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A systematic study of the electrical resistivity)(has been carried out between 10 and 600 K on substitu-
tionally disorderedy-Fegy_«NiCryg (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 p which is an indication of resistivity saturation at high temperatures. The temperature coefficient of
resistivity (TCR=p ~1dp/dT) vs p 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 Df-latofiigh 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 T?) dominates. In the spin-glass regime
there is an additional® term arising from the electron-phonon scattering in the presence sstianteraction.

[. INTRODUCTION cially the & transition-metal alloys, the situation is much
more complex. This is due to the presence of additional scat-
Transport properties, especially the variation of the electering mechanisms of magnetic origin. However, there are
trical resistivity with temperature in substitutionally disor- some extensive studies of electrical transport on
dered crystalline materialéwith short electron mean free noble-metal—transition-metal alloy®.g., AuFet® CuMn?
pathg, are still of interest because of the lack of a completeAuCr, AuMn, etc) in the spin-glas§SG), mictomagnetic, or
understanding of the mechanisms involved despite intensduster glass and the long-range ferromagnétid) or anti-
theoretical efforts. In a disordered metallic alloy, the electri-ferromagnetiq AFM) phases which exist beyond the Kondo
cal transport mainly depends d@l, wherel is the mean or dilute noninteracting regime. Sufficient attempts have
free path andkg the Fermi wave number of the conduction been made to find out the nature of impurity scattering due to
electrons. The alloys in the dilute limit generally have magnetic ions in noble-metal hosts for the entire regime.
kel >1 and the electronic states remain extenfedg mean Despite a number of studies of electrical transport in
free pathsthroughout the samplelt is assumed that in these transition-metal—transition-metal alloys.g., CrFe, NiMrf::
alloys Mathiessen’s rule holds, the various scattering freNiMnPt?? CrMn, CrMnV, etc), a concrete picture of the
guencies are additive, and Boltzmann transport is still validmagnetic contribution to the resistivity is yet to emerge.
However, in the case of alloys in the strongly disordered In this work we have performed systematic measurements
limit with large values of electrical resistivitywith short  of the electrical resistivityp(T)] in the temperature range of
electron mean free paths anBgl~1 which is the 10-600 K ofy-Fegg_ 4NiCr,q (14 < x < 30) highly resis-
loffe-Regef criterion), the simple Boltzmann transport tive, concentrated magnetic austenitic stainless steel alloys in
breaks down. The universal Mooij correlatiohas almost the fccy phase. The magnetic phase diagrafihad been
become a rule for such kinds of highly resistive crystalline orestablished in this alloy system through dc-magnetization,
amorphous alloys, though large discrepancies are found imagnetic neutron scattering and ac-susceptibility measure-
some cases. At very low temperatures quantum interferenagments. Due to the competing exchange interactionthe
effects become important and as a consequence electron lmodel of Heisenberg exchangketween different kinds of
calization and electron-electron interactiainsany-body ef- magnetic atomgthe nearest neighbor interaction is either
fecty give quantum corrections to the conductivity of highly FM or AFM with positive or negative values of the exchange
resistive alloy$. At high temperatures, on the other hand, theintegralJ;;), this system of alloys undergoes a compositional
deviation from linearity(DFL) of the resistivity leads to the phase transition from long-range AFM#10-19 to SG
so-called “resistivity saturation” and violates the simple (17-22, to mixed FM and SG23-26, to long-range FM
Mathiessen’s rule as well as the Bloch-@eissen theory. (x= 30) order within the same crystallographjcphase. In
This happens in the case of many highly resistisgong-  the mixed-phase alloysxE& 23-26, the coexistence of long-
disorder limiy material$'® as well as ind-band alloys(e.g., range FM and SG ordering was confirmed throughH
NbsGe, Nb;Sn, NbsAl, etc.) with intermediatef, and rare  (Refs. 23,25and magnetoresistantemeasurements. This is
earth  superconductot§ (e.g.,  Ys_,Dy,Os,Geyy, in agreement with the Gabay-Toulo#§emodel of mixed
Scs_4Dy,Ir 4Siqg, etc). Over the years, despite a lot of ef- phase where the transverse spin freezisay, in theX-Y
fort to understand this phenomenon theoretically and  plane takes place along with long-range FM orderifiythe
experimentally,815-183 quantitative, microscopic theory is Z direction below the second transition.
still a distant goal. We have earlier reportéd magnetoresistand®R) mea-
In the case of highly disordered magnetic materials, espesurements 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 fieldvhich goes ag™ at low temperatures and dsabove®,, .
range of 0—1.7 T. A correlation between magnetizationThus, the temperature exponent at low temperatures can be
(M) and magnetoresistancé §/p) was observed only in expected to vary from 3 to %in the case of theBloch-
the SG alloys x=19,21) withAp/p « M?®, p(T) measure- Grineisserformula) depending on the shape and location of
ments on this system of alloys at low temperatures have beghe Fermi surface of the andd bands. The exponent was
recently reported by Banerjee and Raychaudftff.They  found in various transition elemenitgo lie between 2.0 and
have found a resistivity minimum in each alfdyaround the  5.3.
temperature 8—10 K. The low-temperature risep{iT) be- Turov3* Kasuya®®3® Mannari®’ and Gooding® have
low Ty in each alloy hasy/T-like functional dependence shown that the spin-wave treatment in the presence-®f
which has been ascribed to an electron-electron interaction iand s-d interactions can lead to &2 contribution to the
the presence of weak localization. They also concluded thatpin-disorder resistivity 4, at low temperatures for ferro-
the magnetic state does not play any significant role in thgnagnetic metals. Based on the spin-wave dispersion relation
JT behavior which is due to quantum interference effects. IfEq=2q° , Kasuya has given the following expression for
the temperature rang®& ,;,<T<80 K. they have found the spin-disorder resistivity:
contributions top(T) from T2 andT3-dependent terms, their
relative proportion being dependent on the Ni concentration. 7737/'mf//§_d ) 2

The motivation behind the present work is to study the Pmad T)= m(g—l)zj(kzy) , 2
electrical transport properties gfFFegy 4 Ni,Cryg (14 < x ) F F

