5 POLARON BOUND IN A COULOMB POTENTIAL

totic (R— 0, R— ») values is excellent. However, for
R=0,5 it was found necessary to improve the accuracy of
the numerical calculations, since the other theories give
values for the fonization energy not too different from the
calculated one. The numerical integrations were, there-
fore, carried out using 120 and 250 points. The values
obtained for AE/a were —1.084102 and —1.084 097, re-
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spectively. Additionally, for R=1. 0 the integrations were
done with 60 and 120 points. The values obtained were
— 1,665 13 and —1, 665 81, respectively.

21t follows from this and the low-R behavior that the
power series for AE/« must have a finite radius of a con-
vergence,
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We have employed the differential technique for stress modulation in an extensive study of
low-temperature (30 K), interband magnetoreflectivity at the fundamental edge of GaSb and of

GaAs.

The data for GaSb were compared to the coupled-band theory of Pidgeon and Brown by

means of an iterative “parameter-optimization” computer program. The following self-con-
sistent set of band parameters was determined: (m,/m)=0.042+ 0.001; (myy/m)=0.042
+0,002; (myn/m)100=0.29 % 0.09; (ryy/m)149=0.360.13; (my/m)133=0.40£0.16; vf=13.3
+0.4; vE=5.7+0.2; yE—v5=1.3+£0.2; ¥*=8.5+0.6; g,=—7.8+0.8; E,=(25% 2) eV; and
=— (1.5 0.5)#*/m. Here m is the free-electron mass, m, is the conduction-band effective
mass, my, and my, are the light-hole and heavy-hole valence-band effective masses, v{, v§,
v%, and kT are the Luttinger valence-band parameters, g, is the conduction-band effective g
factor, E, is the interaction energy introduced by Kane, and F represents the interaction of the

conduction band with higher-lying bands.

I. INTRODUCTION

We have employed the differential technique of
stress modulation'? in an extensive study of inter-
band magnetoreflectivity at the fundamental edge
of gallium antimonide and of gallium arsenide. The
greatly enhanced sensitivity afforded by this tech-
nique has enabled us to obtain magnetooptical spec-
tra of considerably greater detail and resolution
than have previously been reported.3® For example,
for GaSb at 30 K transitions involving Landau levels
as high as the 18th conduction-band level were ob-
served over the spectral region from 0. 8 to 1. 25 eV.

The spectra for GaSb were quantitatively com-
pared to the coupled-band theory of Pidgeon and
Brown® by means of an iterative computer program
based on a generalized least-squares method. The
best fit of this theory to the experimental data yield
ed a self consistent set of band parameters for
the conduction band, the light-hole and the heavy-
hole valence bands, and the spin-orbit splitoff
valence band.

This paper is organized as follows. The exper-
imental details are contained in Sec. II. The theo-
retical results necessary for the analysis of the ex-
perimental spectra are summarized in Sec. III. The
experimental results and their analysis for GaSb
are presented in Sec. IV. The zero-field spectra

for GaSb are discussed in Sec. IV A and the magneto-
optical spectra are discussed in Sec. IVB, A pre-
liminary analysis of the main features of the data
based on the parabolic band theory of Roth et al.”

is given in Sec. IVC. The detailed analysis of the
data in terms of the coupled-band theory is described
in Sec. IVD, and the set of band parameters thus
obtained is compared with previous results in Sec.
IVE. Finally, the experimental data for GaAs are
presented and discussed in Sec., V.

II. EXPERIMENTAL DETAILS

The stress-modulation technique used in this
work is essentially the same as that developed by
Engeler et al.! and adapted for low-temperature
experiments by Aggarwal.? This technique and the
associated apparatus have previously been de-
scribed. #® Briefly, this consists of a thin sample
bonded to a piezoelectric transducer with vacuum
grease. The transducer is driven by an ac voltage
at an audio frequency and the resulting modulation
in the reflectivity is detected by a phase-sensitive

technique.

Data were taken in both the Faraday and the Voigt
configurations. For the Voigt configuration, linear-
ly polarized light was obtained by means of Polaroid-
type HN32 or HR sheet polarizers. For the Faraday
configuration, circularly polarized light was obtained
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by means of a glass Fresnel rhomb, together with
the appropriate linear polarizer.

The gallium antimonide used in these experiments
was obtained in single-crystal form (ingot No. L11)
from Bell and Howell. The specifications furnished
with the material stated that it was not intentionally
doped and that it was p type with a carrier concen-
tration of 1.3x10' em™, a resistivity of 0. 0454
€ em, and a mobility of 1010 cm?/V sec at 300 K.
Reid et al.® have measured the temperature depen-
dence of the Hall coefficient and mobility for p-type
GaSb of comparable purity. From their data, we
estimate that our samples had a hole concentration
of 2x 10 ¢cm™ and a mobility of 3700 cm?/V sec
at 77 K. The ingot was oriented by x-ray diffrac-
tion and several samples in the form of thin rec-
tangular parallelepipeds of approximate dimensions
15x3%x 1.5 mm were cut. Samples which were to
be used in the Faraday configuration were cut such
that their large faces were either a {100}, { 110},
or {111} plane. The long edges were along either
a (100) or a (110) direction so that they could also
be used for the Voigt configuration. The samples
were lapped on both faces, mechanically polished,
and then etched in a 10:1 solution of bromine and
methanol for approximately 45 sec. The final thick-
ness after etching was about 0. 5 mm.

The gallium-arsenide sample was obtained from
Lincoln Laboratory. It consisted of an epitaxial
layer deposited on a GaAs substrate. The epitaxial
layer was # type with an electron mobility of about
1x10° cm?/V sec at 80 K. The sample surface was
a {211} plane and had dimensions of 5x10 mm.

III. THEORETICAL BACKGROUND

GaSb and GaAs crystallize in the zinc-blende
structure. The direct optical transitions which
comprise the fundamental absorption edge of these
materials occur at the zone center between a four-
fold degenerate set of valence bands (the so-called
light-hole and heavy-hole bands, both of which are
twofold degenerate) and a twofold degenerate con-
duction band. While the effects of a magnetic
field on the conduction band (at least in the parabolic
band approximation) are relatively straightforward,
the effects on the light-hole and heavy-hole valence
bands are complicated by the degeneracy of these
bands at the zone center. Luttinger!® treated the
problem of these four bands in a magnetic field by
means of the effective-mass approximation for
parabolic bands. His results were applied by Roth
et al.” and by Burstein et al. ! to the problem of
interband magnetooptical transitions.

The application of a magnetic field removes the
fourfold degeneracy of the valence bands at 2=0
with the result that there are four series of Landau
levels, one for each of the original unperturbed
bands. These have been designated by Roth et al.”
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as the a’, the a”, the b*, and the b™ series. The
individual Landau levels within each series are
designated by a quantum number #.

