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We have used Raman spectroscopy to study the lattice-constant dependence of the optical-phonon fre-
quencies in AlAs and GaAs. From these studies, we deduce the dynamical effective charge for AlAs to

be ef=2.20+0.01—(5.8+0.1)(—Aa /a,).

For GaAs we find a dynamical
ef =2.181+0.01—(4.8+0.7)(—Aa /ay)—(28116)(—Aa /ay ).

effective charge

First-principles calculations, recently

confirmed by experiment, indicate that the interatomic force constants (related to the second derivative
of the interatomic potential) are virtually identical for GaAs and AlAs. The results reported in this pa-
per indicate that higher-order derivatives of the interatomic potential are also remarkably similar for

these two materials.

I. INTRODUCTION

GaAs, AlAs, and their alloys are the preferred system
for heterostructure fabrication. Their near lattice match
allows structures to be fabricated with minimal epitaxial
stress. The tunability of the band gap in the alloys can be
used to grow quantum-well systems with variable barrier
heights. The similarity of the lattice constants in GaAs
and AlAs indicate that the interatomic potentials of the
two materials have their minima at about the same atom-
ic separation. This is reflected in the calculated valence
charge densities, which are almost indistinguishable.1 Ad-
ditional striking similarities between the interatomic po-
tentials of GaAs and AlAs have been discovered in recent
first-principles calculations of phonons. These studies in-
dicate that the interatomic force constant matrices for
GaAs and AlAs are very similar,? so that from the point
of view of lattice dynamics the GaAs-AlAs heterostruc-
ture is virtually reduced to a mass perturbation problem.
This result has very important practical implications,
since it allows a first-principles determination of the pho-
non properties of disordered Al,Ga,_,As systems.® We
have recently been able to confirm the remarkable simi-
larity of the GaAs and AlAs force constants by perform-
ing second-order Raman scattering on AlAs and compar-
ing the second-order Raman spectra with the first-
principles density of states.* Similar results have been
found5 in a study performed concurrently by Wagner
et al.

Since the value of the lattice constant is related to the
first derivative of the potential-energy function for the
lattice, and the force constants correspond to the second
derivatives, it is interesting to compare the similarities of
higher-order potential derivatives for GaAs and AlAs.
These higher-order terms represent anharmonic effects,
such as the lattice-constant dependence of the mode fre-
quencies. In this paper, we report studies of the pressure
dependence of the longitudinal-optic (LO) and
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transverse-optic (TO) phonon frequencies in AlAs and
GaAs which indeed show the lattice-compression depen-
dence of the effective charge, as well as the short-range
contribution to the interatomic force constants, to be
very similar.®

Since its advent several decades ago, the diamond-anvil
cell has become a common tool in experimental high-
pressure physics. Together with the ruby fluorescence
manometer,’ it provides an environment of known high
hydrostatic pressure. Application of Raman scattering to
semiconductor solids under hydrostatic pressure has been
widespread.® Studies in which the mode Griineisen pa-
rameter ¥ and Born’s dynamic transverse effective charge
er are obtained from the longitudinal-optic (LO) and
transverse-optic (TO) phonons have been completed for
many semiconductor materials. Works known to the au-
thors are for Si and GaP;’ GaAs;!° ZnS, ZnSe, and
ZnTe'! InP;'"? SiC;"® AIN, BN, and BP;* and GaSb,
InAs, and InSb."> In a recent paper, Venkateswaran
et al. have determined the pressure dependence of the
LO and TO modes in GaAs and AlAs.'¢

II. EXPERIMENT

Raman-scattering experiments were performed on
AlAs grown by molecular-beam epitaxy (MBE). The
sample was grown by depositing 0.5 um of AlAs on the
(001) face of a GaAs substrate. The AlAs layer was
capped with a 40-A layer of GaAs to inhibit oxidation.
The experimental data for GaAs is obtained from the
GaAs substrate of the AlAs sample. In this way the rela-
tive error in the pressure measurements between the two
samples is minimized. A study by Cui et al. has shown
that, for optical phonons in samples of these characteris-
tics, the pressure dependence of the layers is indistin-
guishable from the bulk response.!” Experiments were
conducted at hydrostatic pressures ranging from 1 bar to
148 kbar. Pressure was applied by the use of a diamond-
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anvil cell with argon as the pressure-transmitting medi-
um. The pressure was determined from the shifts of the
ruby fluorescence lines.” The Raman spectra were ob-
tained in the backscattering configuration using the
514.5-nm (2.41-eV) line of an argon-ion laser. The scat-
tered light was dispersed by a Spex double monochroma-
tor, and collected using a Spex charge-coupled device
multichannel detector. All spectra were taken at room
temperature.

