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Magnetization study of y-Fegy_Ni,Cr,o (14<x<30) alloysto 20 T
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Very-high-field (0-20 T) dc-magnetization measuremert$(H) and M(T) between 4.2-60 K and
19-700 K, respectively, have been carried out on substitutionally disorgeFeg,_,Ni,Cr,q (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 x=30, 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 alloysxwith6 and 23
(mixed or reentrant phaséhe coexistence of long-range FM ordering along with spin-gl8€&3 freezing has
been established supporting the Gabay-Toulouse modelxF@d 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 antiferromagné#dé-M) alloy with x= 14, 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 1S0163-182607)02817-9

[. INTRODUCTION It has been found from different experiméhtiat not all
3d-3d alloys follow the Slater-Pauling curvée.g., Ni-Cr,
The magnetism of & transition metal alloys is still of Ni-V, etc., alloyg which is mainly because of the formation
great interest because no unique theory has emerged whicifi virtual bound states above the Fermi level as suggested by
could explain by and large all experimental results. None ofriedel’ These are due to the presence of strong perturba-
the two extreme models, namely, the Heisenberg theory aions around the impuritiee.g., Cr or V in Ni hosy, result-
localized spins and the Stoner’s itinerant electron model, areng in a splitting up of an impurity state above the Fermi
successful in that sense. A lot of effbfthas been put into level. Neutron scattering experiments in a series of Ni-based
finding a unified theoretical model making a compromisealloys® have demonstrated the correctness of Friedel's pre-
between these two extreme ones. diction of strong magnetic disturbances associated with im-
In recent years, there has been a lot of theoretical effort tpurities of transition metals. Low and Collfhound that
understand the nature of magnetism and the magnetic barsdound Fe and Mn impurities in a Ni matrix the moment
structure of @ transition metals and their binary alloys. A disturbances are effectively confined to the solute atom site,
number of approaches and techniques has been employeshereas V or Cr impurities markedly reduce the magnetic
namely, the local density approximati@oDA ), coherent po- moment on neighboring Ni atoms.
tential approximationCPA), and cluster coherent potential  In magnetic materialgeither crystalline or amorphoysa
approximation(CCPA) with Koringa-Kohn-Rostoke(KKR) random mixture of ferromagneti@M) and antiferromag-
formalism, local-spin-density calculatiofLSD), linear netic (AFM) bonds, having strongly competing interactions
muffin-tin orbital (LMTO), fixed spin momentFSM), finite-  between them(in the Heisenberg pictufe may lead to a
temperature theory of local environment effdtfEE) on  diversity of magnetic structures at low temperatures. There
Fe-Co binary alloys,density functional theoryDFT),* etc.  could be a critical concentration range where FM and AFM
The local density calculation, taking into account all effectsexchange contributions to the free energy are equal. The
of electron exchange and correlation, correctly describes thground state in this concentration range may be imagined as
itinerant magnetism of @ transition metals and alloys with a spin-glas$SG) state with short-range FM and AFM orders.
nonintegral values of spins. Electronic and magnetic bandin recent years attempts have been made to go beyond the
structure calculations for itinerant systems have become vemnean-field approximation and develop a theory of spin glass
promising. with a finite range of interactioh.Far away from critical
No real system behaves exactly like either of the abovesoncentration a long-rang&éM and AFM) magnetic order-
two models. Magnetism in@transition metals and alloys is ing generally sets irte.g., Fe-Ni, Ni-Mn, Fe-Ni-Mn, Fe-Cr,
itinerant, but it does have some aspects of localizatibhe ~ Au-Cr, etc).
orbital moment does not vanish completely in these systems. In the vicinity of a multicritical point, there is a subtle
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interplay between the long-range magnetic ordering and the It is known that y-FeNiCr alloys have competing ex-
randomness of the SG state. There could also be a particulahange interactiori%3! because of which the local spin ori-
regime near the critical concentration which may exhibitentation is expected to depend on its environment. The ef-
double magnetic transitions, one at a higher temperdigre fective exchange interaction can be positive, negative, or
(PM—FM) and another(FM—mixed FM and SG at a  nearly zero. In the Heisenberg local moment picture, the be-
lower temperaturd’;. These are called mixed or reentrant havior of the whole sample will be governed by the concen-
phase alloyge.g., Au-Fe, Fe-Cr, Ni-Mn, Al-Fe, Fe-Ni-Mn, tration, distribution, and strength of the six different possible
Cr-Fe, eto. A reentrant transition from an AFM state has exchange interactiony; between the different magnetic at-
been observed in FeMggland Mn-rich CuMn binary oms. As a result, a number of exotic magnetic phases are
alloys1®!! The existence of sequentiéiouble magnetic realized at low temperatures. In the present investigation we
phase transitions in a FM with a substantial degree of exhave chosen a particular series @fFegy ,Ni,Cryy (14
change bond disorder continues to be a topic of considerable x<30) substitutionally disordered alloys of type-304 poly-
interest. crystalline austenitic stainless steel. These isostructtoal

During the last decade, reentrant SG transitions have beesiructure alloys are the closest realization gfFe, the na-
investigated extensively both theoreticafly'® and  ture of the ground state of which was highly controversial
experimentally’~2°by means of different techniques includ- but later on confirmed to be AFNf:3In y-Fe two other
ing not only bulk magnetic measurements but also otheissues’ related to itinerant electron magnetism are also im-
methods probing the magnetic structure on a microscopiportant: (i) the nature of magnetic interaction arid) the
scale(e.g., small-angle neutron scattering and neutron depdecalizaton of magnetic moments.
larization studie$>?* Mosshauer stud§??* electron spin Although y-Fe is unstable at room temperature, the fcc
resonance, muon spin resonance,)etdowever, the exact allotrope could be obtained by alloying with Ni and the re-
nature of the reentrant transition is still unclear and highlysulting structure stabilized by the addition of Cr, Mn, V, or
controversial because of several debatable questions like tf@u®3° These austenitic stainless steels have many industrial
following: What is the nature of magnetization in the so-applications. They are highly corrosion resistant because of
called FM phaseT;<T=<T,) for this kind of alloy? What the formation of a thin impervious layer of @3.35 They
happens to it in the reentrant or mixed pha$e<(T;)? Does are also nontoxic and nonmagnetic and can be used as cryo-
long-range FM ordering coexist with SG ordering or is it a genic materials. They are also used for sophisticated pharma-
pure SG phase due to random freezing of spins at a temperaeutical equipment and as creep-resistive and high-resistance
ture T<T? What are the physical origins of the field and materials®® The magnetic phase diagrdhi*had been estab-
temperature dependence of the bulk magnetiza¥tidit,H) lished iny-Fegy_4Ni,Cryg (14<x=<30) through dc-magneti-
near and belovl;? zation®® magnetic neutron scatterinf?’ and ac-