The energyof eachindividual level is a linear
function of the applied magnetic field strength (a
consequence of the parabolic-band approximation)
and depends on the quantum number » and on the
parameters ¥}, v%, v%, and ¥ as well as on the
orientation of the magnetic field relative to the
crystal axes. The parameters y7, v, and y¥, de-
fined by Luttinger!® represent sums of matrix ele-
ments and are related to the parameters A, B, and
C of Dresselhaus et al.'? as follows:

Vi=A, vh=1B, i=3(iC?+ BOMR, (1)

The parameter «* is exclusive to the magnetic field
problem and plays the role of an effective g factor.
The following approximate expression® relates «*
to the three y%ss:

K =yi+d- hi-% (2)
The band-edge effective masses m,, and my, for the

light-hole and heavy-hole bands can be expressed
in terms of these parameters as follows:

/i L, [(,'L ) v

. } cobe (675 R a3l P2, (3)
where

v =05 brs- 3 (0), (4)

Y =vi-505- 81+ 0)]. (5)
The function 7 (9) is given by

7(6)=%(3 cos?s — 1), (6)

where 6 is the angle between the magnetic field and
the [001] direction.

The selection rules and relative intensities for
optical transitions from the magnetic levels of the
valence bands to those of the conduction band were
calculated by both Roth et al.” and Burstein et al. !
These levels and representative allowed transitions
are shown in Fig. 1. The conduction-band series
for spin up is labeled a° and that for spin down is
labeled b°. The b° levels are slightly higher in
energy due to the negative value of the conduction-
band effective g factor. The levels of Fig. 1 are
numbered according to the notation adopted by
Pidgeon and Brown,® The levels of the ¢* and "
series begin with »=-1, while those of the ¢~ and
the b~ series begin with =1, For the Faraday
configuration the following transitions are allowed:

a*(n’) ~a*), b*(') - (). (7)
The selection rules for these transitions are

Anene ' +1 left circularly polarized (LCP)
- “)-1 right circularly polarized (RCP).
(8)
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FIG. 1. Landau-level diagram for the conduction band

and the light-hole and heavy-hole valence bands. The
value of the Landau quantum number for each level is
shown. The lowest-energy interband transitions allowed
for the Faraday configuration (RCP and LCP) and for the
Voigt configuration are indicated by the arrows.

For the Voigt configuration, the allowed transitions
and selection rules are

@)~ b°@), sn=1
b () ~a’n), bsn=-1.

It should be pointed out that the above selection rule
of An=x1 corresponds to the selection An=0, —2
inthe notationof Rothet al.” The intensities of these
transitions depend in general on the parameters

vE, v%, 75 and k¥ and on the Landau quantum num-
ber of the valence-band level. Expressions for the
intensities can readily be obtained from Eqgs. (26)
and (31) of Ref. 7. Qualitatively, transitions from
both heavy-hole series should be strong in both RCP
and LCP; transitions from the a* light-hole series
occur mainly for RCP while those from the 5" series
occur mainly for LCP,

Because the calculations outlined above assumed
parabolic bands, they predicted magnetooptical
transition energies which were linear functions of
the magnetic field strength. However, even the
early magnetooptical experiments showed non-
linear dependence of transition energies on field

(9)
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strength. This meant that band nonparabolicity
was important and had to be taken into account.
Roth et al.” showed how nonparabolic terms could
be treated as a perturbation on the parabolic prob-
lem. In a much more complete theory, however,
Pidgeon and Brown® treated the conduction band,
the light-hole and the heavy-hole valence bands,
and the splitoff valence band, each doubly degenerate
due to spin, as being all “nearly degenerate.” In
their formalism, the energies of the magnetic levels
associated with each of the eight bands were solu-
tions to a pair of 4X4 eigenvalue matrixes.

In addition to the Luttinger parameters 7%, 1'%,

"L and ¢¥, the Pidgeon-Brown formalism con-
tains the following band-edge parameters: &,, the
direct energy gap; A, the spin-orbit splitting; E,,
the conduction-band interaction energy defined by
Kane'3; and F=f(%/m), a matrix element'® repre-
senting the interaction of the conduction band with
higher-lying bands. The effective mass m, and the
effective g factor g, at the bottom of the conduction
band can be expressed! in terms of these parame-
ters as follows;

m E,f2 _1
2B (),

_ E,(1 1
gc—z[l——-ét(g’ 63+A>:]‘

Similarly, the corresponding band-edge effective
mass m,, and effective g factor g, at the top of the
splitoff band are given by

m__ L__EJz(J___l_
me, 1T 3\E & +a)

&

—ofo 1 _Epf L 1 °
Zu Z[ZK i1 3<g‘ 8,+A>]'

It is interesting that the sum of g, and g,,, as given
by Egs. (10) and (11), is just equal to —4«~.

(10)

(11)

IV. GALLIUM ANTIMONIDE
A. Zero-Field Spectra

The stress-modulated reflectivity spectrum for
the fundamental edge of GaSb is shown in Fig. 2
for sample temperatures of 77 and 30 K. The stress-
modulated spectrum consists of the quantity (1/R)
X (AR/AS) plotted as a function of photon energy.
Here R is the reflectivity at near-normal incidence
and AR is the rms change in R due to the applica~
tion of a uniform two-dimensional strain of rms
magnitude AS in the plane of the sample. As shown
in Fig. 2, the spectra at 30 K were much sharper
than those at 77 K; consequently all data were taken
at the lower temperature.

The structure in the 30-K spectrum of Fig. 2 can
be correlated with corresponding structure in the
fundamental-edge absorption spectrum. Johnson
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FIG. 2. Stress-modulated reflectivity spectrum at
the fundamental edge of GaSb for H=0 and for tempera-
tures of 30 and 77 K.

et al.'®'® measured the absorption coefficient of
undoped p-type GaSb under high resolution and at

‘low temperature (1.7 and 4. 2 K) in this spectral
region. They were able to resolve three absorption
peaks which they labeled @, 8, and ¥ and which
at 1.7 K occurred at energies of 0. 8109, 0. 8058,
and 0. 7967 eV, respectively. Since Zwerdling et al.?
had already measured the energy gap &, tobe (0. 813
+£0,001) eV at 4 K, Johnson et al. *'*® interpreted
the a peak as optical absorption involving the
creation of free excitons, and the lower energy 8
and y peaks as absorption involving the creation of
excitons bound to impurities (impurity-exciton com-
plexes). More recently, Guillaume and Lavallard!’
have made a detailed study of radiative recombina-
tion from these exciton-impurity complexes in GaSb.
They have concluded that both the g as well as the
v complexes consist of excitons bound to neutral
acceptors.

The vertical lines in Fig. 2 show the energies of
the a and the 3 absorption peaks!>!® at 1.7 K.
Since these energies agree well with those of the
sharp minima in the spectrum, we identify these
minima as being associated with the free-exciton
transition and the y bound-excitation transition.

