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Schottky barrier electroreflectance spectra are reported for GaSb from 0.6 to 26 eV. Accurate energies are
determined for a number of critical points between the sp' and Ga-3d valence bands and the conduction
bands. The energy of X7 is shown to lie at least 3 eV below I, . This is below the value obtained from local
pseudopotential calculations and the x-ray photoemission assignments, but follows a trend previously
established by nonlocal pseudopotential calculations for Ge and GaAs. The Ga 3d-X, exciton binding energy
is of the order of 100 meV.

I. INTRODUCTION

GaSb is an interesting material with respect to
solid-state spectroscopy and energy-band theory.
The lack of inversion symmetry leads to a much
richer optical spectrum than for its closest group-
IV counterpart Ge. Because the spin-orbit split-
ting of Sb is large, the critical-point structures
tend to be spread out so that the major singular-
ities are observed with less overlap than with
other members of the III-V family. It is therefore
possible to obtain a number of critical-point ener-
g ies to high accuracy.

GaSb should consequently provide an excellent
test of recently developed nonlocal pseudopotential
methods, ' ' which have calculated very success-
fully the energy bands of Ge and GaAs over a wide
range of photon energies. Of particular interest
will be the capability of these techniques to deal
with exchange, correlation, and relativistic ef-
fects which are substantially more important in

GaSb than in other materials to which they have
been applied.

The primary purpose of this work is to obtain
accurate energies for interband critical points in
GaSb. Critical points measured include not only
those from the sP' valence bands, but also from
the Ga 3d core levels located approximately 19 eV
below the top of the sp' valence bands. The Schott-
ky barrier electroreflectance (ER) method" was
used. Its sensitivity enabled us to resolve some
new critical-point features. The identification of
several of these cannot be made with the presently
available information, which emphasizes further
the need for an accurate energy-band calculation.

The outline of the paper is as follows: Experi-
mental details are summarized in Sec. II. Results
are discussed in Sec. III according to major

critical-point groupings, with the critical-point
energies summarized in Table I and the spin-orbit
splittings in Table II. In Sec. IV, we compare
briefly our results with the probable best' of
several' "currently available band-structure cal-
culations for GaSb. Spin-orbit splittings are also
compared to theoretical calculations. " We discuss
the interesting question of the energies of the X,
and X, points. By comparing our core-level mea-
surements with x-ray photoemission (XPS) mea-
surements" locating Ga 3d and pressure measure-
ments" locating X „we obtain a binding energy of
90 meV for the Ga 3d -X, exciton.

II. EXPERIMENTAL

All measurements reported here were obtained
on a bromine-methanol polished I 1llj p(Sb) sur-
face on an n-type single crystal of GaSb of carrier
concentration ND= 1.1&&10"cm '. To remove any
possibility of residual damage, the surface was
anodized to form an 0.3-p, m oxide layer, which
was then stripped in HCl. " A 40-A film of Ni was
evaporated as described elsewhere'" to form a
Schottky barrier on this surface. To reduce oxida-
tion effects in the Ni film, the sample was stored
under vacuum prior to measurement in the vacuum
uv except for one evaluation spectrum measured
from 1.8-5.5 eV just after evaporation. The eval-
uation spectrum was the same as later spectra
taken under the same conditions, showing that
oxidation effects were negligible.

Measurements in the 0.6-6.2-eV spectral range
were performed using standard quartz-optic tech-
niques with equipment already described. ' A I'bS
cell, a Si photodetector, and an EMI 9556QB
photomultiplier were used for the spectral ranges
0.6-1.2, 1.2 —1.8, and 1.7-6.2 eV, respectively.
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The sample temperature for these measurements
was of the order of 10 K (liquid He cold finger).
The flux was nominally unpolarized. The mono-
chromator was calibrated with a Hg spectral line
source.

