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This paper reports the first detailed analysis of a transient grating �TG� experiment on a supercooled
molecular liquid, m-toluidine, from 330 K �1.75Tg� to 190 K �1.01Tg� based on the theoretical model presented
in Paper I of this series. This method allows one to give a precise description, over a wide dynamical range, of
the different physical phenomena giving rise to the signals. Disentangling the isotropic and the anisotropic
parts of the TG response, a careful fitting analysis yields detailed information on the rotation-translation
coupling function. We also extract the structural relaxation times related to the “longitudinal” viscosity over
almost 10 decades in time and the corresponding stretching coefficient. The value of some other parameters
and information on their thermal behavior is also reported.

DOI: 10.1103/PhysRevE.76.011510 PACS number�s�: 64.70.Pf, 78.47.�p, 61.25.Em

I. INTRODUCTION

We present here the results of a heterodyne-detected
transient-grating �HD-TG� experiment performed on
m-toluidine and analyzed following the method proposed in
Paper I �25� of this series. Three reasons led us to choose this
substance as the first glassforming liquid composed of aniso-
tropic molecules on which to test the applicability of this
method.

First, m-toluidine is easy to supercool and to maintain in
this state whatever the cooling rate and the temperature
above its glass transition temperature, Tg=187 K �1�. Fur-
thermore, the liquid phase exists in a large temperature do-
main, with a boiling temperature Tb=476 K �1�b��, is chemi-
cally stable, and is transparent once properly distilled.

Second, because of these properties, this supercooled
phase has been already studied by various techniques such as
dielectric measurements �2,3�, optical Kerr effect �OKE� �4�,
molecular dynamics calculations with optimized potentials
derived from first principles �5,6�, light scattering spectros-
copy �7�, or frequency dependent specific heat measurements
�3�. Some of those measurements provide us with the values
and the thermal dependence of quantities which appear in the
formulation of the theory. Their knowledge will help us in
the analysis of the experiment.

Third, an HD-TG experiment had already been performed
on this supercooled liquid �8�. It showed that the recorded
signals depend only on the polarization of the probe and
diffracted beams, provided that one limits the measurements
to times longer than a few ns. This corresponds to the results
given in the final part of Paper I which were derived under
two conditions.

�1� The orientation of the molecules by the electric field
of the pump beams can be neglected with respect to the two
other sources �electrostriction and heat absorption� of the
transient grating.

�2� One considers times long enough to neglect the OKE

contribution, Eq. �2.9a� of Paper I, to the signals.

In that case, two and only two linearly independent signals
can be extracted from measurements performed with differ-
ent polarizations of the probe and detected beams; they do
not depend on the polarization of the pump beams and two of
their linear combinations, called the “iso” and the “aniso”
signals, correspond, respectively, to the detection of the grat-
ing by the change in mass density and by the molecular
orientation. When the pumps start to act at the time t=−t0,
these signals are expressed by

S��q� ,t� =
2

�
�

0

�

Im�S��q� ,���cos ��t + t0�d� , �1.1�

where � stands either for “iso” or for “aniso,” while q� is the
wave vector of the grating.

The expressions of Siso�q� ,�� and Saniso�q� ,�� which have
to be used to fit the experimental signals for large enough
values of t+ t0 were given by Eqs. �3.6� and �7� of Paper I
and we reproduce them here. Siso�q� ,�� is expressed as

Siso�q� ,�� = − IisoPL�q� ,���1 − ���g������
1 + i��h�q� ,��

− ia0�F��� ,

�1.2�

where Iiso stands for an intensity. Siso�q� ,�� depends, inter
alia, on the heat diffusion time for wave vector q� and fre-
quency �, �h�q� ,��, and on the phonon propagator, PL�q� ,��,
that are given, Eqs. �3.8� and �3.13� of Paper I, by

��h�q� ,�� = ��h
0�q��1 − �CV

�gCV
���CV

�� , �1.3�
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PL
−1�q� ,�� = �2 − q2�ca

2 + 	L
2�gL���L�

+ i�
̄ + ca
2� 1



− 1	 1

1 + i��h�q� ,��� . �1.4�

In Eq. �1.4�, ca is the adiabatic sound velocity, 	L is the
amplitude of the term that couples ca to the structural
relaxation,1 
̄ represents the contribution of the phonon an-
harmonicity to PL

−1�q� ,��, while 
 is the usual ratio between
the specific heats at constant pressure, CP

th, and at constant
volume, CV

th, measured in a static experiment: 
 is taken to be
equal to unity in the adiabatic approximation of PL�q� ,��,
and to its actual value in the isothermal form of the phonon
propagator. Finally, whatever the index i, gi���i� is the
Laplace transform �LT� in the sense of Paper I, of a relax-
ation function gi�t /�i� which has a value equal to 1 for t=0
and whose final decay ��-relaxation� is governed by the re-
laxation time �i. The index i stands for L, “longitudinal”
relaxation process, in Eq. �1.4�, and for CV, specific heat at
constant volume, in Eq. �1.3� where �CV

is the relative
strength of the relaxation process contained in CV

th:

