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Small-angle neutron scatteringsSANSd measurements have been performed on an archetypal reentrant
amorphous ferromagnet Fe91Zr9 over theQ range 0.003 Å−1,Q,0.2 Å−1 and temperatures between 10 and
300 K at fixed values of magnetic fieldH=0, 0.26, 0.5, and 4 T. Contrast matching experiments have also been
carried out at room temperature before and after immersing the ribbons in deuterium oxide. The results of these
experiments demonstrate that the surface effects tend to be important only forQ,0.006 Å−1. Application of a
field H=4 T much larger than that corresponding to the technical saturation of magnetization allows an
unambiguous separation of the nuclear and magnetic scattering contributions to the measured SANS intensity.
The standard practice of analyzing theQ-dependence of the SANS intensity of reentrant ferromagnetic systems
in terms of the expression, Lorentzian plus Lorentzian-squared, revealed that in the present case, this expres-
sion fails to adequately describe the observed variation of the magnetic component of the SANS intensity with
Q, even in the reentrant state. By comparison, a model, in which spin clusters of average sizesR<2 nmd with
a relatively narrow size distribution coexist with clusters of larger average size and wider size distribution,
reproduces the magnetic scattering over the entireQ range at all temperatures. While the size of the smaller
clusters does not change with temperature, the larger ones grow as the temperature is increased from the
reentrant state at low temperatures up to the Curie temperaturesTCd through the ferromagnetic regime. The
present results also strongly indicate the presence of clusters at temperatures well aboveTC in the paramagnetic
state.

DOI: 10.1103/PhysRevB.71.134413 PACS numberssd: 75.50.Lk, 61.12.Ex

I. INTRODUCTION

There is growing experimental evidence thatsid magnetic
inhomogeneity or the so-called “magnetic microstructure” is
an attribute that isinherentto magnetic systems as different
as amorphoussor crystallined ferromagnets, nanocrystalline
soft magnetic alloys, nanostructures, fine ferromagnetic par-
ticles, granular giant magnetoresistancesGMRd materials,
colossal magnetoresistancesCMRd manganates, and frus-
trated pyrochlore oxides, andsii d the nature of magnetic in-
homogeneity basically decides the magnetic behavior of a
given system.1 Since the small-angle neutron scattering
sSANSd technique is a powerful experimental tool to charac-
terize magnetic inhomogeneity at the mesoscopic length
scale of 1–1000 nm, the bulk of this evidence has come
from the SANS investigations2–12 on the aforementioned
magnetic systems. Attempts to understand the origin of mag-
netic inhomogeneities in these systems have heavily drawn
upon the existing knowledge2–4,13–32about the influence of
spin frustration and local magnetic anisotropy on the mag-
netic order in the amorphousa-Fe100−xZrx s7øxø12d alloys.
However, such attempts have given limited success primarily
because conflicting opinions prevail about the nature and ori-
gin of magnetic inhomogeneity and about the finer details of

the magnetic microstructure ina-Fe100−xZrx alloys, as eluci-
dated below.

Magnetic susceptibility,13,14 Mössbauer effect15,16 and
muon spin relaxation17 data have established the following
widely-accepted magnetic phase diagram fora-Fe100−xZrx al-
loys. Barring the alloy withx=7 sx=12d, which behaves as a
spin glasssconventional ferromagnetd with a well-defined
freezing temperatureTf sordering temperatureTCd, the alloys
with x=8–11 exhibit two transitions as the temperature is
lowered from high temperatures; a paramagneticsPMd to fer-
romagneticsFMd transition at the Curie temperatureTC fol-
lowed at a lower temperatureTRE by a transition from the
FM state to the reentrantsREd state. Withx decreasing from
x=11,TRE increases whileTC decreases such that theTREsxd
andTCsxd phase transition lines meet atTf for x=7. There is
a general consensus that the RE state is amixed state in
which long-range ferromagnetic order coexists with the spin
glass order but there are conflicting opinions about the exact
nature of the ferromagnetic and spin glass order.

