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Abstract

In this work we report on inelastic X-ray scattering experiments combined with the

molecular dynamics simulations on deeply supercritical Ar. The presented results unveil

the mechanism and regimes of sound propagation in the liquid matter, and provide

a compelling evidence for the adiabatic-to-isothermal longitudinal sound propagation

transition. We introduce an Hamiltonian predicting low-frequency transverse sound

propagation gaps which is confirmed by experimental findings and molecular dynamics

calculations. As a result, a universal link is established between the positive sound

dispersion (PSD) phenomenon and the origin of transverse sound propagation revealing

the viscous-to-elastic crossover in liquids. The PSD and transverse phononic excitations

evolve consistently with theoretical predictions. Both can be considered as a universal

fingerprint of the dynamic response of a liquid which is also observable in a sub-domain

of supercritical phase. The simultaneous disappearance of both these effects at elevated

temperatures is a manifestation of the Frenkel line. We expect that these findings will

advance the current understanding of fluids under extreme thermodynamic conditions.
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The transition from the hydrodynamic to the single particle regime in the dynamics of

monoatomic liquids is among the most fundamental topics to be investigated by spectroscopy

experiments. The collision event initiates the propagation of collective modes throughout the

sample which is directly coupled with the spectrum of density fluctuations S(q, ω) measured

by the experiment. This can be evidenced from the q (ω) dependence of transport variables

measured in an inelastic scattering experiment through their effect on S(q, ω). A notice-

able case is the one of the sound velocity, which, at the departure from the hydrodynamic

regime, undergoes a viscoelastic crossover with increasing q from its liquid-like (viscous) to

the solid-like (elastic) value. This viscoelastic phenomenon is usually referred to as the posi-

tive sound dispersion (PSD). It has extensively been studied1–3 and recently been connected

with the aggregation phase and thermodynamic properties of a fluid.4,5 According to this

interpretation, the PSD would be an universal fingerprint of the dynamic response of a liquid

which is also observable in a sub-domain of supercritical phase. More specifically, a thermo-

dynamic boundary would demarcate the crossover from a liquid-like to a gas-like region in

the supercritical phase and it would be characterized by a gradual disappearance of the PSD

effect. This scenario is particularly fascinating because it implies a global reconsideration

of the long-standing picture of the supercritical state as an intrinsically uniform phase. At

the same time, more fundamental approaches such as the phonon theory of liquids predict a

smooth transition of a supercritical liquid between a solid-like and a gas-like response upon

crossing a thermodynamic loci referred to as the Frenkel line.6–9 The crossover between these

two regions is accompanied by the onset of characteristic solid-like features as, for instance,

the ability in supporting the propagation of transverse phonon modes.

At present, no firm experimental evidences or theoretical results can be used in support

of a universal link between the PSD effect and the origin of a transverse sound propagation

in a liquid. This lack of knowledge can be overcome ideally by studying extreme supercritical

conditions where PSD amplitude has been observed to disappear experimentally,2 and the

transverse sound propagation has been predicted to disappear theoretically.6–9 Given these
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grounds, we decided to use inelastic X-ray scattering (IXS) technique and molecular dynamics

(MD) simulations to determine the S(q, ω) of a simple monoatomic liquid (liquid Argon) in

deeply supercritical conditions.

Figure 1: IXS spectra of liquid Argon at different temperatures. Inelastic X-ray scattering
spectra of Ar at T = 298 K, P = 1.08 GPa in the rigid liquid phase (Left panel), at T =
358 K, P = 0.9 GPa in the "mixed" phase at the Frenkel line (Central panel) and at T
= 438 K, P = 0.8 GPa below the Frenkel line in the non-rigid fluid phase (Right panel).
The experimental data (black squares) with error bars signifying one standard deviation are
reported together with the MD simulation plus a sum of a delta function for the elastic
component (red solid curves). The MD curves are presented after convolution with the IXS
spectrometer resolution function, which has almost Lorentzian shape (FWHM ∼2 meV) and
is denoted by the dashed blue line. The corresponding q values are shown to the right.

