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High-resolution magnetoresistance data in both longitudinal and transverse orientations in some 15 different
compositions of technologically important chrome permalloyg-Ni1002x2yFexCry (5<x<23; 2<y<21) are
presented at 4.2 K in magnetic inductions up to 14 kG along with Hall resistivity data for five Cr-rich alloys
of composition Ni75Fe13Cr12, Ni70Fe12Cr18, Ni75Fe5Cr20, Ni72Fe8Cr20, and Ni71Fe8Cr21. These are all fer-
romagnetic at 4.2 K. The maximum ferromagnetic anisotropy of resistivity~FAR! is found to be 0.76% for the
alloy with the smallest Cr content~2 at. %!. But as the Cr content increases, the FAR decreases drastically and
becomes almost zero for the alloys with more than 18 at. % Cr. These results are discussed in terms of the
split-band~SB! as well as the two-current conduction model. The experimental extraordinary Hall conductiv-
ity, gHS50 line in the ternary phase diagram exhibits a pronounced curvature in the Cr-rich (. 20 at. %!
region, contrary to the straight line predicted by the split-band model. But the most important observation is
that the ridges of the constant FAR lines are found to follow exactly the experimentalgHS50 line. This
behavior is in good agreement with the idea behind the SB model, but the experimentalgHS50 line and the
line joining the ridges of the constant FAR lines deviate a lot from where they are theoretically predicted. The
reason for such a discrepancy is attributed to the composition dependence ofZe f f that was taken as a constant
in the SB model. Another possible reason is the uncertainty of the complete band splitting of Cr from those of
Ni and Fe. However, a detailed theoretical investigation is needed to resolve it. Besides these, the small values
of FAR in the present alloys could be ascribed to the large energy difference between the spin-up bands for Cr
and Ni as shown by coherent potential approximation calculations. The decrease in the FAR with Cr can also
be interpreted using the two-current conduction model.@S0163-1829~98!04830-9#
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I. INTRODUCTION

The galvanomagnetic properties are considered to be
most important tools for knowing the electronic structure
metals and alloys, especially in ferromagnetic mater
where spin-orbit interaction of 3d electrons is responsible fo
the low-field anisotropy of the galvanomagnetic da
Though it is an old problem, the interpretation still seems
be rather difficult and controversial. Recently, the probl
was further compounded by structural and compositional
orders in concentrated alloys. In general, the longitudi
magnetoresistance~LMR! and the transverse magnetores
tance~TMR! of any conventional ferromagnet are positi
and negative, respectively, at low fields. At higher field
often called the technical saturation,1 they show small
changes. The ferromagnetic anisotropy of resistivity~FAR!
is defined by

F5~r is2r's!/r
05Dr is /r02Dr's /r0, ~1!

whereF is the FAR,Dr is5r is2r0, Dr's5r's2r0, andr0

is the zero-field (Hext50, whereHext is the applied field!
electrical resistivity. The values ofDr is /r0 andDr is /r0 are
obtained from the high-field LMR and TMR data extrap
lated to zero internal magnetic field (Hint). The internal field
Hint is defined asHint5Hext2bMs whereb is the demag-
netization factor that depends on the dimensions of
sample and its orientation with respect to the applied fie
and Ms is the saturation magnetization. On the other ha
the Hall resistivity1–3 in the case of ferromagnetic materia
can be expressed as
PRB 580163-1829/98/58~10!/6434~8!/$15.00
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rH5R0Bz1RsMs , ~2!

whereR0 is known as the ordinary Hall coefficient,Bz the
magnetic induction inside the sample, andRs the extraordi-
nary Hall coefficient~EHC!. R0 is a manifestation of the
Lorentz force acting on the conduction electrons whereas
origin of Rs is attributed to the spin-orbit interaction2–4

present in a ferromagnet. In a flat Hall sample, the magn
inductionBz inside the alloy„Bz5m0@Hext1(12b)Ms#… is
found to be the same as the applied inductionm0Hext , since
the demagnetization factorb is almost equal to 1. The EHC
Rs shows temperature as well as impurity concentrat
dependence2–4 through the relation

Rs}@r~C,T!#n, ~3!

wheren51 represents the phenomenon of the skew sca
ing andn52 the side-jump effect, andr(C,T) is the elec-
trical resistivity, which is a function of both impurity con
centration (C) and temperature (T). The skew scattering
(Rs}r), derived from the classical Boltzmann equation a
suming a left-right asymmetry with respect to the plane c
taining the electron’s spin and its momentum, is found to
predominant in pure metals or dilute alloys whereas the n
classical side-jump effect (Rs}r2) holds good in concen-
trated alloys. In describing the extraordinary Hall resistiv
@RsMs , Eq. ~2!# in concentrated ferromagnetic alloys~where
contribution from the skew scattering is negligible!, several
authors2–5 have suggested thatgHS(5RsMs /r2), called the
extraordinary Hall conductivity, is advantageous overRsMs
in the sense that dividing byr2, the concentration as well a
6434 © 1998 The American Physical Society
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PRB 58 6435GALVANOMAGNETIC STUDIES IN g- . . .
the temperature dependence ofRs gets eliminated. Hence
gHS will have the same temperature dependence as tha
Ms . However, the sign ofgHS will remain the same as tha
of Rs . Here it is important to note that the FAR andgHS

