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First-order Raman off- and on-resonance scattering induced by I' centers in CsCl and CsBr

J. P. Buisson, S. Lefrant, M. Ghomi, and L. Taurel
Laboratoire de Physique Cristalline, Associate Research Group¹.13 of the Centre National de la Recherche Scientifique,
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Experimental first-order Raman spectra for CsBr and CsC1 doped with F centers are described. All spectra
were studied as a function of the wavelength XL of the laser line allowing excitation off and on resonance
with the F band. Off-resonance spectra were calculated using phonons derived from the eleven-shell model

parameters which fit with neutron data, and assuming that the electron-phonon interaction is linear in the

displacements of the first- and second-shell ions surrounding the F center, Softening of the longitudinal force
constants between the F center and its first nearest-neighbor (nn's) (55% in CsBr, 50% in CsC1) and

between its first nn's and its second nn's (8% in CsBr, 13% in CsCl) accounts for the main peaks. The
relative contributions Of the I &+, I 3+, I &+ modes to the 2nd moment of the F band deduced from Raman-

scattering cross sections agree with previous magnetic-circular-dichroism measurements. It is shown that in

CsBr, F-electron coupling with the first-shell ions is preponderant while in CsC1, the coupling to the I 3

symmetrized displacements of the second-shell ions appears relatively large.

I. INTRODUCTION

It is well known that when crystals have the CsCl
structure, the first-order Raman scattering is
forbidden. The introduction of defects, in parti-
cular E centers, destroys the translation sym-
metry of the lattice and the inversion symmetry of
all lattice sites except the impurity site itself;
therefore, first-order Raman scattering induced

by all the perturbed phonons of the first Brillouin
zone can be observed. ' ' The peaks of the spectra
reflect the peaks of the perturbed projected den-
sities of one-phonon states for ions which couple to
the E center. Then the Raman method is the most
detailed experimental source of information about
the electron-phonon coupling of the I' center.
Since the pioneer work done by %orlock and
Porto, ' Raman spectra of Ii centers in crystals
of NaC1 structure have been extensively studied
in the past, ' "but only a preliminary work about
Raman scattering in CsBr (E centers) has been
recently published. " Study of Raman scattering
by E centers in cesium halides is very interesting
since in these crystals the E-center absorption
band is structured at low temperature. In CsBr
the + band shows an unresolved doublet, while in
CsCl a barely resolved triplet is observed. " This
structure has stimulated important theoretical
work and is now rather well explained. """The I
center has o„symmetry and the electronic excited
state of the E-hand transition is a I'4 orbital triplet
split by the spin-orbit interaction into a doubly
degenerate I', and a quadruplet degenerate I', .
The strong spin-orbit coupling in cesium halides
can partially explain a doublet structure as it was
first suggested by Margerie et al." Moreover, in
its excited state the + center suffers a Jahn-

Teller interaction due to the coupling to non-
cubic-lattice vibrations, which splits the I"",

levels. Therefore, the three-peak structure in
CsCl can be explained if the interaction with non-
cubic modes is relatively strong with regards to
the interaction with the cubic modes. " These con-
clusions were supported by the experimental deter-
mination of the cubic- and non-cubic-lattice vi-
bration contributions to the second moment of the
I'" band. " Therefore the study of Raman spectra,
which shows in detail the coupling to the active
modes of each symmetry responsible for the
broadening and structure of the E band, is of great
interest.

In "off-resonance" exci tation conditions, the
usual selection rules for first-order Raman scat-
tering show that the active modes have I'; (A, ),
l",' (E ), and I",' (T, ) symmetries. " On the other
hand, the relative intensities of the experimental
Raman peaks must be independent of the exciting
light wavelength. In a preliminary work, "some
Raman spectra of + centers in CsBr have been
studied with a tunable dye laser operating in the
E absorption band. These spectra exhibit some
modifications with the laser-line wavelength, and
at that time we have suggested that the changes
come from the breaking of the selection rules
established in off-resonance excitation. In the
present work we have been able to extend the range
of the laser-line energy, and also study Raman
spectra of CsCl (F centers). All the results con-
firm that the spectra exhibit dramatic changes when
the energy of the laser line operates on resonance
with E-band transition, as it was theoretically pre-
dicted in the case of + centers in Csp. " Calcula-
tions based on an extension of Henry's theory"
show that the spin-orbit coupling of the E center in
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its first excited state accounts for the main experi-
mental results.

II. EXPERIMENTAL

A. Experimental details

The homemade CsCl and CsBr samples mere
taken from monocrystals grown under chlorine and
bromine atmosphere by the Bridgman method.
The Merck initial product mas purified by zone
melting.

The I" centers were created by y irradiation at
20 C. After coloration, the samples were stored
in the dark to avoid formation of aggregates. In
the case of CsBr an additive coloration at 500 C
in potasium vapor was used in order to verify that
the spectra do not depend on the coloration method.
After coloration, I centers characterized by
their absorption band"'" are obtained (Fig. 1) and
we checked that they are stable under illumination
in the I' band at 10 K. In CsBr, the I' band at
10 K. shows two badly resolved peaks E, and E,
peaking, respectively, at &, = 616 nm (16 234 cm ')
and X~ = 640 nm (15 625 cm '), and in CsC1 the F
band is formed of three unresolved bands F, , I"~,bye

F& at 1i., =.558 nm (17 921 cm '), X~ = 578 nm
(17 301 cm '), A., = 585 nm (17 094 cm ').

The Raman spectra were measured using a
Spectra Physics 10-W argon-ion laser in conjunc-
tion with a dye cell (Rhodamine 6G or Rhodamine
B) allowing the laser-line wavelength to vary within
the spectral range 572-662 nm; some spectra were
also studied using the 514.5- and 582.7-nm ionized
argon emission lines. Then, the study of Raman

spectra of the & centers in CsBr, when exciting
the whole spectral range of the & band, was pos-
sible, Unfortunately, the wavelengths available
from the dye laser prevented from observing Ra-
man spectra by excitation in the F, band (Fig. 1)
of CsCl.

The spectra were analyzed with a Spex-model
1401 double monochromator using a 9558 & cooled
E.M. I. photomultiplier as receptor. The resolution
was about 3 cm ', all spectra. were obtained using
the 90' scattering geometries and all samples
were oriented using the Laue back-scattering
method.

