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Small-angle neutron scattering study of a magnetically inhomogeneous amorphous alloy
with reentrant behavior
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Small-angle neutron scatterin@ANS measurements have been performed on an archetypal reentrant
amorphous ferromagnet §&rq over theQ range 0.003 A'<Q<0.2 A™! and temperatures between 10 and
300 K at fixed values of magnetic fiel=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 o@yf@1006 A ™. 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 fQedependence 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 avera@@=sZz&m) with
a relatively narrow size distribution coexist with clusters of larger average size and wider size distribution,
reproduces the magnetic scattering over the eQimange 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 temperafgyehrough the ferromagnetic regime. The
present results also strongly indicate the presence of clusters at temperatures wellginahe paramagnetic
state.

DOI: 10.1103/PhysRevB.71.134413 PACS nun®er75.50.Lk, 61.12.Ex

I. INTRODUCTION the magnetic microstructure gFe g9, Zr, alloys, as eluci-

There is growing experimental evidence thatmagnetic ~ dated below. o )
inhomogeneity or the so-called “magnetic microstructure” is Magnetic SUSC?pt'b'“tW’M Mdssbauer effect1° and
an attribute that isnherentto magnetic systems as different muon spin relaxatiolf data have established the following
as amorphousor crystalling ferromagnets, nanocrystalline Widely-accepted magnetic phase diagramdéfe, oo, Zr al-
soft magnetic alloys, nanostructures, fine ferromagnetic patoys. Barring the alloy withk=7 (x=12), which behaves as a
ticles, granular giant magnetoresistan@MVR) materials, spin glass(conventional ferromagnetwith a well-defined
colossal magnetoresistandEMR) manganates, and frus- freezing temperatur@; (ordering temperaturéc), the alloys
trated pyrochlore oxides, ar(d) the nature of magnetic in- with x=8—11 exhibit two transitions as the temperature is
homogeneity basically decides the magnetic behavior of éwered from high temperatures; a paramagn@lid) to fer-
given systent. Since the small-angle neutron scatteringromagnetic(FM) transition at the Curie temperatufg fol-
(SANS) technique is a powerful experimental tool to charac-lowed at a lower temperaturBze by a transition from the
terize magnetic inhomogeneity at the mesoscopic lengtirM state to the reentrafiRE) state. Withx decreasing from
scale of 1-1000 nm, the bulk of this evidence has come&=11, Tge increases whil@ ¢ decreases such that tligg(x)
from the SANS investigatiods'? on the aforementioned andTc(x) phase transition lines meet &t for x=7. There is
magnetic systems. Attempts to understand the origin of maga general consensus that the RE state imiged state in
netic inhomogeneities in these systems have heavily drawwhich long-range ferromagnetic order coexists with the spin
upon the existing knowledde"3-32about the influence of glass order but there are conflicting opinions about the exact
spin frustration and local magnetic anisotropy on the magnature of the ferromagnetic and spin glass order.
netic order in the amorphowsFe, oo Zry (7<x=<12) alloys. The magnetic behavior od-Feq.Zr, alloys has been
However, such attempts have given limited success primarilfpasically understood frorfour divergentpoints of view. The
because conflicting opinions prevail about the nature and orffirst approacf*1819considers the magnetic microstructure as
gin of magnetic inhomogeneity and about the finer details ofonsisting of spin clustersof antiferromagnetic(AF) Fe
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spins and thderromagnetic(FM) Fe—Zr matrix (in which  deal with the total integrated scattering intensity which con-
these qlgsters are frozen in ran(_:iom origntationsTf&rTRE) tains a sizable contribution from the nuclear scattering and
and arising from the changes in the sign of the exchangen the other hand, the SANS data that exten®twalues
interaction due tdocal variations in thecompositionof the  (modulus of the scattering vecjoas low a$ 0.003 A®
samples. A collinear spin structure within the clusters anccould have a large contribution due to the scattering from
matrix is, however, not supported by the Mossbauelsyrface imperfection®

datd>1®20-#which unambiguously reveal that a large per-  The above considerations prompted us to undertake an
centage of magnetic momentsrisncollinear In agreement  aytensive SANS study of amorphousgfr, alloy in the
with the Mdssbauer results, the band structure calcule?t?ionswide ranges 0.003 A<Q<=0.5 A and 10 K< T<300 K

yield a noncollinear ferromagnetic ground state for these albf Q and tem :
. perature, respectively, and to correct the SANS
loys. According to thesecond(the so-called FM cluster—FM intensity for the scattering from surface imperfections using

matrix) model, proposed by Kauwdt al,?%23-?"the spin sys- ; .
tem for T<Tc comprises thenfinite three-dimensionaler- the results of contrast matching experiments.