Measurements in the 5.5-27-eV spectral range
were performed using the high-energy photon
source of the Synchrotron Radiation Center of the
Physical Sciences Laboratory of the University of
Wisconsin. All measurements were performed at
a sample temperature of approximately 110 K
(liquid N, cold finger), using techniques and ap-
paratus that also have been described previous-
ly. '" " Predominantly p-polarized flux was re-
flected at a 60' angle of incidence to maximize"
the signal-to-noise ratio in this spectral region.

All spectra were measured using 103-Hz square-
wave modulation from a typical value of +0.3 V in
the forward direction to various reverse voltages
up to the breakdown limit at -1.8 V. The maximum
attainable surface field 5, at breakdown was cal-
culated from ND=1. 1x10"cm ' a,nd" fp 15.7 to
be 230 kV/cm. To check independently this value,
5, was also calculated from the Franz-Keldysch
oscillations observed at maximum modulation for
the Ep transition, using the asymptotic theory" to
evaluate kQ from the energies at which the oscil-
lations were tangent to their envelope. '" Using
the heavy-hole reduced mass p~ =0.041m„"whose
contribution to Schottky barrier ER dominates that
of the light hole unless separated explicitly, "'"we
calculate 8, =230 kV/cm. This value, in excellent
agreement with that calculated from the barrier
potential and ND, confirms the value of ND in the
barrier region and justifies the use of the barrier
equation to calculate the surface field for other
modulation levels.

Since the determination of the critical-point
energies was the main objective of this work, we
have not analyzed line shapes in detail. Due to the
relatively large doping, it was not possible to

achieve simultaneously the low-field limit and the
uniform-field condition for the Ep structure for any
value of surface field. " The E, transition clearly
exhibited a line-shape evolution" toward the uni-
form-field limit with increasing reverse bias, as
expected in the Schottky barrier configuration.
Modulation conditions for spectra for critical-
point energy analysis purposes were chosen to
favor the l.ow-field condition at the expense of field
uniformity.

III. RESULTS AND DISCUSSION

A. Ep, Fp + Dp transitions

ER spectra for the E, and E, +4p transitions,
taken with h, = 90 kV cm ' (+0.30-0.00-V modula-

50

GO Sb —10K
Cs=eokv cm '

SHOWN

x10

0

O

50— Eo+ h 0

i I i I i i i I I I I

10 1.5

E(ev)

FIG. 1. Schottky barrier ER spectrum of the Ep and
@p+ +p transitions of GaSb. The location of the anomal-
ous +

p
+ +p structure is indicated by the dashed line.

tion), are shown in Fig. 1. Energies of 0.822

+ 0.005 and 1.575+ 0.005 eV were determined for
the E, and E, +bp critical points, respectively,
and are indicated by lines in the figure. These en-
ergies were obtained by fitting to the experimental
curve over a limited energy range containing the
structure a theoretical low-field two-dimensional

Mp critical-point ER function"

~/E =Re[Ce' (E E~+-fI') ']+6,
where C, 0, E~, and I' are adjustable parameters
and the baseline b is chosen to account for zero
offset (if any). The curve-fit energy for E, was
corrected by adding the exciton rydberg of 2 meV
as calculated from the parameters of this materi-
al, " The fitting procedure is an extension of the
three-point method" that is better suited to digital
computation and provides better averaging by using
more of the line shape. The spin-orbit splitting
calculated from these data is ~p =753+ 5 meV.

These results are in essential agreement with
previous absorption" and stress-modulated mag-
netoreflectance" "data on P-type samples. The
most reliable values of the E, critical-point energy
and the spin-orbit splitting ~p are 0.8102 eV,"and
749 meV, " respectively. Our larger values can be
understood as arising from degeneracy effects.
Indeed, assuming an ideal parabolic band structure
with m,*= 0.042m„" and N~ = 1.1x 10" cm ', we
calculate E~ -E~ =19 meV. Our observed differ-
ence of 12 meV for E, is less, possibly for a num-
ber of reasons including carrier freezeout and ex-
change effects which depress the interband energy
separation with increasing impurity concentra-
tion. " The discrepancy between spin-orbit
splittings is less than 12 meV since it concerns



4452 D. E. ASPNES, C. G. OLSON, AND D. W. LYNCH 14

only the difference in energy between the spin-
orbit split I,"", valence band and the heavy-hole 1,
valence band. As in Qe," it appears that the light-
hole 1", band does not contribute substantially to
the total E, structure, as expected from density-
of-states considerations.