The experimental geometry of a Raman experi-
ment is denoted by the symbol k~(q~, r] e)ke, where
k~, k~ are, respectively, the propagation directions
of the incident and scattered light and where q I.,
q~ denote the unit vectors along the directions of
polarization of the incident and scattered light.
In our experimental conditions k~ and k~ were,
respectively, parallel to the [110]= Z direction
and [T10]= Y direction; the [001] direction is
denoted by X. Therefore, in off-resonance ap-
proximation, the three first-order Baman spectra
due to modes of I",+ I",, I",, and I'5 symmetry can
be determined by studying respectively the Z(XX') Y,
Z(YZ) Y, and Z(YX) Y spectra.

Since absolute Baman cross sections have not
been measured, Stokes Baman spectra are re-
produced (Figs. 2 and 3) in relative value. Then
only the intensities of the three spectra observed
using the same laser line wavelength can be com-
pared. The frequencies of the Raman peaks ex-
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FIG. 1. E-center optical absorption bands at 12 K in
CsBr and CsCl. The dashed area shows the spectral
range of the dye-laser line used for Raman experiments.
(a) CsBr (E centers). Decomposition of the E band into
two. components (Ref. 17), E~ p, = 616 nm) and Eb
(&b ——640 nm) corresponding to the broadened transi-
tions I;—r, , r; —I'8 {firstmoment: E=15.815cm ').
(b) CsCl (E centers). Decomposition of the E band into
three components (Ref 14)~ Ea (~a 5 m)~ Ebg(~bf
= 578 nm) Eb 2 (Xb 2= 585 nrn) (first moment: E= 17.250
cm ').

FIG. 2. Stokes Rarnan spectra of CsBr (E centers)
at 12 K for several selected wavelengths X ~ of the laser
line; X= [001];Y = [110];Z = [Tl0]; cutoff frequency for
phonons (Ref. 23): &&=113cm ~. (a) X&=650 nm, (b)
X&=640 nm, (c) X+=625 nm, (d) X&=600 nm. In off-
resonance approximation the Z(XX)Y, Z(YZ)Y, and

Z( YY)Y geometries give, respectively, the ( I' &, I'
3 ),

I'3, &5 spectra. All spectra were recorded with the
same experimental gain. The intensities of the three
spectra excited with the same laser-line wavelength
can be compared.
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PIG. 3. Stokes Haman spectra of CsCl (I centers)
at 12 K for several selected wavelenths X ~ of the laser
line; X= [001];Y= [110];Z = [110];cutoff frequency for
phonons (Ref. 24): ~ =162cm . (a)AL, =610nm, (b)A1=600
nm, (c)~1= 575 nm, (d) ~z = 528.7 nm. In off-resonance ap-
proximation the Z(XX)Y, Z (YZ)Y, and Z {YX)Yg«-
metrics give, respectively, the (I'&+ I"3), I'3, and
I'5 spectra. All spectra were recorded with the same
experimental gain. The intensities of the three spectra
studied with the same laser-line wavelength can be
compared.

hibit no significant variations between 10 and 78 K,
and their accurate positions ( 2 cm ') were deter-
mined at 78 K as average between the Stokes and
anti- Stokes peak positions.

At 78 K, a background due to hot fluorescence
was superimposed to the spectra, and at 12 K, it
decreases. So, we only reproduce the 12-K spec-
tra. In the spectral range of the first-order Ra-
man scattering, corrections due to light absorp-
tion and response of the photomultiplier were neg-
lected.

Before coloration, intrinsic second-order Ra-
man spectra, similar to those previously pub-
lished, "were observed at 78 K. After coloration,
continuous spectra attributed to I centers ap-
pear, and we have verified that in similar experi-
mental conditions, the intrinsic second-order
Raman scattering was negligible.

Raman spectra were studied as a function of the
laser-line wavelength Xl. in the spectral range
580-660 nm. In Fig. 2 are reproduced some
typical spectra and Fig. 7 shows the 660-nm spec-
tra, when the exciting photon energy EI, falls at
the bottom of the low-energy side of the & band.
The previous results" are then confirmed: the
frequency shifts of the Raman peaks are indepen-
dent of the exciting wavelength &~, but the relative
intensities of the peaks in the Z(XX) Y, Z(I'Z) I',
Z(I'X) I' spectra strongly depend on A.~ when Raman
scattering is on resonance with the E band.

In Table I, the frequency shifts of the main
Raman peaks and their symmetry types deduced
from the classical selection rules of first-order
Raman scattering are indicated for each observa-
tion case. The phonon dispersion curves" show
that the peaks having frequencies lower than 76
cm ' are due to acoustical modes. The phonon cut-
off frequency is 113 cm"' in pure crystal, so the
broad band at SO-110 cm ' is ascribed to optical
modes and also to the superposition of the first-
and second-order Raman spectra induced by &
centers (see Sec. 1VA).

Regarding the variation of the relative intensities
of the main Raman peaks, two spectral ranges of
the laser light must be distinguished.

(i) Xz-650-663 nm. In these conditions, the
wavelength ~L, of the laser line falls in the low-
ener'gy side of the & band. In this spectral range,
the relative intensities of the spectra observed in
the three geometry cases, are almost similar
whatever the X~ laser-line wavelength is [Fig. 2,
curve a, A,~= 650 nm; Fig. 8, A,~= 660 nm]. We
may expect that these spectra, in particular the
660-nm spectra, approximates those obtained in
off-resonance excitation conditions; hereafter, the
660-nm spectra are denoted as off-resonance

TABLE I. Frequency shifts of first-order Haman peaks in CsBr and CsC1 doped with I
centers ( T =12 K}. The relative intensities of the peaks are denoted by the following: (E),
strong; (f), weak; (m}, intermediate; they have been determined from the 660-nm spectra
(CsBr, Fig. 8} and the 610-nm spectra (CSC1, Fig. 7).

Obser vation
case

Symmetry of
active modes

Peak energy (cm ~)

Acoustical modes Optical modes

Z(XX}Y

Z(YZ) Y

Z(~) Y

p+ p+i~ 3
Cs Br
Cs Cl

CsBr
Cs Cl

Cs Br
Cs Cl

55 (F) 65 (f) 76 (f)
63 (S'}

45 (f) 65 (f}76 (f)
40 (f) 70 (f)
39 (m) 55 (m)
39 (m) 63 (m)

90-110 (m)
105 (E'} 150 (f)
90-105

105 '(y )

90 (f) 100 (f)
100 (f) 140 (f)
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spectra. Ig. this case, the usual selection rules of
first-order Raman scattering are valid: the
spectra taken in the Z(XX) Y, Z(YZ) Y, and Z(YX) Y
geometries are due, respectively, to I",'+ ~3 ~3,
and I",' modes. The frequency shifts of the peaks
are given in Table I: the I", spectrum contains
a strong I", band peaking at 55 cm ', the I", spec-
trum two bands at 39 and 55 cm ', and the I'3
spectrum three very badly resolved bands of low
intensity at 45, 65, and 76 cm '.

