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The magnetization as a function of field and temperature has been measured for a series of amorphous
Feyo_yMn,Zry alloys withx=0-12 in the temperature range 4.2—300 K. All the samples of the present study
show double transitiorfreentrant behavior below room temperature. The high-temperature transifigh (
decreases linearly at about 6 K/at. % of Mn, while the low-temperature transitigh ificreases at about 2.6
K/at. % of Mn. A detailed analysis of the temperature dependence of magnetization data (@v&gis-wave
excitations at low-temperature, single-particle excitations and local-spin-density fluctuat®DE’s) over a
wide range of intermediate temperatures and enhanced fluctuations in the local magnetization for temperature
close toT contribute dominantly to the thermal demagnetization of spontaneous magnetizétjomsternal
applied magnetic field of strength5 kOe suppresses the LSDF{§j) the spin-wave stiffness consta(id)
decreases from 35:60.3 to 23.2-0.2 meV A2 with increasing Mn concentration; ar(@/) the D/T, 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{ §— 1= y/B anda+ y=2(1— B) ] 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.
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[. INTRODUCTION such material that has been thoroughly investigated through
various experimental techniques is amorphoas KeypZrig
The nature of the transition from a magnetically orderedalloy. Critical behavior studie%;* which relate various ther-
to disordered state and plausible descriptions of the micromodynamical quantities near the ferromagnéfill) to para-
scopic states in quenched systems with random exchangeagnetic(PM) phase transition, have been performed in or-
interactions have been the topics of recent interest both theaer to understand the nature of the magnetic phase transition
retically and experimentally. The frustration arising as a con-at the Curie point and the type of magnetic ordering below
sequence of exchange interactions of both signs has a varietiye Curie point. From the detailed and careful analysis of
of manifestations in the observed magnetic properties fomagnetic and transport studies, it has been demonstrated that
glassy ferromagnetsi) in the ferromagnetic regime, the mo- there is no influence of structural disorder on the values of
ments retain some of their randomness even at high fields asymptotic critical exponents that are measured in materials
large as 200 kOe(ji) the magnetic isotherms show a large where the critical exponent for the pure material is nega-
differential susceptibility, andiii) the spontaneous magneti- tive (i.e., the so-called Harris criterion On the other hand,
zation that develops in the ferromagnetic state at the Curithe exponenfsobtained from bulk-magnetization datéd (
temperature T.) gets reduced to a small value at a finite <200 Oe) in the critical region deviate from the Heisenberg
temperature well beloW, giving way to a spin-glass-like values. Reanalysis of the data indicate the critical expohents
behavior. Kakehashhas predicted that the local atomic mo- obtained in the real critical region are in good agreement
ment on an atom depends on the number of first nearestith three-dimensional short-range nearest-neighbor Heisen-
neighbors. Also the sign of the magnetic coupling changeberg ferromagnet3DHM). The magnetic properties of
with the local environments leading to frustration of mo- Fe o, .Zr. with c=8 and 10 showed superparamagnetic be-
ments that results in complex magnetic characteristics. Onkavior aboveT. where the mean magnetic moment of the

0163-1829/2002/66)/06442815)/$20.00 65 064428-1 ©2002 The American Physical Society



PERUMAL, SRINIVAS, KIM, YU, RAO, AND DUNLAP PHYSICAL REVIEW B 65 064428

superparamagnetic spin clusfedecreased with increasing the magnetic phase transition &t could be drawn from the
temperaturé. quantitative comparison between the values of effective criti-
The phenomenon of reentrant spin-gldS&) behavior cal exponents reported in the literature and those of the
usually exhibited by both amorphous and crystalline magasymptotic critical exponents predicted by the theory. There-
netic systems has also received scientific attention. The ndere there is an urgent need to carry out a systematic analysis
ture of the reentrant SG transition has been investigated exn a series of Mn substitutedFeZr alloys to investigate the
tensively both theoretically and experimentally. Most of thecritical behavior as well as the concentration dependence of
results were interpreted using the Sherrington andhe exponents. In addition, these alloys are suitable for the
Kirkpatrik'® model in terms of Ising spins. This theory pre- study of a reentrant magnetic phase that could be observed
dicts a double transition PMFM—SG behavior, but here gver a wide range of concentration.
the lowest temperature SG phase is a pure spin glass and not Systematic magnetization measurements have been per-
a mixed FM and SG phase. Later, with isotropic vectorformed as a function of temperature in the temperature range

spinst! it was shown as a mixed phase where a spontaneous2_300 K and field up to 50 kOe far-Fey,_,Mn,Zr;o with
magnetization coexists with a SG ordering of the transversg=0, 4, 6, 8, 10, and 12 to seek answers to the following
components of the spins. From experimental studies threguestions:

different views have emergedi) a reentrant phase co- (i) Does the FM order coexists with SG ordering?) Is

existing with the spin clusters of antiferromagnetic Fe spinst a pure SG phase due to random freezing of spind at
and a ferromagnetic FeZr matrix in which the spin clusters<-|-S 2

are frozen in random orientation;* i) the reentrant phase  (ji) what is the nature of the magnetization in the so-

is a mixed phase where the ferromagnetic state co-exists witkg|led EM phaseTsq<T=T,) for this kind of alloy system?

a transverse SG orderin¥ plane with spontaneous mag- (i) Is the high temperature transition similar to that in
netization in the direction of the broken symméfr{z axis,  conventional ferromagnets? and how do the absence of long-
and(iii) a spin system for temperatures lower than the spinrange atomic order and structurally induced exchange fluc-
glass transition temperature that comprises an infinite 3Quations in these materials influence the critical behavior?

ferromagnetic network and finite spin clustécomposed of (iv) Do the critical exponents depend on choice of mag-
a set of ferromagnetic coupled spinshich are frozen in  netic scaling equation of state?

random directions and embedded in the ferromagnetic

matrix > However, the exact nature of the low-temperature

transition ar_1d that of the reentrant state has eluded clear-cut Il. EXPERIMENTAL DETAILS
understanding so far.

