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Electronic Kapitza conductance due to inelastic electron-boundary scattering
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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 Waiy/kg7e_pn, Whereu is the sound velocity,y is the Sommerfeld
constant, and,_ y, 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 impedameeallic films on diamond
substratg 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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[. INTRODUCTION thick films of high-T,. superconductor%;® corresponds to the
value found from stationary measuremehBut the ps time
As it was first found by Kapitzaa heat current,, passing  of the photoresponse decay in ultrathin YBaCuO filfns
through a boundary results in a temperature jubipat the  (thicknessd=150-300 A) gives the phonon conductance
interface. The proportionality coefficient relating the tem-value being more than one order of magnitude as larger than
perature jump to the heat current is known as Kapitza conthe value found in Refs. 6—-9. Up to now there has not been
ductance ¢y), any interpretation of these data.
The experimental results mentioned above are evidence of
lh=0AT. (1)  the significant role the conducting electrons play in the
boundary conductance. In the present paper we suggest a
Up to now the Kapitza conductance has been measured fé¥€w universal mechanism of the electronic Kapitza conduc-
many pairs of materials. Recent interest to the thermal corfance. In our model an electron is scattered from the confin-
ductance between conductifigetallic, superconducting, or ing potential of the interface and emits a phonon, which
semiconducting film and dielectric substrate has sprung moves from the interface into the substrate. Due to this pro-
from thin-film device application%. cess the energy transfers from the film electrons to the sub-
If acoustic impedances of the two media are not verystrate phonons. To our knowledge, the suggested mechanism
different, the Kapitza conductance is well described by thehas not been considered previously in paperé devoted to
acoustic mismatch theofyThere exist, however, experimen- the electron contribution to the Kapitza conductance.
tal results that cannot be explained within the framework of
the acoustic mismatch theoljor an extensive review, see
Ref. 4. In the general case the acoustic mismatch model
gives only a low limit of the boundary conductance. Discrep-  In this section details of calculations are presented. Due to
ancy between experimental data and predictions of the large value of the transferred momentum and local charac-
acoustic mismatch theory is most significant for the metalter of the interaction, inelastic electron-boundary scattering
insulator contacts. For materials with rather different acousmay be considered in the same way as the inelastic electron-
tic impedances this discrepancy reaches two orders dfnpurity scattering® The corresponding Hamiltonian has a
magnitude® form
Another well-known experimental fact, which cannot be
explained by the acoustic mismatch theory, is that the
Kapitza conductance between a superconducting film and a Hp= > 7,(k,q,n)cgcp_k(bq’nJr bJ—rq’n)
substrate depends on the superconducting energy gap. In the P.k, 0.1, Rpg
superconducting state the Kapitza conductance turns out to

Il. CALCULATION OF CONDUCTANCE

be smaller than in the normal state, and for different pairs of xex =i (k=aq)Rpdl, 2)
materials the conductance change varies from a few percent
to several time&. wherec; is the creation operator of an electron with mo-

Recent studies of the film-substrate Kapitza conductancenentump, b;n is the creation operator of a phonon with a
are based on measurements of the transient bolometrigave vectorq and polarization index, and Ryq are the
photorespons&®~8The value of the phonon Kapitza conduc- equilibrium positions of atoms at the boundary. The vertex
tance, which was obtained in experiments with relativelyof the electron-boundary scattering is
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ke, whereJ;(y) = (15/7%) [$¥dx x®N(x); B, and, are the con-
v(k,q,n)= —iVe,bd—m, 3 stants of interaction with longitudinal and transverse
(2MNwq,n) phonons:  B,=(2/3¢)%[ »(0)/2MNU?],  where 1(0)

— 2 ; H .
whereV,_,4 is the boundary scattering potential, is the = MPe/7 s the electron two-spin density of states;
phonon polarization vectoM is the ion mass, anM is the = B,(u,/u;)“. These constants describe coupling of electrons
ion concentration. with thermal phonons. In the “jelly” model the kinetic con-