(ii) X~=590-650 nm. In this spectral range, we
observe the Raman scattering on-resonance with
the F band and in Fig. 2 it is clear (curves 5 and c)
that the relative intensities of the Raman bands
exhibit strong changes when &I varies; moreover,
the breaking of the "usual" selection rules is ob-
vious. Regarding the 55-cm ' peak due to I",
phonons two main effects can be discussed. First,
the 55-cm"' band appears in the "forbidden"
Z(YZ) Y geometry (Fig. 2, curves b,c, d). The
ratio p between the intensities of the peak mea-
sured in the Z( YZ) Y and Z(XX) Y geometries de-
pends on &~ and has a maximum value for ~~=625
nm. Second, the relative intensity of the 55-cm '
I", peak studied in the Z(XX)Y geometry strongly
depends on the laser-line wavelength and becomes
particularly low in the 625-nm spectrum (Fig. 2,
curve c).

Moreover as it was previously discussed"
the ratio between the intensities of the two bands
peaking at 55 and 39 cm ' in the Z(YX) Y geometry
reveals some variations as a function of &~ and
reaches a maximum when X~=615 nm. It is in-
teresting to compare the spectra taken by excita-
tion in the low-energy side (Xz = 660 nm: Fig. 2,
curve a) and in the high-energy side of the F
band (&~=600 nm: Fig. 2, curve d). The spectra
are somewhat similar; however, the anomalies ob-
served in the 600-nm spectra as regards to the
660 nm t55-cm ' I",' peak in the Z(YZ) Yspectrum,
and the enhancement of the 55-cm' peak in the
Z( YX) Y spectrum] are due to the breaking of the
selection rules.

2. CsCI (F centers)

Baman spectra were studied within the spectral
range 572-620 nm of the laser line wavelength and
also using the 528.V-nm laser line. Some typical
spectra are reproduced in Fig. 3. In Fig. 7 is
shown the 620-nm spectrum, i.e. , using excitation
in the low-energy side of the & band.

As in the case of the E centers in CsBr, the
frequency shifts are independent of X~, but the
relative intensities of the peaks measured in the
three geometries show important variations with

On the other hand, the 610 and 620-nm spectra
are almost similar and we may expect that the

III. CALCULATIONS IN "OFF-RESONANCE"

APPROXIMATION

A. Formalism

Assuming that the incident-photon energy is
- small compared with any of those for electronic

transitions in the perturbed crystals, it was
shown"'" that the differential Stokes Raman-
scattering cross section per unit solid angle 0
per unit frequency v induced by one &' center is
given by

e I:(-.. „';
8&

~ S g@sr, g

' 7j~ p~~ (d ~
I

620-nm spectra approximates those obtained in
off-resonance excitation.

(a) &~ = 610-620 nm. In Table I, the frequency
shifts of the main peaks and their symmetry types
deduced from the usual selection rules are indica-
ted. The phonon dispersion curves' show that
the peaks of frequency shifts lower than 8V cm '
are due to acoustical modes. The cutoff frequency
of the phonons in pure crystals is 162 cm ' and so,
the broad band at 150 cm ' is likely due to the
superposition of optical modes and second-order
Raman scattering induced by E centers (see Sec.
IVA). The two strongest peaks at 63 and 105 cm '
are, respectively, attributed to I", acoustical and
to I",' optical phonons. The L",' spectrum is weaker
and mainly contains two peaks at 39 and 63 cm '.

(b) X~ = 572-600 nm; X~ = 528.7 nm. When the
laser-light wavelength falls into the E band, the
breaking of the usual selection rules very clearly
appears (Fig. 3, curves b and c). Regarding the
63-cm ' I",' peak two main effects can be discussed.

First', , the 63-cm ' I", peak appears in the for-
bidden Z( YZ) Y geometry.

Second, the relative intensity of the 63 cm '
I'; peak studied in the Z(XX) Y spectrum exhibits
variations when the Raman scattering is in reso-
nance with the + band; in particular, the intensity
is very low in the 575-nm spectrum (Fig. 3, curve c).

Moreover, as in the case of CsBr (E centers),
the spectra taken by excitation in the high-energy
(Fig. 3, curve d: X~= 528.7 nm) and low-energy
side of the + band (Fig. 3, curve a: X~ = 610 nm)
are somewhat similar. However, the breaking of
the usual selection rules seen through the depolar-
ization of the 63 cm ' I",' mode plays a role in
the 528.V-nm spectra.



18 FIRST-ORDER RAMAN OFF- AND ON-RESONANCE. . . 889

TABLE II. I'olarizability derivative tensors S &2/SQ~z, for the O„group (Itef. IS).

r+
3

r+
5

( )
1 0 0

Cg

(~I )g/2 0 1 0
(r)

1

2(~ )i/2

0 0 0 0 0 10 0 1 0 0
C( ) C()

2(~&) (2~) '
(22Vl )

' (2~) ~~2

0 0 1 0 0 —2 0 0 0 0 1 0 1 0 0 0 0 0

Here the local-field correction is neglected and
the I" centers are supposed to be independent.
and co~ are the frequencies of the scattered and
incident radiation; g~ and g s are, respectively,
unit vectors along the directions of polarization
of the incident and scattered light:
= [1 —exp(-@&dike T)] ' is the Bose factor for the
Stokes contribution. S&2/() Qr 1, (&&2/() Q'r 1 are
the first-order derivative of the &-center polariza-
bility with respect to the reduced symmetry co-
ordinates Qr, or Qr, transforming according to
the jth basis function of the Hh or sth representa-
tion of I' type (I'= I';, I';, I';). The &luantities

p„,(o&, I') are the perturbed normalized projected
densities of one phonon states. As usual, they
are written in terms of the perturbed Green's
function matrix G

p„, (&d, I') = ImG„, (o&, I),2'

with G = G'(I + PG') ', where G' is the Green's func-
tion for the perfect crystal and I' is a matrix de-
scribing the perturbation due to the + center.

The polarizability derivative tensor elements

with

d g

t0013 ~ t 0013

d 0'

dQ dt's t110),too13

d g

110) t110

=K &"& x (I r++I „+), (8a)

(eu) X I +N
2(a) 3

3

2(d 4

(8b)

(Sc)

K = &dz &d s I& /C

The expressions I~+,I~.,I ~+ depend on the choice
of defect space. Two models have been used.

