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The temperature dependence of the resistance of films of Al, Be, and NbC with small values of the electron
mean free path=1.5—10 nm has been measured at 4.2—300 K. The resistance of all the films corfains a
contribution that is proportional to the residual resistance; this contribution has been attributed to the interfer-
ence between the elastic electron scattering and the electron-phonon scattering. Fitting the data to the theory of
the electron-phonon-impurity interferen€®l. Yu. Reiser and A. V. Sergeev, Zh. Eksp. Teor. A2, 224
(1987 [Sov. Phys. JET®5, 1291(1987]), we obtain constants of interaction of the electrons with transverse
phonons, and estimate the contribution of this interaction to the electron dephasing rate in thin films of Au, Al,
Be, Nb, and NbC. Our estimates are in a good agreement with the experimental data on the inelastic electron-
phonon scattering in these films. This indicates that the interaction of electrons with transverse phonons
controls the electron-phonon relaxation rate in thin-metal films over a broad temperature range.
[S0163-182697)05340-X

[. INTRODUCTION that the contribution of the temperature-dependent compo-
nent of the elastic electron-impurity scatteringcanceled
The electron-phonon-scattering in impure metals is aut by some processes of inelastic electron-impurity scatter-
long-standing problem. Both experimental and theoretical reing. Another intriguing conclusion of Ref. 15 is that the in-
sults, especially those which have been obtained for the lagerference contribution to the resistance is mainly due to the
15 years, indicate that the electron-phonon interaction in iminteraction withtransversgphonons. Hence, the information
pure metals is modified significantly with respect to theon the interaction of electrons with transverse phonons can
“clean” case. As a result, the temperature dependences dfe obtained in the study of the interference correction to the
both the inelastic scattering raté and resistivit§°for im-  resistance.
pure metals differ substantially from those for clean metals. The T2 dependence of the resistance has been observed
The electron-phonon interaction in disordered systems i§r both ultraclean and disordered metals for a number of
due to two processes: the “pure” electron-phonon scatteryears(see Refs. 8—101In the “clean” case this contribution
ing (the only mechanism of the electron-phonon interactioris due to the electron-electron scattering in the presence of
in pure metals and the inelastic electron scattering from the umklapp processes; it is usually observed at temperatures
vibrating impurities (defects, boundaries, etc.The last T<1 K.8 This contribution does not depend on the residual
mechanism, being combined with teasticelectron scatter- resistance; in disordered conductors, it is much smaller than
ing and electron-phonon scattering, generates a variety dhe interference one. THE? contribution proportional to the
interference processes. Contributions of the inelasti¢esistivity was initially observed in alkali alloys at low tem-
electron-impurity scattering and the temperature-dependenperatures T<2 K).® It has been shown later that the tem-
component of elastic electron-impurity scattering to the reperature dependence of the resistance of ultrathin metal films
sistivity have been considered in a number of theoreticals governed by theT? term over a broad temperature
papers-'~1* These mechanisms result inT& term in the range: in Au fims with an electron mean free pdth
resistance, whose magnitude is proportional to the residuat 10 nm—atT=1-15 K2 in more disordered Nb films with
resistance. However, for the interference phenomenon, it is~1nm—up to 120 K The proportionality of the
important to take into account all the channels of electronl? contribution to the residual resistance demonstrates unam-
scattering; neglecting some of them may result not only in @iguously that this term originates from the electron-phonon-
change of the magnitude of the effect, but also in the reversampurity interference. The temperature dependence of the re-
of its sign. sistance of the films studied in Refs. 9 and 10 can be fitted
The detailed analysis of the electron-phonon-impurity in-very well with the sum of the Bloch-Gneisen and interfer-
