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Magnetoresistance and its correlation with magnetization ing-Fe802xNixCr20 „14<x<30… alloys
near the multicritical point

T. K. Nath and A. K. Majumdar
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A comprehensive study of low-~0–16.5 kOe! and very high-field ~0–200 kOe! magnetoresistance
Dr/r(H,T) and magnetizationM (H,T) has been carried out between 4.2 and 300 K on substitutionally
disorderedg-Fe802xNixCr20 (14<x<30), austenitic stainless-steel alloys near the multicritical point. Interpre-
tation of magnetoresistance~MR! data and correlation between MR and magnetization have been emphasized
in this paper. All the alloys in the low-field regime show a negative~anomalous! MR below 50 K, except for
the antiferromagnetic~AFM! alloy with x514. In the latter the MR is positive at lower fields but becomes
negative beyond thespin-floptransition due to the canting of the AFM spins. Above 50 K all of them show
Kohler-type~quadratic inH! normal MR. In the low-field regime below 50 K, the MR data of all the alloys
~except the AFM! are well described by an empirical relationDr/r52a(T)Hn with distinct values ofa and
n for the different magnetic phases. In the case of the spin-glass~SG! alloy (x521), the MR correlates very
well with M asDr/r}M2.5 over a wide range of temperature and field. For the SG alloys~x519 and 21! with
no long-range ordering the isotropic MR@(Dr/r) iso# and M satisfy an empirical relation@(Dr/r) iso#5

2a@M2(H)#. As the system approaches the long-range ferromagnetic~FM! ordering passing through the
re-entrant spin-glass~RSG! regime, a distinct deviation from the above relation has been observed. Finally, in
the case of the long-range FM alloy (x530), the relationship of@(Dr/r) iso#52a@M2(H)2M2(0)# holds
well. The observation of the upturn in the negative MR in these Fe-Ni-Cr alloys at low temperatures and in
very high fields beyond 40–50 kOe has been attributed to the positive~normal! contribution having a quadratic
field dependence@(Dr/r)n;aH2#. The negative~anomalous! contribution is found to appear mainly from the
suppression of the spin-flip scattering in all the magnetic states. At very high fields, deviation from the simple
quadratic dependence of the negative MR onM has been observed in the concentrated SG (x519) alloy. The
contribution to MR fromquantum interference effectsis found to be very small compared to the other
contributions.@S0163-1829~98!00514-1#
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I. INTRODUCTION

The magnetotransport study@magnetoresistance~MR!# of
metallic alloys is a powerful probe of its electronic transp
processes. Generally in metals and alloys with weak po
tial scattering, the dominant contribution to the MR is ess
tially a band effect. This is positive, quadratic in field, a
follows within certain limitations Kohler’s rule1 @Dr/r0

5 f (H/r0)#. In nonmagnetic amorphous alloys one genera
sees a negative MR arising from the suppression ofweak
localization.

The magnetoresistance of a magnetic system is one
probe where the transport properties are coupled with
magnetic ones. It is a convenient tool to investigate lo
spin correlations which otherwise get averaged out in
bulk magnetic measurements such as susceptibility, ma
tization, etc. It is also to be noted that unlike the bulk ma
netic measurements,MR is less sensitive to domain effects
their size is greater than the mean free path. The isotropic
MR of magnetic alloys is predicted to be sensitive only
changes in the magnetic correlations on a scale of the o
of the electron mean free path (l ), whereas the magnetiza
tion depends on both short and long-range ferromagn
~FM! orders as well as on the rotation of the FM domain
response to an applied field. Therefore, the study of MR
magnetic materials can provide very useful and complem
570163-1829/98/57~17!/10655~12!/$15.00
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tary information in relation to magnetization on a semimicr
scopic scale (; l ).

In the case ofcanonical spin glasses@CuMn,2,3 AuFe,4

AuCr, and AgMn~Refs. 2,5! with ~0.5–10! at. % of 3d im-
purities# a general correlation

r~H,T!2r~0,T!

r~0,T!
5

Dr

r0
52bM252bx0

2H2 ~1!

was obtained in a wide range of magnetic field (H) and
temperature (T) below their spin-freezing temperatures.
has been argued by Senoussi4 that anM2 dependence of the
MR supports a homogeneous model for the magnetizatio
spin glasses~SG!. In an investigation of the correlation be
tween MR and magnetizationM in AgMn and AuMn at
intermediate fields, Majumdar5 obtained a good agreement o
the data with Mookerjee’s model6 for the MR of spin glass,
given by

Dr

r0
52S J2

V2D FM tanhS gmBH

2kT D12gM2G . ~2!

HereV andJ are the Coulomb ands-d exchange potentials
g is the splitting factor,mB is the Bohr magneton, andg is a
constant. This model was derived within the framework
the Edwards-Anderson model where the local spins inte
through the conduction electrons via thes-d exchange cou-
10 655 © 1998 The American Physical Society
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10 656 57T. K. NATH AND A. K. MAJUMDAR
pling, neglecting the complication of spin dynamics. Sher
kar et al.7 computed the MR of ternary spin glasses by
cluding higher-order terms and obtained a better agreem
with experiments as compared with Mookerjee’s theory.

Generally the alloys around the percolation thresh
have strong competing interactions and they are found
pass on to a phase where long-range order coexists with
spin-glass ordering, as predicted by Gabay and Toulou8

The irreversible effects associated with the magnetization
spin glasses are also observed in this phase. MR studie
veal that the slope of MR@(1/r)(dr/dH)# increases as the
system enters a mixed phase9,10 from a FM one. This in-
crease is associated with the increase of random, unco
lated components and the breakdown of FM order wh
results in an increase of high-field susceptibility. A numb
of reports on AuFe alloys with higher Fe concentrati
(.13 at. %)~Refs. 2,9,11–13! confirmed the coexistence o
both the SG and the FM phases in the re-entrant ph
through studies of MR, susceptibility, etc. NiMn alloys10,14

also show the re-entrant behavior below 25 at. % of Mn~per-
colation threshold!.

