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The Widom line as the crossover between
liquid-like and gas-like behaviour in

supercritical fluids

G. G. Simeoni'?, T. Bryk®#, F. A. Gorelli>®, M. Krisch?, G. Ruocco®?, M. Santoro®®* and T. Scopigno®®

According to textbook definitions', there exists no physical
observable able to distinguish a liquid from a gas beyond the
critical point, and hence only a single fluid phase is defined.
There are, however, some thermophysical quantities, having
maxima that define a line emanating from the critical point,
named ‘the Widom line'? in the case of the constant-pressure
specific heat. We determined the velocity of nanometric
acoustic waves in supercritical fluid argon at high pressures by
inelastic X-ray scattering and molecular dynamics simulations.
Our study reveals a sharp transition on crossing the Widom line
demonstrating how the supercritical region is actually divided
into two regions that, although not connected by a first-order
singularity, can be identified by different dynamical regimes:
gas-like and liquid-like, reminiscent of the subcritical domains.
These findings will pave the way to a deeper understanding
of hot dense fluids, which are of paramount importance in
fundamental and applied sciences.

Throughout the past century great effort was devoted to
the investigation of the physics of fluid systems: all of their
thermodynamical properties in the phase diagram below the critical
point are nowadays well known®. On the other hand, experimental
studies in the supercritical region have been limited so far, owing to
technical difficulties. The fluid pressure—temperature (P—T') phase
diagram includes a subcritical region with two different phases
(liquid and gas, separated by the liquid—vapour coexistence line)
and a single-phase supercritical region. Structural and dynamical
investigations, aiming to extend the study of the fluid phase
diagram well beyond the critical point play a crucial role in
many fundamental and applied research fields, such as condensed-
matter physics, Earth and planetary science, nanotechnology and
waste management*S,

From an experimental point of view, the challenge is to close the
gap between studies on fluid and solid phases using diamond anvil
cell (DAC) techniques’? and studies on hot dense fluids by shock
waves'>!4. As this gap typically overlaps with the supercritical fluid
region, it is crucial to track the evolution of transport properties
of fluids beyond the critical point. In the specific case of acoustic
waves, most of the liquids show the so-called positive dispersion.
This is an increase of the speed of sound as a function of wavelength
from the continuum limit (A — 00)—in which the acoustic waves
propagate adiabatically—to the short-wavelength limit, that is, on
approaching the interparticle distances'>~"7. The ultimate origin of
this effect can be traced back to the presence of one (or more)

relaxation mechanism(s) interacting with the dynamics of the
density fluctuations. The relation between thermodynamics and
dynamics, however, is yet to be unveiled, especially at high densities
where fluids are well described by simplified potential models
(hard-sphere limit; ref. 18).

The possibility of liquid-like behaviour even in the supercritical
phase has been advanced by recent inelastic X-ray scattering
(IXS) measurements on oxygen'®, presenting a positive dispersion
(~20%) at T/T. ~ 2 and P/P. > 100. On the other hand,
this observation contrasts with the gas-like behaviour of deeply
supercritical neon (T'/T. > 6 and P/P. ~ 100), in which acoustic
waves at short wavelengths propagate with the adiabatic sound
velocity, and no positive dispersion is observed (see references
in ref. 19). This puzzling scenario motivated us to investigate an
archetypal model system, argon, along a supercritical, isothermal
path from the dense fluid, close to the melting point, far down to the
low-density fluid. Using IXS and molecular dynamics simulations
we found that the amount of positive dispersion undergoes a
transition with a sharp slope crossover on crossing the Widom line,
thus marking the borderline between a ‘liquid like” and a ‘gas like’
P-T region. Our findings provide a rationale for recent structural
studies, which showed an evolution of the static structure function
between a highly correlated liquid-like towards a weakly correlated
gas-like structure'®.

Details on the experimental IXS and high-pressure techniques
are included in refs 19 and 20. The molecular dynamics simulations
were carried out in the standard microcanonical ensemble
for a model system of 2,000 particles interacting through an
ab initio potential (see the Methods section). All of the calculated
thermodynamic quantities agree with the values provided by the
National Institute of Standards and Technology (NIST) source?,
where available (that is, at P < 1 GPa), within 1%. IXS and
molecular dynamics spectra (T = 573 K) are reported in Fig. 1, as
a function of pressure, and at selected momentum transfer values
Q = 2m/Xx. The experimental and simulated spectra are in very
good agreement and show two inelastic peaks corresponding to the
acoustic excitations. With increasing Q, these peaks shift towards
higher frequencies and continuously broaden, and ultimately merge
into the central peak. At a given Q, conversely, we observe an
increase of the acoustic excitation frequency with pressure, showing
the increase of the sound velocity.

