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In this paper we report measurements of the effects of large static uniaxial stress along
[001], [111j, and [110]on the frequency of the k=0 optical phonons in Ge, GaAs, GaSb, InAs,
and ZnSe using first-order Raman scattering. In the absence of stress, the first-order Stokes-
Raman spectrum of diamond-type materials exhibits a single peak which corresponds to the
k= 0 triply degenerate optical phonons (E& or I'2z ) while the zinc-blende materials exhibit two

peaks, corresponding to the k= 0 LO and TO phonons. The application of the uniaxial stress
causes polarization-dependent splittings and/or shifts which are linear in the stress. From
these observed splittings and shifts we have obtained experimental values for the phenomeno-
logical coefficients (p, q, g) which describe the changes in the "spring constant" of these opti-
cal phonons with strain. Comparison of the experimental values is made with several theore-
tical considerations based on bond-stretching and bond-bending interactions between atoms.
The shift due to the hydrostatic component of the strain yields a value for the mode-Griineisen
parameter, which is compared with the results of hydrostatic-pressure measurements. For
the zinc-blende-type materials, the doubly degenerate TO-phonon line exhibits both a splitting
and shift with stress, while only a shift is observed for the singlet LO-phonon line. In the
case of the III-V compounds, one of the split TO lines has a stress dependence equal to that of
the LO-phonon line, while this is not the case for the group II-VI material (ZnSe) we have in-
vestigated. This latter result is interpreted in terms of the stress dependence of the effective
charge.

I. INTRODUCTION

During the past few years studies of the effects
of uniaxial stress on the optical properties of solids
have proven to be extremely useful in understanding
the origins of the optical spectra. ' Although con-
siderable work has been done on the effects of un-
iaxial stress on the optical properties associated
with electronic energy bands, only recently has
work been done in the area of vibrational levels.
Anastassakis et a/. have measured uniaxial stress
effects on the k =0 optical phonons in Si, Harker
et al. have investigated the stress dependence of
the A, modes in quartz, and Burke et a/. have
studied stress effects on the lowest two Baman-
active modes in SrTi03. In this paper we report
measurements on the effects of large static uniaxial
stress along [001], [111], and [110]on the frequency
of the k =0 opticalphononsinGe, GaAs, GaSb, InAs,
and ZnSe using first-order Baman scattering. ~ In the
absence of stress, the first-order Stokes-Baman
spectrum of diamond-type materials exhibits a
single peak which corresponds to the k =0 triply
degenerate optical phonons (F& or I"z,, ), while the
zinc-blende materials exhibit two peaks, corre-
sponding to the k =0 I 0 and TO phonons. The ap-
plication of uniaxial stress causes splittings and/or
shifts which are linear in the stress. From these
observed splittings, the coefficients (P, q, x), which
describe the changes in the "spring constant" of
the k =0 optical phonons with strain, are obtained.

Comparison of the experimental values is made
with several theoretical considerations based on
bond-stretching and bond-bending interactions be-
tween atoms. ~' The shift due to the hydrostatic
component of the strain yields a value for the mode-
Gruneisen parameter, which is compared with the
results of hydrostatic-pressure measurements. "'3

For the zinc-blende-type materials the nonde-
generate LO-phonon line exhibits a shift while both
a splitting and a shift is observed for the doubly de-
generate TO-phonon line. In the case of the III-V
compounds one of the split TO lines has a stress
dependence equal to that of the LO-phonon line
while this is not the case for the group II-VI ma-
terial (Znse) we have investigated. This latter re-
sult is interpreted in terms of the stress dependence
of the effective charge. '

II. EXPERIMENTAL DETAILS

The samples used in this experiment were aligned
by x-ray diffraction to + 1' and cut into parallelepi-
peds of dimensions approximately 20&2&&2 mm.
After cutting, the sample faces (20&&2 mm) were
mechanically polished, chemically etched (CP-4
for the Ge and a dilute solution of bromine in meth-
anol for the zinc-blende-type materials)' and
mounted in a stress apparatus which has been ex-
tensively described in the literature. ' All samples
had room-temperature carrier concentrations of
less than 10'6 cm 3. Measurements were made at
room temperature in the backscattering configura-

580



STRESS-INDUCED SHI FTS. . .

tion using the 4879. 9-A line of a —,
' -W argon-ion

laser [Coherent Radiation, model No. 54]. A

Jarrell-Ash 1-m double monochromator, with de-
tection by photon counting, was used. The wave-
lengths of the phonon-shifted lines were determined
by comparison with several reference lines of a
neon low-pressure lamp. The stress axis was per-
pendicular to the plane defined by the incident and
scattered radiation. The scattering surface was
nearly parallel to the entrance slit while the laser
beam was kept at an angle of about 30 with the
normal to that surface. The sample orientations
used are designated as x'y'z' ([110], [110], [001]),
x"y"z" ([112], [110], [111])and x"'y"'z"'
([110], [001], [110]). In all cases the stress was
applied to the appropriately designated z axis while
the incident and backscattered radiation were along
the x axis. For Ge all three orientations were
studied, while for the zinc-blende-type materials
only the former two were investigated.

III. EXPERIMENTAL RESULTS

In the absence of strain the k = 0 optical phonons
in a diamond-type material are triply degenerate
(F& or I'~5. symmetry) due to the cubic symmetry
of the crystal. The application of a uniaxial stress
removes this cubic symmetry and hence splits the
triplet. In addition there is a shift due to the
hydrostatic component of the stress.

In the presence of a strain the dynamical equa-
tions for the k =0 triply degenerate optical modes

in diamond-type crystals, to terms linear in the
strain, has the forms

BlQg = 2 K(gory
k

(0)
K&; Q&+~ -- —

g& Qk
kim e&im

where u, is the ith component of the relative dis-
placement of the two atoms in the unit cell; m is
the reduced mass of the two atoms; K&0&'=meso is
the effective spring constant of the I 2, modes in
the absence of strain;

(1) (1)
&~ =& ki &i =&~k i& i

is the change in spring constant due to an applied
strain c, ; and i, k, l, and m designate x or y or
z. From thermodynamic and symmetry consider-
ations it can be shown that for a cubic crystal there
are only three independent components of the tensor
Z"), namely,

(1) (1) (1 )&1111=&2222= +8883™&
(1) (1) (1)

+1122 +2288 +1133

(1) (1)
1212 +2823

From Eq. (1) and the above considerations one
obtains the following secular equation whose solu-
tions yield the frequencies of the optical phonons
in the presence of strain:

Pe„„+q(e„, + e„)—&

2'VE„~

2f f„g

2&&xy

&&yy + q(4c+ &xx)

27'Eye

2JÃ„g

27'&yg

P&cc+q(& x+&yy)

=—0

where X= Qz —~0 and Q = ~0+ X/2&so is the strain-
dependent frequency of the optical phonons. The
secular equation is referred to the crystallographic
axes, x = [100], y = [010], and z = [001]. Diagonaliza-
tion of Eq. (2) yields the set of three eigenvectors
of the optical phonons in the presence of strain.