The commonly observed low-field ferromagnetic anis
ropy of resistivity ~FAR! in different crystalline and amor
phous FM alloys have been explained well by Smi
model15 which is based on spin-orbit interaction ands-d
scattering incorporating parallel current conduction. T
model has been extensively used by Cambell, Fert,
Jaol16 to derive a relation which holds for many crystallin
Ni-based alloys. At high fields the suppression of scatter
due to spin waves leads to a reduction in resistivity and c
sequently a negative MR above their technical saturation

There have been very few MR measurements in anti
romagnets, possibly because of their small values, whic
some cases may be beyond the resolution of measuring
struments. Nagasawa17 had observed that Nd, which has
complicated spin ordering with two antiferromagnetic pha
at low temperatures, shows a positive magnetoresistanc
sufficiently low temperatures whereas as the tempera
rises it becomes negative at the temperature where one o
antiferromagnetic phases disappears. This suggests th
such metals with oscillatory spin orderings the magnetic fi
does not simply suppress the fluctuations of spins, but m
as well increase it leading to a positive MR. Yamada a
Takada18 have calculated the MR of antiferromagne
~AFM! metals due to electron-spin scattering with localiz
spins throughs-d interaction, using the molecular-field ap
proximation. For AFM’s the direction of external magnet
field is taken to be parallel or perpendicular to thestaggered
magnetization, and the latter~perpendicular! case includes
thespin-flop state. The external magnetic field is assumed
be weak (vct<1). They have shown that the MR is positiv
in the AFM state when the field is parallel to the sublatt
magnetization in contrast to the negative MR in the FM a
paramagnetic~PM! cases. In the FM and PM cases the ma
netic field increases the effective field acting on the localiz
spins and suppresses the fluctuation of spins which leads
negative MR. On the other hand, in an AFM state with p
allel field, the fluctuations of the spins of one sublattice m
be suppressed whereas it might increase in the other.
MR is determined by the net spin fluctuations in the tw
sublattices, and this may lead to a positive MR. For an AF
-
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the MR is zero when the applied magnetic field is perp
dicular to the sublattice magnetization.

In this work we have carried out systematic measu
ments of longitudinal @(Dr/r) i#(H,T) and transeverse
@(Dr/r)'#(H,T) magnetoresistances and magnetizat
M (H,T) in low ~0–16.5 kOe! and very high~0–200 kOe!
field ranges at temperatures between 4.2 and 300 K
g-FE802xNixCr20 (14<x<30) austenitic stainless-steel a
loys in the fccg phase. The magnetic phase diagram19,20had
been established in this alloy system through
magnetization,19 magnetic neutron scattering,21 and ac-
susceptibility measurements. Due to the strong compe
exchange interaction between different kinds of 3d
transition-metal magnetic atoms~nearest-neighbor interac
tion is either FM or AFM with positive or negative values o
exchange integral,Ji j !, this system of alloys undergoes
compositional phase transition from long-range AFMx
510– 14) to SG~17–21!, to mixed FM and SG~23–26!, to
long-range FM (x>30) order within the same crystallo
graphicg phase. In the mixed phase alloys (x523– 26), the
coexistence of long-range FM and SG ordering was c
firmed through magnetization19,22 and magnetoresistance22

measurements. This is in agreement with t
Gabay-Toulouse8 model of mixed phase.

Magnetoresistance~MR! measurements are supposed
throw new light on or confirm the proposed magnetic pha
diagram in the sense that each of the above phases has
acteristic field, temperature, and orientation dependenc
MR. Conversely, the present system of concentrated al
forms an interesting set where one could study the detail
behavior of almost continuously varying magnetic pha
originating from competing interactions within the sam
chemical constituents and crystal structure.

We have reported earlier preliminary low-field magn
toresistance measurements22 on a few of these alloys~x
530, 23, and 21! in the field range of 0–16.5 kOe withou
any detailed analysis. In this report we extend the low-fi
MR and magnetization measurements tox526 @another re-
entrant spin glass~RSG!#, 19 ~pure SG! and 14~AFM!. Also,
high-field ~till 20 T! magnetoresistance data in the RSGx
526) and SG (x519) are presented, analyzed, and also c
related with the corresponding magnetization data alre
reported.23 The motivation and emphasis of the present wo
are on meaningful correlations between magnetotrans
and magnetic properties in different magnetic phases. S
important new results are as follows:

~a! Functional relationsDr/r52a(T)Hn between MR
andH with distinct values ofa andn have been found for
different magnetic phases~except the AFM!.

~b! For the AFM (x514), the positive LMR at lower
fields is correlated with thespin-flop transition observed in
M (H) at 10 kOe.

~c! For the SG (x521), Dr/r}M2.5 over a wide range of
H andT. The isotropic MR for the SG’s~x521 and 19! goes
as @(Dr/r) iso#52a@M2(H)# whereas for the FM (x530)
@(Dr/r) iso#52a@M2(H)2M2(0)# holds well. The RSG’s
~x523 and 26! satisfy the latter only roughly.

~d! The very high-field~20 T! MR has normal positive
and anomalous~magnetic! negative contributions. The mag
netic part of the MR in the SG (x519) does not correlate
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57 10 657MAGNETORESISTANCE AND ITS CORRELATION WITH . . .
with M2 ~as incanonicalSG’s!. The contribution to the MR
from quantum interference effects is found to be negligib

II. EXPERIMENTAL DETAILS

Sample preparation and characterization, low-field m
netoresistance and dc magnetization measurement techn
have been described elsewhere.22 The very high-field~till
20 T! magnetoresistance@Dr/r(H)# measurements wer
carried out in the temperature range between 4.2 and 6
using the standard ac technique and a water-cooled B
coil magnet~2-T and 2-Y types! of 52.5 mm bore and a 10
MW power supply at the Francis Bitter National Magn
Laboratory, Massachusetts Institute of Technology. The d
acquisition is done through a PC/AT in both continuo
scanning increasing and decreasing field modes. The
perature of the sample was measured by a calibrated ca
resistor and was controlled by a glass-ceramic capacita
sensor and matching electronics. The stability of tempera
during the measurements was within6100 mK and the reso
lution in Dr/r was about 1 part in 104.