~i.e., the EHC! are inherent properties of a ferromagnet.1

In the last few decades, much work has been d
experimentally6–14 as well as theoretically1,5,7,9,15–20to un-
derstand FAR in Ni- and Fe-based alloys. Interestingly, m
of the earlier studies6–9,13were focused on binary alloys wit
large FAR (.10–20%!. In an extensive study,8 Van Elst had
pointed out long back that adding a few atomic percent of
in Ni- and Fe-based alloys could decrease the value of F
drastically. It is important to note that the value of the FA
is reported8 as zero for 10.1 at. % Cr in Ni1002xCrx alloys.
Since then, there is as such no detailed report on the FA
Cr-rich alloys. On the other hand, the behavior of FAR
ternary alloy systems was found to be rather complicated
hence difficult to interpret. Later Berger and others5,9,21,22

suggested that the split-band~SB! model could provide a
satisfactory explanation for the composition dependence
FAR, EHC, and linear saturation magnetostriction in NiFe
ternary alloys. The above SB model can also be applie
binary alloys. As a consequence, most of the earlier stu
had dealt with binary alloys where the FAR was found to
very large~10–20 %!. Till now, except for some scattere
reports on amorphous alloys,10,22no detailed investigation on
FAR along with EHC and linear magnetostriction coefficie
(ls) has been made in any ternary crystalline systems s
gested in the SB model except NiFeCu.

In this work, we have presented high-resolution mag
toresistance data in both longitudinal and transverse orie
tions on some 15 different compositions of chrome perm
loy g-Ni1002x2yFexCry (5<x<23; 2<y<21) at 4.2 K in
magnetic inductions up to 14 kG. The values of the FAR
found to be much smaller than 0.1% for the high-Cr cont
(.12 at. %! alloys. Earlier, the change of sign of the EH
~Ref. 23! and the coefficient of the linear magnetostriction24

(ls) ~i.e.,RS5ls50) in the present alloy series could not b
explained in terms of the split-band model. However,
study was restricted only to some low Cr-content allo
where their Curie temperatures (Tc) were found around and
above room temperature. Here we have presented the
effect data on some Cr-rich alloys~y > 18! where theTc’s
are below 77 K, and a relatively low Cr-content Ni75Fe13Cr12

alloy with Tc5365 K. The primemotivation behind the
present investigation is to study the behavior of the F
along with the extendedgHS50 and the earlier reportedls

50 lines in the ternary phase diagram of NiFeCr alloys w
expected high initial permeability (m). These will certainly
provide some useful information regarding their electro
band structures. In addition, this will tell us whether t
split-band model can provide a satisfactory explanation
such low-FAR alloys and also its general applicability. B
sides these, we will try to explore possible reasons for s
small FAR’s in Cr-rich alloys. Further, the dc-magnetizati
study25 on the present alloys had shown a transition fro
strong to weak itinerant ferromagnetism with increasing
According to the two-current conduction model,15,16 the
above behavior should show up in the FAR data.
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II. EXPERIMENTAL DETAILS

The alloys were prepared26 by induction melting using
‘‘Spec-pure’’ grade of constituent materials. Then they we
homogenized at 1100 °C for 48 h in an argon atmosph
The bulk alloys were cold-rolled into thin strips from whic
samples of various shapes were cut for various meas
ments. Later they were annealed at 900 °C for 36 h a
water quenched to keep their high-temperatureg ~fcc! phase.
The crystalline phase and the final composition have b
checked thoroughly by x-ray and energy dispersive x-
analysis, respectively.