" However, there is no analogous structure in the
spectrum which might correspond to the 8 bound -
exciton transition., It should be pointed out that
Pollak and Aggarwal'® have measured the wave-
length-modulated reflectivity spectrum at the fun-
damental edge of GaSb at 1. 7 K. Their samples
were comparable in purity to those used in this
work. There was no evidence in their spectra for
any structure corresponding to the g bound-exciton
transition. This implies that the particular acceptor
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species responsible for the 8 complex is perhaps
absent in higher-purity material.

In addition to the three absorption peaks, Johnson
et al. '™ also observed a weak-absorption tail be-
ginning at ~0. 765 eV which they labeled 6. This
type of absorption is characteristic of transitions
in which the initial or final state is an impurity
level. The photoconductivity experiments of Hab-
egger and Fan'® as well as radiative recombination
studies!®'!” in undoped p-type GaSb indicate that
there is in fact an impurity level at an energy of
0.034-0. 035 eV above the valence-band edge at
both 77 and 4.2 K. Structure corresponding to
this impurity transition is seen clearly in the 77-K
spectrum of Fig, 2. Although not shown in the 30-K
spectrum of Fig. 2, we have occasionally observed
this structure at 30 K. The value for &, at 77 K, as
measured by Becker e al.2° from the position of the
optical-absorption edge, is 0.80 eV and is indicated
along with the position of the §-impurity transition
in Fig. 2. The structure in the 77-K spectrum near
&, is similar to that reported by Gavini and Cardona?
and can be associated with the thermally broadened
a exciton transition,

B. Magnetooptical Spectra

The application of a large magnetic field has a
dramatic effect on the modulated-reflectivity spec-
trum of GaSb in the region of photon energies just
above the energy gap. This is illustrated in Fig. 3
for a sample at ~ 30 K in a magnetic field of 88. 5
kG. The spectra were taken for the Faraday con-
figuration with the magnetic field normal to the
reflecting sample surface and parallel to the (100)
sample axis, and with the incident radiation either
RCP or LCP. Figure 4 shows the corresponding
spectra for a GaSb sample having a {111} reflecting
surface with the magnetic field parallel tothe (111)
direction. Spectra were also taken for a {110} sam-
ple in the Faraday configuration,

The dominant features of the modulated magneto-
reflectivity spectra of Figs. 3 and 4 are the negative
peaks. With the exception of the structure labeled
v and J, these peaks correspond to optical transi-
tions from the Landau levels of the light-hole and
heavy-hole valence bands to those of the conduction
band, 22 The peaks are quite sharp (~2-3 meV wide)
and intense at energies just above the energy gap
(8, = 0. 81 eV) and become weaker and broader with
increasing energy. This is the usual behavior for
the interband magnetooptical spectra and reflects
the decrease in the lifetime of the optically excited
electron with increasing Landau quantum number.
The data of Figs. 3 and 4 are about 20-40 times
more intense than the corresponding data? for Ge
and represent the most sophisticated stress-mod-
ulated magnetoreflectivity data yet obtained. In the
(100) RCP spectrum, for example, evidence of
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transitions persisted as far as 1.25 eV, or about
450 meV above the energy gap, and transitions to
levels as high as the 18th conduction-band level
could clearly be seen.

The structure labeled y and 6 in Figs. 3 and 4
correspond to the ¥ bound-exciton transition and
the 6-impurity transition which were discussed in
Sec. IV A. This structure is shown in more detail
in Fig. 5 for H=0 as well as for H=88. 5 kG in the
(111) Faraday configuration. The y peak is shifted
to higher energy by the magnetic field and becomes

less intense. The § peak also shifts to higher ener-
gy by about the same amount but becomes more in-
tense and exhibits a small shoulder on the high-ener-
gy side. On the other hand, the free-exciton tran-
sition labeled «a gives rise to the large number of
Landau-level transitions shown in Fig. 3 and 4.
For comparison, the lowest two of these transitions
are also shown in Fig. 5 and are labeled 1 and 2.

A quantitative interpretation of the spectra of
Figs. 3-5 requires the assignment of the energy
of some particular feature of each negative peak,

200—

N\

e

200—
~e

Ga Sb

s

FIG. 4. Stress-modulated
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the {(111) direction.
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such as the minimum or an inflection point or, for
the lowest few transitions, the maximum, as the
energy of the transition with which the negative

peak is associated. In the present analysis the
energies of the minima of the negative peaks were
chosen as the transition energies for several rea-
sons. First of all, an inspection of Figs. 3-5 shows
that the minimum is the best-defined feature of the
structure. Second, Mavroides?® has plotted the
minimum, the maximum, and the inflection points
for a transition in the stress-modulated magneto-
reflectivity spectrum of Ge as a function of magnet-
ic field and has shown that the slope of the minimum
points most closely agrees with the theoretical slope
calculated on the basis of the relatively well-known
Ge band parameters. And finally, this criterion

has successfully been used in the interpretation of
the stress-modulated magnetoreflectivity data for
Ge.?

This criterion has been used to obtain the behavior
of the y and 6 transitions as a function of magnetic
field. This is shown in Fig, 6 along with the be-
havior of the Landau-level transitions labeled 1
and 2. The behavior of these two transitions is
consistent with that observed by Johnson et al. %16
at 21. 6 kG and by Guillaume and Lavallard'” at 50
kG. These two transitions will be discussed later
in more detail. However, Fig. 6 shows that the
v transition has very nearly the same energy in
both the RCP and LCP spectra, while Johnson et
al. '8 observed a splitting of this transition of
about 1, 2 meV at 21.6 kG. This would imply a
splitting of about 4.9 meV at our highest field of
88. 5 kG, which is definitely not observed.

The data of Fig. 5 represent the first observation
of the Zeeman effect of the 6-impurity transitions.
Figure 6 shows an energy difference of about 1 meV
between the RCP and LCP positions at 88.5 kG. In

addition, the energy of the shoulder is about 4. 3
meV above the stronger minimum at 88. 5 kG. This
splitting most probably corresponds to the spin-
splitting of the lowest conduction-band Landau lev-
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FIG. 6. Energies of the transition shown in Fig. 5 plotted
as a function of magnetic field strength.
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TABLE I. Experimentally observed transitions for GaSb
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in the Faraday configuration.