Two line-shape peculiarities in these structures
are worth mentioning: the significant difference
between the Eo and E, +60 line shapes, and the
appearance of an anomalous structure (weak in
Fig. 1) about 60 meV above E,+a, . This structure
is strongly dependent on the value of the voltage
for the positive half of the modulation cycle. The
main E, +~, structure has the general appearance
of aM, critical point, with small asymmetry cor-
rections" from the optical properties of the Ni
overlayer, field inhomogeneity effects, "and elec-
tron-hole correlation effects. " Since the transi-
tion type and the optical properties of GaSb and Ni
at the E, threshold are nominally the same, the
substantially different line shape for E, is at first
sight surprising. The difference is probably due
to the essential singularity of the light- and heavy-
hole valence bands for Eo, and more accurate line-
shape calculations" "for these singularities may
resolve this problem.

The anomalous structure in Eo+Qo is weak for
modulation from +0.30 V, but it dominates the
line shape for modulation from 0.00 V. It is seen
at no other critical point in GaSb. We believe that
it is related to a similar effect seen in InSb and
InAs by Bottka et al. ,

"which has been interpreted
tentatively in terms of band-population effects. ""

B. E&, E& + 6& transitions

The E, and E, +~, line shapes shown in Fig. 2

are quite similar to those obtained in Schottky bar-
rier ER measurements on other semiconductors. '"
We find by curve fitting the critical-point energies
2.195+0.010 and 2.625+0.010 eV for the E, and E,
+6 y critical points, respectively. The spin-orbit
splitting is 6, =430+ 10 meV. Stress measure-
ments"'" place these transitions along A or I. , in
agreement with similar materials; a line-shape
analysis of heterojunction ER spectra" shows that
M, critical points are responsible for the structures.
The A, value is about 15jo less than that predicted
by the simple two-thirds rule, "due to the influence
of neighboring bands. "

Our energy values show some differences with
respect to wavelength modulation results, "'"
which place the critical-point energies 30-90 meV
lower as a result of the greater uncertainty in

interpreting the features of the less-well-struc-
tured first-derivative line shapes. Spin-orbit-
splitting values of 445,"442,"and 438 meV, "
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FIG. 2. Schottky barrier ER spectrum of the E& and

E, + 6& transitions of GaSb.

calculated from the first-derivative results, are
closer to our value of 430+10 meV. The better
agreement for b, , is not surprising since inter-
pretational ambiguities are reduced for difference
calculations.

C. Eo triplet

The earliest interpretation of the weak Eo triplet
structures as originating at"'" I' was later ques-
tioned in GaSb in favor of a 6 assignment. "'" But
symmetry analysis"'" of the Eo features in Ge
identified the critical-point symmetry as I', and
this was confirmed later by accurate critical-point
energy measurements which showed for both Ge, '
and GaAs, ' an energy separation of the second and
third structures equal to the spin-orbit splitting of
the top of the valence band.

Our values for the three E', critical-point ener-
gies are 3.191~0.005, 3.404+ 0.010, and 4.160
+0.010 eV. These were obtained by curve fitting
to line shapes taken with g, = 90 kV cm ', which
are shown in Fig. 3. The energy obtained for the
highest-energy member is in principle less ac-
curately determined due to its overlap with the X
and E, structures, but this uncertainty was mini-
mized by calculating a second derivative of the ER
line shape (see Fig. 5 and associated discussion).
The calculated spin-orbit splittings are 6,' =213
+ 10 meV a.nd 60 =756+ 15 meV.

