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action of states through the diamagnetic term in the Hamiltonian describe
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with the temperature dependence of the A energy gap. The anisotropy splitting
of the B (2P) exciton state was observed for the first time and the B (3P)
exciton state was also observed for the first time.

Two-photon absorption spectra of high purity GaAs were obtained at 1.8 K
using a tunable dye laser and hydrogen filled Raman ceil. Resonant structure
is seen at high magnetic fields and shown to be related to exciton and Landau-
level behavior.
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SUMMARY

Nonlinear optics is an increasingly interesting and exciting area of
physics. Many nonlinear optical effects have been discovered and various non-
linear optical devices constructed from a wide variety of materials. In par-
ticular, small band gap semiconductors l1ike InSb can have unique optical proper-
ties because of their small effective masses and direct band gaps. Unusual and
often unexpected results are found in their nonlinear behavior--optical bista-
bility, nonlinear refraction, laser pulse limiting and shaping effects, optical
transistor action, etc. These effects can be described in terms of a2 third
order susceptibility x(3) and are associated with the creation of free carriers
by the 1ight. The creation of even a small number of free electrons or holes
can strongly effect the "dynamic” nonlinear optical properties of the material.
In this projoct we used sensitive photoelectronic methods to investigate the
nonlinear generation of electrons in InSb, CdS, and GaAs induced by two-photon
absorption of light.

A wide variety of photoelectronic effects are initiated by the creation of
free carriers from the absorption of light in a semiconductor or insulator.
These include the photo-Hall effect, photoconductivity, recombination, trapping,
lTifetimes, all of which are important for understanding devices such as light
detectors, light emitters, or energy converters. On the other hand these
photoelectronic effects can also be exploited to investigate the nonliinear
absorption of light in solids and thus gain an enhanced understanding of their
material properties. In this project we have shown that the photoconductive
response of semiconductor samples can sensitively detect two-photon absorption
processes.

Two-photon absorption processes have been studied in n-InSb using a tunable

cw COp laser and high magnetic fields. This work represents the first time two-
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photon absorption was observed in solids using only cw lasers. Various theo-
retical and experimental aspects of two-photon absorption spectra in a magnetic
field were investigated: (1) selection rule dependence, (2) energy band parame-
ters needed to describe the data, (3) intensity dependence, (4) lattice tempera-
ture dependence of the energy gap, (5) two-photon absorption coefficients, and
(6) transition energies.

Other absorption processes besides two-photon absorption weré observed and
investigated in InSb. These include free carrier and deep level transitions in
n type samples, and free and bound hole transitions in p-type samples.

High-resolution spectra were obtained for the free A- and B-excitons in CdS
by two-photon absorption using photoconductivity techniques. Anisotropy split-
tings were observed and interpreted with an anisotropic'effective-mass
Hamiltonian. Zeeman splittings and diamagnetic interactions were observed and
analyzed. Variational calculations which take into account the interaction of
states through the diamagnetic term in the Hamiltonian describe the data quite
well. Exciton and band parameter values were determined along with the tempera-
ture dependence of the A energy gap. The anisotropy splitting of the B (2P)
exciton state was observed for the first time and the B (3P) exciton state was
also observed for the first time,

Two-photon absorption spectra of high purity GgAs were obtained at 1.8 K
using a tunable dye laser and a hydrogen filled Raman cell. Resonant structure
is seen at high magnetic fields and shown to be related to exciton and Landau-

lTevel behavior.
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I. INTRODUCTION

The realm of "1inear optics"” present in one photon spectroscopy has pro-
vided much of the basic information about semiconductor properties such as
energy gaps, effective masses, g-factors, impurity levels, band symmetries,
relaxation *imes, etc. Because of the very high absorption coefficients
( 104cm'1) usually dealt with, light only penetrates 0.1 micron into the sam-
ple. Consequently, thin films or thin crystals are needed. Reflectivity
measurements over a wide spectral range followed by a Kramer's-Kronig analysis
does not give great accuracy. In contrast to the major disadvantages of the one
photon case, two-photon spectroscopy can provide uniform absorption throughout
the bulk of the sample because of the much smaller two-photon absorption cross-
sections. This part of the realm of "nonlinear optics" has proven to be quite
important and useful in probing the eigenstates of not only solids, but of
gasses too. Transitions which are forbidden in conventional one-photon spec-
troscopy are now possible to observe using two-photon techniques. In fact, it
becomes possible to uniquely identify the symmetry of the eigenstates. Prac-
tically speaking, it is important to understand the role of two-photon processes
in windows damaged by high power lasers. There are several good review arti-
clesl-3 on two-photon spectroscopy that can be consulted.

Experimentally, the task is to detect the simultaneous absorption of two
photons. The same techniques used for detecting one-photon transitions in
lTinear spectroscopy can be used: (1) absorption spectroscopy, (2) fluorescence
or luminescence spectroscopy, (3) Photo-emission or photoconductivity, (4)
Photochemical reactions, and (5) Photoacoustic spectroscopy. A simple two-
photon absorption experiment occurs when two beams of 1ight are incident on a
sampie. The sample is transparent to each of the two beams, but when both beams

are present at the same time and when f&ﬂ + fﬂQ is equal to an allowed transi-
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tion energy, the sample absorbs simultaneously one photon from each beam. One
beam might be a laser and the other a wide frequency band, or continuum. It is
also possible to use two lasers, one or both being tunable. Even simpler would
be the use of only one laser beam to provide the two-photons.

Two-photon spectroscopy in a magnetic field was demonstrated in this pro-
ject to be a valuable technique for investigating semiconductors. Seiler and
co-workers have shown that TPA in n-InSb is even observable with the milliwatt
powers available from a cw CO) laser.d These studies represented the first time
that TPA experiments in solids were ever carried out using only cw lasers. The
high resolution permitted observation of many new TPA lines not previously seen.
The report of these results at a recent international conference in France was
one reason Laser Focus recently printed an interesting news report:5 "New
experimental results are challenging established theory in nonlinear optics. It
had been widely assumed that second-order effects (proportional to the square of
the electromagnetic field) generally would be weaker than effects proportional
to higher powers of the field. But high-order nonlinear effects in semiconduc-
tors have been showing up with surprising magnitudes in laboratories in Britain
and the United States. Milliwatt lasers have produced effects which it had been
thought would require much higher laser intensities. Some specialists are even
coming to the conclusion that the distinction between "low-order" and "high-
order" nonlinear phenomena and some of the underlying theory may not be relevant
for certain materials, in particular gallium arsenide and indium antimonide."

A wide variety of photr Tectronic effects are initiated by the creation of

free carriers from the n of 1ight in a semiconductor or insulator.
These offects involve ti. 1 effect, photoconductivity, recombination,
trapping, lifetimes, etc., a.. important for understanding materials used as

Tight detectors, light emitters, or energy converters. On the other hand, these

photoelectronic effects can be exploited to investigate the absorption of light

1-2




in solids.

Photoconductivity can be a complex process involving several successive or
simul taneous mechanisms: optical absorption, charge carrier transport, hot
carrier relaxation, and radiative and/or nonradiative recombination. It covers
all phenomena by which an increase or decrease in conductivity can take place
following the absorption of light in the semiconductor. The presence of non-
equilibrium carriers generated by the light alters the conductivity of a semi-

concductor. The general form of the conductivity can be written as
o = efu (ny +4n) + up(P  +A8P) + n du, + PoA“p]

or

¢ = 0 + Ao
0

where e is the electronic charge, n,(P,) is the concentration of electrons
(holes) at thermal equilibrium in the dark, n( P) is the excess electron (hole)
concentration induced by the light, un(up) is the electron (hole) mobility,
Aun(Aup) is the change in the electron (hole) mobility caused by the 1ight,
9 = elupny + upPp) and 8o = elupdn + upaP + ngbduy + Polipl. Thus in general
the conductivity can change if the carrier concentration or the mobility
changes. Some detector materials (Putley or hot electron detectors) make use of
this mobility change which can be quite large in the far infrared region. Here
we shall be primarily concerned with the changes in concentration produced by
the nonlinear absorption of 1ight. Since in many semiconductors Hp < < My« the
change in conductivity arising from nonlinearly produced electro-hcle pairs can

be written simpiy as
Ao = eunAn
] Thus measurements of the photoconductivity are directly related to changes in

electron concentration. It is a very sensitive indicator of smal) changes in n,
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particularly in ny is small. Thus if ny= 1014em-3, An/ny changes of=0.001 (or
an 2 1011em=3) can easily be detected.

Two-photon absorption spectra were obtained using photoconductivity tech-
nigues in Insb36 and €dS.”-9 We have shown that photoconductivity studies are
very powerful for investigating semiconductors. 1InSb is a narrow gap semi-
conductor with an energy band gap of 2 235 meV at 4 K. Thus a C0, laser can be
tuned so that Zﬁ; is both below and above this energy. Seiler and co-workers 4
have used the pho*oconductivity technique to detect two-photon absorption in
InSb using only cw CO, lasers. Application of a magnetic field allowed the
study of two-photon magneto absorption (TPMA)} structure. Derivative TPMA spec-
troscopy using sampling oscilloscope and magnetic field modulation techniques
applied to the photoconductivity signal allowed the observation of numerous weak
transitions. Various theoretical and experimental aspects of the two-photon
spectra were investigated including {1) selection rule dependence, (2) energy
band parameters needed to describe the data, (3) intensity dependence, (4)
lattice temperature dependence of the energy gap, (5) TPMA coefficients, and (6)
transition energies.

Two-photon spectroscopy measurements have also been carried out by Seiler,
33;_1;7'9 on CdS samples using @ visible dye laser in conjunction with the
output from a H, filled Raman cell. Free exciton spectra dominated the
absorption which was monitored by measuring the increase in sample conductivity
as a function of photon energy. This represented the first time that the
photoconductivity technique was used to obtain the two-photon absorption spectra
of free excitons in semiconductors. High resolution spectra of both the A- and
B-free excitons were obtained. Anisotropy splitting of the 2P and 3P exciton

states was observed, along with Zeeman splitting and diamagnetic shifts.

Experimental results were interpreted with an anisotropic effective mass Hamil-

1-4




tonian and variational calculations taking into account the interaction of
states through the diamagnetic term. These studies allowed accurate characteri-

zation of the A and B exciton and band properties of CdS.

1-5




IT. INTERACTION OF CO, LASER RADIATION WITH p-InSb
In this section we present the results of a collaborative effort in the
study of the interaction of CO, 1aser radiation with samples of p-InSb. High
magnetic field studies (fields 2 10 T) were carried out at the U.S. Naval
Research Laboratory in conjunction with Dr. R. Kaplan and Dr. R. J. Wagner.
Lower field (< 2 T) studies were carried with the facilities at NTSU. In what
follows in this section we reproduce several of our published papers. More

extensive details will be contained in a future Ph.D. thesis of Mr. C. L.

Littler.
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High resolution photoconductivity and transmission spectra ir p-InSh are
obtained over a wide temperature range at magnetic fields from 9 to 100 kG
The low temperature resuvlts are described in terms of
hole transitions from the acceptor ground state to excited states associated

using a €O, laser.

with free light-hole Landau states.

In this communication we will present
the results of magneto-optical experiments on
acceptor excitations in InSb, and discuss their
relevance to the determination of valence band
parameters. The latter are not known with
nearly the accuracy of the InSb conduction
band parameters. In part, this is due to the
greater complexity of the valence bands.
Additionally, there is a relative lack of hole
intraband data, as compared with numerous
conduction electron studies involving cyclo-
tron, spin, and combined resonance, and
harmonic and phonon-assisted variants of these.
Currently available valence band parameters
have been determined mainly from interband
and cyclotron resonance magneto-optical experi-
ments. However, exciton effects must be taken
into account in analyzing the tnterband data,
leading to some ambiguity in the determination
of the band parameters. Cyclotron resonance
experiments are also difficult to interpret
because of k,-dependent energy terms, and
complex spectra are observed due to the val-
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ence band degeneracy. Ranvaud! has shown that
application of uniaxial stress simplifies the
hole cvclotron resonance spectra of InSh; the
results were later used by Ranvaud, Trebin

et al.’ to obtain the valence band parameters.
However, the HCN laser spectrometer used in
this studv onlv allowed the obscrvation of
transitions verv close to the band edpe. The
band parameters thus deterrined differ stronglv
from those chtain-d bv analveis’ of interband
and intra-conduction band data. Recently,
Grisar et al.“ obtained photoconductive spectra
for p-type InSh at 12 K for two CO» laser wave-
lengths. These spectra were interpreted as

LO phonon-assisted spin-conserving free carrier
transitions between light hole Landau levels,
and a new set of valence band parameters was
thus derived. However, similar spoectra ch-
tained bv Kaplan® were instead descrited as
excitations of bound holes from the ground
state acceptor to excited states associated
with light hole levels. It appears that a
definitive determinativon of the InSh valence
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band parameters has yet to be achieved.

The specific goals of the present work
are: (1) To obtain more detajiled intraband data
for the transitions reported in Ref. 4 and 5
through the use of high-resolution, high
sensitivity techniques; (2) To determine the
process responsible for these transitioas;

(3) If this process indeed involves acceptor
excitations, to search for additional free
hole transitions. By these means we hope to
obtain new intraband data sufficient for the
accurate determination of valence band
parameters.

The experiments were performed on InSb
crystals grown by Cominco and by E.M. Swiggard
at N.R.L. Values of Np-Np were in the range of
0.5 - 1.5 x 10!* em™3, with Zn or Cd the accep-
tor used for doping. Typical sample thicknesses
were 3 mm for transmission and 0.1 mm for
photoconductivity studies. For the high field
experiments described here, the magnetic field
and direction of light propagation were along
a <111> crystal axis. Low magnetic field
measurements were performed with an iron-core
magnet using magnetic field modulation and
sampling oscilloscope techniques,® while the
high field studies utilized a Bitter solenoid
of the NRL High Magnetic Fileld Facility and
ratioing techniques.7 The CO; lasers were
grating tunable, providing single line outputs
of several watts.

Figure 1 shows a comparison of trans-
mission and photoconductive data at 9.57 um.

A one-to-one correspondence between the photo-

Vol. 37, No. 10

conductive peaks and the transmission minima

is evident. The photoconductive measurements
clearly provide a more sensitive means of deter-
mining the small changes in absorption due to
the resonant processes. An apparent doublet
structure is resolved at higher magnetic fields
as previously reported.“> This structure is
not simply due to the appearance of spin split-
ting. Rather it is a consequence of the order-
ing of light hole Landau levels of differing
principle quantum number and effective "spin,”
the latter designation being accurate only for
more energetic states where the wave function
mixing is small. The photoconductive spectral
response has been determined at several CO;
laser wavelengths, as shown in Fig. 2. Resonant
structure is resolved down to fields as low as
10 kG. No polarization dependence was observed
for the Voigt configuration for either 818 or
elB where & is the direction of the electric
field of the light. The magnetic field depend-
ence of these peak positions is plotted in

Fig. 3. No attempt has been made to correct
for the slightly decreased separation of the
observed apparent doublet components due to

the overlap of the peaks.

In order to identify the charge carriers
responsible for the observed transitions, the
temperature dependence of the Hall voltage and
the magneto-optical spectra were investigated
for several samples. The Hall measurements
indicated that hole freezeout occurs largely
between 12 and 20 K. Transmission spectra re-
mained unchanged between 4.2 and 14 K (see

4

Response
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T.=42K

v Transmission

Photoconductive ~

i

1

30 40 50

L i
60 70 a0 90 100

kG

Fig. 1 Photoconductivity and transmission spectra
for p-InSb at 9.57 um and a lattice tem-

perature of 4.2 K.

The change in trans-

mission from the monotonic background to
the resonance position at -83 kG is
approximately 7X.

Fig. I
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Fig. 2 Photoconductive spectra at four different
wavelengths. Inset shows the high
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resolution of the data with increased
gain. Arrows show how a given peak tracks
with photon energy.
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Fig. 4), and only began to show strong new
features, and weakening of the old, above 14 K.
Both of the observations involving temper-
ature dependence cited above, indicate that the
optical spectra obtained at 14 K and below
represent excitations of holes bound at
acceptors. In Ref. 5 {t was argued that the
final states of the transitions are excited
acceptor states bound to light hole levels split
off by the magnetic field. That such levels
and transitions exist and are strongly allowed,
has been demonstrated by the theory of Lin-Chung
and Henvis.® 1In this interpretation an inter-
esting situation exiats, in which the acceptor
ground state is in the "low effective field"

regime, E,o>>hv., for all field strengths, while
the excited levels are "high effective field"
states, Egg<<hv., for fields above several
kilogauss. Here Es and E,. are the binding
energies of the ground and excited states,
relative to the valence band edge and any light
hole Landau level, respectively, and v. is the
cyclotron energy eB/2wm*c. This behavior occurs
because the light hole mass responsible for
the small value of Eqg, is some 30 times smal-
ler than the heavy hole mass at the band edge,
which largely determines Egq.

In order to compare tge transition energy
data with a band model, it is necessary to
examine the field dependence of all contri-
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butions to the transition energy hv:

;. = S A ((”.b y
3 By = Ego(o) + 2B, (B) + <[[7(N.B) - Eag(B). (1)
Eiﬁb(N.ﬂ) is the energv of the Nth light hole

Landau level in ladder a or b, and AEgS(B) 18

the field-induced shift of the acceptor ground
state energv from its zero-field value Egg(o).

At present, ﬁEgS(B) and Eeg(B) are not accu-

rately known, but thev are small cuantities of
comparable magnitude and opposite sign. (At a
10 micrometer wavelength, their magnitudes are
:0.01 hv.) Thus in the present approach we
write

hv )

a,b
EgS(O) + LM (N,B)
and fit the transition energies using a three
band model,’ with energy gap 236.7 meV and
spin-orbit splitting 803 meV. Below 30 kG the
apparent doublets are no longer resolved, and
a single point representing the average field
position of the two unsplit components is
plotted. A best fit to the data, shown in
Fig. 3a.,b, vields Egs(o) = 9.0 meV, and the
band parameter value P2 = 0.46 a.u. corres-
ponding to Ep = 25.1 eV. Excellent agreement

between theory and experiment is achieved over
the entire range of light

ole quantum numbers

2 to 27. Values of Eyq(c) and Ep determined
in the fit are in good agreement with corres-
ponding values in the literature, e.g. for
Egs(e), 8.540.5,°C 8,11 and 9.3 0.6° mev,

and for Ep, 26.1," 23.5:0.5,% 24,12 21,2,13
23.7,1% and 241" ev.

The excellent fit of the three band model
calculations to the lcw temperature data attests
to the correctness of the interpretation based
on acceptor excitaticns. In order to fully
exploit the data for determination of valence
band structure, it will be necessary to deter-
mine the magnetic field dependence of the
ground and excited s*ate acceptor binding
energies, and to applv an eight band model
including anisotropv. We are presently pur-
suing this direction. In addition, we have
examined the spectra cbtained for sample tem-
peratures above 20 K. Our prelirinarv results
indicate that these spectra are due te harmonic
cyclotron resonance and combined resonance of
free holes. Analysis of these free heole
transitfons should provide an additional means
for determining the valence band structure, in
this case free from complications due to accep-
tor level binding energies.

We are pleased to acknowledge helpful
discussions with M.H. Weiler and the support
of the staff of the High Magnetic Field Facilitv
at NRL.
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Magneto-optical detection of deep acceptor impurities in p-InSb
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We report the first magneto-optical experiments on Au-doped p-InSb and show how they can be
used to detect and identify impurities in semiconductor matenials. A ground state binding energy
of 42.5 + 0.5 meV has been determined for the lower level of the Au double acceptor in InSb. The
technique also provides information about the magnetic field dependence of the excited states

associated with a deep acceptor level.

PACS numbers: 71.55.Fr, 78.20.Ls, 72.40. + w, 78.50.Ge

Detection and identification of impurities in semicon-
ductor materials has long been a topic of technological im-
portance. Of particular interest is the location of the impuri-
ty states within the forbidden energy gap region and ¢heir
behavior in the presence of an external magnetic field. As a
result there have been many theoretical’~* and experimen-
tal> ' investigations in InSb designed to probe the magnetic
field dependence of shallow donor'***7-° and accep-
tor®**'~'* impurities. In addition, oscillatory photocon-
ductivity'“'* and transmission'® studies at zero-magnetic
field as well as Hall measurements'*'” have given informa-
tion about ground and excited state binding energies of shal-
low'® and deep acceptor'*'” impurities in InSb. However,
none of these studies'*"'” were extended to include the effect
of a magnetic field on the observed deep acceptor levels.

In this letter we report the results of magneto-optical
experiments on Au-doped InSb. To our knowledge these are
the first magneto-optical studies on Au-InSb. We have ana-
lyzed the high resolution photoconductive spectra using a
modified Pidgeon and Brown 8 X 8 band model'® and have
obtained a ground state binding energy of 42.5 + 0.5 meV
for the lower level of the Au double acceptor (intentionally
present in the crystal). In addition, weaker structures visible
in the spectra due to the presence of Cd (or Zn) monoaccep-
tors (unintentionally present) have also been identified. We
are also able to show from the analysis that the excited impu-
rity states associated with the deep Au acceptor in InSb are
similar in nature to those associated with the excited states of
the the shallow Zn or Cd acceptors.

The experiments reported here were performed on a
single crystal of InSb intentionally doped with Au impuri-
ties. The impurity concentration was no more than 10'¢
cm 'at 77 K. The sample thickness was approximately 0.1
mm and the magnetic fieid and direction of light propaga-
tion were along a {(111) crystal axis. A Bitter solenoid of the
NRL high magnetic field facility was used to obtain fields up
to 105 kG (10.5 T) and signal ratioing techniques'” were em-
ployed to obtain the high resolution spectra. The CO, laser
used was grating tunable, providing single line outputs of
several watts.

Figure I shows the photoconductive spectral response
observed at three CO, laser wavelengths. The spectra are

880 Appl Phys Lett 41(9), 1 November 1982

0003-6951/82-090880-03$01 00

complicated, containing many strong and weak resonant
peaks. The maxima in the detector response corresponds to a
maxima in the conductivity, where the resonant increase in
absorption has given rise to an increase in the number of
holes. The peaks are labelled according to which acceptor
(Au or Cdj the excitation peak has been identified with and to
which light hole Landau level the excited acceptor states are
associated. We see that the stronger photoconductive peaks
result from the excitation of the Au impurities. In addition,
weaker resonant peaks are seen which, upon analysis, were
found to result from excitation of (Cd or Zn) impurities unin-
tentionally introduced during crystal growth.

Figure 2 is a diagram of possible hole transitions at 70
kG (7.0 T) which are allowed between ground and excited
acceptor states of Au or Cd. It has been previously shown for
shallow acceptors™'* that the most strongly allowed transi-
tions occur between the s-like acceptor ground state and the
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FIG 1 High resolution photoconductive spectra obtained for three CO,
laser wavelengths for BJ|{111) The peaks are labelled according to which
hight-hole Landau levels the excited acceptor states are associated The
strong Au resonances are indicated by the labels appearing above each spec-
tra and the weaker Cd peaks are indicated by the labels appeaning below
each spectra

e 1982 Amaencan Institute of Physics 880




a3 8108

ENERGY |mev|
s&3%
(.
g
(S S SR S N EUN S NI S 107\ B S B B S

~140

FIG. 2. Diagram of allowed transitions at B = 70 kG (7.0 T). Transitions
indicated are from the acceptor ground state of the Au and Cd acceptors to
excited states associated with the light-hole Landau levels {b and 2a for Au,
and 2a and 3b for Cd.

p-like excited states, which lie close in energy to the light hole

Landau levels. Impurity photoionization® is ruled out since
it is expected to be much weaker than bound hole transitions
and is predicted to disappear in the high field limit.?

In order to compare the transition energy data obtained
from the photoconductive spectra to a band model it is nec-
essary to examine all contributions to the transition energy.
Since the light-hole excited-state binding energies and the
field-induced shift of the acceptor ground state are consi-
dered to be small, we have found that *''-'? it is sufficient to
add the ground state binding energy to the light hole Landau
level energies in order to accurately describe the observed
transitions. We have used a modified Pidgeon and Brown
8 % 8 band model to calculate the light hole Landau level
energies and adjusted the value of the ground state binding
energy in order to obtain a fit of theory to data. The band
model parameters E, =0.2352 eV, E, =232 eV,
A=0803 eV, y, =325 1y,=-020 y,=0.90,
= — 130, F= ~020,¢=00, and N, = — 0.55, were
chosen for the analysis since this set of parameters has been
previously shown'*?"?? to describe well an extensive set of
conduction-band cyclotron and combined resonance,
phonon-assisted cyclotron resonance, two-photon magneto-
absorption, intravalence band combined resonance, and ac-
ceptor-excitation data.

A best fit to the data using this model is shown in Fig. 3.
The dashed and solid lines represent calculated transition
energies for the Cd (or Zn) and Au impurities, respectively,
using the procedure discussed above. The solid dots repre-
sent Au transition energy data and the open dots are Cd (or
Zn) excitation data. The zero-field intercepts indicated by
E., and E,, thus represent the ground state binding energy
for the Cd and Au acceptors. We see that by adjusting two
sets of calculated transition energies (dashed and solid line)
until a fit is obtained, we can explain well the complex spec-
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tra of Fig. 1 as a superposition of the strong Au and weak Cd
resonances. From the analysis we extract a ground state
binding energy of 42.5 + 0.5 eV for the lower level of the Au
double acceptor. We see that the weaker resonances are in-
deed due to the presence of Cd (or Zn) monoacceptors since
the use of 8.1 meV for the binding energy, consistent with the
binding energy for Cd (or Zn),'>?* explained well the transi-
tion energies observed for the weak resonances. The value
for the Au binding energy is in excellent agreement with
oscillatory photoconductivity measurements,'>'¢ where the
long wavelength threshold was obtained.

The excellent fit to the Au transition data seen in Fig. 3
{solid dots and lines) shows that the excited state energies of
the Au acceptor must be very close to the calculated light
hole Landau level energies. The same is seen for the Cd data
(dashed lines—open dots). This indicates that the excited
states (excluding s states) of single and double acceptors do
not significantly differ from one another. This feature agrees
with predictions for single and double acceptors in Ge?* and
has been seen for Cd and Ag acceptors in InSb'® at zero-
magnetic field, and for Cd acceptors in InSb in the presence
of a magnetic field."® This is the first time, however, that this
feature has been observed for Au acceptors in InSb using
magneto-optical techniques.

In summary, we have shown that high resolution mag-
neto-optical techniques can be used to detect and identify
deep acceptor impurities in InSb. This technique also pro-
vides information about the behavior of acceptor impurities
in the presence of an external magnetic field and allows ex-
traction of ground state binding energies. In principle, if the
acceptor cross section is measured or known then one could
also develop this technique into a tool for determining the
number of acceptors present in the semiconductor crystal.
Thus, high resolution magnetospectroscopy is a valuable
method for the characterization of semiconductor materials. : ]
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High-resolution magneto-optical studies of free and bound holes in p-type InSb
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High-resolution magneto-optical expeniments on p-type InSb have been performed over a
wide range of temperatures and photon energies for the sampie onentations B (111) and
Bii(100). The spectra obtained at temperatures greater than ~20 K result from
combined-resonance transitions of free holes between heavy- and hight-hole Landau levels,
while bound-hole transitions between ground heavy-hole-hike and excited hight-hole-hke ac-
ceptor states are observed at lower temperatures. The high resolution of the low-
temperature spectra has allowed observation of bound-hole transitions onginating from
heavy-hole-like ground states to final excited acceptor states associated with light-hole Lan-
s dau levels with quantum numbers n = - I 10 27 Polanzation and Hall-coefficient measure-
: ments have confirmed the ongin of both the bound. and free-hole spectra  Analysis of the

high-temperature free-hole combined-resonance data along with extensive intra-conduction-
band and two-photon interband data using a modified Pidgeon and Brown 8 x 8 band mode)
has allowed the determination of a single set of band parameters for InSb that quantitatively
describes these different sets of data 1n addition, a ground-state binding energy of 8 1£0.3
meV for Cd acceptors has been extracted from analysis of the bound-hole spectra. The
energy-band parameters determined from this work are £, —=0.2352 V. K, - 232 eV,

A=0.803 eV, 3, =3.25, y:= 0.2, y:-0.9,x= ~ 1 3, F - 0.2,4-=00.and V', = —0.55.

1. INTRODUCTION

In the past the determination of band parameters
for InSb has depended largely on the results of
intra-conduction-band and one-photon interband ex-
periments. Owing to substantial disagreement be-
tween the parameters adjusted to fit the conduction
band and the interband data, some doubt arose as to
the validity of the quasi-Ge model for InSb pro-
posed by Pidgeon and Brown.! However, it has been
shown by Weiler® and more recently by Efros et al.’
that exciton effects must be included in order to
properly describe the one-photon interband results.
Also, intra-conduction-band experiments are rela-
tively insensitive to the nature of the valence bands
and are thus not particularly suited 10 the deter-
mination of valence-band parameters. Therefore it
is not surprising that there is some disagreement be-
tween published sets of band parameters which have
been obtained by separate analyses of either
conduction-band or interband data.

Another reason for the discrepancy between band
parameters is the relative lack of hole-intraband

2

12

data,*  '* in contrast to the numerous conduction
electron studies reported, and the added difficulty in
interpretation of these results due to the greater
complexity of the valence bands in InSb. Specifical-
ly. Suzuki and Hensel'' have shown that the degen-
eracy of the valence bands at the center of the Bril-
louin zone introduces k,-dependent energy differ-
ences in most observable intraband transitions that
take place near the band edge. Earlier hole-
cyclotron-resonance studies®~® met these difficulties
in the interpretation of their results. Ranvaud’
showed that the application of uniaxial stress sim-
plifies the hole-cyclotron-resonance spectra by de-
stroying the cubic symmetry responsible for the de-
generacy of the valence bands, and later Ranvaud
et al.® investigated both hole-cyclotron and com-
bined resonance as a function of applied stress.
However, the hydrogen cyanide (HCN) laser spec-
trometer used only allowed observation of transi-
tions near the band edge; therefore it is not unex-
pected that the parameters determined differed sig-
nificantly from those obtained by analysis of inter-
band and intra-conduction-band data.

7473 ©1983 The American Physical Society




I-(a

Only one attempt has been made to include hole-
intraband data along with one-photon interband and
conduction-band data in order to obtain a single set
of band parameters for InSb. Grisar er al.® obtained
photoconductive spectra for p-type InSb at 12 K for
two CQ, laser wavelengths. These spectra were in-
terpreted as LO phonon-assisted spin-conserving
free-carmier transitions between light-hole Landau
levels and, by analyzing this data along with the in-
terband and conduction-band data, a new set of
band parameters were supposedly obtained. Howev-
er, similar spectra in the same temperature regime
first obtained by Kaplan,'® and later by Littler
et al."" using a CO, laser, were instead described in
terms of hole transitions from a Cd acceptor ground
state to excited acceptor states closely associated in
energy with the light-hole Landau levels. Addition-
al verification for the identification of the spectra
came from temperature-dependent Hall-coefficient
measurements. Littler et al.'! explained their accep-
tor excitation spectra using a three-band model' to
calculate the transition energies, and a good fit of
theory to data was obtained. However, the three-
band model used does not describe accurately all
band features. Clearly, a definitive determination of
the band parameters for InSb has yet to be achieved.

In this paper we present extensive high-resolution
hole-intraband data which must be used for the
proper determination of band parameters for InSb.
New low- and high-temperature spectra obtained for
B{{(111) and B|[{100) through the use of CO, and
opticaily-pumped far-infrared (far-ir) lasers and con-
ventional grating monochromators is presented.
The low-temperature (T, <20 K) spectra are de-
scribed in terms of bound-hole transitions between
heavy-hole-like ground and light-hole-like excited
acceptor states; the high-temperature (T, >20 K)
spectra result from combined resonance of free holes
between different spin states of the heavy- and
light-hole Landau levels. The high resolution of the
low-temperature spectra has allowed identification
of bound-hole transitions with final excited acceptor
states associated with the light-hole Landau level
quantum numbers n = —1 to 27. Anisotropy effects
seen in both the combined-resonance and bound-hole
spectra have provided additional constraints neces-
sary for determining the final set of band parame-
ters. We have used a modified version'® of the
Pidgeon and Brown quasi-Ge model for InSb to
analyze our results and, along with the use of exten-
sive conduction-band and two-photon interband
data, have been able to determine a set of band
parameters for InSb. This new set of parameters ex-
plains well not only the valence-band results present-
ed here but also those of a number of other experi-

)
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ments: (wo-photon interband,'®'’ conduction-band
cyclotron'™®%  and combined®'®*~*' resonance,
conduction-band cyclotron®*" ~** and combined®?'-
resonance harmonics, electron-spin resonance’' ~%*
and ghonon -assisted cyclotron-resoniance harmon-
2.26-29

ln addition to the band parameters obtained we
show that the high-resolution magneto-optical tech-
niques employed in this study are useful for sensi-
tively detecting the presence and determining the lo-
cation of acceptor impurity states in the forbidden
energy-gap region. Until now, other studies
designed to investigate acceptor impurities in InSb
have consisted largely of oscillatory photoconduc-
tivity, 3 negative  photoconductivity,’?  and
transmission’® studies at zero magnetic field, and
Hall measurements.”®**** From the analysis of the
low-temperature bound-hole spectra, a value of
8.1+0.3 meV has been determined for the Cd
ground-state binding energy. Also from the analysis
we are able to obtain information about the magnet-
ic field dependence of the Cd ground and excited ac-
ceptor impurity states.

