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Viewpoint

How could a solid be superfluid?
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Experiments indicate that, as in a superfluid, mass can flow through solid helium-4 without viscous resistance.
Recent calculations shed light on how this may happen thanks to defects in the crystal lattice.
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Is it really possible that mass flows without viscous
dissipation through a quantum solid? In other words,
could a solid be “supersolid”—that is, a superfluid and
a solid at the same time? Some experiments suggest
so. No one really understands this paradoxical phe-
nomenon yet [1], but a group of six theorists has given
us some insight on how this may happen. Writing in
Physical Review Letters, L. Pollet and M. Troyer (ETH), M.
Boninsegni (University of Alberta), N. Prokof’ev and B.
Svistunov (University of Massachusetts), and A. Kuklov
(City University of New York) explain how some types
of defects in solid helium-4 support mass superflow [2].
It is now up to the experimental groups to check if they
are right.

The story began four years ago, when Eunsong Kim
and Moses Chan (Pennsylvania State University) filled
a little box with solid helium-4. The box was suspended
by a rod with which it made a so-called “torsional os-
cillator” [3, 4] that rotates one way, then the other, as in
Video 1[5]. The oscillator had a resonance at a frequency
of about 1 kHz, which depended on the oscillating mass.
Below a temperature of order 100 mK they observed that
the resonance frequency increased as if some of the mass
inside the box had decoupled from the moving walls,
and from this they proposed that solid helium was per-
haps a “supersolid.”

Although paradoxical, in the 1960s A. F. Andreev and
L. M. Lifshitz and other theorists thought that this phe-
nomenon was possible in quantum crystals like helium-
4 [6]. Their idea was the following: even in the zero-
temperature limit, most of the atoms would be local-
ized at the nodes of a periodic lattice but some of the
nodes would be vacant. These vacancies could tunnel
very quickly from site to site and be delocalized, which
would lower the vacancy energy so much that even the
ground state of the crystal would contain a nonzero
density of these so-called “zero-point vacancies.” As a

VIDEO 1: Animation showing the behavior of helium-4 atoms
in the Kim and Chan experiments [3, 4]. A cylindrical box
is filled with solid helium-4 and suspended from a rod (not
shown). The disk rotates back and forth as a torsional oscilla-
tor. Clicking on the image begins the animation showing the
effects of superfluidity on torsional oscillation [5]. (Trent L.
Schindler / National Science Foundation.) Video available at:
http://physics.aps.org/articles/v1/16#video.

consequence, the crystal would be “incommensurate,”
which means that the number of atoms would be differ-
ent from the number of sites of the crystal lattice.

In helium-4, where atoms are Bose particles, the va-
cancies would also be Bose particles. At low tempera-
ture, these vacancies could then form a “Bose-Einstein
condensate,” that is, a macroscopic matter wave. A
vacancy moving one way being equivalent to an atom
moving the other way, superfluid mass transport would
be possible through this surprising crystal. But at the
same time, the crystal would show solid properties due
to its localized atoms: it would react elastically to a shear
stress; it would be both elastic and superfluid!

This idea is interesting but it could not apply to he-
lium: solid helium-4 is commensurate because the en-
ergy of vacancies is not zero but rather on the order of 10
K, so that at 100 mK, the probability of finding a vacancy
is of order e−100, which is totally negligible. Moreover,
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most physicists in this field agree that a commensurate
crystal cannot be supersolid [7]. So what is happening
in these helium crystals? The experiments by Kim and
Chan have been repeated by several groups working at
Cornell, Keio University (Tokyo), and others. But suc-
cessive experiments have shown that, if it really exists,
supersolidity is related to disorder in the solid samples
[8, 9]. This disorder could be dislocations, grain bound-
aries, or ill-crystallized regions, which could be liquid
or even glassy.

As a result of these experimental developments, pre-
dictions were made in 2007 by the aforementioned the-
orists [10, 11]. As shown in Fig. 1, they found that the
region inside screw dislocations is superfluid [10] and
predicted that helium inside the grain boundaries be-
tween crystal grains in polycrystals should also be su-
perfluid [11]. This confirms that such defects may allow
superfluidity, but why does it occur? Thanks to the new
work by Pollet et al.[2] the underlying physical mecha-
nisms are becoming clear. They find that inside a dislo-
cation or a grain boundary, the local stress is anisotropic
and sufficient to bring the vacancy energy to zero, so
that the defect is invaded by vacancies that are mobile
and superfluid. In a perfect crystal, an invasion by va-
cancies would lead to melting but inside a dislocation it
does not. As a result, Pollet et al. show that solid helium
could contain a network of defects, and if these defects
are connected to each other, mass could flow from one
side of the crystal to the other without friction.

With Pollet’s new results, have we really understood
what happens in torsional oscillators? We have clearly
progressed, but I don’t think the story is finished. One
reason for my doubts is that dislocations are very small
objects, about 1 nm in diameter. In order to build a mea-
surable superfluid fraction, one would need an enor-
mous density of dislocations. Some researchers such
as Philip Anderson think that there could be a kind of
proximity effect, as in superconductors [12]. In this sce-
nario, dislocations are sources of vacancies that may in-
vade the crystal and make it superfluid, but this does
not seem to be observed in numerical simulations.

Another difficulty comes from measurements of the
shear modulus of helium-4 crystals. Day and Beamish
[13] have found that below 100 mK, when the crystals
seem to be supersolid, they become stiffer, not softer
as one could have expected since mass is supposed to
move inside. Furthermore, the way that the elastic shear
modulus increases below 100 mK is very similar to the
manner in which the frequency of the torsional oscillator
increases. The stiffening could be the result of disloca-
tions becoming pinned by isotopic impurities (for exam-
ple, helium-3 atoms even at very small concentrations).
But why would the pinning of dislocations be necessary
for supersolidity to appear? As far as I can tell, at the
moment nobody knows.

After nearly five years of hard work in several labora-
tories, helium crystals still appear to be very strange and
it is our understanding of the solid state of matter that

FIG. 1: Two-dimensional projection of a screw dislocation in
a hexagonal crystal of helium, as simulated by Boninsegni et
al. [10] at a temperature of 0.25 K. This is a projection of a
three-dimensional crystal that contains a dislocation along the
vertical (z) direction. The density of blue points shows the
regions that exhibit superfluidity inside the dislocation core.
Red circles show the position of atoms (in the lower half-space
only) and the dimensions are in Å. The whole picture is the
result of a quantum Monte Carlo simulation performed with a
particularly efficient algorithm. (Figure credit: adapted from
Boninsegni et al. [10].)

needs to be reconsidered in depth. I believe that Pollet et
al. are on the right track in trying to understand defects
in crystals, but the game is far from over. After many
years of work on quantum crystals, the understanding
of quantum defects has only just started. Of particular
interest would be experiments on single defects or on
solid samples with well-characterized disorder.

Animation showing the behavior of helium-4 atoms
in the Kim and Chan experiments [3, 4]. A cylindrical
box is filled with solid helium-4 and suspended from
a rod (not shown). The disk rotates back and forth as
a torsional oscillator. Clicking on the image begins the
animation showing the effects of superfluidity on tor-
sional oscillation [5].Trent L. Schindler / National Sci-
ence Foundation.
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