The replacement of Fe in Fe rich FeZr alloys by any other Amorphous Fg_,Mn,Zr;, (x=0, 4, 6, 8, 10, and 12
transition metalTM) or metalloid elements brings out dras- alloys were prepared by arc melting the high-purity elemen-
tic changes in their magnetic behavior depending on the naal constituents under argon gas atmosphere and by single-
ture of the substituting element&:3 When Fe is replaced roller melt quenching in the form of long ribbons of 1-2 mm
with Co®? the T, increases drastically and the reentrantwidth and 20—4Qum thickness. The amorphous nature of
behavior is completely destroyed, while Cr substitution low-the samples was confirmed through x-ray-diffraction studies
ers T. but low-temperature reentrant SG behavior was nousing Cu-K, radiation. The composition of the samples
observed’ Substitution of Mn decreases tfe almost lin-  were verified through energy dispersive x-ray analysis
early and the reentrant behavior is observed up;ztdL6.33 (EDAX). The analyzed composition is found to be close to
This enables one to characterize and to understand the devéite nominal composition at lower Mn concentration and
opment of the reentrant SG behavior over a large concentrawithin 0.4% at higher Mn concentration. The magnetization
tion range. Recent study of critical behavior of Co substi-measurements as a function of temperature and field were
tuted amorphousa-)FeZr alloys demonstrate that the critical carried out on a single long ribbon sample using a Quantum
exponent® and critical amplitudes are consistent with the Design superconducting quantum interference device
Harris criterion and the exponents do not depend on the com{MPMS mode] magnetometer with the sensitivity of 19
position. On the other hand, the critical expon&httained emu and a vibration sample magnetomé@xford, Maglab
on two of the Mn substituted samples were found to be largemode) with the sensitivity of 107 emu for all samples over
than the values predicted for the 3DHM. Moreover, the exthe temperature range 4.2—300 K. Since the external applied
ponent values seem to depend on Mn substitution. From field was directed along the length of the ribbon and in the
range-of-fit analysis on binary FeZr and ternary Fe-Co-Zmlane of the ribbon, demagnetization effects are negligible in
amorphous alloys, Babet al?? argued that the anomalously the present measurements. The sample temperature was con-
large exponent values observed by Nicolaideal? are av-  trolled and monitored by using silicon diode sensor and
erage values of the effective critical exponents. As discusseproper care has been taken for in-field magnetic measure-
earlier, substitution of Co and Mn ia-FeyZr;o shows con-  ments. For critical behavior study, the data were collected in
trasting magnetic behavior making comparison difficult.the closed intervals over the temperature raihge 50 K to
Subsequently, preliminary analysis on low-temperature ad.+ 70 K and in magnetic fields up to 60 kOe. Low-field ac
susceptibility indicated that the amplitudes of the exponentssusceptibility dathhave been taken using conventional mu-
in the real critical region are same as those predicted byual induction technique to identify the magnetic phase tran-
3DHM. Thus no concrete conclusions regarding the nature afition temperatures.
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FIG. 2. The normalized value of field dependence of spin-glass
FIG. 1. The field-cooledsolid symbo) and zero-field-cooled transition temperature with respect to zero field is plotted as a func-
(open symbgl magnetization curves in the field of 10 Oe is plotted tion of applied field for amorphous ke Mn,Zro alloys. Note:
as a function of temperature for amorphouseEgMn,Zr;, alloys  The field dependence of spin-glass transition taken from Ref. 34 for
with XZO, 4, 6, 8, and 10. Arrow indicates the bifurcation point amorphous F@Zrll and F@zer is also shown in figure for com-
between the field-cooled and zero-field-cooled data. parison.

lll. RESULTS AND DATA ANALYSIS dence ofTg4 to zero field. As shown in Fig. 2, the low-
The zero-field-cooledZFC) and field-cooledFC) mag- ~ temperature transition shifts to further lower temperatures

. . . . . . . . o 15,34 .
netization ) curves as a function of temperature under theWith increasing external field, linearly for=0,""while a
external field of 10 Oe is shown in Fig. 1 for amorphousnonlinear tendency could be observed for higher Mn concen-

Fey,_xMn,Zr, alloys withx=0, 4, 6, 8, and 10. The mag- tration alloys. Present results shéwan increase iff ;4 with
netization data measured as a function of temperature sho¥{n and (i) the nonlinear tendency ifiso(H)/Ts4(0) with
some interesting featuregi) a sharp increase ior(T) at applied field |nd|ca_t|ng_an_ increase in magnetic dlso_rder as
higher temperatureT(,) followed by one more transition at the Mn concentration is increased. These observations are
low temperature, i.e., spin-glass-like transition temperaturéimilar to FeZr binary alloy¥ and this nonlinear tendency in
(Tsg) Where the ZFC and FC curves start to diverg®;all high Mn concentration samples may be attributed to the
the compositions of the present study show a clear doublB'@gnetic disorder, which c%%uld be either due to more frus-
transition behavior{iii) the shape of ther vs T curve is  tration or magnetic hardnessrhe field dependence s
observed to be quite sensitive to the applied magnetic fiel§0wn in Fig. 2, neither follows tha-T (Ref. 33 line nor
and o decreases as Mn concentration increases;(andhe  the G-T line. " The observed field dependence is smooth and
transition from PM to FM decreases from 230 to 154 K,appears to be_se}turating at high fields_ for higher.Mn concen-
while the transition from FM- to SG-like behavior increases!ration, which is in good agreement with the earlier work on
from 35 to 65 K as the Mn concentration increases. Thes@inary FeZr alloys:* However, a further work at higher
observations are in good agreement with our earlier ac sudi€lds is very much essential before drawing a definite con-

ceptibility results?® The behavior over specific temperature ¢lusion on magnetic structure at lower temperatfirigure
ranges is described in detail below. 3 shows a typical field dependence of magnetization curves

for x=0, 4, 8, 10, and 12 at 4.2 K. The nonsaturation behav-
A T<T ior of the magnetization curves in applied fields of more than
T se 60 kOe suggests a possible presence of competing exchange

The presence of low-temperature transitiofis§) has interactions. This argument can be further supported by the
been confirmed from dc magnetic measurements. FC andecrease of the average magnetic monierget of Fig. 3
ZFC magnetization experiments have been performed witland T, (Ref. 28 with increasing Mn concentration. In order
different applied magnetic field up to 1.0 kOe. The zero-fieldto understand the magnetic state at low temperatures, the
Tsd Tso(0)] is obtained by extrapolating the field depen- Arrott plot (AP) is shown in Fig. 4 fox=0, 4, 8, 10, and 12
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FIG. 3. The magnetic isotherm for amorphous,FeMn, Zr,q
alloys with x=0, 4, 8, 10, and 12 at 4.2 K. Inset: the average
magnetic moment is plotted as a function of Mn concentration.
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FIG. 4. The Arrott-plot(plot of o versusH/¢?) for amorphous
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FIG. 5. (a) The hysteresis loop measured at different constant
temperatures for amorphousghidngZr;, alloy. (b) The coercivity
as a function of temperature far=4 () andx=8 (0). Inset: The
isotherm curve at three different temperatu(@sT<T.y(®), (i)
Tsg=T=T, (+) and(iii) T=T¢(X)] is plotted fora-FeMn,Zr;,
alloy.

