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Weak-localization, Aslamazov-Larkin, and Maki-Thompson superconducting fluctuation effects
in disordered Zr12xRhx films aboveTc
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The transverse magnetoresistance of disordered Zr12xRhx thin films has been measured above the super-
conducting transition temperatureTc as a function of temperature in a magnetic field up to 60 kG. The
investigated films are disordered enough to indicate quantum corrections due to localization and electron-
electron interaction effects. The field and temperature dependence of the observed magnetoresistance is inter-
preted in terms of weak-localization, Aslamazov-Larkin, and Maki-Thompson superconducting fluctuations
effects. From the comparison of the experimental results with theoretical calculations, the electron-electron
attraction strength,b(T/Tc), is derived and is in good agreement with Larkin’s theory. The total phase-
breaking ratetw

21 has been estimated and ascribed to electron-phonon, electron-electron, electron-fluctuation,
and spin-flip scattering mechanisms.@S0163-1829~97!00934-X#
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I. INTRODUCTION

The disordered thin films of superconductors show ab
their Tc several quantum corrections to the conductivi
These corrections are based on~i! weak localization,~ii ! the
Coulomb contribution in the particle-hole channel~diffusion
channel!, ~iii ! the Coulomb contribution in the particle
particle channel~Cooper channel!, and ~iv! the Aslamazov-
Larkin and Maki-Thompson fluctuations. The contribution
these corrections to the conductivity of two-dimensional d
ordered superconductors in the fluctuation region has b
intensively studied in several theoretical and experime
investigations.1–14

Generally, the superconducting fluctuations cause
broadening of the resistance transition curve above the c
cal temperatureTc in highly disordered thin films. The films
which have high normal resistance and exhibit supercond
ing fluctuations for temperatures close toTc , are dominated
by the Aslamazov-Larkin direct process15,16 Abrahams
et al.17 and later Redi,18 using a phenomenological approa
and a microscopical calculation respectively, extended
Aslamazov-Larkin theory to include the effects of appli
magnetic field. In the two-dimensional~2D! limit the trans-
versal magnetoresistance due to Aslamazov-Larkin fluc
tions is given by the Redi expression:

FDRh~H,T!

Rh
2 ~0,T!
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wherec(x) is the di-gamma function andH* is the charac-
teristic field which is defined by the relation

H* 5~2kBT/peD!ln~T/Tc!. ~2!

In relation ~2! D is the electron diffusion constant. Th
Aslamazov-Larkin term makes a significant contribution
the magnetoresistance only very close toTc .

In contradiction to the Aslamazov-Larkin direct proces
Maki19 and later Thompson,20 in order to explain the conduc
tivity of clean superconductors, have suggested an indi
fluctuation process, which originates from the interaction
superconducting fluctuations with normal-state quasipa
cles. The two-dimensional magnetoresistance due to
Maki-Thompson process is calculated by Larkin1 and is
given by

FDRh~H,T!

Rh
2 ~0,T!

GMT

5
e2

2p2\
bL~T/Tc!

3FcS 1

2
1

Hw

H D1 lnS H

Hw
D G , ~3!

where bL(T/Tc) is the Larkin electron-electron interactio
strength parameter and is tabulated by Larkin.1 The super-
conducting fluctuation contribution to conductivity corr
sponding to the Maki-Thompson process19,20 has the same
magnetic-field dependence as the weak localizat
contribution,21 but it has the opposite sign and differs by th
coefficientbL(T/Tc). For temperature in the immediate v
cinity of Tc , bL(T/Tc) is approximated by the expressio
bL(T/Tc);p2/@4 ln(T/Tc)#. The characteristic fieldHw is re-
lated to the electron phase-breaking ratetw

