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E. Mulazzi*
Department of Physics, Purdue University, West Lafayette, Indiana 47907
(Received 28 November 1978)

The theory for the resonant Raman scattering from the F center in Cs halides is presented. It is proved
that new selection rules for the first-order polarized resonant Raman scattering from these systems are
necessary because of the spin-orbit interaction in the excited electronic state. The evaluation of the first-
order resonant Raman scattering is performed within resonant Raman scattering theory by including the
spin-orbit interaction and the properties of the I'f, 'S, I'¥ electron-phonon interaction.

I. INTRODUCTION

Recent experimental data on Raman scattering
in resonance with the F band in alkali halides and
cesium halides® have shown that the usual selec-
tion rules? for the T'-symmetry phonons responsible
for the first-order polarized Raman scattering
are not valid under resonance conditions. In par-
ticular, it was found that each of the [100]~ [100],
[110]-[170], and [100]-[010] polarized first-
order scattering spectra is determined by the
superposition of all three projected densities of
phonon states p(T", w?) associated with phonons of
Ty, T3, and T'; symmetry. These results are in
contrast with the predictions of the usual selection
rules? which state that only phonons of I'f and Ty
symmetry contribute to the [100]-[100] spectrum,
only phonons of T'; symmetry contribute to the
[110]~[170] spectrum, and only phonons of I'}
symmetry contribute to the [100]-[010] spectrum.
These changes in the selection rules had already
been predicted in earlier work by the author (ex-
ample 3 of Ref. 3). They were subsequently illus-
trated by the results of numerical calculations of
Raman scattering cross sections in resonance with
the F bands in CsF (Ref. 4) and in CsBr (Ref. 5)
on the basis of the theory presented in detail in
the present paper. In Ref. 4 the changes in the
integrated intensity of the Raman scattering cross
sections due to the new selection rules were
demonstrated in a qualitative way on the basis of
approximate forms for the projected photon den-
sities of states. The changes of the Raman scat-
tering cross sections in resonance with the F band
in CsBr were presented in Ref. 5 in which accurate
projected densities of phonon states were used.

In Refs. 4 and 5 it was shown that the breakdown
of the usual selection rules for first-order polar-
ized Raman scattering under resonance conditions
is caused by the spin-orbit interaction in the first
excited state of the F center and by the spin-de-
generate ground state. In fact, this effect can be
observed when the frequency of the incident laser
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light is in resonance with a dipole active electronic
transition from a spin-degenerate ground state

to an excited state in which the spin-orbit interac-
tion is nonvanishing. The F center in alkaki halides
provides a good test for this effect since its ground
state is spin degenerate and the spin-orbit inter-
action is nonvanishing in its first excited states.
Moreover, in the first electronic excited state of
the F center in the alkali and cesium halides, the
electron-phonon interactions transforming accord-
ing to the I'}, Ty, and I'; irreducible representa-
tions have different strengths, as can be inferred
from the different shapes of the F bands, e.g., of
CsBr (Ref. 5) and CsF.* This property makes the
study of the F-center resonant Raman scattering
interesting because the contributions of p(T}, w?),
p(T§, w?), and p(T}, w?) in all three polarized spec-
tra also depend on the strengths of the electron-
phonon interaction transforming as T'j, T;, and
T':, as will be shown in the present paper. There-
fore, the new selection rules for Raman scatter-
ing in resonance with the different F bands can

be tested also by the change in the relative con-
tributions of p(T}, w?), p(Ty,w?), and p(T;, w?) to
all three polarized spectra. More precisely, since
the T'} electron-phonon interaction is usually the
strongest one in the first excited state of the F
center and is responsible for the broad shape of
the absorption band, the breakdown of the selec-
tion rules is confirmed by the appearance of the
projected density of phonon states p(Tj, w?) in all
the first-order polarized spectra. [This is ob-
served, for example, in the resonant Raman scat-
tering from the F center in KI (Ref. 1) and CsBr.**]
On the other hand, when the dynamical Jahn-
Teller effect due to the electron-phonon interac-
tions of I'y and T'; symmetry is strong enough to
produce structure in the absorption band, then

the projected densities of phonon states p(T'y, w?)
and p(I'7, w?) can also play important roles in
determining the shapes of all first-order polar-
ized scattering spectra [as can be seen® in the
resonant Raman scattering from the F center in
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CsF (Ref. 1)].