In the light of the mean-field models of Heisenbergd(3 susceptibility measurements. Due to strong competing ex-
vector sping systems, Gabay and Toulod$éGT) theoreti-  change interactions between different kinds df tBansition
cally predicted the most plausible nature of magnetic transimetal magnetic ions, this system of alloys undergoes a com-
tions in mixed phase alloys. According to them a sequence gbositional phase transition from long-range AFM
three kinds of magnetic transitions is possible with decreastx=10-14 to SG(17-21), to mixed FM and SG23-26 or
ing temperature which ar@) PM—FM followed by (i) a  reentrant phase, and finally to long-range RBD) order
transition(crossing GT lingto a mixed phase where the FM within the same crystallographic phase. To our knowledge,
state coexists with transverse SG order{sgy, in thex-y  so far there is no electronic or magnetic band structure cal-
plane because of the random freezing of spins and a longiculation in this series of ternary magnetic alloys having such
tudinal long-range FM ordering with spontaneous magnetiwide varieties of magnetic phases. The present investigation
zation in the direction of broken symmet(say, thez axis), = might lead to band structure calculations in this kind of mag-
(iii ) a crossover from weak to strong irreversibiligrossing  netic system.
the Almeida-Thouless linéAT)]. Magnetic phase diagrams ~ We had reported earli& that the magnetoresistance
of such systemf(Pd, _Fe,) , _,Mn,,? AuFe® Fe-Cr, Ni-  (MR) of all these alloys is negative until as high as 50 K in
Mn, EuSr,_,S,, Fe-Ni-Mn1® etc] exhibit features which the field range of O to 2 T. A striking correlation between the
bear resemblance, at least superficially, to the prediction ofhagnetization and the MR was observed only in the SG
the vector—mean-field model as predicted by Gabay andlloys (x=19,21) withAp/p=xM?25. The isotropic nature of
Toulouse. the MR as well as the thermomagnetic history effect of the

However, no rigorous experimentally accessible criteriorfield-cooled (FC) magnetizatioff*° confirmed the freezing
is currently available for assessing the genuine cooperativef spins at the lowest temperatures in the alloys which have
nature of the mixed phase transitions. Moreover, recenth5G (19,21 and mixed(23,26 phases at those temperatures.
there have been some reports on the intermetallic compoundse role of the different magnetic phadelsie to short- and
CeFe,,2%?UCu,Ge,,? etc., which reveal that all these sys- long-range spin orderingn electronic transport has been
tems undergo transitions from a long-range FM state athroughly investigated using(T) measurement$“°in this
higher temperature to an AFM state at lower temperature viaystem of alloys. In Table I, we have listed the values of their
a canted phase. They show almost the same features as thm@gnetic transition temperature$.( T;, andTy). It was
so-called reentrant or mixed phase systems. The interpretéound from low- and intermediate-field magnetizafior?
tion of such types of magnetic phase transitions is soughstudies that the alloy witlk=30 behaves like a distorted or
within the model put forward by Morya and Usdtifor  inhomogeneous FM unlike the conventional FM. Isothermal
itinerant system of electrons with strong correlation. magnetization curves, in the PM state of each alloy, have
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TABLE I. Fit of the isothermaM-H curves of Fg,_,Ni,Cr,, alloys to several distinct fit functions until
20 T: compositions X), fit functions, fit parametersM,, M, andn), field range, temperature, and the

values ofy?.
X Fit function My M, n Field range Temperature x?2
(Ni conc) (emuf) (emugT") (T) (K) (1079
30 M=My+MH" 32.0 5.4 0.35 1-20 4.2 1.2
(T.=130 K)
26 M=My+MH" 18.7 7.0 0.38 2-20 4.2 1.8
(T Ty 19.3 6.3 0.39 2-20 8.1 15
=60,7K 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 M=M;H" 10.0 0.34 1-20 4.2 0.3
(Ty=12 K) 9.9 0.34 1-20 8.1 0.16
9.1 0.36 1-20 20.2 0.17
14 M=M;H" 2.3 1.04 0-15 4.2 0.2
(Ty=26 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

aX2= (1/N)2iN: 1[Y|expt_ Y;it]zl(Ylexpt)z'
strong curvatures even at temperatures much higher thafBNML, MIT. All the M-H measurements were done be-
their respective transition temperatures. Also thieirH tween 4.2 and 60 K and up to magnetic fields as high as 20
curves did not show any tendency of saturation even until & using a 10-MW power suppl{t The data acquisition was
T and down to 4.2 K done through a PC/AT in both continuous scanning increas-
The motivation behind the present investigation is to seeling and decreasing field modes. The temperature of the
answers to many questions; e.g., what are the very high-fieldample was measured by a calibrated carbon resistor, glued
magnetic responsesyfg) of these wide varieties of mag- to the vibrating rod between the heater and the sample. How-
netic phasegFM, mixed, SG, and AFM which are very ever, the temperature was controlled by a similarly mounted
close to the critical concentration and in which very strongglass-ceramic capacitance sensor and matching electronics.
competing exchange interactions exist? Also, is it possible to The low-field dc-magnetization measurements were more
find in them distinct functional relationships between mag-accurate and were carried out between 19 and 300 K in mag-
netization and magnetic field at high fields ? netic fields up to 1.6 T using a VSNmodel PAR, 155 a
Varian 18 electromagnet and a closed-cycle helium refrig-
erator (CTI). A 100} precalibrated platinum resistance
Il. EXPERIMENTAL DETAILS thermometer, mounted very close to the sample, was used to

The alloys Feg_(Ni ,Crowith x=14, 19, 21, 23, 26, and Monitor the temperature.
30 were prepared by induction melting in an argon atmo- A high-temperature oven assembly was used for the dc-

sphere from metals of at least 99.99% purity. The Sarm)|eg1agnetization measurements in the temperature range 300—

were cut into rods of uniform dimensions so as to have’00 K. A special high-temperature vibrating rod attachment,

known demagnetization factors needed for magnetizatioff/Nich consists of a fused quartz extension with high-purity
measurements. Then they were annealed at 1050 °C for 30t}pron—n|trlde gu'd‘?s and sample holder cup, is used for this
in an argon atmosphere and quenched rapidly to room tenfUrPOSE. Ir!ert helium gas was gsed at_the sample zone be-
perature in brine. All the samples were characterized byause its high thermal conductivity provided a good thermal
x-ray diffraction (XRD) to investigate the possible presence CONtact between the sample and the hot wall surrounding it.
of any second phagsay, of bcc structupeapart from the fcc Both VSM's were caht_)rated with a _star)dard Ni sample.

v phase. The diffraction patterns revealed that all the aIonér he absolute accuracy in dc-magnet|zqt!on measurements
were single phase fcc similar to that of austeniti€e, with was better than 1 part in 2500. The stability of temperature

lattice parametea=(3.58+0.01) A. The nominal composi- during the measurements was within100 mK below 60 K.
tions were verified through scanning electron microscope

(SEM) and energy dispersive x-rafDAX) analysis. The lll. RESULTS AND DISCUSSION

analyzed compositions are found to be within 0.5% of the
nominal ones for Ni and Cr.

