,z)= VSL(Z)/Vy(Z) ,
reference, for the combined parabolic and superlattice
potentials as a function of the SL period d. The dramatic here VSL(Z) is the unscreened SL potential with period

variation of E, for large SL period d can be understood by d. We choose to evaluate etq,z) at the center of the para-

comparing the following two quantities associated with bolic well (z =0) and define c(q,0)=e(q). In fact, E(q,z)

the constituent parabolic and superlattice potentials, re- is only a weak function of z in the central region of the

spectively: (i) the spacing of self-consistent subband ener- parabolic quantun well. For values of q where the sys-

gy levels in an ideal parabolic quantum well Vp~wCU), and tern responds linearly to the perturbation, this definition

(ii) the bandwidth of the lowest miniband in the superlat- of an effective screening factor .Cq) is consistent with the
riCe VsL(Z) (indicated by a dashed line in Fig. 2). We will definition of a static dielectric function. Figure 3 shows
only be considering the bandwidth of the unscreened SL e(q) as a function of q. For comparison, we have also

onl beconideingthebanwidh o th uncrenedSL plotted the Bohm-Pines random-nhase-approximation
potential since the electron gas cannot effectively screen plottethe diesri ncon pase) for athre

VsL(z) (see Fig. 1). For small d the superlattice band- (RPA) static dielectric function a e Aeq) for a three-

widtht" (dashed line) is much larger than the spacing of dimensional (D) electron gas of the same concentration.
same effective mass, and same background dielectric con-

the parabolic-quantum-well levels, and the energy levels sane The mag nd ofme a nd d increase
E, for the total potential are essentially the same as tho stnt. The magnitudes of c(q) and c•OCq) both increase
calculated for an ideal parabolic quantum well where the as q becomes smaller, since the electron gas is better at
cleculatronedffrcantidemals parabolperdicqumllr wrecthn screening external perturbations of longer wavelength.
electron effective mass inn at perpendicular direction Hence the SL potential for large d is reasonably well

m1 l is taken to be equal to the mass at the bottom of the screened. The deviation at small q between e(q) and
superlattice conduction band. These latter levels for an 30Dq) is due to the finite extent of the SL (i.e., size
ideal parabolic quantum well Vpow(z) are indicated by effcts become important). For large q the screening of

the d-.0 limit in Fig. 2. Therefore, in this small-d re- the periodic potential is ineffective. Hence for small d,

gime the effects of the superlattice potential can be de- the SL potential is essentially unscreened (see Fig. fo . It

scribed by a renormalization of the electron effective is important to note that in the calculation of ,ECq) there is
mass just as in the wellaknown effective-mass approxima- a contribution from the self-consistent treatment of the
tion. As d increases, the bandwidth of the SL decreases, exchange-correlation potential that is not included in
and the perpendicular superlattice effective mass m, in- 3D

creases. Within a one-electron picture, an increase in m

leads to a decrease in the electron energy of confinement B. Optical properties
t -- m -' ). The separation of the subband energies there-
fore decreases as d increases, as shown in Fig. 2. The po- In this subsection we study the optical properties of the
sition of the Fermi level decreases as d increases, and the combined PQW and SL potentials using the formalism
number of occupied subbands increases. An interesting outlined in Sec. II. In Fig. 4 we show the real part of the
situation arises when E, -e becomes comparable to the dynamical conductivity for different values of the super-
underlying SL bandwidth, It is no longer appropriate to lattice period d. It was shown in Ref. 7 that in the ab-
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I I . actly the corrections to the quasiparticle enerrv spacing
due to the Hartree potential and exchange-correlation
potential, respectively.' 1-6 Therefore, for small SL
periods d such that the SL bandwidth is much greater
than the Fermi energy of the electrons in the parabolic

4 well, the system only absorbs light at one frequency. As
shown in Fig. 4, increasing the SL period d has two main
effects.

(i) The fundamental absorption peak wo shifts to a
1 1 lower frequency and the intensity of the peak decreases.

"o 3  This can be understood qualitatively in terms of a one-
particle picture.

(ii) Satellites begin to appear around wo, which can
only be understood in a many-particle picture and anse
because the electric field of the incident light can now, in

2 the presence of the superlattice potential, couple to the
internal motion of the electrons as well as to the motion1 of the center of mass. This suggests that a superimposed
superlattice potential in a wide parabolic quantum well
could be used to investigate the internal excitations of a

1 quasi-three-dimensional electron gas.
.. I I ,, We now consider the effects mentioned in (i) in more

0 5 t0 15 20 25 30 detail. As discussed in connection with Fig. 2, the pres.
q ( ence of a short-period supelattice in a parabolic quan-

W tum well can be described by a renormalization of the
electron effective mass in the grow.h direction. Since thisFIG. 3. Solid line shows the screening factor t(ql, defined in mass increases with increasing period d, the absorption

the text, as a function of q = 2cr/d, where d is the superlattice peak will occur at lower frequencies. Since optical ab-
period. Dashed line shows the static dielectric function ItA, sorption involves the absor-tion of photons by electrons
calculated within the randomphase approximantion, for a below the Fermi energy EF, we expect the optical absorp-three-dimensional electron gas of the same concentration. tion of a combined superlattice and parabolic potential to

deviate from that of an ideal parabolic well when tF is of
sence of the superlattice potential the system only ab- the order of the superlattice bandwidth. From Fig. 2 this
sorbs light at the bare parabolic well frequency situation occurs for d > 350 A., which is consistent with

0=(8A,/W 2iM )/2 independently of the number of the rapid decrease in the magnitude of the absorption
electrons in the system and of the form of the electron- peak in Fig. 4 as d -,400 A. From the position of the ab-
electron interaction. In the parabolic potential the depo- sorption peak wo, we can use the expression for the bare-
larization term plus the vertex-correction term cancel ex- parabolic-well frequency to define an effective mass m,

i.e., ,i 0=(8AI/W2m,)1ia. In Fig. 5 we have plotted m.
.0- ,versus the superlattice band-edge mass i m 1 correspond-

*E ing to different superlattice periods. For small d, where
mn is essentially the GaAs bulk mass, the SL bandwidth

0.5 is large and mpi m i. Since mn increases with increasing
-. d, the fundamental absorption peak occurs at lower fre-
3 quencies with increasing d. For large periods d, the

S0.effective mass m. becomes larger than the band-edge

mass m , due to nonparabolicity of the lowest SL conduc-
240 tion miniband and the eventual breakdown of the

effective-mass approximation.
0Additional analysis is possible using the sun, rule (9).

"4 2 This essentially states that individual electrons contribute
to absorption with an average oscillator strength n /m .

'360 'and comes from ignoring interband transitions in the host
0 - , .. semiconductors (i.e., only processes involving states in4 the host conduction band are considered). If we have a

1W1 superlattice with no parabolic quantum well. then this to-

FIG. 4. Calculated real part of the dynamical conductivity tal oscillator strength is divided among ta) all possible
e•.ic in a combined superlattice and parabolic potential for transitions between superlattice conduction minibands,"
different values of the superlattice period d. The fractional oc- and (b) free-electron absorption (peaked at w=-0) uwithin a
cupation 71 is 0.6. The value of the phenomenological relaxation superlattice miniband, with oscillator strength mn/mn
time, 7, IS 0.01Wr, Now consider the presence of a PQW such that band-
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S /I and the total oscillator strength at w, must decreasc.

/ Eventually. as m goes to infinity the SL bandwidth goes

0/ to zero and the w, peak will disappear (see Fig. 4), leav-

S0/ ing transitions between the ssow4ted quantum-well levels
/ of the superlattice. All the oscillator strength now lies in

/ the intersubband transitions of the isolated quantum
S/ wells of the superlattice. We can define an optical mass

"E / m., from the area under the fundamental absorption
. / /peak as follows:

/Z,

/a (,)dW - --217' (12)

It is interesting to ask how well m., agrees with the

1.0 •/effective mass at the bottom of the superlattice miniband

1-0 15 2.0 mi. Figure 6 compares these two masses. For small d,

where m, is essentially the GaAs bulk mass, the SL band-
width is large and m, = Mi1 . As the SL period increases,

FIG. 5. Solid line shows a comparison between the effective both masses increase. However, the optical mass mo,
mass m, obtained from the position of the fundamental absorp- eventually exceeds the band-edge SL mass n, because of

tion peak, and the superlatt':e band-edge mass m, correspond- nonparabolicity of the lowest superlattice mniband, and
ing to different superlatice periods. The dashed line corre- evntarako wn of the effe tive-mass appoi an.

sponingto ,, =m ,is lso how fo comarion.eventual breakdown of the effective-mass approximation.
sponding to m = is also shown for comparison.

width of the SL is much larger than the spacing betwr. IV. SUMMARY

PQW levels, i.e., d is small. The free-electron absorption We have studied the changes that a superlattice pertur-
at w=0 will now shift to w,, due to quantum confinement bation induces on the electronic and optical properties of

by the parabolic potential. Assuming all the electrons are wide parabolic quantum wells. When the period of the

in the lowest SL conduction miniband before adding the superlattice is small, such that the bandwidth of the
PQW, the integrated absorption under the fundamental lowest superlattice miniband is much larger than the
peak at wp, should be reasonably well described by spacing of the ideal parabolic-quantum-well levels, the

e 2ir properties of the combined superlattice and parabolic po-
- . (w)d- MI tential are well described by those of an ideal parabolic

quantum well with a renormalized electron mass equal to

As the SL period d increases, the SL mass m decreases the lowest superlattice mmniband mass. In particular, the
combined superlattice and parabolic-quantum-well poten-
tial only Rbsorbs light at one frequency.

When the period of the superlattice increases, the
/ bandwidth of the superlattice becomes comparable to the

2.0 / spacing of the ideal-parabolc-quantum-well levels, and

/ the properties are no longer well described by the
/ "eftective-mass approximation." In this case, additional

/ peaks appear around the fundamental peak in the
E/ / optical-absorption spectra.
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Additional evidence concerning the valence-band offset in HgTe/CdTe
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(Received 17 September 1990)

The consistency of large values of the valence-band offset, A. in HgTe/CdTe superlattices with
magneto-optical experiments is examined in light of data on a 90-A HgTe/40-A CdTe superlattice.
The data are shown to be consistent with values A =400±40 meV rather than the much smaller cit-
ed values. This analysis, when considered with photoemission experiments, leaves intact the con-
clusion that HgTe/CdTe superlattices are best explained by a large offset.

The controversy concerning the value of the valence- wave functions. 3 Quantitative results for effective masses
band offset, A, in HgTe/CdTe superlattices (SL's) arose and optical absorption coefficients for a variety of 3-5
from the different values obtained by photoemission' and 2-6 SL's have been obtained, which are in excellent
(A=350±60 meV) and magneto-optical experiments agreement with experiment.S'ii The analysis of the 90-A,
(A=40 meV). 2 In a previous paper, Johnson et a0. 3  HgTe/40-Ai CdTe sample in this paper uses the same
resolved this controversy by showing that the magneto- bulk parameters as those of Ref. 3, and neglects the
optical data obtained by Berroir et 0o.2 from an experi- effects of strain.
ment on a 100-A HgTe/36-A CdTe SL were consistent Figure 1 shows the behavior of the band gap for
with a 350-meV offset due to the existence of a second HgTe/CdTe SL's with CdTe barrier width of 40 A and
semiconducting regime at larger A. Recently, Choi HgTe well widths ranging from 70 to 130 A. (Similar re-
et al.4 presented results of a similar experiment on a 90-A suits for 36-4 barrier width appear in Ref. 8.) We find
HgTe/40-A CdTe SL sample, which were claimed to be that the 90-A HgTe/40-A CdTe SL becomes semimetallic
consistent with A=40 meV, but not A=350 meV. The at A =300 meV, in agreement with Choi et al.,4 but that
present work shows that the data are in fact consistent semiconducting behavior reappears at A =350 meV, a
with A =400±40 meV, in agreement with the photoemis- value lower than that implied by the inset of Fig. 3 of
sion values. Choi et al.4

Since the appearance of Ref. 3, in which the offset con- The appearance of the semimetallic region is explained
troversy was initially resolved, several articles confirming by the offset-dependent behavior of the SL bands at SL
a large offset, A 3 350 meV, have appeared in the litera- wave vector K=0. The qualitative behavior of the bands
ture. A few of the most pertinent references are summa-
rized here. In addition to the 58-A HgTe/42-A
Hg0.j 5Cd 0.s5Te SL absorption coefficient calculations of
Ref. 5, analyses of other HgCdTe SL's performed by Ce-
sar et at.6 have concluded Az400 meV. Hoffman and 4A Ts/404 Cdr4
co-workers 7 have confirmed the large offset and the ex-
istence of a second semiconducting regime as predicted
by Refs. 3 and 8, using the results of magnetotransport
measurements for a set of three HgTe/Hgo0 5Cd0 S5Te 1 113

SL's with varying well and barrier widths. Berroir Band
et al.9 performed cyclotron-resonance experiments on Gap
Hg0.95Zno.o5Te/Hgo i5Cdo.85Te SL's and found electron (ev)
mass anisotropy corresponding to A=350 meV for
HgTe/CdTe systems. H9Te

The sample examined by Choi et al.4 consists of twelve oo0o 05 0 )

double layers of 90-A HgTe/40-A CdTe. The cyclotron
effective mass is found to be m•%=0.011m, close to the
value m*=0.015±0.003m of the 100-A HgTe/36-A,
CdTe sample (in the limit of vanishing magnetic field). 0o ZO o o 400

As in previous work, 5 ','" 2 the present theoretical re- volence-Band Offset A (meV)
suits are obtained within the envelope function approxi-
mation. Although this approach relies on k-p perturba- FIG. I. Variation of band gap E, between C I and HH I as a
tion theory applied to a bulk k =0 basis set limited to function of hand offset A and HgTe layer width for fixed CdTe
that of the Kane model, its validity was verified by com- width of 40 k. The shaded region represents the regime in
parison with extended basis models employing - 50 bulk which the superlattice is semimetallic.

43 12 057 cý 1991 The American Physical Society
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. .L r V. Bond Offset A (meV)
d d d FIG. 3. In-plane electron effective mass at K=0 as a func-

A-4 0 325 375 FG .I
tion of band offset A for the 90-A HgTe/40-A CdTe superlattice

Bond Offset A (meV) at the band edge. The experimental value (crosses) of the cyclo-

FIG. 2. Band structure for 90-A HgTe/40-A CdTe superlat- tron mass m* Im in the limit of zero magnetic field is shown to-

tice along K, as a function of band offset A. As A increases the gether with theoretical values (solid dots) for doping concentra-

superlattice changes from semiconducting to semimetallic and tions between 1016 and 6 X 101 cm- 3 for A =40 and 375 meV.

back to semiconducting as Cl crosses and then passes though
HH 1. mental value, m,* =0.Ol 1m. For A =40 meV the theoret-

ical cyclotron mass is 0.02m, too large to match experi-
ment. The discrepancy with Choi et aG.4 is presumably

is given in Fig. 2 of Ref. 3 and Fig. 3 of Choinet a.4 The due in part to the different parametrization of the bulk
main feature, common to thk 100-A HgTe/36-A CdTe HgTe as discussed above. As illustrated the experimental
and 90-A HgTe/40-A dTe SL's, is that C falls roughly value m,*=0.011m agrees with A=375 for doping of
20 meV as A increases by 100 meV, while HH1 is no=3 1016 cm- 3. If the reported surface carrier density
unaffected for A> 100 meV. In the analysis of Choi order 102 cm 2 is assumed uniformly distributed
et a!.' C lies at an energy =20 meV lower than the throughout the = 1600-A-wide SL, a density on the order
present analysis, and HH I falls to a lower energy (--29 of 5 X 1016 cm- 3 is obtained. Agreement of theoretical
meV versus -- 5 meV) before flattening out, due to and experimental values of the cyclotron mass with dop-
differences in parametrization and the inclusion of strain. ing levels of 1-6X 1016 cm- 3 is found for A=400±40
In both analyses CI and HHI cross at A-300 meV. The meV, with the lower values of offset corresponding to
SL becomes semiconducting again for larger A when Cl higher doping levels.
passes entirely through HH1. The present value of A=400±40 meV is consistent

Figure 2 illustrates the three regimes, semiconducting, both with the previous value, AZ 350 meV, resulting
semimetallic, and semiconducting, corresponding to from the analysis of the 100-A HgTe/36-A CdTe SL, and
A=40, 325, and 375 meV, respectively, for the 90-A ith the photoemission data of Shih and '
HgTe/40-A CdTe SL. Note that for the second semicon- A w35060 meV. We conclude that the magneto-optical
ducting region the SL gap is at the Brillouin zone face. results for this 90- l HgTe/40-A CdTe SL sample are

Figure 2 indicates the width of the semimetallic region to consistent with a valence-band offset of A ml400 reV and

be proportional to the K, dispersion of C l. (HHI is not smal v alesch-as ofse m=V.
nealy isprsinles.)As inreaes he eca legthof not small values such as A = 40 meV.

nearly dispersionless.) As A increases the decay length of Tersoff" has found that the average of several theoreti-
the Cl envelope function in the CdTe barrier decreases cal predictions for the offset is A=400±90 meV, and ar-
since the effective barrier height due to the CdTe layer gued by analogy with theory and experiment in the
becomes larger. Specifically, the Fsa band edge in the AlAs/GaAs system that a value of A 480 meV would
CdTe falls approximately five times as fast as the energy be appropriate for the HgTe/CdTe system. Although the
of C I relative to the rg edge in the HgTe with increasing value of A=480 meV is too large according to the evi-
A, so that C I moves deeper into the CdTe gap. Thus dence cited here, the original analysis of Choi et al.' may
with increasing A the dispersion of C I decreases to - 10 be consistent with that value.
meV when A = 350 meV. This value is sensitive to the in-
put parameters, increasing by = 10 meV as the bulk We are grateful to K. C. Hass for bringing Ref. 4 to
HgTe electron mass varies from 0.031m, the present in- our attention. We have benefited from helpful discus-
put value, to 0.025m, the value implied by the parameters sions with N. F. Johnson and P. M. Hui. This work was
of Choi et al.4 ifjust the k-p interaction between FS and supported by the U.S. Joint Service Electronic Program
F6 is considered. (JSEP) through U.S. Office of Naval Research (ONR)

Figure 3 shows the in-plane effective mass m at K =0 Contract No. N00014-89.J-1023 and by the U.S. Defense
for the 90-A HgTe/40-A CdTe SL as a function of A. Advanced Research Projects Agency (DARPA) through
Also plotted are theoretical values of the cyclotron mass ONR Contract No. N00014-86-K-0033. One of us
in the limit of zero field for carrier densities n = 1016 and (P.M.Y.) acknowledges the financial support of the Fan-
6X 1016 cm- 3 for A=40 and 350 meV and the experi- nie and John Hertz Foundation.
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Excitons and interband transitions in IIl-V semiconductor superlattices
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The fundamental optical absorption of In, _ Ga, As/In _yAlyAs and GaAs/Gal -AlAs superlat-
tices is calculated quantitatively using superlattice K-p theory. Electron-hole Coulomb interactions
yielding excitons and interband-transition Sommerfeld enhancement are incorporated. These fast, non-
variational calculations yield optical structure within 2-3 meV and absolute absorption coefficients
within 10% of experimental results for all but one of the twelve samples analyzed. Constituent bulk pa-
rameters and band offsets constitute the only input. Computer requirements are very modest. Calcula-
tions for different band offsets and other interface parameters using this versatile approach permit esti-
mates of physically important quantities of relatively unexplored heterostructure systems, for example,
II-VI superlattices.

I. INTRODUCTION hole masses, and a momentum matrix element), a
valence-band offset which determines the lineup of the r 8

This theoretical study treats the effects of the electron- edges, and the index of refraction in the vicinity of the
hole Coulomb attraction on the electronic and optical energy gap.
properties of III-V semiconductor superlattices (SL's) As described in Sec. II, which summarizes the formal-
with emphasis on the remarkable quantitative agreement ism, the electron-hole Coulomb interaction is treated
with the experimentally measured absolute optical- within an independent subband approximation that asso-
absorption spectra of several SL's. The present approach ciates each exciton with a single conduction and a single
is an extension of previous work'- 3 which developed the valence band. This approach, together with a simple
K-p formalism to exploit the perfect periodicity of the SL model for the SL Wannier functions, leads to an analytic
heterostructure for determination of the electronic struc- form for the electron-hole interaction which permits solu-
ture. Johnson 4 has briefly reported the transformation of tion for the exciton wave function without resorting to a
the resulting SL crystal momentum representation variational approach. This nonvariational approach al-
(CMR) into a SL crystal coordinate representation (CCR) lows accurate determination of the exciton oscillator
in connection with a calculation of the strength, and is not limited to bound states. Corrections
lowest bound exciton binding energies of the involving the SL Sommerfeld factor also follow from the
GaAs/Gal-,AlAs SL system. In the present work, all same formalism. A comparison with variationally ob-
Coulomb effects, including those on the continuum states, tained exciton binding energies is presented to verify the
are treated to understand the excitation energies and the accuracy of the present approach.
optical absorption in absolute terms. In Sec. III the formalism is implemented and compared

The optical absorption has been generally calculated to experimental data published by several different
for the isolated-quantum-well (QW) regime.'-' Of not- groups. As already pointed out, agreement between ex-
able exception is the work of Chu and Chang, 9'10 who periment and theory is excellent. All of the major
have employed computationally intensive k-space sam- features displayed in the experiments are positively
pling techniques to study the SL absorption. Because of identified within the present theory. The final section
very significant computational simplification, the present discusses some implications of the present work with
work permits highly detailed quantitative comparison respect to band offsets and possible growth imperfections.
with experiment over broad energy ranges and for a
variety of systems. In addition, it leads to verification (or II. FORMALISM
prediction) of band offsets in systems like the I1-VI SL's, This section summarizes the formalism for calculating
where values are uncertain. For the III-V systems illus- the excitonic spectra and fundamental optical absorption
trated here, exciton peaks are shown to lie within 2-3 of a SL. The one-electron band structure is described
meV of their experimental locations and the overall ab- within the crystal momentum representation using the
sorption coefficient agrees within 10%. envelope function approach. 2 The SL wave function, de-

As in previous work, 2 the SL band structure is ob- pending on the SL band index L and wave vector K, is
tained from the envelope function approach applied to a expressed in terms of the bulk-basis Bloch functions
modified Kane model for the band structure of the con- (rln,O) corresponding to bulk band n at k=O, and the
stituent bulk materials. The only required input to the envelope functions Fn(L,K;r) by
calculations consists of those parameters required to
specify the Kane model in the constituents (gaps, heavy- (rlL,K )= XF,(L,K;r)(r~n,0) . Il)

44 12 969 @1991 The American Physical Society
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F(L,K;r), having components F,(L,K;r), is obtained where V is the sample volume.
from The electron-hole correlation due to the Coulomb in-

.pB teraction changes the absorption both qualitatively
H• B•(kX, ky, k. --- ia/az)F(L,K;r) (discrete exciton peaks appear) and quantitatively (the

=EL(K)F(L,K;r). (2) continuum absorption is enhanced by the Sommerfeld
factor). Because of the additional term in the Hamiltoni-

Hk'PB) is a k-p Hamiltonian modeling the band structure an,
utilizing a modified Kane model including the uppermost H,.h=-e2/elr,-r[5
six valence bands with finite heavy-hole mass and the
lowest pair of conduction bands at k-=0 in the bulk ma- where e is the dielectric constant, and re and rh are elec-
terials A and B. (A denotes the well and B the barrier tron and hole coordinates, respectively, it will be most
material.) Equation (2) is solved for K=0 yielding SL convenient to work in the SL-CCR.4 A basis of SL Wan-
zone-center energies, EL(0), and SL cell periodic envelope nier functions is defined by
functions. These zone-center envelope functions deter-
mine the SL K-p matrix elements which are used to set (rIL, Rd) =N-1/2 e - (rIL,K) , (6)
up a secular equation whose solution at finite K yields the K
full band structure and momentum matrix elements where R,, is a lattice site. The Coulomb interaction cou-
(L, K Ip L ',K). ples all bands, but by imposing an independent subband

The optical absorption from the ground state rg ) to approximation the coupling is restricted to single pairs of
excited states IE ) associated with a photon of energy •w conduction and valence bands. All singlet excitonic
is states can then be expressed in a basis of two-particle

2vr'e 2h Wannier states IL, R,;L',RM ) corresponding to a hole ina(E = n fEGp(E), (3 band L at R, and an electron in band L' at RP.