The evolution of the THz spectrum of liquid Ar beyond the hydrodynamic limit has

been in the focus of a thorough scrutiny which include Brillouin light scattering,10 inelastic

neutron11 (INS) and x-ray5 scattering (IXS) measurements, as well as molecular dynamics

simulations.12,13 One of the main aim of these works was to test the mode-coupling theory

predictions for the line-shape evolution beyond the hydrodynamic limit.14 Despite such a

comprehensive study, the evolution of the spectrum of Ar or any other monatomic system

under extreme thermodynamic conditions still remains unexplored. This subject bears im-

portant consequences for the ongoing effort in understanding the thermodynamic properties
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of disordered materials.15–18 To find a possible connection between the PSD phenomenon

and the origin of transverse sound propagation one may consider the effective Hamiltonian6

where the problem of strong interactions is resolved from the outset
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where q is a multiindex {ql, qt, qt}, the collective canonical coordinates παq and ϕαq (α = l, t, t)

are defined as follows: ϕαq =
√
m
∑N

j=1 e
iL(j·q)xαj and παq = ϕ̇αq . Here, xαj is space coordinate

of an atom of a lattice sitting in a vertex labelled by the multiindex. l and t stand for the

longitudinal and transverse directions of sound propagation, respectively. ωD is the Debye

frequency, ωF defines a lower bound on the oscillation frequency of the atoms and can be

derived from the viscosity η and shear modulus G∞ of a fluid19,20

ωF(T ) =
2π

τ(T )
=

2πG∞
η(T )

(2)

where τ = η
G∞

is the Maxwell’s relation and τ is the relaxation time.21 This Hamiltonian

predicts the low-frequency transverse phononic bandgaps in a liquid spectrum (ωF ≤ ωt,tq ≤

ωD, see the last term in Eq. (1)) which is a result of a symmetry breaking due to interaction

of phonons.6 Viscosity η(T ) drops down upon temperature rise resulting in the transverse

phononic band gap (the emergence of the sound propagation gap can be evidence below from

Fig. (2)) growth due to the Frenkel frequency ωF (see Eq. (2)) increase.19,20 An increase in

temperature leads to the progressive disappearance of the high-frequency transverse phonon

modes. This leads to ωF
T−→ ωD and, hence, cV =

(
1
N
∂E
∂T

)
V

(Hϕ = Eϕ): 3kB
T−→2kB.

cV = 2kB (when ωF = ωD) is the new thermodynamic limit,6–9 dubbed here the Frenkel

line thermodynamic limit. Further, we will present experimental and, then, MD simulations

results to demonstrate the link between the evolution of the PSD phenomenon and the
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evolution of transverse sound propagation.

Figure 2: Transverse current autocorrelation function Ct above and below the Frenkel line. A
clear peak (see the black line) indicates existence of transverse phonon propagating mode at
T=298 K. The absence of the peak (see the red line, T=438) provides a compelling evidence
for the emergence of the low-q thermally-triggered phononic band gap, being predicted from
Eq. (1). Solid lines are guide to the eye only.

Selected spectra normalized to the respective intensity for the liquid Argon, measured by

inelastic X-ray scattering (IXS) in a diamond anvil cell (DAC), are depicted in Fig. (1) at

three thermodynamic conditions: left panel (T=298 K, P=108 GPa), central panel (T=358

K, P=0.9 GPa) and right panel ( T=438 K, P=0.8 GPa). The high quality data clearly

proves the existence of longitudinal phonon modes, which appears as peaks or shoulders in

the lower q range. The calculated dynamic structure factor from MD simulations with a sum

of a delta function for the elastic component was convoluted with the resolution function

is in a good agreement with the experimental S(q, ω) (see Fig. (1)). Both simulated and

measured spectra bear evidence of well defined inelastic shoulders whose position seems

clearly increasing with q at low/moderate exchanged momenta. It can also be noticed that

lowest q IXS spectra exhibit additional high frequency peaks in the upper extreme of the

probed frequency range (see Fig. (1)), these peaks, not observable in the simulated spectra

are ascribed to the phonons excitations dominating the scattering from the diamond DAC

windows.
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We performed high pressure/high temperature inelastic x-ray scattering measurements

using a BX90 Diamond Anvil Cell22 at the IXS beam line 30-ID of the Advanced Photon

