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A systematic study of the electrical resistivity (r) has been carried out between 10 and 600 K on substitu-
tionally disorderedg-Fe802xNi xCr20 ~14<x<30! austenitic stainless steel alloys in different magnetic states.
We observe in each alloy, irrespective of its low-temperature magnetic state, a strong deviation from linearity
~DFL! of r which is an indication of resistivity saturation at high temperatures. The temperature coefficient of
resistivity ~TCR5r21dr/dT) vs r curves for all the alloys merge in the temperature range of 100 to 600 K.
This behavior indicates that both thermal and compositional disorders are equally important in determining the
resistivity saturation. We have examined several models and find that the parallel-resistor and the ion-
displacement models are the most appropriate ones in explaining this DFL ofr at high temperatures. At low
temperatures, in the long-range ferromagnetic and antiferromagnetic as well as in the mixed-phase regimes, the
contribution to resistivity from the electron-magnon scattering (; T2) dominates. In the spin-glass regime
there is an additionalT3 term arising from the electron-phonon scattering in the presence of ans-d interaction.

I. INTRODUCTION

Transport properties, especially the variation of the elec-
trical resistivity with temperature in substitutionally disor-
dered crystalline materials~with short electron mean free
paths!, are still of interest because of the lack of a complete
understanding of the mechanisms involved despite intense
theoretical efforts. In a disordered metallic alloy, the electri-
cal transport mainly depends onkFl , where l is the mean
free path andkF the Fermi wave number of the conduction
electrons. The alloys in the dilute limit generally have
kFl.1 and the electronic states remain extended~long mean
free paths! throughout the sample.1 It is assumed that in these
alloys Mathiessen’s rule holds, the various scattering fre-
quencies are additive, and Boltzmann transport is still valid.

However, in the case of alloys in the strongly disordered
limit with large values of electrical resistivity~with short
electron mean free paths andkFl;1 which is the
Ioffe-Regel2 criterion!, the simple Boltzmann transport
breaks down. The universal Mooij correlation3 has almost
become a rule for such kinds of highly resistive crystalline or
amorphous alloys, though large discrepancies are found in
some cases. At very low temperatures quantum interference
effects become important and as a consequence electron lo-
calization and electron-electron interactions~many-body ef-
fects! give quantum corrections to the conductivity of highly
resistive alloys.4 At high temperatures, on the other hand, the
deviation from linearity~DFL! of the resistivity leads to the
so-called ‘‘resistivity saturation’’ and violates the simple
Mathiessen’s rule as well as the Bloch-Gru¨neissen theory.
This happens in the case of many highly resistive~strong-
disorder limit! materials5,6 as well as ind-band alloys~e.g.,
Nb3Ge, Nb3Sn, Nb3Al, etc.! with intermediate-Tc and rare
earth superconductors7,8 ~e.g., Y52xDy xOs4Ge10,
Sc52xDy xIr 4Si10, etc.!. Over the years, despite a lot of ef-
fort to understand this phenomenon theoretically9–15 and
experimentally,5–8,16–18a quantitative, microscopic theory is
still a distant goal.

In the case of highly disordered magnetic materials, espe-

cially the 3d transition-metal alloys, the situation is much
more complex. This is due to the presence of additional scat-
tering mechanisms of magnetic origin. However, there are
some extensive studies of electrical transport on
noble-metal–transition-metal alloys~e.g., AuFe,19 CuMn,20

AuCr, AuMn, etc.! in the spin-glass~SG!, mictomagnetic, or
cluster glass and the long-range ferromagnetic~FM! or anti-
ferromagnetic~AFM! phases which exist beyond the Kondo
or dilute noninteracting regime. Sufficient attempts have
been made to find out the nature of impurity scattering due to
magnetic ions in noble-metal hosts for the entire regime.
Despite a number of studies of electrical transport in
transition-metal–transition-metal alloys~e.g., CrFe, NiMn,21

NiMnPt,22 CrMn, CrMnV, etc.!, a concrete picture of the
magnetic contribution to the resistivity is yet to emerge.

In this work we have performed systematic measurements
of the electrical resistivity@r(T)# in the temperature range of
10–600 K ofg-Fe802xNi xCr20 ~14< x < 30! highly resis-
tive, concentrated magnetic austenitic stainless steel alloys in
the fccg phase. The magnetic phase diagram23,24 had been
established in this alloy system through dc-magnetization,
magnetic neutron scattering and ac-susceptibility measure-
ments. Due to the competing exchange interaction~in the
model of Heisenberg exchange! between different kinds of
magnetic atoms~the nearest neighbor interaction is either
FM or AFM with positive or negative values of the exchange
integralJi j ), this system of alloys undergoes a compositional
phase transition from long-range AFM (x510–14! to SG
~17–21!, to mixed FM and SG~23–26!, to long-range FM
(x> 30! order within the same crystallographicg phase. In
the mixed-phase alloys (x523–26!, the coexistence of long-
range FM and SG ordering was confirmed throughM -H
~Refs. 23,25! and magnetoresistance25measurements. This is
in agreement with the Gabay-Toulouse26 model of mixed
phase where the transverse spin freezing~say, in theX-Y
plane! takes place along with long-range FM ordering~in the
Z direction! below the second transition.

We have earlier reported25 magnetoresistance~MR! mea-
surements on these alloys where we found that the MR are
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negative until a temperature as high as 50 K in the field
range of 0–1.7 T. A correlation between magnetization
(M ) and magnetoresistance (Dr/r) was observed only in
the SG alloys (x519,21) withDr/r } M2.5. r(T) measure-
ments on this system of alloys at low temperatures have been
recently reported by Banerjee and Raychaudhuri.27,28 They
have found a resistivity minimum in each alloy27 around the
temperature 8–10 K. The low-temperature rise inr(T) be-
low Tmin in each alloy hasAT-like functional dependence
which has been ascribed to an electron-electron interaction in
the presence of weak localization. They also concluded that
the magnetic state does not play any significant role in the
AT behavior which is due to quantum interference effects. In
the temperature rangeT min,T,80 K,28 they have found
contributions tor(T) from T2 andT3-dependent terms, their
relative proportion being dependent on the Ni concentration.