II. THEORY

In this study extensive use was made of a modi-
fied Pidgeon and Brown 8 x 8 quasi-Ge band model.
We have adopted the version presented by Weiler
et al.," which was used to describe warping and
inversion-asymmetry-induced  cyclotron-harmonic
transitions in InSb. In this version the complete
InSb kP Hamiltonian is obtained to first order in B
and second order in k, and the quasi-Ge model is
described for the magnetic field lying in the (110)
plane of the crystal. The energies of the conduction
band, and the light-hole, heavy-hole, and split-off
valence bands are calculated in an approximate
coupled-band scheme which includes nonparabolic,
warping, and “quantum” effects in such a manner
that only 4 X4 matrices corresponding to the a and
b Landau ladders need to be diagonalized for each
Landau quantum number n. The model uses a
group-theoretical treatment to obtain all allowed
matrix elements of k and k X k among the valence-
band states transforming as the 'y representation of
the double group. The results give a complete set of
adjustable parameters for the coupled ¢, I'5, and I'y
bands. The set of basis functions used by Weiler are
slightly different from other sets found in the litera-
ture.

The strongest allowed transitions are those pro-
portional to the interband matrix element P, and the
selection rules for both intraband and interband
transitions are given by'’

-
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Up g ). bbby, IIl. EXPERIMENTAL METHOD

Up *lp,y . by-sby,y, th The experiments descnbed 1n this work were per-

b formed on p-type InSb crystals grown either by

dn thaii baccan g Cominco or by E. M. Swiggard of Naval Research

for g, 7, . and =, respectively. For intraband fran-
sitions, the 7 transition occurs at o - w, + w,; or the
“combined-resonance™ frequency, where o, 18 the
cyclotron frequency and w; is the spin-flip frequen-
¢y, and the o, transition occurs at o =w,. Also, in
this approach the valence-band states are not renum-
bered n «n + 1 as was done by Pidgeon and Brown.

Free-hole transitions between valence-band Lan-
dau levels obeying the selection rules given in Eq. (1)
shouid be observable in p-type InSb following
thermal 1onization of the acceptors present in the
material. The selection rules apply equally well for
free-hole transitions from heavy- to heavy-hole,
heavy- to light-hole, and light- to light-hole Landau
levels and thus the particular transitions observed
depend on the thermal population of the initial
states and the range of photon energies employed.
Since relative strengths and field positions of al-
lowed transitions are directly obtainable from band-
model calculations, they provide a straightforward
method for identifying observed transitions.

At low temperatures holes are frozen out onto ac-
ceptor sites, and another class of excitations involv-
ing transitions between acceptor impurity states then
becomes possible. A standard approach to the treat-
ment of acceptor impurity states in the presence of
an external magnetic field is to use the effective-
mass approximation.”® This approach was used by
Lin-Chung and Henvis'’ to describe high-field
donor and acceptor states associated with the Lan-
dau levels by extending the effective-mass approxi-
mation to include the details of the InSb band struc-
ture. From this analysis we note several features
characteristic of bound-hole states. First, unlike free
holes, bound holes possess unique states. Also be-
cause of the degeneracy of the valence bands, the ac-
ceptor states in a magnetic field exist in association
with both heavy-hole and light-hole Landau levels.
At low temperatures it is expected that the excited
acceptor states would be the final states of hole tran-
sitions originating from a ground acceptor state.
Transitions to the continuum levels are not expected
to dominate since transition probabulities to states in
the continuum decrease with increasing field."* The
selection rules between acceptor states are expected
to be the same as that given for donor states,; i.e., for
7 polarization or €}|B, the selection rule is AV =0,
AM =0, AA odd, and for circularly polarized radia-
tion the selection rule is AN =0 or *1, AM= -1,
and AX even (M is positive for o, and negative for
Ogp )

Laboratory (NRL). Cd was the acceptor used for
doping, with the values of A, ~ A, in the range
(0.5-1.51x 10" cm . Sample thicknesses were
typically 3§ mm for transmission and 0.1 mm for
photoconductivity studies. For high-magnetic-field
measurements a Bitter solenoid of the NRL High
Magnetic Field Facilny and signal ratwoing tech-
nigues were employed. ™ At lower fields, measure-
ments were performed using either an iron core
magnet along with magnetic field modulation and
samphng oscilloscope techniques,*” or a supercon-
ducting solenoid and signal ratioing.

The wide range of fixed photon energies used in
the experiments were provided by CO, and optically
pumped far-ir lasers, a grating monochromator, and
an interferometric spectrometer. Measurements
were conducted on samples in both Faraday and
Voigt configurations, with either Bj/(111) or
B '(100) The low-field facility at North Texas
State University (NTSU) had light polanzation
capabilities, whereas the high-field facility at NRL
did not: therefore, except where indicated, the light
incident on the sample was unpolarized, containing
both o and 7 components.

In order to achieve the wide range of temperatures
used, the sample was situated in a cryogenic optical
Dewar and was either immersed in liquid helium or
nitrogen, surrounded by flowing helium gas, or im-
mersed in a static helium exchange gas on a heated
sample block in a tube immersed in liquid helium.
Temperatures between 4.2 and 77 K were monitored
by either a calibrated thermocoupie or a Lake Shore
Cryotronics carbon-glass resistor located nearby the
sample.

IV. RESULTS

Figure 1 shows a comparison of the transmission
spectra obtained for a single sample of p-InSb at
four different temperatures. Resonant minima in
the transmission are seen in the spectra at various
magnetic fields. The change in transmission in the
4.2-K spectra from the monotonic background to
the resonance position at 83 kG is approximately
7%. Clearly, a substantial change in the spectra 1s
seen in going from 4.2 to 38 K. The doublet feature,
resolved at fields above 40 kG in the low-
temperature spectra, is seen to die out as the tem-
perature 1s increased and a new set of resonances ap-

pear. Also, the linewidths of the low-temperature
minima are significantly narrower than that of the
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FIG. 1. Companson of the transmission spectra ob-
tained from a sample of Cd-doped p-type InSb at 9.57 um
for four different temperatures. The observed transmis-
sion minima result from absorption resonances corre-
sponding to high-temperature free-hole transitions be-
tween heavy- and light-hole Landau levels and low-
temperature bound-hole transitions between ground and
excited acceptor impurity states.

F»'S. .8

high-temperature minima. These differences sug-
gest that two different types of transitions are re-
sponsible for the spectra observed at low and high
temperatures. To aid in determining the origin of
the observed transitions, the Hall coefficient was
measured at various temperatures in order to help
identify the contribution of free holes in the ob-
served transitions. The results of this study are
presented in Fig. 2. These measurements indicate
that free-hole generation starts to occur at approxi-
mately 12—14 K, thus indicating that bound-hole
(t.e., acceptor} transitions are responsible for the
low-temperature spectra and free-hole transitions are
responsible for the high-temperature spectra. In ad-
dition, the narrower linewidth of the low-
temperature spectra indicates that the transitions ob-
served at low temperatures are to discrete states
rather than continuum levels, in agreement with the
bound-hole transition model. Therefore, the data
and hence our results and discussion will be separat-
ed into two categories, free- and bound-hole spectra,
respectively.

A. Free-hole spectra

The spectral region investigated in this work in-
cludes many possible transitions, due to the mixed
character of the wave functions and the thermal
population of numerous low-lying levels. These
transitions tend to group around the closely spaced

Tiki

il 20 1'0 !
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FIG. 2. Temperature dependence of the Hall coeffi-
cient for Cd-doped InSb. From the semilogarithmic piot
it is seen that hole freezout has occurred at temperatures
below ~ 12 K.

Fig. .9

pairs of light-hole Landau levels. Figure 3 shows a
diagram of the six possible free-hole transitions al-
fowed at 60 kG for the light-hole energy range
120130 meV. The transitions satisfy the selection
rules given by Eq. (1) of Sec. I1. The energies were
obtained using the band parameters cited in Table |
for the sample orientation B}i{111). Also shown
are transitions, labeled A, corresponding to bound-
hole transitions that are present at low temperatures
(T; <20 K). These transitions will be discussed
later.

Since most of the high-field spectra was obtained
using unpolarized light, containing both o and =
components, the observed free-hole spectra is as-
sumed to contain contributions from all six possible
transitions. Figure 4 shows the wavelength depen-
dence of the free-hole spectra obtained for
B||(111). The arrows show how a given peak
tracks with photon energy. The identification of the
transitions responsible for the transmission minima
observed was arrived at by calculating the positions
and relative strengths of all six allowed transitions,
and comparing these results with the data. An ex-
ample of this can be seen in Fig. 5. The transition
strengths (directly proportional to the absorption
coefficient) were determined by calculating the
square of the matrix elements, for o, (transition 1),
og (transition 2), and 7 (transition 3) polarizations.
These relative transition strengths were plotted as a

j W——— 3
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120 4 FIG. 4. Wavelength dependence of the high-
L temperature free-hole transmission spectra for BI[{111).
"o (n a(m) b*n) b(n) Arrows indicate how a given peak tracks with photon en-

FIG. 3. Diagram showing allowed free- and bound-
hole transitions involving the a *(4) and b *(3) light-hole
Landau levels at B =60 kG for B|j{111). At low tem-
peratures, the bound-hole transitions (labeled A) originate
from the Cd ground-state acceptor level shown. At high
temperatures free-hole transitions are observed between
heavy- and light-hole Landau levels.

rfﬂ. II . )0

function of magnetic field, as seen in the lower half
of Fig. 5. It can be seen that the strongest allowed
transitions, by a factor of ~ 3, are those correspond-
ing to combined resonance of free holes
[6~(n +1)—a*(n) and a ~(n — 1)—b*(n)] requir-
ing m polarization, rather than the cyclotron-
resonance transitions predicted for o; and og light
polarizations. Figure 5 also shows the experimental
spectra obtained with the same transition energy,
118.15 meV (A =10.49 um), that was used in calcu-
lating the field positions of the relative transition
strengths. A one-to-one correspondence of the
transmission minima with the average position of
the combined-resonance transitions, indicated by the
arrows, can be seen throughout the entire spectra.
Figure 6 shows the results of a transmission ex-
periment carried out at low magnetic fields and high
sample temperatures using linearly polarized light to
determine the selection-rule dependence of the ob-
served transitions. The spectra presented was taken
using field-modulation techniques, and they
represent the second derivative of the transmission.
Owing to the low signal-to-noise ratio in this field
range, the experiment was repeated several times

ergy.

and the same results were obtained. It is seen that
the trz}nsmission minima using 7{(€||B) polarization
are 2+ -3} times larger than those observed using
(€1B) polarization, consistent with the calculated
transition strengths presented in Fig. 5. Also, the
observed transmission minima for €lB occur at
slightly higher fields than the minima observed for
€!|{B. This seems to be a result of the stronger o
transition, also seen from Fig. 5. Thus we conclude
that the transmission minima obtained with unpo-
larized light originate predominantly from un-
resolved closely spaced pairs of combined-resonance
transitions, and the average calculated positions
were used to fit the spectra.

Experiments were also performed for the magnet-
ic field oriented paraliel to the (100) crystalio-
graphic direction in order to observe any effects of
hole anisotropy on the transition energies. We
indeed do see a striking effect on the observed spec-
tra due to hole anisotropy by comparing the spectra
obtained for B||{111) and B{|(100): such a com-
parison is shown in Fig. 7. To our knowledge, this
is the first time that this anisotropy has been ob-
served in combined resonance free-hole spectra. It is
seen that the minima observed in the B||{100) spec-
tra occur at higher magnetic field than the minima
observed in the B[|(111) spectra. Also, the relative
shift between the corresponding minima is seen to
decrease with increasing field. These features can be
explained by looking more closely at the anisotropy
of the light: and heavy-hole Landau-level energies
for the a and b ladders. As will be discussed later
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FIG. 5. Companson of free-hole transmission spectra obtained at 10.49 um with theoretically calculated field positions
and relative transition strengths for different hight polanizations. The numbers indicate the light polarization: o, =1,

og =2 7. 3 The arrowed dashed lines show the one-to-one correspondence between the average field position of the
combined resonance t ) transitions and the observed resonant transmission miunma.
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(see Fig. 15 and corresponding discussion) it is seen
— T " that only the b set of the light-hole Landau levels
(\ - displays any significant effects due to the hole aniso-
/ / 'ilw-'m) tropy. In contrast, both the a and b heavy-hole Lan-
\ \ dau ladders show effects of hole anisotropy. Thus
<. E for the transitions obeying the selection rule b~ (n)
[} I S S T T ]
<}
& '/\\} ( A = 10.20um
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] sacH> ’
E l
" .
5 }*_1\/\ }
' :
O}

A 1
] 1 18 19

FIG 6 Polarization dependence of the free-hole
transmsston spectra at low fields for the Voigt configura-
tion. The amplitude of the spectra obtained for ¢ B (7
polanzation) is 2:7—3 times that obtained for €1B, in
agreement with theoretical predictions of the relative
transition strengths.
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FIG. 7. Free-hole transmission spectra obtained at
10.21 pm for BI{(111) and B|{(100). Arrowed-dashed
lines show the shift in resonant minima field positions due
1o the effects of heavy- and light-hole anisotropy.
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FIG. 8. Combined-resonance transition energies calculated from the 8 x 8 band model !solid lines) and the observed
free-hole transitions (dots) for B '(111). The numbers correspond to the following transition assignments: 1,
b (1—a*0); 2, at(—=1)—=b*(0); 3, b (2)—a*(1); 4, b (3)—a*(2); 5, a (l1—=b*(2); 6, b~ (4)—=a*13) 7,
a (2)—b*(3) B, b (5)—a*id); 9, a~1N—b*(4); 10, b (6)—a*(5); 1, a (&)=b*I5); 12, b~ (T)—a*(6); 13,
a (5)—b*(6); 14, b (8)—a™*(7); 15, a (6)—=b*(7); 16, b~ (9)—a*(8); 17, a1 7)—b*(8); 18, b (10)—a *(9}; 19,
a (8)=b*(9);20, 5 (11)—a*(10);21,a (9 —b*(10); 22, b ~(12)—a *(11).

Fl.ﬁ.

~a*(n —1) the shift in corresponding minima is
predominantly due to the anisotropy in the energies
of the heavy-hole b ladder, while for transitions
obeying a ~(n)—b*(n +1) contributions to the ob-
served shift come about equally from both the a
heavy-hole and b light-hole ladders.

Determination of the band parameters obtained in
this study was accomplished in several steps. First,
extensive intra-conduction-band and two-photon in-
terband data, reported elsewhere,”'*~%° were fitted
using the modified Pidgeon and Brown 8 x 8 band
model. In order that correct effective masses would
result, equations of constraint were used to constrain
the values of ¥; — ¥, and the heavy hole m = ({111))
at —1.1 and 0.45m;, respectively. These values
were chosen to agree with previous major studies
(see Table I). The value of A was also held fixed at
0.803 eV, as determined from the stress-modulated
magnetoreflectance results of Aggarwal.®' Then, us-
ing the combined-resonance free-hole data presented
here, adjustments were made to the set of parame-
ters in order to best describe all data. It was seen

I

5

that the anisotropy of the free-hole data provided
additional constraints necessary to determine the fi-
nal values for the band parameters; in particular, the
values of the valence-band parameters, ¥, ¥;, ¥3, K,
and E,. The resulting set of parameters are listed in
Table 1. along with other published parameter sets
for comparison. From the comparison it is seen
that, with the exception of E,, our set of parameters
agree most closely with those of Weiler,® who in-
cluded exciton effects in analyzing her one-photon
interband results. In addition, some similar agree-
ment is seen with the very recent results of Efros
et al.’ (in particular, the values of E, and y,), who
also analyzed one-photon interband data using exci-
ton corrections.

Figures 8 and 9 show the results obtained by us-
ing our set of parameters to calculate the transition
energies for B{|(111) and B!/ (100). Since the data
was taken over a large range of temperatures rang-
ing from 20 to 77 K, a value of 233 meV for E, was
used for frec-hole results. This value for E, is ap-
proximately the value of the band gap at T; =40 K,
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FIG. 9. Theoretically calculated combined-resonance transition energies {solid lines) and observed free-hole transitions
(dots) for B{:(100). The numbers correspond to the transition assignments listed in the caption for Fig. 8.
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lines). Neither set of parameters is seen to describe our combined resonance free-hole spectra.
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as determined from two-photon studies.'” The final
fit for our combined-resonance data 1s, however, not
very sensttive to small changes in £,. An excellent
fit is obtained which explains well all observed
features of the combined-resonance data. From
Table 1 we see that the effective masses and g-factor
calculated using this new set of band parameters
compares favorably to other sets of published values.
A preliminary study of the free-hole spectra, re-
ported carlier.”” obtained a fit simular to that shown
in Figs. 8 and 9. This fit, however, was obtained
without the benefit of the intra-conduction-band
data as a constraint. The energies of the combined-
resonance transitions calculated for the B|'(100)
orientation using this set of band parameters
displayed a separation approximately 3 times larger
than that seen in Fig. 9. With this large a separa-
tion, doublets would have been easily resolved. But,
as 1s seen in Figs. 4, 5, and 7. this doublet feature is
not present. Also, calculations made using this set
of parameters gave heavy-hole effective masses 307
larger than what would be expected. Thus we see
that it 1s important to include data from all regions
in the analysis 1n order to obtain a correct set of
parameters.
_ We recalculated the transition energies for
BI. (111) using other published sets of band param-
eters and found relatively poor agreement with our
data, as is shown in Fig. 10. This figure shows the
transition energies obtained using parameters ob-
tained by Ranvaud er al.® 1solid linest and Pidgeon
and Groves* (dashed lines). It i seen that neither
set describes the combined-resonance data presented
here. Thus is it is evident that our new sect of free-
hole data must be included in order to determine a
proper set of band parameters for InSb.

B. Bound-hole spectra

As was previously discussed, at sample tempera-
tures below ~ 14 K holes are frozen out onto accep-
tor sites, and bound-hole transitions should then be
observed in the transmission or photoconductive
spectra. Figure 11 shows a comparison of photo-
conductive and transmission spectra obtained at 4.2
K for 9.57 um. A one-to-one correspondence be-
tween the transmission minima and the photocon-
ductive peaks 1s evident. As indicated by the ar-
rows. there i1s no shift seen in peak positions between
the transmission and photoconductive spectra.
However, the photoconductive spectra provides
much better resolution than does the transmission
spectra. Clearly, the photoconductive measurements
provide a more sensitive means of determining small
changes in absorption due to resonant processes.

The inset of Fig. 11 shows transmission data tak-

T T o S . oottt e =

en using magnetic field modulation and sampling
oscilloscope techmques and indicates the high reso-
lution possible at low field using these techmques.
From Fig. 11 it 1s noted that, unlike the free-hole
spectra, an apparent doublet 1~ resolved at higher
fields. This feature has been previously reported in
the literature.” " The doublet is a consequence of
the ordering of the hght-hole Landau levels such
that ¢ and b spin states differing in quantum num-
ber n by unity [1.e.. 1b(b 71 11)--2ala * ), etc] he
close together 1n cnergy. This ordering 15 due to the
large spin spliting in the valence band of InSb,
shown guahtatively in Fig. 3.

As discussed 1n Sec. 1, transitions between accep-
tor impurity states should follow the same selection
rules that are predicted for donor states. Also, the
observed acceptor excitations should be equally al-
lowed for o or 7 polarization. Owing to the near
degeneracy of the mitial heavy-hole-like acceptor
states, the observed transitions for both polanzations
should occur at nearly the same ficld posttions. To
check this, a polanzation study was conducted at
low fields using magnetic field modulation and sam-
pling oscilloscope techniques, the results of which
are displayed 1n Fig. 12, For each polanzation the
same intensity was incident on the sample. Little
difference in either amplitude or field position of the
transmission spectra were detected, 1n agreement
with the predictions of the bound-hole model

Figure 11 shows photoconductive and transmis-

Fig. Ir.ig
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FIG. 11. Companson of photoconductive and
transmission spectra obtained at 4.2 K for B/ {111} Ar-
rows indicate the one-to-one correspondence between the
photoconductive peaks and the transmission mimma. The
inse shows the high resolution possible at lower magnetic
fields using magnetic field modulation and sampling oscil-
loscope techmques. The detector response shown in the
inset is proportional to the second denvative of the
transmission signal.
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FIG. 12. Polarization dependence of the bound-hole
spectra for B!|(111) and in the Voigt configuration. No
significant differences in either the amplitude or field po-
sitions of the resonant minima are seen.
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ston spectra obtained at three different widely
spaced wavelengths. The numbers used to identify
the individual transmission mimima (or photocon-
ductive peaks: refer to the ligh’-hole Landau level 1o
which the excited acceptor states are associated.
Note that the high resolution of the spectra allows
individual transitions to be studied over a broad
range of photon energies. The unlabeled peak at
~ 22 kG and the even smaller one at ~ 33 kG in the
photoconductive spectra obtained at 70.6 um have
been 1dentified as the free-hole combined-resonance
transitions whose assignments are b~{2) +a* (1)
and @*(—1) ~b*(0). The free holes in this case
are generated by the photoexcitation process itself
and the other free-hole transitions possible at this
energy and field range are obscured by the observed
bound-hole spectra.

A remarkable crystallographic-dependent aniso-
tropy of the transition energies is observed in the
bound-hole spectra, as can be seen in Fig. 14. Over
a large portion of the spectrum, the high-field com-
ponent of the doublet structure is seen to shift 10
higher field values upon changing sample orienta-
non from B [(111) to B[j{100), while the low-field
component remains virtually stationary. This
behavior is a direct consequence of the anisotropy of
the light-hole Landau-level energies, assuming that
the binding energies of the excited light-hole accep-
tor states themselves do not show significant effects
of amisotropy. An example of this light-hole aniso-
tropy can be seen in Fig. 15, which shows the ener-
gies of the light- and heavy-hole a and b Landau

<
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FIG. 13, Wavelength dependence of the bound-hole
spectra for B'/{111). The high resolution of the spectra
allows individual transitions to be tracked over a broad
range of photon energies. The numbers refer to the light-
hole Landau levels to which the excited impurity states
are associated.
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FIG. 14. Bound-hole photoconductive and transmis-
slon spectra obtained at 1021 um for B (111) and
B (100) The dashed arrowed lines show how a shift 1
resonant field position is seen for the higher field com-
ponent of each doublet, while no shift 1s evident for the

lower field component.
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FIG 1S Duagram of the caleulated Landau-level ener-
gies using our set of band parameters for B (111 and
B 100> and for the n =3, 4, and 5 levels showing the
effects of light-hole amsotropy. The & set of levels, corre-
sponding to the high-field compoenent of each observed
doublet, 1 seen to show an antsotropy 1n the transition en-
ergy. while the g-set energies for B (111> and B (100)
remain virtually identical.
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ladders fr B (111) and B- (100) at 60 kG. Fhese
encrgies were calculated from the 8~ & band model
using the set of band parameters determined in this
work see Table . It is seen that the b set of light-
hole levels corresponds to the high-field tlow-energy)
component of each doublet and 1s most sensitive to
the effects of a-isotropy. It might also be noted that
the prediction of this behavior by theory 1s sensitive
to the choice of band parameters and therefore pro-
vides another useful constraint in the determination
of the band parameters.

A useful method for extractung the zero-field ac-
ceptor ground-state binding energy from the low-
temperature data is to consider all field contiibu-
nons to the bound-hole transition energy fuo. This
15 given by !

fiw = E 10+ 8E (B + €}°(n,B) - E(B), (2)

where E 101 1« the zero-ficld acceptor ground-state
binding cnergy, AE (B) is the field-induced shift
of the ground state, €5.%n,B) refers to the energy of
the nth light-hole Landau level in ladder a or b, and

A X

7484 LITTLER, SEILER, KAPLAN, AND WAGNER 27

E. BV 1s the binding energy of the excited hght-hole
acceptor state final state for the transittoni. Since
values of AE,1B) and E (B} are considered to be
smali, and therr difference even smaller, to a first
approximation we may neglect their contnibutions to
the transition energy and write

fuo = K, (04 el",',bln.Br (3

Thus the observed transitions can be theoretically fit
by simply adding the zero-tield binding energy to
the hght-hole energies calculated using the 8 - %
band model.

Figure 16 shows the results obtained by calculat-
ing the transition energies for Bl (111). We see
that excellent agreement between the theoretical pre-
dictsons of Eq. (3) and our data is achieved over the
range of light-hole quantum numbers n = —1 to 27
for an extremely large number of data points taken
over a wide range of photon energies (~ 12135
meVo and magnetie ficlds i~7-110 kG). In order
to more clearly see the high resolution of the
bound-hole spectra, Fig. 17 shows an expanded view
of Fig. 16 for B (111}, with B=0--20 kG. From
this figure we see that we are able to resolve transs-
tions down to the excited states associated with the
n=26b 27a hght-hole Landau levels. Figure 1%
shows the excellent agreement of the theory to our
data (sohd dots} for B (100). In addition n
shows the agreement of the theory using our set of
band parameters with the only other bound-hole
transition data, taken by Grisar er al ® (open trian-
gles). Here the agreement of theory to data indicates
that Cd tor Zn' impurities were evidently present in
the sample of Grisar ¢r al. since their data fits the
transition energies calculated for the impunty tran-
sitons. From our analysis, a value of 8.1+40.3 meV
was obtained for the ground-state binding energy of
the Cd acceptor [E,.(0!]. This energy is in general
agreement wirth the values 8.5+0.5 meV (Ref. 41
and 8 meV (Ref. 44) found in the literature. Other
values found 1n the literature are as follows:
9.3-0.6,9.86,' 7.*° 8.55* and 9.1 meV.*’

The above analysis assumed that E_B) and
Af b1 were negligible compared to the transition
energres. This assumption is particularly valid for
low magnetic fields and large light-hole quantum
number n. However, as suggested by the theoretical
analysis of Lin-Chung and Henvis." the binding en-
ergies of the p-like excited states increase monotoni-
cally with increasing B and decreasing n. Therefore,
the fit of the bound-hole data to theory discussed
above was accomplished by adjusting E,(0) such
that the low-field, high-cnergy data fit best, as seen
in Fig. 17. Any deviation seen between theory anc
data at high field and low Landau quantum num-




i 3

e Wkt .

II—23

27 HIGH-RESOLUTON MAGNETO-OPTICAL STUDIES OF FREE | 7485
3l _}77 1312 1‘ 10 9 8
“0 ’I » i ‘u Ly r- . - . B 7
F R A Y "R . PR .
120 - I“ . s o « :8 Fla--nazg
/’Z/ /f“ Pl PN - j
c"//,’f #5¢ 4 3 2w Tom !
3 100 - ' Sb.4p 3 2b - )b URE
i "v 7 /‘ ! 5
: 80, "’/v‘o‘g' oo < “ » ’1
g /[/:f/ /‘4" ‘4'.4.“ Lt 1v 4
S w0 o <
vy b4 * . '
2 60 h - < < < ; . o 4‘
7 , . -5
Z . . 1
o« - . - !
-4 - P . -
4 - 0a 13
2 05
’ ’V eane * 7 ) 2
(.,..o- N . N 1b 1a ; 1
S S O i L - J
0 20 40 60 80 100 120
B(kG)

FiG 16 Low-field bound-hole transition energies for B (111) and B ~010 120 kG The lines represent energies cal-
culated using the 8 < 8 band model and a zero-field intercept [E,. 0] of 8.1 meV  Dots represent observed bound-hole
transition energies. The numbers on the lines identify the light-hole Landau levels and the numbers on the borders refer to
bound-hole transition assignments fe.g., 1, ground acceptor level tog *( - 1); 2, ground acceptor level to b " - 11, etc.).

i

TRANSITION ENERGY (meV|

0 5 10 15 2
B{KG! i

FIG. 17, Calculated hound-hole transition energies,

B (111) and 8 ~0 to 20 kG (sohd lines' and obwerved

bound-hole transitions (dots). The numbers on the lines

identify the light-hole Landau levels and the numbers on

the borders refer to bound-hole transition assignments «see

Fig. 164
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bers would then be a consequence of the non-
neghgible value for E. or AL, A deviation is
indeed observed. as seen in Fig. 16. At magnetic
fields greater than 50 kG, we can see slight energy
differences between theory and data of 1—-3 meV for
transitions to excited states identified by light-hole
quantum numbers -~ la{a "(-1)) to lala *{1;).
Since the difference is observable, we might be able
to determine the final states of the bound-hole tran-
sitions.  Figure 19 shows an energy-level diagram
for the light-hole acceptor states associated with the
light-hole Landau levels Ob(b *10)) and la{a~(1))
in InSbh at B=100 kG. The energies of the excited
states were calculated 1n a manner similar to that
presented by Lin-Chung and Henvis'™** and the en-
ergies of the light-hole continuum levels were calcu-
lated using our band parameters and the 8 x 8 band
model. The arrows show allowed transitions be-
tween the s-like acceptor ground states and p-like
impurity excited states associated with the light-hole
Landau ladders a and b. Since unpolarized light
was used, containing both o and 7 components, and
the sample was mounted in the Voigt configuration
for the monochromator measurements, contribu-
tions from the AA odd and AA even transitions
would be expected. This appears to be the case;
Table II lists a comparison of theoretically caiculat-
ed and expenimentally observed transition energies
for high-field data. In this calculation the value of
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AE,, was still assumed to be negligible. From the w—- - T—
comparison we see that the observed transition ener-
gies always fall in the energy range between the 5 |‘ B8 1006
transitions to the two excited p states, indicating ;
that the observed spectra is probably due to un- 0- N D
resolved transitions between the ground-state accep- * N \odd‘]
‘ tor level and the two excited p states. 3 '503 \ml' 2+ odd .
o 55~ :_I!ommﬂ‘
V. CONCLUSIONS 5 ‘ 1 ob
: High-resolution magneto-optical techniques have = 60 7
by, now been extended to the study of valence-band 5 _4\
w - transitions in p-type InSb, yielding new information ‘
s necessary to the determination of band model pa- o Ly oo .
X rameters for InSb. New free-hole combined- ‘ == M
e resonance and bound-hole acceptor transitions are R 1a -
observed for B||(111) and B|I(100), clearly l B

displaying the effects of the valence-band anisotro-
py. The free-hole data has been analyzed along with
s’ extensive conduction band and two-photon inter-
Es band data using a modified Pidgeon and Brown
F band model, resulting in a set of band parameters
for InSb that describes a wide variety of expen-
3 ments. In particular, the set of band parameters ob-
tained in this study has recently been used by
b Goodwin and Seiler®” to describe an extensive set of
j intra-conduction-band data.

FIG. 19. Diagram of allowed transitions between the
heavy-hole (s-like) acceptor ground state and the light-
hole (p-like) excited impurity «* *>s for n =0b and la at
B =100 kG. The notation w.iu sciection rules are those of
Lin-Chung and Henvis (Ref. 37). The energies of the ex-
cited states were calculated 1n a manner similar to that
given by the theory of Lin-Chung and Henwvis, and the en-
ergies of the light-hole continuum levels were calculated
using the 8 x 8 band model. The transitions shown corre-
spond to bound-hole transitions 4 and § (see Fig. 16).

FES. I.26
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TABLE 1L Companson of bound-hole transition energies calculated using by 120 (assunung AF,«B)=0) and F,
values vbtained from Lin-Chung (Ref. 48) with expernimentally observed transition energies

B E,. ES® En~ER E. tmeV) Expenmental
D {meV) {meV) 1020ib 1001 11a 1001 imeV-
709 L 41.1 472 487 48 4
B.24 R 469 SR §4.5 AR
R.95 g1 50.5 563 S8.6 564
92 8.1 66.1 71" 736 79
9 40 8.1 682 TUR AR 747
9.45 R1 529 S8.7 60.8 58.9
967 81 69.7 7513 773 76.6
995 8.1 5§83 60.8 6.0 6113
795 82.1 80.7

10.45 8.1 74.1

Table

The high resolution of the bound-hole spectra has
allowed determination of the Cd acceptor ground-
state binding energy in InSb as well as provided ex-
perimental evidence suitable for studying the
behavior of excited acceptor states in the presence of
a magnetic field. High-field data has been com-
pared to theoretical calculations for the excited
states, resulting in a quahtative agreement between
theory and expenment. In addition, recent measure-
ments*' on Au-doped p-type InSb using the same
high-resolution magneto-optical techniques have
shown directly that the methods developed in this

o.z

study can be used to detect and identify impunties
it semiconductor matenals.
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ITI. INTERACTION OF CO, LASER RADIATION WITH n-InSb - DEEP LEVEL
AND FREE CARRIER EFFECTS

In this section we present the results of a study involving optical transi-
tions from deep levels to the conduction band Landau Tevels. A new experimental
technique is presented for the detection of deep Yevels which should help in
semiconductor characterization using laser spectroscopy methods. Intraconduc-
tion band transitions were also seen in the photoconductive spectra and exten-
sive investigations carried out. In what follows two major papers are repro-

duced. More extensive detiils can be seen in Dr. M. W. Goodwin's Ph.D. thesis.
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Laser-induced magneto-optical transitions from deep levels in n-InSb

D. G. Seiler and M. W. Goodwin®
Center for Applied Quantum Electronics. Department of Physics, North Texas State University, Denion, Texas
76203

1 (Received 15 June 1982; accepted for publication 23 July 1982)

We present a novel means for detecting and studying deep levels in high purity n-InSb with
extremely sensitive magneto-optical techniques, combining sampling oscilloscope and lock-in
amplifier methods. Oscillatory photoconductivity behavior in InSb has been investigated
previously under a variety of conditions and in both n- and p-type samples. However, to our
knowledge, no evidence has ever been presented for oscillatory magnetophotoconductivity (MPC)
in n-1nSb (or in any other semiconductor) caused by electron transitions from deep levels to the
conduction band Landau levels. These studies allow a more precise determination and sensitive
detection of deep levels through a more direct means than has been previously possible. We
observe a resonant structure in the CO, laser-induced MPC at liquid helium temperatures in n-

Mg

InSb which is periodic in the inverse magnetic field and whose amplitude increases with the
magnetic field. This behavior is typical for resonances involving Landau levels. The effect of
lattice temperature, laser intensity, photon energy. and light polarization on the MPC is studied.
The amplitude of this resonant structure saturates at moderate intensities ( ~ 30 W/cm?) and
shows no polarization dependence (for e1B and e}jB). These and other results indicate the
presence of a deep level =74 meV below the conduction band edge (E, =235 meV|. Using a CO
laser, a resonant structure 1s also observed from another deep level, ~170 meV below the band
edge. These deep levels could be caused by either lattice defects or residual impurities. Other
structures observed with the CO, laser are identified with LO phonon-assisted cyclotron
resonance harmonic transitions within the conduction band, and two-photon magnetoabsorption

interband transitions.