Source (APS), Argonne National Laboratory. The DAC was used in combination with

tungsten-carbide seats and full diamond anvils with a 500 µm culet size. 250 µm-thick

rhenium gasket was pre-indented to a thickness of about 90 µm. A hole with a diameter

of about 220 µm was drilled in the middle of the pre-indented area. Conventional resistive

heating was used to heat the sample. The 40Ar was loaded using a COMPRES/GSECARS

gas-loading system at APS23 up to initial pressure of 1.08 GPa. A ruby sphere was used

for the pressure calibration.24 The sample was measured at the photon energy of 23.7 keV.

Following every temperature change, the DAC was allowed to equilibrate for, at least, 15

minutes before the IXS spectrum was collected. The MD simulation is intrinsically unable to

probe the extremely long time response of the fluid (ω ∼= 0) mainly concentrating around the

elastic position. In order to perform a reliable comparison between measured and simulated

spectra, an elastic ∝ δ(ω)−function was added. The elastic term accounts for all parasitic

intensity effects contributing to the measured elastic intensity. The MD lineshapes were

corrected by a detailed balance factor which governs the positive and negative phonon energy

intensities.25 The MD lineshapes combined with the elastic term were convoluted with the

experimentally measured instrumental resolution functions. Furthermore, the experimental

IXS background contribution was taken into account when comparing the MD simulations

and the IXS data. The elastic intensity and background level were treated as variables

whose optimized values provided the best fit to the experimental spectra. The resulting MD

lineshapes are reported as red solid lines in Figure (1). To calculate dispersion relations and

correlation functions, we have used LAMMPS simulation code to run a Lennard-Jones (LJ,

ε/kB=119.8 K, σ=3.405) fluid fitted to Ar properties with 32678 atoms in the isothermal-

isobaric (NPT) ensemble.
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Figure 3: Evidence for the adiabatic-to-isothermal longitudinal sound propagation crossover.
Best fit dispersion curves ω∞ (adiabatic, blue triangles) and ω0 (isothermal, red dots) are
compared with the sound frequency ωMD computed from maxima of longitudinal current
autocorrelation functions (black dots) at the experimental conditions along the following
P-T path ( T = 298 K, P = 1.08 GPa; T = 358 K, P = 0.9 GPa; T = 438 K, P = 0.8
GPa). The solid straight line represents adiabatic (or hydrodynamic) limit evaluated from
the chemistry web-book.26
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An variable of exceptional interest for spectroscopy experiments can be considered using

the following normalized correlation function

Φq(t) =
< δρ∗q(0)δρq(t) >

< δρ∗q(0)δρq(0) >
(3)

with the variable δρq(t) being the q-component of the fluctuation of the microscopic number

density ρ(r, t). More specifically the spectroscopy experiment probes directly the Fourier

transform of Φq(t) through the dynamic structure factor S(q, ω)

S(q, ω) = S(q)

∫ ∞
−∞

dte−iωtΦq(t), (4)

A continuous fraction representation for the density correlation function (see the textbook1)

can be used Φq(t) and its second-order truncation eventually yields

S(q, ω) =
2v2oq

2

ω
Im[ω2 − ω(q)2 − iωmq(ω)]−1. (5)

where Im denotes the imaginary part and we have introduced the second memory function

mq(ω). Furthermore the fulfillment of the second sum rule of S(q, ω) in Eq. 5 yields

ωq =

√
(qvT )2

S(q)
(6)

where v2T = kBT/M is the classical thermal speed defined in terms of the molecular mass