The motivation behind the present work is to study the
electrical transport properties ofg-Fe802xNi xCr20 ~14 < x
< 30! alloys with varying magnetic phases within thesame
crystallographic fcc phase over a wider range of tempera-
tures~10–600 K!. At very high temperatures where the con-
tribution to resistivity from magnetic scattering can be ne-
glected, the deviation from linearity~DFL! of resistivity
which might lead to saturation gives one an opportunity to
thoroughly investigate this long-debated phenomenon for
highly resistive crystalline magnetic alloys. Several models
or theories have been proposed for the DFL of resistivity
which ultimately lead to a saturation value. In the present
work, we have considered some of them which are the most
appropriate ones to explain this phenomenon and tested them
rigorously with ourr(T) data at high temperatures. The role
of magnetic ordering in the electronic transport has also been
examined since these alloys are near the percolation thresh-
old or the critical regime.

II. THEORY

It is very difficult to provide an exact theoretical descrip-
tion of the temperature dependence of the resistivity of the
alloys under investigation since no theory has been devel-
oped so far which can describe the band structure as well as
the spin structure of these kinds of 3d transition-metal al-
loys. In concentrated disordered magnetic alloys, the electron
transport is much more difficult to understand because of the
involvement of a large number of complicated scattering
mechanisms. Therefore, the validity of Matthiessen’s rule as
well as the theory of classical Boltzmann transport in highly
resistive alloys could be questioned. In 3d transition metals
and alloys scattering of the conductions electrons by
phonons and their interaction with magnetic spin system
~spin-disorder resistivity! are the main sources of the tem-
perature dependence of the resistivity.29–31Generally, in both
these cases the scattering may take place within a single band
(s-s! or may involves-d transitions. One of the earliest pro-
posals to account for the resistivity variation with tempera-
ture of transition metals due to electron-phonon scattering, in
the presence of ans-d interaction, was made by Wilson.32

This is given by

rs-d~T!5BS T

QD
D 3E

0

QD /T z3dz

~ez21!~12e2z!
, ~1!

which goes asT3 at low temperatures and asT aboveQD .
Thus, the temperature exponent at low temperatures can be
expected to vary from 3 to 5~in the case of theBloch-
Grüneissenformula! depending on the shape and location of
the Fermi surface of thes andd bands. The exponent was
found in various transition elements33 to lie between 2.0 and
5.3.

Turov,34 Kasuya,35,36 Mannari,37 and Goodings38 have
shown that the spin-wave treatment in the presence ofs-s
and s-d interactions can lead to aT2 contribution to the
spin-disorder resistivity (rmag) at low temperatures for ferro-
magnetic metals. Based on the spin-wave dispersion relation
Eq5Dq2 , Kasuya has given the following expression for
the spin-disorder resistivity:

rmag~T!5
p3V mG s-d

2

8N e2\EF
~g21!2 j S kT

kF
2
D

D 2, ~2!

whereG s-d is a parameter which describes the strength of the
s-d interaction,g the Lande´ g factor, j the total quantum
number of each magnetic atom,EF the Fermi energy of the
conduction electrons,D the spin-wave stiffness constant,
andV andN are the volume and the number of atoms in
the crystal, respectively. A similar result was obtained using
a slightly different method by Mannari.37 He estimated
rmag for Ni and found excellent agreement with the measure-
ments of White and Woods33 for the case of Fe, Co, and Ni
@wherer5~13–16!31026 T2 V cm# in the low-temperature
range.

Besides Eqs.~1! and~2!, electrical resistance in transition
metals and alloys can also arise from the collisions of thes
electrons with the charge fluctuations of the itinerantd elec-
trons. Here aT2-dependent contribution of nonmagnetic ori-
gin may appear in the resistivity in the low-temperature
range as predicted by Baber.39,40

In these highly resistive alloys, the high-temperature DFL
of resistivity, which is the signature of resistivity saturation,
is an interesting topic to focus on. Cote and Meisel9 pro-
posed a model which is referred to as the ‘‘phonon-
ineffectiveness’’ model to interpret this downward DFL of
the resistivity in the case of highly resistive materials at high
temperature. They obtained a limiting resistivity when the
electron mean free pathl is of the order of the interatomic
spacing. Taking the Debye-Waller factor to be 1, the electri-
cal resistivity is given by

r~T!5r~0!1F12
r~T!

rD
GCT, ~3!

wherer~0! is the measured residual resistivity,C a constant,
and rD the saturation resistivity corresponding to
l52p/qD , whereqD is the lower cutoff of the phonon wave
number.

Fisk and Webb5 observed this kind of DFL of resistivity
in A15 superconductors~e.g., Nb3Sn, Nb3Sb, etc.!. They
used the term ‘‘resistivity saturation’’ in the case of highly
resistive materials~50–150 mV cm! and interpreted this
phenomenon qualitatively in terms of the attainability of the
electron mean free pathl to its lowest possible value in the
strong-disorder limit. This can be of the order of the inter-
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atomic spacinga of the material (l;a), according to the
Mott 41 and Ioffe-Regel criteria2 (kFl;1).

The most widely accepted model for the phenomenon of
resistivity saturation in high-resistivity materials is the em-
pirical ‘‘parallel-resistor’’ or ‘‘shunt-resistor’’ model first
proposed by Wiesmannet al.6 They argued that in a disor-
dered material, in addition to the usual Boltzmann conduc-
tion channel, there is an extra nonclassical channel and these
two act in parallel. The total resistivityr(T) is given by

1

r~T!
5

1

r ideal~T!
1

1

r sat
, ~4!

where

r ideal~T!5r ideal~0!1rph~T! ~5!

and

r ideal~0!5
r~0!rsat

r sat2r~0!
. ~6!