The dc-magnetizationM -H) measurements were carried
out using a computer-contolled vibrating sample magneto-
meter (VSM) (model PAR, FM-) adapted with a water- In Fig. 1 we show the high-field dc-magnetizatiokl {
cooled Bitter coil magnet2-T type of 52.5 mm bore at H) curves of substitutionally disordereg-Fegy_,Ni,Craqg

A. General features of the high-fieldM-H curves
between 4.2 and 60 K and low-fieldV -T curves
between 19 and 700 K
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FIG. 1. ExperimentaM (H) plots of FeyxNi,Cry (x=14, 19, FIG. 2. M-H isotherms of the mixed phase alloy g ,¢Cr o
26, and 30 austenitic stainless steel alloys in the magnetic fieldat 4.2, 8.1, 20.7, and 59.7 K in the field range of 0—20 T. The inset
range of 0-20 T at 4.2 K. The topmost three curves areMRE  shows its hysteresis plot which is a measure of the field-induced
plots of FeCosoNij7B16Si;, amorphous ferromagnetic metallic anisotropy energy at 4.2 and 59.7 K in the low-field range of 0—1 T.
glass at 4.2, 8.1, and 20.1 K.

(3) The high-fieldM-H curve for the alloy withx=19

alloys with x=14, 19, 26, and 30, up to a field of 20 T at (SG) is much steeper even at the lowest temperature of 4.2 K
4.2 K, which is much below their respective transition which is below the spin-freezing temperature. The compet-
temperatures ., T, and Ty given in Table ). We also ing random exchange interactions between the FM and the
show theM-H plots of the amorphous FM metallic glass AFM bonds result in a very large value of the high-field
FesCosNi 1B 16511, (Ref. 42, at 4.2, 8, and 20 K for com-  susceptibilityx (~0.6x10"* cm®/g) at 19 T.
parison. From the high-fiel¥l-H curves at 4.2 K and also at _(4) TheM-H curve of the alloy withx= 14, which has an

several higher temperaturésot shown the following obser- AFM ordering belowTy = 26 K, however, shows a striking
vations are made. change of slope at arodrl T at 4.2 K(Figs. 1 and 3 This

(1) The magnetization of the alloy witk=30 approaches abrupt change of slope is more pronounced indM/dH vs

a saturation value much faster than all the other alloys of thé! P'orf (Fig. 3 IWthifh Sthg\évz a p?akhat 1 'I_;_.hll-|owedv;r, it
series(Fig. 1). However, even at a field as highas 20 T there/aNISNES COMplEtely a . Koot s OV\.")' IS sudden
change of slope may be attributed tospin-flop transition

is sufficient curvature even at 4.2 K and the magnetization i%ecause of the canting of the AFM spins in this alloy
yet to attain saturation. The high-field susceptibility,£ (5) No abrupt change in the behavior of the-H cur\}es

= ~ -4 3 i i - . . . .
=dM/dH|p—1o 1~0.3x 10" *em?/g) is fairly large as COM-is observed in the FM-AFM critical concentration range.
pared to tha.t Of F¢050N| 17B 1GSI 12 (% 08>< 10

cm?/g), a conventional FM.
(2) In the case of the alloy witk= 26 which has a mixed T
phase ordering at 4.2 K, there is a large induced moment 5.0 -
above the technical saturation. The magnetization is still in- ' oo °
creasing(very hard to saturajeeven at 20 T withyye °
~0.45x 10~ % cm?g. This value is also very large com-

2.8

pared to that of a conventional FM. The magnetization
curves even below 20 K~T./3) show no tendency to con-
verge towards the 4.2 K curv@=ig. 2) even at such high
fields. This behavior is in contrast with the case of a standard
FM in which a strong external field suppresses the thermal
spin fluctuations, thereby recovering the moment. In the inset
of Fig. 2 we show the low-field hysteresis curves of this
alloy at 4.2 and 59.7 K. The area enclosed by the increasing
and decreasing magnetization curves corresponds to the
field-induced anisotropy energy which decreases with tem-
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peraturg(inset of Fig. 2 and vanishes at higher temperatures.

This kind of high-fieldM-H curve has a strong resemblance  FiG, 3. M-H and dM/dH vs H plots of the AFM alloy
to those of many crystalline and amorphous materials whicleNi,Cr,, at 4.2 K. TheM-H plot shows a striking change of
have mixed phases at low temperatufesy., AuFe(with  slope around 1 Tshown by an arrowwhere dM/dH shows a
14-18 at. % Fg*® FeZr etc., at the critical concentration peak. This has been attributed tspin-floptransition at this field.
regime.
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TABLE Il. Concentration dependence of different fit parametdds (a, andb) of the law of approach
to saturatioEq. (2)], the values ofy?, temperature, and field range for several isotheriiaH curves of
Fego_xNi,Cryg alloys.

X Temperature Field range Mg a b X2
(Ni conc) (K) (T) (emu/g (emuT/g) (emu/qn) (1071