M and the Boltzmann constant kB. At this point the problem shifts from the search of a

suitable model for S(q, ω) to the one for the memory function mq(ω). In the time domain

this amounts to defining the most realistic and accurate description of the decay of the time

dependent memory function. Here, we used a simplified expression for the memory function

which consistently describes the high frequency spectrum of noble gases2,13,27 as well as other
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simple fluids,28 specifically

Kl(q, t) = (ω2
∞ − ω2

0)e−t/τ (7)

which is customarily referred as the Debye approximation, ω∞ is the elastic sound frequency,

ω0 = γω(q) = c0q is the viscous sound frequency, while c0(q) represents the finite-q extension

of the liquid-like sound velocity. The consistency of Eq. (7) with the Navier-Stokes theory

implies c0 = cs, where cs is the adiabatic sound speed, and one also has cs =
√
γcT with cT

being the isothermal sound velocity. All parameters are q-dependent quantities, even though

such a dependence is not explicitly mentioned in the notation. For non-metallic systems, at

low-q values sound modes propagate adiabatically, i.e. without any thermal exchange with

the propagating medium (adiabatic regime). The situation is reversed in high-q isothermal

regime, when the thermal exchange becomes more rapid than a period of acoustic oscillations.

In this regime, a thermal equilibrium instantaneously reached between the acoustic wave and

its propagation medium. The spectral lineshape was described with a model based on the

memory function in Eq. (7) in which the relevant best fit parameters ω0, ω∞ and τ were

used.

Best fit values of the viscoelastic parameters ω0 and ω∞ are reported in Fig. (5) for the

three pressure-temperature conditions probed in the experiment. They are compared with

the sound frequency ωMD, derived from the position of the dominant peaks of the longitudinal

current spectra and the hydrodynamic linear dispersion c0q with c0 being the adiabatic sound

velocity derived from the NIST database.26 Some striking features readily emerges from the

analysis of reported results, as detailed below. The most clear dispersion effects can be

observed in the bottom graph of Fig. (5) (T=298 K), where at low/intermediate q-values

both ωMD and its elastic limit ω∞ lay significantly above the hydrodynamic linear dispersion

(solid straight line).

Furthermore, ωMD follows the expected more-than-linear low q-trend leading from the

hydrodynamic linear dispersion up to the elastic value ω∞ at intermediate q-values. This is

a clear manifestation of the PSD phenomenon mentioned in the introductory section. Most
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Figure 4: Relaxation time at the experimental conditions. Best fit values of the relaxation
time τ are reported as a function of q.

importantly, the amplitude of the PSD vanishes when the deepest supercritical conditions are

reached (see upper plot). A similar trend is evident from the ω∞ − c0q difference evolution.

Overall, reported data pinpoint that all viscoelastic effects on the sound dispersion disappear

when deeply supercritical conditions are approached, thereby confirming the findings of

previous IXS studies.2,4,5 For q-values higher than those covered by experimental data (17-20

nm−1 range, see Fig. (5)) ωMD closely approaches the opposite viscous limit ω0. Interestingly,

in this q-range the specific heats ratio γ ≈ 1 (see e.g. Ref.13), therefore, any distinction

between adiabatic and isothermal sound propagation is lost. This suggests that the sound

propagation follows the expected adiabatic-to-isothermal crossover.29 The q-dependence of

relaxation time τ derived from the viscoelastic analysis of IXS spectra (see Fig. (1)) is

shown in Fig. (4). One readily observes that a temperature increase clearly results in a

sizable decrease of τ making faster local rearrangements in the fluid. One can notice that

for the lowest q-point the trend is reversed because here the measurement of the relaxation

time is resolution limited and the error of the τ is large. Furthermore, at low/intermediate

q-values (q < 8nm−1) the q-dependence of τ becomes much pronounced which indicates a

crossover from the hydrodynamic regime towards the cage oscillation one. The former regime

is dominated by slow (ps scale) structural processes while the latter is governed by mutual
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atomic collisions.

