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Magnetic coupling in thermal-boundary resistance between thin silver films and liquid*He
in the millikelvin regime
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Using a glass-capacitance technique, we have measured the thermal-boundary reRjstaateeen liquid
3He and thin silver films on a flat glass substrate in the millikelvin regime.TEsBO mK, the experimental
observations are in excellent agreement with the acoustic mismatch theorJ</R@r mK, we find concrete
evidence supporting the magnetic coupling mechani{gmbservation of a minimum iR as a function of
magnetic field(ii) a decrease iRy as*He pressure is increased, afiit) a nearly order-of-magnitude increase
in Ry resulting from preplating the silver surface with monolayeréigé (with no such effect al>30 mK).
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Efficient heat transfer between solids and liquid helium,trons. Because of the large difference in the speeds of sound
despite becoming increasingly difficult to achieve at lowerin the two media (X 10° m/s and 5< 10°> m/s, respectively
temperatures, is a crucial element in experiments abnly phonons within a small~+3°) critical cone normal to
millikelvin and still lower temperatures. For example, the the interface can propagate across the interface, while others
performance of a dilution refrigerator depends critically onare reflected, and this results in a larg& .2 Later
efficient energy exchange between the warm incoming andnhancements® to the acoustic mismatch theoAMT)
the cold outgoing®He streams, typically across a metal in- consider both the longitudinal and transverse zero-sound
terface. Cooling and measuring the temperature of thenodes in®He. Using the notation of Nakayarfid, due to
sample also require good thermal contact between the liquighonons is
helium and solids.

As essential as this energy exchange between liquid He N
and solids is, however, the physical process responsible for it R.— 150 pgvt
remains poorly understood and represents a long-standing K 2m2p kiT3(a1c o+ asCro)F
problem in low-temperature physics. At these low tempera-

tures, the bottleneck in the energy transfer typically occurs at : . .
the solid-liquid helium interface. This is known as the Whereps is the solid mass densityy the transverse speed of

Kapitza resistance and is defined as sound in the_ SO!idpL the liquid *He mass density, o and .
C1o the longitudinal and transverse speeds of zero sound in
AT 3He, andF a material-dependent function which is calcu-
RK:"Qﬂy (1) lated numerically. The remaining parameters,anda,, are
. of order 1 and are functions of the Landau paramefgrand
whereQ/A andAT are the heat flux and temperature discon-F3.® The predictions of AMT usually agree with experimen-
tinuity across the solid-liquid interface. tal observations in the temperature range of 100 mK to’1 K.

In this paper, we limit our discussion Ry between met- At T<30 mK, however,Rk is widely recognized to be
als and liquid *He. We present precise measurements ofnomalously lower than predicted by AMT, and the tempera-
Ry as a function of temperature, magnetic fieftje pres- ture dependence deviates from3.” This indicates a more
sure, and*He impurity and report direct evidence for a mag- efficient heat transfer channel at the boundary than that pro-
netic energy transfer mechanism that is in close qualitativeided by phonons. One possible explanation is the inelastic
agreement with existing theories. scattering of the nuclear spins éHe quasiparticles by lo-

At T<100 mK, the specific heat of liquiHe and that of ~ calized electron spins on the surface of the solid, where mag-
metal are dominated by single-quasiparticle excitations andetic dipole-dipole interactions cause a direct energy transfer
by the electron gas, respectively, so that sufficient energghat bypasses the phonohs.
exchange between the quasiparticles and electrons is essen-A number of theories for magnetic coupling have been
tial for good thermal contact between the two materials. Itproposed to explain the anomalo& . Several different
has been showhhowever, that direct heat transfer betweenstates of localized electron spins have been considered—
3He quasiparticles and conducting electrons is very ineffinoninteracting spin& spins in random internal fieldsterro-
cient because the degeneracy temperature of a metal isagnetically aligned spinsand spin glas&’ All of these
greater than the electron spin fluctuation temperature by theories predict amRy that is drastically different from the
factor of 16, AMT prediction. Below the electron spin ordering tempera-