The magnetic behavior ofa-Fe100−xZrx alloys has been
basically understood fromfour divergentpoints of view. The
first approach14,18,19considers the magnetic microstructure as
consisting of spin clustersof antiferromagneticsAFd Fe
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spins and theferromagneticsFMd Fe–Zr matrix sin which
these clusters are frozen in random orientations forTøTREd
and arising from the changes in the sign of the exchange
interaction due tolocal variations in thecompositionof the
samples. A collinear spin structure within the clusters and
matrix is, however, not supported by the Mössbauer
data15,16,20,21which unambiguously reveal that a large per-
centage of magnetic moments isnoncollinear. In agreement
with the Mössbauer results, the band structure calculations22

yield a noncollinear ferromagnetic ground state for these al-
loys. According to thesecondsthe so-called FM cluster–FM
matrixd model, proposed by Kaulet al.,20,23–27the spin sys-
tem for TøTC comprises theinfinite three-dimensionalfer-
romagnetic networksmatrixd and finite spin clustersscom-
posed of a set ofnoncollinear20 but ferromagnetically
coupled spinsd, which are embedded in thespin-cantedFM
matrix20,23,27 and frozen in random directions forTøTRE.
Contrasted with the first picture, the spatial segregation of
finite FM clusters and FM matrix in this model originates
from thelocal atomicdensityfluctuations. A somewhat simi-
lar model, put forward by Kisset al.28 based on the interpre-
tation of the magnetization–magnetic field isotherms in terms
of the classical theory forinteractingsuperparamagnetic par-
ticles, indicates that the FM clusters occupy the entire
volume of the sample. Thethird model regards the
a-Fe100−xZrx alloys to be a “wandering axis” ferromagnet15 in
which the noncollinear magnetic moments are ferromagneti-
cally correlated but thelocal ferromagnetic axis changes
throughout the sample. Thefourth one sthe so-called trans-
verse spin-freezing modeld, due to Ryanet al.,15,17,29envis-
ages the spin system forTøTC to be composed offerromag-
netically correlated longitudinal sz-directiond spin
components and strongly fluctuatingtransversesxyd spin
components; as the temperature is lowered belowTC, trans-
verse spin componentscooperativelyfreeze in random orien-
tations in thexy-plane atT=TRE<Txy andcoexistwith col-
linear ferromagnetic order along thez direction. This model
essentially excludes the presence of spin clusters for it places
an upper bound of 0.5% of the total spins that could form
such clusters.

While the results of extensive critical phenomena
studies23–26,30–33confirm the presence of aninfinite FM ma-
trix and thereby rule out the descriptions such as the “wan-
dering axis” ferromagnet for which the spin correlation
length does not diverge atT=TC, there are experimental evi-
dences for20,23–28,30–33 sagainst2–4,20,23–28,30–33d and
against15,17,29 sfor15,17,29d the FM cluster-FM matrixstrans-
verse spin-freezingd model. Furthermore, from a recent po-
larized neutron scattering determination of the structure fac-
tor, Wildeset al.34 conclude in direct contradiction with the
proposal of Ryanet al.15,17,29that FeZr glasses are collinear
ferromagnets with strong spin fluctuations forTxy,T,TC,
noncollinear spin components areferromagneticallycorre-
lated over several atomic spacings, and that the fraction of
magnetic moments that are collinear with the mean ferro-
magnetic direction is small. This observation lends firm
support34 to the FM cluster-FM matrix model.20,23–27Though
there is evidence for spin clusters from the SANS data,2–4

these results cannot be regarded as conclusive for the follow-
ing reasons. On the one hand, all the SANS investigations2–4

deal with the total integrated scattering intensity which con-
tains a sizable contribution from the nuclear scattering and
on the other hand, the SANS data that extend toQ values
smodulus of the scattering vectord as low as4 0.003 Å−1

could have a large contribution due to the scattering from
surface imperfections.35

The above considerations prompted us to undertake an
extensive SANS study of amorphous Fe91Zr9 alloy in the
wide ranges 0.003 Å−1øQø0.5 Å−1 and 10 KøTø300 K
of Q and temperature, respectively, and to correct the SANS
intensity for the scattering from surface imperfections using
the results of contrast matching experiments.

II. EXPERIMENT

Amorphous ribbons of nominal composition Fe91Zr9 and
approximately 1.5 mm wide and around 20mm thick were
obtained by rapid-quenching under Ar atmosphere
s500 mbard in a Bühler melt-spinner apparatus. The master
alloy pellets, prepared in an arc-furnace, were subsequently
placed inside a quartz tube with a matching end to attach a
boron nitride nozzle. This nozzle was 1 mm away from the
surface of the stainless steel wheel of dimensions 14 cm in
diameter and 3 cm wide rotating at an angular speed of
2800 rpm. The pelletss2 gd were melted at around 1800 K
prior to ribbon casting. X-ray diffractionsCuKad patterns
using longs1 mind integrating times per angle, taken on ei-
ther faces of the ribbons, confirmed that the ribbons are in
the amorphous state. The examination of the chemical com-
position by energy dispersive x-ray analysis in different
sample areas revealed a good chemical homogeneity and an
average composition of Fe90.98Zr9.02, in excellent agreement
with the nominal composition.

