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Quantum Effects on Liquid Dynamics as Evidenced by the Presence
of Well-Defined Collective Excitations in Liquid para-Hydrogen
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The origin of the well-defined collective excitations found in liquid para-H2 by recent experiments
is investigated. The persistence of their relatively long lifetimes down to microscopic scales is well
accounted for by calculations carried out by means of path-integral-centroid molecular dynamics. In
contrast only overdamped excitations are found in calculations carried within the classical limit. The
results provide fully quantitative evidence of quantum effects on the dynamics of a simple liquid.

PACS numbers: 67.20.+k, 62.10.+s, 62.60.+v
In spite of being composed of the simplest stable
molecules, the transport and kinetic properties of liquid
hydrogen still resist a quantitative understanding [1]. Such
peculiar behaviors are usually thought to arise because
of the light masses of the particles forming the liquid
(M � 2 amu) and the relatively low temperatures where
it exists under its saturated vapor pressure. Quantum
effects are thus expected to be noticeable although their
relevance for understanding quantitatively most of the
transport properties awaits to be established in full.
These effects are first manifested by the appearance of
a discrete spectrum of transitions between molecular
rotational levels. The quantum nature of such motions
imposes some symmetry constraints to the total molecular
wave function. In particular, the rotational and nuclear
spin states of the two protons forming the H2 molecule
are coupled, leading to two distinguishable species,
para�p�-H2 and ortho�o�-H2 corresponding to molecules
having antiparallel (I � 0), and parallel (I � 1) spin
states, respectively. This has an immediate consequence
on the symmetry of the interaction potential between H2
molecules which is isotropic for p-H2 molecules but angu-
lar dependent for o-H2. It is so because the orientational
distribution of the internuclear bond in the laboratory
frame is spherically symmetric (s-like) for the former and
axially symmetric (p-like) for the latter. A noticeable
manifestation of quantum behavior is expected concerning
the spatial smearing of the molecular wave function. This
comes because of the low molecular mass and the low
temperatures in question (about 10–20 K) which makes
the thermal (de Broglie ) wavelength l � �2p h̄2�MkBT �
to reach values larger than the molecular dimensions.
In fact, close to triple point, l � 3.3 Å which becomes
comparable to the equilibrium separation between two
p-H2 molecules, r0 � 3.5 Å. In addition to the spatial
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spread of the wave function a delocalization time td can
be defined in terms of the fluid number density r and
the particle mass through [2] td � M�2p h̄�r�2.612�2�3,
which for the triple point density yields an estimate for
td � 1.2 ps. Finally, exchange effects arising because of
the indistinguishability of the molecules are deemed to
play a very minor role since the temperatures in question
are well above the quantum degeneracy temperature
T0 � h̄�kBtd � 6.5 K and therefore most particles will
be accommodated in excited levels [3].

Two sets of recent inelastic neutron-scattering experi-
ments [4] have revealed the presence of well-defined
(i.e., sharp and long-lived) collective excitations that
retain a propagating character up to momentum transfers
Q � 0.8 Å21. Their wavelengths can be as short as 8 Å
and their longitudinal acoustic character was ascertained
by analysis of the inelastic structure factors as well as
by the approach of their frequencies VQ to the linear
hydrodynamic regime V � cT Q with cT � 1096 m s21