Magnetoresistance and Hall-effect measurements h
been made in a specially designed cryostat. The data ac
sition is completely automated with a personal computer
standard six-probe dc technique is used to measure bot
them at a constant temperature of 4.2 K only. The curre
used in the magnetoresistance and the Hall-effect meas
ments are 100 and 250 mA, respectively. The measurem
are done in magnetic inductions up to 14 kG. The volta
and current leads are soldered to the samples with Zn
nonsuperconducting solder. The relative accuracy in
magnetoresistance measurements is better than 1 part in5.
On the other hand, the Hall signal is found in the range
1–3 mV with the misalignment voltage of less than 1mV.
Special care has been taken to reduce the noise level b
20 nV. The sign of the Hall voltage has been determin
with respect to a standard Ni sample whose EHC is negat

III. RESULTS AND DISCUSSION

The alloy designation, composition, Curie temperatu
(Tc), and resistivity value at 4.2 K (r4.2 K) are given in Table
I. The values ofTc for almost all the alloys are taken from
the earlier report on dc magnetization25 except for S41, S47
and S50 where they are obtained from the recent
susceptibility measurements27. The typical behavior of the
magnetoresistance (Dr/r) for low Cr-content (x<18) and
high Cr-content alloys (x>18) are shown in Figs. 1 and 2
respectively. The plots for both longitudinal and transve
magnetoresistance for alloys S9, S26, S28, and S29 are g
in Fig. 1 whereas those for S41 and S47 are presented in
2. In the low Cr-content alloys, the LMR is found to b
positive while the TMR is negative. But in the high C
content alloys, both the LMR and the TMR are negative a
nearly isotropic~see Fig. 2!. Thus the FAR in the presen
alloys decreases with increasing Cr concentration. Howe
the isotropic nature of both the LMR and the TMR in th
high Cr-content alloys is found to be quite puzzling althou
recently a similar behavior has been observed in Cr-r
Fe802xNixCr20 alloys.28 The slopes@(1/r)(dr/dH)# for both
the LMR and the TMR data, beyond technical saturation,
coming positive in the low Cr-content alloys~see Fig. 1!
whereas they are negative in the high Cr-content alloys
conventional ferromagnets, a negative slope is generally
pected that is explained in terms of both the reduc
electron-magnon scattering as well as the slow increas
magnetization with applied field beyond saturation.1 Earlier,
a similar kind of positive magnetoresistance beyond tech
cal saturation was observed in some Cr contain
crystalline8,11 and amorphous11 alloys. This was described b
the dominance of positive normal magnetoresistan1
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TABLE I. Sample designation, alloy composition, ferromagnetic Curie temperature (Tc), value of resis-
tivity ( r4.2 K), FAR, extraordinary Hall resistivity (RsMs), and extraordinary Hall conductivity (gHS) at 4.2
K.

Alloy Alloy Tc r4.2 K FAR RsMs gHS

no. compositions ~K! (mV cm) ~%! (1029 V m) (103 V21 m21)

S35 Ni77Fe21Cr2 778a 31 0.76 10.9a 19.4
S9 Ni85.5Fe11Cr3.5 620a 40 0.38 26.6a 241.3
S26 Ni80Fe16Cr4 693a 52 0.26 21.5a 25.5
S32 Ni69.5Fe23Cr7.5 635a 60 0.16 14.9a 113.6
S28 Ni75 Fe17 Cr8 543a 61 0.11 21.9a 25.1
S29 Ni75 Fe13 Cr12 365a 82 0.05 21.3 21.9
S51 Ni67 Fe21 Cr12 470a 87 0.05 15.9a 17.8
S33 Ni68 Fe17.5Cr14.5 320a 88 0.04 12.7a 13.5
S40 Ni73.5Fe11.5Cr15 260a 87 0.04 22.9a 23.8
S42 Ni78 Fe6 Cr16 185a 85 0.07 20.7a 21.0
S34 Ni74 Fe12 Cr16 315a 82 0.07 20.7a 21.0
S48 Ni70 Fe12 Cr18 179a 78 0.02 10.5 10.8
S41 Ni75 Fe5 Cr20 44 81 0.02 10.3 10.5
S50 Ni72 Fe8 Cr20 60 84 0.00 10.05 10.1
S47 Ni71 Fe8 Cr21 48 84 0.01 10.2 10.3

aValues taken from Ref. 23.
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(}H2), arising due to the Lorentz force acting on the co
duction electrons, over the negative ferromagnetic contri
tion. Very recently, a positive magnetoresistance29 in Cr-rich
Cr1002xFex amorphous thin films was attributed to the stro
spin-orbit interaction30 in the weak localization limit. The
present alloys are disordered with fairly large values of
sistivity (r4.2 K.31–88mV cm) ~see Table I!. The electrical
resistivity study27 on some of the present alloys has sho
resistivity minima that are interpreted in terms of t
electron-electron interaction effects in the weak localizat
limit.31,32 Interestingly, both the electron-electron interacti

