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Magnetization study of g-Fe802xNi xCr20 „14<x<30… alloys to 20 T
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Very-high-field ~0–20 T! dc-magnetization measurementsM (H) and M (T) between 4.2–60 K and
19–700 K, respectively, have been carried out on substitutionally disorderedg-Fe802xNi xCr20 ~14<x< 30!,
austenitic stainless steel alloys having a wide variety of exotic magnetic phases. Distinct functional relation-
shipsM (H) have been found in different magnetic phases below their respective transition temperatures. In a
ferromagnetic~FM! alloy with x530, contributions from long-wavelength spin-wave and Stoner single-
particle excitations have been found in the temperature-dependent demagnetization process. In the light of the
Rhodes-Wohlfarth criterion, this alloy is found to be a weak-itinerant FM. For the alloys withx526 and 23
~mixed or reentrant phase! the coexistence of long-range FM ordering along with spin-glass~SG! freezing has
been established supporting the Gabay-Toulouse model. Forx521 and 19~SG!, the field-dependent magne-
tization ~after scaling! falls on a single universal curve, which implies the same kind of response dynamics of
the frozen spins. For an antiferromagnetic~AFM! alloy with x514, a spin-flop transition has been observed at
1 T due to the canting of the AFM spins in the strong external magnetic field. The long-range AFM structure
of this alloy is found to be of type 1.@S0163-1829~97!02817-8#
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I. INTRODUCTION

The magnetism of 3d transition metal alloys is still of
great interest because no unique theory has emerged w
could explain by and large all experimental results. None
the two extreme models, namely, the Heisenberg theor
localized spins and the Stoner’s itinerant electron model,
successful in that sense. A lot of effort1,2 has been put into
finding a unified theoretical model making a comprom
between these two extreme ones.

In recent years, there has been a lot of theoretical effo
understand the nature of magnetism and the magnetic b
structure of 3d transition metals and their binary alloys.
number of approaches and techniques has been emplo
namely, the local density approximation~LDA !, coherent po-
tential approximation~CPA!, and cluster coherent potentia
approximation~CCPA! with Koringa-Kohn-Rostoker~KKR!
formalism, local-spin-density calculation~LSD!, linear
muffin-tin orbital ~LMTO!, fixed spin moment~FSM!, finite-
temperature theory of local environment effect~LEE! on
Fe-Co binary alloys,3 density functional theory~DFT!,4 etc.
The local density calculation, taking into account all effe
of electron exchange and correlation, correctly describes
itinerant magnetism of 3d transition metals and alloys with
nonintegral values of spins. Electronic and magnetic b
structure calculations for itinerant systems have become
promising.

No real system behaves exactly like either of the ab
two models. Magnetism in 3d transition metals and alloys i
itinerant, but it does have some aspects of localization.5 The
orbital moment does not vanish completely in these syste
550163-1829/97/55~18!/12389~13!/$10.00
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It has been found from different experiments6 that not all
3d-3d alloys follow the Slater-Pauling curve~e.g., Ni-Cr,
Ni-V, etc., alloys! which is mainly because of the formatio
of virtual bound states above the Fermi level as suggeste
Friedel.7 These are due to the presence of strong pertu
tions around the impurities~e.g., Cr or V in Ni host!, result-
ing in a splitting up of an impurity state above the Fer
level. Neutron scattering experiments in a series of Ni-ba
alloys8 have demonstrated the correctness of Friedel’s p
diction of strong magnetic disturbances associated with
purities of transition metals. Low and Collins8 found that
around Fe and Mn impurities in a Ni matrix the mome
disturbances are effectively confined to the solute atom s
whereas V or Cr impurities markedly reduce the magne
moment on neighboring Ni atoms.

In magnetic materials~either crystalline or amorphous!, a
random mixture of ferromagnetic~FM! and antiferromag-
netic ~AFM! bonds, having strongly competing interactio
between them~in the Heisenberg picture!, may lead to a
diversity of magnetic structures at low temperatures. Th
could be a critical concentration range where FM and AF
exchange contributions to the free energy are equal.
ground state in this concentration range may be imagine
a spin-glass~SG! state with short-range FM and AFM order
In recent years attempts have been made to go beyond
mean-field approximation and develop a theory of spin gl
with a finite range of interaction.9 Far away from critical
concentration a long-range~FM and AFM! magnetic order-
ing generally sets in~e.g., Fe-Ni, Ni-Mn, Fe-Ni-Mn, Fe-Cr,
Au-Cr, etc.!.

In the vicinity of a multicritical point, there is a subtl
12 389 © 1997 The American Physical Society
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interplay between the long-range magnetic ordering and
randomness of the SG state. There could also be a partic
regime near the critical concentration which may exhi
double magnetic transitions, one at a higher temperatureTc
~PM→FM! and another~FM→mixed FM and SG! at a
lower temperatureTf . These are called mixed or reentra
phase alloys~e.g., Au-Fe, Fe-Cr, Ni-Mn, Al-Fe, Fe-Ni-Mn
Cr-Fe, etc.!. A reentrant transition from an AFM state ha
been observed in FeMgCl2 and Mn-rich CuMn binary
alloys.10,11 The existence of sequential~double! magnetic
phase transitions in a FM with a substantial degree of
change bond disorder continues to be a topic of consider
interest.

During the last decade, reentrant SG transitions have b
investigated extensively both theoretically12–14 and
experimentally15–20by means of different techniques includ
ing not only bulk magnetic measurements but also ot
methods probing the magnetic structure on a microsco
scale~e.g., small-angle neutron scattering and neutron de
larization studies,21,22 Mössbauer study,23,24 electron spin
resonance, muon spin resonance, etc.!. However, the exac
nature of the reentrant transition is still unclear and hig
controversial because of several debatable questions like
following: What is the nature of magnetization in the s
called FM phase (Tf<T<Tc) for this kind of alloy? What
happens to it in the reentrant or mixed phase (T,Tf)? Does
long-range FM ordering coexist with SG ordering or is it
pure SG phase due to random freezing of spins at a temp
ture T,Tf? What are the physical origins of the field an
temperature dependence of the bulk magnetizationM (T,H)
near and belowTf?

In the light of the mean-field models of Heisenberg (3d
vector spins! systems, Gabay and Toulouse12 ~GT! theoreti-
cally predicted the most plausible nature of magnetic tra
tions in mixed phase alloys. According to them a sequenc
three kinds of magnetic transitions is possible with decre
ing temperature which are~i! PM→FM followed by ~ii ! a
transition~crossing GT line! to a mixed phase where the FM
state coexists with transverse SG ordering~say, in thex-y
plane! because of the random freezing of spins and a lon
tudinal long-range FM ordering with spontaneous magn
zation in the direction of broken symmetry~say, thez axis!,
~iii ! a crossover from weak to strong irreversibility@crossing
the Almeida-Thouless line~AT!#. Magnetic phase diagram
of such systems@~Pd12yFey) 12xMn x ,

25 AuFe,15 Fe-Cr, Ni-
Mn, EuSr12xSx , Fe-Ni-Mn,

16 etc.# exhibit features which
bear resemblance, at least superficially, to the prediction
the vector–mean-field model as predicted by Gabay
Toulouse.