A good test of the theory presented in this paper
. can be made by comparing the calculated first-
order polarized resonant Raman spectra for the
F center in CsBr and CsF with the experimental
data. That is another of the aims-of this paper.

In this paper (i) we present the theory of Raman
scattering in resonance with the F band in the
cesium halides, (ii) we apply this theory to the
evaluation of the differential Raman cross sec-
tions in resonance with the F band in CsF and we
compare these results with the experimental data,!
and (iii) we compare these latter results with
those obtained previously for CsBr.%

In Sec. II we give the selection rules for Raman
scattering from a defect in a crystal characterized
by ground and excited states transforming as T’y
and Ty +Tg, respectively, taking into account the
electron-phonon interactions of I'f, I'y, I’y sym-
metry. In Sec. III we present theoretical expres-
sions for the first-order resonant Raman cross
sections for the [100] - [100], [110]- [110], and
[100]~[010] polarized scatterings. In Sec. IV we
compare the theoretical evaluations of the first-
order Raman scattering cross sections in reso-
nance with the F band in CsF with the experi-
mental data'! and we discuss these results with
those obtained for CsBr.5 In Sec. V we present
our conclusions. The starting point of the theory
we give here is the resonant Raman-scattering
response function derived in Ref. 6 that describes’
the scattering processes when the laser light fre-
quency is in resonance with a I'f - I'; optical tran-
sition. In that case, the new scattering selection
rules arise solely as a result of the dynamical
Jahn-Teller effect. In contrast, in the present
case the effect is due mainly to the spin-orbit
interaction,*'® which considerably modifies the
resonant Raman response function. Moreover,
the T}, I's, and T electron-phonon interactions,
as we have shown in Ref. 7, must be treated dif-
ferently than for the triply degenerate excited
state of Ref. 6.

The evaluations of the time ordering of the
electron-phonon interactions and the phonon pro-
pagators in the resonant Raman-scattering re-
sponse function are performed in the independent-
ordering approximation (IOA), as was done for
the absorption band-shape’*** problem. Using the
same theoretical approach for evaluating both the
absorption band shape and the first-order Raman
scattering cross section, as we have already done
for the F center in CsBr, provides better informa-
tion about the electron-phonon coupling and the
densities of phonon states than if different ap-
proaches are used in the two calculations. More-
over, if one applies the theory presented here for

the F center in Cs halides to a system in which
both the ground and the excited electronic states
transform according to double group representa-
tions, one obtains the same new selection rules.
In other words, these selection rules apply in all
cases in which the spin degeneracy and the spin-
orbit interaction actively enter in determining the
properties of the ground and the excited states
that are connected through the electric dipole
moment. For instance, they can be observed in
the case of resonant Raman sca{ttering from the
layered 3d metal halides® where the above con-
ditions for the ground and the excited states apply.
An additional consequence of the selection rules
discussed in the present paper is that the anti-
symmetric component (T';) of the Raman tensor is
dominant when the incident laser frequency is in
resonance with the electronic transition that con-
nects spin-degenerate states. This effect has
been observed in resonant Raman scattering from
rare-earth chalcogenides® with spin-degenerate
ground states and for which the spin-orbit interac-
tion in the excited states plays an important role
in the scattering processes.

II. SELECTION RULES

In this section, we derive selection rules for
phonons that are involved in the scattering from a
system whose electronic ground state transforms
as T7. The starting point of this analysis is
taken from the work presented in Ref. 10 for the
off-resonant vibrational Raman scattering from
impurities characterized by the dynamical Jahn-
Teller effect of the interactions between the elec-
tronically degenerate ground state and the lattice
vibrations. In the problem of interest in the
present paper, the physical situation is different
from that considered in Ref. 10, since here there
is no dynamical Jahn-Teller effect in the ground
state and the new selection rules are determined
by the spin degeneracy in the ground state and by
the spin-orbit interaction in the excited state.
Moreover, as we will discuss later, the new selec-
tion rules become important only when the incident
light frequency is in resonance with the optical
transition I'y - T'y + . Since the ground state is
a Ty doublet and the electric-dipole-moment opera-
tor in O, symmetry transforms like T';, the ex-
cited states connected to the ground state via the
electronic transition must transform as T’y +T.

