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Resonant Raman effect of 03 in y-irradiated Ba(C103)2HzO and AgCl03
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Resonant vibrational Raman measurements of 0, in y-irradiated Ba(C10,),H20 and AgC10, are reported.
It is concluded that the 0, ions occupy two nonequivalent sites in the lattice. A simple model describing the
unusual relative Raman intensities, is also presented.

For some time, resonant Raman spectroscopy
has been proved to be an effective tool in the in-
vestigation of defects in solids. ' ' The object of
the present paper is to report on the vibrational
resonant Raman (RR) effect of 0, centers in y-
irradiated Ba(C10,),H,O and AgC10, . The ob-
servation of trapped paramagnetic centers in y-
irradiated single crystals of many different sul-
phates, chlorates, and nitrates has already been
reported in several papers using ESR studi. es' "
as well as Raman studies. '"" Due. to the multiple
site occupancy and orientation of these centers
in. the lattice, their identification via paramag-
netic resonance was not too obvious at the begin-
ning. The paramagnetic-resonance data on y-
irradiated alkali-metal chlorates tell us that the
radicals formed by this ionizing radiation seem

, all to behave as oriented free charges (g value
of about 2.0).' " This means that these irradiated
systems provide us a unique- possibility for study-
ing isolated oriented radicals. %e report in this
article on vibrational resonant Raman (RR) mea, —

surements of 0, centers in y-irradiated Ba(C10,)
,H,O and AgC10, . Resonance Raman scattering
was first used to determine multiple site occupan-
cy of 0, ions in single crystals of KC10, and
NaC10, in Ref. 13. As is shown in the following
the Raman effect proved indeed to be an effective
tool for investigating the multiple-site occupancy

I

and orientations of the 0, centers. Furthermore
the relative vibrational Raman intensities exhib-
ited a strictly unusual behavior which is associated
with the small differences in the static field felt
by 0, in the nonequivalent sites occupied by them.

The 0, centers (concentration of about 10"
cm ') were obtained after 10 Mrad of y irradiation
at room temperature from a "Co source. The
ESR spectra of irradiated single crystals of
Ba(C10,),H,O and AgC10, provided us with the
number of crystallographically nonequivalent 0,
ions and their orientations in the Ba(C10,),H,O
and AgC10, lattices as discussed in Refs. 11 and
12. It was concluded then that the 0, ions occupy
two nonequivalent sites in the crystal. The same
conclusions are also reached from the resonant
Raman results. The resonant Raman experiments
in Ba(C10,),H,O were performed in backscattering
configuration with the 4579-A Ar line at room tem-
perature from samples having natural faces. In
the case of AgClQ, the Raman spectrum was re-
corded at 4.2 K also in.backscattering configura-
tion with the 5145-A Ar line. The optical-absorp-
tion and resonant Raman da, ta, of v, (the symmetric
stretching mode of 0, ) and its overtones are pres-
ented in Tables I and II. Both the ground and ex-
cited vibronic bands assigned to pregressions of
the symmetric stretching mode v, and v,' in the
ground and excited states, respectively, were

TABLE I. Frequencies v (cm ~) and intensities I of
electronic absorption bands and Raman lines of 03 in
y-i.rradiated Ba(C103)2820.

TABLE II. Frequencies v (cm ) and intensities I of
electronic absorption bands and Raman lines of 03 in
y-irradiated A gC10~.

Transition Va

Raman lines x(zz)x

T ransition .
Va

Raman lines x(zz) 7
V5

0-1
0-2
0-3
0-4

1036
2062
3050
4024

7.8
4.9
2.6
1.4

1045
2074
3064
4041

2.8
4.0
2.5
2.0

0-1
0-2
0-3
0

1004
1995
2981
3949

9.0
3.0
1.7
0.7

2012 0.4
2992 1.3
3956 0.5

' = 1006 = 1050 ~ =1060
'X' =7.8 ( pX ) =11.2 ( X ) =12.6

I

co' =1028 cm i co =1009 cm i

co()Xp =18 cm (co pXp) =5,4 cm
cop~=1023 cm ~

(ct) p X ) = 8 .4 cm
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determined from the simple diatomic term value
expression"

v, (7i) = (u, ri —((uP', )q'.

The prime in Tables I and II denotes excited-
state properties. Fig. 1 shows the resonant Raman
spectrum of 0, in Ba(C10,),H,O recorded in the
x(zz)x configuration where x and z are parallel
to the [110] and [001+] directions, respectively.
This spectrum clearly shows a splitting of the
qv, (A~) bands of 0, into two components v', and
v', . Graphs of the relative intensities as a func-
tion of the vibrational quantum number are shown
in Fig. 2. The relative intensities were measured
using the v, (A ) mode of Clo, as reference" cor-
rected for instrument response. Figures 3 and 4
present the corresponding Raman results for
AlC10, recorded in the x(zz)x configuration where
x and z a,re parallel to the [110]and [001] direc-
ti.ons, respectively. Again, the gv, bands of 03
in AgC10, exhibits a splitting into two components.
The splitting of v, and its overtones into two com-
ponents suggests that the 0, ions produced by
radiolysis of C10, are trapped at two crystallo-
graphically distinct sites, possibly those formerly
occupied by the C10, precursors. This is further
supported by the ESR measurements. "" The
observed doublet splitting of the qv, mode are
therefore resultant from different orientations
of. 0, ions at these sites (orientational splitting).
The magnitude of this splitting between the pair
of components is a measure of the difference in
the static field for two nonequivalent orientations
of 0, ions at these sites. 'Referring to Tables I
and II and Figs. 2 and 4 one notes that the orien-
tational effects which are caused by the anisotropy
of the static field at the two sites are reflected
not only in the splitting between components, and
thus between the (d, values, but also in the small
differences between the values of (dpXp.