21 by the relation
Hw5\/4eDtw .The phase-breaking ratetw

21is given by

tw
215t in

21~T!12ts
21, ~4!
6148 © 1997 The American Physical Society
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wheret in
21(T) is the dephasing rate due to inelastic scatt

ing andts
21 is the temperature-independent spin-flip scatt

ing rate. A feature of Larkin’s expression of the magneto
sistance Eq.~3! is that it does not saturate at high field
Lopes dos Santos and Abrahams6 have shown that at tem
peratures close toTc @ ln(T/Tc)!1# and for fields H
!kBT/4eD, Eq. ~3! should be replaced by the approxima
form

S DRh

Rh
2 D MT

5
e2

2p2\
bLS,A~T/Tc ,d!FcS 1

2
1

Hw

H D
2cS 1

2
1

H*

H D1 lnS H*

Hw
D G . ~5!

The bLS,A(T/Tc ,d) parameter differs from Larkin’s tabu
lated values only very near toTc . In the limit ln(T/Tc)!1,
the bLS,A(T/Tc ,d) becomes

bLS,A~T/Tc ,d!5~p2/4!@1/ln~T/Tc!2d#, ~6!

whered5p\/8kBTtw is the Maki-Thompson pair-breakin
parameter. The characteristic fieldH* is defined by Eq.~2!
and is related with d via the expression H*
5(Hw /d)ln(T/Tc). It must be mentioned that the Lopes d
Santos-Abrahams equation~5! underestimates the magn
toresistance atT@Tc and the Larkin equation~3! should be
used. In order to analyze the experimental data of the m
netoresistance one must include the Aslamazov-Larkin
Maki-Thompson fluctuations together with the localizati
effects.21

At temperatures close toTc ,where ln(T/Tc)!1, one must
use the Aslamazov-Larkin fluctuations@Eq. ~1!# and the
Lopes dos Santos and Abrahams expression@Eq. ~5!# for the
Maki-Thompson fluctuations together with the wea
localization term. The localization term contains only t
phase-breaking fieldHw , because it is assumed that the sp
orbit coupling is very strong and the digamma functi
which contains the spin-orbit characteristic fieldHso can be
omitted. The parameters necessary to define the theore
curve are the characteristic fieldsH* andHw as well as the
prefactorbLS,A(T/Tcd).

At temperatures far aboveTc , where ln(T/Tc)@1, one can
neglect the Aslamazov-Larkin term and must use the Lar
expression@Eq. ~3!# for the Maki-Thompson fluctuations to
gether with the weak-localization term, which contains on
the phase-breaking fieldHw . The characteristic fieldHw and
the prefactorbL(T/Tc) can be defined as adjustable para
eters.

Experimental conductivity studies of the thre
dimensional amorphous superconductor Zr75Rh25 were car-
ried out by Johnson, Tsuei, and Chaudhari22 and Gumbatov
et al.23 By analysis of their data in zero field, Johnson, Tsu
and Chaudhari22 have found that the Aslamazov-Larkin15,16

prediction for the conductivity gives good agreement w
the experimental results nearTc both in magnitude and tem
perature dependence. They have attributed the absence
Maki-Thompson19,20 term in contributions to the conductiv
ity from pair-breaking effects due to thermal phonons.24 On
the other hand, Gumbatovet al.23 studying the same three
dimensional metallic glass system have analyzed their
-
-
-
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d

-
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n

-

i,

the

ta

mainly in terms of the contribution from the weak
localization and the electron-electron interaction in the dif
sion and Cooper channels. The above authors have attrib
the discrepancy between the calculations and the experim
tal data to the Maki-Thompson fluctuations, which they ha
not taken into account in the analysis.

In the present work, we report in a series of Zr12xRhx thin
films with thicknesses varying from 120 to 1200 Å, a d
tailed study on the inelastic-scattering mechanism and
superconducting parameterb(T/Tc), where for T
@Tc b(T/Tc) means the Larkin’s parameterbL(T/Tc) and
for T close toTc b(T/Tc) is the Lopes dos Santos and Abr
hams parameterbLS,A(T/Tc ,d), and provide a quantitative
evaluation based on recent quantum transport theories.

