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Correlation of temperature dependence of quasielastic-light-scattering intensity
and a-relaxation time
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Quasielastic light scatterin@QLS) in propylene glycol is measured in a temperature interval 95-320 K in
order to study the fast relaxation processes. A model of the fast relaxation is proposed that predicts the growth
of the QLS as a function of the free volume. By fitting the experimental data on QLS within the framework of
the model, the Vogel-Fulcher-Tammann temperafiyevas found. The latter is in good agreement with the
value of T determined from the temperature dependence ohthelaxation time[S0163-18296)02126-1

[. INTRODUCTION the boson peak vibrations to some unspecified relaxational
mode was assumed in order to describe the low-frequency
A fast B-relaxation process with a characteristic time of Raman scattering data above the glass transition temperature
the order of picoseconds has been observed in a number of glycerol and some other supercooled liquids. Later on this
materials both in Raman and inelastic-neutron-scatteringhenomenological model has been applied to both fragile
measurementsee, e.g., Refs. 1)8Recently, indications of and strong liquids® and a reasonable description of the re-
this process in dielectric relaxation data were also found.laxational spectra has been obtained. However, this model is
The main features of the fast relaxation are quite differenphenomenological; the main parameter of the model, the re-
from those of the maing relaxation: respective relaxation laxation strength(T), which is proportional to the coupling
time depends only slightly on temperature, while the ampli-constant of the vibrational to the relaxational mode, was de-
tude increases with temperature, especially above the glaggrmined by the best fit of the experimental results and the
transition temperatur&, ; however, aff >T, [whereT.isa  nature of the relaxation mode remains unknown.
crossover temperature that for fragile glasses was found to be In the present paper we develop a model in which we
close to the critical temperature of the mode-coupling-theoryspecify the relaxational mode that couples to tgeasjlo-
(MCT)1] the amplitude of the fast relaxation process is tem-calized vibrations that form the boson peak. This allows us to
perature independefAf Comparisons of the experimental estimate the parametéT), which determines the intensity
data with the predictions of the MCT show qualitative agree-of the quasielastic scattering in the modaNe found that
ment; however, quantitative deviations were found that wereXT) is proportional to the concentration of the free volume;
attributed to the contribution of the so-called boson peakthe latter, within the frames of the free-volume motfel®
i.e., excess low-frequency vibrations in the spectral region Iletermines also the temperature dependence of the viscosity
THz, which is close to that of the fast relaxatiinThe bo- 7 and thea-relaxation timer=#/T. It means that the model
son peak vibrations are still not properly accounted forpredicts some correlation between theand the fast relax-
within the frames of the MCT; on the other hand, it is knownation in the sense that their temperature dependences, being
that for the strong and intermediate glasses the boson peakdgiite different, are determined by the same parameter. It is
an important feature of the low-frequency dynanmfitMore-  known that the Vogel-Fulcher-Tammann temperafliyean
over, there is evidence of the predominant role of the excedse used to describe the temperature dependence of the
low-frequency vibrations in the origin of the observed fasta-relaxation timer,(T) 1817 Wwithin the framework of the
relaxation process. First,’clde, in his review'! already model, the same temperatufg determines the intensity of
pointed out that for all glasses the depolarization ratio of théhe quasielastic light scatterif@LS). We compared our ex-
Raman spectra is the same for the boson peak and for theerimental results for the intensity of the quasielastic light
guasielastic scattering; this is a nontrivial fact because thecattering in propylene glycol with the literature data on the
depolarization ratio changes for various glasses in the rangemperature dependence of eelaxation time obtained by
0.25-0.75. Second, as discussed in Ref. 13, inelastidhe dielectric measuremeris™® The value ofT, found by
neutron-scattering data shows that thelependence of the fitting the QLS data is in good agreement with that found
dynamical structure factor is the same for the boson peak arftiom the temperature dependencergfT).
the quasielastic region. A natural way to take into account
these findings is to assume that the observed qga5|elast|c Il EXPERIMENT
light and neutron spectra are caused by the relaxation of the
vibrations, while a direct coupling of the light or neutrons to  The sample of propylene glycol of 99.5% purity was ob-
a relaxational mode is negligibfé.Such an approach was tained from Wako Chemical Co. Ltd. No further purification
realized in a paper of Gotchiyaet al.> where a coupling of was performed. Right-angle Raman spectra have been mea-
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The light from an Ar-ion laser with power of 200 mW was
focused into the sample in a quartz optical cell with dimen-
sions of 77X 12 mn? through a lens with a focal length of o o
200 mm. The temperature of the sample was controlled FIG. 2. Frequency dependence of the depolarization ratio in
within £0.5 K. The depolarization ratio was determined byprOperne glycol ata) 271 K and(b) 158 K.

