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Kapitza conductance and heat flow between solids at temperatures from 50 to 300 K
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Measurements of the Kapitza conductance o.z made using a picosecond optical technique at tempera-
tures between 50 and 300 K are presented for interfaces between metals and dielectrics. The Debye tem-

peratures 8D of the metals (Pb, Au, Al, and Ti) were in the range from 102 to 426 K, while those of the
dielectrics (BaF2, sapphire, and diamond) varied from 287 to 2200 K. Conductances measured between
materials with OD differing by less than about a factor of 5 were found to be in reasonable agreement
with calculations based on a lattice dynamical theory. However, for more widely mismatched solids the
measured conductances were found to be greatly in excess of the lattice dynamical calculations. In some
of these cases the conductances exceeded even the phonon radiation limit, indicating that much of the
heat flow between the solids was via an inelastic channel. It was demonstrated experimentally that the
inelastic channel does not involve an interaction between the phonons in the dielectric and electrons in

the metal. We show that the anomalously large conductance can be understood in terms of a model in
which the anharmonicity of the metal plays an important role.

I. INTRODUCTION

A discontinuity in temperature arises across an inter-
face between two materials through which a heat current
Aows. ' This was first noticed by Kapitza for interfaces
between copper and liquid helium. The proportionality
constant relating the temperature jump AT to the heat
current density Q is known as the Kapitza conductance
c7~. Thus,

Q= r~cb, T .

The temperature jump arises because the probability t&.
that a phonon of wave vector k and polarization j will be
transmitted across the interface is less than unity. This
limits the heat current out of the hotter medium, and so
the interface acts as a thermal barrier across which a
temperature difference can be sustained.

The Kapitza conductance is the derivative of the net
heat Aux transmitted across an interface with respect to
the temperature difference between the two materials.
Therefore, if we consider an interface between materials
A and B we can write o.z as follows:

=1 ao.tt( T)=— gA'co~, n (co„,T)
~ u„, ~ tl„

Il a ~
g flcog~n(tati, T) )ugj. ~ tkJ
kj

where the labels A and B on the sums indicate that all
quantities in each sum correspond to phonons incident on
the interface from A and B, respectively. In Eqs. (2) and
(3), col,i is the phonon frequency, u&J., is the component of
the phonon group velocity normal to the interface,
n(col, , T) is the Bose-Einstein distribution function, and
V is the volume (assumed the same for materials A and
B). The sums are over all phonons in the Brillouin zone
for which Uk~ is directed toward the interface.

One can anticipate that the dependence of o.z on the
properties of 3 and B will be inAuenced by the following
factors governing the transmission coeKcients.

(l) A phonon incident on the interface from 2 whose
wave vector makes an angle 0; with the surface normal is
refracted in accordance with Snell's law into an angle

O, =sin '(ussin8;/u„). If u~ (us, phonons whose an-

gles of incidence exceed a critical value experience total
interna1 reAection. This gives rise to a critical cone for
phonons incident on 3 from B. Only phonons in
whose wave vectors lie inside this critical cone can have
nonzero transmission coefficients.

(2) Even at normal incidence the transmission
coefficients are affected by the discontinuity in sound ve-

locity and density at the interface. At low temperatures,
where the phonons may be treated as elastic waves, tk
can be calculated from the laws of classical acoustics.
For a wave in 3 normally incident on B the transmission
coe%cient is

4Z~ Zz

(z~+za)'

where Z~ and Z~ are the acoustic impedanees given by
the product of the mass density and sound velocity in A

and B, respectively. Similar relations can be written
which take into account the polarization and angle of in-
cidence of the wave. '

(3) The discontinuity in the phonon density of states
across the interface can also play an important role in
determining the transmission coe%cients. Assume that a
phonon in A of frequency mk- can couple only to pho-
nons of the same frequency in B. Ifkhe number of states
available in B with this frequency is small compared to
the number in 2, then the transmission coefficient for
phonons incident from 3 onto B must also be small. In
general, one expects that when the Debye temperatures
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Oz for A and B are very difFerent, there will be a large
difFerence in the phonon density of states, and conse-
quently a small value for the average phonon transmis-
sion coefricient.

A large number of experiments have been carried out
for interfaces between solids at liquid-helium tempera-
tures ' ' and the agreement between experiment and
the general physical picture we have described has been
satisfactory. Substantially fewer measurements have been
made at higher temperatures (i.e., at room temperature).
This is because at high temperatures the small value of
the Kapitza resistance makes it hard to detect the jump
in temperature at the interface in the presence of the
thermal gradients that always occur within the volumes
of the bulk materials on either side of the interface. Re-
cently several new techniques have been developed which
overcome this problem. Martinon and Weis" used Joule
heating to raise the temperature of thin metal films de-
posited on dielectric substrates. The substrate tempera-
ture was kept constant at 4.2 K and the temperature rise
in the film was measured via the change in its resistivity.
Measurements were made for a variety of interfaces with
temperature rises up to about 100 K, and reasonable
agreement was found with calculations based on a contin-
uum elasticity model incorporating the general principles
discussed above. More recently, Swartz and Pohl'
developed a technique in which metal films were pat-
terned lithographically into pairs of 10p wires. One of
the wires served both as a heat source and thermometer,
and the second wire was used to measure the substrate
temperature a short distance away. The Kapitza conduc-
tance was determined by fitting the temperatures mea-
sured at the two wires to a continuum heat Aow model.
By using samples of small dimensions this technique
reduces the temperature drop between the metal wires to
a point where it no longer totally dominates the Kapitza
drop, even at moderately high temperatures. To deter-
mine Kapitza conductances from these experiments it is
necessary to know the thermal conductivity of the sub-
strate accurately. Measurements have been reported for
a variety of interfaces using this technique, ' ' and agree-
ment between these measurements and calculations based
on continuum elasticity models in which dispersion is ac-
counted for in an approximate way is found to be re-
markably good.

In this paper we report the results of experiments in
which a picosecond optical technique was used to mea-
sure o.z at temperatures up to 300 K.' Measurements
have been made at interfaces between four metals (Al, Ti,
Au, and Pb) with Debye temperatures ranging from 426
to 102 K and three dielectrics (diamond, sapphire, and
BaF2) whose Debye temperatures range from 2240 to 287
K.' We review our technique and present our experi-
mental results in Sec. II. In Sec. III, we compare our re-
sults with theoretical calculations and show that for the
interfaces between solids with greatly differing OD s, an
inelastic energy transfer mechanism is needed to explain
the experimental results. We consider possible inelastic
mechanisms and present model calculations which show
that the anomalous results may be associated with anhar-
monicity in the metals.

II. EXPERIMENT

A. Samples

B. Experimental technique

In our picosecond optical experiments a laser pulse was
focused onto a small spot on the surface of the metal film.

TABLE I. Deybe temperature OD, Debye velocity cz, and
mass density p for the materials studied. The data are taken
from Ref. 17.