romagnetic networkKmatrix) and finite spin cluster¢com-

posed of a set ofnoncollineaf® but ferromagnetically [l. EXPERIMENT
coupled sping which are embedded in thepin-cantedFM ) _ .
matrix?®2327 and frozen in random directions foF< Tre. Amorphous ribbons of nominal compositionggérg and

Contrasted with the first picture, the spatial segregation ofPProximately 1.5 mm wide and around aén thick were
finite FM clusters and FM matrix in this model originates Obtained by rapid-quenching under Ar atmosphere
from thelocal atomicdensityfluctuations. A somewhat simi- (500 mbay in a Buhler melt-spinner apparatus. The master
lar model, put forward by Kisst al28 based on the interpre- alloy pellets, prepared in an arc-furnace, were subsequently
tation of the magnetization—-magnetic field isotherms in term#$laced inside a quartz tube with a matching end to attach a
of the classical theory fdnteractingsuperparamagnetic par- boron nitride nozzle. This nozzle was 1 mm away from the
ticles, indicates that the FM clusters occupy the entiresurface of the stainless steel wheel of dimensions 14 cm in
volume of the sample. Thehird model regards the diameter and 3 cm wide rotating at an angular speed of
a-FeygoZry, alloys to be a “wandering axis” ferromagiein 2800 rpm. The pellets2 g) were melted at around 1800 K
which the noncollinear magnetic moments are ferromagnetiprior to ribbon casting. X-ray diffractiofiCuKa) patterns
cally correlated but thdocal ferromagnetic axis changes using long(1 min) integrating times per angle, taken on ei-
throughout the sample. THeurth one (the so-called trans- ther faces of the ribbons, confirmed that the ribbons are in
verse spin-freezing modeldue to Ryaret al,*>17"?°envis-  the amorphous state. The examination of the chemical com-
ages the spin system for< T to be composed derromag-  position by energy dispersive x-ray analysis in different
netically correlated longitudinal (z-direction spin  sample areas revealed a good chemical homogeneity and an
components and strongly fluctuatirtgansverse(xy) spin  average composition of gyZrg s in excellent agreement
components; as the temperature is lowered belgwtrans-  with the nominal composition.
verse spin component®operativelyfreeze in random orien- SANS experiments were carried out in LOQ and SANS
tations in thexy-plane atT=Tgre~T,, andcoexistwith col-  instruments at the ISIS pulsed-neutrons and Risoe DR3 re-
linear ferromagnetic order along thedirection. This model actor sources, respectively. A comparison between the data
essentially excludes the presence of spin clusters for it placegets taken on the same sample using different instruments
an upper bound of 0.5% of the total spins that could form(time-of-flight and diffraction constitutes a stringent test for
such clusters. the consistency of results. The ribboteound 1 ¢ were
While the results of extensive critical phenomenawrapped in a thin Al foil. The selecte@ range at the LOQ
studieg3-26:30-33confirm the presence of anfinite FM ma-  instrument was 0.006 A<Q<0.2 A™L. With the aim of
trix and thereby rule out the descriptions such as the “wanmaking the results of an elaborate data analysis in the case of
dering axis” ferromagnet for which the spin correlation magnetically inhomogenous alloys more conclusive, the
length does not diverge @t=T, there are experimental evi- SANS experiments were later performed at Risoe in an ex-
dences  fof923-2830-33  (3gainst42023-2830-3  gnd  tendedQ range, 0.003 Al<Q<0.5 AL Both the sets of
against>1729 (for'>17.29 the FM cluster-FM matrix(trans-  data were taken in the zero-field and in-field conditions. At
verse spin-freezingmodel. Furthermore, from a recent po- ISIS, an electromagnéH=0.26 T) was placed in the beam
larized neutron scattering determination of the structure facallowing a perpendicular geometry with respect to the long
tor, Wildeset al** conclude in direct contradiction with the axis in the ribbon plane, and the temperature range of
proposal of Ryaret al1>17:2°that FeZr glasses are collinear 10—300 K was covered using a CCR-Leybold cryostat. In
ferromagnets with strong spin fluctuations fog, <T<Tc, Risoe, an Oxford cryostat, housing a superconducting caoill,
noncollinear spin components aréerromagneticallycorre-  allowed a variation of temperature between 10 and 300 K
lated over several atomic spacings, and that the fraction aind of field fromH=0.5to 4 T. In this instrument, th®
magnetic moments that are collinear with the mean ferrorange was achieved by selecting three different average
magnetic direction is small. This observation lends firmwavelengthg\=10, 6, and 3 Aand detector distancgs, 3,
support* to the FM cluster-FM matrix modéP22-2"Though  and 1 m). Standard correctiod&were applied to both sets of
there is evidence for spin clusters from the SANS data, data. The agreement between results of both instruments is
these results cannot be regarded as conclusive for the follovexcellent, as reported previoushBuch an agreement rules
ing reasons. On the one hand, all the SANS investigatiéns out any influence of sample mounting or the presence of
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T (marked by an arrowand Q>0.2 AL, This observation
: rules out any significant contribution from the sample sur-
1000 1 face in the range 0.006 A<Q=0.2 A™L. For this reason,
. further analysis of the SANS data is carried out only in the
% 100 range 0.006 A'=Q=0.1 A! where surface contributions
g are negligibly small. Note that the seemingly large relative
< 10 3 difference between the sample and@SANS signals for
g Q>0.2 Ais an artifact of a background sign@manating,
E 1y 3 in the most part, from the external cells of the detector
ai L — ' ] which is asweak as that due to either the sample or the
: gl sample plus BO. This difference signal has thus little to do
0.01 , - ‘ with the surface effects.
0.01 QA& 0.1 The SANS signal from a magnetically concentrated ma-

