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Magnetic properties of amorphous Fe90ÀxMn xZr 10„0ÏxÏ12… alloys
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The magnetization as a function of field and temperature has been measured for a series of amorphous
Fe902xMnxZr10 alloys withx50 –12 in the temperature range 4.2–300 K. All the samples of the present study
show double transition~reentrant! behavior below room temperature. The high-temperature transition (Tc)
decreases linearly at about 6 K/at. % of Mn, while the low-temperature transition (Tsg) increases at about 2.6
K/at. % of Mn. A detailed analysis of the temperature dependence of magnetization data reveals:~i! Spin-wave
excitations at low-temperature, single-particle excitations and local-spin-density fluctuations~LSDF’s! over a
wide range of intermediate temperatures and enhanced fluctuations in the local magnetization for temperature
close toTc contribute dominantly to the thermal demagnetization of spontaneous magnetizations;~ii ! external
applied magnetic field of strength>5 kOe suppresses the LSDF’s;~iii ! the spin-wave stiffness constant~D!
decreases from 35.660.3 to 23.260.2 meV Å2 with increasing Mn concentration; and~iv! the D/Tc ratio
remains constant for all the compositions. A study of critical behavior of the magnetic order-disorder transition
by various methods suggest that the critical exponents obtained below and above Curie temperature obey a
scaling law@d215g/b anda1g52(12b)# with a high degree of accuracy in the asymptotic critical region.
The exponents are independent of composition and are in close agreement with the values those predicted for
three-dimensional Heisenberg ferromagnets. The magnetic parameters such as high-field susceptibility, coer-
civity, local magnetic anisotropy, and spin-glass behavior, obtained from the low-temperature magnetization
data, are consistent with the presence of a mixed magnetic state. The detailed analysis of high-field thermo-
magnetization data could be explained in terms of the nearest-neighbor Heisenberg model. Moreover, the
temperature dependence of the magnetic behavior is discussed in terms of competing ferromagnetic and
antiferromagnetic exchange interactions.

DOI: 10.1103/PhysRevB.65.064428 PACS number~s!: 75.50.Kj, 07.55.Jg, 51.60.1a, 75.50.Lk
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I. INTRODUCTION

The nature of the transition from a magnetically order
to disordered state and plausible descriptions of the mi
scopic states in quenched systems with random excha
interactions have been the topics of recent interest both t
retically and experimentally. The frustration arising as a c
sequence of exchange interactions of both signs has a va
of manifestations in the observed magnetic properties
glassy ferromagnets;~i! in the ferromagnetic regime, the mo
ments retain some of their randomness even at high field
large as 200 kOe,~ii ! the magnetic isotherms show a larg
differential susceptibility, and~iii ! the spontaneous magnet
zation that develops in the ferromagnetic state at the C
temperature (Tc) gets reduced to a small value at a fin
temperature well belowTc giving way to a spin-glass-like
behavior. Kakehashi1 has predicted that the local atomic m
ment on an atom depends on the number of first nea
neighbors. Also the sign of the magnetic coupling chan
with the local environments leading to frustration of m
ments that results in complex magnetic characteristics.
0163-1829/2002/65~6!/064428~15!/$20.00 65 0644
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such material that has been thoroughly investigated thro
various experimental techniques is amorphous (a-)Fe90Zr10

alloy. Critical behavior studies,2–4 which relate various ther-
modynamical quantities near the ferromagnetic~FM! to para-
magnetic~PM! phase transition, have been performed in
der to understand the nature of the magnetic phase trans
at the Curie point and the type of magnetic ordering bel
the Curie point. From the detailed and careful analysis
magnetic and transport studies, it has been demonstrated
there is no influence of structural disorder on the values
asymptotic critical exponents that are measured in mate
where the critical exponenta for the pure material is nega
tive ~i.e., the so-called Harris criterion5!. On the other hand
the exponents6 obtained from bulk-magnetization data (H
<200 Oe) in the critical region deviate from the Heisenbe
values. Reanalysis of the data indicate the critical expone7

obtained in the real critical region are in good agreem
with three-dimensional short-range nearest-neighbor Heis
berg ferromagnets~3DHM!. The magnetic properties o
Fe1002cZrc with c58 and 10 showed superparamagnetic b
havior aboveTc where the mean magnetic moment of t
©2002 The American Physical Society28-1
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superparamagnetic spin clusters8 decreased with increasin
temperature.9

The phenomenon of reentrant spin-glass~SG! behavior
usually exhibited by both amorphous and crystalline m
netic systems has also received scientific attention. The
ture of the reentrant SG transition has been investigated
tensively both theoretically and experimentally. Most of t
results were interpreted using the Sherrington a
Kirkpatrik10 model in terms of Ising spins. This theory pr
dicts a double transition PM→FM→SG behavior, but here
the lowest temperature SG phase is a pure spin glass an
a mixed FM and SG phase. Later, with isotropic vec
spins,11 it was shown as a mixed phase where a spontane
magnetization coexists with a SG ordering of the transve
components of the spins. From experimental studies th
different views have emerged:~i! a reentrant phase co
existing with the spin clusters of antiferromagnetic Fe sp
and a ferromagnetic FeZr matrix in which the spin clust
are frozen in random orientations,12,13~ii ! the reentrant phas
is a mixed phase where the ferromagnetic state co-exists
a transverse SG ordering (XY plane! with spontaneous mag
netization in the direction of the broken symmetry14 (z axis!,
and~iii ! a spin system for temperatures lower than the sp
glass transition temperature that comprises an infinite
ferromagnetic network and finite spin clusters~composed of
a set of ferromagnetic coupled spins! which are frozen in
random directions and embedded in the ferromagn
matrix.15 However, the exact nature of the low-temperatu
transition and that of the reentrant state has eluded clea
understanding so far.

