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We have carried out torsional oscillator experiments on solid 4He at temperatures between 1.3 K and

1.9 K. We discovered phenomena similar to those observed at temperatures below 0.2 K, which currently

are under debate regarding their interpretation in terms of supersolidity. These phenomena include a

partial decoupling of the solid helium mass from the oscillator, a change of the dissipation, and a velocity

dependence of the decoupled mass. These were all observed both in the bcc and hcp phases of solid 4He.

The onset of this behavior is coincidental with the creation of crystalline disorder but does not depend

strongly on the crystalline symmetry or on the temperature.
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Thirty odd years after being predicted [1,2], and several
years after some indirect experimental evidence [3], the
discovery of Kim and Chan (KC) [4] of a possibly super-
solid phase in hcp 4He led to intense activity in order to
better understand the nature of this new state. Several
groups which repeated the KC experiment confirmed the
basic effect, showing in addition that its magnitude de-
pends strongly on the way the solid was prepared [5].
Recent experiments reveal additional interesting properties
of this novel state. Among these are a possible heat ca-
pacity peak [6] at the transition, an increase of the shear
modulus [7] and of the relaxation time [8] of the solid He
when entering this state. In addition, some unusual mass
flow was also observed in solid He below 1 K [9].
Theoretical studies indicate that supersolidity is not ex-
pected in a perfect solid, but may be possible in a crystal
containing structural defects [10,11]. Recently, it was sug-
gested that two level systems can give rise to supersolidity
[12–14]. It is therefore quite clear that the crystallinity of
the solid is an important issue. The question which initially
interested us was whether effects similar to those observed
in the hcp solid phase of 4He at low temperatures may be
observed in the bcc solid phase as well. Bcc 4He exists only
at temperatures approximately an order of magnitude
higher than those where KC saw the effect.

Like other groups [4,5,8,15], we use the torsional oscil-
lator (TO) technique. Our method involves growing high
quality single crystals of solid He. Single crystals of 1 cm3

in volume are grown inside an annular sample space of the
TO. The inner radius of the annulus is 6.5 mm, the height is
10 mm, and its width is 2 mm. All internal corners of the
sample space were intentionally rounded to enable solid to
fill the cell without leaving residual pockets of liquid
[16,17]. He is admitted into the sample space through a
heated filling line at the top of the TO structure. The
oscillator is thermally connected to a 3He refrigerator
through its torsion rod. Hence, the bottom of the cell inside

the oscillator is the coldest internal surface and the solid
nucleates there. Within our range (1.3 K–1.9 K), the reso-
nant period of the oscillator itself does not depend on
temperature. The loaded quality factor of the oscillator is
around 500 000. Once the experimental cell is filled with
solid He, we create structural disorder in the crystal. We
then test how the appearance of this disorder affects the
TO. We gained extensive experience in the growth and
structural characterization of He crystals during our neu-
tron scattering experiments [18]. The critical shear stress of
solid He is very small. Hence, a single crystal of helium
becomes disordered (polycrystalline) if it is compressed or
cooled while constrained by the rigid walls of the cell.
Cooling generates stress due to the large thermal expansion
of the crystal (10�2 K�1 at 1.6 K). We found that as long as
there is any fluid in the cell, it acts as a buffer against
thermal and mechanical shocks and the single crystal is
stable. Only if the cell is completely filled with solid, the
constrained crystal disorders under application of any
stress such as described above. To illustrate this process,
in Fig. 1 we show neutron scattering experiment measure-
ments of a bcc crystal. With some liquid in the neutron
scattering cell, there is a single intense diffraction peak
indicating that the solid is a single crystal. After the cell
was filled with solid and the pressure step was applied, the
diffraction pattern changed to that of a polycrystal com-
posed of grains separated by low angle grain boundaries.
The orientation of the polycrystal shifted spontaneously by
a few degrees [19]. Using the Laue technique [18], we
found that in all cases where a crystal is disordered it
becomes permeated by low angle grain boundaries, the
density of which increases with the amount of stress ap-
plied to the crystal. These neutron scattering experiments
were done using several different cells of different volume
and shape, subjected to a wide variety of pressure and
temperature changes. The kind of disorder generated in
the solid He was always similar to what we show in Fig. 1.
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Hence, this result is quite general, and we take it to apply to
our TO experiment as well.

