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High-resolution magnetoresistance data in both longitudinal and transverse orientations in some 15 different
compositions of technologically important chrome permaleii,o;«—,FeCr, (5<x=<23; 2sy=<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 NjsFe sCri», NizgFesCrg, NizsFesCrog, NizoFeCr,g, and NiFesCr,g. These are all fer-
romagnetic at 4.2 K. The maximum ferromagnetic anisotropy of resis{iFi§R) is found to be 0.76% for the
alloy with the smallest Cr contefi2 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, yus=0 line in the ternary phase diagram exhibits a pronounced curvature in the Cr=ic0(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 experimengst O line. This
behavior is in good agreement with the idea behind the SB model, but the experimggtad 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 dependengg thfat 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 mof&0163-182¢08)04830-9

. INTRODUCTION pu=RoB,+ RMy, )

The galvanomagnetic properties are considered to be thahereR, is known as the ordinary Hall coefficiers, the
most important tools for knowing the electronic structure ofmagnetic induction inside the sample, aRgthe extraordi-
metals and alloys, especially in ferromagnetic materialsary Hall coefficient(EHC). Ry is a manifestation of the
where spin-orbit interaction ofBelectrons is responsible for Lorentz force acting on the conduction electrons whereas the
the low-field anisotropy of the galvanomagnetic data.origin of R is attributed to the spin-orbit interactitr
Though it is an old problem, the interpretation still seems topresent in a ferromagnet. In a flat Hall sample, the magnetic
be rather difficult and controversial. Recently, the probleminductionB, inside the alloy(B,= wo[ Hexi+ (1= B)Mg]) is
was further compounded by structural and compositional disfound to be the same as the applied inductigf .., Since
orders in concentrated alloys. In general, the longitudinathe demagnetization factg@ is almost equal to 1. The EHC,
magnetoresistancé MR) and the transverse magnetoresis-R; shows temperature as well as impurity concentration
tance (TMR) of any conventional ferromagnet are positive dependence through the relation
and negative, respectively, at low fields. At higher fields,

often called the technical saturatibnthey show small Re[p(C,T]", (3)
changes. The ferromagnetic anisotropy of resistiVitAR)
is defined by wheren=1 represents the phenomenon of the skew scatter-
ing andn=2 the side-jump effect, ang(C,T) is the elec-
F=(ps— Pis)/POZAPHS/PO—APLS/PO, ) trical resistivity, which is a function of both impurity con-

centration C) and temperatureT). The skew scattering
whereF is the FAR,Apjs=pjs—p% Ap, s=p,s—p° andp®  (Rsxp), derived from the classical Boltzmann equation as-
is the zero-field Hq,;=0, whereH,,; is the applied fieldd  suming a left-right asymmetry with respect to the plane con-
electrical resistivity. The values m‘p”S/pO andApHS/pO are taining the electron’s spin and its momentum, is found to be
obtained from the high-field LMR and TMR data extrapo- predominant in pure metals or dilute alloys whereas the non-
lated to zero internal magnetic fiel#ti(,,). The internal field classical side-jump effectRgxp?) holds good in concen-
Hin: is defined adH;,;=H.,— BM¢ whereg is the demag- trated alloys. In describing the extraordinary Hall resistivity
netization factor that depends on the dimensions of th¢RsMg, Eqg.(2)] in concentrated ferromagnetic allof@here
sample and its orientation with respect to the applied fieldcontribution from the skew scattering is negligibleeveral
and M is the saturation magnetization. On the other handauthoré=> have suggested that,s(=RM/p?), called the
the Hall resistivity 2 in the case of ferromagnetic materials extraordinary Hall conductivity, is advantageous oRgM g
can be expressed as in the sense that dividing by?, the concentration as well as
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the temperature dependence Rf gets eliminated. Hence Il. EXPERIMENTAL DETAILS
vus Will have the same temperature dependence as that of

Ms. However, the sign ofys will remain the same as that «gpec_nure” grade of constituent materials. Then they were
of Rs. Here it is important to note that the FAR anghs  homogenized at 1100 °C for 48 h in an argon atmosphere.
(e, the EHG are inherent properties of a ferromaghet.  Tpe pylk alloys were cold-rolled into thin strips from which

In the last few decades, much work has been dongamples of various shapes were cut for various measure-
experimentallf~* as well as theoreticall*'*"*’to un-  ments. Later they were annealed at 900 °C for 36 h and
derstand FAR in Ni- and Fe-based alloyS. |ntereSting|y, MOoS{yater quenched to keep their high_temperam(ﬁ:c) phase_
of the earlier studi€s®**were focused on binary alloys with The crystalline phase and the final composition have been
large FAR (=10-20%. In an extensive studyvan Elsthad  checked thoroughly by x-ray and energy dispersive x-ray
pointed out long back that adding a few atomic percent of Canalysis, respectively.
in Ni- and Fe-based alloys could decrease the value of FAR Magnetoresistance and Hall-effect measurements have
drastically. It is important to note that the value of the FAR been made in a specially designed cryostat. The data acqui-
is reportefl as zero for 10.1 at. % Cr in Wjo_,Cr, alloys.  sition is completely automated with a personal computer. A
Since then, there is as such no detailed report on the FAR igtandard six-probe dc technique is used to measure both of
Cr-rich alloys. On the other hand, the behavior of FAR inthem at a constant temperature of 4.2 K only. The currents
ternary alloy systems was found to be rather complicated angSed in the magnetoresistance and the Hall-effect measure-
hence difficult to interpret. Later Berger and otfiéré-?2 ~ ments are 100 and 250 mA, respectively. The measurements
suggested that the split-bari®B) model could provide a &€ done in magnetic inductions up to 14 kG. TheT voltage
satisfactory explanation for the composition dependence gid current leads are soldered to the samples with Zn-Cd
FAR, EHC, and linear saturation magnetostriction in NiFeCunonsupercopductmg solder. The _relat|ve accuracy In the
ternary alloys. The above SB model can also be applied t§agnetore5|stance measurements is better than 1 parfin 10

