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Critical magnetic properties of disordered polycrystalline Cr,sFe,s and Cr,gFe;q alloys
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Critical magnetic properties of disordered polycrystallinesE&s and CrgFe;, alloys are investigated
employing bulk magnetization and, for the first time to our knowledge, low-field ac susceptibility measure-
ments. Contrary to the earlier claims, an elaborate analysis of high-precision magnetization and ac suscepti-
bility data reveals that long-range ferromagnetic order exists, and that a true ferromagnetic to paramagnetic
phase transition takes place in the chemically homogenized alloys. Chemical clustering leads to superparamag-
netic behavior above and inhomogenous magnetization below the Curie temperature, complicating the experi-
mental determination of the asymptotic critical exponents, particularly when high-field extrapolation methods
are used. The effective critical exponents possess the v@lues0.30+£0.01, y.=1.39+0.01, and gy
=5.5+0.1 for chemically homogenized samples. These values deviate substantially from the estimates based
on three- or two-dimensional isotropic “short-range” models. The presently determined values for the critical
exponents instead indicate that the critical behavior gff&ss and CrgFeyg is akin to that of ad=2n=1
ferromagnet in which the attractive long-range interactions between spins decay with distansel(r)
~r =@+ o) with ¢=1.4.
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I INTRODUCTION fective critical susceptibility exponenty;. Values ofys as
large as 2.0 were reported by Aldred and Kofivéd our
Magnetic properties of Cr-Fe alloys have fascinatedknowledge the only investigation on critical magnetic prop-
experimentalists®* as well as theoristé~*’ for decades, erties of CrFe,s and CrgFey, alloys). Other authord°
since complex magnetic phenomena are conveniently studiegliestioned the existence of long-range ferromagnetic order-
in such alloys throughout theholecomposition range of the  ing and a well-defined FM-PM phase transition in these al-
chemical phase diagram. bcc-Fe behaves as a tyfiicar- oy and attributed the magnetic properties of these alloys to
any ferromagnet below a Curie temperatureTef=1044 K,  gynerparamagnetic clustefalso referred to as “giant mo-
while bcce-Cr, aritinerand antiferromagnet, exhibits compli- ments” or “mictomagnetic” particles
cated spin structures such as longitudinal and transverse Conflicting reports, based on bulk magnetizafioh’®
spin-density waves be_low a Hbtemperature qTN=312 K. neutron-scatterin ,11,1é,16 and Massbaugr29-13-16.18 dat,a,
\Tvgi r:grii){{:giirglﬁiggﬁgsrgggb@egﬁ(?:ﬁ dd?(?-ﬁgk%jﬁg e'C&'b.out.the n:?lture of ferroma}gnetic—paramagnetic; phase tran-
The collinear ferromagnetism of Fe progressively paves thé't.'(.)n in Cr-rich Fe. alloys, with an Fe 'concentranon near the
ﬁntlcal concentration of ferromagnetism and enhanced ex-

way to a more and more inhomogeneous magnetic order witii' al lution that t ad i technol
increasing Cr content, resulting in monotonically reducedP€'Mental resolution that recent advances in technology per-

values of the Curie temperature. A “crossover” regime of Mit: Prompted us to perform extensive high-precision bulk
chemical composition ranging between 20- and 30-at. % anagnetlzgtmn and ac su_sceptlblhty measurements qf well-
is characterized by low Curie temperatutésver than 300 characterized polycrystalline samples of two alloys in the
K) and a re-entrant spin glasslike behavior at low temperaCrossover composition range, i.e., on4e,s and CroFes
tures. At lower Fe content, two critical concentrations exist:alloys. Magnetic measurements were carried out on as-cast
below 19-at. % but above 16-at. % Fe, a spin-glass-like phasahd homogenized specimens, with a view to investigate the
is found!' and below 16-at.% Fe antiferromagnetism isinfluence of chemical short-range order on magnetic proper-
observed? Nevertheless, many issues remain to be resolvedies. The main concern of the present experiments is to con-
In particular, a complete understanding of magnetism in thelusively support or refute the existence of long-range ferro-
crossover regime from ferromagnetism to a spin-glass-likenagnetic order and a well-defined FM-PM phase transition
state is lacking at present. Specifically, the following quesiin the alloys in question.

tions need answers. Does long-range ferromagnetism persist

down to 20-at. % Fe? If so, what is the nature of the ferro-

magnetic(FM) to paramagneti¢PM) phase transition? How Il. EXPERIMENTAL DETAILS
does chemical short-range clustering affect magnetism for Fe
concentrations between 20 and 30 at. %7 Alloys with nominal compositions of GgFes and

Several authors®!11216:2¢|aimed that long-range ferro- Cr,gFe;, were prepared by rf-induction melting under an in-
magnetic order exists in the alloys with the Fe concentratiorert high-purity argon atmosphere. The purity of the starting
around 25 at.%. Inhomogeneous magnetization is ofteelements was as follows: for &Fe,s, 99.99-at. % Cr and
taken to manifest itself in unusually large values of the ef-99.98-at. % Fe(which compares well with that of other
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works); for CrygFeyg, 99.998-at. % Cr and 99.999-at. % Fe.

