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Abstract. Using a method derived in a previous paper, information at g = 0 about the
pseudoatoms in the polar semiconductor GaAs is obtained from total-energy calculations, The
latter were carried out using the Kohn-Sham equations within the local density approximation.
We briefly review the method and the difficelties, particularly over the charges, of applying it to
polar semiconductors. The linear dependence of the equations for the parts of the pseudoatoms
at any given reciprocal latrice vector g is shown to arise because first-order terms can only
have three independent equations whereas point group symmetry in general gives rise to four
equations. The results suggest that the rigid ions are well-focalized and well-behaved functions
of position. Contour plots of the charge densities in the [110)-[001] plane are drawn. They
show that most of the changes take place around the As ion and at the bond charges. The
deformation takes place mainly at the bond charges and shows a charge transfer between the
bond charges themselves; it also smooths out, very slightly, effects caused by the movement of
the rigid ions.

1. Introduction

The change in the eiectronic charge density to first order in the ionic displacements when a
phonon is present in a crystal is an important quantity (Ball and Srivastava 1992, hereafter
referred o as I). It can be described in terms of density response functions, and in a more
physical way in terms of pseudoatoms (Ball 1975) or their near equivalent, quasi-ions (Falter
1988), .

In I we described how to get information about the pseudoatom from total-energy
calculations (TECs) in non-polar semiconductors such as germanium (Ge). In this paper we
aim to do the same for the polar semiconductor gallium arsenide (GaAs), and to compare
the results with those for Ge. In any material the change in the electronic charge density
caused by a phonon of wavevector g can be written

(1/2) 3" Y SR - filg +g)exp(~ig - Ry exp(i(g + 9) - 7) ¢))
s g

where 7 is the volume of the umit cell, 3R, is the disptacement of the ion at R, in the
unit cell and g is a reciprocal lattice vector. f;(k) is a vector field which we shall call the
displacement field for ions of type s.

In a polar semiconductor it is convenient to write (Ball 1977)

Fslg+9) = felg+ )+ Fulg + 9} @
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where the first term takes into account the effects of the effective charges Zt™:

filg+ 9= —ix(g+ 9. 99 Z:F6Rv(g) (3)

where x is the electron density response function and v{q) is the Coulomb potential. The
second term in (2) can be written

Frlg + @) = —il{g + @) ps(q + g) + b(q + 9} ®i

which defines the pseudoatom, with o being the rigid ion part and b being the deformation:
b(k) is perpendicular to k. The way we have split f;(¢ + g) into the two parts, fi and
Jsu, has two consequences: the electronic pseudoatom, when taken in conjunction with its
associated ion, is neutral, and its charge density is an analytic function. It is possible to
split f:(q -+ g) in different ways, for example by incorporating part of fi.(@) into f.(q),
and thus have a charged pseudoatom-plus-ion but then care must be taken to ensure the
analyticity of the resulting fs (g -+ g) so that the resulting pseudoatom can be transformed
into a real space function.

As in I, we shall be using TECs to derive the Fourier components of the electronic charge
density. Our aim is to learn about all the terms in the displacement field g == 0. This requires
knowledge of the effects of both longitudinal and transverse phonons. Unfortunately as yet it
has only been possible to calculate the changes in charge density due to transverse phonons;
because of the long-range Coulombic effects, calculation of the effect of longitudinal
phonons in GaAs has not yet proved possible. This means that we are only able to calculate
the pseudoatom, ie. Ffn(g), as fi.(g) is zero for transverse phonons. The results are
nevertheless of interest as they reveal similarities and differences between GaAs and Ge.

2. Procedure

Our zim then is to calculate p%(g), 0p*(g), b%(g), b (g)} using the Fourier components
of the electronic charge density from TECs, These calculations were made for the
unperturbed crystal and for the crystal with 2 ¢ = 0 transverse phonon. For the
distorted crystal we considered displacements in the [111] direction, as in I, with RC =
+0.005a(1, 1, 1), £0.01a(l, 1, 1) and 8R* = F0.0052(1, 1, 1), F0.01a(l, 1, 1), a
being the cubic lattice constant of GaAs.

The procedure outlined in I was used to eliminate, to an acceptable approximation, the
anharmonic effects from the TEC results.

As there is no inversion symmetry in GaAs, there is no particularly convenient place for
the origin of the unit cell. The position of this origin however has no effect on the Fourier
components of the pseudoatoms as these always take their origin at their own ion.

