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Effect of microstructure on the electron-phonon interaction in the disordered metals Pd60Ag40
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Using the weak-localization method, we have measured the electron-phonon scattering timestep in
Pd60Ag40 thick films prepared by dc- and rf-sputtering deposition techniques. In both series of samples, we find
an anomalous 1/tep}T2l temperature and disorder dependence, wherel is the electron elastic mean free path.
This anomalous behavior cannot be explained in terms of the current concepts for the electron-phonon inter-
action in impure conductors. Our result also reveals that the strength of the electron-phonon coupling is much
stronger in the dc- than rf-sputtered films, suggesting that the electron-phonon interaction is not only sensitive
to the total level of disorder, but is also sensitive to the microscopic quality of the disorder.
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I. INTRODUCTION

The electron-phonon (e-ph) scattering timetep is one of
the most important physical quantities in metals and sup
conductors. For instance, it determines the dephasing~also
called the phase-breaking or decoherence! time for the elec-
tron wave function, the cooling time for an electron gas, a
the relaxation time for the order parameter in a superc
ductor. Thee-ph scattering time also plays a crucial role
the development of novel mesoscopic devices such as s
tive low-temperature bolometers.1 The e-ph scattering time
in the presence of multiple~elastic! impurity scattering has
been intensively calculated by several authors,2–4 but the
current understanding of the temperature and electron el
mean free path,l, dependences oftep is still incomplete. In
particular, different temperature and disorder dependence
tep have been reported, both theoretically a
experimentally.5,6 Recently, it was proposed that, in additio
to the dependence on the total level of disorder, theT and l
dependences oftep might be fairly sensitive to the micro
scopic quality of the disorder.7–9 It has also been conjecture
that the contribution due to the umklapp process of impu
scattering may be important.10

In this work, we have fabricated two series of Pd60Ag40
thick films by dc-sputtering and rf-sputtering depositi
techniques. The palladium-silver alloys are chosen beca
Pd and Ag form perfect fcc solid solutions through the all
series.11 Also, since the masses of the Pd and Ag atoms
quite similar, the vibrational spectrum of the lattice does
change significantly through the alloy series.12 The low-field
magnetoresistances of our films are measured at liq
helium temperatures and are compared with the we
localization theoretical predictions to extract the values
the e-ph scattering time. Our results for the temperature a
electron mean free path dependences oftep and their impli-
cations are described below.

II. EXPERIMENTAL METHOD

Our films were prepared from a 99.995% pure Pd60Ag40
~hereafter referred to as PdAg! target. Two series of thick
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films were fabricated, one by the dc-sputtering and the ot
by rf-sputtering deposition technique. The films were dep
ited onto glass substrates held at room temperature. In
cases, a background pressure of 331026 torr was reached
before an argon atmosphere of 3.831023 torr was intro-
duced to initiate the deposition process. A same sputte
gun was used for these two deposition methods, but with
gun being connected to either a dc or a rf power supply. T
distance between the sputtering target and the glass
strates was the same for both methods. The sputtering po
was progressively adjusted to ‘‘tune’’ the deposition ra
which resulted in different amounts of disorder, i.e., the
sidual resistivitiesr0 @5r(10 K)#, in the films. For the dc-
sputtering~rf-sputtering! case, the deposition rate was varie
from 30 to 230~19 to 333! Å/min, and values ofr0 ranging
from 281 to 183~74 to 178! mV cm were obtained.

The sample structures of our films were carefully stud
by performing the powder diffraction on an MAC MXP1
x-ray diffractometer. The x-ray power was 10 kW and t
scanning speed was 6° per minute. In all cases, we found
samples to reveal very similar diffraction patterns, whi
clearly suggested that both the dc- and rf-sputtered films p
sessed the same fcc lattice structure characteristic as th
the PdAg alloys. Representative x-ray diffraction patterns
two dc- and two rf-sputtered films are shown in Fig. 1.

Most of our films had a thicknesst*4000 Å. This thick-
ness ensured that the weak-localization effects were th
dimensional in our samples. It also ensured that the ther
phonons were unambiguously three dimensional; i.e.,
wavelength of the most probable thermal phonons was
ways smaller than the film thickness at our measurem
temperatures. This latter condition greatly eliminated a
complications that might result from phonon confinement
fects.~In reduced-dimensional systems, modifications to
phonon spectrum and the speed of sound might be sig
cant, which could lead to nonstraightforward temperat
and disorder behavior oftep .)

Our values of the diffusion constantD were evaluated
through the Einstein relationr0

215De2N(0)/(11l), where
N(0) is the electronic density of states at the Fermi level a
©2002 The American Physical Society02-1
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l is thee-ph mass enhancement factor. The values ofN(0)
were calculated from the independently determined e
tronic specific heat:gT5 1

3 p2kB
2N(0)T. For Pd60Ag40, l

.0.43 and g.3.3 mJ/mol K2.11 Then, we obtainedD
'(100/r0) cm2/s, wherer0 is in mV cm. Table I lists the
values of the relevant parameters for our films studied in
work.

