
VQLUMK $j, NUMBKR 24 15 DZCEMBZR 1&76

~5M. Debe and D. C. Johnson, private communication.
26M, B. Webb, T. D. Poppendick, T. C. Ngoc, and

T. Tomet, in Proceedings of the Thirty-Sixth Annua1.

Conference on Physical Electronics, Madison, Wiscon-
sin, 7—9 June 1976 (to be published).
27See, e.g. , J. A. Strozier, Jr. , D. %. Jepsen and

F. Jona, in Surface Physics of Materials, edited by
J. M. Blakely (Academic, New York, 1975), Vol. 1;
S. Y. Tong, in Progress in Surface Science, edited by
S. G. Davison (Pergamon, New York, 1975), Vol. 7,
Part, 2; M. B. Webb and M. G. Lagally, in Solid State
Physics, edited by H. Ehrenreich, F. Seitz, and
D. Turnbull (Academic, New York, 1973), Vol. 28, p.
301.

' J. V. Florio and W. D. Robertson, Surf. Sci. 24, 173
(1971).

~H. D. Hagstrum and G. E. Becker, Phys. Hev. B 8,
1580 (1973).

We are gratefull to J. M. Baker for providing the
Si(111)wafers used in this study.

3'D. W. Jepsen and P. M. Marcus, in Computational
Methods in Band Theory, edited by P. M. Marcus, J. F.
Janak, and A. B.Williams (Plenum, New York, 1971),
p. 416.

~2A. Ignatiev, F. Jona, D. W. Jepsen, and P. M. Mar-
cus, Phys. Hev. 8 11, 4780 (1975).

K. C. Pandey, T. Sakurai, and H. D. Hagstrum,
Phys. Bev. Lett. 35, 1728 (1975).

Macroscopic Calculation of the Kapitza Resistance between Solids and Liquid 4He

David Cheeke
Department de Physique, Universite de Sherbrooke, Sherbrooke, Province of Quebec, Canada

and

Henry Ettinger
Centre de Recherches sur les Tres Basses Temperatures, Centre National de la Recherche Scientifique,

38042 Grenoble, I'rance
(Received 26 July 1976)

We treat the Kapitza thermal boundary resistance Ay between a Debye solid and liquid
He in the temperature range 0.1 to 1 K, where the phonon transmission coefficient is

known to be highly anomalous. Using a continuum model, we consider the consequences
of a solid van der Waals layer of helium which is acoustically absorbing. Using values
of acoustic wave attenuation in the layer based on experiment, we are able to predict the
correct order of magnitude and temperature dependence of Aq for copper.

The anomalously high phonon transmission co-
efficient between liquid helium and solids has
been a well-known problem since its discovery by
Kapitza in 1941.' Khalatnikov' proposed an acous-
tic mismatch model which in its simplest form
failed to predict the observed magnitude of the
effect. ' In this Letter we propose a more general
macroscopic model based on aeoustie mismatch
which successfully predicts the order of magni-
tude of the experimental results.

The Kapitza effect has been found to exist" in
both liquid and solid 'He and 'He and even solid
H, and D, and it is now generally believed to be
characteristic of quantum systems. For simplic-
ity and brevity we restrict our discussion here to
the "classic" problem of the steady-state thermal
boundary resistance RK for phonon transport be-
tween an isotropie ordinary Debye solid in con-
tact with a bath of liquid 4He in the temperature
range 0.1 to 2 K. In this case classic acoustic
theory predicts the existence of a small critical
cone for total reflection in the helium as a result
of the large difference in acoustic properties of
the two media. The small transmission coeffi-

cient for incidence within this cone explains the
high values of RK predicted by the Khalatnikov
theory.

A first attempt to provide a mechanism for an
increased phonon transmission coefficient was
made by Challis, Dransfeld, and Wilks (CDW},'
who took into account the formation of a dense
layer of helium at the interface due to the van der
Waals attraction of helium atoms to the substrate.
This layer acts as an acoustic matching unit
which leads to an increased transmission coeffi-
cient within the critical cone; this is, however,
quite insufficient in itself to resolve the discrep-
ancy. More recently, other workers'~ have con-
sidered the effects of a finite phonon lifetime in
the substrate, which led to an effective widening
of the cxitical cone. The two mechanisms have
been combined in a single calculation by Opsal
and Pollack. ' However a large body of evidence"
suggests that substrate lifetime effects cannot
provide the sole basis for the correct explanation
for T & 1 K and we do not consider them further
here„

The present model uses the existence of a
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dense layer as its starting point. For simplicity
we consider a model composed of two solid lay-
er'8 eRch 3-p thick Rt pressures of 30 Rnd 260
atm~ vRlues of density Rnd longltudlnal Rnd tI'Rns-
vex'se sound velocities for each layer were ob-
tained by using expex'imental results for bulk sol-
id at these pressures. " As did previous work-
ers, '9'~ we use a continuum model in that the van
del %RR18 layeI' i8 chosen Rs Rn elRstic continuum
across which plane waves propagate from one
medium to the other, "mostly in the limit in
which the wavelength is larger than the layer
thickness.

