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Heat Transfer between Phonons and Quasiparticles in a Dilute Mixture of *He in *He
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A description is given of a novel technique for measuring the thermal resistance
(Rph-qu between phonons and quasiparticles in a bulk sample of dilute mixture of 3He in
liquid ‘He. For 0.1% °He we find VR ph-quT%°=3.7x107" m® K'*® W™! for 35<7 <60 mK,
in fair agreement with known interactions between phonons and quasiparticles. The dis-
crepancy, however, suggests an additional, unidentified, inelastic scattering process.

PACS numbers: 67.60.Fp, 67.40.Kh

One of the outstanding questions concerning the
thermal resistance between liquid helium and
solids (the Kapitza resistance) is the apparent
absence of the expected large resistance (Rph_qu)
between the *He quasiparticles and the phonons in
a dilute mixture of %He in liquid *He at millikelvin
temperatures.! This resistance should be in
series with the boundary resistance between the
phonons in the helium and the phonons in the
solid and with the thermal resistances within the
solid. The absence of a large phonon-quasiparti-
cle resistance has had important practical signif-
icance in that dilution refrigerators perform bet-
ter than they should; it has also allowed the

measurement of the properties of dilute mix-
tures down to the millikelvin temperature range.
However the anomaly is of interest in its own
right, and is the subject of this Letter, in which
we present the first measurement of this re-
sistance alone in bulk helium.

It is expected that heat transfer between phonons
at temperature T on and quasiparticles at tempera-
ture T, in a dilute mixture is brought about by
two processes, phonon absorption and inelastic
phonon scattering. The phonon absorption pro-
cess has been considered in the context of pho-
non thermal conductivity and ultrasonic attenua-
tion by Baym and Ebner (BE).? They also include
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phonon scattering, but this scattering can be re-
garded as essentially elastic in their work. For
comparison with our experiment, we have con-
structed a theory of the thermal resistance R,
using the approach of Leggett and Vuorio® and the
phonon-quasiparticle interaction of BE., The scat-
tering processes are strongly frequency depend-
ent; hence the resultant heat transfer between
phonons and quasiparticles is strongly tempera-
ture dependent, and relatively unimportant below
about 50 mK, as is shown below. The absorption
process is associated with the viscosity of the
dilute mixture; the absorption rate is T < P?/7,
where P is the osmotic pressure and 7n the vis-
cosity. For T<Tg, I'cT?; for T>Ty with PxT
and 1 oc T° 8 for a 0.1% mixture,® then I'cc T2,
When the absorption rate is included in a Debye-
type summation over all phonon frequencies,®**®
the heat-transfer coefficient is proportional to
T® (T*?) for T<Ty (T >Ty)OorR «T"5
T=*3).

There have in the past been many measure-
ments of the total resistance between the quasi-
particles in dilute mixtures and the cell that con-
tains the helium.” This total resistance has been
compared with the expected resistance':® and
found always to differ in magnitude and tempera-
ture dependence (too small and generally o« 7" %),
A universal feature of the experiments was that
the dilute mixture was confined within the pores
of either sintered metal powder or cerium mag-
nesium nitrate crystallites and the pore sizes
were comparable to or smaller than the mean
free path for quasiparticle-quasiparticle scatter-
ing.

The present experiment was designed to meas-
ure R, . o, alone for a dilute mixture in a cell
with all dimensions larger than the quasiparticle
mean free path (typically 0.5 um at 30 mK). The
sample cell was fitted with three thermometers
to separately measure T, T, and T, the
temperatures of the cell wall, the phonons, and
the *He quasiparticles in the mixture. Heat was
applied to the outside of the cell and the three
temperatures monitored as the cell and dilute
mixture approached equilibrium. Figure 1 shows
an electrical analog. C qu represents the heat
capacity of the quasiparticles. The phonon and
cell heat capacities can be neglected. The total
thermal resistance between the quasiparticles
in the cell and the dilution refrigerator is the
sum of Roh-qus the Kapitza boundary resistance
Ry, and the resistance of the link to the mixing
chamber R ;. Also shown schematically in Fig. 1

ph-qu
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FIG. 1. Electrical analog of thﬁa cell and the tempera-
ture-time curves following heat Q sufficient to cause a
step increase in T,. @; represents the heat leak or heat
input to the mixing chamber.