= 30) alloys with varying magnetic phases within tkeme  here " is a parameter which describes the strength of the
crystallographic fcc phase over a wider range of temperag_j interaction g the Landeg factor, j the total quantum
tures(10-600 K. At very high temperatures where the con- b o each magnetic atoif the Eermi energy of the
tribution to resistivity from magnetic scattering can be Ne-conduction electronse the spin-wave stiffness constant
glepted, .the deviation from Iine_aritYDFL) of resistivit_y and 7" and./" are the volume and the number of atoms ii]
which m|gh'§ lead _to saturgﬂon gives one an opportunity to, crystal, respectively. A similar result was obtained using
thoroughly investigate this long-debated phenomenon fogJI slightly different method by Mannat. He estimated
highly resistive crystalline magnetic alloys. Several models for Ni and found excellent agreement with the measure-
or theories have been proposed for the DFL of resistivit)/J”é‘"gtS of White and Wood8 for the case of Fe. Co. and Ni
which ultimately lead to a saturation value. In the presen wherep=(13-16% 10" T2 Q c¢m] in the Iow—témpérature
work, we have considered some of them which are the mo nge

appropriate ones to explain this phenomenon and tested them Beéides Eqs(1) and(2), electrical resistance in transition
rigorously with ourp(T) data at high temperatures. The role metals and aIIo.ys can aléo arise from the collisions ofghe

giamrﬁiglré%tlgiﬁget%lgslen;ng ilZﬁgoﬁé;:rginespzrrtcg?astgfct)ht;gggl_ectrons with the charge fluctuations of the itinerdrlec-
y P rons. Here a-dependent contribution of nonmagnetic ori-

old or the critical regime. gin may appear in the resistivity in the low-temperature
range as predicted by Bab&r*°
Il. THEORY In these highly resistive alloys, the high-temperature DFL
It is very difficult to provide an exact theoretical descrip- _of resi§tivity, yvhich ig the signature of resistivity saturation,
tion of the temperature dependence of the resistivity of thdS an interesting topic to focus on. Cote and Melspto-
alloys under investigation since no theory has been deveP0osed a model which is referred to as the “phonon-
oped so far which can describe the band structure as well dgeffectiveness” model to interpret this downward DFL of
the spin structure of these kinds ofl 3ransition-metal al- the resistivity in the case of hlghly r_egS|st|ve _mat_erlals at high
loys. In concentrated disordered magnetic alloys, the electroffmperature. They obtained a limiting resistivity when the
transport is much more difficult to understand because of thglectron mean free pathis of the order of the interatomic
involvement of a large number of complicated scatteringSPacing. Taking the Debye-Waller factor to be 1, the electri-
mechanisms. Therefore, the validity of Matthiessen’s rule a§al resistivity is given by
well as the theory of classical Boltzmann transport in highly
resistive alloys could be questioned. Id 8ansition metals
and alloys scattering of the conductiah electrons by p(T)=p(0)+
phonons and their interaction with magnetic spin system
(spin-disorder resistivifyare the main sources of the tem- wherep(0) is the measured residual resistivify,a constant,
perature dependence of the resisti@ﬁy?lGenerally, in both and PD the saturation resistivity Corresponding to
these cases the scattering may take place within a single band 2 /g, , whereqp, is the lower cutoff of the phonon wave
(s-s) or may involves-d transitions. One of the earliest pro- number.
posals to account for the resistivity variation with tempera-  Fisk and Webb observed this kind of DFL of resistivity
ture of transition metals due to electron-phonon scattering, ifh A15 superconductorée.g., Nb;Sn, Nb,Sb, etc). They
the presence of as-d interaction, was made by Wilsdf.  ysed the term “resistivity saturation” in the case of highly
This is given by resistive materials(50—150 Q) cm) and interpreted this
3 3 phenomenon qualitatively in terms of the attainability of the
T Op/T z°dz . K g
peg(T)= B(—) i . (1) eIectron.mean fr_ee_ paﬂhio its lowest possible value |n.the
Op) Jo (e°=1)(1-e?) strong-disorder limit. This can be of the order of the inter-

p(T)
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atomic spacinga of the material {~a), according to the loffe-Regef criterion comes into play. They obtained an ex-
Mott*! and loffe-Regel criterfa(kgl ~1). pression for resistivity of the form

The most widely accepted model for the phenomenon of
resistivity saturation in high-resistivity materials is the em- T
pirical “parallel-resistor” or “shunt-resistor” model first p(T)=pm— DToeXF{T—} (8)
proposed by Wiesmanet al® They argued that in a disor- 0
dered material, in addition to the usual Boltzmann conduc-

. : . whereT, is a characteristic temperatui®,is a constant, and
tion channel, there is an extra nonclassical channel and these " 0 P

. e L Pm is the saturation resistivity. This model is especially suit-
two act in parallel. The total resistivity(T) is given by able for those transition metals whose orbitals possess a large

1 1 1 number of lobes; namely, the distance between the zeros of

— = +—, (4)  the wave function is considerably smaller than the inter-
P(T)  pidealT) P sa atomic spacing.

where

Pideal T) = Pideal 0) + Pph(T) (5) Ill. EXPERIMENTAL DETAILS

and The alloysy-Fego_,NiCryo with x=14, 19, 21, 23, 26,

(0) and 30 were preparé&dby induction melting in an argon
_PPsar (6) atmosphere from metals of at least 99.99% purity. The
P sa— p(0) 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
assumed to be independent of temperaturejithe mea- in brine. All the samples are characterized through the x-ray

sured residual resistivity af:O.K' The ppy(T) term is due diffraction (XRD) method to investigate the possible pres-
to an electron-phonon interaction, the fogm of which can beence of any second phasgay, of bce structujeapart from
((slls)s%med tg. be elthert;hebech-@m?fﬁﬁ fortmula ﬂ Eqi the fcc y phase. The diffraction patterns reveal that all the

» depending upon the behavior ot the system at low emétlloys have single-phase fcc structure similar to that of
peratures .T<@D)' Irre;pectlve of the form. chosen above, v-Fe in the austenite state, with lattice parameter
ppn(T) varies linearly with temperature at high temperaturesa:(3'58i0.01) A . There is a very small change in the