Here rsat is the maximum limiting resistivity which is
assumed to be independent of temperature andr~0! the mea-
sured residual resistivity atT50 K. Therph(T) term is due
to an electron-phonon interaction, the form of which can be
assumed to be either the Bloch-Gru¨neissen29 formula or Eq.
~1!, depending upon the behavior of the system at low tem-
peratures (T!QD). Irrespective of the form chosen above,
rph(T) varies linearly with temperature at high temperatures
(T>QD). Several theories have been proposed to understand
the physical origin of such a phenomenological shunt-
resistor model. Notable among them are the work by Allen
and co-workers,10,11 Gurvitch,13,14 and Laughlin.12 Gurvitch
argued that the statistical distribution of relaxation times
must have a lower cutoff (t0) and averaging over such a
distribution would result in the parallel-resistor model@Eq.
~4!# considering the Ioffe-Regel2 criterion. Gurvitch14 had
shown that for different high-resistive metallic systems
which show resistivity saturation, the Ioffe-Regel parameter
(kFl ) lies between 3 and 6 instead of 1 if one assumes
l;a. In addition to that, the conductivities at saturation
(ssat) of these alloys are much higher~10–30 times! as com-
pared to Mott’s41 minimum metallic conductivity
(smin50.026e2/\a) as seen in many metallic systems~e.g.,
metal oxides! closer to the metal-insulator (M -I ) transition.
This relation is given by

ssat5~3p2n!2/3a2smin , ~7!

wheren is the density of electrons at the Fermi level anda is
the interatomic spacing.

Recently Ronet al.42 have suggested an entirely different
kind of model considering the effects of displaced ions on
the conduction electrons to describe the DFL of resistivity at
high temperatures. They have shown that the phenomenon of
resistivity saturation can arise from the fact that the average
ion displacement, at high enough temperatures, can exceed
the wavelength of the electronic wave functions, while being
still much smaller than the interatomic spacing. In this
model, the electronic wave functions are extended, but may
have short-length oscillations. Also, even in the weak scat-
tering regime (kFl@1!, saturation sets in long before the

Ioffe-Regel2 criterion comes into play. They obtained an ex-
pression for resistivity of the form

r~T!5rm2DT0expF TT0G , ~8!

whereT0 is a characteristic temperature,D is a constant, and
rm is the saturation resistivity. This model is especially suit-
able for those transition metals whose orbitals possess a large
number of lobes; namely, the distance between the zeros of
the wave function is considerably smaller than the inter-
atomic spacing.

III. EXPERIMENTAL DETAILS

The alloysg-Fe802xNi xCr20 with x514, 19, 21, 23, 26,
and 30 were prepared23 by induction melting in an argon
atmosphere from metals of at least 99.99% purity. The
samples are cut into thin rectangular strips for resistivity
measurements, homogenized at 1050 °C for 30 h in an argon
atmosphere and then rapidly quenched to room temperature
in brine. All the samples are characterized through the x-ray
diffraction ~XRD! method to investigate the possible pres-
ence of any second phase~say, of bcc structure! apart from
the fccg phase. The diffraction patterns reveal that all the
alloys have single-phase fcc structure similar to that of
g-Fe in the austenite state, with lattice parameter
a5(3.5860.01) Å . There is a very small change in the
lattice constant with concentration. The nominal chemical
composition of the alloys was checked through scanning
electron microscope~SEM! and energy dispersive x-ray
analyses~EDAX!. The analyzed compositions are found to
be within 0.5% of the nominal ones for Ni and Cr.

The resistivity measurements are carried out using the
standard four-probe dc technique employing a Datron Auto-
cal digital ~7 and 1/2 digit! multimeter ~model 1071!. The
temperature of the samples is controlled and monitored by a
Lake-Shore temperature controller~model DRC 93C!. The
electrical contacts to the sample are made with Zn-Cd non-
superconducting solder using ZnCl2 flux. A closed-cycle he-
lium refrigerator~Cryosystems Inc.! is used in the tempera-
ture range of 10–370 K. A different setup is used for the
resistivity measurements up to 600 K from above room tem-
perature. The electrical connections are made by pressure
contacts employing four high purity Ag wires~Oxford In-
struments!, avoiding the formation of any insulating oxide at
high temperatures, thereby providing a better electrical con-
tact. Highly resistive nichrome wire is used to wind the
heater. The measurements are carried out in a big cylindrical
quartz tube in the presence of a continuous flow of 1.5 psi
argon gas.

The accuracy in resistance measurements is better than
1–5 parts in 105 in the low-temperature range, but at high
temperatures, it is less by an order of magnitude. The stabil-
ity of the temperature during the measurements is within
610 mK and6500 mK in the low- and high-temperature
ranges, respectively. The absolute values of the resistivity are
accurate only within65% due to uncertainties in the mea-
surements of the dimensions of the samples.

The resistivity measurements are automated using an
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IBM-compatible PC/AT through an IEEE-488 interface with
the measuring instruments.

IV. RESULTS AND DISCUSSION

A. General features of the experimentally observedr„T…

In Fig. 1 we have shown the experimentally observed
resistivity r(T) data in the temperature range of 10–600 K
for the six disordered magnetic alloys of
g-Fe802xNi xCr20(14<x<30), all of which are around the
stainless steel composition in the austenite state. The inset of
Fig. 1 shows a typical behavior (x523) of the temperature
dependence ofdr/dT of these alloys. From theser(T)
curves the following observations can be made.

~i! There is no distinct signature of a magnetic transition
~FM, mixed phase, SG, or AFM! in the r(T) plots at the
respective transition temperatures (Tc , TSG, or TN) listed in
Table I.

~ii ! There is a peak indr/dT for each alloy at around 100
K as shown in the inset of Fig. 1.

~iii ! r(T) of each alloy varies faster thanT(;T2) until
50–60 K.

~iv! The r(T) curve for each alloy starts deviating from
linearity in the downward direction roughly beyond 200 K
('QD/2!. This behavior is manifested in thedr/dT curve as
well, where it starts to fall significantly from the maximum
value. However, in sharp contrast to these results, Banerjee
and Raychaudhuri28 have observed that above 100 K, the
r(T) plot for each alloy is linear until 300 K~their highest
temperature of measurements!. There is no indication of any
saturation effect even at 300 K.