The replacement of Fe in Fe rich FeZr alloys by any ot
transition metal~TM! or metalloid elements brings out dra
tic changes in their magnetic behavior depending on the
ture of the substituting elements.16–32 When Fe is replaced
with Co,16,25 the Tc increases drastically and the reentra
behavior is completely destroyed, while Cr substitution lo
ers Tc but low-temperature reentrant SG behavior was
observed.17 Substitution of Mn decreases theTc almost lin-
early and the reentrant behavior is observed up tox516.33

This enables one to characterize and to understand the d
opment of the reentrant SG behavior over a large concen
tion range. Recent study of critical behavior of Co subs
tuted amorphous (a-!FeZr alloys demonstrate that the critic
exponents25 and critical amplitudes are consistent with t
Harris criterion and the exponents do not depend on the c
position. On the other hand, the critical exponents21 obtained
on two of the Mn substituted samples were found to be lar
than the values predicted for the 3DHM. Moreover, the
ponent values seem to depend on Mn substitution. Fro
range-of-fit analysis on binary FeZr and ternary Fe-Co
amorphous alloys, Babuet al.22 argued that the anomalous
large exponent values observed by Nicolaideset al.21 are av-
erage values of the effective critical exponents. As discus
earlier, substitution of Co and Mn ina-Fe90Zr10 shows con-
trasting magnetic behavior making comparison difficu
Subsequently, preliminary analysis on low-temperature
susceptibility3 indicated that the amplitudes of the expone
in the real critical region are same as those predicted
3DHM. Thus no concrete conclusions regarding the natur
06442
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the magnetic phase transition atTc could be drawn from the
quantitative comparison between the values of effective c
cal exponents reported in the literature and those of
asymptotic critical exponents predicted by the theory. The
fore there is an urgent need to carry out a systematic ana
on a series of Mn substituteda-FeZr alloys to investigate the
critical behavior as well as the concentration dependenc
the exponents. In addition, these alloys are suitable for
study of a reentrant magnetic phase that could be obse
over a wide range of concentration.

Systematic magnetization measurements have been
formed as a function of temperature in the temperature ra
4.2–300 K and field up to 50 kOe fora-Fe902xMnxZr10 with
x50, 4, 6, 8, 10, and 12 to seek answers to the follow
questions:

~i! Does the FM order coexists with SG ordering?~or! Is
it a pure SG phase due to random freezing of spins aT
,Tsg?

~ii ! What is the nature of the magnetization in the s
called FM phase (Tsg<T<Tc) for this kind of alloy system?

~iii ! Is the high temperature transition similar to that
conventional ferromagnets? and how do the absence of lo
range atomic order and structurally induced exchange fl
tuations in these materials influence the critical behavior

~iv! Do the critical exponents depend on choice of ma
netic scaling equation of state?

II. EXPERIMENTAL DETAILS

Amorphous Fe902xMnxZr10 (x50, 4, 6, 8, 10, and 12!
alloys were prepared by arc melting the high-purity elem
tal constituents under argon gas atmosphere and by sin
roller melt quenching in the form of long ribbons of 1–2 m
width and 20–40mm thickness. The amorphous nature
the samples was confirmed through x-ray-diffraction stud
using Cu2Ka radiation. The composition of the sample
were verified through energy dispersive x-ray analy
~EDAX!. The analyzed composition is found to be close
the nominal composition at lower Mn concentration a
within 0.4% at higher Mn concentration. The magnetizati
measurements as a function of temperature and field w
carried out on a single long ribbon sample using a Quan
Design superconducting quantum interference dev
~MPMS model! magnetometer with the sensitivity of 1028

emu and a vibration sample magnetometer~Oxford, Maglab
model! with the sensitivity of 1027 emu for all samples ove
the temperature range 4.2–300 K. Since the external app
field was directed along the length of the ribbon and in
plane of the ribbon, demagnetization effects are negligible
the present measurements. The sample temperature was
trolled and monitored by using silicon diode sensor a
proper care has been taken for in-field magnetic meas
ments. For critical behavior study, the data were collected
the closed intervals over the temperature rangeTc250 K to
Tc170 K and in magnetic fields up to 60 kOe. Low-field a
susceptibility data3 have been taken using conventional m
tual induction technique to identify the magnetic phase tr
sition temperatures.
8-2
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III. RESULTS AND DATA ANALYSIS

The zero-field-cooled~ZFC! and field-cooled~FC! mag-
netization (s) curves as a function of temperature under
external field of 10 Oe is shown in Fig. 1 for amorpho
Fe902xMnxZr10 alloys with x50, 4, 6, 8, and 10. The mag
netization data measured as a function of temperature s
some interesting features:~i! a sharp increase ins(T) at
higher temperature (Tc) followed by one more transition a
low temperature, i.e., spin-glass-like transition temperat
(Tsg) where the ZFC and FC curves start to diverge;~ii ! all
the compositions of the present study show a clear dou
transition behavior;~iii ! the shape of thes vs T curve is
observed to be quite sensitive to the applied magnetic fi
ands decreases as Mn concentration increases; and~iv! the
transition from PM to FM decreases from 230 to 154
while the transition from FM- to SG-like behavior increas
from 35 to 65 K as the Mn concentration increases. Th
observations are in good agreement with our earlier ac
ceptibility results.28 The behavior over specific temperatu
ranges is described in detail below.

A. TÏTsg

The presence of low-temperature transition (Tsg) has
been confirmed from dc magnetic measurements. FC
ZFC magnetization experiments have been performed w
different applied magnetic field up to 1.0 kOe. The zero-fi
Tsg@Tsg(0)# is obtained by extrapolating the field depe

FIG. 1. The field-cooled~solid symbol! and zero-field-cooled
~open symbol! magnetization curves in the field of 10 Oe is plott
as a function of temperature for amorphous Fe902xMnxZr10 alloys
with x50, 4, 6, 8, and 10. Arrow indicates the bifurcation poi
between the field-cooled and zero-field-cooled data.
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dence ofTsg to zero field. As shown in Fig. 2, the low
temperature transition shifts to further lower temperatu
with increasing external field, linearly forx50,15,34 while a
nonlinear tendency could be observed for higher Mn conc
tration alloys. Present results show~i! an increase inTsg with
Mn and ~ii ! the nonlinear tendency inTsg(H)/Tsg(0) with
applied field indicating an increase in magnetic disorder
the Mn concentration is increased. These observations
similar to FeZr binary alloys34 and this nonlinear tendency i
high Mn concentration samples may be attributed to
magnetic disorder, which could be either due to more fr
tration or magnetic hardness.13 The field dependence ofTsg
shown in Fig. 2, neither follows theA-T ~Ref. 35! line nor
theG-T line.11 The observed field dependence is smooth a
appears to be saturating at high fields for higher Mn conc
tration, which is in good agreement with the earlier work
binary FeZr alloys.14 However, a further work at highe
fields is very much essential before drawing a definite c
clusion on magnetic structure at lower temperatures.8 Figure
3 shows a typical field dependence of magnetization cur
for x50, 4, 8, 10, and 12 at 4.2 K. The nonsaturation beh
ior of the magnetization curves in applied fields of more th
60 kOe suggests a possible presence of competing exch
interactions. This argument can be further supported by
decrease of the average magnetic moment~inset of Fig. 3!
andTc ~Ref. 28! with increasing Mn concentration. In orde
to understand the magnetic state at low temperatures,
Arrott plot ~AP! is shown in Fig. 4 forx50, 4, 8, 10, and 12

FIG. 2. The normalized value of field dependence of spin-gl
transition temperature with respect to zero field is plotted as a fu
tion of applied field for amorphous Fe902xMnxZr10 alloys. Note:
The field dependence of spin-glass transition taken from Ref. 34
amorphous Fe89Zr11 and Fe92Zr8 is also shown in figure for com-
parison.
8-3
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PERUMAL, SRINIVAS, KIM, YU, RAO, AND DUNLAP PHYSICAL REVIEW B 65 064428
FIG. 3. The magnetic isotherm for amorphous Fe902xMnxZr10

alloys with x50, 4, 8, 10, and 12 at 4.2 K. Inset: the avera
magnetic moment is plotted as a function of Mn concentration.