The optical matrix elements are calculated for excitons
where m is the free-electron mass, p(E) is the density of having vanishing center-of-mass total momentum. The
excited continuum states [(I/V)8(E-fW) for discrete appropriate basis states
states], n (E) is the index of refraction, and
fEG=21(ElpIG)12 /(mE) is the oscillator strength con- IR,;L,L') =N-i , IL,R.-RP;L°,R•) , (7)
taining the momentum matrix element. The index will be
approximated by an average n of the values for the con- depend only on the electron-hole relative coordinate RP.
stituent bulk semiconductors at the band gap. The exciton state is

In the absence of electron-hole interactions"
(ElpIG ) = (L,KIpIL',K) and

21re 2YA 2 I(L,KIpIL',K)j 2  JEex ULz.(Rp)IRP;LL) (8)
Vnmc L , K m EL(K)--EL(K)

where ULL. is the exciton wave function which obeys the

X6(E -EL (K)+EL,(K)) (4) CCR equation4

e "-MP',[EL'(K)--EL(K)]IULLw(RP,)-V(Rp)ULL'(RP)=ELL'U ((
PINKex UZL'(- p (9)

Here V(Rd) is the direct Coulomb term separable, parabolic in-plane, and tight-binding-like along
RP 12 e 2  the growth axis:Vc. drfdb (el ,R) 2eir - rh I E * 12

X I)(rhlL,0) ' (10) Lr(K)--EL(K)=EL +

The absorption in the presence of the Coulomb interac-
tion will be modified with respect to Eq. (4) by the pres- - 2 WLL'(n )[cos( n Kid) - I]
ence of the SL Sommerfeld factor and energetically
discrete exciton peaks. Evaluation of the Sommerfeld ill)
factor and exciton spectra requires the solution of Eq. (9)
for ULL.(RP). It can be determined both simply and ac. The directions 11 and I are defined with respect to the
curately by approximating the Coulomb integral V(R.) growth planes and are identified with the x-y and z direc-
so as to be expressible in closed form. This calculation is tions, respectively. E.LL is the interband gap given by
facilitated by using a SL model band structure which is EL.(0)-EL(0), 1LL is the reduced mass for the pair of
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bands, and d is the SL period along the growth direction. proximation in the growth direction since the SL unit cell
The WLL°(n) are the hopping matrix elements involving in that direction is comparable to the bulk exciton Bohr
nth nearest neighbors in the tight-binding model. For all radius. However, along the in-plane directions the
but the thinnest barrier SL's (LB< 20 A), a nearest- effective-mass approximation for Wannier excitons, as
neighbor model suffices. The parabolic in-plane approxi- used in the bulk problem, is appropriate.
mation, which may be questionable for the valence-band The model employed is that introduced by Johnson, 4

structure in view of anticrossing effects in the closely who calculated very satisfactory binding energies for the
spaced bands, is nevertheless adequate since only the re- lowest bound excitons of the GaAs/Ga , A l, As system
duced mass, which is dominated by the conduction within a SL-CCR framework. The electron and hole
bands, is required. Wannier functions are modeled by one-dimensional rods

The Coulomb interaction between electron and hole of lengths Le and Lh along the z axis. Within this model
cannot be treated within the normal effective-mass ap- the Coulomb integral can be expressed in closed form:12

V(R ) Le -L /2 d Ze [(z- z )2 +pd, f (12)
" eLLh /2 L,/Zh' + .

Here p, and ps., are the growth direction and in-plane ment for singlet states with energy E,, is given by
components of the electron-hole relative coordinate RP, (2
respectively (measured with respect to the hole position). (EtxpIG) =N-/ 2  ULL°(RP)J (LR -RpJpIL',R,)

For the present calculations the rod lengths, L, and LA, P A

have been taken to be equal to the width of the well lay- =N-1/2 ULL,(Rp) 7 eK*RP(L,K~pIL',K)
er. 13 Figure 1 schematically illustrates the present model p K

where electron and hole rods are localized in wells (13)
separated by p, along the growth direction.

This model interaction reduces properly to the ap- (cf. Eqs. (7) and (8)].
propriate limiting cases, for example the two-dimensional In the Wannier exciton limit the Fourier transform,
hydrogenic limit in narrow quantum wells. The indepen- -iK-KX
dent subband approximation is seen to fail when the g(K)=N- /2 e IULLA(RP) (14)
quantum-well size is much larger than the exciton Bohr P
radius, a case that falls outside the parameter range of in- of ULL.(Rp), is strongly peaked about- a particular in-
terest here. plane K value, K-K,. For bound excitons K..- O.

The wave functions obtained as solutions of Eq. (9) cor- For the continuum states it is approximately
respond to bound excitons and resonant states having a Eex1VK / 2 ,4 L'. For the range of parameters of in-
continuum density of states. The momentum matrix ele- terest the electron and hole are located in the same or

nearly adjacent wells. The momentum matrix elements
can therefore be averaged over the Brillouin zone along
the K, direction. Equation (13) can thus be expressed in

A B terms of the SL momentum matrix element:
r67, (Ee•Ip1G)= •,glK)(L, Ktp1L',K)>

K

,,N'/ 2 ULL.(O)(L,K,1IpIL',K,,) . (15)
g Eg ~P The Sommerfeld factor is defined as

A S(E)=NIULL(O) 12
. (16)

LA Le In the absence of electron-hole interactions ULL.(O)

N-N/' and RS(E) = i.
Figure 2 illustrates the effects of the electron-hole

FIG. 1. Schematic illustration of relative band alignments interaction on the absorption of an (80-;A
and the representation of electron and hole Wannier functions In,_,GaAs)/( 114-A In,- AlYAs) SL. The absorption
by rods localized in the wells. A is the well material, B is the in the absence of electron-hole interactions, the contribu-
barmer material, and the r, valence-band edges are offset by A. tions due to the bound exciton peaks. and the enhance-
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2.0 - gap in exciton rydbergs (E-E4LL')1/R•, where
Rex=. L'RH/e-2 for several values of the reduced well

- - width, w =LA ae. For the systems examined in this pa-

- 1.5 per w is between 0.2 and 1.0. The 2D limit, w0, corre-
IE sponds to the case examined by Shinada and Sugano,14

U SOMMERFELD who found (E)=e'1/cosh(nra), where ct- 2=(E
ENHANCEMENT -EG)/Rea. The 3D limit, S(E)=irae"0 /sinh(ira), is

1.0 EYCfTONS not obtained within the present formalism since it re-
.0 quires explicit consideration of the interaction of the sub-

bands as they merge into a 3D density of states. The re-
suit obtained here is seen to differ from the ideal 2D limit

Seven for monolayer confinements, w =0.03, which
motivated the work discussed in Ref. 14.",BARE INTERBAND ABSORPTION Figure 4 compares the results for QW exciton binding

0.0 energies obtained from variational calculations with the
0.8 1.0 1.2 1.4 results of the present formalism. Binding energies are in

ENERGY (eV) units of exciton rydbergs and well widths are normalized
by the exciton radius afx. The variational approach uti-

FIG. 2. The effect of the electron-hole interaction on SL lizes the effective-mass approximation along all axes; bar-
absorption. Theory for the absorption of an (80-k rier layers are treated as step potential terms in the Ham-
Ino.53Gao 47As)/(114-A Ino 52Al0 4sAs) superlattice is plotted iltonian. Separable solutions in Ref. 15 are obtained with
with (solid line) and without (dashed linet electron-hole trial wave functions that are products of profiles resem-
Coulomb interaction. Contributions due to Sommerfeld factor bling envelope functions associated with particular con-
enhancement of continuum transitions (dotted region) and due duction and valence subbands of the quantum well and
to bound exciton peaks (crosshatched region) are separately trial in-plane profiles, e.g., decay-:• exponentials, that
identified. contain a variational parameter. The nonseparable trial

wave function is a product of envelope functions and a
decaying exponential in all directions in the well, includ-
ing the growth axis. The resulting growth axis profile isment due to the SL Sommerfeld factor for the continuum no longer just a product of QW envelope functions, and

states are separately identified. The Coulomb interaction thus cannot be uniquely associated with a single valence
strengthens the overall absorption by about 20% and em- and single conduction band. Binding energies for the Is
phasizes the quasi-two-dimensional density of states steps exciton in exciton rydbergs, as obtained in Ref. 15 using
with bound exciton peaks. separable and nonseparable variational models, are plot-

The behavior of the Sommerfeld factor is examined in ted together with results from the present formalism as a
more detail in Fig. 3 for the QW limit. The Sommerfeld function of the reduced well width, w. The separable
factor is plotted as a function of energy above the band variational model yields results substantially identical to

2.0 4

EXCITON BINDING ENERGY

1.8

"00 .".

1.4 W0. z---
.o 1u - NONVARiATIONAL

, , *-O~t "- - . z------ VARIATIONAL SEPARABLE(.. -0.1 
-.. VARIATIONAL NONSEPARABLE1.2 ', "-1 0. - "1

-.-0- -. . . . . -. . . . ---------. . . . 0 1 2 4
1.0 20 40 60 80 100 REDUCED WELL WIDTH

ENERGY (exciton rydberg) FIG. 4. Comparison of tht present theory for exciton binding
energies with variational calculations. The Is exciton binding

FIG. 3. Quantum-well Sommerfeld factor as a function of en- energy (in exciton rydbergs) is plotted as a function of the re-
ergy above the band edge (in exciton rydbergs) for several values duced well width (see text) for the present nonvariational theory
of reduced well width, w = L la ', including the ideal 2D case (solid line), and for variational calculations based on separable
w=0. and nonseparable trial wave functions.
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the present formalism, which also agrees with the nonse- must therefore be included. These are contained within
parable model for reduced well widths, w 5 1.0, the the Kane model used to calculate the underlying band
values of interest in the experimental results to be con- structures. Table I provides a summary of tie parame-
sidered here. For wells of width significantly greater than ters used to describe the relevant bulk semiconductors.
the bulk exciton radius, the expected 3D bulk limit is oh- Experiment and theory are compared for the
tained for the nonseparable model, but the separable and In,3 .5Ga0 47As/In0.5 2Al0.4 sAs system in Fig. 5.2'4 The
nonvariational binding energies slowly vanish because the samples considered experimentally 2 have respective well
separability approximation is not valid for very wide and barrier widths of (34 A)/(li 14 k), (80 A)/(l 14 A),
wells, and (138 i)/(115 A), and are lattice matched. Strain

The above theory yields perfectly sharp exciton effects, therefore, play no role. The present calculations
linewidths. We introduce a simple model based on mono- include the contributions of all s symmetry bound exci-
layer well-width fluctuations to obtain a finite linewidth tons associated with each pair of bands. The Is transition
at low temperatures, (T - 5 K). 16 This model is based on accounts for roughly 90% of the total oscillator strength
the notion that a SL interface plane consists of islands of each family, and has the largest binding energy by a
containing materials of the adjacent layers. Excitonic factor of about 6 for the present case. As a result none of
transition energies are calculated for a SL of nominal lay- the higher excitons is clearly resolved in the presence of
ers width, and also for SL's whose layer widths vary by the line broadening.
± I monolayer while preserving the period, d. This gen- The major structure in the spectra is due to pairs con-
erates a set of lines which are convoluted to produce a sisting of transitions HHn -- Cn, and at slightly higher
linewidth which is then multiplied by a single constant (of energy LHn --. Cn for n-- 1, 2, 3, and 4. As n increases,
order unity and the same for all excitons calculated) the spacing between the pairs increases due to the
chosen to best represent the experimental results. "' This different masses of the HH and LH bulk bands and the
assumption concerning widths introduces the only arbi- fact that the confinement energy goes roughly as n 2. All
trary element into the present calculations. The model is of the major features in the experiments, i.e., the absorp-
supported by the fact that in the samples examined here, tion steps and excitons associated with the -allowed"
Gaussian line shapes match experiments more closely transitions HHn -- Cn and LHn - Cn and the associated
than Lorentzians, which would be expected if lifetime absorption coefficients, are accurately predicted by the
effects were responsible for the width at low tempera- theory. In the case of the 138-A well no fewer than eight
ture. 1 -20 such strong transitions exist in the photon energy range

of 0.6 eV under examination.
III. IMPLEMENTATION OF FORMALISM Above 1.2 eV the theory is no longer quantitative. Re-

sults fall below experiment for all samples. This behavior
This section centers on comparison of the present is possibly associated with an Urbach tailing effect due to

theory with a broad selection of absolute optical- the InP substrate on which the samples are grown, and
absorption spectra for the GaAs/Gal_,Al As and whose band gap, at 1.42 eV, limits the energy range
In,..1 Ga1 As/Ini _yAlIAs systems. We have analyzed 12 which can be examined experimentally.
sets of experiments by different groups and have obtained Optical-absorption experiments for the GaAs/
detailed agreement with 11. (The number of absolute Ga , _.,Al],As system require etching off the GaAs sub-
measurements is actually quite limited.) In the strate on which the sample is grown, since GaAs has
In_,_.Ga 1As/In1_yAlyAs system the spectral range ex- strong absorption in the relevant energy range. As a re-
tends between 0.8 and 1.4 eV. Nonparabolic band effects sult there are relatively few measurements of absolute op-

TABLE I. Summary of the bulk semiconductor k-p parameters and the valence-band offsets, A, used
in the present calculations. E, is the fundamental gap, A is the spin-orbit splitting, and mHH is the
heavy-hole mass along the [100] axis.

Parameter Ino. 3Gao ,4 As In0 .52A10o4 As Ga_ -, Al, As

E, (eV) (4 K) 0.g13a 1.508, 1.519+1.247x
E, (eV) (300 K) 1.424+ 1.247xb

A (eV)' 0.36 0.33 0.34-0.06x
n HH/m 0.5 0.5 0.45

E, (eV)d 22.0 22.0 24.0
A (eV) 0.2002 0.374x'

'Reference 21.
bLinear variation (Ref. 22) valid only for 0.0 < x < 0.45 due to band-gap bowing.
'Linear interpolation of values in Ref. 23.
dEp is defined as (2/m)i (SipIZ)12 ; its value is deduced from the k-p model using electron masses

from Ref. 21 for the InAs alloys and m, =0.067m for GaAs.
eCorresponding to a 70%-30% conduction- to valence-edge off~et distribution between pure G4tAs and

the alloy.
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1.50 1.55 1.60 1.65 1.70 1.75

0.0 ENERGY (eV)0.3 1.0 1.2 1.4

ENERGY (WV) FIG. 7. Comparison of theory (solid line) and experiment
(dashed line) for absorption in a (100-A GaAs)/(100-A

FIG. 5. Comparison of theory (solid lines) and experiment Gao 7Ai0 3As) superlattice. Experimental data are from Ref. 26.
(dashed lines) for absorption in three samples in the
In0 .53Ga0 .47As/In0 . 2Al0 4sAs system with well and barrier
widths as given. For clarity the curves for the 80-A well were
displaced upward by 0.5 X 104 cm-1, and those for the 138-A here is only 0.2 eV as opposed to the data in Fig. 5 which
well by L.OX l0" cm-'. Experimental data are from Ref. 21. spanned a 0.6-eV range. The major optical structure is

satisfactorily explained except for one feature, often
called a "forbidden" transition. This feature, consisting
of a step between the LHI--+Cl and HH2--C2 peaks,

tical absorption for this system despite its importance. will be discussed in Sec. IV.
The lattice mismatch between GaAs and Ga IAl.As is A more recent spectrum 26 for a (100-A GaAs)/(100-Ak
0. 13x% and the biaxial deformation potential is of order Ga1 _.AI1 As) SL is shown in Fig. 7. The agreement with
I eV. The effects of strain, which are at most one or two theory is better than that of Fig. 6, despite similarities in
meV, may therefore be neglected. f the layer widths. The forbidden transition is compara-

Figure 6 compares theory to experiment25 for a (116-A tively small. The experimental HH2---C2 peak is seen to
GaAs)/(100-A, Gal-,Al1 As) SL. While the agreement be split. This feature, which is not reproduced by the
between theory and experiment is still excellent, it is not theory, arises because some oscillator strength is passed
quite as satisfactory as that in the In-based system. The to the nominally forbidden LHI--C2 transition via the
exciton peaks are also sharper in this system, which may k p interaction of the nearly degenerate LHI and HH2
be due in part to the absence of alloy compositional fluc- bands. This occurs because of the K mixing in the exci-
tuations in the well. 2' Note that the total-energy range

2.0 2.5

116A GAa, / I OOA Go ,_.AIA 120A GoA/ 58AGa G AlKAs

- Theory r'2.0 -
1.5 ..... Expt. (Ref. 25) E Theory

------ Expt. (Ref. 27)

,1.5

0 '

0-10
0,5 - "-" • . . .-

0.5

0.0 0.0 " - -

1.50 1.55 1.60 1.65 1.70 1.50 1.55 1.60 1.65

ENERGY (WV) ENERGY (eV)

FIG. 6. Comparison of theory (solid line) and experiment FIG, 8. Comparison of theory (solid line) and experiment
(dashed line) for absorption in a (116-A GaAs)/(100-A• (dashed line) for absorption in a (120-4 GaAs)/(58-A
Gaoo 7A10 25As) superlattice. Experimental data are from Ref. Ga0k7A1029As) superlattice. Experimental data are from Ref.
25. 27.
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ton state which has been neglected here. The observed creases from 30 to 100 meV the LH-HH degeneracy at
structure could be obtained theoretically using an im- K=0 is split and the lowest peaks separate. (The inset
proved optical matrix element in this spectral range. provides a magnification of this region.) For A= 150

Another sample,27 (120-A GaAs)/(58-A Gal_,AlAs), meV this separation saturates at a value characteristic of
is examined in Fig. 8. Here, satisfactory agreement is perfect confinement. Between A=30 and 100 the
once again obtained. Note that this sample contains HH2--.C2 and LH2--.C2 peaks appear and become
somewhat wider wells and narrower barriers than most resolved. For A> 150 meV HH2 and LH2 become in-
others, yet agreement is still good. creasingly confined and stronger. This is particularly no-

ticeable for the LH2--C2 exciton peak. For A >:200
IV. IMPLICATIONS meV the HH2---,C2 exciton peak slowly falls in energy as

HH2 is now fully confined and C2 begins to relax due to
The above discussion has focused on two well-known the decreasing value of the conduction-band offset.

III-V systems because of their intrinsic importance and The above analysis supports the accepted value of A in
because much of the most reliable data on SL and QW the In system of 200 meV within an uncertainty of
heterostructures exists for these materials. The quality of perhaps ±30 meV. Thus it is expected that such calcula-
the agreement between experiment and theory suggests tions will be useful in characterizing less well understood
that absolute optical-absorption measurements may be systems. Work is presently under way to exploit this sort
useful as an aid in SL characterization. Here, we shall of analysis for the Zn -,x Cd, Se/ZnSe SL system, which
briefly describe two specific examples relevant to (1) is being examined as a candidate for an emitter in the
determination of valence-band offsets, particularly for blue-green region of the spectrum. 28

wide-band-gap 11-VI systems where the offsets are largely Optical absorption may also be useful in characterizing
unknown; and (2) characterization of effects resulting SL growth defects. The so-called "forbidden" transition
from possible growth defects, observed in the GaAs/Gal-,AlAS sample is not ex-

To illustrate the dependence of absorption on the plained by the present theory. Other calculations of SL
valence-band offset A we consider the 80-A well In sys- absorption, such as those of Chu and Chang, ") have also
tem SL described above. Absorption curves for offsets of failed to explain the strength of this transition. This
A = 30, 100, 200, ajid 300 meV are shown ;n Fig. 9. (Fig- feature has been associated with the HH3-,Cl transition
ure 5 shows the results corresponding to the solid line.) and used to infer properties of the bulk heavy-hole
For A=30 meV, the HHI--Cl and LH1--*Cl exciton mass. 29 The size and shape of the optical absorption in
peaks are not resolved from one another. This is to be this energy range is inconsistent with this interpretation.
expected for common-anion-rule (near zero) values of the Furthermore, the magnitude of the structure is sample
offset (given that the system is strain free). As A in- dependent. Work currently under way on the absorption

of quantum wells in the presence of electric fields suggests
that such a feature could be associated with intrinsic

1.5 ,internal electric fields which could be introdw.cd during
- - OFFSET-3'm.V the growth process. If correct, this interpretation would

0.7 - ... OFFSET-I 00meV suggest that the effect of miscuts be examined more care-
-OFFSEr-200meo fully. 30

0.5," ---- SET=30meV Not considered in this paper, but also relevant to the
-0.5 ", present theory, are superlattices having lattice-

1.0 mismatched barriers and wells. These systems are com-
" 'o/plicated by effects such as the lifting of the F 8 degeneracy

0 030.3 of the constituent bulk materials at the valence-band
0.87 0.9 0.91 0.93 edge. Deformation potentials, which are less well deter-

0' mined in the II-VI's than in the III-V's, come into play,
,F. as does the question of the effect of strain on the valence-
o 0.5 'band offset. Mismatch effects have already been incor-

porated into the present calculations.
We emphasize that exploration of such effects is possi-

ble only because of the modest computer requirements
801ln,,GoAs/1 lflInAtyAs for this type of systematic analysis. While the present

U theory does not necessarily improve upon the quality of

0.0 the best calculations already published in the literature
0.8 0.9 1.0 1.1 1.2 (although to our knowledge none of them compares with

ENERGY (eV) experimental absolute absorption coefficients), the ap-
proach is sufficiently versatile and accurate that a de-

FIG. 9. Calculated fundamental optical absorption for tailed survey of the dependence of properties of band
several values of valence-band offset in an (80-A offset and strain effects of potentially important systems
lno, Ga0 •47As)/(l14-A, In0 52AIo 4gAs) superlattice (see Fig. 5). on parameters such as alloy concentration is entirely
the inset details the region of the spectrum around the feasible, This fact is of importance in candidate materials
HH--ICt-LHI--Ct doublet. like Znl-,.CdSe/ZnSe, mentioned above, and related
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Response and transit times in quantum-well structures
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The response of a biased double-barrier quantum well to a small ac voltage with characteristic time

r,.P and the transit or dwell time r,,, are calculated using nonequilibrium Green's-function techniques.
The tunneling process is shown to be predominantly sequential for an ln,Ga, -, As/lnAl_ ,As struc-

ture due to only well alloy scattering treated in the coherent-potential approximation. The magnitudes

of rrp and r,,.,, are in close agreement and about the same for either sequential or coherent tunneling.

This paper introduces a technically significant time for tunneling matrix element through the barrier. h5w, is
tunneling in a double-barrier quantum well (DBQW), given within the WKB approximation. The well is as-
viewed as a response time -resp to a weak oscillatory field sumed to contain only one resonant level E0 in the ab-
applied to a biased structure along any point of its sence of alloying effects. E0 rer-esents the edge of a two-
current-voltage (I-4 characteristic. Its magnitude is cal- dimensional conduction oand (CB) with energy
culated using nonequilibriim Green's-function tech- 4w+E0 +Ek , where k. are associated with the two-
niques. It is shown to be nearly the same as the transit dimensional continuum perpendicular to the growth axis
time i',,, defined and measured by Chemla and co- and EA =I 2k? /2m'.
workers.1)2 Furthermore, the paper demonstrates that e
sequential tunneling strongly dominates resonant tunnel- The Hamitonian is given as a sum of terms H• unper-
ing3,4 as a result only of weak III-V alloy scattering, turbed by barrier tunneling and well scattering and oth-
for example, in the well of a lattice-matched ers, H` and H'" 1, describing the remaining effects. Ex-

ln.Ga 1_.As/InAl,1As structure described within the plicitly, in terms of appropriately labeled creation and an-

coherent-potential approximation (CPA)."'6 The magni- nihilation operators,

tude of rp or 1iran&, however, is only weakly dependent I(Eik+4S)Cs Csk , S =L,R
on the details of the tunneling process. k

S(1)Aside from their intrinsic physical interest, these re- HE y +,0 W)Cw +cw, , S = W
suilts are important since negative-differential-resistance (E t

diodes or "rbQW are prototypical circuit components in
cellular a--" iata in which each cell is required to have where k (k., k:) refers to the L and R regions and
high-frequency response and to be "locally interacting,"
i.e., decoupled from all but its nearest neighbors. Dccou-
pling can be achieved if wave-function coherence between
adjacent cells is eliminated. The dominance of sequential (Ax 8,x)C
tunneling processes, wHi-h elirminate coherence, is there- i W
fore important.t 

0 00eo0 moW e cl: r

Specifically, - 1 is defined as the frequency, "'rem' for R o 0 *O0
Tresp chains

which the imaginary part of the conductivity a(w) is
maximum. This response time, which is appropriate for E
high-frequency applications, is physically different from ALh
the transit time T"rmns -lefined as the ratio of the charge Ek hWL Ek n 7 - RW

density in the well to the current density, p w /jdc at arbi- AL I .
trary bias.I=A

The model of a biased symmetric DBQW to be used in L k
this analysis is shown in Fig. 1. The well hoving width
dw is surrounded by two barriers having height As and LIoo
width ds where S =L (left) or R (right). The Fermi levels " 0

pL and 1tR in the leads represent the effect of charge ac- -dL 4- dw -'-dRA
cumulation in L and depletion in R. The semiconductor
alloys (In.Gat_,As ) in the L,R and well (W) regions are
?ossumed to be the same, as are those of the barriers FIG. I Model of biased DBQW structure. Barner and well

(InyAl 1_,As). The potential drop across the structure is dimensions defined in text; alloy well resonance level t, Fermi

modeled by a stepwise constant potential energy having level ju.,MR. tunneling amplitudes hAw1,h1,A . inset: Arrange-
values 4DL =eVdC, where Vd, is the voltage drop, ment of random molecular chains having n = 5 AC (opený or
4 )W= -4 tL for a symmetric DBQW, and R ý0. The BC(closed) molecules for IA,B! , )C well alloy

45 9145 • 1992 The American Physical Society
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Ek=i2k2/ 2 m*. Further G (Wk, Wk ;E)= -d w(E)[G'( Wk , Wk ;E)

tun (hwsc'v Csk+H.c.) (2) -GO(Wk ,Wk ;E)]

and =217icbw(E)A E ).) (6)
and

In Eq. (5), M. and MR are the self-energies associated
H-ia(= (ER Eolcw, cwR, (3) with tunneling processes out of the well W to L and R,

R respectively, and Icp, is associated with disorder scatter-

in a representation using two-dimensional Wannier ing in the well. We shall assume the self-energy shift to
creation operators cwR ,. As indicated in the inset of Fig. be absorbed in e. The remaining part,

1, a row of atoms along the growth direction is visualized i Ira[ s = L.R -irith wsi5 6(E -Ek- )
as an n-membered molecular chain consisting of random- ,
ly disordered AC and BC molecules constituting the
(.AB I - )C alloy. The position of each chain is defined (7)
by a value of Rt as indicated in Fig. 1. The resulting
two-dimensional alloy scattering associated with each of and ' IM[ CPA]= -Lirc, describes the broadening due

the randomly distributed chains is the only scattering to tunneling and scattering, respectively. I's is the reso-
effect to be considered here. Even though scattering is nant level width associated with the escape time througheffet t beconsderd hre. venthogh sattrin is the barrier at side S =L,R. rCP^ (not defined explicitly
weak for III-V alloys, it causes tunneling to be largely herer at si nd S wi(t defined e itl
sequential. The scattering potential due to the here) is the energy-dependent level width associated with
configuration-dependent energy scattering. It is obtained from a numerical solution of

the CPA equations. The tunneling process through the

ERý = 0(z,)j2(C, (4) DBQW is seen to be largely coherent if rCPA <<I L ,FR

, and sequential in the opposite limit.
Equation (6) contains dw(E), the nonequilibrium dis-

for each chain, where i = 1,2,. n labels the sequence of tribution of electrons in the well. This form9 is analogous
AC and BC molecules with on-site electronic energies to G< (Sk,Sk;E), the unperturbed function in the L and
E A,EB, respectively, is much weaker than the confinement R regions, in which 0 (E) is replaced by the equilibrium

kinetic energy ED. Here f=xE,4 +(I -xkB denotes the Fermi distributions fi(E isL r and fR(E).eq A iki,E)

virtual crystal CB edge; f replaces E0 in the alloy case; is the spectral density associated with the state k..