III. RESULTS AND DISCUSSION

A. General features and comparative study of low-field
magnetoresistance and magnetization

~a! In Figs. 1~a! and 1~b! we have shown, respectively, th
longitudinal ~LMR! @(Dr/r) i# and transeverse~TMR!
@(Dr/r)'# magnetoresistances of the alloy withx530 ~FM!
in the temperature range of 11–150 K and up to a field
16.5 kOe. The MR in both the orientations is negative a

FIG. 1. Magnetic-field (H) dependence of~a! longitudinal
@(Dr/r) i# and ~b! transverse@(Dr/r)'# magnetoresistances a
various temperatures for Fe50Ni30Cr20 ~FM! alloy.
.
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varies slower thanH below 50 K. (Dr/r)' at 11 K and a
field at 16.5 kOe is only'0.17%. Above 50 K the MR
becomes positive and shows a normal (Dr/r;H2) magne-
toresistance behavior~Kohler type! till 300 K. It can be
clearly seen thatu(Dr/r)'u is always greater thanu(Dr/r) iu,
i.e., a small but finite anisotropy is indeed present tillT
550 K. The typical value of the anisotropy of the M
~FAR! here (5@ u(Dr/r) iu2u(Dr/r)'u#) is 0.01% at T
511 K and atH int50. This value of anisotropy of MR in
x530 ~FM! is very small in contrast to the much large
values for a homogeneous FM. The origin of such an anis
ropy term (Dr i2Dr')/r0 at the lowest fields and tempera
tures can be associated with the domain orientation in o
nary FM’s like Ni and also in NiMn~21 at. % Mn! alloy near
the percolation threshold.10

The field dependence of magnetization at several te
peratures~isotherms! for x530 has been presented in Fi
2~a! up to a field of 16.5 kOe. We observe a clear tenden
towards saturation but true saturation is not achieved eve
the highest field~16.5 kOe! at the lowest temperature~19 K!.
The field dependence of magnetization at 19 K is found to
given byM}H0.05 in the field range of 2–16.5 kOe. With th
increase of temperature, this alloy becomes a PM (M}H)
beyond 200 K as clearly seen from Fig. 2~a!. The Arrott plots
@M1/b vs (H/M )1/g#, keepingb50.5, andg51 ~the mean-
field values! for x530 is shown in Fig. 2~b!. We find a set of
parallel lines having both positive and negative intercepts
the M2 axis from whichTc can be estimated to be 135 K.

~b! In the case of the alloy withx526 ~mixed phase or
re-entrant phase! both the LMR and TMR in the temperatur
range of 11–75 K and up to fields of 16.5 kOe are negat
until 75 K and varies slower thanH ~not shown!. (Dr/r) i at

FIG. 2. ~a! M -H isotherms of Fe50Ni30Cr20 ~FM! alloy at vari-
ous temperatures in the field range of 0–16.5 kOe.~b! Arrott plots
at various temperatures for Fe50Ni30Cr20 ~FM! alloy confirming the
presence of large spontaneous moment.
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10 658 57T. K. NATH AND A. K. MAJUMDAR
11 K and a field of 16.5 kOe is'0.18%. Several isotherma
M -H measurements were taken in the range of 19–250
The plot at 19 K and fields up to even 16.5 kOe has a lo
curvature indicating lack of saturation of the magnetizati
The functional dependence of this plot was obtained from
fit to M}H0.1 in the field range of 2–16.5 kOe. The Arro
plots ~not shown here! show large positive intercepts on th
M2 axis which confirm the FM ordering below 60 K.

~c! In a similar fashion the alloy withx523 ~another
mixed-phase alloy! show a negative MR, almost isotrop
(FAR.0) and its magnitude increases with field and d
creases with temperature in the range 11–50 K. The MR
100 K and above becomes positive~normal magnetoresis
tance!. The value of the negative TMR at 16.5 kOe and at
K is 0.35%. It varies slower thanH and depends strongly o
temperature below 50 K. This kind of behavior is similar
that of concentrated AuFe~18 at. % Fe! ~Refs. 11,13! and
NiMn ~21 at. % Mn! alloys10,14 in the mixed-phase regime
This is in contrast to the low-fieldH2 dependence of MR in
AuFe ~2.9 at. % Fe!.2 This is also different from those o
conventional FM’s where MR is linear inH and shows FAR.
With the decrease of Ni concentration (x) the value of the
FAR decreases~i.e., as the composition moves away fro
the critical concentration for long-range FM ordering, t
anisotropy vanishes!.

The isothermalM vs H plots for the alloy withx523
~mixed phase! hardly shows any saturation even at 19 K a
at 16.5 kOe. This behavior is comparable to those of Au
~17 at. % of Fe! ~Ref. 24! mixed-phase alloys. Toulouse ha
found theoretically that in the coexistence regime~mixed
phase!, the field dependence of magnetization at low fields
given byM}H3/7. This was derived considering the infinit
range Ising model of Sherrington and Kirkpatrick and
cluding an average FM interaction. In contrast, from o
M -H measurements, it is found that forx523 ~mixed phase!
at 19 K,M}H0.22 even at fields extending up to 15 kOe. Th
positive intercepts of Arrott plots forx523 ~not shown! as
well confirm the presence of FM ordering in the coexisten
regime. Had it been a pure SG there would not have b
any positive intercept. The SG freezing of this mixed-pha
alloy has already been established from the thermomagn
history dependence of dc magnetization.19 So we conclude
that in the mixed-phase regime, SG and FM orderings ind
coexist.

~d! The field dependence of the LMR and TMR at seve
temperatures for the alloy withx521 ~SG! show identical
~completely isotropic, FAR50! behavior within the resolu-
tion of our experiment. The curves at 100 K and above sh
positive normal magnetoresistance. Below 50 K, the M
varies slower thanH. The value of the TMR is'0.4% at 11
K and at 16.5 kOe and is rather large in comparison w
those of the other alloys (x). From the field dependence o
the magnetization ofx521, we find that at the lowest tem
perature~19 K!, the M -H plot does not show any tendenc
of saturation due to the strong competing interactions
tween FM and AFM exchange couplings~also seen in, say
AuFe with 4–8 at. % Fe impurity!.25 At 19 K, M}H0.4 till
15 kOe. The Arrott plot of this alloy at 19 K~no positive
intercept on theM2 axis! rules out any FM ordering at thi
temperature.

~e! In Fig. 3~a!, the low-field LMR @(Dr/r) i# at several
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temperatures for the alloy withx519 ~SG! are shown. Its
value at 11 K is'0.26%. At the lowest temperatureDr/r
varies slower thanH. However, at higher temperatures
varies faster thanH. This kind of behavior has also bee
found in AuFe alloys~8–13 at. % of Fe!.12 The MR above
100 K becomes positive~normal MR!.

TheM -H plots@Fig. 3~b!# of this alloy (x519) resembles
those of x521. At the lowest temperature~19 K! M
}H0.45. The Arrott plots of this alloy do not have any pos
tive intercept on theM2 axis even at the lowest temperatu
confirming the absence of any FM ordering.

