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Vortex Core Size in Submonolayer Superfluid4He Films
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The superfluid density of4He films adsorbed on 500 Å alumina powder is measured for films
with transition temperatures between 50 and 700 mK. The transitions are controlled by the universal
Kosterlitz-Thouless line, but a strong increase in the broadening of the transition is observed for the
thinnest films. Analysis shows that this broadening results from a vortex core size that increases rapidly
as the film is thinned, scaling roughly with the interparticle spacing of the superfluid submonolayer.
This system is evidence of a three-dimensional superfluid transition mediated by vortex excitations.

PACS numbers: 67.40.Rp, 67.40.Kh, 67.40.Vs, 67.70.+n
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It is now well established that the superfluid phase tra
sition of thin helium films adsorbed on two-dimension
flat substrates is caused by the thermal excitation of v
tex pairs, as proposed by Kosterlitz and Thouless (K
[1]. The vortices drive the superfluid areal densityss

abruptly to zero at a critical temperatureTKT when the
quotientss sT dyT approaches the universal value

sssyT dKT  2m2kByp h̄2  3.49 3 1029 gycm2 K , (1)

where m is the 4He atomic mass. The sudden dro
of the superfluid density to zero at precisely this valu
has been confirmed in both third sound and torsi
oscillator measurements [2]. These experiments find
linear increase inTKT with the coverage of added helium
which agrees with Eq. (1) sincess is the mass per unit
area of the superfluid portion of the film.

However, the nature of the superfluid transition of h
lium films adsorbed in porous materials has been a sub
of considerable debate. In such a geometry the film b
comes multiply connected and three dimensional on len
scales larger than the grain size of the substrate. Ini
torsion oscillator measurements [3] at Cornell Universi
with films adsorbed in porous Vycor glass found beha
ior different from that of flat films: The superfluid densit
did not fall abruptly to zero at the transition, but decreas
smoothly, varying as a power law of the temperature d
ference from the critical point, similar to the bulk4He
superfluid transition. In the thinnest films an addition
broadening of the transition was noted [4]. The hypoth
sis was advanced that this additional broadening signa
a crossover to an ideal dilute Bose gas as the particle d
sity in the superfluid portion of the film was reduced, an
theoretical support for this idea was formulated [5].

More recent experiments [6–9] and theories [10–1
have focused instead on an alternative hypothesis t
in a porous material the Kosterlitz-Thouless vortex-pa
mechanism is altered by the porous geometry, with t
result that the sharp jump inss is smoothed out. Ev-
idence for the KT mechanism came from third soun
measurements [6] on films adsorbed on alumina po
ders, which showed that the phase transition begins
the universal KT line given by Eq. (1), but with a
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smooth decrease of the superfluid density to zero a
critical temperatureTc higher thanTKT . It was also
shown that the magnitude ofTc 2 TKT varied with
the grain size of the alumina powder, decreasing co
siderably as the grain size increased, approaching
sharp KT jump in the two-dimensional limit of infinite
grain size [8]. Later measurements [9] found that th
same behavior occurs in porous glass substrates wh
the pore size is varied. Neither the correspondence w
the KT line nor the variation with grain size can be ac
counted for by the Bose gas hypothesis [13] of Refs. [
and [5], whereas these are primary predictions of the vo
tex models [6,10–12].

In an attempt to understand the additional broadeni
reported [4] in the thinnest films on the Vycor substrat
we have undertaken detailed measurements of the ar
superfluid density of a series of films adsorbed on 500
diameter alumina powder. The transition temperatur
of these films ranged from 50 to 700 mK, a regim
where the superfluid thickness of the film is less than
monolayer. As the film thickness is reduced, we find
continuous broadening of the transition (i.e., an increa
of Tc 2 TKT) that becomes most apparent in the thinne
films. An analysis using the KT theory modified for
porous materials shows that this broadening is read
explained in terms of a vortex core size that increas
rapidly as the film is thinned, in agreement with an earlie
prediction [14]. A brief description of our initial results
has been published elsewhere [15].