E A --Ea is the CB offset between the AC and BC crystals. The dc current density (per unit area)hJa is obtained by

Equation (4) gives the chain energies to first order calc current density is o b

in the scattering. O(zi) is the normalized envelope =2ea/uating where 1S=- kCksCks and expressing the

function along the growth axis. The ER are assumed result in terms of the Green's functions. The well

to have a Gaussian distribution with probability distribution is obtained from current conservation
(Av/2 1 )- 1exp[-(ER•I --E) 2 /2A 2 and a variance JL - W =JwR:

A 2 X(1-X)(EA -) 2 I(dw/n)fdzi6(z)4` $w(E)=[rLfL(E- L )+rRfR(E)I/(rL +rR). r8)

The remarkably simple formal result is

where the integral extends over the well width dw and dE rLrR
has the value 3/(2dw) for deep wells. The CPA descrip- JdC.= -e + d gw(E)EfL(E -4L )-fR(E))

tion of Gaussian disorder has been considered previous- (9)
ly.7

A nonequilibrium Green's-function formalism must be where gw(E)=f A(k,E)dk /(2-,r) 2 is the two-
used to calculate the current since inelastic-scattering dimensional well density of states. We note that the form
processes are neglected here, and are insufficient to of Eqs. (8) and (9) is that expected when the tunneling is
achieve equilibrium in the well region at low T in any purely sequential. The same formal result is obtained by
case, The advanced and retarded Green's functions G", considering the purely coherent tunneling limit obtained
G', and also G ' are related by Dyson's equations.85 9 The by setting MCPA= 0 . The bias dependence of this non-
quantities of particular physical interest obtained from a linear I-V dependence is indicated explicitly. Except for

solution of these equations are the matrix elements of the its dependence on Vd, the Fs may be assumed constant

configuration averaged well Green's functions since the resonance width is < I meV, except when V, is
G'( Wk ,R-(t + $) such that the well CB edge coincides energetically with

G' ,Wk';E) E E + -that of the CB on the left lin the negative-resistance re-

(k E I (- E) gion).
I E- The level broadening associated with tunneling and

-- A(E)]) (5) scattering is contained entirely in gg.(E). The spectral
densities with and without scattering, A (k =0,E), are

and compared in Fig. 2 for the state at the well CB edge when
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it lies just above (0.2 meV) the left CB edge in the mechanisms. Note also that /- V measurements cannot be
absence of scattering for a lattice matched used to distinguish between coherent and sequential tun-
lno.53Ga 0,4 7As/In 0 52Al0 48 As DBQW with dw=45 A neling.
and dL-dR =56 A. This illustrative example corre- For a given Vdc, the factor IrLR r, FL - r) may be
sponds to sample A of Ref. 1 which was measured at rerroved from the integral in Eq. (9). Similarly, the
10K. We set AL.=50 meV. Scattering effects shift the contribution to the current from unscattered electrons
CB edge by Re[McpA] as indicated. To permit compar- can be shown to be , = FL rR /(t r+ F + Fri. The
ison, the Lorentzian resonant peak associated with tun- fraction of coherent tunneling is thus
neling has been shifted by Re[tcpA]. The shape of (rL+FR)/(FL+FR+Fa,,. Its value is about 1% for
A(0,E) including hcattering is strongly asymmetric, sample A of Ref. 1.
This behavior results from the Gaussian distribution of The transit time, =ptrans =PwIj," where
states that blur the CB edge: The high-energy tail results E-1
from the increasing density of state available for scatter- Pw
ing; the sharp cutoff at low energies is primarily associat- is the charge density in the well, was measured by Chem-
ed with the energy dependence of Re[ZCPAI. Both la and co-workersi using differential absorption spectros-
widths are small compared to eVdc. Since the fs and Fs copy. Figure 3 compares the measured and calculated
in Eq. (9) are weakly dependent on energy when eVd, lies in the Ohmic region as a function of current density
well within the Ohmic (positive-differential-resistance) re- for sample A of Ref. 1. The range of current densities for
gion, the energy integral reduces to fdEgw(E +P,) the experimental points is larger than that for the calcu-
and is the same for all reasonable alloy scattering lations because the experimental maximum current densi-
strengths. As a result Jdc in these regions is unaffected by ty exceeds the calculated value. The factor of 3-4
scattering,' t and will be the same regardless of whether difference is reasonable in view of the approximations in-
the transport is coherent or sequential. Thus, neither 7r,,p herent in the model, the neglect of other scattering
nor 7trans will be appreciably affected by the tunneling effects,'. and the exponential dependence of hws on input

parameters.
"Trans may be estimated simply when Z is aligned with

filled states on the left and empty states on the right.
7 Equations (8)-(10) yield ,...-?i/FR---75 ps in the

present case when Jd, = 100 A/cm", in agreement with
XE- 0L the physical expectation that the transit time is con-

trolled by the effective height of the right barrier.
The importance of the frequency response of a DBQW

0 0.1 operating as a negative-differential-resistance diode
0.2- __-- characterized by the response time rresp has already been

- No " Scatteringnoted. Operationally, the appropriately biased DBQW,
No Scattering

••C Re 
'CPA

-0,2-I . . .
80

1. 60- trans
(theory)

-0.6 E
A 11 0,E) 40

0 W1"rarns

20h 0

FIG. 2. Spectral density A Ik =0,E) for biased DBQW at far 01 (expi.
end of negative-differential-resistance regime with (solid curve) 0 100 200 300
and without (dashed curve) alloy scattering. Resonance is current density (Acre2)
sharper and located in positive-differental.resistance region for
the case of well lifetime broadening alone lopper dashed curve;
multiplied by 0.1). Shift by Re[ICPAI and scale change permits FIG. 3. Theoretical response and transit times vs current
comparison between line shapes. DBQW is indicated schemati- density compared with experiment. sample A. Ref. I. in
cally. Dashed region on left occupied by electrons. posmtive-differential-resistance region.
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acted upon by an additional small ac field having frequen- vice operation is thus given by & - r-re • P. (The frequen-
cy wo with Hamiltonian cy limit is depressed due to circuit capacitance effects and

other scattering mechanisms.)
Hac= -leVac(L4 -,R )e-,,' The derivation of oa(w is lengthy, since a Bethe-

Salpeter equation must be solved to include vertex
responds linearly to that field. For frequencies w> wresp, corrections properly.13 The result, valid for the Ohmic
as defined above, the current is no longer able to follow region in which the energy dependence of the rs can be
Hac without phase lag. The upper frequency limit of de- neglected, is

Se2 • ~(hJ+ 2iFr, )rL(&fL )+(fiw+ 2irLl )FR(bfR
a(w)=- - f dEgw(E;w} Aw+i)) (FL + FR(I)

where to be in remarkably close agreement. Calculations for a
gw(E;o))=(_I27ri)_'[F` (E +Iic)_F'A(E)] typical current of jdc=100 A/cm2 in the negative-

CPA C differential-resistance region (not indicated in Fig. 3)

F"'-(01Gc" (E)0) a show that -rtr... and rrsp have values about 60 ps anddiffer by only 7 ps, as in the Ohmic region. This result
the single-chain diagonal matrix element of the CPA confirms that the experimentally accessible time defined
retarded (advanced) Green's function, and Afs and measured in Ref. I is, in fact, useful in device appli-
=fs(E +*w--.5s)-fs(E - s) (S =L,R). Note that cations of current interest.

gw(E;O)=gw(E), the well density of states in Eq. (9),
and that a(O)=djdc/dVdC at a given Vdc in the present We are grateful to D. S. Chemla, D. K. Ferry, and P.
case. The applied dc voltage remains even when Vac, M. Hui for useful discussions. This work was supported
which is much smaller than VdC, has vanishing frequency. by the U.S. Joint Services Electronics Program (ISEP)

The results for "r . are also shown in Fig. 3. Even through ONR Contract No. N00014-89-J-1023 and by
though the physical ingredients in the definitions of T.ran, the DARPA through ONR Contract No. N00014-86-
and -re.p are quite different, the numerical values are seen K-0033.
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Evidence for quantum well asymmetry in optical absorption
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Some previously unexplained features of the experimentally determined optical spectra of
GaAs/Ga,_ AlAs heterostructures are theoretically explained in terms of unintentionally
introduced asymmetries in the shape of semiconductor quantum wells which break the usual
optical selection rules. Various mechanisms that may be responsible for well asymmetries are
suggested. Their measurement may be a useful characterization tool in quantum well
fabrication.

Several absolute optical absorption and photolumines- 100 A mimics the effects of an electric field of about 10W
cence excitation (PLE) experiments have been performed V/cm.
on GaAs/Gat .AlxAs superlattices (SLs) and quantum To investigate the effects of asymmetry, we have per.
wells (QWs). 1-4 Some unexpected features in the otherwise formed absorption calculations based on the uniform field
well-understood spectra of these heterostructures have model of Fig. 1 (b). Investigations of the other models lead
been seen.5-7 Recent calculations7 of optical absorption for to results that differ by less than the experimental differ-
both the In, ,Ga•As/Inl-.AIAs and the GaAs/ ences between nominally identical samples. The key point
Gal - xAlAs systems showed beiter agreement with exper- is that the selection rules of a symmetric QW are broken in
iment for the former due, in part, to the absence of these asymmetric wells since the electronic states no longer have
features. We propose that the unexpected features, which even and odd parity. Calculations for a field of 3 x 10'
are more pronounced in the Ga than in the In, _Ga. based V/cm are presented below, which according to the third
system, arise from asymmetries in the heterostructures and possibility discussed above, correspond to a variation in the

Al concentration of about 3% over the well. The size of thefor such structuresa field was selected to lie within bounds consistent with the
forsuc s aredesigned touncertainty in field strengths of about 104 V/cm associated

MostQ~sare esinedto hve ondctio an va with experiments investigating the quantum-confined stark
lence band edges with flat, symmetric energy profiles as in itexpe r ng

Fig. I(a). QW asymmetry arises from imperfections intro- effect. is

duced during the growth of the heterostructure. Figures dominated by the discrete exciton peaks and the staircase-

y(b)-I (d) illustrate three simple models for this asymme- like continuum absorption due to transitions from the va-
try. lence subband states n associated with the light holes

The first model, illustrated in Fig. l(b), includes the (LHn) and heavy holes (HHn) to the conduction sub-
effects of a built-in electric field extending over the QW. A bands (Cn). Allowed transitions consist of the HHn,
field of this kind could be created, for example, by a doping LHn-,Cn pairs, which obey the selection rule An=0.
imbalance between the buffer and capping layers of the These features are clearly seen in Fig. 2, which compares
QW sample. In the extreme case of an n- to p-type transi-
tion, this would impose a field over the sample of strength
1.5 X 104 V/cm for a 104 A sample. The second possibility, (a) Usual Model (b) Electric Field
illu stra ted in F ig . 1 (c ), is a fi eld sp a n n in g o n ly th e w e ll - _ Y E '

region. Such a field could occur if an intentional miscut in
one of the high symmetry growth planes resulted in dan- 7
gling bonds at the two interfaces3 having opposite charge. Ea

The third possibility, illustrated in Fig. I(d), involves
compositional gradients which may exist in the barriers, in Groth Axis

the wells, or in both. Such compositional gradients could (C) Interface charge (d)compostna Gn•ii
result during the molecular beam epitaxy (MBE) growth e
process in which the flux of the Al in the Gal .AlAs
system deviates briefly from its nominal value when shut-
ters are opened or closed. Upon switching from barrier
growth to well growth the Al flux may persist briefly after
the Al source has been closed. Upon initiation of barrier
growth, the Al flux may overshoot its nominal value when FIG. I. The usual QW model. (a), and three simple models for QW
the shutter is first opened due to built up pressure in the Al asymmetry. resulting from (b) an electric field over the entire structure,

chamber.9 The dotted profile in Fig. 1(d) illustrates the (c) a field extending only over the well, and (d) a gradient in the Al
concentration. The band gaps, E, and E, are indicated, as is the valence

situation qualitatively; the solid line corresponds to a sire- band offset, Gradients in Al concentration can mnse from MBE growth.
plified model, Variation in the Al concentration of 1% over illustrated qualitatively with the dashed profile in (d)

1069 Appl. Phys. Lett. 61 (9), 31 August 1992 0003-69511921341069.03$03.00 to 1992 American Institute of Physics 1069



I (isi)

4.0 transition appears as a "step" without a distinct associated
(a) 100A GaAs/ 100A Ga0 ,,A1 3As peak. Feature 4 is the low energy shoulder observed just

3.0 - Theory below the HH2-C2 peak, which makes the transition
HHICi --- Expt. (Huang seem broader than expected. Feature 5 is that the

LHI-C1 HH2,*C2 LH2*aC2 LH2-,C2 peak is only poorly resolved, and sometimes
2.0 •1b& 

0' Ale// •/ ,,
T.0 s" 0 

barely visible at all.
Transition I - -- The present calculations for asymmetric wells are per-

*7 1.0 .1.. - formed using an eight-band Kane model modified to in-
E

-P 00for the QW structure.14-5 The calculations include an
0.04.0 asymmetric potential, V.,.= -e'z, linear in the growth

.•( b) 116A GaAs/ 00A Ga, AI0,As, axis coordinate of the structure, z. Here W is the built-in
o0 Theory electric field. The QW states, IL,K), are defined in terms of

3.0 Expt. (Masselrnk et al.) the envelope functions, F., and the eight k =0 states of the
I'[/•-2 4 j\ 15 Kane model, (rln0), by (rIL,K)--ZF,(L,K~r)(rin0).

2.0 • 3 \ \,•--•--• These states include the effects of the electric field as does

\ ,the equation determining the envelope functions at K =0,

1.0 
-k-

0.0 R [k,,=Oky=Ok,- k 2-- i(81&z) F(L,0;z)

01.50 1.55 1.60 1.65 1.70 1.75 -e6'zF(L,O;z) =EL(K=O)F(L,Oz). (i)
Enery (eV) Here H"i is the k.p Hamiltonian appropriate to the con-

FIG. 2. Comparison of theoretical (solid) and experimental (dashed) stituent bulk semiconductors of the heterostructure. Be-

absorptionofSLsof (a) 100,AGaAs/100 AGaO7Alo.As;and (b) 116A cause the asymmetric term diverges at large distances.
Gas/G,*7 Ale.1sAs. (See footnotes 2 and 3 for experimental informa- hard-wall boundary conditions are imposed on both sides
tics.) Major allowed transitions and a "forbidden" transition are identi, of the QW at points 100 A outside the well. The states and
fled. The disagreement between experiment and theory in (b) is indicated
by five characteristic features discussed in the text. optical matrix elements for finite heterostructure wave vec-

tor K. which lies in the x-y, or QW, plane, are determined

from a SL KXp theory" applied to the zone center K=0
theoretical absorption for symmetric wellsW' 1 to two exper- states.
iments on 100 A GaAs/100 A Ga0 .7 Al0 3As and 116 A The optical absorption at zero temperature between
GaAs/100 A Gao.7 5 A10.2As SLs. The major allowed exci- valence band L and conduction band L' in the absence of
tonic transitions and a forbidden transition are identified in electron-hole interactions is given by
Fig. 2(a). In Fig. 2(b) five points of disagreement between
experiment and theory are identified. These same points of (E 21r'T 2 1 (LXIpIL',K) 12

disagreement are also present, albeit to a lesser extent, in Vnmc K m EL4K) -EL(K)
Fig. 2(a), and are characteristic of all but one of the
twenty absorption and PLE measurements on GaAs sam- x6[E-EL,(K) +EL(K)], (2)

pies that we have encountered in the published literature. where n is the refractive index and V is the volume of the
Chu and Chang'2 have also calculated SL absorption but well. The effect of the electron-hole Coulomb interaction is
compared to PLE experiments. Their results exhibit the incorporated using the heterostructure crystal coordinate
same points of disagreement. We conclude that these fea- representation (CCR) and a simple model for the electron-
tures are not a shortcoming of the absorption theory of hole interaction. 7.16 The results are expressed in terms of a
Ref. 7, nor are they a peculiarity of any particular sample. Sommerfeld enhancement factor Y (E) for the continuum

The first two features to note, I and 2 in Fig. 2(a), are interband absorption. bound exciton energies, E, and os-
that theory predicts a stronger HH I - Cl transition than is cillator strengths, f,=(2/m)(L,0IpIL',0)lIO U(0)12/
observed in experiment, while it predicts a weaker [EL,(O)-EL(O)], where U(R) is the CCR exciton wave
LHI--Cl peak than is actually seen. Thus, the approxi- function. The absorption is then 1
mately two to one ratio of oscillator strengths predicted by
theory is experimentally significantly smaller. Feature 3 is 21reA
the distinct 'forbidden transition'" in the absorption spec- a(E)= XfS(E-E,) + r (E)awLL(E).

trum between the n= I and n -=-2 HHn, LHn-,Cn dou- ' (3)
blets. Various authors have associated this feature with the
HH3_-CI transition, 1.4.6.2.13 which is forbidden by the se- The results for a 100 A GaAs/GaoA10.3As QW are
lection rule An =0, but not strictly forbidden in real GaAs illustrated in Fig. 3 for the theory with and without a.i
QWs since the Gat, AlrAs barriers are only of finite asymmetric potential term of e W = 30 meV/100 A. The
height. However, absorption calculations6'7 have found the asymmetry is seen to provide exactly those features whose
HH3-.CI transition to be too weak to explain the exper- absence caused disagreement between experiment and the
imentally observed feature. It is also interesting that this theory for symmetric QWs.

1070 Apo. Phy.u Lett., Vol. 61, No. 9, 31 August 1992 P. M. Young and H. Ehrenreoch 1070



170

4.0 fact that asymmetry has a large effect on the absorption.
EFFECTS OF E-FIELD ASYMMETRY ON yet a small effect on the transition energies, is best under-

-• 100 A GaAs OIUANTUM WELLaE 3.0 stood by considering VIsym, --ee'z as a perturbation.
2 No Field Since the unperturbed well is symmetric, the energies of all

.Field of 30kV/cm interband transitions are affected only in second order of
the antisymmetric perturbing potential. However, the os.

itcillator strengths of forbidden transitions involving states
1.0 i - of opposite parity (which is a good quantum number for

Q the symmetric well) are affected in first order. Therefore.

0.0 calculations which compare only interband transitions en-
1.50 1.55 1.60 1.65 1.70 1.75 ergies but not absorption coefficients are unable to account

Energy (eV) for the five effects of QW asymmetry which are here ex-

plained.
FIG. 3. Companson of theoretical calculations of absorption in a 100 A In view of the relatively small conduction and valence
GaAs QW with Ga. AI oAs barriers with (dashed) and without (solid) band barrier heights in the GaAs/Gaj_,AlAs system
an electric field ot 3 x 10' V/cm. The effects of the asymmetric potential
furnish those features whoae absence cauaed disagreement between exper- (200 and 100 meV, respectively) compared to those of
iment and theory in Fig. 2. In, _.GarAs/In,. _AIAs (500 and 200 meV), effects asso-

ciated with electric field asymmetry of the well (= 30

When inversion symmetry is broken, the optical selec- meV) are expected to be small in the latter system, as
tion rule An= 0 is no longer applicable, and the oscillator observed. For systems with sufficiently small band offsets
strengths of the various transitions change. Miller, Weiner, optical absorption meastirements can therefore serve as a
and Chemla'i have discussed approximate absorption sum characterization tool for testing growth perfection.
rules which require that the total integrated absorption We acknowledge fruitful discussions with F. Spaepen
from the heavy- and the light-hole subbands to a single and members of the DARPA Defense Sciences Research
conduction subband should be independently preserved Council, in particular, J. P. Hirth, E. Hu, and D. A. B.
when a field is introduced. These sum rules suggest that the Miller. This research was supported by JSEP and DARPA

field induced changes result from a transfer of oscillator through ONR Contract Nos. N00014-89-J-1023 and

strength between the various LHn-Cn and the various N00014-86-K-0033, respectively. One of us (P.M.Y.) ac-
HHn-Cn transitions. knowledges the Fannie and John Hertz Foundation for

More specifically, introduction of the field results in partial financial support.
oscillator strength being lost from the HHI -Cl transition
to the formerly forbidden HH2--CI and HH3-.CI tran-
sitions. The HH2-CI transition occurs at nearly the same 'R. C. Miller. D. A. Kleinman, W. A. Nordland. Jr.. and A. C. Gossard.

energy as the LH I - CI transition, explaining why exper- Phys Rev. A 22, 363 (1930),
'D. Huang, J. 1. Chyi. and H. Markoc, Phys. Rev. B 42. 5147 (1990.imental measurements show a weaker HHI--CI and W. T. Masslink, P. J. Pearah. J. Klem, C, K. Peng, H. Morkoc, G. D.

stronger LHI-Cl, [cf. Figs. 2(a)and 2(b)]. Oscillator Sanders, and Y. C. Chang, Phys. Rev. B 32. 8027 (1985).
strength is shifted from LH I -- CI to LH2-.CI, so that 'R. C. Miller, A. C. Gossard. G. D. Sanders. Y. C. Chang, and J N

Schulman, Phys. Rev. B 32. 8452 (1985).this transition and the HH3-Cl contribute to the exper- 5 G. D. Sanders and Y_ C. Chang, Phys. Rev. B 31, 6892 (1985); 35.
imentally observed forbidden transition of Fig. 2(a). The 1300 (1987); H. Chu and Y. C Chang, ibid. 36, 2946 (1987).
transfer of oscillator strength from allowed to forbidden 6H. Chu and Y. C. Chang, Phys. Rev. B 39, 10861 (1939).
transitions is more important for states away from the zone 7P. M. Young. P. M. Hui, and H. Ehrenrmch, Phys. Rev. B 44 12969(1991).
center than for those at K =0, so violation of the selection sJ P Hith and F. Speepen (prvate communcatons).

rules is more important for the continuum than for the 9 D. A. B. Miller (private communication).
exciton peaks. Thus, the experimentally observed step, fea- '°D. A. B. Miller. D. S. Chemila, T. C. Damen, A. C. Gossard. W
ture 3 of Fig. 2(b), results because the forbidden transition Wiegmann. T. H. Wood, and C. A. Burrus. Phys. Rev. Lett. S3. 2173

(1984).corresponds to a 10%-20% increase in continuum absorp- "The absorption coefficient is given approximately by (I/la)=e-
tion rather than an exciton peak. The previously forbidden where (1/Is) is the ratio of transmitted to incident intensity. Here, D is
HH I - C2 transition acquires oscillator strength and ap- taken as the total thickness of the well material only. This is in contrast

pears as the low energy shoulder, feature 4, on the to note 24 of Ref. 7.
" Y. C Chang and J. N. Schulman, Appl. Phys. Lett 43. 536 (1983).