~f! In Fig. 4~a! we have shown the field dependence
both the LMR and TMR@(Dr/r) vs H# for the alloy with
x514 ~AFM! at 4.2 K. Initially the LMR increases with field
followed by a maximum and ultimately it becomes negativ
In contrast, the TMR is negative for all fields from 0 to 1
kOe. As mentioned earlier, as the magnetic field is increas
the LMR of polycrystalline AFM metals should change fro
positive to zero and finally to negative values and the cu
is rounded by domain-wall and polycrystalline effects. In th
AFM the field dependence of the LMR exhibits a simil
behavior which is consistent with studies on other AFM
loys, viz. Nd by Nagasawa.17 The development of a negativ
LMR indicates that this alloy undergoes a field-inducedspin-
flop transition from an AFM state to a canted FM state.

The M -H curve of the alloy withx514, which has an
AFM ordering belowTN526 K, shows a striking change o
slope at around 10 kOe at 4.2 K@Fig. 4~b!#. This abrupt
change of slope is more pronounced in thedM/dH vs H plot
@Fig. 4~b!# which shows a peak at 10 kOe. However, it va
ishes completely at 35.3 K~not shown!. This change of slope

FIG. 3. ~a! Magnetic-field (H) dependence of longitudina
@(Dr/r) i# magnetoresistance at various temperatures
Fe61Ni19Cr20 ~spin glass! alloy. ~b! M -H isotherms of Fe57Ni19Cr20

~spin glass! alloy at various temperatures in the field range of 0
16.5 kOe.
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57 10 659MAGNETORESISTANCE AND ITS CORRELATION WITH . . .
in the M -H plot and the development of a negative LMR
4.2 K should have the same origin, namely, thespin-flop
transition arising from the canting of the AFM spins.

1. Magnetic field, temperature, and composition dependence
of magnetoresistance

The magnetic-field dependence ofDr/r of all the alloys
under investigation have been fitted to the relation

Dr

r
52a~T!Hn

using a nonlinear least-squares-fit program. We have
estimated the contribution to the MR from Lorentz for
normal MR and find that it is negligible compared to t
magnetic term for all the concentrations in the field range
1–16.5 kOe and temperature range of 11–50 K. Above
K the MR of all the alloys are positive where the normal M
dominates. The normal MR~Kohler! is essentially due to
band effects and is given byDr/r;(vcte)

2, where vc
5eB/m, is the cyclotron frequency andte , the elastic-
scattering time. At a magnetic fieldB51 T, vc;1011 s21.
Using various data for these Fe-Ni-Cr alloys from our ear
reports,26,27 namely, conductivity at 10 K~s10 K;104 s/cm!,
mean free path~l;a few tens of Å!, average electron veloc
ity (v0;1072108 cm/s), and elastic scattering time (te
;10214 s) we expect the MR in such a field to satisfy t
condition,vcte!1. In our alloys the normal~Kohler! MR in

FIG. 4. ~a! Magnetic-field (H) dependence of longitudina
~Long.! and transverse~Trans.! magnetoresistances at 4.2 K fo
Fe66Ni14Cr20 ~antiferromagnetic! alloy. ~b! M -H anddM/dH vs H
plots for the same alloy at 4.2 K. TheM -H plot shows a striking
change of slope around 10 kOe~shown by an arrow! wheredM/dH
shows a peak. This has been attributed tospin-floptransition at this
field.
so

f
0

r

magnetic fieldB51 T at 10 K is going to be negligible
@Dr/r;(vcte)

2;1026#, compared to the observed neg
tive MR @;1023#.

In Table I we have summarized the values ofn, a(T),
andx2 till 50 K for all the alloys in the magnetic-field rang
of 2–16 kOe. The values ofx2('1026) are consistent with
our experimental accuracy. From this table we observe t

~1! for the alloy withx519 ~SG phase!, the exponent of
H, n50.8 at 11 K. The value ofn increases with tempera
ture. Above the ordering temperature (TSG), n increases con-
tinuously to values between 1 and 2. This indicates the e
tence of short-range correlations since in a complet
paramagnetic state,n is 2.13,28 In canonical SG’s~Ref. 2!
where spin freezing takes place because of random b
frustration~magnetic impurities are indirectly ferro- or ant
ferromagnetically coupled to each other via the Ruderm
Kittel-Kasuya-Yosida~RKKY ! interactions!, the exponent
(n) was found to be 2 with almost temperature-independ
coefficienta below their freezing temperatures. In this allo
(x519) where the SG phase arises not due to RKKY
change interaction mediated by conduction electrons but
to the direct competing FM and AFM exchange interactio
~concentrated SG!, the value ofn,1. This kind of observa-
tion was also made in NiMn alloys10 ~only qualitative study!
in the SG phase near the critical composition for ferrom
netism (25<x<28).

TABLE I. Values of the parametersn, anda(T) and alsox2 for
the fits to Dr/r52a(T)Hn at various temperatures fo
Fe802xNixCr20 (14<x<30) alloys in the field range of 2–16.5 kOe

Alloy
(x)

T
~K! n

a(T)
(1024 kOe2n)

x2 a

(1026)

19 11 0.80 2.8 5.0
(TSG512 K) 25 1.07 0.8 3.9

40 1.40 0.2 6.0
21 11 0.74 4.9 15
(TSG510 K) 15 0.77 4.0 31

19 0.76 3.7 9
30 0.78 2.6 18
40 0.73 0.6 82

23 11 0.66 6.0 6.4
~Tc , TSG535, 20 K! 17 0.66 5.5 7.0

20 0.66 4.6 2.4
25 0.65 4.7 9.8
30 0.64 3.9 1.8
35 0.65 4.6 8.7
45 0.65 3.7 12

26 11 0.54 4.3 6.0
~Tc , TSG560, 7 K! 15 0.53 4.0 9.0

19 0.48 3.6 8.5
40 0.52 2.2 8.8
60 0.27 2.1 12
75 0.19 1.4 21

30 11 0.74 2.4 25
(Tc5135 K) 20 0.67 6.7 19

30 0.60 1.4 50
50 0.10 1.3 11

ax251/N( i 51
i 5N@Yi(data)2Yi(fit) #2/@Yi(data)#2.
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10 660 57T. K. NATH AND A. K. MAJUMDAR
~2! In the case ofx521 ~spin-glass or cluster-glas
phase!, we find thatn.3/4 and is temperature independe
as well. Here also we findn different from 2 unlike the
canonical SG’s.2 There are some recent reports
Au87Fe13,

11 Au85Fe15,
12,29 and Au82(Fe12xCrx)18 ~Ref. 29!

alloys with 15<x<25 which find the same value of the e
ponent,n ('0.7560.04) below theTSG/CGphase. Moreover
they have referred our value22 as the only available one fo
comparing their data for the concentrated alloys in
SG/CG regime.

