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Critical behavior of weak itinerant ferromagnet Fe90ÀxMn xZr 10 „0ÏxÏ16… alloys

A. Perumal* and V. Srinivas†

Department of Physics and Meteorology, Indian Institute of Technology, Kharagpur, 721 302, India
~Received 8 August 2002; published 24 March 2003!

The magnetic behavior of amorphous Fe902xMnxZr10 (0<x<16) alloys has been investigated in the critical
region from which we determined the Curie temperature (Tc) and critical exponents (g, b, andd). Detailed
analysis suggests that the exponents are asymptotic and independent of the method of analysis in the actual
critical region~ACR!, while it strongly depends on the method of analysis outside the ACR. Asymptotic critical
exponent values are very close to those predicted by a three-dimensional nearest-neighbor Heisenberg model.
The obtained results provide strong experimental evidence ofweak itinerantferromagnetism.
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Randomly diluted magnetic systems with short-range
teractions have captured the attention of scientists in re
years.1 Heuristic arguments and renormalization group~RG!
calculations2 assert that the critical behavior near the fer
magnetic~FM! to paramagnetic~PM! phase transition of a
pure spin system with negative specific heat critical expon
(a) does not get altered by the presence of short-ra
quenched disorder.3 For example, in the case of magnet
materials a careful analysis based on the simple power
~SPL! indicates that the critical regime spans a wide redu
temperature rangeh@5(T2Tc)/Tc#<0.0460.02 below
which the critical exponents do not seem to vary with te
perature. Moreover, critical phenomenon studies of a la
number of systems4 have testified to this in the past. How
ever, it is surprising that the FM-PM phase transition at
Curie temperature (Tc) in many systems is characterized b
the values of the critical exponents@b for spontaneous mag
netizationss(T), g for initial susceptibilityx(T), andd for
critical isotherm s(Hex ,Tc)] that are considerably large
than5 those theoretically predicted for an ordered thre
dimensional~3D! nearest-neighbor~NN! isotropic Heisen-
berg ferromagnet.

Most of the theories of critical phenomena in magn
consider that these systems consist of magnetic mom
~spins! localized at lattice sites and interacting with one a
other through exchange interactions. On the other hand
theoretical models applicable toitinerant ferromagnets are
restricted to only three models:~i! the Heisenberg spin sys
tem with long-range dipolar6 interactions, ~ii ! the
d-dimensionalspin system with an isotropicn-component
order parameter,7 ~iii ! the spherical model8 version ~i.e., n
→`) of ~ii !. Experimental studies of the critical behavior
weak itinerantferromagnets have been confined to only
few systems9 and rarely more than two critical exponen
have been determined. Moreover, a close scrutiny of the
sults published in the literature reveals that the obtained
ponents may suffer from one of the following problems:~a!
the values of the critical exponents are found to vary with
scaling equation of state, and~b! due to the nonlinearity in
the magnetization curve at higher fields, the extrapolat
method obviously leads to large uncertainties in the ze
field quantities and hence the critical exponents.

Here, we report a detailed analysis of the critical behav
of a series of amorphous (a-)Fe902xMnxZr10 (0<x<16) al-
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loys based on various methods to resolve the issues tha
highlighted above and to answer some basic questions
have been unanswered until now:~a! Which model forms the
most appropriate theoretical description of the critical-po
behavior ofweak itinerantferromagnets?~b! Do weak itin-
erant electron ferromagnets fall naturally into one of th
known universality classes of critical phenomena or do th
form a class of their own? The choice of the present se
has been dictated by the fact that this series exhibits reen
behavior over a wide composition range10 and also to verify
a recent analysis of magnetization data on FeMnZr all
that gave extremely large values of the critical expone
compared to the 3D NN Heisenberg model.

Amorphous Fe902xMnxZr10 alloys (x50, 4, 6, 8, 10, 12,
and 16! were prepared by the conventional melt-spinni

FIG. 1. Modified Arrott plot@s1/b vs (H/s)1/g] for amorphous
Fe86Mn4Zr10 alloy. Note that only three-fourths of the actual da
are shown for the sake of clarity.
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FIG. 2. ~a! Spontaneous magnetization (ss)
and ~b! inverse susceptibility (xdc

21) plotted
against reduced temperature (h) for amorphous
Fe902xMnxZr10 (x50, 4, 8, 10, and 12! alloys.
The dashed and solid curves passing through
data points represent the best least-squares
based on Eqs.~1c!, ~1d! and ~2c!, ~2d!, respec-
tively.
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technique in an argon atmosphere. Magnetization meas
ments were performed in external fields up to 50 kOe ove
wide temperature range 0.6Tc<T<1.4Tc . In order to de-
duceTc and the zero-field quantitiesss(T) andxdc

21(T), the
raw magnetization data are converted intos1/b vs (H/s)1/g

such that the data taken in the critical region fall on a se
straight lines through a choice of critical exponentsb and
g.11 The low-field ac susceptibility~ACS! measurement wa
carried out by the mutual inductance method at a freque
of 80 Hz in a rms field of 26 mOe. More details about t
sample characterizations are given elsewhere.11