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

The M-H curves of all the alloys have sufficient curvaturesattributed physically to the spontaneous moments of these
even at temperatures much higher than their respective traadloys. Its values are found to be consistent with their mag-
sition temperatures. This may be due to the effect of clustemetic phases.
ing, short-range ordering, or local frozen spin moments in In the case of the alloy witkk=30, the value of the ex-
the PM state. ponent ofH is n~1/3 at 4.2 K whereas for the alloy with
We have made an attempt to fit all the high-fiedt-H x=26 it is =3/7. Considering the infinite-range Ising inter-
curves of this series of alloys to some empirical relationsaction, Toulous® had suggested a model for mixed phase
Nonlinear logM vs log H plots reveal that for the alloys systems wher&1~H?®", in good agreement with our obser-
with x=30 and 26,M is not solely dependent on a single vation. Forx=19, n~1/3. In the case of the alloy with
term inH. However, the alloy wittk=19 shows a perfectly x=14, the exponents are~=1 and 1/2 in lower- and higher-
linear log-log plot, implyingMoH". The alloy withx=14 field ranges, respectively. This implies that in the AFM state,
also shows a linear log-log plot with two distinct slopes be-below thespin-floptransition,M has a linear dependence on
low and above thepin-floptransition. So we have taken a H whereas above Mo H.
general empirical relation As discussed earlier, in the-Fegy Ni,Cryy (14<x
=<30) alloys, because of the presence of strongly competing
exchange interactions between different pairs of magnetic
atoms3%¥ critical concentration is attained for this particular
range of stoichiometry. As a result it hinders the rotation of
to fit all theM-H curves employing a nonlinear least-squaresthe magnetic spins and so a saturation of the magnetization is
fitting program along with a EO4AFDF NAG subroutine. We hard to achievgFigs. 1 and 2 even at 20 T and 4.2 K.
have keptM,y, M4, andn as adjustable parameters to fit the However, one cannot rule out the possibility of the formation
M(H) data. In the case of alloys with=19 and 14, the of either short-range clustering or clustering of local spin
values ofM are negligibly small and have been neglected.freezing as well as the existence of local anisotropy and in-
Table | gives the fitting parameters for all the alloys at sev-rinsic fluctuation of the material parameters as in the case of
eral temperatures. From Table I, the following inferences camuFe’® Fezr? etc.
be drawn. We have also analyzed the data in terms of the law of
In the case of the alloys with=30 and 26, the inclusion approach to saturation, given empirically by
of the additional constant terml, makes the quality of fit
much better £>~107° is comparable to the experimental
accuracy. M is maximum for the alloy withx=30 at 4.2 K.
In the case of the alloy witlk=26, because of the freezing
of the X-Y components of spin@ccording to the GT model whereMg is the saturation magnetization and thd term
below 7 K, the spontaneous momeM ) at 4.2 K has gone is attributed to the intrinsic fluctuation of the material param-
down slightly as compared to that at 8.1 K. This kind of eter, viz., presence of nonmagnetic voids, inclusions, and
observation could also be made from theT plots3® The  microstress. All our samples are cold rolled and after the
decrease inM,, above 8.1 K, due to an enhancement offinal annealing process, to retain thghase, they had to be
thermal spin fluctuations as well as spin-wave excitations, igjuenched from 1050 °C to room temperature. This has
quite reasonable. In the case of the alloys with14 (AFM) caused mechanical hardening of the samples as a result of the
and 19(SG), M, is negligibly small. TheM, term has been microstress developed. The last tetn], corresponds to the

M=Mg+MH" (1)

a
M=Mq- & +bH, @)
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line of the topmost curve is the extrapolation of the fit to Ej.in ~ F€so-xNixCrao (x = 14, 19, 26, and 30alloys with wide varieties

the very-high-field range. The other two curves are the resolve@f Magnetic phases at 4.2 K. The curvature charigesvex to
contributions. concave while passing through the critical concentration region.

high-field susceptibilityyye (=~ M/SH|,_.~b). We have phase, it would not have shown any positive intercept. In our
fitted all theM-H data to Eq.2) keepingMg, a, andb as  earlier work® we had confirmed the coexistence of FM and
adjustable parameters. In Table Il we have summarized th8G orderings in the alloy withk=23 (mixed phasg In the
values of the parameters along with the valueg@fFrom  case of the alloy withk=19 (SG), the negative intercept on
Table Il a number of observations can be made. The qualitthe M? axis even at 4.2 K rules out any possible FM order-
of fit is good, and the;?>~10~ 7 is comparable to the experi- ing. Forx=14 (AFM), the ABK plot has a strong concave
mental accuracy. The saturation magnetization)( in-  curvature in the low-field region as opposed to the convex
creases with Ni concentratiox) at a particular temperature ones for the FM and mixed phase alloys.
whereas it decreases with temperature for the samEhe In the alloys with higher Ni concentraion, the FM states
constanta and the high-field susceptibilith (~ yne) both  are either weak or inhomogeneous having very high values
increase withx and attain maxima at around=19 (critcal  of xpyr. The spontaneous momentd ¢) from the intercepts
concentration rangeand then they decrease with further in- of the ABK plot at 4.2 K are(0.39, 0.27, 0.1Bug/(atom,
crease ofx. This shows that for the alloys with long-range respectively, fox=30, 26, 23. These values strongly deviate
FM (x=30) and AFM (x=14) orderings, the high-field sus- from the Slater-Pauling curve for thed3ransition metals
ceptibility yue is much smaller than those of the alloys and alloys. This may be understood in the light of Friedel
which have SG and mixed phase orderings at low tempergheory of the formation of VBS and the split-band model.
tures. The Arrott plots forx=26 at several higher temperatures
In Fig. 4 we show the individual contributions dfly  (Fig. 6) also show a change of curvature from concave to
—a/H andbH terms along with the totall plotted against
1/H for x=30 at 4.2 K. The figure shows how the magneti-

zation approaches saturation in the high-field region ABK Plot for Mixed phase
[(1H)—Q]. It is also clear from this analysis that even the 600 4 ¥ (z=2
20-T field is not sufficient to align all the spins to reach 50 %
saturation. The extrapolation with E€R) (as shown in Fig. 1 ***** 0000 ‘*05“&
4) suggests that it may require a field as high as 100 T to o A 0% ae 0%
align all the spins with a maximum value bf~70 emu/gm. 20400 1 *Z:Pdp‘ﬁﬂ"ﬁ;ju“ RS

Figure 5 is the Arrott-Belov-Kouve{ABK) plot (using S SR et o "
mean-field values of the critical exponen=0.5 and § ol ot e 80
y=1) for x=30, 26, 19, and 14 alloys at 4.2 K. This is a o S et ©
very important plot to confirm the presence of any FM phase = 200 + ° ao®? ®
from the finite value of the spontaneous moment in the ab- aet
sence of any internal magnetic field. In the high-field linear 1< th‘ 100 ¥
regions, we have fitted straight lines and estimated the spon- av"”i;“,.,,mw** T
taneous momentd,) from the positive intercepts. The al- 0 o 05 10 15 20
loy with x=30 (FM) has a very high value of spontaneous H/M (emu/g/kOe) '