Since this alloy (x521) is very near the mixed-phase
re-entrant SG phase regime (x523– 26), it must have
cluster-glass-like~CG! ordering belowTSG/CG. Hence the
MR will have contributions from both intercluster interactio
which is of spin-glass-type and intracluster interaction wh
is ferromagnetic. The unique value of the exponent ofH
(n'3/4) results from the above combined effects for all t
alloys in the SG/CG regime.

~3! For the alloy withx523 ~mixed or re-entrant phase!,
the exponent ofH is 2/3 and is independent ofT up to 50 K
which is above bothTSG andTc .This value ofn is different
from the value of 6/7 found for AuFe~18 at. % Fe! ~Ref. 13!
for T,TSG. There it depended strongly on temperature
T.TSG. However, a recent study on Au82(Fe12xCrx)18 al-
loys for 0.05<x<112 which show RSG behavior, the valu
of n is found to be 0.67 (60.02) or. 2

3 in the temperature
range of 4.2–200 K and in the field range of 2–45 kOe. I
interesting to note that in all these alloys the range of fit
H2/3 dependence ofDr/r extends beyond the respective C
rie temperatures. Moreover, in the same study,29 they have
rechecked the data for Au82Fe18 ~RSG! alloy and found that
the value ofn' 2

3 only between 140 and 160 K which i
close to itsTc ~150.7 K!. Below TSG, n'0.860.2. They
have also referred our value22 as the only available one fo
comparing their data29 in the case of concentrated alloys
the mixed-phase~or RSG! regime.

According to Balberg, the field dependence of MR of
weak ferromagnet at high fields is given by28

Dr}2H ~12a!/bd,

provided (mH/kT)@u12T/Tcu, where m is the magnetic
moment of the ion,a the specific heat exponent,b andd are
the critical exponents for spontaneous magnetization
critical isotherm, respectively. In the case of AuFe~RSG!
alloys, magnetization30 and nonlinear susceptibility31 mea-
surements near the critical temperature show that the cri
exponents are similar to those of 3d Heisenberg systems.32

Putting the values of these critical exponents,n @'(1
2a)/bd# is found to be 0.64 which is very close to th
value found for our RSG alloys (' 2

3).
So our present study along with the studies mentio

above reveal thatDr/r}2H2/3 could be claimed as a cha
acteristic feature of re-entrant spin glasses or mixed-ph
alloys in the field range above their technical saturation.

~4! For the alloy withx526 ~RSG!, the value ofn is
found to be1

2 in the temperature range of 11–50 K and
temperature independent. This particular alloy is very cl
to the critical concentration for long-range FM ordering. T
different value of the exponentn compared to that in the
t

e

h
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f
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se

e

RSG regime (n'2/3) can be attributed to the fluctuation
due to the formation of large clusters along with the sp
glass freezing.

~5! In the case of the alloy withx530 ~FM phase!, n
varies strongly with temperature.a(T), the coefficient of
Hn, is the strength of the MR. It decreases with temperat
in all the samples. As mentioned in the earlier section
small but finite anisotropy~FAR of 0.01%! is found in the
very low-field region~0–200 Oe! and at high fields~16.5
kOe! as well.

In Fig. 5~a! the composition dependence of (Dr/r) i has
been shown at 11 K for fields of 5, 10, and 16.5 kOe. It c
be clearly seen from the figure that the magnitude of the M
is maximum in the SG regime~close to the critical concen
tration regionx'xc!. In Fig. 5~b! we have shown the com
position (x) dependence of the coefficienta ~Table I! and
the exponent,n at 11 K. The value ofa increases withx,
reaches a maximum atx523 and then decreases as the allo
approach long-range FM. The value ofn decreases withx,
reaches a minimum atx526 and then increases withx.

The temperature dependence of (Dr/r) i for x530, 26,
23, 21, and 19 at fields of 5, 10, and 16.5 kOe have sho
that above 50 K the sign of (Dr/r) i changes from negative
to positive~not shown here!. The decrease of theu(Dr/r) iu
with the increase of temperature indicates an enhanceme
the amplitude for spin-flip scattering of conduction electro
from localized moments of the magnetic ions.

So we observe a definite trend of MR,a and n with com-
position as the Fe-Ni-Cr system evolves from long-ran
AFM ordering to long-range FM ordering passing throug
the critical concentration region(x'xc) where the maxi-
mum change of all the three quantities occurs.

FIG. 5. Ni concentration (x) dependence of~a! longitudinal MR
at 5, 10, and 16.5 kOe magnetic fields and~b! a and n for
Fe802xNixCr20 alloys at 11 K.
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There are reports on MR of NiMn alloys10,14 with about
21–30 at. % Mn~which are very near the critical concentr
tion regime for FM ordering! in SG, RSG, and FM phases. I
all these phases they have also found the field dependen
Dr/r to be slower than linear. However, no quantitati
study has been made on those alloys.

In this low-field region ~gmBH/kBT,2, where H
;10 kOe! below the respective transition temperatures
most rapidly varying part of the negative MR of the
Fe-Ni-Cr magnetic alloys is caused by the freezing out of
spin-flip s-d scattering due to the alignment of localize
magnetic spins with the applied magnetic field.

2. Correlation between low-field magnetoresistance
and magnetization

In this section we have studied the magnetization dep
dence of the magnetoresistance of the Fe-Ni-Cr series
find out any meaningful correlation betweenDr/r and M ,
we have carried outDr/r(H,T) andM (H,T) measurements
under identical conditions~at the sameH and T! for each
composition. EliminatingH between the two sets, namely

UDr

r U}Hn and M}Hm,

one gets

UDr

r U}Mn/m, at any temperatureT. ~3!

