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The effect of uniaxial stress on the first-order Raman spectra of the cubic crystals, CaF~, BaF„and
Bi»Ge0,0 is studied at ~15 'K using a quantitative-stress cryostat. Both CaF~ and BaF~ belong to the.
space group Oz' (Fm 3m) and possess a single triply degenerate Raman-active zone-center optical

phonon of F2g symmetry. In contrast, Bi»GeO» has a very rich first-order Raman spectrum consisting

of lines A, E, F, and LO-TO-split F modes. The effect of uniaxial stress on the F,g line of CaF, and

on Raman lines typical of the different symmetries in Bi»GeO» is studied up to 7 kbar with

compressive force F along [001], [111]or [110].The Raman line of BaF, is studied up to 2.4 kbar for

F~~ [001]. The stress-induced splittings and polarization characteristics in each case can be understood

on the basis of the reduced symmetry of the crystal under applied stress. Using a perturbing

Hamiltonian linear in strain, the secular equation is derived for phonons of each symmetry in terms of
phenomenological "deformation-potential constants. " Phonons of A, E, and F symmetry in T and of F~
symmetry in O„are characterized by one, three, four, and three deformation-potential constants,

respectively. Within the framework of this theory, the splittings as a function of the crystallographic

orientation of the applied force can be correlated in terms of the deformation-potential constants,

whereas the intensities of the stress-induced components can be calculated in terms of the zero-stress

polarizability-tensor components. Experimentally, in all the cases the positions of the stress-induced

components are observed to vary linearly with stress; the splittings, shifts, and polarization

characteristics are consistent with the predictions based on the reduced symmetry of the crystal as well

as the deformation-potential approach. On the basis of the observed polarization characteristics of the

stress-induced components, appropriate eigenvalues have been associated with them and the

deformation-potential constants have been obtained for all the lines studied.

I. INTRODUCTION

Uniaxial stress as an external perturbation has
been successfully employed in solid-state spectro-
scopy'; optical spectra associated with localized
electronic levels, electronic band structure, 3

phonons, 4 and localized vibrations have yielded
significant information when studied under uniaxial
stress. Recently piezospectroscopy has been ap-
plied in the study of Raman spectra associated with
phonons in a number of crystals. It is interesting
to note that the first example of a piezospectro-
scopic study is that of Mariee and Mathieu who

studied the Raman spectrum of n-quartz under uni-
axial stress. However, the limitations of prelaser

Raman spectroscopy prevented them from exploiting
the full potential of the technique. Recently the
Raman spectrum of e-quartz has been reexamined
by Tekippe et al. ; in this work the use of low tem-
peratures in conjunction with Ar'-laser radiation
as exciting source enabled the direct observation
of stress-induced splittings and shifts of the Raman
line. Anastassakis et al. and Cerdeira. et al. '
have studied the first-order Raman spectra of Si,
Ge, as well as III-V and II-VI compound semicon-
ductors. These cubic crystals were investigated
in the backscattering configuration using the reflec-
tion geometry at room temperature.

The purpose of this paper is to present the re-
sults of a low-temperature piezospectroscopic study
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of the Raman spectra of CaF3 and BaF~' as well as
several prominent Raman lines in the spectrum of

BjgsGeO+, (BGO). All these crystals are cubic and

transparent in the visible region. Both CaF3 and

BaFI belong to the space group O„(Em3m) and

possess a single Raman-active, triply degenerate
zone-center optical phonon of I'& symmetry. '~'~

In contrast, Bi,~oeO30 which belongs to the space
group T (123) has a very rich first-order Raman
spectrum consisting of nondegenerate (A), doubly
degenerate (E), triply degenerate (E), as well as
LQ- TO-split E modes. '~ Thus these crystals pro-
vide excellent examples for studying the effects of
uniaxial stress on different types of phonons. The
stress-induced splittings and shifts in the energies
of the phonons are discussed on the basis of sym-
metry arguments and a perturbation theory using a
phenomenological strain Hami. ltonian,

H. EXPERIMENTAL PROCEDURE

Oriented single crystals of CaF3 and BaF3 of the
highest purity available were obtained from Har-
shaw Chemical Co. '~ The Bi,~oeQ~O samples were
cut from a single-crystal ingot of high optical
quality supplied by Isomet Corp. " After orienting
with x rays, rectangular parallelepiped samples
with three orientations were obtained, their face
normals being [100], [010], [001]; [1TO), [001],
[110]; and [112], [110], [111]. The samples were
polished following the yrocedure described earlier. '3

The polished samples had typical dimensions of
5x2. 5x1.25 mm, the long dimension being the di-
rection of compression. The ends of the sample
were ground perpendicular to the length of the sam-
ple and glued into two copper cups. The method of
mounting the sample and the low-temperature
stress cryostat used in these studies have been de-
scribed in detail elsewhere. '6 In this investigation
the piezospectxoscopic measurements were made
with uniaxial compression.

The laser Raman spectrometer used in the pres-
ent measurements has been described before. '3 As
Bi,IGe030 has a rather high absorption'~'8 and op-
tical rotatory power'8'9 for the lines of the Ar'
laser, the 6328-L radiation with -100 mW of inci-
dent power was used to excite its Raman spec-
trum. ' In contrast, both CaF~ and BaF~ are highly
transparent in the entire visible region and thus the
4880-A radiation with - 1.5 W was used for exciting
their Raman spectra. The spectral resolution used
inthe study of Bi~oe030is- 0. 5 cm whereas itis-0. 8
cm for the ease of CaFI and BaF3. In the study of
BiqzGe030, the depolarization effects arising from op-
tical activity were minimized by making the incident
beam traverse the thickness of the crystal (-1.25 mm)
within a depth of 1 mm from the scattering face.

In general, at low temperatures the half-width of
Raman lines decreases. In addition, the peak in-

TABLE I. Decomposition of the irreducible representa-
tion I'~ of 0& into the irreducible representations of the
new point group in the px'esence of a uniaxial stress.
The degeneracies of the representations are shown in
parentheses.

Direction
of

compression
New point-gx'oup

symmetry

f001]

s,(2)

A,g(1)
~(1)
a~(1)

tensity increases for most lines except those having
a rather low frequency. Thus it is advantageous
to perform high- resolution piezospectroscopic
measurements at low temperatures. All the yiezo-
spectroscopic studies reported in this payer were
performed using liquid helium as coolant and the
temperature of the sample is estimated to be
-15 'K.

In order to measure accurately the position of
the Rsman line in CaFI the 4956.04- and 4965.04-1
emission lines from a potassium discharge lamp 0

were used as calibration lines. In the case of
BaF~„ the 4944. 83-A line from a neodymium hol-
low-cathode lamp~' served as the calibration line.
The spectra reported here are uncorrected for the
polarization and wave. length responses of the in-
strument. In polarization measurements it was
noticed that the observed intensity was somewhat
sensitive to the positioning of the analyzer. Owing
to this factor and the very small slit widths used in
these measurements, the observed intensities were
reproducible only within -20% with our experimen-
tal conditions. Hence the agreement of the ob-
served intensities in all the syectra with the ex-
pected behavior is generally qualitative.