moment as compared to those of the others. For the alloy

with x=26 (mixed) we confirm the persistence of the FM  FIG. 6. Arrott-Belov-Kouvel(ABK) plots at various tempera-
ordering even below the SG freezing temperature from theures in the low-field range for the mixed phase alloy
positive intercept on th&12 axis. Had it been in a pure SG FesNi»Cr,, confirming the presence of the FM ordering.
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convex while passing through the Curie temperature from
the high-temperature side. So there exists a close analogy
between what happens for a fixed concentration when the
temperature is changed and the case where the temperatureis =
fixed and the concentration is varied. There could be several
reasons for the deviations from linearity of the ABK plots for
all the alloys in the low-field rangg1) An inhomogeneous
character of magnetization may be associated with such de-
viations (e.g., amorphous Fe-Ni alloys near the critical
concentratioff). (2) According to Shtrikman and Wohl-
farth*° for heterogeneous weak itinerant magnetic alloys, the é
deviation from linearity is attributed to spatial inhomogeni- -
ties of the magnetization due to fluctuations in concentration.
(3) For a homogeneous magnetic system the Arrott plots give o om0 | 70
straight lines in the case of weak ferromagnetic materials 0 - . -
except at the lowest fields where domain rotations ottur. 0 50 Tm&) 150 200
The ABK plots for a SG or a mictomagnetic phase at high
enough fields and temperatures as well as for a mixed phase, fiG. 7. Reciprocal susceptibilityi/y) vs temperatureT) for
where FM and cluster glass or SG coexist, should be rathefe, Ni,(Cr,, (SG alloy at 0.2 T. The arrow shows the onset
curved?® Some experimental evidence for FeCr, FeMnPC,T,>T,) of the deviation from the Curie-Weiss behavior. The inset
etc., a||0y§1,48 supports this kind of behavior. shows the same plot for EgNi 3Cr,o (FM) alloy. The solid lines
Based on the Stoner model, Edwards, Wohlfarth, and Maare the fits to Curie-Weiss law.
thon had applied the Landau-Ginzberg theory of the second-
order phase trasition to FM metals and alloys whose magnesstimated the Curie constar@) and the paramagnetic Curie
tizationM is low compared to that for a complete alignment temperature ®) for each alloy from the slopes and inter-
of spins and obtained cepts of the linear fits. Table Ill lists quantities like,
P, O, etc., whereP is the effective Bohr magneton
H/M(H,T,c)=A(T,c)+B(T,c)M?(H,T,c), (3)  number given by

FegiNigCrzp , Spin—glass
g

)

m\ H = 2 kOe
g

Q

o

I

~

Tq

FeogNigolryy
1 Fervomagnet

o
1
em’/g)”

-
N
7

.
1/% (10

where A and B are the Landau coefficients ardis the d [1\1)12
concentration. We observe that the valueBof® (120, 138, Per=9[J(J+ 1)]1’2:[(3k8) {Nx,uéd—_r(—)ﬂ _
and 162[(emu/g3/T], respectively, forx=23, 26, and 30 X (@)

after fitting theM-H data to Eq.(3) in the high-field linear

regime (Fig. 5)) gradually increases with the increase in Ni Here N, is the average number of the three kinds of atoms
concentration X). Comparing the concentration dependence(Fe, Ni, and Cy per gram,g the Landeg factor, J the total
of the specific heaf which also increases witk, one can angular momentunkg the Boltzmann constant, ands the
qualitatively argue that because of the increase of the densifgonr magneton® is found to be increasing roughly linearly
of states at Fermi levéIN(Er)] with x, the value ofB ™ is  yjth x while the variation ofP.4 with x is rather small.
enhanced. This result supports the Edwards and Wohlfarth'sigyre 8 clearly shows the AFM transition for the alloy with
theoretical predictior’ We have also foun¢hot shown that  y—14 where a peak iV (T) occurs afTy=(26+1) K.

for the alloys withx=30, 26, and 23T2~x (Ni concentra-
tion), M2(0,0x)~x and xo *~x~|c—cgql. Experimental
plots of these quantities are called Mathon plots, witgfe

is the critical concentration for weak itinerant
ferromagnetisni® This provides us a better understanding of
the weak itinerant type of FM ordering which exists in these
disordered 8 transition metal alloys.

As mentioned earlier we have carried out dc magnetiza-
tion measurements between 20 and 700 K in a constant dc
field of 0.2 T, to examine whether in the pure paramagnetic
regime they follow the Curie-Weiss law. In Figs. 7 and 8 we
show typical 1} vs T plots for the alloys withx=19, 30,
and 14. We find thatFig. 7) all the alloys obey the Curie-
Weiss(CW) law in the high-temperature range. The devia-
tion from the CW law starts at temperature§y much
higher than their respective transition temperatures. This 0.00
kind of behavior also shows up in the nonlinearity of the
M-H curves(CW law givesMoH at constant temperatyre
even much above their respective transition temperatures. FIG. 8. Reciprocal susceptibilitfl/y) and magnetization\])
This may be due to the persistence of some short-range ovs temperatureT) for FeggNi14Cr,o alloy at 0.2 T.0 is small but
dering. From the high-temperaturd ¥ T,) data we have negative and the & temperature i$26+ 1) K.
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TABLE lll. Composition (x), Curie constant®), effective Bohr magneton numbéP.¢), paramagnetic
Curie temperature®), q., gs, temperature for the onset of deviation from Curie-Weiss |1ay) ( and
effective number of electrons per atom outside the closed argon [st{eH(3d+4s)], of Fegy_xNi,Crag

alloys.
X C Pest 6 e ds Ty
(Niconc)  (10%cm3®K/g)  (us) (K) () (ms) (K)  n=(3d+4s)

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

There is a subtle interplay between the effective numbeFe-Cr and Ni-Fe-V alloyS that the addition of Cr and V
n(~(3d+4s)) of electrons per atom outside the closed ar-enhances the Stoner term considerably, and drives these sys-
gon shell and the type of magnetic ordering as well as theitems towards the weak itinerant FM regime.
transition temperatures. In Table Ill we give the values of To examine contributions from various kinds of excita-

n for all the alloys. Fom>8, these alloys shift towards the tions to the temperature-dependent demagnetization process,
FM state with increasing spontaneous momelit,Y and we have carried out very careful dc-magnetizatid{T)

T.. On the other hand, whem<8, AFM ordering is estab- measurementgaccuracy 1 part in 1f) at a 100-mK tem-
lished, while in the intermediate region the SG phase apperature interval in a field of 1 T. In Fig. 9, we show the
pears. M(T) data which have been analyzed in the light of the

The above facts, namely, the nonintegral valuegidh  spin-wave(SW) theory as well as Stoner excitatiors. At
Bohr magneton per atom, the strong deviation from Slaterlow temperatures, the change in magnetization due to spin-
Pauling curve, the curvature in the low-field region, and a sewave excitations is given by
of parallel lines in the high-field region of the ABK plots, the
large values ofyyr at 19 T and 4.2 K, and the Mathon plots,
indicate the possibility that the alloys with higher Ni concen-
tration having FM ordering at lowest temperatures may be