�CV
=

�CV
0

CV
th , �1.5�

where �CV
0 is the difference between CV

th and its instanta-
neous value. Furthermore, as all the signals that will be fitted
correspond to the same wave vector q� , the q dependence will
not be indicated anymore in �h

0�q� that will be simply written
as �h

0.
The index i also corresponds to the thermal pressure func-

tion ����, in the numerator of the second bracket of Eq.
�1.2�: g������ is the relaxation part of this function and ��

its corresponding relative strength. Also, in the second half
of the same bracket, a0 represents the relative strength of the

electrostriction source �ISBS contribution, Eq. �2.9c� of Pa-
per I� with respect to the heat absorption source �ISTS con-
tribution, Eq. �2.9b� of Paper I�. Finally, in the same equa-
tion, F��� is the LT of the response function of the whole
HD-TG apparatus, the expression of Siso�q� ,�� implying that
the pumps act during a time very short with respect to the
time scale of F�t�.

Similarly to Eq. �1.2�, the anisotropic signal, Saniso�q� ,��,
is expressed, see Eq. �3.9� of Paper I, as

Saniso�q� ,�� = Kaniso��g������Siso�q� ,��� . �1.6�

In this equation, Kaniso is the relative strength of the molecu-
lar orientation channel with respect to the mass density chan-
nel in the detection mechanism while �g������ describes
the relaxation process associated with the rotation-translation
coupling.

The aim of this second paper is to use Eqs. �1.2� and �1.6�
to fit, respectively, the isotropic and anisotropic signals of
m-toluidine recorded between 330 and 195 K. All those fits
will be performed in Sec. III and we shall discuss, in Sec. IV,
the information so obtained. Before proceeding to those fits,
we need to give, in Sec. II, some details on the experimental
aspects of this work and to explain how we have obtained
from previous experiments some of the parameters that ap-
pear in Eqs. �1.2�–�1.4�.

II. EXPERIMENTAL ASPECTS

A. Presentation of the experimental results

The HD-TG m-toluidine signals were recorded from
t=−t0 to t=0.5
106 ns with time steps equal to 100 ps up to
t=4 �s, and to 8 ns afterwards, on the LENS instrument.
This experimental setup is described in detail in �9�, and �10�
summarizes its latest modifications. A SVV

expt�q� , t� signal, i.e.,
the signal measured with a V polarization of the probe and

1	L is the quantity that relates the adiabatic sound velocity, ca,
also called the zero frequency sound velocity, c0, to the infinite
frequency sound velocity, c�, i.e., the sound velocity at frequencies
higher than any relaxation frequency through 	L

2 =c�
2 −c0

2.

FIG. 1. VV signal at 330 K. Note the strong decrease of the
phonon contribution in the 1–3 �s time range and the existence of
negative parts of the signal for t�30 ps.

FIG. 2. VV �–� and HH �¯� signals at six different tempera-
tures. For the three highest temperatures, the dots �¯� do not rep-
resent the HH signal but the difference between the VV and HH
signals.
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detection beams,2 is shown for T=330 K in Fig. 1 for all the
positive values of t. This figure illustrates, for t�103 ns, the
decay of the phonons generated by the initial pulse and, for
longer times, the decrease of the thermal grating due to the
heat diffusion. More or less similar signals, recorded both in
the VV geometry and in the HH geometry �i.e. for a polar-
ization of the probe and detection beams parallel to the plane
of the pump beams� and for several temperatures, are shown
for times longer than 5 ns in Fig. 2. They exhibit the usual
temperature evolution shown, e.g., in �9�, and polarization
changes similar to those already reported in �8�.

Figure 1 also exhibits, around 103 ns, a sudden drop of the
phonon signal which is not described by Eq. �1.2� because it
is due to the finite length of the grating. This drop takes place
when the lifetime of the phonons is of the order of, or longer
than, the time a phonon takes to travel through this grating
�10�. In our m-toluidine experiments, this drop is visible
when the temperature is higher than 280 K �c.f. Fig. 1� or
lower than 200 K. For such temperatures, we have not ana-
lyzed the corresponding 1–3 �s time interval.

The VV and HH signals were recorded from 330 K
�1.75Tg� down to 190 K �1.01Tg� at the 26 temperatures
listed in Tables III–V. At each temperature, the VV signal is
negative for times up to a few ns, as exemplified in Fig. 1.
This negative part is mostly due to the molecular OKE con-
tribution, Eq. �2.9a� of Paper I, and to a much shorter in-
tramolecular vibration contribution �11�. The duration of this
OKE signal is shorter than but not negligible with respect to
the characteristic time of the resolution function of the in-
strument, F�t�. The latter presents an important and broad
first maximum at ta=1.40 ns, followed by strongly damped
oscillations with a short period of approximately 1.7 ns. Its

precise description and an analytical approximation of this
function are given in the attached EPAPS document �24� in
Sec. A-1. As the accuracy of the apparatus does not allow us
to know exactly the time at which the pumps start to act, we
have fixed the time origin, t=0, of all the measurements by
deciding that the first minimum of any SVV

expt�q� , t� signal
would take place at the time t= ta whatever the temperature.
This implies that the pumps start to act at the unknown time
t=−t0 which varies with temperature because the molecular
OKE signal is temperature dependent. The time t0 will thus
be one of our fit parameters; it actually varies around
0.45 ns. Also, as these short times negative contributions are
not included in Eq. �1.2�, they can simply serve to determine
ta at each temperature; the signals can be fitted only for times
longer than 5 ns where the preceding contributions are to-
tally negligible.