To calculate the energy flux from film electrons to sub-StantB; may be presented in terms of the:2 electron-phonon
strate phonons due to inelastic electron-boundary scatterirgnormalization constant, as=A(2pg/qp)*, whereqp is
we will find the corresponding collision integral. Employing the Debye wave vector. In the low-temperature lirfit
the Keldysh technique to this problem, we describe the elec< To (Tp is the Debye temperaturethe integralJ; ap-
tron and phonon subsystem by advancAy, (retarded R), ~ Proaches 1. . .
and kinetic K) Green’s functions. To calculate the heat flux It is important to note that due to inelastic boundary scat-
from electrons to phonons we will assume that the electrof€ring, electrons interact with transverse phonons as well as
and phonon subsystems have different temperatigesi T, with longitudinal phonons. The second term in parentheses

respectively. The collision integral is expressed through thd? Ed. (9) corresponds to the interaction with transverse
electron self-energ¥.(p,e) as phonons. A typical value of the ratig /u, is 2—3, therefore

the contribution of transverse phonons is approximately one
order of magnitude larger than the contribution of longitudi-

d
sz i S[GA(p,e)—GR(p,e)l{[2n(e) - 1] nal phonons.
(2m) ' The electronic Kapitza conductance obtained from(&j.
X[EA(piE)_ER(p,E)]—EK(p,e‘)}_ (4) IS g'Ven by

In the pure caseTd, TI>u;,u; (I is the electron mean
free path,u; andu, are velocities of longitudinal and trans-
verse phonons we can can neglect the contribution of the " 1
interference diagrams, which consist of vertices of inelastigvhereJa(y) = — (15/4x%) [¥dx x*(dN(x)/dx).
and elastic scatteriny. The collision integral based on the  Ignoring the decrease in the electron-phonon coupling at

T, (10

Ui Ut

. TvOT (B B T
NTo <_|+2_t)J2( )

self-energy diagram with two verticegk,q,n) is the interface, one can express the conductance through the
electron-phonon energy relaxation rate in a pure bulk
8 [ dpdgdw metal?'®7
l(e)=— f ———9%Im GA(p,e)Im GA(p+q,e+ w)
TV (27) 3
1 T7(3) BT T) 11)
R = = 1
le D (q,w)R(E,C(),H,T), (5) Tefph 2 (pFu|)2 3 TD
R(e,0,0,T)=N(w,T)n(e,0)[1—n(e+ w,6)] whereJd;(y) =[2/7£(3)]/&¥dx x2(N(x) +n(x)). In the low-

temperature limitT<Tp, we obtain

U 3}
1+ 2(u—) , (12)

t

—[1+N(w,T)][1-n(€,0)]n(e+ w,6),
(6) ol 37wh YU,

OK =37 o1, -

35¢(3)kg Te—ph

where v is the Sommerfeld constant. In the general case,
As in the case of electron-impurity scattering one can exthe right-hand side of Eq.(12) is multiplied by
press the scattering potentisll,_,4 in terms of the corre- J2(T/Tp)/Is(T/Tp).
sponding electron momentum relaxation time or the electron It is instructive to compare the heat flux due to inelastic
mean free path, which is equal tod2n the case of the electron-boundary scatteririgeq. (9)] and the flux due to
diffusion scattering at the interface. Therefore, the collision ‘Pure” electron-phonon scattering. In the latter case the
integral | (¢€) is proportional tod*, and the heat flux from square of the matrix element is proportionaldq, that is
electrons to phonons due to inelastic electron-boundary scat=T. Because of the momentum conservation, the number of

tering per unit square of the film is independentcbrit may ~ Phonons participating in scattering is proportionallfo As
be calculated as a result, the heat flux is proportional #&—T°. For the

inelastic boundary scattering the matrix element squared is
~ proportional t0c1);1~T*l [Eg. (3], and all thermal phonons
'h:f deev(e)dl(e,0,T). (®) («T®) participate in scattering, because the momentum is
not conserved in the system of electrons and phonons.
Assuming that one half of the phonons is emitted into the |f other processes of the electron relaxation would be ab-
substrate, and calculating the integral in E8). we find the  sent, according to Eq12) the electron relaxation rate due to

n=[exp(e/0)+1]" 1, N=[expo/T)—1]"L (7)

heat flux from electrons to substrate phonons, inelastic electron-boundary scattering is given by
7 v(0) (B 2B 0 T 1 3 w3
IR (S P RN ST e |69
pr ‘U U D D 7 35{(3)Te—phard Uy
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whereq;=T/u is the wave vector of a thermal longitudinal TABLE |. Parameters of the metals and the electronic Kapitza
phonon. The obtained electron relaxation rate corresponds ggnductance.
the electron energy relaxation rate due to inelastic electror