PACS numbers: 78.20.Ls, 72.40. + w, 78.50.Ge, 71.55.Fr

I. INTRODUCTION AND BACKGROUND

The properties of deep levels in semiconductors are re-
ceiving a great deal of attention, in part because they are now
a major limiting factor affecting device performance and re-
liability. Unfortunately, deep levels are rather poorly under-
stood. These deep levels are associated with a potential that
1s short range in nature and, hence, effective mass theory
becomes inadequate in describing them. There are also many
difficulties in the detection and identification of deep levels.
Consequently, it is highly desirable to develop new expeni-
mental techniques for the detection and study of deep levels
which could aid in their characterization and theoretical un-
derstanding. In this paper we present a novel method of
studying deep levels in n-InSb using high resolution and ex-
tremely sensitive magneto-optical techniques.

Evidence is presented for two deep levels in high purity
n-InSb (band gap ~ 235 meV at 4 K): (1) using a CO, laser a
level ~74 meV below the conduction band edge has been
identified; (2) using a CO laser another level ~170 meV be-
low the conduction band has also been observed.

Photoconductivity oscillations in InSb have been inves-
tigated previously under a variety of conditions and samples.
In p-type InSb at a zero magnetic field, extrinsic behavior
has been observed due to the excitation of a hole from the
impurity state to the valence band with the emission of one
or more LO phonons.'? With the application of a magnetic

* Present address: Texas Instruments, Inc., Dallas, Texas 75265
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field to p-InSb it has been possible to more precisely investi-
gate bound hole excitations,” * and, in addition, 1o observe
and study free hole transitions.*® Intrinsic photoconductiv-
ity oscillations have also been observed in p-InSb due to va-
lence-band to conduction-band transitions.” For n-type InSb
most photoconductive work in a magnetic field has centered
on the shallow donor levels that are nearly degenerate with
the conduction band or on free carrier properties. Intrinsic
photoconductivity has also been observed in n-InSb due to
band to band transitions.®* However, to our knowledge. no
one has previously presented evidence for oscillatory photo-
conductivity in n-InSb caused by electron transitions from
deep levels to the conduction band. These magneto-optical
studies thus allow a more precise determination and detec-
tion of deep levels through a more direct means than has
previously been possible.

The effects of deep levels usually show up most predo-
minantly in samples with low carrier concentrations. It is
just this experimental condition that makes photoconductiv-
ity measurements extremely powerful in the detection of
weak magneto-optical transitions. Because of the onginally
low number of thermal equilibrium electrons in the conduc-
tion band, it is rather easy to detect a small percentage of
photoexcited carriers. In addition, at low temperatures elec-
trons excited high into the conduction band give rise to an
enhanced mobility. Free carrier absorption, which can mask
transitions from the deep levels, is also minimized by the low
concentrations. Figure 1 shows the magneto-optical transi-
tions originating from deep levels within the forbidden gap

& 1982 American Institute ot Physics 7505
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FIG. |. Schematic representation of the origin of the resonant magneto-
optical transitions from two deep levels 1n InSb. At zero magnetic field the
dashed lines show the £ vs k behavior of the light and heavy holes and the
conduction band, as well as the vaniation of the density of states p{£ ). Upon
application of a magnetic field, the density of states exhibits the well-known
singularitics due to the Landau levels.
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region. At B = 0 direct transitions from these deep levels at
the CO, (~ 115-135 meV}and CO(215-225 meV) laser ener-
gies can not take place. Nonresonant transitions from these
levels with the assistance of phonons or impurities, free car-
rier absorption, or even two-photon absorption effects may
be present in some combination. However, the application of
a magnetic field creates the well known Landau-level struc-
ture and opens up the possibility of direct transitions from
the deep to Landau levels. The resonant photoconductivity
structure would be expected to follow the final electron den-
sity of states which has singularities at the energies corre-
sponding to the bottom of each Landau level. Energy level
broadening removes these singularities but still leaves peaks
in the density of states. Consequently, for a fixed photon
energy, the number of carriers and/or the mobility and
hence conductivity resonantly increases as the magnetic
field is increased.

il. EXPERIMENTAL WORK

The samples used were cut from bulk grown n-type
InSb having a concentration of 9 10** cm~* and a Hall
mobility of 400 000 cm?/V s at 77 K. The front surface was
optically polished with 0.3 #m Al,O, polishing grit. The rear
surface was left rough to eliminate multiple reflections and
etalon effects. The sample dimensions were 5.5 1.5x0.2
mm thick. Two current contacts and two potential contacts
were made using pure indium. The sample was illuminated
with a 20-us wide pulse produced by mechanically chopping
abeam from either acw CO, or a CO laser at a repetition rate
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of 1700 Hz. The 3% duty cycle prevents lattice heating by
the laser. The grating-tuned CO, laser is a flowing gas, elec-
tric discharge cw laser capable of single line outputs of sever-
al watts on many lines between 9.20 to 10.8 um.

The cw CO laser is a sealed off, electric discharge laser
capable of up to 2 W on a number of lines between 5.15 and
5.8 um. The beam is focused onto the sample so that the
region between the potential probes is as uniformly illumi-
nated as possible. A He-Ne laser is used with a silicon PIN
photodiode to produce a trigger pulse for the sampling oscil-
loscope. Calibrated filters are used along with an absorption
cell filled with propylene of variable pressure to attenuate
the laser power. Simultaneous use of both sampling oscillo-
scope and lock-in amplifier techniques provided an en-
hanced signal-to-noise ratio in observing the weak magneto-
optical structure. A constant dc current is applied to the
sample while an ac magnetic field of 150 G modulates the
sample conductivity at 43 Hz. The signal at the sample po-
tential contacts, produced by the laser pulse and the field
modulation is fed through a high impedance differential am-
plifier into a sampling oscilloscope. The output of the sam-
pling oscilloscope is then fed into a lock-in amplifier tuned to
86 Hz which results in a lock-in detector response propor-
tional to the second derivative of the phatoconductive signal.

IIl. RESULTS

A portion of our studies with the CO, laser is shown in
Fig. 2 for various wavelengths. The detector response is pro-
portional to the second derivative of the photoinduced
change in magnetoresistance. The numbers correspond to
distinct resonances for each wavelength. Doublets, labeled
with plus and minus symbols, are resolved at the higher mag-
netic fields. The minima positions correspond to minima in
the resistance or maxima in the conductivity angd are seen to
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FIG. 2 Wavelength dependence of the DLCRH (arising from level E,
shown in Table [1 structure for e[|B. The numbers correspond to the final
state conduction band Landau level and + and - are the spin-up and
spin-down states, respectively. The applied electric field is ~1 V/cm.
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shift to higher magnetic fields as the photon energy in-
creases. The envelope of the resonant structure depends
upon the ac magnetic field modulation technique; the actual
amplitudes of the resonant structure increase with magnetic
field. The magnetic field positions of the structure are peri-
odic in inverse magnetic field. These facts suggest some type
of resonance behavior involving Landau levels. A two-pho-
ton magnetoabsorption (TPMA| structure'”"" is absent in
the spectra because the data was taken with low laser powers
{=~30 mW) where TMPA effects are weak, and for e||B
where TPMA is approximately a factor of 4 weaker than for
elB. Phonon-assisted cyclotron resonance harmonic transi-
tions' > '"* (PACRH) within the conduction band are also ab-
sent because of the €||B polarization configuration where
they are not allowed. This resonant structure shown in Fig. 2
has not been extensively studied since it is a weak magneto-
optical effect, observable with oniy the best high-resolution
signal processing techniques. It is our purpose to show that
the structure shown in Fig. 2 arises from deep level cyclotron
resonance harmonic (DLCRH] transitions vriginating from
a deep level within the band gap of InSb.

There s a distinct contrast between the TPMA struc-
ture and the DLCRH structure. as shown in Fig. 3 for e||B
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FIG 3 Photociinductive spectra for differcat relative peak ncident CO,
laser powers P, . Note the gain setting on the left For P, - 1. the peak
incident power s ~ 1 4 W with a beam of | S-mm 1/¢" ntensity diameter
The dashed vertical lines are drawn at the magnetic field positions of a
TPMA (high powers) and a DLCRH tlower powers! resonance as discussed
1n the text and illustrate the fact that the magnetic ficld positions are inde-
pendent of laser power
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polarization. Here, reproductions of the lock-in detector
output versus inverse magnetic field are given for various
relative peak incident laser powers at 9.56 um. The laser
power was attenuated with calibrated filters and an absorp-
tion cell filled with propylene of variable pressures. The top
trace has a peak incident power of ~1.4 W, while the lower
traces were taken with successively smaller values of Py . The
bottom trace was recorded with the laser beam physically
blocked. As P, is increased a series of weak resonant resis-
tivity minima develop which 1s the same structure as that
presented tn Fig. 2. The photoconductive amplitude of this
series saturates with increasing laser power. With continued
increasing laser power another series of very sharply defined
resonant resistivity minima develops, which has been shown
to arise from TPMA,'" and at the higher laser powers this
structure clearly dominates the photoconductive spectra.
Both sets of resonant structures are periodic in inverse mag-
netic field. The envelope of the resonant structure depends
upon the ac field modulation technique, as mentioned pre-
viously.

A DLCRH structure exists for the entire spectral range
of the CO, laser, while a TPMA structure has a definite
threshold at about 10.33 um. Therefore, most of the expen-
ments on DLCRH were done using wavelengths above 16.33
am to avoid confusing the spectra with the TPMA structure

The power dependence of a particular transition in the
DLCRH structure is shown in Fig. 4 for the wavelength
A =+ 10.53 um. The amplitude 4 was normalized to the high-
est power amplitude A4,. As shown, the amplitude of the
structure increases approximately hinearly to a peak incident
power of about 0.15 W. With greater powers the amplitude
saturates { ~0.20 W) and decreases in size. The same type of
behavior is also characteristic of the other transitions 1n the
DLCRH spectra. The TPMA spectra exhibits a different
power dependence in that the amplitude has a parabolic de-
pendence at low powers and does not show a saturation and
decrease in size with increasing powers available from the cw
laser. The amplitude of the DLCRH structure also nises fac-
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FI1G 4 Relative power dependence of the amplitude of 8 DLCRH transi-
tionsat B~0 S T and forej{Band 4 = 10.53 um The amplitude 1s norma-
lized 1o the highest power amphtude. Note the imitial hnear behavior
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ter with power than the TPMA structure until saturation
occurs. The rise and saturation of the amplitude with power
can be easily described by a simple rate equation analysis of a
two-level system. However, the two-level analysis can not
predict which model of the two presented here is correct.
The rise of the amplitude would be due to the generation of
photoexcited carriers by the absorption of the incident light.
In a quasi-steady-state condition the saturation would be
due to the fact that the generation rate of carriers into the
final state would be equal to the recombination or scattering
rate out.

This DLCRH structure was apparently first observed
in n-InSb by Morita ez al.'® for only one photon energy (117
meV)of the CO, laser. They observed resonances in the mag-
netophotoconductivity for samples (n~10" cm ~ %) at liquid
helium temperaures. They attributed this structure to a pho-
toinduced sum of the normal, spin-flip, and two-phonon
magnetophonon effect. The magnetophonon effect in n-InSb
is usually only observable at temperatures near or above that
of liquid nitrogen. Under hot electron conditions it can be
seen at liquid helium lattice temperatures. The presence of
these resonances at 4.2 K was then attributed to photoin-
duced hot electron magnetophonon effects. The exact
mechanism which caused the spin-flip and two-phonon re-
sonances was not clear. The magnetophonon model of Mor-
ita et al. cannot predict the observed shift of ‘ke structure
with incident photon energy, because the magnetic field po-
sitions of the magnetophonon resenances essentially depend
only upon the energy of the LO phonons, which is indepen-
dent of the photon energy. We thus have to look for other
explanations of this resonant behavior. The only possibilities
are that these effects arise from some kind of intraconduc-
tion band processes (model I} or from transitions originating
from deep levels within the forbidden gap imodel 11). Specifi-
cally, we now look at Model I, which we have previously
used to explain these effects 2!

Model !: Three-phonon assisted cyclotron and
combined resonance harmonic transitions

Figure 5 shows how the resonance positions shift in
magnetic field as the photon energy of the laser is varied. As
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FIG S Fanchart of the DLCRH data with theoretical calcutations of mod-
el 1 discussed i1n the text The intercept was adjusted to 70 meV The
numbers are the final state Landau leveland + and  are the spin-up and
spin-down states, respectively
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seen in this *‘fan chart,” and in the raw data shown in Fig. 2,
the structure shifts toward higher magnetic fields as the pho-
ton energy increases. The lines represent theoretical calcula-
tions from a model in which the electrons in the lowest spin-
up n = 0 Landau level are excited by photon absorption to
some other higher energy Landau level, either the spin-up
{cyclotron harmonic) or spin-down (combined harmonic)
state. This could be a probable absorption mechanism, be-
cause at these low electric fields most of the electrons reside
in the lowest Landau level.2? The energies of the conduction
band Landau levels were calculated with a modified Pid-
geon-Brown 8 X 8 band model using the following set of
band parameters: £, = 0.2352¢V; E, = 23.2¢V; 4 = 0.803
eV, ¥, =324, y,=020, y,=090; ~= -13;
F= —020;9=0; ¥ = — 0.55. This same set describes a
wide variety of other magneto-optical experiments: intrava-
lence band, intraconduction band, and two-photon nter-
band.

With the period and magnetic field positions of the res-
onant structure shown in Fig. 5, a fit of the transition ener-
gies to the data was not possible with a model in which the
electron is simply photoexcited from the fowest energy state
to some other state at a photon energy fiv higher. However. a
fairly good fit was found when the energy intercept at B =~ ¢
was adjusted to be 70 instead of 0 meV, and when the transi-
tion energies were calculated with known band parameters
for InSb. Since PACRH in InSb is well known for one LO
phonon-assisted transition, the energy intercept {70 meV!
could be interpreted as the amount of energy lost to a multi-
ple emission of LO phonons by the photoexcited electrons
The dominant electron-phonon interaction is polar optical
scattering. From energy conservation this can be written as

fiv = E°, (n)— E*_(0) + mfu,, i)

where £, (n}is the energy of either the spin-up ( + ) or spin-
down ( — ) state of the n,, Landau level of the conduction
band and m the number of LO phonons emitted in the transi-
tion. The energy of the LO phonon is known to be approxi-
mately 24.4 meV, thus making the number m of emitted LO
phonons from the equation mfiw, = 70 meV to be nearest
three. The calculated LO phonon energy would therefore be
23.3 meV, which is outside the uncertainty of 24.4 + 0.3
meV of Johnson and Dickey'* and the 24 4 + 0.2 meV deter-
mination from our PACRH studies.'*

Multiple phonon interactions have been observed in
*pinning” or level crossing effects in InSb.'” Several combi-
nations of two-phonon, optical, and acoustic interactions
were used to model a variety of pinning processes.'* A very
weak two-LO phonon-assisted cyclotron resonance har-
monic transition was also reported by Morita er al.'® How-
ever, only one small peak in the photoresponse of a sample of
InSb was observed at one photon energy (117 meV) by Mor-
ita et al.

The three-phonon assisted cyclotron and combined
harmonic transitions proposed by model I can be described
by a transition rate which is proportional to the square of
fourth-order perturbation theory matrix elements.”® Such a
matrix element can be written as

D G Seilerand M. W Goodwin 7508
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where the sum 1s over all intermediate states a3,y and
E = ¢ + fuw. Theenergy of the electron instate a is e, , etc.
There are three other terms similar to Eq. (21 in which one or
more phonons are emitted before the photon is absorbed.
This type of process 1s expected to be extremely weak, cer-
tainly in comparison to one-phonon assisted cyclotron reso-
nance harmonic transitions IPACRH)

Athough there is good overall agreement between the-
ory and data, closer examination of Fig. § shows that for low
and high magnetic fields the theory does not agree complete-
Iy with the data. An improvement 1o the model may be made
by including an energy shift in the resonance positions due to
polaron and broademng effects.'® Thus. Eq. t1) could he
modified by the following equation:

fio =E - E 0+ 3w, + A, i3
where 4 takes into account possible shifts in resonance posi-
tions due to polaron and broadening effects. No attempt was

made to include the term Jd in the calculations shown in Fig.
<

There are some important aspects which do suggest
that model | (a three-phonon assisted cyclotron and com-
bined resonance harmonic effect) may not be adequate in
describing the observed resonant structure. The transition
matrix element of Eq. 12) predicts an extremely weak reso-
nance effect, much smaller than PACRH and smaller than a
two-phonon assisted cyclotron resonance effect. Further-
more, Eq. (2] would predict resonances at energies in which
the denominator goes to zero or with broadening considered,
becomes very small. No evidence for these resonances in the
matrix elements can be seen 1n the data. The resonance struc-
ture does, instead, seem to be described by the final density of
states in the conduction band. At no time in the course of this
study were two-phonon assisted transitions ever observed.
At present, there is no physical reason why one-phonon
iPACRH) and three-phonon assisted transitions should oc-
cur while two-phonon assisted processes should not. Morita
et al”' much later reinterpreted the DLCRH structure
which they ornginally called a photoinduced magneto-
phonon structure with a three-LO-phonon assisted cyclo-
tron and combined resonance harmonic effect similar to
model I of this section. However, they could only fit their
data with a model in which electrons initially in the higher
energy spin-down (s = ~ 1/2)state of the n = 0 Landau lev-
el were photoexcited with the simultaneous emission of three
LO phonons to a final state Landau level n of either the spin-
up or spin-down state. They could not explain why the tran-
sitions should originate from then = 0,s = — 1/2spin state
instead of the lower energy n = 0,s = + 1/2 spin or ground
state where a majority of the electrons exist.

As will be shown in the next section, further expen-
ments give results in which a new model must be used for the
proper understanding of this resonance data. This new mod-
el, model 11, appears to be much more consistent with all
results presented here and results of previous PACRH ex-
periments.
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Model iI: Transitions from a deep level

Model 1 suggests that properties of the DLCRH struc-
ture should be similar to those of PACRH. because (11 the
clectrons which are excited are initially in the same state
{n = 0 spin-up state} and (2) both mechamsms involve the
interaction with phonons. Therefore, a series of experiments
was designed and carried out to check the similanty, if any.
between the two processes. Morita and Mikoshiba** report-
ed that they observed a drastic change in the photoresponse
of a sample of n-InSb from the DLCRH structure 1o the
PACRH structure atter the sample had been exposed to the
atmosphere for 40 days. They attributed the change i the
photoresponse to a formation of an accumulation layer on
the surface, but did not explain the actual mechanism T'hey
also reported that they observed a change when a strong
electric field was applied to the sample, but again no specific
details were given. We have not observed any of the changes
reported by Morita er al.

In Fig. 6 the change of the resonant structure from
PACRH to DLCRH with increasing current [ or electnic
field is shown for el B polarization at a wavelength of 10 65
um. At ohmic or near ohmic electric fields of 100 mV. /cm
(/ =1 mA n top tracel. the observed resonant structure
arises from PACRH. For much higher currents and nonoh-
mic electric fields DLCRH 1s dominant and the PACRH
structure has disappeared. The DLCRH «tructure is clearly
present for lower magnetic fields. Traces with/ = 10 and 20
mA (~1.5 V/cmi show essentially the same DLCRH struc-
ture. Thus the DLCRH structure shows essentially no cur-
rent dependence. This 1s in sharp contrast to PACRH which
is present at low currents but not at high currents where the
electric field is nonohmic. Thus, a major difference exists
between the PACRH and DLCRH structure with respect to
the magnitude of an applied electric field.

One consequence of high or nonohmic electric fields 1s
the heating of the electrons in the conduction band. The
electrons imtially in the ground state at low fields are redis-
tributed to higher energy states because of changes in the
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FIG 6 Current dependence of PACRH and DLCRH showing the transi-
tion of the PACRH structure at low currents to DL.CRH structure at higher
currents For/ - 1 and 10 mA the electnc field in the sampleis ~ 100 and |
V.em, respectively.
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Boltzmann distribution with applied field. This would ex-
plain the decrease in amplitude of the PACRH structure
with higher currents or higher electric fields. As the electric
field is increased, the carner distnbution is broadened in
energy, because of the higher temperatures, and thus causes
a redistnbution of electrons in the ground state. This also
depletes or broadens the nitial occupied states for PACRH,
thus causing an apparent decrease in the amplitude of the
PACRH structure. Wath higher currents causing even high-
er electron temperatures, the PACRH structure would dis-
appear below observable levels, as shown in Fig. 6.

The decrease in amplitude of the PACRH structure can
be seen more directly from a lattice temperature study. Fig-
ure 7 tllustrates the dramatic temperature dependence of the
PACRH amplitudes. Traces were taken with four different
lattice temperatures between 7 and 20 K. The PACRH am-
plitudes are large at 7 K, but become progressively smaller as
the temperature is raised At 20 K the PACRH structure 1s
so weak that 1t can hardly be seen. Thus, even over a short
temperature range. the distnbution of carriers can be
changed enough to cause PACRH to become hardly obser-
vable. This is in agreement with the current dependence of
PACRH shown in Fig. 6. However, the current or electnc
field dependence of the DLCRH structure shown in Fig. 6
does not appear to agree with the interpretation of a three-
phonon assisted cyclotron resonance harmonic effect in
model I because at high clectron temperatures it is sull pre-
sent This would suggest that the imittal state electrons of
DLCRH occupy a different state from that of PACRH.

There is also a marked contrast between the polanzaton
dependence of the PACRH and DLCRH structures. The
polarization dependence of PACRH 15 shown in Fig & for
elB and e"'B. The bottom trace with el B shows the usual
PACRH structure. However.in addition there appears to be
another resonant structure present. For e B, top trace. there
are definite differences in the observed spectra. The PACRH
structure 1s ahsent for ' B, but a new and different structure
which we have identified as DLCRH is now clearly observa-
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FIG & Polanzaton dependence of PACRH  The bottom trace fur e B
shows the usual PACRH structure. The top trace shows an absence
PACRH but shows the DI CRH <tructure quite clearly The apphed clec

tric field 1s ~ 200 mV/cm Note the strong admixture " PACRH tor e B

ble. This DLCRH structure s also present for et B and adds
to the normal PACRH structure, producing the observed
bottom spectra. The purpose of this figure is to show that
PACRH is present for elB, but not for e||B, in agreement
with the photon matrix element selection rules for cyclotron
resonance transitions.

The polarization dependence of DLCRH 15 shown in
Fig. 9 for elB and e!B and for high currents (nonohmic
electric fields ~1 V/cml. As can be seen, in contrast to
PACRH, DLCRH is present for both polanzations, and
does not show any significant differcnce between them. The
small differences in amphtude of the structurcis due to shght
differences in incident power hetween the two traces. Thus,
DLCRH does not appear to obey any specific selection rule<
for the opuical matrix element part of the transition. Many
transitions to all levels of the conduction band seem to be
possible. The polanzation dependence (or independencet of
the DLCRH structure is surprising, if DLCRH 15 an intra-
conduction band process. Every known intraconduction
band process exhibits some form of polanzation depen-
dence, certainly between elB and e!'B where the optically
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allowed selection rules are completely different. Therefore,
one might conclude that this 18 not ar intraconduction band
process where both the imtial and tinal states are conduction
band states i1e model I

In general. the results of the experiments discussed for
DLCRH do not ugree with the results of PACRH. The elec-
tric field. polanzation, and temperature dependence all
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show signifnicant differences, which point to the fact that
the initial states for the two processes must be different.
These conclusions therefore suggest that model I {in which
the initial states for both processes are the same| does not
adequately describe the experimental results. Although
there is fairly good agreement between the theory and data in
Fig. 5 with model I, the good fit must only be coincidental

The independence of the DL.CRH structure on the po-
larization of the laser with respect to the magnetic field indi-
cates that the initial state is not a state in the conduction
band. If 1t were, the transitions would show some polariza-
tion dependence because of optically allowed selection rules
Because of known impunity or defect levels in InSb, it 15
reasonable to assume that the imtial state might be some
deep level within the band gap. Photoconductivity and pho-
toelectromagnetic measurements have indicated a midgap
donor-like flaw intrinsic to the InSb lattice.” 7 Several deep
impurities, such as gold and silver. have also been found
within the band gap of InSb.™ Thus, un electron in some
deep impurity or defect level in the band gap would be pho-
toexcited out of that level into some conduction band Lan-
dau level or shallow impurity state attached to the conduc-
tion band landau levels. This would increase the
conductivity of the sample just ke a mobility increase
would 1.e.. model 1. because the total number of conduction
band electronsis increased. Also, since electrons are deposit-
ed at high energies in the conduction band. the electron mo-
bility may also increase

Spectroscopie measurements of a sample from the sanie
lot of #-InSb used in this tnvestigation have also revealed an
additional deep level in the band gap of InSh. With a conun-
uous wave CO laser iphoton energies of betwen 215 and 240
meV) we have also observed transiions tfrom another deep
level into the conduction band. Figure 10 shows the CO la-
ser-induced photoconductivity results of those expeniments
obtained with the sampling and lock-in technique  These
traces were taken with small powers 1 ~S00mW and show a
smaler signal-t¢ noise ratio than the DLCRH structure tak-
en with the CO, laser. The four wavelengths in Fig 10 are
such that their photon energy 1s below the band gap of InSh

: Fg. Py

FIG 11 Fan chart of the CO laser induced

- 2 deep level transinions with theoretical caleu-
fanions of a deep level model discussed in the
text Themnterceptat B s 170 meV

¥
0
20
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Thus, interband transitions from the valence band to the
conduction band are not possible. Traces with higher photon
energies (greater than the band gapi do show the usual one-
photon interband transitions.”” As indicated by the arrows,
the structure shifts towards higher magnetic fields with
higher photon energies in agreement with Landau level re-
lated resonances. Again, the minima of the structure corre-
spond to conductivity maxima. Although the signal-to-nosse
15 less, there are clearly indicated some important similari-
ties to the CO, laser tnduced DLCRH structure (Fig. 2.
That is, the doublet structure to the minima are present at
the higher magnetic field and become much more pron-
ounced with field. This 15 clearly shown for 4 = 577 um
ibottom trace! and qualitatively agrees with the behavior of
the structure seenin Fig. 2. The amplitude of the structure in
Fig. 101s of the same relative size for both polarizations e||B
and eiB 1n agreement with the pelarization independent re-
sults shown in Fig. 9.

The mimmum positions of this CO laser-induced struc-
ture are plotted in Fig. 11 for each CO laser photon energy
used. The theoretical lines were calculated with a model in
which an electron is photoexcited from some deep level that
is independent of magnetic field to some conduction band
Landau level, etther spin up or spin down, in the conduction
band. This is a one-photon absorption process with no
phonon emission or absorption. The band calculations were
made with a set of band parameters that explains a wide
vartety of intraconduction, intravalence band, and two-pho-
ton interband data."'"'* The energy intercept at 8 = 0 was
adjusted to best fit the data. The best fit resulted from an
energy interceptof £, = 170 + 2 meV. That is, the impunty
state for this process 1s tocated ~ 170 meV below the bottom
of the conduction band or ~ 65 + 2 meV above the top of the
valence band (with an energy band gap of 2352 meV for
InShi In a simple energy conservation equation

i = E  im + E,, (4]

where the zero of energy is located at the bottom of the con-
duction band at zero magnetic field and £, i1s the magnitude
of the binding energy of the deep level

The theory of this model Eq. (4) agrees well for most of
the data shown in Fig. 11. There are some noticeable differ-
ences, however, at the low and high magnetic fields. The
data at low fields lie slightly below the theoretical lines, while
the high field data are just slightly above the theory. The data
at low fields should also be a convolution or a mixture of the
two spin states of the Landau levels; the experiment can not
resolve the two spin states because they are too close together
in magnetic field. In this model the impurity level activation
energy was assumed to have no magnetic field dependence
and hence remained fixed at all magnetic fields. Zawadzki*
has shown that shallow denor levels can be approximated by
a hydrogen-like model and do have a magnetic field depen-
dence which closely follows the 1 andau levels of the conduc-
tuon band. Although very little information exists on the
magnetic field properties of deep levels, 1t is not too unrea-
sonable to conclude that. at least. a small magnetic field de-
pendence of the impunity level should be included. Howenver,
since no adequate theory exists for description of the deep
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levels, no attempt was made to include this slight field de-
pendence 1n the deep level model.

Since the structure for the impurity rransitions caused
by the CO laser have qualitatively the same appearance und
behavior as the DLCRH structure observed with the CO.
laser {same doublet structure and polanzation indepen:
dencel. a fit to the CO. laser-induced DLCRH resonance in
Fig. 12 was also made using a photoexcited deep level model
That 15, Eq 3 was fit to the mimmum positions of the
DLCRH resonance structure of Fig. 2 for ecach photon ener-
gy of the CO, laser used. The energy intercept was agan
adjusted to best fit the data and was determined tobe 74 + 2
meV. Thus. the data could be represented by a model 1n
which electrons are photoexcited cut of an impunty level 74
meV below the bottom of the conduction band. 10 some Lan-
dau level, either spin-up or spin-down state. of the conduc-
tion band. The DLCRH data of Fig. 12 shows the same
qualitative behavior as the transitions of Fig. 11. The data at
low fields are shightly lower than the theoretical energies
while the high field data 15 at a shightly higher energy than
the theoretical curve. An accurate model for the magnetic
field dependence of the deep level might possibly improve
the fit. It should be noted that the observed doublet structure
can only be described by a splitting of the final state, rather
than theinitial state. This is because the energy separation of
the two parts of the doublet structure at a constant magnetic
field decreases for higher Landau level numbers. If the oh-
served splitting were a result of the imitial deep level splitting,
the separation of the doublet structure would remain con-
stant.

Further evidence of a deep level approximately 70 meV
below the bottom of the conduction band comes from the
temperature dependence of the DLCRH structure. Figure
13 1llustrates the decrease 1in amplitude of the DLCRH
structure with temperature. The traces are plotted in the
imverse magnetic field for five temperatures between 2 and
32 K The amphtude of the resonant structure is largest at 2
K and remains relatively constant with temperature until
temperatures of 20-26 K are reached. At those temperatures
the amphtudes decrease dramatically and at 32 K the
DLCRH structure seems to have disappeared completely.

The sharp decrease in amplitude of the DLCRH reso-
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B o o ] nant stiucture at approximately 26 K can be explained by

4 s, A 10.55um ‘ thermal ionization of the 74 meV impurity level and de-
e 8 creases in the detector response of the sample. Thermal exci-

Y ‘ tation of electrons from the valence band to the conduction

band across the band gap (235.2 meV| starts occurring at
temperatures of about 120 K {demonstrated in Hall coefh-
cient measurements and in magnetophonon effect measure-
ments). Thus, thermal 10nmzation of a 74-meV level could
start occurring in the neighborhood of 25-30 K, because of
the tail of the Maxwell-Boltzmann distribution. The CO.
15 laser-induced photoconductive response of the sample also
depends quite dramatically upon temperature, becoming

very small at the higher temperatures. From the results of

20 the experiments discussed here it would appear that model
2% I, in which electrons are photoexcited fro.n a deep level, 74
meV below the bottom of the vonduction band into some

i conduction band Landau level, 1s the correct model for tiwe
interpretation of the DLCRH structure. Model I would pre-
- . dict some similar result for DLCRH as compared to

10 13 A ip-1 20 23 PACRH, yet polarization and electric field studies show
BT definite differences between the two effects. In addition, the

photoconductive results obtained with CO laser-induced

Fio 13 Temperature dependence of the DLCRH structure The apphed deep level transitions show the same general shape of the
ciectric field is ~1 V/em The data 1s plotted in units of the inverse magnet- structure and polarization independence as with the CO,
e field laser-induced impurity transitions. Polarization indepen-

Table III. |

T 2K

DETECTOR RESPONSE

TABLE I Summary of vanious deep level measurements in InSb and their energies below the conduction band
n or p-type
Year Type oi Temperature  concentration
published measurement NS cm tat 77 Ko E,imeVy F meVy E.imeV: References F
1954 Lifetime RRERD | po 1310 170180 Ziter et o/
T Lifetime iS200 nand p. 10" 10" 175 110 Laff and Fan
962 Lifoiime 90 180 nandp. 10 10" 170- 180 H0U-110 - KO Nasledos and Smetanmkova H
' 19K Hall cocfhicient, TTON FR I DA 106 Cunningham et a/
mobihty
1966 Hall cocfticient, S8 W ro10" 120 Baryshey er a/
Transmission
1ae’t Hall coefficient, 150 n and p, 1010 159 120 Hollss et al
Lifetime
1967 Lifetime e n, 1)'7-10" 168 110 4 Abduvakhidos er u/
1964 Hall coefficient 7R 250 P 10710" 120 Galavanoy and Oding
14969 Hall coefhicient 4220 n,10"7-10" 18, 67 Ismailov ¢f af
Conductivity, mohility
Electnie  field depen-
dence
1970 Noise 7200 n 10'-10" 100 30-40 Heyke et al
1T Hall Coeficient, 42 200 a 10 19" 100-128 Trfonov and Yaremenko
Maobility
[BRM Lifetime 42 7" n. 10" 125 Gusemnov e al
1472 Noise b oY 165 + 5 110 ¢ 3 Cralavanos of ui
1971 Absarption 1 wand p, 1077107 168, 18 103 Valyashko and
Pleskacheva
¥ IR Ffenime 77 200 n bt 1020 Blaut-Blaches
Ightsyn er ul
97s Hall coefhaien 77 r. 1o 140 Mackey ef a/
Stress dependence
s Lifetime T2 n, 1 180 120 Blaut-Blaches, Ivieva e a/
1475 Lifetime, none A ro10M 165 + S HO + Galavanov and Oding
197 [il=t:me Wy 200 n, 10 10 161 130 2 Korotin er al
1982 Magneto-optical 4. no oM 170 + 2 74 42 Present work
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dence has also been observed in acceptor impurity transi-
tions in p-InSb. ' In our case, transi.ions from the deep levels
for both polarizations would be possible if the wave function
for the deep level state 1s some mixture or linear combination
of the Bloch states used for the other bands. Then the optical
matrix element between the initial and final states would
probably be nonzero if the deep level wave function was a
large enough linear combination of other band wave func-
tions. Since detailed informarion about deep levels s very
limited, knowledge of the wave functions for these states is
minimal. Perhaps a careful analysis of these results would
vield some information on the wave function. The intensity
dependence observed in Fig. 4 can also be explained by opti-
cal depletion of the deep levels.

