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When two communicating vessels are filled to a different height with liquid, the two levels
equilibrate because the liquid can flow. We have looked for such equilibration with solid 4He.
For crystals with no grain boundaries, we see no flow of mass, whereas for crystals containing
several grain boundaries, we detect a mass flow. Our results suggest that the transport of mass is
due to the superfluidity of grain boundaries.

T
he principle of communicating vessels

states that if a vertical open tube is

half-immersed in a liquid bath, the liq-

uid levels inside and outside the tube equil-

ibrate to a common height. If the top of the

tube is closed, the pressure (P) above the liq-

uid can be different inside and outside the tube,

causing the levels to stay at different heights.

This observation was used by Evangelista

Torricelli to devise the first barometer in 1643.

Furthermore, if all of the air surrounding the

setup is removed, then the liquid is in equilib-

rium with its vapor at a well-defined P (the

saturated vapor pressure), and the difference in

height (h) vanishes. We have performed a

similar experiment with 4He at its liquid/solid

equilibrium. We found that hydrostatic equi-

librium can be achieved via frictionless mass

flow through the solid. These results provide

further evidence for the Bsupersolid[ behavior

reported by Kim and Chan (KC) (1, 2) and

now confirmed by three other experimental

groups (3–5). However, we have shown that

mass transport probably takes place within

superfluid grain boundaries (GBs) (6) and is

quite different from the scenario of Bose-

Einstein condensation of vacancies proposed

by others (7–10).

KC studied a torsional oscillator filled with

solid 4He and determined that 1% of their

sample mass was superfluid below 50 mK be-

cause it decoupled from the oscillations of its

container (1, 2, 11). They called this phenome-

non supersolidity, but its interpretation remains

controversial (3, 6, 12–16). In particular, other

work (3) has found that supersolid behavior was

no longer observed when their crystals were

annealed for 10 hours between 1.4 and 1.5 K.

In (3), it was concluded that crystal defects are

essential for the existence of supersolidity, al-

though KC did not observe any effect of an-

nealing. After KC_s observations, another study
looked for mass flow inside porous Vycor glass

filled with solid 4He (17) but found no mass

flow at low temperature. This experiment was

perhaps sensitive to the pinning of the lattice to

the side walls. Although lattice pinning was

probably not as important in a follow-up ex-

periment in which the geometry of the setup

was more open (18), we decided to look for

mass flow in a large tube and in a situation

where no lattice deformation was necessary.

In our experiment, we partially filled a glass

test tube (inner diameter D 0 1 cm) with solid
4He grown from liquid 4He (Fig. 1) and ob-

served it with a charge-coupled device camera

through the windows of a cryostat (Fig. 2). We

started with a configuration where the liquid/

solid interface inside the tube was higher than

outside. If mass can flow through the solid,

gravity drives the system to the equilibrium

state where both interfaces are at the same

level. This is because thermal effects are neg-

ligible (19–21). Furthermore, the crystal cannot

slip against the wall tube because it is blocked by

the geometry of the setup (22, 23). The levels

can move only by local crystallization and melt-

ing, with the lattice being immobile. However,

because the solid density (r
C
) is 10% higher

than the liquid density (r
L
) (24), relaxation

requires mass flow from the liquid inside the

tube to the liquid outside. If the top of the tube

were open, mass transport through the bulk

liquid would be very efficient and, because the

liquid/solid interface is very mobile at low

temperature, the levels would relax with a very

short time constant (0.2 ms at 50 mK) (25). But

the top of the tube is closed, and the relaxation

is limited by the resistance to mass flow

through the solid. As we shall see, there is no

substantial mass flow along the glass/helium

interface in our experiment.

Although a similar experiment provided a neg-

ative result (26), the crystal relaxation in that

experiment required crystal growth into a nar-

row space. During growth, crystals are usually

faceted, and facets are easily pinned by surface

defects (25). In our case, the crystal has to melt

inside the tube, so that facets disappear.