Figure 1 also shows that, for T=330 K, the VV signal still
has negative parts in the 3–50 ns time interval. These parts
can only arise from the ISBS contribution: the signals partly
originate from the electrostrictive source.

B. Fixing the value of some m-toluidine parameters

Some of the experiments on m-toluidine listed in the In-
troduction have allowed us to fix the value and the thermal
variation of different parameters that enter into Eqs.
�1.2�–�1.4�. This information is necessary for reducing, in
Sec. III, the number of fits parameters in the data analysis.
More precisely:

�1� ca�T� has been measured in �7� by an ultrasonic tech-
nique from 300 to 250 K �see Table I that summarizes the
values of different parameters of m-toluidine�; following that
reference, we shall extrapolate its thermal dependence down
to Tg.

�2� The rotational relaxation dynamics, long time part of
��t�
�0gR�t /�R�, see Eq. �2.3b� of Paper I, was studied in

2In our experiments, the two pump beams were always polarized
along V, i.e. perpendicular to the plane they define.

TABLE I. Physical constants of m-toluidine.

Property Value

Formula NH2-C6H4-CH3

Melting temperaturea Tm=243 K

Glass transitionb Tg�187 K

Mass densityc �m= ��1.225–8.1
10−4 T�K�� 103 kg m−3

Sound velocityd ca= �2723.5–3.85 T�K�� m s−1

Specific heat at constant pressuree Cp�Tg�=1.80
103 J kg−1 K−1

Relative difference in specific heat at
constant pressuree

�CP
�Tg�=0.44

Relative difference in specific heat at
constant volumef

�CV
�Tg�=0.38


=CP
th /CV

th g 
=1.24

aFrom �1�a��.
bFrom �1�b��.
cFrom �23�.
dFrom �7�.
eFrom �3�.
fFrom �24�.
gFrom Eqs. �2.6� and �2.2�, and �3�.
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the same paper from 300 to 189 K by a combination of
different techniques. Assuming that �gR���R� could be
described by a Cole-Davidson function,3

�gR���R� = 1 − � 1

1 + i��R
	�R

, �2.1�

this experiment determined the thermal variations of �R and
�R.

�3� The m-toluidine Brillouin spectrum was also measured
in �7�, in a backscattering experiment. It was analyzed in the
adiabatic approximation, see Eq. �1.4�, and with a tempera-
ture independent value of 
̄, 
̄�T0�, deduced from the Bril-
louin spectrum measured at T0=175 K. Assuming for
�gL���L� the same stretching coefficient as for �gR���R�
��L�T�=�R�T�� and the same Cole-Davidson form, 	L�T�
was derived in the whole temperature range. These ca�T� and
	L�T� values will be used for the fits of Siso

expt�q� , t� while we
shall write, following �12�,


̄�T� = 
̄�T0�
T

175
. �2.2�

We also determined �CV
�T� from earlier measurements.

Above 215 K, the fits of Siso
expt�q� , t� will be performed in the

adiabatic approximation of PL�q� ,��. As explained in Sec.
A-2 of the attached EPAPS document �24�, �CV

�T� is ex-
pressed, in this case, by

�CV
�T� = �2 −

T

Tg
	�CP

�Tg� , �2.3�

where �CP
�Tg� is obtained from Carpentier et al. �3�. Below

215 K, our fits will require the use of the isothermal form of
PL�q� ,��. The more complex procedure necessary to obtain
�CV

�T� when 
 is different from unity is explained in Sec.
A-2 of Ref. �24� and requires the knowledge of 
. The latter
is obtained from


 − 1 = T
��th�2ca

2

�m
−1
CV

th , �2.4�

where �th is the thermal expansion coefficient at constant
pressure and �m

−1
CV
th the specific heat at constant pressure

per unit of mass, as obtained in a quasi-static measurement.
All the quantities entering the right-hand side of Eq. �2.4� are
known at Tg �see Table I� while we neglected the thermal
dependence of 
 and �CV

between 215 and 190 K.