at 4.2 K, where the observed behavior implicitly indicates
that the magnetic state at low temperature is neither a pure
SG staté® nor a pure FM state. The positive interceptadt

in the AP also indicates the existence of the FM order below
Tsg- These results suggest a coexistence of FM and SG or-
ders at low temperature due to competing exchange interac-
tions. The development of these interactions can be studied
by investigating the field dependence of the magnetization in
different temperature region§) T<Tgq, (i) Tsq<T<T,,
and(iii) T=T.. The hysteresis loop measurements for amor-
phous Fg,MngZr,q alloy at different temperature is depicted

in Fig. 5a), while the coercivity obtained from the
temperature-dependent hysteresis curves is shown in Fig.
5(b). The field dependence of magnetization curves at differ-
ent temperature ranges are also shown in the inset of Fig.
5(b) for amorphous RgMn,Zr,, alloys. Although the coer-
civity starts to develop below, a rapid increase is ob-
served only belowl 4. The rapid change in the .vsT sug-
gests the interrelation betwediy, andH.. The high-field
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20 of xns along with low values of magnetic moment ahgdare
the indicative of typical itinerant character.

B. To<T<T,

It is well known that in most of the Fe based amorphous
and crystalline alloys the spin-wav&W) excitations are
found to dominate the magnetic behavior over a wide tem-
perature rangé®®” However, in some cases the presence of
additional Stoner single-particléSP excitations were con-
firmed through the detailed analysis of inelastic neutron-
scattering measuremerits>° To identify the individual con-
tribution of SW and SP excitations, the magnetization data as
a function of temperature were taken at constant field of 10
kOe in the temperature range of 4.2—-300 K at 0.3-K intervals
for x=0-12. The relative deviation of in-field magnetization
from its value at 0 K[the value at 4.2 K is extended to 0 K
and the value @0 K is taken aso(H,0)], i.e., {[a(H,0)
—o(H,T)]/o(H,0)}=Ac(T) is plotted against the reduced

. L e N temperaturel/T;. In order to examine the contribution of

0 50 100 150 200 250 various excitations, the magnetization data have been ana-
T (K) lyzed in the light of both SW theory as well as Stoner
excitations!®=*>The weak itinerant character can be verified

FIG. 6. The high-field susceptibility is plotted against tempera-through these studies in the FM region. The excitations from
ture. The arrow indicates the value Bf for x=0 to 10(from right ~ the SW and SP are nearly independent of each other and the

to left). Inset: the local magnetic anisotropy constas)tg¢btained at  thermal demagnetization due to SW and SP is given by the
4.2 K is plotted as a function of Mn concentration. sum of the both contributions,

1,, (10" emu/g Oe)

slope of the magnetization curves is observed to be large and Ao(T)=Aosw(T) +Aosp(T), @)

increases appreciably with Mn concentration. where theas(T) and osx(T) contributions toAo(T) are
The high-field region of ther vs H curve can be best de- given by

scribed by an analytical expression(H)= x,iH+ op(1

—eH %), where yy( is the high-field susceptibilitygy, € Aosw(T)=AT¥q1-D,T?~D,T>?) "%
(the local magnetic anisotropyand ¢(=0.5) are constants. 5T
In order to determine the various physical parameters with X Z E’?g +BT5’2Z(§ ?g) 2

more accuracy, a detailed nonlinear fitting procedure is car-
ried out as follows: Initially, the second term in an analytical gnd
expression is set equal to zero and a detailed range-of-fit
analysis is carried out on magnetization data that includes the Aogp(T)=XT32%(~4/ksT) ®)
first term only. In this casey,; is treated as free parameter
and the minimum field rangeH(,,;,,) is fixed at the value for
the_data p_oint close to 1 kOe, while the_z upper vatyg, . is _ AoshT)=YT? (4
varied. It is observed from the analysis that over a certain

range near high field, the value of the free parameter is urfor weak itinerant ferromagnét:-+2

affected within the experimental error. The coefficient of the According to spin-wave theory, the relation between the
first term is defined at the value calculated from the previousoefficientsA(B) of the T¥4T%?) terms in Eq.(2), the spin-
analysis and the range-of-fit analysis is performed in thevave stiffness constant and the average mean-square range
high-field region with both terms included and all other pa-of exchange interactions, can be written as

rameters treated as free. The increase of local magnetic an-

for strong itinerant ferromagnéf;

isptropy (inset of .F!g. 6 with Mn .concentration and the D(O):E(§(3/2)9MB)2/3 o
high-field susceptibility as a function of temperature for 47\ o(0)Ap '

=0, 4, 8, and 10 are shown in Fig. 6. The value xgf

incr_eases with increasing Mr_1 concentration and it decreases ) (5 4Bo(0)\ [ 47D\ %?

rapidly as the temperature is lowered beldw and goes (rH=¢ 5)( 3779#3)( ke ) : (6)

through a broad minimum before attaining a constant value
at lower temperature. This is a typical character of the itin-where {(3/2)=2.612 and{(5/2)=1.342 are the Riemani
erant ferromagnets. In the case of conventional ferromagnetgjnction andp is the density. Sincé,=(T4/T) is less than
the high-field susceptibility decreases from the Curie pointl (ty<1) in the present temperature range, the functions
continuously and it approaches zero at 0 K. The large value(3/2,T,/T) and Z(5/2,T4/T) were defined in the earlier
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analysis*! A nonlinear least-square-fit program is used to
analyze the magnetization data for alloys witk 0—12 us-

ing Eqg.(2) including all the parameters. In order to highlight
the dominant contribution, initially, the reduced magnetiza-
tion is plotted against different functional dependences of
temperature, which helps to confirm the dominant contribu-
tion individually at different temperature ranges. The fitting
procedur&® is carried out considering only the SW excitation
contribution in the low-temperature range from 5 to 40 K.
Realizing the fact that besides the contribution of SW there —~
exist SP excitations, which also contribute to the low- =
temperature magnetization of the ferromagnet, the next sterg
of the data analysis is to include in E() an additional

term, either Eq(3) or Eq. (4), which denotes the SP excita-
tion. The fitting procedure is carried out with all possible
combinations based on EQ®)—(4), i.e., the case$i) B=X
=Y=0, (i) B#0, X=Y=0, (iii) B=X#0, Y=0, (iv) B
=X=0, Y#0, (v) B=0, X=Y#0, (vi) B=Y=0, X+#0,

