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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 like 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 a third

order susceptibility x(31 and are associated with the creation of free carriers

by the light. 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 project 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,

lifetimes, all of which are important for understanding devices such as light

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

photoelectronic effects can also be exploited to investigate the nonlinear

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 CO2 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 were 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 GaAs 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-

level behavior.
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I. INTRODUCTION

The realm of "linear 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 times, 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-

cles 1-3 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

linear 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 light are incident on a

sample. The sample is transparent to each of the two beams, but when both beams

are present at the same time and when Kw+ is equal to an allowed transi-

i I-1



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. Spiler and

co-workers have shown that TPA in n-InSb is even observable with the milliwatt

powers available from a cw CO2 laser.
4 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 lectronic effects are initiated by the creation of

free carriers from the )n of light in a semiconductor or insulator.

These effects involve ti I effect, photoconductivity, recombination,

trapping, lifetimes, etc., important for understanding materials used as

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

photoelectronic effects can be exploited to investigate the absorption of light

I-2



in sol ids.

Photoconductivity can be a complex process involving several successive or

simultaneous 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-

conductor. The general form of the conductivity can be written as

0 = e[Un(n ° +An) + p(P° +AP) + n AUn + P AUp]

or

a = O" + AG
0

where e is the electronic charge, no(Po) is the concentration of electrons

(holes) at thermal equilibrium in the dark, n( P) is the excess electron (hole)

concentration induced by the light, wn(Pp) is the electron (hole) mobility,

6un(APJp) is the change in the electron (hole) mobility ciused by the light,

50 = e(Unn° + 11PP°) and AG = ernAn + iPAP + noAn + P°.\P]. Thus in general

the conductivity can change if the carrier concentration or thp 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 light. Since in many semiconductors P P<< u the

change in conductivity arising from nonlinearly produced electro-hole pairs can

be written simply as

Ac = e)n An

Thus measurements of the photoconductivity are directly related to changes in

electron concentration. It is a very sensitive indicator of small changes In n,

1-3
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particularly in no is small. Thus if no 1014cm-3 , An/n o changes of-O.O01 (or

An 1011cm"3) can easily be detected.

Two-photon absorption spectra were obtained using photoconductivity tech-

niques in InSb4 ,6 and CdS.7 -9 We have shown that photoconductivity studies are

very powerful for investigating semiconductors. InSb is a narrow gap semi-

conductor with an energy band gap of^ 235 meV at 4 K. Thus a CO2 laser can be

tuned so that 2< is both below and above this energy. Seiler and co-workers 4

have used the photoconductivity technique to detect two-photon absorption in

InSb using only cw CO2 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 investiqated including U1) 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,

et. al. 7 - 9 on CdS samples using a visible dye laser in conjunction with the

output from a H2 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-
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I. INTERACTION OF CO2 LASER RADIATION WITH p-InSb

In this section we present the results of a col laborative effort in the

study of the interaction of CO2 laser radiation with samples of p-InSb. High

magnetic field studies (fields:5 10 T) were carried out at the U.S. Naval

Research Laboratory in conjunction with Dr. R. Kaplan and Dr. R. J. Waqner.

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 detail s will be contained in a future Ph.D. thesis of Mr. C. L.

Littler.

lI-
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HIGH RESOLUTION MAGNETO-OPTICAL STUDIES OF p-InSb
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and
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High resolution photoconductivity and transmission spectra in p-InSh are

obtained over a wide temperature range at magnetic fields from Q to 100 kc
using a C02 laser. The low temperature results are described in terms of
hole transitions from the acceptor ground state to excited states associated
with free light-hole Landau states.

In this communication we will present ence band degeneracy. Ranvaud
1 

has shown that
the results of magneto-optical experiments on application of uniaxial stress simplifies the

acceptor excitations in InSb, and discuss their hole cvclotron resonance spectra of InSb; the
relevance to the determination of valence band results were later used bv Ranvaud, Trebin
parameters. The latter are not known with et al.- to obtain the valence band parameters.
nearly the accuracy of the TnSb conduction flowever, the HCN lascr spectrometer used in
band parameters. In part, this is due to the this study only allowed the observation of
greater complexity of the valence bands. transitions very clo!.c to the band edge. The
Additionally, there is a relative lack of hole hand parameters thus determined differ strongly
intraband data, as compared with ntmterous from those cbtain.d !, analv.'is' of interband
conduction electron studies involving cyclo- and intra-conduction band data. Recently,
tron, spin, and combined resonance, and Crisar et al." obtained photoconductive spectra
harmonic and phonon-assisted variants of these. for p-type InSh at 12 K for two CO. lastr wave-
Currently available valence band parameters lengths. These spectra were interpreted as
have been determined mainly from interband LO phonon-assisted spin-conserving free carrier
and cyclotron resonance magneto-optical experi- transitions between light hole Landau levels.
meants. However, exciton effects must be taken and a new set of valence hand parameters was
into account in analyzing the interband data, thus derived. However, similar spL'tr.i b-
leading to some ambiguity in the determination tained bv Kaplan' were instead descri!,ed as
of the band parameters. Cyclotron resonance excitations of bound holes from the ground
experiments are also difficult to interpret state acceptor to excited states associated
because of kz-dependent energy terns, and with light hole levels. It appears that a
complex spectra are observed due to the val- definitive determinat ion of the InSh valence

Work supported in part by the Office of 'aval Research.
*Permanent Address: Department of Physics, North Texas Ftat,

University, Denton, Texas 76203
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band parameters has yet to be achieved, conductive peaks and the transmission minima
The specific goals of the present work is evident. The photoconductive measurements

are: (1) To obtain more detailed intraband data clearly provide a more sensitive means of deter-
for the transitions reported in Ref. 4 and 5 mining the small changes in absorption due to
through the use of high-resolution, high the resonant processes. An apparent doublet
sensitivity techniques; (2) To determine the structure is resolved at higher magnetic fields
process responsible for these transitions; as previously reported.4

,
S This structure is

(3) If this process indeed involves acceptor not simply due to the appearance of spin split-
excitations, to search for additional free ting. Rather it is a consequence of the order-
hole transitions. By these means we hope to Ing of light hole Landau levels of differing
obtain new intraband data sufficient for the principle quantum number and effective "spin,"
accurate determination of valence band the latter designation being accurate only for
parameters. more energetic states where the wave function

The experiments were performed on InSb mixing is small. The photoconductive spectral
crystals grown by Cominco and by E.M. Swiggard response has been determined at several CO2
at N.R.L. Values of NA-Nl were in the range of laser wavelengths, as shown in Fig. 2. Resonant
0.5 - 1.5 x 1014 cm

- 3
, with Zn or Cd the accep- structure is resolved down to fields as low as

tor used for doping. Typical sample thicknesses 10 kG. No polarization dependence was observed
were 3 m for transmission and 0.1 mm for for the Voigt configuration for either iI' or
photoconductivity studies. For the high field eig where ' is the direction of the electric
experiments described here, the magnetic field field of the light. The magnetic field depend-
and direction of light propagation were along ence of these peak positions is plotted in
a <111> crystal axis. Low magnetic field Fig. 3. No attempt has been made to correct
measurements were performed with an Iron-core for the slightly decreased separation of the
magnet using magnetic field modulation and observed apparent doublet components due to
sampling oscilloscope techniques,

6 
while the the overlap of the peaks.

high field studies utilized a Bitter solenoid In order to identify the charge carriers
of the NRL High Magnetic Field Facility and responsible for the observed transitions, the
ratioing techniques.

7 
The CO2 lasers were temperature dependence of the Hall voltage and

grating tunable, providing single line outputs the magneto-optical spectra were investigated
of several watts. for several samples. The Hall measurements

Figure 1 shows a comparison of trans- indicated that hole freezeout occurs largely
mission and photoconductive data at 9.57 pm. between 12 and 20 K. Transmission spectra re-
A one-to-one correspondence between the photo- mained unchanged between 4.2 and 14 K (see

X9 
5 7

1m

T 42K

,; /Transmission

0

4,

Photoconductive

t0 20 30 40 50 60 70 80 90 100

*' B, kG

Fig. I Photoconductivity and transmission spectra
for p-InSb at 9.57 ur 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 72.

F,... HI
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Fig. 2 Photoconductive spectra at four different
wavelengths. Inset shows the high
resolution of the data with increased
gain. Arrows show how a given peak tracks
with photon energy.

Fig. 4), and only began to show strong new regime, Egs>>hvc, for all field strengths, while
features, and weakening of the old, above 14 K. the excited levels are "high effective field"

Both of the observations involving temper- states, Ees<hvc, for fields above several
ature dependence cited above, indicate that the kilogauss. Here Es and Ees are the binding
optical spectra obtained at 14 K and below energies of the ground and excited states,
represent excitations of holes bound at relative to the valence band edge and any light
acceptors. In Ref. 5 it was argued that the hole Landau level, respectively, and vc is the
final states of the transitions are excited cyclotron energy eB/2wm*c. This behavior occurs

acceptor states bound to light hole levels split because the light hole mass responsible for
off by the magnetic field. That such levels the small value of Ees, is some 30 times smal-
and transitions exist and are strongly allowed, ler than the heavy hole mass at the band edge,
s been demonstrated by the theory of Lin-Chung which largely determines E5 5.

and Henvis.
8  

In this interpretation an inter- In order to compare te transition energy
eating situation exists, In which the acceptor data with a bend model, it is necessary to
ground state ia in the "low effective field" examine the field dependence of all contri-

III
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Fig. 3 Field dependence of the transition energies. Lines indicate results of three-level
i? theory fit to data points: (a) magnetic fields above 20 kG and (b) fields below 30 KG.

The numbers indicate the light hole Landau levels and a or b the spin state to which
: the hole transitions occur.
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Fig. !, Comparison ,,f tilt trans mission spectra
of a single sample obtained at 9.57 ,im

for four different temperatures.

F;J. U4
butions to the transition energy hv: 2 to 27. Values of E. (o) and Ep determined

hv = Ebin the fit are In good agreement with corres-
h gs (,,) + AEgs (B) + " h(N ,B) tn - E e,(B) " (1) p nding values Iin the literature, e.g. for

a bEgs (c,),  8.5 0 . " 8 i and 9 .3 0 .65 meV ,

a~ab

el { I N, ) Is the energy of the N
t h  

light hole and for p, 26 1 , '3.5 O. 5;, 
3  
24,

1 2  
21.2,

1 3

Landau level in ladder a or b, and .E (I,) is2 71 n 21
Ks The excellent fit of the three band model

the field-induced shift of the acceptor pround calculations to the 1c'w, temperature data attests

tate energy from its zero-field value Fzs(o). to the correctness of the interpretation based

Atprset AgsB)ad esB)ae otacu on acceptor excitations. In order to fully

. ' exploit the data for determination of valence

rarely known, hiut they are small uantities of band structure, it will be necessary to deter-
comparable magnitude and opposite sign. (At a mine the magnetic field dependence of the

10 micrometer wavelength, their magnitudes are ground and excited F*ate acceptor binding

!0O.01 h .) Thus In the present approach we energies, and to apply an eight hand model

write including anisotropy. We are presently pur-

a bsuing this direction. In addition, we have
h =E gs (o) + L (N,B) (2) examined the spectra obtained for sample tem -

peratures above 20 K(. Our prelimrinary results
and fit the transition energies using a three indicate that these spectra are due to harmonic
hand model,' with energy gap 236.7 meV and cyclotron resonance and combined resonance of

.spin-orbit s plitting 803 meV. Below 30 kC. tht. free holes. Analysis of these free hole
-_apparent doublets are no longer resolved, and transitions should provide an additional means
_ a single point representing the average field for determining the valence band structure, In
_position of the two unsplit components is this case free from complications due to accep-

plotted. A best fit to the data, shown in tor level binding energies.

FIR 3ab, iels gs(o) 9.0 meV, and the We are pleased to acknowledge helpful
band parameter value p2 =0.46 a.u. corres- discussions with M.H. Weller and the support

-' ,ponding to Ep - 25.1 eV. Excellent agreement of the staff of the High Magnetic Field Facility
:- obetween theory and experiment Is achieved over at NRL.

:i the entire ra nge of light ole quantum numbers

i m i : .. . .- I. .
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Magneto-optical detection of deep acceptor impurities in p-lnSb
C. L Littler and D. G. Seiler
Centerfor Applied Quantum Electronics, Department of Physics North Texas State University, Denton. Texas
76203

R. Kaplan and R. J. Wagner
Naval Research Laboratory, Washington. D.C 20390
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We report the first magneto-optical experiments on Au-doped p-lnSb and show how they can be
used to detect and identify impurities in semiconductor materials. 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- complicated, containing many strong and weak resonant
ductor materials has long been a topic of technological im- peaks. The maxima in the detector response corresponds toa
portance. Of particular interest is the location of the impuri- maxima in the conductivity, where the resonant increase in
ty states within the forbidden energy gap region and 'heir absorption has given rise to an increase in the number of
behavior in the presence of an external magnetic field. As a holes. The peaks are labelled according to which acceptor
result there have been many theoretical - and experimen- (Au or Cd) the excitation peak has been identified with and to
tal' " investigations in lnSb designed to probe the magnetic which light hole Landau level the excited acceptor states are
field dependence of shallow donor '.,41.7' and accep- associated. We see that the stronger photoconductive peaks
tor 2 ' i-1 impurities. In addition, oscillatory photocon- result from the excitation of the Au impurities. In addition,
ductivity '"' and transmission' 6 studies at zero-magnetic weaker resonant peaks are seen which, upon analysis, were
field as well as Hall measurements'" have given informa- found to result from excitation of(Cd or Zn) impurities unin-
tion about ground and excited state binding energies of shal- tentionally introduced during crystal growth.
low" and deep acceptor"" impurities in InSb. Howeser, Figure 2 is a diagram of possible hole transitions at 70
noneof these studies' 4 '7 wereextended to include the effect kG (70 T) which are allowed between ground and excited
of a magnetic field on the observed deep acceptor levels, acceptor states of Au or Cd. It has been previously shown for

In this letter we report the results of magneto-optical shallow acceptors2 '1 that the most strongly allowed transi-
experiments on Au-doped InSb. To our knowledge these are tions occur between the s-like acceptor ground state and the
the first magneto-optical studies on Au-lnSb. We have ana- 15. I" .5"
lyzed the high resolution photoconductive spectra using a
modified Pidgeon and Brown 8 X 8 band modelt ' and have
obtained a ground state binding energy of 42.5 + 0.5 meV T 4.2K

for the lower level of the Au double acceptor (intentionally L .2

present in the crystal). In addition, weaker structures visible A 25Jim
in the spectra due to the presence of Cd (or Zn) monoaccep- ,5 ,

tors (unintentionally present) have also been identified. We , r,,

are also able to show from the analysis that the excited impu- 9
rity states associated with the deep Au acceptor in InSb are ,b
similar in nature to those associated with the excited states of ' ii

the the shallow Zn or Cd acceptors. 957 b

The experiments reported here were performed on aI .b

single crystal of InSb intentionally doped with Au impuri- 1049 2, ib
ties. The impurity concentration was no more than 10"' AAo.,c,
cm 'at 77 K. The sample thickness was approximately 0. I " 1 b A

mm and the magnetic field and direction of light propaga- Cd Bew spectra
tion were along a ( I I ) crystal axis. A Bitter solenoid of the 4

NRL high magnetic field facility was used to obtain fields up 15 2h 35 45 5 65 75 5 Ik 5

to 105 kG (10. 5 T and signal ratioing techniques " were em- 11kB)

ployed to obtain the high resolution spectra. The CO. laser lFG I High resolution photoconductive spectra obtained for three CO.
used was grating tunable, providing single line outputs of laser wavelengths for j ( I I I) The peaks are labelled according to which

several watts. hight-hole Landau levels the excited acceptor states are associated The
strong Au resonances are indicated by the labels appeanng above each spec-

Figure I shows the photoconductive spectral response tra and the weaker Cd peaks are indicated by the labels appeanng below
observed at three CO2 laser wavelengths. The spectra are each spectra

880 Appi Phys Let 41(9), 1 November 1982 0003-6951/82/090880-03501 00 c 1982 American Institute of Physics 880
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-140__ FIG. 3 Calculated transition energies for BII (I 11). Dashed lines indicate

calculated transition energies for Cd and the solid lines show the calculated

FIG. 2. Diagram of allowed transitions at B = 70 kG (7.0 T). Transitions Au transition energies. The solid dots and open dots represent the obseed
indicated are from the acceptor ground state of the Au and Cd acceptors to transition energies for the Au and Cd acceptors, respectively. The ground
excited states associated with the light-hole Landau levels Ib and 2a for Au, state binding energies for the Au and Cd acceptors are indicated by the zero
and 2a and 3b for Cd. field intercepts E... 42.5 meV and Ec. = 8. 1 meV.

R. F
p-like excited states, which lie close in energy to the light hole tra of Fig. I as a superposition of the strong Au and weak Cd
Landau levels. Impurity photoionization ' is ruled out since resonances. From the analysis we extract a ground state
it is expected to be much weaker than bound hole transitions binding energy of 42.5 ± 0.5 eV for the lower level of the Au
and is predicted to disappear in the high field limit."' double acceptor. We see that the weaker resonances are in-

In order to compare the transition energy data obtained deed due to the presence of Cd (or Zn) monoacceptors since
from the photoconductive spectra to a band model it is nec- the use of 8.1 meV for the binding energy, consistent with the
essary to examine all contributions to the transition energy. binding energy for Cd (or Zn), ,1.23 explained well the transi-
Since the light-hole excited-state binding energies and the tion energies observed for the weak resonances. The value
field-induced shift of the acceptor ground state are consi- for the Au binding energy is in excellent agreement with
dered to be small, we have found that ' "i -3 it is sufficient to oscillatory photoconductivity measurements, 1l5,6 where the
add the ground state binding energy to the light hole Landau long wavelength threshold was obtained.
level energies in order to accurately describe the observed The excellent fit to the Au transition data seen in Fig. 3
transitions. We have used a modified Pidgeon and Brown (solid dots and lines) shows that the excited state energies of
8 x 8 band model to calculate the light hole Landau level the Au acceptor must be very close to the calculated light
energies and adjusted the value of the ground state binding hole Landau level energies. The same is seen for the Cd data
energy in order to obtain a fit of theory to data. The band (dashed lines-open dots). This indicates that the excited
model parameters E, = 0.2352 eV, E, = 23.2 eV, states (excluding s states) of single and double acceptors do
A = 0.803 eV, y, = 3.25, y2 = - 0.20, y, --- 0.90, not significantly differ from one another. This feature agrees
K= - 1.30, F= -0.20, q =0.0, and N, = -0.55, were with predictions for single and double acceptors in Ge 24 and

* chosen for the analysis since this set of parameters has been has been seen for Cd and Ag acceptors in InSb"' at zero-
previously shown .2 i.22 to describe well an extensive set of magnetic field, and for Cd acceptors in [nSb in the presence
conduction-band cyclotron and combined resonance, of a magnetic field.' This is the first time, however, that this
phonon-assisted cyclotron resonance, two-photon magneto- feature has been observed for Au acceptors in InSb using
absorption, intravalence band combined resonance, and ac- magneto-optical techniques.
ceptor-excitation data. In summary, we have shown that high resolution mag-

A best fit to the data using this model is shown in Fig. 3. neto-optical techniques can be used to detect and identify
The dashed and solid lines represent calculated transition deep acceptor impurities in InSb. This technique also pro-
energies for the Cd (or Zn) and Au impurities, respectively, vides information about the behavior of acceptor impurities
using the procedure discussed above. The solid dots repre- in the presence of an external magnetic field and allows ex-
sent Au transition energy data and the open dots are Cd (or traction of ground state binding energies. In principle, if the
Zn) excitation data. The zero-field intercepts indicated by acceptor cross section is measured or known then one could
E,, and EAS, thus represent the ground state binding energy also develop this technique into a tool for determining the
for the Cd and Au acceptors. We see that by adjusting two number of acceptors present in the semiconductor crystal.
sets of calculated transition energies (dashed and solid line) Thus, high resolution magnetospectroscopy is a valuable
until a fit is obtained, we can explain well the complex spec- method for the characterization ofsemiconductor materials.
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High-resolution magneto-optical experiments on p-type InSh have been performed over a

wide range of temperatures and photon energies for the sample orientations B ( ll1 ) and

Bii(100). The spectra obtained at temperatures greater than -20 K result from

combined-resonance transitions of free holes between heavy- and light-hole Landau levels,

while bound-hole transitions between ground heavy-hole-like and excited light-hole-like ac-

ceptor states are observed at lower temperatures. The high resolution of the low-

temperature spectra has allowed observation of bound-hole transitions originating from

heavy-hole-like ground states to final excited acceptor states associated with light-hole Lan-

dau levels with quantum numbers n = - I to 27 Polanzation and Hall-coefficient measure-

ments have confirmed the origin 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'" 8 band model

has allowed the determination of a single set of band parameters for InSb that quantitatively

describes these different sets of data In addition, a ground-state binding energy of 8 1 t±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 E,-0.2352 cV Ep- 23.2 eV,

A=0.803 eV. 3'.25, "-- -0.2. y--0.Q, K- -- 13, F 0 2, q - 0 0. and ' -0.55

I. INTRODUCTION data,4 -' in contrast to the numerous conduction
electron studies reported, and the added difficulty in

In the past the determination of band parameters interpretation of these results due to the greater

for InSb has depended largely on the results of complexity of the valence bands in InSb. Specifical-
intra-conduction-band and one-photon interband ex- ly, Suzuki and Hensel"1 have shown that the degen-

periments. Owing to substantial disagreement be- eracy of the valence bands at the center of the Bril-
tween the parameters adjusted to fit the conduction louin zone introduces k,-dependent energy differ-

band and the interband data, some doubt arose as to ences in most observable intraband transitions that

the validity of the quasi-Ge model for InSb pro- take place near the band edge. Earlier hole-

posed by Pidgeon and Brown.' However, it has been cyclotron-resonance studies4- ' met these difficulties
shown by Weiler 2 and more recently by Efros et al.' in the interpretation of their results. Ranvaud'
that exciton effects must be included in order to showed that the application of uniaxial stress sim-

properly describe the one-photon interband results. plifies the hole-cyclotron-resonance spectra by de-

Also, intra-conduction-band experiments are rela- stroying the cubic symmetry responsible for the de-

tively insensitive to the nature of the valence bands generacy of the valence bands, and later Ranvaud

and are thus not particularly suited to the deter- et al.' investigated both hole-cyclotron and com-

mination of valence-band parameters. Therefore it bined resonance as a function of applied stress.

is not surprising that there is some disagreement be- However, the hydrogen cyanide (HCN) laser spec-

tween published sets of band parameters which have trometer used only allowed observation of transi-

been obtained by separate analyses of either tions near the band edge; therefore it is not unex-
conduction-band or interband data. pected that the parameters determined differed sig-

Another reason for the discrepancy between band nificantly from those obtained by analysis of inter-

parameters is the relative lack of hole-intraband band and intra-conduction-band data.

27 7473 611983 The American Physical Society
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Only one attempt has been made to include hole- ments: two-photon interband,"' conduction-band
intraband data along with one-photon interband and cyclotron 9 - 20  and combined 9' -1 2'1 resonance,
conduction-band data in order to obtain a single set conduction-band cyclotronq 2

0'- .2 and combined9 -21-

of band parameters for lnSb. Grisar et al. 9 obtained resonance harmonics, electron-spin resonance2
1 -25

photoconductive spectra for p-type InSb at 12 K for and phonon-assisted cyclotron-resonance harmon-
two CO 2 laser wavelengths. These spectra were in- ics.9. 20 ,21

26-29

terpreted as LO phonon-assisted spin-conserving In addition to the band parameters obtained we
free-carrier transitions between light-hole Landau show that the high-resolution magneto-optical tech-
levels and, by analyzing this data along with the in- niques employed in this study are useful for sensi-
terband and conduction-band data, a new set of tively detecting the presence and determining the lo-
band parameters were supposedly obtained. Howev- cation of acceptor impurity states in the forbidden
er, similar spectra in the same temperature regime energy-gap region. Until now, other studies
first obtained by Kaplan,'0 and later by Littler designed to investigate acceptor impurities in lnSb
et al.' 1 using a CO 2 laser, were instead described in have consisted largely of oscillatory photoconduc-
terms of hole transitions from a Cd acceptor ground tivity, V.3  negative photoconductivity,32  and
state to excited acceptor states closely associated in transmission 33 studies at zero magnetic field, and
energy with the light-hole Landau levels. Addition- Hall measurements. 5'  From the analysis of the
al verification for the identification of the spectra low-temperature bound-hole spectra, a value of
came from temperature-dependent Hall-coefficient 8.1 ±0.3 meV has been determined for the Cd
measurements. Littler et al." explained their accep- ground-state binding energy. Also from the analysis
tor excitation spectra using a three-band model' 4 to we are able to obtain information about the magnet-
calculate the transition energies, and a good fit of ic field dependence of the Cd ground and excited ac-
theory to data was obtained. However, the three- ceptor impurity states.
band model used does not describe accurately all
band features. Clearly, a definitive determination of II. THEORY
the band parameters for InSb has yet to be achieved.

In this paper we present extensive high-resolution In this study extensive use was made of a modi-
hole-intraband data which must be used for the fled Pidgeon and Brown 8 X 8 quasi-Ge band model.
proper determination of band parameters for InSb. We have adopted the version presented by Weiler
New low- and high-temperature spectra obtained for et al., 15 which was used to describe warping and
B II ( I l l) and bII (100) through the use of CO 2 and inversion-asymmetry-induced cyclotron-harmonic
optically-pumped far-infrared (far-ir) lasers and con- transitions in InSb. In this version the complete
ventional grating monochromators is presented. InSb k " Hamiltonian is obtained to first order in B
The low-temperature (TL <20 K) spectra are de- and second order in k, and the quasi-Ge model is
scribed in terms of bound-hole transitions between described for the magnetic field lying in the (110)
heavy-hole-like ground and light-hole-like excited plane of the crystal. The energies of the conduction
acceptor states; the high-temperature (TL > 20 K) band, and the light-hole, heavy-hole, and split-off
spectra result from combined resonance of free holes valence bands are calculated in an approximate
between different spin states of the heavy- and coupled-band scheme which includes nonparabolic,
light-hole Landau levels. The high resolution of the warping, and "quantum" effects in such a manner
low-temperature spectra has allowed identification that only 4 X 4 matrices corresponding to the a and
of bound-hole transitions with final excited acceptor b Landau ladders need to be diagonalized for each
states associated with the light-hole Landau level Landau quantum number n. The model uses a
quantum numbers n = - I to 27. Anisotropy effects group-theoretical treatment to obtain all allowed
seen in both the combined-resonance and bound-hole matrix elements of k and k x k among the valence-
spectra have provided additional constraints neces- band states transforming as the r8 representation of
sary for determining the final set of band parame- the double group. The results give a complete set of
ters. We have used ,R modified version' 5 of the adjustable parameters for the coupled r 6, r,, and rs
Pidgeon and Brown quasi-Ge model for InSb to bands. The set of basis functions used by Weiler are
analyze our results and, along with the use of exten- slightly different from other sets found in the litera-
sive conduction-band and two-photon interband ture.
data, have been able to determine a set of band The strongest allowed transitions are those pro-
parameters for InSb. This new set of parameters ex- portional to the interband matrix element P, and the
plains well not only the valence-band results present- selection rules for both intraband and interband
ed here but also those of a number of other experi- transitions are given by''



27 HIGH-RESOLUTON MAGNETO-OPTICAL STUDIES OF FREE 7475

a. * 1, -. b, -. b.-, , III. EXPERIMENTAL METHOD

a. *(in . b -. bn + I, The experiments descnbed in this work were per-
formed on p-type InSb crystals grown either by

a, ., i . b, Cominco or b) F. M. Swiggard of Naval Research

for r(7 ,r1 and r, respectively. For intraband tran- Laboratory (NRL). Cd was the acceptor used for
sitions, the r- transition occurs at ,J - , + (j, or the doping, with the %,alues of N,, - ND in the range

combined-resonance" frequency, where (!. is the (0. 5 - 1.5 1. 1014 cm - 1. Sample thicknesses were
cyclotron frequency and (,, is the spin-flip frequen- typically 3 5 mm for transmission and 0.1 mm for
c%, and the o0 transition occurs at (,.) Alo, in photocVonductitt.Y studies. For high-magnetic-field
this approach the valence-band states are not renum- measurenienits a Bitter solenoid of the NRL High
bered n -n -- I as was done by Pidgeon and Brown. Magnetic Field Faciht, and signal ratioing tech-

Free-hole transitions between valence-band Lan- niques were emploed. At lower fields, measure-
dau le ,els obeying the selection rules given in Eq. (1 ments were performed using either an iron core
should be observable in p-type lnSb following magnet along with magnetic field modulation and
thermal ionization of the acceptors present in the sampling oscilloscope techniques,4 or a supercon-
material. The selection rules apply equally well for ducting solenoid and signal ratioing.
free-hole transitions from heavy- to heasy-hole, The wide range of fixed photon energies used in
heavy- to light-hole, and light- to light-hole Landau the experiments were provided by CO , and optically
levels and thus the particular transitions observed pumped far-ir lasers, a grating monochromator, and
depend on the thermal population of the initial an interferometric spectrometer. Measurements
states and the range of photon energies employed, were conducted on samples in both Faraday and
Since relative strengths and field positions of al- Voigt configurations, with either BI(Ill) or
lowed transitions are directly obtainable from band- B 1(100) The low-field facility at North Texas
model calculations, they proide a straightforward State University (NTSU) had light polarization
method for identifying observed transitions. capabilities, whereas the high-field facility at NRL

At low temperatures holes are frozen out onto ac- did not: therefore, except %here indicated, the light
ceptor site,, and another class of excitations involv- incident on the sample was unpolarized, containing
ing transitions between acceptor impurity states then both a and ir components.
becomes possible. A standard approach to the treat- In order to achieve the wide range of temperatures
ment of acceptor impurity states in the presence ot used, the sample was situated in a cryogenic optical
an external magnetic field is to use the effective- Dewar and was either immersed in liquid helium or
mass approximation."m This approach was used by nitrogen, surrounded by flowing helium gas, or im-
Lmn-Chung and Henvis37 to describe high-field mersed in a static helium exchange gas on a heated
donor and acceptor states associated with the Lan- sample block in a tube immersed in liquid helium.
dau levels by extending the effective-mass approxi- Temperatures between 4.2 and 77 K were monitored
mation to include the details of the InSb band struc- by either a calibrated thermocouple or a Lake Shore
ture. From this analysis we note several features Cryotronics carbon-glass resistor located nearby the
characteristic of bound-hole states. First, unlike free sample.
holes, bound holes possess unique states. Also be-
cause of the degeneracy of the valence bands, the ac- IV. RESULTS
ceptor states in a magnetic field exist in association
with both heavy-hole and light-hole Landau levels. Figure I shows a comparison of the transmission
At low temperatures it is expected that the excited spectra obtained for a single sample of p-lnSb at
acceptor states would be the final states of hole tran- four different temperatures. Resonant minima in
sitions originating from a ground acceptor state, the transmission are seen in the spectra at various
Transitions to the continuum levels are not expected magnetic fields. The change in transmission in the
to dominate since transition probabilities to states in 4.2-K spectra from the monotonic background to
the continuum decrease with increasing field.' g The the resonance position at 83 kG is approximately
selection rules between acceptor states are expected 7%. Clearly. a substantial change in the spectra is
to be the same as that given for donor states; i.e., for seen in going from 4.2 to 38 K. The doublet feature,
r polarization or e iB, the selection rule is AN-0, resolved at fields above 40 kG in the low-
AM=0, A odd, and for circularly polarized radia- temperature spectra, is seen to die out as the tern-
tion the selection rule is AN= 0 or - 1, AM 1, perature is increased and a new set of resonances ap-
and W, even (M is positive for aL and negati%,e for pear. Also, the linewidths of the low-temperature

minima are significantly narrower than that of the
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FIG. I. Comparison of the transmission spectra ob- L 0 0 f1" 0125
tamed from a sample of Cd-doped p-type InSb at 9.57m

for four different temperatures. The observed transmis- T-11K-if

sion minima result from absorption resonances corre-
sponding to high-temperature free-hole transitions be- FIG. 2. Temperature dependence of the Hall coeffi-

tween heavy- and light-hole Landau levels and low- cient for Cd-doped lnSbr From the semilogarithmic plot
temperature bound-hole transitions between ground and it is seen that hole freezout has occurred at temperatures
excited acceptor impurity states. below - 12 K.