III. FIT OF THE ISOTROPIC AND ANISOTROPIC
SIGNALS

A. Introduction

This section describes the fit of Siso
expt�q� , t� and Saniso

expt �q� , t�,
the linear combinations of SVV

expt�q� , t� and SHH
expt�q� , t� defined in

Eqs. �3.1� of Paper I, with Eqs. �1.1�, �1.2�, and �1.6�. Those
fits have been performed in the time space: we have looked

for the parameters that minimize �
i

�S�
expt�q� , ti�− S��q� , ti� �2

where data points for one value of ti out of 12 were used for
times shorter than 4 �s, all the data points being considered
for longer times. Reliable inverse Laplace transfoms,
S��q� , ti�, were obtained for times ti spanning a dynamical
range larger than 105. Details on the corresponding program
are given in Sec. A-3 of the attached EPAPS document �24�.
All the different �gi���i� were described by Cole-Davidson
functions: each was characterized by its relaxation time, �i,
and its stretching coefficient, �i.

B. Fit of Siso
expt

„q� , t…

Some “iso” spectra are shown in Fig. 3 for the same tem-
peratures as in Fig. 2. Fits performed in the different tem-
perature domains, with their corresponding approximations,
are summarized in Table II. The quantities ca�T�, 	L�T�,

̄�T�, and �CV

�T� entering into Eqs. �1.3� and �1.4� having
been determined in Sec. II, the number of fit parameters was
further reduced by making the approximations �L=�CV

=��

and �CV
=��.

1. Determination of a0, the relative ISBS contribution to
Siso

expt
„q� , t…

The parameter a0 measures the relative ISBS contribution
to the signal, and t0 is the time at which the pumps start to
act. Both parameters should be correlated in the fitting pro-
cedure because the ISBS and ISTS contributions are both
oscillatory at short times, with the same period but with a �

2
shift between them: an erroneous determination of a0 can be
partly compensated by a change of t0 without affecting the
quality of the fit.

To minimize this effect, we performed an initial fit in
which both a0 and t0 were fit parameters. Though the quality
of this fit was rather poor, it was sufficient to ascertain the
anticipated correlation between t0 and a0, the latter randomly
fluctuating between 10−5 and 2
10−5. Assuming a0 to be
temperature independent, we fixed it at its mean value, 1.5

10−5, which was then kept unchanged in all the subsequent
fits.3Or the equivalent Kohlrausch function.

FIG. 3. Siso
expt �q� ,T� for the six same temperatures as in Fig. 2.
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2. The high temperature domain, 330 KÐT�260 K

In this temperature domain, �L is so short with respect to
the inverse of the phonon frequency that the signals contain
little information; most aspects of the relaxation processes
have to be neglected: �gL���L� has to be approximated by its
lowest term in �, i��L�L, �L�T� has to be taken equal to
�R�T� measured in �7�, while �CV

�gCV
���CV

� and
���g������ play a negligible role, see Eqs. �1.3� and �1.4�.
The fit is thus performed assuming PL

−1�q� ,�� to be written as

PL
−1�q� ,�� = �2 − q2�ca

2 + i�
1� �3.1�

with


1 = 
̄ + �L	L
2�L, �3.2�

while the bracket of Eq. �1.2� simplifies into

1

1 + i��h
0 − ia0. �3.3�

The values of the two physically meaningful parameters, �h
0

and �L, deduced from this fit F1 are given in Table III. �h
0 is

constant within 1.5%, which represents the fit accuracy,
while the accuracy on �L will be discussed in Sec. IV C 1.

3. The medium temperature domain, 260 K�TÐ215 K

The fit F2 is performed using the full adiabatic form of
PL

−1�q� ,��. It determines the four parameters �L, �h
0, �L, and

��, while the two other stretching parameters, �� and �CV
,

have been fixed to unity �Debye relaxation functions�.
Good quality fits are obtained at every temperature and

the parameters have a smooth temperature variation �see
Table IV�. Two important results obtained in this domain are
the continuous decrease of �L from 0.31 at 250 K to 0.20 at
215 K and the continuous increase of �L up to a
�L�T=215 K� value of 
1 �s, which approximately corre-
sponds to the time when the phonon part of Siso

expt�q� , t� has
totally disappeared, see Fig. 3.

TABLE II. Summary of the fits performed in Sec. III.

Name of
the fit

Temperature
range �K� Fixed parameters

Fit parameters
�Iiso, t0� Remarks

F1 330–260 a0, ca, 	L, �L, 
̄ �L, �h
0 �CV

=��=0

F2 250–215 a0, ca, 	L, 
̄, �CV
�L, �L, ��, �h

0 Adiabatic propagator
�CV

=��=1
�CV

=��=�L

F3 212–190 a0, ca, 	L, 
̄, �CV
�L, �L, ��, �h

0 Isothermal propagator
t�1 �s

�CV
=��=1.5�L

�CV
=��=�L

F4 215–190 a0, ca, 	L,

̄, �CV

, ��, �h
0, �L

�L
s , �L

s Adiabatic propagator
t�1 �s

�CV
=��=1

�CV
=��=�L

F5 225–200 a0, ca, 	L,

̄, �CV

, ��, �L, �L, �h
0

��, �� Anisotropic spectrum
�CV

=��=1
�CV

=��=�L

TABLE III. Parameters derived from the fit F1. See Sec. IV C 1
for the accuracy of �L.

