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Abstract

In this Letter we report on the electrical resistivity and magneto-resistivity of disordered V80Al20−xFex alloys in the
temperature range 1.5 � T � 300 K and analyze them in the light of weak localization and electron–electron intera
The low temperature zero field resistivity obeys aT 1/2 law, which is explained by electron–electron interaction. The low fi
magneto-resistivity is described by weak localization theory under strong spin–orbit interaction. The electron–phonon s
rate obeys a quadratic temperature dependence. This observation is interpreted by the existing theories of electro
interaction.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The properties of disordered metals have long b
a subject of interest. In the last few decades much th
retical and experimental effort has been made to st
the problem of electron transport in a random pot
tial [1–7]. The motion of electrons in disordered sy
tems is one of the most important and fundame
problems in condensed matter physics. Both theo
cal and experimental investigations of the low temp
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E-mail address: ak_meikap@yahoo.com (A.K. Meikap).
0375-9601/$ – see front matter 2004 Elsevier B.V. All rights reserved
doi:10.1016/j.physleta.2004.06.016
ature electrical resistivity ofdisordered electronic sys
tems have led to quantum corrections to the class
Boltzmann contribution during the last few decad
The corrections assume more and more importanc
the temperature approaches zero with the accomp
nying effect of disorder. This non-classical aspect
the carrier transport mechanism has been theoretical
interpreted by two distinct phenomena—namely,
electron–electron interaction (EEI) and the weak
calization (WL) phenomenon. The electron–elect
interaction is less sensitive to the magnetic field a
produces a positive magneto-resistance at high m
netic field. Thouless[8] first studied WL from the scal
ing theory and found that WL behaviour is strong
.

http://www.elsevier.com/locate/pla
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dependent on the dimension of the system. The
results from the enhanced back scattering proba
ity of the electrons due to the interference by par
electron waves travelling along time reversed electr
path. Constructive interference will occur even in t
presence of elastic scattering since this type of sca
ing does not influence the phase coherence of the e
trons. The scattering events, which affect the wa
length of the electronic wave function, are main
the electron–electron and electron–phonon scatte
which are strongly reduced at low temperature. An
ternally applied magnetic field suppresses the ph
coherence and we have negative magneto-resista
Later, the theory was extended to take into acco
other scattering mechanisms namely, the spin–o
coupling, which produces an antilocalization effe
and the result is positive magneto-resistance and
scattering by magnetic impurities, which produce
saturation of the additional resistivity at low tempe
ature. Although EEI and WL introduce temperatu
dependent corrections to resistivity at low tempe
ture, it is known that in case of three-dimensional d
ordered metals, the temperature dependent resis
at zero magnetic fields is dominated by EEI corr
tion and the field dependence in low fields is dom
nated by the WL corrections. The magneto-resistiv
study by WL provides quantitative information regar
ing dephasing time for inelastic scattering, spin–o
scattering and spin–spin scattering in respect of
electron wave function. Many theoretical[3,6] and
experimental[9–13] works have established that th
electron–electron scattering dominates the depha
process in reduced dimensional systems and its
perature and disorder dependence has been quite
developed. Although, the temperature behaviour of
electron–phonon scattering is well established in p
or clean conductors[14,15], the nature of electron
phonon scattering in disordered metals is still unde
controversy[16–26]. In this work we want to study th
WL and EEI effects in disordered V80Al20−xFex al-
loys and also study the anomalous temperature be
iour of electron–phonon scattering at low temperatu

2. Experimental method

V80Al20−xFex alloys were melted in an arc-meltin
furnace withx = 0,1 and 2. The melting procedure in
volved repeated melting and solidification of the all
.

l

in the furnace after physical mixing of spec-pure va
dium, aluminium and iron in suitable proportions.
ensure homogenisation of composition in the alloy
gots, the same were annealed at 800◦C for a period
of 50 to 170 hours. The dimension of the sample
resistivity measurement was 0.2×0.2×10 mm3. Plat-
inum electrodes were joined with the samples for elec
trical connection by spot welding. The standard fo
probe technique was used for measurement of resi
ity. Low temperature measurement was performed
4He cryostat. Calibrated carbon glass and RuO2 ther-
mometer were used as sensors to monitor the tem
ature of the specimen. To avoid the harmful effect
joule heating of the electrons, low measurement c
rent was applied. Similarly with a view to minimiz
ing the contribution from the many body EEI effe
a small magnetic field was applied while measur
the magneto-resistance. Free electron model[27] was
applied to find out the values of the Fermi wave v
tor KF, which is given by the relationKF = 3.63