Figure 5: Longitudinal and transverse sound velocities. Longitudinal (blue dots) and trans-
verse (red dots) sound velocities are reported as a function of q as evaluated from the max-
ima positions of the current autocorrelation functions of corresponding polarizations at fixed
pressure P=0.8 GPa. The dashed horizontal line represents the adiabatic (or hydrodynamic)
limit.

The relaxation processes described above leave a clear fingerprint on the sound velocity

which exhibits a q-increase usually referred to as the positive sound dispersion. This phe-

nomenon is a direct signature of the viscous-to-elastic crossover, which is a precursor of the

shear propagation, observable only once the elastic limit is fully reached. The interconnec-

tion between these two phenomena is unambiguously demonstrated in Fig. 5. Interestingly,

despite several studies on the evolution of the PSD under supercritical conditions2,4,5 no firm

connection has been established between this phenomenon and transverse sound propaga-

tion. Importantly, we observe that the decrease of PSD displays a continuous trend upon

temperature increase. Its disappearance is accompanied by the parallel evanescence of the

transverse propagating phonon mode and leads to the appearance of both low- and high-q

sound propagation gaps (see Fig. (5)). We notice that at the highest q-values (T=300 K)
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the longitudinal and transverse sound velocities curves merge into each other. This implies

that longitudinal and transverse currents spectra are dominated by the same mode, which

is a clear manifestation of the so-called longitudinal-transverse coupling.30 Overall, the pre-

sented data clearly demonstrate that the PSD phenomenon is induced by the shear relaxation

process, that is a relaxation process directly affecting the shear viscosity coefficient.

In conclusion, we have shown that the joint use of the inelastic X-ray scattering and the

molecular dynamics simulations provides a consistent picture of the THz dynamic response

of deeply supercritical Ar (see Fig. (1)). More specifically, we found that a Lennard-Jones

model provides an accurate description of the lineshape over a broad range of thermodynamic

conditions. The calculated transverse current autocorrelation function undergoes a crossover

from a solid-like regime, where shear sound propagation is supported, to a gas-like one, where

it is instead suppressed (see Fig. (2)). The gradual evanescence of transverse/shear sound

propagation is mirrored by the parallel disappearance of the positive sound dispersion, a

thoroughly studied phenomenon representing the most spectacular manifestation of THz

viscoelasticity (see Fig. 3). Such a link urges us to conclude that the physical mechanism

responsible for the positive sound dispersion is firmly associated with the she ar relaxation,

i.e. the relaxation involving the shear component of the viscosity. At short times (high

q values) over which such a shear relaxation is not yet accomplished, the fluid response

resembles the one of a solid, being characterized by both a higher sound velocity (positive

sound dispersion) and the onset of a transverse/shear propagation. Conversely, within the

high-T compressed-gas region, such a solid-like (or elastic) response can never be probed

since in such a regime the fluid has lost its viscoelastic properties. We finally observe that in

all probed thermodynamic conditions the q-dispersion overall bears evidence for the crossover

from a low-q adiabatic regime to a high-q isothermal one (see Fig. (3)).

The q-dispersion of the transverse acoustic (TA) mode (see Fig. (5)) bears evidence for

zones of forbidden propagation (phononic gaps). These gaps extend over the whole q range

at higher temperatures manifesting the inability of a fluid to support transverse/shear sound
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propagation, as directly predicted by Eq. (1). We anticipate that the results of the present

work are relevant in the field and will pave the way to future investigations of more complex

molecular fluids in deeply supercritical conditions. The outcome of these studies is deemed to

have a major impact onto disciplines as diverse as geophysics, planetary science and material

science.

Acknowledgement

We thank Bogdan M. Leu and Ayman H. Said for their support during the experiment at

Sector 30 at APS, and Sergey N. Tkachev for his help with the GSECARS gas loading system.