To prepare solid 4He inside the tube, the

pressure outside the tube needs to be much

higher than inside. To satisfy this condition, for

4 to 10 s the melting pressure (P
m
) was 25.7 bars

at 1.3 K inside the tube and 26 bars at 1.4 K

outside the tube (24). This could be achieved

during growth by temporarily increasing the

flow rate into the cell through its fill line. This

procedure was repeated several times in order

to solidify most of the helium inside the tube.

Each time, the crystal grew at a speed in the
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Fig. 1. A schematic of a 1-cm-diameter test tube
partly filled with solid helium (S) in contact with
liquid helium (L) above. After preparing the
liquid/solid interface (hatched area) at a higher
level inside the tube than outside (distance
represented by h), we observed a relaxation to
the same level on both sides of the tube if a
continuous path along GBs connected these
two regions.

Fig. 2. Photograph of solid helium prepared at
1.3 K. The interface between the liquid (L) and
the solid (S) shows cusps where GBs emerge.
Outside the tube, which appears black because of
refraction effects, the interface is lower than
inside by h(t). Seen on either side and in front,
the interface completely surrounds the tube.
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range from 0.1 to 1 mm/s and several GBs

formed, as shown by the presence of cusps at

the liquid/solid interface. GBs have a surface

tension comparable to that of the liquid/solid

interface, so mechanical equilibrium induces

macroscopic cusps where GBs meet the liquid/

solid interface (Fig. 2). We often observed that

cusps disappeared spontaneously, with a typical

time constant of 1 hour. It seems that some

GBs were able to move transversely before

vanishing either on side walls or at the liquid/

solid interface, whereas other GBs were pinned,

probably to walls, and stayed immobile. The

GB motion can be driven by residual stresses in

the polycrystalline samples.

After using the above method to prepare

crystals, closing the fill line, cooling to 50 mK,

melting the outside part of the solid by opening

the fill line, and finally bringing its level to 1 cm

below the level inside, we watched for a possible

relaxation of the interface levels.

We studied 13 crystals, 10 of which showed

no or very few cusps inside the tube 2 hours

after preparation. For these crystals of good

quality, we observed no relaxation. The 1-cm

h(t) stayed constant within 50 mm over a time (t)

of 4 hours; the interface velocity (V ) was less

than 3.5 � 10–3 mm s–1. This velocity is at least

300 times less than that expected from KC_s
picture, where the supersolid density (r

s
) is 1%

and the supersolid mass flows through the bulk

crystal at a critical velocity v
c
0 10 mm s–1. In a

tube of cross section S 0 pD2/4, this would give

a mass current J 0 Sr
s
v
c
. J and V are related

through J 0 S(r
C

– r
L
)V, so that the cor-

responding interface velocity would be V 0
r
s
v
c
/(r

C
– r

L
) 0 1 mm s–1. Our results are not

consistent with simple interpretations of KC_s
experiment in terms of a 1% equilibrium den-

sity of vacancies forming a Bose-Einstein con-

densate in single crystals (10).

For three crystals of medium quality, we

observed a definite mass transport through the

solid. The relaxation of two crystals studied at

50 mK is shown (Fig. 3, crystals 1 and 2). In-

side the tube, crystal 1 showed one cusp, which

vanished after 1000 s. As long as this cusp was

visible, the h(t) between the interface level

inside and outside the tube relaxed at a constant

velocity (0.6 mm/s) (Fig. 3). When the cusp

disappeared, the relaxation stopped. Crystal 2

showed many cusps and relaxed much faster

than crystal 1. The interface moved first at 6

mm/s and reached an even more disordered re-

gion of the crystal after 500 s, where more

cusps were visible and the velocity changed to

11 mm/s. Finally, h(t) reached 0 and stopped.

