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Transition from single-molecule to cooperative dynamics in a simple glass former:
Raman line-shape analysis
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Parameters for orientational and inhomogeneous broadening are found from the line shape analysis of the
Raman spectrum of the glass former a-picoline during cooling from low-viscous to glassy state. The orienta-
tional phase loss time 7op;, extracted from the analysis, coincides with the « relaxation time at 7> T, where
T, is the temperature of transition from an Arrhenius-like to a non-Arrhenius behavior for the a-relaxation time
dependence on temperature. At lower temperatures 7op (7) continues the Arrhenius behavior, in contrast to the
a-relaxation time. The width of inhomogeneous broadening of the Raman line decreases noticeably as tem-
perature increases in the temperature range 7, <<T<T,, approaching to zero at T~ Tj. The findings evidence
the transition of molecular dynamics from individual to cooperative at T=T,.
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The understanding of vitrification is a very interesting
topic in condensed matter physics, and numerous theoretical
and experimental efforts are applied to solve this problem
[1-4]. Probably, one of the most important aspects of vitri-
fication is the transition from predominantly single-molecule
relaxation dynamics to cooperative dynamics. Indeed, a
single-molecule description is expected to be adequate for
molecular dynamics of a liquid substance in the high-
temperature, low-viscous regime. On the other hand, the re-
laxation dynamics near the glass transition temperature 7, is
known to be highly cooperative and to involve few or many
molecules. In this temperature range the structural
a-relaxation function is usually nonexponential and the tem-
perature dependence of the a-relaxation time has a non-
Arrhenius behavior [1-4]. How do we experimentally quan-
tify the transition from single-molecule to cooperative
dynamics? How sharp is this transition? In this article we
show that the Raman shape analysis is capable of revealing
the transition, and two very astonishing outcomes are found
from this analysis.

It is known that the Raman line can be considered as a
composition of two spectra: anisotropic and isotropic. Ex-
perimentally, the anisotropic spectrum corresponds to scatter-
ing with the polarization change Iy, and the isotropic spec-
trum [, is a combination of Iy and Iy, corresponding to
scattering without a change in polarization [5],

Liso(v) = Iyy(v) = 4/31/(v). (1)

As the rotational motion of a molecule has a projection only
to the anisotropic spectrum, the anisotropic spectrum is the
convolution of the isotropic spectrum and the orientational
relaxation response [5]. The orientational relaxation time
TopL, corresponding to the orientational phase loss of the
molecule vibration, can be estimated from the difference in
the full widths at half maximum (FWHM) of the anisotropic
spectrum v,,; and of the isotropic spectrum 7, [5]

TE)LL = 7TC(’yani - Yiso) . (2)

Equation (2) implies that the broadening of the line is
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caused by relaxation. In this case the Raman line shape is a
Lorentz contour

1

1) = 1+4(v—vp)H 1y’

3)

where v, marks the line center position and vy corresponds to
the linewidth. In the case of [, the line width v, includes
all relaxation and/or dissipation processes except the orien-
tation relaxation. The line shape of I,,; includes the orienta-
tional relaxation. Since, the convolution of two Lorentz con-
tours is again a Lorentz contour with the width being the sum
of widths of initial contours, then the linewidth v, is the
sum of v, and the linewidth of the Lorentz contour, corre-
sponding to the orientational relaxation (2). The linewidth
found from an experimental data includes also inhomoge-
neous and instrumental broadening. If this broadening does
not exceed significantly the relaxation linewidth then it can
be considered as an additive correction to an experimental 7.
Since with a good expected precision this correction is the
same for both anisotropic and isotropic spectra, the inhomo-
geneous and instrumental broadening is subtracted in Eq. (2)
and have no effect on 75p, found from Eq. (2). One notable
consequence of this assumption is that the instrumental reso-
lution itself does not distort 755 . The precision of this as-
sumption in our experiment will be demonstrated below.
The orientational relaxation time found via Eq. (2) has
some different meanings, as compared to conventional relax-
ation time probing by other experimental methods. First, this
orientational time is attributed to single-molecule dynamics.
(An exchange by orientations between two molecules is a
relaxation act in this case, in contrast to, for example, dielec-
tric spectroscopy, where this exchange does not contribute to
the signal.) Second, 7op;, reflects the rate of how quickly the
wave function describing the orientation state of a molecule
loses its phase memory. In a certain sense, 7gp corresponds
to “attempts” of a molecule to change the orientation rather
than the reorientation realization. The knowledge of 7opy (T)
and its interrelation with the behavior of the a-relaxation
time 7, would help in understanding how the cooperative
dynamics emerges from the single-molecule dynamics.
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In the present work we revive early investigations of 7gpy,
taking advantage of modern multichannel spectrometers,
which allow us to measure Raman spectra with a much better
defined spectral shape. So, it is possible now to extract nar-
rower orientational broadening of a line and to distinguish
the inhomogeneous broadening from the relaxation broaden-
ing.

