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Multiple-order Raman scattering was observed in CsI doped with MnO,%~. The Raman spectra consist of a
series of sharp, equally spaced lines due to multiple-order scattering from the totally symmetric mode of
MnO, ?~. Each sharp line in the Raman spectra exhibits a side band which is composed partly of low-frequency

CsI phonons and partly of high-frequency internal vibrations of the MnO,

2~ molecule. The intensity of the

Raman scattering was measured as a function of laser frequency. In general, the Raman scattering was seen to
be enhanced each time the laser frequency was tuned to one of the vibrational sublevels of the excited
electronic state. An exception occurred at the third vibronic level at which a minimum in the scattered
intensity was observed. The Raman spectra, resonance enhancement spectra, and optical absorption spectra
can be explained, quantitatively, using a simple model involving a ground electronic state and one excited
electronic state each with vibronic structure corresponding to one localized mode of vibration. Since the
frequency of this localized mode is shown to be different in the ground and excited electronic states, we can
easily distinguish between resonant Raman scattering and hot luminescence.

I. INTRODUCTION

During the pastfew years there has been consider-
able discussion concerning the nature of secondary
radiationfrom systems in resonance with the exciting
light.'™ The problem seems to be particularly well
defined for localized systems. Inthis case itispos-
sible to define three types of secondary radiation;
Raman scattering, resonance fluorescence, and hot
luminescence. Thedistinction between Raman scat-
teringand hot luminescence is made clear in Fig. 1.
The spectra arising from these processes have simi-
lar properties. They both consist of a series of lines
located at equal intervals from the exciting laser
frequency.* However, for a localized electron-
phonon system the two processes can be easily
distinguished in the following ways. Hot lumines-
cence involves a change in the quantum number of
the localized mode associated with the excited
electronic state, whereas Raman scattering in-
volves the excitation of a ground-state phonon.
Since the frequency of a localized mode is not, in
general, the same in the ground and excited elec-
tronic states, the spacing between lines of a hot
luminescence spectrum and of a Raman spectrum
will not be the same. A more fundamental distinc-
tion is that the relative intensities of hot lumines-
cence lines are determined by the anharmonic
lifetime of the localized mode. For Raman scat-
tering this lifetime plays no important role. In
addition, the order dependence of the linewidths
can also sometimes be used to distinguish these
two processes.®

The distinction between resonant Raman scatter-
ing and resonant fluorescence is more subtle. If
the energy of the exciting light is exactly that nec-
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essary to excite a vibrational level of the upper:
electronic state, emission of a photon takes place
only after a measurable delay in time. For this
case the scattering tensor is dominated by the con-
tribution from an imaginary term. Such a process
is called resonance fluorescence or sometimes
even hot luminescence. In this paper, it will not
be useful to distinguish between resonant Raman
scattering and resonant fluorescence. However,

a distinction will be made between resonant Raman
scattering and hot luminescence as we have de-
fined it.

These problems have been discussed in two pre-
vious papers®® where multiple-order Raman scat-
tering in additively colored CsI was reported. Al-
though that system demonstrated up to 17-order
scattering, it was not possible to measure a well-
defined optical-absorption band. Much interesting
work has been reported on resonant Raman scat-
tering from F centers in alkali halides.”™® Al-
though the F' center has a well-defined optical-
absorption band, the strong electron-phonon
coupling washes out all vibronic structure. In
order to observe the effects mentioned above it is
necessary to work with a defect-host crystal sys-
tem that has a well-defined vibronic absorption
band in a frequency region accessible with dye
lasers. Alkali halides doped with MnO,2" at sub-
stitutional sites satisfy this requirement.'%**
Measurements of MnO2~ ions in aqueous solutions
have already demonstrated that this ion has a
large cross section for Raman scattering.'? In
this paper, we will report measurements of the
optical and infrared absorption, Raman scattering,
and resonant enhancement spectra of MnO.?" in
Csl.
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FIG. 1. Schematic representation of the energy levels
and optical processes in a localized, coupled electron-
phonon system. The lower parabola represents a ground
electronic state with its vibrational sublevels; the upper
parabola represents the excited electronic states. The
straight arrows show absorption and emission of light,
the curved arrows anharmonic decay of a localized mode
into lattice phonons.