impurity scattering in an impure metédee Refs. 2, 15, and " VF Ut ffﬁT*?’A
17), if one puts the electron mean free path to be of the orderMetal B B"  10'cm/s  10°cm/s  Wien? K
of the f|Im' thickness. , Al 47 30 13 3.1 0.03
According to Eq.(13), as 2{, /u,)*~ 25, the electron en- 14 06 14 12 0.02
ergy relaxation due to inelastic scattering from boundaries ' ' ' '
dominat bulk rel i d to th lect 4.3 0.2 22 9 0.006
ominates over bulk relaxation due to the pure electron- 10 6.6 07 17 0.6

phonon interaction in a wide region of parametdrand T
(just as inelastic electron-impurity scattering dominates in

impure films"8. Thus we expect boundary scattering to 4 Nb fil d dielectric sub th anal
play a significant role in the electron dephasing in ultrathin*Y: B€, and Nb films and dielectric substrates with analo-

films and nanostructures. gous acoustic properties are calpulateq by @49).

Vibrating boundaries as well as vibrating impurities result S One can see, the electronic Kapitza conductance may
in the interaction of electrons and transverse phonons. How/&"Y OVer a wide range. The measured total conductance is
ever, the Eliashberg function may be significantly changed€"Sitive to a method of sample preparation, but for most of
near an interface. In pure films the Eliashberg function dethe metal-lnaulator contactsrc T~ ° ranges frc.)m. p.l to
termined by vibrating boundaries may be found from 0.01 W/cnt K4 Therefore, we expect a very significant ef-
temperature-dependent resistivity. fect of electrons for Nb contacts.

Recently, the interaction of electrons and transverse !N many measurements the conductance was observed to
phonons has been studied in Au, Al, Nb, Be, and Npcdecrease when a metal was drlven superconduét!nghe
films.16-18 The resistance of all films contains a significantframe of the proposed model a simple explanation of the
interference termsp=BT2p, (po is the residual resistivily effect is that supercondu_ctlng electrons are not avallgbl_e to
which prevails over the Bloch-Gruneisen term at low tem-fransport heat. We consider the conductance at an indium-
peraturesup to 100 K in impure filmg For every film the ~Sapphire interface. Samples prepared by different methods
constant of interactio8, was obtained from the coefficient Were studied in Refs. 19-21. When in magnetic field, indium
B. Then values of3; were used to calculate a contribution of IS in the normal state, a value of the conductarice & was
transverse phonons to the electron dephasing rate. The cdfund to range from 0.01 to 0.07 WIEK. A maximal de-
culations are in good agreement with experimental data. Thigré@se during the normal-superconducting transititary
shows that in films with a short electron mean free path theé=0-011 W/eni (30% of oy in the normal stajewas ob-
interaction of electrons with transverse phonons controls th&erved for a rough interfac@.For an optically polished in-
relaxation rate over a broad temperature range. Electrorferface,éo (1K) was found to be 0.008 WichK.
boundary scattering in pure thin films plays the same role as TO evaluateoy in In, we used the following para-
electron-impurity scattering in impure films. Probably the ef-meters: y=1.69 mJ/mol K? and u;=2.7x10° cm/s,
fects of inelastic electron scattering from boundaries havel,=0.9x10°cm/s?® The measured value Ofre_pn(Te
been observed in Au films, where the electron mean free patk 3.4 K) is 0.8—2 ngsee Ref. 2}t Then using Eq(12), we
was estimated to be equal to a film thicknés¥’ find the electronic Kapitza conductance at=1K is

Taking into account that the electron interaction with(0.01—0.03 W/crAK. In the present theory, the value off
transverse phonons due to vibrating boundaries prevails oves two to three times larger than the measufeg, , because
analogous interaction with longitudinal phonons, we can exwe do not take into account a decrease in coupling near the
press the Kapitza conductan¢Eqg. (10)] in terms of the interface. We also expect that diffusion motion of electrons

measured coefficieri, near a rough interface makes the interaction time longer and
5 enhances the coupling.
oeT*3:7T— B _ EBU 2(0) (14) . At nitrogen tempgratures t_he electron energy relaxation
K 5 veu, 40 F ' time 7o_pp, in metals is determined from the fs thermomodu-

lation measurements. For most metals a value of the relax-
The last equation allows a quantitative prediction of theation time was found to be near 1 £° The value of the
electronic Kapitza conductance from thié term in resistiv-  electronic Kapitza conductandé&q. (12)] is evaluated as

