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Abstract
Water is famous for its anomalies, most of which become dramatic in the supercooled region,
where the liquid is metastable with respect to the solid. Another metastable region has been
hitherto less studied: the region where the pressure is negative. Here we review the work on
the liquid in the stretched state. Characterization of the properties of the metastable liquid
before it breaks by nucleation of a vapour bubble (cavitation) is a challenging task. The recent
measurement of the equation of state of the liquid at room temperature down to −26 MPa
opens the way to more detailed information on water at low density. The threshold for
cavitation in stretched water has also been studied by several methods. A puzzling discrepancy
between experiments and theory remains unexplained. To evaluate how specific this behaviour
is to water, we discuss the cavitation data on other liquids. We conclude with a description of
the ongoing work in our groups.
(Some figures may appear in colour only in the online journal)

1. Introduction to metastability and negative
pressures

occur because of fluctuations in the metastable system, with a
rate per unit volume and time:


Eb
0 = 00 exp −
,
(1)
kB T

1.1. Metastability and nucleation
First-order transitions are the most familiar transitions
between phases of the same substance. Two phases, e.g. liquid
and solid or liquid and vapour, can be observed in equilibrium
along a coexistence line in the phase diagram. Away from this
line, only one of the phases is stable. Yet, the other one might
still be observed: it is then called metastable. In the energy
landscape connecting the two phases, there is a saddle point
which defines the energy barrier Eb that has to be overcome
for the transformation to occur. The jump over the barrier will
0953-8984/12/284110+07$33.00

where kB is the Boltzmann constant, T the temperature and
00 a prefactor whose expression varies [1]. Anyhow, because
of the exponential, the exact value of 00 has much less
importance than the barrier Eb . If the barrier is large, the rate
will be small, and a significant volume of the metastable phase
may be observed during a long time, allowing experiments to
be performed on it.
Knowledge of the barrier is therefore required to predict
the range of metastability accessible to experiments. The
1
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simplest approach is provided by classical nucleation theory
(CNT). It assumes that the transition occurs through the
growth of a spherical bubble of the stable phase inside the
metastable one and uses the macroscopic interfacial tension
between the two phases to calculate the energy barrier.
A detailed discussion of CNT can be found in [1]. For
illustration, we give here the minimum work required to create
a spherical bubble of vapour with a radius R in a liquid at
pressure P:
W(R) = 34 πR3 (P − Psat ) + 4π R2 σLV ,

(2)

where σLV is the bulk liquid–vapour interfacial tension. This is
valid at sufficiently low temperatures; corrections apply near
the critical point [1]. W(R) reaches a maximum at the critical
radius:
Rc =

2σLV
.
Psat − P

(3)

Figure 1. Compilation of some of the anomalies measured in
supercooled water at atmospheric pressure plotted to illustrate their
power law behaviour. Reprinted with permission from [5].
Copyright 1976 American Institute of Physics.

This expression, identical to Laplace’s law, shows that the
critical bubble is in unstable mechanical equilibrium: bubbles
with radii smaller than Rc will decay, whereas bubbles with
radii larger than Rc will grow. Finally, one gets the energy
barrier
Eb = W(Rc ) =

3
σLV
16π
.
3 (Psat − P)2

hydrostatics. The pressure along a column of water of height
h decreases by ρgh from the bottom to the top. If the pressure
at the roots is 0.1 MPa, the pressure above 10.2 m must
therefore be negative. Reality is more complex, and other
factors (drought, viscous flow, root pressure, etc) must be
taken into account, but the picture most widely accepted today
is the cohesion–tension theory where water from the soil is
pulled up the tree thanks to a negative pressure at the top. For
more details, see, for instance, [3] and [4].
Another example is capillary water. A narrow capillary
filled with water that wets its walls exhibits a curved
liquid–vapour interface. Because of Laplace’s law, there is
a pressure jump across the interface. Using the bulk surface
tension of water σ , the jump 2σ/R reaches 0.1 MPa when the
radius of curvature R is smaller than 1.4 µm. Water in soil
can thus be at negative pressure. This may also be relevant to
the study of water confined in pores. Note, however, that for
very narrow pores the pressure is not isotropic any more, the
liquid/wall interaction introducing nondiagonal terms in the
stress tensor.

