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In our daily lives (and in physics books) pressure is generally a positive quantity. But 
there is no fundamental reason against having negative pressure: instead of compressing a 
liquid (=positive pressure) you simply have to stretch it. Just put some water in an air-
tight cylinder and pull on the plunger! Of course, normally when you do this, the water 
starts to form vapor bubbles until the pressure of the liquid+vapor system is back to 
ambient (and thus positive). However, the vapor bubbles can only form by nucleation, 
typically on small contaminations in the liquid. Hence, in super-clean water, bubble for-
mation does not occur (it is for this reason that you can heat clean water above 100°C 
without it starting to boil), and so negative water pressure becomes feasible. Actually ex-
periments [1,2,3] have shown that water can exist at negative pressures down to –1000 
bar! (for comparison, the pressure in a normal bicycle tire is about +2 bar). 
 
So far, very little is known about the properties of water at negative pressure. These 
properties are expected to be unique, because the behavior of water at negative pressure 
is dominated by the attractive forces between the molecules, rather than the short-range 
repulsive forces that dominate the behavior of liquids at normal, positive pressure. 
 
In this project you will explore new ways of creating water at negative pressure, and you 
will use spectroscopic methods to investigate its properties, both macroscopic and at the 
molecular level. 
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A coherent picture of water at extreme
negative pressure
Mouna El Mekki Azouzi1, Claire Ramboz2, Jean-François Lenain3 and Frédéric Caupin1*

Liquid water at atmospheric pressure can be supercooled
to �41 �C (ref. 1) and superheated to +302 �C (ref. 2).
Experiments involving fluid inclusions of water in quartz
suggest that water is capable of sustaining pressures as
low as �140 MPa before it breaks by cavitation3. Other
techniques, for which cavitation occurs consistently at around
�30MPa (ref. 4), produce results that cast doubt on this claim.
Here we reproduce the fluid-inclusion experiment, performing
repeated measurements on a single sample—a method used in
meteorology5, bioprotection6 and protein crystallization7, but
not yet in liquid water under large mechanical tension. The
resulting cavitation statistics are characteristic of a thermally
activated process, and both the free energy and the volume of
the critical bubble are well described by classical nucleation
theory when the surface tension is reduced by less than
10%, consistent with homogeneous cavitation. The line of
density maxima of water at negative pressure is found to reach
922.8 kgm�3 at around 300K, which further constrains its
contested phase diagram.

Owing to the strong cohesion of water, which manifests in its
large surface tension, the liquid is expected to withstand pressures
in excess of �100MPa (ref. 8), as predicted for instance by classical
nucleation theory9 (CNT). The only experimental technique for
which such large tensions have been reported uses water inclusions
in quartz3. The magnitude of the tension was also independently
confirmed by light scattering10. Several other independent ex-
perimental techniques report cavitation at much lower tensions4,
prompting the proposal of a new kind of heterogeneous cavitation
involving stabilization of water in an inclusion against nucleation by
impurities11 or surfaces12. Agreement between cavitation-pressure
measurements and CNTwould thus be advantageous.

In the work that pioneered the fluid-inclusions technique3, a
large number of inclusions, covering a wide density range, were
studied. However, the cavitation event in each individual inclusion
was usually observed only once. One inclusion was observed in
repeated runs ‘‘to nucleate randomly in the range 40–47 �C and
occasionally not at all’’3, which was qualitatively interpreted as
evidence for the crossing of the line of density maxima (LDM) of
water. In the present work, we chose to focus on only one inclusion,
and to perform a large number of cavitation experiments to obtain
the statistics of nucleation. We confirm the previous data in terms
of cavitation threshold, but in addition, by probing nucleation
rates over three decades and using the nucleation theorem13, we
gain insight into the nanoscopic mechanism underlying bubble
nucleation. The results are consistent with CNT with a slightly
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Figure 1 | Schematic path followed by water in a quartz inclusion.
Equilibrium transitions are given by blue curves. The extrapolation of the
EOS measured at positive pressure21 is used to plot the liquid–vapour
spinodal (red), the LDM (black) and the isochore at ⇢ = 922.8 kg m�3

(green) corresponding to the inclusion studied (see Methods for details).
Here the spinodal is re-entrant14, but other scenarios suggest that it
remains monotonic9,15. The LDM has been measured only down to
�20.3 MPa at 280.84 K (ref. 16; black circles). The inclusion studied here
(volume V= 570 µm3) is shown as an inset, with a bubble in the top left
corner. The thick green section shows the series of 154 Tcav values
measured in the present study; they correspond to a cavitation pressure
Pcav around �120 MPa.

reduced surface tension, related to the small size of the critical
bubble. Moreover, the analysis allows us to derive quantitative
information on the LDM, which is of paramount importance in
the debate about the origin of water anomalies. Indeed, if the LDM
sustains a negative slope (Fig. 1), it will intersect the liquid–vapour
spinodal and bend it to lower tension at lower temperature14;
whereas if the LDM changes slope, bending to lower temperature
at higher tension, the spinodal remains monotonic15. Up to now,
the LDM had been measured only down to �20.3MPa at 280.84 K
as shown in Fig. 1 (ref. 16). Our result supports a negatively sloped
LDMmuch further in the metastable region.

Tension in a single inclusion was generated by isochoric cooling
(see Fig. 1 and Methods) at a constant rate, with three values
of the cooling rate r . A total of 154 values of the cavitation
temperature Tcav were measured and sorted (see Methods) to
generate the survival curves ⌃ (T ) (probability that nucleation did
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Water at –1000 bar. In small inclusions of liquid 
water in quartz, extremely negative pressures can be 
attained. From reference [3]. 


