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Critical magnetic properties of disordered polycrystalline Cr75Fe25 and Cr70Fe30 alloys
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Critical magnetic properties of disordered polycrystalline Cr75Fe25 and Cr70Fe30 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 valuesbeff50.3060.01, geff51.3960.01, anddeff

55.560.1 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 of Cr75Fe25 and Cr70Fe30 is akin to that of ad52,n51
ferromagnet in which the attractive long-range interactions between spins decay with distance~r! as J(r )
;r 2(d1s) with s51.4.

DOI: 10.1103/PhysRevB.65.064443 PACS number~s!: 75.40.Cx, 05.70.Jk, 75.50.Bb
te

di

-
er

-C

th
wi
e
o
F

ra
ist
a
is
e
th
lik
es
rs
ro

r F

-
tio
fte
ef

p-

der-
al-
s to
-

ran-
he
ex-
per-
lk
ell-
he

cast
the
er-
on-
ro-
ion

n-
ing

r

I. INTRODUCTION

Magnetic properties of Cr-Fe alloys have fascina
experimentalists1–21 as well as theorists22–27 for decades,
since complex magnetic phenomena are conveniently stu
in such alloys throughout thewholecomposition range of the
chemical phase diagram. bcc-Fe behaves as a typical~itiner-
ant! ferromagnet below a Curie temperature ofTC51044 K,
while bcc-Cr, an~itinerant! antiferromagnet, exhibits compli
cated spin structures such as longitudinal and transv
spin-density waves below a Ne´el temperature ofTN5312 K.
The most frequently cited magnetic phase diagram of Fe
was compiled and discussed by Burke and co-workers.10–12

The collinear ferromagnetism of Fe progressively paves
way to a more and more inhomogeneous magnetic order
increasing Cr content, resulting in monotonically reduc
values of the Curie temperature. A ‘‘crossover’’ regime
chemical composition ranging between 20- and 30-at. %
is characterized by low Curie temperatures~lower than 300
K! and a re-entrant spin glasslike behavior at low tempe
tures. At lower Fe content, two critical concentrations ex
below 19-at. % but above 16-at. % Fe, a spin-glass-like ph
is found,11 and below 16-at. % Fe antiferromagnetism
observed.10 Nevertheless, many issues remain to be resolv
In particular, a complete understanding of magnetism in
crossover regime from ferromagnetism to a spin-glass-
state is lacking at present. Specifically, the following qu
tions need answers. Does long-range ferromagnetism pe
down to 20-at. % Fe? If so, what is the nature of the fer
magnetic~FM! to paramagnetic~PM! phase transition? How
does chemical short-range clustering affect magnetism fo
concentrations between 20 and 30 at. %?

Several authors5–8,11,12,16,20claimed that long-range ferro
magnetic order exists in the alloys with the Fe concentra
around 25 at. %. Inhomogeneous magnetization is o
taken to manifest itself in unusually large values of the
0163-1829/2002/65~6!/064443~12!/$20.00 65 0644
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fective critical susceptibility exponentgeff . Values ofgeff as
large as 2.0 were reported by Aldred and Kouvel8 ~to our
knowledge the only investigation on critical magnetic pro
erties of Cr75Fe25 and Cr70Fe30 alloys!. Other authors17–19

questioned the existence of long-range ferromagnetic or
ing and a well-defined FM-PM phase transition in these
loys, and attributed the magnetic properties of these alloy
superparamagnetic clusters~also referred to as ‘‘giant mo
ments’’ or ‘‘mictomagnetic’’ particles!.

Conflicting reports, based on bulk magnetization,3–5,7,8

neutron-scattering,6,11,12,16 and Mössbauer1,2,9,13–16,18 data,
about the nature of ferromagnetic-paramagnetic phase t
sition in Cr-rich Fe alloys, with an Fe concentration near t
critical concentration of ferromagnetism and enhanced
perimental resolution that recent advances in technology
mit, prompted us to perform extensive high-precision bu
magnetization and ac susceptibility measurements of w
characterized polycrystalline samples of two alloys in t
crossover composition range, i.e., on Cr75Fe25 and Cr70Fe30

alloys. Magnetic measurements were carried out on as-
and homogenized specimens, with a view to investigate
influence of chemical short-range order on magnetic prop
ties. The main concern of the present experiments is to c
clusively support or refute the existence of long-range fer
magnetic order and a well-defined FM-PM phase transit
in the alloys in question.

II. EXPERIMENTAL DETAILS

Alloys with nominal compositions of Cr75Fe25 and
Cr70Fe30 were prepared by rf-induction melting under an i
ert high-purity argon atmosphere. The purity of the start
elements was as follows: for Cr75Fe25, 99.99-at. % Cr and
99.98-at. % Fe~which compares well with that of othe
©2002 The American Physical Society43-1
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works!; for Cr70Fe30, 99.998-at. % Cr and 99.999-at. % Fe
In order to ensure good chemical homogeneity, the ing

were remolten several times. Detailed chemical and mic
structural analyses were carried out by x-ray fluoresce
spectroscopy, wavelength- and energy-dispersive x-ray s
tering ~WDS, EDS! and Bragg x-ray-diffraction measure
ments. Spherical samples~of ;2.6-mm diameter! were spark
machined to insure a well-defined macroscopic geometry
considerations of demagnetization effects. Subsequently
specimen surface was etched and cleaned by repeated ri
in ethanol and distilled water. Samples that underwent a
mogenizing anneal were sealed in quartz tubes in a h
purity argon atmosphere with a suitable pressure for lo
term high-temperature heat treatment. Annealing, carried
at 1323 K for 7–21 days, was followed by a water quen
Initially, the annealing parameters were chosen to be
same as those used in Ref. 10, and subsequently, the an
ing time was adjusted after observing changes in magn
properties~i.e., a sharpening of the kink point!. Electron-
beam heating in vacuum, which allows annealing in a hi
purity environment, was attempted as well, but had to
discarded as slow cooling rates work against the homoge
ing process.

ac susceptibility (xac) measurements were performed on
Lakeshore model 7229 susceptometer in an ac-driving fi
of amplitude m0Hac50.1 mT and a frequency of 110 H
~using the extraction method!. For investigating critical phe-
nomena,xac data were taken at 0.2 K intervals in the tem
perature rangee5(T2TC)/TC<0.15. Care was taken to de
magnetize the measurement environment at 300 K be
taking the data to prevent remanent rest fields, which inv
ably led to erroneous results for the zero-field susceptib
x0.