terference has been done by Reizer and Serfjeivhas  ence contributions over a wide temperature range from liquid
been shown, in contrast to the preceding theoretical workdjelium to room temperatures. Absolute values of
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the T2 contribution to the resistance of Au and Nb films, asEquations(1) and (2) hold until the electron-impurity scat-
well as the experimental data on alkali alldyatre also in an  tering remains the main scattering proceds < po)-
agreement with the theoretical predictidns. The constants3, and B; describe coupling of electrons
The elastic electron scattering from impurities, defectswith thermal longitudinal and transverse phonons, corre-
and boundaries results in enhancement of the interaction afpondingly. In the jellium moddlan isotropic Fermi surface
electrons with transverse phonons. It has been pointed out tgnd the Boom-Staver relation for the sound velgcitlye
Schmid® that the electron interaction with transverse coupling constants are simply related to one another:
phonons may play a significant role in the dephasing of the
electron wave function in a wide temperature range where Br [ 2
gl ~1 (qy is the wave number of a thermal phonoRow- B lu/
ever, there have not been any reliable estimates of this effect,
mostly because of the lack of experimental information Oerhel’e,BLt:(%SF)ZVO/meUﬁt, Pm is the metal densityy, is
the constants of interaction with transverse phonons. As wilthe two-spin density of electron statd305).
be shown below, the experimental study of the interference The theory® predicts that the major contribution top,
correction to the resistivity allows one to evaluate the effecstems from the interaction of electrons withansverse
tive electron coupling with transverse phonons and, hencegghonons[see Eq.(2), the term in the parentheses that is
calculate the inelastic electron-scattering time. proportional toB,]. It is noteworthy that electrons do not
In this paper, we study the temperature and electrofinteract with transverse phonons in a simple isotropic model
mean-free-path dependences of the resistance of thin Al, Bef a “pure” metal. In disordered metals, the electrons do
and NbC films in which the electron and phonon parameterinteract with transverse phonons due to the electron scatter-
vary substantially. We separate the interference correction timg by “vibrating” impurities. This mechanism results in a
the resistivity and estimate effective electron coupling withpositive contribution to the resistance. The contribution of
transverse phonons for these metals. For completeness, Wangitudinal phonons, which is the sum of many channels of
compare the new data with the data for thin Au and Nbinteraction, is negative due to the quantum nature of the
films?1% Finally, we calculate the inelastic-electron- interferenceé”® The total correctiom p,, is positive because
scattering rates due to the interaction with both transversan absolute value of the “longitudinal” contribution top,
and longitudinal phonons, and compare the results witlloes not exceed 2 % of the “transverse” contribution for
available experimental data. a typical value of the ratioi /u;~2—-3. Hence the prefactor
The outline of this paper is as follows. We briefly review B in Eq. (2) is determined mainly by the interaction with
the existing theoretical predictions in Sec. Il. The details oftransverse phonons:
the experiments and experimental data are present in Sec. lll.
The experimental results will be discussed in Sec. IV. 4By
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Il. THEORY
. Altshulert’ has considered the “pure” electron-phonon
The parameter that specifies the character of the eleCtm%'cattering in disordered systems and showed that the tem-
phonon interaction is the product of the electron mean fre‘f)erature dependence of the contributibp,., is similar to
pathl and the wave number of a thermal phongpn. The  he temperature dependence of the resistance of a pure metal

5 13 LI H - . . . .
theory'® has been developed for the “clean” limgl>1;  gue to the electron-phonon scattering, the Blochr@isen
this requirement can be met in thin-metal films at temperajg,, (see also Refs. 18 and 119

turesT>#u/kgl. The correction to the resistiviti p,,; due
to the interference between the electron-phonon and Apepn 1 wpiT s [©o/T x3dx
electron-impurity scattering is described in this case by the = ) (kg j (