FIG. 1. Longitudinal~LMR! and transverse~TMR! magnetore-
sistance for alloys S9, S26, S28, and S29 at 4.2 K up to 14 kG
applied magnetic induction.
-
u-

g

-

n

n
n

effects and the weak localization in the presence of str
spin-orbit interaction give a positive magnetoresistance (H2

in the low-field limit andAH in the high-field limit!, irre-
spective of their orientation. The present positive magnet
sistance in both longitudinal and transverse orientation
found to follow a similarH2 dependence.27 Moreover, the
contribution of the normal magnetoresistance to the pre
data is calculated to be very small.27 On the other hand, the
recent ac-susceptibility study27 in the Cr-rich alloys S41,
S47, and S50 has shown a second magnetic phase tran
at 9, 14, and 7 K, respectively, besides the ferromagnetic
at the respective Curie temperatures. According to the ea
neutron-diffraction and dc-magnetization study,33 this low-
temperature transition represents a spin-glass phase.
present magnetoresistance data are taken only at 4.

of
FIG. 2. Longitudinal~LMR! and transverse~TMR! magnetore-

sistance for alloys S41 and S47 at 4.2 K up to 14 kG of app
magnetic induction.
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which is lower than the spin-glass transition temperatu
Hence a negative magnetic contribution arising from
spin-glass/cluster-glass phase34 is quite expected, which ca
completely suppress the positive contribution. In additi
the isotropic behavior of both the LMR and the TMR pr
vides a strong indication for the dominance of a spin-gla
cluster-glass contribution.35 However, to say something mor
conclusively, one has to do the measurements at much hi
fields30 (.10 T! and at lower temperatures (< 1 K! that are
not accessible to us.

The values of the FAR in all the alloys at 4.2 K are giv
in Table I. The maximum value of the demagnetization fa
tor b is in the transverse direction and it is of the order o
31022 and hencebMS.100 Oe. The value of the zero
field electrical resistivityr0 @see Eq.~1!# is obtained by av-
eraging over directions of spontaneous magnetization, wh
for any cubic crystal can be written11 as

r05
1

3
r is1

2

3
r's5r1

1

3
Dr is1

2

3
Dr's , ~4!

wherer is the electrical resistivity. A random distribution o
domains, however, in these concentrated crystalline alloy
not obvious. Here, the values ofr4.2 K are found to be much
higher compared to those ofDr is andDr's ~see Table I! and
thusr0.r4.2 K.

The Hall resistivity (rH) has been measured for the allo
S29, S41, S48, S47, and S50 at 4.2 K up to external magn
inductions of 14 kG. The typical behavior ofrH for alloys
S41, S48, S47, and S50 are shown in Fig. 3. The value
R0 andRsMs are obtained from the slope and the intercept
the linear fit of the Hall-resistivity data beyond saturatio
The signs of bothR0 andRsMs are positive for alloys S48
S41, S47, and S50 whereas they are negative for S29.
values of R0 are found of the order of~2–5)310211

V mT21 whereas those ofRsMs are in the range of~0.05–
1.3)31029 V m ~see Table I!. The absolute values ofRsMs
are found almost comparable with those ofrH since the val-
ues ofR0Bz ~at 1 T! are more than two orders of magnitud

FIG. 3. Hall-resistivity (rH) data for alloys S29, S41, S48, S4
and S50 at 4.2 K up to 14 kG of applied magnetic induction.
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smaller than those ofRsMs . On the contrary, the electrica
resistivity at 4.2 K is found to be almost three times grea
than the Hall resistivity~see Table I!. According to the side-
jump effect,2–4 this is quite expected in the present conce
trated alloys~all the details are published elsewhere36!. In
Table I, the values ofRsMs in the remaining alloys are take
from earlier reports.23