In order to ensure good chemical homogeneity, the ingots
were remolten several times. Detailed chemical and micro-
structural analyses were carried out by x-ray fluorescence
spectroscopy, wavelength- and energy-dispersive x-ray scat-
tering (WDS, EDS and Bragg x-ray-diffraction measure-
ments. Spherical samplésf ~2.6-mm diametgrwere spark
machined to insure a well-defined macroscopic geometry for
considerations of demagnetization effects. Subsequently, the
specimen surface was etched and cleaned by repeated rinsing
in ethanol and distilled water. Samples that underwent a ho-
mogenizing anneal were sealed in quartz tubes in a high-
purity argon atmosphere with a suitable pressure for long-
term high-temperature heat treatment. Annealing, carried out FIG. 1. CrgFe,s: typical EDS micrograph of the grain structure
at 1323 K for 7-21 days, was followed by a water quenchin polished as-cast specimen. The average grain diameter ranges
Initially, the annealing parameters were chosen to be th&om 60 to 100um. Dark spots of Jum in size represent Cr-rich
same as those used in Ref. 10, and subsequently, the annegavticles, while black spots depict holes.
ing time was adjusted after observing changes in magnetic

properties(i.e., a sharpening of the kink pontElectron- gain houndaries. WDS measuremetesperimental resolu-
beam heapng in vacuum, which allows annealing in a highsjgn petter than 0.5 at. Yconfirm that the chemical compo-
purity environment, was attempted as well, but had o bgjsion of grains is near the nominal compositions whereas the
discarded as slow cooling rates work against the homogenizgy, 4 particles are nothing but Cr-rich regions with a Cr-

Ing process. content up to 99.5 at.%. Therefore, not all of the Cr dis-
ac susceptibility o) measurements were performed on agqyes in the melt, and the Cr content of grains is expected to
Lakeshqre model 7229 susceptometer in an ac-driving fielgio slightly lower than measured by XRF. Nevertheless, Cr-
of amplitude uoHac=0.1 mT and a frequency of 110 Hz yich particles are estimated to occupy 0.03 % of the total
(using the extraction methadFor investigating critical phe-  sample volume and are, therefore, of no consequence so far
nomena,y . data were taken at 0.2 K intervals in the tem- 55 the investigation of the existenta otherwisg of long-
perature range=(T—Tc)/Tc=<0.15. Care was taken to de- range ferromagnetic order is concerned. Detailed WDS ex-
magnetize the measurement environment at 300 K beforgmination rules out a spatial gradient of the chemical com-
taking the data to prevent remanent rest fields, which Invarinosition of more than 0.5 at.% on a length scale ofirh
ably led to erroneous results for the zero-field susceptibilityyithin grains or across grain boundaries. Annealing at 1323
Xo- o . . K for seven days followed by a water quench causes an
Magnetization versus external fielt{,) isotherms were increase in the average value of the Cr content in grains by
measured using a SQUID magnetomd@MPMS-2 atin-  06-0.7 at.%. Hence we conclude that Cr of the Cr-rich
tervals ranging from 0.5 to 0.05 kat a temperature stability yegions(um-small particlesdissolves by annealing into the
better than+=30 mK) in fields up to 2 T. The raw data were cy.Fe alloy matrix of the grains.
corrected for the temperature shift, t_he demagnetization of X-ray-diffraction patterns revealed only the fundamental
the sample, and the remanent effects inherent to the measulig:c crystal structure but no reflections of the superstructure

ment technique. For this purpose, the demagnetization fact®feaks. Thus the CrFe alloys are in a disordered state.
was determined from dc susceptibility in low field=2 mT.

B. Low-field dc and ac susceptibility

IIl. EXPERIMENTAL RESULTS
1. Temperature dependence

A. Chemical analysis According to the “kink-point” method?® the Curie tem-

X-ray fluorescencgXRF) analysis revealed a chemical peraturel of ferromagnets can be estimated from low-field
composition(within experimental errgrclose to the nominal susceptibility measurements by the kink-point temperature
value for each alloy; for GeFes, 74.64+0.5-at. % Cr and T, which characterizes the first departidecreasgfrom the
25.0+0.14-at. % Fe, for GpFeyy, 70.6-0.5-at.% Cr and demagnetization-limited value of susceptibilig(T). An-
29.4+0.2-at. % Fe. Therefore, these alloy specimens araealing and subsequent quenching of Cr-rich Fe-Cr alloys
henceforth referred to as {Fe;s and CkgFey,. lowers T, drastically, as illustrated by the data presented in

To gain insight into the spatial distribution of chemical Fig. 2. The low-field(10 mT) dc susceptibility of the as-cast
composition and the microstructure, fine-polished samplespecimen[Fig. 2[@)] decreases with increasing temperature
(from those regions of ingot that were used for making theover a broad temperature rangé0 to>300 K) and T, (at
spherical specimehsvere examined by EDS and WDS. A about 180 K is not well defined. After a heat treatment at
typical EDS (back scatteringmicrograph, shown in Fig. 1, 1323 K for seven days and a water quefEly. 2(b)], T, is
indicates grains(of average diameter 20-5@m), holes lowered to about 140 K and the kink point has sharpened.
(dark), and small(light) particles of a fewum mostly at the For a prolonged annealing tini€ig. 2(c)], the temperature
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FIG. 2. CrsFexs: annealing effects on the temperature depen-
dence of low-field(10 mT) dc susceptibility. After annealing treat-
ment the kink-point temperatufB, of the sample decreases drasti-
cally. (a) As-cast specimen(b) After seven days at 1323 K and
qguenched by wate(c) Seven plus 14 days at 1323 K, and quenched
by water.

FIG. 4. CrsFes: the frequency dependence of the ac sus-
ceptibiliy for temperatures around the kink-point temperature
Ty (uoHa=0.1 mT,Hy =0, andv=7, 110, and 1000 HzThe left
inset enlarges the temperature regionTef The right inset high-
lights the frequency dependencexdiT) in the temperature interval
T,<T=<T,. The insets measure quantities given by the graph axes.

range abovd, over whichx(T) decreases narrows further, ical value of 0.33 for a homogenously magnetized sphere is
and the change ig(T) at 300 K is negligible. approached.