The kind of behavior depicted in Figs. 2 and 4
for the relative Raman intensities may be under-
stood if one assumes a simple model involving a
simple intermediate state and electron-phonon
interaction with a single phonon mode similar to
that developed in Ref. 1.5. The Raman cross sec-
tion for light scattered from k; to k, can be written
as v = (e'&d, /m'c'u&, .) I M I ', where

{fl~..pie) {'l~; ply&

E, —E; —h~~

, &f1~; pl& &~ I'. PI&& )Ee —E~ + 8~

Here we assume that. the states are separated into
an electronic and a vibrational part (Frank-Condon
approximation) and that the matrix elements of p
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FIG. l. Besonant Baman spectrum of 03 in
Ba(C103)9H20. The laser frequency is the 4579-A Ar line.

0& in Ba(C40&) 2 H&0

4
n

FIG. 2. Belative Baman intensities of 03 in
Ba(C103)&H20 as a function of the vibrational quantum n.

are independent of the vibrational coordinates.
The latter then enter M only as overlap integrals.
Now, if the exciting frequency ~~ is near reso-
nance, the first term in Eq. (2) is much the larger
and we can neglect the second term. Furthermore,
we assume that only one intermediate electronic
state is important. Kith these assumptions, a
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F&G. 3. Resonant Baman
spectrum of 03 in AgC103.
The exciting laser frequency
is the 5145-A Ar line.

process creating n-vibrational quanta has the form

M=&yle. pie& &e le; pit&s„/a~. , (6)

where 8&0 is the vibrational quantum in the upper
electronic state and S„ takes the simple form

n~+X .
ne

In arriving at Eq. (4) we have written the energy
denominator in units of A+0'. Here X defines the
photon matching of the resonance, i.e. , X=(E,—E,
—Ro~)/S(d;. The sum in Eq. (4) is over all states

n, of the excited oscillator with &d, . The initial
and final states are of the ground-state oscillator
with frequency &d0. The minimum energy in the
upper state is at a coordinate position displaced
by x, say, from the ground-state equilibrium po-
sition so that the peak absorption takes place with
the creation of X =M(d,'y'/2h phonons. The pa.ram-

!

where

dte't' '=e "I'p.)yn(X, —x), (6)

y*(X, —x) being the modified incomplete y fun-
ction. " Taking the derivatives of Eq. (6), S„can
be written in a readily calculable form as

eter X represents alternatively a measure of the
effective strength of the coupling between the elec-
tron and the vibrational mode. The general case
of Q)0 4 K0 has been dealt with in Ref . 15 . Here we
shall consider only the case of v0™~0 which is
more appropriate for the present experimental
situation (see Tables I and II).

Using the properties of harmonic-oscillator
function, we find"

'~'d SS— 0

nt Ch~

C/2 n
p

n

S„= e *)'(z)y (Z, —e)g(l ~(x),e' —P P (-()"'(ee e),- e ""
)=n~

V 0 p V=1 p /=1

where (a)„=a(a+ 1)~ ~ ~ (a+ v —1) is the Poschham-
mer's symbol" [(a),= 1)]. The variation of S„
with n close to resonance (say, A =0.1) is shown
in Fig. 5. It follows from Fig. 5 that near res-
onance and for x» X the n-phonon process may
become stronger than the (n —1)-phonon process

whereas, for x' and X of the same order of mag-
nitude, S„ is smaller than S,. In other words,
depending upon the effective electron-phonon cou-
pling (i.e., the value of x) the resonant vibrational
Raman scattering may either present a maximum
with respect with n at n - x (strong coupling, x
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FIG. 4. Relative Baman intensities of 03 in AgC103
as a function of the vibrational quantum number n. Here
the symbol I &3 in the third and fourth harmonics means
that the displayed intensity is multiplied by a factor of 3.

FIG. 5. Variation of the resonant Baman scattering
matrix element ~S„~ with the vibrational quantum number

» X) or exhibit a norma, l behavior, namely, always
decrea, sing (weak coupling, x-X). We believe this
simple calculation confirms the hypothesis that
the observed splitting of the nv, vibrational Raman
lines as being due to Q, located at two nonequiv-
alent sites. The component v,a in Figs. 2 and 4
corresponds to a situation where the 0, in one
site has a weaker electron-phonon coupling (x'
-X) than in the ca.se of component v', at the other
site (x'» X). This difference in the value of x
is of course due to the difference in static field
effects at these two sites occupied by 0, .

Although this model calculation is sufficiently
general the actual observation at resonance of
a maximum in lS„I for n-x depends basically on

the value of x. In the case of F centers, '""x is
typically of the order of 50 which makes it outside
the experimental capabilities. Furthermore, it
should also be noted from Fig. 5 that near res-
onance and for x» X the electronic Raman inten-
sity, which is proportional to S„should be weaker
than the first few vibrational overtone intensities.
This could possibly be observed in the case of NO

(the electronic ground state is a doublet) in y-
1

irradiated nitrates. This experiment is now in
progress in our laboratory.

In conclusion, we would like to acknowledge
several useful discussions with Dr. S. P. S. Porto,
Dr. C. Rettori, Dr. M. Foglio, and Dr. J. F. Scott.
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