SANS experiments were carried out in LOQ and SANS
instruments at the ISIS pulsed-neutrons and Risoe DR3 re-
actor sources, respectively. A comparison between the data
sets taken on the same sample using different instruments
stime-of-flight and diffractiond constitutes a stringent test for
the consistency of results. The ribbonssaround 1 gd were
wrapped in a thin Al foil. The selectedQ range at the LOQ
instrument was 0.006 Å−1,Q,0.2 Å−1. With the aim of
making the results of an elaborate data analysis in the case of
magnetically inhomogenous alloys more conclusive, the
SANS experiments were later performed at Risoe in an ex-
tendedQ range, 0.003 Å−1,Q,0.5 Å−1. Both the sets of
data were taken in the zero-field and in-field conditions. At
ISIS, an electromagnetsH=0.26 Td was placed in the beam
allowing a perpendicular geometry with respect to the long
axis in the ribbon plane, and the temperature range of
10–300 K was covered using a CCR-Leybold cryostat. In
Risoe, an Oxford cryostat, housing a superconducting coil,
allowed a variation of temperature between 10 and 300 K
and of field fromH=0.5 to 4 T. In this instrument, theQ
range was achieved by selecting three different average
wavelengthssl=10, 6, and 3 Åd and detector distancess6, 3,
and 1 md. Standard corrections36 were applied to both sets of
data. The agreement between results of both instruments is
excellent, as reported previously.4 Such an agreement rules
out any influence of sample mounting or the presence of
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instrumental and ancillary equipment background on the sig-
nal.

To ascertain whether or not the ribbon surface has any
influence on the scattered signal, a final set of experiments
was performed at the SANS-Risoe instrument at room tem-
perature. For such an experiment, we used quartz vialss3
30.231 cm3d mounted on a special rig. The vials contained
several ribbonssaround 0.3 gd placed perpendicular to the
neutron beam. Liquid D2O sAldrich Chemicalsd was em-
ployed to obtain the best possible contrast matching.

III. DATA ANALYSIS, RESULTS, AND DISCUSSION

It is well-known that the SANS signal may have a signifi-
cant contribution from the surface scattering, varying asQ−4

ssurface states such as roughness, oxide layer, chemical com-
position, or surface structured or a contribution varying as
Q−3 due to dislocations. The former case is particularly rel-
evant to amorphous ribbons. Previously reported SANS stud-
ies on FeZr alloys2–4 did not take into account this effect. An
efficient way of investigating such effects is to modify the
scattering contrast between the sample and its surroundings
by immersing the sample in liquids which have nearly the
same coherent scattering length density as the sample. This is
so because the small-angle scattering signal coming from the
sample surface is proportional tokDr2l, where Dr is the
difference in the scattering length density between the
sample and the liquid. To this end, we have selected D2O as
its coherent scattering length density,r=6.3631010 cm−2,
which is very close to thatsr=7.2331010 cm−2d of the
amorphous Fe91Zr9 alloy. Although it is not possible to
match exactly ther value, the difference in the shape of the
SANS patterns taken at room temperature between the rib-
bons in air and immersed in the contrast liquid should reflect
such surface effects. Figure 1 shows a comparison between
the SANS signals from the sample with and without D2O
and the relative difference between them. It is evident from
the difference plotsinset of Fig. 1d that both the signals
match over the entireQ range except forQ,0.006 Å−1

smarked by an arrowd and Q.0.2 Å−1. This observation
rules out any significant contribution from the sample sur-
face in the range 0.006 Å−1øQø0.2 Å−1. For this reason,
further analysis of the SANS data is carried out only in the
range 0.006 Å−1øQø0.1 Å−1 where surface contributions
are negligibly small. Note that the seemingly large relative
difference between the sample and D2O SANS signals for
Q.0.2 Å−1 is an artifact of a background signalsemanating,
in the most part, from the external cells of the detectord
which is asweak as that due to either the sample or the
sample plus D2O. This difference signal has thus little to do
with the surface effects.

The SANS signal from a magnetically concentrated ma-
terial with magneticclustersor inhomogeneitiescan be quite
complex and hence deserves a careful analysis. Only in mag-
netic systems with well-defined particles or clusterssin the
nanometric scaled such as bcc-Fe or Fe-oxides embedded in
an insulating matrix, e.g., SiO2 or Al2O3, can the SANS pat-
tern display pronounced peaks. If the size distributionsnor-
mally taken as a log-normald of particles is narrow and the
volume fraction of particles is also smallsapproximately
35%d, the SANS signal exhibits a peak at aroundQ
=0.15 Å−1, corresponding to a mean size around 3 nm.11 In
our case, the absence of peaks in the signal requires an extra
effort to extract quantitative results.