IH. THEORY

In general uniaxial stress lowers the symmetry
of a crystal; for a cubic crystal this is true for
any direction of the applied force with respect to
the crystallographic axes. The symmetry under
stress can be deduced by retaining the symmetry
elements common to both the strain ellipsoid and
the initial symmetry of the crystal. 3~ The irre-
ducible representation corresponding to a given
state in the unstressed crystal can be correlated to
the irreducible representations of the new point
group. The lifting of any degeneracy associated
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TABLE G. Decomposition of the irreducible repre-
sentations A, E, and F of T into the irreducible repre-
sentations of the new point group in the presence of a
uniaxial stress. The degeneracies of the representations
are shown in parentheses.

TABLE III. Polarizability-tensor components of the
sublevels of the F2 mode of 0~ in the presence of a uni-
axial stress:, g II [100], g II [010], 0 II [001]; ]t' ll [110],j'
II [001], 0'

ll [110]; ~"
II [112],$" II [110], 0" II [111].

Direction New point-
of group

compression symmetry F = 0 0 & 0
E

F=O

Fatso

F
F=O F &0

New point-
group

symmetry
Irreducible

representation Polarizability-tensor components

[001] D2 A(1) A(1) E(2)
A(1)

A(1)

B,(1)
F(3) B2(1)

B,(1)

A(1)

Qygt Qgx

Qxttxt ~
+ Qyttytt/ Qgttgt ~

A(1) A(1) E(2) E(2) F(3) (Qxt txtt Qyttyt' ~ t Qxt tyt ~ ) (Qyt tgt' ~ t Qgt txt ~ )

[110] C2 A(1) A (1) E(2)
A(1)

A(1)

E(2)

A(1)
F(3) B(1)

B(1)

Qxtxt t Qytyt t Qgt gt

Qytxt

Qyt gt

with energy levels of the unstressed crystal follows
in a straightforward manner from this procedure.
Table I summarizes the decomposition of the Fz rep-
resentation of the point group O„in the presence of a
compressive force along [001], [111], or [110].
Table II gives similar information for the A, S,
and F representations of the point group T. Since
Raman lines originate from transitions between the
totally symmetric ground state and the excited state
having the irreducible representation of the pho-
non, the representation for the polarizability ten-
sor must contain that of the phonon. Thus the
polarizability-tensor elements associated with the
stress-induced components are those which trans-
form according to the appropriate representation
of the new point group for a given component; these
are summarized in Tables IG and IV.

From the foregoing approach it is clear that
symmetry arguments are very useful in deducing
the behavior of a phonon both with regard to the
removal of degeneracy and the polarization charac-
teristics of the stress-induced components. How-
ever, group theory does not predict the magnitudes
of the stress-induced splittings or shifts in the
frequency of a, phonon nor does it relate the intensi-
ties of the stress-induced components with that at
zero stress. A perturbation calculation using a
phenomenological Hamiltonian linear in strain has
proved very useful ' in this context. In this ap-
proach, the strain-induced potential is expressed
in such a manner that each part of the potential
transforms according to a particular irreducible
representation of the point group of the crystal.
Using basis functions appropriate to the irreducible
representation of the energy level under considera-
tion, one can obtain the secular equation in first-
order perturbation theory. The potential and the
basis functions have definite symmetry properties
and thus the group-theoretical matrix-element the-
orem can be exploited for determining the non-

TABLE IV. PolarizabilitJJ-tensor components of the
sublevels of the A, E, and F modes of T in the presence
of a uniaxial stress; the coordinate axes are the same as
described in Table III.

New point-
group

symmetry

D2

Irreducible
representation

A
B1
B2
B3

A
B

Polarizability-tensor components

Qxt txt t + Qyt tyt ~ t Qgt tg tt
(Qxt txtt Qyttyt ~ t Qxttytt) (Qyttgtl t Qgttxtt)

Gx'x' Gy'y' Qg'g" Gx'g'
Qytgt & Qytxt

zero matrix elements. In addition, the indepen-
dent matrix elements can be determined from the
requirement that the matrix element remain in-
variant under symmetry operations of the point
group. Thus the secular equation can be simplified
and expressed in terms of the components of the
strain tensor and the independent matrix elements
or the "deformation-potential constants. " The
secular equation can be diagonalized for a given
direction of uniaxial stress to yield the eigenvalues
and eigenvectors. The eigenvalues give the stress-
induced splittings in the energies of the phonons. 2~

The eigenvectors in turn can be used to determine
the linear combinations of the zero-stress polar-
izability tensors, which are appropriate for de-
scribing the polarization characteristics of the
stress-induced components. Within the framework
of this phenomenological theory, the splittings for
different crystallographic orientations of the applied
force can be correlated in terms of the deforma-
tion-potential constants, whereas the intensities of
the stress-induced components can be calculated in
terms of the zero- stress polarizability-tensor
components.

In the linear approximation, the strain Hamil-
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tonian can be expressed as

V= Z Fg~s)q, 2, j=x, y, 2
$2$

where (V&&] and Q,&] are symmetric second-rank
tensors. V&& is an operator which is a function of
the coordinates.

A. F&z Representation of Point Group 0&

We can rewrite Eq. (1) as

V= 2(V»+ V»+ Vgg)(sg, + e»+ egg)

+ $(2V„- V,„-V»)(2s„-s„„-s»).l (V,—V„)(...—.„)

+ 2~yxyi+ 2~~&~+ 2~~& y.

In Eg. (2) the terms in the potential are regrouped
such that (V + V»+ V„) transforms as A,2, (2V„

V„„as I'~~; here x, y, ands are the cubic axes.
The basis functions appropriate for the representa-
tions +„, Ec, and Ear in O„are listed in Table V.
For calculating the matrix elements of V, we need
the decomposition of products of the form f,f& into
the basis functions of 0~; i, j= $, q, g. The de-
composition of such products is given in Table VI.
Using the matrix-element theorem and symmetry
arguments, the secular equation can be expressed
in terms of three deformation-potential constants
a, b, and c as follows:

ss»+ b(e»+ egg)

2cg~

2c&cx

2CQ~

ssy~+ b (egg+ e~g)

2cfsx

2C&yg

ae„+b(s„+s )-X

c=&felV &=&X'IV &=&~'IV-& (4)

s=b(&foIV +V. +V-&

+ &)",I2V,.—V.,—V„„&),

b=f], (2&@,'I V,„+V„+V,&

—&ftl2V-- V —V-&»

In cubic crystals, the components of the strain
tensor Q,&) are related to the components of the
stress tensor (s,&] through the compliance con-
stants 2,&

as given in Eg. (5), when referred to the
cubic axes~~:

S21 S18 Sgp 0

s~s stan su 0 0

Qg~ Sf/ S]p Sgf 0 0

Q 0 Q as44 Q

0 0 Q 0 ~s44 0

(5)

0 0 0 0 0 —'s

Thus, for a given direction of uniaxial stress, the
associated strain components can be determined
and substituted in Eg. (8) and the eigenvalues and
eigenvectors obtained hy diagonaliztng it.

From Eqs. (3) and (5) we can deduce the expres-
sions for the energy shifts, which can be compared
with experimental results for the applied force F
along [001], [111],or [110]. The eigenvalues (X)
and eigenvectors (A) for these three cases are as
follows:

f~[ [oo]:

&g = X2 = T[(a+ b)s22+ bs22]
-=an,

Q = T[asgg+ 2bs~ ]-=X2,

1 0 0

Z, =Q, 1;a,= 0

F~~ [111]:

~1 ~2 2T[(s+ 2b)(su+ 2su, ) cs22] ~n ~
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TABLE V. Basis functions for A~, E~, and F~
representations of the point group Oz.