X —X\ !
expressiof? Po 27 (Pely e-11-e")
)
Pint u ? 2772k§ ) wherer=1/vg is the elastic transport time. Since the contri-
E: 2 u, Bt 1_6_1 B 3erPey T bution of electron-phonon interactidrp,.,+(T) does not de-

pend on the residual resistance, the normalized term

% JOD’T 2xe* _ 2 d 1 Apepn/ po should vary proportionally to the electron mean
0 (e—1)2 -1 xax @ free path in the temperature range where the temperature

dependence of the resistance is dominated by the electron-
where 8, and 8, are the constants of interaction with longi- phonon scattering.
tudinal and transverse phonogg, is the Fermi energypg is The measurement of the interference correction to the re-
the Fermi momentunkg is the Boltzmann constant, angl  sistance allows one to estimag and 8,. The same con-
and u; are the velocities of longitudinal and transversestants determine the inelastic electron-scattering rate due to
phonons, correspondingly. At low temperaturds<(®/5) the electron-phonon interaction. The inelastic-scattering rate
the integral in Eq(1) approachesr?/3, and the dependence due to the interaction with longitudinal phonons can be rep-

Ap is simplified: resented ag¢for details, see Refs. 16 and)20
Aplnt B'[ 7T2 ﬁ| 2 2 —1_7 (kBT)3
=284 ——1 & = ) : =5mL(3)B — Fi(ql), 6
120t 167 G| 3emps (KeDP=BT. @ (repnt) *=3mL3B gz @b, ©)
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whereq,=kgT/%u, is the wave number of a thermal longi- . EXPERIMENTAL RESULTS
tudinal phonon. Functioft,(z) can be expressed in terms of

. . A. S I
the Pippard functiorb(x) as follows: amples

Parameters of electron and phonon subsystems in our
2 A samples vary over a broad range; it is crucial for a compre-
Fi(z)= R dx @ (x2)[N(X)+f(x)]x%,  (7)  hensive test of the theory. Aluminum, as well as previously
0 studied gold is an example of a metal which can be well
where A, =kg®l/%u,z, N(x) and f(x) are the Bose and described within a free-electron approximation. The electron

Fermi functions, and and phonon parameters of Al are well known; the mean free
path of electrons can be accurately estimated from the mea-
2 [ x arctarix) 3 surements of the upper cri_ti_cal field below .t.he_temperature of

D(x)= = | X=arctanix) ;), (8)  the superconducting transition. The Bloch-@eisen theory,

developed for an isotropic Fermi surface and a simple pho-
non spectrum, agrees reasonably well with the experimental
values of the resistance of these metals at high temperatures
(P2l p&Bi~3).18 Beryllium is a metal with an anomalously

: high Debye temperaturédp~ 1000 K); this might result in
1 if I>hu/kgT - .

3 a substantial change of the temperature range where the in-
——— _(al) if l<hu /K 9 terference term is the dominant temperature-dependent con-

(ail) if I<fu /kgT. . : - S y
35(3) tribution to the resistance. Niobium carbide is a transition
metal with a complex Fermi surface and strong electron-

Interaction of electrons with transverse phonons in impurghonon interaction.

At low temperatures T<0®p) the limits of the function
Fi(ql) are

Fi(al)=

metals results in the inelastic electron-scattering ¥af8: There is an additional reason why superconducting films
of Al and NbC[and, previously, NbRef. 1Q] have been
oo (kgT)? chosen for these experiments. The contributigs),, is pro-
(Te-pny) " =37By m Fi(ad), (10 portional to the electron mean free path only if all the other
electron and phonon parameters remain the same, regardless
where of |. It has been verified for Nb filmfsand also for NbC in

the course of this work that the residual resistance is in-

4 (A versely proportional to the electron-diffusion constant ex-
Fi(2)=— JO dx ®(xz)[N(X)+f(x)]x, (1) tracted from the upper critical field &<T.. These mea-

surements allow us to conclude that the density of electron

A=kg®pl/%u,z, and states_uo_in these films does not depend bwithin the Iimits.
of variation of the mean free path in our samples. We believe
2x3+ 3x— 3(x2+ 1) arctarix) t.hat this is also valid for films of nonsupercpnducting metals

d(x)= o3 ) (120  like Be and Au, though we cannot measliremdependently

in these films. At the same time, the density of states in
disordered thin films can differ substantially from that in
bulk clean metals: the experimental value &f for Nb
films is 1.6x10? eV *cm 2* whereas, for pure Nhy,
=0.9x10% eV t1cm 32