(rs/a0)
Å,

wherea0 is the Bohr radius andrs is the volume of a
sphere whose volume is equal to the volume per c
duction electron. The electron elastic mean free p

(le) was determined from the relationle = 3π2h̄

(K2e2ρ0)
,

whereρ0 (at 10 K) is the resistivity due to impuritie

The Einstein relation1
ρ0

= De2N(0)
(1+λ)

, was employed to
determine the values of the electron diffusion coe
cient. Hereρ0 is the measured resistivity,N(0) is the
density of states at Fermi level obtained from spec
heat measurementγ T = (π2/3)K2

BN(0), for vana-
dium aluminium alloys. A value of 0.46 was used f
the electron–phonon coupling constantλ [28]. By util-
ising these values, the expression for diffusion coe
cient turns out to beD = 229/ρ0 cm2/s, ρ0 being in
µ� cm [29]. Table 1displays the values ofle, KFle
andD for different samples.

3. Results and discussion

We have measured the electrical resistivity of
disordered polycrystalline V80Al20−xFex alloys both
in the absence as well as in the presence of the m
netic field (B < 1 Tesla) in the temperature ran
1.5� T � 300 K. The values of resistivity at 10 K an
resistivity ratio are given inTable 1. Fig. 1 displays
the variation of the electrical resistivity with tempe
ature for different samples. It is apparent fromFig. 1
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Table 1
Values of relevant physical parameters for disorde
V80Al20−xFex alloys, ρ0 and ρ(300 K) are the resistivity at
10 and 300 K, respectively,le is the mean free path,D is the elec-
tron diffusion coefficient,KF is the Fermi wave vector,Tmin is the
temperature at which resistivity is minimum,α is the coefficient
of T 1/2 variation of resistivity,τ−1

so is the spin–orbit scattering
rate andτ−1

φ (10 K) is the dephasing scattering rate at 10 K,τ
−1
0

is temperature independent dephasing time,Ae-ph is the strength
of electron–phonon coupling,p is the exponent of temperature fo
τ−1
e-ph and τ−1

e-ph is the electron–phonon scattering rate calculated

from Eq. (5)

Parameters V80Al20 V80Al19Fe1 V80Al18Fe2

ρ0 (µ� cm) 148 167 180
ρ(300 K)/ρ0 1.017 1.024 1.039
le (Å) 2.43 2.15 2.00
D (cm2/s) 1.55 1.37 1.27
KFle 4.47 3.96 3.68
Tmin (K) 62.0 57.5 37.5
α (µ�−1 cm−1 K−1/2) 4.70× 10−6 3.76× 10−6 3.15× 10−6

τ−1
so (s−1) 8.051× 1012 7.443× 1012 7.112× 1012

τ−1
φ

(s−1) 1.239× 1011 1.018× 1011 0.896× 1011

τ−1
0 (s−1) 4.874× 1010 2.205× 1010 1.918× 1010

p 2.12 2.04 1.99
Ae-ph (s−1 K−p) 6.508× 108 7.639× 108 7.491× 108

τ−1
e-ph(s−1) (theor.) 2.681× 1011 3.038× 1011 3.268× 1011

that the resistivity of the samples follows a decre
ing trend with decreasing temperature touching a m
imum atT = Tmin. Further lowering of the tempera
ture (T < Tmin) produces an anomalous behaviour
resistivity property of the disordered alloys by impa
ing an increasing trend to the resistivity. The valu
of Tmin for different samples are listed inTable 1. We
have explained this anomaly in resistivity behaviou
such disordered solid at low temperature(T < Tmin)

by electron–electron interaction (EEI), weak localiz
tion (WL) and Kondo type scattering phenomen
Theoretically, the effects of EEI in three dimensio
cause a resistivity rise at low temperature given
	ρ(T )

ρ2
0

= αT 1/2 [30,31], whereα is a constant and

given by the relation

(1)α = −1.3e2

4π2h̄

[
4

3
− 3F

2

]√
kB

2h̄D
,

wherekB is the Boltzmann constant,D is the diffusion
constant,̄h is Planck’s constant divided by 2π , e is the
electronic charge andF is a screening factor average
over the Fermi surface.
Fig. 1. Variation of electrical resistivity with temperature of differe
disordered V80Al20−x Fex alloys.