III. RESULTS

The Raman spectra of AlAs at various pressures is
shown in Fig. 1. [Note, the one-bar spectra was obtained
with the sample outside of the diamond-anvil cell in the
backscattering configuration off of the (001) face. In this
configuration, TO-Raman scattering is forbidden. The
remaining spectra were taken inside the diamond-anvil
cell where the orientation of the sample is undetermined,
i.e., not necessarily backscattering off of the (001) face.
This accounts for the observation of TO-Raman scatter-
ing in these spectra.] As shown by the figure, as the pres-
sure increases, the LO- and TO-phonon peaks shift to
higher frequencies. This effect has been seen in other
semiconductors.’ !> A structural phase transition was
observed to occur at approximately 123 kbar, in agree-
ment with Weinstein et al. and Martin,'® as well as the
recent works of Venkateswaran et al.'® and Greene
et al.'® The LO- and TO-peak positions are plotted as a
function of pressure in both Figs. 1 (linearly in pressure
on the right vertical scale) and 2 (nonlinearly in pressure
on the top horizontal scale.) These peak positions can be
accurately fit quadratically in pressure by
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FIG. 1. The backscattering Raman spectra of AlAs is plotted
for several pressures. All spectra taken at room temperature us-
ing A, =514.5 nm. Optical-phonon peak positions as a function
of pressure are indicated by “-+.” The quadratic fits of optical-
phonon peak positions are given in Eq. (1).
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FIG. 2. LO- and TO-phonon peak positions are plotted
linearly against fractional change in lattice constant and non-
linearly in pressure. The curves that passed through data are
the quadratic fits in (—Aa /a,) of Eq. (3).

w1 o=402.910.3+(0.49+0.02)P
—(0.0006+0.0002)P? ,

w1o=2360.3+0.3+(0.53+0.01)P
—(0.0006+0.0001)P? ,

with frequency in cm ! and pressure in kbar. The pres-
sure dependence of these modes agrees well with the pre-
vious work by Venkateswaran et al. The fitted
coefficients for the LO-phonon pressure dependence are
within error of those determined by Venkateswaran
et al., whereas in the case of the TO-mode dependence
the linear and quadratic coefficients have a somewhat
different relative weight.!® The experimental pressures
are converted to lattice constant compression,
(—Aa/a,), (a being lattice constant at pressure with the
zero-pressure lattice constant a,=5.66 A for AlAs), us-
ing Murnaghan’s equation?

3B

0
%o —1l, @)

a

where B, is the bulk modulus and B its derivative with
respect to pressure. The values of B, and B used are
770 kbar (Refs. 19 and 21) and 5 (Ref. 19), respectively.
In Fig. 2 the LO- and TO-peak positions are plotted
linearly against fractional lattice compression,
(—Aa/ay), and nonlinearly against pressure. In the case
of most semiconductors, w; g and wgg versus (—Aa /a,)
fall within the experimental error of a straight line.* 1213
However, in the case of AlAs, the data can be fit slightly
better by a quadratic fit. This is also found to be the case
for GaAs.”?2 The LO- and TO-peak positions fit quadrati-
cally in (—Aa /a,) are
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in cm ™. The curves of Eq. (3) are plotted with the data
in Fig. 2. As can be seen from the figure, the LO-TO
splitting decreases with increasing lattice compression.
This decrease has been observed in most zinc-blende-type
materials.”~!* The LO-TO splitting is plotted against
(—Aa /a,) and pressure in Fig. 3, and is fit quadratically
in (—Aa/a,) by