(T>®D)._Severgl Fheorles have been proposed to understar]gttice constant with concentration. The nominal chemical
the physical origin of such a phenomenological shunt-

. composition of the alloys was checked through scanning
resistor model. Notable among them are the work by Allen : : .
and co-workeréo'“Gurvitch13’94 and Laughlin‘? Gurvi%/ch electron microscopdSEM) and energy_dsperswe xray
' S ghiin. . : analyseg EDAX). The analyzed compositions are found to
argued that the statistical distribution of relaxation timesy . \vithin 0.5% of the nominal ones for Ni and Cr
mlsjt?}bﬁz\cl)i agﬁme;egﬂtl??n@heagigﬁ:{ erl(ge'ls,ri]sgtoorvrirozah & The resistivity measurements are carried out using the
S T . * standard four-probe dc technique employing a Datron Auto-
(4)] considering the loffe-Regelcriterion. Gurvitcht* had P g ploying

h hat for diff high - li cal digital (7 and 1/2 digit multimeter (model 107). The
shown that for ditferent high-resistive metallic SYStems o neratire of the samples is controlled and monitored by a

which _show resistivity saturatipn, the Ioffe-R_egeI parameter o1 o Shore temperature controllénodel DRC 93¢, The
(kel) lies between 3 and 6 instead of 1 if one assumesgyq yica| contacts to the sample are made with Zn-Cd non-
[~a. In addition to that, the qonductlvme_s at saturation superconducting solder using Zndlux. A closed-cycle he-
(0sq) Of these alloys are much highef0—30 time$as com- i refrigerator(Cryosystems Ing.is used in the tempera-
pared to '2\/|°tt§ minimum  metallic  conductivity ,re range of 10-370 K. A different setup is used for the
(0min=0.026"/12) as seen in many metallic Systei®sg.,  egjstivity measurements up to 600 K from above room tem-
metal oxides closer to the metal-insulatoM-1) transition.  neratyre. The electrical connections are made by pressure
This relation is given by contacts employing four high purity Ag wirg®©xford In-
strumenty, avoiding the formation of any insulating oxide at
high temperatures, thereby providing a better electrical con-
wheren is the density of electrons at the Fermi level anid  tact. Highly resistive nichrome wire is used to wind the
the interatomic spacing. heater. The measurements are carried out in a big cylindrical
Recently Roret al*? have suggested an entirely different quartz tube in the presence of a continuous flow of 1.5 psi
kind of model considering the effects of displaced ions onargon gas.
the conduction electrons to describe the DFL of resistivity at The accuracy in resistance measurements is better than
high temperatures. They have shown that the phenomenon &£5 parts in 18 in the low-temperature range, but at high
resistivity saturation can arise from the fact that the averageemperatures, it is less by an order of magnitude. The stabil-
ion displacement, at high enough temperatures, can excedy of the temperature during the measurements is within
the wavelength of the electronic wave functions, while being=10 mK and+500 mK in the low- and high-temperature
still much smaller than the interatomic spacing. In thisranges, respectively. The absolute values of the resistivity are
model, the electronic wave functions are extended, but magccurate only within=5% due to uncertainties in the mea-
have short-length oscillations. Also, even in the weak scatsurements of the dimensions of the samples.
tering regime Kgl>1), saturation sets in long before the  The resistivity measurements are automated using an

Pideal 0) =

Here pg, IS the maximum limiting resistivity which is

Osat— (3772n)2/3a20'min1 (7)
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(i) There is a peak idp/dT for each alloy at around 100
o(T) of FegyNiCr P K as shown in the inset of Fig. 1.
0- x 20

(iii) p(T) of each alloy varies faster thah(~T?) until
alloys gt 50-60 K.
- (iv) The p(T) curve for each alloy starts deviating from

740

g _
e 1104 ) // linearity in the downward direction roughly beyond 200 K
% -~ ’ (=~®p/2). This behavior is manifested in thip/d T curve as
~ / well, where it starts to fall significantly from the maximum
o value. However, in sharp contrast to these results, Banerjee
S T (K) and Raychaudhuf? have observed that above 100 K, the
R 0 200 400 60Q .. . . .
- R p(T) plot for each alloy is linear until 300 Ktheir highest
& 104 %, temperature of measurementEhere is no indication of any
é ' "“% saturation effect even at 300 K.
5: T, In Table | we have shown the different magnetic transi-
1 x=23 tion temperaturesT(;, Tsg, andTy) taken from Ref. 23 and
0 p(10 K), p(300 K), and the temperature coefficient of resis-
400 600 tance(TCR=p~*dp/dT) at 300 and 500 K from the data of

Fig. 1 for the alloys under investigation. From Table | one
observes that all these disordered concentrated magnetic al-
. . loys possess very high values of residual resistivity

FIG. 1. Experimentap(T) plot of Fego_yNixCrao (x=14, 19, 14 )] The TCR of each alloy is very small at 300 K and
21, 23, 26, and 30highly resistive austenitic stainless steel alloys . - .
in the temperature range of 10-600 K. The inset shows a typicalf)ecor.neS still smaller at 500 K. It is also noticed that th?
dp/dT vs T plot for x=23. magnitude of the TCR at room temp_e_rature decreases_ with

p(300 K) for varying alloy compositions, thus obeying
) ) . Mooaoij criterion? Figure 2 shows the variation of the percent-
IBM—compa_’ubIe_ PC/AT through an IEEE-488 interface with age change 0p(500 K) with respect tap(10 K) and p(200
the measuring instruments. K) with an increase of Ni concentratiorx)( It shows a
roughly linear dependence. The percentage change of
p(500 K) becomes smaller on the high-Ni-concentration side
with large values of the residual resistivity. The inset of Fig.
A. General features of the experimentally observeg(T) 2 shows an increase of the residual resistiyi{§0 K) with
Ni concentration X) until x~27.