terial with magneticlustersor inhomogeneitiesan be quite

FIG. 1. SANSI(Q) patterns of amorphous &&rg ribbons be- complex and hence deserves a careful analysis. Only in mag-
fore and after immersing them in,D, contained in a quartz vial. Netic systems with well-defined particles or clustérsthe
The inset shows that the differencelif@) is negligible except for nanometric scajesuch as bcce-Fe or Fe-oxides embedded in
Q<0.006 A (marked with an arrojvandQ>0.2 A%, an insulating matrix, e.g., Silor Al,O3, can the SANS pat-

tern display pronounced peaks. If the size distribuiioor-
instrumental and ancillary equipment background on the sigMly taken as a log-normibf particles is narrow and the
nal. volume fraction of particles is also smalapproximately

To ascertain whether or not the ribbon surface has any>”9, the SANS signal exhibits a peak at aroui

A -1 - -
influence on the scattered signal, a final set of experiments9-1° A%, corresponding to a mean size around 3#rn

was performed at the SANS-Risoe instrument at room tem@Ur ¢ase, the absence of peaks in the signal requires an extra
perature. For such an experiment, we used quartz vials €fOrt to extract quantitative results. _

% 0.2x 1 cm®) mounted on a special rig. The vials contained . Th_e SANS intensity comprises nuc_lear and magnetic con-
several ribbongaround 0.3 g placed perpendicular to the tributions. The nuclear contribution arises from local fluctua-
neutron beam. Liquid ED (Aldrich Chemicals was em- tions in the nuclear scattering length density caused by varia-

; . : tions in the density or chemical composition. If it is assumed
loyed to obtain the best possible contrast matching. X L >
ploy P 9 that the fluctuations stem from the local variations in the