The wavelength-dependent sound velocity ¢(Q) can be obtained
from the density fluctuations’ autocorrelation spectrum S(Q, w)
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Figure 1| IXS spectra of supercritical argon at T =573 K. Dots with error bars: experimental spectra. The three columns correspond to the three different
pressures 1.32, 2.08 and 3.34 GPa, and rows report spectra taken at the indicated Q values (in black). Blue line: model S(Q, ) convoluted with the
instrumental resolution function and fitted to the measured spectra. Red line: S(Q, w) as obtained from the molecular dynamics simulations and convoluted
with the instrumental resolution function. The Q values of the reported molecular dynamics spectra, indicated in red, are close to the ones of the IXS

spectra. The error bars mark the signal-related, statistical errors.

(refs 15,17), which in turn is obtained from the IXS spectrum
or can be evaluated in the molecular dynamics simulation
from the atomic trajectories. Specifically, ¢(Q) = w(Q)/Q,
with @(Q) being the maximum of the current autocorrelation
function J(Q, w) = @?/Q* * S(Q, w). The adiabatic, A — oo
limit of the sound velocity, indicated as c¢s, is defined as
cs =limq,o[v/Y (Q)ks T/MS(Q)] (refs 15,17), where kg, M and T
are the Boltzmann constant, the atomic mass and the temperature,
respectively, and y(Q) and S(Q) are the wavelength-dependent
specific-heat ratio and the static structure factor, which can be easily
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determined by the molecular dynamics simulations. In Fig. 2 (upper
panels) we report, for the three investigated pressures, the disper-
sion curves AiQc(Q) as determined by IXS and molecular dynamics
and the ‘adiabatic dispersion’ hQ./y (Q)ksgT/MS(Q). The lower
panels report the corresponding ¢(Q), /¥ (Q)ksT/MS(Q) and cs.
The maximum of the ratio ¢(Q)/cs defines the amount of positive
dispersion, which turns out to decrease on decreasing the pressure,
in both the IXS experiment and molecular dynamics simulations
(Fig. 3). The extension of this observation below 1 GPa is surprising.
This pressure region is experimentally difficult to explore with the
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Figure 2 | Energy and sound-velocity dispersions. Energy (upper panels) and sound-velocity (lower panels) dispersion curves of supercritical argon at
T=573K and pressures equal to 0.4, 1.32, 2.08 and 3.34 GPa. Energy dispersion curves: IXS (filled circles) and molecular dynamics (open circles) values
of hw(Q) = hAQc(Q), where w(Q) are the maxima of the current autocorrelation function; molecular dynamics values of the adiabatic sound propagation
hQ+/y (Qkg T/MS(Q) (open triangles) and the ficsQ line. Sound-velocity dispersion: c(Q) (filled and open circles for IXS and molecular dynamics,
respectively) and +/y (Qks T/MS(Q) (open triangles, molecular dynamics). Horizontal lines: adiabatic sound velocity cs. The triangle at Q=0 nm~"in the

