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First measurements of the self-dynamics of liquid water in the GPa range are reported. The GPa range

has here become accessible through a new setup for the Paris-Edinburgh press specially conceived for

quasielastic neutron scattering studies. A direct measurement of both the translational and rotational

diffusion coefficients of water along the 400 K isotherm up to 3 GPa, corresponding to the melting point of

ice VII, is provided and compared with molecular dynamics simulations. The translational diffusion is

observed to strongly decrease with pressure, though its variation slows down for pressures higher than

1 GPa and decouples from that of the shear viscosity. The rotational diffusion turns out to be insensitive to

pressure. Through comparison with structural data and molecular dynamics simulations, we show that this

is a consequence of the rigidity of the first neighbors shell and of the invariance of the number of hydrogen

bonds of a water molecule under high pressure. These results show the inadequacy of the Stokes-Einstein-

Debye equations to predict the self-diffusive behavior of water at high temperature and high pressure, and

challenge the usual description of hot dense water behaving as a simple liquid.
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Water is, by far, the most well-known substance in
nature, as essentially most of its properties have been
measured with high accuracy [1], at least at atmospheric
or moderate pressure. Water under high pressure (HP) has
also been the subject of several investigations [2–13], as it
affects fields ranging from condensed matter physics to
planetary science. However, while structural [2] and vibra-
tional properties [3] of water have been explored up to
several GPa, the knowledge of water self-dynamics under
high pressure lags far behind [14–17]. Information on
water diffusion under HP conditions is of paramount
importance for several issues in applied and fundamental
science. As examples, the diffusion of water at pressures of
few GPa, typical of the transition zone of the Earth’s
mantle, has a strong incidence on the processes governing
intermediate-depth seismicity. New phases of water char-
acterized by peculiar diffusive behavior, as free rotation of
water molecules [12] (plastic phases), or proton free dif-
fusion [13] (superionic phase) are predicted by computer
simulations [2–4] at pressures of several GPa. Their char-
acterization is essential in order to develop reliable models
of planetary interiors.

We developed a new setup for the Paris-Edinburgh (PE)
press [18,19] adapted to quasielastic incoherent neutron
scattering (QENS) measurements [20], giving access to
hydrogen diffusion and water molecular reorientation in
the GPa range (up to 5 GPa and 550 K). Incoherent neutron
scattering is a unique probe of individual motions of atoms
and, in particular, of hydrogen, due to its huge incoherent
cross section, typically 2 orders of magnitude larger than in

other elements. Applied to water, QENS measures the
time-dependent correlation function of hydrogen, provid-
ing information on the molecular diffusion and the motion
of hydrogen atoms around the molecular center of mass. At
high temperature, this motion coincides with the molecule
reorientation. Consequently, QENS offers the unique pos-
sibility of analyzing both atomic and molecular motions
[20,21] on the picosecond time scale and on the length
scale of atomic distances. The necessity for QENS mea-
surements of large samples for energy analysis, had so far
prevented the use of this technique at pressures higher than
few kbars [14]. Earlier information on water self-dynamics
under HP was derived from NMR measurements and
limited to pressures lower than 1 GPa [15,16].
We have studied the dynamics of liquid water at 400 K

up to 3 GPa (Fig. 1). The large density variation (40%)
allows for probing the interplay between molecular reor-
ientation, diffusion, and structural modifications of the
hydrogen bonded (HB) network [22–26], in a regime
where water is non anomalous [22] and shows large fluidity
[9]. The highest pressure (3 GPa) reached is the crystal-
lization point of ice VII. ‘‘Plastic ice VII’’ [12], i.e., a
crystalline phase where water molecules freely rotate
around their center of mass, is predicted to exist along
the melting line of ice VII. Further data were collected
increasing pressure and warming along the melting line up
to 430 K and 3.3 GPa with T steps of 10 K.
In Fig. 2, we show a few spectra collected at 1.8 GPa, as

a function of the exchanged energy, E, for selected mo-
mentum transfers,Q. The instrumental resolution function,

PRL 111, 185901 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

1 NOVEMBER 2013

0031-9007=13=111(18)=185901(5) 185901-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.111.185901


as measured from a vanadium scan, is also reported for
comparison. The details of the data reduction are described
in the Supplemental Material [27].

