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Thermal Conductivity of 4He near the Superfluid Transition in a Restricted Geometry
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We report measurements of the thermal conductivity of He at vapor pressure confined in a
glass capillary array of thickness 3 mm with holes 2p, m in diameter. The finite geometry rounds
the superfluid transition, resulting in a finite thermal conductivity at the bulk transition temperature
T&. Below T& the thermal conductivity becomes effectively infinite when the bulk correlation length
becomes small compared to the size of the confining holes.

PACS numbers: 67.40.pm, 64.60.Ht, 66.60.+a

Experiments on bulk helium have provided a number
of tests of the modern theory of critical phase transitions
in three dimensions [1]. However, critical behavior in
restricted geometries is less well understood and continues
to be an active area of interest [2,3]. The superfluid
transition in liquid helium is particularly useful for
studying the effects of confining geometries because the
bulk transition has been carefully studied and, except
for gravity rounding [4], has been shown to be sharp
[5] within experimental resolution. While there have
been several measurements of the finite-size effects on
the static properties of He such as the specific heat
[6,7] and the superfluid density [6,8], to our knowledge
no work has been done on transport in well-defined
geometries. In this Letter we report measurements of the
thermal conductivity A of "He confined in a glass capillary
array (GCA) of thickness 3 mm with holes 2 lLm in
diameter. In bulk helium, A diverges as the bulk transition
temperature Tq is approached from above [5]. Although
detailed theoretical calculations of finite-size effects upon
A have not yet been carried out, these seem possible in
principle [9]. On general theoretical grounds, one would
expect long cylindrical samples to show a transition from
three-dimensional to one-dimensional behavior when the
correlation length becomes comparable to the cylinder
radius. Consistent with the expectation that the one-
dimensional system has no phase transition, we find that
the conductivity is finite at T&. The experiment suggests
that A diverges exponentially as T decreases below T&,
without any singularity near T&.

For bulk helium the correlation length is given by s =
got ', where seo is a length of atomic dimensions, t =
(T —Tq)/Tq is the reduced temperature, and v = 0.6705
is the critical exponent [10]. A temperature of merit is
that for which the bulk correlation length becomes equal
to the scale of the confining geometry. Using su = 3.4 A
[11],g equals the radius of the pores in the GCA used in
this work for t = 7 X 10

Measurements of finite-size effects on transport require
an especially uniform confining geometry, since there is a
preferred orientation in transport measurements. Further,
the presence of bulk helium can have a larger effect than

in experiments on static properties because it can provide
a thermal short below the bulk transition temperature.
The GCA used in this work was manufactured by Galileo
Electro-Optics Company and has been characterized [12]
by density, gas-How impedance, and optical microscopy
measurements. The average hole diameter determined
from these different techniques was 2.1, 2.1, and 1.8 p, m,
respectively [12]. The good agreement among these dif-
ferent measurements indicates that the holes are quite
uniform. The GCA is approximately 60% open by vol-
ume, 13 mm in diameter, and 3 mm thick, giving a
length/radius aspect ratio for each hole of approximately
3000. The holes are arranged in a hexagonal array and do
not cross.

The sample cell is cylindrical, consisting of OFHC
copper anvils at the top and bottom and a 0.1 mm thick
stainless steel sidewall. There is a 1 mm epoxy layer
between the GCA and the sidewall to ensure that there
are no parallel conduction paths of helium between the
GCA and the sidewall. If a parallel bulk helium path
had existed, then the conductivity of the cell would have
been effectively infinite below Tz, severely limiting the
range of this experiment. A separate bulk conductivity
cell is attached to the cell bottom and has a fill line
connected to the GCA cell, allowing us to measure the
bulk A point at the sample pressure with a precision
of 30 nK. The bulk superAuid transition temperature
depends on the vertical position due to the hydrostatic
effect of gravity [4]. We chose to reference all of our
data to the bulk transition temperature at the center of
the sample cell, which resulted in a gravity correction of
1.54 ~ 0.02 p, K. All of our measurements were done at
vapor pressure. The liquid-vapor interface was set in a
separate overflow volume connected to and just above the
cell, using a capacitive height gauge.

The cryostat is a modified version of one described pre-
viously [13]. The cooling power for the cryostat comes
from a "He refrigerator at 1.4 K, with two subsequent
stages of thermal isolation above the sample cell. The
first of these stages is temperature controlled using ger-
manium thermometry and the second stage, from which
the sample cell is cooled, is temperature controlled at
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approximately 2.0 K and is held stable to within 10 nK
rms using a He melting curve thermometer [14]. A cop-
per enclosure maintained at 2.2 K shields the cell from
external radiation. The thermal conductivity is measured
by temperature controlling the cell top and then measur-
ing the change in the bottom temperature when a heat
current is applied to the cell bottom. For each tempera-
ture the applied heat current is chosen to be small enough
that nonlinear effects, due to a finite heat current and due
to the variation in the conductivity along the length of the
cell, are relatively small. The cell top was temperature
controlled with a He melting curve thermometer [14] and
the bottom temperature was measured using a CAB mag-
netic susceptibility thermometer [12,15] and a germanium
resistance thermometer.

