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Electronic Kapitza conductance due to inelastic electron-boundary scattering
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~Received 30 March 1998; revised manuscript received 22 June 1998!

Inelastic electron scattering at the interface between a conducting film and an insulating substrate provides
a new channel for energy transfer from the film electrons to the substrate phonons. Its contribution to the
Kapitza conductance is found to be\ug/kBte2ph , where u is the sound velocity,g is the Sommerfeld
constant, andte2ph is the electron-phonon energy relaxation time in the film. This mechanism is significant for
conductors with strong electron-phonon coupling, or for an interface with a small value of the phonon trans-
parency. The results of the theory agree in order of magnitude with the observed decrease of the Kapitza
conductance at the transition to the superconducting state. They can explain a universal minimal value of the
conductance for pairs of materials with rather different acoustic impedances~metallic films on diamond
substrate!. This scattering mechanism results in the nonequilibrium component of the photoresponse with the
ps decay time proportional to the film thickness that has been recently observed in YBaCuO ultrathin films.
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I. INTRODUCTION

As it was first found by Kapitza,1 a heat currentI h passing
through a boundary results in a temperature jumpDT at the
interface. The proportionality coefficient relating the tem
perature jump to the heat current is known as Kapitza c
ductance (sK),

I h5sKDT. ~1!

Up to now the Kapitza conductance has been measured
many pairs of materials. Recent interest to the thermal c
ductance between conducting~metallic, superconducting, o
semiconducting! film and dielectric substrate has sprun
from thin-film device applications.2

If acoustic impedances of the two media are not v
different, the Kapitza conductance is well described by
acoustic mismatch theory.3 There exist, however, experimen
tal results that cannot be explained within the framework
the acoustic mismatch theory~for an extensive review, se
Ref. 4!. In the general case the acoustic mismatch mo
gives only a low limit of the boundary conductance. Discre
ancy between experimental data and predictions of
acoustic mismatch theory is most significant for the me
insulator contacts. For materials with rather different aco
tic impedances this discrepancy reaches two orders
magnitude.4,5

Another well-known experimental fact, which cannot
explained by the acoustic mismatch theory, is that
Kapitza conductance between a superconducting film an
substrate depends on the superconducting energy gap. I
superconducting state the Kapitza conductance turns ou
be smaller than in the normal state, and for different pairs
materials the conductance change varies from a few per
to several times.4

Recent studies of the film-substrate Kapitza conducta
are based on measurements of the transient bolom
photoresponse.2,5–8The value of the phonon Kapitza condu
tance, which was obtained in experiments with relativ
PRB 580163-1829/98/58~16!/10199~4!/$15.00
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thick films of high-Tc superconductors,6–8 corresponds to the
value found from stationary measurements.9 But the ps time
of the photoresponse decay in ultrathin YBaCuO film10

~thicknessd5150– 300 Å) gives the phonon conductan
value being more than one order of magnitude as larger t
the value found in Refs. 6–9. Up to now there has not b
any interpretation of these data.

The experimental results mentioned above are evidenc
the significant role the conducting electrons play in t
boundary conductance. In the present paper we sugge
new universal mechanism of the electronic Kapitza cond
tance. In our model an electron is scattered from the con
ing potential of the interface and emits a phonon, wh
moves from the interface into the substrate. Due to this p
cess the energy transfers from the film electrons to the s
strate phonons. To our knowledge, the suggested mecha
has not been considered previously in papers11–14devoted to
the electron contribution to the Kapitza conductance.

II. CALCULATION OF CONDUCTANCE

In this section details of calculations are presented. Du
a large value of the transferred momentum and local cha
ter of the interaction, inelastic electron-boundary scatter
may be considered in the same way as the inelastic elect
impurity scattering.15 The corresponding Hamiltonian has
form

Hint5 (
p,k,q,n,Rbd

g~k,q,n!cp
1cp2k~bq,n1b2q,n

1 !

3exp@2 i ~k2q!Rbd#, ~2!

wherecp
1 is the creation operator of an electron with m

mentump, bq,n
1 is the creation operator of a phonon with

wave vectorq and polarization indexn, and Rbd are the
equilibrium positions of atoms at the boundary. The ver
of the electron-boundary scattering is
R10 199 © 1998 The American Physical Society
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g~k,q,n!52 iVe2bd

ken

~2MNvq,n!1/2
, ~3!

whereVe2bd is the boundary scattering potential,en is the
phonon polarization vector,M is the ion mass, andN is the
ion concentration.