Material

Pb
Au
Al
T1
Diamond
Sapphire
BaF2

OD (K)

102
16'
423
426

2240
1024
287

cD (10 cm/s)

0.92
1.42
3.62
3.73

13.43
7.03
3.76

p (g/cm')

11.34
19.3
2.70
4.50
3.51
4.89
3.97

The samples consisted of thin metal films evaporated
onto dielectric substrates. A summary of the proper-
ties' of the materials used in the experiments is given
in Table. I. The method of substrate surface preparation
depended on the material. Barium fiuoride optical Bats '

were lightly repolished with 0.03p alumina grit in deion-
ized water. Several micrometers of material were re-
moved in this way along with residual scratches, leaving
surfaces on which no scratches were visible under a
high-power optical interference microscope. The sap-
phire substrates were polished with Syton (colloidal Si02
in water) on a tin lap. From reflection high-energy
electron diffraction it was determined that the surfaces of
these substrates were virtually atomically perfect. The
diamond substrates were grown in a high-pressure
liquid metal cell from isotopically pure (99.93%%uo)

' C.
Etch-pit studies of the surfaces revealed fewer than 10
defects per cm . Both as-grown and mechanically pol-
ished diamonds were used in our experiments with simi-
lar results. We used (100) surfaces for all diamond and
BaF2 substrates. The sapphire was cut perpendicular to
the [21 10] direction.

Final cleaning of the substrates was carried out in
cleanroom conditions. Residual grit was removed from
the polished BaF2 surfaces by further polishing with
deionized water. The sapphire and diamond substrates
were immersed in 1:1,HzSO4. H2O at 85 —100'C for 3 min
to remove organic surface contamination, then rinsed in
deionized water and transferred to a 1:1:5 solution of
H202. NH4OH:H20 at 75 —85'C for 5 min, followed by
further rinsing in deionized water.

Metal films were evaporated from high-purity sources
onto the surfaces of the substrates in a vacuum of less
than 10 torr. As high a growth rate as practicable
( ~ 10—20 A/s) was used in order to achieve the best pos-
sible quality films. The electrical conductivities of the
films were found to be consistent with published values
for the bulk materials indicating both that they were con-
tinuous and of good quality.
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Partial absorption of this pulse (the pump) led to a small
rise in the temperature of the metal film, which then
cooled via conduction of heat into the substrate. The
change b, T(t) in the temperature of the metal film led to
a small change in its optical refiectivity ER(t) which we
measured using a second laser pulse (the probe). This
was time delayed relative to the pump pulse. Since the
reAectivity of metals varies slowly with temperature we
can assume that b, T(t) ~ KR(t). The experimental ar-
rangement is shown schematically in Fig. 1. From the
measured cooling curve of the metal film the Kapitza
conductance at the film-substrate interface could be
determined as described below.

A room-temperature cooling curve for a Pb film depos-
ited on diamond is shown in Fig. 2(a). The pump light
pulse was absorbed by the electrons in the metal film with
most of the energy being deposited within an absorption
length g of the surface (for Pb, /=260 A when A, =6330
A). This produced a sudden rise in the local temperature
of the electrons near the surface of the metal. In some
metals this is evidenced by a sudden change in the optical
reflectivity consisting of either a negative- or positive-
going spike very close to t =0. In Pb, this signature of
electron heating is not seen, owing to the details of its
electronic band structure; one sees instead a more gradu-
al onset as the electrons give up their energy to the lattice
over a period of several picoseconds. The heated elec-
trons diffused away from the surface of the film while
cooling, depositing their energy by phonon emission
throughout the film. The initial heat distribution set up
in the film was therefore influenced by many factors, in-
cluding the optical absorption length, the electronic mean
free path, and the electron-phonon coupling strength. In-
trinsic phonon lifetimes in solids are typically on the or-
der of 10—50 ps (Ref. 28) so that the heat in the film was
well described by a local temperature within about 100
ps, depending somewhat on the metal. For the film
thicknesses used in our experiments, the film temperature
could be considered to be uniform since the temperature
variation across the film thickness was much smaller than
the temperature jump that existed at the film-substrate
interface. The initial drop in b,R(t) seen in Fig. 2(a) just
after t =0 corresponds to the rapid cooling of the region

0 500 1000 1500 2000

TIME (psec)

of the film near its front surface due to conduction into
the interior of the film; the slower cooling that occurs at
later times is due to energy transfer into the substrate.
Heat Row in the film parallel to the interface is much
slower than the heat Row across the interface and so can
be ignored. 9'

The thicknesses of the metal films were determined as
follows. The initial rise in the metal lattice temperature
produced a thermal stress distribution in the film, which
on relaxing launched a stress wave from the surface to-
ward the interface. Because of the differing acoustic im-
pedances of the metal and substrate this wave was par-
tially reflected and some of it returned to the surface,
causing a change in the optical reAectivity of the metal
film. Repeated acoustic reQections within the film gave
rise to features such as those seen in Fig. 2(b) at intervals
corresponding to the round trip time 2d/v, for longitudi-
nal sound in the film (v, is the longitudinal sound veloci-
ty). The detailed shape of these acoustic echoes is
influenced by several factors involved with their genera-
tion and detection. ' From the 84 ps round trip time,

PUMP

PROBE

METAL SUBSTRATE
FILM

FIG. 1. Schematic diagram of the experiment. The metal
film of thickness d is heated by the pump light pulse. The
change in the optical reflectivity of the metal film due to its tem-
perature change is measured by means of the time-delayed
probe pulse. The sudden rise in temperature of the metal film
also generates a stress wave which bounces back and forth in-
side the film.

0 100 200

TIME (psec)
0

FIG. 2. (a) Reflectivity change b,R(t) vs time for a 907-A Pb
film on diamond at room temperature. The change in
reAectivity is primarily due to the change in the temperature of
the film. (b) Data taken for the same sample but on a shorter
time scale. The bumps in b R ( T) at 84 and 168 ps are due to the
stress wave bouncing back and forth inside the film.
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The cooling of the metal film is governed by the follow-
ing equations:

8Ty
Cgd =

coax [TI——Ts(0)],
Bt

BT~(z) 8 Ts(z)
CS K'S

Bz

(5)

0
and the sound velocity for Pb which is 21.6 A ps ' (as-
suming our films to be polycrystalline of random orienta-
tion), we obtain a Pb film thickness of approximately 907
A. The thickness of all of the films used in the experi-
ments were found in a similar way.