The spin-orbit splittings are in good agreement
with the values 216+ 5 and 745+ 5 meV obtained in
metal-oxide-semiconductor (MOS) measurements
on similar n-type GaSb by Parsons and Piller, "
although their critical-point energies are 30-40
meV low due to their (incorrect) assignment of the
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FIG. 3. Schottky barrier ER spectrum of the Eo triplet
of GaSb.

critical-point energy to the positive peak on the
ER spectrum. The observation of the valence-
band spin-orbit splitting value near 6, = 749 meV
for 6," confirms the assignment of I' symmetry for
GaSb. "'"'" We believe that our spin-orbit-split-
ting energies are more reliable than those of
Parsons and Piller because their values were ob-
tained from peaks alone, and consequently are in-
fluenced by changes in lifetime broadening, which
acts to spread the structures differently.

The near degeneracy of I. and 6 critical points
observed for.Eo in' GaAs appears to be missing in
GaSb, although the line shape for Eo+ho indicates
that some extra critical-point structure may be
present. But this is not surprising since both I',
and I ~8 are essential degeneracies.

As with QaAs, ' highly structured Schottky bar-
rier EH spectra are obtained for GaSb in the vi-
cinity of the F., peak. A typical spectrum obtained
at h, =90 kVcm ' is shown in Fig. 4. In order to
better resolve weak transitions appearing only as
shoulders of stronger transitions, a higher-field
ER syectrum (g, =240 kV cm ') was differentiated
numerically twice with respect to energy. The re-
sult is shown in Fig. b.

We consider first the dominant spectral features
seen in Fig. 4. The E,'+6,'+~," structure at 4.160
eV has already been discussed. The large feature
near 4.40 eV labeled E,(1),E,(2) is a common fea-
ture of these materials. But for GaSb, it appears
to be split into two components separated by an
energy diffexence of the order of 30-40 meV, ob-
tained by inspection of the anomalous width of the
lower-energy half of the line shape. This splitting
is too small to be ascribed to the spin-orbit inter-
action, and probably is a result of two critical
points lying very close in both energy and wave
vector. Further evidence for proximity follows
from the decrease in apparent splitting with in-
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FIG. 4. Schottky barrier ER spectrum of the E2 com-
plex of GaSh.
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FIG. 5. Second energy derivative of a higher-field
ER spectrum of the E2 complex of GaSb.

creasing field. ' Detailed energy-band calculations
for' Ge locate the critical point(s) giving rise to
the E, structure in Ge near (~, 4, —,'). A similar
location is probable for GaSb. The peak in reflec-
tance occux"s at 4.35 eV,"slightly lower in energy
than E,. The location and symmetry of the third
large transition, E,(3) at 4.72+ 0.05 eV in Fig. 4,
is not known.

Several weaker structures are evident in the

numerically differentiated spectrum of Fig. 5.
Similar transitions near E, in GaAs were identified
by polarization measurements on a {110jsurface
and by the observation of a doublet-doublet energy
sepRx'Rtlon Rs ox'lginRtlng from cl itlcal points neRr
X.' No obvious doublet-doublet pattern is expected
here because the calculated spin-orbit splitting of
the valence band, g, =X, -X, , is 0.24 eV,"about
the same as that expected for the antisymmetric
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potential splitting of X, and X, ." The X transi-
tions should therefore spread over a range of the
order of & eV.

Since all four X transitions should possess rea-
sonable and nearly equal oscillator strengths, it is
clear from Figs. 3-5 that the lowest X transition
g, -X,. ) must lie at least as high as 4.16 eV, the

energy of Ep+4g+4p since there is no evidence of
any critical-point structure below this or above
Ep +4p. a range of over 0.5 eV. For if X7 X
were to lie at or near E', +b, p at 3.5 eV, then at
least one of the remaining X transitions should
appear in the 3.55-4.05-eV range. This is not
observed.