13 A broad span of the mean-free-path values is crucial for
unambiguous separation of the interference correction and
the other temperature-dependent contributions to the resistiv-

As we have already mentioned above, the interaction ofty. For Al and Be films the mean free path has been varied

electrons with transverse phonons gives the main contribuwith the film thickness; the ion bombardmefions of N

tion to the interference correction to the resistivity. Takingand Ar" of an energy of 200 keV and doses 40—280) was

into account that the interaction constafit is usually an  exploited to decrease the mean free path in NbC films of a

order of magnitude larger thag, [see Eq.(3)], one may fixed thickness in a controllable manrférFor each metal,

conclude that the interaction with transverse phonons alswe will present the data for two films, which differ substan-

controls the inelastic electron-scattering rate over a widdially in their values ofl (see Table)l

temperature range, wheikgTl/fu,, kgTl/Au;~1. In Sec. The mean free path for Al was estimated frqggh=9

IV C this statement will be supported by detailed calcula-x10"*? Q cm?,? which agrees reasonably well with the

tions. In terms of the prefactd [see Eq(4)], the inelastic DOS calculated from the electron heat capatitizor beryl-

In the limiting case$=,(q,l) is (at T<®p)

1 if I>%u/KeT

2
F(ad)= %(qtnz if 1<fu,/kgT.

electron-scattering rate can be written as follows: lium we estimated the mean free path of electrdns
=3(e?vopovr) ! using the value ok, (calculated from the
T;_ém: BT?F(q) 7 . (14 electron heat capacityand the Fermi velocity g (from the

free-electron model There were several series of NbC
We will use Eq.(14) in Sec. IV C for computing the inelastic samples; each series corresponded to a single film exposed to
electron-scattering rate from the resistivity data for Au, Al, different doses of high-energy ions. Measurements of the
Nb, Be, and NbC films. upper critical field indicate thap,~D ! for each series,
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TABLE I. Experimental and calculated parameters of samples.

Metal Al Be NbC NB AuP
Sample 1 2 1 2 1 2 1 2 1 2
d (nm) 22 13 45 68 20 20 14 10 34 12
I (nm) 17 8 11 8 4.3 3 2.8 1.2 28 12
pa (uQ cm) 5.5 12 13 18 68 98 14 32 3 7
Ter (K) 35 45 76 87 45 65 38 120 11 14
To (K) 1.1 3 6 8.4 8.8 13 4.4 11 0.3 0.7
0p (K) 370 1000 370 275 170

B (105 K™ 1.1 0.3 1.5 15 2.7

Bi 4.7 4.3 7.8 10 1.4
piheor 3.0 0.22 0.8 6.6 0.6

8Data for Nb films from Ref. 10.
bData for Au films from Ref. 9.

though there are large variatiofigp to several timgsof the The low-temperature dependenc®p(T)/p, are similar

values ofp— pp=~Ape.pn at T=300 K for different films be-  for all the samples: Ap(T) is proportional toT?, and the

fore the ion treatment. We believe that this is due to variaratio Ap(T)/py does not depend on the residual resistance.

tions of the Debye temperatuf870—500 K, which reflect  The values of the prefact®=Ap(T)/(poT2), which deter-

the difference of the film stoichiometry. As a result, the val-mines the slope of the low-temperature dependences plotted

ues OfpoD~V61 are different for each series, but within a in a double-logarithm scale, are listed for each metal in Table

single series the density of states is the same for all thé This table also includes the data for Au and Nb films from

samples. We will discuss in this paper the data obtained foRefs. 9 and 10. At higher temperatures the dependences de-

the series of NbC samples with, =370 K. The results for viate from the “T?” law; the larger the mean free path, the

the other series are qualitatively the same. lower the temperature where this deviation is observed. For
the most “clean” samplegsuch measurements have been
done for NbC film&? and for pure bulk BeRef. 24] the