II. EXPERIMENT

The crystals were grown in air from a melt of
Csl doped with 0.1-at.% Mnl,. Jain ef al.'° have
established that KI crystals grown under these
conditions contain MnQO,?" ions at substitutional
sites. From an atomic absorption analysis our
crystals were found to contain 10-100-ppm man-
ganese. Since no additional divalent positive im-
purity was added, charge compensation was prob-
ably achieved by the presence of negative-ion
vacancies., Cslhasa cubic lattice of the CsCl type.
MnO,?" has a lower T, symmetry. The symmetry
of the defect system is lowered still more by the
presence of the near-by charge compensating
vacancy. Since CsI does not cleave well and since
X-ray measurements on this material require
very long exposure times, the crystals were ori-
ented using stress-induced birefringence.'®
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The Raman measurements were made using a
Jarrel-Ash double monochromator and photon
counting detection. The light source wasa Spectra-
Physics dye laser pumped by a4-W argonlaser.
Transmission measurements were made in the vis-
ible using a Cary 17 spectrometer and in the infrared
using a Perkin Elmer 180 spectrometer.

III. RESULTS AND DISCUSSION
A. Optical absorption

The absorption coefficient of CsI:MnO 2" measured
at 8°K is shown in Fig. 2. Johnson'¢hasperformed
a self- consistent-field scattered-wave calculation
for the singly ionized form of this molecule and
found that the lowest-energy dipole transition
should be from a 7, to an e orbital. The ¢, state

is essentially a nonbonding oxygen 2 p orbital. The
e-level wave function is localized on the Mn atom
and closely resembles a 3d state. In addition,
Johnson has calculated the transition energy be-
tween these levels using occupation numbers half-
way between the initial and final states in order to
simulate relaxation effects. Since his calculated
transition energy corresponds to 18551 cm™; in
reasonable agreement with our data, we feel it
justified to assign the absorption to a ¢, to e transi-
tion.

The main absorption band contains substructure
at equal intervals of 750 cm™. Each of these lines
has a shoulder displaced by about 250 cm™. Such
strong vibronic structure in optical spectra is al-
most always associated with a totally symmetric
mode of vibration.'®*®* MnO,2" consists of a tetra-
hedron of oxygen surrounding a Mn atom in the cen-
ter, i.e., it has T, symmetry. The totally symme-

—
o
-

=)
T

750|750] 750,

o
[3,]
T

h

1 I} 1 | 1 i
% 15 16 17 18 19 20 21 22x103

WAVE NUMBER (cm-!)

FIG. 2. Absorption coefficient of CsI:MnO,* mea-
sured at 80 K. The main vibronic structure occurs at
intervals of 750 ecm™!, The vertical bars represent the
absorption coefficient calculated from Eq. (6) and (9)
with ¢ =3. We have used a §-function shape factor.
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tric vibration involves the breathing motion of these

oxygen atoms. In addition tothistotally symmetric-
A, mode, MnO,*" has two Raman-active E modes,
three silent T, modes, and three triply degenerate
T, modes which are both Raman and infrared ac-
tive. This analysis includes translations and rota-
tions of the ion in the crystal. This simple picture
is complicated by the fact that the defect may have
a neighboring vacancy which lowers the symmetry
still further. However, the internal degrees of
freedom are not expected to be greatly influenced
by this perturbation on the environment.

From the optical-absorption curve we obtain two
pieces of information which will be used later.
First, the frequency of the A, mode of MnO,?" in
the excited electronic states is 750 em™. Second,
we have established the position of vibronic struc-
ture. We might expect to see resonant enhance-
ment of Raman scattering each time the incident
photon energy coincides with the transition energy
to one of the vibronic levels.

B. Raman spectra

The Raman spectrum CsI:MnO,*" is shown in Fig.
3. For this measurement the sample was cooled to
8°K. The laser wavelength used, 5145 A, is near
but not at the center of the electronic absorption
band. The spectrum is dominated by a series of
sharp, almost equally spaced lines. Each sharp
line can be seen to have a sideband containing con-
siderable structure. The position, width, and in-
tegrated intensity of each of the sharp lines are
listed in Table I. Notice that the frequency of the
mode of vibration causing the series of sharp lines
is about 800 cm™. The symmetry of this mode can
be determined by observing the intensity of the line
for various angles of polarization of the incident
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FIG. 3. Raman-scattering spectrum of CsI:MnO42'
measured at 80 K with 5145-A Ar line. The four intense
lines spaced at intervals of 800 cm™! are multiple-order
scattering from a localized mode. Each strong line ex-
hibits a sideband.