(4)

The liquid will reach its limit of metastability when
the energy barrier becomes low enough to be overcome
by thermal fluctuations. More specifically, consider an
experiment on a volume Vexp during a time τexp ; the
probability 6 of nucleation of a bubble is



Eb
6 = 1 − exp −00 Vexp τexp exp −
.
(5)
kB T
Defining the cavitation pressure as the pressure at which 6 =
1/2, and using equation (4), one gets



3kB T
00 Vτ −1/2
CNT
Pcav = Psat −
ln
(6)
ln 2
16π σ 3
with 00 Vτ = 1019 , typical for acoustic cavitation in water [2],
CNT predicts for water at room temperature a very negative
cavitation pressure: Pcav = −190 MPa.

2. Water, a complex liquid
1.2. Why study negative pressures?
Water is famous for its anomalies. Arguably the most cited
is its line of density maxima, around 4 ◦ C at atmospheric
pressure. But many other thermodynamic and dynamic
anomalies have been found and they become even stronger in
the metastable region of the phase diagram where the liquid
is supercooled with respect to the solid [5, 6]. The large
increase in many quantities has even suggested a power law
divergence at a common temperature (see figure 1), which
cannot be accessed experimentally because of the onset of
crystallization.
Several scenarios have been proposed to account for
this behaviour. For a detailed discussion, we refer the reader
to [1] and [6]. We would like to cite here only two scenarios,

Few experiments have been performed on liquids at negative
pressure, because it is difficult to get rid of impurities or
pre-existing bubbles that trigger cavitation. However, this
exotic region of the phase diagram is interesting, because
it allows us to probe directly the cohesion of matter: the
molecules of the metastable liquid stick together because of
their long range attractive interaction.
This state is not a mere laboratory curiosity, it also exists
in nature. The most famous example is the sap in trees.
Indeed, negative pressures are needed for the sap to ascend
a tree under certain conditions. The simplest way to see why
negative pressures are necessary is to consider the law of
2
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Figure 2. Two scenarios proposed to explain the anomalies of supercooled water. Left: retracing spinodal [7]. Right: liquid–liquid critical
point [11]. The figures show the liquid–vapour and liquid–solid equilibrium (solid blue lines), the line of density maxima (short dashed
green line), the liquid–vapour spinodal (long dashed red line) and in the right panel the liquid–liquid transition (solid purple line).

years ago [17]. To generate negative pressure, Meyer used
a technique designed by Berthelot in 1850 [18]. A glass
container is nearly filled with water and sealed hermetically,
so that only a small bubble remains. Upon warming, the liquid
expands and the bubble shrinks, until it eventually disappears.
When the system is cooled down again, the liquid sticks to
the walls and the bubble does not reappear. The liquid thus
occupies a larger volume than during warming: it is stretched
and a negative pressure builds up. At some point during
cooling, the metastable liquid will break up by cavitation and
a new bubble will be formed.
Meyer had the idea to modify the Berthelot tube by
giving it the shape of a helix. When the pressure inside varies
while the outside remains at atmospheric pressure, the helix
coils or uncoils. This is the principle of the Bourdon gauge.
Calibration by applying a positive pressure outside allows
one to directly measure the pressure of the stretched liquid
by measuring the angle of rotation of the helix. Meyer was
able to simultaneously measure the volume of the liquid, thus
obtaining a set of PVT data during cooling.
The largest tension he reached in water was −3.4 MPa
at 24 ◦ C. Down to this point, he measured a linear
pressure–volume relation for water. Note that he found a
similar result for ethanol but detected a curvature in ether.

because they make the connection with the other metastable
region where the liquid is stretched at negative pressure.
In a first scenario due to Speedy [7], it is proposed that
the divergence would be due to the re-entrance of the
liquid–vapour spinodal. This is illustrated in figure 2. Speedy
showed by thermodynamic arguments that, if the line of
density maxima intersects the liquid–gas spinodal, it would
have a minimum in the pressure–temperature plane. Several
extrapolated equations of state (EoSs) based on data at
positive pressure support the existence of this minimum.
Even if the re-entrance up to positive pressure is a matter of
debate [6, 8, 9], the possibility of a nonmonotonic spinodal is
interesting; up to now, it has been seen only in helium 3 [10].
Another scenario, originally proposed in [11], is based
on molecular dynamics simulations. Using several water
potentials, all simulations to date find that the line of
density maxima does not intersect the liquid–gas spinodal,
which remains monotonic (figure 2). The anomalies of
supercooled water are then not due to the liquid–vapour
spinodal. Instead, simulations find their origin in the vicinity
of a critical point that would terminate a line of first-order
transitions between two liquid phases. The two liquids,
low and high density, would differ by the structure of the
hydrogen bond network. However, experiments on bulk water
have not been able to reach this liquid–liquid transition,
because crystallization always happens first. Interestingly,
a few simulations have found a liquid–liquid critical point
at negative pressure [12–14]; however, they have not been
confirmed by successive investigations [15, 16]. In any case,
the ideas put forward in the simulations are an additional
motivation for the experimental study of stretched water.