AMUW _ M(T)—M(0)

M (0) SW_ M(0)

described within the framework of the itinerant model rather =AT3’2(1— D,T2—D,T5? 372
. . . 1 2

than the localized one. We have examined the FM ordering

in the light of the Rhodes-Wohlfarth criteria: (a) In the X Z(3/2,T4/T)+BT¥22(5/2,T4/T). (5)

localized model the effective spin is the actual spin and
henceq./qs = 1, for all T,, wherePo = \o.(q.+2) inthe Here Ty is the gap temperature which is equal to
PM state andy, is the average spontaneous moments in thd@usHin/Ke, 2(3/2,T¢/T) and Z(5/2T,/T) are the Bose-
units of ug and (b) in the itinerant modef might be less

than the maximum possible valug, and hencey./qs > 1 0.0
and its value(between 1 ande) gives a measure of the

degree of itinerancy. In additiorqc/qsocTc‘1 for itinerant

electrons; i.e., the larger the ratiqd/qs), the weaker is the —0.2 1
FM. The values ofg. andqgg are given in Table Il for the _
alloys with x=30, 26, and 23. It is quite apparent that
g./qs indeed shows a systematic increase with decreasing
T, and follows the relatiorg,/qs<T. *. Moreover,q./ds

lies between 4 and 12, indicating moderate itinerancy. They
also compare favorably with those of several other weak itin-
erant FM alloys[e.g., FeCr, FeV, NiFeMRef. 55, ZrZn
(Ref. 56.] Thus we conclude that the alloys with higher i S

. , 10.06
(23-30 are weak itinerant ferromagnef&/IF’s). TFit © AN/ M= (MM Yor+ (A Moo

-1.0 T T T T T T T T
B. Spin-wave analysis ofy-FeggNi;oCr ,q alloy 0.0 0.2 0.4 0.6 0.8

Fe50N’izsoC7'go

Ferromoagnet

—0.4 4

T/T.
0.0 0.2 0.4 058
I I T T |

0.06

AM /M,

% DEVIATION

There are reports on Fe-Ni-based crystalline and amor-
phous alloys (e.g., FgNig B 18502, Ni-Fe-Cr, FIG. 9. Change of reduced magnetizatidiM/M,) as a func-
Ni-Fe-V,* etc) where the presence of both spin-wave andijon of reduced temperaturei{T,) for FesgNisCra (FM) alloy.
Stoner single-particle excitations was confirmed throughrhe solid line is the nonlinear least-squares fit of the experimental
bulk magnetization measurements. Inelastic neutromata to the combination o§pin-waveand Stonersingle-particle
scattering’ studies directly prove the presence of spin-waveexcitations. The percentage deviation of the fit from the data, shown
excitations in these alloys. It was concluded for Ni-rich Ni- in the inset, implies a very good quality of fit.
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Einstein integrals, and the coefficiehtis related to the spin- 0.6
wave stiffness constari?(0), by
H = 6 kOe
kg [2.61 213 C)
D(o):_B 2.61pg , (6) ~
47\ M(0)pA g
S 0.4 1
wherep is the density. Thompsoet al ! have calculated the 1
change in reduced magnetization due to Stoner single- -
particle (SP excitations only, given by 3
Il
0.2 -
AM — a,T3/Ze*A/kBT (7) ~
M(o) SP 5 Fe54Ni%Crgo
for strong itinerant FM and 3 Mixed phase
0.0 . . ; : -
{ AM } _ T2 ® 0 100 . 200 300
MO)]gp =

FIG. 10. Temperature dependence of dc susceptibility
(=dM/dH) for the mixed phase alloy EgNi,¢Cr, at a field of 0.6
T. The solid line is a guide to the eye. The peaks appear at the
respective transition temperaturek, (@ndTy).

for weak itinerant FM. Herer and 8 are related to various
band parametera is the energy gap between the top of the
full subband and the Fermi leveEf) for a strong FM. It is
0 for a weak FM.

At low temperatures, when deviation from saturation ]
magnetization 80 K is small, the excitations from the Sw ©0f D(0) for the alloy withx=30 seems rather reasonable. In
and the SP are nearly independent and the thermal demag,ﬁgdltlon to this there is also a strong experimental support to

tization is given by the sum of both the contributions, i.e., OUr result from the inelastic neutron scattering studies by
Men’shikov et al3” on Ni-rich Ni-Fe-Cr alloys from which

AM=[AM]gw+[AM]gp. (99 the SW stiffness constari?(0) was estimated to be=50
meV A2, They also could not detect the presence of any
We used a nonlinear least-squares fitting program usin@ligher-order term apart from the quadratic one in the SW
the NAG library to fit theM(T) data for the alloy with dispersion relation, in good agreement with our result. Thus
x=30. The fit to Eq.(5) excluding theBT>? anharmonic  we conclude that the introduction of Cr suppresses the an-
term gives x>=6.8x 10" ® which is at least one order of harmonic term T>?), similar to the earlier cas&.Moreover,
magnitude higher than the experimental error. Inclusion othe Stoner single-particle excitation is present in this weak
the anharmonic term yields an unphysical sign of the coeffiitinerant FM. The constang in the Stoner term is of the
cientB. However, the data, when fitted to E®), a combi- same order as in pure NRef. 59 and Ni-rich Ni-Fe-Cr
nation of Egs.(5) and (8) but excluding the anharmonic (Ref. 55 alloys (=10’ K ~2). Thus one finds that the ad-
T2 term, yield a much improvedy?=2.1x10"7 with  dition of Cr enhances the Stoner term considerably.
A=3.4x10"* K %2 and 3=9.3x 10"’ K ~2. As shown in
Fig. 9, the experimental data and the best-fitted curves are
almost indistinguishable. But EQ), when taken as a com-
bination of Egs(5) and(7), gives unphysical values of and In Fig. 10 the temperature dependence of the dc suscep-
the gap parameteh. In the inset of Fig. 9 we have also tibility xq4. (=dM/dH) is shown in a field of 0.6 T which is
shown the percentage deviation of the fit from the data whiclabove the technical saturation for the alloy witk 26. We
clearly reveals that a combination of both SW and SP excifind that there is a sharp peak jp. at aroundT~60 K
tations describes the thermal demagnetization process quitehich is the PM—-FM transition temperatureT() as re-
well in this FM alloy. The value of the coefficient of the SW ported earlief? As the temperature decreasgsg, decreases
term A(=10"* K ~*?) is two orders of magnitude larger continuously. But below some minimum temperature it again
than those of pure Fe and Ni<(10~ ¢ K ~%?) (Ref. 59 and  starts to increase significantly. In our earlier wwe made
one order of magnitude larger than those of Ni-rich Ni-Fe-Crthe same kind of observation for the alloy witks 23 and 21
and Ni-Fe-V alloys £107° K ~%?) (Ref. 55. This implies  which have mixed phase and SG orderings, respectively, at
that the spontaneous magnetizatiovig) of the alloy falls  the lowest temperature. Hamzic and CampBedlso made
off with temperature at a faster rate and so it must have a&xactly the same kind of observation for the variation of
weaker SW stiffness constafit(0). Using Eq.(6) we have  yq4.With temperature in the case of Au 19% Fe alloy which is
estimatedD(0) to be ~40 meV A? whereas it is 286, 100, beyond the percolation threshold where long-range FM ap-
and 46 meV R for pure Fe*® Ni-rich NigFe,Cri,,%°  pears alongwith SG freezing. In this alloy wiki 26, there
and higher Cr-containing amorphous alloys like is a coexistence between FM and SG orderings at the lowest
FeCogNi ,Cr1sB 16Si12,*? respectively. It should be noted temperature. So this is a common featurexgf which is
that with the addition of Cr in Ni-Fe binary alloy®)(0) falls  observed in a number of alloys having either SG or mixed
off very rapidly>®*? Moreover, as far as the magnetic prop- phase orderings.
erties are concerned, there is not much difference between The alloy withx= 26, below a temperaturg;=7 K, has a
the crystalline and amorphous materials. Our estimated valu8G ordering as reported in different investigatidh$here is