(vii) osW(T): A=0; B#0, (viii) osw(T): A#0; B=0, (ix)

Eq. (3) alone, andx) Eqg. (4) alone, corresponding to the fits
based on(i) T*? term alone[one free parameteiFP)], (ii)

T324+ 752 terms (two FP'9, (jii) T3+ 752+ 13/2e(~4/kgT)

terms (four FP'9, (iv) T¥2+T2 terms (two FP’9, (v) T%? o .
+T24T32e(-AkeT)  terms (four FP9, (vi) T3/ FIG. 7. The reduced magnetization is plotted against reduced

+ T3/2g(~AlkgT) terms(three FP’3, (vii) T52 term alone(one temperature foa-Fey,_,Mn,Zr;, alloys withx=4 (o) and 8 (d).
EP), (viii) T32 term alone(one F,F) (iX) T32a(~A/KsT) term Note that only one-seventh of the actual data are shown for the sake

of clarity. The solid curves through the data points are the theoret-
alone (two FP'9, and (x) T? term alone(one FP, respec- vy g P

. . . ical variations predicted by Eq1), which combines Eqs2) and
tively. In the range-of-fit analysis, the values of the free Pa-+4) with the choice of parameters listed in Table I. Inset: the differ-

rameters and quality of fits are continuously monitored forg e petween experimental and theoretical Bt Eq. (2) + Eq.

all_possible cases as the temperature inteVai,<T  (3) (0) Eq. (2) + Eq. (4)] is plotted as a function of reduced
<Tmax is progressively narrowed down either by keepingtemperature.

Tmin fixed at a given value and lowering,,,x in steps of
2-3 K towardsT iy or by keepingT . fixed at a c_ertglin procedure is carried out by neglecting the contribution from
value and raisindl i, towardsTax. The minimum iny®, D, andD, terms in Eq(2) and the final form of the equation

0.0

-0.1

-0.2

(1) ov

-0.3

-0.4

which gives the best description of data, is defined as is defined as
3T 5T
) 1 N [(AGiheo—Avexp)? AG(T)=AT3/ZZ(§,?Q +BT2Z E?g +YT2. (8)
Xi= 2 ; N

Np_NT g
As shown in Fig. 7, the experimental data and best-fitted

] ) curves are almost indistinguishable. The determined values
whereN, is the total number of data points that are coveredys the parameter®, Y, andB are shown in Figs. @) and(b),

within the temperature range for fitting procedure &hdis  regpectively, as a function of Mn concentration and some
number of free parameters used for the analysis. Such @ner important parameters are listed in Table 1. This indi-
choice enables one to make an unambiguous assessmentcgkes that a combination of both SW and Stoner SP excita-
the quality of not only a given type of fit as a function of tjons describes the thermomagnetization curve quite well.
Tmin @ndTmay, but also of different types of fits in the same The value of spin-wave coefficiefw) is almost two orders

temperature interval. ~_ of magnitude greater than for pure Fe and Ni
The fit to Eq.(2) considering only SW contribution with- (=10"6K 33

out theBT*? and Y T? terms yieldsy?=2x10"°, which is

almost one order of magnitude less than the minimum pos-

sible experimental errors. However, the data when fitted to C. 09T <T<12T,

Eq. (1), i.e., a combination of Eqg2) and (4), along with The conflicting122%?results for the critical behavior of
BT®? term (five FP’s includingD; andD,) yields an im-  the magnetic order-disorder phase transition reported in the
provedy?=1x 1010 while the expression given by E¢}) literature for weak itinerant amorphous alloys prompted us to
does not describe the magnetization data over any temperaarry out a detailed study of the critical behavior near the
ture interval and the fit yields unphysical values for the pa-magnetic phase transition by determining the critical expo-
rametersX and A. The observed values @, andD, are  nents and the Curie temperature from the zero-field quanti-
very small compared to the other systefi§o, the fitting ties such as the inverse zero-field susceptibil'mgj() and
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constant(D) (b) Y and B, obtained from fitting of magnetization yrves ofo¥8 versus (-|/0')l/7, in the temperature range near the
data using Eq(1) are plotted as a function of Mn concentration for qitical region fora-Fey,MngZr;, alloy.

a-Feyo_yMn,Zry, alloys.

exponents are interrelated by the Rushbrook’s and Widom
the spontaneous magnetizatian), obtained from magnetic scaling relations, defined as=1+ /8 and a+28+ y—2
isotherm curves in the immediate vicinity of Curie point. The =0.
magnetic order-disorder phase transition is characterized by Figure 9a) shows the AP fom-Fe;,MngZr,,, where the
a set of critical exponenty, B8, and 6 and these critical isotherm shows a set of curvéplositive features just below

TABLE I. The theoretical fit of parameters to E€l) (see texk that combines Eq92) and (4) in the
low-temperature range, intermediate temperature range, and temperature Glos8ltonbers in parentheses
denote the estimated uncertainty in the least significant figure.