A considerable effect of interference between sc
tered partial waves becomes discernible at low tem
ature due to the movement of electrons between
scattering events. Under such circumstances, the e
of weak localization assumes the dominating role
influence the resistivity behaviour of disordered m
als[32–34]and the temperature dependent part of
resistivity can be expressed as	ρ(T )

ρ2
0

= βT p/2, where

p is an exponent of inelastic scattering timeτi , which
is proportional toT p andβ is a constant.

The Kondo type scattering[35] phenomenon als
contributes to resistivity by which the resistivity in
creases with decreasing temperature at low temp
ture region and the resistivity obeys the relations
	ρ(T )

ρ2
0

= η lnT , whereη is a constant. We may, ther

fore, express the rise in resistivity at low temperat
by combining the effects due to all these three p
nomena by the following relationship:

(2)
	ρ(T )

ρ2
0

= αT 1/2 + βT p/2 + η lnT .

With a view to understanding the true mechani
in the electron transport in such disordered alloys,
have fitted the experimental data withEq. (2) taking
different constants as fitting parameters. It is fou
that the experimental data is amenable to produc
good fit with theT 1/2 but not with lnT variation in
the experimental temperature range of 1.5 K � T �
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Fig. 2. Electrical resistivity variation as a function ofT 1/2 for
different disordered V80Al20−xFex alloys.

Tmin. This rules out any effect of Kondo type sca
tering to account for rise in resistivity belowTmin. In
Fig. 2, points represent the experimental data and s
lines show the fitted values obtained from the relat
	ρ(T )

ρ2
0

= αT 1/2. The values of the fitting paramet

α for different samples have been listed inTable 1.
It has been observed that the two effects namely,
WL and EEI effects are the major contributing fa
tors toward resistivity correction in disordered cond
tors. However, the temperature dependence of resi
ity in three-dimensional disordered metals, in abse
of a magnetic field is dominated by the EEI corre
tion. Therefore, it may be inferred that theT 1/2 de-
pendent resistivity-rise with decreasing temperatur
disordered V80Al20−xFex alloys is due essentially t
the EEI effects.

While measuring the magneto-resistance, the m
netic field was kept well below 1 Tesla so as to mi
mize the effect of any contribution arising from ma
body electron–electron interaction. The positive v
ues of magneto-resistance for all the samples c
firm the existence of strong spin–orbit scattering
fects even if the constituents are of lower atomic nu
bers[36]. A very similar finding was recorded in th
study of highly resistive crystalline NixSi1−x films
[37]. The alloys under investigation being highly res
tive are susceptible to strong electron-elastic scatte
and show strong spin–orbit scattering.
Fig. 3. The variation of the magneto-resistivity with magnetic fi
at different constant temperature of V80Al19Fe1 alloy. The points
are the experimental data and the solid lines are the theore
predictions fromEq. (3).

It is well known that quantitative information o
impure metals for the electron dephasing scatte
time can be obtained from the measurements of
magneto-resistance due to weak localization effe
along with contribution from superconducting fluct
ation. This therefore, enables us to introduce the
fect of three-dimensional weak localization along w
superconducting fluctuation correction[38–40]in the
low field region to interpret the magneto-resistan
data. In order to calculate the different scatter
fields such as the electron dephasing scattering
(Bφ) and the spin–orbit scattering field(Bso), we
have fitted the experimental magneto-resistance
with Eq. (2) using Bφ and Bso as fitting parameter
for a particular temperature.Fig. 3 shows the varia
tion of the magneto-resistance with magnetic field
V80Al19Fe1 sample in which the points represent t
experimental data and the solid lines display the th
retically best fitted values obtained by usingEq. (3).

(3)

	ρ(B,T )

ρ2
0

= e2

2π2h̄

√
eB

h̄

[
1

2
f3

(
B

Bφ

)

− 3

2
f3

(
B

Bφ + 4
3Bso

)
− β(T )f3

(
B

Bφ

)]
,
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where the functionf3(x) has already been defined
Ref. [41] andβ(T ) is the superconducting fluctuatio
parameter[39]. The different scattering times hav
been calculated from the best fitted values atBφ

and Bso by using the relationτx = h̄
4eDBx

where
x = φ for electron dephasing scattering andx = so
for spin–orbit scattering. The calculated values
τso and τφ show that the spin–orbit scattering ra
is independent of temperature and is higher than
electron dephasing scattering rate, i.e.,τ−1

so > τ−1
φ .

