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atom. They are given by? (0.150 + 0.382cos6 + 0.324cos26)V24 which are to be
summed over neighbor pairs to each atom.

3. The Energies of the Structures

The total energy per atom contains four (electrons per atom) time§ the average
energy of the occupied states, -€p . To this we must add the overlap repulsion per atom,

r—l-V()(d) The first step is to minimize the energy for each structure with respect to the
3 .

i ar distance, d. )
mtemuc\l’\je do this first for the lowest-order form, Eq. (5), for €p and for. the su'flple
form Vo(d) = A/d* = A'V,2(d) . For any comp'ound, say GaAs, we ‘adju'st A ﬂt‘o
obtain the minimum energy at the observed spacing in the stable structure, in t'hxs ;ase 1e
tetrahedral structure. We note then, however, that for th.at valuei of A )t e.no}r;y
dependence of the total energy upon d is through the quantity n2\/2 ;ppearcllnfirlan 2
(5) and in the repulsion, nVo(d)/2. Thus the same va.lue o.f nV)* is o_ {é“;it x rther,
from which it follows that the equilibrium spacing varies with n as d=Cn¥%. Fu s
energy is obtained for all structures. )
ety '1113:1: "::;th sefx)xll disappointing at first, but it in f.act predicts cprre(ftly an 1}:{2;6:53
in spacing with coordination (and in fact an accurate ratio of the spacings “'lf'gr:f:ﬂl 2nd
diamond) and though the various terms 1n the tota! energy change significantly
coordination, the total energy is very nearly the same in dlfferer}t SUUCHUTES. ]

There are two immediate improvements to be made in our estm;ate. .Flgst, to
replace the simplest form of Vo bya more-accurate, and steeper, form.2 This av?;:
higher coordination, an effect which is easily seen to be sFronger, the ?argelt' air:‘:1 e
metallic and polar energies in Eq. (5). This againis qualitatively correct: ma crs s of
higher metallicity and higher polarity tend towards more closely packed smfcture . The
second improvement is to add the final term from Eq. (3).' That term al¥§ys %r:?riz:-es e
energy and tends to grow as n2 since it is a sumover nexghb‘or pairs. Thus1 a orslow
coordination and has a much stronger effect at small sPacmgs, such. as in carbon :
boron nitride. The quantitative comparison with experiment, and wnh more. accurade
calculations for the energy differences between structures, and for .ela§t1c rigidity, ma ei
in Ref. 2, are not very impressive, but it may be §igmf1cam t?\a( this 51mp1¢? arlld g.er}eraf
analysis does give the correct trends from material to material. The Phys}xc}z}i on.glr;ac(»:t
these trends has not been so apparent before, thoug.h‘careful calculations” have in ot
yielded reliable predictions of structures and of elasticity. Furthermore, the very gen
applicability of these forms is a feature worthy of exploring.

’;le\)fVer;n}?l:r:ison “Ejectronic Structure and the Properties of §olids", Fr(?eman (New Y.ork, 1P?h80),Rev 5
réprihle(li by Dove‘r (New York, 1988). New parameters were 1nlr'oduced in W. A. Harrison, y;.83 .
24, 5835 (1981) and the A/d4 overlap repulsion in W. A. Harrison, Phys. Rev. B 27, 3592 (1983).

2. W. A. Harrison, Phys. Rev. B41, 6008 (1990).

3. See, for example, M. T. Yin and M. L. Cohen, Phys. Rev. B26, 5668 (1982).
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LMTO AND EPM CALCULATIONS OF STRAINED VALENCE BANDS IN
GaAs AND InAs
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* Maz-Planck-Institut fir Festkérperforschung, Heisenbergstr. 1, D-7000 Stuttgart 80
** Institute of Physics, Aarhus University, DK-8000 Aarhus C
*** Universitdt Erlangen, Institut fir Technische Physik, D-8250 Erlangen

We study the influence of hydrostatic pressure and (001) tensile uniaxial strain
on the valence bands of GaAs and InAs along the ' X, (I'Z), and I'L directions
for magnitudes of strain similar to those commonly found in strained-layer
superlattices grown in the (001) direction.

Interest in strained semiconductors has been revived by the recent epitaxial growth of
strained-layer superlattices! and the fabrication of strain-confined quantum well wires. 2
For many applications, the knowledge of the deformation potentials at high-symmetry
points? is not sufficient, but their dispersion with respect to wave vector has to be known.
We have therefore calculated the dispersions of the three highest valence bands of InAs
and GaAs along the T'X, (T'Z), and T'L directions for a typical amount of stress using
the fully-relativistic linear muffin-tin orbitals (LMTO) method, based on the atomic-
sphere-approximation (ASA), which has been shown to give very accurate valence bands
and pressure coefficients.* We compare these results with bands calculated with local
empirical pseudopotentials®® (EPM) and find that the EPM gives a good qualitative
description of the shifts with pressure, whereas the actual magnitude of these shifts may
be off by up to 50%.