Measurements were carried out in an optical cryostat
at temperatures between 50 and 300 K. The samples
were carefully thermally anchored to the cold finger of
the cryostat in order to prevent a rise in the steady-state
temperature of the substrate caused by successive laser
pulses. For diamond and sapphire, whose thermal con-
ductivities are high, we estimate that the steady-state
temperature rise was negligibly small and so the substrate
and cold finger temperatures were assumed equal. How-
ever, the thermal conductivity of BaF2 is much lower and
the steady-state heat Aow through the substrate could
give rise to a significant difference in temperature be-
tween the cold finger and the film-substrate interface.
Therefore with the BaF2 samples it was necessary to use
less laser power than was used with the diamond and sap-
phire samples, and this led to a reduced signal-to-noise
ratio. With the lower power we estimate the steady-state
rise in temperature near the interface of BaFz to have
been about 8 K in the worst case.

The laser source used in the experiments was a hybrid
mode-locked dye laser operated at a wavelength of 632
nm, having a repetition rate of 76 MHZ, and producing
pulses of less than 150 fs FWHM. The pump and probe
beams were focused onto the sample through a single 5-
cm focal length lens giving a spot of approximately 20
pm in diameter. From the heat capacity of a typical film,
and a pump pulse energy of =0.1 nJ we estimate the ini-
tial temperature rise to have been typically on the order
of 1 K. The corresponding change in the reAectivity of
the metal films was on the order of 10 to 10 . To im-
prove the signal-to-noise ratio, the pump beam was
chopped at 1 MHz by an acousto-optic modulator. The
rejected probe intensity was converted to an electrical
signal in a photodiode, and the in-phase component at
the chopping frequency was recorded by a computer at
each delay time. The signal-to-noise ratio was improved
by averaging over a number of traces, typically 10.

C. Analysis

where TI is the temperature of the film, Ts(z) is the tem-
perature of the substrate at a distance z from the inter-
face, C& and Cs are the specific heats of the film and sub-
strate, and K's is the thermal conductivity of the sub-
strate. Equation (5) relates the heat fiux across the inter-
face to the Kapitza conductance [see Eq. (1)],and Eq. (6)
describes thermal diffusion in the substrate. Because of
the large area of the film that is illuminated by the light
pulses it is legitimate to neglect heat diffusion parallel to
the interface.

For diamond the thermal conductivity is so large that
the transient rise in Ts as the film cools is negligible.
Consequently, from Eq. (5) one finds that the excess tem-
perature of the film decays exponentially with a time con-
stant ~ which is equal to C&d/o. z. We obtained ~ from
the slope of a plot of in', R (r) as a function of t. The Ka-
pitza conductance could then be found from ~ by using
the measured value of d and literature values of CI.

For sapphire and BaF2 the transient rise in Ts near the
interface as the film cooled, although small, could not be
neglected and so the cooling curves were not exponential.
We assumed trial values for o.z and ~s and solved Eqs.
(5) and (6) numerically to obtain the cooling curve. Both
o.z and ~s were then varied to obtain the best fit to the
data. The quality of the fit depended strongly on o.z but
only weakly on ~s. The best fit to the data was usually
obtained for ~s smaller than typical published bulk
values by a factor of 2 to 5. This may indicate that a very
thin damaged layer remained near the surface of these
substrates after polishing. The experiment is sensitive to
the thermal conductivity within a surface layer of thick-
ness a few microns.

D. Results

The results are summarized in Figs. 3 —5, together with
theoretical curves which are discussed below. Room
temperature results for &z are summarized in Table II.
Errors arise from the uncertainty in the fitting procedure
described above, as well as from the uncertainties in d
and CI. For a given sample the uncertainty in oz was
typically +10% for diamond and sapphire, and was
+20% for BaF2. For interfaces between metal films and
the diamond and sapphire substrates we investigated the
variation between different samples and found it to be
+10% for Al and Ti, and +20%%uo for Au and Pb. We
were unable to get reliable results for Ti and BaF2. As al-
ready mentioned, for BaF2 it was necessary to lower the
laser power to avoid steady-state heating, and at this
lower power level the reflectance change of the Ti film
was very small.

TABLE II. Values of Kapitza conductance in units of W cm K ' measured at room temperature
for the combinations of metals and dielectrics studied. For each material the Debye temperature is in-
dicated in parentheses.

BaFq (287 K)
Sapphire (1024 K)
Diamond {2240 K)

Pb (102K)

6 200
5 500
3 100

AU (165 K)

4 000
4 500
4 000

Al (423 K)

10000
10 500
4 600

Ti (426 K)

11 200
10000
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III. COMPARISON %'ITH THEORY

A. Comparison with lattice dynamical theory

made usm
A quantitative interpretation of our resultresu s must be

ma e using a theory vrhich can be apphed at high tem-

peratures. We have therefore corn a dare our resu ts with
a lattice dynamical theory which t kc a es rnto account in an
approximate way the e8'ects of phonon dispersion and the
form of the density of states of the metals. The theory
has already been described in d t '1 h

ca cu ations.
summary of the major assumptions and the results of our
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FIG. 3. The Ka itza cp' onductance as a function of tempera-
ture between metals and diamond: (a) Ti (X ) and Al

c . The solid curves are the results of lattice
dynamical calculations. The dotted curves in (b) and (c) show
the disuse mismatch limit and the d h de as e curves indicate the
radiation limit.
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In the theory both solids are replaced by monatomic
fcc lattices with harmonic nearest-neighbor interactions.
The lattices are assumed to both have the atomic spacing
of the metal and to be in registry at the interface. The
atomic masses and interatomic force constants in each
lattice are chosen in such a way as to make the mass den-
sities p and Debye velocities cD of the model solids come

out to be the same as those of the actual solids.
The Kapitza conductance was calculated from Eq. (2)

which for computational efficiency we divided into two
parts as follows. We choose the metal to be side 3 and
introduce the quantity F~ (ro) defined by

(7)

zoooo (&) Al

10000
l

I

2000
x

1000

10000

I

100

xx x

200

T (K)

300

F„(co) is a measure of the contribution to the flux arising
from phonons at frequency co. The Kapitza conductance
is then

o(T)= I ' ficoF„(rv)den .r)n (cv, T)
0 BT

The transmission coefficients t& are determined by
finding the ratio of the transmitted to the incident energy
Aux. There are up to three phonons in the substrate of
frequency cok to which the incident phonon can transfer
energy. If we write the amplitudes of the incident pho-
non as AO and the amplitudes of the transmitted phonons
as A (q =4, 5, 6) then

6 2
p w Qq =4vqz Aq

2
PBUOz ~ 0

2000

I

1000

200

: (b) Au

x x
where pz and pB are the mass densities of the metal and
the substrate, v0, is the z component of the group velocity
of the incident phonon, and v, (q =4, 5, 6) are the group
velocities of the transmitted phonons. The amplitudes of
the incident, transmitted, and the three reAected phonons
are related by the following set of equations derived from
the boundary conditions at the interface:

6

g M~qA = M~OAO . —
q=1
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Expressions for the coefficients M were misprinted in
Ref. 37 and so we have included corrected expressions in
the Appendix.

