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trical resistance and diamagnetism in supercon-
ductors above their transition temperatures.

Note added.—¥ollowing a suggestion by Profes-

sor Maki, we find that an excellent fit to the ex-

perimental data shown in Figs. 1 and 2 for the ex-

cess ultrasonic attenuation over that extrapolated
for normal zero sound is

[ao/ (@to) Jexcess = 0.0T = 0.327(T /T ,— 1),

for (T/T,-1)>0. Below the transition tempera-
ture, 1.2x10°3*>(1-T/T ) >5%10"%, the excess
attenuation is fitted by

[ao/ (@) cJexcess = 0-090 +3.9% 10%(1 = T/T ).

For 5X107°>(1-7T/T ) >0, the excess attenuation

rises somewhat more rapidly than this formula
suggests.
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E. J. Yarmchuk and W. 1. Glaberson
Department of Physics, Rutgers University, New Brunswick, New Jersey 08903
(Received 16 June 1978)

We have observed a variety of thermorotation effects, effects involving thermal coun-
terflow in rotating superfluid helium, In particular, the temperature and chemical-poten-
tial gradients associated with the motion of vortex lines have been measured.

It is generally believed that dissipative super-
fluid flow is associated with the motion of vor-
tices through the superfluid."! Anderson® has
pointed out that vortices crossing a line connect-
ing two points at rest in the superfluid produce a
chemical-potential difference between the two
points proportional to the rate of crossing. This
is a consequence of an “ac Josephson effect” in
helium in which a chemical-potential difference
is proportional to the rate at which the order-
parameter phase difference changes—each vor-
tex passage producing a phase change of 27.
There have been a number of experiments® which
demonstrate that vorticity is associated with tur-
bulent counterflow or pressure-driven flow but
these experiments are impossible to directly

relate to Anderson’s prediction. There is evi-
dence* that charged vortex rings pushed towards
an orifice connecting two baths can produce a
level difference between the baths. This, how-
ever, is a situation in which there is no dissipa-
tive superflow and, in any event, quantitative
confirmation of Anderson’s prediction is lacking.
In this Letter, we describe a series of experi-
ments in which an array of parallel vortex lines

‘is moved through the fluid in a relatively con-

trolled manner and the resultant temperature
and chemical-potential gradients are observed.
In addition, we report the observation of a num-
ber of interesting effects associated with the fact
that the vortex array is confined within a channel
of finite dimensions.
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Consider an array of straight parallel vortex
lines in the presence of thermal counterflow
transverse to the lines.® One can easily show
that chemical-potential gradients with compo-
nents both along the counterflow as well as per-
pendicular to it are set up. One way of visualiz-
ing this effect is to consider a single vortex line.
In the presence of transverse counterflow the line
will, in general, experience frictional forces
both along the counterflow and perpendicular to
it. The line will then move with velocity _VL at
an angle with respect to the counterflow in such
a way that the magnus force produced by the rel-
ative motion between the line and the superfluid
exactly balances the frictional forces. A chemi-
cal potential gradient is then set up perpendicular
to V, - V5. An analogous effect was observed®
in superconductors in which chemical-potential
gradients were observed in a type-II supercon-
ducting film in a magnetic field in the presence
of a heat current transverse to the flux lines.

Our experimental arrangement, shown sche-
matically in Fig. 1, involves a glass channel of
rectangular cross section, closed at one end with
the other end open to a pumped helium bath. A
resistive heater is placed near the closed end
and the channel is rotated about a vertical axis
perpendicular to the heat current. The channel
investigated was of large aspect ratio, the height
being 0.5 mm, the width 1.4 cm, and the length

+ cm. Temperature sensors were aluminum
films, held in their superconducting transition
regions (T ~1.3 K), evaporated onto one of the
glass channel walls. The sensors were placed
in the middle of the channel, approximately
1 cm apart, and separated on a line at an angle
of ~45° with respect to the channel axis. The
sensitive thermometric technique required in
these experiments, having a temperature-dif-
ference noise level of ~40 ndeg/Hz!/2, is de-
scribed elsewhere.” Temperature differences
were measured in both clockwise and counter-
clockwise rotations and the components of the
temperature gradients parallel and perpendicular
to the heat current were obtained. Under the
conditions of our experiment, both components
were of similar magnitude.

