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Electron-phonon interaction in disordered metal films:
The resistivity and electron dephasing rate

N. G. Ptitsina, G. M. Chulkova, K. S. Il’in, A. V. Sergeev, F. S. Pochinkov, and E. M. Gershenzon*
Physics Department, Moscow State Pedagogical University, Moscow 119882, Russia

M. E. Gershenson†

Serin Physics Laboratory, Rutgers University, Piscataway, New Jersey 08855-0849
~Received 3 March 1997!

The temperature dependence of the resistance of films of Al, Be, and NbC with small values of the electron
mean free pathl 51.5– 10 nm has been measured at 4.2–300 K. The resistance of all the films contains aT2

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 interference„M. Yu. Reiser and A. V. Sergeev, Zh. Eksp. Teor. Fiz.92, 224
~1987! @Sov. Phys. JETP65, 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.
@S0163-1829~97!05340-X#
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I. INTRODUCTION

The electron-phonon-scattering in impure metals is
long-standing problem. Both experimental and theoretical
sults, especially those which have been obtained for the
15 years, indicate that the electron-phonon interaction in
pure metals is modified significantly with respect to t
‘‘clean’’ case. As a result, the temperature dependence
both the inelastic scattering rate1–7 and resistivity8–10 for im-
pure metals differ substantially from those for clean meta

The electron-phonon interaction in disordered system
due to two processes: the ‘‘pure’’ electron-phonon scat
ing ~the only mechanism of the electron-phonon interact
in pure metals!, and the inelastic electron scattering fro
vibrating impurities ~defects, boundaries, etc.!. The last
mechanism, being combined with theelasticelectron scatter-
ing and electron-phonon scattering, generates a variet
interference processes. Contributions of the inela
electron-impurity scattering and the temperature-depen
component of elastic electron-impurity scattering to the
sistivity have been considered in a number of theoret
papers.11–14 These mechanisms result in aT2 term in the
resistance, whose magnitude is proportional to the resid
resistance. However, for the interference phenomenon,
important to take into account all the channels of elect
scattering; neglecting some of them may result not only i
change of the magnitude of the effect, but also in the reve
of its sign.

The detailed analysis of the electron-phonon-impurity
terference has been done by Reizer and Sergeev.15 It has
been shown, in contrast to the preceding theoretical wo
560163-1829/97/56~16!/10089~8!/$10.00
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that the contribution of the temperature-dependent com
nent of the elastic electron-impurity scattering iscanceled
out by some processes of inelastic electron-impurity scat
ing. Another intriguing conclusion of Ref. 15 is that the i
terference contribution to the resistance is mainly due to
interaction withtransversephonons. Hence, the informatio
on the interaction of electrons with transverse phonons
be obtained in the study of the interference correction to
resistance.

The T2 dependence of the resistance has been obse
for both ultraclean and disordered metals for a number
years~see Refs. 8–10!. In the ‘‘clean’’ case this contribution
is due to the electron-electron scattering in the presenc
the umklapp processes; it is usually observed at temperat
T,1 K.8 This contribution does not depend on the resid
resistance; in disordered conductors, it is much smaller t
the interference one. TheT2 contribution proportional to the
resistivity was initially observed in alkali alloys at low tem
peratures (T,2 K).8 It has been shown later that the tem
perature dependence of the resistance of ultrathin metal fi
is governed by theT2 term over a broad temperatur
range: in Au films with an electron mean free pathl
;10 nm—atT51 – 15 K,9 in more disordered Nb films with
l;1 nm—up to 120 K.10 The proportionality of the
T2 contribution to the residual resistance demonstrates un
biguously that this term originates from the electron-phon
impurity interference. The temperature dependence of the
sistance of the films studied in Refs. 9 and 10 can be fit
very well with the sum of the Bloch-Gru¨neisen and interfer-
ence contributions over a wide temperature range from liq
helium to room temperatures. Absolute values
10 089 © 1997 The American Physical Society
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10 090 56N. G. PTITSINA et al.
the T2 contribution to the resistance of Au and Nb films,
well as the experimental data on alkali alloys,8 are also in an
agreement with the theoretical predictions.15