T
�K�

�L

�ns�
�h

0

��s�

330 7
10−3 32.6

320 8
10−3 32.6

310 9
10−3 32.5

300 1.0
10−2 32.6

290 1.2
10−2 32.7

280 1.7
10−2 32.6

270 2.6
10−2 32.6

260 5.3
10−2 33.0

TABLE IV. Parameters derived from the fit F2.

T
�K�

�L

�ns�
�L �h

0

��s�
��

250 0.19 0.31 32.4 0a

245 0.33 0.29 32.1 0a

240 0.61 0.27 32.2 0a

235 1.2 0.25 32.2 0.37

230 3.3 0.24 32.2 0.40

225 13 0.23 32.1 0.43

222.5 29 0.22 31.8 0.42

220 63 0.21 32.0 0.40

218 125 0.20 31.6 0.39

215 340 0.20 31.6 0.39

aFixed to ��=0 for those three temperatures, as well as for
T�250 K.
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4. Low temperature domain, 215 K�TÐ190 K; the long time,
t�1 �s, signal

Below 215 K, the hypotheses used in the fit F2 yield re-
sults of poorer and poorer quality as the temperature de-
creases down to 205–202 K and those fits remain unsatisfac-
tory below that temperature. Substituting the Cole-Davidson
description of �gL���L� by � times the LT of a Kohlrausch
function did not substantially improve the quality of these
fits and/or produced good fits but with unrealistic parameters.

The main source of this failure is that a Cole-Davidson
form of �gL���L� describes only the � part of a relaxation
process. The use of such a function is reasonable when �L is
shorter than the total duration of the phonon signal; in such a
case, fast relaxation processes play very little role in the
phonon decay detected in a HD-TG experiment while the
remaining part of the signal is solely governed by the heat
diffusion process. Conversely, below 215 K �
1.15Tg�,
where �L becomes longer than 1 �s, the t�1 �s part of
Siso

expt�q� , t� reflects simultaneously the adjustment of ���r� , t�,
through the “longitudinal” �-relaxation process, towards the
value imposed by the local temperature, �T�r� , t�, and the
decay of this temperature modulation through the heat diffu-
sion process. Meanwhile, the decay of the phonon part of
Siso

exp t�q� , t� is governed by the anharmonic term, i�
̄�T�, and
by the short time part �or fast process�es� part� of the relax-
ation function. There is presently no theory that provides a
reliable expression for those fast processes for temperatures
below4 T
1.2Tg. We have thus divided the fit of Siso

expt�q� , t�
into two parts that correspond to the two time regions,
t�1 �s �long times region� and t�1 �s �short times
region�.

We have started by fitting the first region where the effect
of the fast relaxation processes is negligible. Good fits and
meaningful fit parameters are obtained by

�a� stretching the relaxation processes of CV��� and
����; �CV

=��=1.5�L was found to be a reasonable choice;
and

�b� making use of the isothermal form of the phonon
propagator �
�1� so that the heat diffusion time, �̄h

0=
�h
0

�see Eq. �3.14� of Paper I�, is larger than �h
0.

The parameters corresponding to this fit, F3, are reported
in Table V where one notes the quasi independence of �L and
�� on temperature. Figures 4 and 5 show the values of �L and
�̄h

0 obtained through the three fits F1, F2, and F3, i.e., in the
whole temperature range covered by our experiments.

5. Low temperature domain, 215 K�TÐ190 K; the short time,
t�1 �s, signal

No analytical form being known for the fast relaxation
processes in this temperature range, we mimicked it by an-
other Cole-Davidson function which replaces, in Eq. �1.4�,
the �-relaxation process. Thus in the fit, F4, of the short time
�t�1 �s� part of the spectrum, we used the same adiabatic
phonon propagator and the same values, �CV

=��=1, as in

4This is a good order of magnitude for the critical temperature, Tc,
of the mode coupling theory �13�.

TABLE V. First four columns: parameters derived from the fit
F3 �long time signal, t�1 �s�. Last two columns: parameters de-
rived from the fit F4 �short time signal, t�1 �s�. See Sec. IV C 1
for the accuracy of �L.

T
�K�

�L

�ns�
�L �h

0

��s�
�� �L

s

�ns�
�L

s

212 1.3
103 0.20 31.6 0.435 1.1
103 0.18

210 2.1
103 0.20 31.6 0.45 3.1
103 0.16

208 2.8
103 0.20 34.4 0.45 1.1
104 0.16

205 2.3
104 0.20 29.7 0.45 2.8
106 0.11

202 3
105 0.20 31.5 0.45 1.7
108 0.09

200 2
106 0.20 33.6 0.45 8.6
108 0.09

195 3
107 0.20 30.7 0.45 3.5
1010 0.09

190 1
108 0.20 29.3 0.45

180 200 220 240 260 280 300 320 340
20

25

30

35

40

180 190 200 210 220 230
20

25

30

35

40

T (K)

ττ ττ0 h
(µ

s)

FIG. 5. The heat diffusion time, �̄h
0, versus temperature, deduced

from the fits F1 �330 K�T�260 K� ���, F2 �260 K�T
�215 K� ���, and F3 �215 K�T�190 K, T�1 �s� ���. The in-
set compares, for T�215 K, the values of �̄h

0 deduced from the
isothermal description of the phonon propagator ��� and from its
adiabatic approximation ���.
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the fit F2 while �� and �h
0 took the values determined in F3.