The alloys were prepar@by induction melting using

binary alloys. As a consequence, most of the earlier studie n the other hand, the Hall signal is found in the range of

had dealt with binary alloys where the FAR was found to be, -3 ".LV with the misalignment voltage of Iess_than/m.
. Special care has been taken to reduce the noise level below
very large(10-20 %. Till now, except for some scattered

Q22 L o 20 nV. The sign of the Hall voltage has been determined
reports on amorphous alloy$?no detailed investigation on with respect to a standard Ni sample whose EHC is negative.
FAR along with EHC and linear magnetostriction coefficient

(\s) has been made in any ternary crystalline systems sug-
gested in the SB model except NiFeCu.

In this work, we have presented high-resolution magne- The alloy designation, composition, Curie temperature
toresistance data in both longitudinal and transverse orientdT.), and resistivity value at 4.2 Ko, , ) are given in Table
tions on some 15 different compositions of chrome permall. The values ofT, for almost all the alloys are taken from
loy y-Nijgo x—yF&Cr, (5=x<23; 2<y=<21) at 4.2 K in the earlier report on dc magnetizatfoexcept for S41, S47,
magnetic inductions up to 14 kG. The values of the FAR arednd S50 where they are obtained from the recent ac-
found to be much smaller than 0.1% for the high-Cr contengusceptibility measuremefits The typical behavior of the
(>12 at. % alloys. Earlier, the change of sign of the EHC Magnetoresistancelp/p) for low Cr-content k<18) and
(Ref. 23 and the coefficient of the linear magnetostricifbn igh Cr-content alloysx=18) are shown in Figs. 1 and 2,

(Ao (i.e.,Rs=\=0) in the present alloy series could not be respectively. The plots for both longitudinal and transverse

explained in terms of the split-band model. However, the_magnetoresistance for alloys S9, 526, 528, and S29 are given

study was restricted only to some low Cr-content aIonsm Fig. 1 whereas those for S41 and S47 are presented in Fig.

where their Curie temperature$ ) were found around and 2. In the low Cr-content alloys, the LMR s found to be

b i t H h ted th Heggsitive while the TMR is negative. But in the high Cr-
above room lemperaiure. Here we have presente ! € ntent alloys, both the LMR and the TMR are negative and
effect data on some Cr-rich alloyg = 18) where theT;'s

) nearly isotropic(see Fig. 2 Thus the FAR in the present
are below 77 K, and a relatively low Cr-contentBi€sCri,  5j10ys decreases with increasing Cr concentration. However,

alloy with T,=365 K. The primemotivation behind the  ihe ‘isotropic nature of both the LMR and the TMR in the
present investigation is to study the behavior of the FARhigh Cr-content alloys is found to be quite puzzling although
along with the extendegs=0 and the earlier reporteXls  recently a similar behavior has been observed in Cr-rich
=0 lines in the ternary phase diagram of NiFeCr alloys withFg,, ,Ni,Cr,, alloys?® The slopeg (1/p)(dp/dH)] for both
expected high initial permeability,{). These will certainly the LMR and the TMR data, beyond technical saturation, are
provide some useful information regarding their electroniccoming positive in the low Cr-content alloysee Fig. 1
band structures. In addition, this will tell us whether thewhereas they are negative in the high Cr-content alloys. In
split-band model can provide a satisfactory explanation foconventional ferromagnets, a negative slope is generally ex-
such low-FAR alloys and also its general applicability. Be-pected that is explained in terms of both the reduced
sides these, we will try to explore possible reasons for sucklectron-magnon scattering as well as the slow increase in
small FAR's in Cr-rich alloys. Further, the dc-magnetization magnetization with applied field beyond saturattdBarlier,
study?® on the present alloys had shown a transition froma similar kind of positive magnetoresistance beyond techni-
strong to weak itinerant ferromagnetism with increasing Crcal saturation was observed in some Cr containing
According to the two-current conduction model® the  crystalliné**and amorphous alloys. This was described by
above behavior should show up in the FAR data. the dominance of positive normal magnetoresistance

Ill. RESULTS AND DISCUSSION
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TABLE |. Sample designation, alloy composition, ferromagnetic Curie temperaiyje (alue of resis-
tivity (pao k), FAR, extraordinary Hall resistivityRsMs), and extraordinary Hall conductivityy,s) at 4.2

K.

