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Measurements of the shear viscosity  and thermal conductivity « in four 3He-*He mixtures having *He
concentrations X =< 0.09 indicate different A-transition temperatures for n and « at the same X. Absent in
additional data on pure “He, this difference in transition temperatures increases with He concentation. We
tentatively attribute the effect to an unexpectedly large enhancement of the “He concentration near the
walls of either the viscometer or the thermal conductivity cell.

During an experiment performing simultaneous measure-
ments of the thermal conductivity « and the shear viscosity
n of dilute 3He-*He mixtures near the superfluid transition,
we obtained an unexpected result: For a given concentra-
tion, the transition indicated by the viscosity measurements
occurred at a higher temperature than that determined in
thermal conductivity measurements. Five mixtures were
studied, with 3He molar concentrations of X =0.0000,
X=0.0127, X=0.0491, X=0.0893, and X=0.0916. This
article documents the effect, giving the relevant experimen-
tal ldetails, and explores the possible causes of the discrepan-
cy.

A schematic of the experiment is given in the inset of
Fig. 1. The thermal conductivity measurements used a
parallel-plate geometry,? and the data were obtained by
measuring the temperature difference across the 0.5-mm-
high cell induced by a steady heat flux. Particularly near the
superfluid transition, T), very small temperature differences
(<50 uK) were used in order to avoid finite heating ef-
fects.

The viscosity was deduced by measuring the damping on
a cylindrical beryllium-copper torsional pendulum® which
contained the helium. To increase the viscous damping, the
interior of the pendulum was filled with a 1-cm-high stack
of 14 aluminum disks, 2 cm in diameter. The gap between
adjacent disks was 250 um. All interior surfaces of the pen-
dulum were polished to an optically reflecting finish. The
empty pendulum had a mechanical Q of 1.5%10° at low
temperatures; when filled with liquid, the Q was 1.3x10*
and its estimated power dissipation was 1 nW. Driving the
pendulum electrostatically on resonance, we determined that
it had a linear response by varying the amplitude over a
broad range. This linearity was found both when the cell
was empty and when it was full. The oscillation frequency
f =273 Hz was made low on the premise that the viscous
penetration depth, L,= (n/mp,f)"?, should be as large as
possible to avoid departures from hydrodynamic behavior
near T,. Here p, is either the density of the normal fluid
below 7, or simply the density above 7,. In the present
case, the viscous penetration depth was L,=4.5 um, small
compared to usual experimental dimensions, but greater
than the correlation length over all but a very narrow tem-
perature range, le|=|(T~—T,)/T,| < 10~5.

The sample spaces of the conductivity cell and viscometer

33

had a common midplane and were mounted on an isother-
mal sample chamber filled with the liquid mixture at sat-
urated vapor pressure. After filling, the sample chamber
was sealed by a cold valve. The conductivity cell and
viscometer were connected by copper capillaries to this
shared reservoir of fluid.

The measured damping on the viscometer was proportion-
al to (p,m)Y2 Accordingly, the results are presented in the
form (p,m)/(p,m)\, where the denominator, unique to
each mixture, normalizes the data to unity at the tempera-
ture of the superfluid transition determined by the thermal
conductivity. Figure 1 shows the results for X=0.0916
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FIG. 1. Values of the thermal conductivity, x, and (shear

viscosity) X (normal density), p,m, for a mixture with X =0.0916.
The dashed line is T, determined by the singularity in «; the arrow
marks the T, singularity in p,m. The inset shows a schematic of
the thermal conductivity cell (left), viscometer (right), and mixture
reservoir.
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over a narrow temperature range near 7,, demonstrating
the precision with which T, can be determined for each type
of measurement, and clearly displaying the difference in ob-
served A temperatures. The thermal conductivity yields a A
temperature determined to better than 50 uK. The p,7m
data, which are more weakly singular, have a A temperature
which is correspondingly less well determined; the uncer-
tainty in T, is —2 mK, which is nevertheless small com-
pared to the difference A7) between the transition tempera-
tures for p,n and . Figure 2 concentrates on the region
near the superfluid transition, showing p,n for all five mix-
tures superposed so that their respective values for T,
given by the thermal conductivity, coincide. Striking is the
displacement to higher temperatures of the A-point singular-
ity in (p,m)/(p,m)\ indicated by the arrows, as the concen-
tration increases. The solid lines in Fig. 2 are the results of
least-squares fits of the form

L) _ 4 B lelt+ Clelt 4 D~ e[+ 1)
(pamh
for T< T,
and
(pam)/ (pan)r=A +B*|e|* for T> T, . )

These are based on the expectation®® that near T\,
n —me lel* and p, — prx |el*, where we fixed the viscosity
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FIG. 2. Values of (p,m)/(p,m), for all five mixtures as a func-
tion of temperature. The vertical line marks T, determined for
each mixture by the thermal conductivity, where each set of data is
normalized to unity; arrows mark the singularity associated with the
superfluid transition in p,m. Solid lines are least-squares fits. The
vertical bar corresponds to a change of 0.1 in the vertical coordi-
nate.

exponent at x =0.8, and the superfluid density exponent at
{=0.68. In Egs. (1) and (2), 7\ in € refers to the super-
fluid transition temperature seen by the viscometer, and we
have assumed that x is the same above and below T,.
Here, the point of the fits is to determine the viscosity tran-
sition temperature. In principle, x may be different above
and below T)\. However, reasonable variations of x do not
appreciably affect the determination of 7) for p,n. Details
of the fits will be given elsewhere. Note, in reference to
Fig. 1, that 4 = 1. As shown in Fig. 3, AT, is a monotoni-
cally increasing function of *He concentration, and vanishes
for X =0 (pure *He).