The new and crucial point is that in the present
work we consider exjficiffy that the van der
%a318 layex' is an acoustically absorbing medium.
%e can obtain an estimate of the attenuation con-
stant fox 1-K thermal phonons in such a layer
from the work of Anderson and Sabisky"'"; for
slightly thicker films this gives a mean free path
l -100 A at a frequency of about 60 6Hz varying
approximately linearly with wavelength. The at-
tenuation i.s expected to be even gxeatex for the
thin inhomogeneous layex' considex'ed here even
though it is solid. In any case, we treat the ab-
sorption constant v as a free parameter in the
calculation, of the order of the above value (v
-0.2 for an average wave in our film). "

The actual calculation (both of the acoustic
properties of the multilayered system and of the
heat flow) follows very closely the now standard
formalism for such problems which has been pre-
sented in great detail by Opsal and Pollack. ' The
boundax'y conditions lead to a secular expx'ession
which 18 solved by computex' to determine the
wave amplitudes in the incident and substrate
media Ior a given incident wave in the liquid he-
lium at, angle 8. The cox'responding energy fluxes
are determined in the usual way, and for the sim-
ple and known case of no absorption in the film
we vex'ify conservation of energy at angle 8, as
well as verifying an enhanced transmission with
respect to Khalatnikov of at most 3 or 4, as ob-
tained by previous workers. '~ %e now include
absoxption in the fi).m by expressing the phonon
wave vectox as k =k'+i@" in the van der %aals
layex, with k" = vk'. %ave amplitudes are again
calculated by computer Rnd, following the astuce
of Petex'son and Anderson' in a similar problem,
we obtain by subtraction the energy flux in the
layer for incidence at angle 0. Integration ovex'
6I and e then gives the total heat flux absorbed in
the layer; and the crucial question now is to de-
tex'mine what fraction P of this heat flux is sub-

sequently transmitted into the substrate. As the
calculation is macroscopic we are unable to treat
questions related to the frequency spectrum of
the re-emitted phonons in the layer (e.g. , the
possibility of frequency conversion, etc.).

The determination of P is based entirely upon
acoustic mismatch. " At each interface we deter-
mine an average transmission and reflection co-
efficient deduced from the calculated RK for an
interface between the cox'responding semi-infinite
media. " %'e then consider. that there are inco-
heI'ent multiple r'eflections 1n the filIQ, R hypoth-
esis that has been used successfully in similar
problems of transmission of thermal phonons
across thin foils ox sandwiches. "' This axgu-
ment leads to the expression

where K~ and t» are averRge reflectj. on Rnd tI'Rns-
mission coefficients at the layer-to-liquid inter-
face and x2 and f2 the corresponding entities at
the layex'-to-substrate interface. P is typically
of the order of 10 ' in the cases of interest
here, "but this is quite sufficient to obtain agx'ce-
ment with experiment as most of the energy flux
from the liquid comes fx'om outside the critical
cone.

0 0

By adding the above heat flux Q2 'to tha't Q~
transmitted directly inside the cone we thus de-
termine RKT' for each value of T. The results
are presented in the Fig. 1 for the case of copper
and compared with a x'epresentative selection of
available experimental values. "'0 It is clear that
the basic Khalatnikov model as well as that with
a dense layer with v=0 ax'e quite incapable of ex-
plaining the results, %'hile the present model with
v in the range 0.1 to 0.5 reproduces the correct
generRl magnitude Rnd tempex'Rture dependence.
For v=0. 5 and T= 1 K, we have Q, /Q, -30 which
illustrates the predominance of the present mech-
anism. For materials other than copper, a rep-
resentative comparison is made in Table I where
we see that aluminum' and quartz' can be satis-
factorily explained while the discrepancy is rath-
er bigger and perhaps significant for silicon. '
Disagreement by a factor of 2 to 4 seems rather'
typical for such high-0D materials (e.g. Ni and
Al, O,). Whether or not this disagreement is sig-
nificant will depend upon the outcome of a more
elaborate treatment of our model, and upon de-
tailed calculations on possible competing paral-
lel mechanisms.