G)Lo_wT0=42.6j:0.l+(90:t10) _%
0
A 2
—(400+300) |— 22 | | @)
ao

incm™ .
IV. DISCUSSION

The Griineisen parameter, defined as ¥ =9 Inw /9 InQ
where (Q is the volume of the unit cell, was found for the
I" point [k=(0,0,0)] optic modes using the linear term of
the quadratic fits in Eq. (3). The parameters obtained are
y(LOr)=0.941+0.05 and y(TOr)=1.141+0.04. The LO-
mode Griineisen parameter is within error of that found
by Venkateswaran et al.,'® while that of the TO phonon
is somewhat larger due to the difference in the fitted pa-
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FIG. 3. The splitting of LO- and TO-phonon modes is plot-
ted linearly against fractional change in lattice constant and
nonlinearly against pressure. The curve that passed through
points is the quadratic fit in (—Aa /a,) of Eq. (4).
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rameters for the TO-phonon frequencies mentioned ear-
lier. If one wishes to predict phonon energies, it is better
to generate the Griineisen parameters from a linear fit of
the optic frequencies in (—Aa /ay);

0r0=402.0+0.5+(1280+20) [— 22 | |
Qo
5)
_ Aa
w10=359.440.6+(1390+20) [— 22
ao

The Griineisen parameters obtained from these linear fits
are y(LOp)=1.0610.02, and y(TO)=1.2910.02.

In order to relate the LO-TO splitting to microscopic
theory, we calculate Born’s transverse effective charge
e}, using?

e;z =
4
in atomic units. Here Q is the volume of the unit cell, u
is the reduced mass (1/u=1/M,+1/M,), and €, is
the infrared dielectric constant. The room pressure value
of £, is taken to be 8.16.2* Since there is no experimental
data available for the volume dependence of €, for AlAs,
we assume the GaAs (Ref. 25) dependence of
d In€e, /d Ina ~3 following the justification of Ref. 12.
The resultant e7 as a function of (—Aa /a,) is shown in
Fig. 4. As can be seen from the figure, e decreases with
increasing lattice compression. This effect is similar to
that for other III-V and II-VI compounds.’” '*'* (For a
discussion of the dependence of ef on lattice compres-
sion, see Ref. 14.) The dependence of e on (—Aa /a,) is
fit very well by the linear function

€00 0— ko) , (6)

Aa

ef(AlAs)=2.20£0.01—(5.8+0.1) | — =
0

) Q)]

in cm™!. This function is plotted as the solid line in Fig.
4,
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FIG. 4. The experimental lattice-compression dependence of
Born’s transverse effective charge for AlAs (GaAs) is plotted as
circles (triangles). The linear and quadratic fits of Egs. (7) and
(8) are plotted as the solid and dotted lines, respectively. Also
plotted is the quadratic fit of Trommer et al. for GaAs [Eq. (9)]
(Ref. 12).
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For GaAs, we calculate the lattice compression [Eq.
(2)] and the transverse effective charge [Eq. (6)] using the
parameters B, =750 kbar,2! B{=4.67,% dIne, /d Ina
~3,% and room pressure e,=10.9.27 The mode
Griineisen parameters obtained from the linear fits to the
phonon frequency dependence on lattice compression are
y(LOp)=1.15+0.02, and y(TOp)=1.3410.03. These
values are in reasonably good agreement with previous re-
sults.”® The calculated experimental e} are represented
by triangles in Fig. 4. These points are best fit by the
quadratic function

eX(GaAs)=2.1840.01 —(4.8£0.7) _%g
0
.._A 2
—(28+16) 21, (8)
ao

in atomic units. This function is plotted as the dashed
line in Fig. 4. Also plotted in Fig. 4 as the dot-dashed
line is the quadratic fit for GaAs of Trommer et al.,?

2
_Aa _Aa ©)

ag ag

e2(GaAs)=2.18—4.4 —88

in atomic units. Note that although these two fits differ
somewhat, the zero-pressure values and the direction of
curvature are the same.

Upon inspection of Fig. 4, several observations can be
made. First, the zero-pressure values for the transverse
effective charge of GaAs and AlAs are separated by less
than 1%. (The values of the transverse effective charge
for III-V and II-VI semiconductors tabulated in Ref. 25
have a standard deviation of 0.33 or 14%.) Second, al-
though the dependence for AlAs is more linear than that
of GaAs, the difference between their transverse effective
charges remains small for all values of the lattice con-
stant. (Slopes of the linear fit for the dependence of the
effective charge on lattice compression range from ap-
proximately —1 to — 10 for III-V materials.)

The similarity of the long-range interaction (effective
charge) together with that of the mode Griineisen param-
eters implies that the short-range components of the in-
teratomic potential for GaAs and AlAs should also be
similar. An explicit comparison of the short-range terms
is made in Fig. 5. We calculate the short-range contribu-
tion pw3y to the interatomic force constants using?’

potg=0lo— Hoio—0to) , (10)

where, again, u is the reduced mass. Clearly, AlAs and
GaAs have a very similar lattice-compression dependence
of the short-range force constants that determine the
optical-phonon frequencies.