Direct chemical-potential measurements were
obtained by means of a differential pressure
transducer. One side of the transducer was open
to the bath and the other side was connected
through a superleak to an opening in one of the
channel walls between the heater and the closed
end of the channel. The transducer, utilizing a
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FIG. 1. A schematic drawing of the counterflow
channel and chemical-potential detector. Of the three
aluminum films, the center one is used to regulate the
ambient bath temperature and the outer two are used |
in a bridge as temperature~-difference detectors.

stretched aluminized Mylar sheet as one side

of a capacitor in a tunnel-diode oscillator cir-
cuit,® had a noise level of about 1073 dynes/cm?
Hz‘/ 2, The transducer was thermally isolated
from the channel by the superleak and thermal
coupling between the two sides of the transducer
was accomplished by means of a sintered copper
heat exchanger. The effect of thermal isolation
from the channel and thermal coupling across
the transducer is to convert chemical-potential
differences to pure pressure differences detected
by the transducer.

The parallel component of the temperature
gradient is shown in Fig. 2 as a function of heater
power for several rotation speeds. We note that
(a) the temperature gradients in the linear (non-
turbulent) regimes increase as the rotation $peed
is increased, (b) the critical heater power Q.,,
associated with the onset of turbulent counter-
flow,® is increased as the rotation speed is in-
creased'>—apparently becoming proportional to
VQ as Q gets large, (c) turbulent onset is char-
acterized by a relatively smooth deviation from
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FIG. 2. A plot of the parallel component of the tem-
perature gradient vs heater power for several rotation
speeds. The solid lines are an aid to the eye.

linearity when not rotating but by a sharp change
of slope when rotating, (d) turbulent onset occurs
at a heater power close to the power where the
laminar-flow temperature gradients would cross
the nonrotating turbulent curve, and (e) the tem-
perature gradient in the fully turbulent regime

(@ >Q,,) differs from that in the nonrotating
situation by an amount which becomes 2 indepen-
dent as © gets large.

A plot of the linear-regime slopes versus ro-
tation speed for both parallel and perpendicular
components of the temperature gradient are
shown in Fig. 3. Hall’s two-fluid equations for
the rotating superfluid’! can be solved explicitly
for the temperature and pressure gradients in
terms of the mutual friction coefficients. In an
infinite medium, the chemical-potential gradient
manifests itself as a pure temperature gradient.!2
The solid lines are fits to the data using a solu-
tion to the equations for a channel of infinite as-
pect ratio. The values of the mutual friction
coefficients obtained from this fit are in reason-
able agreement with those previously measured.!®
The two-fluid equations for a channel are incom-
plete and a unique solution can only be obtained
by introducing a boundary condition on the tan-
gential component of -\73 or of VX—VS. We chose
to specify that the components of VXV per-
pendicular to the rotation axis are zero at the
boundaries for the purpose of fitting the data.
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FIG. 3. Aplot of VT /Q and VT ,/Q in the linear
regime vs rotation speed. The solid lines are fits to
the theory as discussed in the text,

The boundary conditions involved are macro-
scopic and should not be confused with micro-
scopic boundary conditions involving isolated
vortex lines intersecting walls.

Because we wished to observe, without am-
biguity, the presence of a chemical-potential
gradient associated with the vortex motion, and
because we wished to extend the measurements
to different temperatures, we introduced the
chemical-potential detector discussed earlier.
For reasons which we do not fully understand,
noise problems prevented us from inserting the
probe in the counterflowing region. Perhaps the
orifice disturbed the flow in its vicinity suffi-
ciently to cause vortices to nucleate or at least
to hang up there in such a way as to cause large
fluctuations in the chemical-potential difference
across the orifice. In placing the probe behind
the heater, we seem to have completely avoided
this difficulty. We found that all of the effects
(a)—(e) discussed above were observed with re-
spect to chemical potential at all temperatures
investigated (1.15 K<7 <2.17 K).

