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Observation of metastable hcp solid helium.

F. Souris, J. Grucker,* J. Dupont-Roc, and Ph. Jacquier
Laboratoire Kastler Brossel, Ecole Normale Supérieure,
Université Pierre et Marie Curie, CNRS, 24 rue Lhomond, 75005 Paris, France
(Dated: June 9, 2011)

We have produced and observed metastable solid helium-4 below its melting pressure near 1.1 K.
This is achieved by an intense pressure wave carefully focused inside a crystal of known orientation.
An accurate density map of the focal zone is provided by an optical interferometric technique.
Minimum density achieved at focus corresponds to a pressure about 2 bar below the static melting
pressure. Beyond, the crystal undergoes an unexpected instability much earlier than the predicted

spinodal limit.
metastable state and its stability limits.

PACS numbers: 67.80.-s,64.60.My,67.25.dt

Crystalline solids can be brought into metastable state
with respect to fusion if surface melting is avoided. Ex-
perimentally this is achieved by heating small metal or
dielectric crystals embedded in stronger matrices beyond
the bulk melting temperature[l, 2]. Metals are the most
frequently studied materials. Fast heating of bulk solids
by subpicosecond laser pulses has also provided evidence
of such metastable states[3, 4]. Numerous computer sim-
ulations have been used to unveil mechanisms limiting
the metastability domain[2, 5-8].

Solid helium offers novel opportunities. At low temper-
atures (0 < T' < 1.4 K), hep solid helium-4 only exists for
pressures higher than P,,(T) 2 25 bar. The melting line
is nearly horizontal in the 7-P plane, in contrast with
other simple solids where it is nearly vertical. In this
unique situation, pressure is the efficient control param-
eter to explore the metastability region below the melt-
ing line. In addition, solid helium offers the peculiarity
that quantum zero point motion plays a more impor-
tant role than thermal motion. For melting, it does not
obey the empirical Lindemann criterion[9]. Metastable
expanded solid helium-4 has also been considered in the
past in view of achieving the Andreev-Lifshitz-Thouless
scenario for supersolidity[10] by lowering the vacancy
energy[11]. Although this scenario is now considered less
relevant[12, 13], the interstitial and vacancy energies in
a stretched lattice has been computed[12], and a limit
of the metastable region has been proposed to lie 35 bar
below the melting line[14]. None of these prospects ever
came to an experimental realization[15] and a presum-
ably large domain for the solid metastable phase remains
unexplored.

In this letter, we provide full experimental evidence
that metastable solid helium-4 can be obtained well be-
low P,,(T) by a focused pressure wave inside bulk solid.
This technique was used to study the liquid phase of he-
lium in a metastable state with respect to its vapor or
to the solid phase[16, 17]. For the hep lattice of solid
helium-4, the sound velocity is anisotropic. A pressure
wave front originating from a point source is not a sphere,

This opens a novel opportunity to study this quantum crystal in an expanded

but a prolate surface along the c—axis[18]. Hence hemi-
spherical transducers do not produce converging sound
waves in that case. Decompression of hep solid helium
with an hemispherical transducer has actually been tried
with only a modest success[19]. Here we use an appro-
priate shaping of the ultrasound emitter (piezo-electric
transducer PZT) to compensate for the sound veloc-
ity anisotropy[20]. The density modulation, below and
above the coexistence density, is accurately measured us-
ing an interferometric imaging technique.
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FIG. 1. A convergent pressure wave is produced in hcp solid
helium at 1.1 K by the excitation of a well shaped piezo-
transducer (PZT). The density modulations near focus are
monitored using a Jamin interferometer. The lens L images
the focal region onto the CCD camera

The experimental cell containing solid helium is cooled
by a helium-4 cryostat with four optical ports. The tem-
perature can be regulated from 1.1 K to 2.1 K. Internal
pressure is measured by a capacitive pressure gauge[21]
calibrated along the liquid-solid coexistence line against
an external pressure gauge[22]. The symmetry axis of the
PZT is vertical and is taken as z-axis (Fig. 1). The orien-
tation of solid helium should be such that its symmetry
axis (perpendicular to the c-facet) coincide with the z-
axis. Helium density modulations are monitored via the
refractive index using a Jamin interferometer (Fig. 1).
One of its arms passes through the acoustic focal region
and is taken as the y-axis, while the other one crosses
the cell in an unperturbed zone. The focal region is im-