chemical composition, local compositional fluctuations
IIl. DATA ANALYSIS, RESULTS, AND DISCUSSION sho_uld give rise to Fe-rich regions WhICh sh’ould behave as
antiferromagnetic fcc-Fe clusters, with a Néel temperature
It is well-known that the SANS signal may have a signifi- around 70 K. The Néel transition is not observed in the mag-
cant contribution from the surface scattering, varyingdaé  netic susceptibility data and Mdssbauer spectra do not reveal
(surface states such as roughness, oxide layer, chemical comry antiferromagnetic spin correlations, as discussed in de-
position, or surface structurer a contribution varying as tail in Refs. 16, 20, 21, and 23. Hence density fluctuations
Q2 due to dislocations. The former case is particularly rel-are expected to be the origin of the local fluctuations in the
evant to amorphous ribbons. Previously reported SANS studauclear scattering length density. The magnetic contribution,
ies on FeZr alloys* did not take into account this effect. An on the other hand, originates from the magnetic scattering of
efficient way of investigating such effects is to modify the neutrons from fluctuations in both the orientation and the
scattering contrast between the sample and its surroundingigagnitude of the magnetization density, and hepogbes
by immersing the sample in liquids which have nearly thethe magnetic inhomogeneities in the sample. The total SANS
same coherent scattering length density as the sample. Thissignal depends on the magnituQeof the scattering vecta
so because the small-angle scattering signal coming from thand the angld«) between the scattering and magnetization
sample surface is proportional t@dp?), where Ap is the  vectors:
difference in the scattering length density between the | (Q,a) = Iyue(Q) + I yyac(Q)Si a (1)
sample and the liquid. To this end, we have selected Bs TOTAR NuCe MAG
its coherent scattering length densips6.36x 101°cm?,  wherelyyd(Q) andlyas(Q) are theQ-dependent nuclear and
which is very close to thal{p=7.23x10°cm™) of the  magnetic contributions. If a magnetic field large enough
amorphous FgZrg alloy. Although it is not possible to to saturate the samplso that the directions of the vectdfis
match exactly the value, the difference in the shape of the and M coincide, is applied, it is possible to separate the
SANS patterns taken at room temperature between the ritauclear and magnetic contributions. Wheh is parallel
bons in air and immersed in the contrast liquid should reflectPAR to Q, «=0, and hence only the nuclear scattering
such surface effects. Figure 1 shows a comparison betweghyyc(Q)] contributes to thérora(Q). If 1(Q) is measured in
the SANS signals from the sample with and withodD a direction perpendiculafPER to that of H, «=90° and
and the relative difference between them. It is evident fromhence l1g7a(Q)=Inuc(Q)+1mac(Q). Adopting this ap-
the difference plot(inset of Fig. 1 that both the signals proach, we have applied a field as largeHss4 T, which
match over the entireQ range except forQ<0.006 A* lies well above the field corresponding to the technical
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FIG. 2. lyac(Q=1perQ)~1padQ) and Iyyc(Q)=IparQ) at
different temperatures in the reentrant 10 K, ferromagr®tcand
160 K), and paramagnetic 300 K regimes.

saturatiof®?227in the M-H isotherms of FgZr,. Figure 2
shows Iyac(Q)=1pedQ)-1pad Q) and Iyyc(Q)=IparQ) at
different temperatures in the reentrdh® K), ferromagnetic
(90 and 160 K, and paramagneti@00 K) regimes?’3’ The
nuclear contribution is clearly independent of temperature
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FIG. 3. Thermal variation of the magnetic component of the
cattering intensitylyac, for the two selecte® values(0.01 and
.08 A1) atH=0, 0.26, 0.5, and 4 T. A peak, visible at=Tg, is

all Q values, as expected from the stability of the, amorphou?)rogressively smeared out by increasing the applied field strength.
structure for temperatures well below the crystallization tem-ry 4 inset showsyaa(T), normalized to its value =120 K, for

perature(=700 K). By contrast, irrespective d), the mag-

Q=0.01 A* (closed circlesandQ=0.08 A1 (open circles

netic contribution increases with temperature due to the ther-
mally induced changes in the orientation and/or magnitude-0.08 A™* with field is not as drastic as &=0.01 A% In

of the magnetization density. In additiohyac(Q) exhibits
broad humps aQ=0.01 and 0.05 A, particularly for T

order to bring out clearly the effect of the variation@) the
inset of Fig. 3 comparefyac(T)/Iyac(T=120 K) at H=0

<Tc, indicating the presence of magnetic inhomogeneities.for the aboveQ values. The peak ifyag(T) at®3337 T