are temperature-time curves following heating of
the cell sufficient to cause 7', to rise by AT, ’.
T ., rises with a time constant 7=C_, R +R ;- o)
and T rises immediately by AT, =R . 4, AT,/
(Rx +R - qy) and then rises to T’ with the time
constant 7. Following a step change in the heat
supplied to the cell, as in this experiment, the
behavior of T, T, and T, is more compli-
cated but R ;. o, can be deduced from R
=AT;,/Q,, where @,=C , @T ,,/dl),..°
Typically, above 30 mK R ., is much smaller
than Ry for 1.5% and 5% mixtures and hence AT,/
AT, < 1. AT, would then have been difficult to
measure. This was avoided by working with a
more dilute mixture and with an enhanced bound-
ary area in the cell. The mixture used was *He
+0.1%-°He. The cell was a copper cylinder of
6.6 mm i.d. The interface area was increased to
45 cm? by pressing 113 disks, 6.6 mm o.d.x 4.4
mm i.d.X40 um, into the cylinder with an average
spacing of 30 um. The quasiparticle thermometer
was the second-sound velocity in the mixture;
this was determined with a time-of-flight tech-
nique using standard Nuclepore porous-mem-
brane transducers.® These transducers were
mounted on epoxy caps which sealed the two ends
of the cell, The phonon thermometer was a 2x 1
% 0,15-mm slice from a Matsushita z-W 56-Q
carbon resistor suspended in the center of the
cell by two 5-mm-long X 75-um-diam Constantan

ph=qu
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wires. Upon the basis of models for heat flow
from solids into phonons and into quasiparticles
in a dilute mixture we believe that the thermom-
eter was in far better contact with the phonons
than the quasiparticles. There is no known or
postulated significant interaction that couples
excitations in a solid to excitations of the quasi-
particles in a dilute mixture.®>® The cell ther-
mometer was a Matsushita 56-Q resistor.

Great care was taken, when admitting mixture
to the cell, that the concentration of the mixture
in the cell was the same as that of the original
gas mixture. This included working with a heli-
um sample volume (0.51 cm?®) that was less than
the cell volume to keep the fill line empty. After
the cell had been filled equilibrium values of
second-sound velocity and phonon, cell, and
calibrated Speer carbon thermometer resistances
were made over the temperature range 35 mK to
1 K or so. The cell was then recooled and heat-
ing pulses applied while the thermometers were
monitored.

The following technique was used to deduce
R - qu and to reduce the effect of calibration
error:

R _ AT ph _ _Ar(@dr/dr)
phoau =C . (@T (/dt), Cg, AT ,/dt),

_ Ay(dT/dS)dS/dr)
~C,,(ar/as)as/dt), ’

where 7 is the phonon thermometer electrical
resistance and S is the time of flight of the sec-
ond-sound pulse. The calibration slopes (d7/dS)
cancel. Thus R .4, is derived from the initial
rise in the phonon thermometer resistance Az,
the initial slope of time of flight versus time
following the step in heat input, and the almost—
temperature-independent heat capacity of the
dilute mixture. Typically AT/T <10% and the
time constants were ~ 1 min.

The measured values of R ;. 4, are shown in
Fig. 2. The error bars reflect the uncertainty
in the temperature calibration and its influence
upon R, - o, as well as errors in the temperature-
time curves. The measured R .4, can be de-
scribed by VR . ¢, 7% °=3.7x107" m® K™ ®* W™
The uncertainty in the exponent is given by 6.5
+1.