Identification

Label RCP LCP

1 a(@1)a0) a* (- 1)a®(0)

2 b (1)5°%(0) b* (- 1)6°(0)

3 a'(1)a‘(0) a* (0)a®(1)

4 a"(2)a®(1), b™(2)6°Q1) b*(0)p°(1)

5 a~(3)a’(2), b"B)p°(2) a*(1)a®(2)

6  a'(2)a®(1) a (2)a®(3), b™(2)b°B)

7 a~@a®(3), b (4)°@B) b* (1)5°(2)

8  a"(5)a’4), b~ (5)b°) a~(3)a’4), b~ (3)b°@)

9  a*'()a’(2) a~(4)a°(5), b™(4)b°(5)

10 a"(6)a’(5), b~ (6)b°(5) b* (2)6°(3)

11 a (Maf(6), b (7)b°(6) a"(6)a®(6), b~(5)p°(6)

12 a"4)a®@) a~(6)a®(7), b™(6)b°(7)

13 a~®a’(7), b(8)6°(7) b*(3)b°(4)

14 a~(9)a®(8), b7(9)6°(8) a”(1)a®(8), b~ (7)b°(8)

15 a*(5)a’(4) a”(8)a’(9), v~ (8)p°(9)

16 a~(10)a(9), b~(10)5°(9) b* (4)b°(5)

17 a~(11)af(10), 5" (11)5°(10) @~ (9)a®(10), 5=(9)6°(10)
18 a*(6)a®(5) a"(10)af(11), »™(10)p°(11)
19 a"(12)a®(11), 57(12)6°(11)  b*(5)5°(6)

20  a"(13)a®(12), b~(13)p°(12) a~(11)a(12), b~ (11)h°(12)
21 a~(12)a°(13), b™(12)5°(13)
22 5*(6)5°(7)

23 a"(13)a®(14), b~(13)b°(14)
24 a”(14)a®(15), b~(14)b°(15)
25 a~(15)a®(16), b~(15)b°(16)
26 a™(16)a°(17), b~ (16)p°(17)

el, in which case the data yield an estimate of

8. 4 for the magnitude of the conduction-band effec-
tive g factor. This is in good agreement with the
value of 7.8+0. 8 determined in Sec. IVD of this
paper.

As mentioned earlier, the higher-energy negative
peaks are associated with optical transitions between
pairs of Landau levels in the valence and conduction
bands. These transitions were identified by means
of the selection rules of Roth et al.” summarized
in Egs. (7)-(9). This identification is indicated in
Figs. 3 and 4 by means of the vertical line, the
symbol and the number lying below each prominent
peak. The position of the line indicates the theo-
retically predicted energy of the transition with
which the peak is associated; the details of how
the theoretical positions are obtained will be dis-

cussed in Sections IVC and IVD. The length of the
line indicates the theoretical relative intensity of
the transition. The symbol denotes the nature of
the valence-band Landau level as being a light-

hole (LHA) or heavy-hole (HHA) level of the a set,
or a light-hole (LHB) or a heavy hole (HHB) level

of the b set. In almost all cases the heavy-hole
transitions of the a set and the corresponding heavy-
hole transitions of the b set were too close to each
other in energy to be resolved in the spectra. The
theoretically predicted energy of a heavy-hole
transition in the a set and of its counterpart in the

b set turned out to be within at most ~2 meV of each
other. The averages of the two energies are shown
in Figs. 3 and 4 and are denoted by the symbol
HH(AV). The numbers near the bottom of each
vertical line refer to Table I, which gives for each
transition the specific identification of the valence-
and conduction-band levels involved. For example,
a'(n')a(n) denotes a transition from the »'th light-
hole level in the a set to the nth conduction-band
level in the a set. For unresolved heavy-hole
transitions, both pairs of levels are given. The
numbering of the levels is as shown in Fig. 1.

Not all of the transitions which are allowed by the
selection rules of Roth ef al. " and which have ener-
gies in the spectral region investigated were observed.
For some of these transitions, such as the b*(n')b%(n)
in RCP, the intensities are very much smaller
than those of other allowed transitions. In addition,
in the (100) RCP spectrum the light-hole a*(’)a®(x)
transitions are obscured because of their coincidence
with alternate heavy-hole transitions. These light-
hole transitions emerge clearly in the (111) RCP
spectrum, for which the heavy-hole mass is slight-
ly different, Another difficulty arises because of
incomplete polarization of the incident radiation,
This is particularly noticeable for transitions 7 and
8 in RCP; because of their large intensities, they
also appear in the LCP spectrum. A comparison of
their intensities in RCP and LCP indicates that the
Fresnel rhomb produced a beam which was about
85% polarized. This probably obscured several of
the higher-energy b*(n')b°(n) transitions in the (100)
LCP spectrum.

The stress-~modulated magnetoreflectivity spectrum
for GaSb at 30 K in the Voigt configuration is shown
in Fig. 7. In this case linearly polarized light was
incident on a {100} sample surface with the polar-
ization vector parallel to the magnetic field applied
along a (110) direction. The structure in the spec-
trum is considerably weaker and broader than that
of the Faraday spectra. Even so, the minima of the
spectra correspond to certain theoretically predict-
ed transitions which are listed in Table II. These
are all consistent with the selection rules of Egs.
(9). Because the structure broadened rapidly with
increasing photon energy, it was not possible to



3040 REINE, AGGARWAL, AND LAX
[ T [ ; | I I T
100 |- —
x4 x10 Ga Sb
e||H]| <o
H=888 kG
ol AS=4 x107°
Tw 30 K
g L .
< B
_.IQ:
a LHA
. T 1T ol sl e
2 34 s i g 910 a HH(AV)
6
I | 1 | | | |

09

PHOTON ENERGY (eV)

carry this correspondence beyond the first ten

transitions.

C. Preliminary Analysis

Because the data of Figs. 3, 4, and 7 extend to
energies well above the conduction-band minimum,
a proper analysis of these data can only be done
within the coupled-band formalism of Pidgeon and

Brown.® The results of such an analysis performed

with the aid of a computer will be described in Sec.

IV D.

In this section we analyze certain simple

features of the data in terms of the theory of Roth

et al.”

Of particular interest are the transitions a*(0)a°(1)

and 5*(0)b°(1) which occur for LCP in the Faraday
configuration and which are labeled 3 and 4 in Figs.
3 and 4. Their observed dependence on magnetic

TABLE II. Experimentally observed transitions for GaSb
in the Voigt configuration.
Label Identification
1 b"(1)a®(0)
2 a*(—=1)5%(0)
3 b"(2)a’(1)
4 a*(0)5°(1)
5 a~(1)b°(2), b~B)a’(2)
6 a*(1)b%(2)
7 a™(2)b°(3), b~ 4)a’(3)
8 a"(3)b°(4), b (5)a’(4)
9 a*(2)b°(3)
10 a~(4)b°(5), b~ (6)a’(5)

K3,

FIG. 7. Stress-modulated re-
flectivity spectrum for GaSb in
the Voigt configuration with both
the magnetic field and the polariza-
tion vector of the incident radiation
parallel to the (110) direction.

field is shown in Fig. 8 and is linear to within ex-

perimental error;

presumably they are not so

strongly influenced by exciton effects as are the
lowest two transitions. The energies 8(3) and &(4)
of these transitions are given by

8(3)=8,+068,~ €1+ 5[ (3m/m¢)+ g,

+3Hi =" -«"], (12)

5(4):81 + 68, +€1+3S (Tn/’mc—é—gc

TRANSITION ENERGY (eV)

085 -

080

0.80

FIG. 8.

+397 + 3y -3kE ), (13)

s (meV)

Light-hole transitions a*(0)a®(1) and 5*(0)5°(1)
observed in the LCP spectra of GaSb plotted against the
quantity s =7%eH/m..