III. RESULTS AND DISCUSSION

The normalized magnetoresistivitiesDr(B)/r2(0)
5@r(B)2r(0)#/r2(0) for the PdAg17 thick film at severa
temperatures are plotted in Fig. 2. The symbols are the
perimental data and the solid curves are the thr
dimensional weak-localization theoretical predictions.13 It is
clearly seen that the weak-localization predictions can

FIG. 1. X-ray diffraction patterns for two dc-~top two curves!
and two rf- ~bottom two curves! sputtered PdAg thick films. The
sample resistivitiesr~300 K! from top down are 189, 82, 79, an
132 mV cm. The diffraction intensity shows an arbitrary unit.
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scribe well our experimental data. Therefore, the elect
dephasing timetf , which is the key parameter in the wea
localization theory, can be reliably extracted. Since PdAg
a very strong spin-orbit scattering,tf is the only adjusting
parameter in the comparison of the theory with experime
~That the spin-orbit scattering is strong in PdAg is evident
the shape of the positive magnetoresistivity curves show
Fig. 2.! The details of our data analysis procedure was d
cussed previously.14

In threedimensions, the total electron dephasing rate t
governs the weak-localization effects is given by13

1

tf~T,l !
5

1

tf
0 ~ l !

1
1

tep~T,l !
, ~1!

FIG. 2. Normalized magnetoresistivities as a function of ma
netic field for the PdAg17 thick film at~from top down! 1.0, 3.0,
6.0, 9.0, and 14.0 K. The solid curves are the three-dimensio
weak-localization theoretical predictions.
e

ely,
TABLE I. Values of the relevant parameters for Pd60Ag40 thick films. The samples end with~without! a
dagger denote films prepared by the dc-~rf-! sputtering deposition technique.t is the film thickness.r0 is the
resistivity at 10 K.D is the diffusion coefficient. The values ofkFl 53mD/\ are computed by assuming th
free electron mass ofm, wherekF is the Fermi wave number.tf

0 is the fitted electron dephasing time asT
→0. Aep andp are the fitted strength ofe-ph coupling and effective exponent of temperature, respectiv
in 1/tep5AepT

p.

Sample t(Å) r0 (mV cm) D (cm2/s) kFl tf
0 (10210 s) Aep (108 s21 K2p) p

PdAg11† 3900 281 0.36 0.93 2.8 1.5 2.360.1
PdAg15† 5100 235 0.43 1.1 1.1 2.4 1.960.2
PdAg08† 3900 224 0.45 1.2 6.7 2.0 2.460.1
PdAg12† 4800 183 0.55 1.4 3.7 2.8 2.260.1
PdAg18 5000 178 0.56 1.5 4.3 0.40 2.460.1
PdAg17 4500 101 0.99 2.6 1.6 2.2 2.260.1
PdAg19 4000 98 1.0 2.6 1.6 2.9 2.360.1
PdAg14 4100 90 1.1 2.9 1.1 2.5 2.260.2
PdAg16 3300 74 1.3 3.5 0.97 3.6 2.260.1
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wheretf
0 5tf(T→0) depends very weakly on temperatur

if at all, and is called the saturated dephasing time. Whe
tf

0 should reach a finite or an infinite value asT→0 is cur-
rently under vigorous experimental and theoreti
investigations.6 At finite temperatures, the dominating inela
tic electron process in three dimensions is solely due to
e-ph scattering, while the Nyquist electron-electron scat
ing is negligibly small.6,15,16 Usually, one writes 1/tep
5AepT

p over the limited temperature range accessible i
typical experiment, whereAep characterizes the strength o
thee-ph coupling andp is an effective exponent of tempera
ture. According to current understanding,p lies between 2
and 4.2–4,9

The extractedtf(T) between 0.5 and 20 K for each of ou
films is least-squares fitted to Eq.~1!, and the fitted values o
the relevant parameters (tf

0 , Aep , andp) are listed in Table
I. Figure 3 shows a plot of the variation of 1/tf with tem-
perature for the PdAg17 thick film. The symbols are t
experimental data. The thick solid curve drawn through
data points is obtained withtf

0 , Aep , andp as free param-
eters. In this case, we obtain a temperature exponenp
52.260.1. For comparison, we have also least-squares fi
the measured 1/tf with Eq. ~1!, but withp fixed at an integer
value of either 2, 3, or 4~while allowingtf

0 andAep to vary!.
The dotted, dashed, and thin solid curves in Fig. 3 plot
fitted results withp52, 3, and 4, respectively. It is clearl
seen that our temperature dependence of 1/tep can be best
described with an exponentp equal or close to 2. In fact, we
have found that the temperature behavior oftep for all films
listed in Table I is very similar; i.e., 1/tep demonstrates an
essentially quadratictemperature dependence.