We have studied the molecular glass former a picoline
(T,=133 K), which was investigated by other experimental
methods up to 320 K [6]. To extend the temperature range of
7,(T), the low-frequency Raman scattering of a-picoline was
measured at T=333, 353, 373, and 393 K (a laser line of
633 nm, TriVista 777 spectrometer in subtractive mode,
spectra were recorded down to 1 cm™' with resolution of
0.5 cm™!). In studying orientational broadening, Raman lines
with the depolarization ratio in the range 0.1-0.5 are prefer-
able, since lower or higher depolarization ratios provoke dif-
ficulties with I,,; or [;, extraction in experiments. Lines near
548 and 629 cm™! of the a-picoline Raman spectrum are
well suitable for the study (depolarization ratios of 0.2 and
0.4, respectively). Characteristic assignment of these lines is
CCC and CNC bending [7]. Hence, the orientation motion
revealed by Eq. (2) is expected to reflect the motion of a
molecule as whole. Results obtained for these lines agree
with each other; for the rest of our paper the main outcomes
will be illustrated by results for the 548 cm™' line.

Two series of experiments were performed with a triple
grating TriVista 777 spectrometer, equipped by a multichan-
nel CCD-camera. In the first series, a line of 532 nm from a
solid-state laser was used, and the spectral resolution in the
subtractive mode of the spectrometer was 1.7 cm™!
(FWHM), as checked by a neon-discharge lamp spectrum. In
the second series, a line of 647 nm from a krypton laser was
used, and the spectral resolution in the additive mode of the
spectrometer was 0.3 cm™! (FWHM, 0.037 cm™! per pixel of
the camera). Since instrumental broadening, as well as inho-
mogeneous broadening, makes identical contributions to ;g
and to v,,;, the experimental value of 7gp; should be inde-
pendent of the spectral resolution [5]. Two series of the ex-
periment allowed us to crosscheck the validity of the results.

A representative spectral line shape for the 548 cm™! line
is shown in the inset of Fig. 1 for polarized (VV) and depo-
larized (HV) geometries. Orientational broadening is respon-
sible for a remarkable difference in the spectral width for two
light scattering geometries at 7=320 K. The isotropic spec-
trum found via Eq. (1) is also shown in the inset of Fig. 1.

The simplest way to find 7qpy is to fit the anisotropic and
isotropic spectra by a Lorentz contour Eq. (3) and to use Eq.
(2). The temperature dependence of 7op (7T) found in this
manner for the experimental resolution of 1.7 cm™! is shown
in Fig. 1 by solid triangles for the Arrhenius plot. The ex-
perimental series with the resolution of 0.3 cm™ yields the
same values, proving that the data are not distorted by the
instrumental resolution. The a-relaxation time data of
a-picoline extracted from other experimental methods are
also shown in Fig. 1. It is seen that 7op (7) and the
a-relaxation time are in good agreement in the temperature
range where 7,(T) obeys the Arrhenius behavior, but they
start to disagree in the temperature range where 7,(7) devi-
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FIG. 1. Arrhenius plot for the orientational time 7opp (solid
triangles and stars for the instrumental resolution of 1.7 and
0.3 cm™!, respectively); the 7,(T) from light scattering data (open
down and up triangles for present work and [6], respectively), neu-
tron scattering data [8] (squares), and dielectric spectroscopy data
[6] (circles). The inset shows the Raman line shape for depolarized,
polarized, and isotropic spectra at T=320 K (solid, dotted, dashed
lines, respectively).