B. Measurements temperature dependence of the resistance was close to the

We have measured the temperature dependences of t_ﬁéoch-Gru_]eisen law over the whole temperature range stud-
resistance for Al, Be, and NbC films over the temperaturd€d [see Fig. 1c)].
range T=4.2—-300 K. The total resistance of the samples
was 10-1F Q because of a meander-type patterning of the IV. DISCUSSION
films; this enabled us to measure the resistance with an ac-
curacyAp/p~10~°6 at measuring currents small enough to
avoid heating of the samples. The residual resistancpg, for all the films is large; it

The temperature-dependent contribution to the resistanaexceeds the resistance contribution due to the electron-
Ap(T) is the difference between the total resistapcand  phonon interaction even dt=300 K. Deviations from the
the residual resistangs,. The resistance in the region of a Matteisen rule in this range gj, or, in other words, any
“plateau” just above the superconducting transition hasadditional top, andA p.._,, contributions to the resistance are
been chosen as the residual resistance for Al and NbC filmslue to the interference between electron-phonon and
For nonsuperconducting Be filmsg, was chosen as a mini- electron-impurity scattering. Proportionality of the electron-
mum on the temperature dependence of the resistance: @honon-impurity contribution to the residual resistance al-
increase of the resistance with decreasing temperature beldaws us to neglect other scattering proceséash as the
~10K is due to the weak localization and interaction ef-electron-electron scatteringwhich could also, in principle,
fects. A more accurate procedure of separation of the interesult in a quadratic temperature dependence of the resis-
ference correction from other quantum corrections has beetance(for more detailed discussion, see Ref. 9
described for Au films. This separation was necessary be- All the data analyzed below have been obtained in the
cause the interference term in these rather clean films is tHemperature rangé>T,=7%u,/kgl where the “clean” limit
dominant one over a limited temperature range 2—10 K, angequirementy,| =1 is satisfied and the phonon spectrum in
below 2 K the weak localization and interaction correctionsthe films can be considered three dimensiongdit-1). The
become more important. In this paper we discuss the resisralues ofT, for each sample are listed in Table I. In Fig. 1
tance of disordered films of Al, Be, and NbC in the tempera-we compare the normalized temperature dependences of the
ture rangel = 10—300 K, where localization and interaction resistance with the theoretical dependence comprising two
corrections are small, and the comprehensive separation ¢érms: Ap,n/po [EQ. (1)] and Ape.pn/po [EQ. (9)]. It is
these corrections is not necessary. The dependencesll known that Ape.p,(T) calculated from the Bloch-
Ap(T)/p, for Al, Be, and NbC films are shown in Fig. 1; the Gruneisen theory using an isotropic Fermi surface and De-
error bars in Fig. 1 are mainly due to possible inaccuracy irbye phonon spectrum can differ substantially from the ex-
determination ofp,. perimental values ofApe ,(T).*®*° Taking this into ac-

A. The interference correction to the resistance
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FIG. 1. Temperature dependences of the resistitip(T)/py for (@) Al films (A, 1=16.5nm; ®, |=8nm), (b) Be films (A, |
=11 nm; ®, =8 nm), and(c) NbC fiims (O, =13 nm; A, |=4.3 nm; @, | =3 nm). The dashed curves are the electron-phonon-impurity

interference term, the dotted curves are the Blochr@igen term, and the solid curves are the sumgft pepn.