Because a viscous fluid would relax exponen-

tially, a relaxation at constant velocity, on the

contrary, is characteristic of superfluid flow at

its critical velocity. At the end of the relaxation,

several cusps were still visible inside the tube.

The equilibrium position at h 0 0 confirmed

that the temperature difference between the two

sides of the tube was negligible (19). We also

tried to regrow the crystal inside by slowly

injecting more 4He through the fill line at a

constant temperature, but facets developed,

which blocked the growth inside.

If the interface with the glass wall is the

same as for crystals of good quality, the re-

laxation in these two crystals should be due to

superfluid flow along a thin continuous path

that follows GBs across the whole solid. For

crystal 1, a single path was cut after a partial

relaxation. The mass flow is limited by v
c

vGB
c 0

pD2

4ew

rC j rL
rs

V 0 1:5
a

e

D

w

rC
rs

m=s ð1Þ

inside a GB that has a width w, a thickness e,

and a superfluid density r
s
; a is equal to 3 ),

which is the thickness of one atomic layer. The

above result is consistent with the study of

liquid films of atomic thickness adsorbed on a

wall (27). Although these films had a free

surface, similar critical velocities were found

(up to 2 m/s).

Having found evidence for a direct cur-

rent of mass through solid 4He samples at

50 mK, the temperature at which KC first

observed supersolidity, we looked for a pos-

sible temperature dependence. It is difficult

to keep a single GB fixed and to study its

properties as a function of temperature, but

we have observed similar superflow at 1.13 K

in a third crystal that had many defects.

This crystal changed relaxation speed several

times, and its h(t) finally relaxed to zero at

0.9 mm/s after 4500 s. This observation sug-

gests that GBs are thick enough at P
m

for

their superfluid transition temperature (T
c
) to

be close to that of bulk liquid 4He. However,

the properties of the GBs might depend on

the misorientation between the adjacent

crystals.

Let us now consider the possibility that

there is a superfluid film between the glass

wall and solid helium (14, 15). Because solid
4He partially wets walls (25), a superfluid film

at the glass/helium interface necessarily has a

microscopic thickness e on the order of a.

Because crystals of good quality do not relax,

we found an upper bound for v
c
W near the

glass wall

vWc 0
D

4e

rC j rL
rs

V G 0:28
a

e

rC
rs

cm=s ð2Þ

If e were equal to 4 to 8 a as proposed in

(14), the superfluid film near the wall should be

similar to the free liquid films in which the v
c
is

much larger (27). On the contrary, if we assume

e 0 a and r
s
/r

C
, 0.04 as proposed in (15), we

find v
c
W G 7 cm/s. This is possible if the

superfluid film near the glass wall is much

thinner and denser than inside a GB (28) but, in

this case, it is probably not thick enough to ex-

plain KC_s results. It therefore appears difficult
to explain the results of both KC_s experiments

and ours in terms of a superfluid film at the

glass/helium interface.

Our results suggest that GBs are superfluid,

so that 4He crystals of medium quality are

supersolid at the liquid/solid equilibrium pres-

sure P
m
; that is, mass transport through them

without dissipation is possible. But they are not

Bsupercrystalline[ because transport does not

occur through their crystalline part. However,

the connection of our results with other ob-

servations of supersolidity (1–5) is not straight-

forward, because our measurements were taken

at P
m
, whereas others were taken at higher

pressures. We now need to study the super-

fluidity inside GBs more carefully. We expect e

and v
c
GB to have a sharp variation near P

m
,

Fig. 3. The h(t) between the liquid/solid
interface inside and outside the tube as
a function of time for two different
crystals. Error bars indicate the accuracy
at which heights are measured (þ/j50
mm); for crystal 2, they are smaller than
the symbol size.
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where these quantities should be larger than at

P 9 P
m
, away from the stability region of the

liquid. It is also possible that the superfluid

transition temperature T
c
GB is considerably

lower than 1 K at high P, where superfluidity

may concern only a fraction of a monolayer.