The values ofτ−1
so and τ−1

φ (10 K) are listed in
Table 1. τφ possesses two components, one of whic
temperature independent (τ0), and the other one whic
is temperature dependent (τi ), i.e., inelastic scatterin
time. This is given by

(4)τ−1
φ = τ−1

0 + τ−1
i = τ−1

0 + τ−1
e-ph.

The electron–phonon scattering (τ−1
e-ph) and the elec-

tron–electron scattering (τ−1
e-e ) are the two main mech

anisms, which are responsible for inelastic scatter
It is the electron–electron scattering that dominate
reduced dimensional systems[42,43], but in case of
such disordered three-dimensional alloys, the ine
tic scattering is dominated by electron–phonon s
tering [18,44]. In accordance withthe general theo
retical prediction the electron–phonon scattering r
may be expressed asτ−1

e-ph(T ) ∼ Ae-phT
p takingp = 3

for clean systems in case of three-dimensional sp
imens. The variation ofτ−1

φ with temperature for
V80Al19Fe1 alloy is shown inFig. 4 in which the
symbols represent the experimental data whereas
solid curve is the least square fit toEq. (4) with τ0,
Ae-ph andp as free parameters. The best fitted value
τ0 = 4.535× 10−11 s, Ae-ph = 7.639× 108 s−1 K−p

and p = 2.04. The dotted and short dashed cur
show the least square fits toEq. (4) with fixed val-
ues ofp as 3 and 4, respectively, although the pa
metersτ0 and Ae-ph were allowed to vary. It is evi
dent from theFig. 4 that the temperature depende
part of the measuredτ−1

φ shows only a quadratic tem
perature dependence. The variation ofτφ for different
samples over the temperature range of 2 to 20 K
been shown inFig. 5. The points indicate the expe
imental data and the solid lines indicate the best
ted values employingEq. (4)with adjusting parame
tersτ0, Ae-ph andp. The values of our best fitted ad
justing parameters areτ0 = (5.214–2.052) × 1011 s,
Fig. 4. Electron dephasing rateτ−1
φ (T ) as a function of temperatur

for the V80Al19Fe1 alloy. The solid, dashed and dotted curv
are least square fit toEq. (4) with the exponent of temperatur
p = 2.04,3 and 4, respectively.

Fig. 5. Electron dephasing rateτ−1
φ (T ) as a function of temperatur

for the V80Al20−x Fex alloys. The solid curves are least square
to Eq. (4).

Ae-ph = (6.508–7.639) × 108 s−1 K−p andp = 1.99
to 2.12. A large number of authors have proposed
ferent theories for the electron–phonon interaction
impure metals. Bergmann and Takayama, to nam
few, have proposed models for electron–phonon
teraction in dirty metals[16,17]. According to them,
the impurities act as additional source for electro
phonon scattering process while participating in
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The Eliashberg function,α2

epF(ω) ∼ ω, predicted by
them depends linearly on the phonon frequencyω

in the low-ω regime. The function has been used
many authors in their experimental verification in ele
tron tunneling measurements that leads toT 2 depen-
dence ofτ−1

ep [44]. However, later detailed micro
scopic study confirmed the prediction of Eliashbe
function to be incorrect[18–22,45]. A satisfactory ex-
planation was put forward by Rammer and Schm
[18] who worked out the problem by considering im
purity atoms to be moving in phase with other l
tice atoms that leads to weakening ofτ−1

ep assum-

ing the order of(qphl)τ
−1
ep,0, whereτ−1

ep,0 ∼ T 3 is the
electron–phonon scattering in clean metal. Ramm
Schmid theory predicted thatτ−1

ep should follow aT 4

at low temperatures. Reizer, Sergeev and Belitz[19–
21] have independently confirmed this theoretical p
diction and has found wide acceptance by the theo
ical investigators. The authors worked out the va
of p which turned out to be 2 forτ−1

ep in impure
V80Al20−xFex alloy system which is not in agreeme
with Rammer–Schmid theory that predicts the value
p to be 4.