Thus we can findDr/r vs M at any temperatureT with-
out using any theoretical model. Figure 6~a! shows lnuDr/ru
vs lnuMu plot for x521 at various temperatures from 11 to 3
K. Fitting the data to a straight line (x2'1026) yields
Dr/r}M2.5 over a wide range of temperature and fie
However, the data above 30 K do not fall on this curve.
the case ofx523 ~mixed phase! such plots yield the value
of the exponent ofM varying from 3.1 to 2.0 asT changes
from 19 to 45 K, thus showing no correlation betweenDr/r
andM . Forx530 ~FM!, Dr/r (H) is strongly dependent on
temperature, whileM (H) has a weak temperature depe
dence forT!Tc making the attempt of correlation meanin
less. So for the FM alloy and also for the alloys in the RS
phase such a dependence ofDr/r on M @Eq. ~3!# is not
observed. This is a very important observation becaus
shows that the MR of the RSG is more like that of a FM th
that of a SG.

For canonical spin glasses~e.g., AuFe, CuMn, etc.! where
indirect RKKY interaction (JRKKY) between magnetic impu
rities dominates, it is known that

Dr

r
}M2}x2H2, for zero-field-cooled ~4!

and

Dr

r
}~mr1xH !2, for field-cooled states, ~5!

wherex, H, andmr are, respectively, the reversible susce
tibility, the applied field, and the remanent magnetizat
~irreversible part!.
of

e

e
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o
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-

Equation~4! can be rewritten as

Dr

r
~H !52a@M ~H !#2 for homogeneous SG alloys.

~6!

In a similar way, for homogeneous randomly canted FM
with nonzero spontaneous magnetic moment, Senouss14,11

suggested that

Dr

r
~H !52a@M2~H !2M2~0!#, ~7!

where M (0) is the spontaneous magnetization in units
mB / ion ~estimated by extrapolation from measurements
strong enough fields to align the domains!.

We have seen in earlier sections that in all our alloys~FM,
RSG, SG, etc.! in the vicinity of the critical composition (x
'xc), the anisotropy@ u(Dr/r) iu2u(Dr/r)'u# is weak and
there is a comparatively large isotropic contribution to t
MR. We have made an attempt to correlate the isotropic p
of the MR of each alloy with their magnetization. In an
polycrystalline magnetic material with random initial doma
orientations, the isotropic MR is defined by

FDr

r G
iso

5
~Dr/r! i12~Dr/r!'

3
. ~8!

In Fig. 6~b! we have plotted@Dr/r# iso(H) vs M (H),
eliminating H from both, for all the alloys under investiga
tion atT520 K. For the lower concentrations correspondi
to the SG alloys (x519,21), @Dr/r# iso is exactly propor-

FIG. 6. ~a! Log-log plot of transverse magnetoresistance a
magnetization at different temperatures for Fe59Ni21Cr20 ~spin-
glass! alloy. The slope of the plot givesu(Dr/r) iu;M2.5. ~b! Cor-
relation between (Dr/r) iso and M for Fe802xNixCr20 alloys at T
520 K clearly showing a gradual evolution of MR as one go
from the long-range FM ordering towards the critical regionx
'xc) close to the SG regime.
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10 662 57T. K. NATH AND A. K. MAJUMDAR
tional toM2(H) showing that the alloys behave more or le
as homogeneous spin glasses confirming the results
Senoussi.4 However, forx523 ~mixed phase or RSG!, there
is a weak departure from theM2 behavior. This become
more severe forx526 ~RSG!. This change of behavior is
precursor to the FM ordering. Finally, in the case ofx530
~FM! one observes a behavior which is almost character
of a homogeneous canted FM state@Eq. ~7!# or at least the
state has started to set in. Fitting the data to Eq.~7!, one
obtains a value ofM (0) which is very close to the value o
M where one observes technical saturation in theM -H curve
@Fig. 2~a!#.

At low fields alignment of domains produces a rapid
crease inM without affecting the resistivity as the doma
size is much greater than the electron mean free path
higher fields ~beyond technical saturation! once a single-
domain structure is established, the progressive alignmen
individual moments of canted spins@which is manifested in
the high-field slope of theM -H curve, Fig. 2~a!, beyond the
technical saturation# dominates the MR behavior and theM 2

dependence@Eq. ~7!#.
We have fitted the data to Eq.~7!, viz Dr/r(H)5

2a@M2(H)2M2(0)# for all the samples atT520 K
@shown in Fig. 6~b!# and the best fitted parameters are su
marized in Table II. We find that forx519 and 21~SG!, the
values ofM (0)'0 as expected. Forx523 and 26~mixed
phase or RSG! and 30~FM!, theM (0) values are very close
to their values at technical saturation. The values ofa de-
crease with the increase of Ni concentration as the sys
approaches long-range FM ordering.

We thus conclude that the RSG’s~x523 and 26! are the
precursor to the FM ordering. In the concentrated SG~x
519 and 21! alloys, @Dr/r# iso varies asM2 as expected
~supporting the homogeneous model for the magnetizatio
found in canonical spin glasses!. For x530, the homoge-
neous canted FM phase sets in. For the RSG alloys there
short-range FM ordering on the scale of electron mean
path (;10– 20 Å). Figure 6~b! clearly shows a gradual evo
lution of MR as one goes from the long-range FM orderi
towards the critical region (x'xc) close to the SG regime.

B. High-field „till 200 kOe… magnetoresistance
and magnetization

We have also carried out longitudinal magnetoresista
@(Dr/r) i(H)# and magnetization@M (H)# ~Ref. 23! up to
fields as high as 200 kOe in the temperature range of 4.2
K for Fe802xNixCr20 ~x514, 19, 26, and 30! alloys. In Fig. 7
we have shown@(Dr/r) i# vs H for x526 ~mixed phase! in

TABLE II. Ni concentration dependence ofa, M (0), andaM0
2

as obtained from the fit to Eq.~7!.

Ni concentration
(x)

a
105 (emu/g)22

M (0)
~emu/g!

aM0
2

(1024)

19 1.40 0 0
21 1.19 0 0
23 0.84 10.1 8.5
26 0.36 18.2 11.1
30 0.23 34.0 26.1
of

ic

At

of

-

m

as

s a
e

e

60

the temperature range of 4.2–60 K and up to a field of 2
kOe. In the earlier section, the MR plot for the same all
until 16.5 kOe was found to be negative having a typic
value of 0.18% at 16.5 kOe at 11 K. Figure 7, where t
same plot has been extended up to 200 kOe, shows
@(Dr/r) i# is negative at low fields, passes through a mi
mum atHmin and becomes positive at higher fields. At high
temperatures the depth of the minimum reduces, the valu
Hmin shifts towards lower fields and the MR@(Dr/r) i# be-
comes more and more positive. It should be noted that ab
75 K, @(Dr/r) i# becomes completely positive~as found in
the earlier low-field study! at all fields. This observation is
also consistent with the current high-field studies at hig
temperatures. In Table III, we have given the values of
depth of minima andHmin .