A. Description of FAR and gHS using the split-band model

Smit7 and Van Elst8 had shown long back that the FAR
reaches a maximum of 20% in Ni1002xFex and Ni1002xCox
alloys with x.18, which corresponds to almost the sam
27.7 electrons per atom (e/a) ratio. Later on, extraordinary
Hall5,9,10,13,23(Rs) and linear magnetostriction21,22,24(ls) co-
efficients were found to change their signs exactly at
samee/a ratio (.27.7).5,6 This seems to be in good agre
ment with the rigid band model.8 But in ternary NiFeCu
alloys, the above correlation does not hold, since the
Rs.ls.0 lies far away from the line of constant electro
concentration. Berger had predicted earlier5 that some orbital
degeneracy exists in the 3d spin-down band near the Ferm
level and the change of signls and Rs occurs when this
orbital degeneracy crosses the Fermi level. Maximum F
and initial permeability are also expected during this cro
over. Later, Ashworthet al.9 have extended this idea an
proposed a model, called the SB model, for describing
changes of sign ofRs andls in ternary NiFeM alloys~where
M5Cr, V, Ti, W, Mo, etc.!. According to the SB model
constituents of a given alloy have their own distinct 3d sub-
bands separated from each other on the energy scale. Th
possible only when the bands of all the constituents differ
energy by more than their average bandwidth.13 The above
condition is generally satisfied for concentrated alloys w
valence difference (Z) between any two constituents great
than two, i.e.,Z>2. In fact, the split-band model is found t
be an extension of Friedel’s virtual bound state~VBS!
model.37 The constituents of an alloy with the largest atom
number~i.e., nuclei most attractive to electrons! will have
their subbands at the bottom while that with the small
atomic number at the top. For NiFeM ~whereM5Cr, V, Ti,
W, Mo, etc.! alloys, the bands for Ni are at the botto
whereas those ofM are at the top~as shown in Fig. 4!. In
fact, there are some direct experimental evidences for s
band splitting in NiCu alloys39 from ultraviolet photoelectron
spectroscopy and reflectivity measurements. The cohe
potential approximation~CPA! calculations40 for band struc-
tures in various Ni- and Fe-based alloys provide anot
strong theoretical support to the validity of the split-ba
model. Theoretical calculations illustrate that the compo
tion variation ofRs.ls.0 is found to be associated wit
the zero expectation value of theZ component of the 3d
orbital angular momentum5,38 @^Lz(EF)&50#. This happens
when the Fermi energy (EF) lies at the boundary or the ga
between Fe 3d↓ and Ni 3d↓ bands. In other words, the
EHC, Rs , and the linear magnetostriction coefficientls
change sign when the pointT ~where 3d spin-down bands of
the Ni and Fe meet! crosses the Fermi level. According t
Friedel’s VBS model,37 the total number of states in a give
3d subband is found to be equal to five times the atom
concentration of the respective constituent. The Fermi-le
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crossover will occur when the total number of holes in t
3d band of the alloy is equal to the total number of the 3d↓
states of the Fe atom, i.e., for ternary NiFeM alloys, t
condition can be written as

5CFe50.5512CFe2~101Z!CM ,
~5!

3CFe1~101Z!CM50.55,

where 0.55 is the number of holes per atom in Ni,C the
atomic concentrations, andZ the valence difference betwee
M and Ni ~e.g., 24 for Cr, 25 for V, etc!. The above
equation@i.e., Eq.~5!# can also be applied to binary alloy
As, for example, in NiFe alloys, such a change of sign w
occur when 3CFe50.55, i.e., around 18 at. % of Fe, which
consistent with the experimental results.7,8 As a matter of
fact, the above theory is found to be in good agreement w
the experimental findings of the maximum value of the FA
and the change of sign ofRs and ls in Ni- and Fe-based
binary alloys, and to some extent in ternary NiFeCu allo
But, ironically, there is no detailed experimental study
FAR along with the location ofRs5ls50 lines in any other
ternary systems suggested in the split-band model.

The FAR is found to be much less than 1% in the pres
alloys. It is interesting to note that the alloys with high C
content~i.e., 16 at. % or more! have almost zero FAR. This
is consistent with the earlier data8 by Van Elst. However,
most of the studies, reported so far in support of the sp
band model, have focussed on the alloys@NiFe, NiCo,
NiFeCu ~Ref. 9! ~all are fcc!, FeV, and FeCr~Ref. 13! ~all
are bcc!# where large FAR’s~10–20 %! were observed. Ac-
cording to those, a maximum FAR (.10–20 %! is expected
when the pointT of the 3d spin-down band of Ni approache
the Fermi level~Fig. 4!. But this is not the case in the prese
g-NiFeCr alloys. In the ternary phase diagram~i.e., in Fig.
5!, the constant FAR lines are plotted using the present
ues. The FAR is found to decrease with increasing Cr c
centration. The maximum FAR is found to be in the regi
where the alloy Ni80Fe20 lies. This is quite expected since th
alloy g-Ni80Fe20 has an FAR of 18%, the maximum valu
reported so far for any bulk crystalline alloy.8 This certainly
implies that the addition of Cr smears the orbital degener

FIG. 4. Schematic band states for ternary Ni-Fe-M (M5Cr, V,
etc.! alloys according to the split-band model.
s
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so that the average energy difference between thed
branches in the vicinity of the Fermi level increases, whi
in turn, destroys the FAR.

Coming back to the Hall-effect studies, the extend
gHS50 line is drawn on the ternary phase diagram~Fig. 5!
of the present NiFeCr alloys using their positive and nega
values along with the theoretical line, predicted by the
model@Eq. ~5!#. In Fig. 5, the alloys are represented by the
sample designation~Table I!. The two numbers in the paren
theses, given after the sample designation, show the va
of the FAR ~in %! and gHS @in units of 103 (V cm)21] at
4.2 K for the corresponding alloy. The experimentalgHS
50 line is found to lie much below the theoretical line as
was observed in the earlier report.23 The experimental line
exhibits a curvature instead of a straight line as predicted
the SB model@Eq. ~5!#. This curvature is found to be mor
pronounced in the high-Cr region of the phase diagram~Fig.
5!. But the most important observation in the present stud
that the ridges of the constant FAR lines are found to foll
more or less exactly the experimentalgHS50 line in the
direction of increasing Cr concentration. This is consist
with the idea behind the SB model, but the experimen
gHS50 line and the ridges of the constant FAR lines devi
a lot from where they are theoretically predicted. This
quite puzzling. In an earlier study,24 the experimentalls
50 line ~shown in Fig. 5! also exhibited a curvature in th
ternary phase diagram for the present alloys. The proba
reason for such a large deviation could be attributed to
concentration-dependent values of (101Z) ~hereafter re-
ferred to asZe f f) in Eq. ~5! that is taken as a constant~for the