The elastic electron scattering from impurities, defec
and boundaries results in enhancement of the interactio
electrons with transverse phonons. It has been pointed ou
Schmid16 that the electron interaction with transver
phonons may play a significant role in the dephasing of
electron wave function in a wide temperature range wh
qTl;1 ~qT is the wave number of a thermal phonon!. How-
ever, there have not been any reliable estimates of this ef
mostly because of the lack of experimental information
the constants of interaction with transverse phonons. As
be shown below, the experimental study of the interfere
correction to the resistivity allows one to evaluate the eff
tive electron coupling with transverse phonons and, hen
calculate the inelastic electron-scattering time.

In this paper, we study the temperature and elect
mean-free-path dependences of the resistance of thin Al,
and NbC films in which the electron and phonon parame
vary substantially. We separate the interference correctio
the resistivity and estimate effective electron coupling w
transverse phonons for these metals. For completeness
compare the new data with the data for thin Au and
films.9,10 Finally, we calculate the inelastic-electron
scattering rates due to the interaction with both transve
and longitudinal phonons, and compare the results w
available experimental data.

The outline of this paper is as follows. We briefly revie
the existing theoretical predictions in Sec. II. The details
the experiments and experimental data are present in Sec
The experimental results will be discussed in Sec. IV.

II. THEORY

The parameter that specifies the character of the elect
phonon interaction is the product of the electron mean f
path l and the wave number of a thermal phononqT . The
theory15 has been developed for the ‘‘clean’’ limitql.1;
this requirement can be met in thin-metal films at tempe
turesT.\u/kBl . The correction to the resistivityDr Int due
to the interference between the electron-phonon
electron-impurity scattering is described in this case by
expression15

r Int

r0
5F2S ul

ut
Db t1S p2

16
21Db l G 2p2kB

2

3«FpFul
T2

3E
0

UD /TF 2xex

~ex21!22
2

ex21Gx dx, ~1!

whereb l andb t are the constants of interaction with long
tudinal and transverse phonons,«F is the Fermi energy,pF is
the Fermi momentum,kB is the Boltzmann constant, andul
and ut are the velocities of longitudinal and transver
phonons, correspondingly. At low temperatures (T,QD/5)
the integral in Eq.~1! approachesp2/3, and the dependenc
Dr Int is simplified:

Dr Int

r0
5F2

b t

ut
1S p2

16
21D b l

ul
G 2p2

3«FpF
~kBT!2[BT2. ~2!
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Equations~1! and ~2! hold until the electron-impurity scat
tering remains the main scattering process (Dr Int,r0).

The constantsb l and b t describe coupling of electron
with thermal longitudinal and transverse phonons, cor
spondingly. In the jellium model~an isotropic Fermi surface
and the Boom-Staver relation for the sound velocity! the
coupling constants are simply related to one another:

b t

b l
5S ul

ut
D 2

, ~3!

whereb l ,t5( 2
3 «F)2n0/2rmul ,t

2 , rm is the metal density,n0 is
the two-spin density of electron states~DOS!.

The theory15 predicts that the major contribution toDr Int
stems from the interaction of electrons withtransverse
phonons@see Eq.~2!, the term in the parentheses that
proportional tob t#. It is noteworthy that electrons do no
interact with transverse phonons in a simple isotropic mo
of a ‘‘pure’’ metal. In disordered metals, the electrons
interact with transverse phonons due to the electron sca
ing by ‘‘vibrating’’ impurities. This mechanism results in
positive contribution to the resistance. The contribution
longitudinal phonons, which is the sum of many channels
interaction, is negative due to the quantum nature of
interference.15 The total correctionDr Int is positive because
an absolute value of the ‘‘longitudinal’’ contribution toDr Int
does not exceed;2 % of the ‘‘transverse’’ contribution for
a typical value of the ratioul /ut;2 – 3. Hence the prefacto
B in Eq. ~2! is determined mainly by the interaction wit
transverse phonons:

B'
4p2b t

3«FpFut
kB

2. ~4!