3.2. Later work
Another technique was extensively used by Briggs in
1950 [19], following a method first used by Reynolds.
Negative pressure was generated by centrifugation. A
capillary tube is attached to the axis of a centrifuge and filled
with water. The tube ends are curved back to get an overall Z
shape that prevents the water from spilling out when the tube
is rotated. The centrifuge force creates a tension on the liquid,
which is maximum on the axis:

3. The equation of state of stretched water
One of the differences between the scenarios presented above
lies in the shape of the liquid–gas spinodal line. Thus, it
would be interesting to determine it experimentally. For this,
measurement of the equation of state as far as possible in
the metastable region at negative pressure is required. In this
section, we describe the few experimental results available.

Pmin = P0 − 12 ρω2 r2 ,

(7)

where P0 is the pressure outside the tube, ρ is the water
density and r is the distance between the centre and the
liquid–air interface.
Briggs determined the cavitation pressure in several
liquids. Winnick and Cho had the idea to measure the volume
change of the liquid column as a function of angular velocity
to obtain PVT data [20]. However, the analysis is complicated

3.1. The experiment by Meyer (1911)
The first attempt to measure PVT data on stretched water
dates back to Meyer, who published his results one hundred
3
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by the fact that the pressure in the liquid varies from Pmin
to atmospheric pressure. The published results, reaching
−10 MPa, were debated and no clear conclusion reached [21,
20, 22].
In the 1970s, Henderson and Speedy revisited the
Meyer method based on Berthelot–Bourdon tubes [23].
Unfortunately, they were not able to measure the liquid
volume accurately enough to obtain PVT data. Rather, they
located the line of density maxima using the point at which
a minimum pressure was reached when cooling the tube [23,
24]. Indeed, when entering in the region where the expansion
coefficient is negative, the tension in the tube is gradually
released. They found that the line of density maxima extends
linearly in the stretched region down to −20.3 MPa.
Figure 3. Sound velocity as a function of density in liquid water at
23.3◦ C. The experimental data (red circles) is compared to the
IAPWS EoS and its extrapolation (green solid curve). Adapted
from [27].

3.3. An isotherm down to −26 MPa
We have seen that only Meyer’s experiment reported PVT
data for stretched water. The limitation of his technique is
that only a moderate tension of −3 MPa could be produced,
presumably because of heterogeneous nucleation of vapour
on the tube walls. There is a technique that is not subject
to this limitation: acoustic cavitation. It uses an acoustic
wave focused at the centre of a hemisphere. Large negative
pressures, down to −30 MPa, can thus be reached in a small
region during a short time, and far away from any wall. This
method has been used to measure the cavitation threshold
in water [2]. To measure the EoS, Davitt et al chose to
determine the thermodynamic parameters of the stretched
liquid using optical methods. A fibre optic probe hydrophone
was used to measure the density [25, 26]. The tip of a fibre
is placed at the acoustic focus; the sound wave modulates
the reflectivity of the liquid/fibre interface, which allows the
refractive index to be measured. It is converted into density
using an accurate phenomenological equation based on the
Lorentz–Lorenz relation. The other parameter measured was
the sound velocity of the stretched liquid, using Brillouin
scattering [27]. When light interacts with thermal density
fluctuations in the liquids, it can be scattered with a shift in
frequency, proportional to the product of the refractive index
and the sound velocity. However, in the acoustic experiment,
the maximum negative pressure is reached only during a
short time, typically 100 ns. This difficulty was overcome
by building a time-resolved Brillouin scattering experiment,
using a gated avalanche photodiode and a large number of
repetitions of the same sound bursts. Strictly speaking, the
measurement in the sound wave is made along an isentrope,
but in water at room temperature this is very close to an
isotherm. The result is shown in figure 3. It is compared with
the currently most accurate equation of state for water from
the IAPWS [28, 29], based on experimental data at positive
pressure. The extrapolation of this EOS is found to agree with
the measurement by Davitt et al within the experimental error
bars.