For uniaxial stress parallel to either the [001] or
Llll] directions the threefold degeneracy of the
k =0 optical phonons is split into a singlet (Q, ) with
eigenvector parallel to the stress and a doublet
(Q~) with eigenvectors perpendicular to the stress.
There is also a shift (aQ„) due to the hydrostatic
component of the applied stress. For these two
stress directions one finds

Q, =(do+ AQ„+ —, b,Q,
1Q„=no+ EQ~ —3 DA,

where ~0 is the frequency of the k =0 optical phonons

in the absence of stress and

nQ„= (x/6(uo)(p+ 2q)(s„+2s„), (5)

(x/2~, )(p- q)(s„-s„), xll [ool]
EQ= Q~ —Q„= (sa)

(x/2(u, )rs44, XII [111].
(5b)

In the above equations X is the applied stress and

S,z are elastic compliance constants referred to
the cubic axes.

Since the strain-induced changes in the Baman
tensor are relatively small the scattering is, to a
good approximation, determined by the first-order
Raman scattering tensor of the crystal. In the fol-
lowing discussion we shall use the notation of
Loudon [Ez, (x), F+,(y), and F&(z)] for the Raman
tensor. In transforming the Raman tensor to the
singly primed axes one finds that the singlet mode
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FIG. 1. First-order Stokes-Raman spectrum of Ge

for stress X=O and 12.9X109 dyncm along the [111]
direction with incident and backscattered radiation along
[112]. The entries in parenthesis designate the polariza-
tion direction of the incident and scattered radiation.
The zero-stress spectrum peak occurs at 300. 0 cm 1.

[Ea, (z )] is observed for the (J., i) polarization con-
figuration, whereas one of the doublet modes
[E@,(y')] is observed, with the same intensity, for
the (tt, J.) configuration. Similarly, on transforming
to the double primed coordinate axes it is found
that the singletmode[E2 (g )] is observed for (II, II)

whereas one of the doublet modes [E&(y )] is ob-
served for (tl, i), with one-fourth the intensity of
the singlet.

Shown in Fig. 1 the first-order Stokes-Baman
spectrum of Ge corresponding to scattering from
the k=0 optical phonons for stress X=O and
12.9&&10 dyn cm ~ along the [111]direction with
the incident and backscattered radiation along [112].
The zero-stress spectrum was measured in the
(tl, II) configuration. Application of the uniaxial
stress causes the peak to split into two components,
the singlet (0,) being observed for the (II, II) polari-
zation configuration while the doublet (0, ) is seen
withthe (It, J.) configuration. The data of Fig. 1 show

that for compressive stress along [111], nA = 0, —O~

is positive. The intensities of the singlet and
doublet peaks in Fig. 1 are approximately in the
ratio of 4:1, as expected from the first-order
selection rules discussed above. Similar results
have been obtained in the case of compressive stress
along [001], except that the sign of aQ is found to
be negative.

Curves of Q, and Q„as a function of uniaxial
stress along [111]and [001] for Ge are shown in

Fig. 2. The solid and dashed lines represent a
linear least-square fit of the data. Using these
curves, the elastic compliance constants listed in
Table I and Eqs. (3)-(6b) we have obtained the
values of (p —p)/2uP0, x/uPO, and y = —(p+ 2q)/6+0
listed in Table II. The parameter y is the mode-
Gruneisen parameter and co0 is the frequency of
the zero-stress line. Also listed in Table II are
the values of these parameters for Si taken from
Ref. 2.

For uniaxial stress parallel to [110]the situa-
tion is more complex since the application of the
uniaxial stress splits the triply degenerate phonons
into three components. For this stress direction
Eq. (2) yields

Q, =~0+ ~Q„--,' ~Q (001)

Q =co +AQ ++bQ' '+ —AQ'

Q =~ +~Q +-'~Q""' —-'~Q'"" .3 0 H 6 2

(Va)

(vb)

(Vc)

With our geometry it is only possible to observe
two (0, or Q~) of the above modes. Observation of
the Q3 mode would be possible by scattering on a
face perpendicular to the stress axis. For All [110]
and a [110]face, the configuration (II, II) gives the
Q, mode, while (~~, i) gives the O~ mode. The
(J., i) configuration is forbidden. For a [001] face
both (II, II ) and (I, J.) give the fl, mode, the (II, J.)
configuration being forbidden. It is thus possible

TABLE I. Room-temperature elastic compliance con-
stants {in units of 10 dyn cm ) for the materials in-
vestigated in this experiment as taken from the compila-
tion in Ref. 7.

si
Ge
GaAs
GaSb
InAs
ZnSe

S«+2S&2

0.341
0, 440
0.445
0.591
0.575
0. 570

S11 Si2

0.982
l.24
1.54
2. 08
2. 63
3.11

s44

1.26
1.49
1.69
2.31
2. 53
2.27

I a ~ I i I ~ ~ s a ~ i I ~ I ~ i s ~ I ~

10 5 0 5 lo

UNIAXIAL STRESS (lo dyn cm )

FIG. 2. Stress dependence of the singlet {Qs) and dou-
blet {0&) modes of the first-order Raman spectrum of Ge
for uniaxial stress along [111]and f001]. The solid and
dashed lines represent a linear least-squares fit. Rep-
resentative error bars are shown.
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(c -=speed of light in the medium). The change in
k involved in backscattering is ( b,k l

= 2 or, /c» ~s /c,
where ~, is the frequency of the scattering radia-
tion. Thus in the backscattering configuration one
should see the full LO-70 splitting produced by the
long-range Coulomb potential of the ionic changes.
For either [001] or [111]stress and with a scatter-
ing vector M perpendicular to the stress the
Coulomb interaction and the stress Hamiltonian are
simultaneously diagonalized in a set of axes which
contains the stress axis and M. If the LQ- TO
splitting is small one can assume that it is inde-
pendent of stress. The behavior of these phonons
under stress can be simply obtained by adding the
LO-TO splitting to Eqs. (3) and (4) in the appropriate
way: Qne of the doublet components becomes the
LO phonon while the singlet and the other doublet
component become the TO phonons. We thus obtain

FIG. 3. Stress dependence of the && and Q2 modes of
the first-order Raman spectrum of Ge for stress along
[110[. The solid lines represent a fit to Eqs. (7a) and

(7b) using the parameters listed in Table II. Represen-
tative error bars are shown.

to have an internal check on (p —q) and r as ob-
tained from the other stress directions. Shown in
Fig. 3 are 0& and 02 as a function of uniaxial stress
along [110]for Ge. The solid lines were computed
from the parameters obtained for [001] and [111]
stress.