X T Tsg A D(0) (r? b
(K)? (K)® (K)?2 (K)®  (10%K~*3)  meVA? Az (10719

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) 325(6)  3.53(19 1.05
6 196(2) 197(3) 50(2 49(3) 3.644(9) 309(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 16920 170(3) 59(2) 60(2) 4.552(8) 25.6(5) 2.48(12) 1.86
12 154(1) 156(22) 65(2 67(3) 5.232(7) 23.2(100  1.97(10 1.99

®The value ofT, and T obtained from the magnetization study.
®The value ofT. and T4, obtained from the ac susceptibility studref 33.
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TABLE II. The value of the Curie temperature obtained from magnetization measurement, critical expo-
nents used for constructing the Modified-Arrott pl&dAP) and the Curie temperature, critical exponents
obtained from the Simple power-lai8PL) method. Numbers in parentheses denote the estimated uncertainty
in the least significant figure.

x T MAP plot SPL method
(K) B y Toe (K) Berr  0"(G) TI(K)  Yerr  oolhy (1079)

0 227 0.3456) 1.395(10) 226.9 0.37(3) 850(15 227.5 1.38(5) 2.56(8)
4 213 0.3699) 13689 214.6 0394) 823(11) 2134 1378  2.73(10)
6 197 0.341(3) 1.358(6) 198.6 0.332) 810(9 1956 1.3505) 2.95(7)
8 185 0.3655) 1.387(12 186.3 0.37(4) 790(11) 1853 1.36(2) 3.23(5)
10 169 0.3686) 1.384(8) 170.2 0.412) 771(12 1685 1.349)  3.98(12)
12 154 0.3599) 1.378(5 154.6 0.395) 755(9) 154.2 1.395) 4.56(9)

and aboveT.. The usual procedure for extracting, from  nate forT<T_ and with the abscissa fdr=T,, respectively,

o vs H isotherms is to make use of the well-known AP. Ac-when their high-field regions are extrapolated té/§)Y”
cording to mean-field theory, the?vs H/o isotherms should =0 and ¢*#=0. The values ofo and Xgl as computed
give a set of straight linefknown as Arrott-Kouvel(AK)  from these intercepts are plotted against the temperature in
plots] just below and abovd@ .. The absence of linear be- Fig. 10 forx=4, 8, and 12. The data are fitted using the
havior in Fig. 9a) suggests that the mean-field theory is notsingle power-law(SPL) and Kouvel-FishefKF) methods,
valid for our present case. Often a modified Arrott plotwhich are described as follows:

(MAP) or the Arrott-Noake¥ plot is used to obtain a

straight-line fit>394°

E
— = + ,
Tx

oy m)=ad'l(—n)ferr,  p<0
(10)

o Oy

eff
9 X01(7l)=<_0) peff, n>0

whereT, and o, are constants that depend on the material.

In order to construct the MAP, a prior knowledge of the A detailed analysis of the data based on the above equation
values of the critical exponents or at least an intelligent guesghows that the critical exponents depend on the temperature
of the values ofy and 3 for the system is necessary. Using range selected for fitting procedure. So, this method of analy-
reasonable values, MAP pIOtS are constructed from Wh'g:h sis provides On|y the effective exponem'ﬂgatﬂe ||) The ef-

and y, * values are obtained at various temperatures. Fronfective exponent of the present analysis as a function of the
o andy, !, the straightforward method of finding the criti- temperature range chosen for fitting is shown in Fig. 11.

cal exponents is to use double logarithmic plots of the related
guantities. However, all the above methods give best results
only when one draws the MAP from proper starting values of
vy and B. Therefore, to avoid uncertainties in guessing the
values ofy and B, we have followed different independent
procedures to analyze the data. The valuey @nd 8 are
treated as free parameters anddi& vs (H/o)Y” isotherms 0.8 -
are fitted to straight lines. The avera;g?;t is @ minimum for
which the linear isotherm af., when extrapolated, passes
through the origin. This procedure gives the best valueg of
and B (listed in Table 1) for which all the isotherms are
linear in the immediate vicinity oT .. The above procedure

is repeated for various starting values-pfand 8 until sta-
tionary values ofy and 8 are obtained. A typical MAP dia-
gram constructed with the exponents obtained from the fit-
ting of a-Fe;,MngZr;, magnetization data in the actual 0.0 150 150 21'07 0.0
critical region is shown in Fig. ®), where only one-half of

the actual data are shown for the sake of clarity. All the TK)

samples of present investigation show similar plots in the g 10, Normalized values of temperature variation of sponta-
actual critical region. This method permits the accurate depeous magnetizatiofieft-hand axel and zero-field susceptibility
termination of the zero-field quantities through proper choicright-hand axes along with the fit obtained with the help of a
of critical exponentsy and 3 from the intercept§o(0,T)]Y# simple power law fora-Fey,_,Mn,Zr;, alloys with x=4(+, ),
and[ xo 1(0,T)]Y” that MAP isotherms make with the ordi- 8(x,0), and 12 @, o).

1.2 1.2

0.8

&\&

¢ (0,TYo, (T)
(10), ™K L'0), X

o
~
T

0.4
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FIG. 12. (a) Dgg(T) againsty and(b) Cxg(T) againsty, in the
038 a critical region for amorphous kg ,Mn,Zr;, alloys with x=4, 8,
o and 12. The lines passing through the data points show the best fit
os7f l 5 to Eq. (12).
o s
o3sf selection of magnetic scaling equation of state for analysis.
ﬁ% In this method, the scaling equation of state is in the form of
035} bl
L H o
0,01 0.1 | = o ( _B> , (12
n | 9|7 | 7]

FIG. 11. The effective values of exponeri@ y and (b) g Where thei+sign refers to the sign of, o[ = o/| 7] and
plotted against reduced temperaturey=(T—T.)/T., for N[= H/| »|P* 7] are the scaled magnetization and scaled field

a-Fe,gMng,Zry, alloy. with respect to the critical exponents, respectively. Accord-
ing to Eq.(12), the o vs H isotherms in the critical region
In order to determine the critical exponents and the Curidall into two universal curvesf(. for »>0 andf_ for 7
temperature with high precision, the Kouvel-Fisher meffiod <0) through a proper choice of parametdis, 8, andy.
is followed. This method is an alternative analytical expres-The applicability of the above procedure is depicted in Fig.
sion of SPL, defined as 13 forx=6. It is clearly observed from this analysis that the
critical exponent values obtained in this way are only the
d('”()( Iyt effective values, which depend on the temperature range.
Cke(T)= ( ) ( ) These results are summarized in Table IV. An alternative
d(ln(os)) U '
ow =] 75

(11)  form of the scaling equation of the state is

wheren=[T—T.]/T.. According to this method, the quan- . .
tities Cxp(T) and De(T) plotted against a reduced tem- whereuI a_n_duI are related to critical ampll_tudes _to deter-
perature range give a straight line with the slopeg(Hnd  Mine the critical exponen{8 and V. As.shqwn in the inset of
(1/8), respectively, with an intercept on theaxis, which is ~ Fig- 13 for the terr;pegaturczaﬁln the vicinity df, the plots
Dye(T) as a function of reduced temperature range for , .
amorphous Fg_,Mn,Zr,, alloys withx=4, 8, and 12. The TABLE IIl. The value of Curie temperature, critical exponents