It is easy to see the physical significance of
the additional heat flow calculated in the present
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I I I I IIII I I I I I III TABLE I. Values of RKT' calculated for aluminum,
quartz, and silicon at T=1.5 K compared to experiment
in watt-centimeter units.

Si02 Si

Khalatnikov (F&)

Solid layer with
v=0

Our theol'y with
v =0.1
v =0.5

Experiment

1060

460

42.3
18.2
-20'

1900

72
31

~ 20d

3880

10

'Ref. 2, and L. J. Challis and J. D. N. Cheeke, Proc.
Boy. Soc. London, Ser. A 304, 479 (1968).

We include both longitudinal and transverse waves
in the layer.

'B,ef. 17.
d
Ref. 6

'Ref. 21.

FIG. 1. Calculated values of RKT3 vs T compared
with experimental results for copper: ——,Khalatni-
kov (term+&) from Ref. 2; curved, dense layer with
v =0; curve B, dense layer with v =0.1; curve C,
dense layer with v =0.5; , experiment (Bef. 20); a,
experiment (Ref. 19); +, experiment (Ref. 19).

aly, but for the first time it does indicate the
lines along which a successful microscopic cal-
culation could be carried out.

We thaW V. Bortolani, L.-G. Caron, H. Z.
Maris, and L. P. Kadanoff for comments and dis-
cussions, as well as A. C. Anderson for com-
munication of unpublished results. This work
was partially supported by the GRSD (Groupe de
Recherches sur les semiconducteurs et dielec-
trigues).

model. The presence of absorption (imaginary k
vector) in the layer relaxes Snell's law, permit-
ting absorption of the incident energy flux that en-
ters the layer by direct transmission. A conse-
quence is that, for v&0. 1, we calculate a trans-
mission coefficient approximately independent of
angle. This agrees with an empirical suggestion
by Challis' concerning the dependence of the
transmission coefficient on the relative densities
and sound velocities. Physically it corresponds
to an "opening out»» of the critical cone to most of
the incident half space.

In conclusion, the simple macroscopic model
presented here seems capable of predicting the
rough temperature dependence and the order of
magnitude for RK of Cu-liquid 'He. This model
is consistent with the idea of an anomalous trans-
mission for quantum systems, for which the high
compressibility leads to the formation of a dense
layer; the high attenuation in the layer may also
have a characteristic quantum origin, but this is
beyond the scope of the present analysis. The
model does not explain Per se the Kapitza anom-
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Spin-aligned hydrogen (Ht) and deuterium (Dt) are generally predicted to be stable for
X/T g 10 6/K. Magnetic-field-dependent resonances (inverse to field-induced predisso-
clRtlons of high vibrational-rotational levels of HD Rnd 02) provide exceptions to this
general rule. Their existence suggests 50 kG (Ht+D5) and 19 kG (Dt+Dt) should be
avoided for stable Ht and 0 f. Induced predissociation observations should yield ultra-
precise resonance information and dissociation limits.

Spin-aligned hydrogen (H&) and deuterium (D&) gas equilibria of this highly quantal Fermi fluid
are extremely interesting but heretofore hypo- should occur. T& is predicted to be very similar
thetical substances mith all electronic spin pro- to that of ~He. The solid phases ' and magnetic
jections (M,) parallel. Here only the lowest en- properties of these ferromagnetic substances
ergy M, is considered (e.g. , M, =--,' for Hf). Hk should also be of major interest. The energy con-
and D& are especially simple, and complete un- tent per gram of H& is higher than any knomn sub-
derstanding of all phenomena should be possible. stance; hence, it is possibly of interest for rock-
For example, H& is predicted' ' to remain a gas et propulsion" "(which is the original motiva-
down to absolute zero temperature {for pressures tion").
s50 atm where it should solidify') and to show It has been suggested'2'"9 that H& and D& mould
strong quantum behavior' characteristic of a near- be stable under low-temperature (T ~ l K), high-
ly 1deal Bose gas (1ncluding Bose-Ellis'telll coll- IllagIle'tlc-field (3C ~ 50 kG) conditions. Expel'1-
densation and superfluidity). D& is predicted to ments under roughly these conditions on D/D,
be on the verge of liquidity at absolute zero tern- mixtures' and H/H, mixtures' suggest marginal
perature and low pressures (compared to a solid- stability for partial electronic spin alignment.
ification pressure of - 8 atm), and unique liquid- The primary purpose here is to argue that long-