1
~H+ 1 fppl)+ 2~fill) e

lls ~s+ h~tpp13 p~tlu)
Irreducible

representation Basis function

f8=X + Y +Z,

fl =2Z -X -Y,
f2=8 (X -Y),
f4= Yz,
f„=ZX,
fg=xY,

f( =X2Y2+ Y2Z + Z X
f'= 2X2Y' —Y'Z'-Z'X'

I
f2=vV(YZ -ZX)
f&'=X YZ
f„'= Y'ZX

f& =Z XY

0od
00d, 000, d00 (12)

0 d 0 00 000

The polarizability tensors referred to the cubic
axes for the F~~ mode in the unstressed crystal are

I

Od0

Xp = —,
' T[(a+2b)(s„+2s,p)+ 2cs«] -=As,

1 1 1
1 1

W6 ' v2
2

1;a,= 1
1

s 3

F ii [110]:
ll.,= T[(a+ b) s fp+ bshe/]

Xp = p T[a(s»+ s,p)+ b(s„+3s,p)+ cs44],

Q —2 T [a (s gf + s gp ) + b (s g f + 3s qp ) —cs 44 ],
0 1 1

1 1
A~= 0, hg= ~2 1, Ag= ~2 1 . (8)

0

In the above T is the applied force per unit area
and defined to be negative for compression; the
subscripts D and S denote doublet and singlet, re-
spectively.

It can be shown that any uniaxial stress can be
expressed as the sum of a hydrostatic stress
and a shear stress. Thus the effect of a uni-
axial stress on a degenerate level can be regard-
ed as a hydrostatic shift of the energy level
followed by a splitting due to the shear components
of the stress. The eigenvalues in Eqs. {6)-(8)can
thus be rewritten

F[[[ool]:
2

&S = &H+ 3&F001) ~

I
D ~H- S~t001)

where Xs= —,T ( 2ab+)( „s2s+, )apnd Xtppg] = T(a b)
"(su —sip) i

0 ii [ill):

For uniaxial stress along a specified crystallo-
graphic direction, the eigenvectors of Eq. (3) can
be used to determine the new linear combinations
of the zero-stress tensors previously given. How-
ever, these linear combinations are still referred
to the cubic axes and they must be transformed to
the laboratory axes. The appropriate linear com-
binations transformed to the laboratory axes are
given in Table VII for P II [001], [111],or [110].
The system of axes as well as the eigenvector cor-
responding to each tensor is also given.

B. F Representation of Point Group T

The basis functions for A, E, and F representa-
tions are given in Table VIG. The decomposition
of products of the form y, g&, where i,j =$, g, g,
into the basis functions of T is given in Table IX.
It should be noted that the doubly degenerate repre-
sentation is separably degenerate in the point group
T.

The strain-induced potential given in Eq. (1) can
be rewritten as follows:

V= -,'(V„+ V + V„)(s„+e ~s„)
+ p((o V~g+ (0V~y+ Vgg}((os'~+ pd fyy+ egg}

+ p((d Vgg+(0 V~+ Vgg)(47*fgg+ Q)eye+ egg}

+ 2 V,~~+ 2 V„,e„,+ 2 V,~„. (13)

As discussed for the case of the F representation
in 0„, again one can write the secular equation in
first-order degenerate perturbation theory for this
case. Using Table IX, when the matrix-element
theorem and symmetry arguments for the matrix

TABLE VI. Decomposition of the products fgf& into the
basis functions of 0&, i,j =$, g, g.

2
&S = &H+ 3&(111)

1
~D ~H 3~f.111) &

where X(111) Tcs«',

Fii [110]:
1

~1 ~H 3~(001) &

(lo)

fc

fg

f»

f&

40 -yfi +y ~~f2

f»

fg

f»

3fO -yfi -g~~f2

fg

f»

fq

fc'

kfo+ kfi'



722 S. VENUGOPALAN AND A. K. RAMDAS

elements are applied to this case, it turns out that
there are four independent matrix elements or de-

formation-potential constants denoted as a, 5, c,
and d. The secular equation can be written as

ae„,+ b(e»+ e„)
+d(e„-e»)- x

2Cf~

2cf

2Cg~

ae»+ b(e„+e„)
+d(e„,—e„)-X

2c&yg

2CKg

2c&yg

ae„+b (e + e»)

+d(e» —e,„)-x

=0, (14)

where

c=

r ((xp I v.,+ v„„+v,.&+ &xi I
~*v.*+~ v»+ v.&

+ &xp I v v,„+u&* v»+ v«) ),

m (3&xpl v,„+v»+ v«) —&xil~*v„+~v»+ v«)
—&xpl(ov, „+(o*v»+v«&), (15)

&x'Iv & =&x.'I v &=&x~'I V,.),
—(f/6 &3)(&x, I

v*v„+ur v»+ v„)
—&xpluv„+v*v»+ v„)).

It is worth noting here that when d = 0, Eq. (14) re-
duces to Eq. (3). Equation (14) can be diagonalized
for Fll [001], [111],or [110], the e,z's being ob-
tained from Eq. (5) for a given direction of uniaxial
stress. Again the effect of a uniaxial stress can
be regarded as comprised of a hydrostatic shift of
the energy level followed by a splitting due to the
shear components of the stress.

For F lt [001], Eq. (14) yields three distinct
eigenvalues and their associated eigenvectors,

viz. q

1
~1 ~H 3~$0013+ ~d

1
~2 ~Z 3~f0013 ~d

2
A.3 = Xg+ 31(001),

0
(16)

0, A2= 1, A3= 0

Here X~ = Td(s„—s,p); X» and Xtppg] have the same
form as in Eq. (9). Thus we see that for F (t [001]
the degeneracy of the F mode is completely re-
moved, whereas the F2~ mode in O„splits into a
doublet and a singlet. This is a consequence of the
fourth deformation-potential constant d in this
case.

For F)i [111],the eigenvectors and the form of
the expressions for the eigenvalues of Eq. (14) are
identical to those given in Eqs. (7) and (10) for the
Fp~ mode in 0„. For F It [110], the degeneracy of

TABLE VII. Polarizability tensors of the sublevels of the I'z mode of OI„ for F II [001], [110], or [ill]. The tensors are
referred to the coordinate axes indicated in each case. The eigenvector corresponding to each tensor is also given.