—xViHix 1 O :
solid line passing through the data points is the best fit to th@0tained from the Kouvel-Fish@KF) method over a limited tem-
data using Eq(11) and the obtained value of critical expo- perature range below and above the magnetic phase transition tem-
nents and Curie temperature are listed in Table Ill. One adperature Numbers in parentheses denote the estimated uncertainty
vantage of this method is that one does not need to know the the least significant figure.
value of T; and also it provides a consistency condition for

: (13

Om

x Range of fit KF method
Te, _namely, bothCye(T) vs T and Dgg(T) vs T should 2(10%) B y TS T*
provide the same value df, .
Scaling analysis helps to check the validity of the mag- 0 0.9-39 0.3539) 1.386(3) 226.8(4) 227.0(2)
netic scaling equation of statMSES and makes use of a 4 1-40 0.3656) 1.375(5) 213.2(6) 213.4(1)

specific form of scaling equation of state to simultaneously 6 0.5-50 0.351(4) 1.351(7) 196.8(4) 197.0(3)
determine the exponenjs and y or 8 and é from the in- 8 0.1-30 0.3755) 1.368(8) 185.1(5) 185.3(3)
field magnetization data. Two different methods of analysis1g 1-25 0.3463) 1.349(5) 169.2(8) 168.9(5)
are performed ono(H,T) data, in order to determine 12 2.32 0.3693) 1.396(7) 153.9(3) 154.2(2)
whether or not the values of critical exponents depend on the
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TABLE IV. The value of critical exponents obtained from the
magnetic scaling equation of state and critical isotherm analysis of
the magnetization data. Numbers in parentheses denote the esti-

10 asant mated uncertainty in the least significant figure.
i x Method T, (K) Bett Yett o SRR
MSES | 228.3 0.37121) 1.392(17)
0 MSESIl 226.8 0.36518 1.365(15)
10tk « isotherm 227.1 47%7) 4.74
’\57 3
> MSES | 2145 0.38623) 1.367(13)
qE, 4 MSESIl 2134 0.37115 1.386(9)
bE isotherm 213.8 4764) 4.735
0
10 MSES | 1954 0.37216) 1.356(16)
6 MSESIl 196.9 0.36224) 1.379(19
isotherm  197.1 4.784) 4.801
ok , , , , MSES | 1835 0.34630) 1.365(19)
10" F ’ e (i) ° ” 8 MSESIl 1853 0.36%23 1.383(21)
E isotherm  185.1 4.793) 4.785
10° 10’ 10°
MSES | 168.2 0.35611) 1.346(16)
h (Oe) 10 MSES I 169.1 0.36219 1.379(8)
FIG. 13. The scaling plot on log-log scale based on @d) of isotherm  169.0 4.8%) 4.872
the magnetic scaling equation of state é8Fe;,MngZr, alloy. In-
set: a,zn versush/ o, scaling plots based on El2) of magnetic MSES| 1532 0.38213) 1.401(10)
scaling equation of state f@-FegMn,Zry, alloy. 12 MSES Il 1541 0.3589) 1.368(8)
isotherm 153.9 4.812) 4.823

universal curves, one fof>T. and the other folT<T,,
through a proper selection of paramet&gs v, andg. This _
particular method of analysis provides more accurate valued€'ationd=1+y/g.
of v, B, andT, compared to the earlier analys$igq. (12)],
since slight deviations of the data from the universal curved he critical exponents obtained from the SPL and KF meth-
are not readily visible in the double logarithmic plot but ods are consistent with each other. In order to demonstrate
these become more perceivabledﬁ] vs h/o,, plots. The the way in which the effective values of the exponents de-
resulting parameter values are listed in Table IV. The value®end on the temperature range we followed the expre$sion
of the critical exponents obtained from this analysis are closéhat can be obtained from the KF relation defined as
to the asymptotic ones when the valuempt 0.

The critical exponentd can be determined by analyzing 7Te
o-H isotherms neafT.. The log plot of o-H at T=T, B (T)= ( Doo(T ) (14
should yield a straight line with slopedAnd an intercept on kr(T)
the ordinate equal to critical amplitude. Figure 14 shows the
log-log plot constructed using-H isotherms in the vicinity 7Te
of T, for the x=12 sample. This clearly demonstrates that 7*(T)=(C (T))'
the isotherm is indeed a straight lineTat T, and isotherms KF
on either side ofT; exhibit a convex upward and concave ) )
downward for temperatur&<T, and T>T,, respectively. e value of3* and y* obtained for different temperature
The values of the exponent determined from the double logd2nges within the asymptotic critical region are plotted as a
rithmic plot and extracted from the Rushbrook’s relatisae function of reduced temperature on a logarithmic scale in

35rr: The critical exponent is determined from the Rushbrook’s

(15

Table V) are in good agreement. Fig. 11. The value of critical exponents farFey,_,Mn,Zr 4
alloys are close to those predicted for the 3D Heisenberg
IV. DISCUSSION ferromagnet. The results of the present investigation make it

clear that unphysically large exponent values as well as the

The determination of the critical exponents based orspread in the exponent values reported in earlier studies are
asymptotic analysis mainly depends on the choice of theesults from the analysis carried out on the bulk magnetiza-
temperature range included in the fitting procedure and retion data taken outside the critical region. This is clear as
sults denote the average values over this temperature fangeeven in the real critical region the exponents depend on tem-
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the spins of the FM matrix. As the temperature increases
towardsT., the exchange interaction between the spins in
the FM matrix weakens, while the FM coupling between the
spins within the spin clusters are relatively strong. Subse-
quently, the number of spins in the FM matrix decreases
rapidly asT— T, so that only a small fraction of spins that
participate in the FM-PM phase transition&t. The effect
of Mn substitution in Fe-Zr is tdi) increase the size as well
as number of finite spin cluster@i,) decrease the number of
spins in the FM matrix. This implies that the Mn substitution
reduces the number of spins available on the FM matrix, in
other words, the fraction of spins participating in the FM-PM
transition atT. decreases with increasing Mn substitution.
- +o Since the spin-spin correlation lenggT) diverges aff. 3
the presence of finite spin clusters is not at all felt for the
4 temperature close td@. in lower Mn concentration. From
this, it is clear that the amorphous and crystalline ferromag-
nets exhibit a similar behavior in the real critical region and
both are showing completely different behavior as the region
X 40 comes out of real critical regioli. As the temperature in-
creased beyond ., the magnetic inhomogeneity in the spin
el NN NP system is no longer averaged out apds begins to increase