To calculate the energy flux from film electrons to su
strate phonons due to inelastic electron-boundary scatte
we will find the corresponding collision integral. Employin
the Keldysh technique to this problem, we describe the e
tron and phonon subsystem by advanced (A), retarded (R),
and kinetic (K) Green’s functions. To calculate the heat flu
from electrons to phonons we will assume that the elect
and phonon subsystems have different temperaturesu andT,
respectively. The collision integral is expressed through
electron self-energyS~p,e! as

I 5E dp

~2p!3
@GA~p,e!2GR~p,e!#$@2n~e!21#

3@SA~p,e!2SR~p,e!#2SK~p,e!%. ~4!

In the pure case,Td, Tl.ul ,ut ( l is the electron mean
free path,ul andut are velocities of longitudinal and trans
verse phonons!, we can can neglect the contribution of th
interference diagrams, which consist of vertices of inela
and elastic scattering.15 The collision integral based on th
self-energy diagram with two verticesg(k,q,n) is

I ~e!5
8

pn E dpdqdv

~2p!7 g2Im GA~p,e!Im GA~p1q,e1v!

3Im DR~q,v!R~e,v,u,T!, ~5!

R~e,v,u,T!5N~v,T!n~e,u!@12n~e1v,u!#

2@11N~v,T!#@12n~e,u!#n~e1v,u!,

~6!

n5@exp~e/u!11#21, N5@exp~v/T!21#21. ~7!

As in the case of electron-impurity scattering one can
press the scattering potentialVe2bd in terms of the corre-
sponding electron momentum relaxation time or the elect
mean free path, which is equal to 2d in the case of the
diffusion scattering at the interface. Therefore, the collis
integral I (e) is proportional tod21, and the heat flux from
electrons to phonons due to inelastic electron-boundary s
tering per unit square of the film is independent ond. It may
be calculated as

Ĩ h5E deen~e!dI~e,u,T!. ~8!

Assuming that one half of the phonons is emitted into
substrate, and calculating the integral in Eq.~8! we find the
heat flux from electrons to substrate phonons,

I h5
p4

40

n~0!

pF
2 S b l

ul
1

2b t

ut
D Fu4J1S u

TD
D2T4J1S T

TD
D G , ~9!
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whereJ1(y)5(15/p4)*0
1/ydx x3N(x); b l andb t are the con-

stants of interaction with longitudinal and transver
phonons: b l5(2/3eF)2@n(0)/2MNul

2#, where n(0)
5mpF /p2 is the electron two-spin density of states;b t
5b l(ul /ut)

2. These constants describe coupling of electro
with thermal phonons. In the ‘‘jelly’’ model the kinetic con
stantb l may be presented in terms of the electron-phon
renormalization constantl, asb5l(2pF /qD)2, whereqD is
the Debye wave vector. In the low-temperature limitT
!TD (TD is the Debye temperature!, the integralJ1 ap-
proaches 1.

It is important to note that due to inelastic boundary sc
tering, electrons interact with transverse phonons as we
with longitudinal phonons. The second term in parenthe
in Eq. ~9! corresponds to the interaction with transver
phonons. A typical value of the ratioul /ut is 2–3, therefore
the contribution of transverse phonons is approximately
order of magnitude larger than the contribution of longitu
nal phonons.

The electronic Kapitza conductance obtained from Eq.~9!
is given by

sK
e 5

p4

10

n~0!T3

pF
2 S b l

ul
12

b t

ut
D J2S T

TD
D , ~10!

whereJ2(y)52(15/4p4)*0
1/ydx x4

„dN(x)/dx….
Ignoring the decrease in the electron-phonon coupling

the interface, one can express the conductance through
electron-phonon energy relaxation rate in a pure b
metal,2,16,17

1

te2ph
5

7pz~3!

2

b lT
3

~pFul !
2

J3S T

TD
D , ~11!

whereJ3(y)5@2/7z(3)#*0
1/ydx x2

„N(x)1n(x)…. In the low-
temperature limit,T,TD , we obtain

sK
el5

3p\

35z~3!kB

gul

te2ph
F112S ul

ut
D 3G , ~12!

where g is the Sommerfeld constant. In the general ca
the right-hand side of Eq. ~12! is multiplied by
J2(T/TD)/J3(T/TD).

It is instructive to compare the heat flux due to inelas
electron-boundary scattering@Eq. ~9!# and the flux due to
‘‘pure’’ electron-phonon scattering. In the latter case t
square of the matrix element is proportional tovq , that is
;T. Because of the momentum conservation, the numbe
phonons participating in scattering is proportional toT2. As
a result, the heat flux is proportional tou52T5. For the
inelastic boundary scattering the matrix element square
proportional tovq

21;T21 @Eq. ~3!#, and all thermal phonons
(}T3) participate in scattering, because the momentum
not conserved in the system of electrons and phonons.

