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The first measurements are reported showing that the thermal boundary resistance be-
tween a metal and liquid *He depends on the applied magnetic field. The resistance,
which is not affected by pressure changes or superfluidity of the liquid, is insensitive to
fields less than 2 kG, but decreases by a factor of 3 when the field is increased to 8 kG.
The experimental results are explained by a model which assumes that the thermal
transfer between the Pt and *He is due to a magnetic coupling between the magnetic mo-
ments of conduction electrons in the metal and the nuclear spins of the solid *He layer

on the Pt surface.

PACS numbers: 67.50.-b

A long-standing unsolved problem in low-tem-
perature physics is the unexplained thermal
boundary resistance R between liquid *He and
solids.? The acoustic mismatch theory® overesti-
mates the resistance and cannot explain the ob-
served temperature dependence, R « 1/T, for
heat conduction between liquid *He and metals at
temperatures below 20 mK.®* Several authors
have proposed that heat transport across the
boundary is due to magnetic coupling between
®He nuclear spins and magnetic impurities in the
metal,* similar to the proposed coupling between
%He and the paramagnetic salt cerium magnesium
nitrate.’”” The major objection to this sugges-
tion® has been the absence of any observed mag-
netic field dependence of R for fields up to 1.7
kG.? In this Letter we report the first measure-
ments that show a magnetic field dependence of
the boundary resistance between liquid *He and a
metal. We also propose a theoretical model for
the resistance, based on a magnetic coupling be-
tween the conduction-electron spins and the nu-
clear spins of the solid *He surface layer. This
model accounts for all of the experimental obser-
vations.

The measurements we report here were made
on one sample of platinum powder, with a specif-
ic surface area of 0.10 m?/g as measured using
argon adsorption isotherms. Transmission-elec-
tron micrographs of the powder show irregularly
shaped particles with sizes between 1 and 10 um.
The powder, which was not cleaned, was mixed
with an equal volume of 1-um graphite powder
and packed inside a coil with a platinum packing
fraction of 11%. The cell containing the coil held
6 cm® of *He (*He impurities less than 50 ppm),
and contained a sintered silver heat exchanger
with a surface area of 128 m?® attached to a cop-
per demagnetization stage. The temperature of

the powder was determined from its nuclear sus-
ceptibility, as measured using cw nuclear mag-
netic resonance (NMR). This thermometer was
calibrated with both the superfluid transition tem-
perature and the Pt spin-lattice Korringa relaxa-
tion time. The platinum was heated slightly above
the *He by applying an off-resonance radio-fre-
quency voltage to the NMR coil.

Two different methods were used to determine
the boundary resistance. In one method, pulses
of eddy-current power were used to heat the Pt.
When the heating field was turned off, the tem-
perature difference relaxed exponentially with a
time constant 7. Above a few millikelvins, 7 is
the spin-lattice relaxation time 7', due to the Kor-
ringa process in Pt, but below 5 mK 7 is longer
than T,, suggesting that there are two thermal
resistances between the Pt nuclei of the thermom-
eter and the ®*He. One is the resistance between
the Pt nuclei and conduction electrons, charac-
terized by T,, and the other is the thermal bound-
ary resistance R. Using this analysis, we have
R=A(T-T,)/C, where C is the magnetic heat ca-
pacity of the Pt nuclei (C «<H?/T?). The second
method for measuring the resistance used a
steady rf field to heat the Pt to a temperature
greater than that of the *He by an amount AT ;
the boundgry resistance was then calculated f;-om
R =AAT/Q, where A is the surface area and @
is the heat flow across the boundary. The pro-
portionality factor between Q and the rf power
applied to the coil was determined from a com-
parison of R with the pulsed heating measure-
ments, but even without this factor, the temper-
ature and field dependence of R can be obtained
by this steady-state method.

Both methods of measurement give the same
results, as shown in Fig. 1. At each field value,
we find R « 1/T. Measurements made at a pres-
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FIG. 1. Thermal boundary resistance R at 2.61 kG,
obtained by two different methods: pulsed (circles, left
scale) and steady-state (squares,- right scale). Solid
lines represent least-squares fits.

sure of 20 bars are indistinguishable from those
made at less than 1 bar, and the superfluid tran-
sition did not alter the resistance. The product
RT, which is independent of area and tempera-
ture, is plotted in Fig. 2 as a function of the stat-
ic magnetic field. The resistance decreases by
a factor of 3 from its low-field value as the field
increases to 8 kG. This is the first observation
of any field dependence of the thermal boundary
resistance between *He and a metal.

