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Resonant Raman scattering, up to seventeenth order, was observed in additively colored CsI. The Raman
spectrum is dominated by a series of sharp, intense, equally spaced lines due to a localized mode associated
with the defect. The principal mechanism for broadening of these lines is shown to be the anharmonic decay
of the localized mode into two band modes. For the case of anharmonically broadened lines, a criterion is
established to distinguish between hot luminescence and resonant Raman scattering. Each of the sharp lines
exhibits a side band which resembles the phonon density of states of pure Csl. The intensity of the side bands
is relatively constant out to tenth order even though the intensity of the main line decreases as (order) ' .
This behavior can be simply explained by the multiplicity of scattering diagrams.

INTRODUCTION

Because of the inversion symmetry of all atoms
in pure Csl, Raman scattering of first order is
not allowed. Defects destroy this symmetry, per-
mitting first- and higher-order Raman scattering
from a large sampling of modes throughout the
Brillouin zone, If the defect has a dipole active
electronic transition with energy near the laser
frequency, processes described as impurity-in-
duced resonant Raman scattering or hot lumines-
cence might be expected. If, in addition, the de-
fect has a localized mode, scattering from this
mode should be particularly important near reso-
nance owing to the strong electron-phonon cou-
pling between the localized vibration and the
localized electronic state. Impurity-induced Ra-
man scattering has been previously observed in
both resonant'*? and nonresonant systems.® In a
previous paper, ! the temperature dependence and
the laser frequency dependence of up to sixth-or-
der Raman scattering by a localized mode in addi-
tively colored CsI have been reported and dis-
cussed, Now, by optimizing experimental condi-
tions, i.e., defect concentration, sample tem-
perature, and laser frequency, we are able to ob-
serve Raman scattering up to seventeenth order.
Associated with each of the Raman lines is a side
band resembling the density of states of pure CsI.
Phonon side bands are well-known phenomena in
normal luminescence processes, Such vibronic
structure has been seen in both insulators* and
semiconductors.® In the present paper, side
bands of multiple-order Raman scattering lines
are reported and discussed.

EXPERIMENT

The crystals used in this experiment were grown
from the melt in a 500-Torr atmosphere of HI.
We believe the resulting color centers to be ;.
Normally, such a color center would be unstable
at room temperature in most alkali halides.

However, since the polyhalide CsI; can be pro-
duced at standard temperature and pressure, © it
is not unreasonable to expect that the I;” center is
stable in CsI. Furthermore, I;~ in solution is
known’ to have a characteristic Raman-active
mode at 110 cm™!, almost exactly the frequency
of the localized mode reported here.

The Raman measurements were made using a
Jarrel-Ash double monochromator with photon
counting detection, Measurement at low tem-
perature was necessitated by the unusual prop-
erty that the integrated intensity of the secondary
radiation increased with decreasing temperature,
We know from previous measurements that the
peak resonant enhancement of the Raman intensity
occurs for 5582-A laser radiation if the sample
is at room temperature. With the sample at 8 °K,
the intensity was highest for the laser line with
shortest available wavelength, 4579 A,

RESULTS AND DISCUSSION

Figure 1 shows a Raman spectrum of additively
colored CsI cooled to 8 °’K, The spectrum con-
sists of 17 equally spaced lines each exhibiting a
weak side band. Within the accuracy of the ex-
periment, the strong lines occur at multiples of
the fundamental frequency 111 cm™. Since the
maximum phonon frequency in pure CsI is 80 cm™,
the scattering must involve a localized mode.

This mode probably resembles the symmetric
stretching mode of the linear I,” ion in solution.”
Of primary interest in this paper is the occurrence
of side bands which can be seen to suffer little
attenuation from zeroth to tenth order. Figure 2
compares the frequency dependence of the side band
with a calculated density of states of pure CsI
having its frequency origin at the center of the
associated localized mode line. The side-band
spectrum measured at 8 °K is shifted to higher
frequencies compared to the calculated density

of states curve based on room-temperature neutron
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FIG. 1. Raman scat-

T tering spectrum of addi-
tively colored CsI mea-
sured at 8°K with the
4579-A Ar line. The 17

. equally spaced lines are
multiple-order scatter-
ing from a localized mode.
Each of these strong lines
exhibits a side band.
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scattering data.® This shift is just that expected
from the known® temperature dependence of the
reststrahl frequency.