The polar zinc -blende-type semiconductors
have T~ point symmetry. The Raman-active F@
modes are still threefold degenerate at k =0.
However, they are split by the long-range Coulomb
interaction for rather small values of Ikl & &ss/c

~q = o)~p+ &OH —3&Q, (ab)
TO phonon: (8)

b Q„and b, Q are given by Eels. (5) and (6), with &us

replaced by either ~gp or coyp If the stress depen-
dence of the LO-TO splitting becomes significant
we must use in Etls. (5) and (6) two different sets
of values for p, q, and y, one for the LQ phonon and
the other for the TQ phonons.

For stress parallel to [111]and a [112] sample
face (which is the geometry used in this experi-
ment for [ill ] stress) the LO phonon has symmetry
E@(x ) while the TO phonons have symmetry
Ea,(y ") and E@(s ). Following the notation used
for the diamond-type materials we denote Ea, (s ')
as the TO (doublet) phonon, while E+(x") and

E+,(y ) become the LO (doublet) and TO (singlet)

COp
2

2Mp

TABLE II. Experimental values of the parameters (p-q)/2~0, ~/&uo, and y = —(p+2tf)/6(do obtained in this experi-
ment (except Si). Listed in parentheses are values of p determined from hydrostatic-pressure measurements.

CO 0
(1028 sec )

Si

Ge

GaAs'

GaSb

InAs'

ZnSe'

0. 970

0.319

0.256

0. 184

0. 169

0. 148

0. 31+0.06

0.23 +0.02

0. 1+0.1

0.22+0. 04

0. 57+ 0. 12

0. 62 +0.19

—0.65+ 0. 13

—10.87+0.09

—0.2+0.2

—1.08+ 0. 2

—0.76+ 0. 15

—0.43+0. 12

0.90+ 0. 18
(1.02+ 0. 02) b

0. 89+ 0. 09
(1.12+ 0. 02) b

0.90+ 0.3
(1.34+ 0.08)"

1.10+ 0.22
(1.23 + 0. 02)"

0. 85+ 0. 13

1.80+ 0.36
{1 7)d

~Reference 2.
Reference 12.

'Refers to measurements on the TO phonon.
"Reference 11.
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FIG. 4. First-order Stokes-Haman spectrum of GaSb
corresponding to scattering from the (a) TO phonons and

(b) LO phonons for X=O and 7. 1&10~ dyncm along the
[ill] direction with incident and backscattered radiation
along [112]. The TO(s) spectrum was measured in the

(l, l) polarization configuration, the TO(d) spectrum was
obtained from the (II, l) configuration, and the LO spec-
trum was obtained from the (II, II) configuration. At zero
stress the TO spectrum peak occurs at 227. 5 cm and

the LO spectrum peak is observed at 237.3 cm ~.

phonons, respectively. Selection rules reveal that
for the (J., i) configuration both E& (x") and

E+, (z") are allowed, for (II, i) only E& (y ') is al-
lowed, and for (II, II) only Ez (z ) is allowed. Since
the intensity of E@,(z") is a factor of 4 stronger for
(tl, tt) as compared with (J., J.) all three polarization
configurations were measured for this stress di-
rection.

Shown in Fig. 4(a) is the first-order Raman
spectrum of GaSb corresponding to scattering from
the TQ phonons for X=O and 7.1&IO dyncm along
the [111]direction with incident and backscattered
radiation along [112]. The zero of frequency is
taken at the position of the peak of the zero-stress
spectrum. The application of the stress results in
a splitting of the TO-phonon peak into two compo-
nents, which have been designated TO (s) and TO

(d) because they correspond to the singlet and the
doublet of the germanium spectrum, respectively.
The former spectrum has been measured using the
(J., i) polarization configuration while the latter has

GaSb
———A, Qd

h, Qs

I 0--
LO

0+--&-~ ~

xtt [oot),. 'E xtt [ttt) +'
O

2.0 --—
3
0

To l.o

TO

8 6 4 2 0 2 4 6 8
UNIAXIAL STRESS (IO dy~ c~ )

FIG. 5. Stress dependence of the TO and LO phonons
in GaSb for stress along the [111]and [001] directions.
The solid and dashed lines represent a linear least-
squares fit. For Xll [001] with the sample configuration
used in this experiment ([110])face scattering from the
LO phonon is forbidden.

been obtained from the (I' t, J.) configuration. Plotted
in Fig. 4(b) is the first-order Raman spectrum for
GaSb corresponding to scattering from the LQ pho-
non for X=0 and 7. 1&&109 dyncm along [111]using
the polarization configuration (It, tt). For the LO
phonon only a shift in frequency with stress is ob-
served.

In Figs. 5-8 we have plotted the stress depen-
dence of the TO and LO phonons of GaSb, GaAs,
InAs, and ZnSe for X Il [111]and X II [001]. For
X II [001]with the sample configuration used
([110]face) scattering from the LO phonon is not
observed. The TO (d) spectrum is allowed only
for the configuration (II, J.) while TO (s) is allowed
only for the (i, i) configuration. In this manner
we have been able to resolve both of these peaks.