water, because the temperature dependence of the cavitation
pressure should reflect the behaviour (monotonic or not) of
the spinodal line [30].
The experimental values are widely scattered, but in the
cleanest experiments, values around −30 MPa are obtained.
The most successful techniques are: centrifugation [19]
and Berthelot tube [23, 24, 31] mentioned above, different
acoustic techniques [32–34], including ours [35], and recently
artificial trees [36]. The latter was developed at Cornell in
the group of Stroock, mimicking the mechanism by which
the leaves generate the negative pressure that pulls sap up a
tree. It consists in equilibrating bulk water with undersaturated
vapour at Pvap < Psat through a porous membrane, made with
a poly(hydroxyethyl methacrylate) hydrogel. The chemical
potentials of the liquid and the vapour phases become equal,
so that
µliq (T, Pliq ) = µvap (T, Pvap )
= µvap (T, Psat ) + kB T ln

Pvap
Psat

(8)

where the vapour has been treated as a perfect gas. If the liquid
is assumed to be incompressible with a volume per particle
vliq , this leads to
Pliq = Psat +

kB T Pvap
ln
vliq
Psat

(9)

which yields negative pressure for moderate undersaturation.
For instance, 93% of relative humidity yields Pliq =
−10 MPa.
The thresholds obtained with these different techniques
are compared on figure 4. A first comparison was given
in [37]. In the present plot, we have added the data from
the artificial trees [36]. We have also modified the data for
our acoustic experiment: the previous plot used an indirect
estimate of the cavitation pressure [2]; here we have used
the extrapolation of the IAPWS EoS, which is supported by
the results of Davitt et al to convert the cavitation density
measured with a fibre optic probe hydrophone [35] into

4. The enigma of the cavitation pressure of water
We now turn to the cavitation pressure. In principle, it could
also shed light on the debate about the different scenarios for
4
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Figure 4. Cavitation pressure as a function of temperature for
different experiments: the corresponding method and reference are
given in the legend. An arrow means that cavitation was not
observed. The full circles represent the pressure converted with
IAPWS EoS from the density measurements using the FOPH [26].
The blue crossed square is the result using artificial trees, with the
pressure calculated from the controlled vapour activity [36].

Figure 5. Cavitation pressure as a function of temperature for water
inclusions in quartz. The data are unpublished results from the
samples studied in [40]. The isochores and the spinodal were
obtained using the extrapolation of the IAPWS EoS.

used, which improved the quality of the surfaces of the
inclusions [40].
The isochoric path followed in the quartz inclusions
(sample cooled down from high temperatures) is different
from the path followed in the other set of experiments
(sample stretched from ambient temperature). This led us to
hypothesize that cavitation in water might be path-dependent,
but we ruled out this scenario by our acoustic measurements at
high temperature [35]: they give cavitation for thermodynamic
parameters at which some of the inclusions are still
metastable, further cooling being necessary to make them
cavitate.
We are therefore left with two explanations involving
impurities: either destabilizing impurities present in all
experiments except some of the quartz inclusions, which
could thus reach the homogeneous cavitation limit; or
stabilizing impurities present only in some quartz inclusions,
which would allow them to survive conditions at which
cavitation is observed in other experiments. We refer the
reader to [35] for a more detailed discussion.