HH2 -,C2 peak. Other forbidden transitions around the "R. C. Miller, D. A. Kleinman. and A. C. Gossard. Ph% Rev. B 29.
LH2-C2 peak also acquire oscillator strength, obscuring 7035 (1984).
the allowed peak associated with feature 5. "'N. F. Johnson, H. Ehrenreich. K. C. Hass. and T. C. McGill. Phys

While the effects of QW asymmetry on optical absorp- Rev. Lett. 59, 2352 (1937).
"5Ne F. Johnson, H. Ehrenreich. P. M Hui, and P. M. Young. Phys. Rev

lion are significant, asymmetry has so far received little B 41, 3655 (1990Y
attention in comparisons of band structure theories to ex- "6 N. F. Johnson, 1. Phys. Condens. Matter 2. 2099 (1990).
periment. This is because the effects of the asymmetry on "Fano resonances are neglected in the independent subband approxima-
the transition energies are rather small, as can be seen in tion. The calculations of Ref. 6 show Fano resonances to be weak in this

system.Fig. 3, and are comparable to the uncertainty introduced "D A. B Miller, J S. Weiner. and D S. Chemla. IEEE J. Quantum
by monolayer fluctuations in the nominal well width. The Electron. 22. 1816 (1986).
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Non-equilibrium Transport
in Alloy Based Resonant Tunneling Systems
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The transit and dynamic response times for P semiconductor alloy-based double barrier
quantum well structure are calculated within the coherent potential approximation. The
formalism is based on a non-equilibrium Green's function formulation of the transport process
including vertex corrections. The tunneling current is expressed as a sum of coherent and
sequential distributions respectively corresponding to tunneling with and without multiple
alloy scattering in the well region. This distinction is significant in nanostructures exhibiting
quantum interference effects. The calculated characteristic times are of practical importance
because they determine the achievable high frequency performance of device structures.
© 1992 Academic Press, Inc.

I. INTRODUCTION

Resonant tunneling structures that exhibit negative differential resistance are
promising candidates for various applications such as ultrahigh-frequency
ac-generators or very fast switching elements [1-3]. Furthermore, they are useful
for the investigation of fundamental transport processes in nanostructures. Double
barrier quantum well systems (DBQW) are prototypical tunneling structures. This
pap.- - amines the influence of scattering in the well region on the DBQW steady-
state dc-current and the dynamic response to an ac-field. We concentrate on
disorder scattering due to alloying or impurities. This is the dominant scattering
mechanism at low temperatures in many Group III-V AB 1 _, C compounds such
as ln 0.47Ga0 .53As [4]. The calculations presented here apply to elastic scattering
mechanisms, but not to inelastic phonon scattering, giving rise to phonon sidepeaks
in the current-voltage characteristic.

A biased DBQW as a whole is a system far from equilibrium, even though the
electron systems on both sides of the barriers will be assumed to be in thermal
equilibrium with distinct reservoirs on either side (see Section II). Furthermore, the
dc-current represents a highly nonlinear response to the applied bias. The for-
malism therefore uses non-equilibrium Green's function techniques (see Sections III
and V). These techniques have been previously applied to a one-dimensional
DBQW structure [5]. We treat here a three-dimensional model that includes elastic
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alloy scattering of practical interest in III-V alloy structures, within the coherent
potential approximation (CPA). Elastic scattering has been previously considered
in low order perturbation theory [6]. The CPA provides a simple yet quite
accurate description of alloy scattering beyond either the weak scattering limit or
the dilute impurity limit [7].

Coherent and sequential tunneling processes have been widely discussed [8]. In
the former, resonant tunneling is visualized in analogy to the optical Fabry-P~rot
spectrometer as coherent transmission through the entire structure. In the latter
case the particle first tunnels into the well and then to the other side in a separate
step. Section IV derives the total current as a sum of a coherent contribution of
electrons that remain in their momentum eigenstate and of a sequential contribu-
tion of electrons that are scattered in the well. The ratio of the coherent and the
sequential contributions depends very sensitively on parameters like the barrier
thickness. Coherent electron transport is shown to be dominant only in DBQWs
that are smaller than those currently in use.

One of the driving forces for the investigation of DBQWs is to develop devices
that can be operated at very high frequencies. This application requires under-
standing of the dynamic behavior of DBQWs and, in particular, of their linear current
response to an applied ac-field. The current response is calculated in Section V. The
results significantly generalize earlier model calculations that neglected scattering
[5, 9, 10]. Other aspects of the time-dependent response have been investigated
theoretically in Refs. [11-14] and numerically in Refs. [15-19].

Two characteristic time scales for tunneling are of concern here [20, 21]. The
steady state dc-current density, Jdc, and the charge density p, stored in the well
define a characteristic time, the dwell or transit time: =_tan- P w/IJc [20]. This time
has been measured experimentally [22,2]. The transit time is an intrinsically
static quantity. The response time, tresP, which is introduced here, is directly
relevant for high frequency response. It is defined as the inverse frequency
oJresp = T-I at which the systems fails to follow the external ac-field, or more
precisely as the frequency for which Im a(COrep) is maximum. These characteristic
times differ both conceptually and quantitatively. The calculations of Section V
show that the inverse response time is dominated by the escape rate out of the well
to either side. By contrast, the dwell time is determined by the escape rate to the
collector side only.

The present authors have recently published a brief physical discussion of the
principal results [21]. Here we focus on the underlying theory and, in addition,
present some new results.

II. MODEL AND ASSUMPTIONS

A biased DBQW structure is depicted schematically in Fig. 1. We consider
electron tunneling involving a single conduction band which is described within the
effective mass approximation. The semiconductor materials on both sides of the
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structure are assumed the same. An external dc-bias shifts the conduction band
edges Og and OR of the left (emitter) and the right (collector) side relative to each
other; OL = eVdc and OR = 0. Resonant tunneling and a resulting current maximum
occurs for dc-bias when well states are lined up with occupied states in the emitter
and empty states in the collector. The I-V-characteristic, i.e., the current as a
function of the applied dc-bias, typically shows a slow increase, a sudden drop, a
broad valley, and finally an approximately exponential increase.

The Hamiltonian for the sides S = L, R is

fo=(k+O)CsfkeSk(l)

S-L,R k

with crystal momentum k= (kl, k:), kinetic energy Ek =h 2k2/2m* and appro-
priately labelled creation operators C'k. Both leads are assumed to be in separate
thermal equilibrium at temperature T and characterized by chemical potentials PR

and PL relative to •L and OR,

1
fs(E-Os)= _(2)

The chemical potential YL is typically of the order 50 meV reflecting the increased
electron density in the accumulation layer. For simplicity, we use ALL = AR' Note
that Vd, differs from the external bias because of the voltage drops across the
accumulation and depletion layers.

We restrict attention to only one subband within the well region (W), which

(Ax BI-x) C

ogo..ol Wel: n-5

Ri•l I0000 molecular
chains

E

AL 
AR

hwL hw •RW

MLR

kdl4-dw -+-dRA
k = (kil, kZ)

FIG. I. Schematic representation of a biased double barrier quantum well system. Symbols are

introduced in the text. ThL inset shows three random chains of n = 5 AC or BC units (from Ref. [21]).
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gives rise to one resonance peak in the I-V-characteristic. The Hamiltonian for the
well region in the absence of tunneling and scattering is

oZ= (e w+ek+W)C1k,kCWk, (3)
k~l

describing the two-dimensional band starting at energy E above the the bottom of
the well O w. The effective mass is assumed the same in the well region and the
leads. For simplicity, flat potentials are assumed in each spatial region. The well
potential Ow results from a linear interpolation between O'L and O'R; in particular,
'w= eVdC/2 for symmetric structures.

The barriers regions are described by transfer Hamiltonians

~ ft Z ~ (hWc'cs,kk+h.c.). (4)fW'= E Y W4k
S-L. R S-L.R k.kil

The tunneling matrix elements h ws are closely related to the Golden rule rates for
the escape of an electron out of the well to side S

Fs-= 27r IhWSI2 6(E--Sk,, -- &k7- (1S). (5)
k:

If h ws only depends on k., Ts is a function of the "perpendicular" energy E-Ek,.
The matrix elements h ws need not be specified explicitly, since they are always
subsumed in Fs. The tunneling rates Fs are given by the WKB expression for
tunneling through rectangular barriers with heights shown in Fig. 1:

Fs: (E- Ek 'w) ,(E - - 01s)

x exp { ds /2f4(As+ 2 ' w-E+E•,)} (6)

Here A L = A R is the conduction band offset between the barriers and the well. The

first factor /2(E -ek,- ,w)/rm*/( 2 dw), describes the classical collision frequency
of a well electron with the wall separating the well from side S. The exponential
describes the tunneling probability-amplitude through the barrier region of width
ds and effective electron mass m*. The theta function cuts off the escape probability
at the conduction band edge. We frequently assume Fs to be slowly varying on the
energy scale given by the width of the tunneling resonance (typically a fraction of
a meV). Since thc spectral density of well states is sharply peaked around
'W+ E+ ekl,, this amounts to replacing E- Ek,, - 0w by i everywhere in (6).

Equation (6) is not appropriate for energies close to the top or above the
barriers, since tho assumption of a single subband in the well region breaks down.
The current contributions in this energy range are accounted for here by adding a
classical Richardson current for all states with energies higher than the emitter
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barrier. Other mechanisms that contribute to the current (e.g., leakage currents due
to deep donor levels), particularly in the valley region, are neglected.

The full Hamilton operator

/=_/± +/W+/nt+/, (7)

also involves a term /"HC describing the alloy scattering in the well. The specifica-
tion of /ýHt requires more detailed discussion. At low temperatures the dominant
scattering process in an (ABl_,)C semiconductor alloy like (In,rGai -,)As is
scattering associated with the different on-site energies EA and EB on the cations
[24]. For the difference EA - e. we take the conduction band offset between the AC
and the BC bulk material.

For typical well parameters the kinetic energy due to the confinement in the
growth (z) direction is large compared with the effects of alloy scattering. Therefore
the z-dependence of the wavefunction is determined by the confinement to a good
approximation and can be expressed by a normalized disorder-independent factor
O(z). For high. barriers, OS(z) cos(nz/dw) for z within the well with the origin at the
well center.

Electrons freely moving in the parallel directions experience the randomly
varying potential. The alloy disorder is best described in terms of chains of atoms
centered at R,, and extending along the z direction. The inset of Fig. 1 shows thcse
chains schematically. The electron energy of a chain at RH1 is

CRI =Y l0(z)il 2 E(RI, z,), (8)

where the sum runs over all the cations in the chain since the conduction band edge
states are predominately of cation character. The factor s(RII, z,) is either EA or e,
depending on the type of cation at (R,1 , z1 ). The energies eR are approximately
Gaussian distributed with the average energy

9= <8R,, XEA + (1 - X) B (9)

and variance

((ER,, - E)2'>. = x(1 - x)(&A - E,)2 a' f, Iq(z)j 4 dz, (10)

where a3 is the spatial extent of the anion cation unit. For high barriers the integral
is approximately 3/2n, where n is the number of atomic layers in the well.

Formally, the chain at R11 corresponds to the Wannier state

t 2 V dk e-ikj .Rjt (11)CWRf- / (2)t )2CWk
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Thus the scattering term of the Hamiltonian is

FIcatZ S wRiCRCWRi,, (12)

R1

where the tR,, are Gaussian distributed random variables with average and variance
given by (9) and (10).

III. ELECTRON PROPAGATION IN THE WELL

Since a biased DBQW is far from thermal equilibrium, it is necessary to use non-
equilibrium quantum transport theory [25] for the description of the electron
propagation in the well. The retarded and advanced Green's functions for any two
fermion operators c. and cp (e.g., a= Lk, P3 = Wk,,) are the expectation values:

G`(fl2, ~tO) = -ie(t2 - t X cP(t2) ctx(t 1) + c!_(t1) cP(t2) > (13)

Ga(flt 2 , at,)= Gr(ast, /3t2)*. (14)

An additional distribution Green's function

G<(13t2 , at 1)= +i~c (te) Cfi(t2) (15)

describes the occupation of the individual states. For t, = t 2 the distribution Green's
function is the actual density matrix of the system.

For a steady state, the distribution Green's function depends only on the
difference of its time arguments. For non-interacting fermion systems in thermal
equilibrium G< is not an independent quantity, but its Fourier transform

G<(fl, a I E)= dt e+iE(1t2 - /hG<(13t2 , att) (16)

is given by

G' (fl, aIE)= -f(E)[Gr(f, I I E)- Ga(fl, a IE)], (17)

where f is the appropriate Fermi function.
The results of this paper can be derived using Dyson's equation with a

perturbation of the simple form V•,c c6 . The relevant Dyson's equations are

GP(/3t 2, attI) = Gr(f0t 2, OttI) + f__ dt3Go(/3t 2 , Yt3) Vj6Gr(bt 3, 0t1 ) (18)

G <(0f t I t) = Go< 012, at I) + dt3[Gro(#t2, Yt3) V,,,G<(bt3, oat,)

f- 00-

+ G <(Pl2, Yt3) VY,5Ga(6t, at')0. (19)
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The presence of two terms in the integral of (19) reflects that the perturbation
influences G < by modifying the propagation and the occupation of states. Used
iteratively, these equations lead to a systematic perturbation expansion for G" and
G< in terms of G' and G'. For steady states, the Fourier transforms of (18) and
(19) have the simple form

G'(flo I E)=Go(#(X I E)+Go(#fly I E) V.6•Gt (boc I E) (20)

G<(floe I E)=G (f#e I E)+G r(p,, I E) V.6 G<(ba I E)+G (fly I E) V.,,G'(ba I E).

(21)

In the case of interest, we neglect any influence of the well on the leads S = L, R.
The leads are described by the unperturbed Green's functions and Fermi distribu-
tions (2):

1
G'(Sk.. k1  E)=EiO+ - k1-,-'s (22)

G<(Sk:k I I E) = 27rifs(E- Os) 6 (E-8k: -k.k,, - tsY). (23)

(We write G(Sk:kj IE) instead of G(Sk..k1 , Sk.k, I E), since these Green's
functions are diagonal in all their quantum numbers. For the well Green's
functions, only the average <G(Wk",, WkI I E)> is diagonal in the momentum
variable.)

Particles in the well have a finite lifetime expressed by the finite imaginary part
of the self-energy

Z =ZL +ZR, (24)

even in the absence of scattering, since they can escape to either side [26].
Specifically, Xs describes tunneling out of the well, propagation in S, and tunneling
back into the well. Its form (see Fig. 2a)

X" (kj I E)-• hwsGt (Skzk,, I E)h*, (25)
k:

and correspondingly for E' and E', follows from the once-iterated Dyson's
equation (20) with H "" as perturbation. We assume that the real part of the tun-
neling self-energy has been incorporated into the energy j denoting the resonance
level. Its effect is to lower E relative to that in an isolated quantum well having the
same width and depth. The remaining imaginary parts have the familiar form
expected from perturbation theory,

f- (kH I E) = 21ri Y fs(E- Is) Ihws12 6(EF-Ek, - 4,;, - s)
k:

= fs(E - Os) iFs (26)

S 1 E) = Z's(kj, I E)*= -iFs/2. (27)
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0) Ys(kiiE) = X4E X

* E

w S XXS Sw k W

c) (1) (klIE+Yiw,E) = = X#-,Jx • ----

d .)., w E+hw E E+T w E Ed) x X _S 04 -s 0s
ESfiw S S

E+hw E+?hw E E E E*1w E+hw E+Tiw E E
e) . X *- X- X--X X*- "4- X=W S, V S W s S, w

E+wh IT L;ý

FIG. 2. (a) Diagrammatic representation of the tunneling self-energy E,(k I E): b) dc-current:
(c) first-order correction Zý')(k, I E+hw, E) to the tunneling self-energy; (d) and (e): the two classes of
first-order corrections to the current. Single arrows represent lead Green's functions, double arrows are
well Green's functions. Crosses stand for the tunneling through the individual barriers. Dots indicate
bare ac-vertices (m). Diagrams are read from the right to the left.

In order to calculate the self-energy contributions due to scattering, we invoke the
coherent potential approximation.

The CPA replaces the propagation in the disordered medium by the propagation
in an effective homogeneous medium described by an energy-dependent.
momentum-independent complex self-energy EcPA [27]

G(Wk1 1 , Wk, I E) CP. A 6kk :,GcpA(ku l E)= 5 kk: Go(Wk-, I E-d-CPA(E)), (28)

where Go is the Green's function in the absence of scattering, but including the
tunneling self-energies:

1
G0(Wk, E) E - - - ±i(Fi + FR)/2 (29)

The arguments W for GCpA are omitted. since the subscript "CPA" will be used
only for well Green's functions (for the component 1'pA see Appendix A).

The CPA self-energy is defined by the condition that the average of the effective
t-matrix ift, for a single scattering site R,, embedded in the effective CPA medium
vanishes:

/ LR CPA
,t" AF,= a 0. (30)

'• ~ ~ E I - t P , - y P A ) F ' - A ,
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Here K >, denotes the average over all scatterer configurations. The on-site CPA-
Green's function

FcPA(E) = G'PA(Rif, R11 1 E) = Go(R11, R1, E --Z'cpA(E)) (31)

depends on ECPA, but it is independent of R H. A constant average value of FL. and
FR is used to calculate FcPA. Equation (30) is then readily solved numerically.

If the occupation function 9,p is momentum-independent in the absence of alloy
scattering, this will also be the case within the CPA with scattering included. Since

t' >a,,,v vanishes within the CPA (cf., Appendix A),

G<CPA(k I I E) = -21rip w (E) Im r-i ,.- Y (32)

where the total self-energy of well electrons is denoted by

'E = -CPA + Zo. (33)

The CPA, as described here, permits calculation of all properties that are related
to averages of the single-particle Green's function. The evaluation of quantities, like
dynamic response functions, containing averages of the two-particle Green's
function or averages of products of single-particle Green's functions, must include
vertex corrections.

IV. STEADY STATE AND dc-CURRENT

- The current from side S = L, R into well W for electrons of both spins is given
by

where Ns= kC*skCsk(S= L, R). Since

h is = i[H, Nfs = -i 2. [h*sCsk'kk.* C+Vk, -hwsCWkCskk c ], (35)

the current at time t is, according to the definition (15), giver, by
2e

isw=--2e F [(G<(Wk,,t. Sk:kjjt)%,vh•,s-h.c.]
k:, k

Sf dE [<G (Wk1 1, Sk:k1 l I E) %,h* s-h.c.]. (36)
hi 2;T k .,
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With the help of (20) and (21) the propagator G( Wkjj, Sk:k!l I E) can be expressed
as an unperturbed propagator in S, a tunneling matrix element, and a full
propagator in the well (see Fig. 2b). Two tunneling matrix elements and the
propagator in the lead combine into a tunneling self-energy. Thus,

E G <(Wkjj, Skzkjj I E) h*ws
k:

=G'(Wktl, Wkil I E)-Z<(k1 I E)+GI Wk 11 , Wk,, I E) 7(k, iE), (37)

and correspondingly for the same quantity involving G<(Sk:k,,, Wk,, E).
Writing the well distribution Green's function,

G<(Wkl, Wkil I E)= -qow[G'(Wk1 1 , Wkjj I E)-G 0 (Wk-,, Wk,, I Ef], (38)

in a form analogous to (17) yields the current

2e dEh-w -hf 2-'

xy< -iFs[fs(E- Os)-tow][Gr(• Wkjj lE)-h.c.]%•,. (39)

Clearly, p w plays the role of a well occupation function. It is determined by the
steady state condition

FR(fR- qp w) + FL(fL -- qpw) = 0 (40)

which balances the net influx from the left into each of the well states and the net
outflux to the right. The result

FLfL +FRJA (41)
FL + FR

represents a weighted average of the occupation functions of the left and the right
sides. Substituting into (39) yields the current per unit area,

Jdc = US-.W1 =2 f dEIfs(E- sP)-,)- ().. (E)l gw(E) (42)

=2 f dE[fL(E--eVdC)- fR(E)] FL +R gw(E). (43)
TL+ FR

where

gw(E)= - f2- ±. k L [<Gp PA(WkH I Wk,, i E)>a, -h.c.] (44)

2ii (2n a g C

is the average well density of states per spin direction.



NON-EQUILIBRIUM TRANSPORT 65

The fact that the dc-conductance (43) can be calculated using only the single
particle Green's function appears surprising. The reason for the difference is that
in the resonant tunneling case the relevant distribution functions are known (2) or
easy to calculate (41), whereas in the usual case they have to be determined by
solving a transport equation.

Equation (43) reduces correctly to the two limiting cases representing sequential
and coherent scattering, respectively. In the limit of strong scattering, tunneling is
sequential; the tunneling processes through the individual barriers are effectively
decoupled by the scattering processes. In that case, Eq. (42) can be written directly,
and the steady state condition immediately yields the total current (43).

In the absence of scattering the electrons traverse the well coherently. The
parallel momentum ktj is conserved, and resonant tunneling is best understood in
analogy with the optical Fabry-P&rot interferometer. The t-matrix for the transfer
of an electron through the entire structure is

TL .-R(ki, kVi) = h*,sRG( WkV1, Wk, II E) hwL. (45)

According to Fermi's Golden rule, the coherent tunneling current, i.e., the
contribution due to scattering-free tunneling events with k,, = k,,, is

jo 41re F d- dR(k)
dc h - (27cd) 2 , [fL(E-eVdJ)-fR(E)]

k( , k'

x <6(E-I•k,,,-Ck:) ITL - R(k!•, kýý)12 6(E -Ek, - k: - eVd,,) >a-

e f d d rLFR jr -R
=r.-h (2k,, LF-R IGCPA(kj I E)I' [fL(E-eVdJ)-fR(E)]

2e c FLFR
=2e dE FL + FR +g2 urn r gw(E)[fL(E--eVdJ)- fR(E)]. (46)

Equation (46) is obtained from definition (5) and by noting that

IGrCpA(k E)I2 = -Im GCPA(kjI I E)/(½ FL + ½ FR--Im CPA). (47)

In the absence of scattering, Im 2 .CPA =0, the coherent contribution (47) is the
total current. Figure 3 represents the partition of the total current as calculated
within the CPA into coherent and sequential contributions diagrammatically. The

I I' M ,l e 1%
'CPA = 7 k[I [uXI + X

FIG. 3. Graphical representation of the partition of <IG(Wk , wk, I E)I2 %,, into a coherent
tunneling contribution (first term) and a sequential tunncling contribution (ladder sum). Bold arrows

are CPA Green's functions. Crosses stand for scattering events (on-site i-matrices). The crosses are

connected by dashed lines if they belong to the same effective site.
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first term corresponds to the coherent contribution and the remainder, involving
scattering events, contribute to sequential tunneling. A comparison of (46) with
(43) shcws that the coherent current is unimportant if the scattering time is much
smaller than the lifetime due to tunneling, i.e., if

Tscatter = h/lIm Z'ECPAI < h!(F-L + FR Y (48)

This criterion is analogous to one first discussed by Price [28]. In the case of a
45A Ino47Gao 53As/56A Ino.4gAlo.5 2As DBQW which is discussed in Ref. [21], the
tunneling current is almost completely sequentiol. Another example is given in
Fig. 4 for an asymmetric DBQW (50A and 70A Alo.3oGao0 7oAs barriers and a
45A GaAs well) at room temperature. The dashed curve shows the relatively small
coherent contribution. The inset exhibits the peak to valley ratio as a function of
the Al concentration. The contribution to the current in the valley and beyond is
approximated by a Richardson term.

Equation (43) shows the dc-current to be rather insensitive to scattering, since F.
and fs are slowly varying functions of energy (except near the band edges) and the
main effect of the scattering is to smear out the density of states [29, 30]. The
decrease of the peak to valley ratio (inset of Fig. 4) with decreasing scattering
strength is primarily due to larger valley currents. If both the tunneling width and
the scattering width are small, gw(E) is the si-p-like two-dimensional density of
states. At T= 0 (43) then yields the well-known triangular shaped I-V-characteristic
[31]. The sudden drop of the current from its maximum-value to almost zero, in
this case results from the use of the same effective masses in (1) and (3), a fact often
overlooked when modelling DBQW.

N8

1I000- 4

0
0 0.02 0.04

AL -CONC.