the use of the high-quality prism polarizers with an extinc-

tion ratio of 5<10 5. The scattering area in the sample wasdegree of constancy are almost the same as those of
always monitored by a television camera with magnificz:uion@l'ycerO|-3 20

of up to 300. The monitoring is hecessary to confirm that the

incindent beam does not cross microbubbles or striae in a V. MODEL

glass state. The output signals from the spectrometer were :

detected by the photon-counting system with a photomulti- As pointed out in the Introduction, there are reasons to
plier (Hamamatsu Photonics, R464S believe that the quasielastic light scattering is caused mainly
by the vibration relaxation and direct coupling of the light to
lIl. RAMAN SCATTERING SPECTRA the relaxation mode is negligible. In this case the reduced
scattering intensityl (0, T) =1(w,T)/w[n(w)+1] can be

The temperature dependence of the polarized Raman scaixpressed through the susceptibility function of the vibra-
tering spectra was determined in both supercooled liquid anflons at a given temperature and a coefficient that is the re-
a glassy state in the temperature interval 320—-95 K with thgpective spectrum when the relaxation is absent, i.e., the low-
glass transition at 172 K. Stokes-side Raman spectréemperature spectruin
reduced by the temperature facto®[n(w)+1] with
n(w)=[exp{ w/T)—1] ! are presented in Fig. 1. All spectra
have been normalized byﬁthe integrated intensity of the high- | (w,T)= E f 1.(Q,0)x"(0,0)02 dQ, 1)
frequency mode at 842 cm T

The depolarization ratip(w)=Iy4(w)/lyy(w) was mea-
sured in the same temperature interval. Typical results arghere y(w,Q) is the susceptibility of the vibrational eigen-
shown in Fig. 2. In contrast to the remarkable temperaturenode with a frequency?,
dependence of the spectra line shapes, it is found that the
depolarization ratio is nearly constant in the frequency inter-
val from 5 to 200 cm? and is independent of temperature (0,0)= %)
within the experimental error. The valye=0.55 and the X w?—0%+rm(w)’

frequency shift o (cm )
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In Eq. (2) m(w) is a relaxation memory function, which, in fluctuations we have to add in E€) the termb&2/2, which
the case of the simple Debye single-relaxation time approxiis the minimal work needed to create a given fluctuation of

mation, is equal to the free volumeAV; . For Gaussian fluctuations the constant
b is proportional to the inverse mean-square valuetof
_ &8 b=T/(£%), whereT is temperature.
m(@)= T or ®) The standard methods of the theory of fluctuatidrsin

i be used now to obtain the equations of motion for the vari-
In Eq. (3) the parametei(T) characterizes the strength of gpjes 4 and £ To this end, let us introduce a dissipation
the relaxation process. Whéh-0, also5—0; as a result, the  nction F(¢) for the relaxation variablg:

imaginary part of the susceptibility ER) is proportional to

the 8 function, ¥"(w,Q) = w8 w?*—Q?), so Eq.(1) becomes an F(&)=1h&, 7
identity. Earlier, Eq.(1) with the memory function Eq(3) , o .

was used to describe the quasielastic scattering in supefn€reh is a dissipative constant. Just as in Ref. 3, we ne-

cooled liquids with&(T) and {T) as phenomenological fit- glect the linewidth of the vib_rational modg, due to pro-
ting parameterd’ cesses other than the relaxation process under consideration.