ates from the Arrhenius law. In the low-temperature range,
TopL(T) demonstrates a sub-Arrhenius behavior with ap-
proaching a limiting value. This limit corresponds to the dif-
ference between v, and Vi, View= Yani— Yiso=0.09 cm™!
(Viow 18 about one third of the highest resolution used in the
experiment and 2.5 times higher than the spectral interval per
pixel).

This analysis can be refined by taking into account the
inhomogeneous broadening. The inhomogeneous broadening
is the effect of the instantaneous distribution of the molecular
vibration frequency. This distribution arises from the vibra-
tion frequency shift caused by a field due to effect from
neighbor molecules. In a simple assumption that the distri-
bution of the field follows to a Gaussian distribution, the
vibration frequency distribution can be described by a Gauss
contour. In this case, the spectral line shape is expected to be
a Voigt contour, being the convolution of the Gauss and Lor-
entz contours

f e—Z(v] - VU)Z/‘}%;
I(v)x | ———————=dv,. 4
@) 1+4(v-v)Yy; n “

the Voigt contour includes two parameters, characterizing the
linewidth y; and 7;. In this case, the Gauss width y; corre-
sponds to the inhomogeneous broadening and the Lorentz
width y; corresponds to the relaxation broadening. As is il-
lustrated in Fig. 2 for the spectral line shape at 7=190 K, the
experimental data reveal insufficiency of the Lorentz (or
Gauss) contour, but the Voigt contour works well, and
and 7y, can be found unambiguously from a single experi-
mental spectrum. In the fitting procedure, y; was used as a
free parameter only for the fitting isotropic spectrum (the
isotropic spectrum has the smallest relaxation broadening);
for fitting the anisotropic spectrum, however, y; was fixed at
the same value as for the isotropic spectrum. Equation (2) is
applied only for Lorentz’s y’s, where Eq. (2) is rigorous.
Voigt’s analysis can be performed without ambiguity in the
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FIG. 2. Raman line in a depolarized spectrum at 7=190 K and
its fitting by Lorentz, Gauss, and Voigt contours (dotted, dashed,

solid lines, respectively). The bottom part shows the relative devia-
tion of the analytical contours from the experimental line.

temperature range from low temperatures up to 270 K. At
280 K and higher temperatures, Voigt’s analysis has no ad-
vantage in comparison with Lorentz’s one (inhomogeneous
broadening becomes more than fourfold smaller than relax-
ation broadening). If, nevertheless, we applied Voigt’s analy-
sis to experimental spectra at 7>280 K, we found vy,
~(.5 cm™!, almost independent of temperature and close to
the instrumental resolution. Note, also that in the temperature
range below the glass transition temperature 7<T7, the best
Voigt’s fit is very close to the best Gauss contour applied to
the same experimental spectrum. This result supports the as-
sumption that the inhomogeneous broadening is well ap-
proximated by the Gauss contour.

The data for 7op (T) obtained from Voigt’s analysis for
the experimental resolution of 0.3 cm™' are shown in Fig. 1,
and good agreement between two sets of data is found. Thus,
the instrumental resolution and/or inhomogeneous broaden-
ing do not distort the results of Fig. 1. A striking outcome is
the disagreement between 7op; (7) and 7,(7T) in the tempera-
ture range where 7,(7) deviates from the Arrhenius law.