-500

o ,oo -
0 50 100 150 200

Bias j mev]

FIG. 4. I-V-characteristic for an asymmetric DBQW (dL = 50A and dK = 70A Alo 10GaooAs barriers
and a dw=45AGaAs well) with T=300K. PL=PR=5OmeV. A small amount of Al. x=l%, is
assumed to be present in the well region. The dashed line indicates the coherent tunneling contribution
to the current. Inset: Peak to valley ratio for different Al concentrations in the well.
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For later reference, we note the charge density pw in the well. It is derived from
the expectation value

K<C* Cwk , v = f •' G<( Wk,,, Wk, I E)

and takes the form

pw=2e dEtrpw(E) gw(E)=2e dE LfL + FR gw(E). (49)
f f TL±+FR g()

V. DYNAMICAL RESPONSE

The ac-response function ar(uo) is defined as the current response to a small ac
field Vace - "' superimposed on the dc-bias. The additional term in the Hamiltonian,
Hac, shifts the energy levels on the left and the right side up and down periodically.
For symmetric DBQW,

Hac =eVac (129L - Z =7 s.N S'(50)

S'-L.R

Here, 9.s, is the number operator for the side S' = L, R, and flL = 1, q R = -1.
We next calculate the linear current response to/Hac. The incoming and outgoing

currents do not balance at each instant. According to the Ramo-Shockley theorem,
the measured current is given by the average

IM = IL-. w(t)- IR-. w(t) 1 ?ISIS- w(t). (51)
2 -2 s-L. R

The ac-current in linear response (cf., (36)) is

I -2e t di
2S--L. R -

x Y [(G<[1](Wkljt, Sk.kjjt)).,,h~ws

k:, k1l

-hwsKG< ')(Skzk 11t, Wklit)>,8]. (52)

Here and in the following the superscript "[I ]" denotes the first-order corrections
due to Hac. The unperturbed Green's functions G now include both the self-energy
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due to tunneling and the self-energy due to scattering. The current (52) is most
easily evaluated using a Fourier representation. For the retarded Green's function

f dt di2e'(E + ho,) ,,_,h e - iEtI/G G [ l( " 12 kll

=27 Y Gr(Wk,,, Wk,, I E+ho)
S'= L, R

X-rl'](kl E+hco, E) Gr(Wk,1 , Wk1 t E). (53)

Three terms of the form (Gr2711 3G< + GrE,[1 G ±+ G<I'tl 1G') contribute to the
distribution Green's function G<1]3. The first-order correction 49 to the self-
energies Es, (see Fig. 2c for a diagrammatic representation) is, according to
Eqs. (18)-(20) and (22)-(23),

s I(ki E + hco, E)=s, e- hws,GF(S'k:kll I E+ho) G'(S'k:k1 1 I E) h*

-eVac qs,[2(kt E I E )- +k 1  E)]

i eVs4hco ns, A iS, (54)

and

i E coE) i eVac qs.(s AFs. + Fs-- Afs,), (55)S•,t•(l +h~,E 2hco

where Afs fs(E + hwo- Os) - f,(E- Os), = (fs(E + hao- Os) + fs(E- Os))/2
and similarly for AFs. The relationship

Gr(S'k.k,, I E + hco) Gr(S'k:k,, I E)

= -h (Gr(S'k:k, E+ h/o)- Gr(S'k..k IE)) (56)

has been used. Only the imaginary part of the tunneling self-energies has been
retained explicitly.

The perturbation acts directly only on the L- and R-states. The well-Green's
functions are affected only indirectly via their tunneling self-energies. When (52) i';
rewritten in analogy to (37), the first-order self-energy is seen to enter in two
different ways corresponding to Figs. 2d and e. These are the contributions from the
fs explicitly shown in Fig. 2b and from corrections to the self-energy implicitly
contained in the well Green's function, respectively.
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Equations (52) and (53) yield the frequency-dependent conductivity

a(co)= s e 2 dEf d2It I
S~~ ~ -R h 7 (27r)2 eVa€,

X <'(W jjWk,1 I E+hwb)T 5<1'N(kjIi E+hw..,E)± ...>a,
I 

SR

+ Z( G" (Wkt, Wkj1 I E+ hco) Xr'[(kjj I E+h.o , E)
S'=L.,R

x G`(WHkj,, Wkil I E) I (kj1 I E)± .. >a1. (57)

where the dots represent more terms of the same structure which arise from the
repeated application of (19). The resulting expression is lengthy but straightforward
to evaluate in the absence of scattering. The one-dimensional case is discussed in
Ref. [5] (see also Refs. [9, 10]).

The expression (57) for the dynamic response contains averages of products of
Green's functions of the form <G'(fi, pL I EE+hco) m,,G(v, axI E)>a%. Such expres-
sions are represented graphically in Fig. 5a. The average of the two-particle Green's

a)

R11  R11 R'1

+ I ;••+ +

R11 F~ R11

b) R R11  R'1

) + +o

R1 I RR11 R l

FIG. 5. Vertex corrections for CPA: (a) m is the bare vertex of interest; M includes the bare vertex
and the vertex corrections represented in the CPA by ladder diagrams shown. (b) Bethe-Saipeter-like
equation for CPA corrections to a vertex that is diagonal in R,-rcpresentation. Light double arrows
represent unaveraged Green's functions, bold arrows are CPA Green's functions. Crosses stand for
on-site t-matrices. They are connected by dashed lines if they belong to the same effective site. Dots are
bare vertices (m), shaded triangles include vertex corrections (M).
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function and a bare vertex m,, can be expressed in terms of averaged single-particle
Green's functions and a dressed vertex MMV,

<G'(rf, / I E+ hco) mp, G"(v, a I E)
< G G (fl, E + hco) %, MO. < G a(V, 0( 1 E)> . (58)

In the present case, m., stands for the time-dependent quantity VT!]. Velick•, et al.
[32] showed that the vertex corrections appropriate for the single-particle CPA is
the sum of the ladder diagrams of Fig. 5. Each pair of the effective on-site t-matrices
constituting a rung of the ladder is averaged independently of the others.
Subsequent pairs belong to different sites. The propagation between rungs is
described by the effective medium propagation GCPA. This yields a Bethe-Salpeter
equation (Fig. 5b) for the diagonal elements of the real-space representation of the
full retarded vertex MR, in terms of the diagonal terms of mR,

Mr =Mr + <tjr(E+ hkv) t(E)>av G'pA(RII, R1, E+ hCo) GPA(RII, R11 I E) m'

+ Z t11,(E + ho) t',(E))av

Rdt ,9 Rl

x G'pA(R1l, R;l I E + hco) GCpA(RI, R11 I E) MRý. (59)

In the case of interest, where the bare vertex Z01 is k11-independent, (59) reduces

to

mr(1 + Fr PA(E + hco) F rPA(E) (t<r,(E + hwo) t'R :,(E) >a)M" = (60)E l- R'*R' GCPA(RII, R1 I E+h))1

CPA(RR R1 I E)(t<(E+ R11 ) t(E)> j

The quantity (tR,,(E+ h) tR1(E)>j a takes a particularly simple form in the CPA.
Purely algebraic manipulation of Eq. (30) leads to

1 -- FpA(E + hwO) - FrCpA(E)

J(t,(E + h,) tR,() >av ,CPA(E + h)- ZCPA(E)

- FCPA(E + hco) FCPA(E), (61)

and correspondingly for expectation values of the form <t'ta>")a or < tata >,,. Thus
the retarded (or advanced) vertex corrections take the form

Mr/a hw - (2r(E+ hCO) -,,w(E))mr/a7 hW-(Z:/(E+ h)- Za(E))" (62)
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The result for the "<" component, derived in Appendix A, is most simply written
in the form

M' + ow(E) M'- (pw(E+ hco)M hco - (Z,(E +ho) - Ea(E))= (63)m+ow(E) m*- pow(E+hc~o) m' hco-(E'o(E+h(,)-Ea(E))

Equations (62) and (63) show that Velick,'s vertex corrections satisfy the Ward
identities even when generalized to non-equilibrium situations.

The conductivity (52) can be calculated with the help of (62) and (63). This is
done for biases: (a) well below the negative resistance region and (b) in the
negative resistance region. In the first case the left conduction band edge lies below
the resonance. For constant FL and FR, the square bracket in (57) contains only
four nonvanishing terms

[<G`(Wk, Wk,, I E+hco)-Ga(Wk,,, Wk i eVak 2Tw
W E) 2hco rsfs

+2 K s) Gr(Wk,,, Wk,, I E+hwo)

x 2oieVa c r G( Wk 1, Wkjj I E) (64)

The averages are evaluated using (58), (62), and (63) with m'=m =0 and
m<= -its .Fs. Afs. (see (54)-(55)) and using the CPA Green's functions. With
identities like (47) the frequency dependent conductivity can be written as

a(co)= 2 h he dE gw(E; ho))

[hco + 2i/R] FL AfL + [hwo + 2iFL] f RfR (65)
h+ iF+ iFR +65)

F" pA(E + h/w) - FapA(E)g w E h o = c - 2nia ' (66)

Scattering effects enter this expression only via the real-space matrix elements of the
CPA Green's function (31)

FCPA(E=a 2 rd 2k11
FcpA(E)=a2 f (-2 )2 GCPA(krl I E). (67)
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In the low frequency limit

a(o --+ 0) = e • x-o

x [ dE[fL(E-eVd--x/2)-fR(E+x/2)] 'iR gw(E)j (68)

and the adiabatic response djdc/dVdC of Eq. (43) subject to a slow change of the
dc-voltage is recovered. For comparison, the ac-response in a classical rate-
equation picture is derived in Appendix B.

In the second case involving the negative differential resistance region, the
occupation functions can be taken as fL = 1 and fR = 0, but the energy dependence
of the tunneling rate FL must be taken into account. It drops abruptly from some
finite value Ft to zero at the energy of the left conduction band edge. The
non-vanishing first-order tunneling self-energies (54)-(55) are

-Y < -2E' 21 = 22)a[1I = -(i eVcFt' )i(2hw). (69)

The resulting conductivity can be calculated from (57) analogously to (65)-(67):

1) e2 1 -e dE F+(hwo+ 2 iFR)
2 h IJ Er.o.,E+h.w FC+IR

E+ FR +F/2x (g.,(E; hw) Lw+i r/
hco+ iF,,+ iF /2

+ [gw(E; h/) - g w(E+ho)] h- F/2) (70)

The results for the real and imaginary parts of the conductivity ratio a(wo)/ao
based on Eqs. (65)-(67) are shown in Figs. 6a and b, respectively, as a function of
frequency for various ratios FL/FR with FR fixed . The parameters including the dc
conductivity ao' characterize sample A of Ref. [22] (see Fig. 6 caption). The results
of the dashed line have been previously discussed in some detail [21] by the
present authors. The imaginary part of the conductance, IIm[G(co)]l, exhibits a
maximum at a finite frequency ae,,,p. For frequencies larger than Wr,,p the
ac-current cannot follow the applied voltage without a phase lag. This frequency
therefore defines a characteristic time scale defined by the response time
Tresp = l/or,,p. For frequencies cor,,:sp < 1 the current is able to follow the ac voltage;
Wrp therefore defines the upper frequency limit for DBQW. The inverse response
time woresp is indicated by the dashed line in Fig. 6b. For the present sample its
magnitude is 60 ps. For fixed FR the response time increases with decreasing FL for
FL > FR and is approximately constant for FL < FR.
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duration for remaining in the well is determined by the opacity of the right barrier.
For most experimentally considered DBQW structures FL < FR near the peak tun-
neling current and the numerical values of Ttrans and Tresp differ by about 10%. As
a consequence, the experimentally accessible quantity Tran, yields information about
the fundamental quantity Trsp determining the high frequency behavior directly.

APPENDIX A: SOME USEFUL IDENTITIES WITHIN THE CPA

The retarded CPA self-energy and the CPA Green's function are defined by the
condition that the disorder average of the retarded t-matrix ti (E) of a single
impurity in the CPA effective medium vanishes. The natural generalization of the
CPA condition (30) is

<t1< v 0 (A.1)

Equation (19) is used to generate a perturbation series for t',. Distinguishing
between contributions, where the "<"-factor refers to a scattering event or where
it refers to a propagation, the perturbation series can be rearranged with the result
that

=tr +~tr, 0),E< a a,

R1 =R< -(1 + R ' CPA(1 +FotR). (A.2)Rl l'<t ol I F 0 RIll O R,

For the case of a momentum independent unperturbed occupation function, i.e.,
G•o =-(p w(E)[G, - Go], Eqs. (A.I), (A.2), and (61) yield

'CPA(w)[ZCPA-CPA] (A.3)

and, finally,
< ( [tr" _ to

t-R- - R R]" (A.4)

We next write down explicitly the vertex equation of Fig. 5b for the
<-component with a R11-independent vertex m. Application of rule (19) and writing
G, and G_ for GCPA(RI, RI1 I E+hwo) and GCPA(RiI, R11 I E) and, similarly, F÷,
F-, t+, and t, yields

M<=m +Kto %,av (F rmrF< +Fr m<Fa +F~maF_)

+ t+ t <) F + rnF_ + ( + L) •mF
Ktij< >,,Fr rnFr +<t ->aFa+maFa

+ ,, (tta a(G+MrG<+G+M<G +G<M+ G )

r Mr

+ t+ > K i G+MrG.
a, a

+ _ t<+ta>avG+_MaG (A.5)
R;I R11
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Using the corresponding simpler equations for the retarded and advanced
component (see (62)), this can be rewritten as an equation for the combination
M< "+w(E)Mr-pw(E+ha))M . With (A.4), (61), and (62), one obtains

M< +(pw(E) Mr-pw(E+ho))Ma hw-(1rw(E+hwo)-1Zv(E))
m< +pw(E)mrn-pw(E+hco)ma hco-(Zr(E+hco)-Z'(E))

This is the desired result, Eq. (63). If the vertex consists only of a "<"-component,
the left-hand side of (A.6) is just M</m<.

APPENDIX B. "CLASSICAL" ac-RESPONSE

In this appendix, the ac-response is derived in a "classical" rate equation picture
and compared with the quantum mechanical result (65)-(67). In the current
context, the concept of rate equations implies the notion of completely sequential
tunneling.

A group of well states 2gwAE at energy E with time-dependent occupation
function p w is considered. The left and right sides are moved relatively to the well
periodically up and down by ?Is (eVac/2) cos wot. With single barrier tunneling rates
rs/h, the current from side S is

AJs-_w= -e f( E-Is eVac cos tot - -Opw(zt) 2gwAE. (B.I)

The time derivative of the charge density is

OtPw (Bj.2)+Aj w
(-2egwAE) - = AL. W+jR. (B.2)

Assuming rL and FR to be constant, expansion of fs to first order in Vac and
Fourier transformation yields

ew(w) -Vac Fs+ ihto+FL + FR). (B.3)

The result (B.3) for the time-dependent occupation functions leads to the current

Aj(0)) =I (AIjR W(0)- W JL - W(w))
2
e2 s(f/E(oFs+ 2 iFRrL)
= e2 (afs/E)(hco Ts+ gw AEV... (B.4)
2h & h+ iFL + iFR

Equation (B.4) differs from the quantum mechanical result (65)-(67) only insofar



76 RUNGE AND) EHRENREICH

as ,•fs/ho is replaced by the derivative •1fYE and gW.(E; hw) is replaced by the
density of states g.,(El. The first difference is a trivial consequence of the Taylor
expansion. The other difference is associated with the fact that classically the well
states have no intrinsic dynamics and are complete!v described by the intrinsically
static density of states.
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Minority carrier lifetimes in ideal InGaSb/InAs superlattices
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Calculations of band-to-band Auger and radiative recombination lifetimes of the recently
proposed InGa,_ASb/InAs superlattices (SL) show them to be promising infrared detectors.
Several superlattices with energy gaps in the 5-11 pm range exhibit suppressed p-type Auger
recombination rates due to a large light hole-heavy hole splitting. The p-type Auger lifetime at
77 K of an 11 m In 1Gal_, Sb/lnAs SL is found to be, respectively, three and five orders of
magnitude longer than those of bulk and superlattice HgCdTe with the same energy gap. The
n-type lifetimes are comparable.

The thin-layered type It staggered InOGa - b/InAs wave vector K. The overlap integrals required to evaluate
superlattice (SL) has been proposed as an infrared (IR) the screened Coulomb potential matrix elements were ob-
detector candidate.' It has been suggested 2 that p-type Au- tamed to first order in IKI-K 1 2 in a manner similar to that
ger recombination rates are suppressed in some of these described in Refs. 4, 10. and II. Due to the highly nonpa-
SIs due to a large strain-induced light hole-heavy hole rabolic nature of the band structure (see Fig. 1), parabolic
splitting. In this letter we calculate both band-to-band Au- approximations are not applicable. The p-type Auger life.
ger and radiative recombination lifetimes sine accurate time (i.e., the lifetime of the photoexctted minority elec.
band structure and numerical techniques, and compare the tron V') is given by
results with similar calculations for SL and bulk HgCdTe. I 3e+f"'
We show that the p-type Auger lifetime T"A of a II =m
InGaSb/InAs SL is somewhat larger than that of bulk TA f(tfK)
HgCdTe and very significantly better (by five orders of PC-1xHH(gi,KP)PLH1.Ht(K2,K')
magnitude for unintentionally p-type doped material) than X .A2 .+ I.K..K.1212
that of SL HgCdTe at T=77 K having the same energy
gap. Between 77 and 90 K the temperature dependence of
TA is seen to be weak for n-type InGaSb/InAs, but mod- X6[Ei(K;)+ELHI(K)-EHti(Ki)
erately strong for p-type material. The above properties, -EHi (K2 )Jd'Kjd'K2, (1)
combined with their compatibility with I[I-V device tech-
nology, suggest that well-fabricated III-V SLs are excellent in the absence of exchange interactions. The Kj refer to
candidates as a new class of IR detectors. the superlattice states defined in Fig. 1, EL(K) are the band

In an IR detector, a nonequilibrium distribution of energies, and e, m, f. and A - are the dc dielectric con-
minority carriers is created by means of optical absorption. stant of the barrier layers, the free electron mass. the hole
Since phonon scattering times are of the order of picosec- Fermi function, and the Debye screening length, respec-
ond&,3 several orders of magnitude shorter than the Auger tively. The quantity
and radiative lifetimes, the minority carrier distribution
function employed in recombination calculations may be ft1L,(K,K') = I(LK'I (K-K')
taken to be an equilibrium Fermi distribution. We calcu- IL',) 1'/[E.(K')-EL(KW)]I
late the lifetimes of a single excess carrier in the region of
highest occupation, that is, an electron at the bottom of the involves the superlattice momentum matrix elements. K;
conduction band (CI in Fig. I) in a p-type material, and denotes the minority carrier I', and crystal momentum
hole at the top of the heavy hold band (HH 1 in Fig. 1) in conservation determines K2=K, +K 2 -K;. A similar ex-
an n-type material. In the latter case, the lifetime is aver- pression applies to n-type Auger recombination. The cal-
aged over hole positions in HH I in the growth direction culation of radiative lifetimes follows Ref. 13.
(W) due to the flatness of this portion of the band, implying These expressions were evaluated numerically for real-
equal occupation probabilities along its length. istic SL band structures. Figure 1 shows the cakulated

The methods for calculating band-to-band Auger re- band structure of 25 A [n0.2 5Ga0. 3Sb/41 A InAs for the
combination" are here extended to superlattices. Since the in-plane (11 ) and growth (1 ) directions. This superlattice
proposed III-V IR detectors employ thin layered (- -25 A) has been studied experimentally at 77 K as a candidate
SUa, electrons in the Cl band have significant dispersion in material for 1 pm IR detectors.' Auger transitions involve
the I direction requiring a three-dimensional calculation, limited regions of K space due both to restrictions imposed
in contrast with earlier two-dimensional calculations of by energy and crystal momentum conservation and occu-
Auger lifetimes of electrons confined in quantum wells.' pation probabilities. Typical transitions which satisfy the
An envelope function formalism3 is used to describe the SL constraints are shown. In the n-type material, electrons I
states, and SL K-p theory9 is used to obtain the energy and 2 arr. in regions of high occupation. implying a fast
bands and the wave licin (,n L,K, for band L and recombination rate. In the p-type material, hole I is in a
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FIG. I. The calculated band structure of •25A • n •a Ab4 /• l transition, which provide the largest contributions to th,
superlamc in the growth (1) and in-plane (I1) dircooi Cl, 11HI, recombination rate. The Auger rate as approximzately inde
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zone-center light bole-heavy bole splitting. The perpendicular width at structure is broader because the HH l band is flatter nes
the Cl band .t0.149 eV. hole I (see Fig. 1). Transitions for which the positions o

holes 1 and 2 are reversed are suppressed by a smalle
region of low occupation, thus suppressing Auger transi- overlap of the electron and hole wave functions. For n-typs
tions. This suppression, a consequence of the large strain- recombination, the important region of K space for boti
induced LHI-HHI splitting, accounts in part for the electrons 1 and 2 (defined in Fig. 1) is a sharp peak cen
promise of Ino.2 5G%0.,SbflnAs for IR detectors.' fteed at the zone center of width 0.012 A'- for n= 101

Figure 2 shows the regions of K space important for cm-

Fjure 3, exhibiting the Auger lifetimes of thre•
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nesaes, illustrate the IR multispectral characteritics. Th,
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•i', (A-'l no longer possible since 2' cannot be accommodated in th,
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FIG. 2. The p.type Auger rate for holes I and 2 (ct. Fig I ) an arbitrary EutL beco~mes less than EG, A greater volume of phase
unita for 2S Aln,.,,,ao ,,Sb/4I A InAa SL wth p,-0"cnrn- nd T-77 space is thus available for 2' in the LHI1 band. The fiatnes
K in K spac of the HHi and LH!I bands gives rise to a maximal p-typ.
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T.77K Radative Fig. I lies in tl' tail of the hole Fermi distribution. Its
... .occupation probability is therefore strongly temperature10' ... -

dependent. The lifetime obeys an approximate power law
. relationship with the carrier concentration: TA - I-' and

ST.77K Auger TA-P for carrier densities between 5 x 10"I and 10'7

ST0 -. • cm -. In the simplest parabolic band case. in which cam-
T.90K Auger ers involved in Auger recombination are located at the

le' 10 o.0" 10' band edges, r4-n-n and p- 2 . The deviations found here
D.Of.S (f.') are associated with band structure and occupation number

effects.
0. - T.77K In summary, we find on the basis of carrier lifetime

Sr-.--4 calculations that In-.&GaSb/InAs is a promising siper-
= 10' :r 7,AU,,, lattice for IR detector applications in the 5-11 ptm range.

S p-e The I Ipm SL has an n-type Auger lifetime somewhat
10o T. larger than those of bulk HgCdTe and a HgTe/CdTe SL

o0 10 10 with the same energy gap. In superlattices, the n-type Au-
Aco@m (cm' ger recombination may be suppressed by reducing the 1

bandwidth of the conduction band to a value less than the
FIG. 4. Calculated n-type and p-type Auger and radiative recombiaton energy gap. The p-type Auger lifetime of the I I pm
lifetimes of a 25 A Ino 25G0% ,sSb/41 A lnAs superlattice as a function of InGaSb/InAs SL is approximately three orders of magni-
doping at T=77 K and T=90 K. tude longer than bulk HgCdTe and five orders of magmn-

tude longer than the HgTe/CdTe SL with the sare energy

Auger rate when EG=EEHL because energy and crystal mo- gap. The suppression of p-type recombination is due to the
mentum conservation conditions can be easily satisfied by flatness of the light and heavy hole bands whose splitting
carriers in regions of high occupation. exceeds the energy gap, thus limiting phase space for re-

The Auger lifetimes of a 37 A HgTe/16 A CdTe SL combination transitions. This splitting can be increased
and bulk Hgo.-Cdo.21 Te having the same energy gap, 0.114 further (without changing the energy gap) through the
eV, as the 25 A Ino.25Ga0 .75Sb/41 A InAs SL have also choice of other alloy compositions and layer thicknesses,
been calculated. The 1I-VI SL has the same axial electron which will further suppress p-type recombination in
effective mass (0.025 m) as the III-V SL. For n=5X 1015 InxGa ,,Sb/InAs superlattices.
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Noise in alloy-based resonant-tunneling structures

E. Runge
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The noise properties of semiconductor alloy-based resonant-tunneling double-barner quantum-well
structures are calculated within a nonequilibrium Green's-function formulation. Alloy scattering is
treated in the coherent-potential approximation including vertex corrections. Different noise charac-
teristics are found depending on applied bias, scattenng st.. ngth, and the transparency of the barriers.
A characteristic frequency for the noise current power spectrum SIw) is given by the inverse response
time.

I. INTRODUCTION Biittiker-Landauer formalism, a general expression for
the noise in open conductors has recently been given in
terms of the global T matrix.6' 7 A microscopic model for

Noise gets relatively more important with decreasing a perfect DBQW without scattering has been considered
device dimensions and lower operating currents. in Ref. 4. Scattering effects must be included in the mod-
Double-barrier quantum-well (DBQW) structures are eling of real systems because scattering in semiconductor
prototypical for a wide class of small and very fast alloy DBQW's is strong enough that tunneling is predom-
switching resonant-tunneling devices currently designed inantly sequential. 2

and, in part, already realized. The first measurements of In Sec. I1 the noise problem for DBQW's is formulated
low-frequency noise in DBQW's have been published re- in terms of nonequilibrium Green's functions. The effects
cently.' of alloy scattering in the CPA are incorporated in Sec.