To establish the link between the experimental trans-
verse effective charge of AlAs and theory, we use two
classic models for the dependence of e; on lattice
compression. The first is a semiempirical model of the
tetrahedral bond: the bond-orbital model (BOM).* In
this model Born’s transverse effective charge is given by

ef=—AZ+2q,—ta}, (1
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FIG. 5. The lattice-compression dependence of the short-
range contribution to the interatomic force constants for AlAs
(circles) and GaAs (inverted triangles) is plotted. Note the
strong similarity for these compounds.

where AZ is one-half the difference in core charge be-
tween the anion and cation (AZ =1 in atomic units for
all III-V materials), and a, is the polarity or ionicity pa-
rameter for the bond defined by Harrison and Ciraci.*!
The parameter a, can be expressed>’

ERVAZENZN
Here V, is the sp> hybrid covalent energy gap and V; is
the polar energy.*° In the BOM, the dependence of ¥, on

a (12)
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FIG. 6. Born’s transverse effective charge, calculated using
Eq. (6), is plotted linearly against fractional change in lattice
constant and nonlinearly against pressure. The line that passed
through points is the linear fit in (—Aa/ay) of Eq. (7). The
theoretical transverse effective charge calculated by the bond-
orbital model and the empirical pseudopotential model are indi-
cated by the dashed and dot-dashed lines, respectively. Both
theoretical calculations have been multiplied by a factor in or-
der to give the experimental zero-pressure values of Born’s
transverse effective charge.
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(—Aa /a,) is taken to be proportional to a ~2, while V; is
taken to be independent of a. The zero-pressure values of
the gap parameters for AlAs used are V=2.79 eV and
V3=1.53 eV.* In Fig. 6, the AlAs transverse effective
charge experimental data (circles) and linear fit (solid
line) are plotted along with the result of the BOM calcu-
lation (dashed line).

The second model we use to calculate the dependence
of e on (—Aa/ay) is the empirical pseudopotential
model (EPM).!21532.33 We follow the method outlined in
Refs. 12 and 15, where only the pseudopotential form fac-
tors for two reciprocal-lattice vectors are used in the cal-
culation of ef. The two reciprocal-lattice vectors are
G(111) and G(220), and their pseudopotential form fac-
tors are represented by v, (3) and v,(8), respectively
(a=1 for cation, a=2 for anion). In this simplified ver-
sion of the EPM the transverse effective charge is given
by

v 4(8)+2vg(3)v ,(3)/E,

t=_—AZ—4
r vs(8)+ {+2(3)+ 4 (3)} /E,

) (13)

where, again, AZ is one-half the difference in core
charges and

ve=1(vi+v,),

v =1vi—v,), (14)
27 ?
E ,=1 =

For zero pressure, we take the atomic pseudopotential
form factors of Andreoni and Car, which are fit to empir-
ical results.* The lattice-constant dependence for the
transverse charge was obtained using the model pseudo-
potential
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cos(G-R,)
v(G)=—TZ . (15)
Géeg Q

Here G =2w/a, € is the dielectric function, Q is the
volume of the unit cell, and R, is the core radius. The
values for the core radius taken for this calculation are
R (A)=1.15 a.u. and R (As)=0.96 a.u.*® The dielectric
function is slowly varying in G. Therefore, its contribu-
tion to the lattice-compression dependence is neglected.
The pressure dependence of the transverse effective
charge thus calculated is shown in Fig. 6 by the dot-
dashed line.

In Fig. 6 the dependence of ef on lattice compression
calculated using the EPM (BOM) is shown to be larger
(smaller) than that observed experimentally. This effect is
found for most III-V compounds.”'>!5 (Exceptions are
the larger band-gap materials BN, BP, and AIN. See Ref.
14.)

V. CONCLUSIONS

We have measured the lattice-compression dependence
of Born’s transverse effective charge and the short-range
contribution to the interatomic potential for GaAs and
AlAs. The lattice-constant dependence of these proper-
ties are seen to have strong similarities for these materi-
als. This demonstrates that the similarity of GaAs and
AlAs can be seen in not only the first (lattice constants)
and second (force constants) derivatives of the potential-
energy function, but also in higher-order derivatives.
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