The typical modified Arrott plot~MAP!, constructed out
of raw s-H isotherms, is shown in Fig. 1 fora-Fe86Mn4Zr10
alloy. Note that only three-fourths of the actual data se
shown in figure for the clarity. This figure captures all t
essential features for the remaining compositions. Thess(T)
09441
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andxdc
21(T) were computed from the intercept values at d

ferent temperatures on the ordinate (T<Tc) and abscissa
(T>Tc), when the linear high-field portion of the MAP plo
is extrapolated tos1/b50 and (H/s)1/g50, respectively, as
shown in Fig. 1. AtT5Tc , the MAP isotherm is linear ove
the entires/H range and upon extrapolation passes throu
the origin. The determined values ofss(T) andxdc

21(T) are
plotted againsth in Fig. 2. By contrast, low-field ACS is a
direct measure of the intrinsic susceptibility and referred
asxac(T). With a view to ascertain which theories of critica
phenomena correctly describes the present system,ss(T),
xdc

21(T), and xac
21(T) data were analyzed in terms of th

following equations:

ss~T!5s0
e f f~2h!be f f, h,0, ~1a!
re
-

s
s.

r
.

FIG. 3. ~a! The effective expo-
nent values ofg and b, obtained
from various methods, plotted
against the reduced temperatu
range. In order to show the varia
tion clearly, the exponent valueg
@b# is shifted vertically 0.09
@0.02# ~Kouvel-Fisher method!,
0.20 @0.03# ~leading correction to
scaling analysis!, 0.36 @0.08#
~Nonlinear method!, and 0.5
@0.095# ~scaling method! with re-
spect to their actual variations.~b!
The effective critical exponents
obtained from various method
over different temperature range
The horizontal line in the figure
indicates the theoretical values fo
3D NN Heisenberg ferromagnets
8-2
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TABLE I. The determined values of the Curie temperature (Tc
2 , Tc

0 , Tc
1), critical exponents (g, b),

Curie-Weiss-like constant (Cx), effective magnetic moment in the paramagnetic state (qp), saturation mag-
netic moment (qs), and the ratio of magnetic moments for amorphous Fe902xMnxZr10 alloys. The parameters
within the parentheses indicate the error in the parameter.

x Tc
2 Tc

0 Tc
1 g b Cx qp qs qp /qs

(1023)

0 226.5~4! 226.6~5! 226.4~3! 1.376~6! 0.369~4! 3.81~2! 6.341~7! 1.532~5! 4.139
4 214.2~7! 214.3~3! 214.2~4! 1.383~7! 0.373~8! 4.89~3! 7.099~6! 1.432~8! 4.957
6 197.1~6! 197.2~4! 197.1~7! 1.359~4! 0.358~6! 5.64~2! 7.280~8! 1.261~7! 5.773
8 184.8~7! 184.7~8! 185.6~6! 1.364~8! 0.355~5! 6.12~4! 7.404~8! 1.131~9! 6.546
10 169.3~6! 169.3~6! 169.1~8! 1.406~5! 0.356~3! 6.83~3! 7.862~5! 1.021~9! 7.700
12 154.1~8! 154.2~3! 154.1~9! 1.395~4! 0.376~4! 7.79~2! 8.887~4! 0.981~4! 9.062
16 131.2~6! 131.3~7! 131.2~3! 1.412~4! 0.362~2! 8.80~2! 10.231~4! 0.913~8! 11.206
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ss~T!5s0~2h!b@11us1

2 ~2h!D11us2

2 ~2h!D2#, h,0,

~1b!

ss~T!5s08uh̃ub@11ũs1

2 uh̃uD11ũs2

2 uh̃uD2#, h̃,0,

~1c!

ss~T!5s09uh̃ub@11ũs
2~ uh̃u!#, h̃,0, ~1d!

x21~T!5ze f fhge f f, h.0, ~2a!

x21~T!5zhg@11ux1

1 ~h!D11ux2

1 ~h!D2#21, h,0,

~2b!

x21~T!5z8th̃g@11ũx1

1 ~ h̃ !D11ũx2

1 ~ h̃ !D2#21, h̃,0,

~2c!

x21~T!5z9th̃g@11ũx
1~ h̃ !#21, h̃,0, ~2d!

where, g, b @D1 , D2] are the critical exponents@leading
correction to scaling~LCTS! exponents#, us1

2 , us2

2 , ũs1

2 ,

ũs2

2 , ũs
2 , ux1

1 , ux2

1 , ũx1

1 , ũx2

1 , ũx
1 , z5(h0 /m0) are the criti-

cal amplitudes, andh̃5(t21)/t, t5T/Tc are the nonlinear
scaling variables. A detailed analysis of thess(T), xdc

21(T),
andxac

21(T) data based on Eqs.~1! and~2! reveals that in the
asymptotic critical region~ACR!, Eq. ~1c! @~2c!# reproduces
ss(T) @x21(T)# data to a far greater accuracy than Eq.~1d!
@~2d!#. In the ACR, the LCTS analysis based on the expr
sions that include the nonanalytic correction terms alo
yields the same result regardless of whether these corre
terms are expressed in linear scaling variables@Eqs.~1b! and
~2b!# or in nonlinear scaling variables@Eqs. ~1c! and ~2c!#.
On the other hand, Eqs.~1d! and ~2d! provide very good
overall fits in a temperature ranges as wide as 0.6Tc<T
<Tc for ss(T) andTc<T<1.4Tc for x21(T). Note that all
independent determinations of theTc’s (Tc

2 , Tc
1 , and Tc

0)
show more or less same value (Tc

2'Tc
1'Tc

0) within the
error limits.