5
T T T
56.0— —
Ga Sb
I\I
54.0/— \ 1
i b* (0) bC (1) :L
AN
S
e - j
E
w 400
AV
I/I _
at(0)a® (1)
38.0— _
A o> 100>
| | ] l
0 05 10
f @)
FIG. 9. Slopes of the energies of the light-hole transi-

tions a*(0)a®(1) and »*(0)5°(1) as functions of magnetic field
are shown plotted for the three main orientations against
the function f(@) defined in Eq. (6). The straight lines

are least-squares fits to the points.

where &, is the energy gap, 56, and ¢, are strain-
induced energy shifts as defined in Ref. 2, s=/ieH/
m,, m, is the conduction-band-edge effective mass,
g. is the conduction-band-edge effective g factor,
and y %, 5% and k* are the valence-band parame-
ters introduced by Luttinger. 1

The experimentally determined energies for these
two transitions for both the (100) and the (111) data
are shown plotted against the quantity s in Fig. 8.
From Eqgs. (12) and (13), the difference in the inter-
cepts at s=0 of &(3) and 8(4) is just 2¢,, the strain
splitting of the valence-band edge. The differences
in the intercepts at s=0 in Fig. 8 are quite small
and give 2¢;,=0.3 meV for the (100) data and 2¢;=0.7
meV for the (111) data. These values indicate that
the magnitude of the dc strain was comparable to
that of the ac modulating strain. In view of this,
the effects of the dc strain were neglected.

The slopes of the transition energies &§(3) and §(4)
as functions of s are expressed in Egs. (12) and (13)
in terms of certain combinations of the band param-
eters. The only parameter which depends on the
orientation of the magnetic field relative to the crys-
tal axes is 9'%, which is defined in terms of y % and
¥% in Eq. (4). Consequently, if the slopes of the
transition energies &(3) and &(4) for various orien-
tations of the magnetic field are plotted against the
function £(6), the result should be straight lines with
slopes + 3(y% — 7%) for the &(3) points and —3(5- %)
for the 8(4) points. Such a plot is shown in Fig. 9
for the magnetic field along the (100), (111), and
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{110) directions. The straight lines shown are
least-squares fits to the points and their slopes
give the following result:

Y5 —75=0.8+0.1, (14)

The transition a*(0)5°(1) occurs in the Voigt config-
uration and involves the same light-hole valence-
band level as does the transition a'(0)a°(1) in the
Faraday configuration for LCP, The conduction-
band levels have the same quantum number but are
of different spin, so that the difference between

the slopes of the transition energies as functions

of s should just be equal to the conduction-band
effective g factor g,. The experimentally deter-
mined slope for the a'(0)b°(1) transition in the

Voigt configuration is 39.1+0. 1. Since the magnetic
field was along the (100) direction for the Voigt
data, this should be compared with the slope for the
a*(0)a’(1) transition in the (110) Faraday data. This
slope was 41.9+ 0,4, so that a value of —-5.6+1,0
for g s deduced. It should be noted that the value
for g, and the above value for (y5 — y5) are not en-
tirely reliable in view of the unknown extent to which
the two transition energies are affected by excitons.
These values will be discussed further in Sec, IVD
and IVE.

Because of the relatively large heavy-hole mass,
the nonlinear dependence of theheavy-hole transition;
energies on magnetic field is due mainly to the nonpara-
bolicity of the conductionband. The spacing between
adjacent heavy-hole levels is essentially constant
for large quantum numbers and is given by s(m/my,),
where my, is the heavy-hole valence-band effective
mass. Nonparabolicity causes the spacing between
adjacent conduction-band levels to become smaller
for higher quantum numbers. Kane’s theory'® gives
the following expression for the conduction-band
energy &,

_ ﬁzka hzkz 2
gc—-g,+2—7nc—<ﬂz—>:py (15)
o m 2 13+4Q+2@%\ 1

() e g W

where @ =4A/8,. The conduction-band levels in a
magnetic field are obtained by replacing (z%#%/2m)
by (n+3)s. The difference between the nth and the
(n~ 1)th conduction-band levels is s(m/m,~ 2nsp),
and hence the difference A8(r) between the heavy-
hole transitions a™(z')a°(n) and a"(x’~ 1)a®(n - 1) or
b7 () and b7 b - 1) is given by

Aéo’(n):s( m.,m o 2nsp) .
m, m

c hh’

(17)

According to Eq. (17), if the quantity A8(#)/s is
plotted against », a straight line should result with
an intercept at =0 equal to (m/m,+m/my, ). This
was done for several heavy-hole transitions ob-
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FIG. 10. Quantity A8(n) is the energy difference be-
tween two adjacent heavy-hole transitions, » is the
Landau quantum number of the conduction band of the
higher of the two transitions, and s =h’eH/mc. The plot
illustrates the nonparabolicity of the conduction band;
the quantity A §(z) would be independent of  if the con-
duction band were purely parabolic.

served in the Faraday configuration for RCP and the
results are shown in Fig. 10. The lowest few
transitions were not used because of the irregular
spacing of the lower heavy-hole levels and because
of possible exciton effects, and the highest few
transitions were not used because of their broader
line shapes. The straight lines in Fig. 10 are
least-squares fits to the points. Their intercepts
at #=0 are 27.0 for the (100) data and 25. 8 for

the (111) data, which provide the following values
for the reduced effective mass p for the conduction
and heavy-hole bands:

(100)
(111).

0.037+0.001,
0.039+0.001,

NS
i

(18)

The difference in the values for the two orientations
expresses the anisotropy of the heavy-hole band and
shows that the effective mass in the {111} plane is
larger than that in the {100} plane. This is consis-
tent with the result of Eq. (14) that 4% >74. Zwerd-
ling et al.® quoted (u/m)=0.042+0.002 for a (111)
orientation, which is significantly larger than the
preliminary value in Eq. (18).

The values of Eq. (18) can be combined with
Stradling’s cyclotron-resonance values® for my,
to obtain a preliminary value for m,. He found
(4, /m)=0.26%0.04 and 0. 36+ 0. 03 for the (100)
and (111) orientations. For each of these values
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Egs. (18) give m,=0.043m, which is ~10% lower
than the value of 0,047 obtained from the reduced
mass of Zwerdling et al.® The slopes of the
straight lines of Fig. 10 are nearly equal and, ac-
cording to Eq. 17, give 2sp=0.88. For H=88.5 kG,
the cyclotron energy sis 1. 025meV, sothatp =0.43
meV™, The value of p predicted by Eq. (16), for

8, =0.81¢eV, m,=0.043m, and Q=(A/,)~1, is

0. 53 meV™, which is in fair agreement with the
experimental result,

D. Detailed Analysis

A detailed analysis of the data, such as that shown
in Figs. 3 and 4, in terms of the coupled-band
theory of Pidgeon and Brown® is not straightforward.
The procedure for obtaining the best agreement be-
tween theory and experiment is considerably com-
plicated both by the nonanalytic form of the theoret-
ical transition energies as well as by the large num-
ber of independent band parameters involved.