as Q ! 0. Their mean-free paths at the lowest explored
wave vector were found to be of a few tens of Å’s.
Finding such well-defined (i.e., phononlike) excitations in
an insulating liquid seems difficult to reconcile with what
is nowadays known about the dynamics of simple liquids
[5] since at scales of a few angstroms and picoseconds
one expects finding heavily damped (or overdamped)
excitations only, mimicking the well documented case of
the heavier rare gases. This comes as a consequence of the
highly anharmonic character of the interaction potential
V �r�. As a rule of thumb [5] only those liquids with an
anharmonicity parameter (a sort of effective Grüneisen pa-
rameter) gG � 2r0�6�V 000�r��V 00�r�jr0� # 2, where the
primes are derivatives with respect to r , are believed to be
able to support such short wavelength density oscillations.
This indeed is the case of molten alkali metals where
© 2000 The American Physical Society 5359
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excitations of the kind here referred to are sustained
because of the long-ranged nature of the metallic bind-
ing forces. In contrast, insulating Lennard-Jones (LJ)
liquids such as Ar have gG � 3 and show no peaks at
finite frequencies in their spectra. Liquid He is here the
exception to the rule since the sharp excitation spectra is
known to emerge as a consequence of the quantum nature
of the microscopic dynamics. In the case of hydrogen,
the intermolecular potential developed by Silvera and
Goldman (SG) [6] is known to provide a reliable repre-
sentation of the equation-of-state of hydrogen crystals
over a wide range of densities [7]. Its shape is somewhat
reminiscent of those of LJ form although it shows some
significant differences. Because of the symmetry of the
problem at hand, only the distance-dependent part of
the interactions is relevant, and therefore the molecular
interactions will be spherically symmetric. The effective
Grüneisen parameter for the SG potential is gG � 2.76,
which is closer to that of Ar than to those for molten alkali
metals. Therefore, finding long-lived excitations in liquid
hydrogen points towards relatively large quantum effects
on the liquid dynamics rather than to some peculiarity of
the intermolecular potential. Our aim here is thus to unveil
the origin of the observed short wavelength excitations,
in the hope of shedding some light on the fingerprints
of quantum effects on the dynamics of almost-classical
liquids. To do this, we compare experimental spectra [4]
with those calculated by means of a path-integral-centroid
molecular dynamics (PICMD) algorithm [8] as well as
with spectra evaluated in the classical limit by conven-
tional molecular dynamics (MD), both using the SG
potential to represent the bare interactions.

The PICMD approach [9] uses a path-integral repre-
sentation for a quasiclassical variable named the centroid
which is the average position of the center of the spatial
dispersion of the quantum particles. The latter are treated
as semiclassical Boltzmann particles and their Newtonian
equations of motion are integrated following conventional
MD procedures [10]. Within the PICMD formalism, the
state of N quantum particles is specified by the partition
function given in terms of an analytical continuation to
imaginary time of a path-integral representation. This pro-
cedure maps the quantum system of N particles to the con-
figurational integral for N classical ring polymers, each
one of those representing the path of an individual par-
ticle along the imaginary time axis. The centroid is thus
defined as the average position of the Feynman path, or
equivalently as the position of the center-of-mass of the
isomorphic polymer. The dynamics is thus driven by forces
generated by an effective potential (the so-called Feynman-
Hibbs potential) Vc�r� which can be envisaged as the bare
interatomic interaction renormalized by the quantum fluc-
tuation [8,11]. As the same potential is chosen for the
classical MD simulations, comparison between both kinds
of simulations allows us to gauge the role played by the
spreading of the molecular wave function in promoting
short wavelength density excitations.
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The classical MD employed 613 particles and was run
using an NVT code with the density set to 0.0229 Å23

which corresponds to a value close to that of the triple
point. Because of their far more complex nature, the
PICMD simulations were run for a set of 256 molecules,
and details about the procedures followed in the PICMD
are given in Ref. [8].

A first assessment of the strength of quantum effects
is provided by the comparison of our experimental esti-
mate for the static structure factor S�Q� with those re-
sulting from computer calculations of both PICMD and
full classical MD. Figure 1 shows that the maxima of the
PICMD are significantly closer to experiment than those
of the classical MD. The position of the main peak of
the PICMD spectrum centered at about 2.01 Å21 comes
rather close to that of the experimental quantity, whereas
the S�Q� calculated from classical MD shows significant
shifts to larger Q’s of all its maxima. This is indicative
of a more close-packed liquid structure. In fact, the liq-
uid simulated under the classical regime attains a state
of thermodynamic metastability with a density some 8%
above the initial value. The system simulated under such
conditions lasts as a fluid with a self-diffusion coefficient
of 1.6 3 1025 cm2 s21 for times at least as long as those
explored by the simulations (about 12.5 ns). At densi-
ties below 0.030 Å23 the simulated system remains liq-
uid at 14 K and shows a reversible freezing transition into
a cubic fcc phase at temperatures between 10–12 K (de-
pending upon the density). In contrast, the PICMD liquid
becomes stable with r � 0.0235 Å23.