Alloy Alloy T, Pask FAR RM Yus
no. compositions (K) (xQ cm) (%) (107° QO m) 1¢ O 'm™Y
S35 Ni-Fey,Cr, 7782 31 0.76 +0.92 +9.4
s9 Nis e Crs 6202 40 0.38 —6.62 —413
S26 NigFe,Cry 6932 52 0.26 ~1.52 ~55
S32 NioF&Clrs 6352 60 0.16 +4.92 +13.6
s28 Nis Fe,; Crg 5432 61 0.11 —192 ~5.1
S29 Nirs Feys Cryy 3652 82 0.05 -13 -19
S51 Nis; Fey; Cryp 4702 87 0.05 +5.92 +7.8
S33 NigFe,sCrus 3202 88 0.04 +2.78 +3.5
S40 NissFe,sCrs 2602 87 0.04 —2.098 ~38
S42 Nig Fe; Cryg 1852 85 0.07 ~0.72 ~1.0
s34 Ni, Fey, Cryg 3152 82 0.07 ~0.72 ~1.0
S48 Ni Fer, Crig 1792 78 0.02 +0.5 +0.8
s41 Niss Fe; Cryp 44 81 0.02 +0.3 +0.5
S50 Niy, Fes Cryo 60 84 0.00 +0.05 +0.1
s47 Niy; Fey Cry 48 84 0.01 +0.2 +0.3

&/alues taken from Ref. 23.

(«H?), arising due to the Lorentz force acting on the con-effects and the weak localization in the presence of strong
duction electrons, over the negative ferromagnetic contribuspin-orbit interaction give a positive magnetoresistartdé (
tion. Very recently, a positive magnetoresistatiée Cr-rich  in the low-field limit and+H in the high-field limi}, irre-
Cry00-xF€& amorphous thin films was attributed to the strongspective of their orientation. The present positive magnetore-
spin-orbit interactio? in the weak localization limit. The sistance in both longitudinal and transverse orientations is
present alloys are disordered with fairly large values of refound to follow a similarH? dependencé’ Moreover, the
sistivity (p4.2k=31-88u{) cm) (see Table)l The electrical contribution of the normal magnetoresistance to the present
resistivity study’ on some of the present alloys has showndata is calculated to be very smAllOn the other hand, the
resistivity minima that are interpreted in terms of therecent ac-susceptibility stuéyin the Cr-rich alloys S41,
electron-electron interaction effects in the weak localizationS47, and S50 has shown a second magnetic phase transition
limit. 3132 Interestingly, both the electron-electron interactionat 9, 14, and 7 K, respectively, besides the ferromagnetic one
at the respective Curie temperatures. According to the earlier

0.2 neutron-diffraction and dc-magnetization stuidythis low-
4000 °° oo°°°‘+’3 temperature transition represents a spin-glass phase. The
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smaller than those dRsM. On the contrary, the electrical
Laanasasaasnsassss S48 resistivity at 4.2 K is found to be almost three times greater
A than the Hall resistivitysee Table). According to the side-
a jump effect?~* this is quite expected in the present concen-
trated alloys(all the details are published elsewh&e In
0000 00°° Table |, the values dRgM in the remaining alloys are taken
§°° from earlier report$?
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Lo A. Description of FAR and yys using the split-band model

« x++ SBO
Smit” and Van Elst had shown long back that the FAR

reaches a maximum of 20% in N xFe, and Nigg ,Coy,
“ alloys with x=18, which corresponds to almost the same
© 27.7 electrons per atorrefa) ratio. Later on, extraordinary
o Hall>®101323R)) and linear magnetostricti®h??24(\ ) co-

%0 nns 529 efficients were found to change their signs exactly at the

| p-feymoegecapeooe samee/a ratio (=27.7)>® This seems to be in good agree-

4 . 8 Y 16 ment with the rigid band mod&l.But in ternary NiFeCu
Magnetic Induction (kG) alloys, the above correlation does not hold, since the line
Rs=\¢=0 lies far away from the line of constant electron
concentration. Berger had predicted eaflibat some orbital
degeneracy exists in thed3spin-down band near the Fermi

which is lower than the spin-glass transition temperatured€Vel and the change of signs and Ry occurs when this
Hence a negative magnetic contribution arising from thePrPital degeneracy crosses the Fermi level. Maximum FAR

spin-glass/cluster-glass phasis quite expected, which can and initial permeability aregalso expected durirjg 'this Cross-
completely suppress the positive contribution. In additionOVer- Later, Ashworthet al” have extended this idea and
the isotropic behavior of both the LMR and the TMR pro- Proposed a model, called the SB model, for describing the
vides a strong indication for the dominance of a spin-glassfFhanges of sign dis and\ in ternary NiFeéV alloys (where
cluster-glass contributioft, However, to say something more M=Cr, V, Ti, W, Mo, etc). According to the SB model,
conclusively, one has to do the measurements at much high&Pnstituents of a given alloy have their own distinct Sub-
fields® (=10 T) and at lower temperaturess(1 K) that are bands separated from each other on the energy scale. This is
not accessible to us. possible only when the bands of all the constituents differ in
The values of the FAR in all the alloys at 4.2 K are given €N€rgy by more than their average bandwitftithe above _
in Table I. The maximum value of the demagnetization fac-condition is generally satisfied for concentrated alloys with
tor 8 is in the transverse direction and it is of the order of 2valence differenceZ) between any two constituents greater
X1072 and henceBM<=100 Oe. The value of the zero- than two, i.e.Z=2. In fact, the split-band model is found to
field electrical resistivityo® [see Eq(1)] is obtained by av- P€ an_extension of Friedel's virtual bound stat¢BS)