Altshuler17 has considered the ‘‘pure’’ electron-phono
scattering in disordered systems and showed that the
perature dependence of the contributionDre-ph is similar to
the temperature dependence of the resistance of a pure m
due to the electron-phonon scattering, the Bloch-Gru¨neisen
law ~see also Refs. 18 and 19!:

Dre-ph

r0
5

1

2

pb lt

\~pFul !
4 ~kBT!5E

0

QD /T x5dx

~ex21!~12e2x!
,

~5!

wheret5 l /nF is the elastic transport time. Since the cont
bution of electron-phonon interactionDre-ph(T) does not de-
pend on the residual resistance, the normalized te
Dre-ph/r0 should vary proportionally to the electron mea
free path in the temperature range where the tempera
dependence of the resistance is dominated by the elec
phonon scattering.

The measurement of the interference correction to the
sistance allows one to estimateb l and b t . The same con-
stants determine the inelastic electron-scattering rate du
the electron-phonon interaction. The inelastic-scattering
due to the interaction with longitudinal phonons can be r
resented as~for details, see Refs. 16 and 20!:

~te-ph,l !
215 7

2 pz~3!b l

~kBT!3

\~pFul !
2 Fl~ql l !, ~6!
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whereql5kBT/\ul is the wave number of a thermal long
tudinal phonon. FunctionFl(z) can be expressed in terms
the Pippard functionF l(x) as follows:

Fl~z!5
2

7z~3!
E

0

Al
dx F l~xz!@N~x!1 f ~x!#x2, ~7!

where Al5kBQDl /\ulz, N(x) and f (x) are the Bose and
Fermi functions, and

F l~x!5
2

p S x arctan~x!

x2arctan~x!
2

3

xD . ~8!

At low temperatures (T!QD) the limits of the function
Fl(ql l ) are

Fl~ql l !5H 1 if l @\ul /kBT
2p3

35z~3!
~ql l ! if l !\ul /kBT.

~9!

Interaction of electrons with transverse phonons in imp
metals results in the inelastic electron-scattering rate:16,20

~te-ph,t!
2153p2b t

~kBT!2

~pFut!~pFl !
Ft~qtl !, ~10!

where

Ft~z!5
4

p2 E
0

At
dx F t~xz!@N~x!1 f ~x!#x, ~11!

At5kBQDl /\utz, and

F t~x!5
2x313x23~x211!arctan~x!

2x3 . ~12!

In the limiting casesFt(qtl ) is ~at T!QD!

Ft~qtl !5H 1 if l @\ut /kBT
p2

10
~qtl !

2 if l !\ut /kBT.
~13!

As we have already mentioned above, the interaction
electrons with transverse phonons gives the main contr
tion to the interference correction to the resistivity. Taki
into account that the interaction constantb t is usually an
order of magnitude larger thanb l @see Eq.~3!#, one may
conclude that the interaction with transverse phonons
controls the inelastic electron-scattering rate over a w
temperature range, wherekBTl/\ul , kBTl/\ut;1. In Sec.
IV C this statement will be supported by detailed calcu
tions. In terms of the prefactorB @see Eq.~4!#, the inelastic
electron-scattering rate can be written as follows:

te-ph,t
21 5 9

8 BT2Ft~qtl !t
21. ~14!

We will use Eq.~14! in Sec. IV C for computing the inelasti
electron-scattering rate from the resistivity data for Au, A
Nb, Be, and NbC films.
e
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III. EXPERIMENTAL RESULTS