In fact,

i@,y + Ty . ' 1)
Moreover,

[(ry +TRl,eTt+Ti+T7. | 2)
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Then the electron-phonon interactions that create
the phonons involved in the scattering transform
according to T, T3, and T;. Only the symmet-
ric part of the direct product (T'; + ;) ® (Ty +T)
in Eq. (2) must be considered, since the electron-
phonon interactions acting in a particular elec-
tronic state (in this case I'y +T'y) are always
symmetric.* Then by considering Egs. (1) and
(2) and the irreducible representations of the
reduction of (I';)? that enter into the different
polarized scatterings, as has been shown in Ref.
3 and Egs. (12) and (13) of Ref. 10, one finds the
following selection rules: )

(TP (T +T] =TF+ T3+ 17,
A [100], B®|[100]
(T2 (rf+T)]l =Ti+T3+T7, (3)
Ak [110], B®|[170]
[(THPR(Tf+TH] =T+ T35+ T4,
% |[100], ©®[[[010]

where i and fif are the incident and scattered
light polarization vectors.

Note that the excited states that transform ac-
cording to Ty and Ty are implicitly included in
Eq. (3) if one makes use of Eq. (1). [See, for in-
stance, Egs. (8) and (9) of Ref. 10.] Equation (3)
states that the densities of phonon states p(T}, «?),
p(T3,w?), and p(T7, w?) together contribute to the
first-order Raman scattering for all the listed
polarization geometries. Moreover, since (T3)?
=T}+T;, the Ty component of the Raman tensor
plays a very important role in determining the
new selection rules for the phonons involved in
the [110] ~ [170] and [100]—[010] polarized scat-
tering processes [see Eq. (3)]. For instance,
from Eq. (3) it is straightforward to show that
p(I'f, w?) contributes to the above-mentioned
first-order polarized scattering spectra only be-
cause the T'; Raman tensor component must be

considered in these polarized scattering processes.

Furthermore, a very simple test that the T’}

Raman component is the dominant one in deter-
mining the [110]—-[170] and [100]- [010] polarized
scatterings can be made whenever, for instance,
the p(T'}, w?) contribution becomes the strongest
one in these polarized scattering spectra. This
point will be discussed in connection with the
resonant Raman scattering from CsBr.® On the
other hand, when the Jahn-Teller interactions

(r#, ) play an important role in the excited states
(Ts +T3), the Ty component of the Raman tensor
enhances the contributions of p(T;, w?) and p(T}, w?)
in the [100]- [010] and [110]~[110] polarized
scatterings, respectively. This point will be dis-
cussed in connection with the resonant Raman
scattering from CsF. )

Therefore, employing Eq. (3), the differential
first-order Raman cross section at 7'=0K can be
written in the following way for all the incident
and scattered light polarization geometries®:

d?c
dQdw

« a(fi*,B*, wy )p(TT, 0*) +a5(H°, 5%, 0, )p(T3, @?)

+a(Af A%, w; )o(Ts, w?), i=1,3,5 (4)

where the coefficients a;(i*,H*, w,) depend on the
different polarization geometries, the laser light
frequency w;, the electron-phonon interaction
coupling, and the oscillator strength for the elec-
tronic transition. The aim of this paper is to
give the theory for evaluating the a;(i*, 1, w;)
coefficients when the laser frequency is in reso-
nance with the transition I'¢—~ I'y +I'y. Neverthe-
less, it is useful to show relations for the differ-
ential Raman cross sections for the off-resonance
condition, when only one excited state transform-
ing as I'y + Ty is considered. We do this in order
to compare the off-resonance case with the results
we will present later for the in-resonance case.
By using Eq. (7) of Ref. 10 and the matrix rep-
resentations of the electron-phonon interactions
in the excited states T’y +T'g and of the electric
dipole moments for the Ty~ Ty + T transition
given in Ref. 7 [Eqgs. (6)—(9) and (A4)], we find

'SZZ(wL) +2Su(‘*’L) ,z’ [100]" [100]

a, (i, 5%, wp) =7(w, )$CHTT) X

[S1:(wy) = Spa(w ) P, [110]~[1T0] (5a)

|S11(‘-"‘L) - Szz(wz,) F, [100]" [010]

418, (wy) +S,(w,) +S,,(w,) B, [100]-[100]

ay (%, w,) =7(wy)F C*(I3) X 318, (wp) +Sp(wy) +8,,(wy) P + 128y, (w,) = Syp(w,) - 855 (w, ) P, [110]-[170]

(5p)

181,(wp) +Sp(wy) ~ 2S,,(wp) P +31S;,(w,) - Silw) P, (100]-[010]
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2|Sy(wy) = Spy(wy ), [100]—[100]