To determine the influence of the field on the magnetic=T.=210 K, arising from the critical fluctuations of spon-
contribution, Iyyc(Q) has been subtracted from the SANS taneous magnetization, is sharper at the la@erlue. Con-
intensity measured atl=0, 0.26, 0.5, and 4 T along the trasted with this behavior, for a conventional ferromagnet
direction perpendicular to the field. Figure 3 depicts the ther{i.e., ahomogeneouspin system witHong-rangeferromag-
mal variation of the magnetic component of the scatteringhetic ordey, Iyac is independenbf temperature foil <Te

intensity, lyac: for the two selectedQ values (0.01 and

and the peak al. becomes more and more pronounce@as

0.08 A™) at the above-mentioned field values. As the tem-decreases. A sharp rise in the magnetic scattering intensity

perature is raised from 10 Kyag at H=0 decreases initially
and goes through peakat 205 K for both theQ values but
Imac(Q=0.01 A1) is at leastwo orders of magnitude larger
thanlyag(Q=0.08 A™Y) at all temperatures. For the lowér

for T<120 K and a higher value folyag(T)/Iyac(T
=120 K) at T> T for Q=0.01 Al is thus a manifestation of
the presence of an extra contribution coming from the re-
gions differing from the ferromagnetic matrix in the orienta-

value, the magnetic scattering intensity increases monotaion and/or magnitude of the magnetization densitigerna-

nously with temperature dinite fields. At any given tem-

tively, from the magnetic inhomogeneitjesnd persisting to

perature, the intensity reduces drastically in fields as small agmperatures well aboVE-. Moreover, a considerably large
0.26 T from its value aH=0 such that the suppression in magnitude ofl g atQ=0.01 A1 in the absence of the field

Imacg increases as the temperature is lowered beld20 K
and the peak iy ac(T) disappeargsby comparison, the pro-
gressive suppression with field fét>0.26 T is extremely
smal). By contrast, the reduction inlyag(T) at Q

and its extreme sensitivity to the field strongly indicate that
many such regions with a wide size distribution are present
in the amorphousa-Fey)Zrg alloy. This inference follows

from the fact that the magnetic inhomogeneities with size
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I ; . (shortey length scales, i.e., fo@<Q" (Q>Q"), the mag-
s R "'AAA. 9 netic behavior is that of a conventional ferromagfwirre-
0.8 o MR lated spin regions
Yv % o Since the data cannot be described by a single Lorentzian
— L
= 06l AU . D..t h . d h I A . hb
R et L over the entireQ range and the sample in question exhibits
80 e et '"DDE’ magnetic irreversibility (i.e., a bifurcation between the
£04; AR .';Eff.’ 1 “field-cooled” and the “zero-field-cooled” thermomagnetic
= xeAfA-gQEEE Ik curves forT<Tgg) characteristit®20-27:370f reentrant ferro-
0.2 g@g; * 210K magnetic systems, the next step is to test whether(Bq.
, % reproduces the observégas(Q). We have performed this

0 : : : analysis on two sets df,ac(Q) data taken at different tem-
0 0.002 0'0042 ;_'2006 0.008 ~ 0.01 peratures in the absen@d=0) and presencéH=4 T) of the
@A magnetic field. In Fig. 5ly,ac(Q) data are shown along with

FIG. 4. 1Mxa(Q) vs Q2 at different temperatures. Deviations the best fits(dashed lines based on Eq(2), for selected
from the true Lorentzian behavior &>Q" are clearly visible. temperatures 10 K<Tgg), 90—100 K(=~Tgg), 160-180 K
Inset demonstrates that l}/sc(Q) varies linearly withQ? for Q2 (<Tc), and 300 K(>T¢). The calculated variations repro-
<0.004 A2 at T=T where the least-squares-fitted straight line duce the observetl;sg(Q) only for Q<0.02 A and devi-
passes through the origin when extrapolate@te0. ate appreciably from the data at all temperatures at higher

values and hence E(R) does not form an adequate descrip-

larger than the length scale suggesteddy0.08 A2 would  tion of Iyas(Q) in FeyiZrg even in the reentrant state.

have escaped detection in thgss signal measured a A strong indication from the data presented in Figs. 3 and

=0.08 AL, That the field progressively smears out the peakt for the existence of different length scales over which the

in Iyac(T) at Tc is a consequence of the suppression of criti-SPins seem to be correlated, besides the infinite ferromag-

cal fluctuations byH. netic matrix atT<T, prompted us to take recourse to a
In a conventional ferromagnet, the SANS magnetic intenmodel, normally used to describe thgag(Q) signal from

sity is directly proportional to the spin-spin correlation func- Single-domain magnetic nanoparticfésuitably modified to

tion which follows an Ornstein-Zernike law in the paramag-include an extra contribution from particles of another size.

