
Transactions of the Materials Research Society of Japan 25 [3] 727-730 (2000) 

Breakdown of overdamped limit and narrowing limit in low 
frequency Raman spectra of liquids 

Yuko Amo and Yasunori Tominaga* 

Research Center for Advanced Science and Technology, University of Tokyo 
4-6-1 Komaba, Meguro-ku, Tokyo 153-0041, Japan 

Fax: 81-3-5452-5227, e-mail: apj@atom.phys.ocha.ac.jp 
*Graduate School of Humanities and Sciences, Ochanomizu University 

Otsuka,Bunkyo-ku, Tokyo 112-8610, Japan 
Fax: 91-3-5978-5331, e-mail: tominaga@phys.ocha.ac.jp 

Depolarized low-freqeuncy Raman spectra of water and aqueous electrolytes are analysed by a 
superposition of one relaxation mode and two vibration modes. We adopt a relaxation function 
which takes into acount the inertia effect and the non-white effect (memory effect) of the heat 
bath. We firstly deduce the structure making or breaking effect in electrolytes from the fitting 
parameter of Raman spectra. We apply this method to the other simple liquid such as CCl4. 
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1 INTRODUCTION 

Low-frequency (LF) Raman spectroscopy pro
vides us the information of intermolecular mo
tions in liquids. Collective motion of molecules 
in liquid causes fluctuating polarizability which 
includes the information of molecular dynamics. 

Solvation, especially hydration, is an interest
ing subject for chemistry, biochemistry and poly
mer science. For example, many biopolymers need 
hydrated water to maintain their structures. To 
understand the solvation phenomena, it is impor
tant to clarify the dynamical structure of solvent. 

Numerous authors have reported studies on the 
low-frequency Raman scattering [1-5] and the de
polarized Rayleigh scattering [6-9] of liquid wa
ter. Walrafen and coworkers assigned two Ra
man bands in the low-frequency region, around 
180 cm-1 and 50 cm- 1

, to stretching and bend
ing modes of water pentamers, respectively [1o-
12]. Recently, Raman-induced Kerr effect spec
troscopy (RIKES) was used to investigate the dy
namic property of water [13-15]. 

In this article, we report an effective method of 
phenomenological analysis for LF-Raman spectra 
of liquid and the results which is a potentially im
portant clue to understanding the nature of liquid 
dynamics. 

2 EXPERIMENT 

Depolarized Raman spectra were obtained by 
using a double grating spectrometer(Ramanor 
UlOOO, Jobin-Yvon). The exciting light source 
was an argon ion laser operating at 488 nm with 
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power of 400 m W. The right angle scattering 
geometry was adopted with (VH) configuration. 
The depolarized Raman spectrum was recorded in 
the frequency range from -50 cm - 1 to 250 cm - 1 

. 

The spectral resolution was 0.2 cm- 1
. 

A high-resolution spectrometer (DMDP2000, 
SOPRA) is also used to measure below 1 cm- 1

. 

The spectrometer was operating in the Double 
Monochromator/Single Pass (DMSP) configura
tion. The exciting light source was a diode
pumped solid-state frequency-doubled Nd:YAG 
laser (DPSS532, COHERENT) operating at 532 
nm with power of 400 m W. Maximum spectral 
resolution is 0.038 cm- 1 with the slit width 30 
pm. 

3 PHENOMENOLOGICAL ANALYSIS 

The dynamical susceptibility x"(v) is given by 

x"(v) = K(v;- v)-3 [n(v) + 1]-1 I(v), (1) 

where !(11) is the Raman spectral intensity mea
sured by photon counting method, n(v) 
[exp(hcvfkT)- 1]-1 is Bose-Einstein factor, v(= 
f fc) and 11;(= /;/c) is the Raman frequency shift 
and the incident laser light frequency, respectively. 
The frequencies v and 11; are represented by cm - 1

, 

f and f; are represented by Hz, and c is light ve
locity. The K is the instrumental constant. 

Fig.1 shows the LF Raman spectral intensity 
of water at room temperature. 

Dynamical susceptibility calculated from Fig. 
1 by Eqn.(1) is shown in Fig.2. Details of three 
peaks around 180 cm-\ 50 cm-1 and 10 cm- 1 

are revealed in x" spectra. 
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Depolarized(VH) Raman spectra of water at 293K 
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Figure 1: Intensity of low-frequency 
Raman spectra 
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Figure 2: Dynamical susceptibility 

To analyze the reduced Raman spectra, we 
use the superposition of one relaxation mode and 
two damped harmonic oscillator (DHO) modes. 
Equivalence between the reduced spectrum of 
light scattering and the far-infrared absorption 
spectrum has already been shown [16). Therefore 
any function which describes dielectric relaxation 
is applicable to the reduced Raman spectra. 