A. Samples

Parameters of electron and phonon subsystems in
samples vary over a broad range; it is crucial for a comp
hensive test of the theory. Aluminum, as well as previou
studied gold,9 is an example of a metal which can be we
described within a free-electron approximation. The elect
and phonon parameters of Al are well known; the mean f
path of electrons can be accurately estimated from the m
surements of the upper critical field below the temperature
the superconducting transition. The Bloch-Gru¨neisen theory,
developed for an isotropic Fermi surface and a simple p
non spectrum, agrees reasonably well with the experime
values of the resistance of these metals at high tempera
(re-ph

theor/re-ph
expt'3).18 Beryllium is a metal with an anomalousl

high Debye temperature (QD'1000 K); this might result in
a substantial change of the temperature range where th
terference term is the dominant temperature-dependent
tribution to the resistance. Niobium carbide is a transiti
metal with a complex Fermi surface and strong electr
phonon interaction.

There is an additional reason why superconducting fil
of Al and NbC @and, previously, Nb~Ref. 10!# have been
chosen for these experiments. The contributionDr Int is pro-
portional to the electron mean free path only if all the oth
electron and phonon parameters remain the same, regar
of l . It has been verified for Nb films4 and also for NbC in
the course of this work that the residual resistance is
versely proportional to the electron-diffusion constant e
tracted from the upper critical field atT,Tc . These mea-
surements allow us to conclude that the density of elect
statesn0 in these films does not depend onl within the limits
of variation of the mean free path in our samples. We belie
that this is also valid for films of nonsuperconducting met
like Be and Au, though we cannot measurel independently
in these films. At the same time, the density of states
disordered thin films can differ substantially from that
bulk clean metals: the experimental value ofn0 for Nb
films is 1.631023 eV21 cm23,4 whereas, for pure Nbn0
50.931023 eV21 cm23.21

A broad span of the mean-free-path values is crucial
unambiguous separation of the interference correction
the other temperature-dependent contributions to the resi
ity. For Al and Be films the mean free path has been var
with the film thickness; the ion bombardment~ions of N1

and Ar1 of an energy of 200 keV and doses 40–260mC! was
exploited to decrease the mean free path in NbC films o
fixed thickness in a controllable manner.22 For each metal,
we will present the data for two films, which differ substa
tially in their values ofl ~see Table I!.

The mean free path for Al was estimated fromr l 59
310212 V cm2,23 which agrees reasonably well with th
DOS calculated from the electron heat capacity.19 For beryl-
lium we estimated the mean free path of electronsl
53(e2n0r0vF)21 using the value ofn0 ~calculated from the
electron heat capacity! and the Fermi velocityvF ~from the
free-electron model!. There were several series of Nb
samples; each series corresponded to a single film expos
different doses of high-energy ions. Measurements of
upper critical field indicate thatr0;D21 for each series,
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TABLE I. Experimental and calculated parameters of samples.

Metal Al Be NbC Nba Aub

Sample 1 2 1 2 1 2 1 2 1 2
d ~nm! 22 13 45 68 20 20 14 10 34 12
l ~nm! 17 8 11 8 4.3 3 2.8 1.2 28 12
ra ~mV cm! 5.5 12 13 18 68 98 14 32 3 7
Tcr ~K! 35 45 76 87 45 65 38 120 11 14
T0 ~K! 1.1 3 6 8.4 8.8 13 4.4 11 0.3 0.7
QD ~K! 370 1000 370 275 170
B (1026 K22) 1.1 0.3 1.5 15 2.7
b t 4.7 4.3 7.8 10 1.4
b t

theor 3.0 0.22 0.8 6.6 0.6

aData for Nb films from Ref. 10.
bData for Au films from Ref. 9.
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though there are large variations~up to several times! of the
values ofr2r0'Dre-ph at T5300 K for different films be-
fore the ion treatment. We believe that this is due to va
tions of the Debye temperature~370–500 K!, which reflect
the difference of the film stoichiometry. As a result, the v
ues ofr0D;n0

21 are different for each series, but within
single series the density of states is the same for all
samples. We will discuss in this paper the data obtained
the series of NbC samples withQD5370 K. The results for
the other series are qualitatively the same.