(i) In a rough approximation, we assumed that
only the vibrations of the F-center nearest neigh-
bors (i.e. , 8 Cs') modulate the electronic polariz-

(&&2/(& Q» are determined by symmetry considera-
tions taken into account the O„symmetry of the
P' center. " Hereafter the»/&Qr z elements are
written in terms of C~"' parameters defined in

Table II, with C 1-+ = C» C 1-+ =. C„C~+ = C,.
The differential cross sections for the three

scattering geometries described in Table I are

TABLE III. Ip+, I~+, Ip+ expressions I see formula (3)] in terms of the perturbed project-
ed densities of one-phonon states pr, (, t"}, where & and s denote the &th or sth represen-
tation of t" type. Line (1): defect space involves the first shell ions. Line (2): defect space
involves the first- and second-shell ions. The coefficients &p~ are proportional to &&/
&@I.~ defined in Table II. (m+=mcg+; m-= mc& «mBr-}.

Iz+
(2)

Ip+
(2)

(g(&) )2
pg((Ms F~)

m+

(C(1))2 2 CI CI (C(2))2
P&&(Cu, t'&)+,&/2 P&2(CO, I &) + P22(CV, I &)

m+ (m+m ) m

(C(1))
2

P&&(m, 1 3)
m+

(C(1))2 2 C(2&)C(2) (C(2) )2

m+
'

(m+m )'P«( ~ ~a+, .g2Pi2(" 3)+ P»( t"3)
m

Iz+
5

(2)

(C&1& ) 2 Z C(1)C(2) (C(2) )2
Pf(( t )+ P$2( r+)+ P22( t 5)

m+ PPZ+ m+

(g «~) 2 (g(» }2 - (g(3})2( p„(.,r,). ~( } p„(.,r5. ( ) p„(.,r
2C)&)C(2) 2 C(&)C(2) Z C'2 C(

-

P&2(Cu, rg+ ' „„,P$3(CL) t 5}
( )

f/2P23(M r, )
m+ (m+m ) m+m
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FIQ. 4. Displacements of ions in the first- and
second-shell ions surrounding the I center in CsCI
structure for p&, l 3, I"5 symmetrized coordinates.
Only one partner is represented in the I"

&
motion

(I center). 0, Cs';(I Cl or Br

ability of the + center. In this case, the Raman
active symmetry coordinates have I",, l 3 I'5 "',
I",'"' symmetries. "

(ii) In a more refined model, we have also taken
into account the coupling of the & center to the
second shell of ions surrounding the I" centers
(i.e., 6 Cl or Br ). Thus, the defect space has
45 degrees of freedom and the group theory analysis
shows that seven symmetry coordinates are Haman
active. The I","', I","',I,'",I",'"' representations
involve symmetrized displacements of the first
shell of Cs' ions, while the I", "', I"',"', I","' rep-
resentations involve those of the second shell of
the Cl or Br ions. These displacements are
represented in Fig. 4, where only one partner of
the three dimension I",' representations is shown.

In each approximation, the I ~+,I ~+,Ir+ express-
ions are given in Table III.

B. Host-lattice dynamics

The phonon dispersion curves of pure CsBr,"'"
and pure CsCl,"were previously measured by in-
elastic neutron scattering technique at 80 K. These
curves have been calculated"'" from phonon fre-
quencies and eigenvectors of the shell model, "'"
which account for the polarizability of both ions.
We have used the same eleven-parameter shell
model (model III in Ref. 23, model II in Ref. 24)
ip order to calculate the phonon density of states
of CsBr and CsC1 at 80 K. In both crystals we
have found that the best parameters which fit the
dispersion curves are somewhat different from
those published in Refs. 28 and 24 (Table IV).

The total phonon density of states p&„& for the
host lattice was calculated for 12 341 wave vec-
tors in the, Brillouin zone. The results are in

good agreement with previous calculations using
a deformation dipole model. " The highest fre-
quencies of phonons in CsBr and CsCI are, re-
spectively, 113 and 163 cm ', in the case of CsCl,
a narrow gap exists between 85 and 93 cm '.

We calculated the projected densities of one-
phonon states p'„, (&u, I ) on the nearest neighbors
(8 Cs') and second nearest neighbors (6 anions)
of the I'" center using standard methods. " Some
of the p„', (&u, I') curves giving the most important
contributions are shown in Figs. 5 and 6. In the
case of CsCl (Fig. 6) the peaks of the densities
of one-phonon states projected on the cesium ions
occur in the acoustical frequency range while those
on the chlorine ions occur in the optical range.
Particularly, the curve p'22(w, I",) shows a prom-
inent peak at 115 cm ' due to the I", symmetrized
displacements of the first shell of chlorines; this

TABLE IV. Shell-model parameters used in host-lattice dynamics in CsC1 and CsBr. Para-
meters are defined in Refs. 22 and 23. Units: e, electron charge; v, volume of the unit cell.

Parameters Units

Cs Br
Rolandson

Present and
work Raunio ' Present

work

Cs Cl

Ahmad
et al.

B()
A 22

Z
Ag

Lattice parameter

e'/2v
e /2v
e'/2v
e2/2v
e2/2v
e2/2v

A
A

A

7.99
-0.29

0.78
—0.14

0.20
0.22
0.849
1.10
1.32

-0.040
0.040

4.240

8.39
-0.29

0.97
-0.22

0.20
0.12
0.849
0.51
l.72

-0.08
0.044

8.0
-0.149

1.039
-0.421
—.0.147

0.098
0.884
2.807
2.808

-0.04
0.037

7.863
0

0.702
-0.121

0.663
-0.163

0.821
1.47.7
2.361
0.088
0.087

4.088

Reference 23.
Reference 24.
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C. Perturbation matrix

The perturbation matrix I' was expressed in
terms of the variations of the force constants (see
Appendix). We only took into account the changes
~Roy) and 5k», in the longitudinal fore e constants
&» between the E center and its first nn's and
between its first nn's and its second nn's since
all other force constants are much lower (Table
IV). Then using relations (2) and (3) and Table III,
the differential Stokes Raman cross sections can
be calculated in relative value for several values
of the it, = M,» /4» and p, ,= ()i't», /A. » parameters.