In order to estimate the paramet®T) we need to know The equations of motion are determine_d by the Lagrgngian
the mechanism of the vibration relaxation. We propose £f the systemlL, L=K—=U, where the kinetic energi is
model in which fluctuations of the free volume are respon-detérmined by the new vibrational modeK=M7%/2, and
sible for the vibration relaxation. Let us consider a localized?y the dissipation functiof (¢):
harmonic vibration with a frequencf described by a gen- d oL\ oL JF
eralized eigenmodey(t). The effective harmonic potential m( )_ az_ %

Uy(7) can be written in the form
whereq stands fory or £ Using Eqgs.(5)—(8) we obtain

74 8

Uo=3MQ%7%, (4)

whereM is an effective mass of the vibrational mode. Let us M 7(t) +MQ2p(t)+ MQZ(I_> &) =1f(1), (9
consider the influence of the time fluctuations of the free 3

volume on the vibrational mode. Quasilocalized vibrations

that form the boson peak have a characteristic localization h 5 n
length of the order of nanometer and typically some tenths or
hundreds of atoms participate in these vibrational
modes?~2* Therefore, a single act of the local changing of
the free volume can lead, typically, only to small relative
changes of the effective potential Eg). Let V be the vol-

2

MQ? +b

3

In Eqg. (9) f(t) is the external force caused by the light. As
mentioned above, we assume that there is no direct interac-
tion of the light with the relaxational modg& the latter in-

. L . fluences the light scattering only indirectly via an interaction
ume occupied by the vibration addv; be the change of this of the vibrations with the relaxational mode. Taking the Fou-

volume due to the appearance or disappearance of a small. transforms  of Egs.(9 and (10) and denoting
fluctuating free volume inside the region occupied by theTZh/[MQZ(|/3)2+b] we Have

vibration. A local fluctuation of the volume leads to the shift

of the origin of the mode;. A simple estimation of the shift |

of the modey is Ap=(V+AV,) ¥~ V3 ForAV,/V<1 we (— 0%+ 02 nw+92( §> £,=
obtain Az=AV,/3V?3 This expression can be conveniently

represented in the form»=IAV,/3V, wherel=V*?is a 352
characteristic length of the vibration. Considerifigy as an (lor+ 1)§w+(—) 7,=0. (12
independent fluctuating variable, we see that the effective I

potentiaIUO is changed as a result of the fluctuation of the|n Eq. (12) we introduced the dimensionless paramafer

free volumeUy(7)—U(77)=Uo(n+A 7). Let us introduce \which characterizes the strength of the relaxation; it is de-
a new variableg, which is the relative fluctuation of the free fined by the expression

volume:

£ +MQ? |§) »(t)=0. (10

e (11

52——2—2—MQZ|2 13
_AVs 5 “MO2%+9b° (13
v

From Egs(11) and(12) it is easy to find the susceptibility of
In terms ofé and 7 the effective potential (7,£€) now looks  the modex:
like
0252 -1
1+tioT

x(@)=| 0?— Q%+ (14

1 | 1 12
U(n,&= 5 MQZ7]2+ MQZ(§ né+ > M\Qz(g) 52.
©) The paramete&(T) is of the most importance for the model.
Its temperature dependence determines the temperature evo-

The linear iny term in Eq.(6) appears due to the fluctuating lution of the intensity of the quasielastic scattering and soft-
shift of the origin of the mode). The potential Eq(6) de-  ening of the vibrational mode. From E(L3) it is obvious
scribes a localized harmonic modginteracting with a re- that 0<6<1. Let us consider this parameter in more detail.
laxation modeé. In order to take into account the thermal According to Eq.(6), b=TV2/((AVf)2>. From the fluctua-
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tion theory it is known that(AV)?=xTV, wherez is the e f e [T T

isothermal comgrelssibilit.yae=—_V’l(&y/aP)T. Szo it is 0.8 propylene glycol ]
clear that{(AV;)) is an intensive variablé(AV;)“)yoV;. I

Let us select the dependence(6AV;)? on V; and T ex- i 1

L 0.6 -

plicitly: I ]

(AVp)?)=ae(T Vs, (19 % 0.4l Te 4

where the coefficient; is defined by this expression and has I ]

the sense of the isothermal compressibility of the free vol- ozl To ]

ume. Using Eq.(15), one can simplify the expression Eq. L ]
(13) for the parameted. Sinceb=V?/V,z;, we have, fors’, i

OO0k » + v [ 7 0 P U B

5°=gl(g+1), (16) 50 100 150 200 250
where temperature (K)
g=pv 286fo/9V- (17 FIG. 3. Temperature dependence of the parangtdihe solid

Here p=M/V is the mass density; is the sound velocity, n€ is afit of the data betweeRy andT=220 K.

and we used the relatiof~uv/l, which is usually assumed

for the low-frequency vibrations in acoustical regidrf*2° mum 2y, the amplitude of the boson peby, and the width

From Egs.(16) and (17) it is clear thaté and g are of the quasielastic ling. The latter is practically temperature

P independent in the interval 160—265 K, being equal to 18—20
frequency-independent parameters whose temperature d§m*1. The results of fitting for the parametays 6%/(1— 6.