There are altogether 11 such parameters m,,
vE 2, W%, kF, f, &, A, the magneticfield strength,
the Landau quantum number, and the orientation of
the magnetic field with respect to the crystal axes.
For a given transition.the last three of these are
known, In addition, the magnetic levels are suf-
ficiently insensitive to §, and A so that their pre-
viously determined values can be used. Finally,
the Luttinger parameter «” can be expressed to a
good approximation in terms of the y%’s by means
of Eq. (2). This leaves the five band parameters
Mg vy, vE, v%, and f to be determined by the ex-
perimental data. Of these five the most important
are m,, 7Y, and either 1%, or y3, since the differ-
ence (y% - %) is small. The higher band parameter
f is at best a very small correction,

For a given set of these five band parameters,
two 4 X4 eigenvalue matrixes must be solved by
computer for each value of magnetic field and for
each value of Landau quantum number., The theo-
retical transition energies must then be compared
with the experimental points. In order to determine
the best set of parameters, the process must be
repeated for many combinations of parameter val-
ues and a combination giving the best over-all agree-
ment to the experimental points must be chosen by
some criterion. This trial and error method is in-
exact and time consuming.

In view of these difficulties, an iterative comput-
erized approach based on a generalized method of
least squares was adopted. A “parameter-opti-
mization” program was written which accepted as
input the experimental transition energies and ini-
tial values of the parameters m,, 7, v5, &, 4,

(y% = 9%), and f. The theoretical transition energies
were calculated and compared to the experimental
data. First-order correction terms were then gen-
erated for the three most important parameters
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FIG. 11. The rms deviation between theory and experi-
ment for light~hole (LH) and heavy-hole (HH) transitions,
obtained from the iterative program for various values
&% —v%). The minimum in the HH deviation determines
the value 1.3+ 0. 2 for the difference (% —v5%).

m y¥, and 4. This procedure was iterated until
the parameters converged to their optimum values.
In practice it was found that four to five iterations
were sufficient for this purpose.

In choosing the experimental transition energies
to be used with the above program, the Voigt con-
figuration data were excluded because of the broad-
er spectral line shapes. Similarly, certain of the
Faraday configuration data, such as the highest-
energy transitions and some of the transition ener-
gies for lower magnetic fields, were not used be-
cause of their broader line shapes. In addition,
the lowest four transitions were not used because
of the strong influence of excitons.

The initial values for m,, »f, and 5 were taken
from previous work. The value of m,=0.047m
was obtained from the magnetoabsorption study of
Zwerdling et al.® and the values of y{ =11.0 and
vE =4, 4 were taken from Stradling’s cyclotron-res-
onance work. 2* TInitially the value of (3% —+%5)=0.8
from Eq. (14)was used and f was set equal to zero. It
was found later, however, that a better agreement
between theory and experiment could be achieved
by using slightly different values for these two
fixed parameters. This is illustrated in Fig. 11
for the case of the anisotropy parameter (5 — % ).
The rms deviation for the light-hole transitions is
essentially constant but that for the heavy-hole
transitions shows a definite minimum. This illus-
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trates the much greater anisotropy of the heavy-
hole mass. From the minimum in Fig., 11 the
following value was determined:

Vs -15=1.3£0.2. (19)

This value is higher than that of 0.8+ 0. 1 obtained
previously on the basis of the low-quantum-number
transitions a'(0)a°(1) and »*(0)6°(1). This difference
is most probably due to the effect of excitons on
these two transitions. In any event the value of
Eq. (19), based on a large number of high-quantum-
number transitions, is certainly more reliable.
Similarly, it was found that a better fit for the
light-hole transitions could be attained by using
a nonzero value for the parameter f, Figure 12
shows the results for several negative values of f.
The rms deviation for the light-hole transitions
shows a minimum near f=-1.5. From this mini-
mum the following value was determined:

f=-1.5+0.5. (20)

This is close to the value f =-1.1+0. 2 obtained for
Ge.?

With §,=0.8102 eV,? A=0.749 eV,? f=-1,5, and
(% - 4%)=1.3, and with «” approximated in terms
of the 7*ss by Eq. (2), the program converged to
the following values: m,=0.0418m, 2% =13.3, and
v% =5.7. For these values Eq. (2) yields «*=3.5
and Eq. (10)yields E, = 25 eV. The total rms deriva-
tion betweentheory and experiment was 1. 4 meV,
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FIG. 12. The rms deviation between theory and experi-
ment for light-hole (LH) and heavy-hole (HH) transitions,
obtained from the iterative program for various values
of the parameter f. The minimum in the LH deviation
determines the value —1.5+ 0,5 for f.
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while the rms deviation for the heavy-hole transitions
was 1.3 meV and that for the light-hole transitions

was 2.0 meV,

The theoretical transition energies calculated with

the above set of band parameters are compared to

the experimental data in Figs. 13-16, The numbers

associated with each transition-energy curve are
the same as those appearing in Figs. 3 and 4 and
refer to the list of transition assignments given in
Table I. For most of the heavy-hole transitions

both the HHA and HHB symbols were used to indicate

that the pair of heavy-hole transitions a~(n')a’()
and b~(n') b°(n) was not resolved in the spectra. In
calculating the theoretical transition energies the
program automatically took the average energy of
the heavy-hole transitions a™(n')a®®) and b~(')5°().
The experimental points for the lowest four or five

transitions in Figs. 13-16 lie several meV below the

the theoretical curves and have slightly different
slopes; this is presumably due to the larger influ-
ence of excitons on these transitions. Except for
these transitions, the over-all agreement between
theory and experiment is excellent. This is par-
ticularly so for the heavy-hole transitions.
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The program converged to exactly the same val-
ues each time it was executed, irrespective of
various combinations of initial values used. This
indicated that the resulting minimum in the total
rms deviation was both unique and well defined.

In view of this we estimate an uncertainty of 3% in
the values of m,, 7f, and v5. Thus the following
values are determined:

m,=(0.042£0.001)m, (21)
Y7 =13.3£0.4, 4%=5.7x0,2.