The SANS intensity comprises nuclear and magnetic con-
tributions. The nuclear contribution arises from local fluctua-
tions in the nuclear scattering length density caused by varia-
tions in the density or chemical composition. If it is assumed
that the fluctuations stem from the local variations in the
chemical composition, local compositional fluctuations
should give rise to Fe-rich regions which should behave as
antiferromagnetic fcc-Fe clusters, with a Néel temperature
around 70 K. The Néel transition is not observed in the mag-
netic susceptibility data and Mössbauer spectra do not reveal
any antiferromagnetic spin correlations, as discussed in de-
tail in Refs. 16, 20, 21, and 23. Hence density fluctuations
are expected to be the origin of the local fluctuations in the
nuclear scattering length density. The magnetic contribution,
on the other hand, originates from the magnetic scattering of
neutrons from fluctuations in both the orientation and the
magnitude of the magnetization density, and henceprobes
the magnetic inhomogeneities in the sample. The total SANS
signal depends on the magnitudeQ of the scattering vectorQ
and the anglesad between the scattering and magnetization
vectors:

ITOTALsQ,ad = INUCsQd + IMAGsQdsin2 a s1d

whereINUCsQd andIMAGsQd are theQ-dependent nuclear and
magnetic contributions. If a magnetic fieldH, large enough
to saturate the samplesso that the directions of the vectorsH
and M coincided, is applied, it is possible to separate the
nuclear and magnetic contributions. WhenH is parallel
sPARd to Q, a=0, and hence only the nuclear scattering
fINUCsQdg contributes to theITOTALsQd. If IsQd is measured in
a direction perpendicularsPERd to that of H, a=90° and
hence ITOTALsQd= INUCsQd+ IMAGsQd. Adopting this ap-
proach, we have applied a field as large asH=4 T, which
lies well above the field corresponding to the technical

FIG. 1. SANSIsQd patterns of amorphous Fe91Zr9 ribbons be-
fore and after immersing them in D2O, contained in a quartz vial.
The inset shows that the difference inIsQd is negligible except for
Q,0.006 Å−1 smarked with an arrowd andQ.0.2 Å−1.
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saturation15,21,27 in the M-H isotherms of Fe91Zr9. Figure 2
shows IMAGsQd= IPERsQd-IPARsQd and INUCsQd= IPARsQd at
different temperatures in the reentrants10 Kd, ferromagnetic
s90 and 160 Kd, and paramagnetics300 Kd regimes.27,37The
nuclear contribution is clearly independent of temperature at
all Q values, as expected from the stability of the amorphous
structure for temperatures well below the crystallization tem-
peratures<700 Kd. By contrast, irrespective ofQ, the mag-
netic contribution increases with temperature due to the ther-
mally induced changes in the orientation and/or magnitude
of the magnetization density. In addition,IMAGsQd exhibits
broad humps atQ<0.01 and 0.05 Å−1, particularly for T
,TC, indicating the presence of magnetic inhomogeneities.

To determine the influence of the field on the magnetic
contribution, INUCsQd has been subtracted from the SANS
intensity measured atH=0, 0.26, 0.5, and 4 T along the
direction perpendicular to the field. Figure 3 depicts the ther-
mal variation of the magnetic component of the scattering
intensity, IMAG, for the two selectedQ values s0.01 and
0.08 Å−1d at the above-mentioned field values. As the tem-
perature is raised from 10 K,IMAG at H=0 decreases initially
and goes through apeakat 205 K for both theQ values but
IMAGsQ=0.01 Å−1d is at leasttwo orders of magnitude larger
thanIMAGsQ=0.08 Å−1d at all temperatures. For the lowerQ
value, the magnetic scattering intensity increases monoto-
nously with temperature atfinite fields. At any given tem-
perature, the intensity reduces drastically in fields as small as
0.26 T from its value atH=0 such that the suppression in
IMAG increases as the temperature is lowered below,120 K
and the peak inIMAGsTd disappearssby comparison, the pro-
gressive suppression with field forH.0.26 T is extremely
smalld. By contrast, the reduction inIMAGsTd at Q