0

0

0 0 d

0 d 0

0 0 d

0 0 0

d 0 0

F II [oo1)
k II [1oo], g Il [o1o], 2 II [oo1]
Eigenvector Polarizability tensor

aml
II 0 0 0

1
W2

0

-d 0 0

0 0 0

0 0

0 0 0

0 0 d

F II [110]i'
ll [110], g' ll [001], 0"'

ll [110)
Eigenvector Polarizability tensor

t

T 0 -d 0

1
W2

o 2d/v 6

2d/v 6 o

0 —d/v 3

-d/v 3

F II [111]
g'"

Il [112], j" II f10], 0" II [111]
Eigenvector Polarizability tensor

1 -2d/v 6 0 -d/v 3

~11
0 2d/v 6 0

-d/W3 o o

0 0 d 0

d 0 0

0 0 0

1
1

v2
0

0 0 0

0 0 d

0 d 0

1
1

vS
1

-d/v 3 0 0

o -d/v 3 o

o o 2d/v 3
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TABLE VIII. Basis functions for A, E, and F
representations of the point group T; co=e

Irreducible
representation Basis function

Xp=X +y +Z

Xi=hldX +(dy +Z
X2=(x)X +u*Y +Z

g=X,
x„=Y,
XI:=Z.

x„' =zx
Xc =XY

the F mode is completely removed and the eigen-
values and eigenvectors are

1
Xg X~ 3A, (QQ f )

2 XH+ B Xfppl'j+ &(Xd+ Xt111)}
2 2 1/8

X 2 2 1/2
Xp ~tl+ 4 Xtppl] p(Xd+ Xt1113)

0 1
1

Al 0 t Ap i 2)1/2i1+ a (17)

1
o (1 P)li8 1

where

3 3 S/a
(Xd+ Xtlll'J} Xd

It may be noted here that if X~ «X&»», X, and &, in
Eqs. (17) reduce to the same form as in Eqs. (11).

As the zero-stress polarizability tensors re-
ferred to the cubic axes for the F mode are iden-
tical to those in Eqs. (12), the new linear combina-
tions of the polarizability tensors transformed to
the laboratory axes for F I) [001]or [ill] are seen
to be identical to those in Table VII. However,
for F II [110], the tensors will be different from
those in Table VII if a1; these are given in Table
X.

As the F modes are simultaneously infrared

TABLE X. Polarizability tensors of the stress-induced
components of the F mode of T, for F ll [110]. The ten-
sors are referred to the coordinate axes indicated. The
eigenvector corresponding to each tensor is also given.
V'=(1-n)/[2(1+n )]i p, p=(1+n)/[2(1+n )]i p.

F II [110]i' ll [710], y' ll [001],
Eigenvector

1
1[1+~2) i /2

e' ll [110]
Polariz ability

0 -pd

tensor

0

—pd 0 &d

active, long-range polarization fields are expected
to split them into longitudinal-optic (LO} and trans-
verse-optic (TO) phonons, with the former at a
higher frequency. '9 In the right-angle scattering
geometry employed in the present study, the direc-
tion of the applied force is perpendicular to the
scattering plane which contains the phonon wave
vector. Thus the zero- stress polarization direc-
tions of one of the TO components, (TO)i, and the
LO phonon lie in the scattering plane at right an-
gles to each other and to the direction of applied
force, whereas the polarization of the other TO
component, (TO)„, is parallel to the applied force.
The subscripts 1 and It denote components with
polarization perpendicular and parallel to the di-
rection of force, respectively.

For F II [111],the zero-stress polarization di-
rections of (TO)d and LO are appropriate linear
combinations of the eigenvectors of the doublet in
Eq. (7), while the zero-stress polarization of
(TO)„ is the eigenvector of the singlet. Thus we
note that the zero-stress polarization directions
of (TO)g (TO)i, and LO are compatible with the
eigenvectors in the presence of the applied force
along [111]. However, for P It [001)or [110]and

. the corresponding phonon wave vectors used in the
experiment, the zero- stress polarization direc-
tions are no longer compatible with the eigenvec-
tors in Eqs. (16}or (1V}, respectively, with the
exception of (TO)„ for 0 II [001].

For 0 II [001]or [110], it is seen from Eqs. (16)
and (1V) that the triply degenerate F mode is ex-
pected to split into three components. Thus in the
case of LO- TO-split F mode, we expect the TO

TABLE IX. Decomposition of the products Xgx& into the
basis functions of T; i,j=g, 'g, C.

l0

. 0 pd

-d 0

0

0

0 0 0

Xg

Xg

k(Xp+ ~Xg+ ~'Xp)

Xf}

~3(xo+ ~*xi+~x2)

Xg

k(Xp + Xg+ Xp)

0 0-r
0 pd 0

0 pGLT 0

Vd 0 pd
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mode to split into two components for either di-
rection of applied force .For 0 II [ill], we note
from Eq. (7) that the stress-induced shift for the
components polarized parallel to [111]is different
from those for the components polarized in a per-
pendicular direction. Hence we again expect the
TO mode to split into two components. Thus, for
all three directions of applied force one expects
the degeneracy of the TO mode to be removed
while the LQ mode shifts under the stress. Fur-
thermore, when the magnitude of LO- TQ splitting
is independent of applied stress, 3 in the case of
F II [111]the rate of shift as a function of applied
stress would be the same for (TO)~ and LO while
(TO)„would exhibit a different rate of shift. In
the absence of stress-dependent LQ-TQ splitting,
the observed polarization characteristics of the
LO-TO modes for Pc 0 can be used for assigning
each component the appropriate eigenvalue from
Eqs. (10), (16), or (17) for a given direction of the
force; hence the deformation-potential constants
of the I 0-TQ split E mode can be determined on
this basis.

C. E Representation of Point Group T

The secular equation can be written down for the
E representation of T using Eq. (13) and the basis
functions for the E representation given in Table
VIII. Simplification of the secular equation as de-
scribed earlier shows that there exist three de-
formation-potential constants in this case, a real
quantity designated as e and the other two being
the real and an imaginary part of a complex quan-
tity I+fv =f. The secular equation is

e(e,„+e»+egg) —X f((o*e„„+(ge»+egg)

f (&6»+~ e»+ egg) e(c»+ 6»+egg)
(18)

where

1 1 i 1 1
~~,-f*l

I f I

' ~&.f*lIf I

(gp 0 0

0 + 0, k' 0 &+ 0 (22)

0 0 1 0 0 1

From the eigenvectors in Eqs. (20) and (21) the
proper linear combinations of the above tensors
can be determined for F II [001]or [110)and they
can be transformed to the laboratory axes. These
are given in Table XI. From these tensors we
can deduce the ratio of the intensities for the
stress-induced components in the two experimental
geometries employed here, viz. , x(zz+zx)y po-
larization or x'{z'z'+z'x')y' polarization. For
F II [001],

It should be noted that the eigenvectors A, and Q
in Eqs. (21) areinterchangedcomparedto Eqs. (20).
For @II [111],X, =Xz=k„and hence the degeneracy
of the E mode is not removed.

From Eqs. {20)and (21) we note that the magni-
tude of the stress-induced splitting for the E mode
is 2Xs for F II [001], whereas it is Xs for P II [110].
In addition, it should be noted that experimental
results for the positions of the stress-induced com-
ponents in either of the two cases enable the de-
termination of the deformation-potential constant e
and If I. We demonstrate in the following that from
the relative intensities of the stress-induced com-
ponents, the real part u of the complex quantity f
can be determined. Thus knowing If I and I, the
magnitMde of the imaginary part e can be deter-
mined in turn.

The zero-stress polarizability tensors for the E
modes are given as

e= 3(xil V, + V„+V..lxi&,

f= 3 {X,I ro V,„+&o*V»+ V„I xs ) .
Setting X„=eT{s„+2s,a) and Xs=}f I T(s„-s,z),
the eigenvalues and eigenvectors are given by

fP'.. . If }-u '

whereas, for III [110],

(23)

II}[001]

~1 ~H+ ~8 s

1 1 1

where the superscripts 1 and 2 refer to eigenvalues
X, and A~, respectively, for each direction of ap-
plied force.