A possible indirect path for heat flow is from quasiparti- ture T,, Rx decreases a§ increases, with an explicit tem-
cles to zero-sound phonons $ile, then to acoustic phonons perature dependence that is model dependentTAf,,
in metal through surface coupling, and finally to the elec-however,Ry increasedinearly with T.
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Relying on temperature dependence to determine whether
the coupling is magnetic or acoustic can be problematic,
however, because when soft-phonon modes and size effects
are taken into consideratiért! AMT also produces a ther-
mal resistance that deviates froRx=T 3. On the other
hand, a dependence Bf; on magnetic field is only possible
with magnetic coupling, since phonon properties are inde-
pendent of magnetic field. The presence’sfe monolayers
on the solid surface also produces drastically different effects
in the two models. In the magnetic coupling modéHe
monolayer coverage greatly suppresses the energy transfer
because the dipole-dipole interactions at the interface are
sensitive to the distance between the dipoles. No such effect heater leads
is expected in AMT, however, becausele phonon wave-
lengths (-3 wm at 1 mK) are greater than the thickness of

*He monolayers. Kapitza resistance measurements. The thin silver films serve as
Experimental work on the dependenceRyf on magnetic L
P P 9 electrodes for the parallel-plate capacitor, and one of the electrodes,

field strength and®He pressure, however, has yielded seem-_ i . .
. 0 S~ . with grooves cut into the metal to increase the resistance, serves as
ingly conflicting findings. For example, in #He-Pt powder a heater
system'? Ry is insensitive to magnetic field strength up to '
0.2 T and decreases steadily for higher fields, while changesapacitor serves as a thermometer for measuring the tem-
in 3He pressure have no effect &k . The *He-Ag sinter  perature of the silver films. There are several advantages
system'® on the other hand, behaves quite differen®  here: (i) The flat interface eliminates size effects dfle
increases with magnetic field strength up to 0.2 T but beconfined in the pores of powdersii) Comparison with
comes insensitive to higher fields up to 9.4 T, while increastheory is easier since the experimental and theoretical con-
ing ®He pressure causes an increaseRin. Meanwhile, figurations are now compatibléii) The small thermal mass
other measurements @&, between®He and Ag and Cu of the glass capacitor ensures good thermal equilibrium
powders reveal no dependence Rf on magnetic field within the solid phase and a fast thermal response time—
strength and®He pressuré?~16 both of which are desirable for accurate temperature mea-
The effect of “He monolayers is equally ambiguous. surements.
Some experiments show an order-of-magnitude increase in Two sample cells were constructed and used. sample |
Rk when monolayers of'He are preserlt!® while other ~was an ordinary microscope cover glagorning Brand,
experiments show no such efféét® Therefore, no conclu- 7.5x18x0.24 mnf). Silver films of 0.5um thickness were
sive experimental evidence has so far emerged for théhermally evaporated onto both sides of the glass. The
mechanism of heat transfer between metals and lidild  sample was put inside a superconducting solenoid that pro-
below 30 mK. vided magnetic fields parallel to the solfthe interface.
A possible reason for the difficulties in obtaining consis-Sample Il was made with a larger piece of gld&ssher
tent experimental results may lie in the geometry of the powBrand microscope slide, 3825x1 mnt). Silver films of
der or sinter sampléesTypical grain size for the powders is 0.5 um thickness were sputtered onto the glass. The silver
70 nm, while a typical mean free path for electrons in bulkfilms of sample | were examined under an electron micro-
metal is about fum and the mean free path of quasiparticlesscope and were found to be smooth to at leastuhl Be-
is 0.3 um for pure ®He at 10 mK. Consequently, the mean cause of the loss in sensitivity of the glass thermometers at
free paths of both the electrons and tfide quasiparticles the lowest temperatures, our measurements were limited to
are boundary limited. Therefore, the thermal resistance of th& >3 mK for both samples.
sinter and liquid®He can be significantly higher than that of ~ The sample cell was fitted inside a silver stage that was
bulk metal and®He, and this makes accurate temperaturehermally anchored to a Priidemagnetization stage in a
measurement difficult. Size effects also make comparisodilution refrigerator. The capacitor was immersed in liquid
with theory difficult, because most theories were developedHe, and the®*He temperature was measured with’de
for bulk solids and bulk liquid®He. Properties offHe in  melting curve thermometer. A heat flux from the silver films
pores of powders are different from those of bulke,  to the liquid ®He was introduced by passing a direct current
while the soft-phonon modes associated with the fractal gel through one of the electrodes, causing Joule heating due to
ometry of sinters give rise to a different density of states tharthe resistance of the silver film. The temperature rise of the
that found in a bulk solid. silver films was measured by monitoring the impedance of
To avoid complications from size effects, solids largerthe glass capacitor with a symmetric ratio-transformer
than the®He mean free path are desirablaVe have chosen bridge. The heating power was controlled to ensure
a geometry where the solid-liquid interface is flat. OurAT/T<10%, and the thermal response time of the glass ca-
sample(Fig. 1) consists of thin silver films deposited on two pacitor was less than 1 min in the absence of magnetic fields,
sides of a thin glass slide, forming a parallel-plate capacitoeven at the lowest temperaturéy, was determined by Eq.
with silver films as the electrodes and glass as the dielectri¢l). (More information on sample preparation and the mea-
medium. Because the dielectric constant of glass is sensitiveurement technique is given elsewh&be.
to temperature changes in our temperature reffloine glass For accurate measurement Bf between3He and the