Sergeev and Mitin[45] however, in contrast to a
earlier theories, took into account both the static a
vibrating random potentials in their proposed mec
nism. They have observed that the event of comp
dragging of random scattering potentials by phon
makes the effective electron–phonon interaction
crease due to disorder, resulting inτ−1

ep ∼ T 4 at low
temperatures. This confirms the Rammer–Schmid
ory about dirty metals. Sergeev and Mitin correc
surmised that in real metallic disordered syste
phonons would not be always capable of dragg
the imperfections completely. They further observ
that such incomplete dragging would cause a n
monotonic temperature and disorder behaviour of
electron–phonon interaction and concluded that in
action between electron and transverse phonons w
be more effective than the interaction between e
tron and longitudinal phonons and result in the ano
alousT 2 dependence ofτ−1

ep in the dirty limit qphl � 1

and in the temperatureT < h̄ut

KBle
. The samples investi

gated by the authors satisfied the conditionT < h̄ut

KBle
.

Therefore, the electron–phonon scattering rate[22,45]
has been calculated to illustrate our results by us
the following formula, which conforms to the afor
said condition:

(5)τ−1
e-ph= π2k2

Bh̄2K2
F(1+ λ)k(1− k)

6m2ρu3
t lee2ρ0D

T 2,

whereρ is the density andut is the transverse ve
locity and k is a constant. Taking the values ofρ =
4.56× 103 kg/m3, ut = 3.10× 103 m/s, λ = 0.46,
KF = 1.84 × 1010 m−1 for V80Al20−xFex samples
with k = 0.5, the calculated values ofτ−1

e-ph at 10 K

are(2.68–3.27) × 1011 s−1 whereas the experiment
values are(7.05–7.97) × 1010 s−1. It is therefore, ev-
ident that the magnitude of the theoretical values
about four times greater than that of the values
tained experimentally even if the quadratic temp
ature dependence ofτ−1

e-ph for the investigated sam
ples obeys the above theoretical prediction. The
fore, it may be concluded that this observation c
not be fully understood in terms of existing electro
phonon interaction theory for impure metals. A cle
understanding of this requires further detailed inve
gation.

For our greater concern over mechanism of
electron–phonon scattering in the dirty limit, it is no
necessary to examine whether the disordered crite
qphle � 1 is satisfied in the present study. Taki
Vs ≈ 4.10× 103 m/s for high resistive V80Al20−xFex

alloys[29], we obtainqph(T )le = (0.0064–0.0103)T ,
whereT is in Kelvin. It is noticeable that the high
values of resistivityρ0, has rendered the electron me
free path to be very short in these alloys, which
resulted in a very small magnitude ofqphle. Therefore,
the dirty limit criterion ofqphle < 1 is well satisfied
for the electron–phonon processes in the investig
samples even at the highest measurement tempera
of ∼20 K.

The electron dephasing lengthsLφ = (Dτφ)1/2 for
the V80Al20−xFex alloy systems have been dete
mined by employing the measured values ofτφ(T ).
We find that Lφ(T ) varies from about 190 Å to
1034 Å as the measurement temperature decre
from 20 to 1.5 K. Therefore, every alloy sample stu
ied in this work lies well within the three dimension
regime. This lends justification to our using the thr
dimensional weak localization theory to describe
experimental magneto-resistances.
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4. Conclusion

In this work we have studied electrical resist
ity and magneto-resistivity of three-dimensional d
ordered V100−xAl x−yFey alloys in the temperatur
range 1.5 � T � 300 K. A minimum on the resistiv
ity versus temperatures curve exists atT = Tmin. At
low temperature(1.5 � T � Tm) the zero field resis
tivity obeys theT 1/2 law indicating the prominence o
electron–electron interaction. The magneto-resisti
of all the alloys is positive and well described by t
WL theory under strong spin–orbit scattering at sm
magnetic field. By analyzing the magneto-resistiv
data, we have calculated the electron–phonon sca
ing time (τe-ph), which obeys a quadratic temperatu
dependence,τ−1

e-ph ∝ T 2. Such quadratic temperatu
behaviour of electron–phonon scattering time is
plained by existing theory but its magnitude does
satisfactorily match the theoretically predicted val
Therefore, our observed data on electron–phonon s
tering failed to give an exact agreement with the ex
ing theory.
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