The corresponding parameters, �L
s and �L

s , are given in the
two last columns of Table V and they lead to quite good
quality fits. The consistency between the results of F3 and F4
will be discussed in Sec. IV C 3.

C. Fit of the anisotropic signal

Saniso
expt �q� , t� is shown in Fig. 6 for four temperatures

�T�230 K� at which its value is not negligible and has been
fitted, at each temperature, with Eq. �1.6�. Its use requires the
knowledge of a single function Siso�q� ,�� that provides a
good fit to Siso

expt�q� , t� for the whole time range. Most of the
Saniso

expt �q� , t� signals correspond to temperatures below 215 K
where the fits of Sec. III B did not determine such a function.
We thus proceeded, for those temperatures, to an intermedi-
ate fit, similar to F2, but in which ca�T� was no longer im-
posed. As expected, the fit was quite good over the whole
time range but with unphysical values for some parameters.
Using this representation of Siso�q� ,��, a good fit, F5, of
Saniso

expt �q� , t� is obtained at each temperature, as also shown in
Fig. 6 where both this signal and the difference signal,
Saniso

expt �q� , t�−Saniso�q� , t�, are represented. F5 gives, on top of
the parameters �� and ��, the value of Kaniso, which is found
to be temperature independent and approximately equal to
0.12.

IV. DISCUSSION

A. Introduction

The analysis of our HD-TG experiment on m-toluidine
has made use of three ingredients that had not been included
in the seminal work of Yang and Nelson �14�.

�1� the phenomena that appear when the supercooled liq-
uid is formed of anisotropic molecules;

�2� the possibility of comparing the experimental signals
with a theoretical formulation expressed in the frequency

space, through the use of a numerical inverse Laplace trans-
form technique; and

�3� the frequency dependence of some ingredients of the
theory: specific heat and tension coefficient.

In this final section we successively discuss �15� the infor-
mation we have obtained through the introduction of these
aspects on

�1� the dynamics of the anisotropic signal and the contri-
bution of the molecular channel to the recorded signals �Sec.
IV B�;

�2� the dynamics of the longitudinal phonons �Sec. IV C�;
and

�3� the influence of the various relaxation processes on
the decay of the thermal grating �Sec. IV D�.

This section will end with a brief comparison with the results
that would result from a Yang-Nelson type of analysis of this
experiment and with some remarks on the use of the present
method for the study of other glassforming liquids.

B. The anisotropy channel

1. The translation-rotation relaxation function

The relaxation time, ���T�, determined in Sec. III C, is
shown in Fig. 4 for the temperature range 225–200 K where
it has been safely determined. This figure also shows the
rotational time �R�T� obtained in �7�, with its Vogel-Fulcher
interpolation at intermediate temperatures: the agreement be-
tween �� and the interpolated values of �R is very good.
Though still reasonable, this agreement is less convincing
for the stretching coefficients: �R�T� ranges from 0.4
�T=225 K� to 0.33 �T=203 K� �16� while ���T� can be
fixed, with a rather poor accuracy, at the somewhat higher
value ��=0.45±0.1 in the same temperature range.

A close similarity between ��t�=�0gR�t /�R�, see Sec. II,
and ��t��g��t /��� had been previously postulated, whatever
the temperature, for both m-toluidine �17� and salol �12�. The
present study brings information on that hypothesis and sup-
ports its validity.

2. Relative importance of the anisotropy channel

Kaniso can be expressed, see Eq. �3.9b� of Paper I, as

Kaniso = lim���→����

�m

b

a
r���	 , �4.1�

where the quantity inside the bracket is the relative contribu-
tion of the molecular channel with respect to the mass den-
sity channel, both as a source and as a detection mechanism,
cf. Eq. �2.9c� of Paper I. Kaniso=0.12, as obtained in Sec.
III C, indicates that this relative contribution is small but not
negligible. Furthermore, one can also evaluate the relative
contributions of electrostriction �change in mass density� and
heat absorption on the initial formation of the grating. With
a0=1.5
10−5, this ratio is of the order of 0.20 for the Nd-
YAG laser used here for the pumps. These two numbers
confirm our qualitative findings: the molecular channel is

FIG. 6. Saniso
expt �q� ,T� at four different temperatures �–�. The dif-

ference spectrum, Saniso
expt �q� ,T�−Saniso �q� ,T� �¯� is also reported.
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negligible as a source of the grating but must be taken into
account as a detection mechanism.