FIG. 5. Histogram of the projected densities of one-
phonon states for unperturbed phonons of p &, I'3, and
l 5 symmetry type in CsBr (E centers) (width of each
bin: 4u =1 cm" ). Above: projection on the first-shell
ions surrounding an E center. Below: projection on
the second-shell ions surrounding an E center. Histo-
grams were computed using an eleven-parameter shell
model (Hef. 23) at 78 K. (Parameter values, see Table
rv. )

effect comes from the lorv ratio of mass between
chlorine and cesium ions (mc, —/mc, + = 0.267). Gn
the other hand, in the case of CsBr, cesium and
bromine ions contribute both to the projected den-
sities of states in the acoustical and optical
ranges.

CsCL

]"(a),l;)

D. Results

Our purpose is to determine the best set of
parameters (i.e. , C„'"', g„andy, ) which fit to the
Raman spectra studied in off-resonance condition.
The frequencies of the first-order Raman peaks
reflect the maxima of the perturbed projected
densities of one-phonon states p„, ((c, I ) which
mainly depend on the force constant perturbations;
then, the experimental frequencies of the prom-
inent peaks allow' to determine the best set of
parameters p, and p, . Since the spectra, except
the background, do not significantly vary between
12 and V8 K, the use of the shell-model parameters
determined at 78 K is justified. The differential
cross sections given by the formula (3) have been
expressed in terms of the ratios Cr"'/C,"' which
then can be determined to account for relative in-
tensities of the Haman peaks. This method, i.e. ,
first determining the force constant perturbations
via peak positions and then determining the C~~"'

relative value via relative peak intensities, eras
justified, since we have verified a posteriori that
the crossed projected densities of one phonon states
give small contributions to the Baman scattering.
The independent set of parameters C~"', p„and
p, used to account for each spectra are indicated
in Table V.

A {(L) [ ) 1
-h {(g)[

I 33 ' 5, 722

100 0
a i I

100 0 100

Have number{cm )

FIG. 6. Histogram of the projected densities of one
phonon states for unperturbed phonons of p f I'3 and
I"& symmetry type in CsCl (E centers) {width of each
bin: 1 cm ). Above; projection on the first-shell ions
surrounding an 5' center. Below: projection on the
second-shell ions surrounding an 5' center. Histograms
were compared using an eleven-parameter shell model
(Hef. 24) at 78 K. (Parameter values, see Table
rv. )

Cs Br 0.75 0.25 0.8 0.6

CsCl 045 2 0 9 0 8
0.7 -1.45

—0.55 -0.08

-0.50 -0.13

TABLE V. Relative values of the Cp parameters(&)

which express the polarizability derivative tensor with
regards to the symmetrized displacements of the first-
and second-shell ions. Two possibilities for C& /C„,'

ratio values fit experimental &(&X)& spectrum: (&~&

= 0, &k3) = 0). p( and p2 are the relative changes in the
longitudinal force constant between the E center and
its first nn's and its second nn's.

C(1) C(2)
3 '

5 5

C(&~ g6) g(&)
3 5
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FIG. 7. Experimental and calculated first-order

St k Haman spectra of CsC1 (E centers) at 7'=l2 KSto es am
taken in thefor A, z= 620 nm (a) Experimental spectra taken '

tries X = [001];F= [110];Z= [110]. All spectra were
recorded with the same experimental gain. (b) Cal-
culated spectra in off-resonance apprroximation for a

d 13/ decrease in the longitudinal force con-
stants between the E center and its first nn s an

9b l t ones and its second nn s, respectively.etween as
of C " values (for definition see Ta~ eTwo se'ts 0 r v

tr: full line: ~C /have been used. g(YX)p geometry: .u ine:
/C ' & = 0.8, C ' ~ = 0; dotted line:

~
C 5

and'" ~=0.7 C'"/C "=—1.46, |.",3 =0. g(Tg)p an
&2)

O iC&&&/C&&)
~

Z(XX)F geometries: full line: t"
$ 3

=0.48, C3"/C3&"=2; dotted line: C& /C& -—t, ~Cp
('2) ('t) (t) /C(t)

~2~/ ~~~ =1.8. The calculated spectra have
~ ~ ~been normalized to reflect the experimental intensity

for the 39-cm I'5' (2~ peak in the Zp X)y spectrum.

When the electron-phonon coupling of the I'" cen-
ter is restricted to the first nn s ~&i. e. ,

ards to thea strong disagreement occurs as regards
t n 105-cm ' peak of I", symmetry (Fig. 7,

Z(YZ) I' spectrum). Indeed, in this mode o per-
turbation, the Stokes Raman differential cross

is independent of the change of the longitudinal
for ce constants, and depends only slightly on a,
modlflca ion od f' t f the transverse force constant.

Therefore, with a good approximation (d'o/
dQd&d)„T» „«, remains proportional to (1/m')
(C,"')'p»(&d, I",). Since the p»(&u, I",) function has
no peaks within the optical frequency range (Fig.
6), this simple model of perturbation is unable to
account for the I", spectlum.

II1 the model of perturbation extended to the sec-
ond neighbors, the I", spectrum involves the per-
turbed projected density of one-phonon states

(&u, I",), which depends on the modification off22 Mq ~ ~ w 1

th l gitudinal force constants; In pure ycr stalse on
p', (&u, I';) has a strong peak at 115 cm (Fig. 6 an
we can expect that the coupling of the E center with
the second-shell ions accounts for the 105-cm '
strong peak of I", symmetry.

The p, and p, parameter values have been de-
termined to fit the strong I",' (63 cm ') and I",
(105 cm ') peaks. A good agreement between cal-
culated and experimental frequencies was oas obtained
with reasonable p, and p-, values: p, = — .O. 5
= -0.13 (Fig. 7). Moreover, using these values,
the 39 and 63-cm"' I",' peaks are perfectly repro-
duced; they are especially due to the 39 cm'

d I""' (63 cm ') types of modes involvingcDl aIl
As itth d' lacements of the first-shell ions. s 1

. e 1sp
shellcould be expected the motion of the second s e

ions only slightly affect the ~,' spectrum since the
fr&'+' symmetrized displacements (Fig. 4) of the
Cl ions are perpendicular to the axis joining the
E center and each Cl" ion.

The relative intensities of the spectra allow to
determine the coupling parameters C " with rela-
tive value The I" and (I"+I") spectra were cal-

I ted with C"'/C"'=1 or 0. In each case, the
) C&&) C&a)/C& 1)best sets of parameters C," C,

was determined to fit the experimental spectra (Fig.
7, curve a). The results are weakly modified
when the coupling of the + center to the I,' dis-
placements of the second-shell ion is taken into
account. The main result is the strong coupling
to the I",' displacements of the second-shell ions.