The light-hole effective mass calculated from
Egs. (3)-(5) for values of the *’s given by Egs.
(19) and (21) has the value (0.042+0. 002)m. The
calculated anisotropy in the light-hole mass is
~3%, which is small and is on the order of the es-
timated experimental error. On the other hand,
the anisotropy of the heavy-hole mass is consider-
ably larger. The values calculated from Eqs. (3)-
(5) are
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FIG. 14, Transitions observed in the (100) GaSb spectrum

for LCP radiation plotted against magnetic field.
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0.29+0.09, (100)
(%) - { 0.36+0.13, (110)
0.40:0.16, (111) . (22)

The resulting values for the reduced mass for the
conduction and heavy-hole bands are 0.037» and
0. 038 for the (100) and (111) directions. These
agree with the values of Eq. (18) obtained by the
analysis of the nonparabolicity of the heavy-hole
transitions. The conduction-band effective g factor
g calculated from Eq. (10) with the above values,
was —7.8+0,8, This value of g, differs from the
value of —5. 6 obtained from the analysis of the
lowest few transitions given in Sec., IVC. The
difference is no doubt due to the influence of excitons
on these transitions. In particular, the above pa-
rameter values substituted into the left-hand sides
of Egs. (12) and (13) give the slopes as 43.9 and
47,8, as opposed to the experimentally observed
values of 39. 1 and 41.9. This decrease in slope
is consistent with the increase in exciton binding
energy with magnetic field as predicted by the
calculations of Yafet et al.?” and of Elliott and
Loudon, 28
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E. Comparison with Previous Work

The self-consistent set of parameters for the
conduction band and the light-hole and heavy-hole
valence bands determined by the method of Sec.
IVD are listed in Table III along with their estimat-
ed uncertainties, For comparison, Table III also
shows the values of these parameters determined
from both magnetoabsorption and cyclotron reso-
nance, andfrom other experiments as well as from
theory.

There have been two interband magnetoabsorption
studies of thin (~4-8-u) GaSb samples at low tem-
perature. The first of these was done by Zwerdling
et al.® They observed about nine transitions at
their highest field of 40 kG and obtained a value
of (0.042:+0.002)m for the reduced mass for the
conduction and heavy-hole bands for a (111) orien-
tation, Using a value for the heavy-hole mass be-
tween 0. 38m and 0. 56m, they deduced the conduc-
tion-band mass value of (0.047x0, 003)» which
appears in Table II. Later, Adachi®® analyzed
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their data on the basis of the Pidgeon-Brown theory
and obtained the values for m,, my, v%, 5, k°,
and g, listed in Table III. Halpern®® extended
Zwerdling’s experiment up to fields of 100 kG. He
was unable to observe very many more transitions
but the data at higher magnetic fields definitely
showed the effects of band nonparabolicity. Using

a cyclotron-resonance value for the heavy-hole mass,
Lax and Mavroides®! estimated m,=0. 041m from
this unpublished data.

Recent electron-cyclotron-resonance measure-
ments in p-type GaSb at 1. 7 K by Hill and Schwerdt-
feger®® have yielded the value of (0.042:x 0.002)m
for the conduction-band effective mass. This val-
ue. is in excellent agreement with the value obtained
from the present experiments. It is possible that
Bordure’s value® for m, of (0.048+0.002)m and

Piller’s value®® of (0.049 0, 004)m, both determined

from free-carrier Faraday rotation experiments
on n-type samples, are too large because of con-
duction-band nonparabolicity.

Stradling® has done cyclotron-resonance experi-
ments on p-type GaSb and his values for m;, and
myy, are given in Table III. He also quotes values
for the parameters 4, B, and C; the values of vE,
2% and (35— %) calculated from these by means of
Egs. (1) are given in Table III. Also listed is the
light-hole mass value of (0. 047+0.005)m obtained
by Cronburg et al. % from cyclotron-resonance ex-

periments with submillimeter lasers. For compari-

son, the light-hole mass value of (0. 044+ 0, 007)m
and the heavy-hole mass value of (0.33+0.013)m
obtained by Walton and Mishra3® from free-carrier
reflectivity and Faraday rotation experiments at

T =300 K are also given in Table III.

While Stradling’s cyclotron-resonance heavy-hole
masses are in agreement with the values determined
in the present experiment, his error estimates are
considerably smaller. This points out the relative
insensitivity of the present experiments, and of in-
terband experiments in general, to the heavy-hole
mass value. The values for m,, for the present
experiment were calculated from Eq. (3). This in-
volves taking the difference between two terms of
comparable magnitude, so that the small errors in
the 9*ss produce larger errors in the value of .

The value of 1.3 0, 2 for the anisotropy parame-.
ter (y¥ —y%) can be compared with the Shubnikov-de
Haas measurements of Seiler and Becker.3" They
obtained a value of 11+ 2 for the warping parameter
(L-M -N) in units of (72/2m). This parameter is
simply related to the parameters B and C and to
(y¥ - v3) as follows:

L-M-N=3[B- (B®+iC?)" 2] =6(4-1%).  (23)

Equation (23) yields (3% — 7%)=1.820, 4 for their
measurements, which is in good agreement with
the present result.

The present value of — 7.8+0. 8 for g, is slightly
less than the recent value of — 9. 3+0. 3 obtained by

TABLE IIIl. Comparison of the band-parameter values for GaSb determined in the present experiment with previously
determined values. Effective-mass values are in units of the free-electron mass.

Band Present Magneto- Cyclotron Other
parameter experiment absorption resonance experiments Theory
mg 0.042+0.001 0.047 + 0. 003* 0.042 + 0, 002° 0.048 + 0.002¢ 0.045%
0.041° 0.049 + 0, 004f 0.040%
0. 045" 0.046!
0.041%
M 0.042+ 0.002 0.041" 0.052 0. 004F 0.044 + 0, 007! 0. 0494
0.047 + 0,005™ 0.043¢
0.053!
0.048!
M yy(100) 0.29+0.09 0.26 = 0.04F 0.384
My (110) 0.36+ 0.13 0.37+ 0,045 0.45¢
My (111) 0.40+ 0.16 0.36+0,03% 0.33+0.013} 0.554
V¥ 13.3%0.4 14,51 11.0% 11.2¢
vE 5.7+0.2 4,5" 4,4F 4,99
vE -k 1.3+ 0.6 1.4F 1.8+ 0.4° 1.0¢
e 3.5+ 0.6 2.7 3.1¢
e -7.8+0.8 ~6.5" -9.3£0.3° -6.7¢
Mg 0.12+ 0,01 0.16¢
&so —6.2+3.2 -6.9¢
2Reference 3. ®Reference 31. IReference 41. MmReference 35.
bReference 32. fReference 34. JReference 42. "Reference 37.
°Reference 33. €Reference 39. kReference 24. °Reference 38.

9Reference 40. hReference 29.

IReference 36.
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Hermann and Lampel®® on the basis of conduction-
electron spin resonance in p-type GaSb.

The last two rows of Table III contain our values
for the splitoff band parameters m,, and g,,. These
were calculated from Eqs. (11). This value for m,,
and the value of Eq. (21) for m, give (0.031+0, 001)
Xm for the reduced effective mass for the conduc-
tion and splitoff valence bands, This is slightly less,
than the experimental value of (0.0335+ 0.0003)m
determined from our stress-modulated magneto-
reflectivity data for the splitoff-band to conduction-
band transition, 2® Those data also gave — 12+ 7 for
the sum (g,+g,,), while the above values for g, and
Zso yield the more precise value of — 14+ 3 for this
sum. Finally, the theoretical values for the various
parameters based on band-structure calculations
for3®~*2 GaSb are listed in the last column of Table III.