However, no rigorous experimentally accessible criter
is currently available for assessing the genuine coopera
nature of the mixed phase transitions. Moreover, rece
there have been some reports on the intermetallic compo
CeFe2,

26,27UCu2Ge2,
28 etc., which reveal that all these sy

tems undergo transitions from a long-range FM state
higher temperature to an AFM state at lower temperature
a canted phase. They show almost the same features a
so-called reentrant or mixed phase systems. The interp
tion of such types of magnetic phase transitions is sou
within the model put forward by Morya and Usami29 for
itinerant system of electrons with strong correlation.
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It is known that g-FeNiCr alloys have competing ex
change interactions30,31 because of which the local spin or
entation is expected to depend on its environment. The
fective exchange interaction can be positive, negative,
nearly zero. In the Heisenberg local moment picture, the
havior of the whole sample will be governed by the conce
tration, distribution, and strength of the six different possib
exchange interactionsJi j between the different magnetic a
oms. As a result, a number of exotic magnetic phases
realized at low temperatures. In the present investigation
have chosen a particular series ofg-Fe802xNi xCr20 ~14
<x<30! substitutionally disordered alloys of type-304 pol
crystalline austenitic stainless steel. These isostructural~fcc
structure! alloys are the closest realization ofg-Fe, the na-
ture of the ground state of which was highly controvers
but later on confirmed to be AFM.32,33 In g-Fe two other
issues34 related to itinerant electron magnetism are also i
portant: ~i! the nature of magnetic interaction and~ii ! the
localizaton of magnetic moments.

Although g-Fe is unstable at room temperature, the f
allotrope could be obtained by alloying with Ni and the r
sulting structure stabilized by the addition of Cr, Mn, V,
Cu.6,35 These austenitic stainless steels have many indus
applications. They are highly corrosion resistant becaus
the formation of a thin impervious layer of Cr2O3.

35 They
are also nontoxic and nonmagnetic and can be used as c
genic materials. They are also used for sophisticated phar
ceutical equipment and as creep-resistive and high-resist
materials.35 The magnetic phase diagram30,31had been estab
lished ing-Fe802xNi xCr20 ~14<x<30! through dc-magneti-
zation,30 magnetic neutron scattering,36,37 and ac-
susceptibility measurements. Due to strong competing
change interactions between different kinds of 3d transition
metal magnetic ions, this system of alloys undergoes a c
positional phase transition from long-range AF
(x510–14! to SG~17–21!, to mixed FM and SG~23–26! or
reentrant phase, and finally to long-range FM~30! order
within the same crystallographic phase. To our knowled
so far there is no electronic or magnetic band structure
culation in this series of ternary magnetic alloys having su
wide varieties of magnetic phases. The present investiga
might lead to band structure calculations in this kind of ma
netic system.

We had reported earlier38 that the magnetoresistanc
~MR! of all these alloys is negative until as high as 50 K
the field range of 0 to 2 T. A striking correlation between t
magnetization and the MR was observed only in the
alloys (x519,21) withDr/r}M2.5. The isotropic nature of
the MR as well as the thermomagnetic history effect of
field-cooled~FC! magnetization38,30 confirmed the freezing
of spins at the lowest temperatures in the alloys which h
SG ~19,21! and mixed~23,26! phases at those temperature
The role of the different magnetic phases~due to short- and
long-range spin orderings! on electronic transport has bee
throughly investigated usingr~T! measurements39,40 in this
system of alloys. In Table I, we have listed the values of th
magnetic transition temperatures (Tc , Tf , andTN). It was
found from low- and intermediate-field magnetization38,30

studies that the alloy withx530 behaves like a distorted o
inhomogeneous FM unlike the conventional FM. Isotherm
magnetization curves, in the PM state of each alloy, h
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TABLE I. Fit of the isothermalM -H curves of Fe802xNi xCr20 alloys to several distinct fit functions unti
20 T: compositions (x), fit functions, fit parameters (M0 , M1 , andn), field range, temperature, and th
values ofx2.

x Fit function M0 M1 n Field range Temperature x2 a

~Ni conc.! ~emu/g) ~emu/gTn) ~T! ~K! ~1026)

30 M5M01M1H
n 32.0 5.4 0.35 1 – 20 4.2 1.2

(Tc5130 K!

26 M5M01M1H
n 18.7 7.0 0.38 2 – 20 4.2 1.8

(Tc,Tf 19.3 6.3 0.39 2 – 20 8.1 1.5
5 60, 7 K! 19.1 5.2 0.42 2 – 20 20.7 0.88

11.2 6.9 0.40 2 – 20 59.8 0.72
19 M5M1H

n 10.0 0.34 1 – 20 4.2 0.3
(Tf512 K! 9.9 0.34 1 – 20 8.1 0.16

9.1 0.36 1 – 20 20.2 0.17
14 M5M1H

n 2.3 1.04 0 – 1.5 4.2 0.2
(TN526 K! 3.6 0.53 5 – 20 4.2 0.4

3.5 0.54 5 – 20 11.2 1.9
3.3 0.56 5 – 20 20.1 1.5
2.7 0.60 5 – 20 35.3 2.5
1.8 0.71 5 – 20 59.8 4.9
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strong curvatures even at temperatures much higher
their respective transition temperatures. Also theirM -H
curves did not show any tendency of saturation even un
T and down to 4.2 K.30

The motivation behind the present investigation is to s
answers to many questions; e.g., what are the very high-
magnetic responses (xHF) of these wide varieties of mag
netic phases~FM, mixed, SG, and AFM! which are very
close to the critical concentration and in which very stro
competing exchange interactions exist? Also, is it possibl
find in them distinct functional relationships between ma
netization and magnetic field at high fields ?

II. EXPERIMENTAL DETAILS

The alloys Fe802xNi xCr20 with x514, 19, 21, 23, 26, and
30 were prepared30 by induction melting in an argon atmo
sphere from metals of at least 99.99% purity. The samp
were cut into rods of uniform dimensions so as to ha
known demagnetization factors needed for magnetiza
measurements. Then they were annealed at 1050 °C for
in an argon atmosphere and quenched rapidly to room t
perature in brine. All the samples were characterized
x-ray diffraction ~XRD! to investigate the possible presen
of any second phase~say, of bcc structure! apart from the fcc
g phase. The diffraction patterns revealed that all the all
were single phase fcc similar to that of austeniticg-Fe, with
lattice parametera5(3.5860.01) Å. The nominal composi
tions were verified through scanning electron microsco
~SEM! and energy dispersive x-ray~EDAX! analysis. The
analyzed compositions are found to be within 0.5% of
nominal ones for Ni and Cr.