Due to the presence of the E, transitions, there
is no obvious way to assign structures in the vi-
cinity of E, to the X quadruplet. For want of a
better choice, we assign the 4.26-eV structure in
Fig. 5 to X, -X, . Although a number of possibil-
ities exist for the remaining assignments, none
are particularly satisfactory because of unaccept-
able variations in apparent oscillator strength or
unrealistic energy separations. A further discus-
sion of the energies of the critical points at X,
with regard to core-level ER and x-ray photo-
emission (KPS) data" is given in Sec. IV.

z 10 meV, of the valence bands at A. This agree-
ment, which is also nearly exact in a-Sn, ~ has
been used to support a A - or L -symmetry origin
for these critical points. But band-structure cal-
culations" for GaP and GaAs, and the observation
of a substantial difference between these spin-orbit
splittings for Ge,"and other semiconductors, ""
has indicated that these critical points, if indeed
near A, are off the symmetry axis for many of
these materials. " This may not be the case for
Gasb.

Several weak structures also occur in the 5.1-
5.6-eV range. The two structures at o.3V and
5.46 eV are remarkable for their sharpness. It is
possible to correlate the 5.46-eV structure and the
dip at 5.9 eV with transitions to the I...band since
both are about 130 meV below the nominally E',
and E y +Q I trans itions and their strengths are in

proportion to the main structures. Therefore 130
meV becomes the spin-orbit splitting between L, ,
and I.~6, which is in good agreement with theory. "
But it is not clear why the oscillator strengths
should be so weak for the transitions terminating
on the I.4, band.

E. Eo' range

D. E& complex

By contrast to GaAs, ' the E
y complex lies in the

quartz-optics range. Typical spectra, taken at a
surface field of 90 kV cm ', are shown in Fig. 6.

The dominant features here include the main
peak with critical-point energy at 5.59+ 0.03 eV,
and the higher-energy component at 6.04+ 0.03 eV.
The energy separation of 450+30 meV is in good
agreement with the spin-orbit splitting, b, , =430

KR spectra in the vacuum uv spectral region
from 6 to 12 eV are shown in Fig. 7. The highest-
energy component of the E', complex in Fig. 6 ap-
pears at the far left and indicates the relative
magnitude of the remaining structures. These
spectra are considerably weaker than similar data
for GaAs and" GaP owing to the difficulty of ob-
taining high surface fields in GaSb, a consequence
of its relatively small band gap.

The only unambiguous structure in this range is
Eo' (I', —I',g with a critical-point energy of V.9
*0.1 eV, which can be identified by its line-shape
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FIG. 6. Schottky barrier ER spectrum of the E&' com-
plex of GaSb.

FIG. 7. Schottky barrier ER spectrum of the 6-12-eV
region of GaSb.
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similarity to the corresponding structure in GaP,
at 9.38+ 0.1 eV in that material. Thus the con-
duction-band d-like bonding levels lie substantially
lower in GaSb. The spin-orbit-split structure ex-
pected from I'~7 is absent, probably because of the
small density of states from the small spin-orbit-
split hole mass.

The remaining structures in this energy range
are relatively broad, and probably occur in re-
gions of low symmetry.

No structures were observed in the energy range
from 12 eV to the onset of core-level txansitions
near 20 eV. This was due to the facts that the
structure is broad even under the best of condi-
tions, and that the fields obtained even at maximum
possible modulation were relatively low.