C "'/C"' ratioIndeed, in each hypothesis, the, , r
is about 0.9, while the

~

C«'/C«~~ ratio is about
0.45. In order to calcuIate the X". spectrum, the
coup . 1ng ol' t the I" displacements of the second-
"h ll ' neglected Two sets of parameters:
C"'/C"' —0 6 and C"'/C"'= —1 45 fit the experi-
mental spectra. (Fig. 7) within the frequency-shrift
range 0-70 cm '.

We made analogous calculations to reproduce the
experimen a mt l Haman spectra. The position of the
main peaks, in particular the 55-cm ' T", mo e,
the 39 and the 55-cm ' I", modes are in good agree-
ment with the calculated ones with p, = -0.55 and
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TABLE VI. Contributions of the cubic and noncubic modes to the second moment of the E
band ((Mp&~~ = (Mp&g+ (Mp&5).

«~2» /'&~, ),)'/'2 ((m,&,/(m, &,)
~/&

(&~,&../&~, &, )
«2

Present work Henry et al.

1.50

0.82

2.10

Reference 18.

combination sums of the 63 (I','), 105 (I';), 39
(I",), and 63(1"',) modes, using the second-order
selection rules. It is not the purpose of this paper
to discuss the second-order spectra; me just want
to note that the superposition of first- and second-
order spectra, particularly in the shift frequency
range 78-126 cm ', can affect the determination of
the ratio C,"'/C,"'. However, a rough evaluation of
the second-order scattering contribution shows that
the error is lower than 10'%%uo.

It is well known, "that in off-resonance con-
ditions„ the first-order Raman scattering cross
sections can be related to the several contributions
(~,) „(M,)„and (~,), in the second moment
(~,) of the E band. Sincethe second-orderRaman
scattering prevents the accurate knowledge of the
first-order spectra in the high-optical frequency
range, we used the calculated spectra (Fig. 7,
curves b) to determine the relative values of each
second moment of the Eland'. The results (Table
VI) show that the contribution of the noncubic modes
is about twice that of the cubic modes; this is in
very good agreement with previous determinations
of (~,), a.nd (~,),+ (~,), by magnetic circular
dichroism method„" though it seems purely fortuit-
ous since measurements are not very accurate.

2 CsBr (Fcenters)

A softening of the longitudinal force constants be-
tween the E center and its first nn's (p, = -55/o)
and between its first nn's and second nn's (p,
= -8%) explains the frequency shifts of the main
peaks. The prominent peak at 55 cm ' in the
Z(XX) Y spectrum is principally due to the coupling
of the E center with the I",' displacements of the
first-shell ions. In the Z(YX) Y spectrum the two
peaks at 39 and 55 cm ' originates from the l",'"'
and I'~+" displacements of the first-shell, re-
spectively. On the other hand, in the Z(YZ) Y
spectrum, the broad bands at 45, 55, and 76 cm '
originates from the I',+ displacements of the first-
and second-shell ions. The relative intensities
of the main peaks are rather well explained when
using the C~"' adjustable parameters reported in
Table V. As in the case of CsCI, the agreement

between experimental and calculated spectra
improves when the coupling of the E center with
~, displacements of the bromine ions is taken into
account; however, as we could expect, since ma, -!
mc, + =0.60 and mc, -/mc, +=0.267, this coupling
is considerably lower inthe case of I" centers in
CsBr than in CsCl.

The disagreement between. experimental and cal-
culated spectra in the shift-frequency range 80-
113 cm ' (Fig. 8) can be partly attributed to a
harmonic of the strong 55-cm ' I", mode and add-
itive combinations of the 55-cm I",' mode with
I 3 and I 5 modes.

Table VI indicates the calculated contribution of
each type of motion to the second moment of the E
band in relative value; as in the case of CsC1 (E
centers) the results confirm those previously ob-
tained from magnetic circular dichroism method. "

B. Raman spectra on resonance with the F band

As it was shown in Sec. II, Raman spectra in-
duced by I centers exhibit very strong changes
when the laser line is tuned out of the J' band into
the E-band region. The breaking of the con-
ventional selection rules is particularly clear in
the case of the main peaks due to the I", modes
[i.e. , : 55-cm ' peak in CsBr (E) and 63-cm ' peak
in CsCl (E)]; indeed, these modes give rather
important contributions to the first-order Raman
spectra taken in the usual forbidden Z(YZ) Y and
Z(YX) Y geometries (Figs. 2 and 3). On the other
hand, as regards the I", modes, in particular the
105-cm ' peak in CsC1 (E), no strong anom»les
of polarization were observed. Similar results
remain. valid for the I","' modes responsible for
the 39-cm ' peaks in CsC1 (E) and CsBr (E); we
are thus allowed to assume that this is also valid
for the I",'"' modes which give the 55-cm ' peak
in CsBr (E) and the 63-cm ' peak in CsC1 (E) spec-
tra taken in the Z(YX) Y geometry and in off-reso-
nance condition. Therefore, the relative varia-
tions of intensity, as a function of the laser-line
wavelength X~, of the 55-cm ' [CsBr (E)] and the
63-cm ' [CsC1(E)] peaks in the Z(YX)Y spectra
must be ascribed to the depolarization of the 55-
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and 63-cm ' 1,' modes, as it was previously sug-
gested in a preliminary study of Raman scattering
by E centers in CsBr."

Another important result is the strong depen-
dence between ~~ and the relative intensities of
the spectra induced by I", modes, taken in the
Z(XX}I'geometry. This effect very clearly ap-
pears inthe case of the 55-cm ' I",+ peak in CsBr
(E} spectra (Fig. 2). A systematic study has shown
that this peak has a very special low intensity com-
pared to that of the I,' peaks when X~ =625 nm
(Fig. 2, curve c}.