The low-temperature limit vy, is explained by a differ-
ence in relaxation channels for anisotropic and isotropic part
of the vibrational mode. For simplicity, this difference may
be assumed to be temperature independent, and this correc-
tion can be applied for evaluating 7op; (7).

T(_)i’L = 71-C(’yani ~ Yiso ~ 7low) . (5)

The bottom part of Fig. 3 shows the thus-corrected and non-
corrected 7opp (7). It is seen that this correction restores the
Arrhenius law for 7op (7). Thus, we conclude that 7qp(7)
follows the Arrhenius law in the entire temperature range
presented in Fig. 3.

The dependence 7op(T) diverges from 7,(7) at T
<260+10 K. This temperature can be compared with the
so-called 7, temperature for a-picoline, marking the viola-
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FIG. 3. Bottom part: Arrhenius plot for the orientational time
Topr, noncorrected and corrected for the low-temperature limit
(solid and open stars, respectively); the 7,(T) from light scattering
data (circles, present work and Ref. [6]) and neutron scattering data
[8] (squares); the Arrhenius behavior and the MCT fit with param-
eters from Ref. [6] (dashed and solid lines, respectively). Top part:
the temperature dependence of [d(logq 7,)/d(1000/T)]"? versus
1000/T (circles), revealing the temperature 74; the line is a descrip-
tion by two linear regions.

tion of the Arrhenius law. T value can be extracted from a
derivative analysis, proposed in Ref. [9]. This analysis con-
siders the value [d log,, 7,/d(1/T)]"?, which transforms the
Arrhenius law into a constant and the Vogel-Fulcher-
Tammann law into a linear expression versus inverse tem-
perature [9]. The derivative analysis is presented in the top
part of Fig. 3, revealing the T, temperature about 250 K for
a-picoline. The mode coupling theory (MCT) fit from Ref.
[6] is plotted in Fig. 3. It is seen that T is also close to a
high temperature (~270 K) where the MCT critical behavior
starts to deviate from 7,(7).

Formally, the features of 7op(T) are similar to the ex-
pected behavior of By, relaxation [10,11]. Yet, there is
some circumstance deterring the interpretation of 7op (7) as
a B ow-relaxation counterpart. Neat a-picoline has no detect-
able slow B process [6,12]. Extraction of the B -relaxation
time from a binary system [12] provides extremely great dis-
agreement with 7op;(7) (more than 6 orders of magnitude)
and a 2.9 higher barrier for the Arrhenius law.

The single-molecule relaxation time 7 (7) can also be
studied by other experimental techniques (e.g., Ref. [13]).
However, the results provided by these techniques do not
show the behavior similar to that in Fig. 3, except, probably,
the longitudinally detected electron spin resonance [14]. The
discrepancy between the single-molecule relaxation time 7qy
and the a-relaxation time usually occurs at temperatures
lower than T,, where 7g(7) also demonstrates a non-
Arrhenius behavior [13]. In the method of [13], a molecule
has to rotate really, which is constrained by its neighbors.
The 7opp (T) is rather related to the phase loss of the quantum
wave function. Thus, 7op is closely related to the single-
molecule wave function, and can be primitively interpreted
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as molecule’s attempts to reorientate. It is worth noting that,
in the temperature range where the cooperative behavior is
important for the relaxation (T<<T,), the orientational wave
function at short times behaves similar to single-molecule
dynamics in the low-viscous state.

Since at T> Ty, 7,(T) and 7op(T) coincide and 7op; (T)
corresponds to single-particle dynamics (Fig. 3), then we can
conclude that « relaxation is single-molecular-like in this
temperature range. At lower temperatures the cooperative
character of a-relaxation leads to non-Arrhenius behavior
and to the divergence with 7op (7). Thus, the temperature T4
can be interpreted as the temperature of transition from the
single-particle dynamics to a cooperative one, as temperature
decreases.