A feature that merits to be noted concerns the sharpness
(full width DQ � 0.46 Å21) of the first peak of the experi-
mental S�Q� which suggests the presence of significantly

FIG. 1. The symbols with error bars show the experimental
estimate for S�Q�. The data are described in detail in [4]. The
present result incorporates a conventional recoil correction for a
particle with M � 2 amu, to account for the drop at large Q’s of
data shown in [4]. The solid line depicts the result from PICMD
which are described in more detail in [8], while the dashed line
shows the result from classical MD. The high-frequency ripple
shown in the PICMD curve arises from truncation errors of the
Fourier transform.
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longer ranged correlations than those portrayed by the
simulations.

A set of spectra of the density correlations [I�Q, v� ~

�rQrQ�v��] as calculated by PICMD and MD are
compared with experiment in Fig. 2. To perform a
meaningful comparison we have multiplied the calcu-
lated F�Q, t� � �rQrQ�t���N intermediate scattering
functions by the R�Q, t� instrument response functions
so that what are compared are actually the quantities
Scalc�Q, v� ≠ R�Q, v� which are convolutions of the cal-
culated spectra with the experimental frequency windows.

As can be seen from Fig. 2, well-defined excitation
peaks (for v fi 0) are seen for both experiment and
PICMD spectra but are conspicuously absent in spectra
simulated under the full classical regime. The first quali-
tative conclusion is thus that the presence of well-defined
collective density fluctuations for wave vectors up to
0.8 Å21 has to be ascribed to the large quantum effects

FIG. 2. Experimental I�Q, v� spectra (filled symbols) are
shown for selected Q values on the left-hand side. Filled
symbols represent data actually measured, and the solid line
shows the result of the line shape analysis (see text). Dashed
and dot-dashed lines show the (quasi)elastic and inelastic
components of the experimental spectra. The right-hand side
shows simulated spectra. Open symbols are PICMD results and
dashed lines those calculated under the classical approximation.
inherent to the regime of low temperatures and light
masses. Second, the PICMD spectra show peaks at
somewhat higher frequencies than experiment especially
at Q values about the maxima of the “dispersion curve.”
This is understandable on the grounds that the equilibrium
liquid density still is somewhat above experiment as
referred to above. Finally, while no traces of finite-
frequency excitations are found for the classical MD
liquid, the frequencies VQ as determined from maxima
of v2Scalc�Q, v� approach the hydrodynamic limit in a
linear fashion for Q # 0.7 Å21.

To put the comparison into more quantitative grounds
the spectral line shapes were analyzed in terms of a model
for a damped harmonic oscillator Imod�Q, v� ~ �nB�v� 1

1�ZQ��v2 2 V
2
Q�2 1 4v2G

2
Q�21 ≠ R�Q, v�. The pa-

rameters specifying the spectral shape are the amplitude
ZQ , the linewidth GQ , and the peak frequency VQ , where
the latter is defined as a renormalized quantity V

2
Q �

v
2
Q 1 G

2
Q , with vQ being the bare (interaction-

free) oscillator frequency and, finally, the term with
nB�v� stands for the Bose factor.