There has been considerable controversy in the
past few years as to whether or not resonant Ra-
man scattering and hot luminescence are dis-
tinguishable phenomena, 1°-'2 Since we will find
it convenient to use these terms to describe dis-
tinct phenomena, a word of explanation is in or-
der. We assume we are dealing with a localized
system with a strong electron-phonon interaction.
In this case, it is convenient to calculate the eigen-
values and eigenvectors of the interacting elec-
tron-phonon system before applying the electro-
magnetic field, The energy levels of such a system
are shown schematically in Fig. 3. Here, we
have shown various vibrational levels of both the
ground and excited electronic state. The num-
ber of quanta in the localized mode is given by N,
the number in a typical band mode by n. Due to
the electron phonon interaction, dipole transition
between ground and the excited states with differ-
ing vibrational quantum number are allowed. In
addition, we must consider the possibility of an-
harmonic decay of a highly excited localized mode
into band modes. It is the presence of this ad-
ditional anharmonic process which, by our defini-
tion, distinguishes hot luminescence from reso-
nant Raman scattering. That is, as depicted in
Fig. 3, hot luminescence arises from the emission
of a photon after one or more quanta of vibra-
tional energy have been lost through anharmonic
decay. Resonant Raman scattering arises from
the creation or destruction of a phonon in the
ground electronic state following virtual excitation,

1400 1600 1800

The question now arises: What is the mechanism
for the observed series of sharp lines, resonant
Raman scattering, or hot luminescence? In
principle, this question can be answered by con-
sidering the order dependence of either the in-
tensities or the widths of the localized mode lines.
In practice, a study of the linewidths offers a
much simpler criterion for distinguishing between
the two processes.

Width of localized mode lines

One mechanism for the broadening of a lo-
calized mode is its anharmonic decay into band

T
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FIG. 2. Raman spectrum of additively colored Csl
measured at 8 °K with high signal to noise in the frequency
region near the third-order peak. The upper curve shows
the calculated phonon density of states based on room-
temperature neutron scattering data (Ref. 8).
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FIG. 3. Schematic representation of the energy levels
and transitions in a strongly coupled electron-phonon
system. The quantum number of the localized mode and
one typical band mode are indicated by » and N, respec-
tively. The straight lines indicate dipole transitions and
the curved lines anharmonic phonon decay. The width of
the localized mode state is shown to increase linearly
with N or N’. The processes on the left-hand side repre-
sent hot luminescence, those on the right-hand side
represent resonant Raman scattering.

modes resembling traveling waves. *!* The en-
ergy of the localized mode in the CsI system is
low enough to allow its decay into only two band
modes. Such a three phonon process results from
cubic anharmonicity. The appropriate Hamiltonian
can be written

3y/\1/2
Hy= é (%) > (A+ AN a(k) + ' (k)]

7Y
x[a(k) + a'(#)]6 g [Qu ()0 (2)] /2, (1)

where a(k), a'(k), and w(k) are the annihilation
operator, creation operator, and eigenfrequency

of band mode k. The capital letters 4, A', Q are
the corresponding quantities of the localized mode.
The volume of a unit cell has been denoted by V.
This Hamiltonian is not very practical for computa-
tion since there is a different anharmonic coef-
ficient ¢,,. for each pair of band modes. There-
fore, we assume the anharmonic coupling is
proportional to w,

D= Pow(R)w (k') . (2)

Such an approximation holds within the Debye
model if ¢, is proportional to strain.!* Using
standard second-order perturbation theory, this
Hamiltonian leads to an inverse relaxation time
given by

L st

X[n(k)+n(k')+ 1] 6(w(k)+ w(k') - Q) . 3)

The number of quanta in the localized mode and
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in the kth mode have been written N and n(k), re-
spectively. Using the temperature dependence of
n(k)’

n(k)z(enw/KT_l)-l s (4)
the low-temperature limit of Eq. (3) becomes

1 ThVp,N , ’
T Taaa Zk,,, @)oo (k) + () - 2) ,
(5)

and the high-temperature limit

1 _1VgeN , (B!
7T e KTl W) -9 @

At low temperatures the linewidth of the localized
mode should be independent of temperature, at high
temperatures a linear dependence is expected.