C. The “longitudinal” relaxation function, gL„t /�L…

1. The � relaxation time, �L

On top of �L�T� determined in the fits F1, F2, and F3, the
inset of Fig. 4 represents the fit of this relaxation time by the
four parameters expression �18�

log10��L� = log10��0� + A/��T − T0� + ��T − T0�2 + BT� ,

�4.2�

with log10��0�=−2.85, A=143.1 K, T0=223.2 K, and B
=5.23 K. This expression generalizes the usual Vogel-
Fulcher formula. The values of �L cover approximately a
1010 dynamical range and correspond to the whole tempera-
ture range of our measurements. Yet, the accuracy of the
reported values varies with temperature and needs to be dis-
cussed.

Between 330 and 270 K, Table III, �L was deduced from
the damping term 
1, see Eq. �3.2� that we repeat here:


1 = 
̄ + �L	L
2�L. �4.3�

The inaccuracy on �L results only from those on 
̄, �L, and
	L. Those are large enough to yield a final uncertainty of the
order of a factor 1.5 at the highest temperatures, this factor
decreasing with decreasing temperature. This is only partly
reflected in the numerical values of Table III in order to
represent the better accuracy existing on the thermal varia-
tion of �L.

The inset of Fig. 4 also exhibits a clear underestimation of
�L at 190 K as well as smaller inaccuracies at 195 and 200 K
that are apparent when comparing the individual data to their
four parameter fit. Factors of 3–5 are possible for the values
obtained at those three temperatures but not on the fit. The
latter has accuracy close to 2, even for the lowest tempera-
tures of Table V.

Figure 4 provides a comparison between the temperature
variations of �L and �R. It exhibits a trend already found by
Zhang et al. �12� in salol: the ratio �R /�L tends to increase
with increasing temperature, in particular in the region
1.2Tg–1.4Tg where this would not be predicted by the mode
coupling theory �13�. In this temperature interval, this ratio
increases by a factor of 2 in m-toluidine and by a factor of 4
in salol.

2. The stretching coefficient, �L

�L could be determined only from 250 K
��L=0.31� to 195 K ��L=0.20�, its value remaining constant
below 220 K. Such low values contrast with those reported
in Sec. IV B 1 for �� and �R but are in line with values
recently reported for other longitudinal phonon propagators
in molecular supercooled liquids in the same relative tem-
perature range and with the same Cole-Davidson description
of the relaxation process. For instance, Comez et al. �19�
report �L=0.27 in glycerol, and Zhang et al. �12� a value
lower than �L=0.2 in salol. Higher values seem typical of

other variables. For instance, a systematic difference seems
to exist between �L and �d, the stretching coefficient ob-
tained in dielectric spectroscopy. The latter probes the corre-
lation function of the local dipole moment, a quantity not
related to the variables studied here: one finds for the super-
cooled liquids just mentioned, �d values respectively equal
to 0.30 at Tg–0.42 at 1.2Tg �m-toluidine �3��, 0.52 at
Tg–0.62 at 1.2Tg �glycerol �20��, and 0.40 at Tg–0.53 at
1.2Tg �salol �21��.

3. The fast and the �-relaxation processes

Table V also gives the values of �L
s and �L

s which have
been found to describe best the “fast relaxation” part of the
longitudinal relaxation dynamics for times shorter than
0.5–1 �s. They contrast with the �L and �L values shown in
Table V, which characterize the �-relaxation part of the same
process. If a unique analytical expression, gL�t /�L�, could
have been obtained for those two time domains, one would
have expected it to have approximately the shape proposed
by the mode coupling theory �13� at higher temperatures
�T�Tc�. It should start, at very short times, at a value
smaller than unity and slowly decrease, on a logarithmic
scale, as long as t has not passed from the ”fast” to the
�-relaxation process. At longer times, this function should
have a more rapid decrease on this logarithmic scale. The
composite functions represented in Fig. 7 are made of the
two functions which generate, in the frequency space, the
corresponding Cole-Davidson functions. For each tempera-
ture, the anticipated behavior is approximately obtained.

D. Discussion of the final decay of the isotropic signal;
thermal variation of �̄h

0

Different factors contribute to the final decay of the iso-
tropic signal. Their role can be understood through the study
of �̄h

0. By definition, see Paper I,

�̄h
0 =

CP
th

�q2 , �4.4�

where � is the heat diffusion coefficient: one thus expects �̄h
0

to be only weakly temperature dependent with a monotonic
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FIG. 7. The short time �--� and long time �–� parts of the total
“longitudinal” relaxation functions, LT−1 �gL���L��, for three tem-
peratures below 215 K.
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variation. The thermal variation determined through our fits
is shown in Fig. 5. Down to 210 K, it has no thermal varia-
tion within 1.5%, which corresponds to the fit uncertainty.
Below that temperature, it still remains approximately con-
stant though it exhibits larger inaccuracies whose origin we
discuss now.

The time rate, �eff, at which Siso�q� , t� decreases in the
10–100 �s region is approximately equal to, see Eq. �1.2�,

�eff = �h�q� ,� =
1

�h
0	 , �4.5�

where �h�q� ,�� is given by Eq. �1.3�. For temperatures for
which �L��h

0, the value of �gCV
���CV

� is negligible for �


��h
0�−1 and the frequency dependence of CV��� does not

show up in the final decay of the signal. This is no longer the
case when �L��h

0: �gCV
���CV

� has a finite value in the same
frequency range and �eff decreases by a factor of the order of
1−�CV

when the temperature tends towards Tg. Ignoring the
frequency dependence of CV��� in �h�q� ,�� would result in a
fit value of �h

0 equal to �eff so that �̄h
0 would decrease with

temperature below 210 K, by a factor close to 2 in the
present case.