The pseudoatorn have both real and imaginary parts. The TECs, after the anharmonic
effects have been removed, give the real and imaginary parts of

(=if7) Y 8RS {(20°(9) + bS(g)] exp(~ig - R®)

+ 3R} 2.0 (g} + BL ()] exp(—ig - RM)) (5)

f Piease note that the factor —i was missing in equation (2) of I.
1 The superscripts refer to the different types of jon: G for gallium and A for arsenic.
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where the subscript « stands for the x, y or z component.
Translational symmetry (Ball 1975) requires

bS(g) exp(—ig - R%) + b} (g) exp(—ig - R*) =0 6

so that the magnitude of the two pseudoatoms’ deformations (at g = 0) are equal, and half
the magnitude of the total deformation for these displacements.

Point group symmetry is also important. As we pointed out in I, point group symmetry
ensures that, for a general value of g, e.g. (2r/a)(5, 3, 1], the terms (5) for either the reat
or imaginary parts fall into four sets. Applying equation (15) of I, we see that only three
of these can be independent, because R has only three independent components. Thus
the four sets are linearly dependent, as is bome out approximately by the TEC results. To
ensure exact obedience to this linear dependence requirement, we modified the TEC results
in the way described in L

We thus obtain, for a general value of g like the above, three equations from the TECs
of the distorted crystal and one equation from the perfect crystal, for each of the real
and imaginary parts. There are also the two (real and imaginary) orthogonality equations
for the deformation. There are sixteen unknowns, four for the rigid ions and twelve for
the deformation. Six of the latter can be replaced because of the translational invariance
condition (6). Thus the number of simultaneous equations equals the number of unknowns.

3. The total-energy calculations

In order to calculate the total energy of undistorted and distorted GaAs we used a plane-
wave pseudopotential method within the local density approximation (Hohenberg and Kohn
1964, Kohn and Sham 1965). Norm-conserving pseudopotentials for Ga®* and As®* ions
were taken from Bachelet er af (1982). Within the local density approximation, the many-
body electron—electron exchange and correlation interactions were considered by using the
scheme of Ceperley and Alder (1980), as parametrized by Perdew and Zunger (1981).
Well-converged self-consistent solutions to the Kohn—Sham equations were obtained by
truncating the plane-wave set for the pseudowavefunction expansion at the kinetic energy
cut-off, 18 Ryd.

For the undistorted GaAs crystal the Brillouin zone summation, required for a self-
consistent solution of the Kohn—Sham equations, was performed by using two special
k points within the irreducible segment of the zone (Chadi and Cohen 1973). Total
energy results for six different cell volumes were fitted to the Murnaghan equation of
state (Murnaghan 1944). The resulting equilibrium lattice constant, bulk modulus and
pressure derivative of the bulk modulus were determined to be @ = 5.531 (5.653) A,
By = 0.730 (0.747) Mbar, and B, = 4.34 (4.67), in good agreement with other ab
initio theoretical calculations (Kunc and Martin 1981, Froyen and Cohen 1983) and with
experimentally measured results (given in parentheses) (Landolt-Bdrnstein 1982). The
Kohn-Sham equations were once again solved self-consistently at the equilibrinm lattice
constant and the electronic charge density coefficients thus caiculated.

As mentioned in section 2, for the TO(I") mode of atomic vibrations the basis atom Ga
and As were displaced along [111], thus either stretching the Ga-As bond or compressing
it. Such a distortion leaves the translational symmetry of the crystal unaltered, but reduces
the point group symmetry from Ty to Csy. For this reduced symmetry the Brillowin zone
summation was performed by using a set of five special & points (Yin and Cohen 1982).
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For the distorted crystal, the total energy and the electronic charge density coefficients were
once again calculated at the equilibrium lattice constant.

Writing E(SR) as the harmonic part of the total energy of the crystal with the atomic
displacements mentioned above, the frequency of the ‘frozen phonon’ in the TO(I") mode
was obtained from the relation

W [MC(SR) + MA(BR))/2=E@BR#0)— E(6R =0). )

Our calculated value of v = @/2x is 8.28 THz, which agrees extremely well with the
theoretical value reported earlier {Kunc and Martin 1981, Kunc 1985) and is within about

1% of the low-temperature experimental measurement of 8.19 THz (Dolling and Waugh
1965).

4. Resuits

The calculated values of the pseudoatom gquantities are given in table 1§. We note that o
and pf are smooth decreasing functions of ||g{, as is p;?‘. This suggests that it should
be possible to construct a simple analytical model of the rigid ion in real space in these
crystals. Moreover the model shouild be fairly well localized and because the imaginary
parts of p(g) are small, the rigid ions do not deviate from spherical symmetry by a large
amount.