For the III-V compounds (GaSb, GaAs, and InAs)
the stress dependence of the LO phonon is equal to
that of the TO (d) line (for X II [111])while this is
not the case for the group II-VI material (ZnSe) we
have investigated. This latter result is probably
due to a stress dependence of the effective charge. 3

A difference between the pressure coefficients of
the LO and TQ phonons in several II-VI materials
also has been observed in hydrostatic-pressure
measurements, "&"

Listed in Table II are the values of Q -q)/2&u02,

x/&uo, and the mode-Gruneisen parameter y =
—(p+2q)/6&u02 for GaAs, GaSb, InAs, and ZnSe as
found from the data of Figs. 6-8 and Eq. (8). For
the zinc-blende-type materials, the values of these
parameters have been obtained from the stress-
induced splittings and shifts of the TQ-phonon
spectra. We have also listed values of ~0, where
for the zinc-blende-type materials coo refers to the
zero-stress frequency of the TQ phonon. Also
listed are values of y from hydrostatic-pressure
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FIG. 6. Stress dependence of the TO and LO phonons
in GaAs for stress along the [111]and [001] directions.
The solid and dashed lines represent a linear least-
squares fit. For XII [001[with the sample configuration
used in this experiment ([110]), face scattering from the
LO phonon is forbidden.

measurements.
The values of y obtained from the hydrostatic-pres-

sure experiments are typically 20/p larger than those
obtained from the uniaxial stress measurement.
This result is interpreted as being due to a slight
relaxation of the stress applied uniaxially in a
surface layer of thickness comparable to the pene-
tration depth of the scattered light. In the case of
ZnSe no difference between hydrostatically and
uniaxially determined Gruneisen constants exists
within the experimental error: The Haman scat-
tering is from the bulk of the material since it is
transparent to the incoming and scattered radiation.
Differences between hydrostatically and uniaxially
determined pressure coefficients have also been

observed for electronic transitions which occur in

a region of small absorption. While we do not know
the details of the conjectured stress relaxation near
the surface, the systematic agreement of the ZnSe
results with those of the absorbing materials sug-
gests that any errors due to this effect are of order
of 20%. This conclusion has been recently confirmed
by reststrahlen measurements in GaAs under uni-
axial stress. ' Since the penetration depth in this
region is typically ten times higher than in the vis-
ible, stress relaxation effects in this deeper sur-
face layer should be smaller. The Gruneisen pa-
rameter so determined agrees better with that found
under hydrostatic pressure.

IV. THEORETICAL CONSIDERATIONS

A microscopic theory of uniaxial stress effects
on k = 0 optical phonon in materials with the diamond
structure was first developed by Ganesan, Maradud-
in, and Oitmaa. Expressions for the parameters
P, q, and r have been obtained in the quasiharmonic
approximation considering only bond-stretching
forces between nearest neighbors. Values for these
parameters have been estimated using a Morse po-
tential to describe the interaction between neighbor-
ing atoms. The signs of P and q for Si and Ge which
they have obtained are in agreement with our exper-
imental results although there is serious disagree-
ment with regard to the magnitude: The mode-
Gruneisen parameter y which is obtained from their
values of P and q is a factor of 2 smaller than ex-
perimental results. There is also a discrepancy
with respect to r. The sign (negative) and magni-
tude of x in Table V of Ref. 6 are incorrect due to
an algebraic error on the part of the authors. In

In As

XI I (00 II

0.5--

2,0--'E
XII [III]

ZnSe

———BQd
h, QS

XII [OOI]

0 5--

4 3 2 I 0 I 2 ) 4 5
UNIAXIAL STRESS(IO dyn ca )

FIG. 7. Stress dependence of the TO and LO phonons
in InAs for stress along the [111]and [001j directions.
The solid and dashed lines represent a linear least-
squares fit. For Xll [001] with the sample configuration
used in this experiment ([110])face scattering from the
LO phonon is forbidden.

I 0 I 2
UNIAXIAL STRESS (IO dyn cm )

FIG. 8. Stress dependence of the TO and LO phonons
in ZnSe for stress along the [111]and [001I directions.
The solid and dashed lines represent a linear least-
squares fit. For X II [001I with the sample configuration
used in this experiment ([170]) face scattering from the
LO phonon is forbidden. In contrast to the other zinc-
blende-type materials investigated the stress dependence
of the LO phonon is not equal to that of the TO(d) phonon.
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A. Martin's Model

In the following discussion we will first consider
the model proposed by Martin and assume that the
expansion of the internal energy involves only the
squares of the scalar variations A(r& r, ), where
r; and r, are bond vectors about a given atom. The
energy can then be written as

U= —n, , F [S(r,"r, )]'+ P 4,]l 2. [gr;. r, )]'
2 4x y' i j&j

~bs+ ~bb &

(9a)
(9b)

where & is the force constant related to the bond-
stretching contribution to the energy (Ub, ) and P

represents the average of several bond-bending ef-
fects and is related to bond-bending contributions
to the energy (U»). From the above expression the
atomic vibrations will be calculated in the quasi-
harmonic approximation. In this approximation the
atoms in a crystal subjected to a strain are as-
sumed to execute harmonic vibrations about the new
equilibrium positions which are shifted from the
equilibrium positions in the absence of the strain.
The strain affects the atomic vibrations only through
the effective force constants which determine the
vibrational frequencies.

In the following analysis the effects of uniaxial
stress, both hydrostatic and shear components,
along [001] and [ill] will be considered. For the
hydrostatic component we treat the phonon whose
polarization lies along [001] (the result is indepen-
dent of phonon polarization) while for the shear
components we shall consider the phonon whose po-
larization lies along the direction of the stress,
which, by symmetry, is the singlet normal mode of
the stressed material. Equations (5) and (6) can
then be used to determine (P+ 2q), (P —q), and r
and thus the behavior of the doublet. Since the ap-
plied uniaxial stress can be decomposed into hydro-
static and pure-shear components and since these
two effects are separable in Eqs. (6) and (8) we

a preprint of this article, ' which the authors have
kindly sent to us, the complete theoretical expres-
sion for r is given in terms of second and third de-
rivatives of the potential (this expression is not given
in Ref. 6). An incorrect sign for the second deriva-
tive term has caused the above error.

We present in this paper two other models ' to
account-for the stress-induced splittings and shifts
of the k= 0 optical phonons. Both of these models
contain contributions to the parameters P, q, and
x due to both bond-stretching and bond-bending
forces, the latter having been neglected by Ganesan
et al. In addition third-nearest-neighbor interac-
tions will be included explicitly in the model of Ref.
7.

consider them separately.