The dc-magnetization (M -H) measurements were carrie
out using a computer-contolled vibrating sample magne
meter ~VSM! ~model PAR, FM-1! adapted with a water
cooled Bitter coil magnet~2-T type! of 52.5 mm bore at
an
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FBNML, MIT. All the M -H measurements were done b
tween 4.2 and 60 K and up to magnetic fields as high as
T using a 10-MW power supply.41 The data acquisition was
done through a PC/AT in both continuous scanning incre
ing and decreasing field modes. The temperature of
sample was measured by a calibrated carbon resistor, g
to the vibrating rod between the heater and the sample. H
ever, the temperature was controlled by a similarly moun
glass-ceramic capacitance sensor and matching electron

The low-field dc-magnetization measurements were m
accurate and were carried out between 19 and 300 K in m
netic fields up to 1.6 T using a VSM~model PAR, 155!, a
Varian 159 electromagnet and a closed-cycle helium refr
erator ~CTI!. A 100-V precalibrated platinum resistanc
thermometer, mounted very close to the sample, was use
monitor the temperature.

A high-temperature oven assembly was used for the
magnetization measurements in the temperature range 3
700 K. A special high-temperature vibrating rod attachme
which consists of a fused quartz extension with high-pur
boron-nitride guides and sample holder cup, is used for
purpose. Inert helium gas was used at the sample zone
cause its high thermal conductivity provided a good therm
contact between the sample and the hot wall surroundin

Both VSM’s were calibrated with a standard Ni samp
The absolute accuracy in dc-magnetization measurem
was better than 1 part in 2500. The stability of temperat
during the measurements was within6 100 mK below 60 K.

III. RESULTS AND DISCUSSION

A. General features of the high-fieldM -H curves
between 4.2 and 60 K and low-fieldM -T curves

between 19 and 700 K

In Fig. 1 we show the high-field dc-magnetization (M -
H) curves of substitutionally disorderedg-Fe802xNi xCr20
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12 392 55NATH, SUDHAKAR, McNIFF, AND MAJUMDAR
alloys with x514, 19, 26, and 30, up to a field of 20 T
4.2 K, which is much below their respective transitio
temperatures (Tc , Tf , andTN given in Table I!. We also
show theM -H plots of the amorphous FM metallic glas
Fe5Co50Ni 17B16Si12 ~Ref. 42!, at 4.2, 8, and 20 K for com
parison. From the high-fieldM -H curves at 4.2 K and also a
several higher temperatures~not shown! the following obser-
vations are made.

~1! The magnetization of the alloy withx530 approaches
a saturation value much faster than all the other alloys of
series~Fig. 1!. However, even at a field as high as 20 T the
is sufficient curvature even at 4.2 K and the magnetizatio
yet to attain saturation. The high-field susceptibility (xHF

[dM/dHuH519 T'0.331024cm3/g! is fairly large as com-
pared to that of Fe5Co50Ni 17B16Si12 ('0.831026

cm3/g!, a conventional FM.
~2! In the case of the alloy withx526 which has a mixed

phase ordering at 4.2 K, there is a large induced mom
above the technical saturation. The magnetization is still
creasing ~very hard to saturate! even at 20 T withxHF

'0.453 1024 cm3/g. This value is also very large com
pared to that of a conventional FM. The magnetizat
curves even below 20 K ('Tc/3! show no tendency to con
verge towards the 4.2 K curve~Fig. 2! even at such high
fields. This behavior is in contrast with the case of a stand
FM in which a strong external field suppresses the ther
spin fluctuations, thereby recovering the moment. In the in
of Fig. 2 we show the low-field hysteresis curves of th
alloy at 4.2 and 59.7 K. The area enclosed by the increa
and decreasing magnetization curves corresponds to
field-induced anisotropy energy which decreases with te
perature~inset of Fig. 2! and vanishes at higher temperature
This kind of high-fieldM -H curve has a strong resemblan
to those of many crystalline and amorphous materials wh
have mixed phases at low temperatures@e.g., AuFe~with
14–18 at. % Fe!,43 FeZr,44 etc., at the critical concentratio
regime#.

FIG. 1. ExperimentalM (H) plots of Fe802xNi xCr20 ~x514, 19,
26, and 30! austenitic stainless steel alloys in the magnetic fi
range of 0–20 T at 4.2 K. The topmost three curves are theM -H
plots of Fe5Co50Ni 17B16Si12 amorphous ferromagnetic metalli
glass at 4.2, 8.1, and 20.1 K.
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~3! The high-fieldM -H curve for the alloy withx519
~SG! is much steeper even at the lowest temperature of 4.
which is below the spin-freezing temperature. The comp
ing random exchange interactions between the FM and
AFM bonds result in a very large value of the high-fie
susceptibilityxHF ('0.631024 cm3/g! at 19 T.

~4! TheM -H curve of the alloy withx514, which has an
AFM ordering belowTN 5 26 K, however, shows a striking
change of slope at around 1 T at 4.2 K~Figs. 1 and 3!. This
abrupt change of slope is more pronounced in thedM/dH vs
H plot ~Fig. 3! which shows a peak at 1 T. However,
vanishes completely at 35.3 K~not shown!. This sudden
change of slope may be attributed to aspin-flop transition
because of the canting of the AFM spins in this alloy.

~5! No abrupt change in the behavior of theM -H curves
is observed in the FM→AFM critical concentration range

FIG. 2. M -H isotherms of the mixed phase alloy Fe54Ni 26Cr20
at 4.2, 8.1, 20.7, and 59.7 K in the field range of 0–20 T. The in
shows its hysteresis plot which is a measure of the field-indu
anisotropy energy at 4.2 and 59.7 K in the low-field range of 0–1

FIG. 3. M -H and dM/dH vs H plots of the AFM alloy
Fe66Ni 14Cr20 at 4.2 K. TheM -H plot shows a striking change o
slope around 1 T~shown by an arrow! where dM/dH shows a
peak. This has been attributed to aspin-floptransition at this field.
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TABLE II. Concentration dependence of different fit parameters (Ms , a, andb) of the law of approach
to saturation@Eq. ~2!#, the values ofx2, temperature, and field range for several isothermalM -H curves of
Fe802xNi xCr20 alloys.

x Temperature Field range Ms a b x2

~Ni conc.! ~K! ~T! ~emu/g! ~emuT/g! ~emu/gT) ~1027)

30 4.2 3 – 20 42.6 13.00 0.30 7.4
26 4.2 5 – 20 32.6 17.64 0.40 0.18

8.1 5 – 20 32.9 22.20 0.35 0.11
20.7 5 – 20 31.9 23.78 0.38 7.9
59.7 5 – 20 25.9 20.57 0.46 9.6

19 4.2 5 – 20 19.8 24.60 0.52 5.6
8.1 5 – 20 19.6 24.40 0.47 4.8
20.2 5 – 20 18.7 24.20 0.48 4.4

14 4.2 5 – 20 9.3 16.60 0.45 0.16
11.2 5 – 20 9.3 17.62 0.47 0.21
20.1 5 – 20 9.0 17.63 0.48 0.23
35.3 5 – 20 8.0 17.26 0.48 0.28
59.8 5 – 20 5.8 14.64 0.52 0.30
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TheM -H curves of all the alloys have sufficient curvatur
even at temperatures much higher than their respective
sition temperatures. This may be due to the effect of clus
ing, short-range ordering, or local frozen spin moments
the PM state.