2[Sp(wy) = Spu(wp) By
as(Mr 1% w;) =7(w, )C3 (T X

where

_ (Mosp)4 w 4
(o) =80 (22 ©
p is the concentration of defects in the crystal and
M$, is given in Eq. (A4) of Ref. 7. The C(T7) are
the electron-phonon interaction couplings.'? The
Syqr(wy) functions for the off-resonance condition
are given by

1
SUaI(wL) = ((Ec(— wy, — w)(Eu,_ wL)
1 .
+(Ed+wL - w)(Ea/+wL))’ a,a’'=1,2
(7

where w is the phonon frequency corresponding
to the Stokes frequency shift and

E,=E,+\, E,=E,—-3\. (8)

E, is the electronic excited-state energy evalua-
ted without the spin-orbit interaction and X is the
spin-orbit constant. When the lifetime of the elec-
tronic state must be considered, one must make
the replacement N

E,~-E, -1y, 9)

where y is the inverse of the lifetime of the ex-
cited states I'y; and T'y. For the case of the F
center in Cs halides and alkali halides, y has a
small and usually negligible value.

The derivation for the more general case where
m sets of excited states transforming as T'y + Ty
are considered is straightforward if one uses, for
instance, the formula given in Ref. 10 and, in
addition, takes into account the electronic phonon
interactions transforming as Iy and I'y, which mix
the different m sets of states T’y +T.

It is easy to derive from Egs. (7) that S,,(w;)
=S,,(w;) when

W[\

10
@, ~EF(wy —B,F (102)
is negligible and S,,(w;) =S,,(w;) when

wg | (10b)

(wL - E;)z(wL - Ez)z

is negligible. For the off-resonance condition,

[100]= [170]
[Sia(wp) +85y(wy) +Spp(wy ) P + [S1(wg) =Syy(wp) P + ,Su(wz,) ~ Splw) B,

(5¢)

[100]~ [010]

when both the quantities of Eqs. (10a) and (10b)
are negligible and S,,(w;) =S,,(w;) =S (w;) =8, ,(w,),
the usual selection rules® become valid as can be
seen from Eqgs. (4), (5), and (7). The new selec-
tion rules begin to be valid when the laser fre-
quency w; is near the resonance condition; i.e.,
w; is in a frequency region below the absorption
band spectrum and both the quantities given in
Egs. (10a) and (10b) are not negligible. The in-
tensity of the new scattering processes reaches

a maximum when the laser light is in resonance
with the absorption band due to the transition

Ty~ Ty +Ty. Moreover, when the laser light w;
is in resonance with the absorption band, as in
the case of the F band in Cs halides, Eqgs. (7) be-
come incorrect even if the modification given in
Eq. (9) is introduced. In fact, for the in-resonance
condition, the absorption band shape becomes
crucial in determining the Raman cross-section
intensities. Then in the case of broadened bands
with possible Jahn-Teller structure, as for the

F band in Cs halides, the use of a fictitious value
of y for simulating the band-shape broadening due
to the correlation of many phonon processes may
be incorrect. Furthermore, by using Eq. (7),

the consequences of the dynamical Jahn-Teller ef-
fect on the intensity of the Raman cross sections
are completely neglected. More important, in
resonance the Raman cross sections depend on
the square of the modulus of both the real and
imaginary parts of the response function of the
system considered, as will be shown in the next
section.

III. RESONANCE RAMAN-SCATTERING CROSS SECTIONS

We give in this section the theory for evaluating
the differential cross section for defect-induced
Raman scattering in resonance with the transition
I'g—~ Ty +Tg, with particular attention to the case
of the F center in Cs halides. We use as a starting
point the theory of Ref. 6, which takes into ac-
count the dynamical Jahn-Teller effect in the de-
generate excited states. We note that in the case
under consideration in the present paper, the
spin-orbit interaction plays an important role



together with the electron-phonon interactions
in determining the properties of the resonant
Raman-scattering differential cross sections. We

dwdQ

S(t; t,r ﬂ-) :Tr<Ttt’{[R(s')s"(tl)]*[R(s+u+t’-t)s (t)]}>ﬂ ,conn

where
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use all the notations and symbols introduced in
Ref. 7 for the absorption process due to the I’y
- T'g +T, transition:

i [em - pe N
e “(25)’(901‘) f due"”"fo dtfo at’ ettt e EOS(E 1 ) (11)

(12)