The measurements are carried out by monitoring t
shift in the period of a torsion oscillator as the superflui
portion decouples from the oscillating mass, the technique
developed in Refs. [3] and [4]. The Al2O3 powder,
Linde 0.05 C, is the same powder of nominal diamet
500 Å used in the third sound measurements [6]. It
formed into a solid plug using a slip-casting techniqu
described elsewhere [16] and is then machined into
cylindrical shape of diameter 1.26 cm and length 1.28 cm
The slip-cast sample is more densely packed than t
previous pressure-packed powders, with a porosity
59%, and we believe that it is more homogeneous [15
The surface area of the sample is 146 m2, derived from
© 1995 The American Physical Society
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the nitrogen isotherm measurements of Ref. [17]. Th
sample is secured inside a thin-walled aluminum ca
and the can is epoxied to a beryllium copper torsio
bar 2 mm in diameter. The torsion mode at 1.50 kHz
driven and detected capacitively, with a phase-locked lo
maintaining a constant oscillator amplitude, and the peri
is measured using an oven-controlled frequency count
The Q factor of the oscillator is about1.5 3 106 under
operating conditions, and the resolution of the perio
measurement is about 2–3 ps. The cell temperature
swept under computer control, with temperature step siz
in the range 0.1–1.0 mK, and a minimum equilibratio
time of 40 min is allowed after each step.

Figure 1 shows the results for the measured peri
shifts DP as a function of temperature for a numbe
of films with helium coverages ranging from 35.6 to
45.2 mmoleym2. The first 34.8mmoleym2 of coverage
is the nonsuperfluid “inert” layer, and superfluid perio
shifts are detected only for coverages above that value.
extrapolating these period shifts toT  0 the sensitivity
of the oscillator to added superfluid mass is found to b
DPyss  12.5 nsy(ngycm2). This calibration of the data
in terms of areal superfluid density is shown on the rig
axis of Fig. 1. The solid line in the figure is the KT critica
line of Eq. (1); these data corroborate the earlier thi
sound results [6] that the transition begins at the critical K
point, but falls to zero smoothly at aTc shigher thanTKT .
We observe a rounding of the transtion nearTc of order
10–15 mK, which is larger than that observed in the Vyco
studies [3]. This rounding may be the result of remainin
density inhomogeneities across the sample.

The curves in Fig. 1 are not self-similar, with the lowes
coverage films being discernibly more broadened out th
those with higher transition temperatures. This is bett
illustrated in Fig. 2, in which the data have been scaled
the valuesDPKT andTKT where the KT line crosses the
curve for each film thickness. In the region of reduce

FIG. 1. Measured period shifts (left axis) of the torsio
oscillator as a function of temperature for a number of differe
film coverages. The right axis shows the calibration in term
of the areal superfluid density.
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temperatures greater than 1.0 a continuous broadening
the transition can be seen for all of the films as the covera
is reduced, increasing rapidly for the thinnest films with th
lowest values ofTKT. In the low-temperature regime of
reduced temperatures less than 1.0 there is some varia
of the reduced period shifts for the thicker films, but fo
films with TKT less than 250 mK the low-temperature dat
appear to be converging on a single curve.

To analyze the broadening of the transition seen in Fig.
we employ the KT vortex theories modified for the cas
of porous geometry [6,10–12]. The main point is that
new length scale enters the problem, the average rad
R of the powder grains. Vortex pairs of separation les
than the grain size are essentially unchanged from the fl
substrate case, having an excitation energy logarithmic
their separation. Pairs with separation larger than the gr
size, however, are substantially modified, with an exc
tation energy increasing linearly with separation [10,11
Such pairs, dubbed “strings,” can be oriented three dime
sionally, since they reside on different grains, but they a
still dipole objects that act to reduce the superfluid dens
[12]. Since the strings are energetically costly, they act
effectively cut off the KT renormalization equations at th
scale of the grain sizeR, where the crossover from pairs to
strings occurs. This leads to a finite-size broadening of t
transition, with the degree of broadening depending on t
parameterRya0 wherea0 is the vortex core radius. This
scaling was first pointed out in Ref. [6], where a mode
of the KT transition on a single sphere of radiusR was
used to account for the broadening observed in the th
sound measurements, and values ofa0 were extracted from
fits to the data. The addition of string excitations to th
model retains the finite-size broadening effect, but with th
change that a fully three-dimensional phase transition tak
place. In the region nearTc strings can finally be thermally
excited, and they unbind and drive the superfluid density
zero [12]. Although a linear potential is normally confin
ing, the strings can unbind because the screening of la
strings by smaller ones reduces the effective potential to
variation that is slower than linear [18].