Noise properties are investigated here as an extension I11. Section IV gives the results and examines special
of previous quantum transport calculations 2.3 for alloy- cases that allow an interpretation in terms of thermal
based DBQW's. Different noise characteristics are found noise, shot noise, and generation-recombination noise.
depending on applied bias, scattering strength, and the
transparency of the barriers. The fluctuation-dissipation I. NOISE IN DBQW's
theorem states generally that for small bias, thermal We are interested in the noise properties of alloy-based
Johnson-Nyquist noise, proportional to the resistance, double-barrier quantum-well structures. These are de-
dominates. For finite bias, the DBQW as a whole is no scribed by the Hamiltonian (see Refs. 2 and 3, which use
longer in thermal equilibrium. Thus it is appropriate to the same notation, for details)
employ nonequilibrium Green's-function techniques in
the general case. In a semiconductor alloy such as fi= f +fiun+iIi. (1)
(In,,Gal,_)As alloy scattering is the main scattering S=L.RW
mechanism at low temperatures. The scattering is incor- Here, 410 refers to either side of the DBQW structure
porated within the coherent-potential approximation [S L (left), R (right)] or the well region (S = Ws. The

(CP.A) including vertex corrections.
case of a single conduction band and a single resonantFor systems with asymmetric barriers and for large subband in the well region is considered. The bands are

bias, frequency-independent shot noise is present. In the treatd in the effegionmis c onidered . The ban -

case of barriers with about the same transparency, a fre- neling Hamiltonian is
quency dependence of the noise current power spectrum
is observed. A crossover from a low-frequency regime to ftt_ I ft" , (h cw csj+H.c. ) (2)
a high-frequency regime takes place at a frequency equal S=L.R S=L.R kki .
to the inverse response time '•- earlier identified as lim-
iting the high-speed performance of DBQW devices. Z in terms of appropriately labeled creation and annihila-itig te hgh-pee pefomane o DBW dvics.tion operators with momentum quantum numbers

The frequency dependence of the noise current power t oprtr wit momen quantum numbers
spectrum in this case reflects temporal correlation be- k=(k.,kz) in L,R and k, in W. A simple WKB
tween electrons tunneling into and out of the well. For estimate for tunneling through rectangular barriers is
strong scattering, where tunneling is completely in- used for the tunneling matrix element h ws. The tunnel-
coherent, the noise spectrum can be derived by classical ing operator gives rise to a self-energy Is of well elec-
rate-equation considerations. The suppression of shot trons. We keep only the imaginary part of the retarded
noise in DBQW's is therefore not a manifestation of the tunneling self-energy T. and denote it by - i rs /2:
quantum-mechanical Pauli princ-pl-, as has been stated I;(k IE - in Ihws 2&E -e k -126()
recently. '

An early calculation of noise in quantum systems was
performed by Yurke and Kochanski.5 Within the -- irs/2 . (3)
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Here, 4ýs is the energy of the conduction-band edge in S. i V I S
The electron distribution functions in S =LR at temper- .- h _
ature Tand for chemical potentials gs are 

S . it

fs(E - 4ý) =eE-0 -I Ok T) (4)
S Ps a t

tsee Ref. 2 for an explicit diagram). It can be shown that s S
the steady-state distribution function of the well region
for this model is independent of momentum k. and is D + D,.
given by [Eq. (8) of Ref. 20 "

w rLft +"RfR5 FIG. 1. Diagrams contributing tc (6ItrIU. Thin ar-
= FL +F r.rows represent lead Green's functions; double arrows are well

Green's functions. Crosses stand for the tunneling through the
The alloy scattering term in the well region takes the individual barriers (hws). Diagrams are read from the right to

form of site-diagonal scattering from a two-dimensional the left.
arrangement of effective sites given by the Wannier orbit-
als within the one subband considered. For an
(AB,- 1 )C semiconductor alloy such as (InGal_•)As,
the scattering strength e is approximately Gaussian, dis- and >) Green's functionss are defined by
tributed with the average energy

•=(e~,=x*4 +(l-x)* (6) G'(Ot2,at, )=- -- iO(t2 -Il )(ctt2 )c'(,(t

and disorder strength +ca(tt)ca(t2 )) , 1)
((E-) 2 )av=x~l-x)(eA -• )2 f afeO(z)14dz (7) Ga(Ot 2,at1)=-G'(attl,[t 2 )* , 12)

A well

where EA and EB are the on-site energies for the cations G >([t 2,at )=---i(c(t 2 )c*(t,)) , (13)
A and B, ( ), denotes the average over all scattered
configurations, a 3 is the spatial extent of the anion cation G < (ft 2 ,at ) +i( C*a(t1 )ca(t 2 )) • (14)
unit, and i(z) is the envelope wave function for the well
states. Equation (8) in (9) yields

From the commutator of the number operators for
S=L,R with the tunneling operator (2), one gets the 2
operator for the externally measuzable current (assuming S(t)= 1 2 - .Iss,(DI + "+Ds) (151
h ws = h w's for ease of notation), SX 2A

71SS

I"=2- •-s • (-ihcskkCwk where D1 to D6 correspond to the six diagrams of Fig. 1.
=2 S=LR 2 h=ar I That figure shows all possibilities of connecting the two

, (8 fermion operators in 61(t) with those in 61(0) [uncon-
+is s (8) nected parts are canceled by the subtraction of (PO()) in

with 1 L = + I and f = - 1 for convenient bookkeeping, the definition (10) of the fluctuations]. In the diagrams,Note71L+I a nd factIforof comingiefromotheespingdg c . Green's-function lines have been subdivided by tunneling
Note a factor of 2 coming from the spin degeneracy.as toNoise is characterized by the current-current correla- show as few Green's-function lines as possible with the

restrictions that (i) no Green's function contains argu-
S(t)=((8I(t)61(0))+(6+ (O)61(t)) )8 a , (9) ments referring to two different spatial regions L, R, or

Wand (ii) the well Green's functions are dressed by tun-
where 6! is the current fluctuation operator neling self-energies, whereas unperturbed Green's func-

8I = 1 (t)=lt- (ltM (10) tions are used for the leads L and R Two crosses at ei-
ther end of the diagrams stem from the factors h ws and

and the inner brackets in (9) indicate the quantum- hws, in the current operator (8). Spin indices are not ex-
mechanical expectation value. plicitly given, but are included by factors of 2 where ap-

For any two fermion operators c ' and co (e.g., c=Lk, propriate.
= Wk. ), retarded (r), advanced (a), and distribution (< As an example, the term D6 reads

D 6 = -s.s , ((c, (t)cwkt)hwS(cskt)csk() )hs + (cwk(0ct()hws( cs(t)csk(0)h)ws 3)

= - 6 s.s. (-i 2G <( Wk, t, Wk.O)G '(SkO, Ski hwsI'2 -i 2 G >( Wkt, WkV)G (SkO, Skti)hwsI2 ),. (16)
k~l•,k
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The coherent-potential approximation replaces the I 71sis.D6(w)
Green's functions of the alloy region by the CPA Green's s.s'
functions GcpA(kI,t -01. These are best described as dE
functions of energy rather than as functions of time argu- f 21r gw(E)t r€ + )
ments. They have the same form as the Green's function
for the corresponding ordered system, but with the self- X[2qpw(E +Awi)iw(E)-pw(E +Aw)-q•w(E)]-
energy 10, in our case

(24)
10=XyL)+X(R) P (17) D5 gives a similar expression with E and E +-Aw inter-

replaced by changed, i.e., gw(E) replaced by gw(E +Awo). For ideal
systems without scattering, the other terms DI to D4 are

lw=YO+XCPA, (18) equally straightforward to evaluate (see Ref. 4). Howev-

with a suitably determined energy-dependent, but er, those terms all contain products of well Green's func-
momentum-independent, self-energy ~ontribution Y , tions, the disorder average of which cannot be simply re-due to scattering. 9 Further, the CPA density of states placed by the product of two CPA Green's functionswithout any additional adjustments. Such a procedure

gw(E)= I I I _GCP(kl_'E)-G__p_(k__E)l would violate particle conservation. Many years ago,-- "k, G k k Velicky realized that for transport, properties of thermal-2r. equilibrium alloy systems, one has to sum the ladder dia-

(19) grams of repeated scattering of particle-hole paris in or-
der to be consistent with the single-particle CPA. "o Thisand the more general quantity is done in Sec. III.

gw(E ;G)= -- 21ri GCpA(kI,'E +Ai) IIL RESUMMATION OF LADDER DIAGRAMS-2i kIN THE CPA FOR NONEQUILIBRIUM SYSTEMS

PA (20) The first four diagrams of Fig. I contain products of

are introduced, where A is the cross section of the well Green's functions. The averages of these products
DBQW. Note that gw(E ;O)=gw(E) and over all disorder configurations can only be done approxi-

f -,0gw(E; w)dE = 1. mately. Extending the work of Velicky10 to nonequilibri-
The Green's functions for S = L, R combine with the urn Green's functions we argued in Refs. 2 and 3 that the

tunneling matrix elements IhWS12 to give V and V< contributions to keep and sum correspond to ladder dia-
Thus, grams. The ladders contain two well Green's functions

running in different "time" directions and are intercon-
nected by rungs, each consisting of two on-site t matrices

(D6)cp= 8 s~s, [G p^(k~,,t)I(k, -t) at the same site. Successive rungs correspond to different
k 1 sites (multiple scattering exclusion) (see Fig. 2).

+G' x(ku!1t)V(k1, -t)] . (21) The averages of the form ( G . G - ),• can be writ-ten in this approximation as the product of two CPA
Green's functions times a factor u including the scatter-

ForDh one gets the same result with .and -tinter- ing effects: ((G aV''" (G) " )u. Four different
Cases ucag, u <, U >e and u > < have to be considered de-

The explicit evaluation of (15) is best done in Fourier pending on which component of the "upper" and
space, "lower" Green's function in Fig. I one is interested in. In

S(wo)--f S(t)e -1 *dt each case, the ladder diagrams can be summed by a

f 61 (6(0+81 (OW (t) ) ,e-d

cos(wt)S(tdt (22)= Rii, + -
0 ,=06-0,,i. ,

With this convention for the Fourier transforms, S () av RI, ?k Rl,

the noise current power per frequency range da/27r.
As an example, the contribution (21) becomes 3 Cp u GcpA

D6(W)-=s.Cf dE I [I>(kIJE +Aeo)G -pA(kJJE) FIG. 2. Approximation of the particle-hole propagator by
21r k ladder diagrams. Double arrows indicate (configuration-

dependent) well Green's functions, bold arrows represent CPA+Z 5 (k1 fE +gu,)G'PA(kE)] well Green's functions, hatched boxes stand for the vertex

(23) correction factors u, and encircled crosses symbolize on-sie tmatrices. These are connected if they belong to the same

Within the approximation (3), this )ields scattering site.
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Bethe-Salpeter-like equation (see Ref. 3).
Figure 3(a) shows the equation for u ". Note that aver- R, "R a

ages have to be taken over all configurations of each pair U a, = I = - + 7Z R,
of t matrices separately and that the multiple scattering R.IR A -#RR
exclusion is incorporated by subtracting a suitable term PR r r r R r rRR
compensating for repeated scattering at the same site.

This equation corresponds to Fig. 5 of Ref. 3. As in
that figure, the Bethe-Salpeter equation can be easily
solved for the site-diagonal terms. For energy arguments (a)
E + Aw (upper Green's-function line) and E (lower line),
the quantity u " reduces to a simple diagonal term, > >

u*'=¢uo-2•(E + 46) + Y.,(E) --- *--!
Aa-Y.~ ( - (25) U >r= =+f

Aci.- Za(E +Aow)+ IP(E) T trr \ r r r
In practice, this implies replacing terms of the form

> a a r > a r r >

(G0(WkWk,,IE-+ )"G...G(Wk.,WkIIE)... )2v+ " mUi

(26) R;'R fl4by\. r r r r r • r P

by 
\

G'pA(kIE +*)-G'pA(kE)C (V, E , (27) (b)fko - YME + Aw) + IOUZ)

with the denominator not containing the full self-energy FIG. 3. Ladder diagrams for repeated scattering of a
but only the part 70 excluding scattering contributions. particle-hole pair at different sites are summed by means of

Using the equation of motion method or diagrammatic Bethe-Salpeter-like equations: (a) for u ' and (b) for u
rules, one gets slightly more complicated equations for
the other components, e.g., for u >" in Fig. 3(b). After
adding [Il --q w(E +4A)] times the equation of Fig. 3(a)
to Fig. 3(b), the latter is easily solved along the same lines
as the equation of Fig. 3(a). The result is tantamount to
replacing straightforward. Let us first consider in detail the first

term D1. The Green's functions of the leads S =L,R
(G >( Wk, Wk JE + A )... G'( Wk, Wk IE) ."• combine with the tunneling matrix elements hAs to form

+l--pw(E + Aw) ]G ( Wk,, Wk,,E + a) the tunneling self-energies Is. All remaining Green's
+ q lfunctions are well Green's functions. It has been shown

X • G'( Wk,, Wk 1E) ... (28) in Refs. 2 and 3 that even in the presence of scattering,
the well Green's function G ' factorizes into

by

GC'PA(k• IE + ho)-GC'pA.(k, IE) GA(k IE)=-q~w(E)[GCPA(kI, E)-E-G (k,,E)].( " " 1 . (29)
hw -- 1'(E + Oa)+ (E) (30)

In other words, averages of products of Green's functions Analogously,
can be written in the usual way as differences of Green's
functions provided the unperturbed denominators not in-
cluding scattering contributions to the self-energy are GCPA(kfIIE)=[I-q)w(E)][GcpA(kI E)--GapA(kI E)I

used. Corresponding statements can be proven for the (31)
quantities u' ' and u > <. These are generalizations of a
well-known property of the retarded CPA Green's func-
tion (see Ref. 10). Most important, particle conservation From equations of motion, one easily derives the sim-

is satisfied only with these scattering corrections includ- ple rules

ed. (9192) ' =g 1 9' +g919 2
IV. P ESULTS AND DISCUSSION (g-g 2 )> g I g -gtg7

( 19 ) > 1 I 2 •

',. Evaluation of the noise current
power-density expression and similarly for products containing three or more

terms. 8 We omit unnecessary arguments and indicate en-
The evaluation of the Fourier transform of the expres- ergy arguments E + hit and E by indices "+" and

sion (8) for the noise current power density is now respectively. Thus
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D, (w)= f.A-,j ((G 1,G,)s+ (G_ _ + (G, Is.+)'(G_- lsý_<
2,?

=f dEM ( s~a++G+ '+)(G-'Z',-_G' Z-)- -

G'S -G ( ~ ~*132)

The ellipses indicate more terms of similar structure. The last step involves the results of Sec. III. Within the approxi-
mation (3), the resulting numerous terms can nicely be combined with D2 -D 4 - It is convenient to use the abbrevia-
tions

Fo=rL+rA, r=FLr+R AF=FL-FR, (33)

and to introduce factors ass. containing the statistical factors for fluctuations between S and S',

awR =aRtw=f R(E +w)[1 -qpw(E)]+[ I -f (E +fA)]qw(E)+f s(E)[l -qrw(E +o)]+ [ I fR(E)I]#w(E +Aw),

(34)

and correspondingly for awL, aww, aLL, aLR, and aIR. The final result can be written as

-S-ie A I s7si, Dt(w)+ "+D6lW)

A2  f dE {gw(E +Aw)+gw(E) r. W 4aw r --2+r[4r(aLw-aRw)+(A&r)awI I
)g24 2 +A R + --

+lmgwE~w))412 aL -2a.R atj ) &~a)[4r(aLW -aR w) +(A na ww](5

4ka (AW)2 + rl
It is noteworthy that the scattering described by McpA enters the final result only via the Green's functions contained
implicitly in gw(E;hw) and in the density of states gw(E). In the absence of scattering and for one dimension. Eq. (35)
reduces to the result of Ref. 4.

The evaluation of Eq. (35) requires the numerical solution of the CPA equation for the scattering self-energy. Once
gw is known, the remaining integrals can easily be done numerically. Results are shown for an illustrative example in
Fig. 4. The different curves correspond to different dc currents. The parameters are the same as in Ref. 2 and are
chosen to represents a 45-A In 0 .47Ga0 .53As-56-A In0.,48Alo. 2As DBQW used for measurements of the transit time in
Ref. 11. Vertical arrows mark the response time and horizontal arrow. mark the asymptotic large-w values derived
from the approximation (37) discussed below. S(cw) is approximately proportional to the current and decreases with fre-
quencies.

B. Discumion of sec•alm

The result (35) is easily understood in the limit of strong scattering, when the tunneling into the well and out of the
well can be considered as independent events coupled only by the availability of empty or occupied states, i.e., by the
number of electrons in the well. Disregarding the difference between the Green's functions and occupation factors eval.
uated at energies E and E +4a, Eq. (35) then reduces to

() eA f dE gw(E)ro [aww
2A I -f)+r- [(o[4R +(fIf)(l36)

,,.A fdEgw(E)2ro 29w --q'w) (Ao) 2+ r(fL -fR XI-2,w)+(Ar ( j-q'w)

In the sequential tunneling limit, where tunneling events of states and the difference of the (time-dependent) occu-
can be treated classically and rate equation arguments ap- pation functions of S and W,
ply, Eq. (36) can be derived by simple probabilistic argu-
ments. As in Appendix B of Ref. 3, one takes the current
from side S to the well as proportional to the well density Js jdE(fs--9,w)gw
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sumption of a constant fL is not valid for a small-energy
.O9Oimaxi region around the Fermi energy. In general. this gives

only a small correction to both the expression for the

. 5 - noise and for the dc current. In the case under considera.
0-75 I.•ma-i ton, the energy integral becomes trivial and we get

3 o-5oia j,~j&A{+ A
S ejdc-XI +(37)

:21~~ 1 ~r 02
0.25 -ln~
O.1 t -- Iwhere Jdc is the current density2

0 5 10 15 20 jd =2 L• grf.

0) (G HF , I 
_r,

FIG. 4. Noise current power density per area S(w)/A as a (3"
function of frequency ro for sample A of Ref. 11 and different dc
currents ji, corresponding to, from top to bottom, about 90%, For barriers of approximately the same transparencies.
75%, 50%. 25%, and 10% of the peak dc current .Im.,. Hor- 4r/r0 =o, the noise is suppressed by up to a factor of 2
izontal arrows mark the asymptotic values S) I/..A = ejd; vert- compared to the shot-noise result"
ical arrows indicate the response time 7,, (from Ref. 2).

SShot(0))=2ejdcA (39)

and solves the resulting differential equation. Such a pic- For large wo, corresponding to short times, the noise S(cu)

ture, where each tunneling event into the well increases is reduced by this factor of 2 independent of the actual

the chance to observe a tunneling event out of the well values of rL and rR (the horizontal arrows in Fig. 4

approximately A/I7o later, resembles the well-known marked S(w/,A = lejcC). The reason is simply that the
generation-recombination noise,1 3 where each generation large-co behavior is determined by the equal-time correla-
generation-reco ath o hne wer e eh grecombination event tion part of (9). Each tunneling event corresponds to the
event increases the chance for a retransfer of half an electron through the DBQW (Ramo-soon after. This similarity was pointed out by the au- Shockley theorem), yielding a factor (e/2)2. Only one
thors of Ref. I in the course of explaining their experi- factor is compensated for by the fact that there are
mental results. The case of noise in a DBQW results in a
lengthier expression. The additional complications come twice as many tunneling events as there would be in a

from the fact that both tunneling events can increase or single-barrier tunneling system. The characteristic time
decrease the current, depending on through which bar- scale for this noise suppression is fz/(rL + rR ), the same

rier the electron tunnels. The interpretation of Eq. (36) as that we identified as the response time Tmp describing

for incoherent tunneling, in terms of a simple coupling the ac conductivity.

between fluctuations of the charge in the well and fluctua- Interestingly, the form (37) is valid independent of the

tions of the current, makes it likely that the interpreta- scattering strength as long as the scattering broadening of

tion of Ref. 4 for a scattering-free coherent tunneling the well states is small compared with energies character-

model as a manifestation of the quantum-mechanical izing the electron distributions in the leads-in particu-

Pauli principle is unnecessarily complicated. It should be lar, AL. In the coherent tunneling limit treated in Ref. 4,

mentioned as an aside that in the limit of a well coupled an interpretation of the characteristic time 1 i/ 0 as a

weakly only to one lead (rR _-), the average curren. quantum-mechanical time delay in the Wigner-Eisenbud

vanishes, but not the noise S(w). In that case the well sense is possible. It is therefore not surprising to find it

acts as a capacitor and governing the frequency dependence of the noise spec-
trum.

In the opposite limit (ii0 of very small dc bias, all distri-

e E rbution functions can be replaced by a common thermal
S(o) =-- 2AA f dE aLL rL Refgw(E; /(hAw+ iFrL) • equilibrium Fermi function fo. With

It is illuminating to discuss the general result (35) in fo(E + uj)+fo(E)_2fo(E + fwlfo(E)
more detail for the two limiting cases of (i) large dc bias
and (ii) very small dc bias. We first assume that in a cothj I {f(E +Awl-fo(E)] (40)
large-bias situation the resonant subband is lined up with 2k- T
empty states on the right-hand side so that fL =_ 1, fi =-0,
and 4pw-=rF/ro for the states that contribute to the
current. For systems other than one dimensional, the as- for all factors ass, we get



2;03

47 NO!SE IN ALLOY-BASED RESONANT-TUNNELING STRUCTURES 2009

his exactly the dynamic conductivity Re[a~wfl (discussed

S(oj)=2&) coth Ai f in detail in Ref. 3) in the same limit. This is the usual
I2k- T thermal or Nyquist-Johnson noise.

X 2 f dE [fo(E +fiw)-fo(E)Iro ACKNOWLEDGMENTS
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Abstract

The dc current in a biased double barrier resonant tunneling structure is calculated

using a non-equilibrium Green's function formalism. Realistic models involving well, bar-

rier, and interface modes are employed to evaluat,,, the phonon-assisted components of the

current. The calculated dc current agrees well with experimental data for a GaAs/AlGaAs

resonant tunneling structure. The observed phonon replica peak in the I-V characteristics

is attributed to the emission of GaAs confined modes in the well and AlAs-like symmetric

interface modes. The effect of the non-equilibrium well occupation function is shown to be

small. For the InAlAs/InGaAs resonant tunneling structure, phonon scattering becomes

comparable to alloy well scattering at about 200K.

PACS: 73.40.Gk. 72.10.Di, 85.30.-z



I. Introduction

Resonant tunneling in double barrier resonant tunneling structures (DBRTS) is at-

tracting considerable attention due to interest in the study of quantum transport pro-

cesses in nanostructures, and in potential device applications such as high frequency ac

generators' and bipolar transistors. 2 Since inelastic phonon scattering may play a subst:a-

tial role in such applications, phonon-assisted tunneling in DBRTS and other heterostruc-

tures has been the subject of a number of recent theoretical studies.A 2 These studies

neglect the modifications to the phonon spectra resulting from interfaces. Recently, Turley

and Teitsworth'3 have examined tunneling in GaAs/AlAs DBRTS involving the emission

of confined and interface phonons, but have employed a formalism which neglects the non-

zero occupation probabilities of well states. Here, we employ non-equilibrium (Keldysh)

Green's function techniques to calculate the dc current associated with phonon-assisted

tunneling in DBRTS. Emission and absorption processes involving well, barrier, and inter-

face phonons are considered. By employing the Keldysh formalism, the non-equilibrium

occupation function of the well states is calculated and Fermi statistics are included which

limit available phase space in the well. This general approach shows the effects of a non-

equilibrium occupation function in the well to be relatively small for the cases considered by

Turley and Teitsworth. The present work permits direct comparison to the results of Refs.

14 and 15, which were devoted to elastic alloy scattering, and, in particular, an assessment

of the relative importance of the two scattering mechanisms. Our calculations combine

realistic phonon models with a rigorous formalism to make quantitative comparisons with

experimental data.

Experimental data clearly reveals at least one replica peak associated with phonon

emission in the dc I-V curves of high quality DBRTS. This replica peak appears at bias

d)



voltages greater in magnitude than the main elastic tunneling peak. Goldman et al."6 find

a broad shoulder to the main elastic tunneling peak and associate it with the emission of a

bulk AlAs-like phonon of energy :s 45 meV in the barrier layers of their A10 4GaO, 6As/GaAs

DBRTS. Leadbeater et al."7 have performed magnetotunneling spectroscopic investigations

of Alo.4Gao.6As/GaAs DBRTS and find two replica peaks corresponding to phonons of

energy _,35 and 48 meV being emitted. Both sets of observations have not been explained

by theories which consider only bulk phonons. The coupling of the tunneling electron to

barrier bulk AlAs-like phonons is very weak. The replica peak at h-A,.41,,-Ike, _48meV

would therefore be absent. Its presence can be explained by the emission of an interface

phonon. The 35 meV replica peak is interpreted as being due to the emission of a confined

GaAs phonon in the well. The Goldman et al. data is of lower resolution and therefore

fails to separate the contributions of the 35 and 48 meV phonons. Nevertheless, the width

of the replica peak suggests that both of these phonons contribute.

Section II discusses the nature of confined phonon modes in a DBRTS, and the corre-

sponding electron-phonon interaction Hamiltonians. An expression for the resonant tun-

neling dc current associated with the absorption and emission of phonons is derived in

Section III, and results are discussed in that section. Section IV compares the relative

importance of phonon and alloy scattering, assesses the importance of the non-equilibrium

well occupation function, and shows how to obtain Turley and Teitsworth's results for the

phonon-assisted dc current in a DBRTS. The results are summarized in Section V.

II. Phonons and electron-phonon interactions ini heterostructures

The presence'of interfaces in semiconductor heterostructures will modify the vibra-

tional spectra and the electronic spectra of the heterostructures with respect to their bulk

constituents. The interfaces may lead to the confinement of optical modes within each

3
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layer and the formation of interface modes which are localized near the interfaces. The

use of the usual bulk Fr6hlich Hamiltonian is inappropriate under such circumstances.