=0.08 Å−1 with field is not as drastic as atQ=0.01 Å−1. In
order to bring out clearly the effect of the variation inQ, the
inset of Fig. 3 comparesIMAGsTd / IMAGsT=120 Kd at H=0
for the aboveQ values. The peak inIMAGsTd at26,33,37 T
<TC=210 K, arising from the critical fluctuations of spon-
taneous magnetization, is sharper at the largerQ value. Con-
trasted with this behavior, for a conventional ferromagnet
si.e., ahomogeneousspin system withlong-rangeferromag-
netic orderd, IMAG is independentof temperature forT,TC
and the peak atTC becomes more and more pronounced asQ
decreases. A sharp rise in the magnetic scattering intensity
for T,120 K and a higher value forIMAGsTd / IMAGsT
=120 Kd at T.TC for Q=0.01 Å−1 is thus a manifestation of
the presence of an extra contribution coming from the re-
gions differing from the ferromagnetic matrix in the orienta-
tion and/or magnitude of the magnetization densitysalterna-
tively, from the magnetic inhomogeneitiesd and persisting to
temperatures well aboveTC. Moreover, a considerably large
magnitude ofIMAG at Q=0.01 Å−1 in the absence of the field
and its extreme sensitivity to the field strongly indicate that
many such regions with a wide size distribution are present
in the amorphousa-Fe91Zr9 alloy. This inference follows
from the fact that the magnetic inhomogeneities with size

FIG. 2. IMAGsQd= IPERsQd− IPARsQd and INUCsQd= IPARsQd at
different temperatures in the reentrant 10 K, ferromagnetics90 and
160 Kd, and paramagnetic 300 K regimes.

FIG. 3. Thermal variation of the magnetic component of the
scattering intensity,IMAG, for the two selectedQ valuess0.01 and
0.08 Å−1d at H=0, 0.26, 0.5, and 4 T. A peak, visible atT<TC, is
progressively smeared out by increasing the applied field strength.
The inset showsIMAGsTd, normalized to its value atT=120 K, for
Q=0.01 Å−1 sclosed circlesd andQ=0.08 Å−1 sopen circlesd.
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larger than the length scale suggested byQ=0.08 Å−1 would
have escaped detection in theIMAG signal measured atQ
=0.08 Å−1. That the field progressively smears out the peak
in IMAGsTd at TC is a consequence of the suppression of criti-
cal fluctuations byH.

In a conventional ferromagnet, the SANS magnetic inten-
sity is directly proportional to the spin-spin correlation func-
tion which follows an Ornstein-Zernike law in the paramag-
netic regime. In accordance with this law, the magnetic
scattering intensity is described by a Lorentzian. For tem-
peratures belowTC, the rotational symmetry of the spins is
spontaneously broken and henceIMAGsQd is described by
two Lorentzians corresponding to longitudinal and transverse
critical spin fluctuations.38 In ferromagnetic systems which
exhibit a reentrant behavior at low temperatures, it is cus-
tomary to fit the magnetic scattering contribution to an ex-
pression:

IMAGsQd =
A

Q2 + k1
2 +

B

sQ2 + k2
2d2 s2d

wherek=1/j andj is the spin-spin correlation length. This
is so because in the reentrant state, long-range ferromagnetic
order coexists with the spin-glass order, so that in addition to
a Lorentzian termswhich describes the ferromagnetic contri-
butiond, Eq. s2d includes a Lorentzian squared term that ac-
counts for the supplementary contribution arising from the
spins constituting the spin-glass state.

To ascertain whether or not thepure magnetic signal
IMAGsQd at H=0 is described by a Lorentzian, 1/IMAGsQd is
plotted againstQ2 at different but fixed values of temperature
in Fig. 4. Deviations from the true Lorentzian behavior are
apparent forQ.Q* andQ* is temperature-dependent. How-
ever, the data over a certainQ range forQ.Q* can be de-
scribed by another Lorentzian. AsT→TC, the variation of
1/IMAGsQd with Q2 at low Q becomes linear over a widerQ
range and the value ofk decreases so much so thatk=0 si.e.,
the spin-spin correlation lengthj divergesd at T=TC
=210 K sthe inset of Fig. 4d. These observations support the
existence of at least two different length scales. At larger

sshorterd length scales, i.e., forQ,Q* sQ.Q*d, the mag-
netic behavior is that of a conventional ferromagnetscorre-
lated spin regionsd.