A Debye type relaxation function [17) and a 
Cole-Cole type relaxation function which is equiv
alent to the symmetrically broadened Debye func
tion [18-21) have been used to fit the central com
ponent in the reduced low-frequency Raman spec
tra. The Debye function is based on the over
damped limit and the narrowing limit approx
imation for the Langevin equation of rotating 
dipoles. These approximations become unphysi
cal in the high frequency region because the ab-

sorption energy of the relaxation mode becomes 
infinite. Therefore we use the imaginary part of 
the dielectric relaxation function which takes into 
account the inertia and memory effects [22] to an
alyze the low-frequency depolarized Raman spec
tra. This model is based on the multiple random 
telegraph(MRT) process. 

The complex dielectric spectrum has the form 

x*(w) = 1- iwv[s] (2) 

where s = iw. 
In an asymmetric case, v[s] is given by the con

tinued fraction, 

1 
v[s] = --------,.-----

NLi~ 
s+--------------~----~------

- 2(N- 1)Li~ 
s+~+ -

_ 3(N- 2)Ll~ 
s+2~+ + 3_+ s ~ ... 

s+(N -1).:Y+ N LlN-o_ 
s+ ~ 

(3) 

where Li~ = Ll6(1 - o-2
) and 7 = ~- 2io-. The 

MRT model is composed of N independent ran
dom telegraph processes each of which takes the 
value ±Llo. The ~ is the inverse of the character
istic time of the random telegraph processes. A 
non-zero value of o- means that each probability 
of the random telegraph processes is asymmetric. 
This model naturally includes two specific cases: 
Gaussian-Markovian limit (N-+ oo) and narrow
ing limit ( o:0 ~ 1). The narrowing limit corre
sponds to the Debye type relaxation. We use Llo, 
o:o(= Llo/1), o-, Nand relaxation strength as fit
ting parameters. 

4 RESULTS AND DISCUSSIONS 

4.1 WATER ISOTOPES [23, 24] 

Depolarized low-frequency Raman spectra of 
H2 0, DzO, H2

180, and D2
18 0 are measured from 

266 K to 350 K. Reduced spectra were fitted by 
the superposition of one MRT model and two 
DHO. An isotope effect between hydrogen and 
deuterium appeared in the relaxation time of the 
MRT model. The 180 cm- 1 mode originated 
from the oscillatory motion of the oxygen atom 
in the hydrogen bonded water and frequency of 
this mode only depended on the mass of oxygen. 

The intensity of the bending-like mode is dis
appeared in the best fitted results above 300K. 
The MRT model and one DHO can reproduce the 
reduced spectra. This result is consistent with 
the far-infrared absorption measurement: the 49 
cm - 1 band in the far infrared spectra is also dis
appeared at 303 K [25). If the Debye type relax
ation function is applied to the water spectra, the 
bending like mode is appeared above 300 K. 
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4.2 AQUEOUS ELECTROLYTE SOLU
TIONS [26, 27] 

The advantage of the MRT model is that the infor
mation of heat bath is included as a 0 (Kubo num
ber). We found the change of ao is correspond to 
the structure making and breaking effect of salts. 
ao becomes large with increasing the concentra
tion of the structure making ions. This result is 
consistent with the proton relaxation rates mea
sured by NMR [28] and self-diffusion constant [29]. 
The ao means the correlation rate of the heat 
bath originating from thermal fluctuation of wa
ter molecules. Large ao means the existence of 
the strong correlation in the fluctuating motion 
of water molecules. 

Temperature dependence of the aqueous elec
trolyte solutions(LiCl, NaCl and KCl) are mea
sured and analyzed. The relaxation times of aque
ous solutions of 0.08 molar ratio is longer than 
that of water, and become shorter than 0. 72 ps 
above 310~320 K. The intensity of the bending
like mode in aqueous solutions of 0.08 molar ra
tio exists up to 320K. We consider that the re
laxation time means the average lifetime of the 
vibration unit for intermolecular vibrations. At 
high temperature, the vibration unit breaks dur
ing the time for several oscillations of the bending
like vibration. The strongly disrupted bending
like mode could not be distinguished from the re
laxation mode which is taken into account the in
ertia and the memory effects. Thus the individ
ual damped harmonic oscillation mode around 50 
cm - 1 disappeared in our fitting results. While 
in LiCl solution of 0.2 molar ratio, the relaxation 
time is much longer than that in water, and the 
bending-like mode exists in the whole temperature 
range. 

4.3 SIMPLE ORGANIC SOLVENTS [30] 

LF Raman spectra ofliquid CCl4, CHCb and ace
tone are also reproduce by single MRT model. 
Both Debye type relaxation and DHO cannot re
produce the spectra. 

4.4 OTHER HYDROGEN-BONDED 
LIQUID [31] 

The reduced Raman spectrum of" ethylene glycol 
from 0.01 cm-1 to 300 cm-1 is reproduced with 
the use of a fitting function which contains two re
laxation modes and three damped harmonic oscil
lator modes. The slow relaxation mode is charac
terized by the Gaussian-Markovian process under 
the narrowing limit. While for the fast relaxation 
mode the spectral profile cannot be reproduced 
by the function which is approximated by both 
narrowing limit and overdamped limit. 

5 SUMMARY 

Information about both relatively slow dynamics 
characterized by relaxation time and fast fluctua
tion corresponding to the heat bath are obtained 
from the reduced LF Raman spectra by using 
MRT model. 
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