aged onto a CCD camera using an appropriate lens. The
imaged surface is about 4 x 2.4 mm?. The measurement
technique has been described elsewhere[23] and may be
summarized as follows: optical phase shifts ¢(x,2) in-
duced by density modulations are extracted from sev-
eral images taken with different phases of the reference
beam. This process is then reproduced for different val-
ues of the delay t between the sound pulse emission and
the imaging laser pulse to construct a phase map movie.
Because of the rotational invariance of the sound field
around the z-axis, the variation of the refractive index
dn(r, z) depends only on the coordinate z and on the dis-
tance r to the z-axis. The optical phase map is then the
integral along the y-axis of on(r, z), i.e. its Abel trans-
form. An inverse Abel transform|[24] of ¢(x,y) provides
the radial profile on(r,z). Density maps can be com-
puted from dp(r, z) = po on(r, z)/(ng — 1) where pg and
no are the solid unperturbed density and refractive in-
dex. This method of determining sound fields has been
quantitatively tested in water by comparison with an op-
tical fiber hydrophone[23]. For an easier appreciation of
the modulation achieved, conversion to pressure is made
using:

on(r, z)
nog — 1

dP(r,z) =x (1)
where x = 269 bar is the bulk modulus[25, 26] and ng =
1.036[27]. This formula is the linear approximation of the
equation of state, valid up to §P ~ 5 bar with an error
less than a few percent.

When producing solid under depression, nucleation of
the liquid phase on the PZT’s surface must be avoided.
Let §Ppzr(t) be the acoustic pressure at the PZT sur-
face, Ty the temperature of the cell and P, (Tp) the static
melting pressure. We note Py the uniform pressure in
the cell and 6Py = Py — P, (1)) its initial offset from
the melting line (Fig. 2). P, is chosen so that the condi-
tion 0 Ppzr(t) + 6Py > 0 is always fulfilled, even at the
troughs of the pressure wave.

To obtain an oriented and homogeneously pressurized
crystal at (Tp, Pp), a crystal seed with its c-facet horizon-
tal is first grown at a temperature below the roughening
transition of the c-facet (1.3 K)[28]. The horizontality
of the facet is controlled optically in both z and y di-
rections with 1° accuracy. Filling the cell with the crys-
tal and pressurizing it from P, (Tp) to Py at constant
temperature Ty would be harmful for crystal quality. In-
deed, because helium is a very compressible solid, ma-
terial would have to be brought into the cell including
into the PZT cup. This would result in plastic defor-
mation of the crystal, possibly breaking it into several
differently oriented pieces. Pressure gradients could also
be created. Instead we follow the procedure shown in
Fig. 2. The cell with the seed in equilibrium with the
liquid is warmed up to some temperature T chosen so
that P, (Tc) > Py > Py (Tp). This warming along the
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FIG. 2. Experimental path in helium-4 phase diagram to
obtain a crystal at Tp and Py. A — B: liquid pressurization
at constant T. B: nucleation of an oriented crystal seed.
B — (C: warming of the crystal seed in equilibrium with
the liquid up to Tc ~ 1.4 K. C: growth of the crystal until
the whole cell is filled. C — D(To, Py): isochoric cooling.
Coexistence curves are taken from Grilly[25]. Solid dots are
experimental data provided by the inner pressure gauge. In
this example,  Pp = 0.54 bar.

melting line is done slowly to keep a quasi-static equi-
librium between the pressure in the filling line and the
melting pressure at the cell temperature. The crystal is
then grown at T until the cell is filled and the filling
capillary is blocked by the solid phase. Eventually, the
whole cell is slowly cooled at constant volume down to
(To, Py) in a little more than two hours. This slow iso-
choric cooling is expected to avoid crystal breaking, as
well as temperature and pressure gradients.

z (mm)

0 0.8 1.6 2.4
r (mm)

FIG. 3. Refractive index map dn(r, z) of a convergent pressure
wave in hcp helium single crystal. PZT voltage is V =185 V
and propagation time from the PZT surface is t = 15.53 us.
For an easier appreciation of the wave field around the focus,
the map is supplemented on the left of the axis by a mere
symmetry.

The experiment then runs as follows. A four-oscillation
RF pulse (frequency 1.25 MHz, amplitude V' tunable
from 10 to about 250 V) is applied to the PZT and gen-
erates a convergent pressure wave train in the crystal.
Phase maps are recorded for delay ¢ ranging from 10 us
to 20 us with 0.05 us time steps. Radial refractive index
maps on(r,z,t) are obtained from them. Such a map
is shown in Fig. 3. From those maps, one can find the
acoustic focus z; as the location where dn(0, z,t) has
its maximum amplitude. In Fig. 4, the refractive index



variation at acoustic focus dn(0, z¢,t) is plotted versus
time. The pressure scale of the right axis is computed
using equation (1). The pressure reaches its minimum
at tpmn = 15.53 us and its variation from the static
pressure Py is 6 Ppin = —2.80 bar £0.12 bar. The er-
ror bar is computed from the r.m.s. noise on én and
corresponds to one standard deviation. The initial off-
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FIG. 4. Time evolution of refractive index and pressure vari-
ations at focus for V' = 185 V. Maximum transient depression
(0 Pmin = —2.8 bar £0.2 bar) is obtained at tmin = 15.53 us
and is clearly below the static melting line indicated by the
dotted line at —0FPy = —0.87 bar.

set pressure being §FPy = 0.87 bar, one concludes that
the solid is decompressed under its melting pressure by
AP = 6P,in + 0Py = —1.93 +0.12 bar. In another run
with 0Py = 0.23 bar, the value AP = —2.2 + 0.05 bar
was obtained.