FIG. 2. The data of Fig. 1 scaled by the value
DPKT andTKT where the curves cross the KT line.
1563
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Fits of the data of Figs. 1 and 2 have been carried o
using the single-sphere model of Ref. [6] supplement
by the string model of Ref. [12]; an example of those fi
is shown in Fig. 3 for the film withTKT  235 mK. Four
parameters are involved in the fits: the zero-temperat
interceptsss0d, the “bare” superfluid densitys0

s sT d, the
core parametera0, and the core energyEc. The first
two parameters are fit separately in the low-temperat
regimeTyTKT , 0.5, where no vortices are excited. Th
variation of s0

s is well described bys0
s  sss0df1 2

bsTyTKT d2g, as also found in the Vycor measuremen
[3], with b varying from 0.065 in the thickest film to
0.142 for the films withTKT less than 250 mK. In
conjunction with least-squares fitting, the single-sphe
model is then used to find the best-fit values ofa0 and
Ec in the high-temperature regime, fitting only to dat
points with a reduced period shift greater than 0.4
avoid the finite-size “tail” region of the model. The
core energy is primarily determined from the points wi
reduced temperature near 1.0, whilea0 is determined
by the degree of broadening in the decrease ofss at
higher temperatures. The best-fit values for the data
of Fig. 3 area0  82 Å andEcyK0  2.35, whereK0 
h̄2s0

s ym2kBT . Also shown in Fig. 3 is the superfluid
density calculated using the string model of Ref. [12
but with the difference that the single-sphere recursi
relations are used to the crossover point (where
pairs are a sphere diameter apart), and then the st
recursion relations are iterated to larger length scal
This calculation gives a power-law variation ofss near
the transition, with a superfluid exponent of 0.64, clo
to the presumably more accurate value 0.67 predicted
Ref. [11]. As can be seen in the figure, the rounding
the data prevents us from checking this exponent.

FIG. 3. Thinned data (about 20% of the total) of the perio
shift and change in inverseQ for the film with TKT  235 mK.
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The small perturbations in the data of Figs. 1 and
(and edited out of Fig. 2) are third sound resonanc
crossing the torsion mode frequency. The mode-pullin
effect on the torsion period is a source of uncertain
in performing the data fits, and the points around th
perturbations are given less weight in the fits. The thi
sound modes are even more evident as sharp change
the inverseQ of the oscillator (monitored by the drive
voltage needed to keep the amplitude constant), shown
the upper graph of Fig. 3. These resonances are read
identified as those with mode numbers (m, n, nz ) of the
cylindrical sample, characterized by thenth node of the
derivative of the Bessel functionJm. Modes withm 
0 are not observed, as expected, since they are pur
radial and should not couple to the torsional mode.
the temperature region wheress falls to zero there is
an additional broad attenuation peak in the1yQ data,
upon which the third sound modes of rapidly decreasin
amplitude are superimposed. This peak can be identifi
in all of the data curves, and we believe that it arise
from the finite-frequency dissipation of the vortex pairs
as predicted theoretically [6,19]. A similar attenuatio
peak was observed on porous glasses [7,9].