In Table I we have shown the different magnetic transi-
tion temperatures (Tc , TSG, andTN) taken from Ref. 23 and
r(10 K!, r~300 K!, and the temperature coefficient of resis-
tance~TCR5r21dr/dT) at 300 and 500 K from the data of
Fig. 1 for the alloys under investigation. From Table I one
observes that all these disordered concentrated magnetic al-
loys possess very high values of residual resistivity
@r~10 K!#. The TCR of each alloy is very small at 300 K and
becomes still smaller at 500 K. It is also noticed that the
magnitude of the TCR at room temperature decreases with
r~300 K! for varying alloy compositions, thus obeying
Mooij criterion.3 Figure 2 shows the variation of the percent-
age change ofr~500 K! with respect tor~10 K! andr~200
K! with an increase of Ni concentration (x). It shows a
roughly linear dependence. The percentage change of
r~500 K! becomes smaller on the high-Ni-concentration side
with large values of the residual resistivity. The inset of Fig.
2 shows an increase of the residual resistivityr~10 K! with
Ni concentration (x) until x'27.

Figure 3 is a plot of TCR vsx at three temperatures~100,
300, and 500 K!. At each temperature the best-fitted curve
shows a linear dependence of TCR onx. The slopes of the
best-fitted straight lines as well as the TCR gradually de-
crease with temperature and both have a tendency to become
zero beyond a certain temperature when the best-fitted line
coincides with thex axis. This implies saturation of the re-
sistivity beyond a certain temperature.

Figure 4 shows a very striking correlation in these highly
resistive alloys. It reveals that the thermal and compositional
disorders have similar effects on the resistivity saturation.
This is a plot of TCR withr for all the alloys as well as for

TABLE I. Ni concentration (x) dependence of magnetic transition temperatures (Tc ,TSG,TN taken from
Ref. 23, resistivities r at 10 and 300 K, and TCRr21(dr/dT) at 300 and 500 K of
g-Fe802xNi xCr20(14<x<30) alloys.

Ni Tc TSG TN r10 K r300 K @r21(dr/dT)#300 K @r21(dr/dT)#500 K
x
~at.%! ~K! ~K! ~K! (mV cm! (mV cm! (31024/K! (31024/K!

14 26 58.4 91.0 11.5 7.5
19 12 67.8 96.6 9.3 6.5
21 10 72.1 105.1 9.3 6.0
23 35 20 83.0 109.0 7.8 5.5
26 56 7 90.6 118.3 7.6 5.2
30 135 87.9 109.0 6.5 4.1

FIG. 1. Experimentalr(T) plot of Fe802xNi xCr20 (x514, 19,
21, 23, 26, and 30! highly resistive austenitic stainless steel alloys
in the temperature range of 10–600 K. The inset shows a typical
dr/dT vs T plot for x523.
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the whole range of temperature beyond 100 K. Here the in-
crease ofr at a fixed temperature implies increase in the
compositional or chemical disorder. At the same time, the
increase of temperature for a particular alloy corresponds to
an increase in the thermal disorder. Surprisingly, for all the
six alloys in the temperature range beyond 100 K, the data
points fall on a common curve, no matter what causes the
change of resistivity, compositional disorder or thermal dis-
order. As the disorder is increased~compositional or ther-
mal!, the TCR (a) decreases gradually. We have fitted this
curve to an empirical relationa5-(g/r) 1 d, whereg and
d are constants (x2'1027). By extrapolation of this best-
fitted curve to TCR (a)50 where it cuts ther axis, we have
estimated the value of saturation resistivity as

rsat'180mV cm. This kind of correlation has also been
found recently in crystalline TiAl alloys.18

B. Analysis of r„T… data in the temperature range
Tmin „'10 K…<T<70 K „'QD/5…

We have tried to fit the observedr(T) data of each alloy
to a single temperature-dependent termbTn along with a
constant terma in the temperature range of 10–60 K. The fit
functions, the values of the fitting parameters, the ranges of
temperature, and the values ofx2, which give the goodness
of fit, for all the six alloys are listed in Table II.x2 is defined
as

x25
1

N(
i51

i5N S rexpt
i 2rfit

i

rexpt
i D 2,

whereN is the number of data points. From Table II the
following observations can be made.

~1! For the alloy withx514 which has a single PM-AFM
transition23 with TN526 K, the data fit very well with the
function a1bT2 in the low-temperature range of 10–60 K
beyond which the fit becomes poor. However, between 10
and 60 K,x2 '1028 and is consistent with the experimental
accuracy. We have shown the experimental data and the
best-fitted curve in Fig. 5 which is a plot ofr vs T2 for the
alloy with x514. The figure shows a clear linear dependence
in the low-temperature range. The inset of Fig. 5 shows the
percentage deviation of the experimental data from the best-
fitted values as a function of temperature.

~2! For the alloys withx519 and 21, which have PM-SG
transitions23 at around 12 and 10 K, respectively, an addi-
tional T3 term is necessary along with theT2 term between
10 and 50 K to make thex2 ('1028) consistent with the
experimental accuracy. The experimental data and the best-
fitted curves are shown in Fig. 6 for the spin-glass alloys
(x519 and 21!.

FIG. 2. Percentage change of resistivityr~500 K! relative to
r~10 K! andr~200 K! of Fe802xNi xCr20 ~14<x< 30! alloys as a
function of Ni concentration (x). The inset shows thex dependence
of the residual resistivity@r~10 K!#. The solid curve in the inset is
just a guide to the eye.

FIG. 3. Ni concentration~x! dependence of the temperature co-
efficient of resistivity ~TCR5r21dr/dT) of Fe802xNi xCr20 ~14
<x< 30! alloys at 100 K, 300 K, and 500 K.

FIG. 4. Resistivity (r which results from either thermal or com-
positional disorder! dependence of the TCR of Fe802xNi xCr20 ~14
<x< 30! alloys in the temperature range beyond 100 K. The solid
line is the best-fitted curve.
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~3! For the alloys withx523 and 26 which are in the
mixed phase havingTc and TSG at 35, 20, and 56, 7 K,
respectively, the functiona1bT2 again, in the low-
temperature region, fits very well. This fit is as good as in the
earlier alloys.