From the temperature dependence of the ac susceptibility Above T, a convex curvature of ~*(T) up to 300 K is
x(T) at an applied field of 0.1 mT, the@ffective demagne- found for all samples, and demonstrates that no simple
tization factors of the samples were extracted by plotting theCurie-Weiss behavior exists, signaling the existence of su-
inverse low-field susceptibility which corresponds for low perparamagnetic clusters. The paramagnetic moment per al-
fields andT<T¢ to 1/(4mx)=N. The inset of Fig. 3 dem- loy atom is given byubPs= pesitg, Wherepes=gyS(S+1)
onstrates this for the spherical £Fe,s sample,(a) as cast = \/m S=(1/2)q, is the effective spin per atong,
and (b) after a homogenizing heat treatment. the number of magnetic carriers per atom, and the Lande

x(T) of the as-cast specimen is demagnetization limitedtactor isg=2 (transition metals Experimentally,p is de-
only up toT~100 K, with an effective demagnetization fac- termined by

tor of N=0.36. After annealing/(T) is demagnetization lim- s R

ited from 120 K<T<140 K, yielding a lowered effective = 3kg | ™[ d(x ) 1
demagnetization factor dfl=0.35. As the macroscopic ge- Per(T)= N daT ug’
ometry of the sample remains unchanged, it follows that an- : .
nealing (with subsequent water quencleads to a spatially whereN is the number of atomsg is the Boltzmann con-

homogenized magnetization distribution because the theore?lant and"fB Is the Bohr magnetorpeq attains a constant
value at high temperatures where the temperature derivative

of y~ 1 is temperature independent.

@

40
0.40 b) 2. Frequency dependence
50 | annealed A The frequency dependence of the low-field ac susceptibil-
0.35 as—cast 1 ity kink point was checked by applying an ac-driving field of
T T rms amplitude 0.1 mT and frequencies of 7, 110, and 1000
220 [ 030 ST Hz.
& 50 100 150 200 250 As expected for a true FM-PM thermodynamic phase
- TIKI b) annealed transition, no systematic shift of the kink-point temperature
10 | ) Ty with frequency is observable in Fig. 4; a shift of 0.1% of
T, would have been easily discernible. However, small de-
CrFe,, viations of 0.14% ofT, (=0.2 K) are detectedFig. 4) above
R ‘ : Tk, in arange between; =152 K andT,=180 K, which is
150 200T[K] 250 300 the region of strongest decreasey(r). Such deviations are

indicative of the presence of finite magnetic clusters of
FIG. 3. CrsFeys: temperature dependence for the inverse acasorted sizes. Above, the x(T) curves taken at different
susceptibility 14(T) (uoHac=0.1 mT, Hge=0, »=110 H2. The  frequencies once again match. The absence of a frequency
inset (same measure quantitieshows an enlargement of the dependence abovk, shows thafa) a narrowing of the size
demagnetization-limited values for temperatures upfor (a) the  distribution of finite magnetic clusters for temperatures
as-cast specimen arfb) the specimen after annealing treatment. aboveT,, occurs, so much so that the frequency dependence
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FIG. 5. ChaFey (Tc=145.05 K and CroFey (Tc=256.02 K: FIG. 6. CrsFeys and CroFey,: temperature dependence pg .

the inverse ac susceptibility datg () (koHac=0.1 mT, Hac  The vertical lines depict uncertainties given by the “range-of-fit”
=0, andv=110 H2 are deplcteq by the open circle (KFeys) an‘_j analysis in the asymptotic critical temperature regime.
square (CiFes0) symbols. The lines represent the power-law fits to

the x~*(T) within the ACR, based on Ed2) with ye4=1.39. The  uncertainty limits, for both alloys indicates thats=y
inset displays the percentage deviation of ¢heé(T) data from the (asymptotic critical exponent and the “correction-to-
power law fits in the ACR. scaling” terms are negligibly small. This conclusion is fur-
_ . ther supported by the finding that the above parameter values

of x(T>T>) is below the observation limit; ant) the over-  (rapje ) remain practicallyunalteredwhen the theoretical
all magnetic cluster size abovig reduces to such an extent s 1o the susceptibility datéin the ACR take into account
that their relaxation times are less than 1 msec. the leading correction-to-scaling term, i.e., when the expres-
sion xo(T)=Ae Y(1+Be?) with?® A=0.55 is used instead
of Eq(2), and the quality of the fits does not improve.

The foregoing results give confidence that the chemically
homogenized samples can be investigated in terms of critical C. Bulk magnetization
phenomena. ac susceptibility measurements provide the most
direct means of determining the zero-field susceptibility
and hencdl - and the critical exponen. Difficulties arising
from high-field extrapolation procedures are avoided as the TABLE I. Results of bulk magnetizatioBM) and ac suscepti-
true initial susceptibility is directly obtained if stray fields of bility (ACS) data analyses. Magnetic parameters of interest are
the measurement environment are avoided. given in cgs units to facilitate comparison with previous works

An elaborate “range-of-fit" (ROF, described in detail (Refs. 8 and 2P The number in parentheses represents the uncer-
elsewher®) analysis, based on the power law, of the susceptainty of in the least significant figure.
tibility data corrected for demagnetizing effects, yields the

3. Analysis of critical properties

Isotherms of magnetization from high fields of Q9 or 7 T
down to O T show little, or even no, effect of annealing at

asymptotic critical range of the FM-PM phase transition, the CrrsFes CrroFeo
transition temperature and the critical expongndefined as  1_ () 145.q1) 256.01)
oy oy (emu/GQ 43.2 56.7

Xo(D)~e 7, @ 1o (ualat. % 0.41(1) 0.54

where the reduced temperatuses(T—Tc)/Tc. The ROF 1y (emurg 37.45) 42.72)
analysis for CysFeys yields the least-squares ffig. 5 over (koe) 74.95) 11915)
the largest temperature range for the choige=1.363) and /. 0.91) 0.753)

Tc=145.01) K. h
Within the asymptotic critical regimg ACR) of 1.2 Koo 0.0142 0.017
X 10 3<e<2X10 2, v is constant within the error limits keTc