In figure 1 the electronic charge density in the [1 10} plane for the equilibrium lattice is
shown. This clearly shows the extra charge around the As ion, while there is a diminution
of charge in other regions and around the Ga ion. There are two signs of the existence of
bond charges: firstly, the charge distribution around the As ion is elongated towards the Ga
ion; secondly, as can be seen in figure 2, there is & lobe of maximum charge density along
the Ga—As bond, shifted somewhat towards the As ion.

sity in the {110] plane for the equi-
librium lattice in GaAs. The units are
clectrons per unit cell volume, The

0. ST ————— ] Gaionisat —(1, 1, 1)/8 and the As
-0.2 0.0 0.2 0.4 0.6 0.8 1.¢ 1.21.3 ion at (1, I, 1)/8.

\G L Figure 1. The electronic charge den-

1 There was an error in table 2 of L The results for (3, 3, 1) should read:
~0.11364 ~0.036 57 -0.03636 —0.03636 0.21814.

These results make p(g) a smooth function of g, whereas previously there seemed to be an anomaly at (3, 3, 1)
in Ge,
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Table 1. Fourier components of the pseudoatom for Ga and As in GaAs. The results are in
units of electronic charge, except those marked* which are in units of 10~2. (Where there is no
entry, the result is zero.)

g %9 pr(g) 4 b by
{(111)  Re -0.66449 —182809 — — —

Im -003795 012355 — — -
(002) Re -—044348 -—124900 — — —
(022) Re 003772 —005655 -~ — -

Im 0.0 0.0 162496 0.0 0.0
(113)  Re 013009 018804 038303 038303 -—0.25535

Im ~003282 007794 066333  0.66333 -044222
(222) Re 013640 020308 — - -

Im -008367 018009 — — —
©04) Re 013706 026700 — — —
(33) Re 007358 021004 000381 000381 —0.02284

Im 002727 004471 -001192 -0.01192  0.07153
©024) Re 007626 021384 0.0 ~034634 017317

m 00 0.0 005982 0.0 0.0
(224)  Re 004150 016119 004041 004041 —0.04041

im -001179 002681 — — —
(333) Re 002794 013001 — - —_-

Im  —000661 002529 — — —
(115  Re 003689 01388 -005027 -005027 002011

Im 000039 000574 —0.09734 ~—009734  0.03894
044) Re 00 0.0 — — —

Im 007677 001138 -017414 0.0 0.0
©06) Re 000695 006028 - — —
(135)  Re 000549 005984 007541 -—000304 —0.01326

Im 000098 000248 —-007487 003246  0.00450
442)  Re  0.00543 005400 —0009]5 -000915  0.03660

Im 000115 000625 000216 000216 —0.00863
(026) Re 000467 002770 00 003311 —0.01104

m 0.0 0.0 -0.10033 00 0.0
(335 Re -007553 18392 —00712 -00712 00805

Im  0.16683 025837 —0.7847 ~07847 09416
(226 Re -025213 15142 . 13234 13234  —0.8823

Im 021171 -000879 00474 00474 —0.0316
(444 Re —028177 025527 — — —

Im  -1.1731 14044  — — —
(551  Re -036755 —033003 03039 03036 30394

Im 006803 —001795 0.1827  0.1827 —18268
(117  Re —043373 —022363 20823 20823  —0.5949

Im 003697 007627 —-12130 —1.2130  0.3466
(046 Re -0.1480 —02008 0.0 09650  —0.6433

im 00 0.0 11113 00 0.0
(246 Re 03304 -08272 02729 02721 02724

Im  -0.0036 -00141 29429 14890 —1.9736
(553 Re 03382 09694 02890 -02890 09633

Im 00718 —01319 03029 03029 —10096
(731  Re 02836 —09132 -2.1647 53363 08950

Im 00387 -00040 —02551  0.6906 —0.2859

To try to understand the nature of the pseudoatoms, we have drawn some contour plots
of various electronic charge densities. These plots are illustrative, and so only involve the
results from the 15 smallest values of ||g||. Checks were made to see that the resulting
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Figure 3. The electronic rigid ion for
Ga. The units are electrons per unit
cell volume.

Figure 4. The electronic rigid ion
for As. The units are 10~" elestrons
per unit cell volume.

contour plots were qualitatively correct.

Figures 3, 4 and 5 show the rigid ions of the Ga, As and Ge pseudoatoms respectively,
for pseudoatoms situated at points separated by a lattice vector. It should be remembered
that the pseudoatom plus its associated ion is neutral in each case. Note that the pseudoatoms
are concentrated around their own ions—i.e. there is almost ro charge around the other ion
in the cell. This shows that the rigid ions are localized. The contours also show that they
are well-behaved entities. The effect of the bond charges is just about visible in all three
cases. It is also clear that the electronic rigid ion for As is much larger than for Ga, and
significantly larger than for Ge.
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Figure 5. The electronic rigid ion for
Ge (at —(1, 1, 1)/8). The units are
10~" electrons per unit cell volume,

Figure 6. The total change in the
electronic charge density when the
Ga ion moves (I, 1, 1)0,005¢ and
the As ion moves —(1. 1, 1)0.005a.
-0.6 ——— T ———T— T The units 10~? electrons per unit cell
-¢,2 0.0 0.2 0.4 0.6 0.8 1.0 1.21.3 volume.