B. Measurements

We have measured the temperature dependences o
resistance for Al, Be, and NbC films over the temperat
range T54.2– 300 K. The total resistance of the samp
was 104– 106 V because of a meander-type patterning of
films; this enabled us to measure the resistance with an
curacyDr/r'1026 at measuring currents small enough
avoid heating of the samples.

The temperature-dependent contribution to the resista
Dr(T) is the difference between the total resistancer and
the residual resistancer0 . The resistance in the region of
‘‘plateau’’ just above the superconducting transition h
been chosen as the residual resistance for Al and NbC fi
For nonsuperconducting Be filmsr0 was chosen as a mini
mum on the temperature dependence of the resistance:
increase of the resistance with decreasing temperature b
;10 K is due to the weak localization and interaction
fects. A more accurate procedure of separation of the in
ference correction from other quantum corrections has b
described for Au films.9 This separation was necessary b
cause the interference term in these rather clean films is
dominant one over a limited temperature range 2–10 K,
below 2 K the weak localization and interaction correctio
become more important. In this paper we discuss the re
tance of disordered films of Al, Be, and NbC in the tempe
ture rangeT510– 300 K, where localization and interactio
corrections are small, and the comprehensive separatio
these corrections is not necessary. The depende
Dr(T)/r0 for Al, Be, and NbC films are shown in Fig. 1; th
error bars in Fig. 1 are mainly due to possible inaccuracy
determination ofr0 .
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The low-temperature dependencesDr(T)/r0 are similar
for all the samples: Dr(T) is proportional toT2, and the
ratio Dr(T)/r0 does not depend on the residual resistan
The values of the prefactorB5Dr(T)/(r0T2), which deter-
mines the slope of the low-temperature dependences plo
in a double-logarithm scale, are listed for each metal in Ta
I. This table also includes the data for Au and Nb films fro
Refs. 9 and 10. At higher temperatures the dependences
viate from the ‘‘T2’’ law; the larger the mean free path, th
lower the temperature where this deviation is observed.
the most ‘‘clean’’ samples@such measurements have be
done for NbC films22 and for pure bulk Be~Ref. 24!# the
temperature dependence of the resistance was close to
Bloch-Grüneisen law over the whole temperature range st
ied @see Fig. 1~c!#.

IV. DISCUSSION

A. The interference correction to the resistance

The residual resistancer0 for all the films is large; it
exceeds the resistance contribution due to the elect
phonon interaction even atT5300 K. Deviations from the
Matteisen rule in this range ofr, or, in other words, any
additional tor0 andDre-ph contributions to the resistance a
due to the interference between electron-phonon
electron-impurity scattering. Proportionality of the electro
phonon-impurity contribution to the residual resistance
lows us to neglect other scattering processes~such as the
electron-electron scattering!, which could also, in principle,
result in a quadratic temperature dependence of the re
tance~for more detailed discussion, see Ref. 9!.

All the data analyzed below have been obtained in
temperature rangeT.T05\ut /kBl where the ‘‘clean’’ limit
requirementqtl>1 is satisfied and the phonon spectrum
the films can be considered three dimensional (qtd.1). The
values ofT0 for each sample are listed in Table I. In Fig.
we compare the normalized temperature dependences o
resistance with the theoretical dependence comprising
terms: Dr Int /r0 @Eq. ~1!# and Dre-ph/r0 @Eq. ~5!#. It is
well known that Dre-ph(T) calculated from the Bloch-
Grüneisen theory using an isotropic Fermi surface and D
bye phonon spectrum can differ substantially from the
perimental values ofDre-ph(T).18,19 Taking this into ac-