In Fig. 1 we have shown the experimentally observed Figure 3 is a plot of TCR vx at three temperaturg¢00,
resistivity p(T) data in the temperature range of 10-600 K300, and 500 K At each temperature the best-fitted curve
for the six disordered magnetic alloys of shows a linear dependence of TCR xnThe slopes of the
y-Fegp—_xNiCr,o(14<x=<30), all of which are around the best-fitted straight lines as well as the TCR gradually de-
stainless steel composition in the austenite state. The inset ofease with temperature and both have a tendency to become
Fig. 1 shows a typical behaviox € 23) of the temperature zero beyond a certain temperature when the best-fitted line
dependence oflp/dT of these alloys. From thesp(T) coincides with thex axis. This implies saturation of the re-
curves the following observations can be made. sistivity beyond a certain temperature.

(i) There is no distinct signature of a magnetic transition Figure 4 shows a very striking correlation in these highly
(FM, mixed phase, SG, or AFMin the p(T) plots at the resistive alloys. It reveals that the thermal and compositional
respective transition temperaturel.( Tgg, or Ty) listed in  disorders have similar effects on the resistivity saturation.
Table I. This is a plot of TCR withp for all the alloys as well as for

IV. RESULTS AND DISCUSSION

TABLE I. Ni concentration §) dependence of magnetic transition temperatutesTsg, Ty taken from
Ref. 23, resistivitiesp at 10 and 300 K, and TCRp (dp/dT) at 300 and 500 K of
v-Fegy_«Ni,Cryo(14<x=<30) alloys.

Ni Te Tse Ty P10k P300K [p~'(dp/dT)]300 K [p~*(dp/dT)]500 K
X

@9 Ky K (K) (urcm (uQcm) (X 10 %K) (X 10 %K)

14 26 58.4 91.0 115 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 55

26 56 7 90.6 118.3 7.6 5.2

30 135 87.9 109.0 6.5 41
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FIG. 2. Percentage change of resistivif$500 K) relative to

p(10 K) and p(200 K) of Fegg_yNi,Cry (14 <x< 30) alloys as a

function of Ni concentrationx). The inset shows the dependence

of the residual resistivity p(10 K)]. The solid curve in the inset is
just a guide to the eye.

FIG. 4. Resistivity p which results from either thermal or com-
positional disorderdependence of the TCR of kg ,Ni,Cry (14
<x=< 30) alloys in the temperature range beyond 100 K. The solid
line is the best-fitted curve.

Psar=180u) cm. This kind of correlation has also been

the whole range of temperature beyond 100 K. Here the infound recently in crystalline TiAl alloy&

crease ofp 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 ~ B- Analysis of p(T) data in the temperature range

an increase in the thermal disorder. Surprisingly, for all the Trmin (=10 K)ST<70 K (~0p/5)

six alloys in the temperature range beyond 100 K, the data . )

points fall on a common curve, no matter what causes the W€ have tried to fit the observedT) dar'fa of each alloy
change of resistivity, compositional disorder or thermal dis0 @ Single temperature-dependent tepM" along with a
order. As the disorder is increasécompositional or ther- Cconstant terma in the temperature range of 10-60 K. The fit
mal), the TCR (@) decreases gradually. We have fitted thisfunctions, the values of the fitting pgram.eters, the ranges of
curve to an empirical relation=-(y/p) + 5, wherey and ~ t€mperature, and the values,@?, which give tg? goodness

s are constants®~10"7). By extrapolation of this best- of fit, for all the six alloys are listed in Table Ik is defined
fitted curve to TCR &) =0 where it cuts the axis, we have @S

estimated the value of saturation resistivity as

19 Pi t_Pif't ?
-2t
i=1

i
24 Pexpt

TCR of Fepp-,N1,Crz alloys
* 7 where N is the number of data points. From Table Il the
following observations can be made.

(1) For the alloy withx= 14 which has a single PM-AFM
transitior?® with Ty=26 K, the data fit very well with the
function a+bT? in the low-temperature range of 10—-60 K
beyond which the fit becomes poor. However, between 10
and 60 K,x? ~10 8 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 pfvs T2 for the
alloy with x=14. 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.

0 I . . . (2) For the alloys withx=19 and 21, which have PM-SG
12 16 20 24 28 32 transitiong® at around 12 and 10 K, respectively, an addi-

Ni concentration x (at. %) tional T3 term is necessary along with tA& term between

10 and 50 K to make thg? (=10 ®) consistent with the

FIG. 3. Ni concentratiorix) dependence of the temperature co- €xperimental accuracy. The experimental data and the best-
efficient of resistivity (TCR=p *dp/dT) of Feg_,Ni,Cry, (14 fitted curves are shown in Fig. 6 for the spin-glass alloys
<x= 30) alloys at 100 K, 300 K, and 500 K. (x=19 and 2}

(107 K™Y
>
1

1/p (dp/dT)
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TABLE II. Fitting parameters for the(T) data to different fit functions, low-temeprature ranges, and the
values ofy? (defined in text for y-Fegy_Ni,Cryo(14<x=<30) alloys.

Ni Fit function  Fit range a b c X2

X

(at. % (K) (pQcm (10 3uQ cecmK™?)  (10°%.0cmK™% (1079
14 a+bT? 10-60 58.3 1.01 2.9
19 a+bT?+cT®  10-50 67.8 0.39 75 6.1
21 a+bT?+cT®  10-50 72.0 0.74 2.1 0.4
23 a+bT? 10-40 82.9 1.07 3.9
26 a+bT? 10-50 90.5 0.94 3.7
30 a+bT? 10-50 87.8 0.99 1.6

(3) For the alloys withx=23 and 26 which are in the aroundx=23-30 at. % of Ni. From these observations, it
mixed phase havind. and Tgg at 35, 20, and 56, 7 K, appears that th@? contribution dominates for the alloys
respectively, the functiona+bT? again, in the low- which are away from the spin-glass region<17—21 and
temperature region, fits very well. This fit is as good as in then which long-rangéFM or AFM) magnetic ordering sets in.
earlier alloys. Here the value of b is more or less constant