FIG. 4. The Arrott-plot~plot of s2 versusH/s) for amorphous
Fe902xMnxZr10 alloys withx50 ~o!, 4 (h), 8 (D), 10 (¹), and 12
(L) at 4.2 K.
06442
at 4.2 K, where the observed behavior implicitly indicat
that the magnetic state at low temperature is neither a p
SG state36 nor a pure FM state. The positive intercept ofs2

in the AP also indicates the existence of the FM order be
Tsg . These results suggest a coexistence of FM and SG
ders at low temperature due to competing exchange inte
tions. The development of these interactions can be stu
by investigating the field dependence of the magnetizatio
different temperature regions:~i! T<Tsg , ~ii ! Tsg,T,Tc ,
and~iii ! T>Tc . The hysteresis loop measurements for am
phous Fe82Mn8Zr10 alloy at different temperature is depicte
in Fig. 5~a!, while the coercivity obtained from the
temperature-dependent hysteresis curves is shown in
5~b!. The field dependence of magnetization curves at dif
ent temperature ranges are also shown in the inset of
5~b! for amorphous Fe86Mn4Zr10 alloys. Although the coer-
civity starts to develop belowTc , a rapid increase is ob
served only belowTsg . The rapid change in theHcvsT sug-
gests the interrelation betweenTsg and Hc . The high-field

FIG. 5. ~a! The hysteresis loop measured at different const
temperatures for amorphous Fe82Mn8Zr10 alloy. ~b! The coercivity
as a function of temperature forx54(h) andx58 ~o!. Inset: The
isotherm curve at three different temperatures~i! T<Tsg(d), ~ii !
Tsg<T<Tc ~1! and ~iii ! T>Tc(3)] is plotted fora-Fe86Mn4Zr10

alloy.
8-4
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MAGNETIC PROPERTIES OF AMORPHOUS . . . PHYSICAL REVIEW B 65 064428
slope of the magnetization curves is observed to be large
increases appreciably with Mn concentration.

The high-field region of thes vs H curve can be best de
scribed by an analytical expression,s(H)5xh fH1s0(1
2eH2f), wherexh f is the high-field susceptibility,s0 , e
~the local magnetic anisotropy!, andf(50.5) are constants
In order to determine the various physical parameters w
more accuracy, a detailed nonlinear fitting procedure is
ried out as follows: Initially, the second term in an analytic
expression is set equal to zero and a detailed range-o
analysis is carried out on magnetization data that includes
first term only. In this case,xh f is treated as free paramet
and the minimum field range (Hmin) is fixed at the value for
the data point close to 1 kOe, while the upper valueHmax is
varied. It is observed from the analysis that over a cert
range near high field, the value of the free parameter is
affected within the experimental error. The coefficient of t
first term is defined at the value calculated from the previ
analysis and the range-of-fit analysis is performed in
high-field region with both terms included and all other p
rameters treated as free. The increase of local magnetic
isotropy ~inset of Fig. 6! with Mn concentration and the
high-field susceptibility as a function of temperature forx
50, 4, 8, and 10 are shown in Fig. 6. The value ofxh f
increases with increasing Mn concentration and it decrea
rapidly as the temperature is lowered belowTc and goes
through a broad minimum before attaining a constant va
at lower temperature. This is a typical character of the it
erant ferromagnets. In the case of conventional ferromagn
the high-field susceptibility decreases from the Curie po
continuously and it approaches zero at 0 K. The large va

FIG. 6. The high-field susceptibility is plotted against tempe
ture. The arrow indicates the value ofTc for x50 to 10~from right
to left!. Inset: the local magnetic anisotropy constant (e) obtained at
4.2 K is plotted as a function of Mn concentration.
06442
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of xh f along with low values of magnetic moment andTc are
the indicative of typical itinerant character.

B. TsgÏTÏTc

It is well known that in most of the Fe based amorpho
and crystalline alloys the spin-wave~SW! excitations are
found to dominate the magnetic behavior over a wide te
perature range.26,37 However, in some cases the presence
additional Stoner single-particle~SP! excitations were con-
firmed through the detailed analysis of inelastic neutro
scattering measurements.38,39 To identify the individual con-
tribution of SW and SP excitations, the magnetization data
a function of temperature were taken at constant field of
kOe in the temperature range of 4.2–300 K at 0.3-K interv
for x50 –12. The relative deviation of in-field magnetizatio
from its value at 0 K@the value at 4.2 K is extended to 0 K
and the value at 0 K is taken ass(H,0)], i.e., $@s(H,0)
2s(H,T)#/s(H,0)%5Ds(T) is plotted against the reduce
temperatureT/Tc . In order to examine the contribution o
various excitations, the magnetization data have been
lyzed in the light of both SW theory as well as Ston
excitations.40–42The weak itinerant character can be verifi
through these studies in the FM region. The excitations fr
the SW and SP are nearly independent of each other and
thermal demagnetization due to SW and SP is given by
sum of the both contributions,

Ds~T!5DsSW~T!1DsSP~T!, ~1!

where thesSW(T) and sSP(T) contributions toDs(T) are
given by

DsSW~T!5AT3/2~12D1T22D2T5/2!23/2

3ZS 3

2
,
Tg

T D1BT5/2ZS 5

2

Tg

T D ~2!

and

DsSP~T!5XT3/2e(2D/kBT) ~3!

for strong itinerant ferromagnet,40–42

DsSP~T!5YT2 ~4!

for weak itinerant ferromagnet.40–42

According to spin-wave theory, the relation between t
coefficientsA(B) of theT3/2(T5/2) terms in Eq.~2!, the spin-
wave stiffness constant and the average mean-square r
of exchange interactions, can be written as

D~0!5
kB

4p S z~3/2!gmB

s~0!Ar D 2/3

, ~5!

^r 2&5z21S 5

2D S 4Bs~0!

3pgmB
D S 4pD

kB
D 5/2

, ~6!

wherez(3/2)52.612 andz(5/2)51.342 are the Riemannz
function andr is the density. SincetH5(Tg /T) is less than
1 (tH!1) in the present temperature range, the functio
Z(3/2,Tg /T) and Z(5/2,Tg /T) were defined in the earlie

-

8-5



to

ht
a
o

bu
ng
n
K
er
w
st

-
le

s

a
fo

ng

re

h
n

of
e

-

o
t

e
a

m

ted
lues

me
di-
ita-
ell.