Magnetization versus external field (Hext) isotherms were
measured using a SQUID magnetometer~QMPMS-2! at in-
tervals ranging from 0.5 to 0.05 K~at a temperature stability
better than630 mK! in fields up to 2 T. The raw data wer
corrected for the temperature shift, the demagnetization
the sample, and the remanent effects inherent to the mea
ment technique. For this purpose, the demagnetization fa
was determined from dc susceptibility in low fields<2 mT.

III. EXPERIMENTAL RESULTS

A. Chemical analysis

X-ray fluorescence~XRF! analysis revealed a chemic
composition~within experimental error! close to the nomina
value for each alloy; for Cr75Fe25, 74.6460.5-at. % Cr and
25.060.14-at. % Fe, for Cr70Fe30, 70.660.5-at. % Cr and
29.460.2-at. % Fe. Therefore, these alloy specimens
henceforth referred to as Cr75Fe25 and Cr70Fe30.

To gain insight into the spatial distribution of chemic
composition and the microstructure, fine-polished samp
~from those regions of ingot that were used for making
spherical specimens! were examined by EDS and WDS.
typical EDS~back scattering! micrograph, shown in Fig. 1
indicates grains~of average diameter 20–50mm!, holes
~dark!, and small~light! particles of a fewmm mostly at the
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grain boundaries. WDS measurements~experimental resolu-
tion better than 0.5 at. %! confirm that the chemical compo
sition of grains is near the nominal compositions whereas
small particles are nothing but Cr-rich regions with a C
content up to 99.5 at. %. Therefore, not all of the Cr d
solves in the melt, and the Cr content of grains is expecte
be slightly lower than measured by XRF. Nevertheless,
rich particles are estimated to occupy 0.03 % of the to
sample volume and are, therefore, of no consequence s
as the investigation of the existence~or otherwise! of long-
range ferromagnetic order is concerned. Detailed WDS
amination rules out a spatial gradient of the chemical co
position of more than 0.5 at. % on a length scale of 1mm
within grains or across grain boundaries. Annealing at 13
K for seven days followed by a water quench causes
increase in the average value of the Cr content in grains
0.6–0.7 at. %. Hence we conclude that Cr of the Cr-r
regions~mm-small particles! dissolves by annealing into th
Cr-Fe alloy matrix of the grains.

X-ray-diffraction patterns revealed only the fundamen
bcc crystal structure but no reflections of the superstruc
peaks. Thus the CrFe alloys are in a disordered state.

B. Low-field dc and ac susceptibility

1. Temperature dependence

According to the ‘‘kink-point’’ method,28 the Curie tem-
peratureTC of ferromagnets can be estimated from low-fie
susceptibility measurements by the kink-point temperat
Tk which characterizes the first departure~decrease! from the
demagnetization-limited value of susceptibilityx(T). An-
nealing and subsequent quenching of Cr-rich Fe-Cr all
lowersTk drastically, as illustrated by the data presented
Fig. 2. The low-field~10 mT! dc susceptibility of the as-cas
specimen@Fig. 2~a!# decreases with increasing temperatu
over a broad temperature range~150 to.300 K! andTk ~at
about 180 K! is not well defined. After a heat treatment
1323 K for seven days and a water quench@Fig. 2~b!#, Tk is
lowered to about 140 K and the kink point has sharpen
For a prolonged annealing time@Fig. 2~c!#, the temperature

FIG. 1. Cr75Fe25: typical EDS micrograph of the grain structur
in polished as-cast specimen. The average grain diameter ra
from 60 to 100mm. Dark spots of 1mm in size represent Cr-rich
particles, while black spots depict holes.
3-2
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CRITICAL MAGNETIC PROPERTIES OF DISORDERED . . . PHYSICAL REVIEW B65 064443
range aboveTk over whichx(T) decreases narrows furthe
and the change inx(T) at 300 K is negligible.

From the temperature dependence of the ac susceptib
x(T) at an applied field of 0.1 mT, the~effective! demagne-
tization factors of the samples were extracted by plotting
inverse low-field susceptibility which corresponds for lo
fields andT,TC to 1/(4px).N. The inset of Fig. 3 dem-
onstrates this for the spherical Cr75Fe25 sample,~a! as cast
and ~b! after a homogenizing heat treatment.

x(T) of the as-cast specimen is demagnetization limi
only up toT;100 K, with an effective demagnetization fa
tor of N.0.36. After annealingx(T) is demagnetization lim-
ited from 120 K,T,140 K, yielding a lowered effective
demagnetization factor ofN.0.35. As the macroscopic ge
ometry of the sample remains unchanged, it follows that
nealing~with subsequent water quench! leads to a spatially
homogenized magnetization distribution because the theo

FIG. 2. Cr75Fe25: annealing effects on the temperature dep
dence of low-field~10 mT! dc susceptibility. After annealing treat
ment the kink-point temperatureTk of the sample decreases dras
cally. ~a! As-cast specimen,~b! After seven days at 1323 K an
quenched by water.~c! Seven plus 14 days at 1323 K, and quench
by water.