~4! For the alloy withx530, which has only a PM-FM
transition23 at 135 K, the fit functiona1bT2 seems to be the
correct choice, giving ax2 '1028 between 10 and 50 K.
The experimental data along with the best-fitted curves for
x523, 26, and 30 are shown in Fig. 7, wherer is plotted
againstT2. These curves show a clear linear dependence in
the low-temperature region.

Figure 8 shows how the fitting parameters, namely, the
constant terma and the coefficient of theT2 term b, vary
with the increase of Ni concentration (x). The constanta,
which can be attributed to the residual resistivity of these
alloys, increases withx and has a peak at aroundx527
~percolation threshold'20 at. % of Ni!. Thus its behavior is
very similar to that ofr~10 K! as shown earlier in the inset of
Fig. 2. The coefficientb has a large value forx514. It has a
minimum nearx519 and then it regains its large value

aroundx523–30 at. % of Ni. From these observations, it
appears that theT2 contribution dominates for the alloys
which are away from the spin-glass region (x517–21! and
in which long-range~FM or AFM! magnetic ordering sets in.
Here the value of b is more or less constant
('131023mV cm K22).

TheT3 contribution appears only in alloys withx519 and
21 which are in the spin-glass phase at the lowest tempera-
ture. In these alloys theT2 contribution is somewhat small as
compared to those of the others.

In these concentrated magnetic alloys, the appearance of a
T2 contribution tor at low temperatures cannot be attributed
directly to a single mechanism. If we compare theT2 contri-
bution tor of these alloys with those in pure Fe, Ni, and Co,
as investigated by White and Woods,33 we find that b
'~0.4–1.1! 31023mV cm K22 in the present case which is
one to two orders of magnitude higher than those in pure Fe,
Ni, or Co @' ~1.3–1.6! 31025mV cm K22# and the one
calculated by Baber.39,40Thus theT2 contribution due to the
Baber mechanism is too small to explain our results.

Next we attempt to explain thisT2 dependence ofr in the

TABLE II. Fitting parameters for ther(T) data to different fit functions, low-temeprature ranges, and the
values ofx2 ~defined in text! for g-Fe802xNi xCr20(14<x<30) alloys.

Ni Fit function Fit range a b c x2

x
~at. %! ~K! (mV cm! (1023mV cm K22) (1026mV cm K23) (1028)

14 a1bT2 10–60 58.3 1.01 2.9
19 a1bT21cT3 10–50 67.8 0.39 7.5 6.1
21 a1bT21cT3 10–50 72.0 0.74 2.1 0.4
23 a1bT2 10–40 82.9 1.07 3.9
26 a1bT2 10–50 90.5 0.94 3.7
30 a1bT2 10–50 87.8 0.99 1.6

FIG. 5. Resistivity (r) vsT2 plot of Fe66Ni 14Cr20 antiferromag-
netic alloy in the temperature range of 10–60 K. The solid line is
the best-fitted curve. The inset plots the percentage deviation of the
fit from the experimental data.

FIG. 6. Temperature dependence of resistivity of
Fe802xNi xCr20 (x519 and 21! spin-glass alloys in the low-
temperature range. The solid lines are the best-fitted curves for the
functiona1bT21cT3.
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light of the electron-magnon~spin-wave! scattering mecha-
nism which seems to be the most plausible one. It also pro-
vides a rather consistent picture. It is clear that for the alloys
in the long-range FM (x530) or AFM (x514) regimes as
well as those in the mixed-phase (x523 and 26! regime
where the long-range magnetic ordering starts appearing, the
T2 contribution could be very large. In the case of the alloys
(x519 and 21! in the SG regime, theT2 contribution drops
down and the appearance of the extraT3 term can be linked
with electron-phonon scattering in the presence of ans-d
interaction@Eq. ~1!# in the transition metals.

We can, in principle, estimate the spin-disorder resistivity
(rmag) in these alloys theoretically in the light of the spin-

wave theory using Eq.~2!. Unfortunately, there is no infor-
mation on the spin-wave stiffness constant (D) and the
strength of thes-d interaction (G s-d ) for these magnetic
alloys as no band theory calculation has been developed for
this system of alloys so far. Thus it is not possible to estimate
rmag quantitatively at the present stage.

When we compare our findings with those of Banerjee
and Raychaudhuri28 we find that there is an excellent quali-
tative agreement at low temperatures. However, some minor
differences exist; e.g., for the long-range or mixed-phase or-
dering (x514, 23, 26, and 30! the contribution of theT3

term is about 1% of that of theT2 term in their work whereas
it is smaller than 0.1% in the present case. Although the
experimental resolution is about the same, the fact that the
values ofx2 are much less in our studies in comparison to
theirs (x2 ' 1028 and 1026, respectively! implies that the
fit of our r(T) data to various functions is better.

C. Analysis of r„T… data in the temperature range
200 „'QD/2… <T< 600 K

From Fig. 1, which showsr(T) of all the alloys under
investigation, it is obvious that each curve shows a strong
downward deviation from linearity~DFL! at high tempera-
tures and also a tendency towards saturation at still higher
temperatures. This DFL ofr at high temperatures obviously
cannot be linked with any kind of correlated magnetic spin
scattering as the magnetic transition temperatures23 are very
low, ruling out any magnetic origin of the DFL. We have
attempted to explain this behavior ofr(T) in the light of
various models mentioned in Sec. II.

Obviously r(T) at high temperatures is not consistent
with that predicted by a simple electron-phonon scattering
theory, viz.,r(T);T as in the Bloch-Gru¨neissen29 formula
and Eq.~1! ~Wilson!. Therefore, we have fitted our data to
the ‘‘phonon-ineffectiveness’’ model predicted by Cote and
Meisel9 @Eq. ~3!# in the temperature range of 200–600 K.
However, it is found that the fits in all the alloys are very
poor (x2' 1024) in comparison with the experimental ac-
curacy. As a consequence, we rule out the validity of this
model in this system of alloys.