The work at the National Synchrotron Light Source-II, Brookhaven National Laboratory,

was supported by the U. S. Department of Energy, Office of Science, Office of Basic Energy

Sciences, under Contract No. DE-SC00112704. Synchrotron experiment was performed at

30-ID beamline, Advanced Photon Source (APS), Argonne National Laboratory. Use of

the Advanced Photon Source was supported by the U. S. Department of Energy, Office of

Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.

References

(1) Balucani, U.; Zoppi, M. Dynamics of the Liquid State; Clarendon Press: Oxford, 1994.

(2) Cunsolo, A.; Pratesi, G.; Verbeni, R.; Colognesi, D.; Masciovecchio, C.; Monaco, G.;

Ruocco, G.; Sette, F. Microscopic relaxation in supercritical and liquid neon. J. Chem

Phys. 2001, 114, 2259–2267.

(3) Bencivenga, F.; Cunsolo, A.; Krisch, M.; Monaco, G.; Orsingher, L.;

Ruocco, F., G.and Sette; Vispa, A. Structural and collisional relaxations in liquids

and supercritical fluids. Phys. Rev. Lett. 2007, 98, 085501.

(4) Gorelli, F.; Santoro, M.; Scopigno, T.; Krisch, M.; Ruocco, G. Liquidlike behavior of

supercritical fluids. Phys. Rev. Lett. 2006, 97, 245702.

14



(5) Simeoni, G. G.; Bryk, T.; Gorelli, F. A.; Krisch, M.; Ruocco, G.; Santoro, M.;

Scopigno, T. The Widom line as the crossover between liquid-like and gas-like behaviour

in supercritical fluids. Nat. Phys. 2010, 6, 503–507.

(6) Bolmatov, D.; Musaev, E. T.; Trachenko, K. Symmetry breaking gives rise to energy

spectra of three states of matter. Sci. Rep. 2013, 3, 2794.

(7) Bolmatov, D.; Brazhkin, V.; Trachenko, K. Thermodynamic behaviour of supercritical

matter. Nat. Commun. 2013, 4, 2331.

(8) Bolmatov, D.; Brazhkin, V. V.; Fomin, Y. D.; Ryzhov, V. N.; Trachenko, K. Evidence

for structural crossover in the supercritical state. J. Chem. Phys. 2013, 139, 234501.

(9) Bolmatov, D.; Zav’yalov, D.; Gao, M.; Zhernenkov, M. Structural evolution of super-

critical CO2 across the Frenkel line. J. Phys. Chem. Lett. 2014, 5, 2785–2790.

(10) Fleury, P.; Boon, J. Brillouin Scattering in Simple Liquids: Argon and Neon. Phys.

Rev. 1969, 186, 244–254.

(11) Deschepper, I. M.; Verkerk, P.; Vanwell, A. A.; Degraaf, L. A. Short-Wavelength Sound

Modes in Liquid Argon. Phys. Rev. Lett. 1983, 50, 974–977.

(12) Barker, J. A.; Fisher, R. A.; Watts, R. O. Liquid argon: Monte carlo and molecular

dynamics calculations. Mol. Phys. 1971, 21, 657–673.

(13) Levesque, D.; Verlet, L.; Kürkijarvi, J. Computer "Experiments" on Classical Fluids.

IV. Transport Properties and Time-Correlation Functions of the Lennard-Jones Liquid

near Its Triple Point. Phys. Rev. A 1973, 7, 1690–1700.

(14) Deschepper, I. M.; Vanrijs, J. C.; Vanwell, A. A.; Verkerk, P.; Degraaf, L. A.; Bruin, C.

Microscopic Sound-Waves in Dense Lennard-Jones Fluids. Phys. Rev. A 1984, 29,

1602–1605.

15



(15) Chaban, V. V.; Prezhdo, O. V. Water Phase Diagram Is Significantly Altered by Imi-

dazolium Ionic Liquid. J. Phys. Chem. Lett. 2014, 5, 1623–1627.