Unfortunately, to work with a single GB while

varying the temperature and P is not easy. One

should also study the effect of 3He impurities

because these should adsorb on GBs and mod-

ify their superfluid properties.

Let us finally consider the values of r
s
and

v
c
found in torsional oscillator experiments

(1–5). If the superflow occurs along the GBs in

these experiments as well, v
c
needs to decrease

sharply from meters per second at P
m

to

micrometers per second above P
m
. This is

possible if the thickness of GBs also decreases

as a function of P. A 1% superfluid density can

be achieved with one GB every 100 e. We have

found that, when growing crystals above 1.8 K

from normal liquid helium, as is usually the

case when using the blocked capillary method

of KC and others, the growth is dendritic and

the solid sample is snowball-like, in which the

density of defects is so large that it strongly

scatters light Esee photograph in (5)^. It is also
possible that KC_s experiment is insensitive to

annealing because GBs are more strongly

pinned in their cell. If GBs are close to each

other, elastic interactions might couple them

and mimic phase coherence. As a final note, we

mention that KC observed that r
s
(P) increases

up to 55 bars before decreasing at higher P. The

increase could be due to an increasing number

of GBs and the decrease to the vanishing of

superfluidity around 200 bars (29).
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Detection, Stimulation, and Inhibition
of Neuronal Signals with High-Density
Nanowire Transistor Arrays
Fernando Patolsky,1* Brian P. Timko,1* Guihua Yu,1 Ying Fang,1 Andrew B. Greytak,1

Gengfeng Zheng,1 Charles M. Lieber1,2†

We report electrical properties of hybrid structures consisting of arrays of nanowire field-effect
transistors integrated with the individual axons and dendrites of live mammalian neurons, where
each nanoscale junction can be used for spatially resolved, highly sensitive detection, stimulation,
and/or inhibition of neuronal signal propagation. Arrays of nanowire-neuron junctions enable
simultaneous measurement of the rate, amplitude, and shape of signals propagating along
individual axons and dendrites. The configuration of nanowire-axon junctions in arrays, as both
inputs and outputs, makes possible controlled studies of partial to complete inhibition of signal
propagation by both local electrical and chemical stimuli. In addition, nanowire-axon junction
arrays were integrated and tested at a level of at least 50 ‘‘artificial synapses’’ per neuron.

E
lectrophysiological measurements made

with micropipette electrodes and micro-

fabricated electrode arrays play an im-

portant role in understanding signal propagation

through individual neurons and neuronal net-

works (1–5). Micropipette electrodes can stim-

ulate and record intracellular and extracellular

potentials in vitro and in vivo with relatively

good spatial resolution of È100 nm per pipette

and Q10 mm between two pipettes (2, 6–8), yet

they are difficult to multiplex. Microfabricated

structures, such as electrode and field-effect

transistor (FET) arrays, have potential for large-

scale multiplexing and have enabled recording

from both individual neurons and networks

(3–5, 9–14). However, these structures have rela-

tively large sizes (È10 mm and larger on edge),

and their interelectrode spacing (910 mm) has

precluded detection and stimulation of neuronal

activity at the level of individual axons and/or

dendrites.

For a FET array to be used to stimulate,

inhibit, and record neuronal signals from numer-

ous locations along the neuronal projections and

cell body, the gate dimensions should ideally be

on the nanometer scale, and appropriate contact

between the neuron and the array must be made.

Silicon nanowire (SiNW) FETs (15) have been

used to detect chemical and biological species

(even single virus particles) in solution (16–19).

We show that we can pattern arrays of SiNW

FETs on a substrate and passivate the arrays

such that they will function in cell-culture

media. Polylysine patterning allowed us to di-

rect the growth of rat neurons to ensure that

numerous SiNW FET contacts were made to

the same neuron, rather than rely on fortuitous

overlap. Because the contact length along an
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