Hydhostatic Pressure

The four bond vectors about a given atom can be
written as

rq = & ap(ill), ro= 4 ao(- 1, —1, 1),

ro = ap(1, —1, —1), r4= -'ao(- 1, 1, —1)
(10)

[&(r; r;)] = 4ap z for i= 1 —4,

[~(ri ro)] = [+(ro r4)] = -'ao'z', (12)

all other A(r; r,.) -=0. From Eqs. (9a), (11), and

(12) the expression for the energy U(o, z) in the ab-
sence of stress is

U(o &)= 2(o'o+ &o)&' (13)

where np and Pp are the appropriate bond-stretching
and bond-bending force constants in the absence of
stress. In general the effective force constant is
given by

8 U(e, z)
~Z

(14)

and hence

ff n(0)=4( o+ Po) ~ (15)

We now consider the effects of a hydrostatic pres-
sure with the strain tensor

1 0 0)
0 1 0

&0 oil' (16)

where e =, (S«+ 28»)X . For z = 0 the above strain
produces a change in bond length given by

r;= 4&3ao(1+ e), i= 1-4 .

In general o.' and P are functions of the interatomic
separation, so that they can be expressed as

A = &p[l + (n/ro) hr ]

P= Po[l+ (m/ro) hr],
where

(18a)

(18b)

r du ~ d(lno.')
dr

~

r= rp d(lnr) r ro. -
(19a)

r dP ~ d(lnP)
P dr „„p d(lnr) (19b)

r p
= 4 &3ap . (2o)

where ao is the lattice constant.
In the absence of an applied pressure the optical

phonon under consideration is a displacement (0, O, z',

of one of the two sublattices with respect to the
other. It can readily be shown that
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From Eqs. (17) and (20) the strain-induced change
in bond length is &r = pro so that Eqs. (18) become

u= ao(1+nz),

P= Po(1+me) .

(21a)

(21b)

It can be shown from Eqs. (10) and (16) that when

the sublattice displacement is considered

&~ [n(r, r;)]'= 2' [&(r; r, )]'
i=a

=a()(1+e) zz . (22)

U(e, z)= 2(o.+ P)z (23)

and hence the effective force constant is given by

Combining the above equations with Eq. (9a) the
expression for the energy U(e, z) in the presence of
the hydrostatic pressure becomes

x=0 the above strain produces no change in bond
length (r, =ro), and hence o(= e(o. There is, how-

ever, a change in bond angles, so that

(31)

where p(') = (1/po)sp/88 and 8,&
is angle between bonds

as defined in Ref. V.

The changes in bond angle with [001] stress are
calculated to be 68,z = 4448o4 = —4z/v2. As will be
shown below these are the only pair of bonds which
contribute to the energy U» in the presence of
stress. If we now allow the sublattice to vibrate
with the normalized displacement indicated above,
it can be shown that

(32)

and

K„,(z)= 4(&+ P) . (24) [~(r, r, )]'= [~(r, r,)]'=-,' (1+2~)'z'a'o,

In the harmonic approximation the change in fre-
quency can be written as

S(u/(uo = [K„,(e)/Z„, (0)]'lo —1

= —.
' [K.„(~)—K.„(0)]/K„,(o) . (25)

s&u/o)o = (no'o+ mpo)e/2(o'o+ po) ~ (26)

Comparison of Eqs. (5), (26), and the mode-
Griineisen parameter y= —((o+2q)/Go)o shows that

y is given by

y = —(n+ porn)/6(I +go), (27)

By using Eqs. (15), (24), and (25) the relative
change in frequency due to the hydrostatic pressure
becomes

all other A(r,. rJ) =-0. With Eqs. (32) and (33) the
expression for the energy in the presence of stress
[Eq. (Qa)] becomes

U(c, z) =2o.'o(1+2&) z +2P(1+2&) z

= 2(oo+ p)(1+2')'z' .
Thus, the effective force constant in the presence
of the strain is given by

K„,(e) = 4(no+ P)(1+2e)' . (35)

Combining Eqs. (15), (28), (31), and (35), K,«(z)
can be rewritten, to first order in &, as

(36)

where

no=&o/~o . (28)

From Eq. (25) the change of frequency of the
singlet mode with shear strain, to first order in
strain, is given by

y=-6n.
2. [001] Stress

(29)

In the absence of an applied stress the singlet
optical phonon, whose polarization lies along the
direction of stress, is the same as that previously
considered in the section on hydrostatic pressure.
Thus the effective force constant in the absence of
stress is given by Eq. (15).

The traceless strain tensor for stress along [001]
can be written as

-1 0 0
0 —1 0
0 0 2

(so)

where & = —, (S» —S,z)X. It can be shown that for

If it is assumed that the force constants u and P
both scale in the same way with interatomic separa-
tion, then n=m and Eq. (27) yields

RoPe

(4)o W2(1 + )to)
(37)

Comparison of Eqs. (3), (Ga), and (37) reveals that
the Parameter (P —q)/2&zoo can be written as

(P 'q)
1 10P 8 (s8)

2(4)o v 2 (1 + YJo)

Equation (38) can be compared to the results ob-
tained by Ganesan and co-workerss' if the term
in P~ is neglected, since they only considered bond-
stretching contribution to the parameters. As
mentioned before, theoretical expressions for p and

q, in terms of second and third derivatives of the
interaction potential, are presented in the preprint
of Ref. 6 but have not been included in the publica-
tion. These authors find that

p —q = (16/3~)C "(r,),
where M is the mass of the atom and 4 "(ro) is the
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second derivative of the otee potential evaluated at the
1 1 rlum position ro. From I s. l

! ( )of. . 6, o X o1e . , for X!~ [001], it can be shown

(3/3,!f)c"(y,) = ~0 „

where (do 18 the zero-stress BRIG
"" us, e above expression for ( —q' becomes

(p —q) = 2(u'
O y

agrees v, ith Eq (38) if
in, owever, that there arRre dis-

numeric l l
en e a ove relat

1.R vR Ues for these Rr
ations and the

parameters given in
'or example, the values of 4" ~ l'o (r, ) listed

above expression y' ld
e Rn i, when inserted int

yie s a value of ~'
o the

proximately a ac or of 2 smaller th
wa~lch 18 Rp-

vRIIue „Hoowever, the ratio of C "(x ) for th
er than experimental

materlRls 18 in goodgoo agreement with the rgoo e ratio of
n a . ' ar considerationn a num ers. Similar

authors have not in-—q . Since these
ail the manner in whichln sufficient detai

x„has been evaluated, we are unable t
mine the source of th d'

a e o deter-
e iscrepancy.