We have made an attempt to fit all the high-fieldM -H
curves of this series of alloys to some empirical relatio
Nonlinear logM vs log H plots reveal that for the alloys
with x530 and 26,M is not solely dependent on a sing
term inH. However, the alloy withx519 shows a perfectly
linear log-log plot, implyingM}Hn. The alloy withx514
also shows a linear log-log plot with two distinct slopes b
low and above thespin-flop transition. So we have taken
general empirical relation

M5M01M1H
n ~1!

to fit all theM -H curves employing a nonlinear least-squa
fitting program along with a EO4FDF NAG subroutine. W
have keptM0, M1, andn as adjustable parameters to fit th
M (H) data. In the case of alloys withx519 and 14, the
values ofM0 are negligibly small and have been neglecte
Table I gives the fitting parameters for all the alloys at s
eral temperatures. From Table I, the following inferences
be drawn.

In the case of the alloys withx530 and 26, the inclusion
of the additional constant termM0 makes the quality of fit
much better (x2;1026 is comparable to the experiment
accuracy!.M0 is maximum for the alloy withx530 at 4.2 K.
In the case of the alloy withx526, because of the freezin
of theX-Y components of spins~according to the GT model!
below 7 K, the spontaneous moment (M0) at 4.2 K has gone
down slightly as compared to that at 8.1 K. This kind
observation could also be made from theM -T plots.30 The
decrease inM0, above 8.1 K, due to an enhancement
thermal spin fluctuations as well as spin-wave excitations
quite reasonable. In the case of the alloys withx514 ~AFM!
and 19~SG!, M0 is negligibly small. TheM0 term has been
n-
r-
n

.

-

s

.
-
n

f
is

attributed physically to the spontaneous moments of th
alloys. Its values are found to be consistent with their m
netic phases.

In the case of the alloy withx530, the value of the ex-
ponent ofH is n'1/3 at 4.2 K whereas for the alloy with
x526 it is '3/7. Considering the infinite-range Ising inte
action, Toulouse45 had suggested a model for mixed pha
systems whereM;H3/7, in good agreement with our obse
vation. For x519, n'1/3. In the case of the alloy with
x514, the exponents aren'1 and 1/2 in lower- and higher
field ranges, respectively. This implies that in the AFM sta
below thespin-floptransition,M has a linear dependence o
H whereas above itM}AH.

As discussed earlier, in theg-Fe802xNi xCr20 ~14<x
<30! alloys, because of the presence of strongly compe
exchange interactions between different pairs of magn
atoms,30,37critical concentration is attained for this particul
range of stoichiometry. As a result it hinders the rotation
the magnetic spins and so a saturation of the magnetizatio
hard to achieve~Figs. 1 and 2! even at 20 T and 4.2 K
However, one cannot rule out the possibility of the formati
of either short-range clustering or clustering of local sp
freezing as well as the existence of local anisotropy and
trinsic fluctuation of the material parameters as in the cas
AuFe,46 FeZr,47 etc.

We have also analyzed the data in terms of the law
approach to saturation, given empirically by

M5Ms2
a

H
1bH, ~2!

whereMs is the saturation magnetization and thea/H term
is attributed to the intrinsic fluctuation of the material para
eter, viz., presence of nonmagnetic voids, inclusions,
microstress. All our samples are cold rolled and after
final annealing process, to retain theg phase, they had to be
quenched from 1050 °C to room temperature. This h
caused mechanical hardening of the samples as a result o
microstress developed. The last term,bH, corresponds to the
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12 394 55NATH, SUDHAKAR, McNIFF, AND MAJUMDAR
high-field susceptibilityxHF ('dM /dHuH→`'b). We have
fitted all theM -H data to Eq.~2! keepingMs , a, andb as
adjustable parameters. In Table II we have summarized
values of the parameters along with the values ofx2. From
Table II a number of observations can be made. The qua
of fit is good, and thex2'1027 is comparable to the exper
mental accuracy. The saturation magnetization (Ms) in-
creases with Ni concentration (x) at a particular temperatur
whereas it decreases with temperature for the samex. The
constanta and the high-field susceptibilityb ('xHF) both
increase withx and attain maxima at aroundx519 ~critcal
concentration range! and then they decrease with further i
crease ofx. This shows that for the alloys with long-rang
FM ~x530! and AFM ~x514! orderings, the high-field sus
ceptibility xHF is much smaller than those of the alloy
which have SG and mixed phase orderings at low temp
tures.

In Fig. 4 we show the individual contributions ofMs
2a/H andbH terms along with the totalM plotted against
1/H for x530 at 4.2 K. The figure shows how the magne
zation approaches saturation in the high-field reg
@(1/H)→0#. It is also clear from this analysis that even t
20-T field is not sufficient to align all the spins to rea
saturation. The extrapolation with Eq.~2! ~as shown in Fig.
4! suggests that it may require a field as high as 100 T
align all the spins with a maximum value ofM'70 emu/gm.

Figure 5 is the Arrott-Belov-Kouvel~ABK ! plot ~using
mean-field values of the critical exponentsb50.5 and
g51) for x530, 26, 19, and 14 alloys at 4.2 K. This is
very important plot to confirm the presence of any FM pha
from the finite value of the spontaneous moment in the
sence of any internal magnetic field. In the high-field line
regions, we have fitted straight lines and estimated the sp
taneous moments (M0) from the positive intercepts. The a
loy with x530 ~FM! has a very high value of spontaneo
moment as compared to those of the others. For the a
with x526 ~mixed! we confirm the persistence of the FM
ordering even below the SG freezing temperature from
positive intercept on theM2 axis. Had it been in a pure SG

FIG. 4. M vs H21 plot of Fe50Ni 30Cr20 ~FM! alloy. The solid
line of the topmost curve is the extrapolation of the fit to Eq.~2! in
the very-high-field range. The other two curves are the resol
contributions.
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phase, it would not have shown any positive intercept. In
earlier work38 we had confirmed the coexistence of FM a
SG orderings in the alloy withx523 ~mixed phase!. In the
case of the alloy withx519 ~SG!, the negative intercept on
theM2 axis even at 4.2 K rules out any possible FM orde
ing. For x514 ~AFM!, the ABK plot has a strong concav
curvature in the low-field region as opposed to the conv
ones for the FM and mixed phase alloys.