II. EXPERIMENTAL PROCEDURE

The Zr12xRhx master alloy was prepared from pure z
conium ~99.99%! and rhodium~99.95%! by HF-levitation
melting under an ultrapure helium gas at atmospheric p
sure. The Zr12xRhx thin films are deposited in an ultrahig
vacuum chamber (,1028 mbar! by electron-beam evapora
tion on Si wafers coated with about 2000 Å thick Si3N4 film
held at room temperature. The Si3N4 films, prepared by
chemical vapor deposition, were used as substrates to a
interface oxidation between Zr12xRhx films and the sub-
strate. In order to obtain large deposition rates a grap
boat was used as a crucible, which was placed on thee-gun.
The composition of the film was determined by Rutherfo
backscattering spectroscopy. The film thickness was de
mined using a crystal thickness monitor, which was ca
brated with a DEKTAK II profilometer. The sampl
dimensions 2032 mm2 were defined with a stainless-ste
mask held in close contact with the substrate. The fo
terminal resistance measurements were all carried out at
ferent fixed temperature by varying the magnetic field. T
dc voltage was measured with a HP 3457 A digital voltm
ter, giving 61/2 steady digits of accuracy. The measuring
currents were kept below 100mA to minimize Joule heating
and to ensure that the currents would not destroy super
ductivity. The low-temperature measurements, between
and 20 K, were carried out in a standard stainless-steel4

cryostat. The transverse magnetoresistance was measur
a superconducting solenoid which produces a magnetic fi
up to 60 kG.

III. RESULTS

Figure 1 shows a representative zero magnetic-field re
tance as a function of the temperatureT between 1.6 and 4.5
K for Zr12xRhx thin films. The broad resistive transition i
due to the presence of superconducting fluctuations.
solid curve of Fig. 1 is a least-squares fit using the theoret
expression for two-dimensional conductivity of a superco
ductor derived by Aslamazov and Larkin15,16 and
Maki-Thompson.19,20 The full expression for the conduc
tance is given by

Rh
215Rhn

211R0 /«~T!12R0 ln@«~T!/d#/@«~T!2d#,
~7!
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FIG. 1. The temperature de
pendence of resistance of the 21
Å thick film in zero field.
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where Rn is the normal resistance,R05e2/16\56.58
31024V/h, «(T)5(T/Tc21), d5p\/8kBTtw is the pair-
breaking parameter, andTc is the BCS mean-field transitio
temperature. The calculatedTc andd value are presented i
Table I.

In Fig. 2 is plotted the transverse upper critical fieldHc2
of a Zr87Rh13 thin films with a thickness of 800 Å as
function of the temperature. From the temperature dep
dence ofHc2 the electron diffusion coefficientD can be
extracted using de Gennes’s expression for d
superconductors25

D52
4kB

pe~dHc2 /dT!Tc

52
1.09831024

~dHc2 /dT!Tc

~m2/s!. ~8!

The calculated values ofD are listed in Table I. On the othe
hand, if one uses the Einstein relation for the diffusion co
stantD51/2e2%N(«F), where% is the measured resistivit
of thin films at 4.2 K andN(«F)52.6431042 states/J mole
or 5.2231046 states/J m3 the density of states at Fermi en
n-

y

-

ergy of amorphous Zr3Rh alloy,26 obtained from measure
ments of the low-temperature electronic specific heat,
would take the values ofD, which are listed also in Table I

In Fig. 3 is shown the superconducting transition tempe
ture Tc as a function of the sheet resistanceRh for the
present investigated films. This figure shows thatTc de-
creases asRh increases, a behavior observed also in ot
systems.27,28 Figure 4 shows indicatively the transvers
magnetoresistance of a 120 Å Zr61Rh39 thin film as a func-
tion of the magnetic field in a semilogarithmic diagram
different temperatures aboveTc . In the entire magnetic-field
region the magnetoresistance is positive at all measu
temperatures and also increases with decreasingT. The sym-
bols represent the experimental results.