(4) For the alloy withx=30, which has only a PM-FM (=~1x10 3uQ cmK™?).
transitiorf> at 135 K, the fit functiora+ b T2 seems to be the ~ The T2 contribution appears only in alloys with=19 and
correct choice, giving a2 ~10 8 between 10 and 50 K. 21 which are in the spin-glass phase at the lowest tempera-
The experimental data along with the best-fitted curves foture. In these alloys th&? contribution is somewhat small as
x=23, 26, and 30 are shown in Fig. 7, whegres plotted compared to those of the others.
againstT?. These curves show a clear linear dependence in In these concentrated magnetic alloys, the appearance of a
the low-temperature region. T2 contribution top at low temperatures cannot be attributed

Figure 8 shows how the fitting parameters, namely, thelirectly to a single mechanism. If we compare Tfecontri-
constant terma and the coefficient of th@? term b, vary  bution top of these alloys with those in pure Fe, Ni, and Co,
with the increase of Ni concentratiorx)( The constang, as investigated by White and Wootfswe find that b
which can be attributed to the residual resistivity of these~(0.4—1.1 X 10 3.0 cm K2 in the present case which is
alloys, increases witlx and has a peak at around=27  one to two orders of magnitude higher than those in pure Fe,
(percolation threshole- 20 at. % of N). Thus its behavioris Ni, or Co[~ (1.3-1.6 X10 °u cm K~ 2] and the one
very similar to that of(10 K) as shown earlier in the inset of calculated by Babet®*° Thus theT? contribution due to the
Fig. 2. The coefficienb has a large value for=14. Ithas a Baber mechanism is too small to explain our results.
minimum nearx=19 and then it regains its large value  Next we attempt to explain thiE?> dependence qf in the

© 65.0 - 770 4 -
FegsN’L,4C'rgo U Fego_xN@xC'Y‘zo (x=19&‘21)
Antiferromagnetic alloy Spin-glass alloys
745 A
~ €
£ 625 - ;
(o 3 72.0 o
E! ~ .
T (K) > s
2 30 50 70 S
'_E > 1 I ﬁ 69.5 + = \g
o : o
« £ 00 - 67.0
g R
& Fit function : a+bT’+cT’
-0.1
57.5 T T r T T 64.5 T T T T T T
0 2000 4000 6000 0 20 40 60
T (K% T (K)
FIG. 5. Resistivity p) vs T2 plot of FeggNi 1,Cr o antiferromag- FIG. 6. Temperature dependence of resistivity of

netic alloy in the temperature range of 10—60 K. The solid line isFegy 4 Ni,Cryy (x=19 and 2] spin-glass alloys in the low-
the best-fitted curve. The inset plots the percentage deviation of thiemperature range. The solid lines are the best-fitted curves for the
fit from the experimental data. functiona+bT2+cTS.
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wave theory using Eq2). Unfortunately, there is no infor-
mation on the spin-wave stiffness constart)(and the
strength of thes-d interaction (¢, ,) for these magnetic
{Phase alloys (x=23 & 26) alloys as no band theory calculation has been developed for
this system of alloys so far. Thus it is not possible to estimate
. = 20 Pmag quantitatively at the present stage.

When we compare our findings with those of Banerjee

— and Raychaudhuff we find that there is an excellent quali-
] /:j tative agreement at low temperatures. However, some minor
differences exist; e.g., for the long-range or mixed-phase or-
dering x=14, 23, 26, and 30the contribution of theT3

871 term is about 1% of that of th&? term in their work whereas

it is smaller than 0.1% in the present case. Although the
] — 93 experimental resolution is about the same, the fact that the
- values ofy? are much less in our studies in comparison to

theirs (y> ~ 108 and 10 8, respectively implies that the

fit of our p(T) data to various functions is better.

Ferromagnetic (x=30) & Mixed—-

92

(uQ cm)

Resistivity

82

0 1000 2000 3000 4000
2 2
T (K) C. Analysis of p(T) data in the temperature range
200 (~0p/2) <T< 600 K

FIG. 7. p vs T2 plots of FegNigCry ferromagnetic and
Fego_xNiCryy (x=23 and 26 mixed-phase alloys in the low- From Fig. 1, which shows(T) of all the alloys under
temperature range. The solid lines are the best-fitted curves. investigation, it is obvious that each curve shows a strong

downward deviation from linearityDFL) at high tempera-

light of the electron-magnofspin-wave scattering mecha- tures and also a tendency towards saturation at still higher
nism which seems to be the most plausible one. It also protemperatures. This DFL of at high temperatures obviously
vides a rather consistent picture. It is clear that for the alloygannot be linked with any kind of correlated magnetic spin
in the long-range FMX=30) or AFM (x=14) regimes as scattering as the magnetic transition temperafifrage very
well as those in the mixed-phas&=23 and 26 regime |ow, ruling out any magnetic origin of the DFL. We have
where the long-range magnetic ordering starts appearing, thttempted to explain this behavior p{T) in the light of
T2 contribution could be very large. In the case of the alloysvarious models mentioned in Sec. II.
(x=19 and 21 in the SG regime, th@? contribution drops Obviously p(T) at high temperatures is not consistent
down and the appearance of the extfaterm can be linked with that predicted by a simple electron-phonon scattering
with electron-phonon scattering in the presence ofsah  theory, viz.,p(T)~T as in the Bloch-Gimeissef’ formula
interaction[Eq. (1)] in the transition metals. and Eq.(1) (Wilson). Therefore, we have fitted our data to

We can, in principle, estimate the spin-disorder resistivitythe “phonon-ineffectiveness” model predicted by Cote and
(Pmag N these alloys theoretically in the light of the spin- Meisel® [Eq. (3)] in the temperature range of 200—-600 K.
However, it is found that the fits in all the alloys are very
poor (x>~ 10~%) in comparison with the experimental ac-
curacy. As a consequence, we rule out the validity of this

—~ 7 model in this system of alloys.

g We have also fitted the high-temperatpi(@) data to Eq.

o 75 (4) which is obtained from the widely accepted “parallel-

3 resistor” model. The form op,(T) that we have chosen is

Fego.Ni Cr contained in Eq(1). This arises due to the phonon-assisted

© 80-=" a1 20 s-d scattering as proposed by WilsBror transition metals.
55 alloys Since the exponents df of the observeg(T) in the low-
119 temperature range are sméll—3) for this system of mag-

netic 3 transition-metal alloys, the use of E{.) (Wilson)

] instead of the Bloch-Gneissen formula is justified although
both are of the same form at high temperaturgs (
«T,T=0p). We have abbreviate@dj.,(0)=¢ which is a

] temperature-independent constant.