TABLE I. Multiple-order Raman scattering in
CsL:MnO,*".

Integrated

Position (wy)  wy/n  Width intensity

Order (n) (cm™1) (cm™)  (cm™) (arb. units)
1 803 803.0 7 1.00
2 1602.5 801.3 16 0.32
3 2400 800.0 30 0.16
4 3190 797.5 45 0.10
5 3980 796.0 105 0.09
6 4770 795.0 e

and scattered light. A scattering geometry was
used with the incident light propagating along the
[001] crystallographic axis z and the scattered
light propagating in the [110] direction y. The
symmetry of the phonons involved in the Raman
process can be determined by measuring the
z(xx)y, z(xz)y, and z(yx)y spectra, where the sym-
bols in parentheses refer to the polarization of the
exciting and scattered light, respectively. The
symmetry of the phonon causing the main series of
lines proved to be A,. The frequency of the A,
mode observed in this Raman spectrum differs
significantly from the frequency of the A, mode ob-
served in the optical-absorption spectrum. That
is, the frequencies of the ground-state and excited-
state localized mode differ by 50 cm™. According
to the definitions made in the introduction and de-
picted in Fig. 1, we can immediately conclude that
the emitted light is resonant Raman scattering and
not hot luminescence.

The frequencies of the first five intense Raman
lines divided by the order are listed in column
three of Table I. Clearly, the real part of the self-
energy of the local mode increases with increasing
excitation. If the widths of the Raman lines reflect
the lifetimes of the vibronic states, i.e., if there
is no inhomogeneous broadening, then the imagin-
ary part of the self-energy can also be seen to in-
crease with order. In a previous paper,® we have
shown that for the case of additively colored CsI
the principal anharmonic contribution to the line-
width comes from cubic anharmonicity, specifi-
cally, from the decay of the localized mode into
two host-crystal phonons. However, for the mangan-
ate defect the maximum frequency of the host-
crystal phonons, 90 ¢m®}, is far below the localized
mode frequency, 800 cm™. Energy canbe conserved
only if the local mode decays into ten or more host
crystal phonons, a very improbable process.
Therefore, the anharmonic processes must also
involve lower-frequency internal vibrations of the
MnO " molecule.

In addition to the series of equally spaced A,
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lines, the Raman spectrum in Fig. 3 contains sev-
eral other features. The first 200 cm™ of the spec-
trum is dominated by second-order Raman scatter-
ing from the host crystal CsI. This is followed by
weak but sharp structure caused by Raman scatter-
ing from internal modes of vibration in the MnO*".
This structure repeats itself in the form of side-
bands of the intense A, lines. Although the inten-
sity of the side bands decreases with order, the
decrease is much less than that of the A, lines
themselves. We have shown® that similar side
bands in the Raman spectra of additively colored
CsI are not anharmonic in origin but arise from a
higher-order electron-phonon interaction. The
higher order of the interaction can be used to ex-
plain the difference between the order dependence
of the main line intensity and the sideband inten-
sity. We assumed that the nth-order strong line
can be described by a low-order electron-phonon
interaction and (n+ 2)th- order perturbation theory,
an assumption that is particularly good under res-
onant conditions. In order to describe the side
band, an additional order of perturbation theory is
needed, contributing not one but »n distinct new
scattering diagrams, i.e., the relative strength of
the sideband is proportional to the order of the main
line. The sideband of thefirst order A, line is shown
more clearly in Fig. 4. Also indicated in this fig-
ure are the frequencies of weak lines seen in room-
temperature infrared absorption measurements.
Infrared measurements could not be made for fre-
quencies below 250 cm™ because of absorption by
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FIG. 4. Raman spectrum of CsI:MnO,* measured at
80 K showing the sideband of the first-order peak. The
low-frequency structure is due to CsI phonons, the
high-frequency structure to MnO," internal vibrations.
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the host crystal. It can be seen that most of the
modes seen in the Raman sideband are also infra-
red active. According to the symmetry analysis
given at the beginning of this section only 7,
modes should be both infrared and Raman active.
The results of polarized Raman measurements
made on an oriented crystal also show that the in-
dicated sideband lines have mainly T, symmetry.
Host-crystal photons probably contribute to the
sideband at frequencies below 90 cm™.