In our TO experiment, we simultaneously monitor the
resonant period, P, theQ of the oscillator, and the pressure
inside the cell. Pressure is measured using a capacitive
pressure gauge attached to the top of the cell. Swelling of
the sample cell with pressure increased the capacitance.
The sensitivity of the gauge is 0:026 pF=bar, with a mbar
resolution, its response is linear and nonhysteretic over our
working range, and its temperature dependance is negli-
gible. Crystals were grown at a constant temperature and
pressure on the melting curve by adding small amounts of
He to the cell (Fig. 2). Over the duration of the growth, the
temperature changed by less than 2 mK and the pressure at
equilibrium by less than 10 mbar (out of 25–30 bar). This
procedure yields high quality crystals of uniform density.
The end of the filling process was marked by three indi-
cators: the period,P, stops changing, Q increases rapidly,
and the pressure inside the cell increases. This initial
increase of the pressure also serves to solidify the liquid
inside the filling line, decoupling the cell from any sub-
sequent variations of the external pressure. The measured
pressure and temperature of the cell at equilibrium serve to
locate the coordinates of the solid on the phase diagram.

We now discuss the response of the oscillator to stress
applied to the crystal. The data shown below are represen-
tative of experiments done with more than 30 crystals
grown at different temperatures, and with two different
TOs. First, if the growth was stopped with some residual
liquid in the cell, the period, P, stopped changing and
remained constant over days. This indicates that the crys-

tals as grown are of high quality and no annealing takes
place. With a cell full of solid, the behavior changes
drastically. In Fig. 2, we show the period, P, at the final
stage of crystal growth and after the introduction of dis-
order. As the crystal grows, P andQ increase, until the cell
is completely full. As the crystal becomes disordered due
to additional compression, P decreases almost immedi-
ately, indicating that mass is decoupling from the oscilla-
tor. In the following, we use the term ‘‘mass decoupling’’
in conjunction with the period change, although it more
probably results from the solid at grain boundaries and
interfaces becoming mobile. Simultaneously with the onset
of the period change, the Q of the oscillator strongly
decreases (up to a factor of 30). Under steady conditions,
this can take any time between 10 minutes and 2 hours,
depending on temperature. After that, P and the Q of the
oscillator containing a disordered crystal stay constant for
as long as the ambient conditions remain steady. The
change in the moment of inertia of any given crystal due
to the introduction of disorder was 5%–30% of the total
moment of inertia attributed to solid 4He. Here �I=Isolid �
ðPdecoupled � PfullÞ=ðPempty � PfullÞ. The magnitude of this

change is not intrinsic, as it seems to depend on the details
of the procedure by which we disorder the crystal. We
found that the very appearance of mass decoupling does
not depend on the crystalline symmetry. Within the tem-
perature range of our experiment, between 1.3 K and 1.9 K,
we grew bcc crystals, hcp crystals grown from the super-
fluid (below 1.464 K), and hcp crystals grown from the

FIG. 2 (color online). Final stages of crystal growth. Time is
measured from the beginning of the growth. Small quantities of
He are periodically added, momentarily increasing the pressure
inside the cell (red symbols) by 130 mbar over the melting
pressure (28:13� 0:01 bar). As He solidifies in the cell the
overpressure decays to zero and the period, P, of the oscillator
increases (black symbols). A small pressure step applied to a
filled cell at t ¼ 36:2 hours compresses the solid enough to
disorder the crystal. As a result, P decreases, equivalent to a
mass decoupling of 19%. The inset shows Q�1 of the oscillator,
which increases upon disordering the crystal. P of an empty cell
is 2936:76 � sec .

FIG. 1 (color online). Neutron diffraction scans of a bcc 4He
crystal. A single crystal produces a sharp and intense diffraction
peak (blue circles). The red squares show the effect of stress
resulting in a breakup of the single crystal into slightly misor-
iented grains [19]. We note that this neutron scattering data was
obtained in an independent experiment.
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normal fluid (above 1.772 K). All of these showed mass
decoupling. The only systematic difference between these
was that it took about 10 times longer to grow a single
crystal from the normal fluid than from the superfluid,
presumably because of the longer time it takes the latent
heat to leave the system.

