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The room-temperature resonance CARS spectra of the ground state », mode at 847 cm~! of the permanganate ion in KMnO,/
KClO4 mixed crystals at 10~ mol/mol concentration as well as the CARS excitation profile for pump laser wavelengths in the
503-593 nm range are reported. The relationship between the CARS and the resonant Raman excitation profiles is discussed.
Neither the build-up of excited state population nor the effect of higher- order absorption processes (two-photon transitions) are
observed. It is also shown that the mechanisms affecting the room-temperature relaxation of the T, «'A, electronic transition

are essentially homogeneous.

1. Introduction

Coherent anti-Stokes Raman  spectroscopy
(CARS) has been shown to be an efficient technique
for studying molecular species at low concentration
[1]. The intensity of the CARS signal is greatly en-
hanced when w—w,=4 (where w, and w, are the
two input laser frequencies) equals a Raman-active
vibrational frequency @, [2]. When w, approaches
the frequency of an allowed electric dipole transi-
tion, a further enhancement of the signal is observed.
Resonance enhancement of the CARS signal has been
exploited by several authors to obtain spectra with
a good signal-to-noise ratio for species at concentra-
tions as low as 10~3-10~7 M [3]. One-photon res-
onance CARS appears therefore particularly suitable
to characterize impurities in crystals at concentra-
tions where guest-guest interactions are absent. There
is a renewed interest in this topic since it has been
found that the vibrational dynamics (depopulation
and dephasing rates) in molecular or similar crystals
is greatly affected by impurities [4,5]. In this con-
text it can be of interest to obtain information on the
vibrational dynamics of the impurity itself in a host
crystal [6,7]. For this purpose the sensitivity and
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resolution attainable at the same time with reso-
nance CARS can be exploited.

As part of a research program on the vibrational
dynamics of crystals with impurities we have un-
dertaken a resonant CARS study of the totally sym-
metric stretching mode v, of the permanganate ion
in KCIO, matrix at concentrations as low as 10>
mol/mol. The choice of this system is very conve-
nient to our purpose for several reasons. Owing to
the relative dimensions of MnO; and ClOg, per-
manganate ion can easily enter as substitutional im-
purity in the perchlorate lattice [8]. The spectros-
copy and the vibrational relaxation processes of the
host crystal are well characterized by Raman [9,10],
CARS [11] and infrared spectroscopy [12] and by
lattice dynamics calculations [13]. The electronic
properties of MnOj7 have been investigated by res-
onance Raman scattering in aqueous solution [14],
in KBr [15] and in KCIO, [16-19] matrices. The
resonant CARS spectrum of MnOj is reported in
water solution [20].

In this paper we report on the room-temperature
resonance CARS spectra of the », mode at 847 cm—!
of the permanganate ion in KMnQ,/KClO, mixed
crystals as well as the CARS excitation profile (CEP)
for pump laser wavelengths in the 503-593 nm range.
In this range the w, frequency is in resonance with
the 'T,«'A; electronic transition centered at 19000
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cm~!, which shows a clearly resolved vibronic
structure,

CEPs are defined as the dependence on w, of the
square modulus of the fully resonant part of the
CARS susceptibility at a constant value of A=w,.
They are obtained by measuring the intensity of the
CARS signal as w, varies inside the one-photon ab-
sorption profile. The study of CARS excitation pro-
files is of interest intrinsically since, through it, one
can obtain important pieces of information (such as
molecular geometry, lifetime of vibronic levels, etc.)
on the electronic states of the sample [21]. In the
present case the purpose of the excitation profile
analysis originated from the need to define the most
appropriate conditions to study the linewidth of the
Raman transition. Many experimental and theoret-
ical studies have dealt with resonant CARS pro-
cesses [3]. However, only few of them have directly
addressed the question of the relation existing be-
tween CEPs and Raman excitation profiles (REPs)
[22,23]. Comparison of CEPs and REPs measured
under the same experimental conditions can provide
an additional piece of information on line broad-
ening mechanisms in the excited state, specifically
on the contribution of inhomogeneous effects [23].
The Raman excitation profile has already been re-
ported for the KMnO,/KClO, system [16]. Com-
parison of the latter with the CARS excitation profile
obtained in the present Letter shows that line broad-
ening in KMnO,/KClO, is essentially homogeneous.

2. Experimental

Single crystals of good optical quality were grown
from aqueous solutions saturated in KCIO, and 103
M in KMnQ,, using Merck reagents. The actual con-
centration of the permanganate ion in the matrix was
then determined using the following procedure.
Pieces of the sample were weighted and then dis-
solved in water. The absorbance of these solutions
was compared to that of MnOj; standard solutions.
The concentration of MnO; was found to be 103
mol/mol. Crystals were cut orthogonal to the prin-
cipal optical directions, which were determined with
the aid of a polarizing microscope. Room tempera-
ture Raman spectra of the matrix in various scat-
tering geometries were found to be coincident with
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those already reported [10], allowing the identifi-
cation of the crystal axes. These spectra were ob-
tained by using a standard Raman apparatus with
excitation by the 514 nm line of an argon-ion laser
and photon-counting detection.