As an example, we discuss the case of Ing27Gag 73As layers grown by MBE on GaAs
substrates (i. e., lattice-mismatched) with thicknesses of 10 nm (thin) and 400 nm (ex-
ceeding the critical thickness), see Refs. 7 and 8. The lattice parameters of both layers
were analyzed using z-ray diffraction. The surface of the thick layer was found to be
strain-relaxed by misfit dislocations with a lattice constant of 5.762 A, whereas the thin
sample grew pseudomorphically on the GaAs substrate (5.653 A lattice constant) and
thus was tetragonally distorted in the direction of growth with a lattice constant equal to
5.837 A. This distortion corresponds to a hydrostatic compression of 0.83% along with a
tensile (001) strain contracting the lateral lattice constant by 1.07%. The results of the
z-ray diffraction are similar to what is expected from elasticity theory (0.64% hydrostatic
compression and 1.28% tensile strain, see Ref. 1). The valence band structures of both
layers along the growth direction (I'Z for the strained and T'X for the unstrained case)
were measured using angle-resolved photoemission”® (ARPES). Similar experiments were
performed on Ing;GaggAs by Hwang and co-workers, ® but with different results.

As band structures of alloys are difficult to calculate, we study the influence of pressure
and strain on the band structure of GaAs and InAs. We refer all energies to the valence
band maximum (VBM) at T, as neither LMTO nor ARPES can give well-defined absolute
energies. We call the highest and second highest valence band heavy hole- (v1) and light
hole-like (v2), regardless of their symmetry, and use the notation of Ref. 10. We discuss
three separate cases: (i) 0.83% hydrostatic compression only, (ii) 1.07% (001) tensile
strain only, and (iii) both 0.83% hydrostatic compression and 1.07% (001) tensile strain.
The comparison between the strained or compressed (solid lines) and unstrained bands
(dotted lines) for the three cases along the I'Z-direction (which is equal to I'X in the
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Table 1: Strained and unstrained energies of the three highest valence bands in GaAs at
high-symmetry points I, L, X, and Z.

GaAs unstrained 0.83% hydrost. compression

r X L r X L
vl 0.000 -2.821 -1.244 0.000 -2.914 —1.287
v2 0.000 -2.899 —1.462 0.000 -2.994 -1.509
v3 —-0.366 —6.915 -6.667 | —0.372 —6.996 -6.775
GaAs 1.07% tensile (001) strain strain 4+ compression

r Z X L r V4 X T
vl 0.000 -2.751 -2.963 -1.259 0.000 -2.824 -3.041 -1.291
v2 —0.104 -2.831 -3.044 -1.597) —0.106 -2.899 -3.118 -1.635
v3 —0.458 -7.146 —6.967 —6.758 | —0.461 —7.322 -7.140 _6‘9&

hydrostatic case) as calculated with the LMTO for GaAs is shown in Fig. 1. Table I gives
the calculated energies for GaAs at the high symmetry-points ', X, (Z), and L. Figure 2
contains the differences between the strained and unstrained bands as found from the
LMTO, whereas Fig. 3 shows the same for the EPM. It is obvious that LMTO and EPM
give consistent results, with the exception of the shifts of the split-off hole under uniaxial
strain. Similar calculations have been performed in other symmetry directions and also
for InAs, where the shifts where somewhat smaller than in GaAs (see Table II).

It can be seen that hydrostatic compression (i) shifts the two highest valence bands

in GaAs at X (Xs) down by 94 meV, whereas tensile (001) strain (ii) shifts them up by
69 meV at Z (parallel to the strain) and down by 140 meV at X (perpendicular to the
strain). These two effects almost cancel at Z (but not at X'), when both pressure and
strain are applied (iii). We also note the heavy hole-light hole splitting of 104 meV at
I under uniaxial strain (ii), corresponding to a deformation potential b=—1.5 eV. The

ot 1 O

thergy [eV]
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tiii)
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Gommo—-X Gamma-2 Gammo-Z