Our purpose is now to explain the unusual be-
havior of the first-order Raman scattering on
resonance with the I" band, in particular the spec-
tra of CsBr (E} since a systematic study of the
spectra when varying ~1, in the whole region of the
E band has been made. Let us remind that recent
experimental results about Raman scattering
studied inguasi-resonance with the E band in KI (E)
have stressed the breakdown of the usual selec-
tion rules proved by the depolarization of the l,'
resonant mode. ""At that time, it was only sug-
gested and then justified" that the spin-orbit cou-
pling of the E.center in its first excited state was
responsible for this effect. Moreover, recent
calculations of resonant Raman scattering led to
similar conclusions. "

Previously, a resonant Raman theory" including
the &-center radiative damping, which properly
takes the electron-phonon interaction to infinite
order, - has been developed; recently this formal-
ism was extended to take into account the +-
electron spin. " In the present paper we have
used simple calculations in order to explain the
main features of the resonant experimental spectra
of CsBr (E}. Further calculations of the CsBr (E}
spectra showed that both methods can interpret
the experimental results. " The semiclassical
theory of Raman scattering discussed by Henry"
in the case of the quasi-resonance was extended to
the case of resonance. This theory uses the ex-
pression of the electronic polarizability" which,
of course, is not valid w'hen the incident photon
energy is on resonance with an electronic transi-
tion. Nevertheless, it was pointed out" that this
expression can be used to explain some features of
the resonance spectra if the lifetime w of the ex-
cited state is taken into account. This lifetime
includes the radiative damping of the electronic
oscillator and the damping of the vibrations of the
nuclei due to vibrational relaxation" when the E
center is in its first excited state. Then, in the
case of light excitation in the I" band, the dif-
ferential Stokes Raman cross section for polariza-
tion direction g~ and g L, can be written as

Here av, denotes an average over the initial
states a; Ia) and Ib), are, respectively, the in-
itial and intermed''ate states having E, and &,
energies; -a') is the final state, &z is the energy
of incident photon. The damping factor y is sup-
posed to be independent of the intermediate state.
The Hamiltonian H of the system (E electron plus
lattice} is taken as"'"

H = H@+H80+ H)~t t + II,
where H, is the Hamiltonian of the I electron ne-
glecting spin-orbit coupling and with the lattice
fixed at Q= 0 when the E-center electron is in its
orbital ground state

I
o'). This Hamiltonian has

eigenstates I&) m), and Ip, )Im), (Ip;)
x), Iy), Iz); m) =

I +2) or
I
—2)). Here we only

retain transitions giving rise to the E band since
in our experimental conditions, the transitions
responsible for E and L bands are supposed to
give negligible contributions to the electronic
polarizability. H„desrcibes the spin-orbit in-

teraction which splits the 14 excited state into a
doublet jI'~ and a quadruplet I", states Heart
describes the lattice vibrations in the harmonic
approximation and has eigenstates I ) of E, en-
ergies. H,„is an electron-phonon coupling term
taken as linear in the reduced symmetrical co-
ordinates Q~r z which couple to the E excited elec-
tronic states in the adiabatic approximation. The
main approximation " ' is that H „and H„only
mix the P;) Im) states with each other and that

o.) m) remains unaffected. In this approxima-
tion, the only modes which couple to the E center
have 1,', I",, and 1, types of symmetry. Then, the
ground and final states

I
a),

I

a') are written as
Born-Oppenheimer products

I
)=

I
n&

I
m&

=
I
o.)

I
m ') II'), while the

I
5) excited states are taken

as linear combinations of Born-Oppenheimer pro-
ducts

I p;) Im)
I
l), which diagonalize the H Hamil-

tonian.
The differential angular Raman cross section can

be written as
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(
d o' (dLMg Since the b) states are eigenstates of the H Ham-

iltonian we can write

x p av 5
/
(I' /pm™ JI) f'

m

1
E E E +

where P„- ™& is the electronic polarizability
operator given by

p (m'~( n M~& b)(b M~ ~n) m)

(6b)

(here the relation E, E, = (b ~E+H„+H,„
+ H„« —E,

~

b) was used")
In Plazeck's approximation (same notations as

in Sec. IIA)

dnd - - C4 A av. "S'L "SeL ip8I
"s&"r,

where the electronic polarizability is taken as
linear in the reduced symmetrical coordinates.

In this approximation, the first derivatives of
the electronic polarizability are calculated at the
equilibrium position of the ions surrounding the E
center. In the case of resonant excitation, Con-
don's approximation can be used, so the modula-
tion of the electronic polarizability only comes
from the variation of the denominator under. vibra-
tions of the E center neighboring ions. In the two
last approximations, only the purely electronic

transitions are considered; in order to take into
account for the whole set of virtual states, we
have associated an.effective damping factor y*
to each electronic transition. Calculations of the
differential scattering cross sections given by
(7) become easy when taking into account the rela-
tion between A and B operators: (1/A = 1/B+ 1/B
x (B —A)1 /A =1/B+1/B(B —A)1/B+ ~ ~ ~ ), where B
-A = -H „. The second term (linear in Q~r &),
in agreement with Eq. (7), is the only one which
is taken into consideration.

Then (6a) becomes

with

From (7) and (8), the differential cross sections
for first-order Raman scattering (Stokes process)
are easily obtained for each geometry polariza-
tions. For example, we give their expressions
in formula (9a), (9b), and (9c) when the Raman
scattering is induced by the F,' displacements of
the first-shell ions, and when we write

1 2 1
+9 u(u+ v) v(v+ (o)

x (E E~ )'lr, , (9a)
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1
9 u(u +(o) v(v+(o)

(9b)

is lower than 10', then, the usual selection rules
are almost valid, as it was shown in the 660-nm
spectra. In this case

(r+)
(e)

0 d(O (oozy, t ooig

with

(9c)
In such a case the comparison betweenI ~+ ex-
pressions given in (10) and Table III (first line)
shows that the electron-phonon coupling param-
eter A.,"' is related to C,"' by

Q)L(0 g @3

C4
~&1) ( I } g(1)

a 2

'y
u =E-EL+ —+—

3 2

(10)

iyv= E-E — +-L

~*= —[~'+ 3((M,),+ (I,),)]"'

with

M ) + (M ) }(/2 289 cm '

and b, = -333 em ' (Ref. 18), the b * value is about
-600 cm '.

Moreover, it is obvious that, in Condon's ap-
proximation, the C~~"' coefficients deduced from
first-order Baman spectra taken in off-reso-
nance condition (Table V) are proportional to the
electron-phonon coupling parameters which ex-
press the matrix elements of H,„electron-
phonon Hamiltonian. Indeed, when (Z- E~)/

&) *!& 1 the depolarization ratio

!
(r&) ( d2& (r&)

kdQ du) &xylo), &((o) (,dQ d&o &oo(),(oo&)

The A,"' electron-phonon coupling parameter
expresses the matrix elements of the V,"' oper-
ator calculated on the x), !y), !s) basis.