To date, no theoretical model has been pro-
posed which accounts for most of these observa-
tions. We propose that at very low temperatures
the thermal boundary resistance between the
metal and the liquid *He is dominated by a weak
magnetic coupling of the conduction electrons to
the localized nuclear moments in the first atom-
ic layer of *He that plates the Pt surface. The
conductivity between the solid *He layer and the
liquid *He is much larger than that between solid
SHe and Pt primarily because of the much larger
liquid *He density of states compared with the Pt
electronic density of states.

The conduction electron-solid He coupling ex-
plains all of the qualitative experimental obser-
vations. With this mechanism, the boundary re-
sistance is independent of the liquid pressure, is
unaffected by the superfluid transition, and in-
creases when “He impurities are added to replace
the *He atoms at the helium-metal interface.®
The absence of any field dependence of the bound-
ary resistance below 2 kG rules out a coupling of
localized electronic moments to the *He because
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FIG. 2. The product of thermal boundary resistance
and the temperature plotted as a function of the field.
Data taken by the steady-state method (squares) are off-
set to the right of those taken by the relaxation-time
method (circles) in order to show the error bars clear-
ly. The solid curve results from the theory when 7%w, /
kg=0.1 mK, 7=2 mK, and g,=10"%eV.

the electronic Zeeman energy is much larger
than the thermal energy. Furthermore, the field
dependence cannot be due to the conduction-elec-
tron or *He Fermi liquids because their suscepti-
bilities are field independent unless H is compar-
able to the Fermi energy, which corresponds to
fields of about 10* kG in both cases. However,
the magnetic coupling to the localized 3He nuclei
in the solid layer is affected by the field when the
Larmor frequency becomes comparable to the
exchange frequency in solid *He, which corre-
sponds to a field of order 1to 10 kG.

To quantify these remarks on the field and tem-
perature dependence of the thermal boundary re-
sistance, we use a general expression for the
thermal conductance due to magnetic coupling de-
rived by Leggett and Vuorio® from perturbation
theory:

R'1=£ﬁ2k -1 2n2
P) B 8o B N4
" WKk, @)
XZ>fo sinh?(Bfiw/2) dw, (1)

o

where 8=1/kyT, g, is the coupling strength be-
tween conduction-electron spins and the solid 3He
spins (to be discussed below), n, = 10*° m~? is
the areal density of nuclear spins in the boundary
layer, x,(w) is related to the conduction-electron
spin-fluctuation spectral function, and x, (w) is
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the same quantity for a *He nucleus at site o in
the solid layer. For experimentally accessible
fields and temperatures, y,(w) is determined by
the dynamic susceptibility of a free Fermi gas of
conduction-electron quasiparticles, so that Eq.
(1) can be expressed as'®

R-1=Tr(k5go)zﬁ- 1N32(EF)Keff2nATQs(T’H)’ (2)

with \ ©)
-1 « w XS w
QT ,H)= 433ﬁ42a) Jo m“ﬁm dw, (3)

where N,(E;)=1.7 eV~ ! is the electronic density
of states at the Fermi energy, K.¢f(~7) is the
electron-spin susceptibility enhancement factor,
and Q (T ,H) depends only on T,H, and the prop-
erties of the solid layer of helium.

The spectral density x, (w) is proportional to
the imaginary part of the solid *He magnetic sus-
ceptibility at a single site on the surface. To de-
termine its form, we note that the coupling to
liquid 3He atoms is strong because of exchange
between the liquid and the solid, and this ex-
change frequency w, is the characteristic frequen-
cy for x,, (w). For exchange between a localized
spin and a Fermi liquid, the exchange frequency
is given by

w, =41l PN (E p kT, 4)

where J is the exchange energy and N,(E ;) is the
density of states at the liquid *He Fermi energy.
We estimate J/kz~ 0.1 K, which is one order of
magnitude smaller than the exchange energy with-
in the liquid, so that w,~ 10" T sec™! mK™!, We
assume a Lorentzian spectral function with width
w, for the localized *He moments,

1 ( M/H

7\n, (yﬁ)2>“’e“’

(w)=

Sat

1 1
><{:(w—o.>0)2+w32+(u.> +we)? + wezJ’ ®)

where M is the surface magnetization in a static
external field H, w, is the corresponding Larmor
frequency, and y7 is the *He nuclear moment.
For small H, M/H =y, the Curie susceptibility.
In zero field, the temperature dependence of
Q,(T ,H =0) can be scaled out of Eq. (3), so that
R« 1/T, as observed experimentally.

The magnetic field dependence of the resistiv-
ity is determined by Egs. (2)-(5). For w,=< w,,
corresponding to H < 1 kG, @ (T ,H) is approx-
imately constant. For larger fields, R decreas-
es until 7w, is of order kg7 ; for still larger
fields the resistivity increases with #. Numer-

ical integration of Eq. (3), using w,=0.1 mK,
T =2 mK, and g,=10"° eV (see below), produces
the solid curve shown in Fig. 2. With these val-
ues, this model predicts a minimum resistivity,
with R ,,;,/R(H =0)=0.05, at a magnetic field of
40 kG.