The predictions of the theory are shown as the
solid lines. The heat-transfer rate was calculated
with use of the “golden rule”® and the phonon-
quasiparticle interaction of BE.!° The resulting
thermal conductance R ;- ¢~ ! consists of two
terms. The curve labeled “Absorption” results
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FIG. 2. The closed circles are Rpp-qy for ‘He +0.1%-
’He as a function of temperature. The solid lines are
discussed in the text. The open circles are the bound-
ary resistance for ‘He +5.4%-°He and are compared
with ART?=2.,5X10"% m? K* W™! (dashed line).

from the absorption/emission of single phonons
with the excess momentum distributed among the
quasiparticles via quasiparticle-quasiparticle in-
teractions. The measured viscosity (n=1.4
X 1027°+ 8 uP)* for a 0.1% solution has been used
to obtain, following BE, the necessary quasi-
particle density correlation function. The curve
labeled “Inelastic” results from the energy trans-
fer involved in the quasielastic phonon scattering
from the quasiparticles as described by the T
matvix of BE. The resulting resistance from
both processes acting in parallel is shown as the
heavy line. The theory, which contains no free
parameters, predicts a heat-transfer rate which
is close to the experimental results at < 40 mK
but which is too small at higher temperatures.
We conclude that an alternative and as yet un-
known mechanism also contributes to the heat
transfer. While the cell was designed to have no
dimensions smaller than the quasiparticle mean
free path at these temperatures we note that the
experimental phonon attenuation length is ~1 m
at 50 mK.

This experiment should be placed in context
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with other experiments that have been used to
study phonon-quasiparticle interactions in dilute
mixtures. Thermal conduction in a dilute mix-
ture above about 30 mK is by phonons and is
limited by boundary and quasiparticle scattering.
Below and above about 0.1 K the absorption and
elastic scattering terms dominate, respectively.
The agreement with BE seems satisfactory,!:?
The attenuation of second sound is related to the
interaction between quasiparticles and phonons
through a dependence upon the thermal conduc-
tivity, but also depends upon the viscosity and
diffusion coefficient of the mixture.’® Some
agreement with BE has been obtained above 0.3
K where elastic scattering determines the con-
ductivity.’* Below 0.2 K the attenuation is not
understood.’® None of the above work relates
directly to the inelastic scattering of phonons.
However, de Voogt et al.'® measured heat-pulse
propagation through a series of dilute mixtures
and from a pulse-shape analysis determined the
thermal conductivity and rate of energy loss from
the phonons. The thermal conductivity agreed
with the earlier work'? and by assuming a mag-
nitude and temperature dependence of 7, the
energy transfer was fitted with the BE absorption
process. There was evidence for two contribu-
tions to the phonon-quasiparticle coupling, pro-
portional to x® and x, respectively (x is the con-
centration). We could now view these terms as
absorption and inelastic scattering, respectively.
Unfortunately it is hard to interpret the experi-
ment since the initial heat pulse was probably

~ 1K, presumably introducing nonlinearities.
The phonon temperature was not measured.
Finally, Kummer, Narayanamurti, and Dynes
made heat-pulse measurements with a short path
between heater and bolometer and with heater
temperatures close to mixture sample tempera-
tures.'” Ballistic phonon propagation at low
temperatures changed to diffusive phonon and
finally to second-sound propagation as the tem-
perature was increased. A pulse-shape analysis
gave the same phonon mean free path as would be
measured in a thermal conductivity experiment,
with good agreement.

We also performed experiments with 0.3% and
5.4% mixtures. For the 0.3% sample AT ;, steps
were observed only at the lowest temperatures
indicating Roh-qu <Ry over most of the tempera-
ture range and so detailed work was not pursued.
The 5.4% experiment was to obtain the Kapitza
resistance Ry from the time constant 7. The
results, shown in Fig. 2, are compared with the
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41, 1603 (1970);

dashed line given by ART®=2.5%10"2 m® K* W™ 1,
Although the slope is less than expected the mag-
nitude is reasonable for a liquid-helium-copper
interface.'®

To conclude, we have made a direct measure-
ment of the thermal resistance between phonon
and quasiparticles in a dilute mixture and find
a strong dependence upon temperature over the
range 35-60 mK. Although the results agree
reasonably well with our understanding of phonon-
quasiparticle interactions there is a discrepancy
that suggests that an inelastic process has been
overlooked.
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