(Fig. 6). For €>0.02, y.«(T) shows a monotonic increase #”(us) 46 51
which is understood by remaining short-range chemical ore” = uo/u* (%) 0.9 1.05
der that gives rise to magnetically ordered finite regiths. ACS: yes 1.3613) 1.393)
For CrgFey, the analysis gives yos=1.391) and [Fit range (18¢)] [1.2-20 [0.64-1Q
Tc=256.01) K with an ACR of 6.4X10 *<e<1X10 2. BM: ¥ 1.391) 1.391)
For e>0.01, y.4(T) increases, shows a maximum of 1.45 at[Fit range (16¢)] [1.6-40 [0.96-31
€~0.02, and decreases below 1.39 for largeSuch a be- BM: B 0.301) 0.3155)
havior is well knowrs® for disordered amorphous alloys, and [Fit range (18¢)] [0.16-29 [0.56-20
it follows that the degree of magnetic inhomogenity for BM: 8.4 5.5(1) 5.364)
CrygFes is reduced compared to that of &fes. The  séi=1+4/p 5.6(2) 5.4(1)

temperature-independenalue (Fig. 6) of ycx, within the

064443-4



CRITICAL MAGNETIC PROPERTIES OF DISORDERED ... PHYSICAL REVIEW & 064443

0.5 0.06
0.4
0.04 |
0.3 -
E E
) - S
0.2
0.02 |
0.1
\b) annealed
ol e I I I
0 1 2 3 4 5 6 7 8 9 }%H/J

l"l‘ 0 HGXt [T]

FIG. 8. CrsFey5 (heat treated and water quencheirott plots
of the isotherms taken from 141 to 149 K. Large spacings are 1-K
intervals, small spacings at 0.2-K intervals. The inset highlights the
low-field region(with same measure quantites as in the gyaphe

. ritical isotherm corresponds to a temperature close to 14&okd
low temperatures. The saturation moment per alloy atom at ﬁne) P P &
K for CrssFex5 remains the same before and after annealing,

as shown in hFig1;. 7| but this is not the case at 300 }? ﬁrange and as such the extrapolated zero-field values cannot
decrease in the field-induced moment and curvature of thge relied upon. Due to the large uncertainty of the results

isotherm, consequent upon annealing and subsequent waes, gch extrapolation, we do not follow this procedure
quench, is evident in Fig. 7. The field response at 300 K ther Nevertheless, the Arrott plot indicates that the critical

before and after annealing is nonlinear, as against the ”ne%otherm which passes through the origin, forEeys is in
one expected in the paramagnetic region for localized MO vicini’ty of 145 K (the dark solid line in ’Fig B >
ments. The nonlinear field dependence is well described by '

the field response of superparamagnetic clusters, which for 2. Modified Arrott plot (MAP) analysis

the as-cast sample are larger in size than after annealing. In ) )

the following, isotherms taken in the vicinity of the kink- 1€ sicallng equation of state, proposed by Arrott and
point temperature are evaluated in terms of different forms o{‘\loak???’ forms the basis of a common method to determine
scaling equations of state, that are generally used to extralf€ critical exponentg andy from magnetization data taken

accurate values of and the critical exponentg and y. in finite fields, and is given by
(moH/IN Y =ae+bIYA, ©)

For any spin system with a long-ranged ferromagneticWherea and b are coefficients. In the so-called modified
interaction exhibiting a mean-field critical behavigr=1.0, Aot plot %AP) method, the]g/H,T') isotherms plotted in
B=0.5), Arrott plof® isotherms are nothing but a set of € form J™% against {,H/J)™” give a set of parallel
straight and parallel isotherms in the immediate vicinity ofStraight lines for temperatures in the immediate vicinity of
the Curie temperature. In disordered ferromagnets too, wherkc for specific choices of the exponergsandy. The critical
higher-order ternfs in the expansion of field in powers of
magnetization become important, Arrott plots are useful in
determining the critical exponents. In such a case, a qua
dratic extrapolation yields reliable results. Considering theé‘ 08
possible presence of long-range interactions as well as disor,
der in Cr-rich Fe-Cr alloys, such an evaluation appearse 06
meaningful. ©

The Arrott plot constructed out of the isotherms taken on < 04
CrssFeys is shown in Fig. 8 for fields ranging between 0.02 §
and 2 T. The anomalously large critical exponents, reportec =
previously by Aldred and Kouvélwere obtained from Ar-
rott plots in the field range 0.025 to 1.5 T. A strong curvature
persists over the entire field range. The curves are paralle 0
down to fields of about 1 T. For small fields, the distance
between different isotherms continuously decreases. Such (#OH/J)1/7
strong curvature of the isotherms renders the intercepts on
axes obtained by extrapolation unreliable. Even quadratic ex- FIG. 9. CkFe,s: modified Arrott plot. For the sake of clarity
trapolation does not reproduce the data over a large fieldnly isotherms in temperature intervals of 1 K are plotted.

FIG. 7. CrsFes: magnetic isothermsa) of the as-cast speci-
men (closed square symbgland (b) after annealingopen circle
symbolg, at 5 and 300 K.

1. Arrott plots
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FIG. 10. CrgFey: modified Arrott plot. For the sake of clarity
only isotherms in temperature intervals of about 2 K are plotted.
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FIG. 12. CksFe,s and CrgFey: Kouvel-Fisher plot to deter-
mine B andTc.

isotherm T=T¢) passes through the origin. Ideally, the lated from a cubic spline which was fitted t(T) and
spontaneous magnetizatioh(T) and the inverse initial Xo (T) (Fig. 11 and 13 Plots of Y(T) andX(T) againstT
zero-field susceptibilityy, X(T) are computed from the in- Yield straight lines with slopes of g/and 14, respectively,
tercepts of the straight-line isotherms on the ordinafe ( ON Which the intercept on theaxis is equal tdlc . To arrive

<Tc) and abscissaT(>T.) of the MAP. In practice, for

at the most accurate values gf y, and T, the values

many systems, extrapolation from high-field values is necesiesulting from the KF method are used to reconstruct the
Sary because for low fields the isotherms deviate from thé/IAP ThIS Iteration proceSS IS fo”OWed Unt” two successive

straight-line behavior. The values for the exponghtnd y,

-1

runs leavely(T) andy, (T), and hence3 and y, unaltered.

as well asTC, are Subsequenﬂy refined by emp|0ying theThiS method is referred to elsewh%%’eas a modified

Kouvel-Fisher(KF) analytical method? which is based on
the expressions

dJs| ™t (T-To)
Ial =5 @
and
Lyfdxe )Tt (T=To)
xol( dT) == ()

valid in the asymptotic critical region. The quantitig$T)
=J4(dJ/dT)" and X(T)=x, (dx, /dT)"* are calcu-

0.6
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gg‘ﬁﬂﬂ CI’7DFe30
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02t
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0.0
-0.03

Z0.02 Z0.01
e =(T-T )T,

FIG. 11. CksFe5 and CrgFesy: temperature dependence of the

spontaneous magnetizatidg(T) resulting from high-field extrapo-
lation of the modified Arrott plots shown in Figs. 9 and 10.

asymptotic analysigrigures 9 —14 show the outcome of the
iterative MAP-KF analysis on isotherms of the homogenized
CrysFe5 and CrgFeyg spheres.