The summations can be performed using the known
density of states® determined from neutron-scat-
tering experiments. The only unknown parameter
is ¢, which can be fixed by the measured low-
temperature value of the half width, No additional
parameters are needed to determine the slope of
the curve at high temperature. Comparison with
experiment is made in Fig. 4. Here, we have
plotted the temperature dependence of the width

of the first-order line including a correction for the
instrumental broadening. The agreement between
the calculated and measured values is good.
Therefore, we conclude that the broadening of the
localized mode lines is due to anharmonic decay
into two band modes,

We are now in a position to establish a criterion
for distinguishing between resonant Raman scat-
tering and hot luminescence. Equation (3) indi-
cates that the anharmonic width of a localized
mode state with N quanta of energy is N times that
of a state with one quantum. The relative widths
of several states are shown in Fig. 3. For the
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FIG. 4. Measured temperature dependence of the
half-width of the first-order localized mode line at 111
!, The solid line segments indicate the calculated be-

cm™,
havior for the low- and high-temperature limits.
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FIG. 5. Line shapes of the first four orders of Raman
scattering from the localized mode. The instrumental
profile is also shown. The numbers indicate the half-
width after correcting for instrumental broadening.

hot luminescence processes, the spectral widths
of the emitted radiation would be expected to de-
crease with order. That is, lines positioned far
from the laser frequency will be narrower than
lines close to the laser frequency. dJust the re-
verse is expected for resonant Raman scattering.
The observed order dependence of the line shape
is shown in Fig. 5. In order to improve the in-
strumental resolution, these measurements were
made with the 4880 laser line and with 80-um
slits. The anharmonic broadening was increased
to a more easily measured value by raising the
sample temperature to 110 °K. Under these con-
ditions, only the first four orders could be con-
veniently observed. Clearly, the linewidth in-
creases with order. After subtracting the in-
strumental broadening this increase seems to be
even greater than the first power of N. We con-
clude from this result that the secondary radiation
observed in this sample is resonant Raman scat-
tering and not hot luminescence.

Side bands

Figure 2 shows that the side-band spectrum
strongly resembles the unweighted density of
states of pure Csl if we assume that a given side
band is associated with a localized mode which is
closer in frequency to the laser line than is the
side band itself. The intensity of the side bands
falls off much more slowly with order than the
intensity of the local mode lines. This can be
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seen qualitatively in Fig. 1. The side band of the
tenth-order line has about 50% of the intensity of
the side band of the second-order line while the
intensity of the localized mode line itself de-
creases by a factor of 8, We should mention that
the structure in the spectrum near 170 cm™ is

not aside band but second-order Raman scattering
from pure CsI. This additional scattering makes
it difficult to define the first-order side band. The
intensities of both the local mode lines and the side
bands increase with decreasing temperature. Such
behavior is not normally associated with Raman
scattering, Detailed measurements of the tem-
perature dependence of the localized mode lines
have been presented in Ref. 1, Because of the
weak signals, we have not been able to determine
the functional dependence of the side-band inten-
sity on temperature.

Two mechanisms are capable of producing side
bands having the properties listed above. An an-
harmonic side band can be described by Raman
processes, each with an additional intermediate
state typically consisting of about » localized
phonons. This intermediate state decays into a
final state consists of n localized phonons plus a
band mode. A similar mechanism has been suc-
cessfully used to describe side bands of infrared
absorption lines.!® This process is represented by
diagram c in Fig. 6. The same cubic anharmonic-
ity responsible for the width of the localized mode
line is also responsible for the additional vertex in
Fig. 6(c). The anharmonic coefficients are, how-
ever, not identical since the broadening process
involves one localized mode phonon and two band
mode phonons while the side band process involves
two localized mode phonons and one band mode
phonon. We might expect, however, that the
magnitude of the two types of anharmonic coeffi-
cient will be the same. Using this assumption,
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FIG. 6. Processes represented by a and b contribute
to the main, fourth-order Raman line. Processes ¢ and
d contribute to the corresponding side band. Thelocalized
phonons are denoted with a solid line, the band phonons
by a dotted line, the photons by a wavy line, and the
electron-hole states by a broken line.
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the calculated side band intensity can be shown
to be several orders of magnitude smaller than
the observed intensity, indicating that the side
bands are probably not anharmonic in origin,