Eggggﬁﬁgtgﬁ?i%rwned mainly by that of the free-volumeQm, andl, are shown in Figs. 3, 4, and 5, respezctively. We
f : -
Finally, let us write down explicitly the expression for the preferre(_lll_ tOhShOW the pj\_ramte@(rT) retl_thert tht?]néf(T) bel
intensity of the light scattering, which we used to fit the S2US€d(T) has a more direct connection to the free yvolume
experimental data: Eqg. (17). Let us note that just this parametgfand noté“ of

the present papercorresponds to the parameté? of Ref.

_ 5202 27. Before looking more closely at tlgg T) behavior, which
15(€) m Q2dQ is the main interest for the present paper, let us make some

comments on the temperature dependend®,péndl ,,. As

it is clear from Fig. 4, with an increase of temperature the
boson peak shifts to lower frequencies nearly linear in tem-
(18 perature; at ¥158 K, below the glass transition point, the
frequency of maximum(), is equal to 39 cm?, while at
T=265 K it is more than two times smallef),(T=265

2
I’(w’T):FJ [wz Q2+752027]2 wz( 0%y \*
- > <2
Wty oty

Here y=71 andTo(Q) is the low-temperature spectrum of
the boson peak modified in order to take into account th )=17 e, For comparison, in Fig. 4 the temperature de-

temperature dependence of the elastic constants. This depe Endence of the longitudinal sound velocity is shoi@nil-
dence is not accounted for by the relaxation process und;—?ruin scatterin dafzﬁ)g The slone of the) (T))/ dependence
consideration. We suppose that with increasing temperatur, . | 9 h ' hat of E lonai m | P loci
the boson peak can change its position and amplitude due 2 times larger than that of the °r.‘9't“d'”a sound velocity.
guasiharmonic softening of the lattice. On the other hand, it IS 1S In qualltatlvg agreement with the results of Ref. 6,
is well known that the spectral shape of the boson peak igvhere higher softening of the boson peak frequency than that

universal for many materiaf3:?® So we assume that the bo-

son peak keeps its spectral shape during temperature evolu- 4 p~—T——T—"7T T T T3 1.2
tion. The most simple way to formalize this assumption is propylene glycol
the following expression for the modified spectrum of the 1.0F J1.0
boson peak: o t I o~
@ osf 1023
~ QO Im £ ;— i —
[o(Q)=1o Q(Q—m> (E) (19 %o.eg— 3 063
Here QO and |, are the frequency of the maximum and the tgo-“i‘ O v(T)/V(160) 3 °'4L;’
amplitude of the boson peak at very low temperature@gd ; m o (T)/Q,(95)
andl,, are the respective frequency and amplitude at some 02F q02
temperaturel.
00E o 1+ v v Vv vt e b e by e e 0.0
160 180 200 220 240 260 280
V. RESULTS AND DISCUSSION temperature (K)

In order to find the temperature dependence of the param-
eter 6 we fitted the experimental curves presented in Fig. 1 FIG. 4. Temperature dependence of the frequency of the boson
using Eq.(18). Four fitting parameters are in the model: the peak maximum. For comparison, the Brillouin data for the longitu-
relaxation strength$?, the position of the boson peak maxi- dinal sound velocity is showfdata are from Ref. 28
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FIG. 5. Temperature dependence of the boson peak amplitude.

of the sound velocity was found in polycarbonate. However
we have no data for the temperature dependence of the tra
versal sound velocity in propylene glycol, so we canno
make a comparison dd,, with the Debye frequency behav-
ior. The intensity of the boson peak increases more or le
linearly in temperature below 240 Kig. 5); indications of
faster growth are observed at-240 K.

