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5Dipartimento di Fisica, Universitá di Perugia, 06123 Perugia, Italy
(Received 11 September 2006; published 20 February 2007)

The dynamic structure factor S�Q;!� of both associated (water and ammonia) and simple fluids
(nitrogen and neon) has been determined by high-resolution inelastic x-ray scattering in the 2–14 nm�1

momentum transfer range. A line-shape analysis with a generalized hydrodynamic model was used to
study the involved relaxation process and to characterize its strength and time scale. We observe that in the
liquid phase such a process is governed by rearrangements of intermolecular bonds, whereas in the
supercritical region it assumes a collisional nature.
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High-frequency relaxation processes in liquid systems
are intimately related to the details of intermolecular in-
teractions and can give precious insights into the nature of
these interactions on a microscopic level. Despite intense
efforts on both the experimental and computational sides,
the physical origin of these processes still eludes a com-
prehensive understanding concerning the microscopic
driving mechanisms.

Among the various relaxations active in fluids, the so-
called structural relaxation is the one related to cooperative
rearrangements of the local structure consequent to exter-
nal perturbations or spontaneous fluctuations [1,2]. It is
characterized by a relaxation time �� with a strong
(Arrhenius or Vogel-Fulcher) temperature dependence,
which resembles the one of viscosity. It is often considered
to be a sort of fingerprint of the liquid phase. In recent
years, several inelastic x-ray scattering (IXS) investiga-
tions focused on hydrogen bonded (HB) liquids [3–9],
revealing that the microscopic mechanism responsible for
the structural relaxation process can be ascribed to the
breaking and forming of the HB network.

In the supercritical phase the mechanism of making or
breaking intermolecular bonds is expected to have a
weaker influence on the dynamics since the thermal energy
of the molecules is high as compared to the attractive
interactions among them. However, no systematic inves-
tigation of the evolution of this phenomenology when the
system passes from the liquid to the supercritical phase has
been undertaken yet.

This motivated us to perform high statistics, high-
resolution IXS measurements on various systems in the
liquid and the supercritical phase. To make such a study as
general as possible we compared the results achieved on
both HB (water and ammonia) and non-HB (nitrogen and
neon) systems in an extended portion of the thermody-
namic plane [10]. The chosen samples are characterized by
similar molecular masses and dimensions, while their in-

teraction potential and molecular structure are very
different.

IXS spectra have been analyzed in the framework of the
generalized hydrodynamics theory, using the memory
function approach [11]. This kind of analysis enables us
to derive the characteristic relaxation time (�) and strength
(�) of the active relaxation process. We observe that �
loses its characteristic Arrhenius temperature dependence
on going from liquid to supercritical conditions, and gradu-
ally becomes proportional to the value of the intercolli-
sional time. We discuss in detail this effect and relate it to
the increased relevance of harsh intermolecular repulsions
(collisions) in the supercritical phase, as compared to long
range interactions typical of the liquid state.

The experiment was carried out at the ID28 beam line at
the ESRF in Grenoble (France). The instrument working
principle is based on an extreme backscattering high-order
Bragg reflection from a silicon perfect single crystal. Five
independent analyzer systems, mounted at the end of a 7-
m-long arm, allow the simultaneous measurement of five
IXS spectra, corresponding to different momentum trans-
fer (Q) separated by a fixed Q offset of �3 nm�1. The
chosen experimental configuration provides an energy
(momentum) transfer resolution of 1.5 meV (0:4 nm�1).
Ultra pure samples were loaded in specially designed high-
pressure, large volume cells made of Inconel 625 with
1 mm thick diamonds as optical windows. The samples
were pressurized by a manual piston and heated (cooled)
by a resistor (cryostat) with a P (T) stability better than
5 bar (0.2 K). The whole setup was kept under vacuum
to avoid temperature gradients as well as scattering from
the air surrounding the cell. Empty cell and background
measurements have been found to yield a negligible con-
tribution to the total scattering intensity. For each thermo-
dynamic state at least 10 IXS spectra (in the 2–14 nm�1 Q
range) and one S�Q� (in the 1–24 nm�1 Q range) were
collected.
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The line shape of the IXS spectra was described using a generalized hydrodynamic model derived within the memory
function formalism. This framework has been already successfully tested in several IXS experiments on HB liquids [4–8],
noble gases [12], liquid metals [13], diatomic liquids [14], supercooled molecular systems [15], and glasses [16]. Within
such a framework the normalized classical dynamical structure factor S�Q;!�=S�Q� can be written as [11]
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where m0�Q;!� and m00�Q;!� are the real and imaginary
parts of the time Fourier transform of the memory function
m�Q; t�, respectively. The latter was assumed to be of the
following form:
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where DT�Q�, ��Q�, �T�Q�, and �s�Q� �
�����������
��Q�

p
�T�Q�

are the finite-Q generalizations of the thermal diffusivity,
the specific heat ratio, and the isothermal and adiabatic
sound frequency, respectively. The parameter �T�Q� can
also be independently calculated from the measured values
of S�Q�, through the finite-Q generalization of the com-
pressibility theorem [11]. The values of �T�Q� obtained
from these two independent procedures are in good agree-
ment, thus providing a positive consistency check of the
performed data analysis. The first term on the right-hand
side of Eq. (2) accounts for the time decay of the memory
function induced by the thermal diffusion process. The
second one (instantaneous relaxation) accounts for the
time decay of the memory function on time scales much
faster than the experimentally accessed frequency window.
Finally, the last term (structural relaxation) describes the
time decay of the memory function induced by viscous
dissipations taking place over a finite time scale: ��Q� �
�C�Q��2

s�Q�=�2
1�Q�, where �2

1�Q� is the high-frequency
limit of the dispersion relation and �C is the relaxation time
of the longitudinal compliance, M�1

L [17]. The t � 0 value
of this term (i.e., ��Q� � ��2

1�Q� ��2
s�Q��) is also re-

ferred to as structural relaxation strength. Such an expo-
nential time decay of the memory function fully describes
the salient features of the viscoelastic phenomenology [4–
9,12–15].

The raw data have been analyzed using a standard fitting
procedure based on a �2 minimization with the following
model function: I�Q;!� � Axf�n�x� � 1�S�Q;!� 	
R�!�g � B, where S�Q;!� is given by Eqs. (1) and (2),
R�!� is the measured instrumental resolution function, the
symbol 	 stands for numerical convolution, A is an overall
intensity factor, and B is an experimentally determined flat
background. Finally, n�x� (where x � @!=kBT) is the Bose
population factor which makes the model compatible with
the detailed balance principle. In the fitting routine, five
parameters were free to vary, namely, A, �T�Q�, �1�Q�,
�C�Q�, and ���Q�, the amplitude of the instantaneous
relaxation. The behavior of the latter parameter is not
relevant for the present work, and therefore it will not be

discussed. The parameters ��Q� and DT�Q� have been
instead fixed to the corresponding thermodynamic (Q �
0) value, as extracted from the respective equation of state
(EOS) [18], regardless of the probed Q. This choice was
motivated by the lack of computational or experimental
results for both variables over the rather large thermody-
namic range explored by the experiment.

The good agreement between fits and experimental data
can be appreciated from an inspection of Fig. 1, where
selected IXS spectra of the four samples are shown and
compared with the corresponding best fit line shapes (light
gray lines). The logarithmic representation emphasizes the
overall consistency between the model and the experimen-
tal spectra, even in the high-frequency tails. The red (dark
gray) lines in the figure represent the results of an alter-
native fitting procedure, for which the third term in Eq. (2)
has been discarded. In this case the spectrum is poorly
approximated by the model, as also witnessed by the larger
�2 values (reported in brackets). Indeed, the mismatch
becomes rather evident at the low temperatures, in both
the quasielastic and the inelastic shoulder regions. These
observations infer the remarkable weight of the relaxation
contribution to the spectrum.

 

FIG. 1 (color online). Selected IXS spectra of the four samples
collected at the indicated �Q;P; T� values. The thick light gray
lines through the data are the best fit line shapes, while the
dashed lines are the instrumental resolution functions. The
corresponding �2 values are reported as well. The red (dark
gray) lines are the results of another fitting strategy (see text); the
corresponding �2 values are reported in brackets.
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As the resulting best fit parameters are Q-dependent
entities, their Q! 0 limiting value has been determined
by fitting their Q dependencies with an appropriate func-
tion, in order to provide a comparison between macro-
scopic quantities. The values obtained for the four
systems are reported in Fig. 2 in an Arrhenius plot. Data
belonging to the liquid phase can be described by an
activation law (dashed lines in Fig. 2). This allows us to
extract the activation energy (Ea) of the involved relaxa-
tion process: 11:5
 0:6 KJ=mole (water), 6:7

0:6 KJ=mole (ammonia), and 0:3
 0:1 KJ=mole (nitro-
gen). In the case of neon, the data in the liquid phase are
too few and sparse to draw any conclusion. The above
values for Ea result to be similar to the energy of the
respective intramolecular bonds.