Measurements of the CARS spectra were per-
formed by using a standard configuration with planar
phase-matching geometry. The experimental has been
described in a previous paper [24]. The crystals were
mounted on a holder in such a way that the laser
beams, polarized parallel to the direction of the a
crystallographic axis, propagated along the ¢ axis
corresponding to the thinner edge of the crystal. The
small sample thickness and an appropriate choice of
the crystal spot made possible to obtain intense CARS
signals free from any background due to scattered
light. The experimental set up was optimized on the
CARS signal relative to the totally-symmetric vibra-
tional mode », at 940 cm~! of perchlorate molecule
taken as an internal standard. The low dispersion of
the KCIO, index of refraction guarantees that the
phase-matching conditions are the same over more
than 200 cm~!. For this reason, at each value of the
w; frequency the same phase-matching conditions
were used for recording the spectra both of the
940(cio5y cm~' and the 84705y cm™' vibra-
tional modes, such that the active volume of the
sample and the absorption of the lasers and signal
beams were not modified.

3. Results and discussion

In fig. 1 some examples of the MnO; ion CARS
spectra at different A, wavelength values and the rel-
ative fits are shown. It can be seen that the CARS
lineshape changes considerably as the pump fre-
quency is tuned through the absorption band of the
MnOj ion. Such a complex lineshape has been ob-
served in resonance CARS [3] and interpreted in
terms of interference between various contributions
to x ) The intensity of the CARS signal is propor-
tional to the square modulus of the third-order sus-
ceptibility ¥, which can be expressed as the sum
of a non-resonant and a Raman resonant part:

X = R+ (1)
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Fig. 1. Some examples of the MnOj v, CARS spectra at different

41 wavelength values. (O) Experimental data and (—) fit.

The non-resonant contribution y&% includes all elec-
tronic and vibrational transitions terms out of res-
onance (background signal) and it is generally a
slowly varying function of the frequency difference
w;—w,=4. When 4=w,, the sum is dominated by
the complex Raman susceptibility y§’. In the case
of a single isolated Raman resonance and under one-
photon resonance conditions, ¥® can be expressed
as [207:

R, +il,

K O=Bt 2)

where the non-resonant background B is real if no
two-photon resonance is excited. In eq. (2) §,=w,—4
is the frequency mismatch, R, and I, are the real and
imaginary parts of the Raman susceptibility y§’, re-
spectively, and I, is the Raman transition half-width
at half-maximum (hwhm). In the present case the
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choice of eq. (2) is justified because the », mode of

MnOy is well separated from all the other modes of

the mixed crystal, the closest Raman active mode

being ~ 70 cm~" at higher frequency (27, of KCIO,).
The intensity of the CARS signal is then

RI+1IZ
or+I7?

2BR, 4,
0 +17

2BILT;
- oR4rE

O P=B>+ + (3)

Eq. (3) was used to fit the experimental CARS spec-
tra with a least-squares fitting program based on the
Marquardt algorithm and considering B, R,, I, and
I', as variable parameters. Examples of the fit are
shown in fig. 1. In the present case B was found to
be a slowly varying function of the frequency w,. At
present our instrumental sensitivity does not allow
us to observe measurable variations of B passing from
the pure KCIO, crystal to the mixed one. We have
also verified that B has no imaginary contributions;
within the experimental error there is no evidence of
two-photon electronic transitions. The wide variety
of lineshapes is due to the cross terms between res-
onant and non-resonant contributions. Using the fit-
ting procedure described above the square modulus
of the third-order susceptibility was obtained as a
function of the wavelength of the w, beam. The re-
sults are shown in fig. 2 where the CARS excitation
profile is compared with the one-photon absorption
spectrum and the resonance Raman excitation pro-
file [16]. It can be seen that the CEP exhibits a well
defined peak centered at 557 nm, and a weaker fea-
ture at shorter wavelengths extending up to 515 nm.
It is apparent from fig. 2 that the electronic origin of
the absorption spectrum, of the REP and of the CEP
are coincident,

The connection between CARS and Raman exci-
tation profiles has been discussed by Lukashin and
Frank-Kamenetskii [23]. It has been shown that, for
systems with an initial population in the ground state
only and with no inhomogeneous electronic transi-
tion line broadening, CEP C(w,) can be expressed
simply as the product of two REPs R(w;) and
R(w;+w,) shifted in frequency by an amount cor-
responding to the Raman transition w,:

Clw)=R(w;) R(w; +a,) . (4)

Eq. (4) has been applied in the present case to re-
produce the experimental CEP starting from REP
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Fig. 2. Absorption spectrum (a), REP from ref. [16] (b), and
CEP (c) of the », vibrational mode at 847 cm~! of the perman-

ganate ion in KMnO,/KClO, mixed crystal.