C. x=26: Mixed-phase alloy



12 398 NATH, SUDHAKAR, McNIFF, AND MAJUMDAR 55

20 the higher-concentration alloyx&21) can be brought into

T = 42 K coincidence with that ok=19 by using a scaling factor de-
fined asRy,=M(x)/M(x=19). The magnetization data for
x=213 obtained by using the Faraday balar&®) tech-
nigque, are also brought into coincidence on the same figure
with the same scaling factor, i.e., irrespective of the measure-
ment technique. The universality of the behavior of the mag-
netization implies the same magnetization process, namely,
21 (VsM) the high-field response dynamics of the frozen spins. This
kind of universal scaled magnetization curve was also ob-
served in archetypical SGCuMn and AuFe(Refs. 66 and
FegoNigCrzo (x=19,21) 4(_3)] systems below the critical concentrat_ion._ For the alloys
) with x= 26, 23, and 14, the scaled magnetization curves have
Spin glasses strong deviations from a universal one, suggesting entirely

T T & & different kinds of magnetization processes.
H (kOe)

19 (VSM)
19 (FB)

*
]
[}

M,/R, (emu/g)
>
>¢
0

E. x=14: Antiferromagnetic alloy
FIG. 11. M-H plot of the alloy withx=21 is scaled onto that of . .
x=19, implying the same kind of magnetization process at 4.2 K, As mentioned earlier, th&1(H) curve at 4.2 K has an

The abbreviations VSM and FB stand for vibrating sample magnelinflection point at aroud 1 T asshown in Fig. 3 with an
tometer and Faraday balance, respectively. arrow. The figure also showsdM/dH vs H plot which has

a sharp peak at the inflection point at the same field. We have
further observed that the point of inflection shifts slightly

long-standi t for this kind of mixed ph fowards low fields at higher temperatures of 11.2 and 20.1 K.
a long-standing confoversy for this Kind ol Mixeg pnase 0The M(H) curves(at T=35.1 and 60 K beyond the Nel

reentrant phase allo§sshowing double transitions. Whether : i -
both kinds of ordering, namely, SG and FM, coexist below!€mperature Ty=26 K) do not show any inflection point.

the second transition is still debatable. From a number of N€ fieldHc = 1 T can be taken as the critical field for the
experimental evidend&!”206485¢ was concluded that both spin-floptransition belowTy. This alloy has a long-range
orderings do coexist below the second transition. This kind*FM ordering with a reasonably small value of the élle
of behavior can be understood through gemi-spin-glass (emperature [y=26 K). A number of reports show thapin
picture proposed by Villaif® Just belowT, these alloys floPpingcan be produced most easily if the éléemperature
behave as a standard FM witfor each spin m,#0, mi.= 'S low and for themH, V\gy be relatively small (e.gaé,
m;zo. As the temperature drops, the degree of FM orderin ugtljzég;i\lioME\TNet:cl)Lz K)*" MnFz, Cro0s, DyAg,
increases continuously and hengg drops belowT . But at yUniike thge C(;nven.tional AFM'’s, this alloy shows a high
a lower temperature the spins begin to acquire random un- o ' y 9
correlated canted moment with componentts, ml 0 but value of the field-induced moment at 19 #0.17ug) and a
Y

tendency of saturatiofFig. 1). Neutron scattering in AFM
(m,)=(m,)=0. At the lowest temperatui@elow the second " : . I )
transition the conventional spin-wave theory totally breaks * Feo.Ni0.16CTo .15 (Ref. 33 in magnetic fields bS T sug

. L ested that the induced moment can be interpreted in terms
down. This has been clarified later by the Gabay-Toulous ncu nterp !

(GT) model, which is a Heisenberg version of the f the canting of the AFM spins. In the alloy with= 14, the

Sherington-Kirkpatrick model, where below the second tran_magneuzatlorM induced in the high magnetic field obeys

" X .~ 'the Landau relation of the form

sition temperature there is an overall long-range order in a
certain direction(say, thez qlirectior) and a sim.ultar_1eous M2=— A+BH/M, (10)
existence of frozen spins in the transverse directigsy (
plane. So the temperature dependenceygf of this mixed ~ With A=308 (emu/g? and B=560 (emu/g°T in the field
phase alloy can be understood in the light of the Villain asrange between 10 and 20 T at 4.2 K. This relation holds
well as the GT models. We have also seen from Arrott plotgvhen the substance is close to a FM state but as a whole is an
(Fig. 5 that at the lowest temperatufé.2 K), FM ordering AFM. However, there may exist a positive interaction be-
persists in this alloy. Moreover, thermoremanent-historytween the high-field-induced moments as had been con-
dependent FC magnetizatiSrconfirmed the SG ordering at cluded in the AFM y-Feg Nig1Crg 15 (Refs. 32 and 38
4.2 K. So our results foryg, as well as the Arrott plots alloy. An itinerant AFM modet was proposed in which the
definitely support the coexistence of both FM and SG ordereffective magnetic interaction between the spins is always
ings below the second transition. positive even in an AFM substance, and an AFM state can
also be close to a FM state. The effect of magnetic field on
the AFM structure was studied by neutron scattering
measurementson y-Feg Ni 1:Cr 15. It suggested that the