F;3. 11.8Fig. f .9
high-temperature minima. These differences sug- pairs of light-hole Landau levels. Figure 3 shows a
gest that two different types of transitions are re- diagram of the six possible free-hole transitions al-
sponsible for the spectra observed at low and high lowed at 60 kG for the light-hole energy range
temperatures. To aid in determining the origin of 120-130 meV. The transitions satisfy the selection
the observed transitions, the Hall coefficient was rules given by Eq. (1) of Sec. 11. The energies were
measured at various temperatures in order to help obtained using the band parameters cited in Table I
identify the contribution of free holes in the ob- for the sample orientation BI (II ). Also shown
served transitions. The results of this study are are transitions, labeled A, corresponding to bound-
presented in Fig. 2. These measurements indicate hole transitions that are present at low temperatures
that free-hole generation starts to occur at approxi- (TI < 20 K). These transitions will be discussed
mately 12-14 K, thus indicating that bound-hole later.
(i.e., acceptor transitions are responsible for the Since most of the high-field spectra was obtained
lows-temperature spectra and free-hole transitions are using unpolarized light, containing both or and r
responsible for the high-temperature spectra. In ad- components, the observed free-hole spectra is as-
dition, the narrower linewidth of the low- sumed to contain contributions from all six possible
temperature spectra indicates that the transitions ob- transitions. Figure 4 shows the wavelength depen-
served at low temperatures are to discrete states dence of the free-hole spectra obtained for
rather than continuum levels, in agreement with the B 11(lll . The arrows show how a given peak
bound-hole transition model. Therefore, the data tracks with photon energy. The identification of the
and hence our results and discussion will be separat- transitions responsible for the transmission minima
ed into two categories, free- and bound-hole spectra, observed was arrived at by calculating the positions
respectively, and relative strengths of all six allowed transitions,

and comparing these results with the data. An ex-
A. Free-hole spectra ample of this can be seen in Fig. 5. The transition

The spectral region investigated in this work in- strengths (directly proportional to the absorption
cludes many possible transitions, due to the mixed coefficient) were determined by calculating the
character of the wave functions and the thermal square of the matrix elements, for aL (transition 1),
population of numerous low-lying levels. These cR (transition 2), and ir (transition 3) polarizations.
transitions tend to group around the closely spaced These relative transition strengths were plotted as a

...n ... .. .......... .. . .
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-120 3 FIG. 4. Wavelength dependence of the high-
-20 4 temperature free-hole transmission spectra for BII( I I I ).

-4 r(nj 8a-11 bl(n) b-In Arrows indicate how a given peak tracks with photon en-
-14 ergy.

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 All( III). At low tem- and the same results were obtained. It is seen that
peratures, the bound-hole transitions (labeled A) originate the transmission minima using 7,r(i'[ B) polarization
from the Cd ground-state acceptor level shown. At high are 2 --- 3 times larger than those observed using
temperatures free-hole transitions are observed between (F.LB) polarization, consistent with the calculated
heavy- and light-hole Landau levels, transition strengths presented in Fig. 5. Also, the

observed transmission minima for FIB occur at
I. 0 slightly higher fields than the minima observed for

e'11B. This seems to be a result of the stronger crL
function of magnetic field, as seen in the lower half transition, also seen from Fig. 5. Thus we conclude
of Fig. 5. It can be seen that the strongest allowed that the transmission minima obtained with unpo-
transitions, by a factor of -3, are those correspond- larized light originate predominantly from un-
ing to combined resonance of free holes resolved closely spaced pairs of combined-resonance
[b-(n + I)-a (n) and a-(n - l)--b (n)] requir- transitions, and the average calculated positions
ing Tr polarization, rather than the cyclotron- were used to fit the spectra.
resonance transitions predicted for o'L and aR light Experiments were also performed for the magnet-
polarizations. Figure 5 also shows the experimental ic field oriented parallel to the (100) crystallo-
spectra obtained with the same transition energy, graphic direction in order to observe any effects of
118.15 meV (X= 10.49 tim), that was used in calcu- hole anisotropy on the transition energies. We
lating the field positions of the relative transition indeed do see a striking effect on the observed spec-
strengths. A one-to-one correspondence of the tra due to hole anisotropy by comparing the spectra
transmission minima with the average position of obtained for B1 (lll) and B1l(100): such a corn-
the combined-resonance transitions, indicated by the parison is shown in Fig. 7. To our knowledge, this
arrows, can be seen throughout the entire spectra. is the first time that this anisotropy has been ob-

Figure 6 shows the results of a transmission ex- served in combined resonance free-hole spectra. It is
periment carried out at low magnetic fields and high seen that the minima observed in the BII (100) spec-
sample temperatures using linearly polarized light to tra occur at higher magnetic field than the minima
determine the selection-rule dependence of the ob- observed in the BI I I ) spectra. Also, the relative
served transitions. The spectra presented was taken shift between the corresponding minima is seen to

'I- using field-modulation techniques, and they decrease with increasing field. These features can be
represent the second derivative of the transmission. explained by looking more closely at the anisotropy
Owing to the low signal-to-noise ratio in this field of the light. and heavy-hole Landau-level energies
range, the experiment was repeated several times for the a and b ladders. As will be discussed later
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FIG. 5. Comparison of free-hole transmission spectra obtained at 10.49 /zm with theoretically calculated field positions
and relati,,e transition strengths for different light polarizations. The number% indicate the light Polarization: CL+ = 1,TR 2. - 3. The arrowed dashed lines show the one-to-one correspondence between the average field position of the

combined resonance t r) transitions and the obsersed resonant transmission minilma.

I IT

(see Fig. 15 and corresponding discussion) it is seen
, that only the b set of the light-hole Landau levels

T,:41 displays any significant effects due to the hole aniso-

ip ,

-X - 10.21

+ TL = 0

dFIG rt Polanization dependence of the free-hole The n r i t the lt p o 5

transmission spectra at low fields for the Voligt configura- b tf

ion. The amplitude of the spectra obtained for e s na FIG. 7. Free-hole transmisson spectra obtained at
polanzation) is 2--3 times that obtained for Fig, in 10.21 M for §1g(.1 1) and corr ni(0). Airowed-dashed

agreement with theoretical predictions of the relattve lines show the shift in resonant mi ma field positions due
ltransiulon strengths. to the effects of heavy- and light-hole anisotropy.

for1th tra3nst oy t
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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 B3 '(It I The numbers correspond to the following transition assignments: I,
b I)- ,,a (0); 2, a+(-l)-b+(0); 3, b-(2)-a+(l); 4, b-(3)- a"(2); 5, ai(l-i-b+2); 6, b-(4).a*t3i; 7,
a-(2)- b+(3); 8, b-(5)-a+(4); 9, a-3)- b*(4); 10, b-(6)-a*(5); 1I, a-(4)-b (5); 12, b-(7-.a+(6): 13,
a(5--.b+(6); 14, b(8)-.a(7); I5, a-(6)--b(7); 16, b(9)-a (8); 17, a-7)-.b*(8); 18, b-(10)-.a+(9i; 19,-(8 )-,b+(9); 20, b-( 11)-,a +(I0); 21, a-- -b +(0); 22, b -( 12 )_a+(11).

-a+ (n - I) the shift in corresponding minima is that the anisotropy of the free-hole data provided
predominantly due to the anisotropy in the energies additional constraints necessary to determine the fi-
of the heavy-hole b ladder, while for transitions nal values for the band parameters; in particular, the
obeying a-(n)--b (n +1) contributions to the ob- values of the valence-band parameters, 1YI, Y2, Y3, K,
served shift come about equally from both the a and E.. The resulting set of parameters are listed in
heavy-hole and b light-hole ladders. Table I. along with other published parameter sets

Determination of the band parameters obtained in for comparison. From the comparison it is seen
this study was accomplished in several steps. First, that, with the exception of Es, our set of parameters
extensive intra-conduction-band and two-photon in- agree most closely with those of Weiler,2 who in-
terband data, reported elsewhere,9' 16 - 29 were fitted cluded exciton effects in analyzing her one-photon
using the modified Pidgeon and Brown 8 x 8 band interband results. In addition, some similar agree-
model. In order that correct effective masses would ment is seen with the very recent results of Efros
result, equations of constraint were used to constrain et al. 3 (in particular, the values of E. and y' ), who
the values of y2 - y'. and the heavy hole m - ((Ill ) also analyzed one-photon interband data using exci-
at - 1.1 and 0.45m 0 , respectively. These values ton corrections.
were chosen to agree with previous major studies Figures 8 and 9 show the results obtained by us-
(see Table It. The value of A was also held fixed at ing our set of parameters to calculate the transition

. 0.803 eV, as determined from the stress-modulated energies for BIj( I I I ) and B ( 100). Since the data
, magnetoreflectance results of Aggarwal 4' Then, us- was taken over a large range of temperatures rang-

ing the combined -resonance free-hole data presented ing from 20 to 77 K, a value of 233 meV for E. was
here, adjustments were made to the set of parame- used for free-hole results. This value for El is ap-
ters in order to best describe all data. It was seen proximately the value of the band gap at TL =40 K,
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FIG. 9. Theoretically calculated combined-resonance transition energies ;solid lines) and observed free-hole transitions
(dots) for BK(100). The numbers correspond to the transition assignments listed in the caption for Fig. 8.
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FIG. 10. Comparison of our observed free-hole transitions for 6! 1 11 (dots) with the theoretically calculated transi-
tion energies using the band parameters of Ranvaud et al. (Ref. 8) (solid lines) and Pidgeon and Groves (Ref. 42) (dashed
lines). Neither set of parameters is seen to describe our combined resonance free-hole spectra.F; . :1.47
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as determined from two-photon studies. " The final en using magnetic field modulation and sampling

fit for our combined-resonance data is, however, not oscilloscope techniques and indicates the high reso-

very sensitive to small changes in E. An excellent lution possible at low field using these techniques.

fit is obtained which explains well all observed From Fig. II it is noted that, unlike the free-hole

features of the combined-resonance data. From spectra, an apparent doublet is resolved at higher

Table I we see that the effective masses and g-factor fields. This feature has been previously reported in

calculated using this new set of band parameters the literature." 12 The doublet is a consequence of

compares favorably to other sets of published values, the ordering of the light-hole Landau levels such

A preliminary study of the free-hole spectra, re- that a and b spin states differing in quantum num-

ported earlier.', obtained a fit similar to that shown ber n by unit, [i.e., 11b I )--2a(a ' 2)), etc ] lie

in Figs. 8 and ). This fit, however, was obtained close together in energ.,. This ordering is due to the

without the benefit of the intra-conduction-band large spin splitting in the valence band of InSb,

data as a constraint. The energies of the combined- shown qualitatively in Fig. 1.
resonance transitions calculated for the Bi' (100) As discussed in Sec. II, transitions between accep-

orientation using this set of band parameters tor impurit. states should follow the same selection

displayed a separation approximately 3 times larger rules that are predicted for donor states. Also, the

than that seen in Fig. q. With this large a separa- observed acceptor excitations should be equall) al-

tion, doublets would have been easily resolved. But, lowed for a or - polarization. Owing to the near

as is seen in Figs. 4, 5, and 7, this doublet feature is degeneracy of the initial hea,s-hole-like acceptor

not present. Also, calculations made using this set states, the observed transitions for both polanzations

of parameters gave heavy-hole effective masses 30% should occur at nearly the same field positions. Jo

larger than what would be expected. Thus we see check this, a polarization study was onducted at

that it is important to include data from all regions low field, using magnetic field modulation and sam-
in the analysis in order to obtain a correct set of pling oscilloscope technique,, the results of which
parameters. are displayed in Fig 12 For each polarization the

We recalculated the transition energies for same intensit was incident on the sample. Little

Bi ( I ll) using other published sets of band param- difference in either amplitude or field position of the

eters and found relatively poor agreement with our transmission spectra were detected, in agreement

data, as is shown in Fig. 10. This figure shows the with the predictions of the bound-hole model

transition energies obtained using parameters ob- Figure 13 shows photoconductive and transnui
tained bv Ranaud et al.g tsolid lines, and Pidgeon
and Groves 2 Idashed lines). It ts seen that neither
set describes the combined-resonance data presented
here. Thus is it is evident that our new set of free- .9 1i-

hole data must be included in order to determine a T 42K
I1 ii

proper set of band parameters for InSb. 
I

B. Bound-hole spectra IcaTIAMIvoR
I

As was previously discussed, at sample tempera-
tures below - 14 K holes are frozen out onto accep-

a to 1i 14 16 Is
tor sites, and bound-hole transitions should then be , ,
observed in the transmission or photoconductive
spectra. Figure II shows a comparison of photo-
conductive and transmission spectra obtained at 4.2
K for 9.57 tim. A one-to-one correspondence be- 0 0 30 40 50 60 10& 90 0

tween the transmission minima and the photocon- 1,

ductive peaks is evident. As indicated by the ar- FIG. I1. Companson of photoconductie and
rows, there is no shift seen in peak positions between transmission spectra obtained at 4.2 K for B9 I I I) Ar-
the transmission and photoconductive spectra. rows indicate the one-to-one correspondence between the
However, the photoconductive spectra provides photoconductive peaks and the transmission minima The

much better resolution than does the transmission inse shows the high resolution possible at lower magnetic
spectra Clearly, the photoconductive measurements fields using magnetic field modulation and sampling oscil-
provide a more sensitive means of determining small loscope techniques. The detector response shown in the
changes in absorption due to resonant processes. inset is proportional to the second dens ative of the

The inset of Fig. II shows transmission data tak- transmission signal.
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FIG. 12. Polarization dependence of the bound-hole /
spectra for 6!' ( II I )and in the Voigt configuration. No
significant differences in either the amplitude or field po-
sitions of the resonant minima are seen. 5 15 25 35 45 55 65 75 85 95

B IkGI

5 .  FIG. 13. Wavelength dependence of the bound-hole
spectra for 5'I( Ill ) The high resolution of the spectra

sion spectra obtained at three different widely allows individual transitions to be tracked over a broad
spaced wsavelengths. The numbers used to identify range of photon energies. The numbers refer to the light-
the individual transmission minima (or photocon- hole Landau levels to which the excited impurity states
ductive peaks) refer to the ligh!-hole Landau level to are associated.
which the excited acceptor states are associated.
Note that the high resolution of the spectra allows '0 
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 jim have
been identified as the free-hole combined-rconance Fi3. -1. 2.-
transitions whose assignments are b -12) -a I )
and a( -I) -b' (0). The free holes in this case
are generated by the photoexcitation process itself , ToL iO2K

and the other free-hole transitions possible at this 42

energy and field range are obscured by the observed
bound-hole spectra.

A remarkable crystallographic-dependent aniso- PIOTOCONDUCTIVt

tropy of the transition energies is observed in the
bound-hole spectra, as can be seen in Fig. 14. Oscr
a large portion of the spectrum, the high-field com-
ponent of the doublet structure is seen to shift to
higher field values upon changing sample orienta-
tion from ( Il ) to Bi 100), while the low-field it 20 30 40 50 60 70o it a 10 110
component remains virtually stationary. This 6%
behavior is a direct consequence of the anisotropy of
the light-hole Landau-level energies, assuming that FIG, 14. Bound-hole photoconductive and transmis-
the binding energies of the excited light-hole accep- sion spectra obtained at 10 21 pim for B ' (111) and
tor states themselves do not show significant effects B (100) The dashed arrowed lines show how a shift in
of anisotropy. An example of this light-hole amso- resonant field position is seen for the higher field com-
tropy can be seen in Fig. 15, which shows the ener- ponent of each doublet, while no shift is evident for the
gies of the light- and heavy-hole a and h Landau lower field component.
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LIGHT HOLE LANDAU LEVELS E.,B R is the binding energy of the excited hghi-hoh:
10. a set b set acceptor state (final state for the transilton. Siice

it 3 values of AE,,(B) and Er,,Bt are considered to he

smali, and their differe'nce esen smaller, to a first

-110 approximation %e may neglect their contributions to

the transitlon energ, and w rite

-120 3 -fk : A-E , O( 4 h n ,B , (3t
120 Thus the observed transmots can thcereti-ally fi

b simp, adding Nii ,ero-freld binding energy ito
S-130 the light-hole ecieigl calculated using the . 8

hand modKel.
Figure 16 shows the results obtained by calculat-

ing the transition energies for 1B, ( Ill ). We see
.140 4 that excellent agreement between the theoretical pre-

dictions of Eq. (3) and our data is achieved over the
range of light-hole quantum numbers n = -- I to 27

-150 11ll; 10 11111 11001 for an extremely large number of data points taken
over a kide range of photon energies (-12--135

imcVj and magnetic fields -7-110 kG). In order

160 to more clearly see the high resolution of the
bound-hole spectra, Fig. 17 shows an expanded vtew

PIG 15 Diagram of the calculated Landau-level ener- of Fig. 16 for B (Ill ). with B =(0 -20 kG. From
g~es using our sel of band parameters for 13 (I I ) and this figure we see that we are able to resolse transi-gi es and for the n 3. 4. and 5 levels showing the tions down to the excited states associated with the

effects of light-hole anisotrop) The b set of levels, corre- n = 26b 27a light-hole Landau levels. Figure I

sp-,nding to the high-field component of each observed shows the excellent agreement of the theory to our

dohlet, s seen to sho\. an amsotrop. in the tran'.tion en- data (solid dots) for B (100). In addition it

eres. %%,,htle the a-set energies for I ( Il and Ii I() shows the agreement of the theory using our set of

renailn %irtuall, identical. band parameters with the onlk other bound-hole
transition data, taken by Grisar et al o ((Pen tnan-

ZZ gle ). Here the agreement of theory to data indicates
that Cd 'or Zn' impurities were evidently present in

ladders t r I I I ) and 13 100) at 0 kG. These the sample of Grisar ct al. since their data fits the
energi es were calculated from the 8- 8 band model transition energies calculated for the impunty tran-
using the set of band parameters determined in this sitions. Fron, our analysis, a value of 8.1 * 0.3 me\
work 't Fable I). It is seen that the h set of light- was obtained for the ground-state binding energy of
hole levels corresponds to the high-field Ilow-energy) the Cd acceptor [eg,(O)]. This energy is in general
component of each doublet and is most sensitive to agreement with the ,alues 8.5±0.5 meV (Ref. 431
the effects of a- isotropy. It might also be noted that and 8 meV (Ref. 4.4) found in the literature. Other
the prediction of this behavior by theory is sensitive values found in the literature are as follows:
to the choice of band parameters and therefore pro- Q. 3 - 0,6, "' 9.86," 741 8.5546 and 9.1 meV.4'

vides another useful constraint in the determination The ab,,e analysis assumed that E,(B) and
of the band parameters. AE,,(h wcre negligible compared to the transition

A useful method for extracting the zero-field ac- energies. This assumption is particularly valid for
ceptor ground-state binding energx from the low- low magnetic fields and large light-hole quantum
temperature data is to consider all field contribu- number n. However, as suggested by the theoretical
tions to the bound-hole transition energy fuo. This analysis of Lin-Chung and Henvis. " the binding en-
is gi en by'' ergies of the p-like excited states increase monotom-

, ,B - ,(2) l with increasing B and decreasing n. Therefore,the fit of the bound-hole data to theory discussed

where E4,41 I the zero-field acceptor ground-state above wias accomplished by adjusting E,(O) such
binding energy, AE,,,B) is the field-induced shift that the low-field, high-energy data fit best. as seen
of the ground state, (1'6 n,B! refers, to the energy of in Fig. 17. Any deviation seen between theorn and
the nth light-hole Landau level in ladder a or b, and data at high field and low Landau quantum num-

-.4
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FiG 16 Lo-field bound-hole transition energies for I ) I ) and B -0 to 120 kW The line represent energies cal-
culated using the 8 . 8 band model and a zero-field intercept [E,,i01i 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 (e.g., 1, ground acceptor level toa - I); 2. ground acceptor le%,el tob 1 . etc'.

140 2 €,/ -914 III • , ,i bers would then be a consequence of the non-
B 4i,, " negligible value for E, or AE9,. A deviation is

120 4 • . indeed obsers-ed, as seen in Fig. lb. At magnetic
fields greater than 50 kG, we can see slight energ,,

/ . differences between theorv and data of I -3 meV for

100t/ transitions to excited states identified by light-hole
,'. quantum numbers -la(a -I)) to la(a+( I).

21a- / 9 Ba -iSince the difference is observable, we might be able27 ab lb b 7 to determine the final states of the bound-hole tran-
"4/* 13 sitions. Figure 19 shows an energy-level diagram

12 for the light-hole acceptor states associated with the
,It light-hole Landau levels Ob(b'0)) and la(a (1))6010in lnSh at B = 100 kG. The energies of the excited

-/ ._ 9 states were calculated in a manner similar to that
0 presented by Lin-Chung and Henvis"'- and the en-

40 7 ergies of the light-hole continuum levels were calcu-

lated using our band parameters and the 8 x 8 band
5model. The arrows show allowed transitions be-

20 4 * tween the s-like acceptor ground states and p-like
3

... ." " -4 2 impurity excited states associated with the light-hole
I Landau ladders a and b. Since unpolarized light0 ','

0 5 10 15 20 was used, containing both a and ir components, and
lkGj t the sample was mounted in the Voigt configuration

FIG 17. Calculated bound-hole transition energies, for the monochromator measurements, contribu-
FI (llI ) and B --(0 to 20 kG (solid lines' and observed tions from the WX odd and AX even transitions
bound-hole transtions (dots). The number,, on the lines would be expected. This appears to be the case;
identify the light-hole Landau levels and the numbers on Table If lists a comparison of theoretically calculat-
the borders refer to bound-hole transition assignments ,see ed and experimentally observed transition energies
Fig. 16'. for high-field data. In this calculation the value of

Z '.Z I

-i. . . - ... I ,- i. . .
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FIG. 18. Calculated bound-hole transition energies B 100) and B 0 to 140 kG solid lnes and our obserxed bound-
hole transitions tdots). The open trangles represent the data of Gn,,ar et al. iRef. 9j obtained at 12 K. The numbers on
the lines identify the light-hole Landau lc,,el and the numbers on the borders -tfer to bound-hole transition a,,,gnment,
(see Fig. 161. F , 3 .  R .2 ,S5

&Es was still assumed to be negligible. From the to .
comparison we see that the observed transition ener-
gies always fall in the energy range between the 8 100kG

transitions to the two excited p states, indicating 0
that the observed spectra is probably due to un-
resolved transitions between the ground-state accep- -50- d
tor level and the two excited p states -ve I ~_.L 1021

_55-I-;00lb

V. CONCLUSIONS Ob

High-resolution magneto-optical techniques have -60 7

now been extended to the study of valence-band -65
transitions in p-type InSb, yielding new information
necessary to the determination of band model pa- -70 L 1001a
rameters for InSb. New free-hole combined- 11111,

resonance and bound-hole acceptor transitions are -75 i

observed for BI(Ii) and B11(100), clearly L_
displaying the effects of the valence-band anisotro- FIG. 19. Diagram of allowed transitions between the
py. The free-hole data has been analyzed along with heavy-hole (s-like) acceptor ground state and the light-
extensive conduction band and two-photon inter- hole (p-like) excited impurity *' "s for n =Ob and ]a at
band data using a modified Pidgeon and Brown B = 100 kG. The notation t.iu s.,-ction rules are those of
band model, resulting in a set of band parameters Lin-Chung and Henvis (Ref. 37). The energies of the ex-
for InSb that describes a wide variety of experi- cited states were calculated in a manner similar to that
ments. In particular, the set of band parameters ob- given b, the theory of Lin-Chung and Henvis, and the en-
tained in this studl' has recently been used by ergies of the light-hole continuum levels were calculated
Goodwin and Seiler2 to describe an extensive set of using the 8 s- 8 band model. The transitions shown corre-
intra-conduction-band data. spond to bound-hole transitions 4 and 5 (see Fig. 16).

4..

+iA
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TABI E II. Comparison of bound-hole transition energies calculated using Iq '2, lasurning IFB,, B)Oz and E,
values obtained from I in-Chung (Ref 481 with experimentally observed transition energies

B E, E ,hb E, , - EV, E,( meV, Experimental
(T) (meV) ImeV) 020)b tO01 ib (I I Itoaa meV,

7(9 81 41 1 47 2 487 484
8.24 8.1 469 528 545 53 S
9.95 8 I 50.5 56 3 58, 564
902 8.1 66.1 71 '3 6 72Q
9.40 8.1 68 2 '1 "8 74 7
9.45 8 1 52.9 58.7 0 8 58.9
90 8 1 69.7 75 3 773 76.6
9.95 8.1 55 3 60.8 62, 61 3

10.45 8.1 74.1 79 5 82 1 80.7

Tc bie E. Z

The high resolution of the bound-hole spectra has study can be used to detect and identifN impurities
allowed determination of the Cd acceptor ground- it' semiconductor materials.
state binding energy in lnSb as well as provided ex-
perimental evidence suitable for studying the ACKNOWLEDGMENTS
beha% tor of excited acceptor states in the presence of
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iii. INTERACTION OF CO2 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 levels. A new experimental

technique is presented for the detection of deep levels 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.

: . II I-I



Laser-induced magneto-optical transitions from deep levels in n-lnSb
D. G. Seller and M. W Goodwin' )

Centerfor Applied Quantum Electronics. Department of Physics. Vorth Texas State Universty, Denton, Texa%
76203

(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 IMPC1
in n-lnSb (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-
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 I - 30 W/cm2 ) and
shows no polarization dependence (for eiB and eJ1B). These and other results indicate the
presence of a deep level z74 meV below the conduction band edge 2E --235 meV1. Using a CO
laser, a resonant structure is also observed from another deep level, l170 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: 78.20Ls, 72.40. + w, 78.50.Ge, 71.55.Fr

I. INTRODUCTION AND BACKGROUND field to p-lnSb it has been possible to more precisely investi-

The properties of deep levels in semiconductors are re- gate bound hole excitations,' and, in addition, to observe

ceiving a great deal of attention, in part because they are now and study free hole transitions." Intrnsic photoconductiv-

a major limiting factor affecting device performance and re- ity oscillations have also been observed in p-InSb due to va-

liability. Unfortunately, deep levels are rather poorly under- lence-band to conduction-band transitions.' For n-type inSb

stood. These deep levels are associated with a potential that most photoconductive work in a magnetic field has centered

is short range in nature and, hence, effective mass theory on the shallow donor levels that are nearly degenerate with

becomes inadequate in describing them. There are also many the conduction band or on free carrier properties. Intrinsic

difficulties in the detection and identification of deep levels. photoconductivity has also been observed in n-lnSb due to

Consequently, it is highly desirable to develop new experi- band to band transitions."9 However, to our knowledge, no

mental techniques for the detection and study of deep levels one has previously presented evidence for oscillatory photo-
which could aid in their characterization and theoretical un- conductivity in n-InSb caused by electron transitions from

derstanding. In this paper we present a novel method of deep levels to the conduction band. These magneto-optical

studying deep levels in n-inSb using high resolution and ex- studies thus allow a more precise determination and detec-

tremely sensitive magneto-optical techniques. tion of deep levels through a more direct means than has

Evidence is presented for two deep levels in high purity previously been possible.
n-lnSb (band gap 2 235 meV at 4 K): (1) using a CO, laser a The effects of deep levels usually show up most predo-

level -74 meV below the conduction band edge has been minantly in samples with low carrier concentrations. It is

identified; (2) using a ('O laser another level - 170 meV be- just this experimental condition that makes photoconductiv-

low the conduction band has also been observed. ity measurements extremely powerful in the detection of

Photoconductivity oscillations in InSb have been inves- weak magneto-optical transitions. Because of the originally

tigated previously under a variety of conditions and samples. low number of thermal equilibrium electrons in the conduc-

In p-type InSb at a zero magnetic field, extrinsic behavior tion band, it is rather easy to detect a small percentage of

has been observed due to the excitation of a hole from the photoexcited carriers. In addition, at low temperatures elec-

impurity state to the valence band with the emission of one trons excited high into the conduction band give rise to an

or more LO phonons. ". With the application of a magnetic 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-
Present address: Texas Instruments, Inc., Dallas, Texas 75265 tions originating from deep levels within the forbidden gap

7505 J Appi Phys. 53(11). November 1982 0021-8979/82/117505-11$0240 Cc 1982 American institute ot Physics 7505



E of 1700 Hz. The 3% duty cycle prevents lattice heating by
C. the laser. The grating-tuned CO2 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 pm.

