VoLUME 32, NUMBER 12

PHYSICAL REVIEW LETTERS

25 MARCH 1974

be published.
’D. Pines, Elementary Excitations in Solids (Benja-
min, New York, 1964), p. 127.

SR. Haensel et al., Phys. Status Solidi (a) 2, 85 (1970).

N. Swanson and C. J. Powell, Phys. Rev. 167, 592
(1968).

ST. Sagawa et al., J. Phys. Soc. Jap. 21, 2602 (1966).

fC. Gahwiller and F. C. Brown, Phys. Rev. B 2, 1918
(1970).

'See, for example, G. D. Mahan, Phys. Rev. 163, 612
(1967); P. Noziéres, Phys. Rev. 178, 1097 (1969);
J. Dow, Phys. Rev. Lett. 31, 1132 (1973).

8L. Hedin and S. Lundquist, Solid State Physics, edit-
ed by H. Ehrenreich, F. Seitz, and D. Turnbull (Aca-
demic, New York, 1969), Vol. 23, p. 1.

°E. Merzbacher, Quantum Mechanics (Wiley, New

York, 1961), pp. 192-197.

07, Shiraiwa, T. Ishimura, and M. Sawada, J. Phys.
Soc. Jap. 13, 847 (1958).

Up. E. sayers, E. A. Stern, and F. W. Lytle, Phys.
Rev. Lett. 27, 1204 (1971).

g J. McGuire, Sandia Laboratories Research Re-
port No. SC-RR-721, 1970 (unpublished).

3Note added in manuscript: This corresponds to a
mean free path of about 3 A which is entirely consis-
tent with low-energy electron-diffraction data (C. B.
Duke, private communication). The physical situation
treated here is analogous to low-energy electron dif-
fraction except that the source of electrons is within
the substance rather than being an external beam.

Yc. Kittel, Introduction to Solid State Physics (Wiley,
New York, 1968), 3rd ed., p. 316.

Electronic Structure of GaAst

James R. Chelikowsky* and Marvin L. Cohen
Department of Physics, University of California, Bevkeley, California 94720, and
Inorganic Materials Reseavch Division, Lawrence Bevkeley Labovatory, Bevkeley, California 94720
(Received 10 December 1973)

Using a nonlocal pseudopotential, including spin-orbit interactions, we have calculated
a band structure for GaAs which is in excellent agreement with electroreflectance, wave-
length-modulation, and photoemission experimental results. As in a calculation by Pan-
dey and Phillips, an order of magnitude in accuracy has been gained over existing band
structures; the largest discrepancy with Schottky-barrier electroreflectance measure-
ments is less than 0.08 eV. The E, conflict is resolved in favor of Aspnes’s interpreta-

tion.

The nonlocal pseudopotential approach has
yielded what we believe to be the most accurate
band structure for GaAs to date.! In fact, as a
result of the extensive experimental studies on
this compound, this band structure may be the
most accurate band structure, over a large ener-
gy range, available for any material. The larg-
est discrepancy between the experimental criti-
cal-point energies as determined by the Schottky-
barrier electroreflectance of Aspnes and Studna?
and as calculated by our nonlocal pseudopotential
scheme is less than 0.08 eV. Further, we are
able to achieve comparable agreement with the
derivative reflectivity spectrum from wavelength-
modulation measurements, and the electronic
density of states as measured by photoemission
experiments. This represents nearly an order-
of-magnitude improvement over previous band-
structure calculations. We are also able to con-
firm the existence of the critical points of A sym-
metry appearing in the E; structure, which lie
about 10% of the way from T to X, in agreement
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with the proposed assignment of Aspnes and Stud-
na.? Spin-orbit interactions are found to be of
prime importance in the formation of these cri-
tical points.

The band structure was calculated using the
empirical pseudopotential method (EPM) which
has been discussed extensively elsewhere.® Since
this method requires experimental information
as input to fix the form factors, the recent ex-
perimental advances in electroreflectance tech-
niques, in particular those developed by Aspnes,®*
and high-resolution photoemission spectroscopy®
have proven to be quite valuable. According to
Aspnes and Studna their electroreflectance mea-
surements on GaAs have resulted in an order-of-
magnitude improvement in the resolution and ac-
curacy in the determination of critical-point en-
ergies as compared to previous spectroscopic
work.? In addition, the advent of high-resolution
photoemission spectroscopy has supplied us with
detailed information on the lowest-lying valence
bands in semiconductors. This information, in



VOLUME 32, NUMBER 12

PHYSICAL REVIEW LETTERS

25 MARCH 1974

turn, has indicated the necessity of nonlocal cor-
rections to the usual local-pseudopotential cal-
culations.®” It is these two experimental areas
of advancement, then, which have made an ex-
tremely accurate band structure possible.