first panel, at P= 0.4 GPa, represents cs as obtained by the NIST database?'.
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Figure 3 | Positive sound dispersion, that is, the maximum of the ratio
c(Q)/cs as a function of pressure at 573 K. Dotted line: point on the
extrapolated Widom line at 573 K, see text and Fig. 4. The filled and open
circles indicate the positive sound dispersion as obtained from the IXS
experimental data and from the molecular dynamics simulations,
respectively. Two lines, as a guide for the eye, have been fitted to the whole
set of points. The vertical error bars are due to two independent sources of
uncertainty: (1) the error on the estimation of the maximum of the apparent
sound dispersion (bottom panels of Fig. 2) from the fit with a polynomial
function, and (2) the error on the adiabatic sound velocity as derived from
the simulations. The horizontal error bars are related to the fitting
procedure of the fluorescence peaks of the optical gauge sensors used for
the pressure measurement.
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DAGC, owing to the exceedingly low scattering signal at low densities,
the limited accuracy in controlling the pressure and the high risk
of sample loss. On the other hand, on the basis of the very good
agreement between IXS and molecular dynamics, a clear picture
is obtained combining the results of the two techniques (Fig. 3):
the 13% positive dispersion close to the melting line decreases
on decreasing pressure to about 4%, with a sharp slope cutoff at
0.4 GPa. This can be rationalized within a two-relaxation-process
scenario: the structural process, representing the viscoelastic
behaviour of any liquid, and a microscopic relaxation, related to
nearest-neighbours interaction, specifically to the non-plane-wave
nature of instantaneous vibrational eigenmodes of the system. Both
of these processes are a source of positive dispersion. In agreement
with previous experimental studies’” and recent theoretical
efforts, our study shows that the latter mechanism turns out to be
weakly dependent on the thermodynamic state of the system when
compared with the structural relaxation, giving rise in the present
case to a 4% baseline of positive dispersion in the explored P-T
range. Most importantly, we detail in this work the evolution of
the structural relaxation in the supercritical region. Remarkably,
the crossover of the positive dispersion unveils a partition of the
phase diagram in deep supercritical conditions. We note that this
crossover is far away from the critical isochore. In fact, in terms of
density, it occurs at 1.18 gcm™ (equation of state from the NIST
database®!), which is very close to the density of the liquid at the
triple point, 1.4168 gcm™>, whereas the critical density is equal
to 0.5357 gcm ™. The partition of the phase diagram marked by
the crossover is particularly significant because the peak of the
constant-pressure specific heat Cp becomes broader and broader
beyond the critical point: the Widom line ceases to exist around
P/P.=30.1 and T/T. = 3,12 (ref. 21). On the other hand, the
dynamical crossover that we measure in this work on the positive
dispersion provocatively lies on the Widom line extrapolation
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Figure 4 | Sketch of the (P/P., T/T.) plane. Red line: the Widom line of
argon obtained from the NIST database (continuous)?' up the highest
temperature where a maximum in Cp versus P can still be identified
(T=470K;T/T.=3.12), as shown in the inset, and extrapolated (dotted)
above this temperature. Black line: best fit of the average of the
liquid-vapour coexistence lines for argon, neon, nitrogen and oxygen using
the Plank-Riedel equation'®. Black, dotted line: argon critical isochore
obtained from the NIST database?'. The dots with different colours
correspond to different investigated systems (this study, and also ref. 19
and references therein). Isothermal, experimental and molecular dynamics
simulation data on argon are reported in pink inside a rectangle. The extra
point on argon outside the rectangle has been obtained in another
experiment at room temperature2%. Open points represent cases where the
positive dispersion of the sound velocity exhibits low values, full points
cases where there is a clear signature of high positive dispersion.

deep inside the supercritical region. Therefore, our result allows
extending the notion of the Widom line, and, most importantly,
to ascribe to it a completely new essence (Fig.4). Indeed, the
Widom line was originally defined within the thermodynamic
frame to represent the fate of the subcritical behaviour (divergence)
of Cp beyond the critical point. Whereas for subcritical fluids
along the coexistence line all thermodynamical response functions
simultaneously diverge, in the case of supercritical fluids the notion
of divergence is replaced by that of a maximum and one can identify
aline for each response function (the Widom line in the case of Cp),
converging in the neighbourhood of the critical point**2. These
lines are not connected to some criticalities of any thermodynamic
quantities, in agreement with the textbook definition of a unique
fluid phase. Our result, however, demonstrates that the Widom line
identifies a well-defined partition between two completely different
dynamical behaviours reminiscent of gas and liquid dynamic
properties, surviving even where the Widom line itself ceases to
exist in its standard definition.

In Fig. 4 we report the Widom line in a reduced P/P.— T /T,
phase diagram, obtained from Cp data?. Interestingly, it can be
seen how the Widom line smoothly extends the Plank—Riedel
equation for the liquid—gas coexistence line of noble gases'® beyond
the critical point. We also report the thermodynamical points
investigated in this study. The filled (open) dots indicate points with
pressure-dependent (independent), relatively high (low) positive
dispersion. The two sets of points are separated by the Widom
line. It is then clear that the phase diagram is divided into two
supercritical regions: liquid-like and gas-like, which have to be
considered as extensions of the subcritical liquid and gas phases,
respectively. The figure also shows literature P—T points where the
positive dispersion has been checked, on a variety of fluid systems
at subcritical or slightly supercritical conditions. A high positive
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dispersion is actually present only in the liquid and liquid-like re-
gions, whereas the positive dispersion is low or absent in the gas and
gas-like regions. This puts our findings on a very general ground.