The value of the Debye temperatu@{) used in Eq(1)

b (107%u0 cm K™)
~J
I

3 v T T T is ~ 400 K, as obtained from the specific heat measurements
o o 30 reported by Pecherskayet al,*® falling in the range of
Ni concentration x (at. %) 370-400 K. No appreciable change in the quality of fit

(x?) is observed as we var§, between 370 and 400 K.
FIG. 8. Ni concentrationX) dependence of the fit parameters Recently, from a thorough investigation of the resistivity

a and b of Fegy_,Ni,Cry, (14 <x< 30) alloys in the low- saturation of Ti_,Al, (x=<0.135) disordered alloys by Lin
temperature range. The solid lines are just guides to the eye.  and co-workers®**it was concluded that a single value of
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TABLE lll. Ni concentration &) dependence of the fitting pa- 130
rameters for the(T) data to Eq.(4) of the parallel-resistor model .
and the values of?. The range of fit is taken betwen 200 and 600 ....Experimental
. &

Ni e[ = pigeal0)] B P sat Xz o .
x(@.%  (uQcm (1040 cm)  (uQcm)  (1077) o 1107 Fego-zV12Crz0

3 alloys
14 66.2 2.0 252.7 59 ~

> ] -
19 85.0 2.1 234.1 34 E bo/p (1074
21 92.1 2.8 225.0 2.8 = 5 15

n 1
23 117.6 31 205.8 1.4 2 90+ — > Trwan [oaxo
26 131.8 3.1 223.7 51 & = i
30 142.5 3.4 183.0 3.0 S

i & 10
é J

Psat C@NNOt describe the resistivity saturation for the entire 70 T 2 .
range ofx. Also a proper choice of the range of fit made the 100 300 500

quality of fit much better as well as the fitting parameters

more meaningful in their case.

Along the same lines, here we have kegpiy;, a free
adjustable fitting parameter along with[~ pi4e2(0)] and B

T (K)

FIG. 10. Experimentaldot9 p vs T plots of Feg_yNi,Cryg
(x=14, 19, and 2LLalloys in the temperature range of 150—600 K.

[in Egs.(4), (5), and(1)]. The range of fit is selected within The best-fitted curveésolid lineg for the alloys are plotted using
200 (=0p/2)—-600 K for all the alloys. We have evaluated Eq.(4) (parallel-resistor modgl The inset plots a typical likelihood

the integral of Eq.(1) numerically using thebo1AHF (one-

distribution of the relative errorsPAp/p] of the fit for x=109.

dimensional quadrature, adaptive, finite interval, and strategy

due to PattersgnNAG routine which is suitable for any
well-behaved function. A nonlinear least-squares approach
employed for fitting the experimental(T) data to Eq.(4)
(parallel-resistor modgl In Table Ill we have listed all the
fitting parameters, namely, B, andpg,;and the values of

x2 for the six y-Fegy_4NiCry (14 <x=< 30) alloys.

Figure 9 shows the experimenta{T) data(dots along
with the best-fitted curvepsolid line using Eq(4)] for the

iiéfldistinguishability 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 Z3)

from the best-fitted values. Figure 10 is the same as Fig. 9
except that it is for the samples wix=14, 19, and 21. In the
inset of Fig. 10 we have shown a typical likelihood distribu-

tion of the relative error® (A p/p) for these kinds of fits for

alloys with x=23, 26, and 30 in the temperature range ofXx=19. Generally, for a perfect fit and negligible experimen-
200-600 K. The excellent quality of fit is obvious from the tal error(ideal condition, one gets a very narrow peak, cen-

1304

....Experimental

—Fitted to Eq.(4)

€
© Fego_zNiC720
= 1 oalloys
p——g
o 600
'S 11041 :
= 2 x=23
R S
@ =
~
x 1 N
=
=]
.4
90 T T _01 T T
100 300 500
T (K)

FIG. 9. Experimentalldoty p vs T plots of Feyg 4 Ni,Cryg
(x=23, 26, and 3palloys in the temperature range of 150-600 K.
The best-fitted curveésolid lineg for the alloys are plotted using
Eq. (4) (parallel-resistor modgl The inset plots the temperature

dependence of a typical percentage deviation of fitkfe23.

tered around\ p/ p=0. This follows a Gaussian-likgworma)
distribution. However, in our case, the plot has some spread
with secondary maxima which appear at both the positive
and negative sides afp/p=0. We have drawn a smooth
curve which follows a Gaussian-like distribution with a peak
at Ap/p=0 and a full width at half maximuniFWHM) =~ 4

X 10~% . We have mentioned in Sec. lll that the accuracy of
our experimental data at the higher temperatures is about 5
parts in 1¢¢. So the FWHM resulting from this kind of fit-
ting procedure and the order of x?

(= 1077) given in Table Il 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 ¢f in our y-Fegy_,Ni
«Crog alloys at high temperatures.

From Table Il we observe thdt) the values of the pa-
rametere [p igeaf0) Of Eq. (5)] increase with Ni concentra-
tion (x) (shown in Fig. 1}, (ii) the parameteB, which is the
strength of the Bloch-Wilson electron-phonon interaction in
the presence of the-d scattering term, increas¢&.0-3.4
X 1074Q cm] with Ni concentration X) (shown in Fig.