The divergence between 7,(T) and 7op.(T) can be com-
pared with the divergence between the rotational and trans-
lational diffusion constants in glass-forming liquids
[13,15,16]. In the last case, the divergence is often inter-
preted as the evidence for the onset of spatial inhomogeneity
[17-20]. In this sense, the reasons for the 7,(T)—7op.(T)
divergence and for the rotational-translational divergence are
similar. However, there is an important difference between
two cases. The rotational-translational divergence occurs
typically at T,-MCT’s critical temperature [17-20], where
the relaxation time demonstrates already a non-Arrhenius be-
havior. In the case of the 7,(T)—7op(T) divergence, dis-
cussed in the present work, the divergence point is 7, being
T4>T.,.

It was recently demonstrated by a computer simulation
that the diffusion constant considered at short time scales
exhibits an Arrhenius behavior even at low enough tempera-
tures, where the long-time diffusion constant follows a super-
Arrhenius law [21]. The data of 7op; (T), Fig. 3, support the
conclusion of Ref. [21]. In the spirit of Ref. [21], one can
suppose that the discussed 7opr(T) is more sensitive to in-
stantaneous spatial inhomogeneities, while in the case of the
translational diffusion constant the spatial inhomogeneities
during a certain time are more important. Probably, the dif-
ferent time scales explain, why the decoupling of diffusion
and relaxation is detected at much higher temperatures in
simulations in comparison with experiments [19,22].

The inhomogeneous broadening width y; found from
Voigt’s analysis leads to another striking outcome, presented
in Fig. 4. The parameter y; describes the instantaneous dis-
tribution of the mode frequencies among molecules of the
substance, and therefore, reflects somehow the instantaneous
inhomogeneities in the material. The parameter y;(7) has a
substantial temperature dependence in the range 7,<T<T,
(Fig. 4). Taking into account the above remark on the high-
temperature limit of 0.5 cm™! for v, we conclude from Fig.
4 that T, serves as a specific temperature below which the
remarkably nonequivalent states for molecules appear on a
snapshot. At 7>T, molecules can be considered as essen-
tially equivalent in an effective medium. 7, is interpreted in
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FIG. 4. Inhomogeneous broadening of the Raman line y; as
extracted from Voigt’s analysis, versus temperature. The dashed
lines are guides for eyes.

Fig. 3 as the transition from single-molecule to cooperative
relaxation dynamics, and this has a counterpart in the appear-
ance of the dynamics inhomogeneities in Fig. 4.

The idea of a spatially heterogeneous relaxation response
in supercooled liquids has now been recognized [17-20].
This idea was proven by experimental techniques with study-
ing the relaxation response near 7, and by computer simula-
tion at higher temperatures (e.g., Ref. [23]). The Raman line
shape analysis allows one to consider another aspect of this
problem and to visualize the inhomogeneity as a counterpart
in the instantaneous distribution of the mode frequency.
While the homogeneous-inhomogeneous transition, seen in
Fig. 4, is rather in line with the modern models and computer
simulations (e.g., Refs. [24,25]), there are no experimental
techniques, revealing this transition. Figure 4 demonstrates
that the Raman shape analysis offers an excellent capability
for this goal, that this transition occurs at 7=T,, and that the
transition is unexpectedly sharp.

In conclusion, the Raman line shape analysis in the mo-
lecular glass former a picoline is presented. Two striking
outcomes are found. First, the orientational time, correspond-
ing to rotational broadening, has an Arrhenius-like tempera-
ture dependence, even in the temperature range below T,
where the a-relaxation time has a super-Arrhenius tempera-
ture dependence. Second, in the liquid state, the inhomoge-
neous broadening width almost linearly decreases as the tem-
perature increases, marking a sharp transition at 7=T,.
These results are interpreted to evidence a rather sharp tran-
sition from single-molecule to cooperative dynamics at T
=T, during cooling and single-molecule-like relaxation of
the orientational wavefunction at short times even at 7<<T,.
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