rity

56 10 093ELECTRON-PHONON INTERACTION IN DISORDERED . . .
FIG. 1. Temperature dependences of the resistivityDr(T)/r0 for ~a! Al films ~m, l 516.5 nm; d, l 58 nm!, ~b! Be films ~m, l
511 nm; d, l 58 nm!, and~c! NbC films ~s, l 513 nm; m, l 54.3 nm; d, l 53 nm!. The dashed curves are the electron-phonon-impu
interference term, the dotted curves are the Bloch-Gru¨neisen term, and the solid curves are the sum ofr Int1reph.
o
e

nt
c

uc

d

-
d

Eq.
h-
count, we have used the following method for separation
the two contributions@this method was used also for th
films of Au ~Ref. 9! and Nb ~Ref. 10!#. The temperature
dependence of the resistance at low temperaturesDr}T2 has
been attributed to the temperature dependence of the i
ference term. Indeed, one can securely neglect the Blo
Grüneisen term at low temperatures because of its m
stronger temperature dependenceDre-ph}T5. The low-
temperature dependenceDr Int(T)/r0 has been extrapolate
f

er-
h-
h

to T5300 K according to Eq.~1! ~dashed curves in Fig. 1!.
The difference between the experimental value ofDr(T)/r0
and the estimated value ofDr Int(300 K)/r0 has been identi-
fied with the Bloch-Gru¨neisen term,Dre-ph. It is noteworthy
that thus obtainedDre-ph(300 K) coincides with the resistiv
ity of a ‘‘pure’’ metal at room temperature. The dotte
curves in Fig. 1 show the Bloch-Gru¨neisen contribution cal-
culated over the whole temperature range according to
~5!. The solid curves represent the sum of the Bloc
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10 094 56N. G. PTITSINA et al.
Grüneisen and interference contributions; a good agreem
of the experimentalDr(T)/r0 dependences with the theore
ical ones has been observed for all the films studied.

The interference and Bloch-Gru¨neisen terms becom
equal at a crossover temperatureTcr , which depends on the
mean free path@compare Eqs.~1! and ~5!#. For films with
small values ofl , the interference contribution is substant
even at the room temperature. On the contrary, for ra
‘‘clean’’ films the effects of the electron-phonon-impurit
interference become unobservable: the temperature de
dence of the resistance of clean NbC films withl .10 nm
can be well described by the Bloch-Gru¨neisen term at all
temperaturesT.Tc .

The crossover temperature should satisfy the condi
r0Tcr

3 5const if the crossover occurs at low temperatur
where simple power-law dependences hold forDr Int and
Dre-ph. For NbC film 2 and for Nb film 2,Tcr is too high to
use simple low-temperature asymptotics for the Blo
Grüneisen and interference contributions~for the NbC film
Tcr'0.2QD , for the Nb filmTcr'0.5QD!. Numerical calcu-
lations on the basis of Eqs.~1! and ~5! have been made in
this case. The crossover temperature as a function of
resistance is shown for all the films studied in Fig. 2. T
calculated dependencesTcr(r), fitted to the experimenta
value ofTcr for one of the films of each metal, are shown

FIG. 2. The crossover temperatureTcr vs the residual resistivity
for films of different metals. The data for Au and Nb films are tak
from Refs. 9 and 10. Solid lines are the calculated depende
Tcr(r0), fitted to the crossover temperature of one of the sample
each metal.
nt

l
er

en-

n
,

-

he

Fig. 2 by solid lines. The temperature of the crossover
tween the interference and Bloch-Gru¨neisen terms is well
described by the theory.

B. Electron-phonon interaction constants

Taking into account that the interaction of electrons w
transverse phonons gives the major contribution to the in
ference correction, we can estimate the constant of inte
tion with transverse phonons from measurements of theT2

term in the resistivity@see Eqs.~2! and~4!#. The electron and
phonon parameters, which have been used for estimating
interaction constants from the resistance data, are liste
Table II. The smearing of the electron states due to the e
tic scattering (\/t<0.1 eV) is much smaller than a typica
energy scale of variations of the density of states in all th
metals. Therefore, the electron-impurity scattering sho
not affect the DOS and Fermi energy. For Al, Be, Nb, a
Au we have used the values of«F for clean metals,25 for
NbC we used the value of«F from Ref. 26. We have also
used the Fermi velocity values averaged across a Fermi
face ~nF for Be was calculated from«F in accord with the
free-electron model!.