FIG. 5. Ternary phase diagram for Ni-Fe-Cr alloys. The allo
are represented by their sample designations. The numbers, giv
the parentheses after the sample designations, are the values
FAR ~in %! andgHS ~in units of 103 V21 m21), respectively. The
dashed lines are contour lines for constant FAR. The experimen
obtainedgHS50 line ~where the data for the solid line are take
from Ref. 23 and the dot-dashed line is the extended one; for de
see Table I! is shown along with the theoretically predicted straig
line „according to the split-band model@Eq. ~5!#…. The data for the
experimentalls50 ~solid! line are taken from Ref. 24. For th
dotted line, see text.
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present NiFeCr alloysZe f f56) in the SB model. According
to the Friedel’s VBS model,37 the average number of Boh
magneton per atom for the present alloys should follow
similar kind of relation with impurity concentration@i.e., M
in the alloy NiFeM; Eq.~5!# and can be written as

mav5mmatrix2~101Z!CM50.5512CFe2Ze f fCM .
~6!

Earlier, the values ofZe f f , calculated from the dc-
magnetization data,25 were obtained in the range of 3.0–4.
which is smaller than the expected value of 6. In additi
Ze f f is found to be highly concentration dependent. Sub
tuting the values ofZe f f in Eq. ~5!, the modified theoretica
line for ls5Rs50 comes much closer to the experimen
ls50 line ~still far away from the experimentalRs50 line!
with a small curvature in the Cr-rich region23 @see dotted line
in the ternary phase diagram~Fig. 5!#. In addition, an earlier
neutron-diffraction study41 had shown that the presence of F
in Ni matrix ~i.e., in NiFe alloy! does not influence the mo
ment on the nearby Ni atoms. The moments at the Ni and
Fe sites are found to be 0.6 and (2.860.2) ~in units of Bohr
magnetonmB). On the other hand, Cr as impurity in Ni ma
trix introduces a large-spread magnetic mom
disturbance41 around Cr sites that is interpreted as an e
tended localized state in Ni alloys. The moment at the Cr
is found to be (0.761.1)mB . Hence the bands for the prese
Cr-rich NiFeCr alloys are not so completely split as they
assumed to be in the SB model.41 This can also be a plau
sible reason for such a large discrepancy between the ex
mental findings and the theoretical ones. Earlier studie
FeCr and FeV alloys13 had pointed out a similar discrepanc
but not as large as it is in the present ternary alloys. Inten
theoretical as well as experimental investigations are nee
to resolve it. Nevertheless, a complete study of FA
(,1%) along with the correspondinggHS50 and the earlier
reportedls50 lines is reported here for any ternary NiF
system. These compositions should lead to technologic
important materials with very high initial permeability.

We now try to explore the possible reasons for such sm
values of FAR in the presentg-NiFeCr permalloys. It is very
important to point out here that the addition of 2 at. % of
in Ni-Fe alloys reduces the FAR drastically almost from 18
@in Ni80Fe20) to 0.76%~in Ni77Fe21Cr2 ~S35!#. This is con-
sistent with the earlier reported values8 of 0.79% in Ni99Cr1.
Very recently, this has also been found in amorphous all
where the FAR decreases with increasing
concentration.42,43 In Table I, the values of the FAR ar
listed where the maximum is found around 0.76% for S
while the minimum is less than 0.01% for S50. It is to
noted here that the high resolution of the present data all
us to observe convincingly FAR of less than 0.1%. It is w
known that the ferromagnetic anisotropy of resistivity is
manifestation of the spin-orbit interaction9 and is usually ex-
pressed as

F5~Aso /DE!21•••, ~7!

where the dots indicate higher-order terms,Aso is the spin-
orbit parameter, andDE the energy difference betwee
branches of the 3d band near the Fermi level. Earlier, th
coherent potential approximation calculations40 in Ni90Fe10
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and Ni90Cr10 alloys have shown (DE)Fe2Ni
↓ .0.56,