FIG. 3. Cr75Fe25: temperature dependence for the inverse
susceptibility 1/x(T) (m0Hac50.1 mT, Hdc50, n5110 Hz!. The
inset ~same measure quantities! shows an enlargement of th
demagnetization-limited values for temperatures up toTk for ~a! the
as-cast specimen and~b! the specimen after annealing treatment
06444
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ical value of 0.33 for a homogenously magnetized spher
approached.

Above Tk a convex curvature ofx21(T) up to 300 K is
found for all samples, and demonstrates that no sim
Curie-Weiss behavior exists, signaling the existence of
perparamagnetic clusters. The paramagnetic moment pe
loy atom is given bymeff

p 5peffmB , wherepeff5gAS(S11)
5Aqc(qc12), S5(1/2)qc is the effective spin per atom,qc
the number of magnetic carriers per atom, and the La´
factor isg.2 ~transition metals!. Experimentally,peff is de-
termined by

peff~T!5S 3kB

N D 1/2S d~x21!

dT D 21/2 1

mB
, ~1!

whereN is the number of atoms,kB is the Boltzmann con-
stant andmB is the Bohr magneton.peff attains a constan
value at high temperatures where the temperature deriva
of x21 is temperature independent.

2. Frequency dependence

The frequency dependence of the low-field ac suscept
ity kink point was checked by applying an ac-driving field
rms amplitude 0.1 mT and frequencies of 7, 110, and 10
Hz.

As expected for a true FM-PM thermodynamic pha
transition, no systematic shift of the kink-point temperatu
Tk with frequency is observable in Fig. 4; a shift of 0.1%
Tk would have been easily discernible. However, small
viations of 0.14% ofTk ~50.2 K! are detected~Fig. 4! above
Tk , in a range betweenT15152 K andT25180 K, which is
the region of strongest decrease inx(T). Such deviations are
indicative of the presence of finite magnetic clusters
asorted sizes. AboveT2 the x(T) curves taken at differen
frequencies once again match. The absence of a frequ
dependence aboveT2 shows that~a! a narrowing of the size
distribution of finite magnetic clusters for temperatur
aboveT2, occurs, so much so that the frequency depende

-

d

c

FIG. 4. Cr75Fe25: the frequency dependence of the ac su
ceptibiliy for temperatures around the kink-point temperatu
Tk (m0Hac50.1 mT,Hdc50, andn57, 110, and 1000 Hz!. The left
inset enlarges the temperature region ofTk . The right inset high-
lights the frequency dependence ofx(T) in the temperature interva
T1<T<T2. The insets measure quantities given by the graph a
3-3
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of x(T.T2) is below the observation limit; and~b! the over-
all magnetic cluster size aboveT2 reduces to such an exten
that their relaxation times are less than 1 msec.

3. Analysis of critical properties

The foregoing results give confidence that the chemic
homogenized samples can be investigated in terms of cri
phenomena. ac susceptibility measurements provide the
direct means of determining the zero-field susceptibilityx0,
and henceTC and the critical exponentg. Difficulties arising
from high-field extrapolation procedures are avoided as
true initial susceptibility is directly obtained if stray fields o
the measurement environment are avoided.

An elaborate ‘‘range-of-fit’’ ~ROF, described in detai
elsewhere29! analysis, based on the power law, of the susc
tibility data corrected for demagnetizing effects, yields t
asymptotic critical range of the FM-PM phase transition,
transition temperature and the critical exponentg, defined as

x0~T!;e2g, ~2!

where the reduced temperaturee5(T2TC)/TC . The ROF
analysis for Cr75Fe25 yields the least-squares fit~Fig. 5! over
the largest temperature range for the choicegeff51.36~3! and
TC5145.0~1! K.

Within the asymptotic critical regime~ACR! of 1.2
31023<e<231022, geff is constant within the error limits
~Fig. 6!. For e.0.02, geff~T! shows a monotonic increas
which is understood by remaining short-range chemical
der that gives rise to magnetically ordered finite region29

For Cr70Fe30, the analysis gives geff51.39~1! and
TC5256.0~1! K with an ACR of 6.431024<e<131022.
For e.0.01, geff~T! increases, shows a maximum of 1.45
e;0.02, and decreases below 1.39 for largere. Such a be-
havior is well known29 for disordered amorphous alloys, an
it follows that the degree of magnetic inhomogenity f
Cr70Fe30 is reduced compared to that of Cr75Fe25. The
temperature-independentvalue ~Fig. 6! of geff , within the

FIG. 5. Cr75Fe25 (TC5145.05 K! and Cr70Fe30 (TC5256.02 K!:
the inverse ac susceptibility datax21(T) (m0Hac50.1 mT, Hdc

50, andn5110 Hz! are depicted by the open circle (Cr75Fe25) and
square (Cr70Fe30) symbols. The lines represent the power-law fits
the x21(T) within the ACR, based on Eq.~2! with geff51.39. The
inset displays the percentage deviation of thex21(T) data from the
power law fits in the ACR.
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uncertainty limits, for both alloys indicates thatgeff.g
~asymptotic critical exponent! and the ‘‘correction-to-
scaling’’ terms are negligibly small. This conclusion is fu
ther supported by the finding that the above parameter va
~Table I! remain practicallyunalteredwhen the theoretica
fits to the susceptibility data~in the ACR! take into account
the leading correction-to-scaling term, i.e., when the expr
sion x0(T)5Ae2g(11BeD) with29 D50.55 is used instead
of Eq.~2!, and the quality of the fits does not improve.

C. Bulk magnetization

Isotherms of magnetization from high fields of 9 or 7
down to 0 T show little, or even no, effect of annealing

FIG. 6. Cr75Fe25 and Cr70Fe30: temperature dependence ofgeff .
The vertical lines depict uncertainties given by the ‘‘range-of-fi
analysis in the asymptotic critical temperature regime.