values previously reported [16]. The experimental
REP of the v, mode of the MnOz ion in KCIO,/
KMnO, mixed crystal was well reproduced using the
following quantum mechanical expression:

1
R(wy)ec ; IAu|2<m

2(e,€5+12) 1
(2+T3) (e +13)  €2+1%

( e e+I,T,
(e+I7) (e +T73)

+2 Y T 4,4,

e+, T,
(e2+T2) (e +I73)
ete, +1,0,
(e +T172) (€2 +T7%)
exex +I,I, )
(e2+I2) (e +T7)

(3)

derived in the BO and Condon approximations. In
eq. (5) |n) and |v) are the vibrational sublevels of
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the fundamental |g> and excited |e) electronic
states, respectively, I', is the hwhm of the |v) sub-
level and

€,=FEec(vy—Eg0y—hevy,
€3=FEcy—EgmyThevy,

E.(sy— Egny=hevoo+vhey’ —nhey”
|4,12=({n|v)<v]0)*,

A A, ={n|vy w|0)<n|v' >V |0),

where (v|n) are the Franck-Condon overlap inte-
grals calculated in the harmonic approximation. The
best fitting parameters and the overlap integrals ob-
tained from the REP [16] are reported in table 1.
Using this set of parameters without any further ad-
justment, the CEP for the v, mode of MnO7 has been
calculated. The calculated CEP, multiplied by a con-
stant scaling factor to account for the instrumental
responsivity, is shown in fig. 3 and compared with
the experimental one. The agreement between the
experimental points and the calculated curve is good.
As already discussed [22], deviations of the CEP
from eq. (4) provide a possible mean of identifying
the presence of inhomogeneous effects without re-
sorting to any specific model for homogeneous
broadening. It must be pointed out that other effects
can contribute to the broadening of the CEP peaks.
For example, one should include in the model con-
tributions from Herzberg-Teller terms in order to
calculate a more general expression for R(w,). How-
ever, as already observed [16], the region of the
0-0 peak in the excitation profile of MnOj is the
least affected by interference effects. Therefore the
conclusions of the present discussion about broad-

Table 1

Parameters and Franck-Condon overlap integrals from ref. [16]
used to calculate the CEP of the KMnO,4/KClO, system (see egs.
(4) and (5))

Parameters Values n/v {0|v) {1|n)
Voo (cm~1) 17950 0 0.4522 0.5499
1 —0.5880 —0.2640
vy (em™1) 847 2 0.5193 —0.1981
3 —0.3578 0.4623
v} (cm™1) 740 4 0.2026 —0.4676
5 —0.0964 0.3347
I'/he (cm™') 300 6 —0.0388 —0.1885
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500 520 540 560 580 600
wavelength (nm)
Fig. 3. Comparison between the experimental ([J1) and calcu-

lated (——) CEP of the »; vibrational mode at 847 cm~"! of the
permanganate ion in KMnO,/KClO, mixed crystal (see text).

ening mechanisms in the electronic excited state hold
at least for the 0-0 peak of the CEP.

A further proof of the agreement between calcu-
lations and experimental data is shown in fig. 4 where
the real and imaginary parts of y§’ are reported sep-
arately. The position of the observed minimum of
the real part and of the maximum of the imaginary
part are coincident, within experimental error, with
the calculated ones. There is only a difference in the
calculated and observed minimum intensity of the
real part. It is important to stress again that no fitting
procedures were included in the calculation. As can
be seen from fig. 3, the experimental linewidth of the
main peak is well reproduced in the calculated CEP.
From these results it can be concluded that the re-
laxation mechanisms affecting the linewidth of the
IT,!A, electronic transition in KC1O,/XMnOQO, are
essentially homogeneous, at least at room
temperature.

The possibility of interpreting our results in a
straightforward manner is mainly due to the fact that
the lifetime of the electronic excitation is rather fast
at room temperature. No build-up of an excited-state
population is observed and the fit of the resonant
CARS spectra do not require the introduction of
higher-order contributions to the overall suscepti-
bility as instead observed in the case of some organic
compounds [22]. Our results are consistent with the
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Fig. 4. Real (a) and immaginary (b) part of the x&)xs of the v,
vibrational mode at 847 cm~! of the permanganate ion in
KMnO,/KClO, mixed crystal. (1) Experimental and (——)
calculated (see text).

estimate of the relaxation time 7', from fluorescence
measurements. A 7,=10"'3 s and a low fluores-
cence quantum yield prove the presence of an effi-
cient radiationless transition [19].

4. Conclusions

We have reported the results of an investigation of
the resonance CARS spectra and excitation profile of
the MnOj; v, vibrational mode in KCIO, at room
temperature. This work is one of the first examples
of CEPs of isolated species in a crystalline matrix. It
has been verified that, within experimental error, our
results are well reproduced by the Lukashin and
Frank-Kamenetskii theory under the hypothesis of
homogeneous broadening,.
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