IV. CONCLUSIONS

Deep levels in InSb have been studied by a wide variety
of experimental techniques over the last several de-
cades * " These measurements include life-
time, "7 Aot T 1l coefficient, conductivity or mo-
bility, "M 44 gransmisstion or absorption,***¢ and
noise.™*'** A summary of the results of these experiments
are given in Table [ where we also present a comparison with
our determinations of the deep level positions. As can be seen
from the table, there 15 quite good agreement on the location
of level £, located 170 meV below the conduction band. In
contrast, the values for level £, are in rather poor agreement.
Possibly, there mught actually be two different levels in-
volved as indicated by Ismailov ez al.*7 As noted in most of
the previous publications, centers with deep ler Is (£,) are
always present in InSb independent of the method and time
of crystal growth, and aiso independent of the doping level.
Thus, these £. levels seem to be caused by lattice defects
characteristics of the crystal. Their concentration may be
about 10" cm ' Their position i< located approximately in
the midgap region and most of the experimental results
shown in Table 1 are consistent with each other.

Insummary. we have shown that magneto-optical tech-
niques are capable of being used to study deep levels in high
purity InSb. Using a CQO, laser, a level ~ 74 meV below the
conduction band has been wdentified. a level ~ 170 meV be-
low has been found with a CO laser These values are 1n good
agreement with previous results obtained over the last two
decades. [tis not clear whether these two levels are caused by
lattice defects or residual impurnities. We can also conclude
that thes magneto-optical techmques should be valuable 1n
the investigation of deep levels in other semiconductors
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Intra-conduction-band magneto-optical studies of InSb

M. W. Goodwin® and D. G. Setler
Center for Apphed Quuntum Electronies, Department of Physics,
North exas State University, Denton, Texas 76203
(Received ' September 1982}

CO--laser- induced phonon-assisted cyclotron-resonance harmonics (PACRH) 1in n-type
InSb are investigated at low magnene fields with photoconductivity techniques. The high
resolution allowed transtions up to the 23rd harmonic to be seen. Polarnization studies of
PACRH show that strong resonances are present for ¢1B (but not for ¢ (B in the Vougt
geometry. In the Faraday geometry, the resonances were found to be of approximately
equal amphiude for both 0g and o, aircularly polanzed light. A large variety of tntra-
conduction-band magneto-optical experimental work has been unified and explained using a
maodified Prdgeon-Brown energy-band model and only one set of band parameters. These
include eyvelotron resonance. combined resonance. cyclotron-resonance harmonics, combined
; resonance harmonees, electron-spin resonance, and PACRH data from a wide variety of au-
thors. The resulting set of energy-band parameters are E, - 2352 meV, E£,=23.2 €V,

A- 0803 eV, 3, 2325, 7 - 02 3, .09 k- L3, F=-02 g 0.0, N, =- 0.55
: These parameters are also shown to explain the vanation of the effective g factor with mag-
B netic field. In addition, these parameters also quantitatively explsin recent two-photon
magnetoabsorption data and recent intra-valence-band data.

oy

INTRODUCTION one set of band parameters.
In past studies there has been limited success in
Over the past several decades magneto-optical explaining the magneuc field dependence of the
studies - semiconducters have proven capable of conduction-band g factor of McCombe and

Wagner'" or the more recent results of Kuchar
et al.'' However, our new set of band parameters
and calculations obtained here are shown to explain

determuning energy-band parameters because of the
optical transitions that occur between magnetically
quantized electronic or impurity states. The con-

duction band of InSb. in particular, has been exten- this magnetic field dependence extremely well. In
sively studied with a wide variety of techniques. In addition we present new expenmental work on
- part this i< because high-quality InSb material can PACRH. With  a high-resolution  CO»-
e be grown with a small number of impurities and ex- laser—induced photoconductivity technmique, transi-
cellent homogeneity characteristics. It 1s thus not tions up to the 23rd harmonic at very low magnetic
surpnsing 1o find that a great many intra- fields (~ 6 kG) are resolved. From a polanzation
conduction-band processes have been observed and study of PACRH we find for the first time that the
studied 1n InSb. However, there have been few at- absorption strengths for the circularly polanzed
tempts to quantitatively characterize all these pro- light configrations ox and o, are approximately
‘ cesses with theoretical models using the same set of equal in magnitude for the range of photon energies
23 energy-band parameters. and magpnetic fields in this study.
1 One purpose of this mvestigation is to unify the
’ expernimental work on the conduction band of InSb
. mto a more logical and complete study. With a sim- EXPERIMENTAL WORK
o plified 8 8 Pidgeon-Brown model' of the bands, The method to obtain the new low-field data
we simultaneously explain a  wide variety of presented here on PACRH used the sensitive photo-
, conduction-band data- cyclotron resonance,”” ¢ com- conductive response of the sample itself in conjunc-
& bined resonance,’ cyclotron-resonance  harmon- tion with sampling oscilloscope and magnetic field
4 1s.” Y combined resonance harmonies,* ? electron- modulation techniques. The source of incident radi-
spin resonance,” ' and phonon-assisted cyclotron- ation was a continuous-wave COj; laser with a tun-
resonance harmomes* 7' (PACRH) using only able grating providing variable photon energies. The

27 3451 ¢ 1983 The Amencan Physical Society
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laser beam was mechanically chopped, producing
optical and hence photoconductivity pulses approxi-
mately 20 usec wide at a repetition of 1200 Hz. The
sample was mounted in an optical vanuple tempera-
ture Dewar between the pole faces of . 20-kG elec-
tromagnet. Helmholtz coils wrapped around the
pole faces produced a 43-Hz, 400-G, peak-to-peak
magnetic field modulation. A sampling oscilloscope
and lock-in amphfier were used to process the ~ho-
toconductivity pulses produced in the sample by the
chopped laser beam and the ac magnetic field. The
data were recorded as the second derivative of the
photoinduced magnetoresistance v axis) as a func-
tion of magnetic field (x axis).

The samples of n-type InSb were obtained from
Cominco American, Inc. and had a net carrier con-
centration of ~9x 10" cm~? and an electron mo-
bility of 700000 cm/V sec at 77 K. The dimensions
of the samples after cutting were approximately
6x2x0.2 mm’. After polishing on both sides with
3-um alumina polishing grit, the samples were then
etched in a bromine-methanol solution for about 1
min. Contacts to the samples were made by first
fluxing the surface and then soldering small indium
dots with small gold wires to the samples. Two end
current contacts and two side voltage contacts
formed a standard four-contact potential measuring
geometry.

DISCUSSION OF THEORETICAL
PROCESSES AND RESULTS

The theory of the Landau-level energies used in
this study was based upon an 8 x 8 Pidgeon-Brown
energy-band model developed by Pidgeon and
Groves'" and more recently”!” by Weiler er al.
Weiler has reduced the full 8 x 8 Hamiltoman con-
taining warping and inversion asymmetry effects to
two 4«4 matrices (one each for the spin-up and
spin-down Landau levels) which contain only warp-
ing effects along the diagonal part of the matrices.
The reduced 4 .4 Hamiltonians contain ten parame-
ters which must be adjusted to fit the theoretical
transition energies to a set of experimental data. Of
these ten parameters a new one, .V, was introduced
by Weiler to include the spin-orbit sphitung of
higher bands of I', symmetry. The 4 x4 matrices,
which are solved numenically by a computer, give
the energy eigenvalues for the conduction, valence
flight and heavy hole), and spin-orbit split-off bands
for both spin-up and spin-down Landau levels. The
trar<’ on energies for the different magneto-optical
proce -, are then calculated by combining the
Landau-level energies with specific selection rules.
In the following sections the selection rules for these
different processes are given.

Cyclotron, combined, harmonics,
and clectron-spin resonances

Cyclotron resonance was first used by Dresselhaus
et al.'® to investigate the band structure of silicon
and germanium. In simple terms, cyclotron reso-
nance occurs when the energy between the
n=0and n =1 spin-up conduction-band Landau
levels equals the incident photon energy. That 1s

fiw = ES(1) ~ ES(O), Y

where fiw is the photon energy and Ef(n)1s the ener-
gy of the nth spin-up conduction-band Landau level.
The defining equation for the cyclotron-resonance
effective mass m_ is

ﬁ({)—:ﬁa)(., 12\

where w, =eB/m!, B is the magnetic ficld strength,
and m; is an effective mass which for conduction-
band cyclotron resonance is an electron effective
mass. This equation has been traditionally used for
cyclotron resonance even for bands that are nonpar-
abolic. Cyclotron resonance is a result of the selec-
tion rules Ar = +1; As =0 for €1B (o; polariza-
ton] and can be derived from one-photon absorption
processes with the use of the usual spherical approx-
imation.® When the magnetic field B is such that a
resonance occurs, then electrons in the n =0 spin-up
conduction-band Landau level will absorb photons
from the optical flux and be excited to the n =1
spin-up conduction-band Landau level.

Cyclotron resonance in InSb was first observed in
transmission studies by Dresselhaus ef gl. '’ using
microwave radiation and later by Burstein et al.
using infrared radiation. Cyclotron resonance was
also observed by a number of other investiga-
tors.”'=*' In addition to cyclotron resonance,
McCombe and co-workers™* studied other types of
intra-conduction-band processes such as combined
resonance, spin-down cyclotron resonance. and
PACRH which will be discussed in the next section.
Combined resonance is a process in which an elec-
tron initially in the n=0 spin-up conduction-band
Landau level makes a transition by photon absorp-
tion to the n =1 spin-down Landau level. That 1s, at
resonance

fiw == Fio, + e, = E§(1) — ES(0), kY

where fiw, 15 the energy between a spin-up and
spin-down Landau level and

ﬁw::g:“BB- 4

where g 1s the Lande g factor and uy is the Bohr
magneton.  The selection rule for this process s
again denved from the spherical approximation
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treatment  for  one-photon  absorption  and s
An -+ 1Ay 1for ¢ Bim polarization).” This
process is not allowed for ¢iB in the sphernical ap-
proximation.  Spin-down cyclotron resonance obeys
Eq. 12} except clcctlmn transitions oceur between the
spin-down (s =- ) levels of the n=0 and n -1
Landau levels. This effect 1s usually observed” at
the higher temperatures 1 ~ 77 K. where the tal of
the probability distnbuhon  of carners s long
enough to sigmficantly populate the higher-energy
spin-down n =0 Landau level.

Another comprehensive study of conduction-band
processes 1 InSb was performed by Johnson and
Dickey. In addiion to those processes studied by
McCombe, they observed resonant structure in
transmisston spectra which were caused by harmon-
1es of eyclotron resonance. Harmomies of cyclotron
resonance are the result of electrons in the spin-up
n =0 Landau level mming photoexcited to the spin-up
state of some n ~ 1 La: dau level. Thus when a reso-
nance condition oceurs

ho—nhwo,  Ejiny EjO, (8

where n -1 is the condition for cyclotron resonance.
It should be pointed out that because of nonparabol-
wity and quantum effects, the “harmomce™ transi-
nons nfiw. do not oceur exactly at the energy n
times fiw, Thersfore, the notation nfiw, 1s used
merely for labeling purposes. The origin of these
processes in terms of selection rules cannot be de-
rived in the usual spherical approximation. Howev-
er. there have been extensive theoretical investiga-
tions” ' of these processes. Other processes which
have also been observed in studies of the spin-fhip
Raman laser™" are spin-flip with the harmonics of
the cyclotron resonance or

fu - "h()( + ﬁ‘l,; f[':;,“"} —1‘.':10). 6

Electron-spmn resonance assoctated with spin-thip
processes can be described by

feo = ESOV ESUO, (7

where electrons an the sprin-up v« 1 state are
photocaeited to the spin-down "1 state of the
n 0 Landau level  Tsaacson” and McCombe and
Wagner'" investigated this process 1n order to obtain
the conduction-band g factor g, Lq. 4 More re-
centty Kuchar er ul.'' found that the strength of the
spin-resonance hine depended upon the amount of
umaxial stress applied to the sample. However, the
magnetic field positions of the resonances are not
measurably effected  The magmitude of the observed
g factor and its vanation with magnetic field will be
discussed 1in mare detail later

The band parameters used in this study were ob-
tained by numerically fitting the theoretical transi-
tion energies ta a large set of magneto-optical data
In addition to the intra-conduction-band data just
discussed und PACRH data to be discussed later in
this paper, a set of two-photon interband®* and one-
photon intra-valence-band*® data were also used to
numencally obtain the band-parameter set reported
here. With all these processes the resulting band
parameters reported here should be more umiquely
determined than in previous studies.

Figure 1 shows the fit of the theoretical transition
energies to the mtra-conduction-band processes that
have been described so far. The band parameters
deternmined from the fit are £, 23152 meV, E,
232 eV, A-0803 eV, y =325 y.= -02,
1y, 09, k= 1.3, F=-02. ¢-00. and
N, 0.55. The definitions of these parameters are
given by Wetler ¢ a/.° and a comparisan with other
work 1 reported by Littler er al *® It must be paint-
ed out that our measurements could not satisfactori-
Iy determine the spin-orbit splitting energy &. We
therefore used the salue obtained by Aggarwal
(A=0.803 eV)."

In Fig. 1 are plotted the transition energy versus
magnetic field data of several authors.” " The data
should represent most of the important work on the
conduction band of InSo, but is not an exhaustive
set. However. the data of other works' ™ do agree
with those results presented here. The labels corre-
spond to the final state of the transition; the initial
state for all the transitions 1s the spin-up n=0 or
ai( Landau fevel. With this set of band paramie-
ters, a good fit 1o all the data 1s sery apparent even
to the high magnetic fields of 20.0 T (200 kGt At
energtes below 120 meV there 1s an excellent fit of
the theoretical hnes with the data. Above 120 meV
for the at2y, iy, and a(3} transitions there does ap-
pear, however, (o be a shight shift of the theory from
the data. This may be the result of the energy-band
model’s failure to predict accurate transition ener-
gies at the higher energies. Another possibility
might be that small adjustments in the band param-
eter set are needed to improve the fit. However, this
deviation does not significantly detract from the
good overall agreement of the theory with a large
amount of data.

The data in Fig. 1 is a mixture of data obtained
with B parallel to the (Ifl) and (100} crystal
directions. The theoretical fines were calculated for
B (100) crystal direction. The data for the two
crystal directions agree within expenimental error.,
indicating no major differences between them. Fig-
ure 2 allustrates the differences in the theoreucally
calculated transition energies hetween the two direc-
tions with the band-parameter set given previously.
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[ ' T Dickey's result 1s g7t0)= - 51.3. The excellent fit
j - of the theory to gltB) is also apparent in Fig. |
'35[ P where the same good agreement of the transition en-
1 ergies to the spin-resonance line 6 (0i also occurs. In
. the same manner Weiler'™ also explained the mag-
40 - netic field dependence of the spin-fip frequency
T ()" but with a shghtly different set of hand
W . parameters.
L1 f
. — PRESENY RESULTS | Phonon-assisted cyclotron-resonance
- - PIDGEON, MITCHELL, AND BROWN | harmonic transitions
" -~ JONNSON AND DICKEY

. » EDE-ESR(McCOMBE|
- ESRIISAACSON)

S8 L o . A J

0 10 20 0 40 50 60 70 ‘780 9 100
B {kG)

FIG. 3. Extrapolated magnetic field dependence of the
conduction-band g factor showing the excellent fit of our
theoretical calculations (o the data of Refs. 3and 27,

Fig. LL.1b

The B (111) transition energies are only slightly
lower 1n energy than the B (100) transition ener-
gies. 1n agreement with the amisotropy measure-
ments of McCombe.'' The deviation is more pro-
nounced for transitions at high energy and high
magnetic ficlds. The high-field and high-energy
data of Fig 1 (T a) were obtained with B' (100),
as were the theoretical lines, thus no discrepancy
should exist because of the differences in the two
crystal-field directions  There remain only the low -
energy, Jow magnetic field data, which is a mixture
of B. (111) and (100) data and for which there
should be no noticeable differences in energy as
shown in Fig. 2.

As was mentioned previously, McCombe and
Wagner"" experimentally determined the conduc-
tion-band g factor g° from Eq. (4) as a function of
magnetic field from spin-resonance measurements.
In Fig. 3 their values for g'tB) are plotied along
with theoretical results of other work® ™ and of this
study. The theoretical calculation of g2 (B) was ob-
tained by finding the theoretical energy difference
A B between the ¢ 0 and 5100 Landau levels of
the diff  ont theories and then naing Eqg. (4 1o deter-
mine g7 B As shown, the theoretical lines of
Pidgeon ¢t al.* and Johnson and Dickev? underesti-
mate and overestimate the data, respectively. The
band parameters of this study were adjusted to fit g°
to McCombe and Wagner's data.'” Thus there 1
good agreement between theory and data even for
Isaacson’s” B =0 value of - 1.3 The higher band
parameter which influences g1 B) the most 15 N,
which is —0.55 from these measurements. At B -0
our value of g7t is 80,6, while Johnson and

Another major magneto-optical effect which s
certainly relevant to any discussion of intraconduc-
tion pracesses 1s that of PACRH. The basic theory
for this process was first published by Bass and
Levinson.™ In addition to an electron-photon in-
teraction which causes the processes descnibed in the

preceding sectton, a longitudinal-optical (LOJ polar

phonon also interacts with the electron-photon sys-
tem 1o create absorption resonances. Specifically, an
electron in the wt0', spin-up n=0, Landau leve! will
absorb a photon, while stmultancously emutung an
LO phonon of energy fiw,, and thus make a transi-
tion to some higher n spin-up an. Landau level.
The stmple cnergy conservation equation for this
process is

fiw = nticr, +foy— Egin)— Eg10) + fw,,. 3]

where iy, 18 the LO-phonon energy. The transition

rate for this process is usually described by second-

order perturbation theory ™' and can be written as
7

r _ 2(,/" Hy 1)t Hg D)
T n S B _ESO -

(f Hg )¢ H, i) °
*',2 E, — ES0)— i,

wOES N — EL0) — fiw + fuwg ), (9

where Hpg and H, are the electron-photon and
electron-phonon  interactions,  respectively, and
£, (01 E,, and E,(n1 are the energies of the nitial,
intermediate, and final states (i1, f), respectively.
The b function 1s a statement of the energy conser-
vation, Eq. (8), and the sum is over all possible inter-
mediate states. For the light polarization ¢ in the
electron-photon mteraction Hy, the landau-level
number n changes to n + | from the initial to the in-
termediate states first term) or intermediate to final
states (second term! for the same spin.  The
electron-phonon miteraction H; allows a transition
from a siate n to any state n’, but s strongly spin
conserving. Thus, although there are definite selec-
tion rules for the electron-photon interaction, transi-

bk St il
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tions between any Landau levels n and n* are al-
lowed, because there are no selection rules for the
clectron-phonon interaction. The same types of vir-
tual transitions to and from the intermediate states
are also possible for v, PACRH should not be ob-
served for €' B. because then the photon transitions
are between states of opposite spin.

The minimum positions of the PACRH structure
at each photon energy for new data presented in this
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paper and the data of other previous work are plot-
ted in Fig. 4. With the set of band parameters deter-
mined in this investigation, transition energies for
PACRH were also calculated (lines) and compared
with the data. In addition to the band parameters
already discussed. the LO-phonon energy (the ener-
gy intercept at B =0) was also used as an adjustable
parameter in the computer minimization program.
With a fit to all the data shown in Fig. 4, the value
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for the LO-phonon energy fiw, was found to be
24.4+0.2 meV. Johnson and Dickey' also deter-
mined the LO-phonon energy from their measure-
ments to be 24.4 - 0.3 meV. Over the full range of
magnetic fields and photon energies there is thus ex-
cellent agreement of theory with a wide vanety of
data using the band parameter set determined in this
investigation.
Present results of PACRH

Expennments on PACRH were also performed in
this study for n-type-InSb with the free-carrier con-
centratton ~9% 10" ¢em™ " Figure 5 shows the
wavelength dependence of PACRH that we obtained
with the sampling and lock-in techmque for three
representative  wavelengths.  The PACRH  reso-
nances are associated with the muimum structure
because the minima correspond to maxima in the
conductivity.  With the sampling and lock-mn tech-
nique the detector response s proportional to the
second derivative of the photoinduced magnetoresis-
tance. Thus changes 1n the resistance of the sample
are inversely proportional te changes in the conduc-
tisity. For PACRH the light induces changes in the
mobility of the free electrons 1n the conduction
band, which causes changes 1in the conductivity of
the sample. At a resonance, the hght will excite car-
riers at the bottom of the band to very high energies
i the band where the mobility of the carrters 18
larger. thus increasing the conductnvaty or decreas-
ing the magnetoresistance.  The structure could only
be resolved for wavelengths greater than 1033 um
because two-photon magnetoabsorption” dominated
the spectra for high photon energies and therefore
mashed any intra-conduction-band process below
that wavelength. The numbers correspond to the

(24
o8
Tonlw.w )

o S a, 5
Towortwaw) [ n+2 Hg' nm+ 1] | (n a1

The use of Eq. (9! of Ref. {3 to evaluate the photon
matnx elements and approximating the rauo of the
phonon matrix elements for farge n as ~ I allows us
to write the ratio as 17«1 o~ 20 for a fixed o
Thus, for large n. the absorption strengths for
ag and o, would not be expected 10 differ much, as
shown in Fig. 8.

CONCLUSIONS

In conclusion we have been able 1o characterize
the conduction band of InSb to much greater accu-
racy that has previously been reported. With the
following set of band parameters, K - 2352 meV,

Landau-level number of the final state of the transi-
tion.

An expanded scale of our low-fleld data 1s shown
m g 6. The hines represent theoretical calcula-
tions using our same set of band parameters, and
fuwy=24.4 meV. With the sensitive sampling and
lock-tn amplifier technique, transitions to the 23rd
harmonic of PACRH can be resolved. Even to these
high harmonics of PACRH, our new set of band
parameters is sull quite vahid for describing the ob-
served transiion energies.

The polarization dependence of PACRH s shown
in Fig. 7 for €!B and €' ,B. As indicated. PACRH
is much stronger for ¢iB than for ¢ B. The tact
that small resonances are even observed for ¢ Bs
probably due to a small admixture of ¢. R poluriza-
tion 1n the ¢ B trace. In addition to ¢ . Bund ¢ B
we have also obtained spectra for the cireular polan-
zations vk and o, . shown in Fig. 8, by propagating
the beam through a ZnSe Fresnel rhomb. For both
g and o, the PACRH resonances appear to have
equal strengths. To our knowledge this has not been
observed before. However, for the transitions with
final states n =923 in the range of magnetic fields
shown here. the transition rate for both vg and o,
are expected to become approximately equal as
shown by the following simple argument. For the
large harmonics observed here (1 =9 - 231 the second
sum over ¢ 1n the transition probability given in Fyq.
9) will dominate, rather than the first sum over ¢
Thus we consider second-order transitions proceed-
ing by the phonon interaction H; first and then by
the photon interaction for cither o; or op polarized
light. Choosing an intermediate state of Landau-
level number n + 1 for both polarizations allows us
to write the transition probability ratio

,’A(‘" H;", "',”,.\, _I,(" ‘l‘ii;,:‘;o.”: ey

H/'10)|?
Y

E,=232 eV, A=0803 eV, =325, y,= 0.2,
=09, k=13, F=-02 ¢=00. N, = 055
and a modified Pidgeon and Brown Hamiltonian
model of the Landau levels. we are able (o calculate
transition energies for most of the important intra-
conduction-band magneto-optical processes. These
include cyclotron resonance, combined resonance,
cyclotron-resonance harmonics, combined resonance
harmomies, electron spin - resonance, and phonon-
assisted cyvcelotron-resonance harmonics (PACRH).
In addion. the magnete field dependence of the
conduction-band ¢! factor 1s caleulated from these
band parameters and is found to agree very well
with the experimental spin-resonance resutty,'™ '3
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It should also be noted that these band param-
eters can also be used 1o caleulate transition energies
that are alvo i excellent agreement with recent
ntrasvabence-band™  and two-photon-interband ™
magnet-optical data. Except for the value of £,
these band parameters are in good agreement with
those obtained by Wealer™ from analyang one-
photon-nterband  data. wncluding exciton contribu-
tons. Thus with one band-parameter set more
magneto-optical processes can now  be explaimed,
making this the most accurate set for InSb so far,

In additton to the band-parameter studies we also
preseot new experimental results of PACRH. With
4 sensitive photocenducuvity techmque PACRH
transions up o the 23rd harmonie have been
resolved.  extending previous observations  of
PACRH 1o much lower magnetic fields (8 - 6 kG
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IV. INTERACTION OF CO LASER RADIATION WITH n-InSb

The optical properties of InSb such as absorption and refractive index have
been shown to be strongly dependent upon the creation of even a small number of
free electrons or holes. Particularly large and interesting nonlinear effects
are seen near the bandgap wavelengths because of resonant enhancement near the
sharp band edge. In "dynamic" nonlinear optics, the changes in optical effects
depend upon the dynamics of the relaxation of the excitation (i.e., how long
does it take for the electron and/or hole to relax) back to an equilibrium
situation. Needless to say, this is a very complex suhject because many dif-
ferent physical processes can take place either simultaneously during the photon
absorption or subsequently after the absorption.

Here we have investigated absorption processes at CO laser wavelengths both
below the fundamental gap energy and above it. Photoconductive responses are
observed and identified as arising from (1) impurity or defect level transitions
to conduction band Landau lavels and (2) interband transitions originating from
valence to conduction hband Landau levels by one-photon interband magneto-
absorption {exciton effects must be taken into account).

We have already reported on deep level transitions using the €O, laser in
Section III. One reprint there contained a short section of transitions from a
deep level to the conduction band Landau levels using the CO laser. This deep
Tevel was found to originate at an energy of 170 meV balow the conduction band
edge (or about 65-66 meV above the valence band edge). This Tevel may cor-
respond to an excited state of a gold acceptor.

Figure IV.1 shows unpublished reproductions of the photoconductive response
of 2 high purity sample of n-InSb. The numerals 1-6 correspond to one-photon
interband magneto-optical transitions between the vilence band and the conduc-

tion band. Of course, the role of excitons is important and must be taken into
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account in the guantitative interpretation of this data. Transition encrgies
can be calcul2ted from an § x 8 Pidgeon-Brown energy band model and compared to
the data. The mijor unresolved question is to investigate the quantitative role
nf the excitons. This work is being pursued with the theoretical help of Yr. R.
F. wallis.

The structure labeled 1 in fiqure IV.l is a transition which we have
identified as a valence-tn-shallow impurity level process. The fine structure
splitting may be due to central cell splitting of this shallow donor ground
state. The observed magnetic field spltittings correspond to fractions of an meV
in energy ind are in reasonable agreement with the expected central cell split-
tings.

At much Yower encrgies one seos a s2ries of structures which is related to
Toctron transitions from deep levels to the conduction band Landau levels.
This deep 1avel i35 different from the one reportad carlier in the roprint in
octron 111, Different samplos of n-InSh were used which accounts for the
fitferent activation energios.  This sample has an activation energy value of
T g2 eV apnve the valence band edge which is in reasonable agreement with the

Jround stit2 of a gold acceptor.
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V. INVESTIGATION OF NONLINEAR OPTICAL PROPERTIES OF SEMICONDUCTORS
A. Indium Antimonide

Here we present some of our results of an investigation of the nonlinear
optical properties of n-InSb using two-photon spectroscopy techniques and only
cw C02 lasers. QOur two-photon experiments were the first to be carried out in
solids using only cw lasers. Some very high magnetic field work (up to 15 T)
was carricd out at the Francis 8itter National Magnet Laboratory on the HIT
campus. Most of the exp2rimental work was carried out at NTSU at much lower
fields (< 2 T). More extensive details than can be presented here are contiined
in a Ph.D. thesis of Dr. M. 4. Goodwin. In what follows we reproduce several of

our published papers.
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Resonant structure in the magnetophotoconductivity of n-InSb 1s shown 1o arise from two-
photon absorption of cw CO; laser radiation  This s the first ime that two-photon expeciments

in solids have been carried out with only cw lasers

Weak magneto-optical transitions in high-purity »-
InSb induced by a CO, laser have been recently ob-
served by photoconductivity measurements for g1B
in the Voigt configuration for magnetic fields up to
1.2 T'~® This resonant structure was first attributed
to multiple LO phonon emission from high-energy
photoexcited electrons created by intraband absorp-
tion.!-? Later, it was proposed that the structure in-
stead originates {from midgap deep defect levels that
are known to be present in InSb.> Two-photon
resonant magneto-absorption was not suspected be-
cause of the use of cw lasers and the very low inten-
sities =1 W/cm?) where the structure can first be
observed. In this paper we present new experimental
results on this resonant structure for €18 and for
fields up to 2 T. The simultaneous use of two CO,
lasers has enabled us to identify unambiguously the
physical origin of these resonant transitions as (wo-
photon absorption rather than either of the two pre-
vious interpretations. This is a surprising and impor-
tant result since two-photon effects (in any material)
have only been previously observable with the help
of at least one high-power pulsed laser which pro-
duces the high photon fluxes that were previously
thought to be necessary. The use of cw lasers for
two-photon absorption opens up new opportunities in
spectroscopy by allowing high-resolution studies of
new transitions with selection rules and exciton ef-
fects which are different from one-photon transitions

n

The evidence for the two-photon-absorption interpre-
tation which we present in this paper consists of (1)
the change in conductivity induced by two cw CO,
lasers simultaneously incident on the sample. (2) the
amplitude of the structure which varies as the square
of the intensity, and (3) the good agreement between
theoretical and experimental two-photon transition
energies. Our new experimental results cannot be
explained by the multiple-phonon or deep-level
models since neither model is consistent with the
two-laser results or the intensity dependence of the
amplitudes.

In our experiments, a constant dc electrical current
is applied to the sample (of concentration 9 x 10"}
cm™!) while a small ac magnetic field modulates the
sample conductivity at a frequency of 43 Hz. The
photoconductive signal produced by the chopped laser
( ~ 20-usec pulse width and 1700-Hz repetition rate)
18 fed into a sampling oscilloscope, the output of
which is fed into a lock-in detector with response pro-
portional to the second derivative of the photocon-
ductive signal. All experiments were done in the
Voigt configuration with either €18 or €118 and the
current parallel 1o B with B parallel to a (110) crys-
tallographic direction.

The crucial experiment that clearly shows that the
observed resonant structure in the photoconductivity
is due to two-photon processes is illustrated in Fig. |
The top curve shows a photoconductive trace ob-

6806 ©1981 The American Physical Society
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using various combinations of two-photon energies
Moy =236 64 meV. Way =269 56 meV, Kuy +Kwy =253 [0
meV. and Mw; 25318 meV  The spectrum with Aw) +hw,
was obtained with two separate laser beams simultaneously
incident upon the sample

Py YAl
1ained from a single 10.48-um (Fw; =118.32 meV)
laser operating with a large peak incident power of
1.8 W. The sharp resonant structure is absent, and
only one-LO phonon-assisted cyclotron harmonic
transitions within the conduction band can be seen *
The next trace shows the resonant structure obtained
with a single 9 20-um line (Fw; =134.78 meV) at a
lower power of 0.2 W from another laser. The two-
beam experimental results are shown in the next
trace where completely different structure is seen,
with only traces of the structure due to the weak
9.20-um laser. Clearly this new structure arises only
because of the presence of the two photons fw, and
As a final check, if two-photon processes are
the origin of this new structure, the positions are
determined by fw, + fw;. Consequently, the same
structure should be observed with only one laser, but
at a different photon energy Aw; such that
X wy =Aw, +Xw,. the last trace shows that this is in
fact the case using only one laser operating al 9.795
pum (2 wy=253.18 meV).

The only other possible interpretation of these
data, aside from two-photon absorption, could be ab-
sorption of second-harmonic intensity produced when
the incident radiation is polarized along a (110) crys-
tal axis. However, we have also observed these same
resonant effects for light polarized along a (100)

”lu;
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axis. Consequently, we conclude that second-
harmonic effects are negligible and that we are ob-
serving pure two-photon resonant transitions.