Ni

f
the
to

the
po-
nti-

ced

sake
ret-

er-

d
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analysis.41 A nonlinear least-square-fit program is used
analyze the magnetization data for alloys withx50 –12 us-
ing Eq.~2! including all the parameters. In order to highlig
the dominant contribution, initially, the reduced magnetiz
tion is plotted against different functional dependences
temperature, which helps to confirm the dominant contri
tion individually at different temperature ranges. The fitti
procedure43 is carried out considering only the SW excitatio
contribution in the low-temperature range from 5 to 40
Realizing the fact that besides the contribution of SW th
exist SP excitations, which also contribute to the lo
temperature magnetization of the ferromagnet, the next
of the data analysis is to include in Eq.~2! an additional
term, either Eq.~3! or Eq. ~4!, which denotes the SP excita
tion. The fitting procedure is carried out with all possib
combinations based on Eq.~2!–~4!, i.e., the cases~i! B5X
5Y50, ~ii ! BÞ0, X5Y50, ~iii ! B5XÞ0, Y50, ~iv! B
5X50, YÞ0, ~v! B50, X5YÞ0, ~vi! B5Y50, XÞ0,
~vii ! sSW(T): A50; BÞ0, ~viii ! sSW(T): AÞ0; B50, ~ix!
Eq. ~3! alone, and~x! Eq. ~4! alone, corresponding to the fit
based on~i! T3/2 term alone@one free parameter~FP!#, ~ii !
T3/21T5/2 terms ~two FP’s!, ~iii ! T3/21T5/21T3/2e(2D/kBT)

terms ~four FP’s!, ~iv! T3/21T2 terms ~two FP’s!, ~v! T3/2

1T21T3/2e(2D/kBT) terms ~four FP’s!, ~vi! T3/2

1T3/2e(2D/kBT) terms~three FP’s!, ~vii ! T5/2 term alone~one
FP!, ~viii ! T3/2 term alone~one FP!, ~ix! T3/2e(2D/kBT) term
alone ~two FP’s!, and ~x! T2 term alone~one FP!, respec-
tively. In the range-of-fit analysis, the values of the free p
rameters and quality of fits are continuously monitored
all possible cases as the temperature intervalTmin<T
<Tmax is progressively narrowed down either by keepi
Tmin fixed at a given value and loweringTmax in steps of
2–3 K towardsTmin or by keepingTmax fixed at a certain
value and raisingTmin towardsTmax. The minimum inx2,
which gives the best description of data, is defined as

x r
25S 1

Np2NT
D(

1

N S ~Ds theo.2Dsexp.!
2

s2 D , ~7!

whereNp is the total number of data points that are cove
within the temperature range for fitting procedure andNT is
number of free parameters used for the analysis. Suc
choice enables one to make an unambiguous assessme
the quality of not only a given type of fit as a function
Tmin andTmax, but also of different types of fits in the sam
temperature interval.

The fit to Eq.~2! considering only SW contribution with
out theBT5/2 andYT2 terms yieldsx25231025, which is
almost one order of magnitude less than the minimum p
sible experimental errors. However, the data when fitted
Eq. ~1!, i.e., a combination of Eqs.~2! and ~4!, along with
BT5/2 term ~five FP’s includingD1 and D2) yields an im-
provedx251310210, while the expression given by Eq.~3!
does not describe the magnetization data over any temp
ture interval and the fit yields unphysical values for the p
rametersX and D. The observed values ofD1 and D2 are
very small compared to the other systems.48 So, the fitting
06442
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procedure is carried out by neglecting the contribution fro
D1 andD2 terms in Eq.~2! and the final form of the equation
is defined as

Ds~T!5AT3/2ZS 3

2
,
Tg

T D1BT5/2ZS 5

2

Tg

T D1YT2. ~8!

As shown in Fig. 7, the experimental data and best-fit
curves are almost indistinguishable. The determined va
of the parametersD, Y, andB are shown in Figs. 8~a! and~b!,
respectively, as a function of Mn concentration and so
other important parameters are listed in Table I. This in
cates that a combination of both SW and Stoner SP exc
tions describes the thermomagnetization curve quite w
The value of spin-wave coefficient~A! is almost two orders15

of magnitude greater than for pure Fe and
(.1026 K23/2).

C. 0.9TcÏTÏ1.2Tc

The conflicting6,12,21,25results for the critical behavior o
the magnetic order-disorder phase transition reported in
literature for weak itinerant amorphous alloys prompted us
carry out a detailed study of the critical behavior near
magnetic phase transition by determining the critical ex
nents and the Curie temperature from the zero-field qua
ties such as the inverse zero-field susceptibility (x0

21) and

FIG. 7. The reduced magnetization is plotted against redu
temperature fora-Fe902xMnxZr10 alloys with x54 ~o! and 8 (h).
Note that only one-seventh of the actual data are shown for the
of clarity. The solid curves through the data points are the theo
ical variations predicted by Eq.~1!, which combines Eqs.~2! and
~4! with the choice of parameters listed in Table I. Inset: the diff
ence between experimental and theoretical data@(h) Eq. ~2! 1 Eq.
~3!, ~o! Eq. ~2! 1 Eq. ~4!# is plotted as a function of reduce
temperature.
8-6
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the spontaneous magnetization (ss), obtained from magnetic
isotherm curves in the immediate vicinity of Curie point. T
magnetic order-disorder phase transition is characterized
a set of critical exponentsg, b, and d and these critical

FIG. 8. The various parameters such as~a! spin-wave stiffness
constant~D! ~b! Y and B, obtained from fitting of magnetization
data using Eq.~1! are plotted as a function of Mn concentration f
a-Fe902xMnxZr10 alloys.
06442
by

exponents are interrelated by the Rushbrook’s and Wid
scaling relations, defined asd511g/b and a12b1g22
50.

