
1734 W. A. Harrison 

atom. They are given by2 (0.150 + 0.382cosa + 0.324cos2a)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) times the average 

energy of the occupied states, -Eb . To this we must add the overlap repulsion per atom,

� Vo(d). The first step is to minimize the energy for each structure with respect to the 

internuclear distance, d . 
We do this first for the lowest-order form, Eq. (5), for Eb and for the simple 

form Vo(d) = A/d4 = A'V22(d) . For any compound, say GaAs, we adjust A' to

obtain the minimum energy at the observed spacing in the stable structure, in this case the 

tetrahedral structure. We note then, however, that for that value of A' , the only 

dependence of the total energy upon d is through the quantity nV22 appearing in Eq. 

(5) and in the repulsion, nVo(d)/2 . Thus the same value of nV22 is obtained for all n, 

from which it follows that the equilibrium spacing varies with n as d = Cn1l4 • Further, 

exactly the same energy is obtained for all structures. 

This might seem disappointing at first, but it in fact predicts correctly an increase 

in spacing with coordination (and in fact an accurate ratio of the spacings in graphite and

diamond) and though the various terms in the total energy change significantly with

coordination, the total energy is very nearly the same in different structures. 

There are two immediate improvements to be made in our estimate. First, to

replace the simplest form of Vo by a more accurate, and steeper, form.2 This favors 

higher coordination, an effect which is easily seen to be stronger, the larger are the 

metallic and polar energies in Eq. (5). This again is qual itatively correct: materials of

higher metallicity and higher polarity tend towards more closely packed structures. The

second improvement is to add the final term from Eq. (3). That term always increases the

energy and tends to grow as n2 since it is a sum over neighbor pairs. Thus it favors low

coordination and has a much stronger effect at small spacings, such as in carbon or

boron nitride. The quantitative comparison with experiment, and with more accurate 

calculations for the energy differences between structures, and for elastic rigidity, made 

in Ref. 2, are not very impressive, but it may be significant that this simple and general 

analysis does give the correct trends from material to material. The physical origin of 

these trends has not been so apparent before, though careful calculations3 have in fact 

yielded reliable predictions of structures and of elasticity. Furthermore, the very general 

applicability of these forms is a feature worthy of exploring. 
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We study the influence of hydrostatic pressure and (001) tensile uniaxial strain 
on the valence bands of GaAs and InAs along the r X, (r Z), and r 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 superlattices1 and the fabrication of strain-confined quantum well wires. 2 

For many applications, the knowledge of the deformation potentials at high-symmetry 
points3 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 r X, (f Z), and r L directions for a typical amount of stress using 
the f ully-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.4 We compare these results with bands calculated with local 
empirical pseudopotentials5•6 (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 Ino.21Gao_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 x-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 
x-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 (r Z for the strained and r X for the unstrained case) 
were measured using angle-resolved photoemission7

•
8 (ARPES). Similar experiments were 

performed on Ino.2Gao.8As by Hwang and co-workers, 9 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 r, as neither LMTO nor ARP ES can give well-defined absolute 
energies. We call the highest and second highest valence band heavy hole- (vl) 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. 
T.he comparison between the strained or compressed (solid lines) and unstrained bands 
(dotted lines) for the three cases along the rZ-direction (which is equal to rx in the 
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Table 1: Strained and unstrained energies of the three highest valence bands in GaAs at 
high-symmetry points r, L, X, and Z.

0.83% hydrost. compression GaAs unstrained 
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 + compression 
r z X L r z X L 

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 -6.910 

hydrostatic case) as calculated with the LMTO for GaAs is shown in Fig. L Table I gives 
the calculated energies for GaAs at the high symmetry-points r, 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 
r under uniaxial strain (ii), corresponding to a deformation potential b=-1.5 eV. The 
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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 
lnAs at high symmetry points. At X and L, a = 3d + ½=u• 

state f1(v3) X1(vl) X6(v2) X5(v3) L4,s(vl) L5(v2) Ls(v3) 
GaAs -0.24 -3.72 -3.80 -3.24 -1.86 -1.73 -4.32 
InAs -0.12 -2.92 -2.92 -3.11 -1.38 -1.25 -3.89 

spin-orbit splitting �o increases by 6 meV under hydrostatic pressure (i), from which 
we obtain d ln�0/d ln V = p(�o)=-0.64, in agreement with experiments on Ge and 
calculations for other materials.10 We note that the compressed and uncompressed split
off bands (v3) cross twice along �- 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 X5 of 14 meV. 
The gap at r under uniaxial strain (ii) between v3 and the average of vl and v2 increases 
by 40 meV due to a quadratic effect in strain,10 the splitting between Z3 and Z5 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 �. 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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