If the laser frequency coincides with a peak in
the vibronic optical-absorption spectrum, we might
expect an enhancement of the Raman scattering. In
order to test this supposition the intensity of the
first- and second-order Raman scattering was
measured as a function of the frequency of the in-
cident light from a tunable dye laser. The results
of these measurements are shown by the circles in
Fig. 5. In the frequency region accessible with the
dye rhodamine 6G, two distinct peaks could be ob-
served in the excitation of the first order Raman
line. However, in the same frequency region three
peaks could be seen in the optical absorption. One
of the expected peaks in resonant enhancement is
missing. In order to explain this result, we must
now look at the problem in more detail. In Sec.

III C the optical-absorption coefficient and Raman-
scattering intensities of a localized system will be
calculated using a configuration coordinate model.

C. Calculation

The defect-induced absorption coefficient for a
dipole transition from a ground state g to a final
state f can be written'”

a(w) =(41%"N/3¢) Kf 17 18) Pws,Ssp(w), (1)

where N is the number of defects per unit volume,
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FIG. 5. Intensity of first-order Raman scattering of
CsI:MnO42' as a function of laser frequency. The circles
represent experimental points, the solid line a calcula-
tion. Notice that there is a minimum in the excitation
spectrum at 16 750 cm™! where there is a maximum in the
absorption spectrum (vertical lines).



(flrlg) is the dipole matrix element between the
ground and excited states, and w,, and S, are the
corresponding frequency and shape function. The
effective charge is denoted by ¢. The Raman ten-
sor can also be written in terms of dipole matrix
elements'®:

Ifklm:[n(w)+1]<glpyk|f><flptm'g>: (2)

where j, k1, and m are Cartesian coordinates,
n(w) is the thermal population number, and

&1PulN)=5 T ehienl) (3)

plus an additional term which does not resonate.
Here w,; is the frequency of the incident light and

I'" is determined by the lifetime of the states in-
volved. We have summed over all intermediate ex-
cited states e. It can be seen that the determina-
tion of both the absorption coefficient and the in-
tensity of Raman scattering reduces to the problem
of evaluating dipole matrix elements. Several ap-
proximations must be made in evaluating this in-
tegral. The first is the Born-Oppenheimer approx-
imation which assumes that the total wave function
can be broken up into an electronic part depending
parametrically on the phonon coordinates @ and a
vibrational part dependent on the electronic quan-
tum numbers but not explicitly on the electronic
coordinates . The matrix element can then be
written

(glrle)=(aalrbg)={al{alrb)s), (4)

where a represents the electronic quantum num-
bers of the ground state and a the vibrational quan-
tum numbers of the ground state, while b and g are
the corresponding quantum numbers of the inter-
mediate state. The matrix element {alr|b) can be
expanded in phonon coordinates. Making the Con-
don approximation we assume that only the zero-
order term is important. Then the dipole matrix
element simplifies to

(aalribg)={alrb){a|p). (5)

Making these approximations in the expression for
the absorption coefficient and for the Raman scat-
tering we obtain

0(0)= 3 TN (o )7 (@ 18)F i, 650,5,()
B

(6)
and
@alP;,laa’y=q*alr;1b)d v, la)

(al)(gla’)
X ZE°+Bh’mb—h‘w,+iI" (7

8
where w, and w; are the excited-state vibrational
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frequency and the laser frequency, respectively.
The zero-phonon energy has been writtenE . Inwrit-
ing down these expressions several additional ap-
proximations have been made. Atlow temperature
only one state, aa, is populated. There exists only
one excited electronic state . However, this state
has several vibrational sublevels 8.

We see that the frequency dependence of the ab-
sorption, Raman, and excitation spectra is not in-
fluenced by the electronic dipole matrix element
but is determined by vibrational overlap integrals.
A calculation of the complete set of vibrational wave
functions for both the ground and excited state isa dif-
ficultproblem. However, the task is somewhat sim-
plified for a localized defect where the number of
degrees of freedom is limited. The total electronic
energy can be expanded inpowers of one vibrational
mode coordinate @. If @ isdefined tobezeroatthe
equilibrium position of the ground state, then

E, =ES+3 mwi@® +++-. (8)

However, the excited state does not necessarily
have the same equilibrium position, so