•- I'!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

x .7 - 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 PINIt Z photodiode to produce a trigger pulse for the sampling oscil-
0 iJlE 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-

t2 Iscope 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 theElf' 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

'5x modulation is fed through a high impedance differential am-
I plifier into a sampling oscilloscope. The output of the sam-

.H. pling oscilloscope is then fed into a lock-in amplifier tuned to

FIG. I. Schematic representation of the origin of the resonant magneto- 86 Hz which results in a lock-in detector response propor-
optical transitions from two deep levels in inSb. At zero magnetic field the tional to the second derivative of the photoconductive signal.
dashed lines show the E vs k behavior of the light and heavy holes and the
conduction band, as well as the variation of the density of statespIE Upon I1. RESULTS
application of a magnetic field, the densit) of states exhibits the well-known
singularities due to the Landau levels. A portion of our studies with the CO, laser is shown in

Fig. 2 for various wavelengths. The detector response is pro-
Fic . I portional to the second derivative of the photoinduced

region. At B = 0 direct transitions from these deep levels at change in magnetoresistance. The numbers correspond to
theCO,(- I l5-135 meVjandCO(215-225 meV)laserener- distinct resonances for each wavelength. Doublets, labeled
gies can not take place. Nonresonant transitions from these with plus and minus symbols, are resolved at the higher mag-
levels with the assistance of phonons or impurities, free car- netic fields. The minima positions correspond to minima inthe resistance or maxima in the conductivity and are seen to
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- Pq. I ,
ture and opens up the possibility of direct transitions from
the deep to Landau levels. The resonant photoconductivity 1 ii
structure would be expected to follow the final electron den- A 13 um
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 s.
in the density of states. Consequently, for a fixed photon K *" , I

energy, the number of carriers and/or the mobility and 7. , \ :

hence conductivity resonantly increases as the magnetic -
field is increased. 10

If. EXPERIMENTAL WORK 4-'I~\) 4 0

The samples used were cut from bulk grown n-type ,02 7-
InSb having a concentration of 9 X 10 " cm and a Hall 1, ,
mobility of 400 000 cm'/V s at 77 K. The front surface was / 6. ,optically polished with 0.3 pm A120 1 polishing grit. The rear 6 - - 5- 5 -

surface was left rough to eliminate multiple reflections and
etalon effects. The sample dimensions were 5.5x 1.5 xO.2 05 10 u1

mm thick. Two current contacts and two potential contacts
were made using pure indium. The sample was illuminated FIG 2 Wavelength dependence of the DLCRH (arising from level E,

t ashown in Table II structure for elB. The numbers correspond to the finalwith a 20-ps wide pulse produced by mechanically chopping state conduction hand Landau level and + and - are the spin-up and
a beam from either a cw C02 or a CO laser at a repetition rate spin-down states, respectively. The applied electric field is !- I V/cm.
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shift to higher magnetic fields as the photon energy in- polarization. Here, reproductions of the lock-in detector
creases. The envelope of the resonant structure depends output versus inverse magnetic field are given for various
upon the ac magnetic field modulation technique; the actual relative peak incident laser powers at 9.56 ,m. The laser
amplitudes of the resonant structure increase with magnetic power was attenuated with calibrated filters and an absorp-
field. The magnetic field positions of the structure are peri- tion cell filled with propylene of variable pressures. The top
odic in inverse magnetic field. These facts suggest some type trace has a peak incident power of - 1.4 W, while the lower
of resonance behavior involving Landau levels. A two-pho- traces were taken with successively smaller values of P,. The
ton rnagnetoabsorption (TPMA structure'"'' is absent in bottom trace was recorded with the laser beam physically
the spectra because the data was taken with low laser powers blocked. As P, is increased a series of weak resonant resis-
i=--30 mW) where TMPA effects are weak, and for ejIB tivity minima develop which is the same structure as that
where TPMA is approximately a factor of 4 weaker than for presented in Fig. 2. The photoconductive amplitude of this
eiB. Phonon-assisted cyclotron resonance harmonic transi- series saturates with increasing laser power. With continued
tions2 -5 (PACRH) within the conduction band are also ab- increasing laser power another series of very sharply defined
sent because of the ejjB polarization configuration where resonant resistivity minima develops, which has been shown
they are not allowed. This resonant structure shown in Fig. 2 to arise from TPMA,' and at the higher laser powers this
has not been extensively studied since it is a weak magneto- structure clearly dominates the photoconductive spectra.
optical effect, observable with oniy the best high-resolution Both sets of resonant structures are periodic in inverse mag-
signal processing techniques. It is our purpose to show that netic field. The envelope of the resonant structure depends
the structure shown in Fig. 2 arises from deep level cyclotron upon the ac field modulation technique, as mentioned pre-
resonance harmonic (DLCRHi transitions originating from viously.
a deep level within the band gap of lnSb. A DLCRH structure exists for the entire spectral range

There is a distinct contrast between the TPMA struc- of the CO2 laser, while a TPMA structure has a definite
ture and the DLCRH structure, as shown in Fig. 3 for ejIB ,hreshold at about 10.33pum. Therefore, most of the experi-

ments on DLCRH were done using wavelengths above Ilt;. 33
' . , p m to avoid confusing the spectra with the TPMA structure

____ The power dependence of a particular transition in the
' 000 DLCRH structure is shown in Fig. 4 for the wavelength

ix 1 A -- 10.53)pm. The amplitude A was normalized to the high-
est power amplitude A,, As shown, the amplitude of the
structure increases approximately linearly to a peak incident

S956,,M power of about 0. 15 W. With greater powers the amplitude
T

, I SK saturates z0.20 W1 and decreases in size. The same type of
0 270 behavior is also characteristic of the other transitions in the

DLCRH spectra. The TPMA spectra exhibits a different
power dependence in that the amplitude has a parabolic de-

x 0.200 pendence at low powers and does not show a saturation and
decrease in size with increasing powers available from the cw

Ix 0100 laser. The amplitude of the DLCRH structure also rises fas-
~ 0060

5. 00302.F t . fT'
,. 00. 10.53,um

.ax 0014 15

tax

I~l O003lox 003

0000

I I I0.5
I 2 3 4

FIG 3 Photocnductive spectra for different relator peak incident CO.
laser powers P, Note the gain setting on the left F-or P, I. the peak 0.00.0 0.4 0.8 1.2
incident powers - 1 4 W with a heam of I 5-mm I 'e intensit) diameter
The dashed vertical lines are drawn at the magneti., field posii,ns of a PEAK INDENT POWER Wj
TPMA (high powers)and a DLCRII ilower pwer.: resonance as discussed tl(i 4 Relatise power dependence of the amplitude ofa DLCRH transi-
in the text and illustrate the fact that the magnetic field p iltions are inde- tions at B -- O 5 1 and for eilll and A 10.53 ym The amplitude is norma-
pendent of laser power lied to the highest power amplitude Note the initial linear behavior

7507 J Appi Phys Vol 53. No 11, November l902 D G Seler and M W Goodwtll 7507



ter with power than the TPMA structure until saturation seen in this "fan chart," and in the raw data shown in Fig. 2,

occurs. The rise and saturation of the amplitude with power the structure shifts toward higher magnetic fields as the pho-
can be easily described by a simple rate equation analysis of a ton energy increases. The lines represent theoretical calcula-
two-level system. However, the two-level analysis can not tions from a model in which the electrons in the lowest spin-
predict which model of the two presented here is correct. up n = 0 Landau level are excited by photon absorption to
The rise of the amplitude would be due to the generation of some other higher energy Landau level, either the spin-up
photoexcited carriers by the absorption of the incident light. (cyclotron harmonic) or spin-down (combined harmonicl
In a quasi-steady-state condition the saturation would be state. This could be a probable absorption mechanism, be-
due to the fact that the generation rate of carriers into the cause at these low electric fields most of the electrons reside
final state would be equal to the recombination or scattering in the lowest Landau level.22 The energies of the conduction
rate out. band Landau levels were calculated with a modified Pid-

This DLCRH structure was apparently first observed geon-Brown 8 x 8 band model using the following set of
in n-InSb by Morita et al. " for only one photon energy (117 band parameters:Eg = 0.2352 eV; E, 23.2eV;A =0803
meVIofthe CO 2 laser. They observed resonances in the mag- eV; y, = 3.24, y2 = 0.20, y1, 0.90; K = - 1.3.
netophotoconductivity for samples (n 10' 4 cm - ) at liquid F = - 0.20; q = 0; N, = - 0.55. This same set describes a
helium temperaures. They attributed this structure to a pho- wide variety of other magneto-optical experiments: intrava-
toinduced sum of the normal, spin-flip, and two-phonon lence band, intraconduction band, and two-photon inter-
magnetophonon effect. The magnetophonon effect in n-InSb band.
is usually only observable at temperatures near or above that With the period and magnetic field positions of the res-
of liquid nitrogen. Under hot electron conditions it can be onant structure shown in Fig. 5, a fit of the transition ener-
seen at liquid helium lattice temperatures. The presence of gies to the data was not possible with a model in which the
these resonances at 4.2 K was then attributed to photoin- electron is simply photoexcited from the lowest energy state
duced hot electron magnetophonon effects. The exact to some other state at a photon energy Aw higher. However. a
mechanism which caused the spin-flip and two-phonon re- fairly good fit was found when the energy intercept at B - 0
sonances was not clear. The magnetophonon model of Mor- was adjusted to be 70 instead of 0 meV, and when the transi-
ita et al. cannot predict the observed shift of "he structure tion energies were calculated with known band parameters
with incident photon energy, because the magnetic field po- for InSb. Since PACRH in lnSb is well known for one LO
sitions of the magnetophonon resonances essentially depend phonon-assisted transition, the energy intercept 70 meV!
only upon the energy of the LO phonons, which is indepen- could be interpreted as the amount of energy lost to a multi-
dent of the photon energy. We thus have to look for other pie emission of LO phonons by the photoexcited electrons
explanations of this resonant behavior. The only possibilities The dominant electron-phonon interaction is polar optical
are that these effects arise from some kind of intraconduc- scattering. From energy conservation this can be written as
tion band processes (model 1) or from transitions originating
from deep levels within the forbidden gap Imodel II). Specifi- A = E'. In) - E'. (0) + rhfw, I)
cally, we now look at Model I, which we have previously
used to explain these effects. 2

.1 where E', (n) is the energy of either the spin-up I + ) or spin-
down ( - ) state of the nh Landau level of the conduction

Model I: Three-phonon assisted cyclotron and band and m the number of LO phonons emitted in the transi-
combined resonance harmonic transitions tion. The energy of the LO phonon is known to be approxi-

Figure 5 shows how the resonance positions shift in mately 24.4 meV, thus making the number m of emitted LO

magnetic field as the photon energy of the laser is varied. As phonons from the equation m&A,, = 70 meV to be nearest
three. The calculated LO phonon energy would therefore be

R's. -EE .5 23.3 meV. which is outside the uncertainty of 24.4 ± 0.3
140 20 - *t 9 S 7 6 meVofJohnsonandDickey'"andthe24.4 ± 0.2meVdeter-

- :-.*.* * ,- 5 mination from our PACRH studies.'"
- .,.. Multiple phonon interactions have been observed in

120 - - . ...... .. "pinning" or level crossing effects in InSb. , Several combi-

3 "nations of two-phonon, optical, and acoustic interactions
-0, |were used to model a variety of pinning processes. ' A very
_00. 2-. weak two-LO phonon-assisted cyclotron resonance har-

,_ monic transition was also reported by Morita et al."6 How-
ever, only one small peak in the photoresponse of a sample of

- InSb was observed at one photon energy (117 meV) by Mor-
10, . . ita et al.

00 05 10 i5 20 The three-phonon assisted cyclotron and combined
dta wharmonic transitions proposed by model I can be described

FIG Fancharthby a transition rate which is proportional to the square of
el I discussed in the text The intercept was adjusted to 70 meV The
nunmbers are the final state Landau level and + and arethespin-upand fourth-order perturbation theory matrix elements. Such a
spin-down states, respectively matrix element can be written as
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M(';H, ly) (y iH, [, ) (13 1i, a) (aIH, 1) Model If: Transitions from a deep level

M (E, -- , - 2Ao)E -- c -- -uze,,IE - C") Model I suggests that properties of the DLCRH struc-
ture should be similar to those of PACRH. because I the

where the sum is over all intermediate states a13,'. and electrons which are excited are initially in the same state

E, - e + **- . Theenerg oftheelectron in statea ise, etc. in = 0 spin-up state) and 2) both mechanisms involve the

There are three other terms similar to Eq. 121 in which one or interaction with phonons Therefore, a series of experiments

more phonons are emitted before the photon is absorbed. was designed and carried out to check the similarity, if any.

This type of process is expected to be extremely weak, cer- between the two processes. Morita and Mikoshiba 4 report-

tainly in comparison to one-phonon assisted cyclotron reso- ed that they observed a drastic change in the photoresponse

nance harmonic transitions I PACRH) of a sample of n-lnSb from the DI.CRH structure to the

Athough there is good oserall agreement between the- PACRH structure after the sample had been exposed to the

ory and data, closer examination of Fig. 5 shows that for Iow atmosphere for 40 day,. The% attribuied the cbangc in the

and high magnetic fields the theor does not agree complete- photoresponse to a formation of an accumulation layer on

ly with thedata. An impros cment to the model may be made the surface, but did not explain the actual mechanism hes

by includingan energy shift in the resonance positions due to also reported that they observed a change %hen a strong

polaron and broadening effects. " Thus. Eq. II could be electric field was applied to the sample, but again no specific

modified by the following equation details were given. We have not observed an: of the hange,
E'. -- E , 0 - 31lito,, --- J. i3i reported by Morita et a/.

In Fig. t the change of the resonant structure from

where J takes into account possible shifts in resonance posi- PACRH to DLCRH with increasing current I or electric
tions due to polaron and broadening effects. No attempt Aas field is sho, n for ei B polarization at a Aa%,elength of 10 t5
made to include the term J in the calculations shown in Fig m. At ohmic or near ohmic electric fields of 1LX) mV.'cm

T ao (I = I mA in top tracei, the observed resonant structure
There are some important aspects which do suggest arises from PACRH. For much higher currents and notioli-

that model I (a three-phonon assisted cyclotron and com- mic electric fields DLCRH is dominant and the PACRH
bined resonance harmonic effecti may not be adequate in structure has disappeared. The DLCRH ,iructure is clearlN
describing the observed resonant structure. The transition present for lower magnetic fields. Traces with I = 10 and 20
matrix element of Eq. f21 predicts an extremely weak reso- mA "-1.5 V/cml show essentially the same DLCRH struc-
nance effect, much smaller than PACRH and smaller than a ture. Thus the DLCRH structure shows essentially no cur-
two-phonon assisted c:clotron resonance effect Further- rent dependence. This is in sharp contrast to PACRH % hich

more, Eq. 12) would predict resonances at energies in which is present at low currents but not at high currents where the
the denominator goes to zero or with broadening considered, electric field is nonohmic. Thus, a major difference exists
becomes very small. No evidence for these resonances in the between the PACRH and DLCRH structure with respect to
matrix elements can be seen in the data. The resonance struc- the magnitude of an applied electric field.
ture does, instead, seem to be described by the final density of One consequence of high or nonohmic electric fields is
states in the conduction band. At no time in the course of this the heating of the electrons in the conduction band. The
study were two-phonon assisted transitions ever observed electrons initially in the ground state at low fields are redis-
At present, there is no physical reason why one-phonon tributed to higher energy states because of changes in the

(PACRH) and three-phonon assisted transitions should oc-
cur while two-phonon assisted processes should not. Morita
er al.2 ' much later reinterpreted the DLCRH structure -- " - +

which they' originally called a photoinduced magneto- itsl I I mA

phonon structure with a three-LO-phonon assisted cyclo- -, 05om
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 fs = - l/2)stateof then = OLandaulev- .0
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- 20

sitions should originate from the n = 0, s = - 1/2 spin 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 expert- 0. 05 1. t, 2 0
ments give results in which a new model must be used for the 1471
proper understanding of this resonance data. This new mod-

• el, model II, appears to be much more consistent with all *I Curreni dependence nif PACRH and DICRH shovwing the transi-
lion of the PACRH structure at low currents to DI.CRH structure at higher

results presented here apd results of previous PACRH ex- currentN tor I - land 10mAtheelectincfieldnthesampleis - 1Xand
periments. V.'cm. respetively
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Boltzmann distribution with applied field. This would ex- ble. This DLCRH structure is also present for eiB and adds
plain the decrease in amplitude of the PACRH structure to the normal PACRH structure, producing the observed
with higher currents or higher electric fields. As the electric bottom spectra. The purpose of this figure is to show that
field is increased, the carrier distribution is broadened in PACRH is present for eiB, but not for el B, in agreement
energy, because of the higher temperatures, and thus causes with the photon matrix element selection rules for cyclotron
a redistribution of electrons in the ground state. This also resonance transitions.
depletes or broadens the initial occupied states for PACR, The polarization dependence of DLCRH is sho, n in
thus causing an apparent decrease in the amplitude of the Fig. 9 for e1B and eilB and for high currents inonohmic
PACRH structure. With higher currents causing even high- electric fields - I V/cm). As can be seen, tn contrast to

er electron temperatures, the PACRH structure would dis- PACRH, DLCRH is present for both polarizations, and
appear below observable levels, as shown in Fig. 6. does not show any significant difference between them The

The decrease in amplitude of the PACRH structure can small differences in amplitude of the structure is due to slight
be seen more directly from a lattice temperature study. Fig- differences in incident power between the two traces Thus,
ure 7 illustrates the dramatic temperature dependence of the DLCRH does not appear to obey any specific selection rule,
PACRH amplitudes. Traces were taken with four different for the optical matrix element part of the transition. Man\
lattice temperatures between 7 and 20 K. The PACRH am- transitions to all levels of the conduction band seem to be
plitudes are large at 7 K, but become progressively smaller as possible. The polarization dependence ior independencei of
the temperature is raised At 20 K the PACRH structure is the DLCRH structure is surprising, if DLCRH is an intra-
so weak that it can hardly be seen. Thus, even over a short conduction band process. Every known intraconduction

temperature range, the distribution of carriers can be band process exhibits some form of polarization depen-
changed enough to cause PACRH to become hardly obser- dence, certainly between elB and el'B where the opticallv
vable. This is in agreement with the current dependence of

PACRH shown in Fig. (. Howe,,er, the current or electric M .9
field dependence of the DLCRII structure shown in Fig. 6
does not appear to agree with the interpretation of a three-kI , 1061 ,.M

phonon assisted cyclotron resonance harmonic effect in
model I because at high electron temperatures it is still pre-
sent This would suggest that the initial state electrons of

DLCRH occupy a different state from that of PACRH.
There is also a marked contrast between the polarizatin s

dependence of the PACRH and DLCRH structu-es. The
polarization dependence of PACRIt is shown in Fig 9 for
e1B and e''B. The bottom trace with eIB shows the usual
PACRH structure However, i addition there appears to be
another resonant structure present. For ei B. top trace. there 02 0' .0 15

are definite differences in the obser%,ed spectra. The PACR H 8t
structure is absent for e B. but a new and different structure Fl(I 1 Polarizatio dp enetne+ of the DLCRtI structure the applied

which we have identified as DLCRH is now clearly observa- electric field is - I %'rcm
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show signifnicant differences, which point to the fact that

e B the initial states for the two processes must he different.
TL iOK These conclusions therefore suggest that model I (in which

the initial states for both processes are the samei does not
adequately describe the experimental results. Although
there is fairly good agreement between the theory and data in

, 5 57'm Fig. 5 with model I, the good fit must only be coincidental
The independence of the DLCRH structure on the po-

larization of the laser with respect to the magnetic field indi-

U, cates that the initial state is not a state in the conduction
C. 563 band. If it were, the transitions would show some polariza-

tion dependence because of optically allowed selection rules
cc Because of known impurity or defect levels in lnSb, it is

reasonable to assume that the initial state might be some
deep level within the band gap. Photoconducti% ily and pho-

5.69 toelectromagnetic measurements have indicated a midgap
donor-like flaw intrinsic to the lnSb lattice.)' _ Several deep
impurities, such as gold and silver, hase also been found
within the band gap of InSb.-" Thus, an electron in some

deep impurity or defect level in the band gap would be pho-

5.77 toexcited out of that level into some conduction band Lan-
dau lesel or shallow impurity state attached to the conduc-
tion band Landau levels. This would increase the
conductivity of the sample just like a mobilits increase
would i.e.. model Ii. because the total number of conduction

00 0.5 1.0 15 2 0 band electrons is increased. Also, since electrons are deposit-
BITI ed at high energies in the conduction band. the electron mo-

FiG 10 1545elcngi hdependen,eofihe ()I lai tnd d sicc, h' r , bility may also increase

tin, The arroAs sho, the shift of ihc iructiie to higher ri.griclc field' Spectroscopic measurements of a sample from the same
%ith higher photori energie's lot of n-InSb used in this inte,tigation hae also revealed an

_R- additional deep level In the band gap of InSb With a contin-
0i-" . IO uous wave CO laser lphoton energies of et en 215 and 24)

meV) we hase also observed transitions front another deep
allowed selection rules are completul, different I herefore, le% el into the conduction band. Figure 10 sho\,s the (IO la-
one might conlude that this is not at intraconduction band ser-iduced photoconductivit\ results of those experiments
process where both the initial and tinil ,tates are conduction obtained with the sampling and lock-in te1hniauC 1 hes
band states ii e model Ii traces were taken with small powers - 5(X) m'A and show a

In general. the results of the experiments discussed for smaller signal-t noise ratio than the DICRI structure tak-
DLCRH do not agree with the results of PACRH. The elec- en with the CO, laser. The four wakelengrhs in 1ig W4arc
tric field. polanzation. and temperature dependence all such that their photon energy is below the band gap of InSh

240 "/ 6 5

230 4

. -'.... ....... ... .. .. . I

210 FI 11 Fan chart ofthe CO laser induced

2 deep le el transiions i th the refitcal calct-

latiorns 4 a deep lese model tsciss, u ed in the
200 text The intercept at H 0 1, IO me\

180 0

170
o 0J5 1l 15 20
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Thus. interband transitions from the valence band to the 140 - -T
conduction band are not possible. Traces %ith higher photon 130 ,. . ........ .

energies (greater than the band gapi do show the usual one- 3
photon interband transitions. - As indicated by the arrows, f 120 ' . . . ."

the structure shifts towards higher magnetic fields with 1o0 2

higher photon energies in agreement with Landau level re-
lated resonances. Again, the minima of the structure corre- 1oo.

spond to conductivity maxima. Although the signal-to-noise X 90
is less, there are clearly indicated some important sinilari-
ties to the CO, laser induced DLCRH structure (Fig 21. s0

That is, the doublet structure to the minima are present at 70
the higher magnetic field and become much more pron- 00 05 0 15 2 0

ounced with field. This is clearly shown for A - 5.77 pm BiT

bottom tracel and qualitati%ely agrees with the behavior of lIG 12 1-an chart fthe DLCRH trnsumons ith theoren"cl cak.jula:,ns

the structure seen in Fig 2. The amplitude ofthe structure in Of mHdel i dcee le'e] transpims Ihc nrcrcepi ai B i "4 ' 

Fig. 10 is of the same relatise size for both polarizations eJlB Fi. 12
and eiB in agreement with the polarization independent re-
suits shown in Fig. 9 levels, no attempt was made to include this slight field de-

The minimum positions of this CO laser-induced struc- pendence in the deep level model.
ture are plotted in Fig. II for each CO laser photon energy Since the structure for the impurity lransmons caused
used. The theoretical lines were calculated with a model in by the CO laser have qualitatively the same appearance and
which an electron is photoexcited from some deep level that behavior as the DLCRIt structure observed with the CO.
is independent of magnetic field to some conduction band laser isame doublet structure and polarization indepen
Landau level, either spin up or spin down, in the conduction dencel a fit to the CO. laser-induced DLCRH resonance in
band This is a one-photon absorption process with no Fig. 12 was also made using a photoexcited deep level model
phonon emission or absorption. The band calculations were That is, Eq 441 was fit to the minimum positions of the
made with a set of band parameters that explains a wide DLCRI1 resonance structure of Fig. 2 for each photon ener-
%ariety of intraconduction, intra'alence band, and two-pho- gy of the CO. laser used. The energ, intercept was again
ton interband data.' ' " The energy intercept at B = 0 was adjusted to best fit the data and was determined to be 74 - 2
adjusted to best fit the data. The best fit resulted from an meV Thus. the data could be represented by a model in
energy intercept ofE, = 170 _ 2 meV. That is, the impuritt which electrons are photoexcited out of an impurity level 74
state for this process is located - 170 meV below the bottom meV below the bottom of the conduction band. to some Lan -
ofthe conduction band or - 65 - 2 meV above the top of the dau le% el, either spin-up or spin-down state, of the conduc-
valence band (with an energy band gap of 235.2 meV for tion band. The DLCRH data of Fig. 12 shows the same
InShi In a simple energy conservation equation qualitative behavior as the transitions of Fig. I1 The data at

E . It- E, 4 low fields are slightly- lower than the theoretical energies
while the high field data is at a slightly higher energy than

where the zero of energy is located at the bottom of the con- the theoretical curve. An accurate model for the magnetic
duction band at zero magnetic field and E, is the magnitude field dependence of the deep level might possibly improve
of the binding energy of the deep level the fit. It should be noted that the observed doublet structure

The theory of this model Eq. r4) agrees well for most of can only be described by a splitting of the final state, rather
the data shown in Fig. II. There are some noticeable differ- than the initial state. This is because the energy separation of
ences, however, at the low and high magnetic fields The the two parts ofthe doublet structure at a constant magnetic
data at low fields lie slightly below the theoretical lines, while field decreases for higher Landau level numbers. If the oh-
the high field data arejust slightly above the theory. The data served splitting were a result of the initial deep level splitting,
at low fields should also be a con%,olution or a mixture of the the separation of the doublet structure would remain con-
two spinl states of the Landau levels: the experiment can not stant
resolv e the two spin states because thes' are too close together Further evidence ofa deep level approximately 70 meV
in magnetic field. In this model the impurity level actiration below the bottom of the conduction band comes from the
energy was assumed to have no magnetic field dependence temperature dependence of the DLCRH structure. Figure
and hence remained fixed at all magnetic fields. Zawadzki' "  13 illustrates the decrease in amplitude of the DLCRH
has shown that shallow donor lesels can be approximated by structure with temperature. The traces are plotted in the
a hydrogen-like model and do have a magnetic field depen- inverse magnetic field for five temperatures between 2 and
dence which closelv follows the I andau levels ofthe conduc- 32 K The amplitude of the resonant structure is largest at 2
tion hand. Although very little information exists on the K and remain, relatively constant with temperature until
magnetic field properties of deep levels, it is not too unrea- temperatures ot2()- 20 K are reached. At those temperatures
sonable to conclude that. at least, a small magnetic field de- the amplitude, decrease dramatically and at 32 K the
pendence ofthe impurity level should be included. Howeser. DLCRIt structure seems to have disappeared completely.
since no adequate theory exists for description of the deep The sharp decrease in amplitude of the DLCRH reso-
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I nant structure at approximately 26 K can be explained by

A 10.55pum thermal ionization of the 74 meV impurity level and de-
e B creases in the detector response of the sample. Thermal exci-

tation of electrons from the valence band to the conduction
band across the band gp (235 2 meVl starts occurring at
temperatures of about 120 K (demonstrated in Hall coeffi-
cient measurements and in magnetophonon effect measure-

TL 2K ments). Thus, thermal ionization 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

2 very small at the higher temperatures. From the results of
20 the experiments discussed here it would appear that model

26 11, in Ahich electrons are photoexcited frt.n a deep level, 74

meV below the bottom of the conduction band into some
32 conduction band Landau level, is the correct model for tihe

interpretation of the DLCRH structure. Model I would pre-
dict some similar result for DLCRH as compared to

10 1.5 2.0 2.5 PACRH, yet polarization and electric field studies show
0 B IT1( definite differences between the two effects. In addition, the

photoconductive results obtained with C() laser-induced

1-T; 1 3 lemperature dependence of the DLCRH structure The applied deep level transitions show the same general shape of the
eie.r, held is -I\ /cm The data is plotted in un its ofthe nverse magnet- structure and polarization independence as with the CO 2
r ield laser-induced impurity transitions. Polarization indepen-

Tab)C LIT. I
I AIt I I Summar) of'sarous deep level measurements in InSb and their energies belW, the conduction hand

n or p-type
Near I , pC ii I clfleLv afute ,o_ centration

pubhhed mcaurement K cm , at 77 K, E, ime\' triV, E, me V: References

lif-etinle ' t 3'F p. Io' Ot'" l71 18(1 7iifer el a,

" ) lllet s 5 2(X) n and p. 0"
*  

lo" 1's 110 Laff and I-a,,
i962 1 n, 'nc 90 1810 n :indp. 10" 10)" 170. 1go 101 1-O 'G9_ n10 Nasledos and Snietannikoa

Nl) c icrncreni 19 p. J1 19' 106 Cunningham eat

moihlity
196, tall ct)f, ei enl. S5 (, l P. loll* 120 Baryshes et a/

] I;]I1Ii111i%%1 in

lH' Hall coeffi, tent. - 150 n and p, 10 -10
"  

15)I 12 Hol s et al

tifetime
I'.)h7 lifetime n, lo:- 10 15 110 40 Abducakhidos et a/

]1f) Hall c(eficient 71 250 p. loll t0'' 120 Galasanov and Oditg

1'6' Hall ceffiient 4 2 211 n. lO':-I01 18. 67 Ismaios ' al

Conductivit. mohility

Electric field depen-

dence
I'll() Noise '7 200 n. lo''- lol 100 30-40 Heyke et ai
1H- Hall owfilcicni. 4 2 2(0 n, lol Ioll 10()- 128 Tnfonos and Yaremenko

1" iIfetime 4 2 i. lI'" 125 Guint+v et al

.- . P, ti' 165 t 5 I It) t .1 (jalavanos efa]

Ili- I Ahsrpt, .., I,', and p. I OI' Il 168. 18 1113 Val.ashko and

Pleskachea
Ili, I dtini '7 2I0 N. II

l
' 1I) 20 Blaut-'ltache,

Ightsyn et a/
ja :l1l , ,.fficieli 77 p. I0' 140 Macke" el al

%1iress' dep iiitnn.c t

Ii i.iftneori 2)' n. to" 1i0 120 Blaut-Dlaches, lleva et a!

p-, I i rim'r, nise ', . lol' 10 + S ill + _ (alavano, and Oing

l'- I 1-it.t:rne 10. 20)1 n. lto' I " 163 130 22 Korotin et al

I 1S2 Magniet' opl.pcal 4 in ilt" 17) 2 74 + 2 Present work
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dence has also been observed in acceptor impurity transi- 'R Kaplan. PhyN Rev Lett 20, 329 19691
tionsinp-lnSb.'" Inourcase. transiions front the deep levels 'R Kaplan.S G BishopandB D MCornbx. inPr,-',dings,h. ,nrth

for both polarizations would be possible if the wave function Jnhtcr'It,iralC, njerenceon thePh.sic-iofS,nti,,ndutt,r A4,'.
edited hv S M Rykin iNauka, Leniingrad, 1968, p l"

for the deep level state is some mixture or linear combination '( 1 litler, D (' Seiler, R Kaplan. R .1 Wagner and \k /avvadiki
of the Bloch states used for the other bands. Then the optical Solid State Conimun 37,783 19811

matrix element between the initial and final states would 'R Kaplan. R J Wagner.D G5 Soler. C I 1 ltler. N H wcdec arid %
probably be nonzero if the deep level wave function was a Lavadiki, in the Pr cedini'i (, ihe Phows of.%,roa (, Sc d

tori,ln. 4Lir1ma II, edited b, L Ciurnik. HI Ilei,rinh.. audI Pall-, I
large enough linear combination of other hand wave func- shotr ,Spiinger, Nevv York, 1982. p 18N
tions. Since detailed information about deep levels is very M A flaixggar and It Y Fan, PMus Re, Leut 1291 , 1964

limited, knowledge of the wave functions for these states is 'D N Na-ed o, Y (G Popo, and Y S Smetannikma, F-, Terd Te)la 6,

minimal- Perhaps a careful analysis of these results would 372s 1904, [Sov Ph)s Solid State 6. 298, 1965s]
"V j Malurclik, 0 V Ilmieneo'. and 11 Y Jwat. 1'h, I 1 21, 2'

v ield some information on the v.ave function. The intensity 196t.
dependence observed in Fig 4 can also be explained by opti- '"D 0 Seler, M \ Gi,),d'in and NI H %eder, Ph', R l-; t23 0')
cal depletion of the deep levels. rl 5i,

NI w (i-vgdwiri. 1) () Seiler, and k1 It %iler Ph . Re% 1i 25. 3YX

IV. CONCLUSIONS "I (i bass and I B lc~m,, rn /h Ekp l emI 1/ 49 ',4 I' '  
S

Deep levels in lnSb have been studied by a wide variety Ph) I EP 22, 635lr i a;. Ph., Re 1)2 1 ' 6
''R I iik. A\ s Saiel mid H Y Iaa hR,12of experimental techniques over the last several de- "J Jhr.. ,,n,! 1) l lh,ke,. |h, Re, 8I, :t,-r, ''-o

cades :' :"-'- These measurements include life- 1V I h an,; )rt'kii, nd FI 1 ,hereghn.i i;i I 1 |v' 16. i 1 ''4

time,:' '" "'"' ' aHall coefficient, conductivity or mo- S,,% t'h%, '-,1d Silte 16, 218q . 14-5-1

bility, 6 ' transmission or absorption,' : and 1" vlrlta S Likjr" ifid It Kaamura, J , Inn 39. I4.

noise. " ,' A summary of the results of these experiments I 1, I ,; (hri k:1. L I Kr-, so. and I I ,ictho, Ph"i S':t,I',
are gisen in rable I where we also present a comparison with Solidi H 90. ; "; 19-

ourdeterminationsofthedeep level positions. Ascanbeseen "M W (i-iin and I) (, Serler un:juhl'hed
'S Iria, S .Ak nrit,, and II Kaaam tr., sl,,d Stale (_rn mirL, 12. 175from the table, there is quite good agreement on the location .1,1 1

of level E,. located 170 me%* below the conduction band. In ",. w ( i. I) (; Seiler, and D It Kohe, Sorlid Sltirc ( ntr'mn 33,

contrast, the v alues for lesel E, are in rather poor agreement. 41,, q, L
Possibl. there might actually be two different levels in- 1 1, Seller M 'A (,,iodai, aol A Miler. Ph' Re' [ -l 44. 'I"

volved as indicated by Ismailos et al."' As noted in most of -:K I I Kbhaa,hi and ()tuka. J l'h\. ( hem slId, 35 ''
-

the previous pubhlications, centers with deep le, Is (E,) are :'s Monta. S Takano, and N MSikoshiba. 1 Ph)s So, Jpn 49,573,198(1)
always present in lnSb independent of the method and time 2'S. Monta and N Miko%hba, J Ph's Sov Jpn I ell 48 ,.0)1 -198u

of crystal growth. and also independent of the doping level. R A Laffaiid H Y Fan. Phvs Rev 121. 53 IQ,)1,

Thus, these F lesels seem to be caused by lattice defects "I E L Hollis. S C Cho. arid E L leasil I App: Ph 38 1t,
19671

characteristics of the crystal. Their concentration may be ''A N Blaut.Blaches. V S heleva. V G Korotin. S N K nsonogos, V I
about to" : m '. Their position is located approximately in SCl)anina, and Yu S Smetannikova. Fi Telkh, Poluprosrod 9 2176
the inidgap region and most of the expenmental results 1951 Sov Phys Senictond 9, 1414 19761]

A G Mimlnes, ir. Deep Impurities in Sem'ticonductors ile , Nei% York,shown in Table I are consistent with each other. 197 , p 72
In surnmar.. we have shown that magneto-optical tech- '( R Pidgeon and R N Briahn, Phy% Res 146. 575 , 1i Ir

niques are capable of being used To stud% deep levels in high '"A' Zaaadik and I Wlasak, in Prseedin.s of.1he 14th Internaif,,"
hfn,,- ,'n the Phi'sl ofSemconductorn, Edinburgh. 197,, edited b H I

puriv IrSh U~sing a CO: laser, i level - 74 trneV belo, the II Wilon intitute of Physics, London, 179N, p 413
conduction hand has been idcntified, a les el - 170 meV be- "( L Ittler. 1) o Seiler. R Kaplan, and R I Wagner iunpublished
low has been found with a Co laser Ihescvalhesareingood ' R N litter A J Strauss. and A E Attard, Phws Rev 115. 26t i1959

agreement with previous results obtained over the last two 'D N Nasled,'; and Y S Smetannikova. F-i Tverd Tela 4. 110 11962,
el[S Phys Solid State 4. 781196211

decade-,. It is not clear whether t hese two levels are caused by "R 'A Cunnigham. F L Harp, and W M Bullts, in Prneedings of the
-' lattice defects or residual impurilies. We can also conclude Internattonal Conference on the Phynics of Semconducaor., Eveter, 1962

that thes magneto-optical techniques should be valuable in institute of Physics and Physical Society. tondon, 1962), p. 732

the investigation of deep levels in other semiconductors "N S Baryshes. :- E Vdovkina, A. P Martynovich. 1. M Nesmelova, N
P Tsitsnna. and I S Aver'yanov. Fiz. Yverd Tela 8, 2258 1It966 [So,
Ph)s Solid State 8, 1800 (1967)1
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Intra-conduction-band magneto-optical studies of InSb
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C0-laser- induced phonon-assisted cyclotron-resonance harmonics IPACRH) in n-type
InSb are insestigated at lo, magnetic fields with photoconductivity techniques. The high
resolution allowed transitions up to the 23rd harmonic to be seen. Polarization studies of
PACRH shows that stroniq resonances are present for e716 Bbut not for e" ii) in the Voigt
geometry. In the Faraday geonietrs, the resonances were found to he of approximately
equal amplitude for both UYR and (Y, circularly polarized light A large variety of intra-
conduction-band magneto-optical experimental work has been unified and explained using a
ndified Pidgeon-Brown energy-band model and only one set of band parameters. These
include ,clotron resonance,. combined resonance, cyclotron-resonance harmonics, combined
resonane harmonics, electron-spin resonance, and PACRH data from a wide variety of au-
thors. Ihe resulting set of energY-banid parameters are E, - 235.2 meV, EP =23.2 eV,
A - 0. IOI eV. y, -3.25, y - 02, ),, -0.). , - 1 3, F - -02, q U.0, NJ= - 0.55.
These parameters are also shown to explain the ,ariation of the effective g factor with mag-
netic field In addition, these parameters also quanitatirely explain recent two-photon
magneloabsorpiton data and recent intra-salence-hand data.