Since the data cannot be described by a single Lorentzian
over the entireQ range and the sample in question exhibits
magnetic irreversibility si.e., a bifurcation between the
“field-cooled” and the “zero-field-cooled” thermomagnetic
curves forTøTREd characteristic18,20,27,37of reentrant ferro-
magnetic systems, the next step is to test whether Eq.s2d
reproduces the observedIMAGsQd. We have performed this
analysis on two sets ofIMAGsQd data taken at different tem-
peratures in the absencesH=0d and presencesH=4 Td of the
magnetic field. In Fig. 5,IMAGsQd data are shown along with
the best fitssdashed linesd, based on Eq.s2d, for selected
temperatures 10 Ks,TREd, 90–100 Ks<TREd, 160–180 K
s,TCd, and 300 Ks.TCd. The calculated variations repro-
duce the observedIMAGsQd only for Q,0.02 Å−1 and devi-
ate appreciably from the data at all temperatures at higherQ
values and hence Eq.s2d does not form an adequate descrip-
tion of IMAGsQd in Fe91Zr9 even in the reentrant state.

A strong indication from the data presented in Figs. 3 and
4 for the existence of different length scales over which the
spins seem to be correlated, besides the infinite ferromag-
netic matrix atT,TC, prompted us to take recourse to a
model, normally used to describe theIMAGsQd signal from
single-domain magnetic nanoparticles,39 suitably modified to
include an extra contribution from particles of another size.
Starting from the expression for the pure magnetic scattering
cross section:

S ds

dV
D

MAG
= S ds

dV
D

'

− S ds

dV
D

i

= NpVp
2DrMAG

2 sin2 aFp
2sQdSsQd, s3d

whereNp is the number of particles in the sample,Vp is the
volume of these particles,FpsQd their form factor, and
DrMAG is the magnetic contrast of the particles with respect
to the matrix. The latter quantity is proportional to the mag-
netic moment per atomic volume.a is the angle between the
scattering and the particle-magnetization directions andSsQd
is the structure factor corresponding to the particles. Since
there is no evidence of a peak in theIMAGsQd, reflecting the
polydispersity of such particles in the matrix in our case, we
setSsQd=1 in the range ofQ values covered in the present
experiments.

The form factorFpsQd snormalized to 1d for spherical
particles of radiusR is given by the expression

FpsQd = 3
sinsQRd − QRcossQRd

Q3R3 . s4d

To take into account particles of two different average
sizes, we include two log-normal distributions of particle
sizes. The total magnetic scattering cross section can thus be
written as

FIG. 4. 1/IMAGsQd vs Q2 at different temperatures. Deviations
from the true Lorentzian behavior atQ.Q* are clearly visible.
Inset demonstrates that 1/IMAGsQd varies linearly withQ2 for Q2

ø0.004 Å−2 at T=TC where the least-squares-fitted straight line
passes through the origin when extrapolated toQ=0.
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1

V
S ds

dV
D

MAG
= Drmag

2 sin2 a3 fp1

E
0

`

g1sRdV1
2sRdF2sQ,RddR

E
0

`

g1sRdV1sRddR

+ fp2

E
0

`

g2sRdV2
2sRdF2sQ,RddR

E
0

`

g2sRdV2sRddR 4 , s5d

where V is the sample volume,fp the volume fraction of
particles of each distribution in the sample, andgsRd is the
log-normal size distribution.

In Fig. 5 the optimum theoretical fits, based on Eq.s5d, to
the IMAGsQd data atH=0 sleftd and H=4 T srightd are de-

noted by continuous curves. Note that in these fits the factor
sin2 a is set equal to 0.5 and 1.0 for the casesH=0 and 4 T,
respectively, for the following reason. In the absence of the
magnetic field, magnetization vectors of the particles,con-
fined to the ribbon planeby the shape anisotropy, have di-
rections isotropic in space since the in-plane anisotropy is
extremely small.24,25 Consequently, the spatial average of
sin2 a=0.5. On the other hand, atH=4 T, the sample mag-
netization is nearly saturated so that the magnetization is
pointing in the field direction and thus for the perpendicular
geometry,a=90° ffor details, see the paragraph below Eq.
s1dg and hence sin2 a=1. An excellent agreement between
the experiment and theory over the entireQ range is evident
at all temperatures and at fieldsH=0 and 4 T. Figure 5 also
depicts the individual variations withQ of the contributions
to IMAGsQd due to the two terms in Eq.s5d by the dotted
curves. The corresponding log-normal distributions of the
particle sizesscorrelated spin regions in the present cased are