Also, the fits performed in Sec. III B 4 have shown that
good fits of Siso

expt�q� , t� for temperatures lower than 212 K
require that one takes into account the role of the adiabatic-
isotherm correction, last term of Eq. �1.4�. The inset of Fig. 5
compares the values of �̄h

0 obtained between 190 and 215 K,
without and with the inclusion of that correction. The latter
brings a noticeable improvement at the three lowest tempera-
tures. However, the 8% remaining fluctuations on �̄h

0 for tem-
peratures below 212 K do not result from meaningless cor-
relations between parameters: smoothing �̄h

0 at its mean value
between 212 and 195 K yields, for some temperatures, fits of
lower qualities and produces higher fluctuations on �L�T�.
This is not surprising: the series of assumptions �CV

=��=�L,
�CV

=��= p�L, where the p=1.5 value has been fixed by a
trial and error process, have no other justification than sim-
plicity. Unfortunately, we have presently no additional mea-
surements, such as the frequency dependence of the thermal
expansion coefficient at constant pressure, ����, or of the
shear viscosity, ��s���, at temperatures close to Tg which
would allow us to fix more parameters and decrease the
number of unsubstantiated approximations.

Let us nevertheless note that this HD-TG experiment
gives the first proof of the existence of a frequency depen-
dence of the tension coefficient, ����. Though the accuracy
on ���T� is not very good �
20% �, we have found by arbi-
trarily varying the value of �CV

at a given temperature that
there is a strong correlation between �CV

and ��. The nonzero
value of �CV

�T� requires that �� also differs from zero in the
whole temperature range covered by our experiments.

E. Comparison with the Yang-Nelson technique and perspective
for future work

Yang and Nelson �14� proposed to represent the ISTS and
ISBS contribution to the “iso” signal detected through the
mass density fluctuations by

R2�q� ,t� = A�exp�− t/��h� − exp�− �Bt�cos��Bt��

+ B�exp�− t/��h� − exp„− �t/��L��L�
…� , �4.6�

R3�q� ,t� = C exp�− �Bt�sin��Bt� , �4.7�

where �B /2� and �B=1/�B are the apparent phonon fre-
quency and damping constant, ��h the apparent heat diffusion
constant, while ��L and ��L characterize the �-relaxation pro-
cess, all these quantities being fit parameters.

The most recent efforts to use this approach for a super-
cooled molecular liquid were made by Torre et al. �9� on
o-TP. They found that they could determine safely ��L only
in the region where this time is longer than the phonon life-
time and shorter than ��h; this represents a 103 dynamical
range. The present method, which compares the signal with
an analytical formulation of the problem, has allowed us to
obtain information on �L in a much wider dynamical range,
even if the corresponding accuracy is not very good in the
whole temperature range.

Also, the Yang and Nelson’s method always yields ��L
values much larger than �L obtained here or by light scatter-
ing methods in the same temperature range. This discrepancy
arises from the fact that their method determines ��L in a
time range where the stretching coefficient influences the
t���L or t���L part of the stretched exponential. In this
time region no comparison is possible between a stretched
exponential and the function that gives rise to the Cole-
Davidson function. Comparing ��L and �L is thus meaning-
less.

Finally, Eq. �4.6� ignores, by definition, the possible fre-
quency dependence of CV���. Apart from a small accident
around the temperature at which ��h
��L, see �22�, ��h is
approximately equal to �eff discussed in the preceding sec-
tion. This parameter thus cannot have a smooth thermal
variation, as recognized, e.g., in �9�.

To conclude, let us stress that the results presented here
could not have been obtained without the prior knowledge of
other parameters and of their thermal variation. In particular,
the use of both ca�T� and 	L�T� have been necessary to ob-
tain reliable results. Also, our assumption on the indepen-
dence of the coefficient a0 �relative weights of the two de-
tection channels� on temperature partly relies on the
knowledge of �m�T�, which suggests that �th�T�, as �th�T�,
has only a weak variation with temperature. Provided that
those preliminary measurements have been performed,
HD-TG is a valuable technique for a deeper study of super-
cooled liquids, which largely complements, for instance, the
polarized Brillouin technique. In particular, most of the liq-
uids studied so far by the TG technique have been fragile
glass formers, for which the ratio ca�T� /	�T� is usually
smaller than unity. Stronger glass forming liquids, such as
ZnCl2 or diluted solutions of alkali halides, have a much
higher ratio; they may reveal variations of the “longitudinal”
relaxation time in the medium temperature range that could
not be studied up to now. Also, the relationship between �th

and �th suggests that thermal expansion anomalies of super-
cooled liquids could be revealed by the HD-TG technique
and lead to new effects.
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