The effective critical exponentsbe f f and ge f f were
calculated12 at different temperature ranges and are depic
in Fig. 3~a!. A comparison between effective exponents a
09441
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Eqs.~1b! and~2b! reveals that in the ACR (uhu,uhcrossu)
13,

be f f @ge f f# andb @g# are related as

be f f~h!5b1us1

2 D1~2h!D11us2

2 D2~2h!D2, ~3a!

ge f f~h!5g2ux1

1 D1~h!D12ux2

1 D2~h!D2, ~3b!

and in the limit (2h)→02 @h→01#, be f f(h) @ge f f(h)#
coincides withb @g#. The obtained critical exponentsb and
g by various methods in the different reduced temperat
ranges are shown in Fig. 3~b!. The determined critical expo
nents are independent of the method of analysis in the A
while it strongly depends on the method of analysis outs
the ACR.

It is well known that in the present series of amorpho
alloys, the spin-wave stiffness constant~D! renormalizes
with temperature in accordance with the comparison p
dicted by both localized~Heisenberg! and itinerant models.
The calculated value of the NN distance14 is close to the
values predicted for typical mean NN transition-meta
transition-metal distances in amorphous ferromagnets.15 The
local magnetic anisotropy and high-field susceptibility (xh f)
are observed to increase with increasing Mn concentratio16

The calculated value ofxh f decreases rapidly as the temper
ture is lowered belowTc and goes through a broad minimu
before attaining a constant value at low temperature, indi
ing the typical character ofweak itinerantferromagnets.14,17

An elaborate analysis of the data reveals that~i! nonanalytic
LCTS terms essentially control the temperature depende
of ss(T) andx21(T) data for temperatures close toTc , and
~ii ! in the ACR, nonlinear scaling yields the same result as
linear counterpart does. Moreover, the single leading anal
correction term in nonlinear variables@Eq. ~2d!# permit an
unambiguous determination of the magnetic moment per
loy atom in the paramagnetic state,qp , through the relation
qp(qp12)5(2.828)2(CxA/r), whereCx5(Tc /z9), and A
and r are the atomic weight and density, respectively. T
computed values ofqp and those of the ratioqp /qs ~where
qs is the saturation magnetic moment per alloy atom at 0!
are listed in Table I along with the values of the critic
exponents. For all the amorphous alloys, the ratioqp /qs

@1 and it falls on a straight line when plotted againstTc
21 or
8-3
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Tc
22/3, as shown in Fig. 4. According to the Rhode

Wohlfarth criterion,18 the greater the amount by which th
qp /qs ratio exceeds unity, the moreitinerant is the magnetic
moment. These results are inadequate to make a clea
distinction between the two criteria because the range oTc
values that are covered in the present experiments is not
enough. However, the present observation suggests that
weak itinerantferromagnets behave like 3D NN Heisenbe
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FIG. 4. The ratio of the magnetic moments,qp /qs , plotted
against various temperature scalesTc
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ferromagnets in the critical region, when one considers
conjunction with the result of RG calculations2 that for a
d-dimensional spin system with an isotropicn-component
order parameter and interactionsJ(r ) decaying asJ(r )
51/ad1s int(s int.0), the critical exponents assume the
short-range values for alld, if s int.2. These phenomen
assert that the magnetic moments in the present system
teract with one another through long-range interactio
which decay faster than 1/a5. This assumption together with
the Rhodes-Wohlfarth criterion suggest that the present
ries of amorphous alloys areweak itinerantferromagnet. The
critical exponents obtained from the magnetoresistiv
data19 analysis near the critical region also support t
present results. The result of the present analysis clearly
tinguishes between the effective and asymptotic critical
ponents@Fig. 3~b!# for the present samples and also for a fe
published data. An extension of this work to various pu
lished data5 on different samples can help further in iden
fying the main source of the spread in the reported expon
values.

In summary, a systematic and detailed investigation of
critical behavior of weak itinerant ferromagnet
Fe902xMnxZr10 alloys by various methods is presented. T
detailed analysis results in the nonanalytic correction te
arising from nonlinear irrelevant scaling fields dominati
over the analytic ones in the asymptotic critical region b
the reverse is true for temperatures outside the ACR. Ba
on our observations, we conclude that theTc remarks the
temperature at which the transition from the paramagn
state to a state with long-range ferromagnetic order ta
place. The obtained results provide strong experimental
dence ofweak itinerantferromagnetism in the glassy alloy
in question.
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