37 . . .
eraging over directions of spontaneous magnetization, whicA0del”" The constituents of an alloy with the largest atomic
for any cubic crystal can be writtthas number (i.e., nuclei most attractive to electronwill have

their subbands at the bottom while that with the smallest
0 1 2 1 2 atomic number at the top. For NiMe(whereM =Cr, V, Ti,
P =3Pt 3PLs= Pt 3Ap T3 AL, (49 W, Mo, etc) alloys, the bands for Ni are at the bottom
whereas those dfl are at the togas shown in Fig. # In
wherep is the electrical resistivity. A random distribution of fact, there are some direct experimental evidences for such
domains, however, in these concentrated crystalline alloys iband splitting in NiCu alloy® from ultraviolet photoelectron
not obvious. Here, the values pj » x are found to be much spectroscopy and reflectivity measurements. The coherent
higher compared to those afpjs andAp, s (see Table)land  potential approximatioCPA) calculationé’ for band struc-
thus p®=p4, «. tures in various Ni- and Fe-based alloys provide another
The Hall resistivity py) has been measured for the alloys strong theoretical support to the validity of the split-band
S29, S41, S48, S47, and S50 at 4.2 K up to external magnetinodel. Theoretical calculations illustrate that the composi-
inductions of 14 kG. The typical behavior of; for alloys tion variation of Rg=A =0 is found to be associated with
S41, S48, S47, and S50 are shown in Fig. 3. The values dhe zero expectation value of tti#® component of the @
R, andRM, are obtained from the slope and the intercept oforbital angular momentut?® [(L,(Eg))=0]. This happens
the linear fit of the Hall-resistivity data beyond saturation.when the Fermi energyEg) lies at the boundary or the gap
The signs of bottR, andR;M4 are positive for alloys S48, between Fe 8| and Ni 3| bands. In other words, the
S41, S47, and S50 whereas they are negative for S29. THeHC, R, and the linear magnetostriction coefficient
values of Ry are found of the order of2-5)x10 '  change sign when the poifit(where 31 spin-down bands of
Q mT~! whereas those dR;M are in the range 0f0.05— the Ni and Fe megtcrosses the Fermi level. According to
1.3)X10°° Q m (see Table)l The absolute values &M,  Friedel's VBS modef’ the total number of states in a given
are found almost comparable with thosepgf since the val-  3d subband is found to be equal to five times the atomic
ues ofRyB, (at 1 T) are more than two orders of magnitude concentration of the respective constituent. The Fermi-level
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FIG. 3. Hall-resistivity p,) data for alloys S29, S41, S48, S47,
and S50 at 4.2 K up to 14 kG of applied magnetic induction.
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FIG. 4. Schematic band states for ternary NiNe{M =Cr, V,
etc) alloys according to the split-band model.

0,
Fe FAR=05% FAR=0.1%% FAR=0.01% Cr

FIG. 5. Ternary phase diagram for Ni-Fe-Cr alloys. The alloys
are represented by their sample designations. The numbers, given in
the parentheses after the sample designations, are the values of the
FAR (in %) and yys (in units of 1¢ Q! m™1), respectively. The
dashed lines are contour lines for constant FAR. The experimentally
obtainedyys=0 line (where the data for the solid line are taken
from Ref. 23 and the dot-dashed line is the extended one; for details
(5 see Table)lis shown along with the theoretically predicted straight

line (according to the split-band modgtg. (5)]). The data for the
where 0.55 is the number of holes per atom in ®ithe experimentalA ;=0 (solid) line are taken from Ref. 24. For the
atomic concentrations, arifithe valence difference between dotted line, see text.
M and Ni (e.g., —4 for Cr, —5 for V, etg. The above
equation[i.e., Eq.(5)] can also be applied to binary alloys. so that the average energy difference between the 3
As, for example, in NiFe alloys, such a change of sign willbranches in the vicinity of the Fermi level increases, which,
occur when &.=0.55, i.e., around 18 at. % of Fe, which is in turn, destroys the FAR.
consistent with the experimental resulfsAs a matter of Coming back to the Hall-effect studies, the extended
fact, the above theory is found to be in good agreement withy;s=0 line is drawn on the ternary phase diagréfig. 5
the experimental findings of the maximum value of the FARof the present NiFeCr alloys using their positive and negative
and the change of sign d®, and A in Ni- and Fe-based values along with the theoretical line, predicted by the SB
binary alloys, and to some extent in ternary NiFeCu alloysmodel[Eq. (5)]. In Fig. 5, the alloys are represented by their
But, ironically, there is no detailed experimental study ofsample designatiofTable ). The two numbers in the paren-
FAR along with the location oR;=\,=0 lines in any other theses, given after the sample designation, show the values
ternary systems suggested in the split-band model. of the FAR (in %) and yys [in units of 1¢ (Q cm)™1] at