2 t’ ,
R(s')s'(tl) = Z"f 2 Z 2 elszt{M(uf’;),m(t')aj,{exp(i f H;PO()(S )ds,)] i ’!a;Ml(/(’xj)m’(O)}nﬁ’ . (13)
vo! a=1 m’ §i’ 0

R(s+y+t'-)s(t) has an expression analogous to that
given in Eq. (13). v,v'=x,y,z; when a=1, j=1-4;
when @ =2, j=5,6 as in Ref. 7. u is the time
variable for the Raman-scattering processes;

t(t') is the time variable for the processes in-
duced by the electronic transition from the ground
state (excited state) to the excited state (ground
state). T,,.is the time-ordering operator for the
processes in ¢ and #'. All the operators in Egs.
(12) and (13) evolve in time in the interaction
representation when time evolution is indicated.
Note that the M{%), appearing in Eq. (13) have the
same expression as M{¥(jm;{u}), the electric-
dipole-moment operators that are dependent on the
lattice displacement given in Eq. (11c) of Ref. 7.
Also in Ref. 7, the expressions of EX are given.
In the evaluation of the function S(¢,, ), with the
inclusion of the properties of the electron-phonon
interactions I'f, Ty, I'y in the excited states

T¢ and Ty, we follow the same mathematical
approach as used in Ref. 7 for the evaluation of

r

the absorption band. Then the evaluations of
S(t,t', ) are performed in the IOA by consider-
ing only the terms proportional to #* in the expan-
sion of ¢(T,¢) and (T, ') [see Eq. (23) of Ref. 7].%3
In this way, we are able to evaluate for the in-
resonance condition the functions S, (w;) (o, a’
=1,2), which define the coefficients given in Eqs.
(5) of the differential Raman cross section in Eq.
(4). These S,4+(w;) functions, in the limit that y
is negligible, are given by

Sotor(wL) =[Sa(Eu -w - U)L) —Sa(Ea— wL)] /w ’
(14)

Searlwy) =[S UE L~ 0 —w;,) = S lE o —w,)]
xR/B\|+2w)], a#a’ =1,2  (15)
where the + signs apply for a =1, @’ =2, and the

- signs for @ =2, &' =1 in Eq. (15). Here, we
have

Sq(&)=d,(£) +i0 ,(£), (16)
¢1(5)=<—275>/ NilA:fol dxa-(jggﬁ G(5, %), (1)
0.0~ [ s (6106, 0+ 334,424 508 -, ) (18)

#(&, x) =3¢ exp[-s2/za<x)](lF1(é; $:£2/2a(x))

4a(x) - 4%]

SHe oA Pk 38 2a() 5

a(x)

2©=(5) " 1 7o),

[a(x) - A2]

o (%) Fi-%;%; 52/211(95))) ’ (19)

(20)

05(8) =(1/AN,EF, (8)\F (3, 3, £2/2.42) + (£ - @) HE A2 +2A0)F,(E - @),Fy(3; 3; (£ - @)%/249)]. (21)
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The functions G,(¢, x), G,(£), and F,(¢), the co-
efficients A; and a(x), @, and the normalization
factors N, and N, are given in Ref. 7. ,F,(3n, ', £?)
are hypergeometric functions. Then by substitut-
ing the expression for S, (w;) given by Egs. (14)
and (15) into Egs. (5), one can evaluate the reso-
nant Raman-scattering cross section, Eq. (4).

We note that in the limit [£/A,|> 1 and [¢/a(x)]
> 1, it is possible to use the asymptotic expansion
for the functions S,(¢) appearing in Eqs. (16)—(21),
which then becomes

Sa(8)=1/¢, (22)
so that
1 .
Sowt’(wL)_(Eu_wL_w)(Ea,_wL); a,a =1,2.
(23)

The expression for the functions S,,.(w,) become
equal to the first term of the expressions given in
Eq. (7), which in this limit gives the more impor-
tant contribution, the other term being always off-
resonance and giving a negligible contribution with
respect to the first term. Even if these last terms
are included in the present calculations, the re-
sults do not change because the asymptotic expan-
sion is always valid for S,({) when { =w, +E - w
or {=w; +E,.

IV. DISCUSSION AND COMPARISON WITH EXPERIMENTAL
DATA

We discuss here the results we have obtained
with the theory presented in Sec. III for the polar-
ized Raman-scattering spectra in resonance with
the F band in CsF and comparisons with the avail-
able experimental data.’ In addition, we compare
these results with those previously obtained for

]

CsBr (Ref. 5).