We have also fitted the high-temperaturer(T) data to Eq.
~4! which is obtained from the widely accepted ‘‘parallel-
resistor’’ model. The form ofrph~T! that we have chosen is
contained in Eq.~1!. This arises due to the phonon-assisted
s-d scattering as proposed by Wilson32 for transition metals.
Since the exponents ofT of the observedr(T) in the low-
temperature range are small~2–3! for this system of mag-
netic 3d transition-metal alloys, the use of Eq.~1! ~Wilson!
instead of the Bloch-Gru¨neissen formula is justified although
both are of the same form at high temperatures (r
}T,T>QD). We have abbreviatedr ideal~0!5« which is a
temperature-independent constant.

The value of the Debye temperature (QD) used in Eq.~1!
is' 400 K, as obtained from the specific heat measurements
reported by Pecherskayaet al.,43 falling in the range of
370–400 K. No appreciable change in the quality of fit
(x2) is observed as we varyQD between 370 and 400 K.
Recently, from a thorough investigation of the resistivity
saturation of Ti12xAl x (x<0.135) disordered alloys by Lin
and co-workers,18,44 it was concluded that a single value of

FIG. 7. r vs T2 plots of Fe50Ni 30Cr20 ferromagnetic and
Fe802xNi xCr20 (x523 and 26! mixed-phase alloys in the low-
temperature range. The solid lines are the best-fitted curves.

FIG. 8. Ni concentration (x) dependence of the fit parameters
a and b of Fe802xNi xCr20 ~14 <x< 30! alloys in the low-
temperature range. The solid lines are just guides to the eye.
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rsat cannot describe the resistivity saturation for the entire
range ofx. Also a proper choice of the range of fit made the
quality of fit much better as well as the fitting parameters
more meaningful in their case.

Along the same lines, here we have keptr sat, a free
adjustable fitting parameter along with« @'r ideal~0!# andB
@in Eqs.~4!, ~5!, and~1!#. The range of fit is selected within
200 ('QD/2!–600 K for all the alloys. We have evaluated
the integral of Eq.~1! numerically using theDO1AHF ~one-
dimensional quadrature, adaptive, finite interval, and strategy
due to Patterson! NAG routine which is suitable for any
well-behaved function. A nonlinear least-squares approach is
employed for fitting the experimentalr(T) data to Eq.~4!
~parallel-resistor model!. In Table III we have listed all the
fitting parameters, namely,«, B, andrsat and the values of
x2 for the sixg-Fe802xNi xCr20 ~14 <x< 30! alloys.

Figure 9 shows the experimentalr(T) data ~dots! along
with the best-fitted curves@solid line using Eq.~4!# for the
alloys with x523, 26, and 30 in the temperature range of
200–600 K. The excellent quality of fit is obvious from the

indistinguishability between the data and the best-fitted
curves. The inset of Fig. 9 shows the temperature depen-
dence of a typical percentage deviation of the data (x523)
from the best-fitted values. Figure 10 is the same as Fig. 9
except that it is for the samples withx514, 19, and 21. In the
inset of Fig. 10 we have shown a typical likelihood distribu-
tion of the relative errorsP(Dr/r) for these kinds of fits for
x519. Generally, for a perfect fit and negligible experimen-
tal error~ideal condition!, one gets a very narrow peak, cen-
tered aroundDr/r50. This follows a Gaussian-like~normal!
distribution. However, in our case, the plot has some spread
with secondary maxima which appear at both the positive
and negative sides ofDr/r50. We have drawn a smooth
curve which follows a Gaussian-like distribution with a peak
atDr/r50 and a full width at half maximum~FWHM! ' 4
3 1024 . We have mentioned in Sec. III that the accuracy of
our experimental data at the higher temperatures is about 5
parts in 104. So the FWHM resulting from this kind of fit-
ting procedure and the order of x2

(' 1027) given in Table III are clearly of the same order as
the experimental accuracy. The high quality of this fit indi-
cates that the parallel-resistor model can reproduce reason-
ably well the saturation behavior ofr in our g-Fe802xNi

xCr20 alloys at high temperatures.
From Table III we observe that~i! the values of the pa-

rameter« @r ideal~0! of Eq. ~5!# increase with Ni concentra-
tion (x) ~shown in Fig. 11!, ~ii ! the parameterB, which is the
strength of the Bloch-Wilson electron-phonon interaction in
the presence of thes-d scattering term, increases@~2.0–3.4!
3 1024V cm# with Ni concentration (x) ~shown in Fig.
11!, and ~iii ! the saturation values of the resistivity,r sat,
differ @~183–253! mV cm# from each other for various al-
loys. The inset of Fig. 11 shows the concentration (x) de-
pendence ofr sat.

TABLE III. Ni concentration (x) dependence of the fitting pa-
rameters for ther(T) data to Eq.~4! of the parallel-resistor model
and the values ofx2. The range of fit is taken betwen 200 and 600
K for the Fe802xNi xCr20(14<x<30) alloys.

Ni «@5r ideal(0)# B r sat x2

x ~at. %! (mV cm! (1024V cm! (mV cm! (1027)

14 66.2 2.0 252.7 5.9
19 85.0 2.1 234.1 3.4
21 92.1 2.8 225.0 2.8
23 117.6 3.1 205.8 1.4
26 131.8 3.1 223.7 5.1
30 142.5 3.4 183.0 3.0

FIG. 9. Experimental~dots! r vs T plots of Fe802xNi xCr20
(x523, 26, and 30! alloys in the temperature range of 150–600 K.
The best-fitted curves~solid lines! for the alloys are plotted using
Eq. ~4! ~parallel-resistor model!. The inset plots the temperature
dependence of a typical percentage deviation of fit forx523.