Figure 4 shows the results of the data fits for th
parametersa0 and EcyK0 plotted versusTKT. Since
TKT is proportional to the superfluid coverage this plo
should be viewed as primarily the variation ofa0 andEc

with coverage, although, in principle, there could als
be some temperature dependence of these quantit
The agreement with the previous third sound resu
[6] in thicker films is quite reasonable, considering th
difference in measurement techniques. The rise in t
core energy asTKT decreases from 620 to 235 mK is
well resolved and is responsible for the low-temperatu
variation between the data sets seen in Fig. 2. Mu
more uncertain is the subsequent decrease ofEc at lower
coverages, due to difficulties in extrapolating the lowe
curves toT  0 as needed for the fitting procedure. An
extension of the measurements to lower temperatures w
be necessary to decide if this downturn inEc is real.

The rapid rise ina0 seen in Fig. 4 as the coverage i
reduced is the source of the continuous broadening of
transition in Fig. 2. This rise ina0 was anticipated [14]
from the observation that the superfluid thickness of the
films is less than a monolayer for coverages withTKT ,

0.8 K, and therefore reduction of the coverage increas
the average spacing between atoms in the superfluid lay
The vortex core is a node of the macroscopic superflu
wave function; from general properties of the many-bod
wave equation it is well known that the ground-state wav
function cannot vary more rapidly than the interparticl
spacing. Solutions of the Gross-Pitaevskii equation f
the vortex structure of Bose particles with a delta-functio
interaction [20] give a core size increasing linearly wit
the interparticle spacingr0 of the submonolayer, varying
as a0  r0sh̄2dy2mV0d1y2, where V0 is the strength of
the potential andd ø 3 Å is the atom size. The spacing
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FIG. 4. Variation of the vortex core size and core energy w
the superfluid coverage, which is proportional toTKT .

r0 varies assmyssd1y2, and from Eq. (1) this yields a
core size that should increase assTKTd21y2, if there is
no other intrinsic temperature variation ofa0. Fitting the
core-size data of Fig. 4 by the formsTKTd2a yields an
exponenta  0.65 6 0.1, at least in rough agreemen
with the expectation that it should scale as the interparti
spacing. There have been other experimental observat
of an increasing vortex core size that corroborate t
data presented here. The unpublished data of McQue
[21] taken with films adsorbed on Millipore filter pape
(with cylindrical fibers of diameter 500–2000 Å) wa
analyzed using the theory of Ref. [11], with results for th
vortex core size that are very similar in both magnitud
and temperature dependence to our results in Fig. 4.
increasing core size was also deduced in Ref. [14] fro
fits to the Vycor data.

In the fits by the single-sphere model, it is assumed,
lack of better knowledge, that the pair-to-string crossov
distance is the average grain diameter of 500 Å. T
actual porous geometry, however, is not well modeled
a single sphere. At the packing density of our samp
there are on the average 4–5 powder grains touchin
given grain, and the distance a pair could separate bef
exciting appreciable flow on a neighboring grain mig
well be more on the order of15 of the sphere diameter.
Since the broadening in the model is a function of th
ratio of the crossover length to the core size, a decreas
the crossover length would decrease the fitted core size
the same factor. Dividing the core sizes of Fig. 4 by th
above factor of 5 would bring their magnitude to within
factor of 2 of the interparticle spacingr0. We think that
this could be a plausible scenario, but detailed simulatio
of the vortex hydrodynamics in a more realistic model
the porous geometry will be needed to decide the act
crossover length that should be used.
ith
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In summary, we have observed a continuous broaden
of the superfluid transition of helium films as the covera
is reduced. The correlation with the universal KT lin
shows that a vortex mechanism is involved, and the d
are well explained by a crossover from vortex pairs
three-dimensional vortex strings at the powder grain si
The broadening is the consequence of an increase
the vortex core size as the interparticle spacing in t
submonolayer superfluid is increased. Since the Corn
Vycor data have also been shown to correspond with
KT critical line [6,21,22], we speculate that the addition
broadening observed in those data arises from the sa
mechanism, an increase in the vortex core size. T
present results provide experimental evidence that
superfluid transition in porous materials involves thre
dimensional vorticity, a finding that has implications fo
the nature of the superfluidl transition in bulk helium [18].
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