The amplitude of the resonant structure, which is
directly related to the number of photoexcited car-
riers, was found to vary approximately as the square
of the intensity. This is additional confirmation of
the involvement of two-photon absorption. The
number of photoexcited carriers n created by two-
photon absorption 1s given by

dn

S = Al = rnn + ng)

1
&t (1

where 4, is the coefficient of two-photon absorp-
ton,* r; is the coefficient of guadratic or direct
recombination.® / is the light intensity incident on the
sample, and ny 1s the electron density when / =0

For the small intensities of our experiments where

n << ng, we then have for steady state n = ( A4,/
ryng} 17, which explains the observed intensity depen-
dence of the amplitude

For the purpose of obtaining a value for 4,, we re-
peated our experiments using a boxcar integrator
with no field modulation. From the photoconductivi-
ty voltage at resonance we estimate that n =<1 x 10"}
cm™' at a peak intensity of ~ 130 W/cm? for a peak
observed at A=9.59 um at B =12 T. Averaging
over a Gaussian intensity distribution and using a
value of r; =1 x107° cm*/sec,® and no =9 x 10"
cm”}, gives 4 =0 7 cmsec/erg’ in reasonable agree-
ment with the experimental results of .6 cm sec/erg’
measured by Nguyen ¢/ al.* for the same line ob-
served in absorption. This value is also consistent
with their theoretical estimate. A more detailed
analysis of the intensity will be published later.

There have only been a few previous observations
of muitiphoton absorption in InSb in a inagnetic
field, first by Button er ¢!/.” This work was extended
by Weiler ¢ al..* who interpreted the data using a
tunneling theory of multiphoton absorption® which,
like the zero-magnetic-field theory of Keldysh,'® was
fater shown to be incorrect for two- (or even-) pho-
ton absorption.'''? Manlief and Pakik'' explained
most of their experimental results using the selection
rules from perturbation theory, which were later also
given by Zawadzki and Wlasak'* with the absorption
for polarizations € Ii B also observed and explained by
Favrot et al.'* Nguyen and co-workers® also ex-
plained their observation of two-photon absorption
for €18 with transition strengths calculated from per-
turbation theory using nonparabolic wave functions
The most recent study of two-photon absorption in
InSb. in zero magnetic field, 1s that of Pidgeon and
co-workers.'® who give references to other work, and
show that a perturbation-theory treatment, taking
into account the exact nonparabolic wave functions
and neglecting exciton effects. gave good agreement
with their experimental results  Their conclusions
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should also be valid for experiments in a magneltic
field.

Comparison of our data shown in Fig. 1 with the
two-photon data of Ref. 13 (Fig. 1) using a trans-
versely excited atmosphere (TEA) CO, laser and of
Ref S (Fig. 1) using a ¢-switched CO,; laser clearly il-
lustrates the high resolution of our measurements
where structure is seen at fields as low as ~ 2 kG.
Also, an apparent doublet structure is resolved in
some lines which has not previously been observed.
We have observed two-photon structure using a sin-
gle laser with peak incident powers as low as 14 mW
in a beam of 1.5-mm 1/¢? intensity diameter.

Further confirmation of the identification of the
resonant structure with two-photon absorption is pro-
vided in Fig. 2, where the resonance positions, from
experiments with a single laser, are compared with a
theoretical calculation. The theoretical transition en-
ergies were calculated using a refinement'’ of the
Pidgeon and Brown 8 x 8 model'® with parameters ad-
justed to give excellent agreement with interband and
intra-conduction-band magneto-optical experiments.
A value of £, =236.6 meV gave the best overall fit,
with the other band parameters as given in Ref 17
In Ref 17 the observed one-photon interband transi-
tion peaks were identified with the exciton ground
state associated with each transition by reducing the
calculated interband transition energy by an approxi-
mate exciton binding energy.'**® For comparison
with the present experiments we have used a numeri-
cal approximation’! to the calcuiated exciton binding
energy which is valid for the range of magnetic field
values in Fig 2

The theoretical curves in Fig 2 were calculated us-
ng the two-photon perturbation theory selection rule
An =0, +£25'%1% The positions are quite different
from those with the singie-photon selection rule
An =+ 1, differing essentially by a hole or electron
cyclotron resonance energy. The high resolution of
the present data provides an opportunity for identifi-
cation of individual two-photon transitions, as op-
posed to unresolved groups of transitions. The fact
that new transitions are observed is a general charac-
teristic of two-photon spectroscopy. and provides a
further test and opportunity for refinement of the
theoretical modet.

It is clear from an examination of Figs. | and 2
that the experimental resolution of 0.2 meV is suffi-
cient to resolve not only the exciton ground-state
peaks, but also excited-state peaks, associated with
the different interband transitions. In Fig. 2 only the
exciton ground-state transitions are plotted. Al-
though the exciton correction i1s quite crude, we are
satisfied with the good overall fit with the data In
future work we will attempt a better identification of
the observed lines using an improved exciton correc-
tion, taking into account the possibility of excited ex-
citon states  This will also allow a more accurate

TRANSITION ENERGY [meV)

236 &= — T i [ PO |
0.0 04 08 12 16 20
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FIG 2 Transiion energies vs magnetic field  The dots
represent the experimental data while the curves are the
transihon energres calculated for the strongest allowed two-
photon transitions An =}, +2 We give below. 1n the nota-
ton of Ref 17, the strongest transitions corresponding to
each group of curves | o (2 —g90y, 2
at(0) =0, AT = UM L (=1) a3 —=gat]))
MOy = A0 4 AT 1Y ALY ATL3) ) S
D) =g, 6 @t (1) —at()), a7 (4) —qaftQ),
A7E2Y = pU2), T a7 (S) —atd) AT A7) — h(]),
BHOLY = ALY, AYO) —hC2) B w6 —at(4),

ALY = AC4) . g D) =g ) gt () = af(1). 9
GTUTY = gSS), ATER) PTUS) — LS,
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Fy. T A2

determination of the band parameters from this com-
plex set of two-photon data.

In summary, we have carried out the first two-
photon experiments in sohds using only cw lasers. A
new dimension for two-photon spectroscopy has now
been created with the distinct advantages that use of
cw lasers has to offer. (1) better long- and short-
term amplitude stability than pulsed lasers; (2)
enhancement of signal-to-noise with the use of
modulation and lock-in amplifier techniques. Other
semiconductors with different band gaps will un-
doubtedly be studied with the appropriate cw lasers in
the near future
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High-resolution two-photon magnetoabsotption (TPMA) spectra are obtained for €1B
and €!(B polarizations in the Voigt geometry. The use of cw CO; lasers and a sensitive
photoconductivity technique have allowed the observation of many new TPMA transi-
tions. A modified Pidgeon-Brown energy-band model, along with the usual sphernical
two-photon selection rules, explains most of the observed transitions. The temperature
dependence of the energy gap is deduced from an analysis of the TPMA spectra at van-

ous temperatures.

I. INTRODUCTION

Magneto-optical investigations of two-photon
processes are particularly valuable for studying
nonlinear absorption in semiconductors. The selec-
tion rules for two-photon magnetoabsorption
(TPMA) allow completely different transitions to
occur than for one-photon magnetoabsorption. In
previous experiments of TPMA in InSb, pulsed
lasers were used because it was believed that high
intensities were necessary to observe two-photon
transitions. However, we have recently shown that
for the first time in solids, cw lasers operating at
even milliwatt powers can be used in the study of
TPMA if a sensitive enough detection method like
photoconductivity (pc) is used.! Derivative TPMA
spectroscopy with sampling and magnetic field
modulation techniques applied to the pc signal fur-
ther allows the observation of weak transitions in
the TPMA pc spectra that would otherwise be
unobservable.

In this paper we present comprehensive results
on the TPMA spectra for both €1B and 'e]]ﬁ in
the Voigt geometry for various lattice temperatures
from 1.8 to 100 K. Most of the observed transi-
tions are adequately explained by the sphencal
selection rules As =0, &n =0, + 2, and a Pidgeon-
Brown model calculation for the Landau-level en-
ergies. For the first time, we determine a set of
band parameters for InSb from our TPMA expen-
ments. By observing the resonant structure at dif-
ferent temperatures, we determine the variation of

the energy gap with lattice temperature and_ com-
pare 1t to previous experiments and theoretical re-

25

sults. From measurements of the number of two-
photon-produced catriers as a function of laser in-
tensity, we estimate TPMA coefficients for some
of the stronger transitions. To our knowiedge this
is the first time that TPMA coefficients have been
calculated from magnetophotoconductivity experi-
ments.

The first TPMA experiments in InSb were car-
ried out by Button er al.? using a Q-switched CO,
laser simultaneously oscillating on two lines. They
observed resonant structure in the photoconductivi-
ty caused by two-photon absorption between Lan-
dau levels in the valence and conduction bands.
Zawadzki, Hanamura, and Lax’® were the first to
develop a set of two-photon selection rules using a
time-dependent perturbation-theory approach.
Later, Weiler et al.* extended Keldysh's’ tunneling
theory to the magnetic field case to try to explain
the observed® polarization dependence (¢1B and
€{/B). However, this theory was later found to be
incorrect for two- (or even-) photon absorption and
was shown to reduce to the perturbation-theory re-
sult.™® Perturbation theory was again used by Bas-
sani and Girtanda® to calculate explicit expressions
for the two-photon transition rate in a magnetic
field. TPMA experiments on InSb were continued
by Nguyen and Strnad'® and Nguyen et al.'' who
studied the absorption by free holes created by the
two-photon processes using a Q-switched CQZ laser
pulse. Both linearly polanzed light with €||B and
€1B and left (0, ) and right (og) circularly polar-
ized light were used. They compared the experi-
mental absorption strengths of the two-photon
transitions for €1B (0,080 +0g) With a

6300
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theoretical calculation based on the perturbation-
theory approach and found reasonably good agree-
ment. However, only a small number of transi-
tions were observed and only one-photon energy
was used. Manlief and Palik'? extended the
TPMA experiments to investigate the differences
between the light polarizations €1B and €|(B in
the Voigt configuration. The light source was a
transversely excited atmospheric (TEA) CO, laser
with an intracavity grating which allowed the
photon-energy dependence of the TPM/. transition
to be studied. Their use of the photoconductivity
technique enabled more transitions to be observed
than were found by Nguyen et al. However, their
transition assignments were somewhat ambiguous
because of the uncertainty of both their measure-
ments and the one-photon-interband Landau-
energy data that was used to obtain the transition
energies for their two-photon case. Nevertheless,
they found several transitions in their studies
which were not adequately explained by the usual
spherical selection rules obtained from ordinary
perturbation theory. In this paper we give transi-
tion assignments that are more unambiguous be-
cause (1) the higher resolution of our data allows
more transitions to be seen, and (2) the data are
compared with two-photon transition energies ac-
tually calculated from a Pidgeon-Brown model
with band parameters adjusted to give a best fit.

Selection rules are extremely important for a
good description of the two-photon magnetoab-
sorption process. The most complete summary of
the two-photon selection rules for the different
light polarizations (0, , og. 0. and ) was given by
Zawadzki and Wlasak, but only for the case of
B!][001 ].” Extra transitions were shown to occur
because of warping and inversion-asymmetry ef-
fects. In this paper we give more complete two-
photon selection rules for the different light polari-
zations and for B{{[111] and [110) directions, as
well as the {001] direction.

11. EXPERIMENT

The samples of high-purity n-InSb ( ~9x 10"’
cm ™) were mounted in the Voigt configuration
with the current parallel to the magnetic field B
and B paralle] 10 [110] [100] and [111] crystallo-
graphic directions. Light from a grating-tunable
cw CO,; laser was mechanically chopped by a ro-
tating slotted wheel to produce optical pulses of
approximately 20-usec width at a repetition rate of
1700 Hz. This minimized heating of the sample
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which was either immersed in liquid helium or sur-
rounded by flowing helium gas for the higher tem-
perature measurements. To vary the intensity of
the laser we placed CaF, attenuators in the beam
path. Beam profile measurements at the sample
location showed that the beam was Gaussian with
a typical 1/e intensity diameter of approximately
0.5 mm. A boxcar integrator was used {0 measure
directly the photoconductive voltage, which at low
powers is related to the number of two-photon-
produced photocarriers. Field positions, ampli-
tudes, and line widths can then be directly mea-
sured and studied as a function of laser intensity,
lattice temperature, etc. The addition of modula-
tion techniques significantly improves the sensitivi-
ty and resolution of photoconductivity experiments
allowing a more accurate determination of the
resonant field positions and resolution of weak
structure.

A varniation of the sampling and magnetic field
modulation technique developed by Kahlert and
Seiler,' for hot-electron quantum transport mea-
surements is used to improve greatly the signal-to-
noise ratio in photoconductivity measurements. A
constant dc electncal current is applied to the sam-
ple while an ac magnetic field B, of amplitude up
10 200 G modulates the sample conductivity at a
freqency of 43 Hz. The photoconductive signal
produced by the laser pulse and the field modula-
tion is amplified by a high-impedance differential
amplifier, the output of which is connected to a
sampling oscilloscope and lock-in amplifier com-
bination.

In Fig. 1 we demonstrate how powerful the
photoresistance-derivative technique is by compar-
ing traces obtained with the sampling oscilloscope
and lock-in amplifier combination (d*R /dB?,
dR /dB) to that obtained with a boxcar averager
{R). As can be seen, the TPMA structure in the
d’R /dB? trace is much sharper and more pro-
nounced than in the R trace, making determination
of magnetic field positions for the transitions not
only easier but more accurate. The field positions
of the resonant structure are not changed by the
modulation technique. In addition, and most im-
portantly, the second-derivative technique is able to
resolve very weak structure that is marginally or
not at all observable in the R trace (note the dotted
lines). This is one reason we are able to observe
more TPMA transitions than have previously been
reported. The use of stable cw lasers also reduces
the pulse-to-pulse amplitude variation usually
present from pulsed lasers. The resulting enhanced
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FIG. 1. Comparison of TPMA data using our high-
resolution technmique and that obtained with a boxcar
averager. The d’R/dB? and dR /dB curves are the
second and first derivative of the magnetophotoresis-
tance R with respect to magnetic field B using the sam-
pling and magnetic-field modulation system. R is the
magnetophotoresistance of the sample obtained with a
boxcar averager commonly used on other experiments.
The dashed lines point to weak transitions in d’R /dB*
not found in the R traces. (B, =200 G.)

signal-to-noise ratio thus allows more TPMA tran-

sitions to be seen at low fields where the TPMA
transition strength is weak.

1II. RESULTS
A. Transition energies

An interesting aspect of two-photon magnetoab-
sorption and one that has been the subject of much
contreversy is the effect of different polarizations
of the hight on the TPMA spectra. Such effects
are a consequence of the selection rules, which are
different for different polarizations. In Fig. 2(a)
the resonant structure caused by the polarizations
¢1B and €|'B in the Voigt configuration is shown.
The structure is labeled with numbers correspond-
ing to distinct sets of transitions. Two major ob-
servations about these transitions are apparent: (1)
those for €1;B are much weaker than those for

T s P et

and €LB with B,, =200 G. (b) Increased resolution of
structure for €1B using 8, =50 G.

€1B and (2) for €1B, more complex structure is
seen. Previous studies'®'? of TPMA with pulsed
lasers also showed this. The complexity of the
€1B structure is much more evident in Fig. 2(b)
where a lower modulation field B,, ~50 G results
in small resonant amplitudes but allows resolution
of fine structure down to very low magnetic fields.
For example, we have complete resolution of a
“double nature” to lines 19,20,22,23,25 — 32, while
evidence for doublets from the line shape can still
be seen in lines 33 —35. Previous TPMA expeni-
ments did not have the resolution to detect this na-
ture of the actual TPMA structure.

In Table I we have listed the two-photon magne-
toabsorption selection rules derived from the usual
spherical approximation and additional selection
rules which are allowed because of warping and
inversion-asymmetry effects. We have included
the selection rules for the case of B{|[11 1] and
B!([110} by extending the one-photon selection
rules of Weiler et al.'* to the two-photon absorp-
tion case. Transitions within the a and b set of
sotutions are denoted by As =0. while As = —1
denotes transitions from a to b and As=+1, b to
a. Also given is the corresponding change in
Landau-level number An from the initial valence-
band state to the final conduction-band state using
the unrenumbered valence-band-state notation. In
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TABLE . selection rules for two-photon transitions in zinc-blende semiconductors, for a magnetic field B {001 ],

[110], and [111] crystal axes, both allowed (4) and induced by warping W) and inversion asymmetry [

Bi({001]
A W /
Polanzation As An As aAn As aAn As

-1 41,458
oL 0 +2 0 =2, +6 0
+1 —-1,+3
- -1 +1,-3
ELB o, 0 -2 0 +2,-6
4]
+1 ~1,-5
—1 +1,+3
4 0 0 o +4 0
+1 +1,+3
~1 +1,+3
E||B T 0 0 0 +4 0
+1 +1,+3

agreement with the data (1) the sphencal approxi-
mation rules predict more transitions for € LB than
for €{|B and (2) some of the transitions should be
the same for both light polarizations (i.e.,
An=0,A5=0).

Quantitative results of transition energies (twice
the photon energy) versus resonant magnetic field
positions are shown in Fig. 3 for both (a) €1B and
(b) €||B along with theoretically calculated results
with B||[110]. There are many more transitions
plotted than have been found from the earlier stud-
ies using pulsed lasers.>%!9="* We have added
several weaker transitions to the €1B set reported
carlier by us.' In Table I, we give the theoretical
assignments of the intial and final states to the ex-
perimentally observed two-photon transitions. The
experimental positions of our two-photon structure
are in good agreement with those published in
Refs. 10— 12. In addition, it is interesting to note
that our identification of the transitions 4, 5, 7, 9,
10, 12, i5, and 20 is the same as that in Refs. 10
and 1], whereas the identification in Ref. 12 1s the
same for only transitions 4, 7, 10, 11, and 15. The
Landau levels were calculated from an 8 x 8
Pidgeon-Brown model which includes only the
warping terms in the diagonal part of the Hamil-
tonian and no inversion asymmetry terms.'>'®
Transitions involved in magnetoabsorption experi-
ments are usually considered as being 1o exciton
levels rather than being between the Landau levels.

B[110] B [111)
] W ! i
As An As An Ay An i
!
0 148
1 0, +0
o1 1 +3
+4,+6 0 +3, -5
+1 2, +4 4+ +1
1 +2.-4 0 41, -8
2 -1 -1
1,
—4,-6 0 * cl0,-6 «1 -3
0 +1, 43 -1 -L+4 0 +3
T - + 1
+ 1 +2 -4 4+ -1
-1 -2,+4 O +3
1,43 g t
+2,+4 0 b By

However, there is at present no adequate exciton
theory for TPMA in semiconductors with complex
coupled energy bands. In our earlier approach’ we
reduced the calculated interband transition energy
by an approximate exciton ground-state binding
energy. This is the standard exciton correction
used in one-photon spectroscopy. Here we adopt
the approach of not correcting for exciton effects
and of treating the Landau-level theory as accu-
rately as possible in calculating transition energies.
We then look for differences between the calculat-
ed and observed energies for the lowest transitions
where exciton effects should be most important.
The theortically calculated solid lines shown in Fig.
3 result from using only the spherical selection
rules given in Table I. It appears that most of the
experimental data can be adequately described (but
with a new set of band parameters) with these rules
without using exciton corrections even for the
jow-energy high-field transitions. A good fit of
these theoretical transitions to the data results
from using the following band parameters:
E,=2352 meV, E,=23.0 ¢V, 4=0.803 eV,
¥1=3.0,793=-0.2, 13=1.0,x=-1.2,¢=0.35,
F=-0.5 and N, = —0.4. No attempt was made
to determine a value of A from our two-photon
data. Instead we have used the stress-modulated
magnetoreflectance results of A=0.803+0.005 eV
obtained by Aggarwal.'” Our results for the rest of
the band parameters are compared in Table 111
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390730 26122 1 : plainable by the spherical selection rules. We find
AT 3 TR0 T L T
‘ that hnes 1,3 may be explained by spin-flip trans
Y tions b (1) +a10V {As  « 1, An=-1iand
b*i—1)+a“ 0 (As = « 1, An = + ). These are
3 shown by the dashed lines in Fig. 3. According to
- Table I these transitions are allowed because of
inversion-asymmetry effects but only for B [100] )
or [111}. Transition 6 was also observed by Man-
lief and Palik for B [100] at higher magnetic 3‘
fields and higher photon energies and was 1dentr-
o fied with an @ *(01 -0 (As = - 1. An =0 tran-
21 sttion.  Using this transition we calculate an addi-
‘ tional line passing exactly through our data points
1 in set 6 (as shown by the dashed line! confirming
this identification. Transitions in set 17, 18, and
- . ™ 24 have not been previously reported. They are
8o 05 .‘:‘ 15 20 very weak resonances which can only be observed
using the modulation technique. Qur calculations
4 " oo : support the identification for an a *(2) +5(01
Bounwn s s transition with As = — 1 and An = -2 for 17 and

TRANSITION ENERGY “mey

PO e a *(h—~b6%1)and a * (2} -+ £12) transitions with
- = —1 and An =0 for 18 and 24, respectively.
According to Table I As-- — 1, An =0 transitions
%0 - " can occur for B' [111] because of warping effects.
-9 However, these transitions are also present for

B .[100] and [110) is not presently understood.

B. Effect of lattice temperature

TRANSITION ENEREY me¥|
~
g

4

- L TPMA experiments provide an accurate means ”

of determining the variation of the fundamental
o energy gap E, with lattice temperature T . Figure
t 4 shows how the TPMA spectra at A=9.33 um is
affected by increasing T; for T; <100 K. The
shift in magnetic field positions of the resonant
structure is quite noticeable for T; > 30 K and 1s
directly related to the decrease in energy gap with
increasing temperature. At each value of T, fan
charts of transition energies versus magnetic field

~
-
o

(b)
230 . - .
20 0 10 15 20
L0f

FIG 3. 'a» Fan chart of TPMA transition energies
'€1B [110)). Sold lines represent theoretical calcula-
tions with selection rules &s =0, An =0, +2. Dotted
lines used other selection rules explained in the text

Dots are the data b Fan chart for €'B.
parameters except E, were constant. The results

with previously published one-photon results of
Grisar et al.,'® Ranvaud er al..'” Weiler,?® Pidgeon
and Brown,'® and Pidgeon and Groves.’' We have

were determined and analyzed assuming that all g
l

are shown in Fig. 5§ where a comparison with
theoretical calculations of Tsay et al.** and
Camassel and Auvergne®' is also given. These
theoretical results were normalized to our experi-

mental band gap of 235.2 meV at T; <10 K. Also
shown are the experimental results of Roberts and
Quarrington™ and Auvergne et al.’” There is good

used this same set of parameters in also fitting
intra-conduction-band (combined resonance, cyclo-

tron resonance, and LO phonon-assisted reso-

1y
nances)™* and ntra-valence-band (both bound and
free-hole transitions)?® data. An excellent fit in

both cases 15 achieved.
Addttional weaker structure labeled (1.3, (6,
117,181, and 1241 1n Fig. 3 appears not to be ex-

agreement between our data and the results of
Cammassel and Auvergne who directly calculated
the temperature dependence using a pseudopoten-
tial approach. With increasing T, one increases
both the lattice constant and the electron-phonon

sk
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A TABLE II. Theoretical two-photon transition assignments for each distinct expenmental-
ly observed series of resonant structure in the photoconductivity for Z1B polanzation in the
Voigt geometry. The & marks indicate those transitions which can only be explained by the
nonspherical or extra transitions.
Experimental Theoretical Experimental Theoretical
transition no. assignment transition no. assignment
°13 a=(1) a0 20 b7(0) b%2)
a*(—1)a"lo 21 a*(3)acl)
b72) atd) 22 a 16)a’4)
b=(1)a%0) a*(2)a“(2)
b*(-1)a"(O! 23 b(6) b(4)
¢ 2 a7 (2) a1 *24 a*(2)b2)
& 4 a*(0)a“0) 25 a“ (7 a4s)
5 b7t2y b4(0) b2y b2y
*6 a*10 b40) 2 b1 b3y
7 a*t—-Dafl) 27 a*(4)a‘2)
8 a~(ath 28 a ~(8)a‘(6)
9 b*(0) b0 a* {3 a3
10 a~{3iali 29 a~(95a47?)
11 b bl b*(3) b3
12 bre—1 bl 30 b*12) b4)
13 b 3 by 31 a*(5) a3
14 a*i2) a0 32 o ~(10) a“t8}
18 a"14) a2} a*(4)a‘4)
a*ilvasn 33 b3 bYS)
16 b4y b4 2) a (1 a9
! ‘nm a*i2)ba0 b*(4) b4
a 4 by 34 a*i6) o4}
*i8 a1 bl a”(12) a“t10)
a*(0) b2 a*(5)a‘(8)
b*(2) bO) 3s b*4) b(6)
19 a~ {5 a3 a~i13yaf(11}
[ RO RN AU b S baS:
Tavle TA3
TABLE [11. Energy-band parameter sets for InSb from vanous experiments.
L : Grisar Ranvaud Weiler Pidgeon Pidgeon
' et al. et al. and Brown and Groves
B Parameter (Ref. 18 (Ref. 19 Ref. 200 (Ref. 16) (Ref. 210 This paper
- E, V) 0.2355 0.23¢ 0.2329 0.2358 0.2366 02352
5 +0.0005
2 E, teV) 21.6 26.1 23.5+0 % 219 21.2 23.0
7 0.5 kN 34 1.5 36 3.0
71 -10 -0.4 -03 ~-12 -0.5 -02
Y 0.1 0.7 0.9 -0.1 0.7 1.0
Yi— 73 -1.1 —-1.1 -1.2 - 1.1 -1.2 -1.2
x —-1.4 -1.5 -12 -2.1 —1.47 -1.2
q 0 039 0 0 0.39 0.55
N, 0 0 -013 0 0 -04
F 0 0 -10 0 0 -0.5

I
a
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FIG. 4. Temperature dependence of TPMA structure
for A=9.33 um.
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interaction. Their contributions to the gap change
are of opposite sign leading to only slight decreases
in band gap for T; <25 K. Thegapat 77 K is
thus approximately 230 meV.

C. Intensity dependence

Figure 6 shows the TPMA structure for the
“low-intensity” case using a cw CO; laser and for
that obtained using a rotating mirror @-switched
CO; laser operating at 200 Hz with a pulsewidth
of full width at half maximum of 100 nsec. There
is good agreement between the observed structures.
Since no additional structure is observed in the ro-
tating mirror case, one concludes that this 1s addi-
tional confirmation of the correct identification of
the cw laser-induced structure as indeed ansing
from TPMA effects. It is also apparent that in the
cw case we have really reached the “high-intensity”
limit where TPMA effects can be observed at rath-
er low powers.

Two-phonon absorption is a nonlinear process
which has a nonlinear dependence on the incident
intensity. The two-photon absorption coefficient
K, which is a parameter of the semiconductor and

A 9% um
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. | ' ¥
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1
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FIG. 6. TPMA structure obtained with a Q-switched
CO, laser (top 3 traces! and with a cw CO, laser for
A=9355um.
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describes the rate of two-photon-produced free car-
riers, has been the subject of intense experimental
studies.?*~* However, these results are not con-
sistent. For this reason we have determined two-
photon absorption coefficients for some of the
stronger transitions in our pc data.

The standard approach for describing the rate of
two-photon-generated carriers is to assume that an
electron in the valence band is excited into the con-
duction band via two-photon absorption and then
decays by the bimolecular process of radiative
recombiniation. A suitable rate equation can then
be written

érizﬁz—lz—m(n +ng) . (
dt  ho
where n is the photon-created carrier density, K,
the two-photon magnetoabsorption coefficient, fiw
the photon energy, / the incident intensity, r the
recombination rate, and ny the equilibrium carner
density without light. The time duration of our
optical pulses 1s suffficiently long enough (20 usec)
that a steady state occurs at the time of our mea-
surements, usually 10 usec after the beginning of
the pulse. For steady state dn /dr =0, simplifying
Eq. !1) tremendously. For the low laser intensities
{ < 200 W/cm?) of our study the photon-created
carrier density n is small (e, n << ny). With
these assumptions Eq. (1) is reduced to the follow-
ing:

n:‘f: '1 ‘2)

which shows that the number of free carners pro-
duced by TPMA is proportional to /*. Also con-
sidered in tnany TPMA experniments ts the de-
pletion of the laser intensity as it propagates
through the crystal. For our sample thickness of
approximately 100 micrometers we estimate that
the change 1n intensity of the beam from the front
to the back surface is roughly 0.01% for the
highest intensities reported here. We therefore
neglect the change in intensity of the laser beam
and assume a uniform constant Gaussian optical
flux throughout the sample.

In Fig. 7 we have plotted n vs [* for five dif-
ferent laser intensities for the strong transition la-
beled 12 (€1B) of Fig. 3. Assuming a negligible
change 1n mobility, the photocreated carrier densi-
ties were determined from the amplitude of the
resonant resistance structure obtained with a box-
car averager (an example of the structure for a dif-
ferent wavelength 1s trace R of Fig 1" Thus n ts
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seen to vary approximately as I° in agreement with
Eq. (21, At higher intensities the amplitude of the
resonant structure is observed to depart significant-
ly from a square-law behavior because of hot-
electron and free-hole absorption effects. Also
plotted in Fig. 7 is a fit of Eq. {2) to the data using
K, as an adjustable parameter. The value of the
other parameters are fiw = 128. 14 meV, r = |

10 Y emise, M n, =90 10 em giving a
value of K» of 5.6 cm/MW. For the same transi-
tion above at a slightly higher magnitude field
11.92 T) and higher photon energy (129.8 meV)
Nguyen et al.'’ obtained a value for K of 16.6
cm/MW. Their somewhat larger value of K. is
partly due to that fact that a higher magnetic field
will increase the magnitude of K, for a particular
transition. However, it must be pointed out that
our K is sensitive to a proper choice of the recom-
bination rate r. Another problem that arises when
trying to extract information about an 1ndisidual
transition is that a mimmum n the structure may
actually be a combination of two or more transi-
tions. The large number of transitions theory and
experniment) evident in Fig. 3 certainly seem to -
dicate this. Therefore, A, was calcutated and mea-
sured only for a strong transition which was
minimally influenced by a presence of other
closely-spaced weak transitions.

1V. CONCLUSIONS

High-resolution TPMA spectra in InSb for €1B
and €'1B polarizations in the Voigt geometry have
been investigated using cw COj; lasers. A highly

T1I%
A 968Lm
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E
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17103 w? cmt
FIG. 7. Two-photon-produced free-carner density as
a function of intensity for transition 12, The line
represents the vanation of Fg 2 with K; =57
cm/MW
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sensitive photoconductivity technmque 1n conjuction
with a stable cw laser have allowed the observation
of many new TPMA transitions. Previous TPMA
experiments have not been able to show how com-
plicated the two-photon spectra really is. Many of
the previously observed transitions are shown to be
combinations of two or more transitions. A min-
imum of 42 distinct transitions are observed and
identified for €1B, most of which can be explained
by the usual sphencal two-photon selection rules
An -0, -2, As =0. For € B the structure 1s less
complicated and can be explained by the sphencal
rule An =0, As=0. A modified Pidgeon-Brown
energy-band model, along with these spherical
selection rules explain most of the observed transi-
tions using the following set of band parameters:
Eg=2322meV, E,=23.0eV, A=0.803 eV,
v1=3.0.y,=-02,y,=10, k= —12, F=-0.5,
¢=0.55 and N, = —0.4. Additional weaker
TPMA transitions appear to result from warping
and 1nversion-asymmetry effects. The vanation of
the fundamental energy gap with lattice tempera-
ture is deduced from an analysis of the
temperature-dependent TPMA spectra. Our results
give a gap of ~ 23U meV at 77 K and compare
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ABSTRACT

High resolution two-photon magneto-absorption (TPMA) spectra for n~InSb nave
been investigated for mmgnetic fields up to 15 T using cw CO, lasers and photoron~
ductivity techniques. A modified Pidgeon-Brown energy baund moiel using sphecical
and n.nsghers Al selection rules is used to interpret the data. Anisotrnapin
effects are observed for the first time in the TPMA photoconductive spectra. LIYMA
structure is also observed for the first time in the photovoltaic response,

INTRODUCTION

Magneto-optical studies have proven capable of determining energy band
parameters of semiconductors because of the optical transitions that occur between
magnetically quantized electronic or impurity states. Many studies during the past
30 years have used one-photon absorption (OPA) techniques with conventional photon
sources. However, the increasing availability of laser sources now opens the
posgidility of carrying out nonlinear magneto-optical studies in semiconductors.
In particular, two-photon absorption (TPA) techniques offer unique spectroscopic 1
advantages over the traditional OPA techniques. TPA has a small cross section for
absorption in many semiconductors and therefore has a large penetration depth
resulting in uniform bulk absorption. This reduces problems associated with sur~
face effects often encountered in OPA measurements (OPA has a large absorption
cross section and thus a smull penetration depth, usually on the order of a
micron). Another advantage of TPA is that different states of the energy bands can
be accessed. For an applied magnetic field not only different but more selection
rules between Landau levels are alloved. Thus, TPA and TPMA (two-photon magneto-
absorption) measurements can yield significantly more information about the eigen-
states of a material, Recem.ly)', we have shown that TPMA is easily observable in
n-InSb using only cw CO, lasers operating at even millivatt povers. This result
opens up a new dimension for two-photon spectroscopy using cw lasers only.

Two-photon absorption experiments on InSb divide basically into two
categories, those without an applied magnetic field and those with an applied
magnetic field. Although TPA in a magnetic field is the main subject of this paper
much of the concepts and theories developed for the no magnetic field case are
extremely relevant.