IV. DISCUSSION

The decrease of the superconducting transition temp
tureTc with increasing the sheet resistanceRh shown in Fig.
3, can be attributed to the localization effects. According
6

9

TABLE I. Value of relevant parameters for Zr12xRhx thin films.

Thickness~Å! 120 185 210 215 355 800 1200
Rh ~4.2 K!(V/h) 246 106 143 105 81 13.3 9.3
%0 ~4.2 K!(mV cm) 295 196 300 225 288 106 111
Tc ~K! 1.30 2.76 1.50 2.41 2.85 3.39 3.4
d @from Eq. ~7!# 0.2 0.1 0.3 0.2 0.1 0.1 0.2
D(31025) (m2/s) 1.51 2.09 2.72 2.46

D5
1

2e2%0N(«F)
(31024)~m2/s)

1.26 1.91 1.24 1.66 1.25 3.52 3.3

l 0.46 0.55 0.47 0.53 0.56 0.59 0.5
LT5(\D/kBT)1/2 ~Å! 139 170 138 159 138 232 226
Composition
~at. %! Zr 61 75 61 75 75 87 87
~at. %! Rh 39 25 39 25 25 13 13
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FIG. 2. The temperature de
pendence of the upper critica
field Hc2 of a 800 Å thick film.
nc

ad
an

g
n-

he
-
nt,
Maekawa and Fukuyama2 and Tagaki and Kuroda3 the quan-
tum interference effects in 2D disordered metals influe
the superconducting transition temperatureTc .

The interplay between the interaction and disorder le
to the enhancement of the Coulomb repulsive interaction
to the depressing of the electronic density of statesN(0).
Both effects contribute to the depression ofTc , however, the
influence of theN(0) change in dirty 2D superconductin
films is negligibly small as compared with that of the i
creased Coulomb interaction.29 Specifically, Maekawa and
Fukuyama,2 using perturbation theory, have found that t
presence of disorder lowers the temperatureTc of the super-
e

s
d

conducting transition of films in the following way:

lnF Tc

Tc0
G52S e2

2p2\
D Rhg1N~0!H 1

2F lnS 5.4
j0Tc0

lTc
D G2

1
1

3F lnS 5.4
j0Tc0

lTc
D G3J , ~9!

where Tc and Tc0 are the critical temperatures of the film
with and without impurity scattering,Rh is the sheet resis
tance,gl is the electron-electron repulsion coupling consta
N(0) is the density of states,j050.18\vF /kBTc0 is the
al
FIG. 3. Variation of the super-
conducting Tc as a function of
Rh at 4.2 K. The dash-pointed
and dashed lines are theoretic
fits with Eqs.~9! and~10!, respec-
tively.
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FIG. 4. Transverse magnetore
sistance of a 120 Å thick film at
different fixed temperatures abov
Tc .
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zero-temperature coherence length corresponding toTc0 , l is
the elastic mean free path and (e2/2p2\)51.23531025

V21. The quadratic term of Eq.~9! is due to the corrections
to the pair of states, while the cubic term is due to the
hancement of the Coulomb repulsion between the elect
due to impurities and it is much stronger than the quadr
term.

The dashed-pointed curve in Fig. 3 represents the fi
the experimental data using Eq.~9!, and is obtained taking
Tc053.8 K, j0 / l 51470, andg1N(0) as the fitting param-
eter. The best-fit value forg1N(0) is 1.1 and compares we
the value ofg1N(0)51 of the screened Coulomb interactio
in the limit of long wavelength.30 The ratioj0 / l is calculated
from the zero-temperature coherence lengthj054400 Å, us-
ing vF51.23106 m/s@corresponding to«F54 eV ~Ref. 31!#
and Tc053.8 K, and from the mean value ofl 53 Å. The
value of l is estimated from the electrical resistivity%0
~mV cm! at helium temperature using the expression:l ~Å!
592(r s /a0)2/%0 ~mV cm!,32 where a0 is the Bohr radius
and r s is defined as r s50.75(r s)Zr10.25(r s)Rh @r s
5(3/4pn)1/3, andn is the number of electrons per cm3].