By following the method shown in Sec. IO, it is
possible to evaluate the absorption band shape
and the resonant Raman-scattering cross section
in a consistent way. In fact, the same functions
and the same coefficients A; determine the ab-
sorption band shape and the intensities for the dif-
ferent Raman-scattering processes as functions
of w, [see Egs. (17)-(21) of the present paper and
Eqgs. (42)-(45) of Ref. 7]. Moreover, the electron-
phonon interactions and the projected perturbed
densities of phonon states that define, when inte-
grated, the coefficients A; are the same ones that
enter the differential Raman cross sections.

In general, the extent of the space around the
defect that is important for the consideration of
the electron-phonon interactions and the ion dis-
placement correlations depends upon the extension
of the excited-state wave functions compared with
that of the ground state. If only the first excited
state of the F center is important, it is a good
approximation to include only the interactions
between the electrons and the nearest-neighbor
(NN) and next-nearest-neighbor (NNN) ion dis-
placements. Then in all the cases,®'” where A, co-
efficients are written as

A%zczl(ra)(f p“(l"(f',wz)dw+2114f pip(T3, W)
A 0

+af f p22(T7, wz)dw) s (24)
0
with
@; = Cpp(TP/C (T, (25)

the terms C*(T})p(I';, w?) in front of the S, (w;)
functions [see Egs. (4) and (5)] must change in an
analogous way as

CHTP(T], w?) = C2UTHp11(TF, w?) +20,p 1, (T}, w?) + 2Py (T, w?)) = C3(THR(TY, 0°) (26)

where R(T'}, w?) is defined as the terms inside the
square brackets.
For the rocksalt structure (CsF for instance),

C“(I’:) :fu(rr)/‘[M_:’ sz(l",f) :fzz(r‘:)/‘/Asz 27

where f,,(T'}) and f,,(T'}) are the coupling constants
of the interaction forces between the electron and
the NN and the NNN ion displacements, respec-
tively; M, and M, are the relative NN and NNN
ionic masses. p, (T, w?) and p,, (T, w?) are the
projected densities of phonon states determined by
the autocorrelation of the NN displacements and
the NNN displacements, respectively. The

[

p12(TF, w?) are the perturbed projected densities
of phonon states of the correlation between the NN
and the NNN displacements. For the Cs halide
structure see the discussion in Appendix B of Ref.
7T and in Ref. 5.

From the values of A; obtained by fitting the ex-
perimental band shape one can evaluate the elec-
tron-phonon interaction couplings once the per-
turbed projected densities of phonon states
pi;(T{, w?) are known. In fact, from Eqgs. (24) and
(26) one finds

(1) =A§( fo " R(T, wz)dw)-l . 28)
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FIG. 1. On the left-hand side the theoretical difgerential first-order Raman cross sections for the indicated incident
and scattered light polarizations and for A; =6100 A are shown. On the right-hand side the experimental data taken
from Ref. 1 are shown for comparison. The significance of the different curves on the left-hand side is explained in
the text.
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FIG. 2. Same as Fig. 1, for A;=6400 A.
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Then Eq. (26) and consequently the terms in front
of the S,,Aw,) functions in Egs. (5) become
L] -1
AR(TY, wz)(f R(T}, wz)dw) . (29)
0

Then by using the method presented here, it is
sufficient to know the A; and the projected per-
turbed densities of phonon states in order to
evaluate consistently both the absorption band
shape and the resonant Raman-scattering spectra
for all the incident and scattered light polariza-
tions and frequencies w;. We show results for
Raman scattering in resonance with the F band in
CsF in Figs. 1-4 for the different incident laser
light wavelengths X, as given in the figures. These
are obtained by using Egs. (4), (6), (14), (21), and
(29). The projected densities of phonon states are
shown in Fig. 5. They have been calculated by

A =6670 A
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FIG. 3. Theoretical differential first-order Raman
cross section for the indicated incident and scattered
light polarizations and for A, =6670 A. The significance
of the different curves is explained in the text.

gz
AL=7000 A
10
theor [100] — (100

>
s
>
=
(]
Zz
w
—
Z
z -
‘zt theor [110]—=[170]
g o
o
w
< 4
-1
p]
O
3
S 4T

0 Y -

theor [1001—=(010]

2+

0 N B | o,

0 ! 4 5

2 13 3
w(10"” sec™)