INTRODUCTION one set of band parameters.

In past studies there has been limited success in
Over the past several decades magneto-optical explaining the magnetic field dependence of the

,,tudies in semiconductors haive proven capable of conduction-band g factor of McCombe and
determining cnergy-band pat.mieters because of the Wagner t' or the more recent results of Kuchar
optical transitions that otcut between magnetically et al.' Howeer, our new set of band parameters
quantimed electronic or impurity states. The con- and calculations obtained here ate shown to explain
duction band of InSb. in particular, has been exten- this magnetic field dependence extremely well. It
sixely studied with a wide variety of techniques. In addition we present new expermental work on
part this is because high-quality InSb material can PACRH. With a high-resolution CO1-
be grown with a small number of impurities arid cx- laser- induced photoconductivity technique, transi-
celletit homogeneity characteristics. It is thus not tions up to the 23rd harmonic at very low magnetic
surprising to find that a great many intra- fields t - 6 kGj are resolved. From a polanzation
conduction-band processes have been observed and study of PACRH we find for the first time that the
studied tin InSb. However, there have been few at- absorption strengths for the circularly polanzed
tempts to quantitatiely characterize all these pro- light configrations 7R and aL are approximately
cesses with theoretical models using the same set of equal in magnitude for the range of photon energies
energy-band parameters. and magnetic fields in this study.

One purpose of this investigation is to unify the
experimental work on the conduction band of lnSb EXPERIMENTAL WORK
into a more logical and complete study. With a sim-
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,2- 4 com- conductive response of the sample itself in conjunc-
bined resonance,: cyclotron-resonance harmon- lion with sampling oscilloscope and magnetic field
ics. " combined resotiance harmonics,4 - ' electron- modulation techniques. The source of incident radi-
-spin resonance, " ' and phonon-assisted cyclotron- ation was a continuous-wave C0 2 laser with a tun-
resonance harmomcs"  

- (PACRH) using only able grating proiding variable photon energies. The
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laser beam was mechanically chopped, producing Cyclotron, combined, harmonics,
optical and hence photoconductivity pulses approxi- and electron-spin resonance
mately 20,usec wide at a repetition of 1200 Hz. The
sample was mounted in an optical variaole tempera- Cyclotron resonance was first used by Dresselhaus
ture Dewar between the pole faces of ., 20-kG elec- et a/. 18 to investigate the band structure of silicon
tromagnet. Helmholtz coils wrapped around the and germanium. In simple terms, cyclotron reso-
pole faces produced a 43-Hz, 400-G, peak-to-peak nance occurs when the. energy between the
magnetic field modulation. A sampling oscilloscope n =0 and n = I spin-up conduction-hand Landau
and lock-in amplifier were used to process the -ho- levels equals the incident photon energy. That is
toconductivity pulses produced in the sample Dy the fki=E(,!)-EcO), 'I
chopped laser beam and the ac magnetic field. The
data were recorded as the second derivative of the where &uo is the photon energy and E'(n is the ener-
photoinduced magnetoresistance ty axis) as a func- gy of the nth spin-up conduction-band Landau level.
tion of magnetic field x axis). The defining equation for the cyclotron-resonance

The samples of n-type InSb were obtained from effective mass m* is
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 where w, =eB/m*, B is the magnetic field strength,
of the samples after cutting were approximately and m,* is an effective mass which for conduction-
6x2x0.2 mm. After polishing on both sides with band cyclotron resonance is an electron effecti, e
3-tim alumina polishing grit, the samples were then mass. This equation has been traditionally used for
etched in a bromine-methanol solution for about t cyclotron resonance even for bands that are nonpar-
min. Contacts to the samples were made by first abolic. Cyclotron resonance is a result of the selec-
fluxing the surface and then soldering small indium tion rules An = + 1; As =0 for iIB (t t  polanza-
dots with small gold wires to the samples. Two end tion) and can be derived from one-photon absorption
current contacts and two side %oltage contacts processes with the use of the usual spherical approx-
formed a standard four-contact potential measuring imation.) When the magnetic field B is such that a
geometry. resonance occurs, then electrons in the n =0 spin-up

conduction-band Landau level will absorb photons
DISCUSSION OF THEORETICAL from the optical flux and be excited to the n =

PROCESSES AND RESULTS spin-up conduction-band Landau leel.
Cyclotron resonance in InSb was first observed in

The theory of the Landau-level energies used in transmission studies by Dresselhaus er al. ' using
this study was based upon an 8 x 8 Pidgeon-Brown microwave radiation and later by Burstein et al.2"
energy-band model developed by Pidgeon and using infrared radiation. Cyclotron resonance was
Groves' and more recently "" by Weiler et al. also observed by a number of other investiga-
Weiler has reduced the full 8 x 8 Hamiltonian con- tors. 2--- '  In addition to cyclotron resonance.
tainig warping and inversion asymmetry effects to McCombe and co-workers2'1 studied other types of
two 4',4 matrices 'one each for the spin-up and intra-conduction-band processes such as combined
spin-down Landau levels) which contain only warp- resonance, spin-down cyclotron resonance, and
ing effects along the diagonal part of the matrices. PACRH which will be discussed in the next section.
The reduced 4 ..4 Hamiltonians contain ten parame- Combined resonance is a process in which an elec-
ters which must be adjusted to fit the theoretical tron initially in the n=0 spin-up conduction-band
transition energies to a set of experimental data. Of Landau level makes a transition by photon absorp-
these ten parameters a new one, .\. was introduced tion to the n= I spin-down Landau level. That is, at
by Weiler to include the spin-orbit splitting of resonance
higher bands of F, symmetry. The 4 4 matrices,
which are solved numerically by a computer, gise A+C -- EbHI)-E 0 )0), 3)
the energy eigenalues for the conduction, valence
(light and heavy hole), and spin-orbit split-off bands spin-down Landau level and

for both spin-up and spin-down Landau lesels. The

trar' -)n energies for the different magneto-optical A-, = g: B, 4.
procc -, are then calculated by combining the
Landau-level energies with specific selection rules. where g,* is the Lande g factor and Mq is the Bohr
In the following sections the selection rules for these magneton The selection rule for this process is
different processes are given, again derived from the spherical approximation

vI*
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treatment for one-photon absorption and is The band parameters used in this study, %%ere ob-
An 4 A1 s I for t B (i polarization) This tained by numerically fitting the theoretical transi-
process is not allowed for etiAl in the spherical ap- tion energies to a large set of magneto-optical data
proximation. Spin-down cy)clotron resonance obeys In addition to the intra-conduction-band data just

Eq. 121 except electron transitions occur between the discussed and PACRH data to be discussed later in
.pin-down (s I levels of the i -0 and n- I this paper, a set of two-photon interhand 2 and one-

Landau levels. This effect is usually obsered2 at photon i"itra-alence-band-o data were also used to

the higher temperatures (-77 K . where the tail of numerically obtain the band-parameter set reported

the probability distnbution of carriers is long here. With all these processes the resulting band

enough to significantly populate the higher-energy parameters reported here should be more umquely

spin-down n -0 Landau level. determined than in pre% ious studies.

Another comprehensive study of conduction-band Figure I shows the fit of the theoretical transition

processes in InSb was performed by Johnson and energics to the intra-conduction-band processes that

Dtckey 4 In addition to those processes studied by hase been described so far. The band parameters

MicCombe. they obser%ed resonant structure in determined from the fit are Eg 235.2 meV, 'E
transmission spectra which were caused b harmon- 3 .2 eV. A - 0.903 eV, r' :- 3.25. 0. 2

ics of cyclotron resonance. Harmonics of' cclotron 0 .9, P -- 1.3. F= -0,2, q - 00. and

re.nance are the result of electrons tin the spin-up N 0.55. The definitions of these parameters are

n -0 landau le el ' ,ing photoexcited to the spin-up given bs Wetlcr et al. and a comparison - ith other

state of some n "- I La:. Jaui level. Thus when a reso- work is reported by Littler et al. : It must be point-

riance condition occurs ed out that our measurements could not satisfacton-
ly determine the spin-orbit splitting energy A. We

n F)0 iyt Ee0'. '5 therefore used the value obtained by Aggarwal

%here nt - I is the condition for cyclotron resonance. A =0.803 eV).

It should be pointed out that because of nonparabol- hi Fig. I are plotted the transition energy versus

tcit% and quantum effects, the "harmonic" transi- magnetic field data of several authors.' - The data

tions nAw, do not occur exactly at the energy n should represent most of the important work on the

times ho, Therfore, the notation nPi4 is used conduction band of InSo, but is not an exhaustie

merely for labeling purposes. The origin of these set. Ilovc,er. the data of other works'' do agree

processes in terms of selection rules cannot be de- with those results presented here. The labels corre-

rised in the usual spherical approximation. Htowe% - spond to the final state of the transition; the initial

er. there have been extonsi e theoretical investiga- ,late for all the transitions is the spin-up ni=0 or

tons, 16.,4 of these processes. Other processes sshich ai(t landau lesel With this set of band paranie-

ha'e also been observed in studies of the spin-flip ters, a good fit to all the data is .er) apparent eien

Raman laser' .2 are spin-flip with the harnionics of to the high magnetic fields of 200 T 2(X) kG' At
the cN clotron resonance or energies below 120 meV there is an excellent fit of

til theoretical lines %kith the data. Above 120 meV
42,€ nh ,i4 - Ea' . , for the a21. h2. arid a(3) transitions there does ap-

pear. howeser, to be a slight shift of the theory from
Electron-spin resonance associated ith spin-flip the data This may be the result of the energy-band
pro.cesses% can be described bs model's failure to predict accurate transition ener-

'7i gi s at the higher energies. Another possibility
u , l)' kmight 1e that small adjustments in the band param-

eter set are needed to improve the fit. Howeser, this
4hicre electrons in the spin-up 1, state are des atioti does not significantly detract front the

photot-\cited to the spti-doti \ I I I state of the good ocrall agreement of the theory with a large

n 0 Landau le.el lsaaicson" and McCombe and amoutnt of data.
Wagner"' in,,estigated this process in order to obtain The data in Fig. I is a mixture of data obtained
the conduction-band g factor g,*, Lq. t4) More re- with R parallel to the ( I I ) and ( 100) crystal
centls K ichar ct al. I found that the strength of the directions. The theoretical lines were calculated for
spin-resonance line depended upon the amount of 9 ( I()) crystal direction. The data for the two
umaxial stress applied to the sample. Floweer, the crystal directions agree within experimental error,
magnetic field position% of the resonance, are not indicating no major differences between them. Fig-
measurably effected I he magnitude of the obseri.ed ure 2 illustrates the differences in the theoretically
g fa~t~or and it, Sariation with magnetic field %ill be calculated transition energies between the two direc-
discussed tit more detail later tions with the band-parameter set given previously.
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K - ' Dickey's result is g,:(O) -51.3. The excellent fit
-. of the theory to g, I B) is also apparent in Fig. I

where the same good agreement of the transition en-
ergies to tie spin-resonance line h (0i also occurs. In

- the same manner Weiler" also explained the mag-
40" netic field dependence of the spin-flip frequency

- , but with a slightly different set of hand
parameters.

-- -PRESENT RESULTS Phonon-assisted cy clot ron -resonance
- - ~~PIDGEON. MITCHELL, AND BROWN hroi rniin

-- JOHNSON AND DICKEY
- EOEESR MeCOMBEi Another major magneto-optical effect which is

ESRIISAACSOW certainly relevant to any discussion of intraconduc-
tlion processes is that of PACRH. The basic theory

•55 ............ ......... . - for this process was first published b, Bass and0 1 20 30 40 50 60 70 80 90 1000 t1 0tLevinson. In addition to an electron-photon in-
B/iGt teraction which causes the processes described in the

FIG. 3 Extrapolated magnetic field dependence of the preceding section, a longitudinal-optical iLO) polar
conduction-hand g," factor showing the excellent fit of our phonon also interacts with the electron-photon sys-
theoretical calculations to the data of Refs. 3 and 27. lent to create absorption resonances. Specifically, an

- " b electron in the a0,. spin-up n=0, Landau level will
The I (111 ) transition energies ate onl% slightly absorb a photon, while simultaneously ernittin an

lower it energy than the B ( 100) transition ener- LO phonon of energy IO,, and thus make a transi-

gies. in agreement with the anisotropy Teasure- tion to some higher n spin-up a oi, Landau level.

ments of McCombe." The de, ation is more pro- [he simple energy conservation equation for this

nounced for transitions at high energy and high process is

magnetic fields. The high-field and high-energ,, -E (n)-E cO - 8

data of Fig I 'E.A) ,etc obtained with 1' (I00),
as were the theoretical lines, thus no discrepanc where fu),, is the LO-phonon cnerg\. The transition
should exist because of the differences in the two rate for this process is usually described b% second-
crystal-field directions There remain onl the lok- order perturbation theor 15 and can be wsritten as
energy, low magnetic field data, which is a mixture (.1 Ht ( tR i
of B (Il) and (100) data and for which there H1 I t1

should be no noticeahle differences in energ. as E, -E EO,10- ho

shown in Fig. 2.

As was mentioned previously, McCombe and + ..f t')(t tt )
Wagner"' experimentally determined the conduc- E E-EC(Oi- ho(
tion-band g factor g,: from Eq. )4 as a function of
magnetic field from spin-resonance measurements. ,E n, --Ec(O) -fuo +fk ,

In Fig. 3 their values for g,*B are plotted along
with theoretical results of other work4 ' and of this where Hp and H, are the electron-photon and
study. The theoretical calculationi of gjB Twas oh- electron-phonon interactions. respectively . and
tamed by finding the theoretical energy difference E,O, E ,, and E.n I are the energies of the initial,
A,,., 81 between the a(0 and t, t), I andau lescls of intermediate, and final states (i.,f). respectively.
the diff -hi theories and then usig -q (4, to deter- The 6 function is a statement of the energy conser-
mine g," Bl. As shown, the theoretical line, of s atton, Eq. (8 . and the sum is over all possible inter-
Pidgeon el al. "' and Johnson and Di, ke%4 tinderesti- mediate states. For the light polari7ation O7 t. in the
mate and overestimate the data, respectively. The electron-photon interaction I//?, the Landau-level
hand parameters of this study were adjusted to fit ,k number n changes to n t I from the initial to the in-
to McCombe and Wagner's data.' ' 'Thus th-re is termediate states ifirst term) or intermediate to final
good agreement between theorN arid data e,.en for states (second term' for the same spin. The
lsaacson's: B --0 value of - 51.3. Tie higher hand electron-phonon itteraction III allows a transition
parameter which influences g,*.B) the most is from a s:ate n to any state n', but is strongly spin
which is -0.55 from these measurements. At B -0 conserving. Thus, although there are definite selec-
our \alue of g, 10) is 50.6, while Johnson and tion rules for the electron-photon interaction, transi-
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F[(i 7. Polarization dependence of PACRIt for e] B arid c B PACRH is strong for e'i and ,ers, weak for e ]

tlions between an) Landau levels ,n and n' are al- paper and the data of other previous work are plot-
lowed, because there are no selection rules for the ted in Fig. 4. With the set of band parameters deter-
-lectron-phonon interaction. The same types of ir- mined in this investigation, transition energies for
tual transitions to and from the intermediate states PACRH %ere also calculated dines) and compared
are also possible for OrR  PACRH should not he ob- with the data. In addition to the band parameters
,served for e B. because then the photon transitions already discussed, the LO-phonon energy (the ener-
are between states of opposite spin. gy intercept at B -- 0) was also used as an adjustable

The minimum positions of the PACRH stiucture parameter in the computer minimization program.
at each photon energy for new data presented in this With a fit to all the data shown in Fig. 4, the value

, 10.574m
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I l( x llari/alion dependence A PACR II for 7,T and l PACRII absorption is equal for both Y,, and ol %'ith
q equal incident power,
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for the LO-phonon energy &,), was found to be Landau-level number of the final state of the transi-
24.4 -0.2 meV. Johnson and Dickey4 also deter- tion.
mined the LO-phonon energy from their measure- An expanded scale of our low-field data is showkn
ments to be 24.4 -0.3 meV. Oer tie full range of in Fig, 6. The line represent theoretical calcula-
magnetic fields and photon energies there is thus ex- tions using our same set of band parameters, and
cellent agreement of theor) wkith a wide variety of fho 1 =2 4 .4 meV. With the sensitive sampling and
data using the band parameter set determined in this lock-in amplifier technique, transitions to the 23rd
investigation, harmonic of PACRH can be resolsed. -Len It, these

Present results of PACRH high harmonics of PACRH, our new, set of band
parameters is still quite alid for uescnbing the oh-

Expenments on PACRH %%ere also performed in served transition energies.
this study for n-type-lnSb with th free-carrer con- The polarization dependence of PACRH IS shown
centration -Q,, l0'' cm '. Figure 5 shows the in Fig. 7 for elB and , 'B. As indicated. PACRH
wkavelength dependence of P.-CRH that we obtained is Much stronger for delB than for 5 h. The tact
with the sampling and lock-in technique for three that ,mall resonances are esen obsercd for e 13 is
representative wavelengths. The PACRIi reso- probably due to a small admixture of e, i polariza-
iantces are associated lith the minimum structure tion in the j B trace. In addition to 5..3 and t B

because the minima ,orrespond to maxima in the we ha%e also obtained spectra for the circular polan-
conductivitN. With the sampling and lock-in tech- zations (JR and aT, shown in Fig. 8, b,, propagatilg
nique the detector response is proportional to the the bean through a ZnSe Fresnel rhomb. For both
second derivative of the photoinduccd inagnetorests- ,YRo, and a, the PACRH resonance appear to hase
tance. Thus changes in the icsistance of' the sample equal strengths. To our knowledge this has not been
are inersely proportional to changes in the conduc- obsered before. However, for the transitions %kith
tisit. For PACRH the light induces changes in tie final states n - -23 in the range of magnetic fields
mobility of the free electrons iii the conduction shown here, the transition rate for both (YR and a,
band, wkhich causes change' inl the conductivity of are expected to become approximatel. equal as
the sample. At a resonance, the light "ill excite car- shown b) the following simple argument. For the
riers at the bottom of the band to %er) high energies large harmonics observed here (n 9( 23 the let.ond
in the hand where the riobility of the carriers is sum os er t' in the transition probability gien ii Fq.
larger. thus increasing the conductliii or decrCas- (91 will dominate, rather than the first surn oer i
Ing the magnetoresistance. [he structure could onl Thus we consider second-order transitions proceed-
be resolsed for wasclengths greater than 10.33 init ing by the phonon interaction It first and then by
betause two-photon magnetoabsorption' dominated the photon interaction for either (4 or (YR polarized
the spectra for high photon energies and fherefore light. Choosing an intermediate state of Landau-
masked ans intra-conduction-band process below level number n - I for both polarizations allows us
that %,a'elcngth. The numbers correspond to the to write the transition probabilit\ ratio

T o
R  11 

R 
0" 1 ' 

R  
)(o

Tplh , ,c I (n 2 I1R61 i) (n I HL 0) I 0

-The use of Eq. (91 of Ref. 13 to evaluate the photon E=23.2 eV, A-0.803 eV y, =3.25, y: -- 0.2.
matrix elements and approximating the ratio of the 1'; 0.9, A- - 1.3, F= -0.2, q=0.0.N.....55,
phonon matrix elements for large ,I as - I alloys ii. and a modlified Pidgeon and Brown Hamiltonian
to write the ratio a' ' ?1 , I n - 2, for a fixed , , model of the Landau leels,. we are able to calculate
Thus, for large ,y. the absorption strengths for transition energies for most of the important iitra-
(rY and (7, would not be expected ito differ much, as conduction-band magneto-optical processes. These
Shown in Fig. 8. include cyclotron resonance, combined resonance,

cyclotron-resonancc harmonics, combined resonance
CONCLUSIONS harmonics. electron spin resonance, and phonon-

assisted cyvclotron-resonance harmomcs iPACRHI1
In conclusion we ha\e heen able to characterize In addition, the magnetic field dependence of the

the. conduction band of lnSh to much greater accu- conduction-band v,* factor is calculated frot these
ra.c, that has pre',iously been reported. With the band parameters and is found to agree ,er % ell
fhlhiwng set of band parameters. E- 235.2 meV, with the experimental spin-resonance reults. ''

I
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It shotd also he noted t hat t hese hand parant- F rom pohi riat ion studies PiACR14 is lo o bI e
eters kcii1 ASO he IsCLd to calculate transition enigics present for i h . ut almiost absent f~t k Ii .is c'.-
,hat ale Also inl exscelto agreemntt ssrthl ecent pectcd. 1fowcescr, polariatiort nieouretnetit, ss ilh
'ittra-s alericchattd> and tssriphotoi~nterhatid" cir-cularl) polariz~ed light 1i R and (71 i1dicaItt illat
niag net 0-optica I dat a. F xcept fo(r the %La tie of L~at least ini the magnetic lield rangeL of it r Cx pen -

these buand paranieters are inl good agreement x%ioh mnents, IACRH absorption is approximatek equal
those oht ained bN Wel ler 'front ai ia , ing onle- for toth (0 R and (y tin agreement A ilh ximicl pic-
pitotn-interharid data. includinig eCitOU Contfrihn- dictions.
tions. Phus \kut I one hatid-paranieter set mtore
IIIagtteto(-o)pt Ial Processes Cail tioss he explaiited. ACKNOWI EDGMENTS
nmaking this the most accurate set for lnSh so far,

10i 4IMMIiitit the hatid-paranieter studies %%e also I his lk (irk ssxsupported lin part bx the L1.S ( )f-
presentt iie'. experimretital results of PACR II. Wi l ice of' Nasal Research and at I iciltls Researchi

a CeTl1ix l\ ph o(XttdMct I it te~chilqc I1ACRH G1(rant front NorthIt eISea Statle Ul tCI ix rt \k 'e
Iaints up to ili.';i3d haittonre: hasc b eeii gratelunIN ackitmm ledge the help atnd support of \1

resti e1 d. extet1LIdi tr ? pie ions ibstirs at ionls if W We Ikcrl. sshose enierg-hand moI(del s.& aU sed cx-
P'.tI lto tiuc It lesser irtaciti fields H - kGi tetsls'\ Itl this stuldy.
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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 chanqes 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 subject beciuse 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. Photoconductivp responses are

observed and identified as arising from (1) impurity or defect level transitions

to conduction band Landau levels and (2) interband transitions originating from

valence to conduction hand Landau levels by one-photon interband maqneto-

absorption (exciton effects must be taken into account).

We have already reported on deep level transitions using the C02 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

level was found to originate at an energy of 170 meV below the conduction band

edge (or about 65-66 meV above the valence band edge). This level may cor-

respond to an excited state of a gold acceptor.

Figuro IV. shows unpublished reproductions of the photoconductive response

of a high purity sample of n-InSb. The numerals 1-6 correspond to one-photon

interhand magneto-optical transitions between the valence band and the conduc-

tion band. Of course, the role of excitons is important ind must be taken into
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4icount in the quantitative intorpretat.ion of this data. Trani tion energies

c in be cIl cul ated from an 8 x 8 Pidgeon-Brown energy band model and compared to

the data. The mijor unresolved question is to investigat' the quantitative role

of the excitons. This work is being pursued with the theoretical heln of Dr. R.

F. .41'ali is.

The structure labeled 1 in figure IV.1 is a transition which we havr

i Intified as a valenc,-r-oshallow impurity level process. The fine structure

soI itting may be due to central cel l spli ttirig of this shal low donor ground

s-at-. The obsorved magnetic field splittings correspond to fractions of an rneV

in energy ind arp in reasonabl, agreement with the expec:ted central cell split-

t -In(Is .

At mu(h 1 ower energies one ses,,S a series of structures which is rel ated to

i1 tree tp'r nsitions from deop l vpl s to the conduction band Landau levels.

This d .. o v, is difr ffnrent from the one rrport 1d ear1 i Pr in the reprint in

t i o n II. Different s mpl, of n-InSb wrre us-d whi ,h accounts for the

iff,,-'C t i-tivation enorqi os. This sampl o has an activation energy vilue of

-,, V :i.bnv- 'he va I nce band edqe which is in reasonable aqreement wi the

Jreurid state o a gold accoctor.
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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 non inear

optical properties of n-InSb using two-photon spectroscopy techniques and only

cw CO2 lasers. Our 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 carried out at the Francis Bitter National Magnet Laboratory on the f1!T

campus. Most of the experimental work was carried out at NTSU at much l ower

fields (< 2 T). M1ore extensive details than can be presented here are contained

in a Ph.D. thesis of Dr. M. 4. Goodwin. In what follows we reproduce several of

our published papers.
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High-resolution two-photon spectroscopy in InSb at milliwatt cw powers in a magnetic field

D G. Seiler and M W Goodwin
Department of Physis. North Tecas Stott, L nestiy . Denton FcAS 7620,3

M. H. Weiler
Department of Physics, Massachusetts Institute of Technology. Cambridge'. ,assachusemo 02139

(Received 1 December 1980)

Resonant structure in the magnetophotoconductivity of n -lnSb is shown to arise from two-
photon absorption of cw CO2 laser radiation This is the first time that two-photon expeiments

in solids have been carried out with only cw lasers

Weak magneto-optical transitions in high-purity n- The evidence for the two-photon-absorption interpre-
InSb induced by a CO2 laser have been recently ob- tation which we present in this paper consists of (I)
served by photoconductivity measurements for U'1B the change in conductivitN induced by two cw CO,,
in the Voigt configuration for magnetic fields up to lasers simultaneously incident on the sample. (2) the
1 2 T 1-3 This resonant structure was first attributed amplitude of the structure which varies as the square
to multiple LO phonon emission from high-energy of the intensity, and (3) the good agreement between
photoexcited electrons created by intraband absorp- theoretical and experimental two-photon transition
lion. 1 2 Later, it was proposed that the structure in- energies Our new experimental results cannot be
stead originates from midgap deep defect levels that explained by the multiple-phonon or deep-level
are known to be present in InSb.3 Two-photon models since neither model is consistent with the
resonant magneto-absorption was not suspected be- two-laser results or the intensity dependence of the
cause of the use of cw lasers and the very low inten- amplitudes.
sities I W/cm2) where the structure can first be In our experiments, a constant dc electrical current
observed. In this paper we present new experimental is applied to the sample (of concentration 9 x 10"
results on this resonant structure for F.. 9 and for cm- 1) while a small ac magnetic field modulates the
fields up to 2 T. The simultaneous use of two CO2 sample conductivity at a frequency of 43 Hz The
lasers has enabled us to identify unambiguously the photoconductive signal produced by the chopped laser
physical origin of these resonant transitions as two- ( - 2 0-pzsec pulse width and 1700-Hz repetition rate)
photon absorption rather than either of the two pre- is fed into a sampling oscilloscope, the output of
vious interpretations. This is a surprising and impor- which is fed into a lock-in detector with response pro-
tant result since two-photon effects (in any material) portional to the second derivative of the photocon-
have only been previously observable with the help ductive signal. All experiments were done in the
of at least one high-power pulsed laser which pro- Voigt configuration with either Fi B or Fl1 B and the
duces the high photon fluxes that were previously current parallel to B with B parallel to a (110) crys-
thought to be necessary. The use of cw lasers for tallographic direction.
two-photon absorption opens up new opportunities in The crucial experiment that clearly shows that the
spectroscopy by allowing high-resolution studies of observed resonant structure in the photoconductivity
new transitions with selection rules and exciton ef- is due to two-photon processes is illustrated in Fig. I
fets which are different from one-photon transitions The top curve shows a photoconductive trace ob-
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axis. Consequently, we conclude that second-
harmonic effects are negligible and that we are ob-

Aiwlt 1832 MOV serving pure two-photon resonant transitions.