Figure 1: Band structures of strained (solid lines) and unstrained (dotted lines) GaAs for the
three cases: (i) hydrostratic, (ii) tensile uniaxial and (iii) both, calculated with the LMTO
method.
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Table 2: Deformation potentials a for the valence bands (relative to the VBM) of GaAs and
InAs at high symmetry points. At X and L, a = Z4 + %Eu-

state 1 T7(v3) Xq(v1) Xo(v2) Xo(v3) Las(vl) Le(92) Le(v3

GaAs | -0.24 -3.72 -3.80 -3.24 -1.86 -1.73 -—-4.32
InAs -0.12 -292 -292 -3.11 -1.38 -1.25 -3.89

spin-orbit splitting Ao increases by 6 meV under hydrostatic pressure (i), from which
we obtain d InAo/d InV = p(Ag)=-0.64, in agreement with experiments on Ge and
calculations for other materials.!® We note that the compressed and uncompressed split-
off bands (v3) cross twice along A. The split off hole shifts down by 81 meV at X3 under
hydrostatic pressure (i), resulting in a decrease of the gap between X3 and X¢ of 14 meV.
The gap at I' under uniaxial strain (ii) between v3 and the average of v1 and v2 increases
by 40 meV due to a quadratic effect in strain,!° the splitting between Z§ and Z¢ increases
by 300 meV. Under both strain and pressure (iii), this splitting changes even more (by
400 meV).

From these experiments, we expect to observe the following differences in the photo-
emission spectra of the strained and unstrained samples: The heavy and light hole bands
(which were not resolved in photoemission) should not change their energy positions
along A, but the shift of the split-off hole to lower energies by almost 400 meV should be
observed. This is in agreement with Ref. 7, but not with Ref. 9.

We would like to thank J. D. Riley and co-workers at La Trobe University, Bundoora,
Victora, Australia, for making their data available to us prior to publication and Jordi
Fraxedas for stimulating discussions and a critical reading of the manuscript.
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The vibrational properties of GayAl;_ . As alloys have been studied from first principles
using large supercells to simulate the disorder, and ab-initio interetomic force constants.
‘We calculate the one-phonon Raman cross section, and discuss the mechanisms responsible
for the asymmetry of the lines. In agreement with recent experiments we find that the
dispersive character of phonons is not destroyed by disorder.

Despite the great technological interest of GagAl;.;As alloys, not much is known
about their vibrational properties. Due to the lack of homogeneous samples large enough
for neutron diffraction studies, all the available experimental information-relies on Ra-
man spectroscopy. The one-phonon Raman spectrum of this alloy consists of two well
separated main peaks (which correspond to the independent vibration of Al and Ga ions
(“two-mode alloy”), and which are close to the Raman peaks of the pure materials?),
and of some very weak structures in the acoustic region, interpreted as disorder-activated
longitudinal acoustic (DALA) modes. Alloying shifts and broadens the Raman peaks, also
affecting their lineshape which results somewhat asymmetric.1b: This asymmetry was ex-
plained as due to disorder-activated finite-q modes:'®* as phonon bands bend downward
in the pure materials, any activation of phonons with finite wavelength would result in
a tail on the low-frequency side of the Raman peaks. This idea was further pursued by
Parayanthal and Pollak? who suggested that the Raman line asymmetry could be ex-
plained within their “spatial correlation model”, where it is assumed that: i) finite-q
vibrations are activated by disorder in the alloy; i) Raman-active modes in the alloy are
localized with a correlation length $100A. The above interpretation has been rebutted by
recent Raman-scattering experiments from nonequilibrium LO phonons in GazAl;__As,
which indicate that “Raman-active LO phonons in ... Al Ga,... As have well defined mo-
menta and are coherent over [distances] greater than 700 A”.® This statement—which
strictly speaking only applies to zone-center Raman-active modes—suggests that a well
defined relation between frequency and wavevector for the alloy lattice vibrations could
exist all over the Brillouin zone (BZ), and that the band picture of phonons is not de-
stroyed by substitutional disorder. This picture is confirmed and extended by Raman
experiments on GayAl;..As/AlAs superlattices (SL’s):* Raman peaks corresponding to
phonons confined in the Ga, Al As region display a well defined dependence upon con-
finement order, thus indicating that the dispersive character of lattice vibrations persists
in the bulk alloy.

All the theoretical studies performed so far on the vibrational properties of semicon-
ductor alloys rely on phenomenological force constants, and on some kind of mean-field
approximation (ATA, CPA, ...) for treating disorder. Phenomenological force constants
have limited predictive power when used in the alloy, as they are usually fitted to some ob-
served properties of one of the two crystalline constituents, This is particularly true in the
case of Ga,Al;._,As because very little is known about the vibrational properties of pure
AlAs. Mean-field approximations, on the other hand, are not well suited for establishing
the dispersive character of phonons, as the quasiparticle picture is a built-in ingredient
of these approximations. The purpose of the present paper is to reexamine the mecha-
nisms responsible for the asymmetry of the Raman lines of Ga_Al;_,As, and to asses the
dispersive character of lattice vibrations, avoiding any unnecessary approximations. To
this end, we describe the effects of disorder using large supercells (SC’s) containing = 500
atoms, where the cationic sites are occupied at random by Ga or Al, and obtaining the
corresponding phonon frequencies and displacements by direct diagonalization of the SC
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