(DE)Cr-Ni
↓ .0.52, (DE)Fe2Ni

↑ .20.06, and (DE)Cr-Ni
↑ .0.7

~all values are in units of half the bandwidth of the respect
impurity!. Here the signs↓ and ↑ represent the spin-down
and the spin-up bands, respectively. It is interesting to
that the FAR is almost unaffected by the energy differen
between spin-down bands of FeNi and CrNi~where Fe and
Cr are impurities in Ni matrix!, since (DE)↓ is almost the
same in both the cases. On the contrary, the large en
difference in the spin-up bands for NiCr compared to that
NiFe is found to be mostly responsible for such low valu
of the FAR. (DE)Cr-Ni

↑ is found to be an order of magnitud
greater than (DE)Fe-Ni

↑ , which implies that addition of Cr in
Ni matrix can effectively reduce the FAR by two orders
magnitude@see Eq.~7!#. This is in excellent agreement wit
the experimental values of 0.02% in the present S41 a
(Ni75Fe5Cr20) and the earlier observed values of 18%
Ni80Fe20 alloy. Hence, such small values of the FAR in th
presentg-NiFeCr permalloys are quite understandable.

B. Description of FAR by the two-current conduction model

Campbell and co-workers had proposed a model, ca
the two-current conduction15,16,18 ~TCC!, to describe the
composition as well as the temperature dependence of F
in binary and ternary Fe- and Ni-based alloys. The basic i
behind this model is that the 3d band of transition metals an
alloys splits into spin-up and spin-down subbands due to
inherent ferromagnetic exchange interaction. As a result,
electrical conduction takes place in parallel through b
spin-up and spin-down channels. The resistivity in ea
spin-up (r↑) and spin-down (r↓) channel has a series o
contributions arising froms-s (rss) and s-d (rsd) scatter-
ing of conduction electrons~i.e., s electrons!. The residual
resistivity, according to the TCC model, can be written a

r05r0↑r0↓/~r0↑1r0↓!, ~8!

wherer0↑ andr0↓ are the residual resistivity for spin-up an
spin-down channels, respectively. In the absence of s
orbit interaction, mixing of spin-up and spin-down states
not possible. In these circumstances,r↑ arises mainly from
s-s scattering (rss) of like spin states~since there are no
vacantd↑ states at the Fermi level! while the contribution to
r↓ is coming from both s-s and s-d scattering of like-sp
states. But in the presence of spin-orbit interaction, spin
states acquire sufficient energy so that a certain amoun
d↑ characters can move into thed↓ states at the Fermi leve
resulting ind↑-d↓ mixing. However, the transfer ofd↓ char-
acters tod↑ states is found to be highly anisotropic. Th
reason is that the magnetization direction induces a prefe
axis for the spin-orbit coupling which, in turn, gives rise
resistivity anisotropy. After a rigorous calculation, the FA
in the low-temperature limit is expressed15,16 as

F5g@~r↓ /r↑!21#5g~a21!, ~9!

wherea5r↓ /r↑ andg(.0.01) is a constant16 independent
of the scattering process. The TCC model is rather succes
in explaining FAR in both crystalline6,15,16and amorphous12

alloys. In strong ferromagnets15,16 like NiFe and NiCu
alloys16, the calculated values of FAR are in very goo
agreement with experiments.
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It is interesting to note here that Eq.~9! provides an im-
portant criterion for determining strong/weak itineran
electron ferromagnetism in a given alloy. According
Stoner,44 a strong ferromagnet is considered to have one s
band ~i.e., spin-up! completely full while in a weak ferro-
magnet both spin-up and spin-down subbands are part
filled. In strong ferromagnets, the conduction process ta
place mostly through the spin-down subband, which imp
that the contribution to resistivity comes mostly fromr↓ ~i.e.,
r↓@r↑) resulting ina@1. Hence, a large FAR is expecte
in a strong ferromagnet. This is in good agreement with
large values of FAR in NiFe and NiCu. On the other hand
a weak ferromagnetr↑ andr↓ are found to be almost com
parable@i.e., a.1) since both spin-up and spin-down su
bands are available for conduction. As a result, its FAR w
be very small@see Eq.~9!#. Earlier, Kaul and Rosenberg12

employed the above idea in amorphous~Fe-Ni)80B20 and
~Fe-Ni)80P14B20 alloys to describe their ferromagnetic sta
This, however, contradicts the earlier high-field magne
data.18,45 Later on, Malozemoff18 proposed a modified TCC
model for describing FAR in both amorphous and conc
trated crystalline alloys. The dc-magnetization study25 on the
present alloy series has clearly shown a transition fr
strong to weak itinerant-electron ferromagnetism with
creasing Cr concentration. In Table I, one can find that
FAR values exhibit a sharp decrease with increasing Cr c
tent. The plot for the FAR with Cr concentration is shown
Fig. 6, where the FAR is found to fall almost exponentia
and becomes nearly zero beyond CCr>12 at. %. To get an
estimate ofr↑ andr↓ , the expressions for them are derived12

from Eqs.~8! and ~9! as

r↓5r0@g21F12# ~10!

and

r↑5r↓@g21F11#21. ~11!