Finkel’stein33 has shown that Eq.~9! is valid atRh,0.5
kV. For systems with sheet resistanceRh.0.5 kV the tran-
sition temperatureTc(Rh) can no longer be determined b
simply using the first correction in (e2/2p2\)Rh and the
renormalization group equations should be us
Finkel’stein33 has obtained for the dependenceTc(Rh) the
expression:

Tc

Tc0
5exp~21/g!F S 11

~ t/2!1/2

g2t/4D Y S 12
~ t/2!1/2

g2t/4D G1/A2t

,

~10!

where g51/ln(kBTc0ttr /\), g,0, t5(e2/2p2\)Rh , t tr is
the transport relaxation time,Tc is the transition temperatur
of the film, andTc0 is the bulk value of the transition tem
perature.g is used as a fitting parameter. The dashed curv
-
ns
ic

f

.

in

Fig. 3 is a fit to Eq.~10! with g215212.5 forTc053.8 K.
From the value ofg21 the transport relaxation time is calcu
lated to the 7.5310218 s. Using for the logarithmic term o
Eq. ~9! ln@5.4(j0Tc0 / lTc)# the equivalent expressio
ln(\/kBTc0t0) and takingg1N(0)51.1, the best fit to the ex
perimental data of Fig. 3 gives a relaxation timet052.4
310216 s. This relaxation time is about a factor of 30 larg
than the transport relaxation time extracted from t
Finkel’stein’s Eq. ~10!. On the other hand, usingg1N(0)
50.5 in Eq.~9! @the value assumed by Finkel’stein33 in Eq.
~10!#, the fitting procedure gives a relaxation timet0510.5
310218 s. This value is near to the transport relaxation tim
t tr extracted from Eq.~10!. Consequently the discrepancy
the relaxation time between Eqs.~9! and ~10! is only due to
the different values of the parameterg1N(0).

We can compare our experimental results with the theo
assuming that the measured magnetoresistance arises
weak-localization, Aslamazov-Larkin, and Maki-Thomps
superconducting fluctuations suppression, using the pro
dure mentioned above. The Maki-Thompson supercond
ing fluctuations can be represented by the Lopes dos Sa
and Abrahams expression@Eq. ~5!# for temperatures nearTc
and for the case that the magnetoresistance saturates, a
the Larkin expression@Eq. ~3!# for temperatures far abov
Tc . From the temperature dependence of the magnetore
tance data of Fig. 4, one can obtain values for theb(T/Tc),
the characteristic fieldH* and therefore the diffusion con
stantD, the characteristics fieldHw and therefore the phase
breaking timestw and the phase-breaking parameterd. The
dashed curves in Fig. 4 are the best fits. This procedure
been applied to all Zr12xRhx investigated thin films. The
values of theb(T/Tc) parameters are plotted in Fig. 5 as
function of the reduced temperatureT/Tc in a semilogarith-
mic diagram. The plot shows that all points fall on the sa
curve, i.e., it observes a universal behavior.b(T/Tc) di-
verges as T approaches the critical temperatu
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FIG. 5. Dependence of the
Larkin parameterb(T/Tc) as a
function of the reduced tempera
ture T/Tc for the investigated
films. The dashed curve is a theo
retical plot ofbL(T/Tc) after Lar-
kin ~Ref. 1!.
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Tc . For comparison, Fig. 5 also shows the theoretical val
of bL(T/Tc) which have been tabulated by Larkin1 versus
the electron coupling constantgc