We obtained F~(ro) in the following way. Approxi-
mately 30000 wave vectors distributed randomly in the
Brillouin zone of the metal having group velocities direct-
ed toward the interface were chosen. For each wave vec-
tor the three corresponding frequencies were determined.
For each frequency the three corresponding phonons in
each lattice propagating away from the interface (i.e.,
reflected into the metal, or transmitted into the dielec-
tric), or which decayed exponentially with distance from
the interface were identified. Transmission coefficients
were found using Eq. (9) for each of the three incident
phonons and together with the associated group veloci-
ties these were used to evaluate Eq. (7). The Kapitza con-
ductance was then found from Eq. (8).

The lattice models were also used to compute phonon
densities of states D(rv) for the metals and substrates ma-
terials via the formula

FIG. 5. The Kapitza conductance as a function of tempera-
ture between metals and BaF2. (a) Al (Q'}, (b) Au, and (c) Pb.
The solid curves in (b) and (c) are the results of lattice dynarni-
cal calculations. The results of these calculations are shown in Fig. 6. For
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Pb, Au, and Al, which form fcc lattices, the calculated
densities of states are in reasonable agreement with more
elaborate models that are designed to reproduce the mea-
sured phonon dispersion curves. Titanium forms a hcp
lattice, and so, although our model gives approximately
the correct cutoff frequency, the density of calculated
states is noticeably different from that calculated using a
more realistic model. For the dielectrics the fcc models
provide an adequate representation of the density of
states at low frequencies, but fail completely to account
for the part of the spectrum associated with optical pho-
nons. However, this failure is not important for the Ka-
pitza calculation if the Debye temperature of the metal is
much less than that of the dielectric since then all of the
phonons coming from the metal couple only to the acous-
tic phonon part of the spectrum in the dielectric. Conse-
quently the calculations should be reasonably accurate
for all of the metals on diamond, and for Pb and Au on
sapphire, but much less reliable for Al and Ti on sap-
phire, and for Pb and Au on BaFz. We did not attempt
calculations for Al and Ti on BaFz.

Comparison of theory and experiment reveals the fol-

lowing. For Al and Ti on diamond and sapphire the cal-
culated and measured o.~'s are in reasonable agreement
over the entire range of temperatures [Figs. 3(a) and 4(a)].
Differences of the amounts seen in these cases could easi-
ly have been caused by the approximate nature of our lat-
tice models. There is reasonable agreement for Au on
BaF2, but based on the discussion above this may be for-
tuitous. For Pb on BaFz [Fig. 5(c)] the theory underesti-
mates the conductance by about a factor of 8. For Au
and Pb on diamond and sapphire, the measured conduc-
tances are substantially larger than the calculated values
[Figs. 3(b) and 3(c), and 4(b) and 4(c)]. The greatest
discrepancy is for Pb on diamond, and is about a factor of
50. This is the combination of materials for which the
lattice dynamics model should be most reliable.

B. Interfacial scattering

Despite the care taken in preparing our samples it is
likely that in all cases some amount of interfacial contam-
ination or imperfection was present. It is therefore im-
portant to investigate the possible effect on o.z of interfa-
cial phonon scattering.

P

A1

FREQUENCY (THz)

15

1. Disuse mismatch iimit

Swartz and Pohl have considered how the Kapitza
conductance is affected by strong scattering of phonons
at the interface. They consider a model (the "diffuse
mismatch limit" ) in which the scattering is sufficientl
strong that a phonon impinging on the interface loses all
memory of its former direction and polarization, as well
as memory of which side of the interface it came from.
We assume that the scattering is elastic, so that the fre-
quency is unchanged. We write the probabilities that
phonons coming from side 3 and side B are transmitted
across the interface as t„(~) and tz(co), respectively, and
the probabilities of reflection as r~(co) and r~(co). The
model assumes that the probability r„(co) that a phonon
of frequency co coming from A is scattered back into 3
equals the probability t~(co) that a phonon of the same
frequency is transmitted from 8 into A. In addition, we
must have tz(co)+r~(co)=1 and t~(co)+r~(co)=1. It
follows that

tg(co)+t~(co)=1 . (12)

When the temperature is the same on both sides of the in-
terface the cruxes of phonons at each frequency crossing
the interface must be equal. Let fz(co) and fs(co) be the
phonon cruxes incident on the interface from the two
sides. Then

10

t, (~)f, (~)=t,(~)f,(~) .

It follows from Eqs. (12) and (13) that

(13)

FREQUENCY (THz)

FIG. 6. Phonon densities of states calculated from fcc lattice
models described in the text. (a) Results for Al, Au, and Pb.
The model density of states of Ti (not shown) is quite similar to
that of Al. (b) Results for diamond, sapphire, and BaF2.

f&(~)
t~ (co)= 1+

CO

(14)

In terms of the lattice models of the last section, Eq.
(14) becomes
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gz ~uz, ~5(co —cuz. )
t„( cu)= 1+

z. ~ui,j, ~5(cu —
cui,j )

(15)

2. Radiation limit

The diffuse mismatch model just considered makes
some implicit assumptions about the nature of the inter-
facial scattering. Now we investigate whether our experi-
mental results can be explained by any model in which
phonons are scattered elastically at the interface.

Regardless of the details of the scattering, one can es-
tablish an upper limit on the value of o.z as follows.
Let us suppose that at a frequency co the phonon Aux
f„(cu) incident on the interface from 2 is greater than
the flux fz(cu) incident on the interface from 8. The
largest possible conductance occurs if all phonons coming
from B have a probability of 1 of crossing the interface.
For interfaces between any one of the metals and dia-
mond or sapphire the phonon Aux incident on the inter-
face is always greatest from the metal (side A) for fre-
quencies less than the maximum frequency cu,„ in the
metal. At frequencies greater than co,„ there can be no
transport across the interface from either material pro-
vided that all scattering at the interface is elastic. Thus,
from Eq. (3) the maximum possible value of the Kapitza
conductance is given by

8
XV BT j j &&~max

Rcuk n ( cu„, T)
~ u„j, ~,

where the superscript B indicates that all quantities in the
sum refer to phonons incident on the interface from the B
side (i.e., sapphire or diamond). Since the Debye temper-
atures of diamond and sapphire are much greater than
those of Au and Pb, the only phonons involved in the

Here, as in the preceding section the superscripts A and
B indicate that each sum is over phonons traveling to-
ward the interface from A and B, respectively.

The transmission coefficients given by Eq. (15) depend
on k and j only through co&.. Thus, in this model pho-
nons of the same frequency incident on the interface from
all angles have equal transmission probabilities. In the
calculations performed in the previous section, which as-
sume a perfect interface and no scattering, phonons com-
ing from a material of low sound velocity and incident on
a material of higher sound velocity were rejected if their
angles of incidence were larger than a critical value. In
the diffuse mismatch limit all phonons, irrespective of
their angles of incidence, have finite transmission proba-
bilities, and so we expect o.z to be increased relative to
the perfect interface result.