silver

heater leads

glass

\\

silver

capacitor leads (rear surface)

FIG. 1. A schematic drawing of a glass capacitor used for
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FIG. 2. Temperature dependenceRyf at saturated vapor pres- FIG. 3. The fractional change d®¢ in small magnetic fields
sure of *He (sample ). The long line represents the zero-free pa- (sample ). The direction of the field is parallel to the solid-liquid
rameter predictions of AMT. interface. A minimum is seen aigH/kgT~1/4. The open dia-

monds are data taken with the magnetic field reversed in direction.

silver films, the applied hed had to flow from the surface paocomes less efficient again, aRg increases. The mini-
of the silver films to the surroundingHe but not through the mum of R in our experiment occurs atgH/kgT~1/4, in
electrical wires. The thermal conductance through the wireg|gge agreement with theory.

was measured when the cell was empty of I|qa|‘de and RK also depends on the pressure aﬁe’ because as
was found to be at least two orders of magnitude Sma”elSHe pressure increasesl tﬁHe quasipartide mass* also
than the conductance through tfele-silver interface, so  increases(From saturated vapor pressure to 5 and 10 bars,
that it could be ignored. m* increases by factors of 1.23 and 1.38, respectit@ly.
Figure 2 shows the temperature dependenceRfof  This results in a higher density of states at the Fermi level
sample I at saturatedHe vapor pressure for both pure and smallerRs. Theoretical calculatiofis™ indicate Ry
®He and*He mixed with 1.3%"He. BecauséHe preferably o (m*k.)~2, wherek, is the Fermi wave number ctHe,
plates the solid surfaces, the amount #e in the *He-  which also increases with increasintHe pressure. Even
*He mixture accounts for about six monolayersffe on  though the experimental observations show this general
the surface of the silver films. Data in Fig. 2 show that fortrend, the pressure dependence seems weaker than theoretical
T>30 mK, measured values & for both pure and impure predictions. Figure 4 shows that to within 5% experimental
3He agree well with AMT, not only in the exponent of the yncertainty, Rqm* is independent of3He pressure for
temperature dependence, but also in magnitude. Thi$<30 mK and for3He pressures up to 10 bars.
strongly supports the main heat transfer channel above 30 The discrepancy between the theories and our empirical
mK being phonon mediated. scaling law R¢>m* ~1) does not come as a surprise, how-