FIG. 4. Same as Fig. 3 for ), =7000 &,

using the breathing shell model** for the lattice
dynamics of the CsF pure crystal with the param-
eters obtained in Ref. 15 from the best fit of the
dispersion curves obtained using this model. We
have considered only a change in the central force
constant between the defect and the (NN) ions Xy
=-0.5f*. Then only p, (T}, w?) and p,, (T, w?)
entering Eq. (26) are evaluated as perturbed pro-
jected densities of phonon states, all the other
ones entering that equation being taken as unper -
turbed projected densities of phonon states. The
(NNN) densities of phonon states have been evalua-
ted by using the expressions given in the Appendix
of Ref. 16. The values of o, entering Eq. (26),
determined by the best fit found for the theoretical
Raman spectra of Fig. 1, are 0.35, 0.50, and 1 for
¢=1,3, and 5, respectively. Moreover, we have
used the values of A; found in Ref. 7 from the
best fit of the absorption band shape.

In the figures we have shown explicitly the main
contributions from the various projected densities
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......

w (10" sec™)

FIG. 5. The NN and NNN densities of phonon states
used in order to evaluate the differential Raman cross
sections shown in Figs. 1-4.

of states that determine the more important
changes in the Raman spectra. In each figure

the differential first-order Raman cross section
(full line) is shown for the quoted incident and
scattered light polarizations. The dotted (- .- ),
dashed (---), and dash-dotted (-- -- ) lines repre-
sent the contributions coming from the Ty}, Ty,
and T'; phonon densities, respectively. When it is
not specified otherwise, the differential Raman-
scattering cross section for every polarization is
determined by the densities of phonon states follow-
ing the usual selection rules. When in a specific
phonon frequency region a partial contribution
coming from a particular T'; density of phonon
states is shown, the differential first-order
Raman-scattering cross section is determined by
the sum of this partial contribution and the remain-
ing contribution from the other I'; densities of
phonon states (j#i). These other I'; phonon den-
sities are the same as one obtains with the usual
selection rules. As is possible to see from Figs.
1 and 2, the theoretical curves are in good agree-
ment with the experimental data® obtained with the
laser wavelengths A, =6100 and 6400 A, mainly

in the spectral region where the NN and the NNN
projected densities of phonon states give the most
important contributions. Above all, we note the
experimentally observed changes in the Raman
spectra for the two different A\, are consistent with
those found theoretically, principally in the fre-
quency region where p,,(T;, w?) and p,, (T3, w?) have
the maximum (w =2.60x10* and 2.65%10* sec™?,
respectively).

From Figs. 1 and 4 (A, =6100 and 7000 A, re-
spectively) it is possible to see that the Raman-
scattering spectra are largely determined by a
superposition of the NN and the NNN projected
densities of phonon states according to the usual
selection rules. Moreover, we note that the
most important feature of the spectra for A,
=6400 A (Fig. 2) and A, =6670 A (Fig. 3) is deter-
mined by the change (with respect to Figs. 1 and
4) of the intensity of the peak at the transverse
optical phonon frequencies [the maximum in the
p22(T5, ?) and in the p,, (T}, w?)] with respect to the
acoustical frequency region (determined by the
NN projected densities of phonon states). These
changes are explained theoretically by the contri-
butions of the p,,(T’s, w?) in the [100]~[010] polar-
ized scattering spectrum and of the p,,(T', w?) in
the [100]— [100] and [110]~ [110] polarized scatter-
ings spectra. The evaluated enhancement of the
peaks at w =2.60 %10 and 2.65x10®* sec™ agrees
quite well with the experimental data available for
A, =6400 A (see Fig. 2). We note that the unusual
contributions of the p,,(T", w?) and p,, (T, w?) for
=T}, T, T7in the [110]~[1T0] and [100]~[010]
polarized scatterings prove that the I'; Raman
tensor component gives and important contribution
to these polarized resonant scattering processes.
Furthermore, for 1, =6670 A the evaluations for-
see an enhancement of the p,,(T'y, w?) mainly in
the [100]- {100] and [110]~[1T0] polarized spectra
due to the resonance condition with that particular
frequency of the absorption band. Unfortunately,
the experimental data for A, =6670 and 7000 A
are not available and we cannot check the theo-
retical predictions presented in Figs. 3 and 4.
Moreover, in the theoretical differential Raman
cross sections for 1, =6100 and 6400 A, only the
contributions coming from the F band are included,
so that all the effects from the resonance condi-
tion with the K band are not accounted for here.
These additional contributions may account for the
part of the Raman-scattering spectra in the longi-
tudinal optical phonon frequencies that the present
evaluations, considering only the NN and the NNN
densities of phonon states, cannot explain.