netic regime. In accordance with this law, the magneticStarting from the expression for the pure magnetic scattering

scattering intensity is described by a Lorentzian. For tem<Cross section:

peratures belowl¢, the rotational symmetry of the spins is

spontaneously broken and henkgas(Q) is described by

two Lorentzians corresponding to longitudinal and transverse (%) - (d_‘f) _ (%)

critical spin fluctuations® In ferromagnetic systems which dQ/yac \dQ/ \dQ/,

exhibit a reentrant behavior at low temperatures, it is cus- _ 20 2 . 2

tomary to fit the magnetic scattering contribution to an ex- B NPVPAP'V'AGS'nZ aF(QSQ), )

pression:

A B whereN, is the number of particles in the samplg, is the
Imac(Q) = % T2t QP+ D)? (2) volume of these particlesf,(Q) their form factor, and
! 2 Apuac IS the magnetic contrast of the particles with respect
wherex=1/¢ and ¢ is the spin-spin correlation length. This to the matrix. The latter quantity is proportional to the mag-
iS so because in the reentrant state, long-range ferromagnetietic moment per atomic volume.is the angle between the
order coexists with the spin-glass order, so that in addition t@cattering and the particle-magnetization directions 36
a Lorentzian ternfwhich describes the ferromagnetic contri- is the structure factor corresponding to the particles. Since
bution), Eq. (2) includes a Lorentzian squared term that ac-there is no evidence of a peak in thgag(Q), reflecting the
counts for the supplementary contribution arising from thepolydispersity of such particles in the matrix in our case, we

spins constituting the spin-glass state. setS(Q)=1 in the range of) values covered in the present
To ascertain whether or not theure magnetic signal experiments.
Imac(Q) atH=0 is described by a Lorentzian, I}/ac(Q) is The form factorF,(Q) (normalized to 1 for spherical

plotted agains? at different but fixed values of temperature particles of radiuR is given by the expression
in Fig. 4. Deviations from the true Lorentzian behavior are

apparent foQ>Q" andQ" is temperature-dependertiow-

ever, the data over a certa@ range forQ>Q" can be de- sin(QR) - QRcogQR)

scribed by another Lorentzian. AB— T, the variation of Fp(Q) =3 QR? . (4)
1/1yac(Q) with Q? at low Q becomes linear over a wid€)

range and the value &f decreases so much so thatO (i.e., To take into account particles of two different average

the spin-spin correlation lengtté diverges at T=T.  sizes, we include two log-normal distributions of particle
=210 K (the inset of Fig. # These observations support the sizes. The total magnetic scattering cross section can thus be
existence of at least two different length scales. At largemritten as
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Eq. (2), for selected temperatures
10 K (<Tgrg), 90—-100 K(=Trp),
160-180 K (<T¢), and 300 K
(<Tc). The calculated variations
reproduce the observelac(Q)
only for Q< 0.02 At 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-

- T=180K H=0T

100 t

pression to fit the data in the entire
Q range. Theoretical fitcontinu-
ous curvel based on Eq(5), to
the Iyac(Q) data atH=0 (left)
andH=4 T (right) are also shown
for  comparison.  Continuous
curves, using Eq(5), are noticed
to closely reproduce the observed
Imac(Q) over the entire range at
all temperatures. This figure also

T=300K H=0T
1000 |

100 L

10 ¢

0.01

0

depicts the individual variations
with Q of the contributions to
Imac(Q) due to the two terms in
Eq. (5) by the dotted curves.

f 9:(RV,ARFXQ,RdR

1o

A2
v dQ)MAG—ApmagSInza fo

0

+f

0

where V is the sample volumef, the volume fraction of
particles of each distribution in the sample, a(®) is the

log-normal size distribution.