To calculate the vibrational modes in a double barrier heterostructure we employ an

extension of the continuum theory described by Born and Huang." A number of phe-

nomenological continuum models have been proposed,1-2s usually differing in the choice

of boundary conditions at the interfaces. We employ a model which is a combination of

the better features of several models previously considered. and describe it below. In or-

der to obtain more accurate mode frequencies our work includes dispersion of the interface

modes. The discussion is restricted to polar optical phonons since the coupling of electrons

to acoustic modes is very weak.

The dynamical variable 67(Y, t) is defined as the relative sublattice displacement field

times V/M/V,; TM = MA+M_/(M+ + M-) is the reduced mass; MA and M_ are the anion

and cation masses respectively and V, is the volume of a unit cell. We consider the equation

of motion

=(,t -. i2 1(i, t) + fo 1 o1/2 V2(Xt -vV[V _ q7i, )] _ V2 V 2J1(i ) (.1'W 7rI w (2.1)

where f is the macroscopic electric field, WT is the frequency of bulk TO phonons, and

,o and ec, are the zero and high frequency dielectric constants respectively. The last two

terms in (2.1) are introduced to incorporate dispersion into the model. Their form is

determined by symmetry considerations. The velocity parameters v. and vo are averaged

over the Brillouin zone and can be shown to be of the same order of magnitude as the

speed of LA phonons in the material. 28

The macroscopic polarization field is given by

P(it) 4r WTI( 0) + 4--.W,. (2.2)

4



The prefactors of CT and Z in (2.1) and (2.2) are chosen to be the same as those considered

by Born and Huang. We consider only LO modes, which are characterized by D(l,t) =

E(5 t) + 47rPQFi)= 0.

The effects of heterostructure interfaces are discussed next. Different materials are

labeled with integer index i. If the growth direction is parallel to the z axis, translational

invariance parallel to the interfaces permits one to write the LO displacement field as

iUL(i) = f(z)e4', "0, where F = (F11, z). The equation of motion is

d + 2 (Z) 0.(2.3a)

where
2 2

q. WL.L 2 (2.3b)

WL,i are the bulk longitudinal mode frequencies, and 0 = v•, + v, For example, for the

case of a single quantum well extending from = 0 to z = a with i = 1 labeling the well

material and i = 2 labeling the barrier regions, the general solution is

A~2 ['i11 + (') ý] Ciq" for a < z

f(Z) Al [4 11 + ( i- e'91: + B, (IL) ~]e-'1- for 0 < z < a , (2.4)

B2  for1 <0 q )1

where the curl-free nature of longitudinal phonons (V x CZL = 0) has been exploited to

obtain the prefactors.

Since electrostatics is the underlying physics of the above model, it should be ap-

propriate to choose dielectric boundary conditions,1 9.2 4,2 7 that is. continuity of Eu and

e(w)E, across each interface. However, this is not the only choice of boundary conditions

considered previously. For confined modes, a model considering "jellium" between rigid

walls has been employed.20 ,21 Here, the z component of the displacement field is assumed

5
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to vanish at the interfaces (thereby preventing the formation of interface modes). Phonon

displacements obtained from this choice of boundary conditions are completely confined

in the well and are in better agreement than dielectric boundary conditions with exper-

imental data29 for the extent of confinement. We employ these boundary conditions for

confined modes and dielectric boundary conditions for interface modes. A discussion of

the physical foundations of different choices of boundary conditions is given in Ref. 30.

In the calculations to be described in the next section for AlGa_,As/GaAs het-

erostructures. electron-phonon scattering is considered due to the following phonon types:

GaAs confined modes in the well. AlAs-like confined modes in the barriers, symmetric

and antisymmetric interface modes, and GaAs-like extended modes. 3" To treat confined

modes, we employ the interface boundary conditions corresponding to "jellium" between

rigid walls. Applying these bounrdary conditions to the general solution (2.4) leads to the

lattice displacement field

11/2

ft7L(j) = E _h J 4 -a,(e'4zaF,., + h.c.), (2.5)

for 0 < z < a. Equation (2.5) describes confined LO modes ("guided modes") with

crystal momentum j = (•j,ni'/a), annihilation operator af,,, and dispersion w•.* .ý =

W2 - v2 (q2 + [n>r/a]2 ). N is the largest value of n such that L > v (q• + [nw/a]2 ), and A

is the interface area.

The symmetric interface mode centered on the interior interfaces (z = 0 and a) of the

double heterostructure has, with dielectric boundary conditions, the displacement pattern
]1/2

h ql + i]:'er,•,.•u+,Iqj( -oi.a /2)
US( =)" Aa]" a4.,, + h.c.), (2.6)

qln=--i ~ i14

for 0 < z < a. Here. the frequences of vibration w§. for the interface modes with =

(, 1, inql) are given by the solutions of q2t2(w) + q, el(w)tanh(qta/2) = 0. The dielectric

6
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functions el(w) and f2(w) for the case of alloys with two-mode behavior in their phonon

spectra (such as Al.Gal-.As) are defined in Ref. 32. More complete discussions of the

number and types of interface modes that can arise are given in Refs, 19 and 32.

The electron-phonon interaction is obtained from the Hamiltonian33

P(i' )_zrX3£,
= eIPp1'di (2.7)

where a screening length A has been introduced. The standard Fr6hlich Hamiltonian for

bulk phonon modes is

IIs•_,( )ý) K L e (L1)] qe (2.8)

For the confined modes described above, the corresponding Hamiltonian is 20

2 1 1/2

Hei...ph(i-) 27rhw - Qe'4' fl() (.a
W '.4 C', CO [Q2 + (~2

where

C -1(z) = e ii:/, - _ [e-Q: + (-1)"eQ('G)} (2.9b)

Q2 = 92 + 1/A2 , and 0 < z < a. For the case of symmetric interface modes.

heI/ E( i/2e'qlIl coshqj(z - a/2)
Hd-ph(i) x [ 2A jI *A(w)tanh(qa/2) + c2Q(w)] Q coshqla/2 (2.10)

for 0 < z < a, where E' denotes the derivative with respect to w.

III. DC Current

In this section, the non-equilibrium Neldysh Green's function formalism is employed

to calculate the phonon-assisted dc current in DBRTS. Phonon emission and absorption

processes in the well and in both barriers are considered.
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We consider a DBRTS with a single conduction band (see Fig. 1) and treat the elec-

tron dynamics in an effective mass approximation. If the dc bias voltage moves the left

conduction band edge up with respect to the right conduction band edge, then resonant

tunneling without phonon assistance occurs when occupied states in the left lead are res-

onant with unoccupied states in the well. Phonon assisted tunneling will occur when the

occupied states in the left lead differ in energy by integer multiples of a phonon energy

from unoccupied states in the well.

The unperturbed Hamiltonian for the DBRTS is the same as that considered in Refs.

14 and 15. The left (S = L) and right (S = R) leads are described by

i'o= EZ~ Ze+sc~ (3.1)
S=L,R i

where k = (klk.) is the electron's crystal momentum, f - h2k 2/2mr its energy, and cst

the electron creation operator. Further definitions of the notation are found in the caption

of Fig. 1, and in Ref. 15. Both leads are assumed to be in separate thermal equilibrium

with Fermi-Dirac distribution functions defined by fs(E) = [exp(E-ps- •s)/kBT+ 1]-.

Considering only a single subband in the well, the unperturbed electronic states in the well

are described by
w c W - (3.2).W+ + ,ý ..+,

where Er = h2 k /2m~v is the in-plane component of the energy.

Elastic tunneling through the barriers is described by the transfer Hamiltonian

= Z = Z Z(hvsct,, cs + h.c.), (3.3)
S=L,R S=LRL1 ,,

where the escape rates out of the well are given by Fermi's Golden Rule

rs/h = E Ihvsl2 ,(E - - -s). (3.4)
k,
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Here h's describes elastic tunneling and is to be distinguished from the phonon-assisted

inelastic process h to be introduced below. Assuming that the density of states in lead

S varies little over energy ranges comparable to phonon energies (z50 meV), the escape

rates may be obtained from the WKB expression

r s = (E- - O(E - D- s)

x exp(-2ds /2mý(As + ( 4 s + 4 w)/ 2 - E + e )/h). (3.5)

Since the well spectral density is peaked at ý + e,+ 4w, this means that E - - 4w

can be replaced by i everywhere in (3.5).

The electron-phonon interaction in the well is described by the Hamiltonian

He-Ph= ( .WTI, , cW ajf+,. + h.c.), (3.6)

where M-.,,, = (1Vk 11 + qlIH..ph(Ai)IWk'Il), the 11VkllY are the portions of the electronic

states in the well obtained by solving a one-dimensional Schrbdinger equation. Similarly,

the electron-phonon interaction in the barriers is described by the Hamiltonian

"B*

= ct n sk, Ia~Ih,, + h.c.), (3.7)
S= L,R k. k 'qu" 'n,,Ck~j9, 

+hc

where Mt Bjj+-fjJ
wer = (B-Pl + 4lIH•_,h(i)jBkjl), and JBkjl) are the portions of the electronic

eigenstates in the barrier, also obtained by solving a one-dimensional Schr6dinger equation.

Note that Hamiltonian (3.7) describes phonon-assisted tunneling. In analogy with Eq.

(3.3) the phonon-assisted tunneling matrix elements hPhfs are given by Mq'1 ,,.

We employ the non-equilibrium Keldysh Green's function formalism to compute trans-

port properties due to the non-equilibrium nature of carriers in a biased DBRTS. The re-

tarded and advanced Green's functions for the electron creation and annihilation operators

9
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tC, and ce are

Gr(M 2 , atl) = -iO(t 2 - t I)(C(t2)Ct(t )+ ct(t I)cO(t 2 )), (3.8)

and

G`(/t 2 ,ct 1 ) = G'(at1 , rt2 ). (3.9)

In addition, the distribution Green's functions are defined as

G<(it2 , at,) = i(ct(t,)c(t 2 )), (3.10)

and

G> (ft 2 ,at,) = -i(cO(t 2 )ct,(tl)). (3.11)

The Fourier transforms of the above Green's functions are

G(fl, a1E) = L Ee-E(2-t,)/hG(13t 2. at,). (3.12)

where E is the energy.

Due to the weakness of electron-phonon interactions, we assume that in any given

scattering channel phonon scattering occurs in the barriers or the well but not simulta-

neously in both. Then the total current density can be written jdc = j(l) + j(2) + j(3),

where J(P) is the current density in the absence of phonon scattering, j(2 ) is the current

density due to phonon scattering in the well, and j( 3) is the current density due to phonon

scattering in the barriers.

The current from lead S into the well I-V is given by

Is-w = 2e(--•S (3.13)

10
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where the number of electrons in lead S is Nýs = " s Use of the Eeisenberg

equation of motion

Oa~s =h11 [*c ct
-i S SkclIl - hwsc1 vi ck Z- (3.14)

where hws = hWvs for elastic tunneling (contributing to (m and J( 2)), and hws 0hs

for phonon-assisted tunneling (contributing to j(3)), leads to the current

Is-w = j2 J d 5 [G<(Wf,,1 Sk:k-jiE)hws" " - hwsG<(Sk.Tkj, WkTIIE)]. (3.15)

Considering the tunneling Hamiltonian as a perturbation. the first order Dyson equation

relating the full Green's function to the unperturbed propagators is

G<(11 1 11, Sk1-, 11 IE) = G"(WT11, Wl-i IE)h wsG< (Sk:fk, IE)

+ G<(I'V' 11, IFkI IE)hiijsGO*(Sk: j11JE). (3.16)

Here, the Go(Sk~kfllE) include no self-energy corrections. Insertion of (3.16) into (3.13)

yields

2e fdE
Is-w = T J J tIhwsI[G'(Sk:T.IlE)G>(W WIg, WiIE)

- G>(Sk.k:, tE)G< (Wkji. ljk IE)] (3.17)

To obtain j(0) and j(2 ), we set hws = he,s (as given by Eq. (3.5)), and calcu-

late G<(WkII, WT:kI IE) and G>(Wk11 , WkIV1IE) including self-energy corrections due to the

electron-phonon interaction in the well. In order to accomplish this, Dyson's equation with

/!!ph as the perturbation is iterated to give

11
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G<(1TVk,, W/V11IE) =t: Go(WV11, W-k11E) + G•(W'k,, t'VktIE)E.<: 1w(kl E)G'(IVkl,, WkIIE)

+Gr(W4'I, Wý, IS)_rrhw(r,jE)G<(Wkj, 111111 E)

+G< Wý1, IV-jS),.,ph,w(T lE)Go(Wkj, 1411IE), (3.18a)

where the self energy correction to the electron to lowest order in the electron-phonon

interactions is

.ph,W(kIIIE) = -[(N(tz,•.,,) + l)Iji,.,n2G<(1Vki +4•,l:', + ýjE +1,
ffl,n

+ N(thwijM,4)IM-1'n.j 2G<(iVkul - j1, l VWk1 - .jj IE - hwf,,,,)], (3.18b)

and E',a are the retarded and advanced self-energies. In (3.1Sb), the Bose-Einstein oc-

cupation function is N(E) = [exp(E/kBT) - i]-1, and n enumerates the phonon modes

discussed in section II. The well Green's functions G0(Wkll, 1,141IIE) include self energy

corrections due to tunneling through the barriers, but do not include self energy corrections

due to phonon scattering. To obtain j( 3 ) we let hws = hls in Eq. (3.17) and neglect

phonon scattering in the well (that is, G(<'>l(WklI, Wkl JIE) = Gi<'>)(Wr11, Wkil JE)).

The final two terms in (3.18a) may be neglected in the valley region of I-V curves

(where the phonon replica peaks are observed) due to the three dimensional nature of

the calculation. Described physically, the electron tunnels into a virtual state in the well

because ýll conservation prohibits it from tunneling into a real state. It then emits a phonon

to drop into a real state. This is reflected in the final two terms in (3.18a) (which describe

tunneling into real well states) being negligible due to the smallness of G<(Wk- 11, 1VkllIE)

for E values corresponding to Vbi., in the valley region.

12
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The final expression for the dc current is

IdC = I(]) + 1(2) + I(3), (3.19a)

where the phonon independent contributions to the current are

101) = i I~ J F ( - ptv(E)ir - [fR(E) - yvv(E)JrjR}

x {G(';(W•-jj, WT-11 JE) - GOO(IIII, Wk'jj JE)}, (3.19b)

the inelastic contributions associated with phonon scattering in the well are

I(2)• f dE l'Vk11.l-, 1t) - Gd(1kj.i.kjIE)]
h�2 '-7 TL +IrJ

X {[fL(E)rL - fR(E)rij'P'h.w(ZkHlIE)

- [(yL(E) - l)rL - (R(E) - o)rRis<h ,W(IIIE)), (3.19c)

and the inelastic contributions associated with phonon scattering in the barriers are

i(3) =_e_ dE G'TTjVjj~

h h -[".L(l1 IE) - •,h,R(kIIIE)I:pw(E))" (3.19d)

The non-equilibrium occupation function of the well, Vw(E), has been introduced through
the relation G<(WIV 1 1 , I Vk1 E) = -pw(E)[Gr(IVi, ik 11jE) - G( vkI, WkIIE)]. The

'7<

"-phLR) are defined by (3.18h) with the well Green's function replaced by a lead (S =

L or R) Green's function and well electron-phonon matrix elements Mf,,. replaced by

their barrier counterparts Mf.,.

The phonons are assumed to be in thermal equilibrium. That this i- actually the case

may be shown as follows. The experimental Raman linewidth of confined GaAs phoaons

13
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in AIO.33Gao.6 7As/GaAs superlattices is 4cm-'. 4 This implies a phonon lifetime of

approximately 10-1 2s. A calculation similar to that of Menendez and Cardona"5 of the

anharmonic decay rate of GaAs confined phonons yields a lifetime of approximate!y 10-1 s.

Both of these lifetimes are considerably shorter than the electron transit times of ,- 10-s

(see below and Fig. 3), implying that the phonons can relax to thermal equilibri M during

t,•nneling time scales.

The nonequilibrium occupatior. function in the well is specified by a rate equation

which requires the occupation function of the well at energy E to be constant:

0 = rL(fL(E) - :iw(E))/h + r(fRU(E) - ,:Iv(E))Ih

2 Er Z ll- fL(E + hwfU,,)]:w(E)N(hwflM•,,l
fnl n k. r-ll

x b(E - ek. - er.~f -' 1, + hwf,.n)

I+ Y,'L(E + b.:,,.)[1 - :,,.'( E)][I + ;-(OW..H,01

FL
FX + rn G•,2 I{-hnGZ(W:,, t11-,1IE + h )

+ .... (3.20)

where the ellipsis denotes 14 other terms describing other phonon scattering channel.. The

first two terms in (3.20) describe coherent tunneling. The third term describes an electron

absorbing phonons while tunneling through the left barrier from the well into the left lead.

The fourth term describes an electron tunneling through the left barrier from the left lead

into the well, and then emitting phonons in the well. The remaining terms are obtained

by permuting phonon emissions with absorptions, electron propagation directions, and the

left with the right barrier.

Equations (3.19) and (3.20) were numerically evaluated for the various phonon types

14



discussed in section 11. The results of the calculation of the dc I-V characteristics are

presented in Fig. 2 for temperatures T=4K and T=300K, and compared with the data of

Goldman et al. 6 at T=4K. The dimensions and composition of the DBRTS were chosen to

be the same as those employed in Ref. 16. The experimental peak height has been scaled

to agree with the calculated one (a factor of approximately 21), and the data is shifted by

AVba, ; 50meV with respect to the calculated results. The emitter chemical potential

was chosen to be 23meV. The current due to thermionic emission above the barriers is

described by the classical Richardson expression. At T=4K, the theory predicts a broad

replica peak (labeled "ph" in Fig. 2) occurring over bias voltages between about 175 to 275

meV in addition to the main elastic tunneling peak (labeled "e" in Fig. 2). The agreement

between theory and experiment is very good. even with the scaling of the peak height and

the shifting of the bias voltage. The need for such adjustments is not surprising since the

voltage drops in the leads and in depletion and accumulation layers are neglected, and

the effective DBRTS area is not well known. The theory is not expected to reproduce the

external circuit related hysteretic behavior in the negative differential resistance region

ranging from approximately 150 to 180 meV.

The broad phonon replica peak is clearly visible in the experimental data and matches

the calculated one in shape and position. We find that the dominant phonons which

contribute to the calculated peak are the n=1 GaAs LO phonons of energy 36.2 meV

confined in the well and and AlAs-like symmetric interface phonons of energy 45.7 meV.

Barrier phonons do not contribute due to the weak coupling. At T=300K, the replica

peak is seen to be superimposed on the Richardson current background. The phonon

absorption replica peak (which would appear at low b:as voltages) is too weak to be visible

at T=300K.

15
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Figure 3 shows the calculated transit times for the same structure. The transit time,

defined by Ttrans = PW/jde,3 6 the ratio of the charge density in the well and the dc

current density (excluding the Richardson component), is a measure of the dwell time of

the electron in the well. Here, 71rdni is comparatively long due to the rather thick barriers.

We find that for low current densities rz11, for T=300K is longer than that at T=4K. This

is mainly due to the broader Fermi distribution of the electrons at T=300K, which implies

that a given current density can be attained with a lower bias voltage than at T=4K. The

lower bias voltage leads to increased trapping of electrons in the well since the effective

right barrier height is greater. and hence to a larger dwell time.

IV. General Conclusions

In this section we compare the relative importance of phonon and alloy scattering,"' 1 5

assess the importance of the non-equilibrium well occupation function vji, and show how

to obtain Turley and Teitsworth's13 results for the phonon-assisted dc current in a DBRTS.

Figure 4 compares the phonon scattering self-energy correction (3.1Sb) and the alloy

sca-ttering self energy derived in Refs. 14 and 15 employing the coherent potential ap-

proximation for the 56A Ino.s 2Alo.48As/ 45A In 0 .53Ga0.4 7As DBRTS studied by Chemla

et al.31 (The sample of Goldman et aL.18 is unsuitable because of the absence of well alloy

scattering). The self-energy corrections due to temperature independent well alloy scat-

tering in this sample was reported in Ref. 15, and is indicated in Fig. 4. The self-energy

corrections due to phonon scattering were computed using the phonon models discussed

in Section 2. Phonon frequencies for bulk In 0.53 Ga 0 .47 As were obtained from Ref. 37.

and for bulk In0 .52 Al0.4sAs from Ref. 38. In computing the confined and interface modes

in the DBRTS, we approximated the two-mode behavior of InO.s 3 Gao.4-As by the single

GaAs-like mode. This is a good approximation due to the small energy difference between

16



the two modes, and simplifies the calculations. The chemical potential was again chosen to

be 23 meV, and Vb,.o was set to 330 meV. Figure 4 shows that alloy scattering dominates

at low temperatures, but phonon scattering becomes more important at T_ 200K. This

crossover temperature is higher than that familiar from electronic transport in bulk semi-

conductors. For bulk samples the final density of states for inelastic phonon absorption

processes is greater than the density of states probed by elastic alloy scattering, whereas

in two dimensions, characteristic of DBRTS, phonon and alloy scattering processes probe

an energy-independent density of states.

In order to assess the importance of the non-equilibrium well occupation function PW,

we set Lpw=O in (3.19d). The component of the current associated with phonon emission

in the left barrier may be written as

-. 3_. W W(:;n)fL(E(T))dk-, (4.1a)

(21r)

where

2rt

W(k; n) = '- -j M ,.j'[1 + -(hwf,,)]6(E(k) - -- - h (4.1b)

This equation is identical to (4) of Turley and Teitsworth13 . Equation (3.19c) for the

current associated with phonon scattering in the well can also be reduced to (4.1). As

discussed below, both equations are quite accurate. In agreement with Ref. 13, we find

the dominant phonon scattering channels to involve symmetric interface modes and GaAs

modes confined in the well.

The Keldysh formalism properly includes the well non-equilibrium occupation func-

tion, thereby taking Fermi statistics into account during resonant tunneling. For the device

parameters employed to obtain Fig. 2 and 3, we find that effect of the non-zero occupation

17
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of the well states is to decrease the peak current obtained from (3.19) by 11% at T=4K

and by 28% at T=300K. The current decreases due to fewer available states in the well

for tunneling electrons. The small magnitudes of these decreases may be understood by

noting that at the bias voltages near resonance the right barrier is comparatively trans-

parent. Hence •Vw - 0 in any case. At higher temperatures the well occupation function

is greater than at low temperatures due to the broader collector Fermi distribution.

V. Summary

This paper and two earlier ones14'39 have employed the Keldysh non-equilibrium

Green's function formalism to study transport and noise properties of DBRTS. includ-

ing the effects of alloy and phonon scattering, systematically. Alloy scattering is dominant

in alloy based DBRTS at low temperature, and phonon scattering is dominant at room

temperature or high bias. The Keldysh technique provides a systematic methodology for in-

corporating the complex effects associated with non-equilibrium occupation functions14,15

which is of particular importance for the calculation of two-particle correlation functions

needed to obtain the ac response. Under normal operating conditions of a DBRTS, the dis-

tribution function may be determined from rate equations and thus an equilibrium Green's

function steady state calculation provides a good approximation (see Appendix B of Ref.

15). For the dc current, the effects of a non-equilibrium distribution function in the well

are small due to the low occupation probability of well states in a biased DBRTS. Thus

intuitive expressions for the dc current which assume a vanishing well occupation function

such as those employed in Ref. 13 are good approximations.

The present paper has employed realistic phonon models to calculate the phonon-

assisted resonant tunneling dc current in a Alo.4Gao.6As/GaAs DBRTS. Results for the

phonon replica peak position and width in the I-V characteristics agree well with the

18



experimental results of Goldman et al.16 This verifies our conclusion that the strongest

phonon scattering channels at low temperature in the valley region of the I-V curve are

the emission of AlAs-like symmetric interface phonons and the emission of confined GaAs

phonons. For a Ino.5 2Al 0.4 sAs/Ino. 5 3Ga0. 47 As DBRTS, we find that alloy scattering is

dominant at low tenkperature, but phonuoi scattering will dominate at room tempetature.
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Figure Captions

Figure '. Schematic drawing of double barrier resonant tunneling structure defining the

symbols employed in the text (from Ref. 14). The external dc bias shifts the conduction

band edges 4)L(= eVbi-,) of the left lead, 4Iw of the well, and 4 ýR of the right lead relative

to one another. The chemical potentials of the left and right leads are 14L and 1R. The

band offsets of the left and right barriers are AL and AR, and the electron tunneling matrix

elements through these barriers are hwL and hRW. The bottom of the two-dimensional

subband in the well is at energy ý above the bottom of the well, and the energy of a state

with parallel (in-plane) momentum k1T1 is e., above Z.

Figure 2. Calculated dc current-voltage characteristics of a 85A AlO.4Gao.6As/ 56A GaAs

double barrier resonant tunneling structure at T=4K and 300K (solid lines), and the ex-

perimental data at T=4K obtained from Ref. 16 (dashed line). The calculated and ex-

perimental curves at T=4K for Vbi,1 > 180meV are multiplied by 2 in order to show

more detail. Also, the T=300K curve has been shifted upwards by 3 A/cm2 for clarity.