The purpose of this investigation was to examine the TPMA process in more
detail than has previously been possible (“ae historical background on TPMA effects
in InSb was recently revieved by Goodwin et al. ). With high resolution experi-~
mental techniques many transitions in the TPMA spectra have been observed. In past
studies there has been much ambiguity in the identification of the TPMA transi-
tions. lowever, with more obs>rvable transitions and better resolution, a
systematic investigation of this complex process has nov been performed using
polarized light and high magnetic fields. Most of the transitions can be
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explained by the usual spherical approximation two-photon selection rules. How-
ever, there are some transitions which can not be described with these selection
rules. Posasible explanations for these transitions are warping and inversion
asymmetry-induced effects due to the band structure of InSb. For the first time
anisotroplc effects are observed and shown to be related to the anisotropy of the
initial hole states.

THEORY

The {nterpretation of results of any magneto-optical experiment depends
strongly on the model used for the energy band structure of the material. One of
the most useful energy band models was developed by Pidgeon and Brown.” Their 3 x
8 Hamiltonian gives the energies of the F6 conductinn band, Ya light and heavy hole
valeace banis, and the |, spin-orbit split-off band and i1ncludes the effects of
higher bands to order k., They also extended their results to yield the Landau
level energies when a magnetic field B is applied.

The msﬁ. {ecent. extensive calculations of the energy bands of InSb have come
from Weiler,™» The double group reprgsentation of the intermediate states in the
second order matrix elements of the k * p Hamiltonian were used instead of the
single group as in Pidgeon and Brown's. As a result of the spin-orbit splitting of
the higher bands, this analysis yields other parameters N;, Np, and N3 (in Weiler's
notation). These results were used to explain the presence of certain anamolous
magneto-optical effects in InSb, such as spin-flip and cyclotron harmonic transi-
tions. By neglecting the contributions of small terms and certain parameters, but
including the presence of a magnetic field, the 8 x 8 Hamiltonian vas reduced to
two & x & matrices, one for the a~-set (spin-up, +1/2) and one for the b-set (spin-
down, -1/2) energies, which can then be solved numerically. However, calculations
of the eigenvalues and eigenvectors are not sufficient for a good description of
TPMA processes; a proper choice of selection rules is also extremely important.
Zawadzki and Hl&saks gave a summary of the two-photon selection rules for the
different light polarizations (O, Oy, G, and ) for the case of B [<001>. Extra
transitions vere shown to occur because of warping and inversion-asymmetry effects.
More recently, Goodwin et al.” gave gore complete two-photon aelection rules for
the same light polarizations end for B ] <111> and <110> directions, as well as the
<Q01> direction. The selection rules in the spherical approximation governing
transitions betveen initial and final states for the different light polarizations
are for Op: n = 2, 83 2 0; op: An = -2, & = 0; 0: &n = 0, A8 = 0; r: 4n =0,
08 = 0. Here An is the final minus initial state Landau level number and A8 is the
final minus the fnitial state spin number (a-set 3pin up +1/2 and b-set spin-down
~1/2). In some of the previous papers the authors renumbered the valence band
Landau levels (to eliminate n = ~1 states) which caused their selection rules for
n Lo dilfer from ours by 1.

Once the matrix elements have been calculated and the selection rules are
known, the two photon magneto-absorption coefficients are straight forwapd to
calculate., Following second-order perturbation theory, the transition rate’':’ for
a two-photon process in c©,g.s. units is

po2n bl 122; 3l Pl gl
n 22m’:m5 t E - x-hw

n ¢ t
14

2

dk
d(Er—Ei-th)ET (1)

for both magnetic field and no magnetic field cases. The symbols in this equation
are n which is the index of refraction , I is the incident {ntensity, ¢ ig
the pgllrization vector in the direction of the electric field, and i, t, and f,
are the initial, intermediate, and final states, respectively. The delta function
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thee initial and final states and the

15 & stitement of eneryy - nnervation betwes

two photons. 'he two-pndton hudrption o000 lent 1oy
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a magnetic freld, they <an be 2asiiy adapted Lo e magonetae tield cage,  Tho
principal differences betwusn the LWe canes are on the matrix elements and “ox
integration over k which i3 related Lo the Joint denuity of states, In genrral

the magnetic field -1ensu.)' of states in the parabolic approx:mation’ has the form

5 D A
f o ln e 12)he !

where np o 15 the largest positive integer for which the summand 1S reai, m* .5 .
cyclotron effective mass, and w. is the cyclotron frequency .= 2us/m*). Immedist-ly
one sees that the density of states diverges wnenever tne erergy L eguals Lhe
energy of a Landau level. This is completeiy d.fferent {rom the case withou' 2
nagnetic field where tne density of states is proportional to vt and no divergence
is observed. This divergence :a g{E) is responsible for Lhe two-photon resonatcss
observed in the conductivity. To remove the infinite divergence whenever F = (n ¢
l/2)‘hwc‘ it has teen customary to introduce a broadening term I into the energy »>f
the Landau leveis.'™ This hroadening factor .5 a result of ¢ollisions of elngtrj(xs
with other particles {i.e. other 2lectrons, paonons, or mpuruxeql. Kubo =2t 31
a3 shown that 7 2an be =xpressed as I = 'h’w') where i i3 A characteristic .
time of the state.

fneluling broajening tats the Lransit o rabtr and Giuming all traniat. oo,

GEEMT L w0 W can Wiihe L general exprention o the Leo-photon mayaoct o
Wsorplinn coelricannl as foliows:
i !
1,4 e % ar 3 & ) lisen oo is
Ky = _‘ﬁ, v —A—JL 2 (4
2 ? ]3 - l',l - fhw
m ta .

where p i3 an effective mass for un electron and Light or heavy hole system (1/) =
1/mg + ‘_;'mh)- Tne final state (s some Landau level in the conduction band and the
initi1al state is a Landa: Level of either the light or heavy hole band. The
intermediate state t can be a Landau level in any one of the four bands (conduc-
tion, heavy or l.ght hole, or spin-orbit split-off band;. Notice that K,'»' is
dependent on the initiai and final states. Therefore vrach transition between
specific [Landan levels 1n the valence and conduction bands has 1 characteristic
two-photon absorption coefliciznt, which depends upon magnetic Cield B ound photon
energy ftw. We rave rostricted the sum over intermediate states to the four bands
Just mentinned; the contribution of higher bands is expected to be small, becanie
of the Lar‘;u enargy difference in the denomimators., The prescription for calculu-
ting K, is to numerically solve for the rcagonvectors of the two W o« )
Hamil-onians ani then use these cigenvectors to calenlate the matrix elements, In
Figure [ the splitting of the bands into Landau levels is shown aulong with =
representative (vo-photon transition for Gy. Figure 2 schematically shovs the two-
photon trunsitions for the different light policizations according to the spherical
selection rules.
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Although tnere has been extensive thearetical work on TPA in the absence of
magnetic field, there has been only Lwo malor attempts to calculate TPMA coeffi-
cienty. The first attempt wau by Bussani and Girlanda.'© Using second-order
perturbation theory, they considered the atsorpliion of two photons each with dif-
ferent energies and different polariilations. Tney also used the parabolin approxi-
mation to the Landau levels and considered both inter-inter and inter-intra band
nransitions hetween one valence band and tWwo conduction bands. [n addition
broadening was not inciuded in their model;, K, therefore exhibited infinite diver-
gences at the resonance points. No comparison vith experiment was ever made with
their results. The other major attempt was by Nguyen, Strnad aad Yafet,*? vho aiso
used second-order pertarbation theory. In the sum over intermediate states they
included the conduction, light, and heavy hole bands and did not include the spin-
orbit split-off band, which 1s usually only a small contribution. However, they
vere able to obtain analytical expressions for K2. because they used first-order
perturbation wave functions in calculating the matrix elements, Their theocetinal
results compared favorably with their experiment.

EXPERIMENTAIL WORK

vriented sampiues of Ligh purity n-InSb (9 x 10“‘3 cm'3) vere mounted 1n a
variable temperature dJdewar for tne lower magnetic field work (0 - 2 T) carried out
st NTSU using a Varian electromaguet. High field (0 - 19 T) studies were carried




P

M- 20
out at the Francis Bitter Natinnal Magnet Laburatory with the samples immersed
. directly in pumped liquid helium. Light from grating tunable cw i, lasers wis
4 wechanical ly chopped Ly a rotabang slotted wheol with o smald Juty «'chu Lo @i~
mize sample heating effects. 1in the low field region tne photoconductive measurs-
ments vere carried out using either boxcar integrator techniques or a combination
of sampling oscilloscope and magnetic fieid modulation techniques. At high fields
only the boxcar wvas used. Field positions, amplitudes and line widths could then
be directly measured and studied a5 a function of laser intensity, lattice tempera-
ture, etc. The addition of modulation techniques significantly improves the sensi-
tivity and resolution of these magneto-optical experiments allowing a more accuratn
selermmination of the resunant [ield positions and ovbserval.on of Weak struch.re ot
resolution of closely spaced doublets.

Figure 3 shows a reproduction of the output of the Lock-in detector versus
magnetic fisld for sample dc bias currents of 1 = 1 mA (photoconductive responsn)
and 1 = 0 mA (photovoltai: response). The deteclor response is proportional to the
second derivative of tne photo-induced magnetoresistance or photovoltaic effect.
The observed amplitude of the resonant structure containg the effects of the modu-
lation method. To our knowiedge this is the first time that two-photon absarption
effects have been observed in the photovoltaic response of a semiconductor. In al.
subsequent experiments the phutovoltaic response was minimized by keeping the laser
beam spot positioned between the sample contacts. Thus, in most cases two-photlun
effects were not discernible in the photovoltaic response, while the photoconduc-
tive response showed excellent two-~photon resonances.

T [ T——T

Figure 3. TPMA eftects in
the photo-voltaic response |1
= 0 mA trace). The top trace
contains both the photiconduc-
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RESULTS

Ex;erimenis were erioried in two principal magaetic fieid ranges: 4 - 2 [ and
¢ - 15 I Most of the results, analysis, and interpretation are focused on the 0 -
> T range. However, the higher magnetic fields are important for the observation
of certain transitions near the TPMA band edge, which are not predicted by the
spherical selection rules. In addition, at the higher fields the hole Landau
levels are split further apart ellowing clear resolution of unresulved transitions
At the lover magnetic fields.,
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Pigure 4 shows the wavelength dependence of the TPMA structure. The numbers
correspond to distinct transitions that have been identified from all the data that
has been taken and not Jjust this figure. For TPMA each transition corresponds to
an increase in the conductivity or s decrease in the magnetoresistance. That is,
as the magnetic field is increased to some value where the energy betwveen twvo
alloved Landau levels equal twvice the photon energy, electrons in the initial
valence hand Landau level will be photo-excited to the final conduction band Landau
level. Transitions can originate from either the light or heavy hole Landau level.
This process is repeated at every magnetic field vhere a two-photon transition {3
allovwea. The increase in amplitude of the structure with higher magnetic fields is
partly due o baz increase wiih field of the jJoint density of stales. In addition,
the sawpling and lock-in technique produces a Bessel function envelope to the
aplituldes. Figure . framatically illustrates the movement of the TPMA structure
tovards lowver wagnetic fields as the wavelength is increased. The usefulness of
the 002 laser in studying TPMA in InSb is also demonstrated in that its spectral
output can be tuned below the TPMA threshold {(the energy gap equal to twice the
photon energy) or to higher photon energies where much complex structure can be
observed since electrons can now be excited high into the conduction band. To
resolve the transitions close to the TPMA band edge, these experiments were
extended to 15.0 T using the boxcar averager technique. Figure 5 shows the results
of those experiments where the TPMA band edge transitions {1, 2, and 3) are clearly
resolved. The detector response in this figure ias proportional to the photo-
induced change in magnetoresistance. At the higher fields, transitions 2 and 3 are
well resolved, whereas at the lower magnetic fields, they are not resolved even

R T T
A9 2um ol
. b [
b 24 1
Roans 2l ‘
" n S
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1 1 —i
[ L) s 10 15 20
LA}
Figure 4.  Wavrelength dependence of the TPMA L L
structure for ] <110> and for 0 = 2 0 asing 00 50 100 150
sampling nscil lnscope und field modulation 87

techniques. The numbars correspond to dis-
tinct transitions.
Figure 5. Wav:length dependence

E T A3 of TPNA for B 1<211> and for 0 -
'3- AL 15 T. ‘The data vere taken with
the boxcar averager technique and
shovas directly the TPMA bangd

edge.
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with the sampling and (ock-1n technljue. Figure 5 alss showy “ne growtl in amp.i-
tude of the stracture s iL moves toward Yher magnetis fielys with higher photon
energies. ALthough »s5e OF Lhe LOXTAar averager Lechinc jue 2oininates tne Heused
function envel o sps Lo Lhe stru ture, Laere 15 present 1 b sgroand photo-indured
magnetoresistance due Lo non-resonant absorplion processes. For our experiments
TPMA was 10t vtierved [or wave, engths above (U.sh ;o

Tne resulls of polarization ~.Lud!w‘ vor i i Woand e " b on e Voigt ~onfipur-
atlon have recently been presentied. fere we present additionsl resglts using
circularly polarized light {obtiined by using u Fresnel Rnomb) in the Faraday
geometry. The TPMA structure obtain=d for ", '+, und L “ B} polarizations are
shown .n Figure 6. The mignet.c field position: of vhe straclures for poand o
4Are basically the sam2. Figure 5 ais0 shows aldinional struactare belueer ranii-
“1on8 16 and 17 in the Ug polarization which nave uot besa labeled.  However, there
Are some noticeable differencsas in the strengths of soze of the transitions., For
Lastaace, transinions Lo, V4, L, 1T, ang 20 appenr Yo be surcager for gy Wbl
Lransit Lons LY, iby el 0 appear Lo be domanant U e s0te Lrannatsoans suCh
19, 19, and those higher than 22 have no significant difterence between %q and 'y,
These transitions are the result of 7 polarization, wnich is the sum of Op ani (.
The reason why taeae transitions are present in both Y and g Qs that each polari-
fation, Ty or ‘I,' cont1ins som2 residual polarization of the opposite circularly
posarized wave. That (5, rather than having pure circular poinrization, the wi/ie
is slightly ellipticai. We estimate from a polarization 4analysis of the beam Lhal
perhaps a3 much as 10 perceat of the Opposit: :ir:ular poiarized elortric [osia s
preseat for either of the poor Uy polarizationi. The tratsitions iu then polari-
zation should match magnetic field pos.tions for the ! transitions, becadse Lhey
both obey “he same selection rules for transitions vetween initial and final
states. However, the strengths of the J transitions are 1ifferent from those of
the u t-insitions, because the .ntermedite states are d:iiferent,

Specific transitions are assigned to Ln- s'ructare in Figure 7 by conmpar.ng
theoretical calzulations of K,, the TPMA coefficient, from kEq. k) with ine ampi .-
tude and magnetic Field positions for tne structure obliined using Aol oy
polarizations. Each line {or ¥, represents the strength of a4 specific transition.
The magnetic field position of “each transition was estimated from an 2nergy vand
calculation of the Landau levelis. Only thos= transitions which obey the spherica.
selection ruies are plotted. Tne -~wmplitude of the structure can only be compared
qualitatively with the caiculations for K, beciase (1) the datectur response signa.
is A gecond-derivative whisth may he s’.ig“\tly different from the ictudl signal and
(2) the detector response signnl contains a Heisel function Lype envelops Lo the
trangitions. As can ba seen, some of Yhe Stracture cerbaialy al the jower mig-
netic fields, are actually the sam of several trans.tions <hich are npot resalvaed.
The observed resonant structure in Figure | was identified with only the strongest
cnleulated transitionss The results of the identifi~ation are given in Table I.
We have only made conparisons of the e B transitions vith the calculated K,
values. In principle the same method can be applied for the e I Bor 7 transi-
vions., However, the structure is much less complicated making the identificatiun
of the transitiong easier.  Therefore for the purpose of identification of transi-
tions K, values were aob aalculated.

After the structur2 in tn2 data has been tentat:vely identified, the energy
band [andau level calcul«t.ons can be used to determin2® 1 set of band parame .ers.
This involves 1 considerable amount of compater usage in fitting the theoretic
calculations to the data. The two-photon transition energies a5 a function of
magnetic field ure piotted in the usual "fun ~hart” method and comgared Lo the
experimental data, The results of our fitting procedure for bhoth cl Bt 1A,
sire shown in Figures B.10, where the data are the experimental transition energies
{twice the photon energy) versus resonant magnetic field positions and the lines
,50lid and dashed) are the caiculated results rfor 8 | <1105, Thera ara nanyg
wore transitions plo“ted than have been found from the earlier studies asing
pulsed iasers. Interband transitions involved in magneto-absorption experimonts
wre usually considered us being to exaiton levels, However, there is at present no
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adequate exciton theory for TPMA in semiconductors with complex coupled energy
bands. Here we adopt the approach of not correcting for exciton effects and of
treating the Landau-level theory as accurately as possible 1n calculating transi-
tion energies. We then look for differences between the calculated and observed
energies for the lowest transitions where exciton effects should be most important.
The theoretically calculated solid lines shown in Figures 8-10 result from using
only the spherical selection rules. It appears that most of the low field experi-
mental data can be adequately described (but with a new set of band parameters)
with these rules wvithout using exciton corrections. A good fit of these theoreti-
cal transitions to the lov field data results from using the following band
parameters: E_ = 235.2 neV, l-:p = 23.2 ev,8 = 0.803 ev, Yo o= 3.25, Y, = -Q0.2,
Yy=0.9, x=2-1.3, F=-0.2, q* 0.0, Ny = -0.55. No attempt vas made to deter-
mine a value of A from our two-photon data. Instead we have used the stress
nodultt.e% magnetoreflectance results of 4 = 0.803 * 0.005 eV obtained by
thl.l There are some noticeable differences, however, between the theory and
dats in Pigure 10 where the transitions have been plotted out to 15 T. If excitons
are present, the transition energies would be slightly altered from the no-exciton
case, which the data clearly indicates for transitions 7 und lower. The deviation
between the exciton and no-exciton theories should alsc be more evident with
increasing magnetic fields. An adequate TPMA exciton theory is thus needed to
improve the fit for these transitions.

Additional structure labeled (1,2), (6), (17,18), and (24) in Figure 8, (1,2)
and (6) in Pigure 10, and (18) in Pigure 9, appears not to be explainable by the
spb~rical selection rules. These transitions could be described by nonspherical
selection rules alloved because of inversion asymmetry and varping effects.

. e e
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In Figure 11 TPMA spectra are shown for the major crystal directions. Manli»f
and Palik*’ reported that they observed no difference in the TPMA spectra four tne
three crystal directions. From Figure 11 one can see that for much of the struc-
ture, there 1s no appreciable differeances in the spectra between the three crystal
directions. Hovever, one striking feature seen 1s the clear resolution of the
doublet nature to transitions 11 and 12 for B | <111>. This has not been pre-
viously reported in any TPMA study. There are also some definive magnetic field
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shifts for some of the weak=r transitions (3, 10, 11, 14 observndle At the higher
magaetie Ciclds for A= 279 ;. The observed unafl in Vheese structures 1o due to

Ltne difterence in energy o7 tne hravy Yoie Lbandau jev 0 for he theece crystai
directions. Caleulations of the heavy hole Landan (evel energies give g0t wWre . -
ment with the olLserved shifto.  Mnis s Yurther prool Uor oour teeavy foe tdenti -
cation Of Lheas LeaRsitions. From cyv LOLEOR Cenoliane ¢ measdrem ol s o0 Lhe heavy
hole masses the heavy hole mass @™ [11l)] s the largest, while tne w7l 0§ massn s
the smallest (w™{1i1l] > @™ {110} > @7 {100}). Since the Landau level energies are
inversely proportional to the effective masses of A parti-suldar band (S ~ nheB/a* :u
the parabolic approximation), the heavy hole energles wi.l be somewhat smaller fo-
the <111> direction than the <100> direction, Lhus “wusing « shift in the heavy
hole transitions toward higher magnetic fiel:ls for the <l1i> dir<-tion. The l1g4.%
hole transitions do n>t show a significant snhilr in magn-%.: field posaiting,
because there is not a large anisotropy associatel with <ne light holes.

We have calculat=d the TPMA spectra s o fanction of movnetr: fieyd,  in
Figure l. we shos an ecperimental spectrum (top curvel and 4 va.cucaled spectram
{(bottom curve), The ~¢perimental trace was abtained using % Loxcar averager
technlyae and L5 pruportiona. 1o the pholo-indair: @aguet ey,
theoretical spe-irum was ciloalatad assuming a parabo L atenet e Uie Lt depenaent
Joint density of state=s function, similar Lo Eqo 7)), vor o Lransition wi''
broadening of the »nergy levels included. The «rnergy of Lhe Landau leve U s o
function of magnetic fieald in the joint density of states function was calculate!l
from the nonpar=bolic B x B Yamiltonian matrix. The upe tr.m at cach magne: (o
field point wus obtains-i by summing the contributions of .11 the transitions in the
spectrum at that point., Thus, transitions in ~los» prox.mity willi be significantly
influenced by each other, while transitions further away in magnetic field wil.
nave a4 much lesy inflaeace, dependling on Lhe strength of the transitions. The
theoretical spestrum is plotted as 1/K, Since the experigental spectrum is «l/n or
l/K‘..

ot e

The theore.ical speclrum is tn qualitavtive agreement J:un the eapsrimentai
spectrum. The two nign Tield s<ts of transitions {7, 1), and 1., 127 show & sharp
rise on the high magne<i: field side of 4 transition vhile A mu~h more grajas!
decrease is evident on the lovw field side of a transitlon becquse of the density ot
states. The magnetic fieid width of a4 transition depends oo the amoant of
broadening of tue energy l1-ov2lis. For this spectrum in energy <4udth of s L ey
wvas used corresponding to 1 neliision broadening Lime T = 1 x 107 sel. Although
the two large transitians a4t tne high magnetic tfields are 4t a sligntly iower
ragnetic fleld tnan the cxperimental ones, the theoretical spectram reproduces
transitions 9-12 of the experimental spectras very well. However, the theoretirs:
spectrum in %ue vicinity of transitions 14 and 19 shows a compiax multiplet of
structure while the experimental shovws one se2niugly Large transition. Eitrer
certain trans.t.ions are stronger and dominate the gpectram or a slightly different

ool 0 sarameter o 40l periaps reproduce the spetira omore wcurately.
theoret.:al spe:trum Jues shov however, that some of the transitiuns, certainly i
the lowes magnetic fields, are aztually the sum of several unresolved transitions.
Also the experimental spectrum c¢dntains a noticeable magnetic f.eld background in
wddition to the resonant surustare.

The

CINCLUG LN

The [PMA spactra in [n8b 18 shown Lo be very complox, exhibibifgg chstac-
teristic polarization, crystalline ani{sotropy, aud magneti: Tield dependences.
Miny aspects of these spectral feat res are presently understood @ith calaulation
uasing 4 modifief Pudgeon-Brown energy band mol21 und the (ppropriate naincting
rules. However, a real quantitative understanding of tne role of excitons in tne
TPMA spectra is lacking b the present time.
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ANI[SOTROPIC TWO-PHOTON MAGNETO-ABSORPTION IN n-InSb*

D. G. Seiler and S. W. McClure

Center for Applied Quantum Electronics, Department of Physics, North Texas State University
Denton, Texas 76203

(Received 10 February 1983 by J. Tauc)

High resolutiTn tvo-photon megneto-absorption spectra have been

obtained for B

I<100>. <111>, and <110> crystallographic directions.

Anisotropic effects are observed for the first time in InSb and are
shown to be related to the anisotropy of the initial hole states.

Detailed information on energy band struc-
ture of semiconductors comes directly from
ragneto-optical experiments such as intra-
valence and intra-conduction band -tudies and
one~- (OPMA) and two-photon magneto-absorption
(TPMA) studies. The resonant structure
observed in such experiments can be quali-
tatively understood by Landiu-level and
density-of-states models. For a fixed magnetic
field, the density of states exhibits singu-
larities at the energy corresponding to the
dottomr of each Landau-level. When tvo Landau-
levels are resonant with the photon energy of
the laser there is an increase in the absorp-
tion. For small absorption coefficients any
direct measurerent of the changes in transmis-
sion are extremely difficult to detect. How-
ever, photoconductivity reasurements on pure
samples are capable of detecting even weak
magneto-optical transitions. In this study we
have measured the photoconductive response of
n-InSb samples using magnetic field wodulation
and sarpling oscilloscope techniques (deriva-
tive techniques) in order to obtain high
resolution TMPA spectra that show effects
caused by crystalline anisotropy.

Two-photon processes are related to the
imaginary part of the third order non-liws’r
electric dipole susceptibility tensor X
vhich has certain crystalline symretry proper-
ties., Van der Ziel' has observed a crystalline
anisotropy in the two-photon luminescence
intensity in GaAs without a magnetic field. He
a?gsibutes this dependence to the anisotropy of
X'"’« 1n contrast, our anisotropies in the
TPMA spectra are observed in the resonant
ragnetic field positions and not in the
strength of the signals. The two-photon second
order transition probability depends upon the
delta function § (Eq-E;-2fw) where simultaneous
absorption of tvo photons causes a transitt .n
between an initial E; and final E¢ energy
leveis vhose positions (or values) depend upon
wvagnetic field. Thus, the slight differences
in the initial light- ani heavy-hole valence

band level energies for the different crystal

®Work supported im part by the Office of
Naval Research ani u Faculty Research
Grant frow Nortn Texas State University.
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orientations shift the TPMA resonant spectra.
Hereafter, we only refer to anisotropy in this
manner.

Several reports2'6 on TPMA in n-InSb using
pulsed and Q-switched CO, lasers did not geport
any anisotropy, even though in one case” they
were explicity looked for. The observation of
anisotropic TPMA effects in this study is a
direct result of the increased resolution that
comes fror using only cw €Oy lase satn con-
Junction with derivative techniques.'®

Until now, valence band anisotropy in InSd
has usuallg gﬁ}y been studied usinglgyclotron
resosnince,”’” combined resonance, or one-
photon interband“-”~ ' measurements. For cyclo-
tron and corbined resonance both the energy
levels of the initial and final states vary as
a function of crystalline direction, thus
making it somewhat difficult to accurately
deterrine the anisotropy of individual valence
band levels. For interband absorption the
anisotropy observed rust be due to the aniso-
tropy of the initial hole states since the
conduction band Landau levels are essentially
isotropic. However, since radiation for OPMA
is almost completely abgsorbed in the first few
ricrons o{éhe crystal, very thin sarples are
necessary. In contrast, TPMA is a bulk pro-
cess, thereby eliminating the difficulty in
handling thin sampies. TPMA also has different
selection rules from OPMA, thus more inforsa-
tion can be gained about the energy band struc-
ture because more transitions are observed.
Most of the transitions observed have been
identified and explained using e usual
spherical two-photon selection rules.” All of
the anisotropic TPMA structure studied here is
explained using these spherical selection
rules.

The experiments vere perforred orhln b
crystals grovn by Cominco with Ny-N,= 10" "ca”™
A constant dc electrical current is applied to
the sample vhile a swrall ac magnetic field
podulates the sawple conductivity at a fre-
quency of W3Hz. The photoconductive signal
(=20 usec wide and at a 1500 Hz repetition
rate) is fed into a sampling oscilloscope, the
output of which is fed into a lock-in ampli-
fier. The resulting signal is proportional to
the second derivative of the photoconductive

0038-1098/83 $3.00 + .00
Pergamon Press Ltd.
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signal. Magnetic fields up to 2T were obtained
frow a Varian electromagnet calibrated by NMR
techniques. All experisents vere dope in the
Voigt configuration with either ellBore _LB
and the current parallel to B, with B parallel
to either the <100>, <11l1> or <110> crystallo-
graphic directions.

A cooparison of TPMA photoconductive data
taken with a boxcar averager and with the
sarpling and field modulation systew (which
produces a second-derivative-like spectra) is
given in Fig. 1 of Ref. 8. Thus, much sharper
and wore pronounced structure can be observed
vhich is useful in determining accurate mag-
netic field positions and in identifying weak
or closely spaced structure. This is extremely
advantageous for measurements of small aniso-
tropic effects such as reported in this paper.

Fig. 1 shows photoconductive TPMA spectra
for the major crystallographic directions. The
winima in the structure correspond to minima in
the magnetoresistance or maxima in the photo-
conductivity. The labels correspond to dis-
tinct transition assignrents which have bee
rade using circular and plane polarized light.
Looking at Fig. 1, one sees that for much of
the structure no appreciable differences in the
spectra exist for the three crystal directions.
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Fig. 1 Crystal orientation dependence of the

TPMA resonant structure. The dashed
lines shov the near isotropy of the
resonant field positions. These are
second-derivative like spectra
obtained with the field wodulation and
sampling oscilloscope techniques.
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Hovever, one striking feature observed is the
clear resolution of the doublet nature of tran-
sitions 11 and 12 for B|]<111>. This has not
been previously reported in any TPMA study.
There are also sore definite magnetic field
shifts for sore of the veaker transitions
(8,10,11,13) observable at the high magnetic
fields. We nov investigate the detailed nature
of the anisotropy of the TPMA structure and
show that it is a direct consequence of the
anisotropy of the hole Landau levels, vhich
produces an snisotropy in the TMPA transition
energles.

Since the structure for the weaker fields
{<1T) does not exhibit any observable aniso-
tropy, we coancentrate our esnalysis on the
structure at fields greater than 1T. Conse-
quently, in Fig. 2 we reproduce TPMA spectra on
an expanded scale vhich is capable of showing
the swall shifts in field positions caused by
the anisotropy. Transition assignments for each
of these processes is given in Table I. The
usual spherical selection rules (giving the
change in Landau level number n) describe these
transitions; for €] B, we have op(an = +2),
oplan = -2), and o(An = 0) transitions;
for ¢||8, ve have " (An = 0) transitions. In
all cases As = O, i.e., spin 1is conserved
between the initial and final states.

The theoretical description of interband
magneto-absorption transitions should take into
account exciton effects. However, there is at
present no adequate exciton theory for TPMA in

T T 1 ‘T 1“ B
olF L
A=9.794um
13 ~ 10 H
B 11€100)
1)) 7
i
12 E 9

DETECTOR RESPONSE

8

TPMA anisotropic spectra of high
fields showing slight shifts in field

position.
F-g. TA23

Fig. 2
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sericonductors with complex coupled banis.
Hence we adopt the approach of not correcting
for exciton effects, but do treat the Landau-
level theory as accurately as possible in
calculating transition energies. We then
determine differences in TPMA magnetic field
positions. These differences should be rela-
tively insensitive to shifts in positions due
to exciton corrections. We also point out that
the TPMA exciton corrections are much smaller
than those that rust be applied to one-photon
data. Thus, even though exciton corrections
pust be used to explain the absolute field
positions, differences in field positions
because of crystalline anisotropy should be
relatively insensitive to exciton corrections
for the same transition.

In Table 1 we give the difference in
observed magnetic field positions (expressed as
values for B(100) - B(110) and B(111) - B(110))
of the resonant structure for the major crys-
tallographic directions. These differences can
be seen directly from the TPMA spectra, as
shown in plots such as Fig. 2. These observed
differences are a direct consequence of the
anisotropy of the energy band structure which
results in slight changes in the heavy~ and
light-hole Landau level energies for the dif-
ferent orientations of the magnetic {éeld.
Since the conduction band is isotropic, any
anisotropies in the TPMA transition energies
should result directly fro» anisotropies in the
initial hole states. The Landau level energies
are calculated using a modified Pidgeon-Brovn
rodel which includes only the warping terms in
the diagonal part of the Hamiltonian and no
inversion asyrretry terms. Thus, the transi-
tion energies versus resonant magnetic field

Y-30
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positions are calculated and then used to
determine the theoretical differences in field
positions for & constant transition energy
(shown in Table I). We use the following set
of band parameters vhich has been shown to be
able to expluin a vide variety of lagnetgs
optical data includiélg intra-conduction,
intra-valence tmnd,1 and TPMA interband
data: E_, = 235.2 xeV, Ep = 23,2 eV, A=
0.803 ev,” v, = 3.25, Y, = -0.2, Y3 = 09,
x = -1.3, F= -0.2, q = 0, and N, = -0.55.
Most of the data shown agree remarkably wvell
with the theoretical calculations confirming
that the identification of the states has been
properly made and that a correct set of band
parameters has been used. The calculated
anisotropy depends on the choice of the valence
band parapeters Y,, Y ,, Y3, k and q. This
study does not attempt to calculate these para-
meters, but to verify that they also describe
the crystalline anisotropy of InSb. Further
corparisons using TPMA exciton corrections and
a refined energy band model would undoubtedly
lesd to even better agreement.

The anisotropic nature of the light- and
heavy-hole Landau levels is directly shown in
Fig. 3 for B = 1.8T, wvhere we present our
calculated results for several of the levels
given in Table I. We now show hov Fig. 3 can
be directly used to explain the observed aniso-
tropic features of specific TPMA transitions
like those shown in Figs. k(a), k(b), and W(c).
For eLB polarization both transitions 19 and
20 are present as shown in Fig 4(a). For . | B
polarization, transition 20 is absent as theo-
retically expected. The initial hole state for
transition 19 is a light-hole spin down b*(1)
level whose theoretical anisotropy is shown in

Table Y. A5 . >
Two-photon transition assignments for some o_pwaved resonant structure in the Voigt geometry (for e L B, we
have OL. OR, and o) +og = o transitions; for e || B we have = transitions). The anisotropy of the resonant
structure is expressed as the differences in field positions for the given two-photon transition energies. The
maximum experimental uncertainties are + 20 G.