TABLE I. Results of bulk magnetization~BM! and ac suscepti-
bility ~ACS! data analyses. Magnetic parameters of interest
given in cgs units to facilitate comparison with previous wor
~Refs. 8 and 29!. The number in parentheses represents the un
tainty of in the least significant figure.

Cr75Fe25 Cr70Fe30

TC ~K! 145.0~1! 256.0~1!

s0 ~emu/G! 43.2 56.7
m0 (mB/at. %! 0.41~1! 0.54
m0 ~emu/g! 37.4~5! 42.7~2!

h0 ~KOe! 74.8~5! 119~15!

m0 /s0 0.9~1! 0.75~3!

m0h0

kBTC
0.0142 0.017

m* (mB) 46 51
c* 5m0 /m* ~%! 0.9 1.05
ACS: geff 1.36~3! 1.39~3!

@Fit range (103e)] @1.2-20# @0.64-10#
BM: geff 1.39~1! 1.39~1!

@Fit range (103e)# @1.6-40# @0.96-31#
BM: beff 0.30~1! 0.315~5!

@Fit range (103e)# @0.16-29# @0.56-20#
BM: deff 5.5~1! 5.36~4!

deff
calc511g/b 5.6~2! 5.4~1!
3-4
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CRITICAL MAGNETIC PROPERTIES OF DISORDERED . . . PHYSICAL REVIEW B65 064443
low temperatures. The saturation moment per alloy atom
K for Cr75Fe25 remains the same before and after anneali
as shown in Fig. 7, but this is not the case at 300 K
decrease in the field-induced moment and curvature of
isotherm, consequent upon annealing and subsequent w
quench, is evident in Fig. 7. The field response at 300
before and after annealing is nonlinear, as against the lin
one expected in the paramagnetic region for localized m
ments. The nonlinear field dependence is well described
the field response of superparamagnetic clusters, which
the as-cast sample are larger in size than after annealin
the following, isotherms taken in the vicinity of the kink
point temperature are evaluated in terms of different forms
scaling equations of state, that are generally used to ex
accurate values ofTC and the critical exponentsb andg.

1. Arrott plots

For any spin system with a long-ranged ferromagne
interaction exhibiting a mean-field critical behavior~g51.0,
b50.5!, Arrott plot30 isotherms are nothing but a set
straight and parallel isotherms in the immediate vicinity
the Curie temperature. In disordered ferromagnets too, w
higher-order terms29 in the expansion of field in powers o
magnetization become important, Arrott plots are usefu
determining the critical exponents. In such a case, a q
dratic extrapolation yields reliable results. Considering
possible presence of long-range interactions as well as d
der in Cr-rich Fe-Cr alloys, such an evaluation appe
meaningful.

The Arrott plot constructed out of the isotherms taken
Cr75Fe25 is shown in Fig. 8 for fields ranging between 0.0
and 2 T. The anomalously large critical exponents, repo
previously by Aldred and Kouvel,8 were obtained from Ar-
rott plots in the field range 0.025 to 1.5 T. A strong curvatu
persists over the entire field range. The curves are par
down to fields of about 1 T. For small fields, the distan
between different isotherms continuously decreases. Su
strong curvature of the isotherms renders the intercepts
axes obtained by extrapolation unreliable. Even quadratic
trapolation does not reproduce the data over a large fi

FIG. 7. Cr75Fe25: magnetic isotherms~a! of the as-cast speci
men ~closed square symbols! and ~b! after annealing~open circle
symbols!, at 5 and 300 K.
06444
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range and as such the extrapolated zero-field values ca
be relied upon. Due to the large uncertainty of the resu
from such extrapolation, we do not follow this procedu
further. Nevertheless, the Arrott plot indicates that the criti
isotherm, which passes through the origin, for Cr75Fe25 is in
the vicinity of 145 K ~the dark solid line in Fig. 8!.

2. Modified Arrott plot (MAP) analysis

The scaling equation of state, proposed by Arrott a
Noakes,31 forms the basis of a common method to determ
the critical exponentsb andg from magnetization data take
in finite fields, and is given by

~m0H/J!1/g5ae1bJ1/b, ~3!

where a and b are coefficients. In the so-called modifie
Arrott plot ~MAP! method, theJ(H,T) isotherms plotted in
the form J1/b against (m0H/J)1/g give a set of parallel
straight lines for temperatures in the immediate vicinity
TC for specific choices of the exponentsb andg. The critical

FIG. 9. Cr75Fe25: modified Arrott plot. For the sake of clarity
only isotherms in temperature intervals of 1 K are plotted.

FIG. 8. Cr75Fe25 ~heat treated and water quenched!: Arrott plots
of the isotherms taken from 141 to 149 K. Large spacings are
intervals, small spacings at 0.2-K intervals. The inset highlights
low-field region~with same measure quantites as in the graph!. The
critical isotherm corresponds to a temperature close to 145 K~solid
line!.
3-5
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isotherm (T5TC) passes through the origin. Ideally, th
spontaneous magnetizationJs(T) and the inverse initial
zero-field susceptibilityxo

21(T) are computed from the in
tercepts of the straight-line isotherms on the ordinateT
,TC) and abscissa (T.TC) of the MAP. In practice, for
many systems, extrapolation from high-field values is nec
sary because for low fields the isotherms deviate from
straight-line behavior. The values for the exponentsb andg,
as well asTC , are subsequently refined by employing t
Kouvel-Fisher~KF! analytical method,32 which is based on
the expressions

JsS dJs

dT D 21

5
~T2TC!

b
~4!

and

xo
21S dxo

21

dT D 21

5
~T2TC!

g
, ~5!

valid in the asymptotic critical region. The quantitiesY(T)
[Js(dJs /dT)21 and X(T)[xo