GQSb -110K
G~=240kvcm '

-60

F. Core-level transitions

EH spectra for transitions between the Ga 3d
core levels and the sp' conduction band are shown
in Figs. 8 and 9. These data were obtained with a
spectral resolution of 150 meV. Figure 9 shows
in expanded form the critical-point structures be-
tween the spin-orbit-split j =-,' and j ==, core levels,
and the X, conduction-band relative minimum. No
evidence is seen for a critic31-point structure be-
tween the core levels and the I'~6 conduction-band
absolute minimum, but this is expected from ma-
trix element considerations. '0

In general, the core-level spectra of QaSb are
more highly structured than those of QaP and
GaAs, with more overlap between structures.
This is not surprising in view of the downshift of
the energies of all features of the sp' valence-con-
duction-band critical-point spectrum, which places
more local conduction-band extrema within the ex-

FIG. 9. Schottky barrier ER spectrum of the Ga 3d
-X& conduction-band critical points.

perimentally attainable energy range.
A detailed analysis of the Ga 34~-XC transitions

places the respective critical points at 19.82+ 0.05
and 20.2'7+ 0.05 eV, giving a spin-orbit splitting

az, =0.45+ 0.05 eV which agrees with that pre-
viously obtained for QaAs and GaP, 0 and also for
QaSe. ' The strong feature that appears 1.8 eV
above X, in both GaAs and GaP should be present
near 21.6 eV in Fig. 8, but it seems to be ex-
tremely weak or absent altogether. Some evidence
for the strong feature 3.0 eV above X, in GaAs and
QaP is seen at 22.V eV, or 2.9 eV above X, in

GaSb. The region of the conduction band giving
rise to the latter transition therefore will bear an
energy relationship to X, that is essentially in-
dependent of the potential of the anion.

IV. DISCUSSION

E (ev)

FIG. 8. Schottky barrier ER spectrum of transitions
from the Ga 3d core valence bands in GaSb.

The Schottky barrier ER spectra presented here
contain a number of critical-point structures not
previously observed. Some of these can be as-
signed, but others will require polarization mea-
surements and more accurate band-structure cal-
culations for their identification. To assist these
calculations, more accurate critical-point ener-
gies are obtained for all higher-interband transi-
tions for which positive identification can be made.

The band-structure calculation of Cahn and
Cohen, ' probably the best currently available for
GaSb, predicts a number of critical-point energies
that are given in Table I. The most serious dis-
crepancies occur over 4 eV. As Cahn and Cohen
point out' they were unable to remedy these dis-
crepancies without causing unacceptable modifica-
tions of the lower-energy band structure within
the local pseudopotential approximation, showing
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TABLE I. Energies of selected high-symmetry critical
points of GaSb. The experimental values are determined
fxom Schottky barrier EH data unless otherwise refer-
enced. The theoretical values are fxom a local pseudo-
potential band-structure calculation by Cahn and Cohen
(Bef. 8).

TABLE II. Spin-orbit splittings at selected high-sym-
metry critical points of GaSb. The experimental values
are determined from Schottky barrier ER data unless
otherwise referenced. The theoretical values are from
Wepfer, Collins, and Euwema (Ref. 13), calculated using
the Kohn-Sham-Gaspar exchange.

Transition

&~ (~6

&~+~i

(I v
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I C)

(rY, -r,c)

L c)

g Y ~c)
-r,')
(rY —rc8)

t+~s+glt (IV I C

)

E2(1) (i, 4, z) (~)

E2{2) (a, 4, 4) (~)

E2(3) (~)
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(~e -&4.5)
1 (~y ~C)

(~ 4,5-& 4, 5}
~ C)

Elk (IY Ic
(Ga 3dy 2

—X6)

(Ga 3d,g, -X, )

(I c6 X6 ) (indirect)

Exper iment

0.8102 eV

1.559

2.195+0.010

2.625+ 0.010

3.191~0.005

3.404+ 0.010

4.160+ 0.02

4.36 + 0.03

4.40 +0.03

4.72 + 0.05

4.25 +0.1
4.61 ~0.05

4.74 + 0.05

5.10 +0.03

5.20 +0.05

5.37 + 0.03

5.46 +0.02
5.59 + 0.03

5.90 + 0.07
6.04 + 0.03

6.9 + O.l
7.9 + 0.1

19.82 + 0.05

20.27 + 0,05

0.43 + 0.2

Theory

0.9 eV

2.43

0.48

Reference 8.
Reference 33.