The observations of MAP-analysis modified for,£Fe,s
are as follows.

(i) A straightening of isotherms is best f@.s=0.301),
and y.=1.391) giving a value ofT:=144.91) K.

(i) This set of values is stablavithin error limits) against
iterative usage of Kouvel-Fisher extrapolation and the MAP.

(iii) Any effort to increaseB.s leads to an increased con-
cave downward curvature.

(iv) As discussed elsewhef® the nonlinearity in MAP
isotherms is more pronounced beldw than above.

0.5

04 r

03 |

—

=T
0.2

0.1 |

0.03 0.04

FIG. 13. CksFe,s and CroFeyy: temperature variation of the
inverse initial susceptibility(gl(T) resulting from a high-field ex-
trapolation of the modified Arrott plots shown in Figs. 9 and 10.
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FIG. 14. CksFe,s and CrgFeyy: Kouvel-Fisher plot to deter-

mine y andTe. FIG. 16. CrgFesy: the critical isotherm in a 1d vs InH iso-

therm is linear for fields=28 mT.

The field dependence of the critical isotherm is governed,,q belowT¢, respectively, as demonstrated by the double-
by the power law logarithmic plots shown in Figs. 17 and 18. However, due to
HT=Te)~H ©6) the insensitive nature of the log-log scale, many sef§Of
¢ ' Beii, and yq values yield nearly the same quality of data
CrysF6ps isotherms in the vicinity off -, when plotted in the  collapse.
form of InJ vs InH, yield §.4=5.5(1) (shown in Fig. 1%.

This value compares well with that calculated using the pres- 4. Scaling equation of state B
ently determined values ofey and By in the scaling relation In contrast, the following scaling equation of state is sen-
S8%°= 1+ Yerl Be=5.6(2). sitive to very small deviations
The asymptotic analysis, described above, was likewise )
applied to the isotherms taken on a well-homogenized h/m==*a.+b.m", (8

CrzoFe sphere. The resulting exponents are similar to thafynere the plus and minus signs depict the temperature ranges
of CrrsFeys (see Figs. 11, 12, 13, 14, and)1@nd are given  apove and below ¢, respectivelym=M/e? is the reduced
in Table I. magnetization, anch/m=(H/M)e~” the reduced inverse
susceptibility.
Nevertheless, other sets of values for the parameter triples
Magnetization data with the values of the exponents deT¢, B, andyes also produce scaling plots of similar qual-
termined by MAP-KF analysis satisfy the scaling equation ofity so that this method fails to distinguish between different

3. Scaling equation of state A

state(SES of the form sets of values as well. In particular, unusually high exponent
- o values for CysFeys as =0.44 andy=2.0, similar to those
el P=f.(H|e[~O"A)=f.(h), (7)  reported by Aldred and Kouv&l(3=0.47, y=2.03, satisfy

where f. (h) are scaling functions for temperatures aboveEq'(8) but with a different choice oT¢. This uncertainty in

T T T T
[ — o4 L To=14a89K |
15F ¢ I=1 ' 8 = 0.300 d
NS rTim e,
X T=1 Y =1L
x T=1 {:.\0'2 B € o 7]
o T=1 2 o
2L x T=1 * N P
{; o‘13 *x x ,3 ol ’:.;a |
\5 % # 1 \Cl/ r
* o
- . , ° Cr75Fe25 ] - yd
-25 % § = 5.49 E -0.2 Cr75Fe25 1
I T, = 144.94 K ] Range: 14169 K < T < 147.69 K 4
-0.4 v L s L .
_3 , L . 6 8 10 12
-4 -3 -2 -1 0 gt
In(uH/|tF™7)
In(uoH)

FIG. 17. CrgFe,s: according to the scaling hypothesis, two
FIG. 15. CksFes: The critical isotherm in a Id vs InH iso- branches folf<T.; andT>T exist for the given choices of, g,
therm is linear for fields=70 mT. andT¢. Heret depictse=|T—T¢|/T¢.
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1L 7o=-26589K 7] o0
Ll g =0315 ] 10 50927 0 1
¥ = 1.390 I<T, g 02
¥ = 1.390 T>T§ /,./
cz:-30.5 o - T < TC
S
\E F Tc =145.05 K
or ] v =1.39
/' Cr70Fe30 | B = 0.30
F ",.” Range: 252.00 K < T < 259.60 K - — F
-05 - ! . 1 . 1 R 1 . ] N&D 0 ' 5wl DID:;W@EPEW
6 8 10 12 14 " CronFeny T < T s 28 ™
- I I
In(uoH/|t*7) S 10 ]
FIG. 18. CrgFey: according to the scaling hypothesis two S T>Tc
branches folf<T. andT> T exist for the given choices of, B,
andTc. Heret depictse=|T—T¢|/T¢. Te =256.02 K
. ~=1.39
exponent values obtained from the SES foffifags. (7) and 8 =031
(8)] is a direct outcome of ththree freeparameters involved )
while only two parameters are free in the case of the MAP. 0 0 ' ' ! ‘ 50