The conductivity of the confined helium is given by
Af = (d/A) [1/(R —Rb) —C ], where d is the cell thick-
ness, A is the helium cross-sectional area, R is the measured
thermal resistance, Rb is the boundary resistance, and C
is the parallel conductance due to the sidewall, epoxy, and
the glass in the GCA [16]. The boundary resistance Rb,
which is only significant for temperatures near or below
T&, was determined empirically by measuring the thermal
resistance well below T~, where the helium resistance was
negligible, as described below. The parallel conductance
C and the geometric factor (d/A) were determined by
doing a two-parameter fit to the known bulk helium con-
ductivity for data 1.5 to 12 mK above T~. For this tem-
perature range the correlation length is much smaller than
the scale of the confining geometry and any finite-size
effects should be tiny. The geometric factor, d/A =
0.39 cm ', determined from this fit agrees with the factor
determined from room temperature measurements within
the measurement accuracy.

Figure 1 shows a logarithmic plot of the thermal
conductivity above T& versus reduced temperature, where
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the reduced temperature is taken relative to the bulk
transition temperature T~. The open circles show the
conductivity Af of the finite system. For reference the
bulk conductivity data Ab from cell F of Tam and Ahlers
[17] is shown on the same plot as solid circles. Well
above the transition Af is approximately equal to Ab, but
as T& is approached Af becomes smaller than Ab due to the
confining geometry. The confined helium conductivity
does not diverge as Tq is approached; instead it saturates
at a finite value, indicating that T~ is not a critical point
for this system.

The thermal resistivity rf = 1/A/ of the confined
helium is plotted as open circles on a linear scale over
two different temperature ranges in Fig. 2. The data for
the bulk resistivity [17] rb are shown as closed circles
and the theoretical result for bulk helium by Dohm [18]
(which had been fitted to the data of Ref. [17] for large
r) is shown as a dashed line. Above Tz, rf is clearly
higher than rb. As the temperature is increased above Tp,
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FIG. 1. Thermal conductivity versus reduced temperature on
a log-log scale. The open circles are the data for helium
confined in the GCA and the solid circles show the bulk helium
data from cell F of Ref. [17]. For both data sets the reduced
temperature is taken relative to the bulk transition point, T&.

FIG. 2. Thermal resistivity versus reduced temperature on
linear scales shown over two different temperature ranges.
Open circles: data for helium confined in the GCA. Solid
circles: bulk helium data from cell F of Ref. [17]. Dashed line:
fit of the theoretical result for bulk helium by Dohm [18] to the
data of Ref. [17] for large t Squares in (b): t. he extra resistance
due to confinement in the GCA, obtained by subtracting the
dashed line from the open circles. Solid line in (b): the result
of the model given by Eq. (1), with a = 0.22.
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the effect of the finite geometry becomes smaller and r~
approaches rb, as shown in Fig. 2(a).

The data in Fig. 2(b) show that rt is finite at the bulk
transition temperature and that there is no sharp phase
transition. At a reduced temperature of approximately
t = —1 X 10, ry approaches zero on this scale and the
slope approaches zero as well. This is in contrast to bulk
helium for which the slope diverges at the critical point.
The difference Ar = r~ —rb above Tq is plotted as the
open squares and represents the extra thermal resistance
due to the confining geometry.

Since there are no theoretical calculations for the ther-
mal resistance of helium in a confined geometry, we con-
sider a simple model. We approximate the conductivity
above Tz in each capillary as the sum of two parts: a
central core which has the bulk conductivity, and a layer
along the walls of thickness proportional to g for which
the conductivity is given by the nondivergent part of the
bulk helium conductivity. This assumes that the order
parameter vanishes at the walls, and that the effect of the
walls scales with the correlation length [19]. The conduc-
tivity of the confined helium is then modeled as

(R, —a$) Ab + [R, —(R, —ag) jA 0

C

where R, is the capillary radius, a is fitting parameter ex-
pected to be of order unity, and A o = 1222 ergs/scm K
[17] is the nondivergent part of the bulk conductivity.
The solid line in Fig. 2(b) shows the resulting Ar ob-
tained from this model using a = 0.22. Far enough above
the transition, it fits the data well, but, as expected, this
simple model breaks down as Tq is approached and g be-
comes comparable to R, .

Figure 3 shows the measured conductivity plotted on a
log-linear scale. The open circles show the total measured
conductivity, including the Kapitza resistance at the end
plates and the resistance in the copper end pieces. As
the temperature is decreased below T~, the measured
conductivity increases dramatically and then saturates,
presumably limited by the boundary resistance. While
there has been work done on the temperature and power
dependence of the Kapitza resistance for bulk helium
[13], we do not know how this would be affected by
the confining geometry. We therefore used a purely
empirical approach to remove the boundary resistance [20],
extrapolating a linear fit to the data for —3.0 X 10
t ( —1.8 X 10 5 to estimate the boundary resistance for
t ~ —1.6 && 10 ~. Note that this boundary resistance is
only significant compared to the confined helium resistance
over a very limited range of temperatures below T~, at
t = 0 the estimated boundary resistance is about 0.7% of
the helium resistance.

The conductivity with the boundary resistance sub-
tracted is shown as filled circles in Fig. 3. The scatter
in the data increases at low temperatures as the helium
resistance becomes small compared to the boundary re-
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sistance. The data suggest that, at low temperatures, the
conductivity increases exponentially with decreasing tem-
perature:

At = Ap exp( —t/to) . (2)
A fit to the data, shown in Fig. 3, for —1.43 X 10
t ( —1.08 X 10 5 yields Ao = 190 ergs/scm K and to =
1.11 X 10 . The correlation length corresponding to to
is 3.3 p, m, which is of the scale of the confining holes in
the GCA. We have tried fitting the boundary resistance
using several different functional forms, and determined
that the resulting value of to varies by only a few percent.
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