In the alloys with higher Ni concentraion, the FM stat
are either weak or inhomogeneous having very high val
of xHF. The spontaneous moments (M0) from the intercepts
of the ABK plot at 4.2 K are~0.39, 0.27, 0.13! mB /^atom&,
respectively, forx530, 26, 23. These values strongly devia
from the Slater-Pauling curve for the 3d transition metals
and alloys. This may be understood in the light of Fried
theory of the formation of VBS and the split-band model.

The Arrott plots forx526 at several higher temperature
~Fig. 6! also show a change of curvature from concave

d

FIG. 5. Arrott plots (M2 vs H/M ) of crystalline
Fe802xNi xCr20 (x 5 14, 19, 26, and 30! alloys with wide varieties
of magnetic phases at 4.2 K. The curvature changes~convex to
concave! while passing through the critical concentration region

FIG. 6. Arrott-Belov-Kouvel~ABK ! plots at various tempera
tures in the low-field range for the mixed phase all
Fe54Ni 26Cr20 confirming the presence of the FM ordering.
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convex while passing through the Curie temperature fr
the high-temperature side. So there exists a close ana
between what happens for a fixed concentration when
temperature is changed and the case where the temperat
fixed and the concentration is varied. There could be sev
reasons for the deviations from linearity of the ABK plots f
all the alloys in the low-field range:~1! An inhomogeneous
character of magnetization may be associated with such
viations ~e.g., amorphous Fe-Ni alloys near the critic
concentration48!. ~2! According to Shtrikman and Wohl
farth,49 for heterogeneous weak itinerant magnetic alloys,
deviation from linearity is attributed to spatial inhomogen
ties of the magnetization due to fluctuations in concentrat
~3! For a homogeneous magnetic system the Arrott plots g
straight lines in the case of weak ferromagnetic mater
except at the lowest fields where domain rotations occu50

The ABK plots for a SG or a mictomagnetic phase at h
enough fields and temperatures as well as for a mixed ph
where FM and cluster glass or SG coexist, should be ra
curved.48 Some experimental evidence for FeCr, FeMnP
etc., alloys51,48 supports this kind of behavior.

Based on the Stoner model, Edwards, Wohlfarth, and M
thon had applied the Landau-Ginzberg theory of the seco
order phase trasition to FM metals and alloys whose mag
tizationM is low compared to that for a complete alignme
of spins and obtained

H/M ~H,T,c!5A~T,c!1B~T,c!M2~H,T,c!, ~3!

where A and B are the Landau coefficients andc is the
concentration. We observe that the value ofB21

„120, 138,
and 162@~emu/g! 3/T#, respectively, forx523, 26, and 30
after fitting theM -H data to Eq.~3! in the high-field linear
regime~Fig. 5!… gradually increases with the increase in
concentration (x). Comparing the concentration dependen
of the specific heat52 which also increases withx, one can
qualitatively argue that because of the increase of the den
of states at Fermi level@N(EF)# with x, the value ofB

21 is
enhanced. This result supports the Edwards and Wohlfar
theoretical prediction.50We have also found~not shown! that
for the alloys withx530, 26, and 23,Tc

2;x ~Ni concentra-
tion!, M2(0,0,x);x and x0

21;x;uc2ccritu. Experimental
plots of these quantities are called Mathon plots, whereccrit
is the critical concentration for weak itineran
ferromagnetism.53 This provides us a better understanding
the weak itinerant type of FM ordering which exists in the
disordered 3d transition metal alloys.

As mentioned earlier we have carried out dc magnet
tion measurements between 20 and 700 K in a constan
field of 0.2 T, to examine whether in the pure paramagn
regime they follow the Curie-Weiss law. In Figs. 7 and 8 w
show typical 1/x vs T plots for the alloys withx519, 30,
and 14. We find that~Fig. 7! all the alloys obey the Curie
Weiss~CW! law in the high-temperature range. The dev
tion from the CW law starts at temperatures (Td) much
higher than their respective transition temperatures. T
kind of behavior also shows up in the nonlinearity of t
M -H curves~CW law givesM}H at constant temperature!
even much above their respective transition temperatu
This may be due to the persistence of some short-range
dering. From the high-temperature (T.Td) data we have
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estimated the Curie constant (C) and the paramagnetic Curi
temperature (Q) for each alloy from the slopes and inte
cepts of the linear fits. Table III lists quantities likeC,
Peff , Q, etc., wherePeff is the effective Bohr magneton
number given by

Peff5g@J~J11!#1/25H ~3kB!Y FNxmB
2 d

dT S 1x D G J 1/2.
~4!

HereNx is the average number of the three kinds of ato
~Fe, Ni, and Cr! per gram,g the Lande´ g factor,J the total
angular momentum,kB the Boltzmann constant, andmB the
Bohr magneton.Q is found to be increasing roughly linearl
with x while the variation ofPeff with x is rather small.
Figure 8 clearly shows the AFM transition for the alloy wi
x514 where a peak inM (T) occurs atTN5~2661! K.

FIG. 7. Reciprocal susceptibility~1/x) vs temperature (T) for
Fe61Ni 19Cr20 ~SG! alloy at 0.2 T. The arrow shows the ons
(Td@Tf) of the deviation from the Curie-Weiss behavior. The ins
shows the same plot for Fe50Ni 30Cr20 ~FM! alloy. The solid lines
are the fits to Curie-Weiss law.

FIG. 8. Reciprocal susceptibility~1/x) and magnetization (M )
vs temperature (T) for Fe66Ni 14Cr20 alloy at 0.2 T.Q is small but
negative and the Ne´el temperature is~2661! K.
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TABLE III. Composition (x), Curie constant (C), effective Bohr magneton number~Peff), paramagnetic
Curie temperature (Q), qc , qs , temperature for the onset of deviation from Curie-Weiss law (Td), and
effective number of electrons per atom outside the closed argon shell@n('^3d14s&#, of Fe802xNi xCr20
alloys.

x C Peff Q qc qs Td
~Ni conc.! ~1023 cm3 K/g) (mB) ~K! (mB) (mB) ~K! n. ^3d14s&

14 11.7 2.28 –6.5 1.49 26 7.88
19 8.7 1.97 43 1.20 98 7.98
21 12.1 2.31 50 1.52 130 8.02
23 13.2 2.42 127 1.62 0.13 280 8.06
26 15.7 2.65 100 1.83 0.27 300 8.12
30 13.0 2.42 190 1.61 0.40 320 8.20
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There is a subtle interplay between the effective num
n('^3d14s&) of electrons per atom outside the closed
gon shell and the type of magnetic ordering as well as th
transition temperatures. In Table III we give the values
n for all the alloys. Forn.8, these alloys shift towards th
FM state with increasing spontaneous moment (M0) and
Tc . On the other hand, whenn,8, AFM ordering is estab-
lished, while in the intermediate region the SG phase
pears.