21(dxo
21/dT)21 are calcu-

FIG. 10. Cr70Fe30: modified Arrott plot. For the sake of clarity
only isotherms in temperature intervals of about 2 K are plotted

FIG. 11. Cr75Fe25 and Cr70Fe30: temperature dependence of th
spontaneous magnetizationJS(T) resulting from high-field extrapo-
lation of the modified Arrott plots shown in Figs. 9 and 10.
06444
s-
e

lated from a cubic spline which was fitted toJs(T) and
xo

21(T) ~Fig. 11 and 13!. Plots ofY(T) andX(T) againstT
yield straight lines with slopes of 1/b and 1/g, respectively,
on which the intercept on theT axis is equal toTC . To arrive
at the most accurate values ofb, g, and TC , the values
resulting from the KF method are used to reconstruct
MAP. This iteration process is followed until two successi
runs leaveJs(T) andxo

21(T), and henceb andg, unaltered.
This method is referred to elsewhere29 as a modified
asymptotic analysis. Figures 9 –14 show the outcome of th
iterative MAP-KF analysis on isotherms of the homogeniz
Cr75Fe25 and Cr70Fe30 spheres.

The observations of MAP-analysis modified for Cr75Fe25
are as follows.

~i! A straightening of isotherms is best forbeff50.30~1!,
andgeff51.39~1! giving a value ofTC5144.9~1! K.

~ii ! This set of values is stable~within error limits! against
iterative usage of Kouvel-Fisher extrapolation and the MA

~iii ! Any effort to increasebeff leads to an increased con
cave downward curvature.

~iv! As discussed elsewhere,29 the nonlinearity in MAP
isotherms is more pronounced belowTC than above.

FIG. 12. Cr75Fe25 and Cr70Fe30: Kouvel-Fisher plot to deter-
mine b andTC .

FIG. 13. Cr75Fe25 and Cr70Fe30: temperature variation of the
inverse initial susceptibilityxo

21(T) resulting from a high-field ex-
trapolation of the modified Arrott plots shown in Figs. 9 and 10
3-6
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The field dependence of the critical isotherm is govern
by the power law

J~T5TC!;H1/d. ~6!

Cr75Fe25 isotherms in the vicinity ofTC , when plotted in the
form of lnJ vs lnH, yield deff55.5(1) ~shown in Fig. 15!.
This value compares well with that calculated using the pr
ently determined values ofgeff andbeff in the scaling relation
deff

calc511geff/beff55.6~2!.
The asymptotic analysis, described above, was likew

applied to the isotherms taken on a well-homogeniz
Cr70Fe30 sphere. The resulting exponents are similar to t
of Cr75Fe25 ~see Figs. 11, 12, 13, 14, and 16!, and are given
in Table I.

3. Scaling equation of state A

Magnetization data with the values of the exponents
termined by MAP-KF analysis satisfy the scaling equation
state~SES! of the form

Jueu2b5 f 6~Hueu2(g1b)!5 f 6~h!, ~7!

where f 6(h) are scaling functions for temperatures abo

FIG. 14. Cr75Fe25 and Cr70Fe30: Kouvel-Fisher plot to deter-
mine g andTC .

FIG. 15. Cr75Fe25: The critical isotherm in a lnJ vs lnH iso-
therm is linear for fields>70 mT.
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and belowTC , respectively, as demonstrated by the doub
logarithmic plots shown in Figs. 17 and 18. However, due
the insensitive nature of the log-log scale, many sets ofTC ,
beff , and geff values yield nearly the same quality of da
collapse.

4. Scaling equation of state B

In contrast, the following scaling equation of state is se
sitive to very small deviations

h/m56a61b6m2, ~8!

where the plus and minus signs depict the temperature ra
above and belowTC , respectively;m5M /eb is the reduced
magnetization, andh/m5(H/M )e2g the reduced inverse
susceptibility.

Nevertheless, other sets of values for the parameter tri
TC , beff , andgeff also produce scaling plots of similar qua
ity so that this method fails to distinguish between differe
sets of values as well. In particular, unusually high expon
values for Cr75Fe25 as b50.44 andg52.0, similar to those
reported by Aldred and Kouvel8 ~b50.47, g52.03!, satisfy
Eq. ~8! but with a different choice ofTC . This uncertainty in

FIG. 16. Cr70Fe30: the critical isotherm in a lnJ vs lnH iso-
therm is linear for fields>28 mT.

FIG. 17. Cr75Fe25: according to the scaling hypothesis, tw
branches forT,TC andT.TC exist for the given choices ofg, b,
andTC . Heret depictse5uT2TCu/TC .
3-7
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exponent values obtained from the SES forms@Eqs.~7! and
~8!# is a direct outcome of thethree freeparameters involved
while only two parameters are free in the case of the MA

The intercepts on them2 andh/m axes~Fig. 19!, m0
2 and

h0 /m0, often considered as theaverageeffective spontane-
ous magnetization and theaverageeffective exchange field
are given in Table I. Following Aldred and Kouvel,8 the ef-
fective elementary moment taking part in the ordering p
cess is defined asm* and calculated by equatingm* h0 /kBTC
to the theoretical value29 of 1.6. The value ofm* turns out to
be 46mB (16mB in Ref. 8!, and the concentration of suc
giant moments equals of 0.9%~2.6% in Ref. 8!.

IV. DISCUSSION

A. Short-range chemical order

Little or hardly any information is presently availab
about the effect of chemical short-range order on magn
properties in Cr-rich Fe-Cr alloys, although many auth
discussed the relevance of Fe clustering to magnetic m
surements. Recently, Okanoet al.21 investigated the relation
ship between magnetoresistance and phase decompositi
Cr-Fe bulk alloys. The field-ion microscopy pictures clea
demonstrate how the tendency for Fe- clustering is redu
by progressive annealing followed by water quenching.
the present work, it is inferred that short-range chemical
der influences the magnetic properties from the follow
findings.