V. GALLIUM ARSENIDE

The result for the stress-modulated magnetore-
flectivity for the fundamental edge of GaAs are shown
in Fig. 17. The data were taken for the Faraday
configuration with the magnetic field along the (211)
direction, The spectra have about the same intensi-
ty as those for GaSb in Figs. 3 and 4. As can be
seen in Fig, 17, transitions as high as 0.2 eV above
the band gap were observed. By way of comparison,
Vrehen’s magnetoabsorption studies? on thin (~4 )
samples were limited to a spectral region of about
0.1 eV above the band gap. The line shapes of the
GaAs spectra of Fig. 17 are both broader and more
closely spaced than those of the GaSb spectra. The

netic field along the (211)
direction,

smaller separation is due to the larger value for the
conduction-band effective mass ~ 0,067, * as com-
pared to the value of 0. 042 for GaSb. This larger

TABLE IV. Experimentally observed transitions for
GaAs in the Faraday configuration.

Identification
Label RCP LCP
1 a"(1)a%0), b~ 1)6°0) a' (=1)af0), b*(—1)p°(0)
2 a (2)a®Q), b~ (2)p°(1) a*(0)a®(1)
3 a~(3)a®(2), b (3)b°EQ) b*(0)5°(1)
4 a*(1)a’0) a~(2)a®@3), b7(2)6°(3)
5 a"@)a®@), b°(4)°B) b*(1)b°(4)
6 a*(2)a®(1) a~(3)a’4), b~ (3)p°@)
7 a (6)a(5), b"(6)6°(5) b*(2)6°(3)
8  a~(7)a®(6), b~ (7)b°(6) a"(5)a®(6), b™(5)b°(6)
9 a(8)a’(1), b (8)p°(7) a™(6)a°(7), b=(6)b°(7)
10 a"(9)a8), b~ (9)p°(8) a (7)a®(@8), b~ (7)b°@®)
11 a~(10)a°(9), b™(10)5°(9) a”(8)a(9), b~ (8)b°(9)
12 @ (11)a®(10), b~(11)5°(10) a~(9)ac(10), b~ (9)5°(10)
13 @~ (12)a®(11), »"(12)6°11) a~(10)a°(11), b~(10)p°(11)
14 a"(13)a°(12), 5~(13)6°(12) a~(11)a®(12), b™(11)6°(12)
15 a"(14)a°(13), b~(14)6°(13) a4~ (12)a°(13), 5~ (12)»°(13)
16  a~(15)a®(14), b~(15)p%(14) a~(13)a®(14), b~(13)5°(14)
17 a~(16)a’(15), b~(16)b°(15)
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effective mass may also contribute to the broader
line shapes.

Because of the broadness of the structure and be-
cause of the relatively large exciton effects in GaAs,
the data of Fig. 17 were not analyzed quantitatively,
The recent photoluminescence studies on epitaxial
GaAs by Gilleo et al.*® established the exciton bind-
ing energy as (4.7+0. 4) meV which is more than
twice the GaSb value of 2. 2 meV estimated from
Eq. (44) of Ref. 25. Hobden’s magnetoabsorption
study** of the lowest two transitions showed clearly
their excitonic nature, and both Vrehen* and Narita®
found it necessary to correct all of the transition
energies they observed in magnetoabsorption for
exciton effects. In the absence of a theory for the
effect of excitons on transitions involving Landau
levels of quantum number greater than 1 or 2, they
had to use approximate corrections inferred from
the calculations of Refs. 27 and 28.

In view of the above, only a qualitative interpre-
tation of the GaAs spectra was made. By compari-
son with the GaSb spectra of Figs. 3 and 4, the
minima in the GaAs spectra were associated with
various allowed interband transitions. The iden-
tification of the minima is indicated in Fig. 17 by
means of a symbol and a number directly below
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each prominent minimum. The symbol denotes the
nature of the valence-band level involved and the
number refers to the complete identification of the
transition given in Table IV.

VI. CONCLUSION

This work represents the most detailed magneto-
optical investigation to date of the direct transition
in GaSb. The large number of Landau-level tran-
sitions observed with the stress-modulation tech-
nique has enabled us to quantitatively compare the
data to the coupled-band theory of Pidgeon and
Brown and to thus obtain an accurate self-consis-
tent set of band parameters.
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Both oxide-coated and vacuum~cleaved InSb tunnel junctions have been prepared from single-
crystal material with 7x 10" carriers/ cm®. Capacitance measurements at 4.2 °K show that
the barrier height is approximately the same as the energy gap at that temperature. The dif-
ferential conductance of the junctions as a function of bias voltage shows at least 30 oscillations
with a periodicity equal to the LO phonon energy. These oscillations show a striking resem-
blance to the oscillatory photoconductivity spectra observed in single~crystal InSb and, in fact,
a satisfactory model proposed for the tunnel junctions involves a bulk conductance which changes
in an oscillatory fashion due to the same mechanism as in the photoconductivity effect, Struc-
ture due to both the LA and TA phonons are observed near zero bias owing to inelastic tunnel-
ing processes. Further structure, which is particularly prominent in the vacuum-cleaved
junctions, is interpreted as the transfer of carriers into the upper L; band and this gives an
energy of 0.39+0,01 eV between the conduction-band minima of Ly and I'y at the center of the

zone.

I. INTRODUCTION

The first InSb tunnel diodes were made by Bat-
dorf et al.! and a negative-resistance region (the
Esaki characteristic) was observed between 78 and
273 °K. Chynoweth, Logan, and Wolff>3 have
studied the magnetic field and temperature depen-
dence of the tunneling in similarly prepared InSb
p-n junctions. The observation of LO phonon inter-
action was first reported by Hall et al.*™® for III-V
compound p-7n tunnel junctions studied at 4. 2 °K.

A measurement of the derivative of the current,
dl/dV, vs the voltage V for InSb showed structure
when a phonon-assisted tunneling threshold of 24
meV was reached. Hall et al.* also reported the
observation of a conductance minimum at zero bias
and interpreted this as polaron formation. They
ruled out the possibility that the conductance min-
imum was associated with acoustic phonon emis-
sion by temperature measurements of the tunnel

current. However, this possibility has been re-
considered in a calculation by Bennett et al.” who
have shown that such structure can result from TA
phonon interactions which allow inelastic tunneling.
A theory of polar-phonon-assisted tunneling has
been proposed by Dumke et al., ® who have con-
sidered the case of a direct phonon-assisted compo-
nent of the current. It is emphasized that this is
quite a different problem from the phonon-assisted
indirect transitions which must be considered for
indirect-gap materials such as Si and Ge.° How-
ever, the calculated ratio of phonon-assisted cur-
rent to direct current was found to be 30 times
smaller than the same ratio found from experi-
ment.* An even greater discrepancy was observed
when the magnitudes of the theoretical and experi-
mental phonon-assisted tunneling currents were
compared. The authors concluded that disagree-
ment of the theory with experiment was not under -
stood, although the effects of impurities within the