From Eqs. (23) and (24) we note that within the
approximation the zero-stress intensity of the
line is redistributed in the two stress-induced
components, the ratio of their intensities can be
used to determine u. Another conclusion derived
from Eqs. (23) and (24) is that when Ie0, the pat-
tern of relative intensities corresponding to X, and
Xm should be similar for P II [001]and [110].
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FIG. 2. Remen spectrum of CaF2 for 0 II [001]; T
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zero-stress spectrum and that under applied stress.
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D. A Representation of Point Group T

As the A modes are nondegenerate, their shift
in energy as a function of the crystallographic di-
rection of the applied force is isotropic and is
given by

1=g T(sn+ 2s ia),

where

g = 's (Xe I l', + l'~+ l -I Xo & .
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Calcium Fluoride

At room temperature the triply degenerate F~~
zone-center phonon of CaF2 occurs" at -321 cm '.
In the present study, at room temperature the
Raman line was observed at 321.3+0.5 cm ' with
a half-width of -7.5 cm '. At -15 'K, using the

calibration lines from a potassium discharge lamp,
the position of the Raman line was determined to
be 327. 3 +0.1 cm ', with a half-width of 2. 0 cm
Furthermore, it was observed that at 77 'K the
position of the line did not change as compared to
that at 15 'K. Srivastava et al. ' determined the
position of the Raman line of CaF3 at 77 K to be
330+ 2 cm ', which is in fair agreement with our
value.

Figure 1 shows the first-order Raman spectrum
of CaF& at -15 K recorded with different polariza-
tion parameters. As expected from the polariza-
bility tensors for the J'~ mode in Eq. (12), the in-
tensities of the z(yz)y, x(yz)y, and z(zz)y spectra
are all nonzero, whereas the intensity correspond-
ing to the diagonal component z(zz)y is vanishingly
small. Also, the three spectra corresponding to
off-diagonal polarizability components are ex-
pected to yield equal intensity. The observed in-

TABLE XI. Polarizability tensors of the sublevels of the E mode of T, for 0 II [001] or [110]. The tensors are referred
to the coordinate axes indicated in each case. The eigenvector corresponding to each tensor is also given; f*/ If I

= p.

Eigenvector

1 1 '

-p,

0 Il [001]
P II [ioo], y II [oio], g II [001]

-co*+Pcs 0 0

0 (1+P)

0 0

co —pM

0 (i-P),

f II [110]
g' ll Piio], g' II[001],

-k(1-P)
0 0. —P)

i~a (1+P) 0

-~ 0+p)
h+ p)

k
~2

iaaf(1 —P)

g Il[iio]

i~3 (1+P)

-~ 0-p)

i~a (1 —P)

-& 0+p)
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induced components in CaF2 for V II [111], at a stress of
6 ~ 64 kbar; T- 15 'K. The arrow denotes the zero-stress
position of the line. S" II 7110], J" II f112], Z" II [111].

tensities are in qualitative agreement with this ex-
pectation. Thus we conclude that the Roman-active
zone-center phonon in CaF~ belongs to the Fm~ sym-
metry as expected. "

It was pointed out in Sec. IH that for F ll [001]the

E~~ line is expected to split into a singlet and a
doublet. In Fig. 2 the Raman spectrum of CaF~ is
shown in z(yz+yx)y polarization for F II [001]. The
zero-stress spectrum is also shown in the same
polarization, for comparison. One clearly sees
two stress-induced components with a splitting of-6.0 cm '. The polarization features of the two
components are shown in Fig. 3. The component
at the higher frequency is observed in the z(yx)y
polarization, whereas the component which shifts

very little from the zero-stress position denoted
by the arrow is observed in the z(zz)y polariza-
tion. It should be noted that these polarizations
are consistent with those predicted in Table III for
B~, and E, symmetries, respectively, in the new
point group D4„. In addition, these are in agree-
ment with the predicted polarization characteris-
tics for singlet and doublet, respectively, as seen
from Table VII. The observed intensities for
singlet and doublet are in qualitative agreement
with the predictions from Table VII.

Figure 4 shows the stress-induced components
for F II [111]. Again, the Fs line splits into two
components. The spectrum under applied stress
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was obtained in this case with incident light which
had polarization components along z" as well as
y" directions. The quartz crystal used for rotat-
ing the polarization of incident light from z" to y"
was tilted at an angle with respect to the laser
beam. The angle of tilt was adjusted until the
relative intensities of the stress-induced compo-
nents were nearly equal. This enabled a clear ob-
servation of the two stress-induced components
without isolating them on the basis of their polar-
ization features. The polarization characteristics
of the two components are shown in Fig. 5. From
the polarization characteristics predicted in Tables
III and VII, it is clear that the higher-frequency
component seen in x"(z"z")y"polarization is the
singlet and has the A& symmetry in D3~. The low-
er-frequency component is seen in x "(z"x")y"
and hence is the doublet which has the E~ symmetry
in D3~. From Table VII, we see that the intensity
of the x "(z"z")y"spectrum must be four times

larger than that of the x"(z"x")y"polarization;
the observed intensities are in qualitative agree-
ment with this expectation.

Both from the perturbation theory and group-
theoretical correlation, it was shown that the de-
generacy of the F~~ mode should be completely
lifted for F II [110]. Figure 6 shows the experimen-
tal results for this direction of compressive force.
Clearly, three distinct components are seen and
their observed polarization characteristics are in
agreement with those predicted in Tables III and
VII. From Table III we note that the component
with x'(y'z ')y ' polarization belongs to B,, symme-
try in the new point group D», while those with
x'(y'x')y' and x'(z'z')y ' belong to Bz~ and A„re-
spectively. From Table VII we note that the inten-
sities in all three polarizations should be equal;
the observed intensities are in fair agreement with
this prediction.

Within the deformation-potential approach dis-
cussed earlier, the energy shifts for the stress-
induced components are expected to be linear in T.
Figure 7 shows the linear least-squares fit of the
positions of the stress-induced components as a
function of the magnitude of applied stress in the
case of CaFz, for F (I [001], [111), or [110]. It is
seen that the experimental points in each case do
exhibit a linear behavior rather closely. The
least-squares fit for a given measurement gen-
erally yielded probable errors of 2-4% in the
slopes for components which exhibit a considerable
shift as a function of applied stress. However, for
components which undergo little shift from the
zero-stress position of the line even at the highest
stress, e.g. , x(zx)y or x'(z'z')y', the probable
errors were 10-15%. In addition, for a given
stress the hydrostatic shift X~ showed a variation
of 10-15%within the three directions of applied
force considered here. Thus our experience in
this case as well as in the piezospectroscopic
study of e-quartz' indicates that the slopes of
the lines as in Fig. 7 are reproducible to within
15/p, and hence the deformation-potential con-
stants deduced from the slopes are accurate to
within 15/g.