The amplitude of the resonant structure, which is
2hw 2 26956 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

Awl'AW2 the involvement of two-photon absorption. The
, I number of photoexcited carriers n created by two-

photon absorption is given by

i , dn -A 21 2 -rn(n +n 0 ) (1)

, where A 2 is the coefficient of two-photon absorp-

2,3 231, : Y tion,' r, is the coefficient of quadratic or direct
* + .t recombination. 6 

1 is the light intensity incident on the
sample, and no is the electron density when 1 -0
For the small intensities of our experiments where
n << no, we then have for steady state n (A 2/

TL I11% r~no ) 12, which explains the observed intensity depen-

dence of the amplitude
02 04 06 0S 10 12 14 16 1S 20 For the purpose of obtaining a value for A2, we re-

BITI peated our experiments using a boxcar integrator
with no field modulation. From the photoconductivi-
ty voltage at resonance we estimate that n =- I x 10"3

using ,arious combinations of two-photon energies
2,1,, - 236 64 meV. 2A t 2 - 269 56 meV. Awl + 2 -253 10 cm at a peak intensity of 130 W/cm2 for a peak
meV. and 2w -253 18 meV The spectrum with wi +W7 observed at =9.59 m at B 1.2T. Averaging
was obtained with two separate laser beams simultaneously over a Gaussian intensity distribution and using a
incident upon the sample value of r 2 : I x l0 - ' cm/sec, ' and no --9 x 10I

cm - ' , gives .4 =0 7 cm sec/erg in reasonable agree-
ment with the experimental results of 1 6 cm sec/erg2

tained from a single 10.48-p.m (Aiw, - 118.32 meV) measured by Nguyen vi a/. for the same line ob-
laser operating with a large peak incident power of served in absorption This value is also consistent
1 8 W. The sharp resonant structure is absent, and with their theoretical estimate. A more detailed
only one-LO phonon-assisted cyclotron harmonic analysis of the intensity will be published later.
transitions within the conduction band can be seen' There have only been a few previous observations
The next trace shows the resonant structure obtained of multiphoton absorption in InSb in a magnetic
with a single 9 20-pim line (Nw2 - 134.78 meV) at a field, first by Button t al. This work was extended
lower power of 0.2 W from another laser. The two- by Weiler ct al.,' who interpreted the data using a
beam experimental results are shown in the next tunneling theory of multiphoton absorption9 which,
trace where completely different structure is seen, like the zero-magnetic-field theory of Keldysh,"o was
with only traces of the structure due to the weak later shown to be incorrect for two- (or even-) pho-
9.20-p.m laser. Clearly this new structure arises only ton absorption ' Manlief and Pakik " explained
because of the presence of the two photons 4,1 and most of their experimental results using the selection
4(0 2 As a final check, if two-photon processes are rules from perturbation theory, which were later also
the origin of this new structure, the positions are given by Zawadzki and Wlasak:' with the absorption
determined by 1w, + 1 w2. Consequently, the same for polarizations EIlB also observed and explained by
structure should be observed with only one laser, but Favrot et al '. Nguyen and co-workers' also ex-
at a different photon energy Xw, such that plained their observation of two-photon absorption
24w3 -'wl +tIW2. the last trace shows that this is in for F.ig with transition strengths calculated from per-
fact the case using only one laser operating at 9.795 turbation theory using nonparabolic wave functions
pm ( 2 fw,3 - 253.18 meV). The most recent study of two-photon absorption in

The only other possible interpretation of these lnSb, in zero magnetic field, is that of Pidgeon anJ
data, aside from two-photon absorption, could be ab- co-workers,' who give references to other work, and
sorption of second-harmonic intensity produced when show that a perturbation-theory treatment, taking
the incident radiation is polarized along a (I 10) crys- into account the exact nonparabolic wave functions
tal axis. However. we have also observed these same and neglecting exciton effects, gave good agreement
resonant effects for light polarized along a (100) with their experimental results Their conclusions

, - n ntII ...4.. . .
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should also be valid for experiments in a magnetic 212 i -T I T- -- --
field. i iS 0 9 3 7 65

Comparison of our data shown in Fig. I with the I
two-photon data of Ref. 13 (Fig. I) using a trans- 268
versely excited atmosphere (TEA) CO 2 laser and of
Ref S (Fig. I) using a q-switched CO2 laser clearly il- ,

lustrates the high resolution of our measurements 264
where structure is seen at fields as low as - 2 kG. i
Also, an apparent doublet structure is resolved in C j

some lines which has not previously been observed 260/- -

We have observed two-photon structure using a sin-
gle laser with peak incident powers as low as 14 mW -3

in a beam of 1.5-mm I 2 intensity diameter. G 256
Further confirmation of the identification of the / /

resonant structure with two-photon absorption is pro- z
vided in Fig. 2, where the resonance positions, from t 2527

experiments with a single laser, are compared with a
theoretical calculation. The theoretical transition en-
ergies were calculated using a refinement 1 of the 248
Pidgeon and Brown 8 x 8 model' s with parameters ad-
justed to give excellent agreement with interband and .. 2,

intra-conduction-band magneto-optical experiments. 244
A value of E, -236.6 meV gave the best overall fit,
with the other band parameters as given in Ref. 17 "1: - 1
In Ref 17 the observed one-photon interband transi- 240

lion peaks were identified with the exciton ground
state associated with each transition by reducing the 236
calculated interband transition energy by an approxi- 00 04 08 12 1.6 20
mate exciton binding energy.1 2' For comparison
with the present experiments we have used a numeri-

cal approximation " to the calculated exciton binding 1I 2 Transition energie% %s magnetic field I he dots

energy which is valid for the range of magnetic field represent the experimental data A hile the curves are the

values in Fig 2 transition energies calculated for the strongest allowed two-
photon transitions An - 0, ± 2 A e gie below. in the nota-The theoretical curves in Fig 2 were calculated us- tion of Rel 17. the strongest transitions corresponding to

tog the two-photon perturbation theory selection rule each group of cur%es I a-(21 -a't0l, 2
An.-0. +2 .5 " The positions are quite different a+(O) -a'(0l), 1-2 h'i) 3 a - 1 ),a(3) -a'l I
from those with the single-photon selection rule +(0) - t"(O). 4 h*( I Ii) . I ).h-3) -bl 1), 5

An - t 1, differing essentially by a hole or electron ;+1 21 ) (0). a+ I i - '( I ). a-(4) a 2).
cyclotron resonance energy. The high resolution of ,-(2) --h(2). 7 a -() - a'; 3), h-(I .h-t3) -h1(3i.
the present data provides an opportunity for identifi- ,+( I) - h' I ). h+() -h1Q 2). 8 a 1) -oa(4).

cation of individual two-photon transitions, as op-
posed to unresolved groups of transitions The fact ' -  a' 5). ,-i 1) h-t 5) -h) 5,

'2 - h'(2). h ( )I --h'i ). 1) a 1 -( a' l,
that new transitions are observed is a general charac- is (b) -a't 6, a *(3) -aiq 3. a +(4 --c(21. etc
teristic of two-photon spectroscopy, and provides a
further test and opportunity for refinement of the --. •L. , .2
theoretical model determination of the band parameters from this com-

It is clear from an examination of Figs I and 2 plex set of two-photon data.
that the experimental resolution of 0.2 meV is suffi- In summary, we have carried out the first two-
cient to resolve not only the exciton ground-state photon experiments in solids using only cw lasers A
peaks, but also excited-state peaks, associated with new dimension for two-photon spectroscopy has now
the different interband transitions In Fig. 2 only the been created with the distinct advantages that use of
exciton ground-state transitions are plotted. Al- cw lasers has to offer I) better long- and short-
though the exciton correction is quite crude, we are term amplitude stability than pulsed lasers (2)
satisfied with the good overall fit with the data In enhancement of signal-to-noise with the use of
future work we will attempt a better identification of modulation and lock-in amplifier techniques. Other
the observed lines using an improved exciton correL- semiconductors with different band gaps will un-
tion. taking into account the possibility of excited ex- doubtedy be studied with the appropriate cw lasers in
citon states This will also allow a more accurate the near future

• I i il • i I I I I " I - -- -- , . ..
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High-resolution two-photon magnetoabsorption (TPMA) spectra are obtained for e'B

and -F1 IB 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 spherical

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 vari-

ous temperatures.

I. INTRODUCTION suits. From measurements of the number of two-

photon-produced carriers as a function of laser in-

Magneto-optical investigations of two-photon tensity, we estimate TPMA coefficients for some
processes are particularly valuable for studying of the stronger transitions. To our knowledge this
nonlinear absorption in semiconductors. The selec- is the first time that TPMA coefficients have been
tion rules for two-photon magnetoabsorption calculated from magnetophotoconductivity experi-
(TPMA) allow completely different transitions to ments.
occur than for one-photon magnetoabsorption. In The first TPMA experiments in InSb were car-
previous experiments of TPMA in InSb, pulsed ned out by Button et al.2 using a Q-switched CO2
lasers were used because it was believed that high laser simultaneously oscillating on two lines. They
intensities were necessary to observe two-photon observed resonant structure in the photoconductivi-
transitions. However, we have recently shown that ty caused by two-photon absorption between Lan-
for the first time in solids, cw lasers operating at dau levels in the valence and conduction bands.
even milliwatt powers can be used in the study of Zawadzki, Hanamura, and Lax 3 were the first to
TPMA if a sensitive enough detection method like develop a set of two-photon selection rules using a
photoconductivity (pc) is used. Derivative TPMA time-dependent perturbation-theory approach.
spectroscopy with sampling and magnetic field Later, Weiler et al.' extended Keldysh's' tunneling
modulation techniques applied to the pc signal fur- theory to the magnetic field case to try to explain
ther allows the observation of weak transitions in the observed6 polarization dependence (ilB and
the TPMA pc spectra that would otherwise be I IB). However, this theory was later found to be
unobservable incorrect for two- (or even-) photon absorption and

In this paper we present comprehensive results was shown to reduce to the perturbation-theory re-

on the TPMA spectra for both 4FB and ii IB in suit. "' Perturbation theory was again used by Bas-
the Voigt geometry for various lattice temperatures sani and Girlanda " to calculate explicit expressions
from 1.8 to 100 K. Most of the observed transi- for the two-photon transition rate in a magnetic

tions are adequately explained by the spherical field. TPMA experiments on lnSb were continued
selection rules As =0, An =0, -2, and a Pidgeon- by Nguyen and Strnad lo and Nguyen et al." who

Brown model calculation for the Landau-level en- studied the absorption by free holes created by the

ergies. For the first time, we determine a set of two-photon processes using a Q-switched CO. laser

band parameters for InSb from our TPMA experi- pulse. Both linearly polarized light with FI)B and

ments By observing the resonant structure at dif- e1i and left (aL) and right (TRt) circularly polar-

ferent temperatures, we determine the variation of ized light were used. They compared the experi-

the energy gap with lattice temperature and com- mental absorption strengths of the two-photon
pare it to previous experiments and theoretical re- transitions for 'IB (aL O R,a+ aR) with a

25 t300
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theoretical calculation based on the perturbation- which was either immersed in liquid helium or sur-
theory approach and found reasonably good agree- rounded by flowing helium gas for the higher tern-
ment. However, only a small number of transi- perature measurements. To vary the intensity of
tions were observed and only one-photon energy the laser we placed CaF2 attenuators in the beam
was used. Manlief and Palik' 2 extended the path. Beam profile measurements at the sample
TPMA experiments to investigate the differences location showed that the beam was Gaussian with
between the light polarizations _iB and i I B in a typical l/e intensity diameter of approximately
the Voigt configuration. The light source was a 0.5 mm. A boxcar integrator was used to measure
transversely excited atmospheric (TEA) CO, laser directly the photoconductive voltage, which at low
with an intracavity grating which allowed the powers is related to the number of two-photon-
photon-energy dependence of the TPM/. transition produced photocarricrs. Field positions, ampli-
to be studied. Their use of the photoconductivity tudes, and line widths can then be directly mea-
technique enabled more transitions to be observed sured and studied as a function of laser intensity,
than were found by Nguyen et al. However, their lattice temperature, etc. The addition of modula-
transition assignments were somewhat ambiguous tion techniques significantly improves the sensitivi-
because of the uncertainty of both their measure- ty and resolution of photoconductivity experiments
ments and the one-photon-interband Landau- allowing a more accurate determination of the
energy data that was used to obtain the transition resonant field positions and resolution of weak
energies for their two-photon case. Nevertheless, structure.
they found several transitions in their studies A variation of the sampling and magnetic field
which were not adequately explained by the usual modulation technique developed by Kahlert and
spherical selection rules obtained from ordinary Seiler, 14 for hot-electron quantum transport men-
perturbation theory. In this paper we give transi- surements is used to improve greatly the signal-to-
tion assignments that are more unambiguous be- noise ratio in photoconductivity measurements. A
cause (1) the higher resolution of our data allows constant dc electrical current is applied to the sam-
more transitions to be seen, and (2) the data are pie while an ac magnetic field B. of amplitude up
compared with two-photon transition energies ac- to 200 G modulates the sample conductivity at a
tually calculated from a Pidgeon-Brown model freqency of 43 Hz. The photoconductive signal
with band parameters adjusted to give a best fit. produced by the laser pulse and the field modula-

Selection rules are extremely important for a tion is amplified by a high-impedance differential
good description of the two-photon magnetoab- amplifier, the output of which is connected to a
sorption process. The most complete summary of sampling oscilloscope and lock-in amplifier corn-
the two-photon selection rules for the different bination.
light polarizations (aL, 0 R, a, and i-) was given by In Fig. I we demonstrate how powerful the
Zawadzki and Wlasak, but only for the case of photoresistance-derivative technique is by compar-
B! [001 ].13 Extra transitions were shown to occur ing traces obtained with the sampling oscilloscope
because of warping and inversion-asymmetry ef- and lock-in amplifier combination (d2R IdB 2,
fects. In this paper we give more complete two- dR IdB) to that obtained with a boxcar averager
photon selection rules for the different light polari- (R). As can be seen, the TPMA structure in the
zations and for B[IIll] and [1101 directions, as d 2R/dB2 trace is much sharper and more pro-
well as the [001] direction. nounced than in the R trace, making determination

of magnetic field positions for the transitions not

11. EXPERIMENT only easier but more accurate. The field positions
of the resonant structure are not changed by the

The samples of high-purity n-lnSb (9 X 1013  modulation technique. In addition, and most im-
crn - 3 were mounted in the Voigt configuration portantly, the second-derivative technique is able to
with the current parallel to the magnetic field B resolve very weak structure that is marginally or
and B parallel to [1101 [100] and [11] crystallo- not at all observable in the R trace (note the dotted
graphic directions. Light from a grating-tunable lines). This is one reason we are able to observe
cw CO: laser was mechanically chopped by a ro- more TPMA transitions than have previously been
tating slotted wheel to produce optical pulses of reported. The use of stable cw lasers also reduces
approximately 20-psec width at a repetition rate of the pulse-to-pulse amplitude variation usually
1700 Hz. This minimized heating of the sample present from pulsed lasers. The resulting enhanced
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14TI FIG. 2. 4n) Comparison of TPMA structure for ';it
FIG 1. Comparison of TPMA data using our high- and Fib with B,, = 200 G. (b) Increased resolution of

resolution technique and that obtained with a boxcar structure for FIB using B, = 50 G.
averager. The d2R/dB2 and dR/dB curves are the F i -
second and first derivative of the magnetophotoresis-
tance R with respect to magnetic field B using the sam- FA and (2) for i1B, more complex structure is

pling and magnetic-field modulation system. R is the seen. Previous studies10. 2 of TPMA with pulsed
magnetophotoresistance of the sample obtained with a lasers also showed this. The complexity of the
boxcar averager commonly used on other experiments.
The dashed lines point to weak transitions in d2R dB0  i1B structure is much more evident in Fig. 2(b)
not found in the R traces. (B. =200 G.) where a lower modulation field B,, -50 G results

in small resonant amplitudes but allows resolution
F i. " Y A. 3 of fine structure down to very low magnetic fields.

signal-to-noise ratio thus allows more TPMA tran- For example, we have complete resolution of a
sitions to be seen at low fields where the TPMA "double nature" to lines 19,20,22,23,25-32, while

-1 transition strength is weak. evidence for doublets from the line shape can still
be seen in lines 33- 35. Previous TPMA experi-
ments did not have the resolution to detect this na-

III. RESULTS ture of the actual TPMA structure.
In Table I we have listed the two-photon magne-

A. Transition energies toabsorption selection rules derived from the usual
spherical approximation and additional selection

An interesting aspect of two-photon magnetoab- rules which are allowed because of warping and
sorption and one that has been the subject of much inversion-asymmetry effects. We have included
controversy is the effect of different polarizations the selection rules for the case of B[ Il] and
of the light on the TPMA spectra. Such effects BI! [ 1101 by extending the one-photon selection
are a consequence of the selection rules, which are rules of Weiler e al. to the two-photon absorp-
different for different polarizations. In Fig. 2(a) tion case. Transitions within the a and b set of
the resonant structure caused by the polarizations so!utions are denoted by As =0. while As = - I

liB and EJ!B in the Voigt configuration is shown. denotes transitions from a to b and As = + 1, b to
The structure is labeled with numbers correspond- a. Also given is the corresponding change in
tig to distinct sets of transitions. Two major ob- Landau-level number An from the initial valence-
Servations about these transitions are apparent: (1) band state to the final conduction-band state using
those for -I B are much weaker than those for the unrenumbered valence-band-state notation. In
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ltcd'e T A. I
TABLE 1. selection rules for two-photon transitions in zinc-blende smniconductor. tot a maignetic field [WI I.

1110), and [III] crystal axes, both allowed (A) and induced b, varping 14' and inerIon aNm,,nmer, I

611oo p lJ [1o0 [il
A W 1 W 1 14

Polanzation As An As An As An AS An As An A.s An ,o An

0 1.5
-- I +1,+5 I 0,+

CL 0 +2 0 -2 -6 0 00 I +3
-4.. b 3, - 5

+1 -1.+3 - 2.-4 + I +I

-- +1,-3 2.-- 4 0 4 1, 5
CL 0 -2 0 +2,-6 0.+2 - I -l

+ - -4-6 - I 0-6 -I -3

-1 +1,, +3 1 2.+4 0 3
a 0 0 0 +4 0 +2,+4 0 3-I

+ 1 +1, 3 1 + 2. -4 +1 --I

-1 +1,+3 -2,+4 0 -3
ELIB rr 0 0 0 +4 0 +2.+4 - + I

+ +1,±3 I .2. 4 1 -

agreement with the data (I) the spherical approxi- However, there is at present no adequate exciton
mation rules predict more transitions for diB than theory for TPMA in semiconductors with complex
for iI B and (2) some of the transitions should be coupled energy bands. In our earlier approach' we

the same for both light polarizations (i.e., reduced the calculated interband transition energy
An =0,&s =0). by an approximate exciton ground-state binding

Quantitative results of transition energies (twice energy. This is the standard exciton correction

the photon energy) versus resonant magnetic field used in one-photon spectroscopy. Here we adopt
positions are shown in Fig. 3 for both (a) i1B and the approach of not correcting for exciton effects
(b) ilB along with theoretically calculated results and of treating the Landau-level theory as accu-

with BI 1[ 110]. There are many more transitions rately as possible in calculating transition energies
plotted than have been found from the earlier stud- We then look for differences between the calculat-
ies using pulsed lasers.3 6 i0 - 1i2  We have added ed and observed energies for the lowest transitions

several weaker transitions to the iB set reported where exciton effects should be most important.
earlier by us) In Table I1, we give the theoretical The theortically calculated solid lines shown in Fig.
assignments of the intial and final states to the ex- 3 result from using only the spherical selection
penmentally observed two-photon transitions. The rules given in Table I It appears that most of the
experimental positions of our two-photon structure experimental data can be adequately described (but
are in good agreement with those published in with a new set of band parameters) with these rules
Refs. 10- 12. In addition, it is interesting to note without using exciton corrections even for the
that our identification of the transitions 4, 5, 7, 9, low-energy high-field transitions. A good fit of

10, 12, MS. and 20 is the same as that in Refs. 10 these theoretical transitions to the data results
and 11, whereas the identification in Ref. 12 is the from using the following band parameters:

same for only transitions 4, 7, 10, 11. and 15. The Eg=235,2 meV, E.=23.0 eV, A=0.803 eV,
Landau levels were calculated from an 8 x 8 y= 3.0, y2 = - 0.2, V3- 1.0, K = - 1.2, q =0.55,
Pidgeon-Brown model which includes only the F= -0.5. and NI = -0.4. No attempt was made
warping terms in the diagonal part of the Hamil- to determine a value of A from our two-photon
tonuan and no inversion asymmetry terms 1 i.1 " data. Instead we have used the stress-modulated
Transitions involved in magnetoabsorption experi- magnetoreflectance results of A=0.803+0.005 eV
ments are usually considered as being to exciton obtained by Aggarwal.i' Our results for the rest of
levels rather than being between the Landau levels, the band parameters are compared in Table III
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39 1 30 26T22 plainable by the spherical selection rules We find32, 28 ,24. 20 t6 16
0 / 24. 20that hines 1,3 ina, be cxplamcd bi, spin-flip trasl

4 tions b --. a '(0) A, -, An - IFand114

b I. a'l0) ( 6 I-- , An I-i. These are

1shown by the dashed lines in Fig. 3. According to

260 -f/ . Table I these transition, are allowed because (if' /.f ' .. :to'  in eso -s m etry effect,, but oil,, for 1i Itl]
g! .,." "" " 9-

t. .or 111o. Transition b was also obseed b, Man-;""/ /" "'Ilief and Palik for 1[ 00 1 at higher niagnteti

2 0 ,6fields and higher photon eniergie, and was identi-

4 / fied with an a" 0j -b' O(,-( s - 1. n =0) tran-

• 4 3,;non.Using this transiton we calculate an addi-

240_ - tional line passing exactly through our data points
/in set 6 (as shown by the dashed line, confirming

ta)B this identification. Transitons in set 17, 18, and

20 24 have not been previously reported. They are
0o 05 0 15 20 very weak resonances which can only be obsersed

1using the modulation technique. Our calculations
support the identification for an a '(2) -_bc(0)

38 32292825 22 19 1@ i5 transition with As = - I and An = -2 for 17 and

270. a -(I)--b(I) anda (21 .bc(2) transitions with
As - I and An -=0 for 18 and 24, respectively.

According to Table I As - - 1, An =0 transitions

260 - .. can occur for B ' [Il l I] because of warping effects,
i,.9 However, these transitions are also present for

B 11001 and [110] is not presently understood.

250
2 B. Effect of lattice temperature

43." . TPMA experiments provide an accurate means
40 of determining the variation of the fundamental

energy gap E, with lattice temperature TL. Figure

W (b4 shows how the TPMA spectra at ),=9.33 ,um is

230 affected by increasing T, for TL _< 100 K. The
o 03 5 o 1 20 shift in magnetic field positions of the resonant

structure is quite noticeable for TL _ 30 K and is
FIG 3. a' Fan chart of TPMA transition energies directly related to the decrease in energy gap with

glB ft110J . Solid lines represent theoretical calcula- increasing temperature. At each value of TL, fan
t-n ,,lhslction rules -0,n .*2. Dotted

lines used other selection rules explained in he ext charts of transition energies versus magnetic field
Dots are the data bi Fan chart for FB. were determined and analyzed assuming that all

h e n rs e e iparameters except E, were constant. The results

are shown in Fig. 5 where a comparison with
with previously published one-photon results of theoretical calculations of Tsay et al.24 and

Gnsar et al.,". Ranvaud et al., 9 Weiler, 0 Pidgeon Camassel and Auvergne 2 5 is also given. These
and Brown," and Pidgeon and Groves." We have theoretical results were normalized to our experi-

used this same qet of parameters in also fitting mental band gap of 235.2 meV at TL < 10 K. Also
intra-conduction-band (combined resonance, cyclo- shown are the experimental results of Roberts and

tron resonance, and LO phonon-assisted reso- Quarrington" and Au,.ergnc et al.2 " There is good

nances) and intra-,alence-band (both bound and agreement between our data and the results of

free-hole transitions2) data. An excellent fit in Cammassel and Auvergne who directly calculated

both cases is achieved, the temperature dependence using a pseudopoten-
Additional weaker structure labeled 1.3 , C,,. tial approach. With increasing T1. one increases

,17,181. and 124 in Fig. 3 appears not to be ex- both the lattice constant and the electron-phonon

-I ,
-- *I I I | "-_. . , *
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_Tab Ie Y,.A -2,
TABLE II. Theoretical two-photon transition assignments for each distinct expenmental-

ly observed series of resonant structure in the photoconductivity for ii§ polarization in the
Voigt geometry. The * marks indicate those transitions which can only be explained by the
nonspherical or extra transitions.

Expernmental Theoretical Experimental Theoretical
tranition no. assignment transition no. assignment

1.3 a-() a'(0) 20 b'(0) b'(2)
a*'(- ) a'(O 21 a +(3) a'(1)

b-(2) al0i 22 a - t6i) a'(4)
b -) a')0) a +(2) a'(2)
b ( - 1) a'(01 23 b -(6) b'(4)

2 a (2) a'(0 124 a *(2) b(2)
4 a (0) a'(0) 25 a a'(5)
5 b-(2 b'(0) b '2t b'(2)
*6 a 0, bc(0) 26 b( b'(3)
7 a - 1) a(1) 27 a '(4) a'2)
8 a-(I) a'(1) 28 a -(8) a(61
9 b *O) b'(Oi a 31 aq3)

10 a -(3; a'(lI i 29 a -(91 a'(7)

II b- Il) b'( I b *(3) b'(3)
12 b *' -1 I bt 1) 30 h *(2) b'(4)
13 b-t3) b' .1 31 a *(5) a'(3)

14 a "t2) a'(O) 32 a -(10) a'8)
15 a -t4) a'(2J a *(4) a (4)

a t 1 a'( I1 )33 b '(3) b'(5)

16 b-(4) b i 2) a- III a'(9)
*17 a "'2) b'(0, b (4) b'(4)

a i41bl'2) 34 aI(6) a'(4)
018 a'lI) b'( I ) a (12) a'(lOW

a (0) b'2) a (5) a'(5)
b (2) b (0 35 b (4) b6)

19 a-(5) a'(3) a ->13 a'(] I
6'(1 II b',s b'S(,

TABLE IIl. Energy-band parameter sets for 1nSb from various experiments.

Gnsar Ranvaud Weiler Pidgeon Pidgeon
et at. et a/. and Brown and Groves

Parameter (Ref. 18) (Ref. 191 Ref. 20) (Ref. 16) (Ref. 21) This paper

E, (eV) 0.2355 0.235 0.2329 0.2355 0.2366 0 2352
+0.0005

E, teV) 21.6 26.1 23 5-0 5 21.9 21.2 23.0
71 0.5 3.1 3.4 1.5 3.6 3.0
yi -1.0 -0.4 -0.3 - 1.2 -0.5 -0.2
Y) 0.1 0.7 0.9 -01 0.7 1.0
ri-Y3 -1.1 -I -1.2 -1.1 -1.2 -1.2

-1.4 -1.5 -1.2 -2.1 -1.47 -1.2
q 0 0.39 0 0 0.39 0.55
N, 0 0 -0.3 0 0 -0.4
F 0 0 -1.0 0 0 -0.5

-7
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interaction. Their contributions to the gap change
TL 29 vare of opposite sign leading to only slight decreases

S in band gap for TL 25 K. The gap at 77 K is
21205 22 ~thus approximately 230 meV.

g.m
is'

t730 C. Intensity dependence

I Figure 6 shows the TPMA structure for the
22 I "low-intensity" case using a cw CO; laser and for

T 70. that obtained using a rotating mirror Q-switched
CO2 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.

I1 Since no additional structure is observed in the ro-
tating mirror case, one concludes that this is addi-
tional confirmation of the correct identification of

19 the cw laser-induced structure as indeed arising
from TPMA effects. It is also apparent that in the

00 05 10 1 2o cw case we have really reached the "high-intensity"
1IT limit where TPMA effects can be observed at rath-

FIG. 4. Temperature dependence of TPMA structure er low powers.
for A 9. 33 rim. Two-phonon absorption is a nonlinear process

.4 Jwhich has a nonlinear dependence on the incident
intensity. The two-photon absorption coefficient
K 2 , which is a parameter of the semiconductor and238r-

236

234(
i I TL 10K

232

MTSAHL---. 7~heS
CALCIUn0?s

I 2 2 6 C A, A S S EL -

I 
'

224,

222 t;

220 DATA 15 IC-SWITCHED C02 LASIRI1

10 . ow s okrtal , .176 .

P i 'i 1 '2 l1 6 4

216 h tawglai

0 20 40 0 so 00 120 01I5c C02 LASUI
T LIKI

12

FIG 5 Plot of energy gap vs temperature from our 00 05 70 1 20

IPMA measurements and other results. The lines are Bil

theoretical calculations of Tsay et al (Ref 24) and of FIG. 6. TPMA structure obtained with a Q-switched
Cammassel and Auvergne (Ref 251 normalized to CO; laser (top 3 traces' and with a cw CO 2 laser for
Fe -235 2 meV. A 9.55 u m

A 
.7. -i.
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describes the rate of two-photon-produced free car- seen to vary approxinmately as V in agreement wAith
riers. has been the subject of intense experimental Eq. 2. At higher intensities the amplitude of the
studies. 28- 34 However, these results are not con- resonant structure is observed to depart significant-
sistent. For this reason we have determined two- ly from a square-law behavior because of hot-
photon absorption coefficients for some of the electron and free-hole absorption effects. Also
stronger transitions in our pc data. plotted in Fig. 7 is a fit of Eq. (2) to the data using

The standard approach for describing the rate of K 2 as an adjustable parameter. The value of the
two-photon-generated carriers is to assume that an other parameters are w= 128.14 meV, r
electron in the valence band is excited into the con- 10- '  cm/sec, n,, - 1 101 cm , giving a
duction band via two-photon absorption and then %alue of K, of 5.6 uni/MW. For the same transi-
decays by the bimoleculat process of radiative tion above at a slightly higher magnitude field
recombination. A suitable rate equation can then 11.92 T) and higher photon energy 129.8 meV
be written Nguyen et al.'' obtained a Nalue for K, of 16.6

cm/MW. Their somewhat larger value of K. is
dn - -rn(n +no) (1) partly due to that fact that a higher magnetic field

dt 2& will increase the magnitude of' K. for a particular

where n is the photon-created carrier density, K, transition. However, it must be pointed out that
the two-photon magnetoabsorption coefficient, &0 our K2 is sensitive to a proper choice of the recom-

the photon energy, I the incident intensity, r the bination rate r. Another problem that arises when
recombination rate, and no the equilibrium carrier trying to extract information about an indi idual
density without light. The time duration of our transition is that a minimum in the structure may
optical pulses is suffficiently long enough (20 psee) actually be a combination of two or more transi-
that a steady state occurs at the time of our mea- tions. The large number of :ransitions (theorv and
surements, usually 10 psec after the beginning of experiment) evident in Fig 3 certainly seem to in-
the pulse. For steady state dn /dt = 0,. simplifying dicate this. Therefore. K , was calculated and mea-
Eq. (1) tremendously. For the low laser intensities sured only for a strong transition which was

< 200 W/cm-) of our study the photon-created minimall, influenced b. a presence of other

carrer density n is small (i.e.. n no. With clciselN -spaced weak transitions.
these assumptions Eq. (I) is reduced to the follow- IV. CONCLUSIONS
ing:

K, High-resolution TPMA spectra in InSb for eil
n = P- ,2) and FiA polarizations in the Voigt geometry have

been investigated using cw CO, lasers. A highly

which shows that the number of free carners pro-
duced by TPMA is proportional to 12. Also con- 8
sidered in many TPMA experiments is the de- T IK

pletion of the laser intensity as it propagates -N .,,
through the crystal. For our sample thickness of S T
approximately 100 micrometers we estimate that
the change in intensity of the beam from the front -
to the back surface is roughly 0.01q for the E

highest intensities reported here. We therefore
neglect the change in intensity of the laser bearn
and assume a uniform constant Gaussian optiLcal

flux throughout the sample.
In Fig. 7 we have plotted n vs 12 for five dif-

ferent laser intensities for the strong transition la-
beled 12 (FA) of Fig. 3. Assuming a negligible 0 5 15 0 25 30 35 40

change in mobility, the photocreated carrier densi- 12 103 w2 
Cm

ties were determined from the amplitude of the FIG 7 itwo-photori-proiuced free-camer densit as
resonant resistance structure obtained with a box- a function of intensity for transition 12. The line
car averager (an example of the structure for a dif- represents the variation of Fq 2, with K:, 5.7

ferent Aavelength is trace R of Fig I Thu, n is :rnMW

T_ A 9
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sensitive photoconductivity technique in conjuction favorabl, with thc pseudopoteiial calculations of
with a stable cw laser have allowed the observation Camassel and Auvergne At los intensities the

of many new TPMA transitions. Previous TPMA number of photoexcted electro, aries approxi-
experiments have not been able to show how corn- mately as the square of the incident ittensity, as
phcated the two-photon spectra really is. Many of predicted by a simple rate equation model.
the previously observed transitions are shown to be Note added in proof Band-gap renormalization

combinations of two or more transitions. A min- caused by many-body effects of the laser-created

1imum of 42 distinct transitions are observed and electron-hole plasma %%ould be expected to decrease
identified for FiB, most of which can be explained the energy gap. The amount of decrease depends
by the usual spherical two-photon selection rules upon the laser intensit, which also controls the
.*%?: -1, • 2, As =0. For 1 B the structure is less number of electron-hole pairs. However, the mag-
complicated and can be explained by the spherical netic field positions of the resonances shown in
rule An =-0, As =0. A modified Pidgeon-Brown Fig. 6 do not appear to shift even at the high in-
energy-band model, along with these spherical teasities from the Q-switched laser. Thus the
selection rules explain most of the observed transi- band-gap change with these high intensities must
tions using the following set of band parameters: be much less than I meV Recently Koch er al/ '

El =23f.2 meV, E , =23.0 eV, A=0. 803 eV, calculated the change in band gap as a function of
? = 3.0. = -0.2, -o , = 1.0, K= -- 1.2, F= -0.5, electron-hole pair density for InSb. Since the num-
q =0.55, and V, = -0.4. Additional weaker ber of created electron-hole pairs at the large inten-
TPMA transitions appear to result from warping sities is estimated to be at least 101

4 - 1015 CMe-

and inversion-asymmetry effects. The variation of their results indicate a much larger band-gap re-
the fundamental energy gap with lattice tempera- normalization effect when we observe (at 10'5
lure is deduced from an analysts of the cm - their calculated decrease is approximately 2.5
temperature-dependent TPMA spectra. Our results nieVi.
give a gap of - 230 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 wt.gnetic fields up to 15 T using cw CO2 lasers and photocon-
ductivity techniques. A modified Pidgeon-Brown enera' band m,,del using spheri,-a!
,inrn n;j.her4 - 11 !,,ection rules is used to interpret th,- lata. Anisotr~pi
effects are observed for the first time in the TPMA pnotoconductive spectra. ViPMA

structure is also observed for the first time in the photovoltaic response.

INTRODUCTION

Magneto-optical studies have proven capable of determining energy bind
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
possibility of carrying out nonlinear magneto-optical studies in semiconductors.

In particular, two-photon absorption (TPA) techniques offer unique spectroscopic
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 small 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 allowed. Thus, TPA and TPMA (tvo-photon magneto-

absorption) measurements can yield signifIcantly more information about the eigen-
states of a material. Recently

I
, we have shown that TPMA is easily observable in

n-InSb using only cw CO2 lasers operating at even milliwatt powers. 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 (".ie historical background on TPMA effects
in Inrb was recently reviewed by Goodwin et al.2). With high resolution experi-
mental techniques many transitions in the TPRA spectra have been observed. In past

studies there has been much ambiguity in the identification of the TPMA transi-
tions. However, with more obsirvable transitions and better resolution, a

systematic investigation of this complex process has now been performed using
polarized light and high magnetic fields. Most of the transitions can be



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. Possible explanations for these transitions are warping and inversion
asyumetry-induced effects due to the band structure of InSb. For the first time
anisotropic effects are observed and shown to be related to the anisotropy of the
initial hole states.

THEORY

The interpretation of results of any sagneto-optical experiment depends
strongly on the aodel used for the energy band structure of the material. One of
the most useful energy band models was developed by Pidgeon and Brown.