Does helium stay in the solid phase? If a liquid bubble
had nucleated at the focus, it would have expanded for
about a quarter of the sound period at a velocity close to
the sound velocity. Thus it would have reached a diam-
eter of the order of 100 pm. Taking into account the re-
fractive index difference between liquid and solid phases
(about 0.0035), the liquid bubble would have created a
phase shift as large as 4 radians on a size larger than the
20 pum image resolution (to be compared to maximum
phase shifts of about 1 radian induced by the pressure
wave). Moreover, a large asymmetry would have been
found between positive and negative pressure swings.
None of these two phenomena is observed. Thus tran-
sient melting does not occur.

Is the crystal modified by the pressure wave 7 Recent
experiments[29, 30] show that creation and motion of dis-
locations are involved in the response of solid helium-4
even to very low strain (e &~ 1078). The temperature used
here (1.1 K) is significantly higher than the temperature
where the dislocations become free to move. Hence, it is
likely that with the strain produced in this experiment
(typically 2x10~* at the PZT’s surface at 200 V, 4x1073
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FIG. 5. Minimum depression achieved below the melting pres-
sure AP versus the PZT driving voltage V. Crosses and open
circles correspond to different runs with different crystals and
different initial pressure offsets d Py. Error bars correspond to
one standard deviation of the noise on dn. For the last point
on each run, a defect appears at focus (see inset), which is also
responsible for the larger noise. The crystal stability limit in
AP is between the two dash-dotted lines.

at focus) the solid becomes full of dislocations. These dis-
locations can organize themselves into grain boundaries,
leading to a subdivision of the crystal into slightly dis-
oriented crystallites [31]. We looked for such a crystal
modification in two ways. First, we have performed a set
of experiments where the driving voltage (V) is gradu-
ally increased from a reference voltage Vier = 60 V up
to 220 V. In between each different driving voltage ac-
quisition, a test acquisition at the reference voltage was
taken. We then compared the successive test phase maps
to the reference map and found them quite similar. For
instance, the minimum depressions AP for the reference
voltage are within 20% as shown in Fig. 5 (open circles).
For comparison, a misaligned crystal with its c-axis at
20° from the PZT axis or a solid made of a few crystals
give very different density maps. As a second test, after
sonication at 100 V, the crystal was melted carefully at
its coexistence pressure, reversing the procedure used for
its growth. The liquid/solid interface reveals the exis-
tence of grain boundaries around the focal region. The
conclusion is that the local disorientation of the crystal
is not sufficient to modify significantly the pressure wave
propagation.

In the same series of measurements, we looked for the
maximum achievable depression. It was found that the
crystals break when V' exceeds a threshold lying between
185 V and 220 V. An extended defect with a different
density appears at the focal point (see inset of Fig. 5).
The corresponding value for AP is between —1.93 and
—2.40 bar depending on the sample. Once created, these
defects disappear in a few seconds after the sound pulse.



However, subsequent sound focusing is degraded, indi-
cating a substantial crystal reorganization in the central
region. Hence to carry out a new experiment, the crystal
has to be melted and a new one regrown using the pro-
cedure shown in Fig. 2. Thus determining a more precise
value for this threshold and investigating the physical
phenomena involved is a long term project. It is clearly
not the stability limit of the condensed phase discussed
in ref. [14] which is expected at much lower depression
(—35 bar). It may be related to the bee phase. Indeed, an
extrapolation of the hep/bee coexistence line comes close
to the observed stability region. The hep — bec transfor-
mation is known to exhibit little metastability contrarily
to the inverse transformation[32]. It could also be a tech-
nical limitation of the ultrasound method to create large
depressions. Fig. 5 shows that the maximum amplitudes
do not scale linearly with V' above 60 V. This reveals
some nonlinear process in the production or propagation
of the pressure wave, possibly dislocation creation and
motion. The temperature dependence of the threshold
up to 1.4 K will probably give a hint for the physics in-
volved.

To summarize, we have demonstrated the production
of metastable solid helium at 1.1 K using pressure as a
control parameter. For amplitudes up to -2.0 bar below
the melting line, the ultrasound technique used does not
seem to alter drastically the crystal. An unexpected in-
stability of the solid phase was found between —1.93 bar
and —2.40 bar. Further investigations are required to
determine if this instability is an intrinsic property of
the crystal, or an unfortunate consequence of the decom-
pression method used. In either case, crystal properties
in the accessible metastable region are now to be stud-
ied. Among these, bulk compressibility will be accessi-
ble through Brillouin scattering. Vacancy energy will be
more difficult to measure, but not less interesting.
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