From Eqs. (6) and (7) we note that given the
compliance constants of CaF~ ' the three deforma-
tion-potential constants a, b, and c associated with
the F2~ mode can be obtained from the two mea-
surements with F II [001]and 0 II [111]. Hence the
slopes of the three stress-induced components for
F II [110],which are determined by Eq. (8), can be
predicted and these values when compared with the
experiment for 0 it [110]serve as an internal check
for consistency. Such a check showed that the
agreement was very good. The deformation-po-
tential constants of the F~~ mode of CaF~ are listed
in Table XII.
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B. Barium Fluoride

Srivastava et al. have reported the Raman-
active F3 mode of BaF~ at 242 cm ' at room tem-
perature and 249 cm ' at VV 'K. In our study,
using the calibration line from a neodymium hollow
cathode lamp, we have determined the line position
at room temperature to be 240. 9+0. 5 cm ' with a
half-width of -8. 5 cm '. At - 15 'K, the Raman
shift was 246. 6 + 0.2 cm ~ with a half-width of
-1.6 cm '. Also, the position of the line at 77 K
is very close to that at -15 'K. Zero-stress po-
larization studies for BaF~ similar to those shown
in Fig. 1 established that the line possesses Fm,
symmetry as expected.

FIG. 9. Positions of the stress-induced components in
BaF2 as a function of the applied stress for F II [001].
The comments made in the caption of Fig. 7 apply here
also.

During stress measurements the BaF~ samples
frequently cleaved along the (111)plane either upon
cooling or at stresses low in comparison to the
maximum used for CaF~. %e have been successful
in obtaining satisfactory data for F II [001], which
are presented in Figs. 8 and 9. Figure 8 shows
the singlet and the doublet at a stress of 2. 38 kbar.
The comments made in the case of CaF~ for
F Il [001]with respect to the symmetry and polariza-
tion of the stress-induced components apply to this
case also. In Fig. 9 is shown the position of the
singlet and the doublet as a function of applied
stress. Using the compliance constants of BaF&
the deformation-potential constants a and b have
been obtained from the slopes of the straight lines
in Fig. 9 and listed in Table XG.

For both CaF2 and BaF2, from the results of the
present study the expected rate of shift in the fre-

TABLE XII. Deformation-potential constants of the Raman lines of CaF2, BaF2, and Bi&2Ge020. The constants not
applicable to a given line are left blank. Line labels correspond to those in Fig. 10. N. D.—not determined in the
present study.

Crystal

CaF2

BaF2

Line positions
(cm-')

327.3

246.6

Line label

—1287

-785 -281 N. D.

Deformation-potential constants (cm per unit strain)
b C d e If I g

-271 —103

Bi~mGe020

124.0
57.5

207.2, 209.0
87.2
67.7

130.2
89.4

7
2c

11a, 11b
4a
3
8
4b

-467
-295
-251

—165
-251
—454

—106
24
84

~0
~0

-139
-250
-226

70
87
47

-210
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The Raman spectrum of Bi»oeO~O at -15 'K is
shown in Fig. 10. The experimental conditions
under which this spectrum was obtained have been
described in an earlier paper. " As pointed out
before, it is a very rich spectrum consisting of
lines of A. , E, and I' symmetry as mell as LO-TO-
split I" modes. '3 Thus the effect of uniaxial stress
on different types of phonons can be examined in
this case. Vfe present here the piezospectroscopic
results obtained for illustrative cases of each type.
The deformation-potential constants for the lines
examined are listed in Table XD.

In the present measurements, care mas exer-
cised to minimize the depolarization effects arising
from optical activity' in Bi,20eO30. The 6328-A
radiation was used for exciting the spectrum; the
sensitivity of the spectrometer in this region is
nearly 2. 5 times greater for radiation polarized
perpendicular to the grating grooves as compared
to that polarized parallel to the grooves. Thus
a proper comparison of the relative intensities of
the stress-induced components with the predicted
behavior must include appropriate corrections for
the polarization response of the instrument and the
depolarizing effects due to optical activity. For
F tt [110], it is seen from Table II that the crystal
acquires the monoclinic symmetry C2. In this

quency as a function of applied hydrostatic stress
at -15 'K can be deduced; these are —0.64 cm '/
kbar for CaFz and —0. V2 cm ~/kbar for BaFs. The
room-temperature hydrostatic shifts measured by
Mitra for both crystals 3 are in close agreement
mith these values.
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FIG. 11. Stress-induced components of the E mode
at 124.0 cm" O.ine 7) in BGO for 0 ll [111], [110], and
[001]. The zero-stress spectrum is also shovrn in each
case; T -15 'K. The crystallographic orientations are
the same as for Fig. 7 except that g" I) [112], y" II [110].

case, for linearly polarized radiation propagating
at right angles to the C~ axis, the polarization di-
rection is not affected and continues to be linear.
However, linearly polarized radiation propagating
along the C3 axis can emerge elliptically polarized
as a result of the photoelastic birefringence in the
crystal. Thus for k It [110], when the scattered
radiation is observed along [001]direction as is
the case here, depolarization of scattered radiation
can occur owing to stress-induced birefringence
in the crystal. The observed results seem to in-
dicate that such effects are not large. Neverthe-
less, as the spectra reported here are uncorrected
for the depolarization effects just mentioned and
the polarization response of the spectrometer, we
will concern ourselves mainly with the polarization
characteristics of the stress-induced components
and only qualitative intensity comprisons are made,
in general.

The experimental results obtained for the E line
at 124.0 cm ' (line '7) with applied force along
[ill], [110], or [001]are shown in Fig. 11. The
zero-stress line is also shown in each case. For
F tt [ill], the line is seen to split into two compo-
nents in the x "(z"z"+z"x")y"polarization, while
only one component is seen in x "(y"z"+y"x")y".
Comparison of these results with the polarization
characteristics predicted in Tables IV and VII
shows that in the latter polarization only the doublet
should appear while in the former, both the doublet
and the singlet should be seen. Thus the lower-
frequency component is the doublet with E sym-
metry in the new point group C3, mhile the higher-
frequency component is the singlet which has A
symmetry in Ce. For f tt [001], two components
are seen in x(yz+yx)y polarization. Through
separate polarization measurements, it was ascer-
tained that the higher-frequency component is seen
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FIG. 12. The positions of the stress-induced compo-
nents of the 124. 0-cm line as a function of the applied
stress. The crystallographic orientations are the same
as for Fig. 11. The comments made in the caption of
Fig. 7 apply here also.

only in x(yx)y, while the other component has the

x(yz)y polarization. Hence they have 8, and 8,
symmetry, respectively, in the new point group
Dz. In x(zz+zx)y polarization a single component
is observed and thus it belongs to Ba symmetry in

D,. The position of this component, within ex-
perimental accuracy, is the same as that seen in

x(yz)y. From Eqs. (16) we note that such a coin-
cidence can occur if d =0 for a given F mode and

hence its behavior for f II [001] simulates that of
the F~, mode in 0„.