In our calculation we have taken an atomic
pseudopotential of the form

Vy )=V, (r)+ A, exp(-r*/R*)®,, 1)

where V,(r) is the usual local pseudopotential,
and ®, projects out the /=2 angular-momentum
component. This nonlocal pseudopotential is
quite similar to the one used recently by us for
Ge.®

The crystal potential is then taken to be a sum

TABLE I. Comparison of theoretical and experimen-
tal critical-point energies (in eV) for GaAs.

Experiment Theory

Transition Reflectivity Criticald Non-local Local® opw9

Structure DPoint EPM EPM
E  r’-r° 1.522 1.52 1.51 152 1.34
(o) 8 6
v_.. ¢ A 1 ap
E+A 1% 1.86 1.86 1.86 1.87 1.66
o "o 7 [
v, C c q 2 04 o 89
E; Lyg-Lg 3.02 3.04 .03 2.82  2.62
Ep+8; Lg-Lg %, 25° 3.25 3.25 3.05  2.82
E(r) r.-r° -- 4.49 4.54 4.80 4.12
o 8 7 :
E '+0 ' 10-r° - 4.66 4.7 1.92  4.30
o o] 8 8
At ' v c a
R P -- £.01 5.05 5.98  4.82
E'0) a0 1.44° 4.53 4.54 4.38 -
. 5 -0 . . . .3
' ' V_aC 4© 4 5 -
E4a)(8) 8,0, 4.64 4.7 4.70 4.55
b 5.11° 5.14 5.07 4.88 -
x7"-x6c - 4.94 4.92 4.40  4.33
-~ v C
B, Xg'-Xg -- 5.01 5.01 4.49  4.52
x7"-x7c 5.64° 5.34 5.28 4.87 4.58
Vox© 5,42 3 7%
X6 X,7 5.42 5.38 4.78  4.87
Photoemission
ups® xps!
qu-Flbv 0.840.2  1.4:0.3 1.31 0.85 1.08
min v p . qQa
Zl 3 4.1£C.2 4.4+0.2 4.23 .35 --
Xav‘rwv 6.940.2  7.1:0.2  £.38 8.23  8.4%
X -ry 10.0£0.2 10.740.3  9.37  10.00 10.%4
r,'-r, v 12.920.5 13.8:0.4  12.56 12.10 12.44
4See Ref. 13. ®See Ref. 15.
bSee Ref. 14. fSee Ref. 16.
CSee Ref. 11. €See Ref. 12.
d5ee Ref. 2.

of these atomic pseudopotentials, and the local
part can be expressed in terms of symmetric and
antisymmetric pseudopotential form factors.®

For this calculation the symmetric form factors
were given by V5(3)=-0.214, V5(8)=0.014, V5(11)
=0.067 Ry, and the antisymmetric form factors
by V4(3)=0.055, V4(4)=0.038, V4(11)=0.001 Ry.
The nonlocal well depths were taken to be A,(Ga)
=0.25 and A,(As)=1.25 Ry. The parameter R in
(1) is not of crucial importance in determining
the band structure,” and since it is computational-
ly simpler, we have constrained it to be equal to
the radius used in Ge® for both the Ga and As
contributions. Spin-orbit interactions were in-
cluded in our calculation in a method similar to
the one used by Saravia and Brust in Ge.®°

In Table I we compare our calculated critical-
point energies to the experimental results of
Schottky-barrier electroreflectance, wavelength
modulation, and photoemission. We also com-
pare our results to two of the most accurate re-
cent band calculations which have also included
spin-orbit interactions. As can be noted, a vast
improvement over the previous calculations has
been obtained. The local EPM gives topological-
ly incorrect results® for critical points, and it
yields significant errors when compared to pho-
toemission data. The orthogonalized-plane-wave
(OPW) calculation results in better valence ener-
gies, but it does not yield accurate optical-tran-
sition energies. Since a typical discrepancy be-
tween the local EPM or OPW theoretical results
and the experimental values is on the order of
0.5 eV, and a typical nonlocal EPM error is on
the order 0.05 eV, we have obtained an order-
of-magnitude improvement.

Once the band structure has been obtained, the
imaginary part of the dielectric function can be
calculated, and by using the Kramers-Kronig
dispersion relations, the reflectivity can be ob-
tained. In Fig. 1 the experimental and theoreti-
cal modulated reflectivity is given for GaAs. It
is impressive that third-derivative electrore-
flectance, which gives accurate critical-point
energies, yields an accurate first-derivative
spectrum via band-structure analysis.