(16) Rai, N.; Maginn, E. J. Vapor-Liquid Coexistence and Critical Behavior of Ionic Liquids

via Molecular Simulations. J. Phys. Chem. Lett. 2011, 2, 1439–1443.

(17) Wang, Z.; Ito, K.; Leao, J. B.; Harriger, L.; Liu, Y.; Chen, S. H. Liquid-Liquid

Phase Transition and Its Phase Diagram in Deeply-Cooled Heavy Water Confined in a

Nanoporous Silica Matrix. J. Phys. Chem. Lett. 2007, 6, 2009–2014.

(18) George, J.; Shalabney, A.; Hutchison, J. A.; Genet, C.; Ebbesen, T. W. Liquid-Phase

Vibrational Strong Coupling. J. Phys. Chem. Lett. 2015, 6, 1027–1031.

(19) Bolmatov, D.; Brazhkin, V.; Trachenko, K. The phonon theory of liquid thermodynam-

ics. Sci. Rep. 2012, 2, 421.

(20) Bolmatov, D.; Trachenko, K. Liquid heat capacity in the approach from the solid state:

anharmonic theory. Phys. Rev. B 2011, 84, 054106.

(21) Frenkel, J. In Kinetic Theory of Liquids ; Fowler, R. H., Kapitza, P., Mott, N. F., Eds.;

Oxford University Press: Oxford, UK, 1947.

(22) Kantor, I.; Prakapenka, V.; Kantor, A.; Dera, P.; Kurnosov, A.; Sinogeikin, S. BX90:

A new diamond anvil cell design for X-ray diffraction and optical measurements. Rev.

Sci. Instrum. 2012, 83, 125102.

(23) Rivers, M.; Prakapenka, V. B.; Kubo, A.; Pullins, C.; Holl, C. M.; Jacobsen, S. D. The

COMPRES/GSECARS gas-loading system for diamond anvil cells at the Advanced

Photon Source. High Pressure Res. 2008, 28(3), 273–292.

(24) Rekhi, S.; Dubrovinsky, L. S.; Saxena, S. K. Temperature-induced ruby fluorescence

shifts up to a pressure of 15 GPa in an externally heated diamond anvil cell. High

Temp. High Press. 1999, 31, 299–305.

16



(25) Sette, F.; Krisch, M. Inelastic X-ray scattering from collective atom dynamics, In neu-

tron and X-ray spectroscopy ; Springer: Oxford, 2006.

(26) Lemmon, E. W.; McLinden, M. O.; Friend, D. G.; Thermophysical Properties of Fluid

Systems, In NIST Chemistry WebBook ; Linstrom, P. J., Mallard, W. G., Eds.; NIST

Standard Reference Database Number 69: National Institute of Standards and Tech-

nology, Gaithersburg, MD, http://webbook.nist.gov, (retrieved January 25, 2014).

(27) Verbeni, R.; Cunsolo, A.; Pratesi, G.; Monaco, G.; Rosica, F.; Masciovecchio, C.; Nar-

done, M.; Ruocco, G.; Sette, F.; Albergamo, F. Quantum effects in the dynamics of He

probed by inelastic x-ray scattering. Phys. Rev E 2001, 64, 021203.

(28) Cunsolo, A.; Colognesi, D.; Sampoli, M.; Senesi, R.; Verbeni, R. Signatures of quantum

behavior in the microscopic dynamics of liquid hydrogen and deuterium. J. Chem. Phys.

2005, 123, 114509.

(29) Bencivenga, F.; Cunsolo, A.; Krisch, M.; Monaco, G.; Ruocco, G.; Sette, F. Adiabatic

and isothermal sound waves: The case of supercritical nitrogen. Europhys. Lett. 2006,

75, 70–76.

(30) Sampoli, M.; Ruocco, G.; Sette, F. Mixing of longitudinal and transverse dynamics in

liquid water. Mol. Phys. 1997, 79, 1678–1681.

17