count, we have used the following method for separation ofo T=300 K according to Eq(1) (dashed curves in Fig.)1

the two contributiongthis method was used also for the The difference between the experimental value\p{T)/p,
fiims of Au (Ref. 9 and Nb(Ref. 10]. The temperature and the estimated value &fp,,(300 K)/p, has been identi-
dependence of the resistance at low temperathpesT? has  fied with the Bloch-Graeisen termA pe . It is noteworthy
been attributed to the temperature dependence of the intethat thus obtained p..p,(300 K) coincides with the resistiv-
ference term. Indeed, one can securely neglect the Blochty of a “pure” metal at room temperature. The dotted
Gruneisen term at low temperatures because of its mucburves in Fig. 1 show the Bloch-Gmaisen contribution cal-
stronger temperature dependemsa)e_phocT5. The low- culated over the whole temperature range according to Eq.
temperature dependende,+(T)/po has been extrapolated (5). The solid curves represent the sum of the Bloch-
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A ' Fig. 2 by solid lines. The temperature of the crossover be-
ool + & . ijeen_bth(;a bintehrferﬁnce and Bloch-Grisen terms is well
1« Nb ] escribe the theory.
v Au // Y Y
— s NbC
éh / B. Electron-phonon interaction constants
[
= o Taking into account that the interaction of electrons with
/ transverse phonons gives the major contribution to the inter-
10 ference correction, we can estimate the constant of interac-
10 100 tion with transverse phonons from measurements ofTthe
po (HQ cm) term in the resistivitfsee Eqs(2) and(4)]. The electron and

phonon parameters, which have been used for estimating the
FIG. 2. The crossover temperatuFg vs the residual resistivity ~interaction constants from the resistance data, are listed in
for films of different metals. The data for Au and Nb films are taken Table 1l. The smearing of the electron states due to the elas-
from Refs. 9 and 10. Solid lines are the calculated dependencdfc scattering £/7=<0.1 eV) is much smaller than a typical
T.(po), fitted to the crossover temperature of one of the samples oénergy scale of variations of the density of states in all these
each metal. metals. Therefore, the electron-impurity scattering should
not affect the DOS and Fermi energy. For Al, Be, Nb, and

. . . . . 5
Gruneisen and interference contributions; a good agreemelﬁgcwe have dusl'?d thle Vﬂlfje? of Erfclggnvvetha@, folr
of the experimentah p(T)/p dependences with the theoret- we used the value afe from Ref. 26. We have also
ical ones has been observed for all the films studied used the Fermi velocity values averaged across a Fermi sur-
The interference and Bloch-Girgisen terms bec;ome face (vg for Be was calculated fromag in accord with the

. free-electron model
equal at a crossover temperatdrg, which depends on the &

mean free patficompare Eqs(1) and (5)]. For films with The experimental values ¢ are compared with the the-

1 A _oretical estimateg"™°'[Eq. (3)] in Table I. For Al, Nb, and
small values of, the interference contribution is substantial theor - B [Eq. ()]

even at the room temperature. On the contrary, for rathe'?‘u’ v 1S ~(1.5-2) times smaller thafs, . This can be

) . . considered as a reasonable agreement, if we take into ac-
“clean” films the effects of the electron-phonon-impurity g

_ count a simple jellium model which has been usadpheri-
interference become unobservable: the temperature depe el saap

¢4l Fermi surf d Debye ph ‘ufm order-
dence of the resistance of clean NbC films with10 nm ermi suriace an ebye phonon spect oraer

) b of-magnitude difference betwees) and 8" in NbC films
can be well described by the Bloch-Gieisen term at all can be attributed to a poorly defined stoichiometry of the
temperature3 >T,.