21(T/Tc)52 ln(T/Tc). The
dashed curve drawn through the experimental points co
sponds to the theoretical values ofbL(T/Tc). A comparison
shows that there is a very good agreement between the
perimental data ofb(T/Tc) and the theoreticalbL(T/Tc).
The values of electronic diffusion coefficientD correspond-
ing to the characteristic fieldH* is of the same order o
magnitude with the values calculated from the upper criti
field Hc2 .The values of the pair-breaking factord coming
s

e-

x-

l

from the fitting procedure on the magnetoresistance data
plotted in Fig. 6 as a function of ln(T/Tc) for the investigated
films. One can see thatd depends on the resistance p
square of the films and shows a tendency to increase as
temperatureT approachesTc . These values ofd differ from
the corresponding values ofd extracted from the fitting pro-
cedure on the temperature dependence of the resistance
factor of 3. The curves of Fig. 6 are the calculations of pa
breaking parameterd5p\/8kBTtw using theoretical expres
sions for the different scattering times, which will be an
lyzed below.
-
FIG. 6. The pair-breaking pa
rameter d as a function of
ln(T/Tc) of all investigated films.
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An interesting consequence of the fitting is the deter
nation of the characteristic fieldHw and the corresponding
phase-breaking ratetw

21. As mentioned in the introduction
the phase-breaking ratetw

21is given by Eq.~4!, i.e., tw
21

5t in
21(T)12ts

21, where the temperature-independent par
the spin-flip scattering rate due to the presence of resid
magnetic impurities, while the temperature-dependent
deals with inelastic-scattering processes in relation w
electron-phonon, electron-electron, and electron-fluctua
interactions. The temperature-dependent ratet in

21(T) is ex-
pected to be the sum of the terms due to inelastic elect
phonon, electron-electron, and electron-fluctuation scatte
mechanisms, namely:

~i! In the case of electron-phonon scattering the dim
sionality of the investigated films plays a decisive role, w
respect to phonon propagation, i.e., the comparison of
physical dimensions of the films with the phonon wavelen
lph5hvs /kBT, wherevs is the velocity of sound. In order to
estimate the dimensionality of the present samples with
spect to the electron-phonon scattering it is necessar
know the phonon wavelengthlph5hvs /kBT at temperature
T and consequently the sound velocityvs of the alloy system
Zr12XRhX. Unfortunately there is no data onVS for this sys-
tem in the literature. An estimate of the sound velocity
made using the formulavs(Zr12xRhx)5(12x)vs(Zr)
1xvs(Rh), wherevs(Zr)54360 m/s is the sound velocity o
pure Zr andvs(Rh)56190 m/s is the sound velocity of pur
Rh.34 This compromise gives a sound velocity of about 48
m/s for our samples (x50.25). On the other hand, the Deby
temperatureQD5191 K corresponds to a transverse phon
velocity vT;1750 m/s or to a longitudinal velocityvL
;3500 m/s. A sound velocity of 4820 m/s atT55 K corre-
sponds to a phonon wavelength of about 460 Å. This s
gests that the present samples are between 2D and 3D a
the dirty limit (l !lph).

Based on the above-mentioned arguments for the dim
sionality, namely that the films are in the intermediate ran
between two and three dimensions~neglecting the coupling
scattering of the film with substrate!, one can take for the
inelastic-scattering rate a relation given by Raffyet al.,11

which is valid for the dirty two-dimensional limit (l ,d
!lph):

t in~e-ph!
21 514p2z~2!lvDS T

QD
D 3

58.1473108 ~s21 K23!lT3, ~11!

wherez(2) is the two-dimensional Riemann’s zeta functio
The numerical coefficient of this equation is calculated us
for Debye temperatureQD and frequencyvD the values 191
K and 2.531013 s21, respectively. The Debye temperatu
QD is determined from the coefficientb of the cubic term of
the molar specific heat for amorphous Zr3Rh alloy.26 The
electron-phonon coupling constantl can be estimated from
McMillan expression35 for the Tc of strong-coupling super
conductors assuming the effective Coulomb repulsion
rameterm* to be 0.1. Thel values of the present films ar
given in Table I.