To fit the experimental spectra, we assumed a decoupling
between vibrational, translational, and rotational motions
[20,21], which is essential to obtain an analytical expression
for the dynamic structure factor. The vibrational dynamics
include an elastic component described by a Q-dependent
factor and several inelastic components. In practice, this
component introduces a small flat background that can be
barely appreciated in the raw data and an overall scaling
factor. The approximation of decoupling the translational

and rotational motions has been shown to fail at low
temperatures where water molecule rotation and structural
relaxation are strongly entangled [23,24]. In this regime,
MD simulations indicate that QENS data provide little
information about water rotation [25] and a consistent
interpretation of QENS data in terms of translational jumps
has recently been presented [24]. However, at high tem-
peratures, water rotations clearly contribute to themeasured
dynamics, and the hypothesis of translational-rotational
decoupling is reasonable, as the coupling exponentially
decreases with temperature [23]. Possible rototraslational
coupling effects would eventually affect QENS intensity
only at the smaller Q values of the experiment, where the
rotational term is less intense [26].
We thus fitted the data with the sum of two Lorentzians,

taking into account both translational and rotational
motions [24]:

SsðQ;EÞ ¼ e�hu2iQ2=3

�
AðQÞ �TðQÞ

E2 þ �T
2ðQÞ

þ BðQÞ 2DR þ �TðQÞ
E2 þ ½2DR þ �TðQÞ�2

�
: (1)

The relative amplitudes of the two Lorentzians and
their FWHM, i.e., �T (Q) (translational contribution) and
2DR þ �T (Q) (rotational contribution), are taken to be
free parameters. Further details on this choice are given in
the Supplemental Material [27].
In Fig. 3, we show an example of fit results compared to

the measured intensity at P ¼ 0:6 and 1.5 GPa. The two
Lorentzians describing the translational (narrower) and
rotational (broader) contributions are readily separable.
The parameter �T (Q) is proportional to the translational
diffusion constant DT , while the width of the broad
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FIG. 2 (color online). Example of 12 h scan collected on water
at 400 K and 1.8 GPa in the HP-QENS setup of the PE press, on
IN6 at ILL. Different colors represent different Q cuts from 0.4
to 1:4 A�1. The shadowed region represents the resolution as
measured by a vanadium scan.
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FIG. 1 (color online). Phase diagram of water in the P-T range
considered, extended from MD results of [5]. The blue-green
color boundary indicates the collapse of the second coordination
shell on the first one (see also Supplemental Material subsection
[27]). Arrows show the thermodynamic path followed in the
present experiment. The two simulations snapshots on the left
indicate the first neighbors (oxygens in red) and the second
neighbors (oxygens in light-blue) of a central water molecule
at ambient pressure (lower panel) and at high pressure (upper
panel).
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FIG. 3 (color online). Example of fit result (red line) compared
to the measured intensity (blue dots) from water at 400 K at
P ¼ 0:6 and 1.5 GPa for Q-selected values. The translational
(rotational) contribution is shown in green (magenta). Black
dashed curves represent fit residues.
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Lorentzian determines the rotational coefficient DR,
which, within the error bars, is constant with Q, as
expected for a localized motion.

The Q-dependent translational parameter �T (Q) is
smaller at high momentum transfer than expected from a
continuous translational diffusion (DTQ

2) [20,21,24]. In
the Q range explored, �T (Q) can be described as �T ¼
DTQ

2=ð1þ d2Q2=6) with d representing an apparent jump
length [21]. The parameter d slightly varies with pressure
from a value of 1.65 Å at ambient pressure to 1.45 Å at the
higher pressures.

The pressure dependence of the translational DT and of
rotationalDR diffusion coefficients is reported in Fig. 4.DT

is also compared with the macroscopic diffusion coefficient
measured by NMR at the same temperature and lower
pressures [28]. The agreement is reasonably good

considering the different techniques. DT shows a marked
dependence on pressure in the explored P range, but its
variation is almost twice slower than that of the shear
viscosity, �, derived from Ref. [9] (insert Fig. 4). Along
the 400 K isotherm, the product DT� varies from
2:4� 10�8 Pa cm2, at 0.1 GPa, to 4:0� 10�8 Pa cm2, at
3 GPa (see Table in SupplementalMaterial [27] for details).
This means that the Stokes Einstein (SE) relation, DT� ¼
kT=C�a, which predicts a constant product of diffusion
and shear viscosity at constant temperature is violated. Here
C is a constant depending of the geometry of the motion