A remarkable feature of the magnetization curves for thénduced moment could be explained by canting of the AFM
alloys withx = 19 and 21 is that the curves can be scaled orspins by an anglé®.
a single universal curve until very high fields as shown in We have used the experimentally estimated parameters
Fig. 11. Both the alloys have only one transiti®®M—SG Ty (=26 K), C(=11.7x103 cm® K /g), and the paramag-
at 12 and 10 K, respectiveff). The magnetization curve for netic Neel temperature® (=—6.4 K) (some are shown in

D. x=19 and 21: Spin-glass alloys
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Table Ill) to evaluatel,, J,, v;, andy, for this alloy with IV. CONCLUSION
x=14. HereJ; is the effective-field exchange interaction be-
tween theith neighbors. Similarly;y; and v, are the first-
and second-neighbor molecular field coefficients. In the Iigh{
of Smart's modéP for the generalized molecular field theory
for an antiferromagnetic substance withsublattices, the
following relations can be written:

In this work we have carried out systematic high-field
0-20 T) dc-magnetization studiggM (H) and M(T) be-
ween 4.2—-60 K and 19-700 K, respectiviebn substitu-
tionally disorderedy-Fegy_,Ni,Croyo (14 <x< 30), austen-
itic stainless steel alloys having a very rich magnetic phase
diagram at low temperatures. We find a number of distinct

functional relationshipsvi(H) in different magnetic phases
Yi=———2, %], (12) below their respective magnetic transition temperatures. Be-
Ng“ug cause of the very larggye compared to that of a conven-
tional FM, we conclude that the nature of ferromagnetism in

ct the case of the alloys witk=30, 26, and 23 in their FM
0= ﬁZl Yij (12) phase is unlike that of a standard FM. They are very hard to
= saturate even at a field of 19 T at 4.2 K. The law of approach
and to saturation reproduces the high-fie(H) data in the

saturation regime reasonably well. In the light of Rieodes-
ch Wohlfarthcriterion the alloys withk= 30, 26, and 23 in their
Tn= HE 7ijJij » (13y FM regime are of weak itinerant type. In the FM alloy with
=1 x=30, the combination of long-waveleng#pin-waveand
Stoner single-particleexcitations describes the thermal de-
magnetization process quite well until & We conclude
that the introduction of Cr in this alloy substantially reduces
the spin-wave stiffness constaf0), suppresses the anhar-
monic term T>?), and enhances the Stoner term.
In the case of the alloys witk=26 and 23mixed phasg

where Z; is the number of neighbors of an atom,J;; the
exchange interaction between amatom and one of itg
neighbors,y;; the molecular field coefficient for the field
exerted on an atom on théh sublattice by its neighbors on
the jth sublattice, angug the Bohr magneton. The present

AFM alloy has a fcc structure. According to Sméittan this particular study, along with our earlier studies, corrobo-

AFM alloy with fcc structure can have a maximum of pos- rates that below the second transition long-range FM order-
sible three types of antiferromagnetic ordering. Our calcula: 9 9

tion for the alloy withx= 14 is appropriate for the fcc struc- ing coexists with transverse SG freezing, supporting the GT

. . ) . . . model. Neutron-depolarization studies coupled with small-
ture withtype lantiferromagnetic ordering with 8 sublattices . :
. angle neutron scattering would be able to provide a complete
and 12 nearest- as well as 6 next-nearest-neighbor atoms

. - . “picture of the transverse spin component in the FM domain
5:;”%, E_qi'(zlolg(ig)svlz /rr‘nag"eyc‘i"‘l‘g“;iéﬁekg’/'rf;"’ lgg /\éal (which might be of vortexlike spin structurethe nature of
- /1T . ’ 27— . y V1

; the domain-wall motion, and the spin-modulated structure. In
=-1.29 K, andJ,/J;=—1.47. In this AFM alloy,®/Ty ' P
(=-0.25 is small and negative, in contrast with the Iargethe concentrated SG alloys€21 and 19 the high-field

values (1) observed in the SG alloyx & 19 and 21, Table response dynamics of the frozen spins is similar to that of the

A : - .~ ._archtypical spin glasses.
). Thl_s |nd|_cates that frustration effec_ts are minimal in this our analysis of thex=14 (AFM) alloy shows that the
alloy with x=14. From the above estimates, a number ofI

ong-range AFM structure of this alloy is tfpe 1where the

Important mf(_arepces could be Qrawn, €.g., negauve yalues Qlrst nearest-neighbor interactiod,( is AFM and the second
J; andJ,/J; indicate that the first nearest-neighbor mterac—One is FM (0,). Sinceld,/J,|>1, we conclude that this alloy

tion is AFM an.d thg second nearest-neighbor Interaction ust have a strong itinerant-electron-AFM contribution. It
FM. [J;/J,>1 implies that the second nearest-neighbor Nalso shows apin-floptransition & 1 T due to the canting of

teraction is stronger than the first. Th_e 'afger vaIueJQf the AFM spins in the strong external magnetic field. Beyond
compared td, does not affect the effective-field approxima- this transition a square-root dependence of magnetization

tion u_sed_ here, because there are 12 nearest neighbors, e external field is found whereas below it the dependence
contributing—|J,| towards®, whereas there are only 6 next- is linear

nearest neighbors, each with a (_:,ontribution @fl's‘].l' At present as there is no band structyedectronic or
Hence as a whole the paramagneticeNeemperaturd is 1, netig calculation in these alloys, it is very difficult to
still negatlve(antﬁerromagneth:and has a small value as estimate and correlate anything in more quantitative terms.
observed experimentally. Because of the fact tha reater attention must be paid in this direction for better

[J2/J1|>1, one concludes that this alloy must have a Strong, o ation of the transport and magnetic properties of these
itinerant-electron contribution. Perhaps some of the O”tefernary alloys

3d and 4s electrons are localized and some others are in the
extended states. The nearest-neighbor molecular-field coeffi-
cient y, <0 implies the expected AFM interaction. The next-
nearest-neighbor interactiop,>0 corresponds to the FM N.S. thanks Thomas Ankermann of Process Systems In-
interaction. The values of/Ty and y,/y, are compatible ternational, Inc., for sponsoring some of the experiments at
only with thetype 1AFM ordering in this alloy. All these FBNML and the warm hospitality extended during his visit.
results agree with neutron-diffraction-derived structuralFinancial assistance from Project No. SP/S2/M-24/93 of the
studie$?**which revealed théype 1AFM ordering in alloys  Department of Science and Technology, Government of In-
of a similar composition. dia, is gratefully acknowledged.
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