~I! Variations of inverse low-field ac susceptibility wit
temperature arenot linear even for temperatures well abov
TC . The marked deviation from a Curie-Weiss behavior
serts that the description ofx21(T) in terms of non-
interacting localized atomic moments is not possible. T
existence of superparamagnetic clusters could accoun
the non-linearity.

~II ! The application of a generalized33 Curie-Weiss law
yields an effective paramagnetic moment per alloy atom
peff53.03mB for heat-treated Cr75Fe25. Using the relation
peff

2 5qc(qc12), the number of magnetic carriers per allo
atom34 is qc52.19. In contrast, the saturation moment p

FIG. 18. Cr70Fe30: according to the scaling hypothesis tw
branches forT,TC andT.TC exist for the given choices ofg, b,
andTC . Heret depictse5uT2TCu/TC .
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alloy atom of Cr75Fe25 ~at 5 K! is qs50.41mB . The ratio
qc /qs.1 combined with as low a value of Curie temperatu
as TC;150 K, is consistent with the Rhodes-Wohlfar
plot,35 indicating that a simplified assumption of localize
moments~Heisenberg model! does not hold. Instead, the a
loys areitinerant ferromagnets. In the crossover concent
tion regime from ferromagnetism to a spin-glass state, a n
zero magnetic moment is only found6,25 for Fe atoms. The
magnetic moment per alloy atom at 4.2 K decreases w
increasing Cr content. We find that, for the as-cast and h
treated samples of Cr75Fe25 and Cr70Fe30, m50.41mB and
0.54mB , respectively. These values agree quite well w
those given previously by Aldred and Kouvel.8 Therefore,
chemical short-range order has only little, or even no, eff
on the saturation moment per alloy atom at low tempe
tures. By contrast, at temperatures aboveTC , chemical
short-range order has a profound effect on low- as well
high-field properties~Fig. 6!.

~III ! Furthermore, there seems to be an intimate relat
between the sharpness of the kink-point in low-field therm
magnetic data and chemical short-range order. This is
ferred from the observation~Figs. 2 and 3! that the sharpen-
ing of the kink-point by annealing is a consequence of
decrease in the average Fe cluster size.

From ~I!, ~II ! and~III !, it follows that short-range chemi
cal order complicates the detection of the clearcut onse
long-range ferromagnetic order as finite magnetically

FIG. 19. Cr75Fe25 and Cr70Fe30: scaling plots according to the
scaling equation of state~8!. Isotherms (DT51 K, Hext.0.1 T)
fall on two universal curves forT,TC and T.TC for the given
choices ofg, b, and TC . Magnetization and magnetic field ar
given in cgs units so as to facilitate comparision with other wo
~Refs. 8 and 29!.
3-8
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CRITICAL MAGNETIC PROPERTIES OF DISORDERED . . . PHYSICAL REVIEW B65 064443
dered clusters persist for temperatures well above
FM-PM phase transition. The Curie temperature is define
the temperature at which the spin-spin correlation length
verges, which, in turn, is crucial to the principle of scalin
Hence if the ratio of spins constituting the infinite cluster
those forming other magnetically ordered but finite clust
is low, as has been reported for several disordered crysta
magnetic alloys,29 a greater sensitivity is required in a give
measurement to detect theonsetof long-range ferromagnetic
order. As discussed in detail elsewhere,29 an extrapolation to
the zero field of the data taken at finite fields has to be ta
with some caution, since the result depends on the field ra
chosen for extrapolation. Therefore, ‘‘low-field’’ or, bette
‘‘zero-field’’ methods are more appropriate for an analysis
critical magnetic properties.TC andgeff , determined by the
low-field ac susceptibility data, are thus trusted the mo
Zero-field small-angle neutron-scattering10–12,16data provide
crucial information about the nature of phase transition if
temperature resolution is as good as in low-field ac susc
tibility measurements, and if they probe correlations over
extended length scale such that an ‘‘infinite’’ cluster,
present, is detectable with ease.

On the other hand, the much-employed Mo¨ssbauer
effect1,2,9,13–16,18probes the local environment. In metallurg
cally disordered systems such as Cr-Fe alloys that s
chemical clustering, special care36 has to be taken to interpre
the observations. A ‘‘slow transition,’’ described by a bro
temperature interval between PM and FM states, might
pear due to the different local environments in chemica
inhomogeneous systems. Such data cannot completely
out17–19 the possible existence of an infinite ferromagne
cluster. Here again, one has to consider the problem of
sitivity in identifying the onset the infinite ferromagnetic
cluster within an environment of magnetic disorder.

B. Long-range ferromagnetic order

The spatial variation in chemical composition w
smeared out by annealing the sample and subsequ
quenching it in water. While microprobe analysis is limite
in spatial resolution as well as in chemical composition
termination, and hence in recognizing homogenizing effe
magnetic methods aresensitive to ~average! changes in
chemical clustering~in the present case, Fe!; the chemical
local environment determines~local! magnetic ordering and
hence the effective macroscopic magnetic properties of
alloy under consideration. The temperature dependenc
low-field magnetic measurements is a powerful tool in pro
ing changes in chemical short-range order. Chemical
magnetic analyses show that the chosen heat treatments
cessfully homogenize the chemical composition of
samples. Low-field ac susceptibility measurements dem
strate that the kink-point temperatureTk reduces, and that th
kink point sharpens after heat treatment followed by a wa
quench. In accordance with the outcome of micropro
analysis, this indicates that Fe clusters are reduced in num
and Cr dissolves more homogeneously in the alloy matri

For the Cr75Fe25 sample, the temperature dependence
low-field susceptibility coincides up to 10% ofTk with that
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reported in Ref. 12,~Fig. 20!. For Cr70Fe30, the sharpness o
the kink point is even increased. Hence, the quality of o
annealed samples in terms of chemical homogeneity, as m
sured by the sharpness of the low-field susceptibility k
point, compares well with that of other groups.7,12 The fol-
lowing observations support the view that long-range fer
magnetic order exists in the alloys under consideration.