FIG. 5. IMAGsQd data and the
best fitssdashed curvesd, based on
Eq. s2d, for selected temperatures
10 K s,TREd, 90–100 Ks<TREd,
160–180 K s,TCd, and 300 K
s,TCd. The calculated variations
reproduce the observedIMAGsQd
only for Q,0.02 Å−1 and deviate
appreciably from the data at all
temperatures. This is clear-cut evi-
dence of the failure of the Lorent-
zian plus Lorentzian square ex-
pression to fit the data in the entire
Q range. Theoretical fitsscontinu-
ous curvesd, based on Eq.s5d, to
the IMAGsQd data at H=0 sleftd
andH=4 T srightd are also shown
for comparison. Continuous
curves, using Eq.s5d, are noticed
to closely reproduce the observed
IMAGsQd over the entireQ range at
all temperatures. This figure also
depicts the individual variations
with Q of the contributions to
IMAGsQd due to the two terms in
Eq. s5d by the dotted curves.
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displayed in Fig. 6. It is evident from this figure that there
are two kinds of correlated spin regions. The first type has an

average size ofR̄1,2 nm and a narrow size distribution,
with the property that both the average size as well as the
size distribution are essentiallyindependentof temperature
from 10 to 300 K. By contrast, the second type has a similar

average sizeR̄2> R̄1 but a much wider size distribution at

T=10 K and as the temperature is raised throughTC, R̄2
increases and the size distribution progressively broadens

further until T<TC and thenR̄2 decreases and the size dis-
tribution narrows down for temperatures aboveTC. The in-
dividual contributions made by the two terms, appearing in
Eq. s5d, to IMAGsQd si.e., the dotted curves in Fig. 5d, when
viewed against the information provided by Fig. 6 about the
type of correlated spin regionsshenceforth referred to as fi-
nite spin clustersd present, reveal that the magnetic scattering
by spin clusters of smallersbiggerd size with narrower
sbroaderd size distribution completely accounts forIMAGsQd
for Q.0.02 Å−1 sQ,0.02 Å−1d. This inference conforms
very well with that drawn earlier from the data presented in
Fig. 3. It is also amply clear that a single cluster sizeslog-
normald distribution cannot describeIMAGsQd over the entire
Q range. Another important observationsFig. 6d is that the
magnetic field does not seem to have any discernible influ-
ence on the spin cluster size distributions at different tem-
peratures and hence on the temperature-induced growth of

the larger spin clusters. Thus the effect of field is to orient the
spin clusters towards its own direction and thereby reduce
the magnetic contrast of the spin clusters with respect to the
ferromagnetic matrix. Consequently, the magnetic scattering
intensity is considerably reduced in the presence of the field.

The results of an elaborate analysis of the SANS taken
over a wide range ofQ on a-Fe91Zr9 provide strong evidence
for two kindsof spin clusters thatcoexistwith the infinite
ferromagnetic matrix forT,TC and distinguish themselves
in the way they respond to the variations in temperature;
while the temperature has practically no influence on the
average size and size distribution of one type of spin clusters,
it induces growth in both the average size and size distribu-
tion of the spin clusters of the other type until the sample
warms up toTC and then disintegrates/disorders them forT
.TC with the result that the average size reduces and the
size distribution narrows down. Next, we attempt an inter-
pretation of these observations in terms of the models pro-
posed in the literature and described in the IntroductionsSec.
Id. While the presence of an infinite ferromagnetic matrix for
T,TC and hence the divergence of the spin-spin correlation
lengthj at T=TC sinset of Fig. 4d rules out the descriptions
such as the “wandering-axis” ferromagnet,15 since in such a
ferromagnetj does not divergeat T=TC, the presence of
clusters, and that too in a great proportion, is in direct con-
tradiction with the transverse spin-freezing model15,17,29be-
cause it considers the spin system to be magneticallyhomo-
geneouseven on the microscopic scale. By comparison, the