Figure 9~a! shows the AP fora-Fe82Mn8Zr10, where the
isotherm shows a set of curved~positive! features just below

FIG. 9. ~a! The Arrott plot, s2 versus (H/s), ~b! isotherm
curves ofs1/b versus (H/s)1/g, in the temperature range near th
critical region fora-Fe82Mn8Zr10 alloy.
s

TABLE I. The theoretical fit of parameters to Eq.~1! ~see text! that combines Eqs.~2! and ~4! in the

low-temperature range, intermediate temperature range, and temperature close toTc . Numbers in parenthese
denote the estimated uncertainty in the least significant figure.

x Tc Tsg A D(0) ^r 2& x r
2

~K! a ~K! b ~K! a ~K! b (1024K23/2) meV Å2 Å 2 (10210)

0 227 ~2! 226 ~2! 36 ~2! 35 ~3! 2.924~12! 35.6 ~9! 5.20 ~15! 2.89
4 214 ~1! 213 ~2! 46 ~1! 46 ~2! 3.194~17! 32.5 ~6! 3.53 ~19! 1.05
6 196 ~2! 197 ~3! 50 ~2! 49 ~3! 3.644~9! 30.9 ~7! 3.12 ~11! 1.59
8 187 ~3! 185 ~2! 54 ~2! 55 ~3! 3.190~11! 29.2 ~4! 2.75 ~9! 2.25
10 169~2! 170 ~3! 59 ~2! 60 ~2! 4.552~8! 25.6 ~5! 2.48 ~12! 1.86
12 154~1! 156 ~2! 65 ~2! 67 ~3! 5.232~7! 23.2 ~10! 1.97 ~10! 1.99

aThe value ofTc andTsg obtained from the magnetization study.
bThe value ofTc andTsg obtained from the ac susceptibility study~Ref 33!.
8-7
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TABLE II. The value of the Curie temperature obtained from magnetization measurement, critical
nents used for constructing the Modified-Arrott plot~MAP! and the Curie temperature, critical exponen
obtained from the Simple power-law~SPL! method. Numbers in parentheses denote the estimated uncer
in the least significant figure.

x Tc MAP plot SPL method
~K! b g Tc

2 ~K! be f f s0
e f f ~G! Tc

1 ~K! ge f f s0 /h0 (1023)

0 227 0.345~6! 1.395~10! 226.9 0.37~3! 850 ~15! 227.5 1.38~5! 2.56 ~8!

4 213 0.369~9! 1.368~9! 214.6 0.39~4! 823 ~11! 213.4 1.37~8! 2.73 ~10!

6 197 0.341~3! 1.358~6! 198.6 0.33~2! 810 ~9! 195.6 1.35~5! 2.95 ~7!

8 185 0.365~5! 1.387~12! 186.3 0.37~4! 790 ~11! 185.3 1.36~2! 3.23 ~5!

10 169 0.368~6! 1.384~8! 170.2 0.41~2! 771 ~12! 168.5 1.34~9! 3.98 ~12!

12 154 0.359~9! 1.378~5! 154.6 0.39~5! 755 ~9! 154.2 1.39~5! 4.56 ~9!
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and aboveTc . The usual procedure for extractingss from
s vs H isotherms is to make use of the well-known AP. A
cording to mean-field theory, thes2vs H/s isotherms should
give a set of straight lines@known as Arrott-Kouvel~AK !
plots# just below and aboveTc . The absence of linear be
havior in Fig. 9~a! suggests that the mean-field theory is n
valid for our present case. Often a modified Arrott p
~MAP! or the Arrott-Noakes44 plot is used to obtain a
straight-line fit,25,30,45

S H

s D 1/g

5
T2Tc

Tx
1S s

sx
D 1/b

, ~9!

whereTx andsx are constants that depend on the mater
In order to construct the MAP, a prior knowledge of th
values of the critical exponents or at least an intelligent gu
of the values ofg andb for the system is necessary. Usin
reasonable values, MAP plots are constructed from whichss

and x0
21 values are obtained at various temperatures. F

ss andx0
21, the straightforward method of finding the crit

cal exponents is to use double logarithmic plots of the rela
quantities. However, all the above methods give best res
only when one draws the MAP from proper starting values
g and b. Therefore, to avoid uncertainties in guessing
values ofg andb, we have followed different independen
procedures to analyze the data. The values ofg and b are
treated as free parameters and thes1/b vs (H/s)1/g isotherms
are fitted to straight lines. The averagex f i t

2 is a minimum for
which the linear isotherm atTc , when extrapolated, passe
through the origin. This procedure gives the best values og
and b ~listed in Table II! for which all the isotherms are
linear in the immediate vicinity ofTc . The above procedure
is repeated for various starting values ofg andb until sta-
tionary values ofg andb are obtained. A typical MAP dia-
gram constructed with the exponents obtained from the
ting of a-Fe82Mn8Zr10 magnetization data in the actu
critical region is shown in Fig. 9~b!, where only one-half of
the actual data are shown for the sake of clarity. All t
samples of present investigation show similar plots in
actual critical region. This method permits the accurate
termination of the zero-field quantities through proper cho
of critical exponentsg andb from the intercepts@s(0,T)#1/b

and @x0
21(0,T)#1/g that MAP isotherms make with the ord
06442
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nate forT<Tc and with the abscissa forT>Tc , respectively,
when their high-field regions are extrapolated to (H/s)1/g

50 and s1/b50. The values ofss and x0
21 as computed

from these intercepts are plotted against the temperatur
Fig. 10 for x54, 8, and 12. The data are fitted using t
single power-law~SPL! and Kouvel-Fisher~KF! methods,
which are described as follows:

ss~h!5s0
e f f~2h!be f f, h,0

x0
21~h!5S h0

s0
D e f f

hge f f, h.0J . ~10!

A detailed analysis of the data based on the above equa
shows that the critical exponents depend on the tempera
range selected for fitting procedure. So, this method of an
sis provides only the effective exponents~Table II!. The ef-
fective exponent of the present analysis as a function of
temperature range chosen for fitting is shown in Fig. 11.

FIG. 10. Normalized values of temperature variation of spon
neous magnetization~left-hand axes!, and zero-field susceptibility
~right-hand axes!, along with the fit obtained with the help of
simple power law fora-Fe902xMnxZr10 alloys with x54(1,L),
8(3,h), and 12 (d, o!.
8-8



ri
d
es

-
-

fo

th
-
a
t

or

g

sl

si

th

sis.
of

eld
rd-

ig.
e

he
ge.
ive

r-

st fit

ts

tem-
tainty

MAGNETIC PROPERTIES OF AMORPHOUS . . . PHYSICAL REVIEW B 65 064428
In order to determine the critical exponents and the Cu
temperature with high precision, the Kouvel-Fisher metho46

is followed. This method is an alternative analytical expr
sion of SPL, defined as

CKF~T!5S d~ ln~x0
21!!

dT D 21

5S hTc

g D
DKF~T!5S d~ ln~ss!!

dT D 21

5S hTc

b D J , ~11!

whereh5@T2Tc#/Tc . According to this method, the quan
tities CKF(T) and DKF(T) plotted against a reduced tem
perature range give a straight line with the slopes (1/g) and
(1/b), respectively, with an intercept on theh axis, which is
equal to Tc . Figure 12 shows the plot ofCKF(T) and
DKF(T) as a function of reduced temperature range
amorphous Fe902xMnxZr10 alloys with x54, 8, and 12. The
solid line passing through the data points is the best fit to
data using Eq.~11! and the obtained value of critical expo
nents and Curie temperature are listed in Table III. One
vantage of this method is that one does not need to know
value ofTc and also it provides a consistency condition f
Tc , namely, bothCKF(T) vs T and DKF(T) vs T should
provide the same value ofTc .