Since Plazeck's approximation was used, Jahn-
Teller interactions due to electron coupling with
the noncubic modes are neglected. It is known
that, in the case of I' centers in Csar, this ef-
fect mainly leads to a repulsion of the I'", and
I 6 levels'4; therefore, in a phenomenological
point of view, the use of an effective spin-orbit
coupling energy 4* appears more convenient. This
4* value can be approximatively calculated:

Similar relations hold for electron-phonon coupling
parameter A. ~"', which can then be deduced in
relative value from the C~"' coefficients given in
Table V.

Using d ~= -600 cm ' we calculated the ratio of
the I", and I'3' mode contributions to Baman spec-
tra, in the Z(XX}I'geometry. This ratio depends
on the incident photon energy EL and exhibits a
minimum value (independent of y~) for E~ =16058
cm '

(X~ = 623 nm), very close to the experimental
one ()(z, =625 nm}. The spectra calculated for
several values of the y parameter show that the
best fit between theoretical and experimental
spectra is obtained when y~ = 650 cm"'. As an
example, experimental and calculated spectra
are shown in Fig. 9 when XL = 625 nm. Though
the relative intensities of the peaks are not very
accurately reproduced, the main features of the
spectra are on the contrary well interpreted: a
strong 55-cm ' peak due to I", modes appears in
the usual forbidden Z(I'Z) I" and Z(FX) I' geometr-
ies, whereas this peak disappears in the spectrum
taken in the usual allowed Z(XX) I' geometry. This
effect is due to interferences between contributions
of the I', and I', states, as it is clearly revealed
in formulas (9a) and (9b). Moreover, calculations
show that the spectra due to I", and I", modes
almost follow the usual selection rules in agree-
ment with the resonant experimental spectra. The
55-cm ' peak in the Z(IX}Fspectrum is effectively
due both to the I","' modes and to the depolariza-
tion of the 55-cm ' I", mode; calculations allow us
to determine in this spectrum the ratio of inten-
sity of the 55- and 39-cm ' peaks as a function of
the laser-line wavelength, this ratio has a ma-
ximum value for XL =615 nm in agreement with
experiment. Therefore, this semiclassical theo-
ry explains rather weQ the main features of Ba-
man spectra in resonance with the E band in
Csar. Moreover, this theory also explains why
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the breaking of the usual selection rules with
respect to the I", modes remains important when
the wavelength of the exciting light falls in the
high energy of the E band (Fig. 2, curve d). In-

FIG. 9. Experimental and theoretical Raman spectra
of CsBr (I" centers) under excitation in I band (Az
= 625 nm) at 12 Kfor incident and scattered polarization
directions: [110] [001], [110] [110], [001]-[001].
Dashed line: experimental spectra. All spectra were
recorded with the same experimental gain. In. optical
range, second-order Baman spectra of I centers are
superimposed to the first-order spectra. Full line:
theoretical first-order Stokes Raman spectra calculated
with: p, q=-0.55, pq

——-0 08, Ci& i=p, (C3i '/CI i (=0.75,
C&&&/Cai&= P.25, ~C«~/C«i~ = P.s, C'2'/CP= 0.5. The cal-
culated spectra have been reproduced to reflect the ex-
perimental intensity for the 39-cm I'5 peak in the
[110] [001] spectrum.

deed the variation of the depolarization ratio p
as a function of &~ predicts a p value about 40lo
when X~ = 600 nm. This theory does' not explain the
enhancement of the scattering due to electron in-
teraction with the longitudinaloptic modes of high
freiluency [see Fig. 2(d), 90-110-cm ' freiluency
range] and observed in the Z(XX) I' geometry;
this effect likely comes from the excitation of
higher-energy E-center transitions and was re-
cently discussed to explain the changes of the--
spectra in KCl (F) when the laser line is tuned
from the E band to the E' band. ~Q

Earlier, the depolarization ratio p of the I','
resonant mode observed in the Raman spectra of
E centers in KI" was studied in quasi-resonance
conditions and interpreted from the relation p
= 4&'/9(E~ —E)'. This relation is an approxima-
tion of the p value determined from formulas (9a)
and (9b), almost valid in our experimental con-
ditions; however, the p measurements allowed to
determine only a b* effective value, and this can
explain the disagreement between the.4 value ob-
tained by circular magnetic dichroism experi-
ments and deduced from the depolarization of the
resonant mode.

In conclusion, the spectra taken in resonance
with the E band in CsBr are rather well explained
when the spin-orbit coupling of the E center, is
taken into account, which splits the first I'~ ex-
cited orbital state into I'", and I', states, , is taken
into account, and when an effective value 4* of
the spin-orbit energy is used. The breaking of the
usual selection rules is particularly important
in the case of I", modes, which contributes to the
Raman scattering in the three geometry polariza-
tions [001]-[001]; [110]—[1TO]; [1TO]- [001].

Moreover, the Raman scattering induced by
interactions between the I', and I', electronic
states with the I", phonons exhibits interference
effects. This explains the variations of the I",
Raman peak intensities when the laser-line wave-
length is varying within the whole region of the
E band.

APPENMX: DEFECT-MATRIX CALCULATIONS

The space of the I' defect matrix is restricted to the E center, its eight nearest-neighbor cations, and
its six nearest-neighbor anions. We express the I' matrix in terms of the variations &kQg) ~keg ~kQ2f,
~k»„k»» &k», , &k,«, and 6k,«of the parameters of the used-shell model, A», B», A», 8», A.»9
B», A», and 8», respectively (Table IV), where A refers to the longitudinal force constant and B to the
transverse force constant. The suffixes 0, 1, and 2 in the 6k, j terms refers, respectively, to the E
center, a cation of the first-ion shell, and an anion of the second-ion shell: for instance, &kQ» is the
variation of the 1'ongitudinal force constant A» between the E center and a cation of the first-ion shell.

We first write down the general expressions of the P(I") matrix for the Raman active I';, I",, I";sym-
metrical displacements of ions surrounding the E center:



F~H, S T-OH, OER RA~AN OI I. Aqn 0~-RESONANCE

1 8 1 2

m+
&koll + —&k121 + —(}k121+2(}kill i .ll 2
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3 3 (m+m J
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Since the longitudinal force constant A.» is of an order of magnitude higher than the others, me have only
taken into account the 5k», and 5k», variation. Then, in Raman spectra calculations, we used the P(I')
matrices

1 1 I 1 2
all 3 122 & r iyy 2 ~y2l

4~
m 3

P(l,') =
~k„,

m+

1 4
(mm)"' 3

1 —8
(m m )1/2 3 12l

4——I'
m 3

&kPgl + &kg2l
+ mkm-

P(I", ) = (~kohl ~kx21) (~koll + ~k121 )

I 2'
(m, m )' 3
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m 3»
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