A different situation with respect to the CsF
case is found in the resonant Raman spectra of the
F center in CsBr.® In fact, there the most impor-
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tant changes in the polarized spectra obtained by
considering different A, are mainly determined by
the various contributions of the T projected den-
sity of phonon states to all the polarized scatter-
ings. In those evaluations we have considered only
the NN projected densities of phonon states. From
Ref. 5 it is possible to see that the agreement
between the experimental evaluations is quite
good in the frequency region of the spectra where
- the NN densities of phonon states give the most
important contribution for all the A, considered.
Above all, we note that the most important feature
of the scattering spectra in that phonon frequency
region, determined by the change with A, of the
intensity of the p(T'}, w?) contribution to the differ-
ent polarized spectra, is completely explained by
the theoretical calculations (see Figs. 2—-5 of
Ref. 5). We note, for instance, that for A, =
625 nm (Fig. 3 of Ref. 5) p(T'}, w?) gives the most,
important contribution in the [110]~ [110] and
[100]-[010] polarized spectra. In addition, from
Fig. 5 of Ref. 5 we see that the contribution of
p(I'f, w?) for these polarized scattering spectra
becomes dominant with respect to the usual one
(in the [100]~ [100] polarized scattering) when the
incident light frequency ranges from 610 to 630 nm,
reaching its maximum when X; =625 nm. From
the selection rules given in Eq. (3) of Sec. II and
the discussion given there, it follows that in the
same frequency range the T'; Raman tensor com-
ponent is the dominant one in determining the
scattering processes, reaching the maximum of
intensity for A, =625 nm.

As noted before, in the experimental spectra
for the CsF case and for the CsBr case,’ the part
of the first-order scattering spectra near the lon-
gitudinal optical-phonon frequency w; cannot be
explained by the correlations of the ion displace-
ments and by the electron-phonon interactions that
we have considered here and in Ref. 5. Further-
more, the intensity of this part of the spectra in-
creases as Ay, begins to be in resonance with the
K band. From lattice-dynamical evaluations,’
this feature in the first-order scattering spectra
has been shown to be due to the contribution of the
perturbed projected densities of phonon states
determined from the correlations of the displace-
ments of the ions beyond the next-nearest-neigh-
bors of the F center. In fact, the wave functions
of the excited states that contribute to the K band
are extended over many neighbors of the F center.
Then the electron-phonon interactions in these ex-
cited states are substantially long range and the
autocorrelations of all the ion displacements of
the crystal space where the electron-phonon inter-
actions act must be considered when A is in
resonance with the K band.

Nevertheless we note that when A, is in reso-
nance with the K band, the selection rules given
In Sec. II of the present paper are still valid
whenever the excited states involved in determining
the K band have a spin-orbit interaction coupling
different from zero. Then the only changes in the
theoretical evaluations that emerge by including
the additional K-band contribution are determined
by the consideration of the many-neighbor ion-
displacement correlations and by the inclusion in
the cross sections given in Eq. (4) of the functions
analogous tothe S,,+(w,) considered here, which
take into account the contribution of the K-band
scattering response functions.

V. CONCLUSIONS

We can summarize the main results presented
here as follows: We have shown that new selection
rules apply when Raman scattering is in resonance
with a transition from a spin-degenerate ground
state to an excited state for which the spin-orbit
interaction is nonvanishing. In connection with
these new selection rules we have also shown that
the antisymmetric (transforming as I';) component
of the Raman tensor becomes effective in deter-
mining the scattering, reaching the maximum in-
tensity for some resonant light frequency. We
have applied the theory to the F center in CsF and
have compared these results with those obtained
for CsBr. We have found that p(Ty, w?) gives the
most important contribution in all the polarized
resonant Raman spectra in CsF. This differs
from the situation in CsBr where it is p(T7, w?)
that gives the most important contribution in all
the polarized spectra. Moreover, we have shown
that in the case of CsBr the I'; component of the
Raman tensor determines the intensity of the
p(T}, w?) contribution in the [110]~[110] and [100]"
- [010] polarized spectra for the different incident
laser light frequencies. In the case of CsF, how-
ever, the I'; component of the Raman tensor is
responsible for the unusual contribution of the
densities of phonon states transforming as T'}, T},
T} to the [110]-[110] and [100]~ [010] polarized
spectra.
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