) _. films, and, therefore, a large uncertainty in the electron and
T3he crossover temperature should satisfy the conditiolyhonon parameters. The jellium model is hardly applicable
poTc=const if the crossover occurs at low temperaturesfor beryllium, a metal with a very complex Fermi surfate
where simple power-law dependences hold X5, and  and anomalously small electron density of states. It might
Ape.pn- For NbC film 2 and for Nb film 2T, is too highto  explain why the experimental values Bf are by a factor
use simple low-temperature asymptotics for the Bloch-~20 greater thaB!™. Another possible reason for such a
Gruneisen and interference contributiotfer the NbC film  big discrepancy might be a decrease of sound velocities in
T~0.20p, for the Nb filmT,~0.50 ). Numerical calcu- thin Be films (compared to anomalously higl and u, in
lations on the basis of Eq¢l) and (5) have been made in bulk Be) (see, f.i., Ref. 15
this case. The crossover temperature as a function of the Our experiment shows that an accurate calculatiog;of
resistance is shown for all the films studied in Fig. 2. Therequires knowledge of “real” phonon and electron param-
calculated dependencég,(p), fitted to the experimental eters. However, similar combinations of the electron and
value of T, for one of the films of each metal, are shown in phonon parameters enter both the equation for the interfer-

TABLE Il. Parameters of the metals.

Uk

&F (cm/s Vo P
Metal (eV) pg (10¥°gcms?) x10° wu (10° cm/s) u, (10° cm/s) (102 eV tcm ™3 (glent)
Al 12 1.8 13 6.3 3.8 1.6 2.7
Be 12 2.2 22 1% gt 0.45 1.84
NbC 11 1.6 4 ge 4.4 2.6 7.7
Nb 5.3 1.2 2.7 5.12 1.7 16 8.4
Au 55 1.3 149 3.2 1.2 1.5 19.3
*Reference 25. ®W. Weber, Phys. Rev. B, 5082(1973.
bReference 28. ‘Reference 27.

‘W. C. Overton, J. Chem. Phy&8, 113(1950. 9Reference 9.
dreference 22.
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ence correction to the resistivitfEq. (2)] and for the 10"3
inelastic-scattering rate due to transverse phofggs(10)]. e
This allows us to use the resistivity data for an accurate PRI EEPEEL b
estimate of the electron-phonon inelastic-scattering [iste -
Eq. (14)], provided the elastic scattering time is known from ol -7
the experiment. As it will be shown below, our estimates of 0 a
-1 . . . 1011
Te.ph agree well with the available experimental data.

100

C. Electron-phonon relaxation times .
10
As we have discussed in Sec. Il, interaction of electrons

with transverse phonons controls both the temperature-
dependent part of the resistivity and the electron energy re- 10 Au -
laxation in a metal with a relatively small value of the elec- 1oMbe " ' I
tron mean free path. The resistivity measurements allow us -
to calculate the energy relaxation ratgy, in thin films of 10 -
the investigated metals. We will compare the calculations of 10°
the electron-phonon relaxation rate with available thin-film
experimental data onrg_,l)h. These data have been obtained
from the weak localization experiments, electron heating ex-
periments, and the study of nonequilibrium phenomena in
superconductorgfor extensive reviews, see Refs. 1, 2, and
20).

The inelastic-scattering rate due to interaction with trans-
verse phonons can be expressed for a disordered metal in
terms of the elastic-scattering rate ! and the interference
correction to the resistivity\ pji/po=BT? [Eq. (14)]. We
evaluatedr 1= v/l from the published experimental data,
and then calculated the temperature dependenceg_ﬁgp{t
(Fig. 3, the dotted lines For comparison, the temperature
dependences of the longitudinal-phonon contribution to
rg_%,m [Egs.(6)—(9)] are also shown in Fig. 3 with the dashed 10 30 30 40 50
lines.

Localization experiments provide information on the elec- T®
tron dephasing rater(;l, which is determined by the
electron-electron and electron-phonon scattering:

A e
Te-ph &)

Topn | ()

FIG. 3. Inelastic electron-scattering rate calculated from the re-
sistivity data. The dotted curves are the contribution of transverse
4 -1 phonons 6-;%9, the dashed curves are the contribution of longitu-
To = Teet Teph (15 dinal phonons . %), the solid curves are the total rate. DO®)

) ] are experimental data for Nb film{&ef. 27, NbC films (Ref. 22,
The experimental data for Nb, Au, and Al films from Refs. Ay films (Ref. 29, and Al films (Ref. 28.