The above facts, namely, the nonintegral values ofm̄ in
Bohr magneton per atom, the strong deviation from Sla
Pauling curve, the curvature in the low-field region, and a
of parallel lines in the high-field region of the ABK plots, th
large values ofxHF at 19 T and 4.2 K, and the Mathon plot
indicate the possibility that the alloys with higher Ni conce
tration having FM ordering at lowest temperatures may
described within the framework of the itinerant model rath
than the localized one. We have examined the FM orde
in the light of the Rhodes-Wohlfarth54 criteria: ~a! In the
localized model the effective spin is the actual spin a
henceqc /qs 5 1, for allTc , wherePeff 5 Aqc(qc12) in the
PM state andqs is the average spontaneous moments in
units of mB and ~b! in the itinerant modelqs might be less
than the maximum possible valueqc , and henceqc /qs . 1
and its value~between 1 and̀ ) gives a measure of th
degree of itinerancy. In addition,qc /qs}Tc

21 for itinerant
electrons; i.e., the larger the ratio (qc /qs), the weaker is the
FM. The values ofqc andqs are given in Table III for the
alloys with x530, 26, and 23. It is quite apparent th
qc /qs indeed shows a systematic increase with decrea
Tc and follows the relationqc /qs}Tc

21 . Moreover,qc /qs
lies between 4 and 12, indicating moderate itinerancy. T
also compare favorably with those of several other weak i
erant FM alloys@e.g., FeCr, FeV, NiFeV~Ref. 55!, ZrZn
~Ref. 56!.# Thus we conclude that the alloys with higherx
~23–30! are weak itinerant ferromagnets~WIF’s!.

B. Spin-wave analysis ofg-Fe50Ni 30Cr 20 alloy

There are reports on Fe-Ni-based crystalline and am
phous alloys ~e.g., FexNi 802xB18Si2 ,

57 Ni-Fe-Cr,
Ni-Fe-V,55 etc.! where the presence of both spin-wave a
Stoner single-particle excitations was confirmed throu
bulk magnetization measurements. Inelastic neut
scattering37 studies directly prove the presence of spin-wa
excitations in these alloys. It was concluded for Ni-rich N
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Fe-Cr and Ni-Fe-V alloys55 that the addition of Cr and V
enhances the Stoner term considerably, and drives these
tems towards the weak itinerant FM regime.

To examine contributions from various kinds of excit
tions to the temperature-dependent demagnetization proc
we have carried out very careful dc-magnetizationM (T)
measurements~accuracy 1 part in 104) at a 100-mK tem-
perature interval in a field of 1 T. In Fig. 9, we show th
M (T) data which have been analyzed in the light of t
spin-wave~SW! theory as well as Stoner excitations.58–60At
low temperatures, the change in magnetization due to s
wave excitations is given by

FDM ~T!

M ~0! G
SW

5
M ~T!2M ~0!

M ~0!

5AT3/2~12D1T
22D2T

5/2!23/2

3Z~3/2,Tg /T!1BT5/2Z~5/2,Tg /T!. ~5!

Here Tg is the gap temperature which is equal
gmBH int /kB , Z(3/2,Tg /T) andZ~5/2,Tg /T) are the Bose-

FIG. 9. Change of reduced magnetization (DM /M0) as a func-
tion of reduced temperature (T/Tc) for Fe50Ni 30Cr20 ~FM! alloy.
The solid line is the nonlinear least-squares fit of the experime
data to the combination ofspin-waveand Stonersingle-particle
excitations. The percentage deviation of the fit from the data, sh
in the inset, implies a very good quality of fit.
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Einstein integrals, and the coefficientA is related to the spin-
wave stiffness constantD~0!, by

D~0!5
kB
4p S 2.612gmB

M ~0!rA D 2/3, ~6!

wherer is the density. Thompsonet al.61 have calculated the
change in reduced magnetization due to Stoner sin
particle ~SP! excitations only, given by

F DM

M ~0!G
SP

5aT3/2e2D/kBT ~7!

for strong itinerant FM and

F DM

M ~0!G
SP

5bT2, ~8!

for weak itinerant FM. Herea andb are related to various
band parameters.D is the energy gap between the top of t
full subband and the Fermi level (EF) for a strong FM. It is
0 for a weak FM.

At low temperatures, when deviation from saturati
magnetization at 0 K is small, the excitations from the SW
and the SP are nearly independent and the thermal dema
tization is given by the sum of both the contributions, i.e

DM5@DM #SW1@DM #SP. ~9!

We used a nonlinear least-squares fitting program us
the NAG library to fit theM (T) data for the alloy with
x530. The fit to Eq.~5! excluding theBT5/2 anharmonic
term givesx256.831026 which is at least one order o
magnitude higher than the experimental error. Inclusion
the anharmonic term yields an unphysical sign of the coe
cientB. However, the data, when fitted to Eq.~9!, a combi-
nation of Eqs.~5! and ~8! but excluding the anharmoni
T5/2 term, yield a much improvedx252.131027 with
A53.431024 K 23/2 andb59.331027 K 22. As shown in
Fig. 9, the experimental data and the best-fitted curves
almost indistinguishable. But Eq.~9!, when taken as a com
bination of Eqs.~5! and~7!, gives unphysical values ofa and
the gap parameterD. In the inset of Fig. 9 we have als
shown the percentage deviation of the fit from the data wh
clearly reveals that a combination of both SW and SP e
tations describes the thermal demagnetization process
well in this FM alloy. The value of the coefficient of the SW
term A('1024 K 23/2) is two orders of magnitude large
than those of pure Fe and Ni ('1026 K 23/2) ~Ref. 59! and
one order of magnitude larger than those of Ni-rich Ni-Fe-
and Ni-Fe-V alloys ('1025 K 23/2) ~Ref. 55!. This implies
that the spontaneous magnetization (M0) of the alloy falls
off with temperature at a faster rate and so it must hav
weaker SW stiffness constantD~0!. Using Eq.~6! we have
estimatedD~0! to be'40 meV Å2 whereas it is 286, 100
and 46 meV Å2 for pure Fe,59 Ni-rich Ni 67Fe21Cr12,