Furthermore, in order to quantitatively compare data sets
of different systems, a scaling parameter able to account
for the different thermodynamic conditions and the differ-
ent molecules under consideration is needed. A suitable
choice is represented by the mean free time between
intermolecular collisions, h�i. It can be estimated by con-
sidering a hard sphere Boltzmann gas [19]:

 h�i �
1

�

���������������������������
1

16�d4kBTM

s
; (3)

where d, M, �, and kB are the molecular diameter and
mass, the mass density, and the Boltzmann constant, re-
spectively. In Fig. 3 the dimensionless quantity �C=h�i is
reported as a function of Tc=T. One can readily observe
that around and above Tc, the absolute value of �C=h�i is
similar in all four systems and it can be sufficiently well
described by a constant function (horizontal line in Fig. 3).

The evidence that �C becomes proportional to h�i above
Tc suggests that the microscopic dynamics of the system is
dominated by intermolecular collisions at high tempera-

ture. On the other hand, the thermal energy of the mole-
cules is progressively reduced while lowering the
temperature, and a larger number of intermolecular bonds
with a longer lifetime can be established. Below Tc the data
sets of HB and non-HB systems split into two different
curves, as expected owing to the different nature of the
interaction potentials. In fact, a stronger attractive potential
(as the one of ammonia and water) increases the lifetime of
intermolecular bonds and therefore the time scale of the
structural relaxation. This explains why HB systems, in
contrast to nitrogen and neon, follow a pronounced expo-
nential growth of �C=h�i. This difference disappears above
Tc, where the role of attractive interactions is strongly
reduced. Here the temperature dependence of the relaxa-
tion time scale becomes increasingly similar to the one of
h�i.

Finally, from the analysis of IXS spectra we can also
derive the values of the relaxation strength ��Q�. In fact,
further insights into the relation between the active relaxa-
tion process and the intermolecular interactions comes
from the analysis of the low-Q limit of K�Q� �
��Q��=��2

MQ
2�, where �M is the molar density. Here,

the Q! 0 extrapolations have been performed using a
constant function. Apart from the HB systems above Tc,
all the curves are more or less flat. This can be understood
since K�0� can be regarded as the difference between two
squared sound velocities (c1 and cs) that, in a first ap-
proximation, are expected to be proportional to the density
in the liquid phase. The results are displayed in Fig. 4 as a
function of T=Tc. It can be also noticed that the values of
K�0� are rather close for water and ammonia and are much
higher than for nitrogen and neon. In order to have a matter
of comparison among the values of K�0� for different
samples, one can compare them to the van der Waals pa-

 

FIG. 2. Q � 0 extrapolated values of �C�Q�. The lines indicate
the activation behavior observed in the liquid phase.

 

FIG. 3 (color online). Values of �C=h�i vs Tc=T for the inves-
tigated samples. The horizontal line describes the temperature
dependence of �C=h�i above Tc.
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rameter a [20]. This comparison is proposed in Table I,
where hK�0�i indicates the weighted average of K�0�.

A qualitative correlation between the two parameters
can be readily noticed: the higher the hK�0�i, the higher
the a. As the parameter a phenomenologically quantifies
the attractive intermolecular interactions in the fluid phase
of a given system, it seems intuitive to infer a relationship
between K�0� and the degree of connectivity of the sample.
This observation is consistent with the considerations
made above on the T dependence of �C.

In conclusion, we have presented a comparative study of
the evolution of the relaxation dynamics of different sys-
tems at the liquid-to-supercritical transition. From the
temperature dependence of the relaxation time we observe
a major change in the mechanism responsible for the active
relaxation. More specifically, in the liquid phase such a
mechanism can be associated with the making and break-
ing of intermolecular bonds, as witnessed by the (system-
dependent) Arrhenius T dependence of ��. As soon as
supercritical conditions are reached, the main interaction
mechanism among molecules is represented by binary
intermolecular collisions, as witnessed by the scaling of
the data according to the parameter h�i. This mechanism is
the one ruling the microscopic dynamics of a fluid at
moderate pressure for T > Tc.

These results provide an intuitive representation of the
liquid-to-supercritical transition from a microscopic point
of view since we found that, with increasing the tempera-
ture, the lifetime of intermolecular bonds decreases up to
become, close to Tc, shorter than the average time between
two molecular collisions. As a consequence, the time
needed for a molecule to get close to another one and
eventually form a new intermolecular bond becomes
shorter than the average lifetime of the bond itself, thus
preventing the fluid system from developing an extended
bond network, typical of the liquid phase.
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TABLE I. Comparison between the van der Waals parameter a
and hK�0�i, the average value of K�0�.

hK�0�i (Pa m6=mole2) a (Pa m6=mole2)

Ne 0:158
 0:011 0.021
N2 0:95
 0:12 0.136
NH3 1:7
 0:2 0.423
H2O 1:86
 0:13 0.551

 

FIG. 4 (color online). Values of K�0� vs T=Tc for the inves-
tigated samples. The horizontal lines are guides to the eye.
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