Transition B(100) - B{110) 8(111) — B(110)
Exp. Trans. Theoretical Energy Experimental Theoretical Experimental Theoretical
Number Polarization  Assignment 2hw(meV) (G) (G) (G) (G)
7 N a*(-1) ~ac(1)  253.19 -160 - 78 - 10 +33
8 cornm a=(1) » a%(1) 255.27 -190 -278
9 corm b*(0) - bCS(0) 253.19 +160 +176 -100 -57
255.27 +160 +199 -110 -85
256.76 +170 +218 -130 -70
" corm b=(1) + b%(1) 263.19 - 60 - 53 + 40 +16
2656.27 - 90 - 61 + 20 +21
256.76 - 70 - 68 + 20 +26
12 o b*(-1) »bc(1) 26319 + 60 + 36 -110 -12
263.72 + 30 + 37
266.27 + 40 + 40 -140 -1
256.76 + 40 + 39 -160 -16
250.14 + 40 + 40 -150 -18
15 core at(1) - a€(1)  268.08 - 40 - 50 + 40 +13
19 oorw b*(1) » b¢(1)  268.08 + 90 + 98 - 40 -32
20 o b*(0) » bS(2)  268.08 + 50 + 54 - 10 -20
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from a modified Pidgeon-Brovn energy
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are denoted by a (b), vhile the ]
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{heavy-) hole level,
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Pig. 3. Since the magnitude of the <100>
light-hole Landau level energy is less than
that for the <110> energy for a constant
segnetic field, this means that the <100> TPMA
resonant field position will be shifted to a
higher magnetic field than that for the <110>
position at the fixed transition energy of
rig. 4{a). Likewise, one can see that the TPMA
resonant field position for the <111> direction
should be shifted to a lover field than for the
case of the <110> direction. In contrast the
opposite anisotropy is predicted fros Fig. 3
and observed in Fig. 4(d) for transition 15
(dealing with an initial light-hole spin up
a®(1) state). 1In addition, the degree of the
anisotropy for the a*(l) levels is wmuch
smaller than for the b*(1) levels as shovn in
Pig. 3. [Figure k(c) shovs that both transi-
tions 11 and 12 are present and unresolved for
€] B, with the strongest cowponent arising fror

transition #12. Thus, use of the ¢||H polar-
ization is necessary to demonstrate the true
nature of the anisotropy of the weaker transi-
tion 11 which is explained by the anisotropy of
the b~(1) (heavy-hole spin down initial state)
level shown in Fig. 3. Thus, the bd* or a~
levels are more anisotropic than the b™ or a*
hole levels, in agreement with zhe intra-
valence band data of Littler et .1.1

In conclusion, we have shown for the first
time that the TPMA spectra in InSb are aniso-
tropic and that the anisotropy is quantita-
tively related to the light~ and heavy-hole
anisotropy. Consequently, TPMA appears to be
a powerful approach to investigating the
valence dand in sesiconductors, wvhich have
usually only been studied with cyclotron reso-~
nance, corbined resonance, or one-photon inter-
band techniques.
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B. Cadmium Sulfide

In this subsection we present the results of an investigation of nonlinear
optical properties of CdS using two photon spectroscopy techniques. A1l of the
major experimental work was carried out at the Francis Bitter National Magnet
Laboratory on the MIT campus in Boston. D. G. Seiler spent one year there
carrying out research during September 1, 1980, to August 31, 1981. Extensive
analysis and computations were also carried out later at NTSU. In what follows
several papers are reproduced: one dealing with A-excitons and one with B-
excitons. In addition, a reprint of a paper (given at the XIIth International
Quantum Electronics Conference held in Munich, West Germany, during 1982) is

also reproduced.
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High-resolution spectra are obtained for the free 4 excitons in CdS by two-photon ab-
sorption using photoconductivity techniques. At zero applied magnetic field the anisotro-
py splitting of the 2P and 3P exciton states is observed and interpreted with an anisotro-
pic effective-mass Hamiltonian. The energies of these states are measured as a function of
magnetic field up to B~10 T. The magnetic field dependences are analyzed in terms of
linear Zeeman splitting and diamagnetic interactions. At low fields the diamagnetic con-
tribution gives the usual quadratic field dependence but deviates significantly at higher
fields. At a given field, the deviation is found to increase dramatically with increasing
quantum number n. This deviation is fitted by variational calculations developed by Lar-
sen, which take into account the interaction of states through the diamagnetic term in the
Hamiltonian. The magnetic field dependence of these states allow us to determine the
masses as m, =(0.210+0.003)m, and m, =10.64 +0.2)mo. At B =0 the narrow laser
linewidths (0.05 meV) allow an accurate determination of the A-exciton binding energy of
27.4+0.8 meV and the anisotropy parameter of 0.797+0.013 from which the energy gap
E;'=2582.5+0.2 m¢V at T=1.8 K is calculated. Finally, the temperature dependence of
the A4 gap is determined.

1. INTRODUCTION tion studies they were able to understand the Zee-
man splitting of the 2P, states and fine structure

Excited states (n > 2) of the free exciton in CdS splitting of the 2P |, 2P_,, and 2P, states. We

have been studied previously by linear absorp-
tion' = and two-photon absorption (TPA).4~*
Magnetic field effects on these excitons were stud-
ied up to B =3 T by Hopfield and Thomas' in
high resolution and up to B =10 T by Shah and
Daman? with moderate resolution using one-
photon techniques. Daman et al.” studied 2P exci-
ton states by two-photon magnetoabsorption
{TPMA) techniques for a magnetic field of 5 T
parallel to the hexagonal ¢ axis. Through polariza-

25

present here the results of high-resolution, TPA
magneto-optical experiments on the free-exciton
excited states in CdS up to B8~10 T. Both Zeeman
splitting and diamagnetic shifts of the n =2 and

n =3 exciton states are investigated. At these
fields the higher-lying exciton states show consid-
erable deviation from quadratic diamagnetic
behavior. This deviation is explained by consider-
ing level interactions or state mixing using varia-
tional calculations due to Larsen.’ The high reso-
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lution obtained in the present experiment enables
us to determine some material parameters of CdS
more accurately than in previous studies.

CdS has a hexagonal wurtzite structure.’® This
structural anisotropy causes crystal-field splitting,
which interacts with the spin-orbit coupling to
split the valence band into three bands, 4, B, C,
each twofold degenerate with spin considered. The
lowest band gap is due to the A-valence band and
is at the Brillouin-zone center at E,".~.2.582 eV.
The conduction band with electron mass
m,=~0.2m produces free excitons associated with
each valence band having an effective Rydberg of
~27 meV and a ground-state radius of =30 A.
The pioneering work of Hopfield and Thomas' uti-
lized a magnetic field to study these excitons using
one-photon absorption. They determined values
for the exciton binding energy, electron and hole
masses, the electron and hole spin g factors and
analyzed the Zeeman splitting and diamagnetic
shifts up to B =3 T. At these fields the magnetic
perturbation on the wave functions is weak in com-
parison to the Coulomb interaction, while at higher
magnetic fields the Lorentz force on the exciton
becomes comparable to the Coulomb force. As a
result, the wave functions contract to such an ex-
tent that deviations from quadratic diamagnetic
behavior occur. The magnetic field causes mixing
of the B =0 wave functions through the ordinary
diamagnetic perturbation. This interaction is
known to couple states having Al =0, +2 and
Am,; =0 for all principal quantum numbers (An+0
or An =0). Higher-lying energy levels tend to re-
pel lower states down in energy. This effect
reduces the quadratic dependence of the levels and
eventually causes it to once again approach a
linearlike dependence. This departure from the
low-field behavior is expected to occur at lower
fields for excited-state excitons. This occurs be-
cause the wave functions are much larger and
hence have a smaller Coulomb interaction to over-
come. Thus, we expect to see n =3 exciton states
deviate much more from a quadratic dependence
than n =2 states at a given field.

The energy-level spectra of the free excitons are
produced in the present study by two-photon ab-
sorption. In this particular experiment two pho-
tons are simultaneously absorbed, where one is
fixed in energy and the other is tunable and their
sum is made equal to the exciton level. Since both
photon energies are below the gap, the absorption
occurs throughout the bulk of the sample, which
places less importance on the sample surface. The

absorption is monitored by the photoconductivity
of the samples and the spectral resolution is deter-
mined by the linewidth of the laser which is less
than 0.05 meV. To our knowledge this is the first
time that the photoconductivity technique has been
used to obtain the TPA spectra of free excitons in
semiconductors.

II. EXPERIMENTAL WORK

The single-crystal samples of CdS were high-
purity platelets of 10~ 3-cm thickness grown from
the vapor phase. The crystals used were all in the
as-grown condition. Overall sizes were approxi-
mately 1x 5 mm? with the hexagonal ¢ axis lying
in the piatelet plane parallel to the longest side.
Indium electrodes were attached to the surface by
melting pure indium onto the samples at 410°C
while in a nitrogen environment. 6-um-thick
indium-gold ribbon was used for the contact wires.
Patterns obtained on a Tektronix I-¥ curve tracer
at both very low and very high voltages were sym-
metric, indicating good Ohmic contacts. To mini-
mize any possible external strain on the crystals,
the samples themselves were not epoxied or glued
directly to any base. Instead, all samples were
placed on polished sapphire substrates and only the
flexible ribbon wire was carefully glued to the sap-
phire. Typical room-temperature resistivities of
“good” crystals were ~10° f2cm in the light, while
dark resistivities were > 10° Nem. [Good crystals
showed clear resolution of the 4 (2P;) line from
the A(2P ) line at B =0 with full width at half-
maximum (FWHM) linewidths ~0.3 meV.] We
expect that N; ~N, < 10" cm~3, indicating some
degree of compensation. Voltages up to 45 V were
applied across the sample (E <100 V/cm) without
affecting the spectra. Of the half-dozen samples
tried only one half showed the narrow B =0 spec-
tral linewidths; the others had 4 (2P) linewidths
approximately twice as wide.

The spectrum of the exciton states was taken by
observing the increase in light absorption as moni-
tored by the increase in sample conductivity as a
function of photon energy. This method has been
used previously by Button et al.'! and more recent-
ly by Seiler et al.'? in studying two-photon-induced
photoconductivity in InSb using CO; lasers. Pho-
toconductive structure using one-photon spectros-
copy has been observed at the positions of the free
excitons.”” The exact mechanism causing breakup
of the excitons into free electrons and holes is a
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BOX CAR COMAF;‘;JDTER PUYLASGED
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GATE ~ 0.l msec INTERFACE LASER
10 nsec
10 pps
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FIG. 1. Schematic diagram of two-photon magnetoabsorption spectroscopy equipment. The doubled-YAG laser out-
put is divided by a beam splitter (BS) in order to pump a tunable dye laser and triple-pass stimulated-Raman-shifting
cell. The unwanted Stokes and anti-Stokes outputs of the cell are attenuated by filters (F). The infrared and visible
beams are combined by a dielectric mirror (M). The absorption as a function of total photon energy was monitored by

measuring the photoinduced conductivity change.
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matter of conjecture; presumably it occurs through
interaction with defect or impurity centers.'*

A Q-switched yttrium aluminum garnet (YAG)
laser was used to produce two light beams as seen
in Fig. 1, one tunable at #Aw,~1.8 eV from a dye
laser and the other fixed at fiw, =0.7840 eV pro-
duced by stimulated Raman scattering.'> The
YAG second harmonic at A=0.532 um was divid-
ed by a beam splitter in order to simultaneously
pump the tunable dye laser using LD688 dye and a
Raman-shifting cell. The 50-cm-long cell con-
tained hydrogen gas at 450 psi. The pump beam
was focused three times inside the cell by initially
using a 50-cm focal-length lens placed outside the
cell and two concave mirrors (25-cm radius of cur-
vature) mounted inside the cell. Triple passing the
cell allowed lower threshold power, approximately
one half that obtainable with a single pass. The
third-Stokes-shifted ir light was selected by block-
ing the unwanted Stokes and anti-Stokes light by a
long pass filter (0.57 um) and a 1-mm-thick silicon
window. After the visible and ir beams were made
to overlap in time they were combined collinearly
using a dielectric mirror that reflected the red light
while transmitting the ir. The beams were then
focused onto the sample using a 30-cm focal-length
spherical lens. The peak power of the ir beam was
about S kW while the visible beam was the order
of 10—100 W. The sample was mounted in a
variable temperature Dewar containing pumped
liquid He at 1.8 K or flowing He gas for higher
temperatures. The optical Dewar tail was mounted

in a 2-in. bore Bitter magnet solenoid having radial
access to the light in a Voigt configuration. The
applied current, ¢ axis, and B field were all paral-
lel. A 10-M1Q resistor in series with a battery was
placed across the sample. The photoinduced volt-
age change across the sample was extracted by a
low-pass — high-pass filter combination, then am-
plified between 10 and 1000 times. This output
was sampled by a boxcar integrator of gatewidth
0.1 msec. The spectral scans were taken via a
computer that read the boxcar output with an
analog-to-digital converter while scanning the tun-
able dye laser through a stepping-motor-shaft-
encoder combination. Fluctuations in the photo-
conductivity signal at 60 Hz were eliminated by
locking the laser pulses to a subharmonic of the
60-Hz line frequency.

Spectra were also taken in a single-beam experi-
mental configuration, where fiw;, was one half the
exciton energy. With additional pump power, the
dye laser output could be directed into the Raman
cell producing “tunable,” near-infrared light. The
single-beam setup was found to give spectra
without the flat background present in the two-
beam spectra. Also alignment was much easier
since the overlap of two beams is not necessary.

1I1I. THEORY
A. Free-exciton energy levels

The energy-level spectrum of the free excitons in
CdS can be conveniently calculated within the
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effective-mass approximation. The basic Hamil-
tonian appropriate to this anisotropic situation has
been derived in detail by several authors using
slightly different parameter notations suitable for
perturbation or variational solutions. Using a
center-of-mass coordinate system where the
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center-of-mass motion is set equal to zero, the ef-
fective one-particle Schridinger equation for an
electron-hole pair interacting with each other by
the Coulomb field in a wurtzite-type material such
as CdS can be written as'®

e?

F(r)=EF(D) . (1)

J
R 2| #
2, joxt @t) 2wy 32t [K.K[x?

+y2+(K, /K })2%))' 2

Here z is parallel to the ¢ axis, F(F) is the exciton envelope function, E =E,, —E,, K, and K| are com-
ponents of the dielectric tensor, and p, and u,) are components of the effective reduced-mass tensor of the

exciton, i.e.,
1 1 1 1 ! |
it ot @
75 m, mj Hi m‘ m,
Making the substitution
. . ._ K
x'=x, y=y, 2'=—12,
x, y=y 2z K”z
Eq. (1) becomes
# |2 & # K, 3 e’
| —_—— 2 r')=EF(r’').
l 2u, |3x? +ay'2 u K 327 K(x4y?t4z2'h)!7 Fir () 3

It is convenient to write Eq. (3) in the dimension-
less form

A 2
- T3+ - = |F(N=EFD),
t 3x? ay2+az2 , (rY=EF(1)

(4}

where we have dropped the primes, and the units
of length and energy are given by
_PK . e

, = T (5)
ulez 2K

and are, respectively, the reduced Bohr radius and
the effective Rydberg binding energy. The aniso-
tropy parameter y={u K,)/(u, K, ). This same
equation was given by Faulkner for solving the
donor impurity-level case in silicon and germanium
at zero magnetic field."

In the presence of a uniform external magnetic
field parallel to the ¢ axis and using a cylindrical
gauge where the vector potential A=(Bx /2 re-
sults in the addition of several terms to the one-
particle Hamiltonian of Eq. (3):

1 i

mi—m

-———t L, +nixt+y1)/4+8,57m/2,
+m

(6)

where n=ugB/#* is a dimensionless measure of
the strength of the magnetic field B, the effective
Bohr magneton up =e#i/2u,c, L, is the z com-
ponent of the orbital angular momentum operator,
g: is the parallel component of the exciton g fac-
tor, and S, is the z component of the exciton spin
angular momentum. The first term linear in B is
due to the ordinary Zeeman effect arising from the
AP terms for the electron and hole, while the last
term, also linear in B, is due to the interaction of
the electron and hole spins with the magnetic field.
The middle term represents the diamagnetic effect
arising from the 42 term which is usually con-
sidered to be quadratic in B; at high enough mag-
netic fields and/or for higher excited exciton states
considerable deviation from a quadratic behavior
can be expected as a result of the strong mixing of
states of different principle quantum number.

In order to calculate the eigenvalues of the Ham-
iltonian in Eq. (4) for the 2P levels at B =0 and
the diamagnetic part of the Hamiltonian in Eqg. (6)
we employ the following variational trial func-
tions®:

~A\p Ay

Vap, =pe ,

— AP - AT
’

Vyp, =2¢
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TABLE 1. Calculated energy levels of the 4 excitons in CdS. Variational calculations of
the binding energy, in units of #*, are compared with those of Faulkner (Ref. 17) and Prad-
daude (Ref. 19). B=0at n=0and B~7.5T a1 =0.1.

n=0 n=0.1
Anisotropic model [¥'"*=(0.729)"*=0.900] Spherical model (y=1)
Energy level This paper Faulkner This paper Praddaude
2P 0.3010 0.3009 0.3239 0.3248
2pP_ 0.2656 0.2656 0.3995 0.4017
3P, 0.1342 0.1342 0.1381 0.1398
3P 0.1183 0.1184 0.1583 0.1624
Table ¥.B.1\

where F=(p?+az’+ B, p*=x2+y%. The vari-
ational parameters’ 4,, A, a, and B are optimized
for each state and magnetic field of interest by
minimizing

(p [ H | ¥2p) /{¥h2p | ¥3p) .

The 3P eigenvalues are computed by using the
trial functions'

=y —Dp?~ 2 112
bip, = P2~ £Fle~OF BRI L C
¢'3p0= z(2—§r:)e‘””2‘£‘P“+§xz'”2 +C0dlzpo ,

where 7 =(p? + 62+ 6%)'/%. The variational
parameters D, E, &, 8, and 8 are optimized in a
fashion similar to the 2P case. The C parameters
were determined by forcing orthogonality between
3P, and 2P,, and between 3P, and 2P, for each
choice of the other parameters.

The accuracy of these 2P and 3P variational cal-
culations can be seen from the results given in
Table I for both =0 and 7=0.1. At z¢ro field
we compare our results with those of Faulkner'’
who used the Rayleigh-Ritz approach to determine
the values of #* for certain vajues of y. Using a
value of y=0.729 which corresponds to his tabu-
lated ¥'/> =0.900 gives excellent agreement for the
various energy levels shown in Table 1. Solutions
in a magnetic field (y=0.1) are compared to the
more accurate spherical results of Praddaude'’
obtained by expansion of the wave function in
Laguerre polynomials for hydrogenlike atoms in a
magnetic field. Our calculated binding energies, in
units of .#*, are lower than Praddaude’s by 0.0009,
0.0022, 0.0017, and 0.0041 for the 2P,, 2P . IP,.
and 3P states, respectively. This 1s to be expect-
ed from a variational calculation. However. the
relative spacings of the energy levels £(2P
~E(2Py), E\3Py) —E(2P.), and E(3P,)

— E(2Py) levels are generally in closer agreement:

Praddaude’s, + 0.0769, —0.1850, —0.1624; our re-
sults, + 0.0756, —0.1858, and —O0.1656, respec-
tively. As we shall see later, these errors are ap-
proximately the same as the uncertainties in field-
dependent energy shifts of each of the respective
levels. Consequently, we expect our variational
calculations to adequately explain the data.

B. Two-photon absorption

The basic theory of two-photon processes was
formulated by Goppert-Mayer in 1931.° Using
second-order perturbation theory and making the
dipole approximation gives the probability per unit
time per unit volume W'2'(E) that the system
makes a transition from an initial state / to a final
state [ of energy E =#w; +w;) above the ground
state, while the field loses one quantum each of en-
ergy fiw, and #iw,.2! Thus,

: 2
2e | eAos eAg;
W= e | [Tme | 1A
X S(E ~ E; — ooy —hoy) , 7

where Ay, and Ag, are the magnitude of the vector
potentials of the radiation beams polarized in the
fixed directions €, and €,, and A,‘-,»' is the compo-

site matrix element given by

A'P:z (p//'?l)(f,],'gz)
A o I

(ﬁﬂ '?2 )(ili '?] )
E,—E, —#o,

(8)

Here Py, and P;, arc matrix elements of the dipole
operator and the sum is over all possible intermedi-
ate states /. The quantity usually measured in a
TPA experiment is 8 which is related 10 the transi-
tion rate per unit volume by the cxpression
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W(z)(E)

ﬁ-—-(ﬁwﬁ-ﬁwg) ni .
A knowledge of the laser beam properties both in
space and time is needed to determine S8 and a lack
of complete beam characterization can lead to
large uncertainties. As pointed out by Bechtel and
Smith,?? the absorption may depend upon the laser
pulsewidth because absorption by two-photon-
created excess carriers is not negligible.

For the purposes of this study we are interested
in the two-photon resonance condition given in the
5 function of Eq. (7). Thus whenever E, —E,
=fw, + fiw, we expect to observe a maximum in
the two-photon absorption and hence the greatest
photoconductive response. The complications just
mentioned should not affect this resonance condi-
tion.

The transition probabilities depend upon the
light polarization as seen in Eq. (8). There have
been several calculations and tabulations of the
form of these angular dependences in order that
they might be readily available for the analysis of
experimental data. Inoue and Toyozawa?® gave the
angular dependence of two-photon transitions in
which either the initial or final state transforms ac-
cording to the totally symmetric representation of
the point group. This work was subsequently ex-
tended by Bader and Gold?* to (1) the allowed
transitions between states belonging to all irreduci-
ble representations of the point group and (2) the
double-group representations encountered when
spin-orbit coupling is included. Both Stafford and
Sondergeld® and Nguyen et al.* found no evidence
for TPA to final S-exciton states, in contrast to the
work of Pradere and Mysyrowicz.® The polariza-

tion dependence of these matrix elements was used
by Nguyen e¢ al. to show that the 1S-exciton
ground state is an effective intermediate state when
one photon from a dye laser is nearly resonant
with the 1S exciton energy, while the other photon
is produced by a CO, laser.

The allowed TPA selection rules at the I' point
can be determined from group theory applied to
the Cop symmetry of CdS-type crystals. The sym-
metries of the A excitons are then a result of the
I'; conduction band and I valence-band sym-
metries along with the symmetries of the hydro-
genic states of the exciton in the center-of-mass
coordinate system. We summarize the results in
Table II where various exciton states, their decom-
position into various symmetries, and the allowed
one- and two-photon transitions are given. For
E||c, the dipole radiation representation is I'; and
for Elc, it is 's. A magnetic field parallel to the
hexagonal axis ~f the crystal represents a perturba-
tion of symmetry I';. Group theory can then be
used to calculate g values for all the exciton states
as shown in Table IL.

IV. RESULTS AND CONCLUSIONS

The TPA spectra near the 4 exciton region are
shown in Fig. 2. The lowest observable exciton
states are the 2P levels. Even thougha I'y 1S or
2S transition is allowed in TPA, no evidence for
their existence was found. These observations were
first made by Stafford and Sondergeld® and later
by Nguyen et al.* using TPA. Evidently the oscil-
lator strength for this I'¢ state is very small. At

TABLE II. CdS exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for Elc (1) and Elic {i{). The cciresponding g

values for B||c are also given.

Possible One-photon
State symmetnes allowed
18.28 | P O s
2P, Is.Ty rdl)
2Py | NPT XS P P O Il
| F PTRED)

Two-photon

allowed g values
[8et— 8t |
Fe(L, 1) [8eii +8np |
[8etr — &y |
Csld, 1) {8t +8an

| 28411 ~ 8y —8ar |

1 28 +&epi — 8 |

Pl or {40 1 28, +8en — 8 |

Fs(L,1) | 28u), —8ej + 81, !

Table V.8.2
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FIG. 2. Photoconductivity vs total photon energy
fiw, +fw, near the A-exciton region in CdS platelets for
various magnetic fields. The magnetic field was parailel
to the hexagonal ¢ axis in a Voigt configuration with E
perpendicular to ¢ for the two photons at a lattice tem-
perature of 7, =1.8 K. The instrumental resolution
R =0.1 meV is narrower than the intrinsic lincwidths.

F{s. Y82

B =0 the 2P states clearly show the expected an-
1isotropy splitting corresponding to 2P, {m;=0)
and 2P, (m;= +1}. The 2P structure has allowed
contributions from both the I'|,I"; and the ', sym-
metry states which lie close in energy so that one
cannot resolve them at B=0. At B=10T, there
15 fine-structure splitting observable in the 2P,
state which is caused by the slightly different g
factors for the I') + ", and the I", states. Similar
splitting at B =0 has been seen by Hopfield and

Thomas' and Nguyen et al.* For the 3P states the
signal-to-noise ratio at B =0 was lower, resulting
in poor resolution. In order to extract the peak po-
sitions many scans were taken on several samples.
Zero-field results of the 3P, and 3P, states report-
ed here are averages of these scans. This is the
first experiment with enough resolution to resolve
this anisotropy splitting of the 3P states. Zero-
field positions of the observed A4-exciton states in
CdS are given in Table III1 where a comparison is
also given with the one-photon results of Hopfield
and Thomas' and Litton et al.? and the two-
photon results of Stafford and Sondergeld® and
Nguyen et al.* There is in general very good
agreement.

The result of fitting our variational calculations
to our data gives values for the effective Rydberg
#* =27.4+0.8 meV and the anisotropy parameter,
y=0.797+0.013. Using our data and the less-
accurate first-order perturbation approach of Hop-
field and Thomas, whose state energies involve a
mean Rydberg #* and a different anisotropy
parameter 7', gives #°* =29.5 meV and ¥ =0.234.
This may be compared with Hopfield and Thomas's
results of 28+ 1 meV. Using #* =27.4 meV and
the energy levels for the anisotropic ~ituation puts
the energy gap for the 4 valence band at E;'
=2582.5+0.2 meV at T =1.8 K. When a mag-
netic field is applied, the n > 2 peaks show both
Zeeman splitting and diamagnetic shifting to
higher energies. Although the n =3 peaks shift to
larger energy more rapidly, their splitting is seen to
be nearly the same as for the n =2 peaks. At
higher fields, substructure in the 2P, state and ad-
ditional structure in the region of the 3P states are
observed.

The energy positions of these peaks are plotted
as a function of magnetic field in Fig. 3. The six
states 2Py, 2P,, 3Py, and 3P, are clearly observed
with the exception of 2P, and 2P _ at high fields,
which appear to have merged together. This is the
first time that the 3P states of CdS have been in-
vestigated in a magnetic field. An important result
immediately apparent from Fig. 3 is that the 3P-
exciton states become linear in B at relatively low
fields in agreement with the theoretical calculations
of Praddaude.'” Thus, the linear slopes of the ex-
citon states become “Landau-like."**2¢

The linear Zeeman splitting between P, and P_
pairs is shown in Fig. 4 for both the n =2 and
n =13 states. The straight line is a best fit to the
2P, states and results in g2 =6.39 +0.08, where
the energy splitting is defined by AE =g qup8.
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Experimental values of the zero-field A-exciton energies in CdS. All energies given in eV.

One-photon results
Hopfield
and Thomas (Ref. 1)

Litton
et al. (Ref. 3)

Energy

level

Transition energy
“wo-photon results
Nguyen
et al. (Ref. 4)

Stafford and

Sondergeld (Ref. 6) This paper

1ST
IS,
25
2P,

2.5524
2.55455

2.5537
2.554 55
2.57458
2.57508

2.57521
2.5757S
2.5784)

2.57891

2.57977
2.58094

2.57923
2.58018

2.5754 2574064
2.5745

2.5762 2.57533
2.5789
2.5815

2.5793

2.5809

Table

The splitting of the 3P, states gives the slightly
smaller value of g2 =6.09+0.20. According to
Table II the 2P,T, state should have a g factor of
|8, +8&n); | . However, splitting of this line is not
observed. If somehow the two-photon selection
rule for this state allowed transitions to a I's sym-
metry level, then a g factor of g, —gy | would
be predicted. Using g,,= —1.78 and g = — .15
gives g =0.63 which is small enough such that
the splitting would not be observed at the low
fields where the Py state is clearly resolved from
the P_ state. We identify the observed fine-struc-
ture splitting of the 2P, state with the ')+ T,
and the [ states. Thus the average g value of
these two lines from Table II is g = | 28u;; |
=121/my—1/m})| =6.39+0.08. The energy

differencclof the fine-structure splitting of the 2P,

states is (7 |28, +8~8n1i — 7! 28ui ~8el
+8 | wpB =18, —8n)iupsB Thusat B=10
T, the observed splitting of 0.29 meV gives
1 8e;j—8n;i 1 =0.50. This compares favorably with
the results of Venghaus et al.? of [8eii— 8N |
=0.56 +0.05, with g,,=1.79+0.1 and
gx1=1.23+0.1 and the results of Damen er al.)
+8et| — &g | =0.55+0.05.

In order to extract the quadratic diamagnetic
contribution to the experimental energy shifts,

V.B.3

2555[‘
' cds

Tt 18K
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! 4

l
|'
|
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i

2.580

hwy * hwj,
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FIG. 3. Peak positions, in total photon energy fiw,
+ #w,,. for the 2P and 3P A excitons in CdS platelets as
a function of applied B field. The solid points were
determined experimentally and the solid curves are
theoretically obtained from variational calculations of
the diamagnetic shifts along with use of the experimen-
tal g factors.
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FIG. 4. Zeeman splitting of the 2P and 3P A excitons
tm;=+1)1n CdS as a function of magnetic field. The
solid points represent the doublet splitting of the 2P,
and 2P _ pair, while the open circles are splittings of the
3P, and 3P_ pair. The solid line is a linear fit to 2P
with gy 2P+ ) =6.39+0.08.

F.'j. V8.4

one-half of the Zeeman splitting is subtracted from
the P, state and added to the P _ state. The re-
suits for both 2P, and 3P, are plotted as a func-
tion of B* in Fig. 5. The lower dashed curve is a
straight-line fit to the experimental 2P, points at
low fields, B <3 T. For B >3 T the points deviate
significantly; at B =10 T the separation is 28%.
The deviation from quadratic behavior of the 3P,
states is even much more pronounced. The slope
at B =0 gives the coefficient of the diamagnetic
term from simple theory.! The upper dashed
straight line near the 3P, states has a slope 6
times that for the 2P, as expected from this
theory.

The diamagnetic shifts for the 2P and 3P states
were calculated using the variational method
descnbed in the theory section. The solid lines in
Fig. 5 show the results of these calculations. The
fit is quite good. In Fig. 6 the diamagnetic shifts
versus B are shown for all the exciton states. Ex-
cellent agreement is found between the experiment
and theory. We note here that only one adjustable
parameter u, was used to fit the field dependence
of all six exciton states simultaneously. The best

¥ 4o

FIG. 5. Diamagnetic shift of the 2P, and 3P, 4-
exciton peaks in CdS as a function of applied B field
squared. The solid points represent the 2P shift and the
open circles are for JP. The diamagnetic shift is deter-
mined by subtracting one-half the Zeeman splitting from
the total magnetic-field-induced shift. The lower dashed
straight line 1s a fit to the 2P excitons at low fieilds. The
solid curves are theoretical values determined from a
variational calculation which includes level interactions.
The upper dashed curve is a straight line with six times
the slope of the lower dashed curve.

Fiq. TB.5

value was found to be 1, =0.158+0.002, using
#® =27.4 meV and y=0.797, which were deter-
mined previously from the B =0 energies. As a fi-
nal test, the sum of the diamagnetic contribution
from the theory and the experimentally determined
Zeeman splitting 1s shown in Fig. 3 for all 2P and
3P states. Again, very good agreement is seen be-
tween the experimental points and the theory.
Using our experimentally determined values for
##*and u, in Eq. (2) gives a value of the mean
dielectric constant K =8.9+0.2. This and other
matenal parameters are listed in Table [V along
with values determined by other experiments.
Individual values for the electron and hole
masses will now be extracted from our data in the
most self-consistent manner. Two methods give
results for both m, and m,: (a) using our values
for u, and g, .. and (b) using our values for u, and
the exciton translational mass determined from
resonant Brillouin scattenng experiments.?® These
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TABLE IV. Material parameters for CdS. The values given are for low temperature (7 =1.8 K} and for the 4
valence band.
Parameter Definition Present results Other results  Reference Comments
' pie' .
R 3 27.4+0.8 meV from B =0 energies
2RK
28+1 1
3 y luKi) 0.797+0.013
; (K yp)
3-2 0.793 1 from ¥ =0.222 of
Y+3
Ref. 1|
in terms of
anisotropy ¢’
in Ref. 1
E} 2.5825+0.0002 ¢V
3 2.582 eV 31
11 |
I’ [—1 +— (0.158 +£0.002)m,, from diamagnetic shifts
3 Me M and fit to variational
calculations
; (0.16)m, 1
3 (0.16+0.03)m, 27
- K =(K,K,)"? e’ 39102
< = —_y R halX
R o WA .
;. 8.5 10
] 8.7 29 unpublished results of
) Barker and Summers mentioned
it in Ref. 29
il [ Bett— 8 | 0.50+0.15 0.62+0.06 1
0.56+0.05 27
0.55+0.0% 7
"1
; |28, | 2]— - — 6.39+0.08
- " my me
. 6.60 1
m (0.210+0.003)m, from 4, and g,
0.205+0.003)m, 28 from u, and exciton
mass of (0.89+0.1)m,
given in Ref. 28
(0.204+0.010/m, 1
(0.190+0.002)m, 29
! m, 10.64 +0.02)m, from u, and 8,
0 ¢ 0.685+0.013m, 28 from u, and exciton
3 mass of {0.89+0.01)m,
. given in Ref. 28
) 0.7+0.1imq 1
Table TBY
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DIAMAGNETIC SHIFT (meV)

1 { ] 1 l

o] 2 4 6 8 10 4
B (T)

FIG. 6. Diamagnetic shift of the 2P and 3P A exci-
tons in CdS as a function of applied B ficld. The exper-
imental points for the P, states are the field-induced
shifts, and the points for P, are obtained by taking the
average of the P, and P_ field-induced shifts. The
solid curves were determined from Larsen’s vanational
calculations as described in the text. Only one adjust-
able parameter u, =(0.158+0.002)m, was needed to
simultaneously fit all curves.