3 
Their K

8 Hawiltonian give.s th energies of the r6 conduction band, F6 light and heavy hole
valence banis, and the 17 spin-orbit split-off band and includes the effects of
higher bands to order K2. They also extended their results to yield the Landau
level energies when a magnetic field B is applied.

The most recent extensive calculations of the energy bands of InSb have come
from We..... - The double group reprrsentation of the intermediate states in the
second order matrix elements of the k * i 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 NJ, N2 , 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 HamSiltonian was reduced to
two . x 4 matrices, one for the a-set (spin-up, +1/2) and one for the b-set (spin-
down, -112) energies, which can then be solved numerically. However, calculations
of the eigpnvalues and eigenvectors are not safriient for i good description of
TPM1A processes; a proper choice of selection rules is also extremely import~nt.

Zawadzkl and Wlasak
6 

gave a summary of the two-photon selection rules for the
different light polarizations (OL, oR, 0, and iT) f-3r the case of A 11<001>. Extra
transitions were shown to occur because of warping and inversion-asymuetry effects.
More recently, Goodwin et al. 2 

gave Vare complete two-photon selection rules for
the same light polarizations and for B I<l<> and <110> directions, as well as the
<001> direction. The selection rules in the spherical approximation governing
transitions between initial and final states for the different light polarizations
are for 0b: An = 2, As - 0; oR: An - -2, da = 0; 0: 6n = 0, As - 0; Ir: An = 0,

- 0. Here in is the final minus initial state Landau level number and As is the
final minus the initial 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 - -l states) which caused their selection rules for
n to di~fer from ours by i.

Once the matrix elements have been calculated and the selection rules are
known, the two photon magneto-absorption coefficients are straight forward to
calculate. Following second-order perturbation theory, the transition rate

7 ,
3 for

a two-photon process in c.g.s. units is

2 c mr t? e I d)

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 intensity, c is
the p81irization vector in the direction of the electric field, and I, t, and f,
%re the initial, intermediate, and final states, respectively. The delta function
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the magnetic field density of states in the parabolic Approximation ) 

has the form

.... \T¢ / ,=..- n + Ph))%

where nmx is th'r largeit pos it ve integer for which the surmma.r is r(-a , m* ;
cyclotron effective mass, and ., is the cyclotron frequency . eo/mr). :rme
one sees that the density of st ates diverges wnenev er the er.ergy i equals -e
energy of a Landau level. This is completely dffereL from the case witho-.; a
magnetic field where the densiti of states is proportional to Vi: and no divergence
is observed. This divergence in g(E) is responsible for "he two-photon rer';7r .';,C-
observed in the conductivity. To remove the infinite divergen,e whenever F: = :n
l/2)r,_0 , 'it has been customary to introduce a broadening term r into the energy of
the Landau levels. This broadening factor s a result of collisions of eloctr (i
with other particles (i.e. other clectrons, poonons, or impirities). Kubo et i.
has shown that - :an be -xpressed as F = / ) where a 17 et cnaracterist iC .f-
time of the state.
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where 0 L3 an effectivs masi for mn electron and light or heavy hole system (I/ =

i/me + ' mh) The final state i some Landau level in toe conduction band and tie
initial state is a Lands leiel of either the light or heavy hole band. The
intermeliate state t can be a Landau level in any one of the four bands (conduc-
tion, heavy or Ight hole, or spin-orbit split-off band). Notice that K0

i
'
f

dependent on the initial and final states. Therefore each transition between
specific: Landau levols in the v;xlence and conduction b-nds has i charactristi
two-photon absorption ,:oefl' i:e''t, which dependst u1n Misgnirt tU rid Bt ,rid phutn
energy r.w . We i,.tve r,!.itricted the slam over intermedlate states to the four bandii
ust mentioned; the contribution of higher bands lo expected to be s 1al, berai}:;,

of the laroe c-nergy difference in the lenomim tor,;. The prc:scription for c lAa Is-
tng K, ' is to numerially solve for tie c-gonvecturs of the two 14 < '
Hamil-tonnans ani then use these eigenvectors to calculate the Matrix element;. In

Figure 1 t1-- splitting of the bands into Landau levels is shown along with "
representativ.! two-pnoton transition for i; . Figure 2 schematically shows thv two-
photon transitions for toe different light po', .i-it ions according to the sphericAl
selection rules.

a
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Figure 1. Sptlitting of the band- into
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levels (+1/2) And b-.;et are the spin
down 1,eeIs -l/?). '" , ucti'a,

band, Ili-h!,vy note hand, Il,-Light hoi,
bitnd, .$-spin orbit .split otf band). A
two-photon transition (a+(0) -,lc(2) for
OL) is shown with al I the intermediate
states. (- - initial state - ---

intermeli.tte state, final ;tit-).

F,. I'.A. 10
Although tdere has been extensive theiretical worK on TPA in the absence of

magnetic field, there has been only two major attempts to calculate TPMA cueffi-
cienti;. rhe first attemp-t. w;-: by ltiis:;an nd i;irlandri.12 Ising :;ecornd-)rd-r
perturbation theory, they considered the at.sorption of two photons eatch with 'Aif-
ferent energies and different polariations. Tney a26so used the parabolic appruxi-
smtion to the Landau levels and considered both inter-inter and inter-intra bad
t.rnsitions between one valence band 1Lnd two conduction bands. In addition
broadenfng was not included in their Imodel, K2 therefore exhibited infinite diverr-
gences at the resonance points. No comparison with experiment was ever made with
their results. The other mJor attempt was by Nguyen, Strnad and Yafet,

13 
who alco

used second-order pertarbation theory. In the 3um ov.r intermediate ntates ti.-j
included the conduction, light, and heavy hole batds and did not include the spin-
orbit split-off band, which is usually only a small contribution. However, they
were able to obtain analytical expressions for K2 . because they used first-order
perturbation wave functions in c.Llculatink the matrix elements. Their theoretital
results compared favorably with their experiment.

EXPERIMENTAL WORK

oriented sampleO, of t. gh purity n-InSb 1 9 x 1013 cm
- 

) were muunteI in a
variabl' temperatire dewar for tne lower magnetic fieli work (0 - 2 T) carried out
it N'1,u using a Virian electromagnet. High field (0 - 15 T) studies were carried



out at the Francis Bitter National Magn-t I.abur:,tory with th,! sample:; Immrrs-d
directly in pumped liquidl helium. Light from gratittg tunable cw ;(), lasers w:;
mechariie L ly Chl~ppedi bj a 1£x.ttrg lIULJ- I hA-c I With 4 sfL L JUL uty c le W Lf I' -
mi-e sample heating effects. In the low field region Lit, phitocondurtive measur,-
ments were carried out using either boxcar integrator techniques or a combination
of sampling oscilloscope and magnetic field modulation techniques. At high fields
only the boxcar was used. Field positions, amplitudes and line widths could then
be directly measured an studied as 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 accurat-
4.werlmii, toia of the yirarht field positions and bubervaLL.ori of weak Struc..r-
resolution of closely spaced doublets.

Figure 3 shows a reproduction of the output of the lock-in detector versus
m gnetic field for sample de bias currents of I = mA (photoconductive respons-)
and I = 0 mA (photovoltai- resp nse). The detec-tur responi is proportional to th,-
second derivative of the photo-Lnduced magne~oresustance or pnotovoltaic effect.
The observed amplitude of the resonant structure contains the effects of the modu-
ltion method. To our knowledge this is the first time that twu-photon absorption
effects have been observed in the photovoltaic response of a semiconductor. rit l
subsequent experiments the photovoltaic response was minlmiz,'d by keeping the laser
beam spot positioned between the sample contacts. Thus, in most cases two-phoun
effects were not discernible in the photovoltaic response, while the photoconduc-
tive response showeJ excellent two-photon resorances.

Figure i. TPMA et'lect3 in
the photo-voltaic respons,! ,I.
= 0 mA trace). 'h"e top trace
contains both the photconduc-

tivlty and the photovoltaic
signals. I :3A.

F, . -. A../,

0.0 0.5 1.0 13 20

REJULTS

Ex:,rimetits wr" ,2rf.,rwei in two principal magnet!.* field ranges: - 2 2 ' nd
C - 1!' . Most of the results, analysis, and interpretation are focused on the 0 -
? r range. However, the higher magnetic fields are important for the observation
of cert-iin transitions near the TPMA band edge, which are riot predicted by the
spherical selection rules. In addition, at the higher fields the hole Landau
levels are split further apart allowing clear resolution of unresulved transitions
at the 1 wer riagietic fields.



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 just this figure. For TPMA each transition corresponds to
an increase in the conductivity or a decrease in the magnetoresistance. That is,
as the magnetic field is increased to some value where the energy between two
allowed Landau levels equal twice the photon energy, electrons in the initial
valenc- hand Landnu level will be photo-excited to the final conduction band Landau
level. Transitions can originate fro, either the light or heavy hole Landau level.
This process is repeated at every magnetic field where a two-photon transition is
at PIwa. The increase in amplitude of the structure with higher mnetic fields .s

drLL.V t L, ir,.Izt a e w.Lh field of the joint density of bta.e. In ..14Jti.n,
the sampling and lock-in technique produces a Bessel function envelope to the

h.p~lit .Lu . Fie-ire ', Jrasatically illustrates tlic movement of lhO TPHA struct:ire
tovards lover manetic fields as the wavelength is increased. The usefulness of
the CO2 laser in studying TPNA 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 nov 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 shove the results
of those experiments where the TPMA bind edge transitions (1, 2, and 3) are clearly
resolved. The detector response in this figure is 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

A 1.22um Si

7 '7187

OK22 1

14 1 3 1 1i

1111,1 V $ .1. 2

IS.

is 140 1 5 2

Figure I4. Wavelength dependence of the TPMA ___

qtructur,! for f il <110, ; ui r,,r O - P T isirn 0.0 5.0 10.0 15.0
"Iampling os i i losc,'e an, ft l1L fvduL4tion ITI

techniques. The numbers correspond to dis-
Linet transitions.

Figure 5. Wavdlength dependence
of TPMA for I <211> and for 0 -F V1 T. The data were taken with
the boxcar averager technique and
shows directly the TPMA band
edge.
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with the sampling Kni ~ock-iri techni like. HVuri al,:, L;1ow4. r,, grow*!, in usp~i-
tude of the stric:tuo c.il. miv--: tow-jrd ' ,;iaeir rwtgfet :i'l with h~gh.~r photon

functio envi: 1 pe to tiletru ore -r. ia .r'.~l b igrosind photc- indu':-d
magnetores istAnce due to nun-resonrint 4bs orption processes. For our experiments

sPM wai ot ou.er vel :or wiv*.'gt. os WV 5

'n- resul I of poi ilil tie, tr C U -

dtiorn have recently been presentedA. ft~r- we pre:,vnt adJi isonitl r':Suo ts ~ngl
circularly polarized I ight (obt ined by iusing it Fresne. Rhor-.b) In th, F:&iA!iy
geometry. rhe TPP4A structire obtained forl ",,k'd Jle 11 10 iprZiirztiJl.n i
shown 'ai Figure 6. Tt.'e MignetLC field piir of' the .lriicl.,res for j,.nd
'ire bas ical ly the siam-. Fig,,,re "i it,soil huws si Oilni.sru,lre betw-er. %rAn.; I-
tiOns 16 4nd Ir in tnhe RH pol ariiit'on wri~ch liav ;,u), be-en lalbe l'.i. llow-v'r. uier,
Are some noticeable differences in the str-ngths of son7 e of the transitions. For

in -e. irit, . ont 1 ,4, It, !7, tn-i 2. Aj~i 'J-,i bcgr for .t' V, Ie

~.19, Aind those higher thin 22 have no 6ignif'icnt difference between G.and
These transitions are the result of : polarizat ion, which is the sum of OR Kn
The reai~on whcy taese tlltlsitionz are present inbot h and -1 i, thAt etch polcAri-
Ion, I, or cont -insSson,- reii dual poiarit C ton i)f the opposit,'cru i:l

,x-a rized wave. Thtt Uis, rather than having pore c:ircolar poinrizatiott, the v

is slightly ell ipticil. We estiwat- from a pol-Arirautin anadlysis of the beamt thi
perhaps a3s much as 10 percent of !.he opposit.- pi:~r:olarized t '".tcicf..e
present for either of %he )Ror iI, polArizti,.. T':- .r:,;1tions ii, the'. pol
zqation should match nivigreti:: !%elU pos.tions.!%t the ! r~litsi orlS, htec,.asi Ih:y
both obey the -same selection rules for transitions uetueen .nltia. and f;t!:,
states. 4owever, the str.engths 3f the J trans~tions are ifferent fr.om those of
the 1i t-is'itiuris, becauze the .ntermeiite site re :er.

Specific transitin' are assigned to tnsrc~:in F_ ir' 7 bj _ornpr_]#
tertci alutisofKtie T'PHA coeffi: ;eet, !'ro.. Kq. ',4) w~th 'tie amp!

tude and magnetic field posItions for tn': struftjr- iht iin d usirtg ,f, tnA
polarizations. Each line for Krepresent; '.he strength of ;L specific transition.
The magnetic field position of eatch transition was e:;timated from an -2nerg) bind
calculation of the Landau levels. only tho.- trainsitions which obey the spherirsI
selection rules are plotted. Tnie UImplitUde of tne stric!tore '.an only be compared
qua] ii.ativ,± ly with the calculations for K, Wi~ ,;' he teorresponse s ign-
is R reeonleriVatLq-! whic h nvv he sli ghtly d irffrerl froms the Lctiiii sivnotl -%11

(2) the et-c tor rcesponse signsit containi; it be is': functlonl type, cri 0lope to t'h'
transitions. As can ti' ren, cm of %h- -i &t ,*.:rtinly ikt the low' r S
netic fields, are actuailly ti'l sunm of sevi-r,. I rani. .ions ich &c" not rc'ssl v't.
The observed resonant stracture in Figure ( w-i idenitified with only the strong'est
.Kcqtc'ed trarittion';. The results of the identifittion are given in TAble T
We have only made conparisons of' the e J transitions with the calculated K,,
values. In principle the same method can be applied for the ! At or , tranisi-
tions. .iigwcvcr, the structure is much le:;; complicittel making the ilentif .cati,,n
of t'e :.rtlsit.ulls e',iir. Therefore for the purpose of identification of trasnti-
tions K,1 vi lu-!i were Sit 515lo utted.

After the structure in tn's lata has been tentat:.vely identified, the energy
bandl Landau level calculitons can be used to determin- i set of hand p'iram'.er.;
This involves i considerable --noint of c-omputvr usage in fitting the hort

'i' -calculiations to the data. 'The two-photon transition energies asi a function )f
magnetic field are picotted Inl the~ u;'~lj 'fir -hart' nithod ii com~kr-1 t" 141.

experimental data. The results of our fitting procel-ure rfor hiit'i 's I
ire shown in Figures 8-10, where the data are the experimental transition energte:,
(twic.. thie photon energy) versuis resonant magnetic field positionins and the lines
solid anil dts~ilcd) are the ci iculated re.-u Its for <11 I>. There .,r, on]f
socre transitions plotted than have been found front the aarlier studies lit
pulaet lasers.. Interband transitions involved in magneto-abborption experim':ts
ire usuil 1) :On-,ilered as being to ex, iton leviK s. ljowever, there is at present no



I I 1 I-- l 
" -

A A.54 4

1 2

12 -01 , 'L

22

,.0 2.0 Figure 7. Comparison of the amplitude ofU 0.5 1.0 1.5 2.0 .ne TPMA structure for uL and oR and for

I IIU> with theoretically calculated
values of the TPMA coefficient for the
possible two-photon transitions.

Figure 6. Polarization dependence
of TPKA for A II<11o>.P1, .IA.-15 F3 tA1

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 in 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)
vith these rules without using exciton corrections. A good fit of these theoreti-
cal transitions to the low field data results from using the following band
parameters: E 9 235.2 meV, Ep - 23.2 eV,A = 0.803 eV, 'Y, 3.25, Y2 = -0.2,
Y 3 0.9, I * -1.3, F = -0.2, q - 0.0, N, - -0.55. No attempt was made to deter-
mine a value of A from our two-photon data. Instead we have used the stress
modulate magnetoreflectance results of A - 0.803 * 0.005 eV obtained by
Aggarwal. There are some noticeable differences, however, between the theory and
data in Figure 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 and lower. The deviatLon
betveen the exciton and no-exciton theories should also be more evident with
kncreasing magnetic fields. An adequate TPMA exciton theory is thus needed to
ipr-ove the fit for these transitions.

Additional structure labeled (1,2), (6), (17,18), and (24) in Figure 8, (1,2)
and (6) in Figure 10, and (18) in Figure 9. appears not to be explainable by the
sph-rical selection rules. These transitions could be described by nonspherica±
selection rules allowed because of inversion asymetry and warping effects.

I

- - -
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Table I. Theoretical two-photon transition assignments for each distinct exper-
imental tronsition number (Exp. Trans. N,,.) )f th,, ubserved resonant strurtur,- in
the photoconductivity fore J polLrizzatioi, ( d , Q , C R * ) L 

= 
') in th V C ';

geomet ry. The &arks indicate those transitions which c-An only be explained by
nonspherical or extra transitions.

!ap. 'oai eotical _*., P.I - i'nuret ca
rans. No. aaon Ass xnment 4 rans. N,). z t ion As!;ig,, enl,, S' O * (:) "Cco' "('').a '' , ',

t, d ac (0) ;,) (
: 

,

b*,-. ) ac ,

8 -(() a~cli) ., ""~ a ,I,

b,) 0() ()

16 L o (1)* C,

17 1 (-") C(,) b"(4) 
1.C

13 b-(3) 1 C(o) h, ,

12 b _0) be(O
,  

, b ( : bc (,,

13 a (3) "c (1) 42 a

a8 (2) a' ( ) I a (',') ; ' )

16 bI) b () a 13) c 111

17 a ~ ~ ~ I ' b'. j(
b(a , bc( 2 ) C,a (7) ac (5

a * (0 b
c 

2 ( a'

2(2 ) +b(1

a (C), b 2) a ,,

R b-(3 bC(0) L I b

z ,~ ): (b) (,7);. ) (oi

19 H -
( ) 
a3)

) c (
13) )

+() +) ) (6)

20 b() bC(2) 38 i -1) aR ()

21 a (3) a (1) a- (if) ic (1)

22 R 1) k6 (ac) a+ (7 ) (a )

a(2)b(0) b() bc)

23 b (6) bC ( 4 ) a 7) a 1' ,

a (2) (2) 9 L  (6) bC( )

.
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'In Figure 11 TPMA spectra are shown for the major crystal directions. Man Ii f

and Palik 
- 

reported that they" observed no difference in the TPMA spectra fo~r the

three crystal directions. From Figure 11 one carn see that ('or muc/h of' the struc-
ture, there is no appreciable differences in the" spiectra between the three crystal]
directions. However, one strik ng f'etture se erl is the clear rsolution o f' the

doublet nature to transitions 11 and 12 for 9 ill <111,. Thit, has not been pre-

viously reported in any TPMA study. There are also some definite mgnetic field

A.



shift a for some it the weask'r tratnsitions (6,),~ 1 1 i ub!e r~in 10 t the Nig[.er
magn.!tL: fL ' I fsCor A z~f 'u. -he obnorYv:x,-- tf.iIt ir, I.J,-n1 str'Act ures i," du'- ti

L ftke i ffeore nc P i n en e rAy :'', ~ne h PLv y tv !1 ,e .n, Ia -I e/ i '1,r '. 'i t htr. - r yt
d ir ec t ionS aI- ~ oi or Oi" i -vy hol 1--mO'joi .- v#!1 g~'~~.-eio y

tvp~nt With the oL';erved tshift.- NI Coos 1 trth,'r iruol l ,r iijt 0' * .*i'.'t,

c.a%1 on of ut- trani 1 Lott:,. trnl Ly. iutron r,,n-i- - '..Il-.. t .- ~y
hole maset; the heavy hole nvis5;t n-ih ii i the largest, whihe m-1 'Jj f ma
the smallest (in'ilill >im-1 131> a-1OO1W. since the Landau leve. entr-gie4 tr,
inversely proportional to the effective 'sasses of a partic7ular btid (* - nheB/u* :
the parabolic approximation', the heavy hole energies wi~t bsn somewhat straller f-ic

the (1l1. d ire: Lion than the <'l'O> di re~'tiot, thu; ti i Oll-ii1ft in the, h'-1 sY
hole transitions toward higher magnetic fieldIs for Lte <'I'> dir-tCion. Th e _i' 1K
hole transitions do nit ahow a signiificant stiilt, in magr-t., fieldi pos Iii-, ri,

because there is not a large anisotropy assorttei with tne I itht holes.

We hlav-! c.alcu 'at-'i the '?PMA speotra L.; - 'icl.1" of I-.' ti tr,.I
Figure - we slaod -itl -perilnenti.! spectrum (top cUrV) 'nI oi sc.~ Spec tI'U'll

(bottom cuirve). The -'Kp'rimseroal trace voso ,obtainmed iI g ,:, oscarr averatg'r
trechniq - ind .sj~pr II to the ph.o1r-& . ,oo :'~ "".

theoret ical spe ''ris wa.; - iL-i'. ted asSmumg :i ra '. a.lifI it.'i .1,tP'rien i
joint density o! !,*at,5 fus-'tion. ;imm I tr to, F.l. ') r ,- t- 'i Lrinsitin win'
broadening of the "-nor;y levels in- iied. rhe eli-rgy it'thi, 1-1daim lu'o

function of magnetic field in the joint den-ilty 'of itates runct,-n wah ca'ulat" I
from the nonparmbolie R x 9 Mini ton ian mat rI i r h. 'e tpeP r .a mLt "a,: S iVri
field point was obtain' i by summing the contributioni. of . I he trutisitmlns in !Jv"
spectrum at that point. rhus, trinsitionk; in :los," p,x.iity wt~ be- ignificftntly
influenced by each Othter, while transitions further away in mxgnetic f'Awit-
have a much I ni'm Cluencte, dpending on the st rt'ngth (if ti taS tios Th'

theoretical rpe-.tcr , is plotted as ,/K-, iinc.e the experionentil! sp'rn.rum is I/ n mr

The thot ;m pecftrim Is Ink 4iislitjtiVe agreement a.n the !ep'trLMM'.i

specztruAm. The two nign field s-Is of transition; ('), I , ain I_, I.~ 'sho'w a S11:rj'
rise oti the high magnet ic field sile of a transition whil, a much inor" rd,
decrease is ev ident on t'.e l ow fiel1i s id'- of , trinot. ion l~n ~eof the dent, A1
states. The magn-tic fm' d wilth of A transition 'deptnd ; i', to- in, tm

broadening of tie etmer,.y '-vt.s. For this spectrum in energy 4LAIt of i ~ . L"
was used corresponding to i:ollision brosieting '.;zs'1 s I:V A' Alo ugh
the two large t rans it i ),s .1t toe hig'i matgnt ic f ie I ds art at a s 1 igot ly lo(wer
magnetixc i elId tflan the , '. innts% I one-; * the theoret icalI spec trum reproduce-s
transitions )-12 Of the 1'Xp~riMe3T,'L tip" t'rain very we, L. However, ttle tileoreti- C
spectrum it, ' v ic in ity of trans it ions 14 ani 1) shows a -omp ex mu .t itijlet -if
structure wtimi t e exporimental I hows one se- usig;ly .irge tttis it ion. ?"t ,-r
c ertain transti ons o:'e st ronger and domi nate tt.e s pectrt's 3r K a ;gIhtly d if ferrnt,

-ie tc I pe cliaps reproduce t he . e ' co~re t:ourte,1y

tneoet.:-, spe':trum doeas show however, that some of the trioitimtos, certainly it
l.we ogetcfifel 13, atrf A_'tual ly the sun of severs. unresolved transit'o).,i.

Al so thie experimental s pectrim cetmtains a noticeable magnetic f,,-Ld backgroun,! in
ild ~tion t tt eo.'tSrItI.

KN CL US 1 44N ;

The LiMA spectra in In3b ;s thown to bie Verf 'xip."k, e 0 ! 1 UItit1 r;ts ". 11AIA

teristic polarization, cryst-ullsiue aniso)tropy, arA rmVgnet- "ielddp'teco

M'uny aspect% of these i,etral fe'At.srs are -netl unidert,'-io -jith :ilcuit int,
Lising A molitiel Pimgpon-Brwri ennrgy ban- ilo'! tid 1.1" i- t ci tm' '''' ti

rules. However, a real qIlant itativ"- unlerstanding of t role of ex(-toris i' tii'
:'h'MA spe'-tra is; 1 iic irig, it Lt . ' L tim-.
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High resolution two-photon magneto-absorption spectra have been
obtained for 1 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- orientations shift the TPMA resonant spectra.
ture of semiconductors comes directly from Hereafter, we only refer to anisotropy in this
magneto-optical experiments such as intra- manner.
valence and intra-conduction band tudies and Several reports - on TPMA in n-InSb using
one- (OPMA) and two-photon magneto-absorption pulsed and Q-switched CO2 lasers did not geport
(TPMA) studies. The resonant structure any anisotropy, even though in one case they
observed in such experiments can be quali- were explicity looked for. The observation of
tatively understood by Landau-level and anisotropic TPMA effects in this study is a
density-of-states models. For a fixed magnetic direct result of the increased resolution that
field, the density of states exhibits singu- comes from using only cw CO2 lases_ in con-
larities at the energy corresponding to the Junction with derivative techniques.'"'
bottom of each Landau-level. When tdo Landau- Until now, valence band anisotropy in InSb
levels are resonant with the photon energy of has usually only been studied using cyclotron
the laser there is an increase in the absorp- resonince,- combined resonance,15or one-
tion. For small absorption coefficients any photon interbandl3-1 measurements. For cyclo-
direct measurement of the changes in transmis- iron and combined resonance both the energy
sion are extremely difficult to detect. How- levels of the initial and final states vary as
ever, photoconductivity measurements on pure a function of crystalline direction, thus
samples are capable of detecting even weak making it somewhat difficult to accurately
magneto-optical transitions. In this study we determine the anisotropy of individual valence
have measured the photoconductive response of band levels. For interband absorption the
n-InSb samples using magnetic field modulation anisotropy observed must be due to the aniso-
and sampling oscilloscope techniques (deriva- tropy of the initial hole states since the
tive techniques) in order to obtain high conduction band Landau levels are essentially
resolution TMPA spectra that show effects isotropic. However, since radiation for OPMA
caused by crystalline anisotropy. is almost completely absorbed in the first few

Two-photon processes are related to the microns of the crystal, very thin samples are
imaginary part of the third order non-li r necessary.

1
0 In contrast, TPMA is a bulk pro-

electric dipole susceptibility tensor X " cess, thereby eliminating the difficulty in
which has certain crystalline symmetry proper- handling thin samples. TPMA also has different
ties. Van der Ziel

1 
has observed a crystalline selection rules from OPMA, thus more inforsa-

anisotropy in the two-photon luminescence tion can be gained about the energy band struc-
intensity in GaAs without a magnetic field. He ture because more transitions are observed.
attibutes this dependence to the anisotropy of Most of the transitions observed have been
X '. In contrast, our anisotropies in the identified and explained using te usual
TPMA spectra are observed in the resonant spherical two-photon selection rules. All of
magnetic field positions and not in the the anisotropic TPMA structure studied here is
strength of the signals. The two-photon second explained using these spherical selection
order transition probability depends upon the rules.
delta function 6(Ef-Ei-2W) where simultaneous The experiments were performed oh In~b
absorption of two photons causes a transit' -n crystals grown by Cominco with Nd-Na' 10 c*m

-

between an initial EI and final Ef energy A constant dc electrical current is applied to
levels whose positions (or values) depend upon the sample while a small ac magnetic field
sagnetic field. Thus, the slight differences modulates the sample conductivity at a fre-
in the initial light- and heavy-hole valence quency of 43Hz. The photoconductive signal
band level energies for the different crystal ( = 20 u sec wide and at a 1500 Hz repetition

rate) is fed into a sampling oscilloscope, the
*Work supported in part by the Office of output of which is fed into a lock-in ampli-
Naval Research and a Faculty Research fier. The resulting signal Is proportional to
Grant from Nortn Texas State University. the second derivative of the photoconductive
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signal. Nagnetic fields up to 2T were obtained However, one striking feature observed is the
from a Varian electromagnet calibrated by H!R clear resolution of the doublet nature of tran-techniques. All experiments were doe in th$ sitions 11 and 12 for ill <111>. This has not
Veigr configuration with ekther e lIB or e JB been previously reported in any TPMA study.

and the current parallel to 8, with E parallel There are also some definite magnetic field
to either the <100), <111 or <110> crystallo- shifts for some of the weaker transitions
graphic directions. (8.10.11,13) observable at the high magnetic

A comparison of TPMA photoconductive data fields. We nov investigate the detailed nature
taken with a boxcar averager and with the of the anisotropy of the TPMA structure and
sampling and field modulation system (which show that it is a direct consequence of the
produces a second-derivative-like spectra) is anisotropy of the hole Landau levels, which
given in Fig. 1 of Ref. 8. Thus, much sharper produces an anisotropy in the TMPA transition
and more pronounced structure can be observed energies.
which is useful in determining accurate mag- Since the structure for the weaker fields
netic field positions and in identifying weak (<IT) does not exhibit any observable aniso-
or closely spaced structure. This is extremely tropy. we concentrate our analysis on the
advantageous for measurements of small aniso- structure at fields greater than IT. Conse-
tropic effects such as reported in this paper. quently. in Fig. 2 we reproduce TPMA spectra on

Fig. 1 shows photoconductive TPMA spectra an expanded scale which is capable of showing
for the major crystallographic directions. The the small shifts in field positions caused by
minima in the structure correspond to minima in the anisotropy. Transition assignments for each
the magnetoresistance or maxima in the photo- of these processes is given in Table I. Tne

conductivity. The labels correspond to dis- usual spherical selection rules (giving the

tinct transition assignments which have beeg change in Landau leve 4 nusber n) describe these
made using circular and plane polarized light. transitions; for ;B, we have aL(An = +2).

Looking at Fig. 1, one sees that for much of a R(An 
= 
-2), and o(An - 0) transitions;

the structure no appreciable differences in the for 'e 6, we have w (An - 0) transitions. In

spectra exist for the three crystal directions. all cases As - 0, i.e., spin is conserved
between the initial and final states.

The theoretical description of interband

magneto-absorption transitions should take into
I ![ account exciton effects. However, there is at

present no adequate exciton theory for TPMA in

I * 14 3'I I I I< 100)1 -ii

I 7 A .794/im
15'

I

I II  ! , I1211

IO p 1 1 1

(1 10 )

S Ui 1,0 1.52.

1 3 1 12,1

12 1I I

Fig. 1 Crystal orientation dependence of the 1.3 1.5 1.7 19

TPKA resonant structure. The dashed
lines show the near isotropy of the (Ti
resonant field positions. These are
second-derivative like spectra Fig. 2 TPMA anisotropic spectra of high
obtained with the field modulation and fields shoving slight shifts in field
saMpling osci lloscope techniques, position.