We calculated o.z in the diffuse mismatch limit for Au
and Pb on diamond using the lattice models of the
preceding section to find t~(cu) from Eq. (15), and then
substituting these in Eqs. (7) and (8) to obtain crx. The
results are shown in Figs. 3(b) and 3(c) (dotted curves).
The conductances are substantially increased relative to
the values obtained above assuming no scattering. How-
ever, they are still much smaller than the measured
values.

transport in diamond and sapphire are long-wavelength
acoustic phonons. Therefore, we can approximate both
diamond and sapphire as elastic continua in order to
evaluate o.x(T) from Eq. (16). Making the further as-
sumption of elastic isotropy, we can derive the following
formula for the radiation limit:

16m' cl c]

where c& and c, are the isotropic longitudinal and trans-
verse sound velocities. For diamond c&=1.81X10 cm
sec ' and c, = 1.23 X 10 cm s '; for sapphire
gI =1.08X10 cm. s and g, =0.64X10 cms . To
evaluate the integral as accurately as possible we have
used the experimentally observed maximum frequen-
cies ' for Pb and Au, rather than the maximum fre-
quencies from the fcc model. The results for the radia-
tion limits for Au and Pb on diamond and sapphire are
shown in Figs. 3(b) and 3(c), and Figs. 4(b) and 4(c)
(dashed lines).

The experimental values exceed the radiation limits for
Pb and Au on diamond and for Pb on sapphire. For Au
on diamond and Pb on sapphire the difference between
the experimental results and the radiation limit is not
large, and might be explained by the approximations
made in our calculations. For Pb on diamond, however,
the experimental O.z exceeds the theoretical value by
more than 1 order of magnitude. This forces us to con-
clude that there must be a significant contribution to the
heat How from phonons that have a frequency above the
frequency cutoff in the Pb. This means that in some way
low-frequency phonons in the Pb transfer their energy to
high-frequency phonons in the diamond substrates (and
vice versa). Thus, it is essential to consider the role of in
elastic processes, i.e., processes in which the phonon fre-
quency changes.

C. Electronic contribution

We first consider the possible role of electrons in our
experiments. Heat How across interfaces between metals
and liquid-helium resulting from coupling of electrons in
the metal to phonons in the liquid has been considered
theoretically by several authors, ' and attempts have
been made to detect this mode of energy transfer experi-
mentally. ' Phonons in helium have velocities which
are small compared to those typical of phonons in metals,
and so they can excite Stonely waves on metal surfaces if
they are incident at angles near the critical angle. These
surface waves have associated with them evanescent
acoustic fields in the metal which, compared to the fields
produced by phonons incident at larger angles, are very
strong. The additional energy Aux across the interface
provided by the coupling of these fields to the electrons in
the metal is found to be of the same order of magnitude
as the amount of energy carried by phonons alone.
Therefore, this channel leads to a significant increase in
o z but still by much less than an order of magnitude. Ir-
respective of the strength of the electron-phonon interac-
tion, this enhancement is limited by the fact that only a
very small fraction of the phonons in the helium can cou-
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pie strongly to the surface modes.
For the combinations of materials that we have stud-

ied, the phonons which can excite surface modes are
those coming from the metal side of the interface. There-
fore, an interaction between these modes and the elec-
trons cannot contribute to the energy flux across the in-
terface. However, evanescent acoustic fields are pro-
duced in the metal by phonons coming from the dielec-
tric which reflect from the interface because their fre-
quencies exceed co,„. As in the helium case, there can,
in principle, be an energy transfer arising from a coupling
of these fields to the electrons in the metal. We are not
aware of any calculation of the expected rate of energy
transfer due to this mechanism. Consequently, we have

performed an experiment to look for an electronic contri-
bution to o.z directly.

Two samples were prepared for this experiment. In
one a 35-A film of Bi was deposited on diamond under
conditions similar to those described in Sec II. On top
of this Bi film we deposited 1000 A of Pb. The second
sample was prepared under the same conditions, but had
no Bi layer. The phonon spectra of Bi and Pb are similar,
and so the interfacial Bi layer in the first sample was not
expected to affect the flux of phonons impinging on the
interface from the Pb. However, since Bi is a semimetal
and has a much smaller electron density than Pb, Bi
should act as a barrier that reduces the density of free
electrons near to the surface of the dielectric. Thus, if
the energy transfer from Pb to diamond is mainly via the
electronic mechanism described above, the cooling rate
measured for the sample with the Bi layer should be
much less than for the sample without the layer. Cooling
curves for the two samples measured at room ternpera-
ture were very similar, and so we conclude that electrons
do not contribute significantly to the heat flux across our
interfaces.

D. Effect of interface quality

One can also consider the possibility that the anorna-
lously large conductances observed for Au and Pb on dia-
mond are not intrinsic, but are caused by some form of
contamination at the interface. Phenomenologically, one
could propose that phonons coming from the diamond
with frequency above the cutoff in the metal are down
converted in such a layer, and hence are able to enter the
metal. To test this possibility experimentally we have
conducted further experiments using more carefully
prepared samples. Single-crystal Au films were grown on
epitaxial-grade sapphire under UHV conditions. Three
substrates with diff'erent crystal orientations (all perpen-
dicular to [2110]) were used, and the substrates were
carefully outgassed prior to growth of the Au films. The
vacuum chamber in which the samples were grown was
cryogenically pumped, and so was free of possible interfa-
cial contaminants such as pump oil. Kapitza conduc-
tances for these samples were found to be larger by up to
a factor of 3 than the conductances measured for Au on
sapphire samples prepared under less ideal conditions,
i.e., the data shown in Fig. 4. For some of the high-
quality samples o.& was found to be greater than the radi-
ation limit. This result implies that the energy transfer

across the interface is unlikely to be associated with con-
tamination and defects, and is instead an intrinsic proper-
ty of the metal-substrate interface.

E. Effect of anharrnonicity

One can also consider the possibility that the excess en-
ergy transfer across the interface arises from anharmoni-
city. Even for a highly simplified model, it is much hard-
er to develop an anharmonic theory. The key point is
that in the harmonic lattice-dynamical theory discussed
in Secs. III A and III B it was permissible to consider that
the contributions from different phonon modes could
simply be added together. The incident flux from a par-
ticular phonon mode was proportional to the phonon en-
ergy density (determined by the Bose-Einstein distribu-
tion function), the phonon group velocity, and the
transmission coefficient which could be taken to be in-
dependent of temperature. When anharmonicity is in-
cluded this division into separate contributions from indi-
vidual modes is no longer possible. For a classical system
the energy transfer can be calculated by molecular dy-
narnics, but this approach is valid only for temperatures
greater than the Debye temperature so that classical
statistics apply.