10 and attains a peak value. In this context, it should be noted

that so long as the spin-spin correlation length greatly ex-

H (Ce) ceeds the size of the largest spin clusters in the spin system,
no distinction is made between a homogeneous and inhomo-
geneous magnetic system for temperatures in the immediate
vicinity of T..
perature range and possess much larger valueszfor ~ The parameter values obtained from the magnetization
> 7eross- The main observations that are observed from ouflata analysis using SW and SP excitations are shown in Figs.
analysis are: 8 and 15 along with the values &f obtained for different

(i) The values of critical exponents are independent of MrSystems for comparisdii.The value ofD decreases with Mn
substitution within the experimental error in the actual criti- concentration(Fig. 8), while the ratio betweerD and T,
cal region. remains constartinset (a) of Fig. 15 for all the composi-

(i) The scaling relation is satisfied to a far greater accufions of the present investigations. Moreover, Fig.(kl5
racy by the asymptotic critical exponents than by effectivedemonstrates that 16T indicating the validity of Eq(5)
ones. and implies that there is a direct correlation betw&eand

(i) The agreement between experimental and theory i over the entire temperature range. In the present series of
better for asymptotic exponents than for their effective counamorphous alloys, the spin-wave stiffness constant renormal-
terparts. izes with temperature in accordance with the comparison

The present systematic analysis of magnetization data ug+redicted by both localize(Heisenbergmodel and itinerant
ing various methods on a series of amorphous reentrant S®odel. However, the linear relation betweBnand T, ob-
alloys clearly demonstrates that the larger values of exposerved in the present work can be explained within the
nents reported by Nicolaidest al?! are not the asymptotic framework of two different models: the collective-electron
values but the average effective exponent values that are opiodel and the nearest-neighbor Heisenberg mdetcord-
tained from the data taken either partially or completely outing to the collective-electron model the value Bf deter-
side the critical region. The present values of the criticalmined by SP excitations alone is defined as in the following
exponents are very close to the values that are predicted f@quation:
the 3D Heisenberg ferromagnet. This suggests that the pres-
ence of disorder and composition has no influence on critical D=mT,, (16)
behavior of the amorphous systefMd! Moreover, this be-
havior is also supported by detailed low-field ac susceptibilwherem= (kg/8.484#) andk is the Fermi radius. Equation
ity measurement$. (16) provides the slope as 0.014 meV? K1, when the

The obtained results of the critical behavior in the presenvalue ofkz=1.5 A? is used. It is clear from the above equa-
investigation find an explanation in terms of the infinite FM tion that the relation betwee and T, should be a straight
matrix plus finite FM spin clusters model, proposed byline, which passes through the origin. However, the slope
Kaul.¥® According to this model, in the temperature rangeobtained from Fig. 15 is one order of magnitude greater than
well below T(T<T,), the FM coupling between the spins that observed by this model. According to nearest-neighbor
that makes up the spin clusters is stronger than that betweéteisenberg model, the slope is defined akga?/2(S+1),

10 |

G (emu/g)

10

FIG. 14. ¢ vs H isotherms in a log scale at few selected tem-
peratures just below, above, andTatfor a-Fe;gMn,Zr,q alloy.
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200 —— spin-density fluctuatior$ are dominant in the temperature
ranges 0.18.<T=<0.40T. and 0.472.<T=<0.88T, respec-
tively. However, the local-spin-density fluctuations are
_{,_{__H—ﬂ—a[» strongly suppressed by the external field and hence the tem-
perature dependence of the in-field magnetization is solely
governed by the SW and SP excitations for temperatures up
to 0.9T.. For temperatures above and below this range
w0 ts0 20 240 (0.9T.<T<1.2T,) the fit deviates considerably from the ex-
T (K) . . .
’ perimental data due to enhanced fluctuations in the
magnetizatioft for temperatures close b, and the contri-
S0F bution from excitations is much less at low temperatures.
5 Within the framework of the band model, the effect of
T [e] increasing the Mn concentration should decrease the ex-
o ! - - . change splitting AE=104/Nug, whereN is the number of
0 75 150 225 300 375 450 spins per unit volume andl is the Stoner paramedeof
T, (K spin-up and spin-dowd subbands and shifts the Fermi level
(Eg) to lower energieqas the spontaneous magnetization
decreases with increasing. In this context, the observation
that the SW excitation alone seems to account for the ob-
served thermal demagnetization of the spontaneous magneti-
zation for temperature below a certain reduced temperature,
. which increases withx but the existence of an additional
0.9} K contribution from weak itinerant-type single-particle excita-
i tion cannot be ruled out. This implies th&ag lies within the
d, andd; subbands in the entire composition range of the
. . . - b present study in contrast to the Co substituted samples. The
1 2 3 4 5 effect of increasing field in the itinerant picture is to increase
T2 (10° K*) the splitting between the spin-up and spin-down subbands
¢ and hence by analogy to the influence of increagitigy by
FIG. 15. (a) The spin-wave stiffness constant is plotted againstfield, strongly suppressing the local spin-density fluctuations.
Curie temperature. The dashed line passing through the data poinfdiis is in agreement with the results of the spontaneous re-
is the best fit obtained by E4L6). Note: The value oD extracted  sistive anisotropy? and high-field susceptibility of the same
from the other[(FeNii_y)go(B,Si)oo and (FgNiq_)go(P,B)sol alloys.
systems(Ref. 48 is also shown for comparison. Inset: the ratio  The spontaneous magnetization does not go to zero at any
betweenD and T, is plotted againsT. . (b) the inverse of coeffi- temperature below, and the observation of a freezing tem-
cient of T¥? term is plotted againsT;”. The dotted line passing perature provides conclusive evidence for the existence of a
through data points shows the best fit. mixed phasdor T<T,. This is further supported from our
ac susceptibilit} measurements. There are two ways in
wherea is the nearest-neighbor distance & the local-  which a substituting element can actively change the magne-
ized atomic spin. However, E@16) gives the slope values tization: these ardi) to change the Fe moment afid) to
of 0.140 and 0.187 meV AK™! for S=1 and S=1/2, introduce the exchange frustration and drive the magnetic
respectively, using the value of nearest-neighbor disstructure into collinear/noncollinear. Present analysis of the
tanceé' a=2.55 A. This is in excellent quantitative agree- magnetization data indicates that the magnetic parameters
ment with the experimentally observed slope=D/T.  obtained from this study, such as SG transition temperature,
=0.1449 meV R K1 for this system. The calculated value average magnetic moment, local magnetic anisotropy, coer-
of nearest-neighbor distance is 2253.04 A, which is close cive field, and largey,;, show systematic trends as a func-
to the values predicted for typical mean nearest neighbation of Mn concentration. Figure 16 shows a comparative
TM-TM distances in amorphous ferromagne&tauithin the  study of magnetic parameters such as the average magnetic
framework of Heisenberg model, Kréyhas shown thal moment (w,,e) and they,s for various substituting elements
decreases and the const&{B) shows a weakvery weak  as a function of concentration. The,,. is small for low Mn
increasing trend. The temperature range over whictconcentration compared to other substituting elemeritse
(T/T)%? term dominates become wider. The coefficientu,,. decreases monotonically with Mn concentration, in
A(B) shows the weakvery weak dependence on Mn con- contrast with the Co substitution. The present series of
centration compared to other amorphous systems. The S\amples show that the value pf; is high and increases with
excitation constant calculated on similar syst€tnshows increasing Mn concentration. Interestingly, thg; is found
very little variation with Mn concentration. This may be due to be large compared to other TM substitution. On the other
to the fact that the analysis was done by neglecting the corhand, with Co substitution on FeZr thg,; drops rapidly at
tribution from SP excitations. As shown from the presentinitial stages and attains the constant value for laxgéihis
analysis, the SW excitations and SP excitations plus localsuggests that the Co substitution in FeZr base form more
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FIG. 17. The magnetic phase diagram for amorphous
0 4 8 1'2 16 Feyy_,Mn,Zry, alloys.