A Raman process with electronic coupling not
only to the localized mode but to the band modes
as well, would also result in side bands. Such
a process is represented by diagram d in Fig. 6.
This diagram offers a convenient explanation for
side-band intensities which increase with order
with respect to the corresponding localized mode-
line intensities. For a process involving N
identical localized phonons and one-band phonon,
there exist N+ 1 nonequivalent diagrams. That
is, the band mode vertex can occur between any of
the localized mode vertices. The order depen-
dence of the side band can be demonstrated more
quantitatively by the following semiclassical
argument. The Raman effect is due to a modula-
tion of the electronic susceptibility x by localized
mode coordinates @ and band mode coordinates ¢.
Expanding x in a Taylor series, we obtain

v Q¢ Y e
x(Q, q)~}; Ninl 5QF g X- (7

For a simple defect it is not unreasonable to as-
sume that the susceptibility has the form

X=A(q, Q)/wylq, Q) - w . (8)

In general, high-order derivatives of this ex-
pression will be rather complex. Near resonance,
however, the term in the derivative with the
highest power of the energy denominator will
dominate. This approximation is equivalent to
ignoring processes represented by diagram a in
Fig. 6 and considering only processes represented
by Fig. 6(b). Making this approximation,

3

aN " . A(N+n)! (__ 1)”‘"(%)” <M)n
QY aq" (wg = )T 9Q aq
9)

and the intensity of Raman scattering becomes

I~ (N+n)! A
Nn N! n! (wﬂ_ w)l\uml
dwo\" (3w, "’2 2NN ¢ ,2n 1
(55) (G| @nam. (10)

In this notation, the intensity I, of the side band
of the Nth-order mode relative to the intensity of
the main band I, becomes

3621
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That is, the intensity of the side band increases
relative to the main band as the order increases.
The observed intensity dependence is not so strong
as (N+1)? indicating that the assumptions made in
Egs. (8) and (9) do not strictly hold.

In a previous paper, ! we presented measure-
ments showing that the integrated Raman intensity
increased with decreasing temperature, The
explanation given in that paper was that there
exists a nonradiative decay channel from the ex-
cited to the ground electronic state which is less
effective at low temperature, This additional
decay mechanism should also contribute ap-
preciably to the line broadening. Since the line
broadening has now been shown to be essentially
anharmonic in origin, an alternative explanation
of the temperature dependence must be found.
Such an explanation becomes apparent if the con-
figuration coordinate description of a localized
electron-phonon interaction is considered. In
this picture, increased Raman intensity will arise
through an increase in the overlap integrals be-
tween the ground and excited state vibrational
wave functions,'® This can be achieved by an in-
crease in the lowest order electron-phonon inter-
action, Such an increase will also tend to raise
the frequency for peak resonant enhancement.
Examination of Fig. 3 in Ref. 1 shows that the laser
frequency giving maximum Raman intensity did
indeed shift from the yellow to the blue as the tem-
perature of the sample is lowered.

In conclusion, two alternative mechanisms were
considered to explain the series of sharp lines ob-
served in the scattered radiation spectrum of ad-
ditively colored CsI, resonant Raman scattering,
and hot luminescence. Since the width of these
lines was shown to be anharmonic in origin and to
increase with order, we were able to conclude
that resonant Raman scattering is the dominant
mechanism. The density of states like side band
associated with each sharp line is probably not
anharmonic in origin but arises from a high-order
electron-phonon interaction involving N localized
phonons and one band mode.
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