In Fig. 5 the optimum theoretical fits, based on Ej), to
the Iyag(Q) data atH=0 (left) and H=4 T (right) are de-

p2 p
f 92(RVo(R)AR

9:(R)V4(R)dR

f %RV, (RIFXQ,RdR

Q(A™

noted by continuous curves. Note that in these fits the factor
sir’ a is set equal to 0.5 and 1.0 for the casts0 and 4 T,
respectively, for the following reason. In the absence of the
magnetic field, magnetization vectors of the particlesn-
finedto theribbon planeby the shape anisotropyhave di-
rectionsisotropic in space since the in-plane anisotropy is
extremely smalf*?> Consequently, the spatial average of
sir’ «=0.5. On the other hand, &=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° [for details, see the paragraph below Eq.
(1)] and hence sfa=1. An excellent agreement between
the experiment and theory over the entpaange is evident

at all temperatures and at fielt)s=0 and 4 T. Figure 5 also
depicts the individual variations witQ of the contributions

to lyac(Q) due to the two terms in Eq5) by the dotted
curves. The corresponding log-normal distributions of the
particle sizegcorrelated spin regions in the present ¢ase
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FIG. 6. Log-normal distribu-

0o L | tions of the cluster sizegcorre-

lated spin regions in the present
case corresponding to the best
fits, based on Eq5), displayed in
Fig. 5 forH=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
T T spin correlation length that exhibit
temperature-induced growth.
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displayed in Fig. 6. It is evident from this figure that there the larger spin clusters. Thus the effect of field is to orient the
are two kinds of correlated spin regions. The first type has aspin clusters towards its own direction and thereby reduce

average size oR,~2 nm and a narrow size distribution the magnetic contrast of the spin clusters with respect to the

with the property that both the average size as well as thifromagnetic matrix. Consequently, the magnetic scattering
size distribution are essentiallpdependenbf temperature Intensity is considerably reduced in the presence of the field.

from 10 to 300 K. By contrast, the second type has a similar "€ "esults of an elaborate analysis of the SANS taken
— over a wide range d on a-Fey;Zrg provide strong evidence

average sizéR;=R; but a much wider size distribution at for two kindsof spin clusters thatoexistwith the infinite
T=10 K and as the temperature is raised throlgh R,  ferromagnetic matrix folf <T and distinguish themselves
increases and the size distribution progressively broaderis the way they respond to the variations in temperature;
further until T~T and thenﬁz decreases and the size dis- While the temperature has practically no influence on the

tribution narrows down for temperatures aboke The in- average size and size distribution of one type of spin clusters,

dividual contributions made by the two terms, appearing init induces growth in both the average size and size distribu-

Eq. (5), to Iyac(Q) (i.e., the dotted curves in Fig.) 5when tion of the spin clusters of the other type until the sample

. " . ) i ) T, h isi i h
viewed against the information provided by Fig. 6 about th warms up toTe and then disintegrates/disorders them Tor

. ; e~ T, with the result that the average size reduces and the
type of correlated spin regiorigenceforth referred to as fi- gje” gistribution narrows down. Next, we attempt an inter-

nite spin clusternspresent, reveal that the magnetic Scatteringpretation of these observations in terms of the models pro-
by spin clusters of smalletbigge) size with narrower posed in the literature and described in the Introduct®ec.
(broadey size distribution completely accounts ftiac(Q) ). While the presence of an infinite ferromagnetic matrix for
for Q>0.02 A* (Q<0.02 A™%). This inference conforms T<T. and hence the divergence of the spin-spin correlation
very well with that drawn earlier from the data presented inlength ¢ at T=T (inset of Fig. 4 rules out the descriptions
Fig. 3. It is also amply clear that a single cluster sfiigy-  such as the “wandering-axis” ferromagfesince in such a
norma) distribution cannot describlg;ac(Q) over the entire  ferromagneté does not divergeat T=T, the presence of

Q range. Another important observatighig. 6) is that the clusters, and that too in a great proportion, is in direct con-
magnetic field does not seem to have any discernible influtradiction with the transverse spin-freezing mdeeéi-?°be-
ence on the spin cluster size distributions at different temeause it considers the spin system to be magnetitaliyo-
peratures and hence on the temperature-induced growth gkneousven on the microscopic scale. By comparison, the
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coexistence of finite spin clusters with the infinite ferromag-ferred from Mossbauéf, ferromagnetic resonanéé?® and

netic (FM) matrix finds a natural place in the so-called FM bulk magnetizatiof?2 results. Unlike these techniques, the
cluster-FM matrix model?23-2which envisages the spin  SANS data provides direct evidence for the presence of clus-
system forT<Tc to be composed of thénfinite three-  ters in a FM matrix. Accordingly, this type of data analysis
dimensionalferromagnetic networkmatrix) and finite spin  could be extended to SANS data on other magnetically het-
clusters(composed of a set afoncollinear® but ferromag-  erogeneous systems of current interest such as ultrasoft nano-

netically coupled spins which are embedded in, but either ¢rystalline magnets, interacting fine-particles, and CMR-
partially or completely isolatedrom, the FM matrix by ,vides. to name a few.