The intercepts on the? andh/m axes(Fig. 19, m% and
hy/mg, often considered as theverageeffective spontane-
ous magnetization and tteverageeffective exchange field, FIG. 19. CrFeys and ChoFey,: scaling plots according to the
are given in Table I. Following Aldred and Kouvéthe ef-  scaling equation of staté8). Isotherms AT=1 K, He>0.1T)
fective elementary moment taking part in the ordering pro<all on two universal curves foT<T. and T>T, for the given
cess is defined gg* and calculated by equating* hy/kgTc  choices ofy, 8, and Tc. Magnetization and magnetic field are
to the theoretical valifé of 1.6. The value of+* turns outto  given in cgs units so as to facilitate comparision with other works
be 46 ug (16ug in Ref. 8, and the concentration of such (Refs. 8 and 2P
giant moments equals of 0.9¢8.6% in Ref. 8.

him [104 Oe g/emu]

alloy atom of CysFe,s (at 5 K) is qs=0.41ug. The ratio
IV. DISCUSSION dc/ds>1 combined with as low a value of Curie temperature
A. Short-range chemical order as Tc~150 K, is consistent with the Rhodes-Wohlfarth
plot,® indicating that a simplified assumption of localized

about the effect of chemical short-range order on magneti oment_s(_He|senberg modgkloes not hold. Instead, the al-
properties in Cr-rich Fe-Cr alloys, although many authors®YS areitinerant ferromagnets. In the crossover concentra-

discussed the relevance of Fe clustering to magnetic medl©n regime from ferromagnetism to a spin-glass state, a non-
surements. Recently, Okaeo al 2! investigated the relation- Z€ro0 magnetic moment is only fouf for Fe atoms. The .
ship between magnetoresistance and phase decompositionMRgnetic moment per alloy atom at 4.2 K decreases with
Cr-Fe bulk alloys. The field-ion microscopy pictures clearly increasing Cr content. We find that, for the as-cast and heat-
demonstrate how the tendency for Fe- clustering is reducetieated samples of ¢gFe,s and CroFesp, ©=0.41ug and
by progressive annealing followed by water quenching. 1n0.54ug, respectively. These values agree quite well with
the present work, it is inferred that short-range chemical orthose given previously by Aldred and KouveTherefore,
der influences the magnetic properties from the followingchemical short-range order has only little, or even no, effect
findings. on the saturation moment per alloy atom at low tempera-
(1) Variations of inverse low-field ac susceptibility with tures. By contrast, at temperatures abole, chemical
temperature areot lineareven for temperatures well above short-range order has a profound effect on low- as well as
Tc. The marked deviation from a Curie-Weiss behavior asigh-field propertiegFig. 6).
serts that the description of *(T) in terms of non- (') Furthermore, there seems to be an intimate relation
interacting localized atomic moments is not possible. Thehetween the sharpness of the kink-point in low-field thermo-
existence of superparamagnetic clusters could account fenagnetic data and chemical short-range order. This is in-
the non-linearity. ferred from the observatiofFigs. 2 and Bthat the sharpen-
(I1) The application of a generaliz&iCurie-Weiss law ing of the kink-point by annealing is a consequence of the
yields an effective paramagnetic moment per alloy atom otiecrease in the average Fe cluster size.
Perr=3.03ug for heat-treated GeFe,s. Using the relation From (1), (II) and(lll), it follows that short-range chemi-
pgﬁz dc(qc+2), the number of magnetic carriers per alloy cal order complicates the detection of the clearcut onset of
aton?* is g,=2.19. In contrast, the saturation moment perlong-range ferromagnetic order as finite magnetically or-

Little or hardly any information is presently available
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dered clusters persist for temperatures well above the

FM-PM phase transition. The Curie temperature is defined as 1.0 4
the temperature at which the spin-spin correlation length di-
verges, which, in turn, is crucial to the principle of scaling.
Hence if the ratio of spins constituting the infinite cluster to !
those forming other magnetically ordered but finite clusters 3 T \ — |
is low, as has been reported for several disordered crystalline =X o5 | Burke etal., 1983
magnetic alloy$?® a greater sensitivity is required in a given =
measurement to detect tbasetof long-range ferromagnetic

order. As discussed in detail elsewhét@n extrapolation to

the zero field of the data taken at finite fields has to be taken

with some caution, since the result depends on the field range 0.0 , , , , '
chosen for extrapolation. Therefore, “low-field” or, better, ) 10 11 12 13 14 15
“zero-field” methods are more appropriate for an analysis of T/ Tkink_poim

critical magnetic propertied.c and y., determined by the

low-field ac susceptibility data, are thus trusted the most. FIG. 20. Low-field susceptibility kink point of the best-possible
Zero-field small-angle neutron-scatteﬁﬂ‘glz'mdata provide chemically homogenized specimen. Similar data on a chemically
crucial information about the nature of phase transition if thehomogenized GgFeys polycrystal, from Burke and RainfortRef.
temperature resolution is as good as in low-field ac suscep-?: are also shown for comparison.

tibility measurements, and if they probe correlations over an

extended Iength scale such that an “infinite” cluster, if reported in Ref. 12“:'9 2@ For C|"70Fe‘30’ the Sharpness of
present, is detectable with ease. ) the kink point is even increased. Hence, the quality of our
On the other hand, the much-employed ddbauer annealed samples in terms of chemical homogeneity, as mea-
effect-*°3~**1%robes the local environment. In metallurgi- sured by the sharpness of the low-field susceptibility kink
cally disordered systems such as Cr-Fe alloys that ShO\fdoint, compares well with that of other group¥ The fol-
chemical ClUStering, SpeCial Cﬁ?dﬂas to be taken to interpret |owing observations support the view that |ong_range ferro-
the observations. A “slow transition,” described by a broad magnetic order exists in the alloys under consideration.
temperature interval between PM and FM states, might ap- (1) A demagnetization-limited low-field susceptibility
peal’ due to the different local environments in Chemica”yand a well-defined decreasem) (the kink poin) indicate
|nho7m1%geneous systems. Such data cannot completely rujgat the alloys prepared satisfy the first requirement of the
out""*the possible existence of an infinite ferromagneticcritical-point analysis. The demagnetizing factors determined
cluster. Here again, one has to consider the problem of sefy present experiments are close to that of an ideally homo-
sitivity in identifying the onsetthe infinite ferromagnetic geneously magnetized sphere. Thus the arguments given by
cluster within an environment of magnetic disorder. Beck’ are not relevant, since the different degrees of sharp-
ness in kink-point measurements in perpendicular and in-
plane geometry of a disk can be accounted®easily.