To our knowledge, the only previous measurements of
viscosity near the superfluid transition in helium mixtures
are those of Webeler and Allen.” Using a quartz rod tor-
sionally excited at 11 kHz as a viscometer, they measured
p,m in mixtures with X =0.005, 0.047, and 0.100. Howev-
er, their experiment lacked a precise method to determine
T, independently of the viscosity measurements, so they
would have been unlikely to detect the effect we have
described. We note that for X =0 our results for p,n agree
within experimental resolution with recent results* obtained
very near T, i.e., for |e|=<10~% further from 7, our
values differ by —~ 5% from older results tabulated by
Barenghi, Lucas, and Donnelly.?

Gravitational or heating effects in the experiment, which
might account for our observations by creating concentra-
tion differences between the viscometer and thermal con-
ductivity cell, can be dismissed either because of their mag-
nitude or in consideration of the experimental design.

(1) Gravitational effects. The midplanes of the liquid in
the thermal conductivity cell and viscometer coincided, en-
suring the same average concentration in both, since they
shared the sample reservoir. In principle, gravitationally in-
duced concentration gradients existed and were larger in the
viscometer because it was taller. But in this worst case, the
gravity concentration gradient is calculated to be less than
10~% in X over the height of the viscometer, and therefore
negligibly small. Centrifugal effects in the viscometer could
also be considered, but these accelerations were much
smaller than that of gravity.

(2) Heating effects. Since they involved thermal dissipa-
tion, both the thermal-conductivity cell and viscometer were
very slightly warmer (~ wK) than the main germanium
thermometer mounted on the sample reservoir, causing the
superfluid onset in both the viscometer and thermal con-
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FIG. 3. AT, as a function of concentration. The line has a slope
of 0.13 K, and passes through the origin.
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ductivity cell to appear at a slightly low (~ uK) tempera-
ture on the main thermometer. However, due to heat
flush, the warmer sections suffered a slight reduction of He
concentration. Since decreasing the *He concentration in-
creases T) (again by — 1 uK), the consequences of thermal
dissipation were in competition.

For the thermal-conductivity measurements, the mean
temperature of the layer of sample was known; thus, only
the reduction in X from heat flush is relevant, an effect
which, taken alone, would reverse the sign of AT,. For the
viscosity measurements, the temperature of the sample was
known only through the main thermometer, but an increase
by 8T of the temperature of the viscometer over that of the
reservoir would again lead to negative values of AT) by an
amount

AT, =8TI[(dT\/dX)(8X/8T)—1]1=—0.58T .

That is, the elevation of 7, by heat flush cannot compen-
sate for the low determination of T) caused by 87. Here 8X
is the (negative) change in concentration in the viscometer
associated with a (positive) change in 87, and d7,/dX <0
is the slope of the superfluid transition line. In the normal
phase, 8X = — kr(8X/3c)8T, where kr is the thermal dif-
fusion ratio and c is the *He mass concentration; in the su-
perfluid phase, k7 is replaced by the effective thermal dif-
fusion ratio k;f. Values of kr and k7 from recent experi-
mental data’ are positive and less than 0.6 in our experi-
mental range. The quantities kr or k7 would have to be
larger than 1.1 to give a positive AT,. Thus, heating effects
in either part of the instrument, which are expected to be
quite small, would produce an effect opposite in sign to the
observed value of AT). As a final point, we emphasize that
the oscillation amplitude of the liquid-filled viscometer was
linear over three orders of magnitude in the driving ampli-
tude, both above and below T,. Since viscous heating ef-
fects depend on the square of the oscillation amplitude, this
observation directly demonstrates that heating effects in the
viscometer are not relevant.

After disregarding the above possibilities, we tentatively
conclude that the difference in transition temperatures is re-
lated to a surface effect, although the physical mechanism is
not entirely clear. If the effect occurred in the viscometer,
the observed AT, would imply a depletion of the *He for
each concentration by approximately 0.1X near the walls of

the viscometer, persisting over a sizable portion of a viscous
penetration depth. It is well known that ‘He is pref-
erentially attracted to solid surfaces,'-!% particularly through
recent experiments on thin films of 3He-*He mixtures. In
thin films, however, the *He enhancement is limited to
about 0.005 wm near the wall. Nevertheless, there exist
other surface and/or finite-size effects which may be related
to the present case. Several experiments'!-!2 have demon-
strated the formation of a superfluid film on surfaces adja-
cent to bulk *He-*He mixtures at temperatures higher than
the A\ transition temperature, although only for X > 0.55.
The present measurements are unique in indicating surface
phenomena for X < 0.55. The size of the effect is also
striking. If a *He-rich fluid layer of thickness & =0.005 um
formed near the walls one would anticipate only a fractional
contribution of order 8/L,=0.001 to the damping from this
layer which would be insufficient to explain our observa-
tions. Moreover, previous observations of film formation
adjacent to bulk fluid were generally static measurements;
the role of the frequency at which transport measurements
are made and the effect of shearing have yet to be deter-
mined. We note that in the presence of heat flow, super-
fluid hydrodynamics allows a boundary layer near a solid
surface,!® but the nature of this layer is not well defined,
nor is it clear that it should influence either of the present
measurements.

To summarize, we have documented a previously unob-
served difference between the superfluid transition tempera-
tures obtained by static measurements of the thermal con-
ductivity versus dynamic measurements of the shear viscosi-
ty in dilute *He-*He mixtures. Data for the latter indicate a
higher transition temperature than the former, an effect
which apparently cannot be explained by gravitational or
heating effects. We tentatively attribute the difference to an
unexpectedly large surface effect. Elucidating its physical
cause remains an interesting challenge.
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