Fig- V.B6

results are tabulated in Table [V along with previ-
ously published results, including those of Henry
and Nassau®® for m,.

The temperature dependence of the 4 gap is
shown in Fig. 7. The low-temperature data points
were determined from the energy of the 2P, level
at B =0 as a function of temperature. Above
T =135 K the peak could not be observed above the
noise level. Our data smoothly connects with re-
sults from luminescence by Benoit a la Guillaume
et al.* and reflectivity by Thomas and Hopfield."'

In summary, we have shown that high-resolution
two-photon-induced photoconductivity spectra are
useful in studying absorption processes in semicon-
ductors. The chief advantage of two-photon ab-
sorption is that it is a bulk process, and for strong
absorption does not demand micrometer-thick sam-
ples or special attention to sample surfaces. The
high resolution allows us to determine the anisotro-
py splitting of the 2P and 3P free-exciton states at

2.582

2.580

2578

Eg (eV)

2576

PRESENT RESULTS
o BENOIT A LA GUILLAUME ET AL

2.574 o HOPFIELD AND THOMAS .

!' L 11

2572

[e]

TEMPERATURE (K)

FIG. 7. Temperature dependence of the A energy gap
in CdS. The solid points for E,' were derived from the
positions of the A (2P, ) exciton peaks by subtracting a
constant binding energy (assuming a temperature-
independent effective Rydberg). The open squares are
from luminescence studies of Benoit a la Guillaume
et al. (Ref. 30) and the open circle is from the reflectivi-
ty measurements of Thomas and Hopfield (Ref. 31).

Fa‘g. YB.7

zero magnetic field. These states show the expect-
ed linear Zeeman and quadratic diamagnetic
dependence at low field. At higher fields the ener-
gy levels show a departure from the quadratic
diamagnetism. This is especially striking for the
higher quantum level 3P states. At these fields

(B >2 T) the 3P states show a linear field depen-
dence similar to the Landau-level behavior. These
effects are due to the mixing of states via the di-
amagnetic interaction. The magnitude of the devi-
ation is fitted quite well by a variational method
due to Larsen. Also, at the higher fields (B> 6 T)
we see evidence of fine-structure splitting of the
levels due to the small difference of the electron
and hole spin g values. Finally, accurate values for
the effective Rydberg and energy gap are deter-
mincd by the zero-field exciton levels, as well as
the effective electron and hole masses from the
Zeeman splitting and diamagnetic interactions.
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High-resolution spectra are obtained for the free A and B excitons in CdS by two-photon
absorption photoconductivity techniques at 1.8 K. At zero applied magnetic field, spectra
are shown which indicate for the first time the presence of anisotropy splitting of the B(2P)
exciton states. The first observation of the B(3P) exciton state at B=0 T then allows the
conclusion that both the effective Rydberg and the anisotropy parameter of the A and B ex-
citons are the same. This further indicates that the 4 and B valence-band masses are equal.
These conclusions are confirmed by the first observation of the Zeeman splitting of the
B(2P+,) and B(3P.,) exciton states at fields up to 10 T. Fine-structure splitting of the
B(2P,,) and B(2P _,) states results from an effective g factor for the B valence band of

gl=0.7+0.3.

INTRODUCTION AND BACKGROUND

There have been a number of studies over the past
20 years that have provided detailed information
about the nature of the free A exciton in CdS and its
behavior in a magnetic field. Linear spectroscopy
using one-photon absorption, one-photon emission
or luminescence, or one-photon reflectance tech-
niques allowed various features of the magneto-
optical effects in the 4-exciton spectrum to be inves-
tigated.'~” The primary features were Zeeman
splittings and diamagnetic shifts from which effec-
tive masses and g factors for the conduction band
and A valence band were extracted. The A-exciton
spectra of cadmium sulfide has also been extensively
investigated using two-photon absorption (TPA)
techniques.®*~'* This form of nonlinear spectros-
copy has several advantages over one-photon spec-
troscopy: (1) less sensitivity to crystal surface quali-
ty and crystal thickness (since TPA is a bulk effect);
{2) different selection rules allowing different eigen-
states to be investigated; and (3) more transitions are
possible because of the flexibility of using two pho-
tons of different polarization.

The A valence band as well as the conduction
band have been well characterized in previous stud-
ies (see Table 1V of Ref. 14). In contrast, little in-
formation is available about the B valence band.

27

This is due to the difficuity in obtaining well-
resolved free-exciton spectra. In this paper we in-
vestigate free excitons associated with the B valence
band using two-photon spectroscopy techniques.
Application of a magnetic field allows Zeeman split-
tings and diamagnetic shifts of the B—free-exciton
states to be observed. The results and analysis pro-
vide new, guantitative information about the B
valence band.

High-purity, single-crystal platelets of CdS were
used in the as-grown condition. *“Good” crystals
{those showing clear resolution of the A (2P,) lines
at B=0 with full width at half maximum (FWHM)
linewidths ~0.3 meV] had dark-room-temperature
resistivities > 10° Qem. The free-exciton spectra
were taken by observing the increase in light absorp-
tion as monitored by the increase in sample conduc-
tivity as a function of photon energy. This has pre-
viously been shown to be a sensitive method of in-
vestigating TPA effects in InSb (Refs. 1S and 16)
with cw lasers and in CdS (Ref. 14) with pulsed
lasers.

A Q-switched yttrium aluminum garnet laser was
used to produce two light beams, one tunable
(1700 < fiw, < 1834 meV) from a dye laser and the
other fixed at fiw,, =784 meV produced by stimulat-
ed Raman scattering.'” The visible and infrared (ir)
beams were made to overlap in time and were com-

2358 ©1983 The American Physical Society
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bined collinearly before being focused onto the sam-
ple. The samples were mounted in a Dewar contain-
ing pumped liquid He at 1.8 K. The optical Dewar
tail was mounted in a 2-in. Bitter magnet solenoid
having radial access to the light in a Voigt configu-
ration. The applied current, ¢ axis, and B field were
all parallel. Spectral scans were taken via a comput-
er that read the photoinduced voltage from a boxcar
integrator with an analog-to-digital converter while
scanning the tunable dye laser through a stepping-
motor-shaft-encoder combination.

From the group theory of the Cg, double group
one can determine both the radiation selection rules
for the excitonic states of CdS and the nature of the
magnetic field splittings of the various levels. A full
analysis for the A-exciton problem was summarized
by Seiler et al.'* for I"-point transitions. Specific re-
sults pertaining to one-photon absorption of the B
excitons are given by Mahan and Hopfield'® and for
two-photon absorption (in ZnO) by Dinges et al.'
The symmetries of the B exciton at the I" point, are
obtained from the direct product of the T,
conduction-band symmetry, the T, (B) valence-band
symmetry, and the symmetry of the hydrogenic
functions (I, for S or P, functions, I's for the pair
of P, functions).

Radiation selection rules for both one- and two-
photon absorption follow from this while recogniz-
ing that the radiation-matter interaction has symme-
try T’y for the electric ficld parallel to the crystal
c axis (E[|c) and I's for Elc. Two-photon interac-
tions thus have the symmetries I'y, [ and
(I'y+T',+T), respectively, for the configurations
(1,10, t}1,1), and {1,1). The allowed radiative transi-
tions (I ycion X Minteractions cONtaining the symmetric
irreducible representation) are summarized in Table
I, for the zero magnetic field case.
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To obtain expressions for the magnetic field split-
tings of either transitions requires the forms of the
exciton eigenfunctions. The presence of splitting
can al.ernatively be deduced from consideration of
the symmetry of the field itself, either as a perturba-
tion in the Cq, symmetry group, or as the cause of
symmetry reduction to C,. For all but the 2Ts(P,;)
states, the eigenfunctions are easy to find. They are
just the symmetry adapted basis functions based
upon the T'; conduction, T, valence, and hydrogenic
functions. The valence-band eigenfunctions are dis-
cussed by Mahan and Hopfield."* Ignoring the k-p
mixing of the bands, and omitting the relatively
small spin-orbit mixing of the Z states into the B
levels the essential form of the eigenfunctions is
given by (X +iNy, and (X —iN1,. The conduction
states we term 1, and |,. Symmetry adapted exci-
ton functions are included in Table I. The I's pair
are degenerate in the absence of an applied magnetic
field. The I'},T", states are, strictly speaking, the an-
tisymmetric and symmetric combinations of the
functions shown. When the field splitting is larger
than the crystal-field splitting of the excitonic levels,
then the eigenfunctions will be those I'|,I’; com-
binations of specific spins (the functions written
out). Only the 2I's(P,,) states are not uniquely
specified by group-theoretical analysis; they are ap-
propriate linear combinations of the four functions
shown. We will not consider this case any further
since the (ji,1) geometry was not used in the present
experiment.

For states other than I's(P,;) we obtain the mag-
nitude of the g value by defining the conduction-
band spin-splitting, 1, — .., to be g, u 5B, the valence
splitting,

(X+iY)y—(X =iV, ,

TABLE 1. CdS B-exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for E1¢ and E||C. The corresponding cigen-
functions and g values in the presence of a magnetic field B!| € are also given.

Polarization
State Symmetries  One-photon Two-photon Eigenfunctions g values
S, Po s 1 (“,U (X +6Y Ha 1.5, Py 2 '
X ~i¥ )14 1,5, Po 18w +8 !
r, (1,1 (X +iY )iy, S.Po »
r, ! () or (L,1) (X —iY)1,1,S,Py law+ge !
Py Ty WY (X +iY) izt P, s 8
X —iYyp. | utEr R
2T 1 Y X +iY gt Ps
(X =Y 1at, Py
r, (1 (X +i¥) a1, P s
r, : qhIh o (WD) (X —i¥)ai,p, 8w 8v =8l

Table V.B.5
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to be given by g and the hydrogenic orbital split-
ting, P, —P_, by 2g2. The tabulated g values fol-
low from the forms of the eigenfunctions. A further
consequence of the field is that the selection rules
for the I'y,I"; states become mixed; thus, for both
states one-photon absorption is allowed for E||c and
two-photon absorption for either (||,{]) or (1,1) con-
figurations.

RESULTS

B=0

TPA results for the free B excitons at zero mag-
netic field are shown in Fig. 1 in the upper three
traces. Also shown for direct comparison is a high-
resolution TPA spectra for the 4 excitons. Several
conclusions can be drawn from this figure. (1) The
quality of these CdS crystals is “‘good” because there
is a clear resolution of the splitting between the

Ny + g meV] — B EXCITONS

2588 2500 2592 2594 2596 2508
i T i 1
ces
A AND B
FREE-EXCITON SPECTRA
T, 18K

PHOTOCONOUCTIVE RESPONSE

| -

! i i L
2574 2576 2578 2580 2582

Ny * A (me¥] - A EXCITONS

FIG. 1. Two-photon photoconductivity spectra for the
A and B free excitons in CdS at B=0 T. The bottom
trace A shows the high resolution of the 4 excitons with
the A(2P.) -A(2P+,) amsotropy splitting clearly
resolved. The three upper traces show spectra of the B
excitons which have a much larger linewidth. The pres-
ence of a B(2P,) component is indicated by the asym-
metric lineshape in the vicinity of the dashed line near the
2P, state. The instrumental resolution of 0.1 meV 1s nar-
rower than the intrinsic linewidth of the excitons.
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AQ2Py) and A(2P,,) spectral positions. The
FWHM linewidth for the A(2P,) state is 0.3 meV.
The signal-to-noise ratio is also sufficient to resolve
the n=3 and n=4 A4 excitons at B=0 T. A more
detailed analysis of these 4(2P) and A (3P) excitons
was presented earlier by Seiler er al.'* Clearly, the B
excitons have a much larger FWHM linewidth
(values from ~0.7—1.1 meV have been observed in
“good” crystals, with an average over five spectral
runs equal to ~0.9 meV). The B-exciton lines are
broader because their lifetimes are shorter than
those of the A excitons. (2} Since the B excitons
have larger linewidths, it has been difficult to ob-
serve the anisotropy splitting between the B(2P;)
and B(2P,,) states. However, we show in Fig. 1
three spectral scans of the B(2P) region that con-
sistently show strong evidence for the presence of
the B(2P;) component as indicated by the asym-
metry in the line shape. Although the B(2P,) state
is not clearly resolved, we estimate that its position
is at 2590.2+0.2 meV. In spectra where a good
baseline could be established, subtracting off a large
symmetric B(2P, ) peak, resulted in a peak at this
position. This is the first observation of this state.
The anisotropy splitting of the B(2P) state is thus
estimated to be

B(2P,,)—B(2P;)=0.6+0.2 meV ,
compared to that of the 4(2P),
AQ2P4)—A(2P;)=0.69+0.02 meV .

(3) The energy separations between the 3P., and
2P+, states are also the same within the uncertain-
ties. For the 4 exciton, this splitting is 3.97+0.11
meV and for the B exciton 3.8+0.2 meV. This also
represents the first time that the B(3P)-exciton state
has been observed. See also Fig. 2 at B=0 for a
clear resolution of the B(3P)-exciton state.

Several important conclusions can now be made
from these observations. Points (2) and (3) give
strong support that the effective Rydberg R,
(=ue*/2#°K> and the anisotropy parameter ¥
(=u,K,/u)K ) of the B excitons are equal to those
of the A excitons. Thus

RyP=R}*=27.4+0.8 meV
and
Y¥=11=0.79740.013

(see Ref. 14 for the A-exciton values). Assuming K,
and K, are the same for both the A- and B-exciton
regions implies that

() wl=pu?=00.158+0.002)m,

and
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PHOTOCONDUCTIVE RESPONSE

"(Uv"w R [meV)

FIG. 2. Photoconductive response vs total photon ener-
gy fuw, + fiw, near the B-exciton region for various mag-
netic fields. The magnetic field B was parallel to the hex-
agonal ¢ axis in a Voigt configuration with E perpendicu-
lar to ¢ for the two photons at a lattice temperature of
T, =1.8 K. The presence of the overlapping 4 (4P} excr-
tons is indicated.

mi =mj, =(0.64+0.02)m,

[using m, =(0.210+0.003) mo] and (i) uf=p{ or

8 4
M) = M.

Table II shows the results 0.’ previously measured
values of the excited B-exciton states and the results
of this study. Our position for the B(2P. ) state is
in excellent agreement with the TPA studies of Staf-

ford and Sondergeld’ and Jackel and Mahr."* Tak-
ing into account the anisotropy by using Faulkner's
analysis as was done for the 4 exciton'® determines
the B energy gap to be

E}=2598.040.2 meV .

Hopfield and Thomas’ determined the positior of a
B(n =2) state to be 2590.8 eV, which is in excellent
agreement with our B(2P. ) level {presumably their
state was a B(2S) level because they used one-
photon spectroscopy].

B#0

The application of a magnetic field allows shifts
and Zeeman splittings of individual exciton states to
be measured. In fact, magneto-optical studies allow
determination of exciton parameters and the corre-
sponding energy-band parameters of the semicon-
ductor. Figure 2 shows the effect of the magnetic
field on the B--free-exciton spectra. At B=0 T
both the B(2P) and the B(3P) are clearly seen. A
study of Fig. 2 shows one major feature: the B(2P)
state splits into two parts, presumably 2P, and
2P _, states. At fields > 7 T, there also appears to
be a fine structure splitting to these 2P . states. We
shall return to this feature later. At fields >6 T,
the B(2P) spectral region becomes very complex due
to the overlapping of the A(4P;,4P. )-exciton
states. The energy positions of these photoconduc-
tive peaks are plotted in Fig. 3 as a function of mag-
netic field. This shows the complex nature of the
exciton structure and can be used to identify the
spectral features shown in Fig. 2. We also point out
that this is the first time the magnetic field depen-
dence of the A(4P) excitons has been determined.
The B(2Py) state could not be identified in any of
the spectral features present at finite magnetic
fields.

According to Table I for (1,1) polarization two
exciton states of symmetry ')+ T"; and I'¢ can be
observed with effective g factors of | 2g,’,J —g.—8f1

TABLE I1. Measured values of excited B-exciton states (in meV).

One-photon Two-photon absorption
emission Nguyen Stafford Jackel

Energy [Litton er al. et al. and Sondergeld and Mahr

level (Ref. 4)] (Ref. 10} (Ref. 9 (Ref. 13) Present work
25 2585.2

2P, 2590.2610.2
2P, 2593.5 2590.5 2590.8 2590.8610.05
3s 2589.2

3P,

Py, 2594.6+0.1
45 2590.7

Table _Y B.G6
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FIG. 3. Peak positions in total photon energy P \""/T\
A, + fw,. for the A(2P), A13P. 414P), B(2P), and Tadhian ’\vf
B(3P) excitons as a function of applied magnetic field B. 8j2p.) 7
The solid points were determined experimentally while the
lines for the 412P) and 4{3P) represent the variational L__ [ S
2588 2594 2600

calculations done in Ref. 14. Straight lines are drawn
through the A(4P) levels. The lines drawn through the
B(2P+) and B{3P) points are the same as the theoreti-
cal variations of the 4(2P, ) and 43P, ) levels.

F;ﬂ.V.B.(o

and |28, +8. +g¢ |, respectively. The Zeeman
splittings are given by A E=g «ugB, where up is
the Bohr magneton. Thus the average splitting of
these two symmetry states is given by

1285 =6.4+0.4

from our data. Using the definition of
gﬂ :m(,(l/m;f'l —~1/m,)

and
M, =0.210+0.003m,

gives my =0.64+0.17my. This mass value is the
same as that of the A band which agrees with the
conclusions of the zero magnetic field results dis-
cussed earlier.

The fine-structure splitting of the B(2P, ) states
can be used to determine g, from ger=|g. +87 /.
For fields > 7 T, the fine-structure splitting of these
states does appear to be evident in Fig. 4, indicated
by the down-pointing arrows. From the experimen-
tal splitting, g.r=1.1+0.3, which along with
ge=—1.78 gives gf=0.740.3. Also shown by
dashed arrows are the A4(4P,,4P.) exciton states.
At 9 T the region around the B(2P,) is rather com-
plex making identification of the spectral features

hw' + ﬂu.}m {meV)

FIG. 4. High-resolution photoconductive spectral
scans in the region of the B (2P} exciton at various mag-
netic fields. The dashed lines show the overlapping 4 (4P}
excitons, while the solid arrows pointing down indicate
the fine-structure splitting.

difficult. We point out that these spectral features
are reproducible from run to run.

The high resolution obtainable by the two-photon
spectroscopy technique is illustrated in Fig. 5, where
a spectral scan over both the 4- and B-exciton re-
gions at B=10 T reveals a wealth of structure.
Principal features that can be clearly identified are
shown. Additional structure is present which has
not been identified as yet. Again we point out that
the photoconductive spectral features are reproduci-
ble, so that each peak no matter how small is physi-
cally meaningful. The dominant spectral features
arise from the excitons and not just transitions be-
tween Landau levels. This conclusion is in contrast
to an earlier conclusion by Shah and Damen® that
excitonic effects are apparently not important for
N > 2, where N is the Landau-level number.

The lines plotted in Fig. 3 for the 4(2P) and
A(3P) excitons represent the theoretical dependence
obtained from variational calculations as explained
in Ref. 14. Straight lines are drawn through the
data points representing the 4(4P) states; no at-
tempt was made to calculate their dependence on
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FIG. 5. High-resolution two-photon spectra for B - 10 T, showing the complexity of the A4- and B-exciton struture.

Fig. Y.B.12

field because of the difficulty of carrying out vana-
tional calculations for the higher excited states. The
lines shown for the B(2P) and B(3P) states are the
shifted replicas of the theoretical variation of the
A(2P.}) and A(3P, ) states with magnetic field.
Consequently, the good correspondence shown in
Fig. 3 reflects the fact that the parameters of the B
exciton are very similar to those of the 4 exciton.

SUMMARY AND CONCLUSIONS

The results of our two-photon spectroscopy mea-
surements and analysis are shown in Table 111 along
with the few values determined by other experiments
and the theoretical results of Mahan and Hopfield."*
Our results for y, mP, and g? differ most signifi-
cantly from the values estimated previously as
shown in Table 1II. We believe that our measure-

TABL
= e __RT. s
Reference {meV) y

This paper 274 0.797
Blattner et al.

{Ref. D
Koteles and

Winterling (Ref. 20)
Broser and

Rosenzweig (Ref. 21)
Mahan and Hopfield

(Ref. 18) ~10
Segall and Marple

(spherical-band approximation)

(Ref. 22)

Tablcr Y B.7 i

E 1. CdS B-exciton and B-band parameters.

ments represent the most direct and hence most ac-
curate means of determining these values at present.

In summary, we have for the first time (1) shown
evidence for the anisotropy of the B valence band by
giving evidence for the presence of the B(2P;) exci-
ton at B=0 T, (2} observed the B(3P) exciton at
B=0 T, (3) determined the magnetic field depen-
dence of the 414P, 4P ) excitons, (4) observed Zee-
man sphtting of the B{2P,)- and B(3P. })-exciton
levels, and finally (5) given evidence for the fine-
structure splitting of the B(2P,,)- and B(2P_,)-
exciton states. Consequently, we can conclude that
two-photon spectroscopy is a valuable technique of
investigating semiconductor energy-band structures.
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Two-Photon Spectroscopy of the A-and B-
Excited Free-Exciton States in CdS
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High resoiution two-photon photoconductive spectra of CdS obtained using
a tunable dye laser and Raman cell exhibit a wealth of structure from excited-
exciton states. Zeeman splittings and diamagnetic shifts are observed and

analyzed.
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Two-Photon Spectroscopy of the A-and B-
Excited Free-Exciton States in CdS

D. G. Seiler, Center for Applied Quantum Electronics,
North Texas State University, Denton, Texas 76203
and D, Heiman, R. Feigenblatt, R. L. Aggarwal, and B, Lax,
M.I.T. Francis Bitter National Magnet Laboratory,t
Cambridge, Massachusetts 02139

High resolution two-photor absorption (TPA) spectra are obtained for the

free A-and B- exciton excitad states in CdS using photoconductivity techni-
ques. To our knowledge this is the first time that the potoconductivity tech-
rijue nas heen used to obtain the TPA spectra of free excitons in semiconduc-
tors, AL zero maynetic fielr, anisotropy splittings of the exciton states are
cbhserved and anaiyred. Application of magnetic fields up to 10 T result in
Vinear Zeeman splitiings and diamagnetic shifts of the exciton states.

ihe singl2 crystal samples of CdS were high purity platelets grown from
the vapor phase and had tnickresses of =1O'3 cm.! Good crystals showed clear
resciution of the A(ZPO) line from the A(ZPtl) line at B = 0 T with FWHM
linewidths =(.3 meV. The two-photon spectra of the exciton states were taken
bv npserving the increase in conductivity from the light absorption as a
funztion of photen energy. Tris method has been used recently by Seiler

ol

et al.” in studyiny two-photon effects in InSb using only cw COZ lasers. Here
a G-switched YAG 'aser was used to produce the two light beams; one tunable
at =1.8 e¥ from a dye laser and the other fixed at 0.784 eV produced by stimu-
Tated Raman scattering,  The two photons are simultaneously absorbed when
tneir sum is maae equal to the exciton level., Since both photon energies are
below tne gap the absorption occurs throughout the bulk of the sample which
piaces less importance on the sample surface. The spectra resolution is de-
termined by the linewidth of the laser which is less than 0.05 meV. Spectral
acans were taken via a computer that read a boxcar integrator output with an
anaiog-to-digit~! converter while scanning the tunable dye laser through a
stepping motor/shaft encoder combination. At zero magnetic field, the A(2P),
{3P), and (4P) and 8(2P) and {3P) free exciton states can be seen. The aniso-
tropy splitting of the A(2P) and (3P) states is observed and interpreted with
an anisotropic effective mass Hamiltonian which is sclved with variational
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calculations originally developed by Larsen.3 At 8 = { the narrow laser line-
widths (0.05 mev) allow an accurate determination of the A-exciton binding
energy of 27.4 * 3.8 meV and the anisotropy parameter of 0.797 * 0.013 from
which the energy gap ES = 2582.5 * 0,2 weV at T = 1.8 K is calculated.

The energies of the A(2P) and (3P} states are measured as a function of
magnetic field up to B = 10 T. The magnetic field dependences are analyzed in
terms of linear Zeeman splitting and diamagnetic interactions. Fine structure
splitting of the A(2P+§ states 14 observed and identified as arising from
the fl + I} and T, symuetry states witn slightly different g factors. At B =
iC T, the observes splitting of =0.29 weV gives g, 0 - thi = 0.50 + 0.15.
The average g-vaiues of these two lines is given by }29u“! =2 (I/m;‘— 1/m£ﬂ
= .39 & 2,08, At low tields the digmagnetic contribution gives the usual
guacdrati. fieia dependence but deviales significantly at higher fields. At a
given field, the ooviation is toung tc increase dramatically with increasing
gquanbtui number n. At these hign magnetic fieids, the Lorentz force on the ex-
citen hegomes comparable te the Coulemb forces. As a result, the wave func-
tioas contract to suuh an extent that deviations from quadratic diamagnetic
behavior occur., The waynetic field causes mixing of the B = 0 wavefunctions
threugh the ordinary aiamagnetic perturbation. This deviation is fit by vari-
ational  calculetions developed by Larsen which take into account the
interaction of states tnrough the diamagnetic term in the Hamiltonian. The
magneti~ field dependence of these states allows us to determine the reduced
exciton mass llL = (q.iS& : O.OOZ)mO and the individual masses as mé_ =
(.21 + 3.0080% ) and wyy = {0.64 ¢ 0.2)m,. Finally the temperature dependence
of tre A-gap i3 determined from the energyv ¢f the ZP_‘_l level at B = 0 as a

functiun of temperature.

*Yisiting scientist at tne Francis Bitter National Magnet Laboratory. Work
supported ir pa.st by NTSUL and the Office of Nava! Research.
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C. Gallium Arsenide

This part of the nonlinear project was experimentally carried out at the
Francis Bitter National Magnet Laboratory in collaboration with Dr. Don Heiman.
Analysis of the data subsequently has taken place at NTSU. In this section we
summarize our findings. A paper on this work has been submitted for considera-
tion to the XIIIth International Quantum Electronics Confzrence, 1984, Anaheim,
California, June 18-21. We reproduce a copy of the short abstrac® and the
extended summary that was submitted at the end of this section.

Magneto-absorption experiments are a useful way to measure the effective
mass band parameters of semiconductors.l0 1In direct-gap materials the absorp-
tion is usually large necessitating very thin samples, the order of microns. An
alternative method is to use modulated ref]ectivity.ll This works well when the
modulation configuration does not perturb the sample appreciably. Magneto-
absorption experiments by Vrehenl? were used to determine the mass parameters of

13 attenpted to determine the

a 4/& thick sample of bulk-grown GaAs. Reine
masses in high-purity epitaxial GaAs by stress-modulated magneto-reflectivity
but found that dc strain prchibited a meaningful analysis. In the present study
it is shown that high-resolution magneto-absorption spectra of high-purity
epitaxial GaAs can be obtained using the two-photon absorption technique. This
experiment is the first two-photon absorption spectroscopy of GaAs in a magnetic
field.

The GaAs sample was a high-purity epitaxial layer (77°K mobility of
109 c¢m2/V-sec) with surface perpendicular to [1001. Leads were attached by
soldering with indium. The sample was immersed in pumped liquid He at the end
of a dewar tail which was inserted in a8 radial access Bitter solenoid magnet.
The laser 1ight was focused on the sample surface using 2 30 cm focal length
lens in the Voigt configuration.

Absorption spectra were taken by monitoring the change in conductivity

V-56
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(resistivity) induced by a near-IR 1ight beam. The 1ight was produced by the
second-Stokes, Raman-shifted output of hydrogen gas which was pumped by the

? output of a tunable dye laser with LD6B8 dye. The dye laser was, in turn,

pumped by the second harmonic of a doubled-YAG laser producing 10 pulses per
second of 10 nsec duration. The light intensity at the sampl= was =10/ W/cme.
A small current was supplied to the sample parallel to B by an applied voltage
of a few tenths of a volt. (Above one volt, impact ionization occurs.) The
output voltage signal wis amplified by 5:102 before being fed into a boxcar
integrator. The best signal-to-noise ratio was obtained by pre-smoothing with a
three-laser-shot time constant on the boxcar, then averaging ten sho%s with a
computer, and finally adding five repeated spectral scans. The last feature was
needed to average out long term fluctuations of the laser intensity.

The two-photon magneto-absorption spectrum, above the bandgap, in GaAs is
shown in Fiqure 1 for B = 10.0 T. The direct gap at this temperature is at, Eg =
1.519 eV in zero magnetic field. The structure is seen to he quite sharp with
large peak-to-background ratios at low energies. This spectrum was taken with
light polarization E;l_é: but the spectral features were found to he nearly
independent of polarization. Higher resolution scans clearly resolve the peaks

N at 1.529 and 1.547 eV and show the feature at 1.542 to be a doublet.

Ee

o Positions of the various absorption peaks are plotted in Figure 2 as A

‘?J . function of magnetic field. Fifteen distinct Landau transitions show an

t- approximate linear behavior which extrapolates to the bandgap at 8 = O.

3 Analysis of this data is a complicated problem; Coulomb binding of the

:i 2lectrons and holes (exciton effects) must be taken into account, as well as the

é nonparabolicity of the conduction band and the complex nature of the degenerate

;g valence bands. Work is in progress to evaluate the effective mass parameters ;
;k using these corrections. The high resolution of the present experiment combined

I
};
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with the high-purity sample will allow a more accurate determination of these
parameters than previous studies.

M. N. Afsar and D. M. Larsen are gratefully acknowledged for supplying the

excellent quality sample.
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Figure |. Photaconductive signal (absorption) versus twice the laser photon
enengy 2t near the (undamental gap in epitaxial GaAs in a magnetic ficld.
The Lzht was polanzed perpendicular to B and the lattice temperature was
TL = 1.5 K. The spectrum is uncorrected for intrument response.
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Figure 2. Apsorption peak energies versus B in cpitaxial Gals at 1= 1 5K,
Lancar Landau level hehavior s seen by the stracht lines connecting the
eapenmental points which intersect B ® 0 neae the coeegy gap.
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Two-Photon Spectroscopy of GaAs*
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Center for Applied Quantum Electronics, North Texas State
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Two-photon absorption spectra of high purity GaAs, obtained at 1.8 K
using a tunable dye laser and a Raman cell, show resonant structure in high

magnetic fields related to exciton and Landau level behavior.

*Work performed at the Francis Bitter National Magnet Laboratory and sup-
{ ported by the National Science Foundation, Office of Naval Research, and

North Texas State University.

tSupported by the National Science Foundation.
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University, Denton, Texas 76203 and D. Heiman, M.].T.
Francis Bitter National Magnet Laboratory,+t
Cambridge, Massachusetts 02139

Nonlinear spectroscopy is an interesting and increasingly useful method
in the study and characterization of semiconductors.l»2 As a result it has
now become an active and rapidly growing field of spectroscopy. In this
paper we present high resolution two-photon absorption (TPA) spectra obtained
at 1.8 K for high purity epitaxial GaAs using photoconductivity (PC) tech-
niques. The TPA spectra was studied from energies below to well above the
free exciton and band gap region. At zero magnetic field, the PC response
has a {2 Yw - Eg)3/2 dependence just above the band gap. Application of
magnetic fields up to 10 T produced resonances in the PC response which are
quantitatively interpreted in terms of exciton and Landau level behavior. To
our knowledge these are the first two-photon absorption spectra for GaAs in a
magnetic field.

The single crystal samples of n-GaAs were high purity (77 K mobility of
103 cm2/v-sec) epitaxial layers of ~50 um thickness with (112) surface
orientations. The sample was immersed in pumped liquid He at 1.8 K in a
dewar tail which was inserted in a radial access Bitter solenoid magnet. The
Voigt configuration was used with the field along the {110] crystallographic
direction and the photoconductive signals were analyzed by a boxcar inte-

grator and computer. The TPA spectra were obtained by monitoring the change

in resistance (or conductivity) of the sample induced by tunable 1.6 um
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radiation from a hydrogen Raman shifting cell. The cell was pumped by the
output of a tunable dye laser with a 5 nsec pulse length. The two-photon
magneto-absorption spectra exhibited well defined structure for fields above
57T and were investigated for incident 1ight polarizations with élg and
il 8.

Theoretical transition energies were calculated using a modified
Pidgeon-Brown 8 x 8 energy band model and two-photon selection rules. Com-
parison of these calculations to the data gives good agreement, and indicates
that the final states of the TPA transitions are "P excitons* rather than “S
excitons” as in the one-photon absorption (OPA) case. The energy band
parameters that describe our TPA spectra are Eg = 1.519 eV, Ep = 22.7 eV,
M = 1.87, Y = -0.39, Y3 = 0.4, «= -1.29, F = 0, q = 0.04, and N; =0.0.
Thg influence of exciton contributions to the TPA spectra will also be dis-

cussed. Finally, we will compare our TPA results to the OPA experiments of

Ulbrich and Fehrenbach3 at B=0, and of Vrehen4 and Reine5 at B#0.

*David G. Seiler was a visiting scientist at the Francis Bitter Nationa)
Magnet Laboratory. Work supported in part by NTSU and the Office of Naval
Research. M. N. Afsar and D. M. Larsen are gratefully acknowledged for
supplying the samples.
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