To the best of our knowledge no theory has been de
oped for any magnetic system so far which could explain
observation of an unknown positive contribution to magn
toresistance dominating at higher fields. Generally, with
application of a magnetic field, the amplitude of the spin-fl
scattering~s-d interaction! of the conduction electrons b
the magnetic ions gets suppressed because of the align
of the magnetic spins. As a result all magnetic systems~ex-
cept AFM! show negativeDr/r (H). With a higher field,
more of the canted spins will be aligned. But beyond a c
tain field this anomalous~negative! contribution will be
smaller compared to the normal~Kohler! MR which origi-
nates from band effects. With a higherB, vc and hence
(Dr/r)normal will be higher and ultimately the latter domi
nates at the highest field.

So the MR can be thought of as composed of one posi
and one negative term which can be expressed as

FDr

r G~H !5FDr

r G
n

1FDr

r G
a

5aH22bHn. ~9!

The first term is due to the normal~Kohler! MR and the
second term is the anomalous one~as discussed earlier!. a,
b, and n are temperature-dependent adjustable parame
In the low-field studies~up to 16.5 kOe! we have already
observed the dominatingH2 dependence of the normal MR

FIG. 7. Magnetic-field (H) dependence of longitudina
@(Dr/r) i# magnetoresistance at various temperatures
Fe54Ni26Cr20 ~mixed phase! in the field range of 0–200 kOe.
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TABLE III. Temperature dependence of depth of minimum of MR, strength of field at which minim
observed (Hmin), and the parameters obtained from the fit to Eq.~9! for Fe-Ni-Cr alloys.

Sample

Depth of
minimum

@Dr/r(%)#
Hmin

~kOe!
T

~K!

a
(1026)

(kOe)22

b
(102(21n))
(kOe)2n n

x2

(1024)

Range of
field
~kOe!

Fe54Ni26Cr20

~mixed phase! 0.702 50 4.1 0.585 0.375 0.433 5.1 0–200
0.620 45 8.1 0.605 0.358 0.375 9.7 0–200
0.315 35 20.1 0.448 0.229 0.173 7.0 0–200
0.046 13 60.1 0.380 0.002 0.100 7.5 0–200

Fe61Ni19Cr20

~spin glass! 0.50 60 8.1 0.279 0.294 0.386 8.7 0–190
0.21 45 20.1 0.312 0.138 0.458 1.7 0–190
n
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for all the alloys above 100 K. In this high-field investigatio
it is found that the positive contribution~H2 dependent!
dominates only at higher fields~.50 kOe at 4.2 K! at low
temperatures. In Table III, we have listed the values of
fitting parameters (a,b,n), x2, and the field range of the fi
to Eq. ~9! for x526. Figures 8~a! and 8~b! show the field
dependence of the individual contributions from the norm
and anomalous magnetoresistances, respectively at va
temperatures.

In Fig. 9, the high-field@(Dr/r) i# plot has been shown
for the alloy withx519 ~SG! at 8.1 and 20.1 K. These ar
the best fits to Eq.~9!. The field dependence of individua
contributions ~normal and anomalous MR! are shown in
Figs. 10~a! and 10~b!, respectively. The fitting parameters a
given in Table III.

So we find that the high-field MR data forx526 and 19

FIG. 8. Magnetic-field dependence of~a! normal and~b! anoma-
lous contribution to MR for Fe54Ni26Cr20 ~mixed phase! alloy at
various temperatures in the field range of 0–200 kOe.
e

l
us

can be well described by Eq.~9! within the experimental
resolution. As it stands we can assign the negative contr
tion essentially to some magnetic origin.

In Figs. 11~a! and 11~b! we show the correlation o
anomalous~negative! contribution of MR u(Dr/r)au with
magnetizationM at several temperatures in the field range
30–200 kOe, eliminatingH from bothM vs H ~Ref. 23! and
u(Dr/r)au vs H curves for the alloys withx526 ~mixed
phase! andx519 ~SG!. Employing a nonlinear least-square
fit to all the curves@Fig. 11~a! and 11~b!# using a function
u(Dr/r)au5bMn we obtain the exponents,n52.65, 2.4, and
1.06 andb5(0.8, 1.6, and 83)31026 (emu/gm)2n at 4.2,
8.1, and 20.1 K, respectively forx526 ~mixed phase!. In the
case of the alloyx519 ~SG!, the above parameters are foun
to be n51.5 and 1.3 andb5(4.4, 13)31026 (emu/gm)2n

at 8.1 and 20.1 K, respectively. From the above results
can conclude that at very high fields the simple homo
neous model of quadratic dependence of the nega
~anomalous! MR on M is not strictly obeyed for the concen
trated SG (x519) alloy.

Béal Monod and Weiner33 had suggested that for ver
high magnetic fields and low temperatures (gmBH/kBT
>4), the localized magnetic spins get completely align
with the magnetic field; the conduction-electron scatter
amplitude becomes the main source of variation in the M

FIG. 9. Magnetic-field (H) dependence of longitudina
@(Dr/r) i# magnetoresistance at 8.1 and 20.1 K for Fe61Ni19Cr20

~spin glass! in the field range of 0–200 kOe.
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10 664 57T. K. NATH AND A. K. MAJUMDAR
with H but the exact theory is yet to emerge. At high enou
fields the anomalous contribution to MR may be expected
saturate@Figs. 8~b! and 10~b!# in all these magnetic Fe-Ni-C
alloys.

FIG. 10. Magnetic-field dependence of~a! normal and ~b!
anomalous contribution to MR at various temperatures
Fe61Ni19Cr20 ~spin glass! in the field range of 0–200 kOe.