11), and (iii) the saturation values of the resistivity 4,
differ [(183-253 u{) cm] from each other for various al-
loys. The inset of Fig. 11 shows the concentratic @e-
pendence op 4.
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150 130 -
. ....Experimental
- Fego-zN1:Crz x (atz) .
£ 1004 20 30 —Fitted to Eq.(8)
S alloys ‘. = - - )
- N £ Fego-N1:.Crzo
[&]
S 901 < 220 % e - 1104 alloys
3 PN 3
w - 9 N ~
| ¢ & \

60 180 > , P T (K)

351 2 200 400
k7] N 0.15 —

£ a5 %0 S z=21; -
© l © ) b &
< 0% 3 005 . J%..7
v 297 = DRI T
S | B-0.05 9 " 3
~ ' ®-0.15
0 1.5 70 T T T T

’ 10 1'5 2'0 2'5 3'0 35 100 200 300 400 500 600

Ni concentration r (at.%) T (K)

FIG. 11. Ni concentrationx) dependence of the fitting param-  FIG. 12. Experimentaidots p vs T plots along with the best-
eters ¢ and B of Eq. (4) (parallel-resistor modgl of fitted curveg(solid lineg using Eq.(8) (ion-displacement modgin

Fego_xNiCrao (14 <x=< 30) alloys. The solid lines are just guides the temperature of 200-600 K of gg Ni,Crao (x=23, 26, and
to the eye. 30) alloys. The inset plots the temperature dependence of a typical

percentage deviation of the fit for=23.

Whether the values of these fitting parameters are physinset of Fig. 14 we have shown the comparative plots of
cally meaningful has to be seen. Using &8). and the fitted  , andp ., as a function ofp(10 K) for all the alloys. The
parameters [=p jgea(0)] andpso, We have obtained values nature of both the plots is more or less similar though their
of p(0) which are within 10% of our measurgd10 K) for  gpsolute values differ.
all the alloyS. AlSO, the Strength of the Bloch-Wilson inter- (||) The values of the e|ectr0n-phonon Scattering coeffi-
action termB is enhanced with the increase of Ni concentra-cientD lie between 0.12 and 0.16Q cm K1 .
tion (x) at the cost of Fe. This may be attributed to the (jii) The fitted values of the characteristic temperature
enhancement of the electron-phonon scattering due to posy, decrease monotonically from 825 to 600 K as the Ni
sible changes in the density of thestates at the Fermi level.
The values o, decrease roughly linearly with Ni concen-
tration. If we assume a single value pf; with some fluc-
tuations, then on averaging the best-fitted values for all the
alloys we getp./~ (220 = 30) w{) cm. However, the va-
lidity of having a single value op,, for the entire concen- e
tration (X) is not very clear. Some of the experimental 1301 Fitted to Eq.(8)
result$®** support multiple values gf, for a range of con-
centrations.

We have also examined our experimental data in the light
of the ion-displacement model of Rat al*? through non-
linear least-squares fits to E@). We have kepp,, D, and
T, as adjustable parameters in the range of 200—600 K. Fig-
ure 12 plots the experimental dat@oty and the best-fitted
curves(solid lineg for alloys with x=23, 26, and 30. The
typical percentage deviation is shown in the inset of Fig. 12
for x=23. Figure 13 and its inset are the same as Fig. 12
except that they are for=14, 19, and 21 alloys and the inset
is for x=21. We have summarized in Table IV the values of 90
the fitting parameterg,,,, D, andT, as well as the values of
x? obtained from fitting the data to E@8). The following T (K)
features can be observed from the table.

(i) No unique value of the saturation resistivitp,{) is FIG. 13. Experimentaldots p vs T plots along with the best-
found, very much like the earlier case of the parallel-resistofitted curves(solid lineg using Eq.(8) in the temperature range of
model. p,, varies from 148 to 176u{) cm in these alloys. 200-600 K of Fg,_,Ni,Cr,, (x=14, 19, and 2lalloys. The inset
The range of thip,, is smaller than that 0ps,;[(183—-253  plots the temperature dependence of a typical percentage deviation
) cm] as found from the parallel-resistor model. In the of the fit for x=21.

....Experimental .0

Fego-oNi:Cr20
alloys

(1 cm)

1104

Resistivity

% DEVIATION

-0.1
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TABLE IV. Fitting parameters for the(T) data to Eq.(8) of Mott and otheré! calculated the saturation value of resis-
the ion-displacement model and the \{alues(ﬁfThe range of fitis  tivity p¢, Using the Kubo-Greenwood formula with the con-
taken within 200-600 K fory-FegoNi,Cry(14<x=<30) alloys.  dition that the electron mean free path is as small as the

- ; lattice spacing l(~a) in the strong-disorder limit and found
Ni Pm D To X that
X (at. % (pQcm  (uQecmK™ (K) (1077

14 176.3 0.149 8230 7.9 Osat= pear = (0-3%7/ha). (10
19 168.4 0.133 786.9 3.6 Mott also claimed that a similar result like that of E4.0)
21 165.8 0.163 608.7 2.5 can be found from the Boltzmann formula assuming spheri-
23 160.3 0.139 603.8 8.3 cal Fermi surfacéfree electron modgl Gurvitch'® had gen-
26 174.7 0.139 648.6 6.1 eralized the form of Eq.10) consideringx free electrons per
30 147.9 0.119 557.7 1.9 cubic cella® and wrote a modified relation

o= 0.3%%?Iha (12)
concentration X) and p(10 K) increase. This is shown in g
Fig. 14. Equation8) of the ion-displacement model can be
written as psai=1.29% 10% (n??a), (12

where the electron concentratiaris in cm™2 and the lattice
spacinga is in A. We have estimateg .,.in our alloys using
the value olh=(6-7) X 10%?/cm?3, as found from the recent
putting T=0. Ty is the characteristic temperature at which Hall effect measuremerftsat room temperature and the lat-
the average ion displacement first becomes comparable witice spacinga of 3.58 A obtained from our XRD measure-
the distance between the zeros of the electronic wave fungnents. Substituting these values in E@d.2) we obtain
tion. The form of Eq.(9) tells us that static and thermal , .~ 21540 cm. This is in excellent agreement with our
d_isqrders play gqually important roles in determining the reqverage value opey (= 220 u€ cm) using the parallel-
sistivity saturation. resistor model. However, this value is a bit higher than the