(I) To distinguish between a freezing of superparamag-
The spatial variation in chemical composition was netic clusters, as proposed by Bédkand a true FM-PM
smeared out by annealing the sample and subsequentphase transition, the frequency dependence of the initial ac
guenching it in water. While microprobe analysis is limited susceptibility was studied. No shift in kink-point temperature

in spatial resolution as well as in chemical composition de-could be detected for frequenciesvarying from 7 to 1000
termination, and hence in recognizing homogenizing effectstz, of the ac driving field of rms amplitude 0.1 mT. For the
magnetic methods arsensitiveto (average changes in superparamagnetic clusters description, a quantitative
chemical clusteringin the present case, Fethe chemical measurg of the frequency shift in the “freezing” tempera-
local environment determing$ocal) magnetic ordering and ture T; is given by (AT/T;) per decade of. As the present
hence the effective macroscopic magnetic properties of theeasurementd-ig. 4) allow a distinction of shift in tempera-
alloy under consideration. The temperature dependence dfire better than 0.1% of,, freezing of superparamagnetic
low-field magnetic measurements is a powerful tool in prob-clusters as the origin for the kink seems to be an unlikely
ing changes in chemical short-range order. Chemical andxplanation. Instead, a cooperative orderingd gt of spins
magnetic analyses show that the chosen heat treatments syielding an infinite long-range ferromagnetic cluster, is
cessfully homogenize the chemical composition of thestrongly indicated by these experiments. The unresolved de-
samples. Low-field ac susceptibility measurements demonviations betwee; and T, [both well aboveTl, (~T¢)] are
strate that the kink-point temperatufg reduces, and that the attributed to different response signals generated by the fluc-
kink point sharpens after heat treatment followed by a watetuating superparamagnetic clusters which come into exis-
guench. In accordance with the outcome of microprobgence when an infinite cluster breaks up into smaller clusters
analysis, this indicates that Fe clusters are reduced in numbat such temperatures. This interpretation also accounts for
and Cr dissolves more homogeneously in the alloy matrix. the non-Curie-Weiss behavior at ever2 T.. In view of

For the CysFe5 sample, the temperature dependence othe above arguments, long-range ferromagnetic order is an-
low-field susceptibility coincides up to 10% aj, with that ticipated for temperatures belov .

B. Long-range ferromagnetic order
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TABLE Il. Comparison between experiment and theory.

Experiment Theory
Critical
J(r)~e™"® J(r)~r~d+a)
exponent References 39 and 40 Reference 42
CrisFes  CrygFes Fe o=14 ¢=1325 0=1.285
Ref. 38 d=3 d=3 d=3 d=2 d=2 d=2 d=2
n=1 n=2 n=3 n=1 n=1 n=2 n=3
a - - - 0.1105) —0.0076) —0.1159) 0.00 0.012 -0.097 —-0.162
B 0.301) 0.3185) 0.3895)  0.3252) 0.3442) 0.3653) 0.125 0.298 0.354 0.386
v 1.391) 1.391) 1.3331) 1.2412) 1.3163) 1.3864) 1.75 1.392 1.389 1.389
) 5.51) 5.364) 4.355) 4.823) 4.81(3) 4.804) 15.0 5.67 4.93 4.59
C. Ferromagnetic-paramagnetic phase transition Effective exponent values similar to the presently deter-