For~@ 11 [110], from Table II it is seen that the E
mode splits into three components in the point
group Ca. From Tables IV and X we note that a
single component with A symmetry should be seen
in x'(z'z'+ z'x')y ' polarization while two compo-
nents with B symmetry will be seen in the x'(y 'z'
+y'x')y'. The observed results are consistent
with this expectation. It is felt that the weaker
component seen in x'(z 'z'+z'x')y' is due to spill-
over from the forbidden B-symmetry line at that
frequency. It was noticed that within experimental
accuracy the component with A symmetry has the
same frequency as one of the lines with B symme-
try. It can be shown that this is a consequence of
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FEG. 13. Stress-induced components of the LO-TO-
split I' mode at 207.2 cm (TO} and at 209.0 cm (LO)
{lines 11a and 11b) in BGO for F )1 [1113, t1103, and $0013,
The zero-stress spectrum is also shovrn in each case;
T 15 'K. The crystallographic orientations are the
same as for Fig. 11.

the specific values of the defox mation-potential
constants a, b, c, and d associated with this F
mode.

Figure 12 shows the variation in the frequency
of the stress-induced components as a function of
the magnitude of the applied stress for F II [001],
[111],or [110]. The straight lines represent lin-
ear least-squares fit to the data points in each
case. From the slopes of the lines, the deforma-
tion-potential constants can be determined using
ECIs. (7), (16), and (1V) as well as the compliance
constants of Bi»Ge030. As the low-temperature
elastic constants of Bi,&GeO0 have not been deter-
mined, we use their known values at room tem-
perature in calculating the deformation-potential
constants of all the lines examined in this study.

We have also examined the behavior of the sharp,
intense, triply degenerate mode at 5V. 5 cm ' (line
2c) under uniaxial stress along the three crystallo-
graphic directions previously mentioned. The
magnitudes of the splittings were generally & 1.2
cm ' at the highest stresses used in this study.
The polarizations of the stress-induced components
were in agreement with the behavior described al-
ready for the F mode at 124.0 cm ~. The deforma-
tion-potential constants of the 57. 5-cm ~ line are
listed in Table XG.

The effect of uniaxial stress along [111], [110],
or [001]on the TO-LO pair at 20V. 2 and 209. 0
cm ', respectively, (lines lla and lib) is shown
in Fig. 13. (Note that the position of these lines
was given before' as 207. 0 and 208. 5 cm ', re-
syectively. The present values are based on im-
proved statistics. ) The zero-stress spectrum is
also shown in each case. Figure 14 shows the
positions of the stress-induced components of the
TO-LO pair as a function of the magnitude of the
applied stress for the three crystallographic di-
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as for Fig. 11. The comments made in the caption of
Fil, . 7 apply here also.

rections. It is seen that for all three directions of
applied force, three components are observed and
in each case the highest-fretiuency component can
be identified as the stress-shifted LO mode. The
remaining two components are evidently the stress-
induced components of the TO line. In Fig. 18, for
P ii [111],two components are seen in x"(y"z"
+y "x")y"polarization. As only the doublet should
appear in this polarization, me conclude that the
two lines correspond to (TO), and LO, which con-
stitute the doublet in this case. In x "(z"z"
+ z"x"}y"polarization, in addition to the doublet,
the singlet also should be seen. Thus the strong
component seen in this case is the singlet vrhich
corresponds to (TO)„. For F ii [001], the stress-
induced TQ component at the lower frequency is
seen as the strongest line in x(yz+yx)y polariza-
tion, vrhereas the TO component at the higher fre-
quency is the strongest line in x(zz+zx}y. Under
stress, the TO component seen distinctly in x(zz
+ zx)y aypears much weaker in x(yz+yx)y and
vice versa. Hence the TO comyonent in the former
case must have x(zx)y polarization and thus its en-
ergy shift under stress is described by the eigen-
value Az in Eg. (16). It was ascertained from a
separate polarization measurement that under
stress the lower-frequency TO component seen in
x(yz+yx)y polarization has x(yx)y polarization

and hence its shift under stress is described by %3

in Egs. (16). As the two stress-induced components
of the TO line belong to X~ and X3, the stress-
shifted LO mode is expected to belong to X,; indeed
the polarization study of this mode indicated that
it has a higher intensity in x(yz)y than in x(zx)y.

As discussed in the case of the triply degenerate
F mode at 124.0 cm ~, for Fll [110], two compo-
nents should be seen in x'(y'z'+y'x')y' polarization
while a single component should be seen in x'(z'z'
+z'x')y'. Thus we conclude that in Fig. 18, the
strong TO component and the stress- shifted LO
mode seen in x'(y'z'+y'x')y ' have B symmetry
while the strong central component in x'(z'z'
+z'x')y' has A symmetry in Cz. It is felt that the
weaker central component in x'(y'z'+y'x')y' arises
from spill-over of the A-symmetry line at that
position. Similarly in x'(z'z'+z'x')y', the weaker
lines on either side of the strong central component
are attributed to spill-over from the two lines of 8
symmetry.

It is worth noting in Fig. 14 that for F II [111],
(TO)~ and LO shift at the same rate as a function
of the stress. Thus me conclude that the LO- TO
splitting remains constant up to the highest stress-
es used in this study. From the polarization fea-
tures of the stress-induced components, the ap-
propriate eigenvalue can be assigned in each case
from Eqs. (V), (16), and (1V), and the slopes of the
straight lines in Fig. 14 can be used to determine
the deformation-potential constants of this LO- TO-
split E mode.

%e will now discuss the effects of uniaxial stress
on the nondegenerate (A) and double-degenerate
(E) lines we have investigated. In the present
study, the observed splitting of the E modes as a
function of applied stress, for F ii [001]or [110],
has been used to determine e and If I, and these
are listed in Table XII. However, owing to the
deyolarizing effects already discussed, no attempt
has been made to correlate the observed intensities
of the stress-induced components of the E modes
for either of the above two directions of applied
force, in order to obtain u and I e I .

The behavior of the E mode at 8V. 2 cm (line
4a} I and the A mode at 89.4 cm ' (line 4b) for
Ill [001], [110], or [111]is shown in Fig. 15 to-
gether with thy zero-stress spectra. The intense
A mode is sho~ truncated in aQ cases. The ar-
rows denote the zero-stress positions. It is seen
from Eg. (25) that the energy shift of a given A
mode must be isotropic with respect to the crystal-
lograyhic direction of the applied force. For all
three directions of applied force this was found to
be true, within'experimental accuracy, for the A
mode at 89.4 cm '. In addition, it was noticed that
the intensity of this A line decreases with increas-
ing stress. Such a stress-dependent intensity
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FIG. 15. Stress-induced components of the E mode at
87.2 cm (line 4a) and the stress-shifted A mode at 89.4
cm Qine 4b) for F Il [001], [110], and [111]. The zero-
stress spectrum is also shown in each case. The intense
A mode is shown truncated in all cases; T 15'K. The
crystallographic orientations are the same as for Fig. 11.

change is not expected on the basis of the deforma-
tion-potential approach discussed in Sec. III.

For F It [001]or [110]it is seen that the E mode
at 87.2 cm ' splits into two components as expected
from Table II and Eqs. (20) and (21). Also, for
F II [111], the E mode merely shifts under the
stress and remains degenerate as expected. The
polarization characteristics of the stress-induced
components in Fig. 15 are in agreement with those
predicted in Tables IV and XI. Both for F II [001]
and [110], the total intensity in the two stress-in-
duced components is greater than that at zero
stress. This is contrary to the conclusion derived
in this respect from Eq. (22) and Table XI. In
addition, it was noted in Sec. III that the pattern of
relative intensities of the two stress-induced com-
ponents should be similar for P II [001]and [110].
However, the observed pattern of relative intensi-
ties for F tt [001] is found to be opposite to that for
F tt [110]. It is felt that the prediction of relative
intensities given in Eqs. (23) and (24) may not be
applicable to the present case where pronounced
enhancement of intensity occurs.