FIG. 3. Electron dephasing rate as a function of temperature
the PdAg17 thick film. The thick solid curve drawn through the d
points is a least-squares fit to Eq.~1!, usingp as a free parameter
The dotted, dashed, and thin solid curves are least-squares fi
Eq. ~1! with p fixed at 2, 3, and 4, respectively~see text!.
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Inspection of Table I indicates that, for either dc- or r
sputtered films, the value ofAep decreases with increasin
level of disorder (r0) in the sample. Figure 4 plots the fitte
Aep as a function of the diffusion constant. Clearly, ones s
thatAep varieslinearly with D, implying that 1/tep}D} l . It
should be noted that, if we plot 1/tep as a function of the
measuredr0

21, we also observe a linear variation, i.e
1/tep}r0

21} l . Such a linearity ofAep with l holds forboth
series of films. Quantitatively, however, the values ofAep
~for a given disorder! for the dc- and rf-sputtered films ar
very different. For example, while the dc-sputtered PdAg
and the rf-sputtered PdAg18 thick films have essentially
samer0, their values ofAep differ by several times. More-
over, Fig. 4 reveals that the slope of the linearity is abou
factor of 2 larger in the dc- than rf-sputtered films. Since t
x-ray diffraction studies demonstrate that the crystal str
tures are quite similar for both series of films~Fig. 1!, the
differences in the values ofAep and the variation ofAep with
l strongly imply that thee-ph interaction must be very sen
sitive to the microstructures of the samples. The subtle
ference in the microstructures in these two series of fil
may result from the different ways of sample preparation

Taken together, Figs. 3 and 4 demonstrate that thee-ph
scattering in PdAg possesses ananomaloustemperature and
disorder dependence of 1/tep}T2l . This dependence is in
sensitive to the fabrication method. Such aT2l behavior is
totally unexpected, even qualitatively, in terms of the curr
theoretical concepts for thee-ph interaction in impure con-
ductors. According to the ‘‘orthodox’’e-ph interaction theory
for disordered metals,2–4 which assumes a coherent motio
of impurity atoms with deformed lattice atoms at low tem
peratures, one should expect aT4l dependence. Recently,
was speculated that, in real metals containing heavy~light!
impurities and tough boundaries, the impurity and/or bou

or

to

FIG. 4. The strength ofe-ph coupling Aep as a function of
diffusion constant for dc-~triangles! and rf- ~circles! sputtered
PdAg thick films. The straight lines drawn through the data poi
are guides to the eye.
2-3
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ary atoms might not move in phase with the lattice atom7

The first calculations in consideration of this effect ha
been done by Sergeev and Mitin.9 They found that even a
small amount of ‘‘static’’ potential scatterers drastical
changes thee-ph-impurity interference, and the relaxatio
rate is proportional toT2L 21, whereL is the electron mean
free path with respect to the static impurities (L@ l ). Experi-
mentally, aT4 temperature dependence has been obse
very recently in disordered Hf and Ti thin films.1 ~A T4 de-
pendence had been previously observed in Bi thin films o
a very limited temperature range of 0.6–1.2 K.17! However,
to the best of the authors’ knowledge, the combinedT4l law
has never been confirmed in real conductors thus far. On
other hand, a distinctT2l 21 dependence has been observ
in Ti12xAl x ~Ref. 7! and Ti12xSnx ~Ref. 8! alloys. Previ-
ously, aT2l dependence was independently found in Au
thick films15 (t*4000 Å), and Nbthin films18 (t&200 Å).
In the present case of PdAg thick films, the masses of the
and Ag atoms are quite similar, and the films are three
mensional. Therefore, it is not clear how the Sergeev-M
theory evoking heavy~light! impurities and tough boundarie
can apply to this case.

The criterion for thee-ph interaction to satisfy the dirty
limit condition is qTl !1, where the wave number of th
thermal phononsqT'kBT/\vs andvs is the speed of sound
Taking vs'2600 m/s~Ref. 19! and l'2 –8 Å, we obtain
e

en
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qTT'(0.01–0.04)T for our PdAg thick films. The phase
breaking lengthsADtf in our films are calculated to b
690–1500 Å at 2 K.~The dephasing length essentially sa
rates below about 2 K.! This length scale justifies the use
three-dimensional weak-localization theory to describe
experimental magnetoresistivities.

IV. CONCLUSION

We have measured thee-ph scattering timetep in dc- and
rf-sputtered PdAg thick films. In both series of films, w
observe an anomalous 1/tep}T2l temperature and disorde
dependence. Moreover, thee-ph coupling is found to be
much stronger in the dc- than rf-sputtered films. This ob
vation strongly indicates that thee-ph interaction is not only
sensitive to the total level of disorder, but is also sensitive
the microscopic quality of the disorder. These results po
new theoretical challenge.
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