~ii ! For the inelastic electron-electron scattering in a tw
dimensional dirty limit, i.e., with thermal diffusion lengt
i-

s
al
rt
h
n

n-
g

-

e
h

e-
to

0

n

-
in

n-
e

.
g

-

-

LT5(\D/kBT)1/2 larger than the thicknessd of the films
LT@d), Al’tshuler, Aronov, and Khmelnitsky36 and Fuku-
jama and Abrahams37 have found for the scattering rate th
expression:

t in~e-e!
21 5S e2

2p\2D RhkBT lnF p\

e2Rh

G5c2T. ~12!

Using as diffusion constantD the values, which are derive
from Einstein relating, one obtains values ofLT which are
listed in Table I. A comparison betweenLT and the thickness
d shows that most of the samples are in an intermed
range between two and three dimensions with respec
electron-electron interaction.

~iii ! At temperatures very close toTc , Brenig and
co-workers38,39 have suggested that the existence of the
perconducting fluctuations can affect the inelastic-scatte
rate. According to Breniget al.38 this term arises from the
inelastic process associated with the recombination of e
trons into superconducting pairs and is given by

t in~e-fl!
21 5S e2

2p\2D RhkBTF 2 ln 2

ln~T/Tc!1C2
G

5C1T
1

ln~T/Tc!1C2
, ~13!

where C254 ln2/†$@ ln(p\/e2Rh)#21128\/e2Rh%1/22 ln(p\/
e2Rh)] ‡. Equation~13! means that forT@Tc , the ln(T/Tc)
term is large and the electron-fluctuation scattering is v
small in comparison to electron-phonon and electro
electron scattering processes. However as the tempera
approachesTc , the ln(T/Tc) term goes to zero, the electron
fluctuation ratet (e-fl)

21 exceeds the inelastic electron-electr
scattering ratet in(e2e)

21 and becomes the dominating proces
For the total phase-breaking process, which includes

electron-fluctuation, the electron-electron, electron-phon
and other temperature-independent scattering mechanism
dephasing rate can be applied given by the following for

tw
215t in

211A5C1T
1

ln~T/Tc!1C2
1C3T1C4T31A.

~14!

A contains the spin-flip scattering rate. The termA is ob-
tained by making a best fit to the experimental data oftw

21

for temperatures far aboveTc . Using only the linear, the
cubic, and the constant terms of Eq.~14!, where the fluctua-
tion term is negligible. The values ofA are collected in Table
II. Figure 7 shows in a double logarithmic plot the inelas
part t in

21 of the phase-breaking ratetw
21 as a function of the

temperature for all investigated films. The broken curves
Fig. 7 represent the best fits of the inelastic part of Eq.~14!.
Table II contains the ratios between the prefactorsC1 , C2 ,
C3 , andC4 determined from this analysis and the theoreti
values. The comparison of these coefficients shows
electron-phonon coefficientsC4 for the thinner films are
nearly close to the theoretical values for the 2D dirty lim
while the electron-fluctuation and electron-electron coe
cientsC1 and C3 are thickness and composition depende
and deviate considerably from the theoretical values b
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factor which lies between 5 and 10 and 0.2 and 30, resp
tively. In contradiction for the two thicker films the corre
sponding experimental values ofC1 and C3 are 100 times
larger than the theoretical.

Table II exhibits also the fact that the cutoff paramet
C2 of Brenig et al.38 for electron-fluctuation interaction fo
all films are nearly in agreement with the theory. The me
tioned large deviations of the experimental coefficientsC1
and C3 from the theoretical values can be attributed to
fact that the present films are two-component systems w
different compositions and probably are inhomogeneous
contradiction to the simple systems like Al films,28 in which
there is good agreement between experimental and theo
cal values of theC1 andC3 .