The effect of uniaxial stress along the [001]di-
rection on two of the E modes at 67. 7 (line 3) and
130.2 cm (line 8) is shown in Fig. 16. It should
be noted that at zero stress, there is a very weak
Raman line at 66. 7 cm ~. This feature was not de-
tected in our earlier work'3 and was observed dur-
ing the present study because of the higher resolu-
tion and improved signal-to-noise ratio attained.
The intensity of this weak feature was found to in-
crease with increasing stress in addition to a shift
in its peak position, for both F tt [001] and [110].
Following its position as a function of stress, we
identify the component at the lowest frequency in
the presence of the stress as arising from this fea-
ture. Polarization study of this line indicates that
it is most likely of A symmetry. The two higher-
frequency components by the side of this line rep-

resent the stress-induced components of the E
mode at 67. 7 cm '. The observed polarization
characteristics of the two components are consis-
tent with those predicted in Tables IV and XI. At
zero stress, the asymmetry of the 130.2-cm line
on the higher-frequency side arises from the weak-
er F mode" at 131.2 cm '. Hence the stress-in-
duced components of the E mode were clearly ob-
served in the x(zz)y polarization which eliminates
overlap from the neighboring F mode. As in the
case of the E mode at 67. 7 cm ', the polarization
of the stress-induced components in this case is
consistent with the expected behavior.

We have also examined the behavior of the other
A lines at 148 (line 9), 272 (line 13), and 542. 6
cm t (line 17) under uniaxial stress. The observed
rates of shift as a function of stress for these
lines were comparable to that reported here for
the A mode at 89. 4 cm ' (line 4b).

It should be mentioned that Bairamov et al. 38

have recently reported a uniaxial-stress study of
the Raman spectrum of Bi,~GeO~O at room tempera-
ture, using a compressive stress of 8 x10' dyn/cm'
along an unspecified crystallographic direction;
this stress is nearly two orders of magnitude lower
than the maximum stresses used in the present
study. Thus, they have not observed any splittings
of degenerate modes nor have they reported any
polarization measurements. However, they have
reported negative shifts for the lines at 89, 146,
and 272 cm, the shifts being 1, 3, and 4 cm ',
respectively. From our earlier study' we identify
all three lines as A modes though Bairamov etal. ~
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FIG. 16. Stress-induced components of the E modes
at 67.7 cm (line 3) and at 130.2 cm (line 8) for F II [001];
T 15 'K. The zero-stress spectra are also shown. x,
y, and z are along the cubic directions.
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have assigned only the 146-cm line as A mode
and the other two are incorrectly assigned as E
modes. In our present study using compressive
stress, we observed positive shifts of these three
A lines with the shifts not exceeding -1 cm ' at- 7 x 10 dyn/cma. Thus we feel that the "stress
induced" shifts reported by Bairamov et al. 3~ may
reflect their accuracy in determining the line posi-
tion.

V. CONCLUSIONS

The present investigation shows that the low-
temperature piezospectroscopic study of Raman
spectra of crystals in a useful technique in the
study of lattice vibrations; it enables the determi-
nation of their symmetries and the associated de-
formation-potential constants. For all the lines
studied, the number of stress-induced components
and their polarization features have provided inde-
pendent confirmation of the line symmetry known
from previous zero-stress studies. "' From
Table XII it is seen that there is a variation in the
magnitude as well as the sign of the deformation-
potential constants for the different lines studied.
Such information should prove useful in any attempt
to correlate these constants with changes in the
interatomic force constants arising from the lattice
deformation caused by the applied force.

It should be noted that the relative positions of
the stress-induced components for 0 ll [001] are
determined by the relative magnitude and sign of
the constants a and b as well as the compliance
constants s» and s». For all three crystals
studied here, (s,~

—s,m) is positive. For both CaFz
and BaF~ the singlet has a higher frequency than
the doublet for I II [001], whereas for Si8 and Ge, '
which also have a positive (s» —s,2), the converse
is true. This is reflected in the fact that (a —h)
is positive for Si and Ge while it is negative for
both CaF2 and BaF2. For P i) [111],the singlet has
a higher frequency than the doublet in all four
crystals, yielding a negative sign for c since s44 is
positive for all of them. In a similar manner, the
magnitudes and signs of the constants in Table XII
for the lines in Bi,2Ge020 account for the relative
positions of the stress-induced components. It is
also interesting to note that in the two triply de-
generate and the LQ- TQ-split F modes investigated

in Bi»GeO~O, d-0, though it can be nonzero for the
point group T. This might indicate that these
modes have an inherently higher symmetry than is
generally permissible in T.

While the values of b for CaF& and BaF~ are
comparable, the value of a for BaFz is nearly 60%
of that for CaF~. This substantial difference is of
interest from a lattice dynamical viewpoint. For
Si and Ge, Cerdeira et al. ~ have attempted a com-
parison of the experimental values of a, b, and c
with theoretical values determined from models
containing explicit contributions to the internal
energy of each unit cell from bond-bending and
bond-stretching forces in the presence of the ap-
plied force. They conclude that the agreement is
not completely satisfactory for any of the models
considered. The lattice dynamics of crystals with
the fluorite structure has been the subject of sev-
eral experimental and theoretical studies in the
past. The second-order Raman spectra of fluo-
rites has been recently studied. In addition, in-
elastic neutron scattering studies on CaF~'9 and
BaF~ have enabled a determination of the shell-
model parameters in the lattice dynamics of both
crystals. Using the known elastic and optical
properties of CaF&, Srinivasan" and Ganesan and
Srinivasan have determined the force constants
associated with the ionic interactions in the rigid-
ion approximation. The short- range force con-
stants of CaF&, BaF3, and SrF~ have also been
evaluated by Axe using the shell-model approach.
Thus, in view of the relative simplicity of the
fluorite structure and the available information on
the dynamics of CaF2 and BaF~, it should be of in-
terest to relate the observed deformation-potential
constants for both crystals to the changes in the
force constants arising from the lattice distortion
due to the applied force.
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Resonant Second-Harmonic Generation in the Exciton Region of CuCl and ZnO~
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Using a pulsed tunable dye laser pumped by a Q-switched ruby laser, the frequency dependence of
second-harmonic generation has been measured in the region of the first and second 1s excitons of
CuCl from about 3.18 to 3.34 eV and the region of the C exciton of ZnO from about 3.38 to 3.48
eV. From the data, the frequency dependence of the optical nonlinear susceptibility has been determined
using linear optical constants calculated by a Kramers-Kronig analysis of reflectivity. The results for the
single nonzero term of the nonlinear susceptibility of CuC1 and the two terms d„, and d, of ZnO
have been fit theoretically by an anharmonic-oscillator model employing two oscillators.

I. INTRODUCTION

The intent of the work described here was to ex-
perimentally measure the frequency dependence of

optical-second-harmonic generation and then to de-
duce from the data the frequency dependence of the
nonlinear optical susceptibility. The measure-
ments were made for second-harmonic light gen-