FIG. 6. Log-normal distribu-
tions of the cluster sizesscorre-
lated spin regions in the present
cased corresponding to the best
fits, based on Eq.s5d, displayed in
Fig. 5 for H=0 and 4 T. The clus-
ters of smaller average size do not
vary in size with temperature as
opposed to the clusters of longer
spin correlation length that exhibit
temperature-induced growth.
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coexistence of finite spin clusters with the infinite ferromag-
netic sFMd matrix finds a natural place in the so-called FM
cluster–FM matrix model,20,23–27 which envisages the spin
system for TøTC to be composed of theinfinite three-
dimensionalferromagnetic networksmatrixd and finite spin
clustersscomposed of a set ofnoncollinear20 but ferromag-
netically coupled spinsd, which are embedded in, but either
partially or completely isolatedfrom, the FM matrix by
zones of frustrated spinssurrounding the finite clusters. Ac-
cording to this model, the exchange interaction between
spins in the FM matrix weakens asT→TC while the FM
coupling between the spins within the finite clusters is still
quite strong due to the higher Curie temperature for the clus-
ters. As a consequence, the spins of the clusters that are
partially isolatedfrom, and hence weakly interact with, not
only the FM matrix but also the neighboring clusterssthe
so-called strongly interacting clustersd can grow in size with
temperature through two mechanisms. In one such mecha-
nism, they can merge together because of the strong coupling
between the neighboring clusters to form a bigger cluster. In
the other, the cluster spins are able to polarize an increased
number of spins originally belonging to the FM matrix via
direct exchange interactions,40 and hence the clusters grow in
size at the expense of the spins contained in the FM matrix.
However, the temperatures in excess ofTC disorder not only
the FM matrix but also the clusters and hence the cluster size
decreases for temperatures aboveTC. On the other hand,
none of the above-mentioned mechanisms can induce growth
in the clusters which arecompletely isolatedsso far as the
direct exchange interactions are concernedd from the FM ma-
trix and also from other clusterssthe so-called noninteracting
clustersd. Note that this decoupling is similar to the one ob-
served in FeZrCuB alloys, where minuscule quantities of Fe
grains are embedded in an amorphous matrix.41 Thus such
clusters cannot grow in size with increasing temperatures, in
agreement with the present observations. The net result of
the temperature-induced cluster growth and the existence of
many isolated clusters is that amajor fraction of total spins
resides in thefinite clusters for temperatures in the vicinity of
TC. The growth process resulting in an increasing presence of
large clusters would naturally enhance long-range
Ruderman-Kittel-Kasuya-Yoshida and dipolar interactions
between clusters because of the large magnitude of the clus-
ter moments.

If the spins within the clusterssmatrixd were antiferro-
magneticallysferromagneticallyd coupled, as considered in
the antiferromagnetic sAFd spin cluster-FM matrix
model,14,18,19it is not easy for the AF cluster spins to polarize
the FM matrix spins and thereby grow in size with increasing
temperature because of a much higher energy cost involved
in this process. Thus our observations do not support such a
model, although it should be noted that the SANS technique
cannot distinguish between the canted or collinear configu-
ration of the cluster spins.

The temperature-induced growth of the finite FM spin
clusters ina-Fe90+xZr10−x alloys has also been previously in-

ferred from Mössbauer,20 ferromagnetic resonance,24,25 and
bulk magnetization23,26 results. Unlike these techniques, the
SANS data provides direct evidence for the presence of clus-
ters in a FM matrix. Accordingly, this type of data analysis
could be extended to SANS data on other magnetically het-
erogeneous systems of current interest such as ultrasoft nano-
crystalline magnets, interacting fine-particles, and CMR-
oxides, to name a few.

IV. SUMMARY AND CONCLUSIONS

We have performed in-field and zero-field SANS mea-
surements at different temperatures between 10 and 300 K in
an archetypal reentrant amorphous ferromagnet Fe91Zr9.
Contrast matching experiments before and after immersing
the alloy ribbons in deuterium oxide have also been carried
out at room temperature to ascertain theQ range in which the
surface scattering contribution becomes important. The re-
sults of the latter experiments show that only forQ
,0.006 Å−1 the surface effect tends to be important.

An unambiguous separation of the magnetic and nuclear
scattering contributions to the measured SANS signal has
been made by applying a field as high asH=4 T, larger than
that corresponding to the technical saturation in the magne-
tization of the sample. Although definite indications of the
presence of two different contributions stemming from spins
correlated over two different length scales are observed, the
magnetic contribution cannot be explained over the entireQ
range using the standard approach of fitting the data to
Lorentzian1 Lorentzian squared contributions. By contrast,
an alternative analysis that takes into account the contribu-
tions from spherical clusters of two different spin correlation
length distributions leads to an excellent agreement with the
experimental data. The temperature variation of the SANS
patterns reveals the existence of smallsaround 2 nm in ra-
diusd clusters that do not change in size with temperature,
and the larger clusters with a thermally induced growth from
the reentrant regime at low temperaturessT,50 Kd up to the
Curie temperature through the ferromagnetic regime. This
growth is due to the coalescence of neighboring spin clusters
into bigger ones and also by the polarization of nearby spins,
originally belonging to the ferromagnetic matrix. There are
clear indications that the spin clusters persist to temperature
well aboveTC into the paramagnetic state.
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