Figure 6 demonstrates the first-order change in charge density when both ions move in
such a way that a compression of the bond occurs. A comparison should be made with
figure 4 of I, when the Ge ions move (causing a bond stretch, but as this is first order only,
only a change in sign occurs). In GaAs there is an overall larger change in charge density
with the changes occurring mainly on one ion (As) and the bond charge.

In figures 7, 8 and 9, the first-order changes in charge density when only the Ga, As
and Ge ions, respectively, move are presented. The changes when the As ions move are
a factor of seven times greater than the changes when the Ga ions move. An interesting
feature of these three plots is that there is almost no effect at the non-moving ions. This
means that any polarization effects are either non-existent or very small. This may not be
surprising in Ge but is a surprise in the polar semiconductor.

Figures 10 and 11 show the first-order change in charge density due to the rigid ion and
to the deformation part of the Ga pseudoatom respectively, when the Ga ion moves. Note
that figure 7 is the sum of figures 10 and 11. We can see that the effect of the deformation
is small in comparison with the effect of the rigid ion, Figure 11 should be compared with
the similar plot for Ge (i.e. figure 5 of L. In that plot however both ions moved and in such
a way that the bond stretched). In both cases the effects of the deformation are twofold:
they are mainly concentrated at the bond charges with a small effect at the ions. The effect
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Figure 7. The change in the
electronic charge density when the
Ga ion moves (1, 1, 150.005a. The
units are 10~ electrons per upit cell
volume.

Figure 8, The change in the elec-
tronic charge density when the As ion
moves —(1, 1, 1)0.0054. The units
are 10~2 electrons per unit cell vol-
ume,

Figure 9.  The change in the
electronic charge density when the
Ge ion moves (i, 1, 1)0.0054a. The
units are 10~2 electrons per unit cell
volume.

at the bond charge is an increase in the total bond charge when the bond is compressed. As
first-order effects are linear, there must be a decrease in the charge of the bond charge if the
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¢.5

c.3

[

-1

-0,3- Figure 10. The change in the
electronic charge density due to the
Ga rigid ion when the Ga ion

-0.54 moves (1, 1, 1)0.005z. The units

-0.5 — . . — are 1072 electrons per unit cell

-0.2 . . . . . . volume.

bond length is increased. Simple arithmetic shows that the total decrease in the other bond
charges around any particular ion exactly cancels the increase in the original bond charge;
i.e. deformation causes charge transfer between the bond charges around an ion.

f ¥

Figure 11. The change in the
electronic charge density due 1o the
deformation part of the Ga pseu-
- doatom when the Ga ion moves
R — . . . —— {1, 1, 1)0.005a, The units are
-0.2 0.0 0.2 0.4 @.5 0.8 1.0 1.21.3 10~ electrons per unit cell volume,

The deformation at the ions look as if it smooths out the rigid movement of the rigid
ion by a small amount.

The plots may be able to tell us something about the phenomenological models which
have been used to explain the phonon spectra of Ge and GaAs. Qur results suggest
that a suitable model would include a localized rigid ion giving rise to short-range forces
(probably only first-and second-nearest-neighbour forces) and charge transfer between the
bond charges. Although it is unreasonable, even dangerous, to make deductions about
phenomenological models for lattice dynamics on the basis of only the TO(T") calculations
presented in this work, our finding of no perceptible polarization effects indicates that a
bond-charge model, particularly if it incorporated charge transfer between the bond charges,
would be more suitable than the shell mode! (Cochran 1959) which assumes the concept of
polarizable ions. The better physical appeal of the bond-charge model was also established
in a previous study of phonons in Ge (Srivastava and Kunc 1988). However we have not
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been able to ascertain whether there is any non-rigid movement of the bond charges in
GaAs as is required by the movable bond-charge model of Weber (1977).

To summarize, we have performed total energy calculations for the Fourier components
of the charge density in GaAs for the unperturbed lattice and for the lattice perturbed by a
transverse phonon at g = 0. From these we have calculated the pseudoatom components.
The behaviour is similar to that in Ge except that there is more change at the As ion. We
have established that deformation causes charge transfer between the bond charges around
an ion and smooths out very slightly the movement of the rigid ion. The rigid ions are
fairly well localized and reasonable functions of position.
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