The experimental values ofb t are compared with the the
oretical estimatesb t

theor @Eq. ~3!# in Table I. For Al, Nb, and
Au, b t

theor is ;(1.5– 2) times smaller thanb t . This can be
considered as a reasonable agreement, if we take into
count a simple jellium model which has been used~a spheri-
cal Fermi surface and Debye phonon spectrum!. An order-
of-magnitude difference betweenb t andb t

theor in NbC films
can be attributed to a poorly defined stoichiometry of t
films, and, therefore, a large uncertainty in the electron a
phonon parameters. The jellium model is hardly applica
for beryllium, a metal with a very complex Fermi surface25

and anomalously small electron density of states. It mi
explain why the experimental values ofb t are by a factor
;20 greater thanb t

theor. Another possible reason for such
big discrepancy might be a decrease of sound velocitie
thin Be films ~compared to anomalously highut and ul in
bulk Be! ~see, f.i., Ref. 16!.

Our experiment shows that an accurate calculation ofb t
requires knowledge of ‘‘real’’ phonon and electron para
eters. However, similar combinations of the electron a
phonon parameters enter both the equation for the inter

es
of
TABLE II. Parameters of the metals.

Metal
«F

~eV! pF (10219 g cm s21)

vF

~cm/s!
3107 ul (105 cm/s) ut (105 cm/s)

n0

(1022 eV21 cm23)
r

(g/cm3)

Al 12 1.8a 13b 6.3a 3.1a 1.6 2.7
Be 12 2.2a 22a 13c 9c 0.45 1.84
NbC 11 1.6 2d 9e 4.4e 2.6 7.7
Nb 5.3 1.2a 2.7f 5.1a 1.7a 16 8.4
Au 5.5 1.3a 14g 3.2a 1.2a 1.5 19.3

aReference 25.
bReference 28.
cW. C. Overton, J. Chem. Phys.18, 113 ~1950!.
dReference 22.

eW. Weber, Phys. Rev. B8, 5082~1973!.
fReference 27.
gReference 9.
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ence correction to the resistivity@Eq. ~2!# and for the
inelastic-scattering rate due to transverse phonons@Eq. ~10!#.
This allows us to use the resistivity data for an accur
estimate of the electron-phonon inelastic-scattering rate@see
Eq. ~14!#, provided the elastic scattering time is known fro
the experiment. As it will be shown below, our estimates
te-ph

21 agree well with the available experimental data.

C. Electron-phonon relaxation times

As we have discussed in Sec. II, interaction of electro
with transverse phonons controls both the temperat
dependent part of the resistivity and the electron energy
laxation in a metal with a relatively small value of the ele
tron mean free path. The resistivity measurements allow
to calculate the energy relaxation ratete-ph

21 in thin films of
the investigated metals. We will compare the calculations
the electron-phonon relaxation rate with available thin-fi
experimental data onte-ph

21 . These data have been obtain
from the weak localization experiments, electron heating
periments, and the study of nonequilibrium phenomena
superconductors~for extensive reviews, see Refs. 1, 2, a
20!.

The inelastic-scattering rate due to interaction with tra
verse phonons can be expressed for a disordered met
terms of the elastic-scattering ratet21 and the interference
correction to the resistivityDr Int /r05BT2 @Eq. ~14!#. We
evaluatedt215nF / l from the published experimental dat
and then calculated the temperature dependences ofte-ph,t

21

~Fig. 3, the dotted lines!. For comparison, the temperatu
dependences of the longitudinal-phonon contribution
te-ph,l

21 @Eqs.~6!–~9!# are also shown in Fig. 3 with the dashe
lines.