The FAR is found to be much less than 1% in the presen#.2 K for the corresponding alloy. The experimentals
alloys. It is interesting to note that the alloys with high Cr =0 line is found to lie much below the theoretical line as it
content(i.e., 16 at. % or monehave almost zero FAR. This was observed in the earlier repéttThe experimental line

crossover will occur when the total number of holes in the
3d band of the alloy is equal to the total number of tha| 3
states of the Fe atom, i.e., for ternary NiFeM alloys, this
condition can be written as

5Cgo=0.55+ 2Ce— (10+Z)Cy

3Cge+ (10+2Z)Cyy=0.55,

is consistent with the earlier ddtdy Van Elst. However,

exhibits a curvature instead of a straight line as predicted by

most of the studies, reported so far in support of the splitthe SB mode[Eq. (5)]. This curvature is found to be more

band model, have focussed on the alldyéiFe, NiCo,
NiFeCu (Ref. 9 (all are fcg, FeV, and FeCKRef. 13 (all
are bcg] where large FAR'Y10—-20 % were observed. Ac-
cording to those, a maximum FAR<(10-20 % is expected

pronounced in the high-Cr region of the phase diag(&ig.
5). But the most important observation in the present study is
that the ridges of the constant FAR lines are found to follow
more or less exactly the experimentgls=0 line in the

when the poinfl of the 3d spin-down band of Ni approaches direction of increasing Cr concentration. This is consistent
the Fermi levelFig. 4). But this is not the case in the present with the idea behind the SB model, but the experimental

vy-NiFeCr alloys. In the ternary phase diagrdne., in Fig.

vus= 0 line and the ridges of the constant FAR lines deviate

5), the constant FAR lines are plotted using the present vala lot from where they are theoretically predicted. This is
ues. The FAR is found to decrease with increasing Cr conquite puzzling. In an earlier study, the experimental ¢
centration. The maximum FAR is found to be in the region=0 line (shown in Fig. 3 also exhibited a curvature in the
where the alloy NjgFey lies. This is quite expected since the ternary phase diagram for the present alloys. The probable
alloy y-NiggFe,, has an FAR of 18%, the maximum value reason for such a large deviation could be attributed to the

reported so far for any bulk crystalline all8yThis certainly

concentration-dependent values of {1D) (hereafter re-

implies that the addition of Cr smears the orbital degeneracferred to aZ.¢;) in Eq. (5) that is taken as a consta(fior the
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present NiFeCr alloyZe¢=6) in the SB model. According and NiCr, alloys have shown AE)IL:e—Ni:O-SG!

to the Friedel's VBS model! the average number of Bohr (AE)&, ni=0.52, AE)L._ni=—0.06, and AE)f, \;=0.7
magneton per atom for the present alloys should follow &gj| values are in units of half the bandwidth of the respective
similar kind of relation with impurity concentratid.e., M impurity). Here the signg and T represent the spin-down

in the alloy NiFeM; Eq.(5)] and can be written as and the spin-up bands, respectively. It is interesting to see
that the FAR is almost unaffected by the energy difference
Pav= Hmatrix~ (10+Z)Cy=0.55+2Cpe= ZeCy - between spin-down bands of FeNi and CiMihere Fe and

6 Cr are impurities in Ni matrix since AE)' is almost the

Earlier, the values ofZ., calculated from the dc- Same in both the cases. On the contrary, the large energy
magnetization dat& were obtained in the range of 3.0—4.2, difference in the spin-up bands for NiCr compared to that of
which is smaller than the expected value of 6. In addition,NiFe is found to be mostly responsible for such low values
Z.:1 is found to be highly concentration dependent. Substiof the FAR. (AE), y; is found to be an order of magnitude
tuting the values oZ.;; in Eq. (5), the modified theoretical greater than §E)L, ;, which implies that addition of Cr in
line for \¢(=R,=0 comes much closer to the experimentalNi matrix can effectively reduce the FAR by two orders of
As=0 line (still far away from the experiment®.=0 line)  magnitude[see Eq(7)]. This is in excellent agreement with
with a small curvature in the Cr-rich regitt{see dotted line the experimental values of 0.02% in the present S41 alloy
in the ternary phase diagrafRig. 5]. In addition, an earlier (NizsFesCryg) and the earlier observed values of 18% in
neutron-diffraction studt} had shown that the presence of Fe NiggFey alloy. Hence, such small values of the FAR in the
in Ni matrix (i.e., in NiFe alloy does not influence the mo- presenty-NiFeCr permalloys are quite understandable.
ment on the nearby Ni atoms. The moments at the Ni and the