The wave vector dependence of the parameters giv-
ing the excitation frequency and its damping constant
(linewidth) is shown in Fig. 3. One sees at a first glance
that the parameters of spectra simulated on classical
grounds deviate largely from experiment in all the ex-
plored Q range. In particular, the damping constant is
well above experiment and VQ approaches the low Q
regime given by the linear, hydrodynamic dispersion
law Vhyd � cT Q for Q # 0.7 Å21. In contrast, both
experimental and PICMD frequencies are well above the
respective linear laws already for Q * 0.3 Å21. The
upward departure from a linear hydrodynamic law, usually
referred to as anomalous dispersion, is also known from
work [12] on liquid 3He, superfluid 4He, and liquid o-D2,
and is at present understood as a mechanism allowing the
decay of well-defined excitations [13]. Our data conform
to such a view since anomalous dispersion is seen only
in the two cases where finite-frequency excitations are
clearly seen in the spectra. To quantify such departure,
Fig. 3c shows the wave vector dependence of the phase
velocities cph�Q� � VQ�Q. One sees that the shape of
cph�Q� for the PICMD result comes remarkably close
to experiment. The most glaring disagreements between
PICMD and experiment concern the linewidths above the
maximum of the dispersion curve. A plausible reason to
explain this concerns the fact that at such short scales
the interaction between close enough polymer rings can
cause a departure from the spherical symmetry of the bead
configuration thus degrading the accuracy of the centroid
approximation [11]. Also the fact that the equilibrium
liquid density in the PICMD is some 6% above experiment
should be taken into account.

Finally, it seems worth delving at some considerations
about the explicit mechanisms by which quantum mechan-
ics gives rise to finite-frequency excitations in this an-
harmonic liquid (as attested by its high gG value), while
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FIG. 3. (a),(b) Wave vector dependence of the spectral pa-
rameters. The upper frame depicts the renormalized dispersion
frequencies VQ and the middle frame shows the GQ damping
constants. Experimental results are shown by filled symbols,
open circles with a dot correspond to results from classical
MD simulations, and lozenges are PICMD data. The solid line
in (a) shows a fit of experimental data to a phenomenological
parametrization of the anomalous dispersion (see [4]), and the
dashed line depicts hydrodynamic sound. (c) Phase velocities.
Same symbols as above are used.

classical dynamics does not. Under the classical regime the
anharmonic potential limits the spatial scale of long-lived
excitations down to wave vectors not far from the hydro-
dynamic limit Q 	 1023 Å21. In contrast, our results
prove that well-defined excitations are supported by the
liquid provided that the bare SG interactions are renor-
malized by quantum fluctuations. This leads to an effec-
tive potential which stabilizes the liquid at substantially
lower densities than that of the classical case. Also, the
present findings suggest that the main effect of the quan-
tum degrees of freedom is to extend the spatial range of the
potential leading to an increase of the characteristic corre-
lation length of the liquid. Microscopically, this causes
both real and PICMD liquids to become able to sustain for
times of a few picoseconds, liquid configurations where
particles collectively oscillate with well-defined frequen-
cies. Such residence times, an estimate of which is given
by td are certainly longer than those involved in jumps
into another liquid configuration (i.e., hopping out of the
“cage”) [14]. Taking such values together with the dis-
persion frequencies one finds that the collective excita-
5362
tions satisfy Vtd ¿ 1 which serves to characterize them
as well-defined vibratory motions.

To conclude, the present Letter provides a first experi-
mental confirmation of recent findings on the predictive
capability of PICMD to represent the quantum dynamics
of highly anharmonic systems [15]. While PICMD should
be regarded as exact for harmonic systems, its capability to
treat systems driven by highly anharmonic potentials needs
to be assessed in lieu of the fact that the errors in the cor-
relation functions resulting from such calculational device
grow as the potential becomes more anharmonic [9]. Here
we have shown that the harmoniclike behavior revealed
in experiment is captured by PICMD. This happens be-
cause at the temperatures of interest the centroid dynamics
is determined by the ground and first excited state, and
this leads to a behavior which manifests itself as quasi-
harmonic oscillations which show frequencies determined
by the curvature of the centroid potential at its minimum.
The agreement with experiment is expected to worsen at
higher temperatures where several excited states need to
be accounted and therefore the anharmonicity of the po-
tential is felt more strongly. This in turn provides a way to
characterize the experimental observations as arising from
genuine elementary excitations.
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