(lV) The values 0fX2 range from 1.9 to 8.3x 107 in average pgu (% 165 MQ Cm) obtained from the ion-
these fits to the ion-displacement mod&l. (8)] and are  gisplacement model. It was mentioned earlier at the end of
consistent with the experimental accuracy. The ordexf Sec. IV A howp., was estimated from the extrapolation of
as well as the percentage deviation indicate that the ionge plot of TCR vsp (Fig. 4) to TCR=0, giving the value of
displgcement mo'del is aI;o a strong candidate which cap_. ~ 180 u{ cm. This agreement is very satisfying since
explain our experimental high-temperat(@) data reason-  the value ofp.,, is found here by mere extrapolation of the
ably well. experimental data independent of any model. Thus the values

of pga, derived from our experiments using the parallel-
resistor and the ion-displacement models, are more or less in

260 good agreement with the theoretical value obtained from Eq.
€ e (12) in this system of disordered alloys.
© The values of the electron-phonon scattering ténin
g 180 o the ion-displacement model are found in the range
Z T, f (0.12-0.16 «Q cm K~ ! as given in Table IV. In the high-
PP L temperature limit, the form ofp,(T) in Eq. (5) of the

55 75 95 parallel-resistor model reduces 83 where=B/(20p) in
P(10K) (42 cm) Eq. (1) of Wilson modef? for transition metals. Substituting
®p=400 K and the values d@ from Table Ill, we getB in
the range 0f(0.25-0.40 Q) cm K~ 1. With alloying the
density of statefN(Eg) ] at the Fermi level E¢), the Fermi
velocity (vg) and the electron-phonon coupling constant
(\y) are not expected to vary significantly. Therefore, it is
possible to estimat@, at least roughly, in our alloys em-
ploying the theoreticA?*! relation

pm=p(0K)+DT,, C)

750

To (K)

650

550 . . .
55 65 75 85 95 { 6mkgh

p(10K) (uQ cm) AN(Ep)(vp)2e?

: (13

FIG. 14. Plot of the variation dF, with p (10 K) (experimentgl ~ Wherekg is the Boltzmann constant aridPlanck’s constant.
for Fegy (Ni,Cryo (14 <x=< 30) alloys. T, is the characteristic AS We have mentioned earlier, to the best of our knowledge
temperature in Eq(8) of the ion-displacement model. The inset there is no band theory calculation available for these sys-
shows the comparative variation pf, and p..[from Egs.(8) and  tems of ternary 8 transition-metal alloys. It is therefore dif-
(4), respectively with Ni concentration X). The dashed lines are ficult to estimateB from Eq. (13). Nevertheless, we have
just guides to the eye. attempted to estimat@ using N(Eg) ~ 14 states/eV/unit
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cell as found from the low-temperature specific heat meaRaychaudhurf® Our study provides a rigorous test of all the
surements in the temperature range of 4.2—45 K on similatheoretical models. In conclusion, we argue that the particu-

FeNiCr alloys(concentrations are not exactly aljkey Pech-
erskayaet al*
electron-phonon coupling constax=0.6 obtained from a
different work of the same autho?$ Substituting all these
values in Eq(13) one obtaing3~ 0.02uQ cm K~! . This

lar way in which the alloys approach saturation can be un-

We have used the value of the transportderstood quite well on the basis of the parallel-resistor

model. The phonon-ineffectiveness model has failed to ex-
plain this strong downward DFL qf at high temperatures, at
least in our alloys. The ion-displacement model also provides

value is roughly 10 times smaller than those obtained froma consistent explanation of the DFL pfat high tempera-

the parallel-resistorg/20 ) and the ion-displacemenD()
models. Although this theoretical estimate@fs very crude

tures. However, every model has its limitations. None of
them provide a single constant saturation resistivity derived

due to the lack of knowledge of the band structure, its valudrom the experimental data. One also does not know whether
is not too far from those derived from our electrical transporta unique saturation resistivity or a number of them is desir-

measurements.
We have also compared the values pf; (= 200

able for the entire range of concentratiot) (f this particu-
lar alloy system because of insufficient theoretical inputs.

© cm) obtained from our experiments with the theoretical Further, we conclude that the,, in these alloys are much
value when these metallic systems approach Mott's minihigher than those expected if this system approaches the

mum metallic conductivit}* regime (near to the metal-

insulator transition Mott has always made a distinction be-

tween the two situations, namely, conductivitywhen the

minimum metallic conductivity regiond,,). Thus the two
situations, namely, the conductivity when the electron
mean free path approaches the lattice spadinga) and the

electron mean free path approaches the lattice spacinginimum metallic conductivity, are not alike. Greater atten-

(I~a) and the minimum metallic conductivitias seen in
different metal oxides As mentioned earlier, Gurvitéhhas
shown that ooy (= p;a%) is always larger than
omin (= 0.026%/%a, the minimum metallic conductivity
and has given a relationship between thgag. (7)]. We
have estimatedr,,,, usinga=3.58 A (e and% being con-
stants and find that ourg,; ~ 250 min. We have also evalu-
ated the same factor from Eq7) using n=6x10%%cm?3
(Ref. 45 anda=3.58 A and find that it is 20 and not 25.

tion should be paid in the direction of the band theory cal-
culations in ternary @ 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 tfié dependence gf of these
magnetic alloys in the long-rangéM or AFM) regime
mainly arises from the electron-magn@pin-wave scatter-
ing. The latter also provides a more consistent picture for the
entire range ok. We also find that the Baber mechanism is

Thus for the alloys under investigation, in the saturation retoo small to explain this low-temperatufi@ behavior. We
gime (~a), the conductivity is still much higher and is not further conclude that for the alloys€19 and 2} in the SG

at all close to Mott’s minimum metallic conductivityr{,;,)
regime. This observation supports Gurvitch’s arguntént.

V. CONCLUSIONS

regime, theT? contribution becomes somewhat smalles it
should be and an additionall® 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-temperaturep(T).

We have performed systematic electrical resistivity mea-

surements ory-Fegg Ni,Crog (14<x=<30) substitutionally
disordered, crystalline, magnetic alloys.
temperature regionT>>200 K) we observe a noticeable

downward deviation op from a linear temperature depen-

In the high-
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