If other processes of the electron relaxation would be
sent, according to Eq.~12! the electron relaxation rate due t
inelastic electron-boundary scattering is given by

1

t*
5

3p

35z~3!te2phqTd F112S ul

ut
D 3G , ~13!
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whereqT5T/ul is the wave vector of a thermal longitudin
phonon. The obtained electron relaxation rate correspond
the electron energy relaxation rate due to inelastic elect
impurity scattering in an impure metal~see Refs. 2, 15, and
17!, if one puts the electron mean free path to be of the or
of the film thickness.

According to Eq.~13!, as 2(ul /ut)
3;25, the electron en-

ergy relaxation due to inelastic scattering from bounda
dominates over bulk relaxation due to the pure electr
phonon interaction in a wide region of parametersd and T
~just as inelastic electron-impurity scattering dominates
impure films17,18!. Thus we expect boundary scattering
play a significant role in the electron dephasing in ultrat
films and nanostructures.

Vibrating boundaries as well as vibrating impurities res
in the interaction of electrons and transverse phonons. H
ever, the Eliashberg function may be significantly chang
near an interface. In pure films the Eliashberg function
termined by vibrating boundaries may be found fro
temperature-dependent resistivity.

Recently, the interaction of electrons and transve
phonons has been studied in Au, Al, Nb, Be, and N
films.16–18 The resistance of all films contains a significa
interference termdr5BT2r0 (r0 is the residual resistivity!,
which prevails over the Bloch-Gruneisen term at low te
peratures~up to 100 K in impure films!. For every film the
constant of interactionb t was obtained from the coefficien
B. Then values ofb t were used to calculate a contribution
transverse phonons to the electron dephasing rate. The
culations are in good agreement with experimental data. T
shows that in films with a short electron mean free path
interaction of electrons with transverse phonons controls
relaxation rate over a broad temperature range. Elect
boundary scattering in pure thin films plays the same role
electron-impurity scattering in impure films. Probably the
fects of inelastic electron scattering from boundaries h
been observed in Au films, where the electron mean free p
was estimated to be equal to a film thickness.16,17

Taking into account that the electron interaction w
transverse phonons due to vibrating boundaries prevails
analogous interaction with longitudinal phonons, we can
press the Kapitza conductance@Eq. ~10!# in terms of the
measured coefficientB,

sK
e T235

p2

5

b t

vFut
5

3

40
BvFn~0!. ~14!

The last equation allows a quantitative prediction of t
electronic Kapitza conductance from theT2 term in resistiv-
ity of pure films.

III. COMPARISON WITH EXPERIMENTS

Here we consider some experimental data in the ligh
the proposed model. Let us first directly estimate a value
the electronic Kapitza conductance. For Al, Au, Be, and
films we take values of the coefficientb t , determined from
resistivity measurements in Refs. 16 and 17. Parameter
materials are presented in Table I~see Ref. 17!. For compari-
son we also present values ofb t

th , calculated from available
parameters in Ref. 18. Values ofsK
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Au, Be, and Nb films and dielectric substrates with ana
gous acoustic properties are calculated by Eq.~14!.

As one can see, the electronic Kapitza conductance m
vary over a wide range. The measured total conductanc
sensitive to a method of sample preparation, but for mos
the metal-insulator contacts,sK

e T23 ranges from 0.1 to
0.01 W/cm2 K4.4 Therefore, we expect a very significant e
fect of electrons for Nb contacts.

In many measurements the conductance was observe
decrease when a metal was driven superconducting.4 In the
frame of the proposed model a simple explanation of
effect is that superconducting electrons are not available
transport heat. We consider the conductance at an indi
sapphire interface. Samples prepared by different meth
were studied in Refs. 19–21. When in magnetic field, indiu
is in the normal state, a value of the conductance at 1 K was
found to range from 0.01 to 0.07 W/cm2 K. A maximal de-
crease during the normal-superconducting transitiondsK
50.011 W/cm2 ~30% of sK in the normal state! was ob-
served for a rough interface.21 For an optically polished in-
terface,dsK(1 K) was found to be 0.008 W/cm2 K.

To evaluatesK
e in In, we used the following para

meters: g51.69 mJ/mol K2,22 and ul52.73105 cm/s,
ut50.93105cm/s.23 The measured value ofte2ph(Tc

53.4 K) is 0.8–2 ns~see Ref. 24!. Then using Eq.~12!, we
find the electronic Kapitza conductance atT51 K is
0.01– 0.03 W/cm2 K. In the present theory, the value ofsK

e

is two to three times larger than the measureddsK , because
we do not take into account a decrease in coupling near
interface. We also expect that diffusion motion of electro
near a rough interface makes the interaction time longer
enhances the coupling.