A plot of the chemical-potential gradient Vu
versus heater power @ for 2 =0 and Q=10 rad/
sec is shown in Fig. 4.* Also shown for com-
parison is the temperature gradient. Note that
there exists a critical heater power @_,, not ob-
servable in the temperature measurements, be-
low which Vu is zero. We associate @, with the
power at which the vortex array “depins” and
begins to move in response to the counterflow.
Below @, the vortices are pinned to protuber-
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FIG. 4. A plot of the chemical-potential gradient
and temperature gradient vs heater power for @ =0
and =10 rad/sec.

ances in the channel walls and accommodate the
counterflow by deforming. If we adjust the bound-
ary condition on V XV in the calculation so as

to produce no longitudinal chemical-potential
gradient, we find that, indeed, little influence

on VT is predicted—the pressure gradient does,
of course, become large. We observed that @,
is weakly Q dependent, becoming smaller as

is increased. We suggest that it is unlikely that
individual vortices in the array will move with-
out the others and that @ ,, is associated with
some average pinning force. Clearly, the largest
protuberances will be the first to be occupied

by vortices so that as the vortex density is in-
creased, the average pinning force will decrease.
We cannot, however, rule out an explanation of
the © dependence of @, in terms of mechanical
vibration levels of the apparatus. Note that at
Q., at 1.3 K, the superfluid velocity is only 0.02
cm/sec. A crude estimate based on this velocity
gives a depinning force of about 10°7 dynes per
line.

The actual flow pattern in the region below @,
is quite interesting. A solution of the Hall equa-
tion yields a secondary flow in which an element
of normal fluid executes a counterclockwise spi-
rallike motion if in the upper half of the channel
and a clockwise spirallike motion if in the lower
half of the channel. The superfluid behaves sim-
ilarly although in the opposite direction, of
course. This sort of pattern is similar to the
behavior in the flow of ordinary fluids in rotating
channels.’® An increase in the critical Reynolds

number for ordinary fluids in a rotating channel
has also been observed.”® This increase for both
ordinary fluids and the superfluid can probably
be explained as a consequence of the Taylor-
Proudman theorem'” which tends to make a rotat-
ing fluid more stable with respect to three-dimen-
sional perturbations.

This work was supported in part by a grant
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Using mean-field theory we compute the frequency-integrated neutron cross section
I(q,T) for spin-glasses, We find, as observed experimentally, that the temperature of
the maximum of I (¢,7') depends on the momentum transfer g and is different from the
freezing temperature T, at which the susceptibility x(¢,7) has a cusp. These results
suggest that recent neutron scattering experiments are consistent with a sharp phase
transition at a single temperature T, in spin-glasses.

Among the more puzzling experimental results The frequency-integrated neutron scattering
concerning the concentrated spin-glass alloys cross section is given by?
are Murani’s recent neutron scattering measure- do N/ve? \2 B’
ments,! which show that the frequency-integrated o= %(:;T@) % | F(q)|21(q, T). (1)
scattering intensity I(g, T) has a temperature-de- ‘4
pendent maximum which varies with momentum Here N is the number of scattering sites, # and
transfer g. These data have been interpreted!® as k' are the incident and final wave vectors of the
suggesting that there is no unique freezing tem- neutron, ye?/mc? is the coupling constant, and
perature in these alloys, associated with the spin-  F(q) is the scattering form factor which varies
glass phase. Rather, the system is viewed as on a scale characteristic of atomic dimensions.
subdivided into correlated, ferromagnetic clus- The quantity I(q, 7) is given by
ters, which freeze at different temperatures de-

ending on their characteristic size. N1 o T (R _ .
P The purpose of the present Letter is to show Hg,T) =N 1ZJ> s, §j>]c exp[zq (R RJ)]’ (@)
that these neutron experiments are consistent
with the theory that there is a sharp phase transi-  where []c denotes a configuration average and it
tion in the spin-glasses. This is demonstrated is assumed that, consistent with experiment,’
in two different ways based on (i) a simple data the magnetic contribution dominates that of po-
analysis and (ii) a mean-field random-phase ~ap- tential scattering. I(q,T) is generally written as

roximation (RPA) calculation of the neutron
I;cattering cross section, appropriate to concen- Ha, ) =ksTx(a, ) +Is(q, T), @)
trated spin-glasses. where kj is the Boltzmann’s constant, We thus

- | define
kyTx(q, T)=N"! §{I<§,-- 81, - B0+ B} exolid: R; -R))], (4a)
and
Iy(q, T)=N"* DI(E)+G)], expliq: (R:-R,)]. (4b)

i,J

This last term plays a role analogous to the Bragg scattering term in ordinary ferromagnets, whereas
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