Figure 3 shows the temperature dependence of the mass
decoupling for an hcp crystal grown from the normal fluid.
Cooling the disordered crystal leads to a further increase of
the amount of decoupled mass. In parallel, the Q of the
oscillator increases, signifying a decrease in dissipation. In
Fig. 4 we show a similar experiment for a bcc crystal grown
at 1.64 K. Also here we observe mass decoupling following
the disordering of the crystal. During subsequent cool-
down, the pressure inside the cell follows the bcc-hcp
transition line. Once the cell reaches the triple point at T ¼
1:464 K, P ¼ 26:36 bar, liquid appears in the cell and the
decoupling effect vanishes. As the cell is cooled further
along the melting curve, the liquid resolidifies and the
crystal disorders again. The decoupled mass fraction at
lower temperatures is smaller, which may be due to the
lower thermal expansion at these temperatures (this would
cause a smaller stress which breaks the crystal less effec-
tively). With each crystal, our initial set of data is taken
during cooling from the temperature at which it was grown.
We found no essential difference between data taken dur-
ing cooling or warming, in contrast to what was observed at
some recent low temperature experiments [8].

We took particular care to ensure that the behavior
observed is not due to the presence of some residual fluid
inside the cell. Our in-situ pressure data shown in Figs. 3

and 4 clearly indicate that the He inside the cell is in the
part of the phase diagram where only solid is stable. A
second indication is that mass decoupling was never ob-
served when there was any fluid present in the cell. As seen
in Fig. 4, the moment any fluid appears in the cell, the mass
decoupling effect disappears, the crystal anneals, and the
moment of inertia and Q return to the values of a cell filled
with a high quality single crystal. The wide temperature
range over which mass decoupling was observed further
indicates that the phenomena is unrelated to the nature of
the fluid phase from which the crystals were grown. We
stress the importance of designing the TO to have no sharp
corners. Optical studies of He crystals [16,20] show that
due to the nonwetting nature of the solid [17] a cell having
sharp corners is practically impossible to fill with solid
without leaving some trapped liquid.With any liquid inside
the cell, the effects reported here are not observable. In
experiments done with the same cell, but with sharp cor-
ners, we did not see any of the effects described here.
In addition, we have also performed measurements of

the mass decoupling fraction as a function of the tangential
rim velocity of the oscillator. Figure 5 shows the results of
these measurements. Changes of P of a cell filled with

FIG. 3 (color online). Temperature dependence of the de-
coupled mass fraction (black circles) and of the dissipation
Q�1 (green triangles) for an hcp crystal grown from the normal
fluid at 1.81 K. Initially, as the crystal is disordered, about 21%
of the mass decouples and the Q of oscillations decreases. Upon
cooling, both the Q of oscillation and the amount of decoupled
mass increase. The inset shows the pressure inside the cell. The
solid line in the inset is the melting curve [21]. The open
triangles show the temperature dependence of the dissipation
of an empty cell.

FIG. 4 (color online). (a) Temperature dependence of the
decoupled mass of a He crystal grown and disordered at
1.64 K. Initially the crystal is bcc. During cooldown the crystal
gradually converts to an hcp one. The inset shows the dissipation
(Q�1) of the oscillator while cooling. (b) Temperature depen-
dence of the pressure inside the cell during the cooldown (red
symbols). The solid line shows the phase diagram [21]. Note that
once the crystal reaches the lower triple point (1.464 K), liquid
appears in the cell, the decoupled mass fraction vanishes and
Q�1 decreases.
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fluid, or containing a single (ordered) crystal, are essen-
tially identical to changes measured with an empty cell.
Hence, single crystals behave as a perfect rigid body. In
contrast, P of a cell containing a disordered crystal in-
creases by a significant amount with the velocity, i.e., the
decoupled mass becomes smaller. The data obtained while
increasing or decreasing the velocities are the same, unlike
[15]. Except for the velocities being an order of magnitude
higher, our results resemble those by other groups obtained
at low temperatures.

In summary, in our high-temperature TO experiment, we
observe behavior which is qualitatively very similar to that
seen at low temperatures [4,5,8,15]. The appearance of the
effects seen in our experiment is directly correlated with
the creation of disorder (grain boundaries) in a single
crystal. The mass decoupling seems to be insensitive to
the growth temperature between 1.3 K and 1.9 K. Although
our data clearly show no bulk liquid inside the cell, never-
theless some form of mobility can be associated with the
grain boundaries. We remark that if the grain boundaries of
the crystal are mobile, then it would be possible to observe
a very large mass decoupling, even though the volume of
the grain boundaries is small. The solid at grain boundaries
is naturally disordered. Hence, the effect should not depend
strongly on the crystalline symmetry, which is consistent
with our observations. Although the phenomena we ob-

served are qualitatively similar to those seen at low tem-
peratures, this does not imply that there is necessarily a
common origin. Therefore, theories developed in conjunc-
tion with crystalline defects for the low temperature experi-
ments [10,12–14] may or may not be applicable to our
results.
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