c From Hef. 33 with 4o value fx'om Heine gt ak. , Bef. 34.

that it is not adequate for the description of GaSb.
Much better agreement is obtained with the spin-

orbit-splitting calculations of Wepfer et al." This
is not surprising since the spin-orbit splittings
depend more heavily on the atomic core potentials
and are less influenced by crystal-field effects.
Nevertheless, there are some discrepancies,
notably in 4, and in b, The splitting 40 213+ 10
meV is remarkably small, being close to the value
found in Ge (b.,' =200+ 3 meV)6 and in GaAs (b.,
=171+15 meV). ' This suggests that it is almost
entirely due to the spin-orbit splitting of the cation.

Spin-orbit spl itting Experimental. Theoretical.

ao (r'Y8 - r,')
&o (from Eo triplet)
~o «8 —I'6)
a, (X, SY-&4Y,)
D$ (from Zg transitions)
6) (X ~~-I 4c}

6o @6 -X7)Y Y

~" t() =-'. ) -(~ =-')l

749 meV
756+ 15
213+ 10
430+ 10
450~ 30 ('P)

130
{~)
450+ 50

260

140
240
460

Beference 13.
Reference 34.

It is interesting that the calculated spin-orbit split-
ting of the Ga 3d core state agrees almost exactly
with experiment.

Our lower limit of 4.25y0. 1 eV for the X", -X,
critical point can be used with the pressure de-
terrnination of the I', -X, separation, 0.315
+ 0.015 eV,"to place an upper limit on the energy
of X, . We note first that, although the pressure
measurements were performed at room tempera-
ture and relevant ER measurements performed
near liquid He temperature, the observed rigidity
of the valence bands with temperature" together
with the near equality of the temperature coeffi-
cients of" the Eo and" E, structures insures that
no essential difference occurs in the I'ci-Xc
splitting as the temperature is changed. Thus we
find X, must lie at least (4.25+ 0.1 eV) —(0.810 eV)
—(0.32 eV) =3.1+0.1 eV below I'av.

Structure assigned to X", (average of X, and X, )
has been observed in XPS measurements" at
-2.7 eV. Using the calculated spin-orbit splitting,
&,=0.24 eV,"we find that the XPS value of the

energy of X, relative to I', is -2.6 eV. Thus our
"best" value for X, lies 0.5 eV deeper than that
obtained from XPS data, which in turn agrees with
local pseudopotential predictions for most III-V
materials where calculations are available. But
we believe that our value should be in better agree-
ment with the results of nonlocal pseudoyotential
calculations, since one of the effects of the nonlo-
cal yseudopotential is to spread the total width of
the valence band. Specifically for Ge [the only ma-
terial for which published data for X, (or Xv) are
available], the nonlocal pseudopotential increases
the Xv4-I v separation from 2.4 to 3.2 eV. ' By
analogy, one may anticipate a lowering of X", ,
which should bring it into good agreement with the
ER results.
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Finally, we estimate the exciton binding energy
between the Ga 3d valence band and the X, rela-
tive minimum of the conduction band. XPS results
locate Ga 3d" at" -19.00~0.15 eV relative to I", .
Assuming the same relative shift between I', and

3d,~, as measured for GaP,"we convert this value
to low temperature by adding 0.02 eV. The j =~
level lies —,(0.45 eV) =0.18 eV above this. Our
measured Ga 3d,~,-X, separation of 19.82 eV
therefore locates the X, singularity (the core lev-
el n =1 exciton line in the case of a sizeable inter-
action) at 1.02+ 0.25 eV. The X, energy can also
be calculated by adding the E, gap at 110 K, 0.80
eV,"to the I', -X, splitting, 0.31 eV." We find

X, =1.11 eV. The difference, 90+250 meV, is

the exciton binding energy of the core level. This
is of the order of that previously measured for
GaP and GaAs. '
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