Scaling analysis helps to check the validity of the ma
netic scaling equation of state~MSES! and makes use of a
specific form of scaling equation of state to simultaneou
determine the exponentsb and g or b and d from the in-
field magnetization data. Two different methods of analy
are performed ons(H,T) data, in order to determine
whether or not the values of critical exponents depend on

FIG. 11. The effective values of exponents~a! g and ~b! b
plotted against reduced temperature,h5(T2Tc)/Tc , for
a-Fe78Mn12Zr10 alloy.
06442
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selection of magnetic scaling equation of state for analy
In this method, the scaling equation of state is in the form

S H

uhub1gD 5 f 6S s

uhub
D , ~12!

where the6 sign refers to the sign ofh, sm@5s/uhub# and
h@5H/uhub1g# are the scaled magnetization and scaled fi
with respect to the critical exponents, respectively. Acco
ing to Eq. ~12!, the s vs H isotherms in the critical region
fall into two universal curves (f 1 for h.0 and f 2 for h
,0) through a proper choice of parametersTc , b, and g.
The applicability of the above procedure is depicted in F
13 for x56. It is clearly observed from this analysis that th
critical exponent values obtained in this way are only t
effective values, which depend on the temperature ran
These results are summarized in Table IV. An alternat
form of the scaling equation of the state is

sm
2 57u71v7S h

sm
D , ~13!

whereu7 andv7 are related to critical amplitudes to dete
mine the critical exponentsb andg. As shown in the inset of
Fig. 13 for the temperature in the vicinity ofTc , the plots
corresponding tosm

2 @s2/uhu2b# vs h/sm indeed lie in two

FIG. 12. ~a! DKF(T) againsth and~b! CKF(T) againsth, in the
critical region for amorphous Fe902xMnxZr10 alloys with x54, 8,
and 12. The lines passing through the data points show the be
to Eq. ~11!.

TABLE III. The value of Curie temperature, critical exponen
obtained from the Kouvel-Fisher~KF! method over a limited tem-
perature range below and above the magnetic phase transition
perature. Numbers in parentheses denote the estimated uncer
in the least significant figure.

x Range of fit KF method
h(103) b g Tc

2 Tc
1

0 0.9-39 0.353~9! 1.386~3! 226.8~4! 227.0~2!

4 1-40 0.365~6! 1.375~5! 213.2~6! 213.4~1!

6 0.5-50 0.351~4! 1.351~7! 196.8~4! 197.0~3!

8 0.1-30 0.375~5! 1.368~8! 185.1~5! 185.3~3!

10 1-25 0.346~3! 1.349~5! 169.2~8! 168.9~5!

12 2-32 0.369~3! 1.396~7! 153.9~3! 154.2~2!
8-9
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PERUMAL, SRINIVAS, KIM, YU, RAO, AND DUNLAP PHYSICAL REVIEW B 65 064428
universal curves, one forT.Tc and the other forT,Tc ,
through a proper selection of parametersTc , g, andb. This
particular method of analysis provides more accurate va
of g, b, andTc compared to the earlier analysis@Eq. ~12!#,
since slight deviations of the data from the universal cur
are not readily visible in the double logarithmic plot b
these become more perceivable insm

2 vs h/sm plots. The
resulting parameter values are listed in Table IV. The val
of the critical exponents obtained from this analysis are cl
to the asymptotic ones when the value ofh→0.

The critical exponentd can be determined by analyzin
s-H isotherms nearTc . The log plot of s-H at T5Tc
should yield a straight line with slope 1/d and an intercept on
the ordinate equal to critical amplitude. Figure 14 shows
log-log plot constructed usings-H isotherms in the vicinity
of Tc for the x512 sample. This clearly demonstrates th
the isotherm is indeed a straight line atT5Tc and isotherms
on either side ofTc exhibit a convex upward and concav
downward for temperatureT,Tc and T.Tc , respectively.
The values of the exponent determined from the double lo
rithmic plot and extracted from the Rushbrook’s relation~see
Table IV! are in good agreement.

IV. DISCUSSION

The determination of the critical exponents based
asymptotic analysis mainly depends on the choice of
temperature range included in the fitting procedure and
sults denote the average values over this temperature ran45

FIG. 13. The scaling plot on log-log scale based on Eq.~11! of
the magnetic scaling equation of state fora-Fe84Mn6Zr10 alloy. In-
set: sm

2 versush/sm scaling plots based on Eq.~12! of magnetic
scaling equation of state fora-Fe86Mn4Zr10 alloy.
06442
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The critical exponents obtained from the SPL and KF me
ods are consistent with each other. In order to demonst
the way in which the effective values of the exponents
pend on the temperature range we followed the express3

that can be obtained from the KF relation defined as

b* ~T!5S hTc

DKF~T! D , ~14!

g* ~T!5S hTc

CKF~T! D . ~15!

The value ofb* and g* obtained for different temperatur
ranges within the asymptotic critical region are plotted a
function of reduced temperature on a logarithmic scale
Fig. 11. The value of critical exponents fora-Fe902xMnxZr10
alloys are close to those predicted for the 3D Heisenb
ferromagnet. The results of the present investigation mak
clear that unphysically large exponent values as well as
spread in the exponent values reported in earlier studies
results from the analysis carried out on the bulk magnet
tion data taken outside the critical region. This is clear
even in the real critical region the exponents depend on t

TABLE IV. The value of critical exponents obtained from th
magnetic scaling equation of state and critical isotherm analysi
the magnetization data. Numbers in parentheses denote the
mated uncertainty in the least significant figure.

x Method Tc ~K! be f f ge f f d dRR
a

MSES I 228.3 0.371~21! 1.392~17!

0 MSES II 226.8 0.365~18! 1.365~15!

isotherm 227.1 4.75~7! 4.74

MSES I 214.5 0.386~23! 1.367~13!

4 MSES II 213.4 0.371~15! 1.386~9!

isotherm 213.8 4.76~4! 4.735

MSES I 195.4 0.372~16! 1.356~16!

6 MSES II 196.9 0.362~24! 1.379~19!

isotherm 197.1 4.78~4! 4.801

MSES I 183.5 0.346~30! 1.365~19!

8 MSES II 185.3 0.365~23! 1.383~21!

isotherm 185.1 4.79~3! 4.785

MSES I 168.2 0.356~11! 1.346~16!

10 MSES II 169.1 0.362~19! 1.379~8!

isotherm 169.0 4.83~3! 4.872

MSES I 153.2 0.382~13! 1.401~10!