At nitrogen temperatures the electron energy relaxat
time te2ph in metals is determined from the fs thermomod
lation measurements. For most metals a value of the re
ation time was found to be near 1 ps.25,26 The value of the
electronic Kapitza conductance@Eq. ~12!# is evaluated as
2000– 6000 W/cm2 K. That is in good agreement with th
measured Kapitza conductance for a pair of materials w
rather different acoustic impedances, like metal a
diamond.4,5 To be more specific, we consider a gol
diamond interface. The Kapitza conductance was meas
to be 2000 W/cm2 K at 100 K, which is one order of magni
tude larger than the result of the acoustic mismatch theo5

Taking g50.73 mJ/mol K2,22 ul53.23105 cm/s,ut51.2
3105 cm/s,16 and the value ofte2ph ~100 K! is 0.5 ps,25 we
obtain from Eq.~12! that sK

e is equal to 2800 W/cm2 K.27

The inelastic electron-boundary scattering plays a sign
cant role also in nonequilibrium phenomena in thin films

TABLE I. Parameters of the metals and the electronic Kapi
conductance.

Metal b t b t
th

vF

107 cm/s
ut

105 cm/s
sK

e T23

W/cm2 K4

Al 4.7 3.0 13 3.1 0.03
Au 1.4 0.6 14 1.2 0.02
Be 4.3 0.2 22 9 0.006
Nb 10 6.6 2.7 1.7 0.6
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high-Tc superconductors, where a complicated ma
component photoresponse is observed.2,6,8,28Up to now two
components of transient photoresponse are well identifi
The fast nonequilibrium component has a decay time
;1 ps that corresponds to the electron energy relaxation
due to the electron interaction with longitudinal phonon
The bolometric component has a ns decay time, which
proportional to the film thickness. The new component w
found in Ref. 10, where the transient photoresponse of u
thin YBaCuO films to laser pulsed radiation with pulse d
ration of 500 fs and 40 ps was measured. The observe
decay time of 40 ps for 15-nm-thick film is too short to b
attributed to the bolometric component. But the relaxat
time found in Ref. 10 turned out to be proportional to t
film thickness and, therefore, it cannot be assigned to
bulk electron-phonon relaxation.

We suggest the following interpretation of the new ph
toresponse component. Since the electron temperature i
resistive photoresponse is near the transition tempera
~70–90 K in Ref. 10!, while the operating temperature (T0)
was 25 K, the correlation signal was measured in stro
nonequilibrium conditions. In the discussed time scale, e
trons interact with part of the phonon modes, and the h
capacity of these modes is significantly smaller than the t
phonon heat capacity. In the framework of the Debye mo
these phonon modes are associated with longitud
phonons; thus, 1 ps after the pulse electrons have alre
reached equilibrium with longitudinal phonons of the film
The decay of the new component is determined by cooling
electrons and longitudinal phonons together due to inela
electron-boundary scattering. The corresponding energy
ance equation is
y

-

d.
f
e

.
is
s
a-
-
ps

n

e

-
the
re

g
c-
at
al
l,
al
dy

f
ic
al-

~Ce1Cl ,ph!
]u

]t
52sK

e ~u2T0!, ~15!

where u is the temperature of electrons and longitudin
phonons in the film,T0 is the substrate temperature, an
Cl .ph is the specific heat capacity of longitudinal phonons
is convenient to presentsK

e as Ce /t* @Eq. ~13!#. Then the
decay time of this photoresponse component is

t5
35z~3!

3p

11Cl ,ph /Ce

112~ul /ut!
3

qTdte2ph . ~16!

To evaluate the decay time for YBaCuO film we take t
ratio ul /ut equal to 2~this coefficient is approximately the
same for YBaCuO films and substrates8,29!, then
Ct,ph /Cl ,ph52(ul /ut)

3 is equal to 16~where Ct,ph is the
electron heat capacity of transverse phonons!. The ratio of
phonon and electron heat capacities at the transition temp
ture is 41,28 and therefore, the ratio ofCl ,ph /Ce is 2.4. For
the film with thickness 15 nm, the parameterqTd is ;50.
Substitutingte2ph51 ps ~Refs. 2 and 28! into Eq. ~16!, we
get a value oft is 45 ps, which is in agreement with mea
sured decay time of 40 ps.10

In conclusion, we calculated the electronic Kapitza co
ductance due to inelastic electron-boundary scattering@Eq.
~12!#. This mechanism is very important for many applic
tions of ultrathin films and nanostructures.
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