pressure. All the cavitation thresholds fall in the same range,
our acoustic data being the most negative. Based on our data,
the minimum in the cavitation pressure found by Briggs [19]
seems to be an artefact. Despite the proximity of all these
results, they are very far from the theoretical expectations
(e.g. around −190 MPa at room temperature based on CNT,
see section 1.1). Therefore, the controversy about the spinodal
limit cannot be settled with this data.
However, there is one experimental technique that is
sometimes able to reach cavitation pressures close to theory.
It uses the Berthelot tube technique described in section 3.1,
but this time the container is a microscopic cavity in a quartz
crystal, in the 10 µm range. Using these quartz inclusions,
the group of Angell has reached a largest negative pressure
estimated to be −140 MPa [38]. The estimate was based
on an extrapolated EoS, using the density obtained from
the temperature at which the bubble in the Berthelot tube
disappears upon heating, and assuming that the inclusion
volume does not change with temperature. A Brillouin
scattering study [39] showed that this assumption could be
wrong in very thin inclusions, but that it seemed correct in
more rounded ones.
The quartz inclusion technique was recently reproduced
in Orléans, yielding similar results [40]. Several aqueous
solutions were also studied. Figure 5 displays a new set of
pure water inclusions studied by El Mekki, which confirms the
published results. The measurements with one given inclusion
are reproducible. However, for different inclusions, even
within the same quartz sample, the results are very scattered.
In contrast, the recent acoustic experiment exhibits extreme
reproducibility. However, the largest negative pressure
reached in the quartz inclusions is much closer to the
prediction of CNT. Note also that the data scattering was
strongly reduced if, instead of pure water, a better solvent
for the quartz crystal (sodium hydroxide solution) was

5. Other liquids
Because the results of acoustic cavitation in water are found
to be so far from the CNT prediction, we decided to
investigate other liquids to see if the discrepancy was specific
to water [41]. Note that this study was performed with our
former method to estimate the pressure, which is expected to
give values less negative than the actual ones; see [2] and [35]
for details.
We have studied heavy water, which has nearly the
same surface tension as water: we found the same cavitation
pressure in both isotopes (see figure 6), so that the discrepancy
with CNT is the same for normal and heavy water. We then
turned to other liquids (ethanol and heptane) because they
both have a similar surface tension, around three times smaller
5
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Figure 6. Cavitation pressure as a function of temperature for heavy water, DMSO, ethanol and heptane. Each panel displays the saturated
vapour pressure (solid blue curve), Pcav in the acoustic experiment (filled red circles) and the prediction of CNT, equation (6), with
00 Vτ = 1019 (dashed green curve). The results for heavy water (open blue and filled red circles) are close to those for normal water (grey
diamonds). Experimental data from previous work is also included: [24] (filled black triangle), [42] (empty black squares) and [43] (filled
black diamonds). Reprinted with permission from [41]. Copyright 2011 American Chemical Society.

than water, and dimethylsulfoxide (DMSO) as an intermediate
case. The results are displayed in figure 6. The agreement
with CNT is good for ethanol and heptane; the remaining
discrepancy might be due in part to the underestimated
amplitude of the negative pressure. For DMSO, CNT and
experiment disagree, but to a lesser extent than for water.
We therefore have the trend that the discrepancy between
CNT and acoustic cavitation pressures increases for liquids
with higher surface tensions. We plan to investigate this
theoretically by treating cavitation in a more elaborate way
than with CNT, e.g. using density functional theory.

analysis to the acoustic experiment and found that the critical
bubble was equivalent to a hole in the liquid around 10 nm3
(see [35] for details). We plan to use the same approach in
the case of quartz inclusions to see how different the critical
bubble is.
Measuring the cavitation limit is not sufficient: we
need also to measure the properties of the liquid in the
metastable state. We have been able to measure the equation
of state of water at room temperature down to −26 MPa.
This challenging experiment confirms the validity of the
extrapolation of the IAPWS EoS. The question remains
open for other temperatures and more negative pressure. To
elucidate this issue, we will use the technique of quartz
inclusions, because it is the only one able to reach large
degrees of metastability, close to CNT predictions. We plan
to perform extensive Brillouin scattering measurements on
inclusions with different densities to map out the EoS.
We can think of other types of measurements, e.g.
calorimetry. A possible direction to get the heat capacity of
metastable water is to use new artificial trees, with a larger
volume fraction of bulk water cavities inside the hydrogel.
The study of other liquids, by experiment and also by
more elaborated nucleation theories capturing the different
microscopic interactions, is another exciting direction offered
by the largely unexplored region of negative pressures.

6. Conclusion—perspectives
Comparison of the different techniques to study stretched
water reveals a surprising gap in the experimental data.
Several techniques reach a cavitation pressure that is at most
−30 MPa, whereas a pressure down to −140 MPa is believed
to have been reached in a quartz inclusion. It would be
interesting to have an idea of the microscopic nucleation
mechanism at play in the different systems. A promising
direction is to use the nucleation theorem [44]. If accurate
cavitation statistics can be measured, it allows us to derive the
size of the critical bubble for nucleation. We have applied this
6
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