FIG. 11. Correlation of negative~anomalous! MR @(Dr/r)a#
with magnetization (M ) at various temperatures for~a!
Fe54Ni26Cr20 ~mixed-phase! and~b! Fe61Ni19Cr20 ~spin-glass! alloys
in the high-field~30–200 kOe! regime.
h
o

As mentioned earlier, a part of the negative MR contrib
tion can come fromquantum interference effects~QIE! at
low temperatures as observed in many structurally dis
dered metallic glasses. So one might argue that the n
tive MR in these disordered alloys @r300 K
;(100– 130)mV cm] ~Ref. 26! might arise from QIE. The
magnetoresistance due to electron-electron interaction eff
~EEI! is positive34 and so our observation of a negative ma
netoresistance can not be explained through EEI effects

The MR due to weak localization is generally negative~in
the absence of any spin-orbit interaction!. In the presence of
a magnetic field the time-reversal symmetry between the
time-reversed paths~weak localization picture! breaks down.
The electron waves traversing the two otherwise equiva
paths acquire a phase difference proportional to the enclo
area and the strength of the field. This destroys the const
tive interference between the two counter-propagating wa
giving rise to a negative MR just as inelastic scattering p
duces a negative TCR at finite temperatures.

The magnetoconductance due to weak localization ef
can be estimated using relations theoretically predicted
Kawabata35 and Altshuler and Aronov.36 It is given by

@Ds#WL 5
e2

2p2\ F e

\G1/2

AH ~10!

'0.9AH s/cm, ~H in kOe!.
~11!

We estimate the contribution to the magnetoconducta
due to QIE at 50 kOe using the above relation and
DsWL'6.3 s/cm. At 50 kOe andT54.2 K, the typical ob-
served change in conductivityDs for x526 is 77 s/cm. Thus
the contribution from the quantum correction term to the M
is very small ~if present at all! compared to the magneti
contribution. Moreover, a very important point should
mentioned here that the presence of any small ferromagn
impurity can destroy weak localization. In all these rando
magnetic alloys Ni is ferromagnetic and there are also str
FM interactions among some other pairs as found from
elastic small-angle neutron scattering by Men’shikovet al.37

It is very unlikely that weak localization can persist in the
magnetic alloys. So one has to be very careful in invok
QIE in these Fe-Ni-Cr alloys.

IV. CONCLUSIONS

In this work we have performed systematic studies of l
~0–16.5 kOe! and very high field~0–200 kOe! Dr/r(H,T)
and M (H,T) in the temperature range of 4.2–300 K. Th
most important observation made in the low-field magneto
sistance~MR! studies is that all the alloys show negativ
~anomalous! MR ~with large isotropic part! @exceptx514
~AFM! alloy! below 50 K. Above 50 K all of them show
Kohler-type~quadratic inH! normal MR. The magnitude o
the negative MR reaches a maximum near the critical c
centration region@x519,21 ~SG!#. At the lowest field and
temperature the FM (x530) alloy does show a small FAR
because of the domain orientation. The magnitude of
anisotropic MR@(Dr/r) i2(Dr/r)'# decreases as this sys

r
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57 10 665MAGNETORESISTANCE AND ITS CORRELATION WITH . . .
tem moves away from the long-range ordered phases@x
530 ~FM! or x514 ~AFM!#.

The low-field magnetization studies~Arrott plots! in the
mixed-phase alloys~x523 and 26! show conclusively that
the long-range ferromagnetism coexists with the spin-g
ordering belowTSG.

In the low-field regime below 50 K, the MR data of all th
alloys have been well described by an empirical relat
Dr/r52a(T)Hn with distinct values ofa andn for differ-
ent magnetic phases. In the case of the concentrated SG
(x521), n is found to be3

4 whereas for the mixed-phas
alloy (x523) it is 2

3 and they remain temperature indepe
dent below 50 K. From these results we claim that these
the characteristics of the field dependence of MR in conc
trated SG and re-entrant SG phases, respectively. Fox
526, n. 1

2 but this RSG is too close to the FM regim
Definite trends of MR,a and n with composition (x) have
been obtained as the Fe-Ni-Cr system evolves from the lo
range AFM ordering to the long-range FM ordering pass
through the critical concentration (x'xc) where the maxi-
mum change of all the three quantities occurs.

In the case of the SG alloy (x521), the MR correlates
very well with M asDr/r}M2.5 over a wide range of tem
perature and field. The isotropic part of MR@(Dr/r) iso# cor-
relates with M in distinct fashions in different magneti
phases in the presence of either short or long-range orde
For the SG alloys with no long-range ordering it correla
very well with M satisfying an empirical relation
@(Dr/r) iso#52a@M (H)#2. As the system approaches th
long-range FM ordering from the SG and RSG regimes
distinct deviation from the above relation has been obser
Ap
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and finally in the case of long-range FM alloy (x530) the
relationship@(Dr/r) iso#52a@M2(H)2M2(0)# holds. We
thus conclude that the RSG~x523 and 26! phase is the
precursor to the FM ordering. For the RSG alloys there i
short-range FM ordering on the scale of electron mean
path (;10– 20 Å). For the FM alloy (x530), a homoge-
neous canted FM phase sets in.So a gradual evolution of MR
occurs as one goes from the long-range FM ordering
wards the critical region(x'xc) close to the SG regime.

At low temperatures and very high fields beyond 40–
kOe the observed upturn in the negative MR in the
Fe-Ni-Cr alloys has been attributed to the positive~normal!
contribution having a quadratic field dependence@(Dr/r)n
;aH2#. The negative ~anomalous! contribution mainly
arises from the suppression of the spin-flip scattering in th
alloys in different magnetic states. At very high fields t
simple quadratic dependence of negative MR onM is not
strictly followed for the concentrated SG (x519) alloy.

The contribution to MR from QIE is found to be ver
small compared to the other contributions in all the
Fe-Ni-Cr alloys. To our knowledge, very few MR studie
have been done on similar type of highly resistive crystall
alloys. More work is needed to understand anisotropies, Q
magnetic effect, etc. in these magnetic alloys.
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33M. T. Béal Monod and R. A. Weiner, Phys. Rev.170, 552~1968!.
34B. L. Altshuler, A. G. Aronov, A. I. Larkin, and D. E.
. Khemel’nitskii, Sov. Phys. JETP54, 411 ~1981!.
35A. Kawabata, J. Phys. Soc. Jpn.49, 628 ~1980!.
36B. L. Altshuler and A. G. Aronov,in Electron-Electron Interac-

tion in Disordered Systems, edited by A. L. Efros and M. Pollak
~Elsevier, New York, 1985!, p. 1.

37A. Z. Men’shikov, N. N. Kuz’min, V. A. Kazantsev, S. K. Si-
dorov, and V. N. Kalinin, Phys. Met. Metallogr.40, 174~1975!.