[28–30], and a ¼ 1:38 �A is the hydrodynamic radius of the
molecule, is violated. Previous NMR [16] and tracer diffu-
sion data [28] on heavy water found that the SE equation in
the stick limit (C ¼ 6) was accurate within 10% up to
0.9 GPa at 363 K. The same agreement is observed in our
data along the 400 K isotherm at moderate pressures
(P: 0.1–1 GPa), while a stronger deviation from the SE is
observed close to the melting line. The value of DT mea-
sured in these conditions (2:95� 10�5 cm2=s) is approxi-
mately 3 times larger than at the melting line at ambient
pressure (1:1� 10�5 cm2=s [28]). This contrasts with the
behavior of the shear viscosity, which has almost the same
value at these P=T conditions, i.e., 1.2 mPa s (273 K, 1 bar)
and 1.35 mPa s (400 K, 2.9 GPa [28]). Hence, the pro-
duct DT�=T increases by a factor of 2 from 4.8 to
9:8� 1011 Pa cm2=K, i.e., the SE relation is again violated.
Violation of the SE equation is commonly observed in glass
forming liquids when approaching their glass transition
temperature (usually for T < 1:3 Tg) [31]. However, under
these conditions, the viscosity of the liquid is extremely
high, normally 5–6 orders of magnitude higher than at high
temperature (while its density variation is limited to some
percents), and the break down of the SE equation is linked
to the onset of dynamical heterogeneities in the system
[31,32].
Conversely, water at 400 K shows high fluidity even at

the higher investigated pressures, where the viscosity of the
system is comparable to that of water at ambient conditions
[9], while the density is almost 40% higher.
The failure of the SE equation observed in hot water

under compression seems most likely connected to the free
volume reduction and the consequent onset of the hopping
phenomenon, which is clearly observed in our data by the
saturation of the translational component as a function of
Q. Simulations of hard sphere (HS) liquids under compres-
sion [32] show that the presence of hopping motion is
responsible for the observed SE breaking. However, the
compressed HS liquid shows dynamical heterogeneities, as
its viscosity is increasing by several orders of magnitude.
Thus, the effects of density and viscosity variations can not
be easily disentangled. The link between free volume
reduction, onset of hopping phenomenon, and SE breaking
in high fluidity liquids under compression deserves further
theoretical investigations.
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FIG. 4 (color online). Pressure dependence of the translational
DT and of rotationalDR diffusion coefficients along the isotherm
400 K as measured by QENS (red dots) and by MD simulations
performed by using TIP4P2005 potential for water (blue
squares). Black stars represent the available low-pressure data
[28] on DT as measured by NMR at 403 K. The gray curve
represents the FSE equation [31] prediction with a fractional
coefficient � ¼ 0:76. In the inset, we show the shear viscosity
dependence on pressure along the 400 K isotherm (red curve),
interpolated from data of Ref. [9] at 373 K (green dots), and at
437 K (cyan dots).
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As for network forming liquids at low temperature, a
fractional SE equation (FSE) well describes the observed
trend of translational diffusion with pressure (Fig. 4) with a
fractional coefficient � of 0.76 that matches the prediction
of the entropic barrier hopping theory [31].

Even more striking is the pressure behavior of DR,
reported in Fig. 4, bottom panel which is almost insensitive
to pressure variation, through the wide range probed. This
result indicates a clear break down of the Debye equation
[30], which establishes a proportional relation between the
rotational diffusion coefficient and the inverse of the liquid
shear viscosity. First principles molecular dynamics simu-
lations in the 300–900 K temperatures range and up to
pressures of several GPa have recently predicted [7] the
existence of such a decoupling in high temperature water
under pressure.

A similar decoupling was already observed by NMR
measurements under pressure by Jonas and co-workers in
liquid water at 363 K [15,16]. The authors measured,
though in a limited pressure range (up to 0.9 GPa), a
pressure-independent rotational diffusion time for water.
This behavior was attributed to the possible H-bond dis-
tortion and breaking under pressure [15,16]. The availabil-
ity nowadays of detailed structural data of water at high
temperature in the GPa range [2,6,7] showing the
persistence of H bonds in these conditions, questions this
interpretation. The observed decoupling seems though to
be a consequence of the different way the HB network
modification under pressure affects the translational and
rotational motions.