We speculate that the positive dispersion may play the role of
an order parameter: from the continuity of the pressure behaviour
(and discontinuity in the slope) underlined in Fig. 3, a phase
transition is suggested to take place at the Widom line, in analogy
to the subcritical behaviour. This is the same interplay between
dynamics and thermodynamics described by the liquid—vapour co-
existence line in the subcritical fluid region, thus supplying the first
fundamental insight into the correspondence between subcritical
and supercritical fluid behaviour and allowing recent X-ray diffrac-
tion measurements to be put in perspective's. Consequently, the
Widom line appears as the eligible thermodynamic indicator of the
liquid-like to gas-like dynamical crossover. These findings cast the
notion of supercritical fluid under a new perspective, opening up
new territory for which there is at present no theoretical framework.
We expect that the revealed relation between thermodynamics and
the viscoelastic behaviour of elastic moduli in hot dense fluids will
allow major breakthroughs in diverse areas. These include the rich
physics of planetary systems, the quest for new solvation techniques
demanded by nanotechnologies and the validation of seismological
models based on the thermophysical properties of geophysically
relevant materials.

Methods

The experiment was carried out on the beamline ID28 at the ESRF, with an energy
resolution of 3.0 meV. The DAC was placed into a vacuum chamber to minimize
and control the empty cell contributions to the scattering signal®’. The pressure was
measured in situ by the wavelength shift of the ruby and SrB,O;:Sm?* fluorescence
peaks. The temperatures were determined by a thermocouple placed very close
to one diamond. The detailed description of the beamline set-up, the vacuum
chamber and the sample loading procedure can be found in refs 19 and 20.

The intensity of the IXS spectra as a function of exchanged momentum Q and
frequency w, I(Q, ), depends on the classical dynamic structure factor S(Q, w) as:

he' /KT
1Q.0) = [ 225 5@ R @ a)def M

The first factor in the integral is the Bose factor, accounting for the quantum
population effect, and the integral represents the convolution with the instrumental
resolution R(w). In the memory function framework, S(Q, w) can be expressed
aSIS,W:
S(Qu) _ w3 (QM'(Q,w)/m
SQ [~ wj(Q) oM (Q )P +[oM'(Q,)?

where M(Q,») = M'(Q,w)+iM"(Q, w) is the Laplace transform of the memory
function. In the time domain, the memory function can be written as:

(2)

M(Q.0)=1y(Q) — Ly (Qe PP + AL(Qe /(@ (3)

where y(Q) and D1 (Q) are the Q-dependent specific-heat ratio and thermal
diffusivity, respectively. Furthermore, wy = /ks T /MS(Q), where kg, M and T are
the Boltzmann constant, the atomic mass and the temperature, respectively, and
S(Q) is the static structure factor. Then, A2 (Q) = (2 — ¢2)Q* is the strength of the
structural relaxation process, with ¢s and ¢, being the low- and the high-frequency
sound velocity, respectively. Combining equations (1)—(3), we obtain the best fit
plotted in Fig. 1 (blue line). Free-fit parameters were A,(Q) and 7,(Q). Dr(Q),

¥ (Q) and wy(Q) (that is, the S(Q)) were set to the values obtained by the molecular
dynamics simulations. The molecular dynamics simulations were carried out at
different densities at T =573 K (the corresponding pressures were obtained from
NIST data (ref. 21) up to 1 GPa and, above this pressure, by means of the expression:
n(gecm™) = A+ B-log(P(GPa)), where A=1.5795gcm™ and B=1.0075gcm ™)
in the standard microcanonical ensemble for a model system of 2,000 particles
interacting through an ab initio potential®’*® with 12 A cutoff radius. We checked,
at a few densities, that the same results are obtained by more complex simulations
with 4,000 particles and 20 A cutoff radius. The production runs were of 600,000
time steps, each one of 2 fs, and the energy drift over each production run was
not higher than 0.2%. All of the calculated thermodynamic quantities agree with
the values provided by the NIST source?', where available (that is, at P < 1 GPa),
within 1%. For the purpose of the analysis of collective dynamics we sampled the
following five dynamic variables: number density n(Q, t), density of longitudinal
momentum /i (Q, t), energy density e(Q, t) and first time derivatives of J;.(Q, t)
and e(Q, t). The dynamic variables were saved for each sixth configuration and
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