For simplicity, in the following discussion we will focus
on achieving an understanding of the Kapitza conduc-
tance at the Pb-diamond interface since it is for this inter-
face that the measured values of cr& show the largest
disagreement compared to the harmonic lattice dynami-
cal model. Fortunately, the characteristics of the materi-
als that we are considering make it possible to allow for
the effects of anharmonicity, at least in an approximate
way. First, we note that the interatomic forces in dia-
mond are much stronger than in Pb. The ratio of the
bulk moduli, for example, is about 13. Thus, it makes
sense to calculate the heat flow by the following scheme.
As a first approximation we consider the surface of the
diamond to act like a rigid wall. %'e then calculate, in a
way described below, the fluctuating force exerted on this
wall by the Pb atoms. Next we calculate, allowing for the
finite stiffness of the diamond, the rate at which energy is
radiated into the diamond as a result of these fluctuating
surface forces. The second feature that we exploit is the
low Deybe temperature of Pb. Provided that we restrict
attention to temperatures comparable to or higher than
OD, we can calculate the forces exerted on the diamond
wall by Pb by means of classica/ molecular dynamics.

A key parameter in the calculations is the strength of
the interatomic potential acting between the Pb and dia-
mond atoms. The subject of the interfacial bonding be-
tween the metals and dielectrics is complicated. It is
possible that because of the high concentration of dan-
gling bonds on diamond surfaces dimers are formed with
the Pb atoms, ' and so the attraction between Pb and dia-
mond might be strong. There may also be attractive im-

age forces between charged defects near the surface of the
dielectric and the metal. We are not aware of published
studies for Pb on diamond. For other systems [such as
Pb on sapphire, and Sb on Si (Ref. 54)] interfacial
adhesion has been found to depend strongly on the
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preparation of the dielectric surface, strain in the film,
the crystal orientation, surface reconstruction, and many
other factors. Because of these uncertainties we have
treated the strength of the Pb-diamond interaction
Vpb djgfQ as an adjustable parameter.

We first calculated how anharmonicity would affect the
Kapitza conductance if the Pb-diamond interaction had
the same value as the Pb-Pb interaction. To do this we
performed a classical molecular-dynamics simulation of a
Pb lattice coupled to a rigid diamond wall. We calculat-
ed the magnitude and time dependence of the force exert-
ed by Pb on diamond, both for a harmonic and an anhar-
monic Pb lattice. The harmonic Pb lattice was the same
fcc model that we have considered above. To introduce
anharmonicity we replaced the quadratic interatomic po-
tential by a Lennard-Jones 6-12 potential, i.e., we used

12 6
a Q—2 (18)r r

l (")= epb-pb

The strength of the Lennard-Jones interaction was
chosen so that for small interatomic displacements the
effective spring strength between nearest neighbors was
the same as in the harmonic model. The value of 6'pb pb
that was obtained in this way was 930 K. The results of
this molecular-dynamics simulation showed that the
Fourier spectrum of the force exerted by Pb on the dia-
rnond did indeed extend to frequencies higher than the
highest frequency co „in the Pb lattice. These higher
frequencies can be considered to arise from two mecha-
nisms. First, because of the anharmonicity the Fourier
spectrum of the d~sp/acemen, ts of the Pb atoms will ex-
tend above ~,„. Second, because the relation between
displacement and force is no longer linear, the force ex-
erted on the diamond surface by the vibrating Pb atoms
is not proportional to the displacements of the Pb atoms,
but contains terms quadratic and higher in the displace-
ments. The results of this simulation showed that al-
though the Fourier spectrum did extend somewhat to fre-
quencies in the range above co,„, the strength of the Auc-
tuations in this range was relatively weak. This indicates
that the introduction of anharmonicity does not, by itself,
provide an explanation of the large value of o.z for the
Pb-diamond interface. This result is consistent with ear-
lier molecular-dynamics studies by Lumpkin and
Saslow and Ge and Chen The models that they inves-
tigated were somewhat different from ours but they also
found that o.z was only slightly increased by the in-
clusion of anharmonicity.

We now investigate what happens when the interac-
tions between Pb and diamond are assumed to be much
stronger than the Pb-Pb interaction. The layer of Pb
atoms next to diamond may then have a fundamental vi-
bration frequency which is higher than the highest fre-
quency in the Pb lattice. This leads to the following in-
teresting situation. The Pb atoms in the bulk (i.e., those
not in the layer next to the diamond) can transfer energy
to the interfacial Pb atoms only via anharmonic interac-
tions because the frequencies of vibrations of the bulk
atoms are too low to excite the interfacial Pb atoms in a
one-phonon process. The interfacial atoms, because of

Pb

Interfacial,

Pb

Atoms

Diamond

Q Pb-int Q int-diam

FIG. 7. Illustration of the path for the Aow of heat from Pb
to diamond. Qrb;„, is the flux to the interfacial Pb atoms from
the remainder of the Pb film, and Q;„,~;, is the heat fiux from
the interfacial Pb atoms to the diamond substrate.

their high frequency and strong coupling to the diamond,
can exert large forces on the diamond and hence act as
efFicient radiators. To calculate o.z for this system it is
therefore necessary to study two issues. The first is
whether or not the radiation by the interfacial Pb atoms
is su%ciently strong to explain the observed value of o.z,'
the second issue is whether the anharmonicity of Pb is
strong enough that the energy radiated into the diamond
by the interfacial Pb atoms can be replaced at the same
rate by an energy transfer from the bulk Pb. Thus, there
are two steps to the heat How as indicated schematically
in Fig. 7.

V(Z ) =EPb-Pb
a

z +2Q
a—2

z +2Q

+~pb-djarn

12
Q Q—2
Z Z
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To calculate the properties of the fluctuating force we
first select an energy E for the interfacial Pb atom. From
the equation of motion of the interfacial Pb atom it is
straightforward to calculate the power spectrum ~F(co)~
of the fluctuating force exerted on the diamond. We re-
peat this procedure for a large number of other energies
chosen at random using the canonical probability distri-
bution exp( EIkit T), and —obtain a temperature-
dependent averaged power spectrum ( ~F(co)

~
).

As noted above this calculation of the Auctuating force
is based on the idea that as a first approximation the dia-
mond can be treated as a rigid wall. To calculate the rate
at which energy is transferred to the diamond it is neces-
sary to allow for a finite compliance of the diamond.