55

and higher Cr-containing amorphous alloys li
Fe5Co50Ni 2Cr15B16Si12,

42 respectively. It should be note
that with the addition of Cr in Ni-Fe binary alloys,D~0! falls
off very rapidly.55,42Moreover, as far as the magnetic pro
erties are concerned, there is not much difference betw
the crystalline and amorphous materials. Our estimated v
e-

ne-

g

f
-

re

h
i-
ite

r

a

en
ue

of D~0! for the alloy withx530 seems rather reasonable.
addition to this there is also a strong experimental suppor
our result from the inelastic neutron scattering studies
Men’shikov et al.37 on Ni-rich Ni-Fe-Cr alloys from which
the SW stiffness constantD~0! was estimated to be'50
meV Å2. They also could not detect the presence of a
higher-order term apart from the quadratic one in the S
dispersion relation, in good agreement with our result. Th
we conclude that the introduction of Cr suppresses the
harmonic term (T5/2), similar to the earlier case.55 Moreover,
the Stoner single-particle excitation is present in this we
itinerant FM. The constantb in the Stoner term is of the
same order as in pure Ni~Ref. 59! and Ni-rich Ni-Fe-Cr
~Ref. 55! alloys ('1027 K 22). Thus one finds that the ad
dition of Cr enhances the Stoner term considerably.

C. x526: Mixed-phase alloy

In Fig. 10 the temperature dependence of the dc sus
tibility xdc ~5dM/dH) is shown in a field of 0.6 T which is
above the technical saturation for the alloy withx526. We
find that there is a sharp peak inxdc at aroundT'60 K
which is the PM→FM transition temperature (Tc) as re-
ported earlier.30 As the temperature decreases,xdc decreases
continuously. But below some minimum temperature it ag
starts to increase significantly. In our earlier work38 we made
the same kind of observation for the alloy withx523 and 21
which have mixed phase and SG orderings, respectively
the lowest temperature. Hamzic and Campbell62 also made
exactly the same kind of observation for the variation
xdc with temperature in the case of Au 19% Fe alloy which
beyond the percolation threshold where long-range FM
pears alongwith SG freezing. In this alloy withx526, there
is a coexistence between FM and SG orderings at the low
temperature. So this is a common feature ofxdc which is
observed in a number of alloys having either SG or mix
phase orderings.

The alloy withx526, below a temperatureTf57 K, has a
SG ordering as reported in different investigations.30 There is

FIG. 10. Temperature dependence of dc susceptibilityxdc

~5dM/dH) for the mixed phase alloy Fe54Ni 26Cr20 at a field of 0.6
T. The solid line is a guide to the eye. The peaks appear at
respective transition temperatures (Tc andTf).
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a long-standing controversy for this kind of mixed phase
reentrant phase alloys63 showing double transitions. Whethe
both kinds of ordering, namely, SG and FM, coexist bel
the second transition is still debatable. From a number
experimental evidence15,17,20,64,65it was concluded that both
orderings do coexist below the second transition. This k
of behavior can be understood through thesemi-spin-glass
picture proposed by Villain.13 Just belowTc these alloys
behave as a standard FM with~for each spin! mz

i Þ0, mx
i 5

my
i 50. As the temperature drops, the degree of FM order

increases continuously and hencexdc drops belowTc . But at
a lower temperature the spins begin to acquire random
correlated canted moment with componentsmx

i , my
i Þ0 but

^mx&5^my&50. At the lowest temperature~below the second
transition! the conventional spin-wave theory totally brea
down. This has been clarified later by the Gabay-Toulo
~GT! model, which is a Heisenberg version of th
Sherington-Kirkpatrick model, where below the second tr
sition temperature there is an overall long-range order i
certain direction~say, thez direction! and a simultaneous
existence of frozen spins in the transverse direction (x-y
plane!. So the temperature dependence ofxdc of this mixed
phase alloy can be understood in the light of the Villain
well as the GT models. We have also seen from Arrott pl
~Fig. 5! that at the lowest temperature~4.2 K!, FM ordering
persists in this alloy. Moreover, thermoremanent-histo
dependent FC magnetization30 confirmed the SG ordering a
4.2 K. So our results forxdc as well as the Arrott plots
definitely support the coexistence of both FM and SG ord
ings below the second transition.

D. x519 and 21: Spin-glass alloys

A remarkable feature of the magnetization curves for
alloys withx 5 19 and 21 is that the curves can be scaled
a single universal curve until very high fields as shown
Fig. 11. Both the alloys have only one transition~PM→SG!
at 12 and 10 K, respectively.30 The magnetization curve fo

FIG. 11.M -H plot of the alloy withx521 is scaled onto that o
x519, implying the same kind of magnetization process at 4.2
The abbreviations VSM and FB stand for vibrating sample mag
tometer and Faraday balance, respectively.
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the higher-concentration alloy (x521) can be brought into
coincidence with that ofx519 by using a scaling factor de
fined asRg5M (x)/M (x519). The magnetization data fo
x521,30 obtained by using the Faraday balance~FB! tech-
nique, are also brought into coincidence on the same fig
with the same scaling factor, i.e., irrespective of the meas
ment technique. The universality of the behavior of the m
netization implies the same magnetization process, nam
the high-field response dynamics of the frozen spins. T
kind of universal scaled magnetization curve was also
served in archetypical SG@CuMn and AuFe~Refs. 66 and
46!# systems below the critical concentration. For the allo
with x526, 23, and 14, the scaled magnetization curves h
strong deviations from a universal one, suggesting entir
different kinds of magnetization processes.

E. x514: Antiferromagnetic alloy

As mentioned earlier, theM (H) curve at 4.2 K has an
inflection point at around 1 T asshown in Fig. 3 with an
arrow. The figure also shows adM/dH vsH plot which has
a sharp peak at the inflection point at the same field. We h
further observed that the point of inflection shifts slight
towards low fields at higher temperatures of 11.2 and 20.1
The M (H) curves~at T535.1 and 60 K! beyond the Ne´el
temperature (TN526 K! do not show any inflection point
The fieldHc 5 1 T can be taken as the critical field for th
spin-flop transition belowTN . This alloy has a long-range
AFM ordering with a reasonably small value of the Ne´el
temperature (TN526 K!. A number of reports show thatspin
floppingcan be produced most easily if the Ne´el temperature
is low and for themHc will be relatively small ~e.g.,
CuCl2•2H20 (TN54.2 K!,67 MnF2, Cr2O3, DyAg,68

DyAu,68 Au3Mn, etc.!.
Unlike the conventional AFM’s, this alloy shows a hig

value of the field-induced moment at 19 T ('0.17mB) and a
tendency of saturation~Fig. 1!. Neutron scattering in AFM
g-Fe0.7Ni 0.15Cr0.15 ~Ref. 33! in magnetic fields of 5 T sug-
gested that the induced moment can be interpreted in te
of the canting of the AFM spins. In the alloy withx514, the
magnetizationM induced in the high magnetic fieldH obeys
the Landau relation of the form

M252A1BH/M , ~10!

with A5308 ~emu/g! 2 andB5560 ~emu/g! 3/T in the field
range between 10 and 20 T at 4.2 K. This relation ho
when the substance is close to a FM state but as a whole
AFM. However, there may exist a positive interaction b
tween the high-field-induced moments as had been c
cluded in the AFMg-Fe0.7Ni 0.15Cr0.15 ~Refs. 32 and 33!
alloy. An itinerant AFM model32 was proposed in which the
effective magnetic interaction between the spins is alw
positive even in an AFM substance, and an AFM state
also be close to a FM state. The effect of magnetic field
the AFM structure was studied by neutron scatter
measurements33 on g-Fe0.7Ni 0.15Cr0.15. It suggested that the
induced moment could be explained by canting of the AF
spins by an angleu.