'lt y. A 2 P .zA.3
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semiconductors with complex coupled bands, positions are calculated and then used to
Hence we adopt the approach of not correcting determine the theoretical differences in field
for exciton effects, but do treat the Landau- positions for a constant transition energy
level theory as accurately as possible in (shown in Table I). We use the following set
calculating transition energies. We then of band parameters which has been shown to be
determine differences in TPMA magnetic field able to explain a wide variety of magnetfN

positions. These differences should be rela- optical data includipg intra-conduction,
tively insensitive to shifts in positons due intra-valence band,

1  
and TPNA interband

8

to exciton corrections. We also point out that data- Eg = 235.2 seV, Ep = 23.2 eV, A =
the TPMA exciton corrections are much smaller 0.803 eV, g1 = 3.25, Y2 ? -0.2, Y 3 

= 
0.9,

than those that must be applied to one-photon K . -1.3, F - -0.2, q - 0, and 51 = -0.55.
data. Thus, even though exciton corrections Most of the data shown agree remarkably well
must be used to explain the absolute field with the theoretical calculations confirming
positions, differences in field positions that the identification of the states has been
because of crystalline anisotropy should be properly made and that a correct set of band
relatively insensitive to exciton corrections parameters has been used. The calculated
for the same transition. anisotropy depends on the choice of the valence

In Table I we give the difference in band parameters Y1. Y 2 - Y 3 - K and q. This
observed magnetic field positions (expressed as study does not attept to calculate these para-
values for B(100) - B(ll0) and B(lll) - B(110)) meters, but to verify that they also describe
of the resonant structure for the major crys- the crystalline anisotropy of InSb. Further
tallographic directions. These differences can comparisons using TP4A exciton corrections and
be seen directly from the TPMA spectra, as a refined energy band model would undoubtedly
shown in plots such as Fig. 2. These observed lead to even better agreement.
differences are a direct consequence of the The anisotropic nature of the light- and
anisotropy of the energy band structure which heavy-hole Landau levels is directly shown in

results in slight changes in the heavy- and Fig. 3 for B = 1.8T, where we present our

light-hole Landau level energies for the dif- calculated results for several of the levels

ferent orientations of the magnetic [held. given in Table I. We now show how Fig. 3 can
Since the conduction band is isotropic, any be directly used to explain the observed aniso-

anisotropies in the TPMA transition energies tropic features of specific TPMA transitions
should result directly from anisotropies in the like those shown in Figs. 4(a), 4(b), and 4(c).
initial hole states. The Landau level energies For e B polarization both transitions 19 and

are calculated using a modified Pidgeon-Brovn 20 are present as shown in Fig h(a). For eI B
model which includes only the warping terms in polarization, transition 20 is absent as theo-
the diagonal part of the Hamiltonian and no retically expected. The initial hole state for

inversion asymmetry terms. Thus, the transi- transition 19 is a light-hole spin down b+(l)

tion energies versus resonant magnetic field level whose theoretical anisotropy is shown in

7& b le . Aq-s'
Two-photon transition assignments for some obse ved resonant structure in the Voigt geometry (for e 1 B, we
have OL, Olt, and o L + Olt = a transitions; for e 118 we have n 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 t 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 oL  8+(-1) a (1) 253.19 -160 - 78 - 10 +33
8 o or r a-() aC(1) 255.27 -190 -278
9 a or 7 b+(O) bc(O) 253.19 +160 +176 -100 -57

256.27 +160 +199 -110 -65
256.76 +170 +218 -130 -70

11 aorr b(1) bC(1) 253.19 - 60 - 53 + 40 +16
255.27 - 90 - 61 + 20 +21
256.76 - 70 - 68 + 20 +25

12 oL  b+(-1) + bC(1) 253.19 + 60 + 35 -110 -12
253.72 + 30 + 37
255.27 + 40 + 40 -140 -11
256.76 + 40 + 39 -150 -16
256.14 + 40 + 40 -150 -16

15 aor X $+(1)aC(1) 268.08 - 40 - 50 +40 +13
19 0 or X b+(1) bC(1) 268.06 + 90 + 98 - 40 -32
20 o b+(0) bC(2) 266.08 + 50 + 54 - 10 -20
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Fig. 3 Hole Landau level energies calculated
from a modified Pidgeon-Brown energy
band model for B - 1.8 T. The
anisotropy present in this figure

explains the anisotropy in the TPMA
spectra. Spin-up (spin-dovn) levels
are denoted by a (b), while the
saperscript + (-) signifies a light-

(heavy-) hole level.

F,1 . V. A.24

Fig. 3. Since the magnitude of the <100> transition 012. Thus, use of the ej polar-
light-hole Landau level energy is less than isation is necessary to demonstrate the true
that for the <110> energy for a constant nature of the anisotropy of the weaker transi-
magnetic field, this means that the <100> TPMA tion 11 which is explained by the anisotropy of
resonant field position will be shifted to a the b-(1) (heavy-hole spin down initial state)
higher magnetic field than that for the <110' level shown in Fig. 3. Thus, the b

+ 
or a-

position at the fixed transition energy of levels are wore anisotropic than the b or a
+

Fig. h(a). Likewise. one can see that the TPMA hole levels, in agreement vith ahe intra-
resonant field position for the <111 direction valence band data of Littler et al.
should be shifted to a lover field than for the In conclusion, we have shown for the first
case of the <110> direction. In contrast the time that the TPMA spectra in InSb are aniso-
opposite anisotropy Is predicted from Fig. 3 tropic and that the anisotropy is quantita-
and observed in Fig. 4(b) for transition 15 tively related to the light- and heavy-hole
(dealing with an initial light-hole spin up anisotropy. Consequently, TPMA appears to be
a(l) state). In addition, the degree of the a powerful approach to investigating the
anisotropy for the a (l) levels is much valence band in semiconductors, which have
smaller than for the b (l) levels as shown in usually only been studied with cyclotron reso-
Fig. 3. Figure I(c) shows that both transi- nance, combined resonance, or one-photon inter-

tioe 11 and 12 are present and unresolved for band techniques.
It. th the strongest component arising frow
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"-.,Fig. 1. TPMA spectra shoving polarization and
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(a) transitions 19 (b+(1) b.c(1))
and 2o(b+(O) * bC(2))

(b) transition 15 (a(1) aC(1))
(c) transition I1 (b-(1) - bC(l))
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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. All 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

al so reproduced.
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Two-photon magnetospectrobcopy of A-exciton states in CdS
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High-resolution spectra are obtained for the free A 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 anisatro-
pic effective-man 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'=O.210±0.003)mo and mh'=(0.64±0.2)mo. At B=O 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 meV at T= 1.8 K is calculated. Finally, the temperature dependence of
the A gap is determined.

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

Excited states (n 2) of the free exciton in CdS splitting of the 2P+1, 2P_1, and 2P, states. We
have been studied previously by linear absorp- present here the results of high-resolution, TPA
tion' 3 and two-photon absorption (TpA).4 ' magneto-optical experiments on the free-exciton
Magnetic field effects on these excitons were stud- excited states in CdS up to B= 10 T. Both Zeeman
ied up to B =3 T by Hopfield and Thomas' in splitting and diamagnetic shifts of the n =2 and
high resolution and up to B = 10 T by Shah and n = 3 exciton states are investigated. At these
Daman2 with moderate resolution using one- fields the higher-lying exciton states show consid-
photon techniques. Daman et al.7 studied 2P exci- erable deviation from quadratic diamagnetic
ton states by two-photon magnetoabsorption behavior. This deviation is explained by consider-
(TPMA) techniques for a magnetic field of 5 T ing level interactions or state mixing using varia-
parallel to the hexagonal c axis. Through polariza- tional calculations due to Larsen.9 The high reso-

25 7666 01982 The American Physical Society
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lution obtained in the present experiment enables absorption is monitored by the photoconductivity
us to determine some material parameters of CdS of the samples and the spectral resolution is deter-
more accurately than in previous studies. mined by the linewidth of the laser which is less

CdS has a hexagonal wurtzite structure.' 0 This than 0.05 meV. To our knowledge this is the first
structural anisotropy causes crystal-field splitting, time that the photoconductivity technique has been
which interacts with the spin-orbit coupling to used to obtain the TPA spectra of free excitons in
split the valence band into three bands, A, B, C, semiconductors.
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 E4-2. 582 eV. 11. EXPERIMENTAL WORK
The conduction band with electron mass
m0 -- 0. 2m 0 produces free excitons associated with The single-crystal samples of CdS were high-
each valence band having an effective Rydberp of purity platelets of 10- 3-cM thickness grown from
=27 meV and a ground-state radius of =_30 A. the vapor phase. The crystals used were all in the

The pioneering work of Hopfield and Thomas' uti- as-grown condition. Overall sizes were approxi-
lized a magnetic field to study these excitons using mately I x 5 mm2 with the hexagonal c axis lying

one-photon absorption. They determined values in the platelet plane parallel to the longest side.
for the exciton binding energy, electron and hole Indium electrodes were attached to the surface by
masses, the electron and hole spin g factors and melting pure indium onto the samples at 410'C

analyzed the Zeeman splitting and diamagnetic while in a nitrogen environment. 6-.m-thick
shifts up to B = 3 T. At these fields the magnetic indium-gold ribbon was used for the contact wires.
perturbation on the wave functions is weak in com- Patterns obtained on a Tektronix I- V curve tracer
parison to the Coulomb interaction, while at higher at both very low and very high voltages were sym-

magnetic fields the Lorentz force on the exciton metric, indicating good Ohmic contacts. To mini-
becomes comparable to the Coulomb force. As a mize any possible external strain on the crystals,
result, the wave functions contract to such an ex- the samples themselves were not epoxied or glued
tent that deviations from quadratic diamagnetic directly to any base. Instead, all samples were

behavior occur. The magnetic field causes mixing placed on polished sapphire substrates and only the

of the B =0 wave functions through the ordinary flexible ribbon wire was carefully glued to the sap-
diamagnetic perturbation. This interaction is phire. Typical room-temperature resistivities of

known to couple states having A/ =0, +2 and "good" crystals were l103 flcm in the light, while

Am, =0 for all principal quantum numbers (An *0 dark resistivities were > 106 n cm. [Good crystals

or An =0). Higher-lying energy levels tend to re- showed clear resolution of the A (2P0 ) line from
pel lower states down in energy. This effect the A (2P±+,) line at B =0 with full width at half-
reduces the quadratic dependence of the levels and maximum (FWHM) linewidths _-0. 3 meV.J We

eventually causes it to once again approach a expect that Nd -N < 1016 cm - 3, indicating some
linearlike dependence. This departure from the degree of compensation. Voltages up to 45 V were

low-field behavior is expected to occur at lower applied across the sample (E < 100 V/cm) without

fields for excited-state excitons. This occurs be- affecting the spectra. Of the half-dozen samples
cause the wave functions are much larger and tried only one half showed the narrow B =0 spec-
hence have a smaller Coulomb interaction to over- tral linewidths; the others had A U2P) linewidths

come. Thus, we expect to see n = 3 exciton states approximately twice as wide.
deviate much more from a quadratic dependence The spectrum of the exciton states was taken by
than n = 2 states at a given field. observing the increase in light absorption as moni-

The energy-level spectra of the free excitons are tored by the increase in sample conductivity as a
produced in the present study by two-photon ab- function of photon energy. This method has been
sorption. In this particular experiment two pho- used previously by Button et al.11 and more recent-
tons are simultaneously absorbed, where one is ly by Seiler et al. 12 in studying two-photon-induced
fixed in energy and the other is tunable and their photoconductivity in InSb using CO2 lasers. Pho-
sum is made equal to the exciton level. Since both toconductive structure using one-photon spectros-
photon energies are below the gap, the absorption copy has been observed at the positions of the free
occurs throughout the bulk of the sample, which excitons."3 The exact mechanism causing breakup
places less importance on the sample surface. The of the excitons into free electrons and holes is a
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FIG. m. 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 to on energy was monitored by

measuring the photoinduced conductivity change.F, j !. B.

matter of conjecture; presumably it occurs through in a 2-in. bore Bitter magnet solenoid having radial

interaction with defect or impurity centers- access to the light in a Voigt configuration. The

A Q-switched yttrium aluminum garnet (YAG) applied current, c axis, and B field were all paral-
laser was used to produce two light beams as seen lel. A 10-Mil resistor in series with a battery was
in Fig. 1, one tunable at 1-*. 8 eV from a dye placed across the sample. The photoinduced volt-
laser and the other fixed at Aw~ir=0.7840 eV pro- age change across the sample was extracted by a
duced by stimulated Raman scattering."5 The low-pass -high-pass filter combination, then am-
YAG second harmonic at 3.=0.532/zm was divid- plified between 10 and 1000 times. This output

ed by a beam splitter in order to simultaneously was sampled by a boxcar integrator of gatewidth
pump the tunable dye laser using LD688 dye and a 0.1 msec. The spectral scans were taken via a

Raman-shifting cell. The 50-cm-long cell con- computer that read the boxcar output with an
rained hydrogen gas at 450 psi. The pump beam analog-to-digital converter while scanning the tun-
was focused three times inside the cell by initially able dye laser through a stepping-motor-shaft-
using a 50-cm focal-length lens placed outside the encoder combination. Fluctuations in the photo-
cell and two concave mirrors (25-cm radius of cur- conductivity signal at 60 Hz were eliminated by
vature) mounted inside the cell. Triple passing the locking the laser pulses to a subharmonic of the

cell allowed lower threshold power, approximately 60-Hz line frequency.
one half that obtainable with a single pass. The Spectra were also taken in a single-beam experi-
third-Stokes-shifted ir light was selected by block- mental configuration, where Awi, was one half the
ing the unwanted Stokes and anti-Stokes light by a exciton energy. With additional pump power, the

* long pass filter (0.57 pm) and a I-mm-thick silicon dye laser output could be directed into the Raman
window. After the visible and ir beams were made cell producing "tunable," near-infrared light. The

to overlap in time they were combined collinearly single-beam setup was found to give spectra
using a dielectric mirror that reflected the red light without the flat background present in the two-
while transmitting the ir. The beams were then beam spectra. Also alignment was much easier

focused onto the sample using a 30-cm focal-length since the overlap of two beams is not necessary.

spherical lens. The peak power of the ir beam was
about 5 kW while the visible beam was the order Il. THEORY
of 10- 100 W. The sample was mounted in a A. Free-exciton energy levels
variable temperature Dewar containing pumped
liquid He at 1.8 K or flowing He gas for higher The energy-level spectrum of the free excitons in

temperatures. The optical Dewar tail was mounted CdS can be conveniently calculated within the

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

- , JF(r)=EF(n.

2 1 8x I ay 2411 az2 K ,Kj jf[xZ+y 2 +(K 1/K j)z2 ji Fl'

Here z is parallel to the c axis, F(Fr) is the exciton envelope function, E =Ee -Es, K, and K11 are com-
ponents of the dielectric tensor, and p and All are components of the effective reduced-mass tensor of the
exciton, i.e.,

I = I I I = I I 2jL 1  mh 1 1  m! m

Making the substitution

x'=x, y'=Y, Z' 
K

-

K1'

Eq. (1) becomes

ax" -- a--y 2/i I K11 az,2 K(x, 2+y, 2 +z, 2)112

F_

It is convenient to write Eq. (3) in the dimension- where 7=4*,B/9P* is a dimensionless measure of
less form the strength of the magnetic field B, the effective

a2  a2  a 2 Bohr magneton uB =e*t/2c, L, is the z com-
8 82 2 F(F)=EF(F) ponent of the orbital angular momentum operator,

x 2 +8 z2 -r g is the parallel component of the exciton g fac-
tor, and S, is the z component of the exciton spin

(4) angular momentum. The first term linear in B is
where we have dropped the primes, and the units due to the ordinary Zeeman effect arising from the
of length and energy are given by A'P terms for the electron and hole, while the last

K ue4term, also linear in B, is due to the interaction of
i24= 2K 2 ( the electron and hole spins with the magnetic field.a8  2The middle term represents the diamagnetic effect

and are, respectively, the reduced Bohr radius and arising from the A2 term which is usually con-
the effective Rydberg binding energy. The aniso- sidered to be quadratic in B; at high enough mag-
tropy parameter Ry=(b (,Kin er). This same netic fields and/or for higher excited exciton states

to pam e by Fakn for solvig th e considerable deviation from a quadratic behavior
equation wasgiven by Faulkner frsolving the
donor impurity-level case in silicon and germanium can be expected as a result of the strong mixing of
at zero magnetic field.7 states of different principle quantum number.

In the presence of a uniform external magnetic In order to calculate the eigenvalues of the Ham-In te pesece o a nifrm xteral agntic iltonian in Eq. (4) for the 2P levels at B =0 and

field parallel to the c axis and using a cylindrical the diamagnetic par of the Hamiltonian in Eq. (6)
gauge where the vector potential A= (B x F)/2 re- we emloy the aitonial inc-

suits in the addition of several terms to the one- we employ the following variational trial func-
particle Hamiltonian of Eq. (3):

M- M, *iL, + 72(x 2 +y2)/4+gSi 17/ 2  02P -PImA +m, -'2-4  p
m+(6) fpo =e A,p A,
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TABLE 1. Calculated energy levels of the A excitons in CdS. Variational calculations of
the binding energy, in units of -40, are compared with those of Faulkner (Ref. 17) and Prad-
daude (Ref. 19). B =0 at ,/=0 and B- 7.5 T at '1=0. 1.

17=0 11 =0. I

Anisotropic model [y"' =(0. 729) "=0.900] Spherical model (y=l)
Energy level This paper Faulkner This paper Praddaude

2Po 0.3010 0.3009 0.3239 0.3248
2P_ 0.2656 0.2656 0.3995 0.4017
3Po 0.1342 0.1342 0.1381 0.1398
3P_ 0.1183 0.1184 0.1583 0.1624

"TabIe B. I

where F=(p 2+az 2 + p2)1 /'. p2=x 2+y 2. The vari- Praddaude's, + 0.0769, -0.1850, -0.1624; our re-
ational parameters9 A,. A 2, a, and /3 are optimized suits, + 0.0756, -0.1858, and -0.1656, respec-
for each state and magnetic field of interest by tively. As we shall see later, these errors are ap-
minimizing proximately the same as the uncertainties in field-

( I0 2p I 0dependent energy shifts of each of the respective
€PI H 'e )/(kP I *2P ) •levels. Consequently, we expect our variational

The 3P eigenvalues are computed by using the calculations to adequately explain the data.

trial functions' s

= pl2-re -Dp 2 -E(p 2
+f

2
I"2 + B. Two-photon absorption

Z -Op2 -E~p 2
+fz

2 0- The basic theory of two-photon processes was
0t 3po = z (2 - g )e + CoAP 0 , formulated by Goppert-Mayer in 1931 .20 Using

where i= (p 2 +5z 2 +0 2 1/ 2 . The variational second-order perturbation theory and making theparameters D, E, ', 6, and 0 are optimized na dipole approximation gives the probability per unit

fashion similar to the 2P case. The C parameters time per unit volume Wt2 (E) that the system
were determined by forcing orthogonality between makes a transition from an initial state i to a final
3P, and 2P+, and between 3Po and 2Po for each state f of energy E = (W I + W2) above the ground
choice of the other parameters. state, while the field loses one quantum each of en-

The accuracy of these 2P and 3P variational cal- ergy Awl and AW2.2" Thus,

culations can be seen from the results given in 2rreA0 1 1 eA2 12 2
Trable I for both i7=0 and i/=0.1. At zero field W" 2 (E) = ,- -, I A ( 2

we compare our results with those of Faulkner"' A I Mc [m ft

who used the Rayleigh-Ritz approach to determine
the values of ,4 for certain values of y. Using a x&E1 -E 1 -&a,--o 2 ) , 7)
value of y=0. 729 which corresponds to his tabu-late y"-0.00 ive exellet areeentforthe where A0, and A02 are the magnitude of the vectorla td y, 3 = 0 .900 gives excellen t agree m en t for th e p t n i l f t e r d a i n b a sp l r z d i h
variouspotentials of the radiation beams polarized in thevarius nery lvel shwn i Tale . Slutons fixed directions it and 92, and A'i2 is the compo-

in a magnetic field (y=O. 1 ) are compared to the fi

more accurate spherical results of Praddaude I) site matrix element given by

obtained by expansion of the wave function in 2'= 1 (+, - P1 )(P,,) (,
Laguerre polynomials for hydrogenlike atoms in a A' I =--Ej-4w, E,-E,-&a,
magnetic field. Our calculated binding energies, in
units of .40, are lower than Praddaude's b) 0.0O9, (8)
00022, 0.0017. and 0.0041 for the 2P,,. 2P . V/',.

and 3P %lates, respectively Thi. is to he expe't- Here Pf, and P, art matrix elements of the dipole
ed from a variational calculation. However. the operator and the sum is over all possible intermedi-
relative spacings of the energy levels E(2P. ate states . The quantity usually measured in a

-E(2Po . E13Po) -E(2P,. and E(3P. ) TPA experiment is/9 which is related 1o the transi-
-E(2Po) levels are generally in closer agreement: tion rate per unit volume by the expression

I"
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WIN(E) tion dependence of these matrix elements was used(l6= by Nguyen et al. to show that the IS-exciton

ground state is an effective intermediate state when
A knowledge of the laser beam properties both in one photon from a dye laser is nearly resonant
space and time is needed to determine#f and a lack with the IS exciton energy, while the other photon
of complete beam characterization can lead to is produced by a CO laser.
large uncertainties. As pointed out by Bechtel and The allowed TPA selection rules at the r point
Smith, the absorption may depend upon the laser can be determined from group theory applied to
pulsewidth because absorption by two-photon- the C6 V symmetry of CdS-type crystals. The sym-
created excess carriers is not negligible. metries of the A excitons are then a result of the

For the purposes of this study we are interested r 7 conduction band and r 9 valence-band sym-
in the two-photon resonance condition given in the metries along with the symmetries of the hydro-
6 function of Eq. (7). Thus whenever Ef -E, genic states of the exciton in the center-of-mass
= &I +vo, we expect to observe a maximum in coordinate system. We summarize the results in
the two-photon absorption and hence the greatest Table 11 where various exciton states, their decom-
photoconductive response. The complications just position into various symmetries, and the allowed
mentioned should not affect this resonance condi- one- and two-photon transitions are given. For
tion. El Ic, the dipole radiation representation is r, and

The transition probabilities depend upon the for Elc, it is 17. A magnetic field parallel to the
light polarization as seen in Eq. (8). There have hexagonal axis ,f the crystal represents a perturba-
been several calculations and tabulations of the tion of symmetry r 2. Group theory can then be
form of these angular dependences in order thattheymigt b reailyavalabl fo th anaysi of used to calculate g values for all the exciton states
they might be reily available for the analysis of shown in Table I.
experimental data. Inoue and Toyozawa

23 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 IV. RESULTS AND CONCLUSIONS
the point group. This work was subsequently ex-
tended by Bader and Gold 24 to (I) the allowed The TPA spectra near the 4 exciton region are
transitions between states belonging to all irreduci- shown in Fig. 2. The lowest observable exciton
ble representations of the point group and (2) the states are the 2P levels. Even though a r, IS or
double-group representations encountered when 2S transition is allowed in TPA, no evidence for
spin-orbit coupling is included. Both Stafford and their existence was found. These observations were
Sondergeld 6 and Nguyen et al.' found no evidence first made by Stafford and Sondergeld6 and later
for TPA to final S-exciton states, in contrast to the by Nguyen et al.4 using TPA. Evidently the oscil-
work of Pradere and Mysyrowicz.5 The polariza- lator strength for this F6 state is very small. At

TABLE It. CdS exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for Elc (M) and f[ ;c (11). The cei :esponding g
values for B Ic are also given.

Possible One-photon Two-photon
State symmetnes allowed allowed g values

IS.2S r,, r6  r(i1) I g, 11 -ghil

S6(Il~ )gel +ghl
,.?P, F- F 6.11 Ig,

, I'r( i, .} !g,,l! + ghi 11

2P+ r,r,2.,r, r4.r,,r, r,(i) I gll-Sell -g,-g I
r,, r r 1) i 2g,,. +g.lr -gll I

rr 2 (i,i or 1,j:) 12gpl, +geu, -ghliI

,6(i, I) 12gi6. -g,, +/hl,

-Tale 176
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Thomas' and Nguyen et al.4 For the 3P states the
CdS signal-to-noise ratio at B =0 was lower, resulting
TL =I 8 K in poor resolution. In order to extract the peak po-
611C ,sitions many scans were taken on several samples.
B tO OT Zero-field results of the 3P0 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-

3P field positions of the observed A-exciton states in
CdS are given in Table III where a comparison is

Co also given with the one-photon results of Hopfield
and Thomas' and Litton et al. 3 and the two-

8 6photon results of Stafford and Sondergeld 6 and
a: Nguyen et al.' There is in general very good

agreement.
The result of fitting our variational calculations

> 3 P , to our data gives values for the effective Rydberg
3P.IP = 27.4+0.8 meV and the anisotropy parameter,

y= 0 .7 97 +0.01 3 . Using our data and the less-
20accurate first-order perturbation approach of Hop-

Ufield and Thomas, whose state energies involve a0- mean Rydberg -* and a different anisotropy01. 3P parameter r', gives A" =29.5 meV and y'=0.234.

This may be compared with Hopfield and Thomas's
IOR results of 28+ 1 meV. Using -V" = 27.4 meV and

A ( 2 P) - ' i"-- the energy levels for the anisotropic ,ituation puts
the energy gap for the A valence band at Ea
=2582.5+0.2 

meV at T=1.8 K. When a mag-
A(3P) 8 : netic field is applied, the n > 2 peaks show both

A (4 )  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

2 574 2 578 2 582 2 586 higher fields, substructure in the 2P± state and ad-

h + h. , (eV) ditional structure in the region of the 3P states are
FIG. 2. Photoconductivity vs total photon energy observed.

4ka, + Aw,, near the A-exciton region in CdS platelets for The energy positions of these peaks are plotted
various magnetic fields. The magnetic field was parallel as a function of magnetic field in Fig. 3. The six
to the hexagonal c axis in a Voigt configuration with f states 2P0 , 2P±, 3PO, and 3P± are clearly observed
perpendicular to c for the two photons at a lattice tern- with the exception of 2P0 and 2P_ at high fields,
perature of TL = 1.8 K. The instrumental resolution which appear to have merged together. This is the
R =0. I meV is narrower than the intrinsic lincwidths. first time that the 3P states of CdS have been in-

F-Y. 8.2 vestigated in a magnetic field. An important result

B = 0 the 2P states clearly show the expected an- immediately apparent from Fig. 3 is that the 3P-
isotropy splitting corresponding to 2P0 (m, =0) exciton states become linear in B at relatively low
and 2P, t, = t I . The 2P structure has allowed fields in agreement with the theoretical calculations
contributions from both the r, F2 and the r 6 sym- of Praddaude."' Thus, the linear slopes of the ex-
metry states which lie close in energy so that one citon states become "Landau-like." 25 26

cannot resolve them at B =0. At B 10 T, there The linear Zeeman splitting between P+ and P_
is fine-structure splitting observable in the 2P. pairs is shown in Fig. 4 for both the n =2 and
state which is caused by the slightly different g n = 3 states. The straight line is a best fit to the
factors for the i + r 2 and the r, states. Similar 2P. states and results in gft=6.39 +0.08, where
splitting at B 0 has been seen by Hopfield and the energy splitting is defined by AE=gffAr B.
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TABLE 111. Experimental values of the zero-field A-exciton energies in CdS. All energies given in eV.

Transition energy

One-photon results Two-photon results
Energy Hopfield Litton Stafford and Nguyen
level and Thomas (Ref. 1) el al. (Ref. 3) Sondergeld (Ref. 6) et al. (Ref. 4) This paper

isr 6  2.5524 2.5537

ISL 2.55455 2.55455

2S 2.57458

2P 0  2.57508 2.5754 2.57464

2.575 21 2.5745

2P+, 2.575 75 2.5762 2.575 33

3S 2.57841

3P0  2.5789

2.57891 2.5815

3P,, 2.5793

3D+ 2  2.57977 2.57923

n =4 2.58094 2.58018 2.5809

Ta.ble .B.3

The splitting of the 3P+ states gives the slightly 2 5 8 8 f T -T 7-- -- T.

smaller value of gef =6.09+0.20. According to CdS 3 P.
Table 11 the 2Por 6 state should have a g factor of , T, I SK

I g,11 +gh, I . However, splitting of this line is not C

observed. If somehow the two-photon selection
rule for this state allowed transitions to a r, sym- I 2 1
metry level, then a g factor of Ige; -ghllI would EA

A be predicted. Using g,,I= -1.78 and gh,= -1.15 .

gives g& =0.63 which is small enough such that 3 P,

the splitting would not be observed at the low 2 o0-
fields where the P0 state is clearly resolved from 1-1
the P_ state. We identify the observed fine-struc-

ture splitting of the 2P state with the r, + r2
and the r 6 states. Thus the average g value of
these two lines from Table If is g~ff= 2gpjj 1 I?
= 2(l/m'- l/m,) =6.39+0.08. The energy
difference of the fine-structure splitting of the 2P+
states is (- I 2g ,, +g 1 -gAhl - 12gpj -g11 00 1

-ghl I )MOB = l, -ghl I tOB. Thus at B = 10 8 (TI
T, the observed splitting of 0.29 meV gives RA. Y" 3

g, 1 -gAi' =0.50. This compares favorably with F Y"
the results of Venghaus et al. 2 of i gl i -gh;i I FIG. 3. Peak positions, in total photon energy 4A.

=0. 56 +0.05, with g = 1.79+-0.1 and +a,,. for the 2P and 3P A excitons in CdS platelets as
SIO1. 23 +. 1wth esults of et al..' a function of applied B field. The solid points were

g 1 = 1.23 +0.1 and the results of Damen determined experimentally and the solid curves are
g, -ggj I =0.55 -0.05. theoretically obtained from variational calculations of

* In order to extract the quadratic diamagnetic the diamagnetic shifts along with use of the experimen-
contribution to the experimental energy shifts, tal g factors.
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FIG. 5. Diamagnetic shift of the 2P± and 3P+ A-
FIG 4. Zeeman splitting of the 2P and 3P A excltons exciton peaks in CdS as a function of applied B field

iMI = I i in CdS as a function of magnetic field. The squared. The solid points represent the 2P shift and the
solid points represent the doublet splitting of the 2P, open circles are for 3P. The diamagnetic shift is deter-
and 2P - pair, while the open circles are splittings of the mined by subtracting one-half the Zeeman splitting from
3P. and 3P- pair. The solid line is a linear fit to 2P the total magnetic-field-induced shift. The lower dashed
with g,nf'P. ) =6.39±0.08. straight line is a fit to the 2P excitons at low fields. The

F13. T..A solid curves are theoretical values determined from a

variational calculation which includes level interactions.
one-half of the Zeeman splitting is subtracted from The upper dashed curve is a straight line with six times
the P, state and added to the P_ state. The re- the slope of the lower dashed curve.
suits for both 2P+ and 3P. are plotted as a func-
tion of B' in Fig. 5. The lower dashed curve is a 5
straight-line fit to the experimental 2P. points at value was found to be M,= -0. 158 -0.002, using
low fields, B < 3 T. For B > 3 T the points deviate .#" =27.4 meV and y = 0. 797, which were deter-
significantly; at B = 10 T the separation is 28%. mined previously from the B =0 energies. As a fi-
The deviation from quadratic behavior of the 3P, nal test, the sum of the diamagnetic contribution
states is even much more pronounced. The slope from the theory and the experimentally determined
at B =0 gives the coefficient of the diamagnetic Zeeman splitting is shown in Fig. 3 for all 2P and
term from simple theory.' The upper dashed 3P states. Again. very good agreement is seen be-
straight line near the 3P+ states has a slope 6 tween the experimental points and the theory.
times thar for the 2P. as expected from this Using our experimentally determined values for
theory. .- * and /, in Eq. (2) gives a value of the mean

The diamagnetic shifts for the 2P and 3P states dielectric constant K =8.9-0.2 This and other
were calculated using the variational method material parameters are listed in Table IV along
described in the theory section. The solid lines in with values determined by other experiments.
Fig. 5 show the results of these calculations. The Individual values for the electron and hole
fit is qiite good. In Fig. 6 the diamagnetic shifts masses will now be extracted from our data in the
versus B are shown for all the exciton states. Ex- most self-consistent manner. Two methods give
cellent agreement is found between the experiment results for both n.' and m4: (a) using our values
and theory. We note here that only one adjustable for M, and g., and Ib) using our values for 1A and
parameter jui was used to fit the field dependence the exciton translational mass determined from
of all six exciton states simultaneously. The best resonant Brillouin scattenng experiments." These
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TABLE IV. Material parameters for CdS. The values given are for low temperature (T = 1.8 K) and for the A
valence band.