The calculated values ofr↑ , r↓ , anda for all the alloys at
4.2 K are shown in Table II. It is to be noted here that inste
of r0, r4.2 K is used in the above calculations since, acco
ing to the electrical resistivity study,27, the values ofr0 and
r4.2 K are found to be almost the same. However, the diff

FIG. 6. Plot for the FAR against the Cr concentration~in at. %!.
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ence, if any, falls within the error limits of the measureme
of the sample dimensions. In Table II, the value ofr↓ is
found to be two times greater thanr↑ in low Cr-content
alloys ~e.g., S35!. But as Cr concentration increases, th
almost become comparable. It is very interesting to see
the value ofa (5r↓ /r↑) comes out to be almost one i
Cr-rich alloys (CCr>12). This clearly indicates that with
increasing Cr concentration the present NiFeCr alloys mo
towards weak itinerant ferromagnetism in good agreem
with the dc-magnetization study.25 To our knowledge, this is
probably the first time when the magnetic state of a crys
line Cr-rich ternary alloy series is correlated with the FA
using the TCC model.

IV. CONCLUSION

In conclusion, high-resolution magnetoresistance d
in both longitudinal and transverse orientations in so
15 different compositions of chrome permalloyg-
Ni1002x2yFexCry (5<x<23; 2<y<21) are presented at 4.
K in magnetic inductions up to 14 kG along with Hal
resistivity data for five of them~S29, S41, S48, S47, an
S50!. The FAR values are found to be very small in th
present NiFeCr alloys. A maximum value of 0.76% is fou
in the alloy S35 with 2 at. % of Cr. But as the Cr conte
increases, the value of the FAR decreases drastically and
S50 (Ni72Fe8Cr20) it becomes almost zero. This is consiste
with the earlier reported values8 for x>10 at. % in
Ni1002xCrx alloy. The experimentalgHS50 line is shown in
the ternary phase diagram~Fig. 5!. It is found to deviate
strongly from the theoretical line. In addition, the experime
tal line has shown a pronounced curvature in the Cr-ri
(.20 at. %! region in contrast to the straight line predicte
by the split-band model@Eq. ~5!#. But the mostimportant
observation is that the ridges of the constant FAR lines
found to follow exactly the experimentalgHS50 line. Also,
the initial permeability (m) for these compositions should b

TABLE II. Sample designation, alloy composition, values
resistivity for spin-down (r↓) and spin-up (r↑) bands at 4.2 K, and
their ratioa (r↓ /r↑).

Alloy Alloy r↓ ~4.2 K! r↑ ~4.2 K! a
no. compositions (mV cm) (mV cm) ~5 r↓ /r↑)

S35 Ni77Fe21Cr2 86 49 1.77
S9 Ni85.5Fe11Cr3.5 95 69 1.38
S26 Ni80Fe16Cr4 118 93 1.26
S32 Ni69.5Fe23Cr7.5 130 112 1.16
S28 Ni75Fe17Cr8 129 116 1.11
S29 Ni75Fe13Cr12 174 166 1.05
S51 Ni67Fe21Cr12 178 169 1.05
S33 Ni68Fe17.5Cr14.5 180 173 1.04
S40 Ni73.5Fe11.5Cr15 178 171 1.04
S42 Ni78Fe6Cr16 176 166 1.07
S34 Ni74Fe12Cr16 170 159 1.07
S48 Ni70Fe12Cr18 158 155 1.02
S41 Ni75Fe5Cr20 164 161 1.02
S50 Ni72Fe8Cr20 168 168 1.00
S47 Ni71Fe8Cr21 169 167 1.01
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very high making them useful as transformer core materi
All these are in good agreement with the idea behind the
model. However, the experimentalgHS50 line and the line
joining the ridges of the constant FAR lines are found to
far away from where they are theoretically expected. Thi
quite puzzling. One of the reasons for such a discrepanc
in the composition dependence ofZe f f that was taken to be a
constant in the split-band model. According to earlier stu
ies, a complete band splitting, as predicted by the SB mo
is quite unexpected for the present Cr-rich alloys and
might also be another reason for the discrepancy. Never
less, the present work provides values of the FAR for h
Cr-content alloys. The large energy difference between
spin-up bands of Cr and Ni~as found from CPA calcula
tions! is responsible for such small values of the FAR
e

s.
B

is
is

-
l,

is
e-
h
e

these high Cr-content alloys. In addition, according to
two-current conduction model, the decrease in the FAR
ues with increasing Cr is interpreted in terms of the allo
moving from strong to weak itinerant ferromagnetism. T
conclusion is in excellent agreement with the earlier
magnetization data of the present alloys.25
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