Fe sites are found to be 0.6 and (2.8.2) (in units of Bohr B. Description of FAR by the two-current conduction model

magnetorug). On the other hand, Cr as impurity in Ni ma-  campbell and co-workers had proposed a model, called
trix introduces a large-spread magnetic momentne yyo-current conductidf®!8 (TCC), to describe the
disturbancé around Cr sites that is interpreted as an ex-comnosition as well as the temperature dependence of FAR
tended localized state in Ni alloys. The moment at the Cr sitgy, binary and ternary Fe- and Ni-based alloys. The basic idea
is found to be (0.Z 1.1)ug . Hence the bands for the present peing this model is that thedband of transition metals and
Cr-rich NiFeCr alloys are not so completely split as they arey|ioys splits into spin-up and spin-down subbands due to the

assumed to be in the SB modél?l’his can also be a plau- jnherent ferromagnetic exchange interaction. As a result, the
sible reason for such a large discrepancy between the expegecirical conduction takes place in parallel through both

mental findings and the theoretical ones. Earlier studies "%pin-up and spin-down channels. The resistivity in each
FeCr and FeV alloy_'s°’_ha_1d pointed outa5|mllard|screpancy_, spin-up () and spin-down g,) channel has a series of
but not as large as itis in thg present ternary alloys. Intensives ntriputions arising frons-s (p.) ands-d (p.g Scatter-
theoretical as well as experimental investigations are needqﬂg of conduction electroné.e., s electrons. The residual

to resolve it. Nevertheless, a complete study of FARpagistivity, according to the TCC model, can be written as
(<1%) along with the corresponding,s=0 and the earlier

reported\s=0 lines is reported here for any ternary NiFe Po=Po1Po!(Por+Po)), (8
system. These compositions should lead to technologicall
important materials with very high initial permeability.

We now try to explore the possible reasons for such sma
values of FAR in the present-NiFeCr permalloys. It is very
important to point out here that the addition of 2 at. % of Cr
in Ni-Fe alloys reduces the FAR drastically almost from 18%
[in NiggFeyy) to 0.76%(in Ni;;Fe,,Cr, (S35]. This is con-
sistent with the earlier reported vallesf 0.79% in NiCr;.
Very recently, this has also been found in amorphous alloy

};\/herepm andp, are the residual resistivity for spin-up and
I§pin-down channels, respectively. In the absence of spin-
orbit interaction, mixing of spin-up and spin-down states is
not possible. In these circumstances,arises mainly from

s-s scattering psg Of like spin states(since there are no
vacantd] states at the Fermi levelvhile the contribution to

pl is coming from both s-s and s-d scattering of like-spin
States. But in the presence of spin-orbit interaction, spin-up
where the FAR decreases with increasing crotates acquire sufficient energy so that a certain amount of
concentratiof*? In Table 1, the values of the FAR are 9! characters can move into tiig states at the Fermi level
listed where the maximum is found around 0.76% for 835result|ng ind?-d| mixing. However, th_e transfc_er of| c_har—
while the minimum is less than 0.01% for S50. It is to be 2Cters tod states is found to be highly anisotropic. The
noted here that the high resolution of the present data allow$ason 1s that t.he ma_lgnetlzgtlon dl_rect|pn mducgs a p_referred
us to observe convincingly FAR of less than 0.1%. It is well XIS f.or. the s_p|n—orb|t couplmg_ which, in turn, gives rise to
known that the ferromagnetic anisotropy of resistivity is are5|st|V|ty anisotropy. Af.ter. a rigorous calﬁculatlon, the FAR
manifestation of the spin-orbit interactidand is usually ex- in the low-temperature limit is expresséd®as

pressed as F=y(p,/p1)—1]=y(a—1), 9

F=(As/AE)?+-- -, (77 wherea=p, /p; and y(=0.01) is a constaft independent
of the scattering process. The TCC model is rather successful
where the dots indicate higher-order terms, is the spin-  in explaining FAR in both crystallifet>'®and amorphoug
orbit parameter, andAE the energy difference between alloys. In strong ferromagnétst® like NiFe and NiCu
branches of the @ band near the Fermi level. Earlier, the alloys'®, the calculated values of FAR are in very good
coherent potential approximation calculati$hs NigFe,  agreement with experiments.
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TABLE Il. Sample designation, alloy composition, values of

resistivity for spin-down ;) and spin-up ;) bands at 4.2 K, and
their ratioa (p,/p4).
Alloy Alloy p, (42K p; (42K a
no. compositions  £Q cm)  (uQcm) (=p,/py)
S35 Ni-FeyCr, 86 49 1.77
S9 Nigs €11Cr3 5 95 69 1.38
S26 NioFeeCrs 118 93 1.26
S32 Nig F€:Cry 5 130 112 1.16
S28 Ni.sFe Crg 129 116 1.11
S29 Ni<Fe Crip 174 166 1.05
S51 NiFeCrip 178 169 1.05
S33 NigFer7 £Crias 180 173 1.04
T Ty S40 Ni73._5Fe11_5Cr15 178 171 1.04
Cr (at. %) S42 NirgFesCrig 176 166 1.07
S34 Ni,/Fe,Crig 170 159 1.07
FIG. 6. Plot for the FAR against the Cr concentrati@nat. %. S48 NigFe,Crig 158 155 1.02
S41 NisFesCryg 164 161 1.02
It is interesting to note here that E() provides an im- g5 NisFesCrap 168 168 1.00
portant criterion for determining strong/weak itinerant- g4 NirFe,Cryy 169 167 1.01

electron ferromagnetism in a given alloy. According to
Stoner** a strong ferromagnet is considered to have one sub-

band (i.e., spin-up completely full while in a weak ferro-  ence if any, falls within the error limits of the measurements
magnet both spin-up and spin-down subbands are partially e sample dimensions. In Table II, the value gof is

filled. In strong ferromagnets, the conduction process takeg ;nd to be two times greater than in low Cr-content