E,=EJ- aﬁwb(mb/ﬁ)l/2,Q+%mw§Q2, 9)

that is, the vibrational part of the ground and ex-
cited states can be represented by harmonic oscil-
lators with different frequency and different equi-
librium positions. We will make the further as-
sumptions that the eigenfrequencies are the same.
The overlap integral between the vibrational wave
functions in the ground and excited state can then
be written'®

(algy=e™/*(al /1) /*(a/V2 )" oLE *Ga®),  (10)

where L is a Laquerre polynomial. Now we are in
a position to calculate the optical-absorption coef-
ficient and the Raman tensor. First consider the
absorption coefficient. At sufficiently low tempera-
ture only the lowest vibrational level will be popu-
lated in the initial state, that is, a is equal to zero.
In this case Eq. (10) simplifies to

O1B) B =~ “/2(3a?)/B! (11)

We have one parameter a to fit the relative absorp-
tion due to the various vibrational levels 3. Using
the value a=3.0, reasonably good agreement with
experiment can be obtained as seen in Fig. 2. For
clarity in this figure, the shape function, S(w) in
Eq. (1), has been assumed to be a  function. The
use of a Lorentzian shape function with a width T
equal to 400 cm™! results in a good fit to the shape
of the experimental absorption spectrum.

There is an apparent inconsistency in our model
for the electron-phonon interaction. Experiment-
ally, we have shown there exists a clear difference
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FIG. 6. Schematic representation of first-order Raman
scattering from a localized defect. Several of the virtual
absorption-emission processes contributing to the first-
order scattering are shown on the right-hand side.

in the localized mode frequency for the ground and
for the excited electronic state. However, in Eq.
(10), the expression for the overlap integrals, we
have assumed that these frequencies w, and w, are
equal. Keil®® has made explicit calculations for the
contribution to the overlap integrals for the case
w, unequal to w, in terms of a parameter x = (w,

- w,)*/(wy+ w,)?. His calculations show that this
quadratic electron-phonon interaction contributes
to the absorption only if 8 — & is an even integer
and that this contribution decreases monotonically
with increasing g - «. Such a contribution to the
absorption is not compatible with the experimental
result. For the relatively small value of x appro-
priate for our system, the contribution can, in
fact, be shown to be negligibly small.

Now it is possible to calculate the dependence of
the intensity of Raman scattering on laser fre-
quency without introducing any additional param-
eters. We have evaluated the matrix element de-
fined by Eq. (7). The necessary overlap integrals
were determined numerically using Eq. (10). The
summation was made over the first seven inter-
mediate states 3. The virtual absorption and re-
emission processes appropriate for first-order
Raman scattering are shown in Fig. 6. Since the
signs of the overlap integrals depend on the states
involved, contributions from the various virtual
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FIG. 7. Ratio of the intensity of second-order Raman
scattering to the intensity of first order for CsI:MnO42'
as a function of laser frequency. The circles and dotted
line indicate measured values, the solid line calculated

values.

processes can interfere either constructively or
destructively. In fact, it is just such an interfer-
ence effect that explains why the absorption peak at
16750 cm™! was not reproduced in the experiment-
al excitation spectrum. Interference effects were
included in the calculated intensity for first-order
Raman scattering shown by the solid curve in Fig.
5. We see that the calculated intensity is not a
maximum at 16 750 ecm~! but 2 minimum in agree-
ment with the experimental result.

When measuring the excitation spectrum for Ra-
man scattering it is always a problem to make ac-
curate corrections for absorption of the incident
light. A particularly simple solution to this prob-
lem can be found when measuring multiple-order
Raman scattering. By measuring the ratio of the
intensity of the second-order to first-order scat-
tering, corrections for absorption and laser power
are not needed. Such measurements for CsI:MnO,*"
are shown in Fig. 7 and compared with a calculation
based on Egs. (2), (7), and (10). Considering that
this calculation has no free parameters the agree-
ment with experiment is quite good. In summary,
we have observed Raman scattering in resonance
with vibrational sublevels of the excited electronic
state of an impurity. The excitation spectrum
showed interference among the individual contribu-
tions from these sublevels. These results could be
explained quantitatively using a configuration co-
ordinate model to describe the electron-phonon in-
teraction.

*On leave from the Institute for Optical Research,
Kyoiku University, Sinzyuku-ku, Tokyo, Japan.
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