We have used the experimentally estimated parame
TN (.26 K!, C(.11.731023 cm3 K /g!, and the paramag
netic Néel temperatureQ (.26.4 K! ~some are shown in

.
-
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Table III! to evaluateJ1 , J2 , g1 , andg2 for this alloy with
x514. HereJi is the effective-field exchange interaction b
tween thei th neighbors. Similarly,g1 andg2 are the first-
and second-neighbor molecular field coefficients. In the li
of Smart’s model69 for the generalized molecular field theo
for an antiferromagnetic substance withn sublattices, the
following relations can be written:

g i j5
2nZi j Ji j
Ng2mB

2 , iÞ j , ~11!

Q5
C

n(
j51

n

g i j , ~12!

and

TNs5
C

n(
j51

n

h i j Ji j , ~13!

where Zi j is the number ofj neighbors of ani atom,Ji j the
exchange interaction between ani atom and one of itsj
neighbors,g i j the molecular field coefficient for the fiel
exerted on an atom on thei th sublattice by its neighbors o
the j th sublattice, andmB the Bohr magneton. The prese
AFM alloy has a fcc structure. According to Smart,69 an
AFM alloy with fcc structure can have a maximum of po
sible three types of antiferromagnetic ordering. Our calcu
tion for the alloy withx514 is appropriate for the fcc struc
ture with type 1antiferromagnetic ordering with 8 sublattice
and 12 nearest- as well as 6 next-nearest-neighbor atom69

Using Eqs.~11!–~13! we have computed the following va
ues: g15220.83105 kg/m3, g2515.33105 kg/m3, J1 /k
521.29 K, andJ2 /J1521.47. In this AFM alloy,Q/TN
(.20.25! is small and negative, in contrast with the lar
values (.1! observed in the SG alloys (x519 and 21, Table
III !. This indicates that frustration effects are minimal in th
alloy with x514. From the above estimates, a number
important inferences could be drawn, e.g., negative value
J1 andJ2/J1 indicate that the first nearest-neighbor intera
tion is AFM and the second nearest-neighbor interaction
FM. uJ2 /J1u.1 implies that the second nearest-neighbor
teraction is stronger than the first. The larger value ofJ2
compared toJ1 does not affect the effective-field approxim
tion used here, because there are 12 nearest neighbors,
contributing2uJ1u towardsQ, whereas there are only 6 nex
nearest neighbors, each with a contribution of'1.5J1.
Hence as a whole the paramagnetic Ne´el temperatureQ is
still negative ~antiferromagnetic! and has a small value a
observed experimentally. Because of the fact t
uJ2 /J1u.1, one concludes that this alloy must have a stro
itinerant-electron contribution. Perhaps some of the ou
3d and 4s electrons are localized and some others are in
extended states. The nearest-neighbor molecular-field co
cientg1,0 implies the expected AFM interaction. The nex
nearest-neighbor interactiong2.0 corresponds to the FM
interaction. The values ofQ/TN and g2/g1 are compatible
only with the type 1AFM ordering in this alloy. All these
results agree with neutron-diffraction-derived structu
studies32,33which revealed thetype 1AFM ordering in alloys
of a similar composition.
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IV. CONCLUSION

In this work we have carried out systematic high-fie
~0–20 T! dc-magnetization studies@M (H) and M (T) be-
tween 4.2–60 K and 19–700 K, respectively# on substitu-
tionally disorderedg-Fe802xNi xCr20 ~14 <x< 30!, austen-
itic stainless steel alloys having a very rich magnetic ph
diagram at low temperatures. We find a number of disti
functional relationshipsM (H) in different magnetic phase
below their respective magnetic transition temperatures.
cause of the very largexHF compared to that of a conven
tional FM, we conclude that the nature of ferromagnetism
the case of the alloys withx530, 26, and 23 in their FM
phase is unlike that of a standard FM. They are very hard
saturate even at a field of 19 T at 4.2 K. The law of approa
to saturation reproduces the high-fieldM (H) data in the
saturation regime reasonably well. In the light of theRhodes-
Wohlfarthcriterion the alloys withx530, 26, and 23 in their
FM regime are of weak itinerant type. In the FM alloy wit
x530, the combination of long-wavelengthspin-waveand
Stoner single-particleexcitations describes the thermal d
magnetization process quite well until 0.5Tc . We conclude
that the introduction of Cr in this alloy substantially reduc
the spin-wave stiffness constantD~0!, suppresses the anha
monic term (T5/2), and enhances the Stoner term.

In the case of the alloys withx526 and 23~mixed phase!,
this particular study, along with our earlier studies, corrob
rates that below the second transition long-range FM ord
ing coexists with transverse SG freezing, supporting the
model. Neutron-depolarization studies coupled with sm
angle neutron scattering would be able to provide a comp
picture of the transverse spin component in the FM dom
~which might be of vortexlike spin structure!, the nature of
the domain-wall motion, and the spin-modulated structure
the concentrated SG alloys (x521 and 19! the high-field
response dynamics of the frozen spins is similar to that of
archtypicalspin glasses.

Our analysis of thex514 ~AFM! alloy shows that the
long-range AFM structure of this alloy is oftype 1where the
first nearest-neighbor interaction (J1) is AFM and the second
one is FM (J2). SinceuJ2 /J1u.1, we conclude that this alloy
must have a strong itinerant-electron-AFM contribution.
also shows aspin-floptransition at 1 T due to the canting of
the AFM spins in the strong external magnetic field. Beyo
this transition a square-root dependence of magnetiza
with external field is found whereas below it the depende
is linear.

At present as there is no band structure~electronic or
magnetic! calculation in these alloys, it is very difficult to
estimate and correlate anything in more quantitative ter
Greater attention must be paid in this direction for bet
correlation of the transport and magnetic properties of th
ternary alloys.
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