Apart from this fact the measurements show that in
present system all three inelastic-scattering processes c
ist. The solid straight line in Fig. 7 represents theT3 behav-
ior of the electron-phonon scattering process, which in
cates that at high enough temperatures the inelastic r
approach the electron-phonon curve. As the temperature
creases thet in

21 curve deviates from theT3 dependence due
to the activation of the two-dimensional electron-electr
scattering, which is linear inT as mentioned above. Th
t in

21 rates decrease monotonically as the temperature
creases untilT54 K, where in lower temperatures, asT

TABLE II. Inelastic scattering fitting parameters.

d ~Å! A C1
exp/C1

th C2
exp/C2

th C3
exp/C3

th C4
exp/C4

th

~2D! dirty ~2D! dirty

120 0.39 3.84 2.08 11.00 1.02
185 5.63 0.14 31.55 1.55
210 0.25 9.77 1.24 10.77 1.57
215 0.85 7.10 0.07 0.23 2.31
355 0.94 8.56 2.95 28.79 1.67
800 82.3 0.70 82.7 8.1

1200 112.8 0.80 86.7 9.9
c-

s

-

e
th
in

ti-

e
ex-

i-
tes
e-

e-

approachesTc , they start to increase. This is consistent w
the existence of electron-fluctuation inelastic scattering n
Tc .

As is mentioned above, if one uses for the diffusion co
stant D the values of Table I then the thermal lengthLT
5(\D/kBT)1/2 compares tod at 5 K. This means that the
present disordered films are between two and three dim
sions with respect to electron-electron interaction.

On the other hand for the inelastic electron-electron sc
tering in 3D metals Schmidt40 has shown that the scatterin
rate is given by the expression

t in~e-e!
21 5

p

8 S kB
2

\«F
DT21

A3

2 S kB

kFl
D 3/2

T3/2

\A«F

, ~15!

where«F is the Fermi energy,kF is the Fermi wave number
andl is the mean free path. TheT2 term in Eq.~15! describes
the Landau electron-electron scattering mechanism
dominates in the pure case, while theT3/2 term dominates in
the strong disorder limit. Using for«F54 eV ~Ref 31!, and
for kFl;4 the above expression yields

t in~e-e!
21 5~1.113106 T216.583107 T3/2! s21 K22.

~16!

The first term T2 is not consistent with the present resul
while the prefactor 6.583107 of the T3/2 term is much too
small in comparison to the experimental values (6310828
31010). From the inelastic-scattering rate with respect to
electron-electron interaction it can be concluded that
present films behave like 2D systems, although the tw
dimensional conditionLT5(\D/kBT)1/2@d is not valid
fully as mentioned above. The nonvalidity of the 2D cond
tion LT5(\D/kBT)1/2@d in the present samples can be a
tributed to the inhomogeneities of the present films. We p
pose that additional interface scattering41 of the electrons at
the grain boundaries of these inhomogeneities reduces
diffusion constantD and also the thermal lengthLT and so
invalidates the 2D condition. It is worth mentioning her
-
d

nt
.

n

FIG. 7. The temperature de
pendence of characteristic fiel
H in and the inelastic-scattering
rate t in

21 of various thickness
films. The dashed curves represe
best fits of the inelastic part of Eq
~14!. The solid straight line corre-
sponds to the electron-phono
contribution@Eq. ~11!#.
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that if this additional temperature-independent interface s
tering process is assumed to exist, then the rateA must be the
sum between the spin-flip part and the part resulting fr
this scattering.

V. CONCLUSION

In the present investigation, low-temperature magneto
sistance data have been used for superconducting Zr12xRhx
to determine the Larkin parameterbL(T/Tc) and the magni-
tude and temperature dependence of the inelastic-scatt
ratet in

21. The positive magnetoresistance of the present s
tem is well described by the existing theories for the we
r.

om

he

lid

ys

P.
t-

e-

ing
s-
k

localization in the presence of a strong spin-orbit couplin
Aslamazov-Larkin, and Maki-Thompson fluctuations. T
inelastic-scattering ratet in

21 is determined as a function o
temperature and is in qualitative agreement with the theo
which include electron-phonon, electron-electron, a
electron-fluctuation inelastic scattering.
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