Localization experiments provide information on the ele
tron dephasing ratetw

21, which is determined by the
electron-electron and electron-phonon scattering:

tw
215te-e

211te-ph
21 . ~15!

The experimental data for Nb, Au, and Al films from Ref
27–29 @Figs. 3~a!, 3~c!, and 3~d!# represent the electron
phonon relaxation rate that is the difference between
dephasing rate and the electron-electron scattering rate@Eq.
~15!#. From the information onte-ph

21 , we choose the high
temperature data (T.10 K) because at lower temperature
where the phonon wavelength becomes larger than the
thickness, the phonon spectrum and the electron-phonon
teraction can be substantially modified in comparison w
the bulk metals.4,6 The modification of the phonon spectru
in thin films is not universal, it depends on the material
well as on the film morphology. This question is out of t
scope of the present paper, and we will consider below o
the temperature rangeT.10 K, where the modification o
the phonon spectrum can be neglected.

The electron-phonon scattering rate in NbC films has b
measured in Ref. 22 near the critical temperature of the fi
~12–14 K!, where the film resistance is very sensitive to t
electron heating. The cooling rate of an electron subsys
driven from equilibrium by a modulated electromagnetic
diation has been directly measured in the same films as
used in the present work.
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To the best of our knowledge, there is no information
the inelastic electron-phonon scattering in thin Be films. L
calization experiments are not efficient in this respect, for
phase breaking in such films should be governed by
electron-electron interaction over the temperature ra
available for the localization measurements.

Figures 3~a!–3~b! demonstrate that the ‘‘transverse’’ con
tribution to the inelastic-scattering rate, calculated from
data on the interference correction to the resistance, i
excellent agreement with the experimental data
te-ph

21 .22,27–29 The electron-phonon scattering rate in thi
metal films is dominated by the interaction with transve
phonons over a wide temperature range. Even for Be fil
where the prefactorB is several times smaller than in th
other metals, the contribution of longitudinal phonons sho
become significant only at temperaturesT.60 K.

V. CONCLUSION

It has been shown that theT2 term in the temperature
dependence of the resistivity of thin Al, Be, and NbC films

FIG. 3. Inelastic electron-scattering rate calculated from the
sistivity data. The dotted curves are the contribution of transve
phonons (te-ph

21 ), the dashed curves are the contribution of longi
dinal phonons (te-ph

21 ), the solid curves are the total rate. Dots~d!
are experimental data for Nb films~Ref. 27!, NbC films ~Ref. 22!,
Au films ~Ref. 29!, and Al films ~Ref. 28!.
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proportional to the residual resistivity and therefore this co
tribution is unambiguously attributed to the interference b
tween the electron-phonon and the elastic electron scatte
The T2 term has an interference nature even in Be film
where one could expect a relatively largeT2 contribution due
to the electron-electron scattering. The temperature dep
dence of the resistance is governed by the interference t
at relatively low temperatures; over a broader temperat
interval ~up to room temperature! the resistance of all the
films is well described by the sum of the interference a
Bloch-Grüneisen terms. The crossover temperature at wh
these two contributions are of the same magnitude cruci
depends on the electron mean free path and on the rati
the longitudinal and transverse sound velocities: the lar
the ratioul /ut , the broader the temperature interval whe
the resistance is dominated by the interference contribut

In impure metals the interaction of electrons with tran
verse phonons plays a key role in both the interference c
rection to the resistance and the inelastic electron-pho
scattering. By fitting experimental data to the theory,15 the
constants of interaction of the electrons with transve
-
-
g.
,

n-
rm
re

d
h
ly
of

er

n.
-
r-

on

e

phonons have been determined. Using the interaction c
stants, we have calculated the contributions of longitudin
and transverse phonons to the inelastic electron-phonon s
tering rate in thin films of Au, Al, Be, Nb, and NbC. Ou
calculations are in a good agreement with available expe
mental data; this demonstrates that the interaction of el
trons with transverse phonons controls the electron ene
relaxation in thin-metal films over a broad temperatu
range.
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