3. [111]Stress

For this direction of stres th ' ' ' som-80me-
s, !ra ' ' e an for [001) stress since

~~coplc strain ls Dot suf
. . . lze ' a: e must also t. . . ize 16 strained cryst l' W ake

an
'

within the unitln ernal strain
the traceless macrosco '

8(.rain tensor can bee written as
PlC

O 1 I)
1 0
110)

(39)

where q= —S X8 44

In Fig. 9 w6 show Rn Rtom an
lleighbors 1

and its four nearest
ors in R crystal strained in the llors i .

' m e [ill] direction
q. . If the atom remains at the

ceIlter Gf the strained cube the 'c4 cu e e [111]bond ls of
ao(1 +2'.) and the other th

ao 1 ——', e). In this case the inta l ——'
e.

' in ernal

determined b th
an the interllattice vector is

y 6 microsco ic stp c stra~n tensor. If
ow e central atom to move acco

macroscopic strain di
move according to the

;-a„)(e, e, e) all four bonds attai2a )(e a tarn their unstrained
ao, this situationG — ' ' 'on is achieved when

6 internal strain parameter ise er & is equal to

wit increasing io t . '
for Si. It should i

lonici y.
increase

Followln' g the procedure used in the r
sections we first d t

ln e previous

constant GI1 the c
e ermine the e ective force

on e central atom for a norm
pl@.cement (I/v 3 )(z, s, z) in the absence of stress.

FIG. 9. Deformed unit II f
unde a t aceless [111]

i ce o a diamond-t
strain IEq. (39)] for ( =0 and g =1

Symmetr con
'

y nsiderations show that K
same as Eq. (15).

a „~0 isthe

W'e now take into account the effe
of Eq. (39) and the i

e effects of the strain
an the internal strain paramet

6 vectors from th
eer g.

m to its foure central atom t

r, =-,'a, (l+2o; I+2a, I+2a)
}q=4 a~(- I —2C, —1 —2ef 1 —2—26 —2g(

(4Oa)

},=-, ao(I —2& —2eg —1 —2et, —1 —2ef)

}r4=4 ao( —1 —2ef, 1 —2e —2cf, —1 -2~g),

(40c)

where a= &(I——g). It can be seen from the
equations that if g =0, i r I

= 3a,)(l 2e) ir i

e internal stra't strain parameter &

Since for ' ' ion ere is inSince for this stress direct' th
eng and this chanal, a change in bond l th

different for r, and the three
ge ls

e ree other bond vectors,

n, =no(1+nor, /~0), i=1-4.
From the abovee considerations we find that

ny = no(1 +2BQ)~'
n, (l --, na-) .

(42a)

(42b)

The contribution of th b
of Eq. (Ga) is then given by

e ond stretchining to the energy

U~(e, z) = 2nD[1+4&f(n, g)]z' (43a)

where
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f(n, ~)=-'. [n(I-~)+2~+1] . (43b) qo+f(n, C)

Qpp 1 +'gp
%'ith regard to the bond-bending contribution to U

there will be contributions to the parameter P from
both a change in angle, as in the case of [001]
stress, and the change due to the bond length. We
can thus write

&i&
= Po(I + &esca+ P'~R„),

where

(44)

1 Bp

Po BR

It can be shown that the bond-bending terms are
grouped into two categories: The terms with in-
dices 12, 13, and 14 giving one contribution and the
terms with indices 23, 24, and 34 giving another.
The quantities 68 and hR are calculated to be

b bio = —68po = 4«(1 + 2f)/3v 2 (45a)

=2
ARg2 = —ARp3= 3 xpo,

and hence Eq. (44) can be rewritten as

Pro = ~o(1+5),

Poo = ~o(1 5)

where

(45b)

(46a)

(46b)

[~(r, .r, )]'/&» =, [1+-', «(I - 4l)] (4Va)

[+(ro' o)] /+~o=o [ +o «(2++)] (47b)

The above equations can then be combined to give
the total contribution to the bond-bending portion of
the total energy U»(«, z)

Ubb(«, z) =(P,o [I++o«(1 —4&)]+Poo [1++o«(2+4/)]] z

(48a)

(48b)= 2Po(1+4«)z

From Eqs. (43a,) and (48b) the total energy in the
presence of a [111]stress is

U(«, z)= n2(o1+p o4+[&«of+(n, g)]}z . (49)

In a manner similar to that used in the previous
section the relative shift in frequency is found to
be, to first order in the strain,

bu/a&o=2«['go+f(n, &)]/(I+po) .
Comparing Eqs. (5), (Gb), and (50) we find

(50)

6 =Pgh8+P bR .
The terms [b,(r, - r,.)] /R„have also been calculated
with the result tha, t

Having derived the theoretical expressions for
the parameters (p —q)/2&so [Eq. (38)] and r/~o
[Eq. (51)] it is possible to compare them with the
experimental results listed in Table II.

Consider first the case of [001]stress T.he re-
sults of Section IVA2 show that the first term in

Eq. (38), which is unity, comes from bond stretch-
ing while the second term comes from the bond-

bending contribution. Table II shows that for all
the materials measured (p —q)/2uPo is less than

unity. %e will now examine the second term in Eq.
(38) and show that it is not large enough and prob-
ably has the wrong sign to account for the above-
mentioned difference in (p —q)/2&so so that other
effects have to be taken into account. The logarith-
mic decrement of P with respect to bond angle is
given by HPe, where 8 is the bond angle (= 1.9).
We might expect the change in P with respect to
angle to be at least a factor of 3 smaller than the
change in P with bond length, since a change in

angle alters only one of the three bond lengths in

the three-body interaction associated with the bond-

bending term. From Sec. IV A 1 we have that m,
the logarithmic decrement of P with respect to bond

length, equals —Gy(= —Vfor Ge or Si). Hence I OP~ i

=+3=2. 3 and IP,'I =1.2. Also, we might expect p,
'

to be negative since a decrease in the bond angle 8

should cause P to increase. We therefore conclude
that the sign and magnitude of P', are not appropriate
to account for the discrepancy between Eq. (38) and

the observed values of (P —q)2~oo. Considerations
of the bond-stretching contribution of third neigh-
bors will considerably improve the agreement.