Now let us turn to the discussion of the temperature de
pendence of the relaxation strength paramgtar) (Fig. 3).
This parameter demonstrates practically linear behavior
T<220 K and a transition to a fast growth in the interval
220-240 K. We interpret this changing of tgéT) depen-
dence as the onset of therelaxation process. At higher
temperatures the relaxation dominates in the spectral re-
gion of the quasielastic scattering. On the other hand, th
transition interval 220—240 K strongly correlates with the
critical temperaturd . defined by MCT. There are different
estimations ofT in propylene glycol. Scaling study of di-
electrica relaxation by Schehalset al!® predictsT,=251.3

K, while a recent study of the glass transition dynamics by

fluorescence measurement of doped chromophbres
portedT.=211.3 K. We also used the fit of high-temperature
data for propylene glycol by the MCT formula
7,(T)c(T—T,) "7 to find T,. Our fit of the 7,(T) data of
Ref. 19 givesT.=240 K, y=2.5.

The model of Sec. IV of the present paper predicts thal

the relaxation parameteris proportional to the free-volume
concentrationvV¢/V. The most direct way to check this pre-
diction is to compare the data of Fig. 3 with the positron

annihilation data for the free volume. However, as far as we

know, there is no such data for propylene glycol. On th
other hand, some indirect checking of this result can be o
tained by a comparison of the temperature dependence
g(T) with that of the a-relaxation timer,(T). The reason

why such a comparison may be of interest is the following.

The free-volume mod&t!® predicts that the relaxation time
of the @ process depends on the free voluweaccording to
the Doolittle equation

To(T)=7oexd AIV{(T)], (20

whereA is a constant. So one can compare the temperaturglinistry  of

dependence of the free volume found from E2Q), assum-
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ing that ther,(T) is known, with theV;(T) dependence
found from the quasielastic scattering data. We made this
comparison using the linearization of the free-volume tem-
perature dependendé(T)=a(T—Tg), which leads to the
Vogel-Fulcher-Tammann equation for the-relaxation
timelG,l7

To(T)=7exd B/(T—Toy)], (21
where T, is the Vogel-Fulcher-Tammann temperature. An
important question concerning the fitting of the viscosity or
7,(T) data by Eq(21) is what temperature interval one has
to use. The recent analysis of §ater, Hess, and Novikd¥
and of Stickelet al31*2 shows that there are two character-
istic regions in the viscosly behavior of liquids: a low-
temperature regiocomparatively close td,) and a high-
temperature region. For example, these regions are
characterized by the different values of the Vogel-Fulcher-
Tammann temperatur€,. In Ref. 30 it is shown that the
characteristic temperature that is the boundary between two
regimes is close to the critical temperatdrgof the mode-
ééupling theory. Taking into account these results, we use

tthe low-temperature value df, found using data between

Ty and, roughly, 220-240 K. The fit of the literature data

Stor 7, givesT;=110 K. In Ref. 18 it was found that,=117

K. The linear fit of the QLS data fog(T) in the above-
mentioned temperature interval gives a valueTgfin good
agreement with these predictioffSig. 3). This may be evi-
ence of some correlation of the processes of the siow
laxation and the fast relaxation in the picosecond domain.
One of the possible explanations of such a correlation is
given by the present model. Both processes, slow and fast,
depend on the free volume: roughly speaking, the stow
rocess of relaxation is determined by the redistribution of
e free volume, while the fast process is connected to some
fast relaxational motion that is released by the free-volume
holes, so its intensity is proportional to the free-volume con-
tent.

VI. CONCLUSION

The model of quasielastic light scattering proposed in this
paper is a further development of the model of Gotchiyaev
et al® Here, assuming a concrete mechanism of fast relax-
ation, we can express the phenomenological paransétef
he modet through some other material parameters that can

e, in principle, measured independently of quasielastic scat-
tering, namely, the free-volume concentration and isothermal
compressibility. Also, the model predicts a connection be-
tween temperature dependences of the intensity of the fast
relaxation process and the characteristic time ofdtrelax-
ation. In spite of the absence of the direct information on the

g e-volume content, this correlation makes it possible to

check the model by a comparison of the Vogel-Fulcher-

Tammann temperature found from dielectric relaxation mea-
surements and from the QLS data. The comparison shows
good agreement between the two results.
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