~I! A demagnetization-limited low-field susceptibilityx
and a well-defined decrease ofx(T) ~the kink point! indicate
that the alloys prepared satisfy the first requirement of
critical-point analysis. The demagnetizing factors determin
in present experiments are close to that of an ideally hom
geneously magnetized sphere. Thus the arguments give
Beck17 are not relevant, since the different degrees of sha
ness in kink-point measurements in perpendicular and
plane geometry of a disk can be accounted for28 easily.

~II ! To distinguish between a freezing of superparam
netic clusters, as proposed by Beck,17 and a true FM-PM
phase transition, the frequency dependence of the initia
susceptibility was studied. No shift in kink-point temperatu
could be detected for frequenciesn, varying from 7 to 1000
Hz, of the ac driving field of rms amplitude 0.1 mT. For th
superparamagnetic clusters description, a quantita
measure37 of the frequency shift in the ‘‘freezing’’ tempera
ture Tf is given by (DT/Tf) per decade ofn. As the present
measurements~Fig. 4! allow a distinction of shift in tempera
ture better than 0.1% ofTk , freezing of superparamagnet
clusters as the origin for the kink seems to be an unlik
explanation. Instead, a cooperative ordering atTk , of spins
yielding an infinite long-range ferromagnetic cluster,
strongly indicated by these experiments. The unresolved
viations betweenT1 andT2 @both well aboveTk(;TC)# are
attributed to different response signals generated by the fl
tuating superparamagnetic clusters which come into e
tence when an infinite cluster breaks up into smaller clus
at such temperatures. This interpretation also accounts
the non-Curie-Weiss behavior at even;2 TC . In view of
the above arguments, long-range ferromagnetic order is
ticipated for temperatures belowTC .

FIG. 20. Low-field susceptibility kink point of the best-possib
chemically homogenized specimen. Similar data on a chemic
homogenized Cr75Fe25 polycrystal, from Burke and Rainford~Ref.
12!, are also shown for comparison.
3-9
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TABLE II. Comparison between experiment and theory.

Experiment Theory
Critical

J(r );e2r /b J(r );r 2(d1s)

exponent References 39 and 40 Reference 42
Cr75Fe25 Cr70Fe30 Fe s51.4 s51.325 s51.285

Ref. 38 d53 d53 d53 d52 d52 d52 d52
n51 n52 n53 n51 n51 n52 n53

a - - - 0.110~5! 20.007~6! 20.115~9! 0.00 0.012 20.097 20.162
b 0.30~1! 0.315~5! 0.389~5! 0.325~2! 0.346~2! 0.365~3! 0.125 0.298 0.354 0.386
g 1.39~1! 1.39~1! 1.333~1! 1.241~2! 1.316~3! 1.386~4! 1.75 1.392 1.389 1.389
d 5.5~1! 5.36~4! 4.35~5! 4.82~3! 4.81~3! 4.80~4! 15.0 5.67 4.93 4.59
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C. Ferromagnetic-paramagnetic phase transition

From the outcome of the methods of analyses of the b
magnetization and low-field ac susceptiblity data, we c
clude that the homogenized heat-treated Cr75Fe25 and
Cr70Fe30 alloys are systems that exhibit long-range ferrom
netic order, and undergo a thermodynamic phase trans
from a ferromagnetic state to a paramagnetic state at a w
defined transition temperatureTC . The present bulk magne
tization measurements carried out on well-homogenized
loys allow an accurate determination of the effective criti
exponents that fulfill the scaling relations, indicating a tr
phase transition in homogenized Cr75Fe25 and Cr70Fe30 al-
loys. The transition is characterized byeffectivecritical ex-
ponentsbeff50.30~1!, geff51.39~1!, and deff55.4~1!. These
are not significantly different from the trueasymptoticcriti-
cal exponents, asTC has been approached as closely as
31024 in reduced temperaturee in most of the experimenta
runs. In Table II, these values are compared with those
viously determined38 for crystalline Fe in roughly the sam
reduced temperature range as the present one, and wit
best theoretical estimates39,40 for d53 ferromagnets withn
51, 2, and 3, in which spins are coupled by the ‘‘sho
range’’ exchange interactions of the Heisenberg type,J(r )
;e2r /b. Such a comparison reveals that the presently de
mined exponent values, though close to those theoretic
predicted for a three-dimensional isotropic short-range~ISR!
Heisenberg ferromagnet~i.e., for d5n53 system!, are
shiftedaway from the mean-field~MF! estimates ofb50.5,
g51.0, and d53.0. By contrast, the exponent value
reported38 for Fe ~Table II!, like those41 @b50.395~10!,
g51.345~10!, d54.35~6!# for Ni, are shiftedtoward the MF
magnitudes. Such a shift observed in the itinerant-elec
ferromagnets Fe and Ni is a manifestation41 of the isotropic
long-range ~ILR! exchange interactions of the form
2(J` /r d1s) S0•Sr ~where 0,s,2! which render the ISR
d53 Heisenberg fixed point unstable and lead to
crossover42 to the ILR fixed point, which is characterized b
exponent values that areISR d53 Heisenberg-like but
shifted toward the MF values. The deviations from the M
exponent values observed in the present case may as
indicate the presence of isotropic long-range exchange in
actions in the itinerant-electron ferromagnets under con
eration.
06444
lk
-

-
on
ll-

l-
l

6

e-

the

-

r-
lly

n

a

ell
r-

d-

Effective exponent values similar to the presently det
mined ones were previously reported43–46 for amorphous Cr
or Mn-based Fe-containing alloys with composition near
percolation threshold for long-range ferromagnetic ord
Apart from similar magnitudes of the effective exponen
the property that these crystalline and amorphous Cr-Fe
loys have in common is that only asmall fractionof the total
number of magnetic moments actually participates in
ferromagnetic-paramagnetic phase transition~Table I!.