The interaction between the conduction elec-
trons and the ®He nuclei is

Hi, =g020¢6a 'gow (6)

where & and § are the Pauli spin operators for
the conduction electron and the localized He nu-
cleus, respectively. One way to estimate g, is

to assume that the coupling is due to exchange
between Pt conduction electrons and the *He elec-
trons.'! The repulsion that prevents *He atoms
from entering the metal is due to overlap of the
Pt and ®He electronic wave functions, and so that
exchange rate should be large. To estimate the
perturbation of the 3He electronic state we note
that the adsorbed atom has an electric dipole mo-
ment, as shown by field-emission studies of in-
ert-gas atoms adsorbed on metallic surfaces.'?
From these measurements and the polarizability
of SHe, we estimate the dipole moment to be 0.1
D. This dipole moment results from a mixing of
the 1s2p state with the 1s® ground state. Using
hydrogenic wave functions, we find that the mix-
ing fraction is 0.05. The interaction strength be-
tween the *He electronic and nuclear moments is
then g~ ughy| ¥(0)|%, where |¥(0)| is the ampli-
tude of unpaired electron spin at the nucleus. We
find |¥(0)]®~2x 10** cm™3, giving g,~2x 10"° eV,
and RT ~10° m®*K?® W1, in accord with experiment.
If this estimate is correct, the interaction should
also produce a Knight shift!® for the *He nuclei in
the first solid layer with AH/H ~5Xx 1073,

In this Letter we have shown that the low-tem-
perature thermal boundary resistance between
liquid *He and Pt depends on the applied magnetic
field. This magnetic field dependence establish-
es the importance of the solid *He layer,™ and,
when combined with other experimental observa-
tions, indicates that the magnetic interaction be-
tween conduction electrons and *He nuclei in the
solid surface layer provides the dominant path
for heat flow across the interface.

We have benefitted from discussions with Dr. P,
W. Anderson, Dr, W, F. Brinkman, Dr. M, C.
Cross, Dr. H. F. Hess, Dr. D. D. Osheroff, Dr.
R. C. Richardson, and Dr. C. P. Slichter. This
work was supported in part by the National Sci-
ence Foundation under Grants No. DMR 8104414
and No. DMR 802063.
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Effective Mass of the Normal Negative-Charge Carrier in Bulk He I

T. Ellis and P. V. E. McClintock
Department of Physics, Univevrsity of Lancaster, Lancaster LAI14YB, United Kingdom
(Received 13 April 1982)

The first acceleration measurements are reported for negative ions in bulk superfluid
“He. Data recorded at 70 mK, 25 bars for electric fields in the range 80<E< 150 V m™!
are consistent with an ionic dispersion relation identical to that of a free particle with
mass (87 +5)m,, where m, is the ‘He atomic mass.

PACS numbers: 67.40.Yv

Studies of the motion of positive and negative
charge carriers have provided a particularly
fruitful means of probing the properties of the
(magnetically inert) superfluid *He. During the
two decades following the pioneering experiments
of Reif and Meyer® some hundreds of scientific
papers have been published which describe work
carried out on this basis® and which yield exten-
sive and valuable information concerning, for ex-
ample, the elementary excitations, critical ve-
locities, surface properties, and macroscopic
quantum states of the liquid. A quantity which is
frequently of relevance to the analysis of experi-
mental data is the effective mass m * of the charge
carrier (ion). It seems at first sight remarkable,
therefore, that only one precise experimental de-
termination® of m* has so far been reported, and
especially so considering that this measurement,
being based on the resonance of ions trapped in a
surface potential well, was entirely confined to
the saturated vapor pressure. The latter restric-
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tion‘ has given rise to what must be regarded as
a serious lacuna in the experimentally determined
properties of the negative ion. This is because

~of the expectation,” on sound theoretical grounds,

that m* for the negative ion should be strongly
dependent on pressure: A decrease inm* by a
factor of circa 3 is to be anticipated between the
saturated vapor pressure and the solidification
pressure at 25 bars. It has not hitherto been pos-
sible to test this prediction experimentally. The
purpose of the present Letter, however, is to re-
port the development of a new technique which
has enabled us to measure, for the first time,
the effective mass of negative ions freely moving
in bulk He II under elevated pressures.

The technique is a particularly straightforward
and direct one, at least in principle, in that we
simply measure the acceleration of the ion under
a weak electric field E in the “mechanical vac-
uum” provided by isotopically pure He II at 70
mK, 25 bars. Under these conditions, drag due
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