Energy transfer from interfacial Pb to diamond

We first consider the energy transfer rate Q;„,d;, from
the interfacial Pb atoms to diamond. Our calculations
are based on a simple model in which a single Pb atom in-
teracts with a rigid diamond substrate and a single sta-
tionary Pb atom via potentials Vpb d;, and Vpb pb re-
spectively. The moving Pb atom vibrates along the z
axis, i.e., along a line normal to the interface, the fixed Pb
atom is at z= —Za, and the first atom of the diamond
substrate is at z =0. Thus, the potential acting on the vi-
brating interfacial Pb atom is taken to be

12 '6
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Q=, f & iF(co)l'&i~'de,
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This calculation is simplified by the fact that the sound
velocity in the diamond is very large, approximately 15
times that of Pb. Consequently, even if the vibrations of
the interfacial Pb atom are at a frequency several times
higher than the Debye frequency of Pb the waves
launched into the diamond will have wavelengths which
are many tens of lattice parameters. Thus, it is a reason-
able approximation to treat the diamond as an isotropic
elastic continuum. An elastic continuum can be corn-
pletely described by the Debye velocity CL„ the value of
Poisson's ratio o (or equivalently the ratio of the trans-
verse to longitudinal sound velocity), and the density p.
Since the diamond is treated as linear the energy transfer
at a frequency co must be proportional to ( iF(co)i ). It
then follows from dimensional analysis that the rate of
energy transfer Q must be given by

where Qo(o ) is a dimensionless constant that depends
only on Poisson s ratio. Thus, the significant quantity is
the parameter I which we define to be the ratio of the
value of the integral

f (iF(to)i )co dco (21)

for a given value of 6pb d', to the same quantity evalu-
ated with Epb d Epb pb. In our calculations the range
parameter a was assumed to be the same for both poten-
tials and equal to the nearest-neighbor separation in Pb
(3.5 A). For Vpbpb we took Epbpb=930 K [see earlier
discussion and Eq. (18)]. We investigated the variation of
I with epb d;, , and the results are shown by the solid
curves in Fig. 8 for temperatures of 100 and 300 K.

One can see from these results that as the strength of
the potential between the interfacial atom and the dia-
mond is increased, the value of I goes up rapidly. To ex-
plain our experimental data it is necessary for the heat
How to be enhanced by a factor about 100 relative to the
lattice dynamical model described in Sec. IIIA. This
must be roughly equivalent to the requirement that I
have a value of around 100. %'e see from Fig. 8 that this
means that epb d;, must be greater than about 9000 K for
this to happen.

There are two important points to note regarding this
calculation. The first is that the enhancement at large
Fpb d is not a result of the non linearity of the Lennard-
Jones potential. For each value of epbd;, we expanded
the potential-energy function, Eq. (19), about the
minimum at z = —a, and then repeated the calculation of
I using just the quadratic term in V(z). The results are
shown by the dashed curves in Fig. 8. The effect of going
to a quadratic potential is to decrease I" by a factor which
is at most a factor of 2 or 3.

The second point concerns the applicability of classical
mechanics to the calculation of the rate of energy
transfer. We have used the canonical ensemble together
with classical mechanics to calculate the energy transfer.
This should be valid provided that the frequency of vibra-
tion co;„, of the interfacial atom is less than or equal to
k~Tlfi. In the harmonic approximation the vibrational
frequency is

10
[72(epb-ding~+ epb-pb) ~a m ] (22)

l
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FICx. 8. Enhancement of the Kapitza conductance due to the
strong bonding of Pb atoms to the diamond substrate. The
quantity that is plotted is the ratio I of the calculated conduc-
tance for a given value of the Pb-diamond interaction epb d;, to
the conductance for a model in which the Pb-diamond potential
is the same as the Pb-Pb potential. Results are shown for tem-

peratures of (a) 300 K and (b) 100 K. The solid curves are re-
sults for the Lennard-Jones potential, and the dashed curves are
for a harmonic potential of the same e6'ective spring constant.

where m is the mass of the Pb atom. For epb d;, =9000
K one obtains %co;„,/k~ =116 K, and so at least down to
T=100 K it is reasonable to use classical statistical
mechanics.

2. Energy transfer from Pb 1attice to interface atoms

The calculations just described show that provided
Vpbd;, is su%ciently strong the rate of energy transfer
from the interfacial atoms to the diamond can be con-
sistent with the measured Pb-diamond Kapitza conduc-
tance. However, it is also necessary for the energy lost by
the interfacial atoms to be replaced at an equal rate by an
energy transfer from the bulk of the Pb film. Otherwise
the interfacial atoms will have a temperature that is
closer to the temperature of the diamond than to the tem-
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LERD D IRMOND

FIG. 9. Two-dimensional model of the Pb-diamond interface
used in molecular-dynamical simulations. The Pb and diamond
atoms are shown as solid and open circles, respectively. The
thick lines indicate the strong potential coupling the interfacial
Pb and diamond atoms.

perature of the Pb film, and the Bow of heat will be re-
duced.

It is convenient to discuss the heat transfer in terms of
characteristic times. If the number of interfacial Pb

O

atoms per unit area is taken to be I/a with a =3.5 A,
and each atom is assumed to have the classical specific
heat of 3k&, then the specific heat of the surface layer is

3.4X 10 J cm K '. The measured Kapitza conduc-
tance at 300 K for the Pb-diamond interface is about
3000 Wcm K '. Thus, if the energy lost by the inter-
facial layer to the diamond were not replaced by an ener-

gy Bow from the remainder of the Pb film, the interfacial
Pb layer would cool at a rate governed by a time constant
'T of 3.4 X 10 /3000= 1.1 X 10 " s. We therefore want
to compare this cooling time for energy loss into diamond
with the time it takes heat to Bow into the layer from the
Pb film (Table II).

To study this heat transfer we used a molecular-
dynamics simulation. To reduce the computer time need-
ed for the calculations we used the two-dimensional lat-
tice model shown in Fig. 9. In the figure, Pb atoms (solid
circles) are joined to one another by the weak potential
Vp„pb (light lines), and to diamond (open circles) by the
stronger potential Vpb g (heavier lines). We continue
to consider diamond as a rigid body so that open circles
may be regarded simply as anchor points for the interfa-
cial Pb atoms. We used the Lennard-Jones potential de-
scribed above for Vpbpb and Vpbd;, ~. For VpbdI, m we
used Epb d =9000 K. Simulations were carried out us-
ing a lattice consisting of 20 rows of Pb atoms with 20
atoms per row. Periodic boundary conditions were used
at the edges perpendicular to the interface, and the sur-
face of Pb away from the interface was free. The Pb
atoms in the interfacial layer were initially placed at rest
at their equilibrium positions. The remaining Pb atoms
were also placed at their equilibrium positions, and were
given a random kinetic energy E taken from a classical
ensemble corresponding to the temperature T. The
motions of the atoms were then evolved in time steps cor-

F IXED
DIRMOND

RTOMS

responding to less than one-tenth of the shortest phonon
period in the Pb lattice. At each time step the total ener-

gy E;„, of the atoms in the interfacial Pb row was calcu-
lated. Since the number of atoms in the Pb lattice is
much larger than the number of interfacial atoms, the
temperature of the Pb lattice remains approximately con-
stant as the interfacial atoms gain energy.