Parameter Definition Present results Other results Reference Comments

2 K 27.4+0.8 meV from B=0 energies

28±1

(puK,) 0.797+0.013
(1411KII)

13?/+ 0.793 from y'=0.222 of

Ref. I
in terms of

anisotropy 1'
in Ref. I

E,4 2.5825+0.0002 eV
2.582 eV 31

(u I + 10.158+0.002)m 0  from diamagnetic shifts
jme m -and fit to variational

calculations

(0.16)m 0 1
(0.16+0.03)mo 27

]Jt
4

K =(KKjj 1"' 2*. B.9+0.2

8.5 10
8.7 29 unpublished results of

Barker and Summers mentioned
in Ref. 29

Ig,1t-g4i I 0.50+0.15 0.62+0.06 1
0.56+0.05 27
0.55+0.05 7

2 - -1 2 6.39+0.08
mj M.,_

6.60

(0.210+0.003)mo from p, and S,
(0.205±0.003)mo 28 from u, and exciton

mass of (0.89+0.I)mo

given in Ref. 28
(0.204±O.0lO)mo I
(0.190±0.002)mo 29

h 0.64_+0.02)mo from A, and Si,

(0.685±0.03)mo 28 from u and exciton

mass of (0.89±0.01)mo
given in Ref. 28

(0.7 O.I)mo

Table V134

1



7676 SELLER, HEIMAN, FEIGENBLATr, AOOARWAL, AND LAX 25

CdS ± 2.582 CdS
6-

TLS I&.K
'II c C

2.580

4-

P,> 2,578

Z W

144

_A 2.576
0 2L U

0 2.574- o HOPFIELD AND THOMAS

4 6 8 057-(T) 2,I -- lI

0 20 40 60 80

FIG. 6. Diamagnetic shift of the 2P and 3P A exci- TEMPERATURE (K)
tons in CdS as a function of applied B field. The exper-
imental points for the Po states are the field-induced FIG. 7. Temperature dependence of the A energy gap
shifts, and the points for P+ are obtained by taking the in CdS. The solid points for E A were derived from the
average of the P+ and P_ field-induced shifts. The positions of the A (2P,) exciton peaks by subtracting a
solid curves were determined from Larsen's vanational constant binding energy (assuming a temperature-
calculations as described in the text. Only one adjust- independent effective Rydberg). The open squares are
able parameter jSI =(0. 158+0.002)mo was needed to from luminescence studies of Benoit i la Guillaume
simultaneously fit all curves. et al. (Ref. 30) and the open circle is from the reflectivi-

FI '5( ty measurements of Thomas and Hopfield (Ref. 31).

results are tabulated in Table IV along with previ-

* ously published results, including those of Henry zero magnetic field. These states show the expect-
and Nassau"' for m,. ed linear Zeeman and quadratic diamagnetic

The temperature dependence of the A gap is dependence at low field. At higher fields the ener-
shown in Fig. 7. The low-temperature data points gy levels show a departure from the quadratic
were determined from the energy of the 2P+ level diamagnetism. This is especially striking for the
at B =0 as a function of temperature. Above higher quantum level 3P states. At these fields
T = 35 K the peak could not be observed above the (B > 2 T) the 3P states show a linear field depen-
noise level. Our data smoothly connects with re- dence similar to the Landau-level behavior. These
suits from luminescence by Benoit i la Guillaume effects are due to the mixing of states via the di-
et al. 30 and reflectivity by Thomas and Hopfield. 1  amagnetic interaction. The magnitude of the devi-

In summary, we have shown that high-resolution ation is fitted quite well by a variational method
two-photon-induced photoconductivity spectra are due to Larsen. Also, at the higher fields (B > 6 T)
useful in studying absorption processes in semicon- we see evidence of fine-structure splitting of the
ductors. The chief advantage of two-photon ab- levels due to the small difference of the electron
sorption is that it is a bulk process, and for strong and hole spin g values. Finally, accurate values for
absorption does not demand micrometer-thick sam- the effective Rydberg and energy gap are deter-
ples or special attention to sample surfaces. The mined by the zero-field exciton levels, as well as
high resolution allows us to determine the anisotro- the effective electron and hole masses from the
py splitting of the 2.P and 3P free-exciton states at 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 A and B valence-band masses are equal.
These conclusions are confirmed by the first observation of the Zeeman splitting of the
B(2P±+) and B3P_4.) 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
g,=0.7±0.3.

INTRODUCTION AND BACKGROUND This is due to the difficulty in obtaining well-
resolved free-exciton spectra. In this paper we in-

There have been a number of studies over the past vestigate free excitons associated with the B valence
20 years that have provided detailed information band using two-photon spectroscopy techniques.
about the nature of the free A exciton in CdS and its Application of a magnetic field allows Zeeman split-
behavior in a magnetic field. Linear spectroscopy tings and diamagnetic shifts of the B-free-exciton
using one-photon absorption, one-photon emission states to be observed. The results and analysis pro-
or luminescence, or one-photon reflectance tech- vide new, quantitative information about the B
niques allowed various features of the magneto- valence band.
optical effects in the A-exciton spectrum to be inves- High-purity, single-crystal platelets of CdS were
tigated. 1- 7 The primary features were Zeeman used in the as-grown condition. "Good" crystals
splittings and diamagnetic shifts from which effec- [those showing clear resolution of the A (2Po ) lines
tive masses and g factors for the conduction band at B=O with full width at half maximum (FWHM)
and A valence band were extracted. The A-exciton linewidths -0.3 meV] had dark-room-temperature
spectra of cadmium sulfide has also been extensively resistivities > 106 fl cm. The free-exciton spectra
investigated using two-photon absorption (TPA) were taken by observing the increase in light absorp-
techniques." t  This form of nonlinear spectros- tion as monitored by the increase in sample conduc-
copy has several advantages over one-photon spec- tivity as a function of photon energy. This has pre-
troscopy: (I) less sensitivity to crystal surface quali- viously been shown to be a sensitive method of in-
ty and crystal thickness (since TPA is a bulk effect); vestigating TPA effects in InSb (Refs. 15 and 16)
(2) different selection rules allowing different eigen- with cw lasers and in CdS (Ref. 14) with pulsed
states to be investigated; and (3) more transitions are lasers.

possiblbecause of the flexibility of using two pho- A Q-switched yttrium aluminum garnet laser was
pohs ofdifferent polarization, used to produce two light beams, one tunable

The A valence band as well as the conduction (1700 <&aw, < 1834 meV) from a dye laser and the
band have been well characterized in previous stud- other fixed at &o,,= 784 meV produced by stimulat-
is (see Table IV of Ref. 14). In contrast, little in- ed Raman scattering." The visible and infrared (ir)
formation is available about the B valence band. beams were made to overlap in time and were com-
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bined collinearly before being focused onto the sam- To obtain expressions for the magnetic field split-

pie. The samples were mounted in a Dewar contain- tings of either transitions requires the forms of the
ing pumped liquid He at 1.8 K. The optical Dewar exciton eigenfunctions. The presence of splitting
tail was mounted in a 2-in. Bitter magnet solenoid can alernatively be deduced from consideration of
having radial access to the light in a Voigt configu- the symmetry of the field itself, either as a perturba-
ration. The applied current, c axis, and B field were tion in the C& symmetry group, or as the cause of
all parallel. Spectral scans were taken via a comput- symmetry reduction to C. For all but the 2F5(P j)
er that read the photoinduced voltage from a boxcar states, the eigenfunctions are easy to find. They are
integrator with an analog-to-digital converter while just the symmetry adapted basis functions based
scanning the tunable dye laser through a stepping- upon the F7 conduction, F valence, and hydrogenic
motor-shaft-encoder combination, functions. The valence-band eigenfunctions are dis-

From the group theory of the C6 double group cussed by Mahan and Hopfield'1 Ignoring the k
one can determine both the radiation selection rules mixing of the bands, and omitting the relatively
for the excitonic states of CdS and the nature of the small spin-orbit mixing of the Z states into the B
magnetic field splittings of the various levels. A full levels the essential form of the eigenfunctions is
analysis for the A-exciton problem was summarized given by (X + i Y)l Ih and (' -iI)th. The conduction
by Seiler et al."4 for F-point transitions. Specific re- states we term t, and i,. Symmetry adapted exci-
suits pertaining to one-photon absorption of the B ton functions are included in Table I. The F5 pair
excitons are given by Mahan and Hopfield'" and for are degenerate in the absence of an applied magnetic
two-photon absorption (in ZnO) by Dinges et al." field. The F1 ,F2 states are, strictly speaking, the an-
The symmetries of the B exciton at the F point, are tisymmetric and symmetric combinations of the
obtained from the direct product of the F. functions shown. When the field splitting is larger
conduction-band symmetry, the F7 (B) valence-band than the crystal-field splitting of the excitonic levels,
symmetry, and the symmetry of the hydrogenic then the eigenfunctions will be those F1,F2 com-
functions (r, for S or P0 functions, F5 for the pair binations of specific spins (the functions written
of P+ functions). out). Only the 2F,(P+1 ) states are not uniquely

Radiation selection rules for both one- and two- specified by group-theoretical analysis; they are ap-
photon absorption follow from this while recogniz- propriate linear combinations of the four functions
ing that the radiation-matter interaction has symme- shown. We will not consider this case any further
try F for the electric field parallel to the crystal since the (I ,J) geometry was not used in the present
c axis (E11c) and F5 for Elc. Two-photon interac- experiment.
tions thus have the symmetries F3 , F5 and For states other than Fs(P+1 ) we obtain the mag-
(F, +F 2+F 6), respectively, for the configurations nitude of the g value by defining the conduction-
(iI,fl), (1l,i), and (1,I). The allowed radiative transi- band spin-splitting, t, - .,, to be gIAuB, the valencetions (Fexc,,on x F~nteractio.s containing the symmetric splitting,
irreducible representation) are summarized in Table

1, for the zero magnetic field case. ( X+iY ) -(X -iY)th

TABLE I. CdS B-exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for 91 and f-IIZ. The corresponding eigen-
functions and g values in the presence of a magnetic field B I e are also given.

Polarization
State Symmetries One-photon Two-photon Eigenfunctions g values

S. Po r, (,() (X+iY)iht S, P o  lg+g,r
(X - iY )T A IS, Po

r2  (1,1) (X +iY)LSPo lgS+g P0
Fr i] tflII) or (1,1) tX -iY)t t,S, Po

P. F6  (1,1) (X+iY)lh t,P 4  +
(X -iY()Tj,4P - g" + -gI

2F i (flI) (X +iY),iP+
(X -1Y)tt,P.

F2  1i) (X +iY)1ht,P_ 2g'-g-g
(11, Il) or (1,1) (X -iY)th ,P+

"T lc iV. 8.5 1
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to be given by gf and the hydrogenic orbital split- A(2P0 ) and A(2P+I) spectral positions. The
ting, P, -P_, by 2g. The tabulated g values fol- FWHM linewidth for the A (2P+1) state is 0.3 meV.
1,w from the forms othe eigenfunctions. A further The signal-to-noise ratio is also sufficient to resolve
consequence of the field is that the selection rules the n=3 and n=4 A excitons at B=0 T. A more
for the r,r 2 states become mixed; thus, for both detailed analysis of these A (2P) and A (3P) excitons
states one-photon absorption is allowed for Elic and was presented earlier by Seiler et al.14 Clearly, the B
two-photon absorption for either (11,11) or (1,.1) con- excitons have a much larger FWHM linewidth
figurations. (values from -0.7- 1.1 meV have been observed in

"good" crystals, with an average over five spectral
RESULTS runs equal to -0.9 meV). The B-exciton lines are

broader because their lifetimes are shorter than
B=0 those of the A excitons. (2) Since the B excitons

have larger linewidths, it has been difficult to ob-
TPA results for the free B excatons at zero mag- serve the anisotropy splitting between the B(2PO)

netic field are shown in Fig. I in the upper three and B(2P+I) states. However, we show in Fig. 1
traces. Also shown for direct comparison is a high- three spectral scans of the B(2P) region that con-
resolution TPA spectra for the A excitons. Several three s how scan or the pre en et o f

* cocluionscanbe dawnfro thi fiure.(1)The sistently show strong evidence for the presence ofconclusions can be drawn from this figure. (1) The the B(2P0 ) component as indicated by the asym-
quality of these CdS crystals is "good" because there metry in the line shape. Although the B(2P0 ) state
is a clear resolution of the splitting between the is not clearly resolved, we estimate that its position

is at 2590.2±0.2 meV. In spectra where a good
hW V Vu IRmeVi - 8 EXCITONS baseline could be established, subtracting off a large

2588 2590 2592 2594 2596 2598 symmetric B (2P,1) peak, resulted in a peak at this
I tposition. This is the first observation of this state.

The anisotropy splitting of the B(2P) state is thus

AS A Bestimated 
to be

A A SC T B(2P+, )-B(2P0 )=0.6+0.2 meVFRIEE-EXCfTON SPECTRA-'
Tt-LI.K compared to that of the A (2P),

*~~ f A(2P+ )-A (2P0 )=0.69+0.02 meV .

( 13) The energy separations between the 3P+, and
2P+- states are also the same within the uncertain-
ties. For the A exciton, this splitting is 3.97±0.11

I,,ImeV and for the B exciton 3.8_±0.2 meV. This also
I represents the first time that the B(3P)-exciton state

has been observed. See also Fig. 2 at B=0 for a
/4 clear resolution of the B ( 3P)-exciton state.

Several important conclusions can now be made
from these observations. Points (2) and (3) give

Ii\- strong support that the effective Rydberg R;
2p. (=pie4/2frK 2) and the anisotropy parameter y

A 2P -1" 3P) 14PI (=AiKi/MIziKji) of the B excitons are equal to those
I I - of the A excitons. Thusj 2574 2576 2578 2580 2582

.UV - tw ImeVi - A EXCITONS R;= R;A =27.4±0.8 meV

FIG. 1. Two-photon photoconductivity spectra for the and
A and B free excitons in CdS at B=O T. The bottom
trace A shows the high resolution of the .4 excitons with )= A  0. 797 + 0.013

the A(2P,) -A(2P+1 ) anisotropy splitting clearly
resolved. The three upper traces show spectra of the B (see Ref. 14 for the A-exciton values). Assuming K1
excitons which have a much larger linewidth. The pres- and K11 are the same for both the A- and B-exciton
ence of a B(2P0 ) component is indicated by the asym- regions implies that

metric lineshape in the vicinity of the dashed line near the (i) /= =(0. 158+0.002)m0U 2P0 state. The instrumental resolution of 0.1 meV is nar-
rower than the intrinsic linewidth of the excitons. and

R5. 7 ..
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.... - ford and Sondergeld9 and Jackel and Mahr.13 Tak-

ing into account the anisotropy by using Faulkner's
AI4PI A(4P_1 analysis as was done for the A exciton14 determines

% 4, t0the B energy gap to be

AN44P. E9= 2598.0±-0.2 meV.
7'. 3. Hopfield and Thomas 2 determined the positior of a3. 3P. afBn =2) state to be 2590.8 eV, which is in excellent

_ - , , agreement with our B (2Pi)level [presumably theirt,./ k _. state was a B (2S) level because they used one-

' be measured. In fact, magneto-optical studies allow
determination of exciton parameters and the corre-
sponding energy-band parameters of the semicon-

U ~pl ductor. Figure 2 shows the effect of the magnetic
3P field on the B--free-exciton spectra. At B=0 T

P20.both the Bt2P) and the B(3P) are clearly seen. A
study of Fig. 2 shows one major feature: the B(2P)

.... . i . state splits into two parts, presumably 2P e and
2586 2594 26OO0 6O 2P _ states. At fields > 7 T, there also appears to

IIWV+RWIR [mel be a fine ,tructure splitting to these 2P_ states. We

*FtG. 2. Photoconductive response vs total photon ener- shall return to this feature later. At fields > 6 T.
y &,o,, near the B-exciton region for various mag- the Bi 2P spectral region becomes very complex due

netic fields. The magnetic field B was parallel to the hex- to the overlapping of the A (4P 0,4Ps(-exciton
agonal c axis in a Voigt configuration with d perpendicu- states. The energy positions of these photoconduc-

lar to c for the two photons at a lattice temperature of tive peaks are plotted in Fig. 3 as a function of mag-
TL= 1.8 K. The presence of the overlapping A (4Ph sxci- netic field. This shows the complex nature of the
tons is indicated exciton structure and can be used to identify the

V 'N spectral features shown in Fig. 2. We also point out
mA = m r=n0.64+_0.02)m°  that this is the first time the magnetic field depen-

dence of the A (4Pi excitons has been determined.
tossingdica0.2_+. 0) ex0]o stucur aind ca beue t dntf h

Ba l= l or A =tha h ihe fir0st t e d n the mageticfie d dpn-ay o
B 4

[uin mUtl ?i=(0210±.00J3) in0 ] and 60ip P~= jt or The B(2P0( state could not be identified in any of
MA, ---mhiA , the spectral features present at finite magnetic

Table II shows the results o' previously measured fields.
values of the excited B-exciton states and the results According to Table I for (1,1) polarization two
of this study. Our position for the B(2P+1 ) state is exciton states of symmetry F- I+ r 2 and r6 can be
in excellent agreement with the TPA studies of Staf- observed with effective g factors of I 2gA -g, -g, I

TABLE 11. Measured values of excited B-exciton states (in meV).

One-photon Two-photon absorption
emission Nguyen Stafford Jackel

Energy (Litton et al. et al. and Sondergeld and Mahr
level (Ref. 4)] (Ref. 10) (Ref. 9) (Ref. 13) Present work

2S 2585.2

2P0 2590.26±0.2
2P± 2593.5 2590.5 2590.8 2590.86±0.05
3S 2589.2
3Po
3P, 2594.6±0.1
4S 2590.7

Tabile B.,
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FIG. 3. Peak positions in total photon energy
& , + &,. for the A(2P , A r3P ,, A 4P), B (2P), and i/., B42P_ )
B(3P) excitons as a function of applied magnetic field B. 912P,-
The solid points were determined experimentally while the
lines for the A (2P) and A (3P) represent the variational / I
calculations done in Ref. 14. Straight lines are drawn 2588 2594 2600
through the A 14P) levels. The lines drawn through the A(Wv + nWiR ImeVl
B2P+) and BtP points are the same as the theoreti- FIG. 4. High-resolution photoconductive spectralcal variations of the .4 2P, ) and A I3P- ) levels. scans in the region of the B(2P) exciton at various mag-

Fi. V.8 10 tetic fields. The dashed ines show the overlapping A4PF
and '2 + B + , respectively. The Zeeman excitons, while the solid arrows pointing down indicate

A2 g + ,, pthe fine-structure splitting.
splittings are given by AE=geffpBB, where B is
Lhe Bohr magneton. Thus the average splitting of " 8. I I
these two symmetry states is given by difficult. We point out that these spectral features

2g =6.4+0.4 are reproducible from run to run.
The high resolution obtainable by the two-photonspectroscopy technique is illustrated in Fig. 5, where

g' = t(ol /m'- 1 Im,) a spectral scan over both the A- and B-exciton re-
gions at B= 10 T reveals a wealth of structure.and Principal features that can be clearly identified are

m,1 =0.210O0.003m °  shown. Additional structure is present which has
not been identified as yet. Again we point out that

gives mn =0.640. 17m 0 . This mass value is the the photoconductive spectral features are reproduci-
same as that of the A band which agrees with the ble, so that each peak no matter how small is physi-
conclusions of the zero magnetic field results dis- cally meaningful. The dominant spectral features
cussed earlier, arise from the excitons and not just transitions be-

The fine-structure splittin; of the B(2P± ) states tween Landau levels. This conclusion is in contrast
can be used to determine g, from geff= g, +g, I, to an earlier conclusion by Shah and Damen3 that
For fields > 7 T, the fine-structure splitting of these excitonic effects are apparently not important for
states does appear to be evident in Fig. 4, indicated N > 2, where N is the Landau-level number.
by the down-pointing arrows. From the experimen- The lines plotted in Fig. 3 for the A (2P) and
tal splitting, gef= 1.1 ±0.3, which along with A (3P excitons represent the theoretical dependence
g,=- 1.78 gives gh8=0.7+0.3. Also shown by obtained from variational calculations as explained
dashed arrows are the A (4P 0,4P+) exciton states, in Ref. 14. Straight lines are drawn through the
At 9 T the region around the B(2Pt ) is rather com- data points representing the A (4P) states; no at-
plex making identification of the spectral features tempt was made to calculate their dependence on

"1
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A12P,w IAI: P. A13P,) I

At3P.I

j 81JB2Pl
,o BI3P_1

912P.; BI3P.] 84P.)
B14P. 1

i-A3Pol

2574 2590 2606

N ,V- Ap • I'I meVI

FIG. 5. High-resolution two-photon spectra for B -- 10T, showing the complexity of the .4- and B-exciton struture.

Fig. y. 6.12
field because of the difficulty of carrying out varia- ments represent the most direct and hence most ac-
tional calculations for the higher excited states. The curate means of determining these values at present.
lines shown for the B(2P) and B3P) states are the In summary, we have for thefirst time (1) shown
shifted replicas of the theoretical variation of the evidence for the anisotropy of the B valence band by
A (2PI) and A (3P_+ ) states with magnetic field, giving evidence for the presence of the B I2Po) exci-
Consequently, the good correspondence shown in ton at B=0 T, (2) observed the B(3P) exciton at
Fig. 3 reflects the fact that the parameters of the B B=0 T, (3) determined the magnetic field depen-
exciton are very similar to those of the .4 exciton. dence of the .4 (4P,.4P. 1) excitons, (4) observed Zee-

man splitting of the B(2P._)- and B(3P.,)-exciton
levels, and finally (5) given evidence for the fine-

SUMMARY AND CONCLUSIONS structure splitting of the B(2P+ ) !- and B(2P.1 )-
exciton states. Consequently, we can conclude thatThe results of our two-photon spectroscopy mea- two-photon spectroscopv is a valuable technique of

surements and analysis are shown in Table Ill along investigating semiconductor energy-band structures.with the few values determined by other experiments
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XlIth International Quantum Electronics Conference,
1982, Munich, West Germany, June 22-25, 1982

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

D. G. Seiler, (817-788-2626), Center for Applied Quantum Electronics,
North Texas State University, Denton, Texas 76203 ano D. Heiman,

R. Feigenblatt, R. L. Aggarwal, and B. Lax (617-253-1753),
M.I.T. Francis Bitter National Magnet Laboratory,

Cambridge, Massachusetts 02139

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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XIIth International Quantum Electronics Conference,
1982, Munich, West Germany, June 22-25, 1982

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 0. Heiman, R. Feigenblatt, R. L. Aggarwal, and B. Lax,
M.I.T. Francis Bitter National Magnet Laboratory,t

Cambridge, Massachusetts 02139

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

free A-and B- exciton excited states in CdS using photoconductivity techni-

qies. To our knowledge this is the first time that the potoconductivity tech-

r->ue has been u ec4 to obtain the TPA spectra of free excitons in semiconduc-

tors. At zero ,agnetic fielrd, anisotropy splittings of the exciton states are

cbserved and anal :ed. Applicdtion of magnetic fields up to 10 T result in

linear Zeema:, s0l!ttings and diamagnetic shifts of the exciton states.

Fhe single crystal samples of CdS were high purity platelets grown from

the vapor phase an(j had tnicknesses of l0 - 3 cm. Good crystals showed clear

resoiution of the A(2Po ) line fro, the A(2P+I) line at B = 0 T with FWHM

linewidths =0.3 meV. The two-photon spectra of the exciton states were taken

r,.' ,>Dservini the increase in conductivity from the light absorption as a

fun:tio, cf photcn energy. This method has been used recently by Seiler

et dl ~ in stuiyin two-ohoton effects in InSb using only cw CO2 lasers. Here

a Q-switc;ied YAG laser was used to produce the two light beams; one tunable

at i.8 eV from a dye laser and the other fixed at 0.784 eV produced by stimu-

ihiteJ Roman scattering. The two photons are simultaneously absorbed when

tneir sum is maoe 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 spectra resolution is de-

termined by the linewidth of the laser which is less than 0.05 meV. Spectral

.,cans were taker 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 6(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

dn anisotropic effective mass Hamiltonian which is solved with variational

Li
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calculations originally developed by Larsen. 3 At B = the narrow laser line-

widths (0.05 meV) allow an a,-curate determination of the A-exciton binding

energy of 27.4 ± 0.8 ineV and the anisotropy parameter of 0.797 ± 0.013 from

which the energy gap EA 2582.5 ± 0.2 meV at T = 1.8 K is calculated.
g

The enercies 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 splittinq and diamagnetic interactions. Fine structure

splitting of the A(2P+I states '., observed and identified as arising from

the + r2 and ". symmet-y states witn slightly different g factors. At B =
2 0

10 T, the observeu splitting of :0.29 tiieV gives ge: - gh1' = 0.50 + 0.15.

The average (l-values of these two Iines is given by ji2g I /m- -l/m)I

0, ± .. AT low tields the di miagnetic contribution gives the usual

quadrati . fie l, depen,m,:e bLt. dev,a.es significantly at higher fields. At a

qivei fieldi, the -evlation is founc to increase dramatically with increasing

qAantua numcer n. ,It these hign manetic fields, the Lorentz force on the ex-

0ico CIS :111omparable to the CouComb forces. As a result, the wave func-

ti)qs contract to uSL& an extent Lhat deviations from quadratic diamagnetic

behavior occur. The iiagnetic feld causes mixing of the B = 0 wavefunctions

through the ordinary diamagnetic perturbation. This deviation is fit by vari-

dtionfld cacul-t (,-s de-veloped by Larsen which take into account the

incedctiJn of st~tes tnrough the diamagnetic term in the Hamiltonian. The

mayneti- field dependence of these states allows us to determine the reduced

exciton mass , (0. 5 8 0.002)1 o and the individual masses as 4 =

(0.21! + 0.0~ift;, and iri= (0.64 t Q.2)m o . Finally the temperature dependence

of tre A-qap i; determined from the energy of the 2P 1 level at B = 0 as a

furctl,,,r ut temperacure.

*Visitiny s~inntist at toe Francis Bitter National Magnet Laboratory. Work

supported it. part h) NTSL .1nd the Office of Naval Research.

'Supported by the National Science Foundation.

1. We thank D. Reynolds and C. Litton for the crystals of CdS

2. it. .. Seller, M. W. Goodwin, M. H. Weiler, Phys. Rev. B 23, 6806 (1981).

3. We thank D. M. Larsen for his help with the variational calculations.
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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 Confrence, 1984, Anaheim,

California, June 18-21. We reproduce a copy of the short abstract 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.10  In direct-gap materials the absorp-

tion is usually large necessitating very thin samples, the order of microns. An

alternative method is to use modulated reflectivity.1 1 This works well when the

modulation configuration does not perturb the sample appreciably. Magneto-

absorption experiments by Vrehen 12 were used to determine the mass parameters of

a 4/k thick sample of bulk-grown GaAs. Reine 1 3 attempted to determine the

masses in high-purity epitaxial GaAs by stress-modulated magneto-reflectivity

but found that dc strain prohibited 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

105 cm2/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 a radial access Bitter solenoid magnet.

The laser light was focused on the sample surface using a 30 cm focal length

lens in the Voigt configuration.

Absorption spectra were taken by monitoring the change in conductivity
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(resistivity) induced by a near-IR light beam. The light was produced by the

second-Stokes, Raman-shifted output of hydrogen gas which was pumped by the

output of a tunable dye laser with LD688 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 sampla was -107 W/cm 2.

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 1 102 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 shots 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 th, handgap, in GaAs is

shown in Figure I for B = 10.0 T. The direct gap at this temperature is atEg =

1.519 eV in zero magnetic field. The structure is seen to be quite sharp with

large peak-to-background ratios at low energies. This spectrum was taken with

light polarization EIB, but the spectral features were found to be nearly

independent of polarization. Higher resolution scans clearly resolve the poaks

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

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

function of magnetic field. Fifteen distinct Landau transitions show an

approximate linear behavior which extrapolates to the bandgap at B = 0.

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

electrons and holes (exciton effects) must be taken into account, as well as the

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

valence bands. Work is in proqress to evaluate the effective mass parameters

using these corrections. The high resolution of the present experiment combined I
V-57 j
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with the high-purity sample willI al low a more accurate determination of these

param'eters than previous studies.

14. N. Afsar and 0. M. L-irsen are gratefully acknowledged for supplying the

e xcelIlent quality sample.

L-4A
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* ~~igure 1. Pliotocontducuor signial (absorption)~ versus twice the tAsct ph~foo
entrgN 2h near the fundamental gap in eptaxiul (...As in a MaKnctic field.
The lig~ht was polarized perpendicular to B and the littice temperature WA~S

TL z1.5 K. The spectrum is uncorrected for intrument response.

CoaA.
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Figure 2. Apsorption peak energies versus 6 in rpitaxiAl G~aAs &t I' 1.5K,
Linear LAndju le'eI hehasiur is seen bv the strAatht lins coannecing the

xt rianlaeflal Points %hich intersect 8 0 U as.c the caser~g ap.
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XIlIth International Quantum Electronics Conference,

1984, Anaheim, CaliforniA, June 18-21, 1Q84

Two-Photon Spectroscopy of GaAs*

D. G. Seller (817-565-3262, P.O. Box 5368) and C. L. Littler,
Center for Applied Quantum Electronics, North Texas State

University, Denton, Texas 76203 and D. Heiman, M.I.T.
Francis Bitter National Magnet Laboratory,t

Cambridge, Massachusetts 02139

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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1984, Anaheim, California, June 18-21, 1984

Two-Photon Spectroscopy of GaAs*

D. G. Seller (817-565-3262, P.O. Box 53681 and C. L. Littler,
Center for Applied Quantum Electronics, North Texas State

University, Denton, Texas 76203 and D. Heiman, M.I.T.
Francis Bitter National Magnet Laboratory,t

Cambridqe, Massachusetts 02139

Nonlinear spectroscopy is an interesting and increasingly useful method

in the study and characterization of semiconductors. 1 ,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 4iw - E g)312 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

105 cm2 /V-sec) epitaxial layers of t50 tm 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 (1101 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

2
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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

5 T and were investigated for incident light polarizations with L I 8 and

ej B.

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,

y, = 1.87, Y2 = -0.39, Y3 = 0.4, K = -1.29, F = 0, q = 0.04, and N1 -0.0.

The 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=O, and of Vrehen4 and Reine 5 at BO.

*David G. Seller was a visiting scientist at the Francis Bitter National

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.

tSupported by the National Science Foundation.
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Lax, Applied Physics B 28, 147 (1982).
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D. G. Seiler and M. W. Goodwin, J. Appl. Phys. 53, 7505 (1982).

10. "Two-Photon Spectrosccopy in InSb at High Magnetic Fields", D. G. Seiler,
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1982 (Springer-Verlag, New York, 1983), G. Landwehr, editor, p. 297.

11. "Laser-Induced Magneto-Optical Transitions from Deep Levels in n-InSb",
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16th Int. Conf. on the Physics of Semiconductors, Montpellier, France,
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12. "Laser Induced Magneto-Optical Transitions from Deep Levels in n-InSb",
D. G. Seiler, M. W. Goodwin, and K. H. Littler, Physica 117B, 167 (1983).
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Photoexcited Carrier Lifetimes in n-InSb", Bull. Am. Phys. Soc. 28, 338
(1983).

A-2



b. International Meetings

I. D. C. Seiler, M. W. Goodwin, and M. H. Weiler, "High Resolution Two-
Photon Magnetospectroscopy in InSb at Milliwatt CO2 cw Powers", presented
at the International Conference on Excited States and Multiresonant Non-
linear Optical Processes in Solids, Aussois, France, March 1981.

2. R. Kaplan, R. J. Wagner, D. G. Seiler, C. L. Littler, M. H. Weiler, and
W. Zawadzkl, "High Resolution Magneto-Optical Studies of Free and Bound
Hole Excitations in lnSb", presented at the 4th International Conference
on the Physics of Narrow Gap Semiconductors, Linz, Austria, September
1981.

3. D. G. Seller, M. W. Goodwin, and M. H. Weiler, "Two-Photon Spectroscopy
in InSb with cw CO Lasers" presented at the 4th International Conference
on the Physics of Narrow Gap Semiconductors, Linz, Austria, September
1981.

4. D. G. Seiler, D. Heiman, R. Feigenblatt, R. L. Aggarwal, and B. Lax,
"Two-Photon Spectroscopy of the A- and B-Excited Free-Exciton in CdS",
presented at the 12th International Quantum Electronics Conference,
Munich, Germany, June 1982.

5. D. G. Seller, M. W. Goodwin, K. E. Littler, "Laser-Induced Resonant
Magneto-Optical Transitions from Deep Levels in n-InSb", presented at the

16th International Conference on the Physics of Semiconductors,
Montpellier, France, September, 1982.

3. Invited Talks
a. National

"Two-Photon Absorption Spectroscopy of Semiconductors", D. G. Seiler, invited
talk at the Southeastern Section of the American Physical Society, Lexington,
Kentucky, October 1982. Bull. Am. Phys. Soc. 27, 739 (1982).

b. International

D. G. Seller, M. W. Goodwin, S. W. McClure, and L. A. Veilleux, "Two-Photon
Spectroscopy in InSb at High Magnetic Fields", invited paper presented at the
International Conference on the Application of High Magnetic Fields in
Semiconductor Physics, Grenoble, France, September, 1982.

4. Seminars Given

1. Spring, 1981, Solid State Seminar, Minneapolis Honeywell, Inc.,
Lexington, Massachusetts

, 2. Spring, 1981, Solid State Seminar, Heriot-Watt University, Edinburgh,
Scotland
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3. Spring, 1981, Solid State Seminar, St. Andrews University, St. Andrews,
Scotland
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Malvern, England
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9. Summer, 1962, Solid State Seminar, Montanuniversitat, Leoben, Austria.

10. Summer, 1982, Solid State Seminar, Ludwig Boltzmann, Institute fur
Festkorperphysik, Vienna, Austria

11. Fall, 1982, General Colloquium, North Texas State University, Denton,
Texas

5. Participation in Professional Organizations

Chairman of Session on Optical Properties of Semiconductors at the March
American Physical Society Meeting, see Bull. Am. Phys. Soc. 27, 173 (1982).

Member of the local arrangements committee for the American Physical Society

Meeting in Dallas, March 1982.
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