12 MSES II 154.1 0.358~9! 1.368~8!

isotherm 153.9 4.81~2! 4.823

adRR: The critical exponent is determined from the Rushbroo
relationd511g/b.
8-10
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MAGNETIC PROPERTIES OF AMORPHOUS . . . PHYSICAL REVIEW B 65 064428
perature range and possess much larger values foh
.hcross. The main observations that are observed from
analysis are:

~i! The values of critical exponents are independent of
substitution within the experimental error in the actual cr
cal region.

~ii ! The scaling relation is satisfied to a far greater ac
racy by the asymptotic critical exponents than by effect
ones.

~iii ! The agreement between experimental and theor
better for asymptotic exponents than for their effective co
terparts.

The present systematic analysis of magnetization data
ing various methods on a series of amorphous reentran
alloys clearly demonstrates that the larger values of ex
nents reported by Nicolaideset al.21 are not the asymptotic
values but the average effective exponent values that are
tained from the data taken either partially or completely o
side the critical region. The present values of the criti
exponents are very close to the values that are predicted
the 3D Heisenberg ferromagnet. This suggests that the p
ence of disorder and composition has no influence on crit
behavior of the amorphous systems.25,47 Moreover, this be-
havior is also supported by detailed low-field ac suscepti
ity measurements.29

The obtained results of the critical behavior in the pres
investigation find an explanation in terms of the infinite F
matrix plus finite FM spin clusters model, proposed
Kaul.15 According to this model, in the temperature ran
well below Tc(T,Tc), the FM coupling between the spin
that makes up the spin clusters is stronger than that betw

FIG. 14. s vs H isotherms in a log scale at few selected te
peratures just below, above, and atTc for a-Fe78Mn12Zr10 alloy.
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the spins of the FM matrix. As the temperature increa
towardsTc , the exchange interaction between the spins
the FM matrix weakens, while the FM coupling between t
spins within the spin clusters are relatively strong. Sub
quently, the number of spins in the FM matrix decreas
rapidly asT→Tc , so that only a small fraction of spins tha
participate in the FM-PM phase transition atTc . The effect
of Mn substitution in Fe-Zr is to~i! increase the size as we
as number of finite spin clusters,~ii ! decrease the number o
spins in the FM matrix. This implies that the Mn substitutio
reduces the number of spins available on the FM matrix
other words, the fraction of spins participating in the FM-P
transition atTc decreases with increasing Mn substitutio
Since the spin-spin correlation lengthj(T) diverges atTc ,3

the presence of finite spin clusters is not at all felt for t
temperature close toTc in lower Mn concentration. From
this, it is clear that the amorphous and crystalline ferrom
nets exhibit a similar behavior in the real critical region a
both are showing completely different behavior as the reg
comes out of real critical region.49 As the temperature in-
creased beyondTc , the magnetic inhomogeneity in the sp
system is no longer averaged out andge f f begins to increase
and attains a peak value. In this context, it should be no
that so long as the spin-spin correlation length greatly
ceeds the size of the largest spin clusters in the spin sys
no distinction is made between a homogeneous and inho
geneous magnetic system for temperatures in the immed
vicinity of Tc .

The parameter values obtained from the magnetiza
data analysis using SW and SP excitations are shown in F
8 and 15 along with the values ofD obtained for different
systems for comparison.48 The value ofD decreases with Mn
concentration~Fig. 8!, while the ratio betweenD and Tc
remains constant@inset ~a! of Fig. 15# for all the composi-
tions of the present investigations. Moreover, Fig. 15~b!
demonstrates that 1/A}Tc

3/2 indicating the validity of Eq.~5!
and implies that there is a direct correlation betweenD and
Tc over the entire temperature range. In the present serie
amorphous alloys, the spin-wave stiffness constant renorm
izes with temperature in accordance with the compari
predicted by both localized~Heisenberg! model and itinerant
model. However, the linear relation betweenD and Tc ob-
served in the present work can be explained within
framework of two different models: the collective-electro
model and the nearest-neighbor Heisenberg model.50 Accord-
ing to the collective-electron model the value ofTc deter-
mined by SP excitations alone is defined as in the follow
equation:

D5mTc , ~16!

wherem5(kB/8.484kF
2) andkF is the Fermi radius. Equation

~16! provides the slope as 0.014 meV Å2 K21, when the
value ofkF51.5 Å2 is used. It is clear from the above equ
tion that the relation betweenD andTc should be a straigh
line, which passes through the origin. However, the slo
obtained from Fig. 15 is one order of magnitude greater th
that observed by this model. According to nearest-neigh
Heisenberg model, the slopem is defined askBa2/2(S11),

-
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PERUMAL, SRINIVAS, KIM, YU, RAO, AND DUNLAP PHYSICAL REVIEW B 65 064428
wherea is the nearest-neighbor distance andS is the local-
ized atomic spin. However, Eq.~16! gives the slope value
of 0.140 and 0.187 meV Å2 K21 for S51 and S51/2,
respectively, using the value of nearest-neighbor d
tance51 a52.55 Å. This is in excellent quantitative agre
ment with the experimentally observed slopem5D/Tc
50.1449 meV Å2 K21 for this system. The calculated valu
of nearest-neighbor distance is 2.5760.04 Å, which is close
to the values predicted for typical mean nearest neigh
TM-TM distances in amorphous ferromagnets.51 Within the
framework of Heisenberg model, Krey52 has shown thatTc
decreases and the constantA(B) shows a weak~very weak!
increasing trend. The temperature range over wh
(T/Tc)

3/2 term dominates become wider. The coefficie
A(B) shows the weak~very weak! dependence on Mn con
centration compared to other amorphous systems. The
excitation constant calculated on similar systems26 shows
very little variation with Mn concentration. This may be du
to the fact that the analysis was done by neglecting the c
tribution from SP excitations. As shown from the prese
analysis, the SW excitations and SP excitations plus lo

FIG. 15. ~a! The spin-wave stiffness constant is plotted agai
Curie temperature. The dashed line passing through the data p
is the best fit obtained by Eq.~16!. Note: The value ofD extracted
from the other @(FexNi12x)80(B,Si)20 and (FexNi12x)80(P,B)20#
systems~Ref. 48! is also shown for comparison. Inset: the rat
betweenD andTc is plotted againstTc . ~b! the inverse of coeffi-
cient of T3/2 term is plotted againstTc

3/2. The dotted line passing
through data points shows the best fit.
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spin-density fluctuations31 are dominant in the temperatur
ranges 0.16Tc<T<0.40Tc and 0.42Tc<T<0.88Tc , respec-
tively. However, the local-spin-density fluctuations a
strongly suppressed by the external field and hence the
perature dependence of the in-field magnetization is so
governed by the SW and SP excitations for temperatures
to 0.9Tc . For temperatures above and below this ran
(0.9Tc,T,1.2Tc) the fit deviates considerably from the e
perimental data due to enhanced fluctuations in
magnetization31 for temperatures close toTc and the contri-
bution from excitations is much less at low temperatures