We carried out these simulations at 100 and 300 K,
averaging the results over 20 different initial velocity dis-
tributions at each temperature. The characteristic times
for the energy of the interfacial layer to rise to its equilib-
rium value were found to be 1.0X 10 " s at 300 K, and
1.8X10 " s at 100 K. Thus, to within the accuracy of
the calculations, the rate of energy transfer at 300 K is
limited equally by the difhculty of heat transfer between
Pb and the interfacial atoms, and between the interfacial
atoms and diamond. At 100 K it appears that the pro-
cess of heat transfer from the Pb film to the interfacial
atoms provides the main barrier to the overall heat Aow.

IV. SUMMARY AND CONCLUSIONS

We have measured the Kapitza conductance for inter-
faces between solids for which the ratio R of the Debye
temperatures ranged from 0.05 (Pb on diamond) to 2 (Ti
on BaF2). For R greater than about 0.2 the results could
be understood quantitatively if we viewed the heat as be-
ing carried across the interface by phonons whose
transmission probabilities were computed using a lattice
dynamical theory. For smaller R the experimental con-
ductances were generally larger than predicted by the
theory. The disparity between the theoretical conduc-
tances and the experimental values was greatest for Pb on
diamond where R =0.05. Smaller discrepancies were
found for larger R's. The anomalous conductances could
not be explained by elastic phonon scattering by interfa-
cial contaminants or defects. In three cases, Pb and Au
on diamond and Pb on sapphire, the measured conduc-
tances were shown to exceed the phonon radiation limit.
This forced us to conclude that inelastic processes played
a major role in transporting energy across these inter-
faces. We determined experimentally that this mecha-
nism did not involve electrons in the metal. An inelastic
channel was then proposed in which the metal atoms
were required to be bound to the substrate by a potential
whose strength was much greater than the strength of the
potential binding the metal atoms together elsewhere in
the lattice. The metal lattice was also required to be
anharmonic. It was not necessary to assume that the in-
terfacial potential was anharmonic. We used
molecular-dynamics simulations to show that our anoma-
lous Pb-diamond measurements could be accounted for
by the proposed mechanism.

We have concentrated on the development of a
theoretical explanation of the Kapitza conductance be-
tween Pb and diamond. This strategy is chosen because
the disagreement between the lattice dynamical theory
and experiment is the largest for this combination of ma-
terials. Anharmonicity must also modify the Kapitza
conductance for the other combinations of materials.
However, the relative importance is presumably much
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less because the harmonic channel is large and because
anharmonic effects are weaker in the metals other than
Pb.

As just mentioned, our results show that the Kapitza
conductance between Pb and Au and diamond, and be-
tween Pb and sapphire cannot be explained by the effect
of elastic scattering at the interface. However, it is im-
portant to note that this does not mean that elastic
scattering is not taking place. As far as we can see the
experimental results do not give a clear indication on this
issue. Elastic scattering (and anharmonicity) may con-
tribute to some extent to the discrepancy between experi-
ment and the harmonic lattice dynamical theory for all of
the interfaces studied.

Finally, it may be interesting to attempt to use our
ideas to understand the anomalous Kapitza conductances
measured for interfaces between solids and liquid helium.
For liquid helium both the sound velocity and the density
are much less than for ordinary solids. Consequently, the
transmission coeScients of phonons at a helium-solid in-
terface are predicted to be very small, and the Kapitza
conductance is expected to be low. ' It is found that at
temperatures below about 0.1 K measured values of o.z
are in reasonable agreement with theory. However, at
higher temperatures the phonon transmission and the
conductance are larger than predicted by a factor of the
order of 100 and this is referred to as the anomalous Ka-
pitza conductance. ' It is interesting to note that our re-
sults for the Pb-diamond interface give a comparable
enhancement. It appears from recent experiments that
the extra conduction mechanism for a helium-solid inter-
face is related to contamination of the metal surface. In
a sense the problem is the reverse of the solid-solid prob-
lem we have considered; the phonon Aux from the metal
is limited not by the smaller density of states of the sub-
strate (helium) but by its own small density of states.
Therefore, to have a larger o-z it is necessary to have ad-
ditional modes at the surface of the metal of /ow frequen-
cy. In analogy with the tightly bound interfacia1 Pb
atoms in our molecular-dynamical model the needed
low-frequency modes could be associated with weakly
bound contaminants at the helium-solid interface.
These modes would then serve to channel energy from
phonons of high energy impinging on the interface from
the metal into the large number of available states in the
helium, thus giving an increase in o.z. It is also apparent
that the additional channel must "freeze out" if the pro-
posed scheme is to be consistent with experimental obser-
vations, which show that O.z is well described by the gen-
eral physical picture described in Sec. I for temperatures
below about 100 mK. Thus, there must be a minimum
allowable binding strength for the interfacial contam-
inants. In principle, calculations similar to the ones we
have carried out in this paper could be used to test these
ideas.
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APPENDIX: COUPLING MATRIX
FOR LATTICE DYNAMICAL THEORY

F« the incident wave (q=0) and the three rejected
waves (q =1,2, 3)

M, =(K —K")e'q'

—K [cos(X )e'q'+i sin(Xq )e,'q']exp(iZq ),
M„=(K K")e—,'q'

—E [cos( Y )e'q'+i sin( Y )e,'q']exp(iZ ),
M3q = —iK[sin(Xq)e'q'+sin( Y )e'q']exp(iZ )

+ [2(K K")—
—K[cos(Xq )+cos( Y )]exp(iZ )]e,'q',

M~q =K"[cos(X )e„'q' i sin—(X )e,'q'],

M, =K"[cos(Y )e'q' i sin( Y—)e,'q'],

M6q = —iK "sin(X )e,'q' —iK "sin( Y )e'q'

+K"[cos(X )+cos(Y )]e,'q' .

For the three transmitted waves (q =4, 5, 6)

=K"[cos(X )e ~~ q+isin(X )e, (q)]exP(iZq ),
M~ =K"[cos(Y )e~q'+i sin(Y )e (q)]exp(iZq),

M3 =iK"[sin(X )e„'q'+ sin( Y )e'q']exp(iZq )

+K"[cos(X )+cos( Yq)]e,'q'exp(iZq),

M4 =(K' K")e,'q'exp(iZ —)

K'[cos(Xq)e„'q'——i sin(X )e,' '],
M~ = (K' K")e'q'exp(i Zq )—

—K'[cos( Y )e'q' i sin( Y )e—,' '],
M6 =iK'[sin(X )e„'q'+sin( Y )e'q']

+2(K' —K")exp(iZq )

—K'[cos(Xq )+cos( Yq )]e,'q',

where, for example, X =ak'q'. aV'2 is the nearest-

neighbor separation. These coefBcients are written under
the assumption that phonons are incident from a lattice
with springs of strength E connecting nearest neighbors
onto an interface with a lattice in which atoms are con-
nected with springs of strength K'. The strength of the
springs connecting the atoms across the interface is K".
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