In the case of [111)stress all of the measured
values of r/ufo are negative [see Table II]. Equa-
tions (43b) and (51) show that the only source of a
negative contribution to this parameter comes from
the bond-stretching term f(n, g) and that this term
is very sensitive to the value of P. In Fig. 10 we
have plotted f(n, r„) as a function of r for n = —6,
which would be the case for Si with y=1.0. In or-
der to account for the experimental value of x/&uoo

= —0. 65 in Si (go = 0. 285), Eq. (51) shows that

f(n, f)= —1.12 and hence )=0.21. This value of f
is considerably smaller than that measured experi-
mentally' or deduced by Martin from measurements
of elastic constants. Similar difficulties with the
value of f occur for the other materials we have
measured. The problem arises because of the can-
cellation between the bond-stretching and bond-
bending contributions to r/&uo, as indicated in Eq.
(51). In contrast to the situation for [001] stress,
it will be shown that considerations of third-near-
est-neighbor bond-stretching interactions are not
sufficient to account for the above discrepancies.



590 CEBDEIBA, BUCHENAUEB, POLLAK, AND CABDONA

IO—

0.5—

0

V
-0,5—

measured y=1. 70, n= —10.2, go=0. 120, and

(P —q)/2~p =0. 62, and hence Eq. (56b) gives a
value of go=0. 05. It is expected that as the mate-
rial becomes more ionic the third-nearest-neighbor
interaction should become considerably weaker in

relation to the nearest-neighbor forces.
For Xii[111], U(e, z) due to the third-nearest-

neighbor bond-stretching interaction is given by (see
the Appendix)

-I 0—

U(q, z) =6n' [1+4Kb(n, g)]z

where

(n —2)(19 —9&)

(11)

(59)

(60)

I

0.5 l.0 U(0, z) is given by Eq. (52). Combining Eqs. (43a),
(48b), and (59) and proceeding in a manner similar
to that used in Sec. IVA 2, we find that

FIG. 10. Functionf(n, K) tsee Eq. (43b)J vs 0 for
n=-6. q +f(n, f) +Sq'h( ng)

o 1+go+ 3'qo
(61)

U(0, z) = Gn,'~',

U(q, z) = 6np [1+4'(n)]z',

(52)

(53)

where eo is the bond-stretching force constant as-
sociated with the third-nearest-neighbor interac-
tion. From Eqs. (14), (33), (52), and (53), ne-
glecting p,', we find that

4. Thi d-Nearest-Nei ghbor Interaction

In the Appendix we have listed the third-nearest-
neighbor bond vectors. In a manner similar to that
used in the previous sections, it can be shown that
the contribution of the third-nearest-neighbor in-
teraction to the bond-stretching energy in the case
of Xt~ [001] is given by

For all the materials we have investigated it can
be demonstrated that the magnitude of rip&(n, g) is
too small to substantially effect the cancellation
discussed above. For example, in Si (n= —6,
K=0. 556) h=0. 07 and since qp=0. 24, the third-
neighbor contribution to r/~ ips extremely small.

In Sec. IVA3 we have attempted to account for
the observed values of the parameters (p —q)/2+p,
r/~Pp, and y by means of the Martin model [Eq.
(9a)], which includes two-body bond-stretching and
an average three-body bond-bending interaction.
It was found that this formulation did not adequately
account for the above shear parameters and that
in the case of [001] stress better agreement could
be achieved by considering bond-stretching inter-
actions between third nearest neighbors. For [ill]
stress this approach did not prove fruitful.

Z.„(0)=4(np+ p, + Sn,'), (54) B. Generalized Force Constant Model

p —4' np+ pp+ Snpg(n)
2coo Qo+Po+3Qo

1+gp+ Sqpg(n)
1+go+ 3go

(56a)

(56i )

& rr(&) = 4[(np+ pp)(1+4m) + 3n,' [1+4'(n)]]. , (55)

and hence from Eq. (22) and (Ga) we have

Another approach to the problem would be to ex-
press the internal energy as a function of gener-
alized force constants which include two-, three-,
and four-body interactions 8-1o This model has
been used by several authors to fit the phonon dis-
persion curves for several diamond- and zinc-
blende-typematerials. ' ' ' ' In this model the
internal energy per unit cell is written as

t /~o= no& ~o

g(n) =1+-,'( —,', )'(n-2) . (58)

In the case of Si with qo = 0. 285, n = —6, and
(P —q)/2urPp= 0. 31, Eq. (56a) yields a value of
go=0. 24, which seems quite reasonable. For
ZnSe, which is the most ionic materials we have

+&~ Z",,"r,(r,r, )'"(~e,, )(ne,,).

+Z *A",,"r,(r,r, )'"(~e',, ).(~e„), (62)
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where

ar; = Ir~(&~ &)
I

—Ir (c, o) I

ae„.=e,, (~, e) —8„.(~, o) .
(63a)

(63b)

In addition to two- (K,) and three- (K~, K„~, K„,)
body force constants, which is somewhat similar
to the formulation of Eq. (9a), the four-body force
constants (K~ and *K») have been explicitly intro-
duced. References 8 and 9 give an excellent dis-
cussion of thephysical significance of the six force
constants mentioned above. In particular K« is
related to changes in two angles which have a
common leg and apex while *K„is related to
changes in two angles which have all legs coplanar.

As in Sec. IVA4 in order to determine the in-
fluence of a hydrostatic pressure, with strain ten-
sor given by Eq. (15), we consider a sublattice
displacement (0, 0, z). It can be shown that in the
presence of the above strain the quantities of ~x
and 68 are given by

ar, = ar, = sr, z/v 3-
ar, = ar, = er, + e/~3

a834 ( 3 ) (1 E) e/r'o

(64a)

(64b)

(64c)

all other a8, , =0. Combining Eqs. (62), (64), and
(11) the expression for the effective spring con-
stant K,«, can then be written as

Ko~f (q) =
3 K„+ 3 K~ —

3 42K„~—+~K„„+~q*K~ . . (65)

From Eqs. (3), (15), and (22) and since for hydro-
static pressure 3& = d V/ V = d ln V= 3d lnr, where
V is the volume,

P+2q 1 dlnK«
6+0 6 d lnx

(66)

y= en,
which is the same as Eq. (29).