FIG. 10. Experimental~dots! r vs T plots of Fe802xNi xCr20
(x514, 19, and 21! alloys in the temperature range of 150–600 K.
The best-fitted curves~solid lines! for the alloys are plotted using
Eq. ~4! ~parallel-resistor model!. The inset plots a typical likelihood
distribution of the relative errors@PDr/r# of the fit for x519.
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Whether the values of these fitting parameters are physi-
cally meaningful has to be seen. Using Eq.~6! and the fitted
parameterse @5r ideal~0!# andrsat, we have obtained values
of r~0! which are within 10% of our measuredr~10 K! for
all the alloys. Also, the strength of the Bloch-Wilson inter-
action termB is enhanced with the increase of Ni concentra-
tion (x) at the cost of Fe. This may be attributed to the
enhancement of the electron-phonon scattering due to pos-
sible changes in the density of thed states at the Fermi level.
The values ofrsat decrease roughly linearly with Ni concen-
tration. If we assume a single value ofr sat with some fluc-
tuations, then on averaging the best-fitted values for all the
alloys we getrsat' ~2206 30! mV cm. However, the va-
lidity of having a single value ofrsat for the entire concen-
tration (x) is not very clear. Some of the experimental
results18,44support multiple values ofrsat for a range of con-
centrations.

We have also examined our experimental data in the light
of the ion-displacement model of Ronet al.42 through non-
linear least-squares fits to Eq.~8!. We have keptrm , D, and
T0 as adjustable parameters in the range of 200–600 K. Fig-
ure 12 plots the experimental data~dots! and the best-fitted
curves~solid lines! for alloys with x523, 26, and 30. The
typical percentage deviation is shown in the inset of Fig. 12
for x523. Figure 13 and its inset are the same as Fig. 12
except that they are forx514, 19, and 21 alloys and the inset
is for x521. We have summarized in Table IV the values of
the fitting parametersrm , D, andT0 as well as the values of
x2 obtained from fitting the data to Eq.~8!. The following
features can be observed from the table.

~i! No unique value of the saturation resistivity (rm) is
found, very much like the earlier case of the parallel-resistor
model. rm varies from 148 to 176mV cm in these alloys.
The range of thisrm is smaller than that ofrsat @~183–253!
mV cm# as found from the parallel-resistor model. In the

inset of Fig. 14 we have shown the comparative plots of
rm andr sat as a function ofr~10 K! for all the alloys. The
nature of both the plots is more or less similar though their
absolute values differ.

~ii ! The values of the electron-phonon scattering coeffi-
cientD lie between 0.12 and 0.16mV cm K21 .

~iii ! The fitted values of the characteristic temperature
T0 decrease monotonically from' 825 to 600 K as the Ni

FIG. 11. Ni concentration (x) dependence of the fitting param-
eters « and B of Eq. ~4! ~parallel-resistor model! of
Fe802xNi xCr20 ~14<x< 30! alloys. The solid lines are just guides
to the eye.

FIG. 12. Experimental~dots! r vs T plots along with the best-
fitted curves~solid lines! using Eq.~8! ~ion-displacement model! in
the temperature of 200–600 K of Fe802xNi xCr20 (x523, 26, and
30! alloys. The inset plots the temperature dependence of a typical
percentage deviation of the fit forx523.

FIG. 13. Experimental~dots! r vs T plots along with the best-
fitted curves~solid lines! using Eq.~8! in the temperature range of
200–600 K of Fe802xNi xCr20 (x514, 19, and 21! alloys. The inset
plots the temperature dependence of a typical percentage deviation
of the fit for x521.

12 156 53T. K. NATH AND A. K. MAJUMDAR



concentration (x) and r~10 K! increase. This is shown in
Fig. 14. Equation~8! of the ion-displacement model can be
written as

rm5r~0K !1DT0 , ~9!

putting T50. T0 is the characteristic temperature at which
the average ion displacement first becomes comparable with
the distance between the zeros of the electronic wave func-
tion. The form of Eq.~9! tells us that static and thermal
disorders play equally important roles in determining the re-
sistivity saturation.

~iv! The values ofx2 range from 1.9 to 8.33 1027 in
these fits to the ion-displacement model@Eq. ~8!# and are
consistent with the experimental accuracy. The order ofx2

as well as the percentage deviation indicate that the ion-
displacement model is also a strong candidate which can
explain our experimental high-temperaturer(T) data reason-
ably well.

Mott and others41 calculated the saturation value of resis-
tivity rsat using the Kubo-Greenwood formula with the con-
dition that the electron mean free path is as small as the
lattice spacing (l;a) in the strong-disorder limit and found
that

ssat5rsat
215~0.33e2/\a!. ~10!

Mott also claimed that a similar result like that of Eq.~10!
can be found from the Boltzmann formula assuming spheri-
cal Fermi surface~free electron model!. Gurvitch13 had gen-
eralized the form of Eq.~10! consideringa free electrons per
cubic cella3 and wrote a modified relation

ssat50.33a2/3e2/\a ~11!

or

rsat51.2931018/~n2/3a!, ~12!

where the electron concentrationn is in cm23 and the lattice
spacinga is in Å. We have estimatedr sat in our alloys using
the value ofn5~6–7! 3 1022 /cm3, as found from the recent
Hall effect measurements45 at room temperature and the lat-
tice spacinga of 3.58 Å obtained from our XRD measure-
ments. Substituting these values in Eq.~12! we obtain
r sat' 215mV cm. This is in excellent agreement with our
average value ofrsat (' 220 mV cm! using the parallel-
resistor model. However, this value is a bit higher than the
average rsat (' 165 mV cm! obtained from the ion-
displacement model. It was mentioned earlier at the end of
Sec. IV A howrsat was estimated from the extrapolation of
the plot of TCR vsr ~Fig. 4! to TCR50, giving the value of
rsat ' 180mV cm. This agreement is very satisfying since
the value ofrsat is found here by mere extrapolation of the
experimental data independent of any model. Thus the values
of rsat, derived from our experiments using the parallel-
resistor and the ion-displacement models, are more or less in
good agreement with the theoretical value obtained from Eq.
~12! in this system of disordered alloys.