Phonon emissions are responsible for the broad shoulder marked "ph" extending approxi-

mately over 175< Vbjos, <275 meV. The peak marked "e" corresponds to elastic tunneling

contributions.

Figure 3. Calculated transit times for phonon-assisted electrons tunneling through a

85s A1l. 4 Gao.sAs/ 56A GaAs double barrier resonant tunneling structure at T=4K and

300K.

Figure 4. Imaginary part of the retarded electron self-energy due to phonon absorption
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plotted as a function of temperature for a 56A lno,52 Alo. 48As/ 45A lno.53Ga0. 47As double

barrier resonant tunneling structure biased by 330 meV. The imaginary part of the alloy

scattering self-energy obtained (from Ref. 15) in the coherent potential approximation for

this structure is marked.
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Auger Lifetimes in Ideal InGaSb/InAs Superlattices
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and

T.C. McGill
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Abstract

Quantitative calculations are reported of both band-to-band Auger and radiative re-

combination lifetimes in thin-layered type II In.Gal- Sb/InAs superlattices with energy

gaps in the 5-17jum range, using accurate band structure and numerical techniques. Re-

sults for a 11 tnm superlattice are compared with similar calculations for bulk HgCdTe and

a HgTe/CdTe superlattice having the same energy gap. The results show the n-type Auger

rates to be comparable and the p-type rates to be suppressed by three orders of magnitude

in some experimentally realizable structures. Thus well fabricated Il1-V SLs appear to be

excellent candidates as a new class of IR detectors.

PACS #'s: 72.15.Lh, 72.40.+w, 78.60.-b, 85.60.Gz



The thin-layered type II staggered In.Gal-,Sb/InAs superlattice (SL) has been pro-

posed as an infrarmd (IR) detector candidate.' It has been suggested 2 that p-type Auger

recombination rates are suppressed in some of these SL's due to a large strain-induced light

hole-heavy hole splitting. We perform quantitative calculations of band to-band Auger

and radiative recombination rates, employing realistic non-parabolic band structures.) The

results verify that p-type Auger recombination rates are suppressed relative to those of bulk

HgCdTe and SL HgTe/CdTe with the same energy gap due to the absence of strain split-

ting in the latter two systems. Auger recombination rates of n-type InGaSb/InAs SL's are

comparable to those of n-type bulk HgCdTe and SL HgTe/CdTe with the same energy gap.

Radiative recombination rates are almost always smaller than Auger recombination rates

for unintentionally doped samples. Superlattice based IR detectors are versatile because

of their multi-spectral response and their ability to suppress both n- and p-type Auger

recombination rates in samples with properly chosen alloy composition ratios, and well

and barrier widths.

The minority carrier distribution function in an IR detector relevant to calculations

of Auger and radiative recombination rates is an equilibrium Fermi distribution. This is a

consequence of energy relaxation times4 of photoexcited carriers (- 10- 2 s) being several

orders of magnitude shorter than Auger and radiative lifetimes (,- 10-4 to 10-1s) for

carrier densities of experimental interest. We calculate the lifetimes of a single excess non-

equilibrium minority carrier in the region of highest occupation. For an n-type material

the excess carrier is a hole at the top of the heavy hole band (HH1 in Fig. 1), and results

are averaged over the flat portions of this band. For a p-type material, the excess carrier

is an electron at the bottom of the conduction band (Cl in Fig. 1).

The established methods for calculating band-to-band Auger recombination 5- 7 are
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here extended to superlattices. Since the proposed III-V IR detectors employ thin layered

(-, 25 A) SLs, electrons in the C1 band have significant dispersion in the I. direction

requiring a three dimensionai calculation, in contrast with earlier two dimensional calcu-

lations of Auger lifetimes of electrons confined in quantum wells. An envelope function

formalism9 is used to describe the SL states, and SL K • p theory'0 is used to obtain the

energy bands and the wave functions (rIL, K) for band L and wave vector K. The over-

lap integrals required to evaluate the screened Coulomb potential matrix elements were

obtained to first crder in 1KI - KW 12 in a manner similar to that described in Refs. 5,

11 and 12. Due to the highly non-parabolic nature of the band structure (see Fig. 1),

parabolic approximations are not applicable. The p-type Auger lifetime (i.e. the lifetime

of the photoexcited minority electron 1') is given by

1 3e h3  J )fp(K 2 ) OCItH1(KIj,)ALH1,HHI(K2,K2 )

27rM4 ~j2+ JK, - K 1
x 6(Ecj(K't) + EHI(K') - EfmH(K1) - EHH,(K 2 ))d 3Kjd 3K 2  , (1)

in the absence of exchange interactions.1 3 The Ki refer to the superlattice states defined in

Fig. 1, EL(K) are the band energies, and e, m, fp and A-' are the dc dielectric constant of

the barrier layers, the free electron mass, the hole Fermi function, and the Debye screening

length respectively. The quantity OL,L,(K, K') = I(L, K'I(K - K')- pIL', K')12 /[EL(K') -

EL,(K')]2 involves the superlattice momentum matrix elements. K' denotes the minority

carrier 1', and crystal momentum conservation determines K' = K, + K2 -K;. A

similar expression applies to n-type Auger recombination. Following Ref. 14, the p-type

radiatiative lifetime of electron 1' is given by

1 ne2

- 2 (C1,K'pHH1, ( [E I( - EHIm(K'X)], (2)

where n is the index of refraction. A similar expression applies to n-type radiative recom-

bination.
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These expressions were evaluated numerically for realistic SL band structures. Equa-

tion (1) involves six integrals. One integral, over the energy conserving delta function, was

performed analytically. If the minority carrier has no component of its momentum in the

11 direction, then rotational symmetry in the plane permits the analytical evaluation of a

second integral. Thus four to five nested integrals were evaluated numerically. This task

is at the limits of what can be performed with distributed desktop computing. The error

in the lifetime due to numerical integrations on a finite mesh was no more than 40%.

Figure 1 shows the calculated band structure of 25A Ino.2sGao.jsSb/41A InAs for the

in-plane (11) and growth (I) directions. This superlattice has been studied experimentally

at 77K as a candidate material for 11 pm IR detectors.1 Auger transitions involve limited

regions of K space due both to restrictions imposed by energy and crystal momentum

conservation and occupation probabilities. Typical transitions which satisfy the constraints

are shown. In the n-type material, transitions dominantly involve crystal momentum

changes in the I direction. Here, electrons 1 and 2 are in regions of high occupation,

implying a fast recombination rate. In the p-type material, transitions dominantly involve

crystal momentum changes in the 11 direction. Here, hole 1 is in a region of low occupation,

thus suppressing Auger transitions. This suppression, a consequence of the large strain-

induced LH1-HH1 splitting, accounts in part for the promise of Ino. 25GaO.7sSb/InAs for

IR detectors.'

Figure 2 shows the regions of K space important for and p-type Auger recombination

in 25A Ino.2sGao.7sSb/41A InAs for p= 1016 cm- 3 at 77K. The structures marked "Hole

V" and "Hole 2" indicate the positions in K space of holes I and 2 (defined in Fig. 1) taking

part in the same transition, which provide the largest contributions to the recombination

rate. The Auger rate is approximately independent of K1 due to the flatness of the HH1

4



and LH1 bands in the I direction. The K space volumes associated with "Hole 1" and

"Hole 2" are equal, as is required by detailed balance. The "Hole 1" structure is broader

because the HH1 band is flatter near hole 1 (see Fig. 1). Transitions for which the

positions of holes 1 and 2 are reversed are suppressed by a smaller overlap of the electron

and hole wave functions. For n-type recombination, the important region of K space for

both electrons 1 and 2 (defined in Fig. 1) is a sharp peak centered at the zone center of

width 0.012A- 1 for n ;-, 1016 cm- 3.

Figure 3, exhibiting the Auger lifetimes of five Ino.25Gao.75Sb/InAs superlattices of

different layer thicknesses, illustrate the IR multi-spectral characteristics. The energy gaps

of the five superlattices A, B, C, D and E are 17.0, 13.8, 10.9, 9.0 and 5.2 ;m respectively.

The experimentally studied SL1 C has background doping levels n = 5 x 1015 cm-3 and

p = 3 x 1016 cm-' and corresponds to the band structure of Fig. 1. The lifetimes are

plotted for the fixed carrier concentrations shown to illustrate phase space effects on Auger

lifetimes. The dashed line permits comparison of "A for equal n and p doping levels. The

n-type lifetimes increase with increasing energy gap because the I bandwidth of the Cl

band becomes less than the energy gap EG. The n-type transition of Fig. 1 is no longer

possible since 2' cannot be accommodated in the C(1 band. By contrast, the p-type lifetimes

decrease with increasing gap because Eo becomes greater than the zone center HH1-LH1

splitting EHL. A greater volume of phase space is thus available for 2' in the LHI band.

The flatness of the HH1 and LH1 bands gives rise to a maximal p-type Auger rate when

EG - EHL because energy and crystal momentum conservation conditions can be easily

satisfied by carriers in regions of high occupation.

The Auger lifetimes of a 37A HgTe/16A CdTe SL and bulk Hgo.7gCdo. 21Te having

the same energy gap, 0.114 eV, as the 25A Ino.2sGao.isSb/41A InAs SL have also been

5
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calculated. The I-VI SL has the same axial electron effective mass (0.025 m) as the III-V

SL. For n=5x 10 15cm-3 and T=77K, the I1-VI SL has an Auger lifetime of 9 x 10-8s and

the II-VI bulk has a lifetime of 1 x 10-7s, both somewhat less than the value of 2x10-7 s

of the III-V SL. More significant differences are found in the p-type lifetimes due to the

different valence band structures. For p=3 xl016cm-3 and T=77K, the lI-VI SL and bulk

I1-VI material have Auger lifetimes of 9 x 10-I's and 5x 10-9s respectively compared to

5 X 10- 6 s for the III-V SL. The extremely short lifetime of the II-VI SL results from

the approximate equality of the energy gap and the HH1-LH1 splitting. The II-VI bulk

lifetime is shorter compared to the III-V SL because the small effective-mass light hole

band provides phase space for recombination transitions that is absent for larger masses.

It should be noted that other choices of II-VI SL barrier and well widths and compositions

may result in improved Auger rates.

The calculated Auger and radiative lifetimes of a single band edge minority carrier

in the 25A Ino.25Gao.75Sb/41k InAs superlattice are plotted in Fig. 4 as a function of

doping levels for T=77K and T=90K. The decreasing lifetimes with increasing doping levels

are due to more probable carrier-carrier collisions. We note that the radiative lifetimes

are almost always longer than the Auger lifetimes. The n-type lifetimes are only weakly

temperature dependent because the near zone center electrons 1 and 2 of Fig. 1 are almost

statistically degenerate for the doping levels considered. The p-type lifetimes decrease by a

factor of five to six as T is changed from 77 to 90K. Hole 1 of Fig. 1 lies in the tail of the hole

Fermi distribution. Its occupation probability is therefore strongly temperature dependent.

The lifetime obeys an approximate power law relationship with the carrier concentration:

rA , n- 1.7 and rA _ p-2.1 for carrier densities between 5 x 1015 and 101 7cm- 3. In the

simplest parabolic band case, in which carriers involved in Auger recombination are located

6



at the band edges, "A - n- 2 and p-2. The deviations found here are associated with band

structure and occupation number effects.

In summary, we find on the basis of carrier lifetime calculations that In, -_Ga.Sb/InAs

is a promising superlattice for IR detector applications in the 5-17 jum range. The 1 11m SL

has an n-type Auger lifetime somewhat larger than those of bulk HgCdTe and a HgTe/CdTe

SL with the same energy gap. In superlattices, the n-type Auger recombination may be

suppressed by reducing the I bandwidth of the conduction band ( by increasing the barrier

thickness) to a value less than the energy gap. The p-type Auger lifetime of the 11pm

InGaSb/InAs SL is approximately 3 orders of magnitude longer than bulk HgCdTe and

5 orders of magnitude longer than the HgTe/CdTe SL with the same energy gap. The

suppression of p-type recombination is due to the flatness of the light and heavy hole

bands whose splitting exceeds the energy gap, thus limiting phase space for recombination

transitions. This splitting can be increased further (without changing the energy gap)

through the choice of other alloy compositions and layer thicknesses, which will further

suppress p-type recombination in In.Gal-.Sb/InAs superlattices.

The authors are grateful to R.H. Miles for making data available prior to publication.

Helpful discussions with him are also greatly appreciated. This work was supported by

DARPA and JSEP through ONR contract Nos. N00014-86-K-0033 and N00014-89-J-1023,

respectively.
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Figure Captions

Figure 1. The calculated band structure of a 25A Ino. 25Gae.75Sb/41A InAs superlattice in the

growth (I) and in-plane (I1) directions. C1, HH1, HH2 and LHI1 refer to conduction,

heavy and light hole bands. BZ indicates the Brillouin zone boundary in the _L

direction. Wavey lines indicate possible IR photon absorptions; diagonal dashed lines

show typical Auger recombination transitions. E 0 is the energy gap, and EHL is the

zone-center light hole-heavy hole splitting. The perpendicular width of the CI band

is 0.149 eV.

Figure 2. The p-type Auger rate for holes 1 and 2 (cf. Fig. 1) in arbitrary units for

25A Ino.2sGao.75Sb/41A InAs SL with p = 1016 CM- 3 and T=77K in K-space.

Figure 3. Calculated Auger recombination lifetimes at 77K of 30A Ino.25Gao. 7sSb/48A InAs

(A), 28A Ino.jsGao.75 Sb/45A InAs (B), 25A Ino.2sGao..TSSb/41A InAs

(C), 25A InO. 2sGao.75Sb/37A InAs (D), and 25A InO. 25Gao. 75 Sb/25A InAs (E) su-

perlattices as a function of energy gap for the indicated doping levels. Solid circles

are the calculated points. The band structure for C is given in Fig. 1. The heavy

hole-light hole splittings for superlattices A,B, D, and E are 0.201, 0.227, 0.219, and

0.188 eV respectively.

Figure 4. Calculated n-type and p-type Auger and radiative recombination lifetimes of a

25A Ino.2sGao.7sSb/41k InAs superlattice as a function of doping at T=77K and

T=90K.
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Abstract

Detailed theoretical calculations of Auger and radiative recombination rates for

an optim;zed InAs/InrGal-_:Sb superlattice (SL) and bulk Hg&Cdi..-Te (MCT) show

that 300K background limited operation for a 60 degree field of view can be theoret-

ically achieved up to 130K for the II am SL and up to 185K for 5 pm MCT. The SL

structure is theoretically superior to MCT for 11 pm operation. The converse is true

at 5 Mm.

PACS #'s: 72.15.Lh, 72.40.+w, 78.60.-b



'2 1)

Modern high performance infrared (IR) detector technology based on photon ab-

sorption in narrow gap semiconductors requires the use of extensive detector cooling

in order to achieve background limited performance (BLIP). Even modest gains in

detector operating temperatures will translate into large gains in the power consump-

tion, size, weight, and lifetime of coolers. In this letter, we explore theoretical limits

for high temperature operation of photovoltaic (PV) and photoconductive (PC) de-

tectors based on bulk HgrCdl_,Te (MCT) alloys and the recently proposed' type II

broken band alignment InAs/In.Gal_.Sb superlattices (SLs). Detector performance

is compared at 5 and 11 pm wavelengths. MCT is the current standard for 8-12

pm defense applications, and will be considered here also for commercial aplications

at 5 pm where higher temperature operation, 200 - 300K, even without achieving

the BLIP condition, may provide satisfactory signal to noise ratios. The III-V SL

promises a number of advantages over HgCd1.. ,Te alloys beyond 8 pm, 2 including

lower nonradiative recombination rates.3 In this letter, these lower rates will be shown

to lead to a 40K increase in the operating temperature TBLtp at which 300K BLIP

with a 60 degree field of view may be attained at 11 pm. This background condi-

tion is typical for 11 pm strategic military applications. MCT is superior for 5 pm

applications.

Earlier calculations of Auger recombination rates in ideal InAs/InýGai_.Sb SLs3

with energy gaps in the 8 to 12 4m range demonstrated the possibility of suppressing

Auger recombination in both n- and p-doped samples relative to bulk H&Cd1 _,Te

with the same energy gap and majority carrier concentrations. The calculations

employed the accurate highly non-parabolic superlattice K - p band structures and

included possible degenerate carrier statistics to evaluate carrier lifetimes. Here,

2
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the same methods are employed to examine a number of InAs/InGa_,Sb SLs and

Hg&Cdl-.,Cd alloys and, for the case of InAs/InýGa_.,Sb SLs, to identify the alloy

composition and choice of well and barrier widths which will best suODress Auger

recombination. To obtain the total Auger recombination rate, the contributions of

majority carrier-majority carrier and minority carrier-minority carrier collisions are

added to give a reciprocal Auger lifetime rT' , + .r;,", The first term corre-

sponds to electron-electron collisions and the second to hole-bole collisions.

The limiting values of specific detectivities D' for photoconductor• and n-on-p

photodiodes are given by

/2[ 1 rD rc - n p) D;V = qI [ (1)
Dp = 2hz [rapt J 2 [h" '(

respectively.4 Here Y is the photon frequency; r is the minority carrier lifetime, given

by r-' = 7A; + rý', where T R is the radiative lifetime; t is the thickness of the

photoconductor, taken to be 10-3 cm based on the optical absorption, a, in both

InAs/In:Gai_,Sb SLs and bulk HgCdl_,Te: n and p are the PC equilibrium con-

centrations of electrons and holes; np is the PV density of electrons in the p-type

layer; L, is the PV minority electron diffusion length; and q is the quantum effi-

ciency, assumed to be 0.7 for PC devices and given by r7 = L~a/(La + 1) for PV

devices. The diffusion length L, = - is determined by the electron diffusion

constant D = (kT/e)p,, where /e is the electron mobility estimated to be 3.5x 10o

cm 2/V-s for InAs/InGa_ ,Sb SLs and taken from experimentally determined values5

as a function of T and x for Hg&,Cd,_JTe. Equation (1) for the PV case assumes the

dominant dark current above 77K to be due to electron diffusion from the p-type side

of the junction. Intrinsic theoretical limits for D" will be obtained from these expres-

sions by considering only Auger and radiative processes to limit carrier lifetimes.
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Only photovoltaics will be considered at 1 !m because high performance focal

plane arrays benefit from the low power dissipation associated with these devices

relative to that of PC detectors. As a result PV devices are preferred over PC devices.

We shall consider structures having n-on-p geometry. The parameters of interest for

InAs/InGal_.Sb SLs therefore are those leading to the lowest Auger rates in the

p-type layers. The strain induced splitting of the heavy hole (HH) and light hole

(LH) valence band edges of the constituent bulk InGai-,Sb of the InAs/InGai_,Sb

SLs leads to a large (200 to 300 meV) splitting of the two highest valence bands of

the SL, HH1 and LH1. at the center of the Brillouin zone.' This impedes hole-hole

scattering Auger processes and thus improves Auger limited minority carrier lifetimes

in p-type material,3 which in turn leads to improved D* and TBLIP values in n-on-p

geometry devices.

The 11 tm D" of InAs/InGai..:Sb SLs was optimized by maximizing the lifetime

enhancement. The strain induced splitting increases with alloy composition ratio z.

For the purposes of this study, SLs with x < 0.4 and layers no thinner than 15Awere

considered. While growth beyond these limits may be possible, practical constraints

associated with tolerable lattice mismatches and nonuniformities will limit the utility

of structures employing high strains or thin layers. In order to suppress Auger re-

combination pathways involving transitions between the flat portions of the HH1 and

HH2 bands' the zone center^splitting of the HH1 and HH2 bands must be greater than

the energy gap. Suppression is best achieved if the second valence band has light hole

character. Auger lifetimes were calculated for several SLs satisfying these constraints.

The SL found to have the lowest p-type rates is 39.8AInAs/15AIno. 4 Gao.6 Sb.

Figure I shows the calculated values of Auger lifetimes in the optimized 39.8AInAs/

4
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15AIno.4Gao.6Sb SL with acceptor concentrations NA of 10 "s and loll cm- 3 respec-

tively (dashed curves). The Auger lifetime for bulk HgCddl_,Te with NA = l0ol cm-3

(solid line) is plotted for comparison. The results for Hg.Cd1 -.,Te are found to be

in good agreement, within a factor of two, with those calculated by Casselman. 6 The

basic mechanisms of lifetime suppression have been discussed in Ref. [3]. The same

mechanisms dominate here. Most important is the suppression of hole-hole scattering

due to the low occupation probability of one of the hole states at low temperature.

For the SL with the lower acceptor concentration the hole-hole scattering has been

suppressed to the point where the minority electron-electron scattering dominates the

Auger lifetime. At the higher level of doping, hole-hole scattering dominates since its

rate increases with the higher hole population. At the same time the electron-electron

scattering rate decreases because the electron population falls to keep the np product

roughly constant.? Auger rates for NA - 1017 cM- 3 at T=77K are found to be as

much as seven orders of magnitude smaller in the optimized SL than in Hg&Cdl-,Te.

The calculated values of D" in the temperature range of 77 to 200K of the op-

timized 39.8AInAs/l5AInO. 4 Gao.eSb SL, a 4lAInAs/25AIno.2 sGao.75 Sb SL (currently

under experimental study2 ), and bulk HgCdl-,Te are plotted in Fig. 2. All materi-

als have the same p-side acceptor concentration of 1017 cm- 3 and energy gap of 0.114

eV or 11 pm. The gap is assumed to be temperature independent. This is a rea-

sonable assumption because SLs and alloys with slightly different compositions may

be selected to provide the chosen gap for different temperatures without significantly

affecting detectivity values. The calculated values of D' for Hg&Cdl_.Te are found

to be in good agreement with previously calculated values at T=77K,4 The figure

indicates that TBLIP for a 300K background and a 60 degree field of view is 130K

5
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for 39.8AInAs/l5AIno.4Gao. 6Sb, substantially higher than the 90K for Hg.Cd 1-. Te

at 11 ism. The non-optimum 41AInAs/25AInO.e 5GaomsSb SL still offers almost 20K

improvement in TBLIp over Hg&Cd-_,Te. As previously emphasized, these improve-

ments result from the suppression of Auger recombination pathways in the SLs.

Note that the D* advantage of the 39.8AInAs/15AIno. 4Gao.GSb SL over bulk

HgCdl_,Te decreases from almost two orders of magnitude at 77K to less than

one order of magnitude at 200K. This is a consequence of the carrier recombination

suppression mechanism referred to above becoming weaker at higher temperatures.3

Specifically, the hole occupation probability away from zone center increases with

increasing temperature; hence more carriers are available for Auger recombination.

For this reason, InAs/InGal-..Sb SLs are not expected to offer an advantage over

bulk Hg&Cd 1_,Te detectors at elevated temperatures. At room temperature cheaper

thermal detectors are better than either system for most applications.

At 5 pm, InAs/InGal_,Sb SLs are less attractive than bulk Hg.Cdl-,Te due

to their short Auger lifetimes. They cannot be designed to suppress p-type Auger

lifetimes because the energy gap (0.248 eV) exceeds the strain-induced splitting of

the HH1 and LHI bands for SLs with the range of layer thicknesses and compositions

considered here.

Possible room temperature operation of 5 /im bulk Hg,,Cd-l.Te detectors in a

device limited mode is also of interest. The calculated D" values of 5 Pm n-on-p ge-

ometry PV and n-type PC HgCdl-.Te detectors are plotted in Fig. 3 as a function

of temperature in the range 100 to 300K. The p-on-n PV and p-type PC detectors are

not considered here. The figure indicates that the 300K BLIP condition cannot be

met above approximately 185K. However, the optimal D" values at 300K are approx-
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imately 3 x 10' cm Hz'I 2/watt, just below the ideal D* of l.5x 10'0 cm Hz 1/2/watt of

thermal detectors. Nevertheless, room temperature 5 14m HgzCdi._.Te detectors are

expected to fill niche applications such as those requiring superior frequency response.
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I Figure Captions

FIG. 1. Auger lifetimes for 11 pm 39.8AInAs/15AIno. 4GaO.rSb superlattices with

I acceptor concentrations NA of 101i and 10" cm- 3 and for 11 Am HgCd, -,Te (MCT),
with NA -10"' cm-', as a function of temperature. For NA =-101 cm-3 Auger

lifetimes are determined by hole-hole scattering, but for NA =10" cm- 3 electron-

electron scattering dominates.

FIG. 2. D' of 39.8AInAs/15AIno. 4 GaO.6Sb, 41AInAs/25Alno.25 Gao.7 5 Sb, and HgCd1 _-.Te

(MCT) ideal n-on-p geometry PV detectors at 11 Am, as a function of temperature.

The p-layer doping level is NA =1017 cm-3. D•LIp is the 300K background limited

detectivity at 11 Am for a 60 degree field of view. The maximum temperatures for

DjLp are indicated.

FIG. 3. D° of ideal PC and PV 5 pm MCT photodetectors as a function of tempera-

ture. D;LIP is the 560 K backgroutid limited dtbectivity at 5 am for a 60 degree field

of view. The maximum temperature for DkLIP is indicated.
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