x (at. %) 12-13, which sgpports_the assumpt_ion of_ the presence of

: AFM exchange interactions. Three-dimensional Heisenberg
Monte Carlo simulations with exchange frustrafibimdicate

ceptibility for amorphous Fg. M Zry, alloys as a function oi the development Qf doub!e magnetic transition behavior as

concentrationx. Note that the values for Ni, Co, and Cr are ex- soon as the AFM interactions are present. However, the re-

tracted from Ref. 54. placement of Fe by a small amount of Mn leads to a decrease
in the number of Fe-Fe pair§,but the substitution of Mn

stable ferromagnetic alloy with its spin structure approachind®ms an AFM coupling between Fe and Mthough the

the parallel alignment, which is consistent with the variation*FM coupling between Fe-Mn is weaker than the Fe-Fe cou-
of other parameters such @s and a0 Although the Cr pling), W_hlch has a tendency to reduce the magnetic moment
substitution decreases the, that is similar to Mn substi- and Curie temperature, as we have observed in the present
tution, they,,( is very low and comparable to that of Co and investigation. Recent Mossbauer studies also indicate the de-
Ni substitution. Moreover, the reentrant behavior is not ob-Y€loPment of a low-field peak in the hyperfine field distribu-
served in Cr substituted samples. This indicates that the mag—on, as Mn qoncentratlonl_mcreﬁ_sedhand this is art]trlbuted to
netism in Mn substituted samples is much more complicate@” INcrease in AFM coup inf. This phenomenon, however,
compared to other TM substitutions and it could be Specu[nakes it difficult to interpret thg observed results by the
lated due to the frustration effects, which result in magnetid?omogeneous exchange frustration madekhere the de-
hardness as seen in Fig. 2. The large valug,ef caused by crease of the magn_etlc order—d|sor_der _phase—transmon tem—
flipping of weakly coupled antiferromagneti&FM) spins ~ Perature is due mainly to a reduction in the ferromagnetic
under high magnetic fields, is one characteristic feature oft€raction strength. Therefore we believe that in-field muon
the invar effect. From the above discussion, it is tempting tgoPIn rotation uSR) and Mossbauer measurements would
suggest a possible existence of the noncollinear spin strudfOW some light on microscopic spin structure of the present
ture in the present series. Particularly, belBy, the varia-  SyStem. Finally, the magnetic phase diagram of the amor-

tion of yy, for all samples of present study shows a typical]PhOUSthO*XMnX_Zrloﬁlloysd_'S ShOW?] n ';'g' 17|'. Itis cllear_
characteristic of the weak-itinerant ferromagnets. rom the magnetic phase diagram that the multicritical point

In view of the exchange frustration model, the presence of @1 P€ obtained at about 23 at. % of Mn. However, it is
FM and AFM exchange interactions in Mn substituted difficult to produce alloys withk>16 in amorphous form by
a-Fezr alloys can result either bond or site frustration orth€ SPin quenching technique.
both. The sensitivity of the direct Fe-Fe exchange interaction
to the distance between Fe-Fe atoms can be found from co-
ordination numbers, which is 12 for AFM fcc Fe. Amorphous  We have analyzed in detail the critical behavior of
FeyoZryo alloys’® have an average coordination number ofa-Feyy_Mn,Zry (x=0-12) alloys in the critical region

FIG. 16. (a) The average magnetic momef(ty) high-field sus-

V. CONCLUSION
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based on different methods using thermoremanent and thethe AFM coupling increases significantly as Mn concentra-
momagnetization data as a function of temperature. The oliton is increased, resulting in a greater degree of frustration
served values of critical exponents are not a function of Mrthat is consistent with the coexistence of FM and AFM
content but are rather dependent on the temperature range states.
the data in the critical region selected for fitting procedure.
Consistent with the Harris criterion the critical exponents are

close to the Heisenberg values, which contradicts earlier
analysis’t A combination of both spin-wave and single- One of the author$A. Perumal would like to thank the
particle excitations are essential to describe the thermomagzouncil of Scientific and Industrial Resear@@SIR), New
netization curve over a wide range of temperatufg,&£T  Delhi, India, for providing financial support for this work.
<T,.). The obtained results provide an evidence fmak Research at Korea was supported by Korean Research Foun-
itinerant ferromagnetic behavior in the present series ofdation Grant(KRF-99-005-D00038 Work conducted at
samples. The detailed analysis of magnetization data and tHgalhousie University was funded by the Natural Sciences
magnetic parameters obtained from the data indicates thand Engineering Research Council of Canada.
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