ity of pure films. 2000—-6000 W/crhK. That is in good agreement with the
measured Kapitza conductance for a pair of materials with
IIl. COMPARISON WITH EXPERIMENTS rather different acoustic impedances, like metal and

diamond*® To be more specific, we consider a gold-

Here we consider some experimental data in the light ofliamond interface. The Kapitza conductance was measured
the proposed model. Let us first directly estimate a value ofo be 2000 W/criK at 100 K, which is one order of magni-
the electronic Kapitza conductance. For Al, Au, Be, and Nbtude larger than the result of the acoustic mismatch th&ory.
films we take values of the coefficieg;, determined from Taking y=0.73 mJ/mol K,?? u;=3.2x10° cm/s,u;=1.2
resistivity measurements in Refs. 16 and 17. Parameters of 10° cm/s® and the value ofe_pn (100 K) is 0.5 ps> we
materials are presented in Tablesee Ref. 1¥. For compari-  obtain from Eq.(12) that o is equal to 2800 W/chK. 27
son we also present values 8", calculated from available The inelastic electron-boundary scattering plays a signifi-
parameters in Ref. 18. Values @f for the boundaries of Al, cant role also in nonequilibrium phenomena in thin films of
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high-T, superconductors, where a complicated many- 9
component photoresponse is obser¥&828Up to now two (CetCipn) —r = —og(6—To), (15
components of transient photoresponse are well identified. ) o
The fast nonequilibrium component has a decay time ofvhere 6 is the temperature of electrons and longitudinal
~1 ps that corresponds to the electron energy relaxation timghonons in the film,T, is the substrate temperature, and
due to the electron interaction with longitudinal phonons.Ci.pn is the specific heat capacity of longitudinal phonons. It
The bolometric component has a ns decay time, which is convenient to presenty asC./7* [Eq. (13)]. Then the
proportional to the film thickness. The new component waglecay time of this photoresponse component is

found in Ref. 10, where the transient photoresponse of ultra-

thin YBaCuO films to laser pulsed radiation with pulse du- — 35¢(3) 1+Cypn/Ce grdr.
ration of 500 fs and 40 ps was measured. The observed ps 37 1+2(u/uy)® e

decay time of 40 ps for 15-nm-thick film is too short to be . ,
attributed to the bolometric component. But the relaxc";ltion-r0 evaluate the decay time for YBaCuO film we take the

time found in Ref. 10 turned out to be proportional to theratio u/uy equal to 2(this_ coefficient is appr%;(éimately the

film thickness and, therefore, it cannot be assigned to th ame for YBaCU?. films ~and substratéy, . then

bulk electron-phonon relaxation. tph/Ci,pn=2(u/uy)” is equal to 16(where Cypp is the
We suggest the following interpretation of the new phc)_electron heat capacity of transverse phonoie ratio of

toresponse component. Since the electron temperature in tl%10non and electron heat capacities at the transition tempera-

resistive photoresponse is near the transition temperatuttﬁre IS 41’. anq therefore, the ratio df, ;n/Ce is .2'4' For
(70-90 K in Ref. 10, while the operating temperatur@ 4) the f||m ‘_N'th thickness 15 nm, the para_lmetﬁrd Is ~50.
was 25 K, the correlation signal was measured in stronggLJbSt'tu“ngTe—Rh:l ps(Ref;. 2.an_d ZBinto Eq.(1§), we
nonequilibrium conditions. In the discussed time scale, elec et a value OfT is 45 ps, which is in agreement with mea-
trons interact with part of the phonon modes, and the hea?ured decay pme of 40 pS. . .
capacity of these modes is significantly smaller than the total In conclusion, we cal_culated the electronic Kapitza con-
phonon heat capacity. In the framework of the Debye modeIdUCtance_ due to m_elasfuc elect_ron-boundary scatte[rlt'rtg_
these phonon modes are associated with Iongitudina(llz)]' This me_chamsm is very important for many applica-
phonons; thus, 1 ps after the pulse electrons have alreadS?ns of ultrathin films and nanostructures.

reached equilibrium with longitudinal phonons of the film.
The decay of the new component is determined by cooling of
electrons and longitudinal phonons together due to inelastic | would like to thank M. Reizer, J. Keller, and J. Wilkins
electron-boundary scattering. The corresponding energy bafer helpful discussions. This work was supported by the Al-
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