The values of the electron-phonon scattering termD in
the ion-displacement model are found in the range
~0.12–0.16! mV cm K21 as given in Table IV. In the high-
temperature limit, the form ofrph(T) in Eq. ~5! of the
parallel-resistor model reduces tobT whereb5B/(2QD) in
Eq. ~1! of Wilson model32 for transition metals. Substituting
QD5400 K and the values ofB from Table III, we getb in
the range of~0.25–0.40! mV cm K21. With alloying the
density of states@N(EF)# at the Fermi level (EF), the Fermi
velocity (vF) and the electron-phonon coupling constant
(l tr) are not expected to vary significantly. Therefore, it is
possible to estimateb, at least roughly, in our alloys em-
ploying the theoretical10,11 relation

b5F 6pkBl tr

\N~EF!^vF&2e2G , ~13!

wherekB is the Boltzmann constant and\ Planck’s constant.
As we have mentioned earlier, to the best of our knowledge
there is no band theory calculation available for these sys-
tems of ternary 3d transition-metal alloys. It is therefore dif-
ficult to estimateb from Eq. ~13!. Nevertheless, we have
attempted to estimateb using N(EF) ' 14 states/eV/unit

TABLE IV. Fitting parameters for ther(T) data to Eq.~8! of
the ion-displacement model and the values ofx2. The range of fit is
taken within 200–600 K forg-Fe802xNi xCr20(14<x<30) alloys.

Ni rm D T0 x2

x ~at. %! (mV cm! (mV cm K21) ~K! (1027)

14 176.3 0.149 823.0 7.9
19 168.4 0.133 786.9 3.6
21 165.8 0.163 608.7 2.5
23 160.3 0.139 603.8 8.3
26 174.7 0.139 648.6 6.1
30 147.9 0.119 557.7 1.9

FIG. 14. Plot of the variation ofT0 with r ~10 K! ~experimental!
for Fe802xNi xCr20 ~14 <x< 30! alloys. T0 is the characteristic
temperature in Eq.~8! of the ion-displacement model. The inset
shows the comparative variation ofrm andrsat @from Eqs.~8! and
~4!, respectively! with Ni concentration (x). The dashed lines are
just guides to the eye.
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cell as found from the low-temperature specific heat mea-
surements in the temperature range of 4.2–45 K on similar
FeNiCr alloys~concentrations are not exactly alike! by Pech-
erskayaet al.43 We have used the value of the transport
electron-phonon coupling constantl tr50.6 obtained from a
different work of the same authors.46 Substituting all these
values in Eq.~13! one obtainsb' 0.02mV cm K21 . This
value is roughly 10 times smaller than those obtained from
the parallel-resistor (B/2QD) and the ion-displacement (D)
models. Although this theoretical estimate ofb is very crude
due to the lack of knowledge of the band structure, its value
is not too far from those derived from our electrical transport
measurements.

We have also compared the values ofrsat (' 200
mV cm! obtained from our experiments with the theoretical
value when these metallic systems approach Mott’s mini-
mum metallic conductivity41 regime ~near to the metal-
insulator transition!. Mott has always made a distinction be-
tween the two situations, namely, conductivitys when the
electron mean free path approaches the lattice spacing
( l;a) and the minimum metallic conductivity~as seen in
different metal oxides!. As mentioned earlier, Gurvitch14 has
shown that ssat ('rsat

21) is always larger than
smin (' 0.026e2/\a, the minimum metallic conductivity!
and has given a relationship between them@Eq. ~7!#. We
have estimatedsmin using a53.58 Å (e and \ being con-
stants! and find that ourssat' 25s min . We have also evalu-
ated the same factor from Eq.~7! using n5631022/cm3

~Ref. 45! and a53.58 Å and find that it is 20 and not 25.
Thus for the alloys under investigation, in the saturation re-
gime (l;a), the conductivity is still much higher and is not
at all close to Mott’s minimum metallic conductivity (smin)
regime. This observation supports Gurvitch’s argument.14

V. CONCLUSIONS

We have performed systematic electrical resistivity mea-
surements ong-Fe802xNi xCr20 ~14<x<30! substitutionally
disordered, crystalline, magnetic alloys. In the high-
temperature region (T.200 K! we observe a noticeable
downward deviation ofr from a linear temperature depen-
dence. This is an indication of resistivity saturation in all
these alloys independent of their low-temperature magnetic
states in sharp contrast to the linearity ofr(T) continuing
even up to 300 K, as reported by Banerjee and

Raychaudhuri.28 Our study provides a rigorous test of all the
theoretical models. In conclusion, we argue that the particu-
lar way in which the alloys approach saturation can be un-
derstood quite well on the basis of the parallel-resistor
model. The phonon-ineffectiveness model has failed to ex-
plain this strong downward DFL ofr at high temperatures, at
least in our alloys. The ion-displacement model also provides
a consistent explanation of the DFL ofr at high tempera-
tures. However, every model has its limitations. None of
them provide a single constant saturation resistivity derived
from the experimental data. One also does not know whether
a unique saturation resistivity or a number of them is desir-
able for the entire range of concentration (x) of this particu-
lar alloy system because of insufficient theoretical inputs.
Further, we conclude that thessat in these alloys are much
higher than those expected if this system approaches the
minimum metallic conductivity region (smin). Thus the two
situations, namely, the conductivitys when the electron
mean free path approaches the lattice spacing (l'a) and the
minimum metallic conductivity, are not alike. Greater atten-
tion should be paid in the direction of the band theory cal-
culations in ternary 3d transition-metal alloys which ulti-
mately will help in understanding the transport properties of
these systems in a more quantitative manner. At low tem-
peratures, we conclude that theT2 dependence ofr of these
magnetic alloys in the long-range~FM or AFM! regime
mainly arises from the electron-magnon~spin-wave! scatter-
ing. The latter also provides a more consistent picture for the
entire range ofx. We also find that the Baber mechanism is
too small to explain this low-temperatureT2 behavior. We
further conclude that for the alloys (x519 and 21! in the SG
regime, theT2 contribution becomes somewhat smaller~as it
should be! and an additionalT3 contribution, which arises
from the electron-phonon scattering in the presence of an
s-d interaction, plays an important role in the behavior of the
low-temperaturer(T).
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