1. [001] Stress

(6V)

For the case of [001] stress, with strain tensor
given by Eq. (30) and the displacement (0, 0, z) the
parameters of Eqs. (63) are given by

arg = arp = —arg = —ar4 = —
3 v 3 (1 + 2&)z,1 /

aS„=—2v2 e+ ( —', )'"(1—e)z/r, ,

ae„=—2~2' —( —', )'"(I —~)e/ro,

(68a)

(68b)

(68c)

all other ~8,&
——0. Since for this stress direction

the bond length does not change with stress any
stress dependence of the generalized force con-

If we now assume, as has been done in Sec. IVA4
on hydrostatic pressure, that all the force constants
scale in the same way with interatomic distance,
i. e. , K 8

= K ~(r/ro)" then Eq. (66) with Eq. (65)
becomes

stants can only depend on a8 [such as that given
in Eq. (31)]. However, we have presented argu-
merits in Sec. IVA2 to indicate that this dependence
is small and hence we will also neglect it in ibis
case. Equations (13), (62), and (68) then yield, to
first order in the strain,

K.„(~)= —', K'„(1+4m)+~3K',(I —2e)

—
3 &2K„,(1+a) —

3 K,„(1+4&)

+~q*K~8(1 —2E) .
Combining Eqs. (6a), (22), and (69), we find

Complete experimental values for the generalized
force constants of Eq. (62) for silicon have been
determined by Solbrig. ' Inserting these values
into Eq. (70) yields a value of (p —q)/2~0=0. 57.
Although this value is still larger than the experi-
mental value listed in Table II, the agreement is
considerably better than that predicted by Eq.
(38), neglecting the term in 88.

2. [111]Stress

For this stress direction, in contrast to the case
of [001] stress, there is a change in bond length as
well as bond angle. Therefore, in order to use the
model of Eq. (62) six new parameters, associated
with the changes of the K'~~~ with bond length, would
have to be introduced. This large number of un-
determined parameters makes the use of this
model for this stress direction prohibitive.

V. CONCLUSIONS

The stress dependence of the first-order Raman
spectra associated with the k =0 optical phonons
in Si, Ge, GaAs, GaSb, InAs, and ZnSe has enabled
us to determine values for thephenomenological
coefficients which describe the changes in the
"spring constant" of these optical phonons with
strain. Comparison of these experimental values
with several theoretical models indicates that none
of them are completely satisfactory. The simple
bond-stretching model (with implicit contributions
of bond bending through the parameter t) gives a
reasonable fit to the experimental data and indicates
the origins of the ionicity trends. The improved
agreement in (p —q)/2~~~ when third-nearest-neigh-
bor interactions were included indicates that long-
range forces play an important role for this param-
eter while they proved unimportant for the descrip-
tion of r. Explicit inclusion of an average bond-
bending force as proposed by Martin reduces the
agreement with experiment, particular for x. This
might be an indication that this average bond-bend-
ing force is not detailed enough to account for an-
harmonic coefficients such as p, q, and x.
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APPENDIX: THIRD-NEAREST-NEIGHBOR CONTRIBUTIONS

We shall compute here third-neighbor contri-
buti. on to the parameters p, q and ~ taking only into
account bond-stretching forces. The third-nearest-
neighbor bond vectors are

unstrained crystal

E(0, z) = 12o.pz

and hence

V(0, z) = 6n,'z' .

(A4a)

(A4b)

r( =(4 ap)(1, 1, 3), r, = (-,
'

ap) (1, —1, 3), When the stress is applied the bond vectors change
to

r, = (-,
' a, )( —1, —1, 3), r, = (-,

'
ap)( —1, 1, —3),

r, =(4 ap)(3, 1, 1),

r, = (l ap)(- 3, —1, 1),

r, = (-,
'

ap) (1, 3, 1),

r, = (-,
' a,)(- 1, —3, 1),

r, =(4 ap)(3, —1, —1),
(Al)

rm=( —,'ap)( 3 1 1),
r„=(-,'ap)(1, —3, —1),
r„=(-,'ap)( —1, 3, —1) .

E= &~
~ 38Q~ cos 8 ( ~

2 (A2)

where z is the displacement produced by a vibra-
tion along the stress axis (singlet mode), n,

' is the
parameter n' for the ith atom, and 8, is the angle
between r, and the stress axis. Here the number
3 in Eq. (A2) is taken so that the definition of n
for this approach coincides with that of Eq. (9a),
and the prime on e indicates that the force constant
for first and third neighbors is not the same.
From Eq. (A2) we observe that when computing
the total restoring force all bonds that have the
same projection on the stress axis (in absolute
value) give the same contribution to the effective
force constant. This reduces considerably the
number of bonds to be taken into account for each
specific case.

l. [001] Stress

In the unstrained crystal only two bonds need be
ConSldel ed:

The length of the ith bond is given by

3 2'F ~ = J'
p

= 4 & 1~ Qp ~

To compute the bond-stretching contribution to
the restoring force we take an approach which
simplifies oUr calculations and is entirely equi-
valent to the use of Martin's formula [Eq. (9a)] with

P =-0. We first notice that the restoring force along
the direction of the stress is given by

rg= (4 ap)(1 —E, 1 —e, 3+6&),

rp = (—ap)(3 —3e, 1 —E, 1+2c),
and relevant angles can be computed using

(A5)

where r; and narc unit vectors in the direction of
the bond r, and the stress axis, respectively.
Using Eqs. (A2), (A5), and (A6) we find in the
strained crystal

U(e, z) = 6np [1+4eg(n')]zz,

where

g(n') =1+2 (~~ P(n'-2) (A6)

r, =(4 ap)(1+4' —2ef, 1+4& —2&r, 3+2& —2et),

rp = (—
'

ap)( —1+2&t, —1+2& —2ct, 3 —2& —2ef),
(A10)

rp=(4 ap)( —3 —2ef, —1 —2e —2eg, 1 —4e —2&&) .
Proceeding in the same way as before we obtain

the third neighbor contribution to the bond-stretch-
ing energy in the presence of strain:

d (inc. ')
d (lnr)

Assuming n' =n the total effective force constant
in the presence of the strain is given by Eq. (55).

2. [111]Stress

For this stress direction only three bond vectors
need be considered: r„r~, and r3. These bond
vectors for the unstra'wed crystal are given by
Eq. (Al), and for the crystal subject to a strain
as described by the strain tensor of Eq. (39) they
are

(rg) cos Hg =
yy (rp) cos &p = A .2 (A3) U(e, z) = 6n' [1+4th(n, f)]z (A11)

Using Eqs. (A2) and (A3) we find for the third
neighbor contribution to the restoring force in the

where h(n, r ) is given by Eq. (60) and we again as-
sume n'=n.
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