place mostly through the spin-down subband, which implieg|joys (e.g., $35. But as Cr concentration increases, they
that the contribution to resistivity comes mostly frgm(i.e.,  51most become comparable. It is very interesting to see that
pi>pl) resulting ina>1. Hence, a large FAR is expected the yalye ofa (=p,/p;) comes out to be almost one in

in a strong ferromagnet. This is in good agreement with thes i, alloys Cc,=12). This clearly indicates that with

large values of FAR in NiFe and NiCu. On the other hand, inj,creasing Cr concentration the present NiFeCr alloys moves
a weak ferromagnet; andp, are found to be almost com- 4\yards weak itinerant ferromagnetism in good agreement
parablefi.e., «=1) since both spin-up and spin-down sub- it the dc-magnetization study.To our knowledge, this is
bands are available for conducglon. As a result, its FAR W|Ilpr0b‘.m|y the first time when the magnetic state of a crystal-
be very small[see Eq.(9)]. Earlier, Kaul and Rosenb line Cr-rich ternary alloy series is correlated with the FAR
employed the above idea in amorpho{ie-Ni)goB,g and using the TCC model.

(Fe-Ni)goP14B,o alloys to describe their ferromagnetic state.

This, however, contradicts the earlier high-field magnetic

datal®*® Later on, Malozemotf proposed a modified TCC IV. CONCLUSION

model for describing FAR in both amorphous and concen-

) AL In conclusion, high-resolution magnetoresistance data
trated crystalline glloys. The dc-magnetization sﬁﬁd_m the in both longitudinal and transverse orientations in some
present alloy series has clearly shown a transition fro

strong to weak itinerant-electron ferromagnetism with inr-n‘LS different compositions of chrome permalloy-
9 9 Nijgo x—yF&Cr, (5=x=<23;2<y=<21) are presented at 4.2

creasing Cr concentration. In Table I, one can find that thef< in magnetic inductions up to 14 kG along with Hall-

FAR values exhibit a sharp decrease with increasing Cr con-_ . .. . :
tent. The plot for the FAR with Cr concentration is shown in resistivity data for five of then(S29, S41, S48, S47, and

. . . S50. The FAR values are found to be very small in the
Fig. 6, where the FAR s found to fall almost exponentially present NiFeCr alloys. A maximum value of 0.76% is found
and becomes nearly zero beyond, €12 at. %. To get an

estimate op. andp, , the expressions for them are derited in the alloy S35 with 2 at. % of Cr. But as the Cr content
! Py P increases, the value of the FAR decreases drastically and for
from Eqgs.(8) and(9) as

S50 (NioFesCryg) it becomes almost zero. This is consistent
p=poly F+2] (100  with the earlier reported valugsfor x=10 at. % in
Nijgg_xCry alloy. The experimentayys=0 line is shown in
and the ternary phase diagraffFig. 5. It is found to deviate
_ _ strongly from the theoretical line. In addition, the experimen-
pr=pily FHa (1D tal Iingeyhas shown a pronounced curvature in thep Cr-rich
The calculated values gf;, p,, anda for all the alloys at (=20 at. 99 region in contrast to the straight line predicted
4.2 K are shown in Table Il. It is to be noted here that insteady the split-band mod€lEq. (5)]. But the mostimportant
of pg, pa2k IS used in the above calculations since, accord-observation is that the ridges of the constant FAR lines are
ing to the electrical resistivity study, the values ofp, and  found to follow exactly the experimentak;s=0 line. Also,
P42k are found to be almost the same. However, the differthe initial permeability f) for these compositions should be
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very high making them useful as transformer core materialshese high Cr-content alloys. In addition, according to the
All these are in good agreement with the idea behind the SBwo-current conduction model, the decrease in the FAR val-
model. However, the experimenta);s=0 line and the line ues with increasing Cr is interpreted in terms of the alloys
joining the ridges of the constant FAR lines are found to liemoving from strong to weak itinerant ferromagnetism. This
far away from where they are theoretically expected. This igonclusion is in excellent agreement with the earlier dc-
quite puzzling. One of the reasons for such a discrepancy igagnetization data of the present allgys.

in the composition dependence &f;; that was taken to be a
constant in the split-band model. According to earlier stud-
ies, a complete band splitting, as predicted by the SB model,
is quite unexpected for the present Cr-rich alloys and this
might also be another reason for the discrepancy. Neverthe- We are grateful to the Department of Science and Tech-
less, the present work provides values of the FAR for highnology, Government of India, for providing financial support
Cr-content alloys. The large energy difference between théhrough Project No. SP/S2/M-24/93. Also financial assis-
spin-up bands of Cr and Nias found from CPA calcula- tance from NSF Grant No. INT-9602975 is gratefully ac-
tions) is responsible for such small values of the FAR inknowledged.