27-29[Figs. 3a), 3(c), and 3d)] represent the electron- _ ) )
phonon relaxation rate that is the difference between the TO the best of our knowledge, there is no information on
(15)]. From the information onr;éh, we choose the high- calization experiments are not efficient in this respect, for the

temperature dataT(>10 K) because at lower temperatures, P1as€ breaking in such films should be governed by the
where the phonon wavelength becomes larger than the fil electron-electron interaction over the temperature range
vailable for the localization measurements.

thickness, the phonon spectrum and the electron-phonon in- Figures 3a)—3(b) demonstrate that the “transverse” con-

:ﬁ;agﬂ?knrﬁgpa@% ?Egsrfgé'iﬁgtirggd;pfﬁe'nhzonrgﬁag'sgcr:n\jvrgmribution to the inelastic-scattering rate, calculated from the
’ P p data on the interference correction to the resistance, is in

wetlr:sﬂcl)rps{r:z Hlor':] lﬂé\:e[]so?g It d?ﬁiindje(;g;g?Srgitteg?lthisexcellent agreement with the experimental data on
phology. q opn 22772 The electron-phonon scattering rate in  thin-

. . T
scope of the present paper, and we will consider below onl . . . . X .
the temperature range>10 K, where the modification of netal films is dom|nated by the interaction with transverse
the phonon spectrum can be neglected. phonons over a wide temperature range. Even for Be films,
there the prefactoB is several times smaller than in the

The electron-phonon scattering rate in NbC films has bee ther metals. the contribution of lonaitudinal phonons should
measured in Ref. 22 near the critical temperature of the film S foutl gitudinal p u
ecome significant only at temperatufes 60 K.

(12-14 K, where the film resistance is very sensitive to the
electron heating. The cooling rate of an electron subsystem
driven from equilibrium by a modulated electromagnetic ra-
diation has been directly measured in the same films as we It has been shown that tHE? term in the temperature
used in the present work. dependence of the resistivity of thin Al, Be, and NbC films is

V. CONCLUSION
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proportional to the residual resistivity and therefore this conphonons have been determined. Using the interaction con-
tribution is unambiguously attributed to the interference bestants, we have calculated the contributions of longitudinal
tween the electron-phonon and the elastic electron scatteringnd transverse phonons to the inelastic electron-phonon scat-
The T2 term has an interference nature even in Be filmstering rate in thin films of Au, Al, Be, Nb, and NbC. Our
where one could expect a relatively larf@contribution due  calculations are in a good agreement with available experi-
to the electron-electron scattering. The temperature depeimental data; this demonstrates that the interaction of elec-
dence of the resistance is governed by the interference terfons with transverse phonons controls the electron energy

at relatively low temperatures; over a broader temperaturgelaxation in thin-metal films over a broad temperature
interval (up to room temperatuyethe resistance of all the range.

films is well described by the sum of the interference and
Bloch-Grineisen terms. The crossover temperature at which
these two contributions are of the same magnitude crucially
depends on the electron mean free path and on the ratio of
the longitudinal and transverse sound velocities: the larger We would like to thank M. Yu. Reizer for numerous help-
the ratiou, /u;, the broader the temperature interval whereful discussions. We are grateful to S. I. Krasnosvobodtsev
the resistance is dominated by the interference contributiorand E. V. Pechen for preparation of NbC films, and to B. M.

In impure metals the interaction of electrons with trans-Voronov and V. D. Siomash for preparation of Be films. The
verse phonons plays a key role in both the interference comork was supported by the Russian State Program on Phys-
rection to the resistance and the inelastic electron-phonoitcs of Nanostructures. N. G. P. and M. E. G. acknowledge
scattering. By fitting experimental data to the thebtyhe  the support from the NATO Scientific Division under Grant
constants of interaction of the electrons with transverséNo. CRG 960064.
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