While temperature is more effective in destroying tetra-
hedricity [5–7] in water, and water above 700 K shows a
simple liquid like structure [6,7], the effect of pressure on
water structure is more subtle, as it does not change sub-
stantially the number and strength of H bonds, but the
O–O–O angles are modified so that the compressed liquid
begins to coordinate water molecules from the out-of-first-
shell neighbors tending toward a more compact structure
[4,6]. Interestingly, the central pentamer, constituted by
the central molecule and its four coordinated neighbors
(Fig. 1), hardly changes under pressure, even if the overall
high-pressure structure develops characteristic simple
liquid features, as shown by the O–O pair distribution
function. As shown in structural studies [6,7], in pub-
lished [5,33] and new MD simulations (for details, see
Supplemental Material [27]), the first shell of neighbors
of a water molecule shows a density-independent O–O
distance for the nearest neighbor oxygen atoms. The radial
distribution function of the second coordination shell
reveals, instead, a difference between ambient and elevated
P-T, associated with the gradual transformation towards
HDW [4]. Calculations find that, at 400 K, the complete
transformation to HDW is achieved at relatively low pres-
sures (�0:5 GPa) [5], while, under further compression,
the second shell radial distribution approximately scales
with density. The rotation time associated to hydrogen

motions depends mainly on the first shell structural envi-
ronment and on the number and strength of HB per water
molecule, which varies only a few percent in the explored
pressure range. Thus, its observed invariance under com-
pression is a consequence of the low dependence of these
quantities over pressure.
The observed independence of the rotational diffusion

with pressure is also consistent with earlier theoretical
predictions [33,34] indicating that the orientational order
of water is almost insensitive to pressure along the 400 K
isotherm.
The time scale associated with the observed rotational

motions is �1 ¼ 1=2DR, as only the first spherical har-
monic contributes significantly to the scattered intensity
within the Q range covered by the experiment (see
Supplemental Material [27]). �1 is of the order of 1.1 ps,
a value comparable with the available low-pressure data of
the dipole reorientation time �2 measured by NMR and
extrapolated to 400 K, �2 ¼ 0:6 [5] and �2 ¼ 0:55 ps [35].
The quantitative agreement between the QENS data and
NMR data leads to two conclusions: first, the hydrogen
self-motion time scale and the molecular reorientation
coincide at high temperature, as QENS becomes sensitive
to the same reorientation motion as other techniques
probing the time scale of the dipole reorientation.
Second, the ratio between the two reorientation times, �1
and �2, is closer to 2, as predicted by an extended jump
model [36], rather than 3, as for a continuous diffusion.
Under further compression, water crystallized in ice VII

(P ¼ 3 GPa, 400 K) and no hint of water rotational dy-
namics was observed in the crystal and along the crystal-
lization line, up to P ¼ 3:3 GPa and 430 K: the collected
spectra became indistinguishable from the experimental
resolution and the observed decreasing in elastic intensity
was fully accounted by the Debye Waller factor (vibra-
tional dynamics). This indicates either that the predicted
plastic phase of water (12) is located at higher P=T con-
ditions or that water rotation at that temperature occurs on
a longer time scale than that probed in the present experi-
ment (of about 10 ps).
Interestingly, if we compare the diffusion coefficient

values measured along the melting line in the liquid
phase, DT ¼ ð2:95� 0:2Þ � 10�5 cm2=s, with a point at
lower temperature where the melting line is regular
(i.e., where it has a positive slope) and the HDW configu-
ration is attained, for example, 330 K=1:3 GPa, DT ¼
3:1� 10�5 cm2=s [28], we find that, within the uncer-
tainty, they are identical. Our measurements thus indicate
that the diffusion coefficient in water varies very little
along the high temperature-high pressure melting line.
This observation might hold for other molecular liquids

and provide a criterion for estimating diffusion coefficients
along melting lines at extreme pressures and temperatures
relevant for the physics of water-rich planets [37,38],
where measurements are unfeasible, and extrapolations
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frommoderate pressure measurements can lead to erroneous
predictions.
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