From the outcome of the methods of analyses of the bulkNinéd ones were previously repor‘féﬂ46 for amorphous Cr
magnetization and low-field ac susceptiblity data, we conof Mn-based Fe-containing alloys with composition near the
clude that the homogenized heat-treated,JB%s and percolation threshold for long-range ferromagnetic order.
CryoFey alloys are systems that exhibit long-range ferromag-Apart from similar magnitudes of the effective exponents,
netic order, and undergo a thermodynamic phase transitiofie property that these crystalline and amorphous Cr-Fe al-
from a ferromagnetic state to a paramagnetic state at a welloys have in common is that onlysaall fractionof the total
defined transition temperatufig.. The present bulk magne- number of magnetic moments actually participates in the
tization measurements carried out on well-homogenized alferromagnetic-paramagnetic phase transititable ).
loys allow an accurate determination of the effective critical This phenomenon, prevalent in a H3f the other dis-
exponents that fulfill the scaling relations, indicating a trueordered spin systems that exhibit reentrant behavior at low
phase transition in homogenized.£te,s and CroFep al-  temperatures, finds a straightforward explanation in terms of
loys. The transition is characterized bjfectivecritical ex-  theinfinite FM network (matrix) plusfinite FM spin clusters
ponentsBes=0.301), yer=1.391), and 5.=5.4(1). These model?**°as detailed elsewhefé*’ With barely 1% of total
are not significantly different from the truesymptoticcriti- ~ spins constituting the infinite FM network in the presently
cal exponents, a3 has been approached as closely as Gnvestigated CrFe alloy$¢Table |) [in crystalline Fe or Ni
X 10" % in reduced temperaturein most of the experimental (Ref. 4], the network is expected to beghly ramified As
runs. In Table I, these values are compared with those prea consequence, the infinite FM network has an effective to-
viously determinetf for crystalline Fe in roughly the same pological dimensionality ofl<3, the probability for the ex-
reduced temperature range as the present one, and with tistence of nearest-neighb@dN) moment pairs is small and
best theoretical estimaf@4® for d=3 ferromagnets witm  the average intermoment spacing is far greater than the NN
=1, 2, and 3, in which spins are coupled by the “short-distance {yy).
range” exchange interactions of the Heisenberg tyj{e) In a spin system with an effective space dimensionality of
~e """ Such a comparison reveals that the presently deted<3, e.g.,d=2, and intermoment spacingry, short-
mined exponent values, though close to those theoreticallyange (Heisenbery exchange interactions canfidsupport
predicted for a three-dimensional isotropic short-rafd§&) long-range ferromagnetic order. The only exception to this
Heisenberg ferromagneti.e., for d=n=3 syster, are rule is the two-dimensionald=2) Ising (n=1) case for
shifted away from the mean-fieldMF) estimates of3=0.5,  which the critical exponents possess val(€able I, that
y=1.0, and §=3.0. By contrast, the exponent values are quite different from those determined in this work. At
reported® for Fe (Table 1)), like thosé! [3=0.39510), distances far greater thag,, only long-rangeinteractions
vy=1.34510), 6=4.356)] for Ni, are shiftedtowardthe MF  can provide an effective means of coupling the spins in the
magnitudes. Such a shift observed in the itinerant-electromfinite network, and thereby sustain long-range ferromag-
ferromagnets Fe and Ni is a manifestafibaf the isotropic ~ netic order in the alloys in question. This consideration lead
long-range (ILR) exchange interactions of the form us to explore the possibility of applying the modelin
—(J3../r97%) S-S, (where 6<o<2) which render the ISR which theisotropic long-range exchange interactions of the
d=3 Heisenberg fixed point unstable and lead to aform —(J../r%" ) S-S (where Gso<2) couple spins, to
crossovet? to the ILR fixed point, which is characterized by the present case. The critical exponent values for two-
exponent values that ar6SR d=3 Heisenberg-like but dimensional §=2) ferromagnets witm=1, 2, and 3, dis-
shifted toward the MF values. The deviations from the MF played in Table IlI, are arrived at as follows. The parameter
exponent values observed in the present case may as wél chosen such that the expression for the exponegiven
indicate the presence of isotropic long-range exchange intein Ref. 42 yields a valug=1.39 close to that observed
actions in the itinerant-electron ferromagnets under considexperimentally and the remaining exponents are calculated
eration. by inserting the value o, so obtained, in the expressions
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n=2—0 and v=v/o and by using the scaling equalites  y=1(2— 1), Burke and co-worket$'? concluded that their
=2—-vd, B=(2—a—1v)/2 and 6=1+(y/B). Even a cursory value of v is consistent with the anomalously large value of
glance at the entries in Table Il suffices to reveal that they=2 obtained earlier by Aldred and KouvelThe present
presently determined exponent values match those theoretralues y=1.39+0.01 and»=2—0=2-1.4=0.6 when used
cally predicted? for ad=2, n=1 ferromagnet in which the in the above scaling relation, yield a value=0.99+0.01,
attractive interaction between the spins decays with distancehich is close to thaty=1.2+0.1) determined previously
(r) as J(r)~r 3% Strong experimental evidence for the from the neutron scattering experimefts?

premise that the asymptotic critical behavior of the itinerant

ferromagnets in question corresponds to a spin system with V. SUMMARY

space dimensionality af=2 is provided by our observation
that CroFeyo thin film of thickness 94 A(a quasitwo-
dimensionalsystem exhibits thesamecritical behaviof® as
its bulk counterpart.

Next we discuss the possible origin of the discrepanc
between the values @8- and y.4 determined in this work
and those previously reported. Granting that in both cas
equally well-homogenized samples were used, the method
analyzing magnetic isotherms employed by Aldred an
Kouvef suffers from two main drawbacks. First, the nonlin-
ear extrapolation method used to obtain the “zero-field”
quantitiesJs and x, gives rise to large systematic errgrs,
particularly in Jg(T). Second, magnetic isotherms were
takerf at 1-K temperature intervals. It is well known that the
asymptotic critical regime normally spans temperature L . . .
within 1% and 2% ofT, and hence the extracted exponenttfl?g]?dfl ttrt)r?,\(,:it»:;]/e(,lgtfzc%?; fti)r?(tj\il\ézeinssf(l)assigfe cna;yﬁla)ts;]e

values in Ref. 8, far from being asymptotic exponents, are at. . ;
) . ; itinerant character of ferromagnetism in -g¥es and
best effective exponent values obtained in a temperatur : .
r,oFe30 alloys, as inferred from a largg: /qgs ratio.

range outside the asymptotic critical regime. It is evident
from Fig. 5 that an unusually large valge=2 (similar to that
reported earliep outside the asymptotic critical region is
possible for chemically disordered alloys. The authors are thankful to P. Keppler, R. Henes, and W.

Burke and co-workef$*?have discussed magnetic prop- Maisch for ingot and sample preparation, and B. Meyer, C.
erties of these alloys within the framework of percolationHofer, S. Haug, and S. Kunemann for chemical analysis and
theory. Neutron-scattering experimetit€yielded a value as microanalysis. S.F.F. is indebted to W. Donner for discus-
large asv=1.2 for the correlation length critical exponent. sions concerning neutron-diffraction experiments. S.N.K.
By assuming the exponeny, which describes the variation gratefully acknowledges the financial support of the Max-
of the spin-spin correlation function with distanceTat, to  Planck-Society, and the hospitality of the Max-Planck-
be zero(»=0) and making use of the scaling relation Institut fur Metallforschung, Stuttgart.

This work presents a detailed reappraisal of the magnetic
critical behavior of polycrystalline Gges and CrgFes
based on an elaborate analyses of high-precision bulk mag-
netization and, for the first time to our knowledge, low-field
Yac susceptibility data. Annealing followed by quenching in
water diminishes the chemical clustering to a large extent.
eaomogenized, but highly disordered, &Fe,s and CkgFe;

lloys show long-range ferromagnetic order below a well-
defined Curie-temperature.

The FM-PM transition is characterized by critical expo-
nents that deviate substantially from those predicteddby
=3 or 2 isotropic “short-range” models, but coincide in
magnitude with the ones yielded by the renormalization
group calculatior for ad=2, n=1 spin system with long-
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