zones of frustrated spirsurrounding the finite clusters. Ac-

cording to this model, the exchange interaction between
spins in the FM matrix weakens &— Tc while the FM IV. SUMMARY AND CONCLUSIONS
coupling between the spins within the finite clusters is still

quite strong due to the higher Curie temperature for the clus- e have performed in-field and zero-field SANS mea-
ters. As a consequence, the spins of the clusters that afslrements at different temperatures between 10 and 300 K in

partially isolatedfrom, and hence weakly interact with, not @ archetypal reentrant amorphous ferromagneg,Zf¢
only the FM matrix but also the neighboring clustétse ~ Contrast matching experiments before and after immersing
so-called strongly interacting clustgisan grow in size with ~ the alloy ribbons in deuterium oxide have also been carried
temperature through two mechanisms. In one such mechgut at room temperature to ascertain @eange in which the
nism, they can merge together because of the strong couplirgyirface scattering contribution becomes important. The re-
between the neighboring clusters to form a bigger cluster. Iisults of the latter experiments show that only fQ
the other, the cluster spins are able to polarize an increased0.006 A the surface effect tends to be important.
number of spins originally belonging to the FM matrix via ~ An unambiguous separation of the magnetic and nuclear
direct exchange interactiofi3and hence the clusters grow in scattering contributions to the measured SANS signal has
size at the expense of the spins contained in the FM matrixpeen made by applying a field as highths 4 T, larger than
However, the temperatures in excessTefdisorder not only  that corresponding to the technical saturation in the magne-
the FM matrix but also the clusters and hence the cluster Sizg ation of the sample. Although definite indications of the
decreases for temperatures abdive On the other hand, presence of two different contributions stemming from spins
none of the above-mentioned mechanisms can induce growiyrelated over two different length scales are observed, the
in the clusters which areompletely isolatedso far as the  agnetic contribution cannot be explained over the efire
direct gxclhar}ge mte;actul)ns ar;concebrﬁmgn the FMma- 56 ysing the standard approach of fiting the data to
glés?2r$a|§gter?f?; f:hi:r geucsgﬁf)lirfgsic;—?s?m(ielarn% n;gteeroancélr:)%_ Lorentzian7L Lorentzign squared cqntributions. By contrast,
served in FeZrCuB alloys, where minuscule quantities of Fé{”.m altfernatlvi anal?’s'ls that tafkes 'r:jt.?f account the COII’]tI.’Ibu-
grains are embedded in an amorphous méatrikhus such lons Irom spherica clusters of two different spin corre _at|on
Hangth distributions leads to an excellent agreement with the

clusters cannot grow in size with increasing temperatures, i . | d h e £ th
agreement with the present observations. The net result &XPerimental data. The temperature variation of the SANS

the temperature-induced cluster growth and the existence Htterns reveals the existence of smaiound 2 nm in ra-
many isolated clusters is thataajor fraction of total spins  diuS clusters that do not change in size with temperature,

resides in thdinite clusters for temperatures in the vicinity of @nd the larger clusters with a thermally induced growth from
Tc. The growth process resulting in an increasing presence ¢fi€ reentrant regime at low temperatuf@s<50 K) up tothe
Ruderman-Kittel-Kasuya-Yoshida and dipolar interactionsdrowth is due to the coalescence of neighboring spin clusters

between clusters because of the large magnitude of the clulto bigger ones and also by the polarization of nearby spins,
ter moments. originally belonging to the ferromagnetic matrix. There are

If the spins within the clusterématrix) were antiferro- clear indications that the spin clus.ters persist to temperature
magnetically (ferromagnetically coupled, as considered in Well aboveTc into the paramagnetic state.
the antiferromagnetic (AF) spin cluster-FM  matrix
model,14'18'19_it is not easy for the AF cluster spins to polarize ACKNOWLEDGMENTS
the FM matrix spins and thereby grow in size with increasing
temperature because of a much higher energy cost involved The authors thank Professor O. V. Nielsen for permitting
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