ACKNOWLEDGMENTS

* Author to whom correspondence should be addressed. ElectronféA.K. Majumdar and R.D. Greenough, J. Magn. Magn. Ma5éy.

address: akm@iitk.ernet.in 57 (1986.
13.P. Jan, irSolid State Physicedited by F. Seitz and D. Turnbull 2°A.K. Gangyopadhyay, R.K. Ray, and A.K. Majumdar, Phys. Rev.
(Academic, New York, 1957 Vol. 5, p. 1. 26 B 30, 6693(1984. _ _ _
°L. Berger and G. Bergmann, ifihe Hall Effect and its Applica- ~ Anup Kumar Gangyopadhyay, Ph.D. thesis, Indian Institute of
tions edited by C.L. Chien and C.R. Westgd®lenum, New Technology, Kanpur, India, 1983.
York, 1980, p. 55. S. Chakraborty and A.K. Majumdar, J. Magn. Magn. Maf6,
3T.R. McGuire, R.J. Gambino, and R.C. O’Handley,Tihe Hall 28 357 (199_8'
Effect and Its ApplicationéRef. 2, p. 137. S. Banerjee and A.K. Roycho_udhury, Phys. Rev58 3453
4L. Berger, Phys. Rev. B, 4559(1970). 833% T.K. Nath and A.K. Majumdar, J. Appl. Phyg0, 5828
5 i - * -
GL' Berger, P_hysweiAmsterdan)u 30, 1141(1964. 29y, Ozdemir, A. Kilic, M. Ozdemir, H. Celik, and S. Senoussi, J.
T.R. Macguire and R.l. Potter, IEEE Trans. MaglAG-11, Phys. C8, 11 121(1996
1018(1975. ys. ~S :

303.B. Bieri, A. Fert, G. Creuzet, and A. Schuhl, J. Phy&6F2009
(1986.

31B.L. Altshuler, A.G. Aronov, A.l. Larkin, and D. Khmel'nitskii,

* Zh. Eksp. Teor. Fiz.81, 768 (1981 [Sov. Phys. JETPB4, 411

3. Smit, PhysicdAmsterdam 16, 612 (1951).
8H.C. Van Elst, Physicé&Amsterdan 25, 708 (1959.
%H. Ashworth, D. Sengupta, G. Schnakenberg, L. Shapiro, and L

Berger, Phys. Rev185, 172 (1969. (198D)].

'9R.C. O'Handley, Phys. Rev. B8, 2577(1978. %p. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phyg, 287
1A K. Nigam and A.K. Majumdar, PhysicB & C 95, 385(1978. (1985.

125N. Kaul and M. Rosenberg, Phys. Rev2B 5698(1983. 33A.Z. Menshikov, G.A. Takzey, and A.Ye. Teplylykh, Phys. Met.
13L. Berger, inMagnetism and Magnetic Materiglgdited by J.J. Metallogr. 54, 41 (1982; A.K. Majumdar and P.V. Blancken-

Becker and G.H. Lander, AIP Conf. Proc. No. B4IP, New hagen, Phys. Rev. B9, 4079(1984).

York, 1976, p. 355. 34M.T. Béal-Monod and R.A. Weiner, Phys. Reli70, 552 (1968
1Y Ma, 2. Wang, H.P. Kunkel, and Gwyn Williams, J. Phys4C Abhijit Mookerjee, J. Phys. B0, 1559(1980.

1993(1992. 35A.K. Nigam and A.K. Majumdar, Phys. Rev. B7, 495 (1983.
151 A. Campbell, A. Fert, and O. Joul, J. Phys.3CS95(1970. 363, Chakraborty and A.K. Majumdar, Phys. Rev.58, 11 850
18| A. Campbell, A. Fert, and O. Joul, J. Magn. Magn. Mater23 (1998.

(1979; J. Phys. F6, 849(19786. 37]. Friedel, Nuovo Cimentd, 287 (1958.

173. Banhart and H. Ebert, Europhys. L&3®, 517 (1995. 38|_. Berger, Physic®1B, 31 (1977.
18A P. Malozemoff, Phys. Rev. B2, 6080(1985. 9B, Velicky, S. Kirkpattrick, and H. Ehrenreich, Phys. R&75,
9. Berger, P.P. Freitas, J.D. Warner, and J.E. Schmidt, J. Appl. 747 (1968.

Phys.64, 5459(1988. “OHideo Hasegawa and Junjiro Kanamori, J. Phys. Soc. 3gn.
201, Berger, J. Appl. Phys67, 5549(1990. 1599(1972; 33, 1607(1972.

21, Berger, Phys. Rev138 A1083(1965. “IM.F. Collins and G.G. Low, Proc. Phys. Soc. Lond®6 535
22R.C. O’'Handley, Phys. Rev. B8, 930(1978; R.C. O’'Handley (1965.

and L. Berger, inProceedings of the International Conference “?A. Das and A.K. Majumdar, J. Appl. Phyg0, 6323(1991).
on the Physics of Transition Metals, Toroneglited by M. J. G.  “3R. Kern, M. Naka, U. Gonsor, H. Fujimori, and I. Okamoto, J.
Lee, J. M. Perz, and E. Faucett, IOP Conf. Proc. No(I88ti- Magn. Magn. Mater31-34 1471(1983.
tute of Physics, London, 1978Chap. 6, p. 477. 44E C. Stoner, Proc. R. Soc. London, Ser185, 372(1938.
2/ K. Gangyopadhyay, R.K. Ray, and A.K. Majumdar, Phys. Rev.**R.C. O'Handley and D.S. Boudreau, Phys. Status Solicd5A
B 30, 1801(1984. 607 (1978.