By examining the energy gradients and dipole
matrix elements throughout the Brillouin zone,
it is possible to determine the origin of structure
in the imaginary part of the dielectric function.
In such a manner we have analyzed the contribu-
tions to the E/ reflectivity structure. This struc-
ture has been the subject of some discussion.?*°
Rehn and Kyser, using transverse electroreflec-
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FIG. 1. Comparison of theoretical (solid line) and
experimental (dashed line) modulated reflectivity for
GaAs. The experimental results are from Ref. 11.
For A, B, C, see text.

tance, observed only a A symmetry for this struc-
ture.!® They attributed the structure to derive
from the pseudocrossing of the A, conduction
bands. However, Aspnes and Studna have pointed
out that this interpretation conflicts with band-
structure calculations where some I' symmetry
structure is predicted.? Further, they proposed
that the A symmetry structure arises from a
pair of M, critical points approximately {5 of the
way from I' to X. Our calculations agree with
the Aspnes-Studna interpretation., We, indeed,
find two M, critical points along A at between 5
and 10% of the way from I' to X, as indicated in
Fig. 2. It is these points, along with contribu-
tions from I', which cause the structure at 4.5
eV (B) and 4.7 eV (C) in our derivative spectrum
(Fig. 1). We have also found, by calculating the
band structure with and without spin-orbit inter-
actions, that these interactions are crucial in al-
tering the band shape near I' and producing the
critical points.

Aspnes and Studna also noted the possibility of
the pseudocrossing producing some very weak
structure at 4.4 eV in the electroreflectance da-
ta.? This also agrees with our results. The
dashed line in Fig. 2 indicates an M, critical-
point position near the pseudocrossing. This M,
critical point produces the weak structure near
4.4 eV (A) in Fig. 1. It should be noted, however,
that there exists a companion M, critical point
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FIG. 2. Calculated band structure for GaAs near I'
showing the critical-point location for the E| structure.
Also indicated (dashed line) is an M, critical point re-
sulting from the pseudocrossing of the Ag conduction
bands.

due to the spin-orbit splitting of the A, valence
band. Since this companion occurs at about 0.1
eV higher energy, it is nearly degenerate with
the £, structure from I' and A at 4.5 eV. In our
calculated derivative spectrum it is masked by
the stronger M, critical points, and this may al-
so be the case in the electroreflectance measure-
ments.
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published), have independently derived a similar band
structure for GaAs (without spin-orbit coupling) along
the principal symmetry directions.
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A new technique for determining spin sequences and mixing ratios has been used to in-
vestigate the ground state band of 12Pd. This new method is based on the observation of
coincidences at only one angle rather than measuring a complete angular correlation.
The results show that the unusual spin sequence previously proposed for the ground state

band of 1°2Pd is not correct.

In a recent Letter,! “forking” in the ground-
state band of °Pd was reported. The proposed
spin sequence, which is fundamental to the de-
scription of the band, was established on the ba-
sis of angular -distrvibution measurements of the
¥ rays following (HI, xn) reactions. In the present
work the results of directional correlation obser -
vations on the °2Pd j rays using a new and sim-
ple method of data analysis are presented show-
ing that the proposed spin assignments are incor-
rect.

The interpretation of y-angular-distribution
measurements following (HI, xn) reactions is often
difficult because of 3 transitions unresolved from
the one of interest. This difficulty may be avoid-
ed by observing the directional correlation of two
v rays that are emitted in coincidence from
oriented nuclear states populated in (HI, xn) re-
actions (directional correlation from oriented
nuclei, DCO). The measurement of a complete
directional correlation is unattractive in view of
the large accelerator time required. However,

the DCO-ratio method proposed by Krane, Stef-
fen, and Wheeler? is a practical and powerful
method for the determination of multipole -mixing
ratios of v transitions and spin sequences.

The DCO-ratio method uses the coincidence
rates W(A(y,), B(3,)) of two » rays 7, and y, that
are emitted from an oriented ensemble of nuclei
and are observed by two detectors A and B, re-
spectively. The detectors are fixed at asymmet-
vic directions with respect to the orientation
axis of the ensemble (e.g., beam direction). If
the role of the two detectors is reversed the
coincidence rate W(A(y,), B(},)) is observed and
the ratio R(A, B)=W(A(n), B(%:))/W(A(y,), B(1))
of the two coincidence rates provides an observ-
able that is very sensitive to the multipole mixing
of, and to the spin changes involved in, the y
transitions. Many DCO ratios R(4, B) can be
simultaneously and accurately measured with
modern computer-based electronics.

For “monotonic stretched” cascades (i.e., cas-
cades with Al/=const and L=1A/l) the DCO ratio

677