Within the framework of the band model, the effect
increasing the Mn concentration should decrease the
change splitting (DE5Iss /NmB , whereN is the number of
spins per unit volume andI is the Stoner parameter! of
spin-up and spin-downd subbands and shifts the Fermi lev
(EF) to lower energies~as the spontaneous magnetizati
decreases with increasingx). In this context, the observatio
that the SW excitation alone seems to account for the
served thermal demagnetization of the spontaneous mag
zation for temperature below a certain reduced temperat
which increases withx but the existence of an additiona
contribution from weak itinerant-type single-particle excit
tion cannot be ruled out. This implies thatEF lies within the
d↓ and d↑ subbands in the entire composition range of t
present study in contrast to the Co substituted samples.
effect of increasing field in the itinerant picture is to increa
the splitting between the spin-up and spin-down subba
and hence by analogy to the influence of increasingDE by
field, strongly suppressing the local spin-density fluctuatio
This is in agreement with the results of the spontaneous
sistive anisotropy53 and high-field susceptibility of the sam
alloys.

The spontaneous magnetization does not go to zero at
temperature belowTc and the observation of a freezing tem
perature provides conclusive evidence for the existence
mixed phasefor T,Tsg . This is further supported from ou
ac susceptibility28 measurements. There are two ways
which a substituting element can actively change the mag
tization: these are~i! to change the Fe moment and~ii ! to
introduce the exchange frustration and drive the magn
structure into collinear/noncollinear. Present analysis of
magnetization data indicates that the magnetic parame
obtained from this study, such as SG transition temperat
average magnetic moment, local magnetic anisotropy, c
cive field, and largexh f , show systematic trends as a fun
tion of Mn concentration. Figure 16 shows a comparat
study of magnetic parameters such as the average mag
moment (mave) and thexh f for various substituting element
as a function of concentration. Themave is small for low Mn
concentration compared to other substituting elements.55 The
mave decreases monotonically with Mn concentration,
contrast with the Co substitution. The present series
samples show that the value ofxh f is high and increases with
increasing Mn concentration. Interestingly, thexh f is found
to be large compared to other TM substitution. On the ot
hand, with Co substitution on FeZr thexh f drops rapidly at
initial stages and attains the constant value for largerx. This
suggests that the Co substitution in FeZr base form m

t
nts
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MAGNETIC PROPERTIES OF AMORPHOUS . . . PHYSICAL REVIEW B 65 064428
stable ferromagnetic alloy with its spin structure approach
the parallel alignment, which is consistent with the variati
of other parameters such asTc and mave . Although the Cr
substitution decreases themave that is similar to Mn substi-
tution, thexh f is very low and comparable to that of Co an
Ni substitution. Moreover, the reentrant behavior is not o
served in Cr substituted samples. This indicates that the m
netism in Mn substituted samples is much more complica
compared to other TM substitutions and it could be spe
lated due to the frustration effects, which result in magne
hardness as seen in Fig. 2. The large value ofxh f , caused by
flipping of weakly coupled antiferromagnetic~AFM! spins
under high magnetic fields, is one characteristic feature
the invar effect. From the above discussion, it is tempting
suggest a possible existence of the noncollinear spin st
ture in the present series. Particularly, belowTc , the varia-
tion of xh f for all samples of present study shows a typic
characteristic of the weak-itinerant ferromagnets.

In view of the exchange frustration model, the presence
FM and AFM exchange interactions in Mn substitut
a-FeZr alloys can result either bond or site frustration
both. The sensitivity of the direct Fe-Fe exchange interac
to the distance between Fe-Fe atoms can be found from
ordination numbers, which is 12 for AFM fcc Fe. Amorpho
Fe90Zr10 alloys56 have an average coordination number

FIG. 16. ~a! The average magnetic moment,~b! high-field sus-
ceptibility for amorphous Fe902xMxZr10 alloys as a function ofM
concentrationx. Note that the values for Ni, Co, and Cr are e
tracted from Ref. 54.
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12–13, which supports the assumption of the presence
AFM exchange interactions. Three-dimensional Heisenb
Monte Carlo simulations with exchange frustration57 indicate
the development of double magnetic transition behavior
soon as the AFM interactions are present. However, the
placement of Fe by a small amount of Mn leads to a decre
in the number of Fe-Fe pairs,58 but the substitution of Mn
forms an AFM coupling between Fe and Mn~though the
AFM coupling between Fe-Mn is weaker than the Fe-Fe c
pling!, which has a tendency to reduce the magnetic mom
and Curie temperature, as we have observed in the pre
investigation. Recent Mossbauer studies also indicate the
velopment of a low-field peak in the hyperfine field distrib
tion as Mn concentration increased and this is attributed
an increase in AFM coupling.26 This phenomenon, howeve
makes it difficult to interpret the observed results by t
homogeneous exchange frustration model,59 where the de-
crease of the magnetic order-disorder phase-transition t
perature is due mainly to a reduction in the ferromagne
interaction strength. Therefore we believe that in-field mu
spin rotation (mSR) and Mossbauer measurements wo
throw some light on microscopic spin structure of the pres
system. Finally, the magnetic phase diagram of the am
phous Fe902xMnxZr10 alloys is shown in Fig. 17. It is clea
from the magnetic phase diagram that the multicritical po
can be obtained at about 23 at. % of Mn. However, it
difficult to produce alloys withx.16 in amorphous form by
the spin quenching technique.

V. CONCLUSION

We have analyzed in detail the critical behavior
a-Fe902xMnxZr10 (x50 –12) alloys in the critical region

FIG. 17. The magnetic phase diagram for amorpho
Fe902xMnxZr10 alloys.
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based on different methods using thermoremanent and t
momagnetization data as a function of temperature. The
served values of critical exponents are not a function of M
content but are rather dependent on the temperature rang
the data in the critical region selected for fitting procedu
Consistent with the Harris criterion the critical exponents a
close to the Heisenberg values, which contradicts ear
analysis.21 A combination of both spin-wave and single
particle excitations are essential to describe the thermom
netization curve over a wide range of temperature (Tsg,T
,Tc). The obtained results provide an evidence forweak
itinerant ferromagnetic behavior in the present series
samples. The detailed analysis of magnetization data and
magnetic parameters obtained from the data indicates
s
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p

I

ys

H

er

O.

y
,

.M

.

Z

06442
er-
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of
.
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the AFM coupling increases significantly as Mn concent
tion is increased, resulting in a greater degree of frustra
that is consistent with the coexistence of FM and AF
states.
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