For T<30 mK, measured values & for pure *He are  ever. The reason could be that the theories all treat the liquid
much smaller than predicted by AMT. However, this im-

provement of heat transport is hindered by a factor of 10 or

so when monolayers dfHe are present betweéie and the 12 :
silver films. This rules out the possibility that the dominant ® 0 bar
heat transport mechanism is acoustic and at the same time M 1% B:rrss

provides evidence for a magnetic coupling mechanism for
reasons described earlier.

Figure 3 shows the dependenceRyf (sample }J on mag-
netic field at a constant temperature of 6.7 mK. As the field
increasesR first decreases and then increases, with a mini-
mum at a field strength of about 2.5 m{Two data points
taken with reversed fields are also included to exclude the
possibility of a residual trapped fie)dThe theoretical analy-
sis of Rx in magnetic fields by Leggett and Vuofi@lso 08 . )
shows a minimum oRy atH~3kgT/2ug, whereug is the s 15 25 35
Bohr magneton. The physical origin of this is that at zero ' T (mK)
field all excitation energies of the electron spins are small
compared tkgT. When a small field is applied, the excita-
tion energies are raised towakgT, where the energy trans-  FIG. 4. The ratio oR¢m* at 0, 5, and 10 bars cfHe pressure
fer becomes more efficient ari®); decreases. AgigH be-  to the values at saturated vapor presgsemple }. The data show
comes larger thankgT, however, the energy transfer an empirical scaling laviR,om* ~1.
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3He as a bulk Fermi liquid up to the solid-liquid interface, reflect the inadequacy of treatinigde as a bulk Fermi liquid
while the first two monolayers otHe on the solid are really at the interface.
solid and dense liquid, respectivéfyAssuming that it is the It is worth noting that below 30 mKRy values in our
contact interaction between thi#le quasiparticles and elec- gxperlmentsg are S|m|Ia3r in magn|tu4de to values in a BrNi
tron spins on the solid surface that determines the heat transHe system” and a Pt*He systent,’ where in both cases
fer, we expect the first layers GHe on the solid surface to size effects have been eliminated by using larger-diameter
play an important role, so that they cannot be treated as bulR2"ticles. The temperature d_ezpendenceRQfm these two
3He fluid. powder systems, however, 5" <. _

Finally, we examine the temperature dependend®,oht At present, the question of what the localized electron

; . . spins might actually be remains to be fully addressed. We
low temperatures. Assuming the_ magnetic and acoustic theE’ouId not address this in our experiments, because the sur-
mal conduction channels to be in parallel, the meas&ied 5ce conditions were not controlled. It has been sugg&&ted
can be expressed as

that adsorbed oxygen on the surface of the solid could form
a paramagnetic submonolayer and the magnetic coupling
could be between oxygen impurities afide quasiparticles.

_ T Future investigation of the effects of oxygen and how oxy-
wg gj: tﬁgf(izr)n tfg; ggg‘é‘;]“égcip %?Loﬁghg?g;egﬁg ;Ig'mZa'g_ gen couples to free electrons in metals is therefore desirable
netic channel provides the dominant thermal conductance fC{Ior gaining a complete understanding of Kapitza resistance at
T<15 mK. If fitted to a power lawRk magnei& T ", the ow temperatures.
experimental value fon is ~0.4, while the theoretical pre- This work was supported by the National Science Foun-
diction is 2 for randomly distributed localized electron spinsdation through Grant Nos. DMR-8418605 and DMR-
below T,.81° This discrepancy may reflect our lack of 8921733 and by the Cornell Materials Science Center
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knowledge of the state of the localized electron spins or mayhrough Grant No. DMR-9121654.
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