This phenomenon, prevalent in a host29 of the other dis-
ordered spin systems that exhibit reentrant behavior at
temperatures, finds a straightforward explanation in term
the infinite FM network~matrix! plus finite FM spin clusters
model,29,36as detailed elsewhere.29,47With barely 1% of total
spins constituting the infinite FM network in the presen
investigated CrFe alloys~Table I! @in crystalline Fe or Ni
~Ref. 41!#, the network is expected to behighly ramified. As
a consequence, the infinite FM network has an effective
pological dimensionality ofd,3, the probability for the ex-
istence of nearest-neighbor~NN! moment pairs is small and
the average intermoment spacing is far greater than the
distance (r NN).

In a spin system with an effective space dimensionality
d,3, e.g., d52, and intermoment spacing.r NN , short-
range ~Heisenberg! exchange interactions cannot40 support
long-range ferromagnetic order. The only exception to t
rule is the two-dimensional (d52) Ising (n51) case for
which the critical exponents possess values~Table II!, that
are quite different from those determined in this work.
distances far greater thanr NN , only long-rangeinteractions
can provide an effective means of coupling the spins in
infinite network, and thereby sustain long-range ferrom
netic order in the alloys in question. This consideration le
us to explore the possibility of applying the model,42 in
which the isotropic long-range exchange interactions of th
form 2(J` /r d1s) S0•Sr ~where 0<s<2! couple spins, to
the present case. The critical exponent values for tw
dimensional (d52) ferromagnets withn51, 2, and 3, dis-
played in Table II, are arrived at as follows. The parametes
is chosen such that the expression for the exponentg given
in Ref. 42 yields a value~.1.39! close to that observed
experimentally and the remaining exponents are calcula
by inserting the value ofs, so obtained, in the expression
3-10
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CRITICAL MAGNETIC PROPERTIES OF DISORDERED . . . PHYSICAL REVIEW B65 064443
h522s and n5g/s and by using the scaling equalitiesa
522nd, b5~22a2g!/2 andd511~g/b!. Even a cursory
glance at the entries in Table II suffices to reveal that
presently determined exponent values match those theo
cally predicted42 for a d52, n51 ferromagnet in which the
attractive interaction between the spins decays with dista
~r! as J(r );r 23.4. Strong experimental evidence for th
premise that the asymptotic critical behavior of the itinera
ferromagnets in question corresponds to a spin system
space dimensionality ofd52 is provided by our observation
that Cr70Fe30 thin film of thickness 94 Å~a quasi-two-
dimensionalsystem! exhibits thesamecritical behavior48 as
its bulk counterpart.

Next we discuss the possible origin of the discrepan
between the values ofbeff andgeff determined in this work
and those previously reported. Granting that in both ca
equally well-homogenized samples were used, the metho
analyzing magnetic isotherms employed by Aldred a
Kouvel8 suffers from two main drawbacks. First, the nonli
ear extrapolation method used to obtain the ‘‘zero-fie
quantitiesJS and x0 gives rise to large systematic errors,29

particularly in JS(T). Second, magnetic isotherms we
taken8 at 1-K temperature intervals. It is well known that th
asymptotic critical regime normally spans temperatu
within 1% and 2% ofTC , and hence the extracted expone
values in Ref. 8, far from being asymptotic exponents, are
best effective exponent values obtained in a tempera
range outside the asymptotic critical regime. It is evide
from Fig. 5 that an unusually large valueg.2 ~similar to that
reported8 earlier! outside the asymptotic critical region i
possible for chemically disordered alloys.

Burke and co-workers11,12 have discussed magnetic pro
erties of these alloys within the framework of percolati
theory. Neutron-scattering experiments11,12yielded a value as
large asn51.2 for the correlation length critical exponen
By assuming the exponenth, which describes the variation
of the spin-spin correlation function with distance atTC , to
be zero ~h50! and making use of the scaling relatio
s

.

ys

i-
A

J
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g5n~22h!, Burke and co-workers11,12 concluded that their
value ofn is consistent with the anomalously large value
g.2 obtained earlier by Aldred and Kouvel.8 The present
valuesg51.3960.01 andh522s5221.450.6 when used
in the above scaling relation, yield a valuen50.9960.01,
which is close to that~n51.260.1! determined previously
from the neutron scattering experiments.11,12

V. SUMMARY

This work presents a detailed reappraisal of the magn
critical behavior of polycrystalline Cr75Fe25 and Cr70Fe30
based on an elaborate analyses of high-precision bulk m
netization and, for the first time to our knowledge, low-fie
ac susceptibility data. Annealing followed by quenching
water diminishes the chemical clustering to a large exte
Homogenized, but highly disordered, Cr75Fe25 and Cr70Fe30
alloys show long-range ferromagnetic order below a w
defined Curie-temperature.

The FM-PM transition is characterized by critical exp
nents that deviate substantially from those predicted bd
53 or 2 isotropic ‘‘short-range’’ models, but coincide i
magnitude with the ones yielded by the renormalizat
group calculations42 for a d52, n51 spin system with long-
range attractive interactions between spins decaying asJ(r )
;r 2(d1s) with s51.4. This finding is consistent with th
itinerant character of ferromagnetism in Cr75Fe25 and
Cr70Fe30 alloys, as inferred from a largeqC /qS ratio.
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