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Nonequilibrium magnetic dynamics in mechanically alloyed materials

J. A. De Toro, M. A. López de la Torre,* M. A. Arranz, and J. M. Riveiro
Departamento de Fı´sica Aplicada, Universidad de Castilla–La Mancha, 13071 Ciudad Real, Spain

J. L. Martı́nez
Instituto de Ciencia de Materiales, CSIC Cantoblanco, 28049 Madrid, Spain

P. Palade and G. Filoti
National Institute for Physics of Materials, Ro-76900 Bucharest-Magurele, Romania

~Received 10 April 2000; revised manuscript received 5 March 2001; published 15 August 2001!

The magnetically glassy behavior of mechanically alloyed Fe61Re30Cr9 is reported in detail, including a
static and dynamic study of the freezing process, the observation of aging in a mechanically alloyed sample,
Mössbauer analysis, and annealing experiments. Despite the clear collective character of the low-temperature
change of regime, no thermodynamical spin-glass mean-field transition could be proved. On the other hand, the
careful comparison of the magnetic behavior with that reported in strongly interacting fine particles systems
hinted towards the presence of that kind of particles in our samples. Structural considerations based on XRD,
Mössbauer, and the evolution of the ac susceptibility peaks upon annealing pointed to the existence of very fine
Fe-rich clusters able to support a magnetic moment, confirming the diagnosis extracted from the magnetic
dynamics analysis. The argument is strengthened by the study of the effects of milling on the freezing tem-
perature in a second sample showing a similar behavior: Fe35Al50B15. The explanation can be extended
naturally to previously reported mechanically alloyed, spin-glass-like samples, which hints towards the gener-
alization of our interpretation.
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I. INTRODUCTION

Ball milling or mechanical attrition is a well-establishe
technique for the synthesis of a variety of metastable pha
such as extended solid solutions, alloys of inmiscible e
ments, amorphous alloys, or quasicrystalline phases.1 Essen-
tially, the disordering and alloying of the different speci
take place at the grains interfaces due to the high shear
induced by the balls collisions. Depending on the type
starting constituents, two main procedures can be dis
guished: inmechanical alloying~MA !, the departing con-
stituents are two or more elemental powders, whereas
termmechanical milling~MM ! refers to the milling of inter-
metallic compounds~or, sometimes, a single elemental po
der!. Both methods have been recently found to be capa
of producing novel spin glasses~SG!,2–5 often with a surpris-
ingly high concentration of the magnetic elements, i.e.,con-
centrated spin glasses. It is remarkable that these rat
crude techniques may produce such a subtle magnetic ph
As far as MM is concerned, Klein6 suggested a superpar
magneticlike blocking of magnetic particles to explain wh
Zhou and Bakker claimed a true spin glass in a MM na
crystalline Gd-Al Laves phase.3 Hernandoet al. pointed out
another possibility to explain the spin-glass-like~SGL! be-
havior of nanocrystalline samples: spin disorder at
nanocrystals boundaries.7 Although the chemical and/or sit
disorder can theoretically justify the existence of compet
interactions leading to the appearance of a SG phase
thermodynamic phase transition has been demonstrate
far in any of the referred samples, therefore leaving the qu
tion open to further research. The same is applicable to
spin-glass-like MA materials, on which this paper will b
0163-1829/2001/64~9!/094438~9!/$20.00 64 0944
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focused, where the interpretation is often more difficult d
to the presence of different structural and magnetic phas8

The possible presence of a SG phase in mechanically
loyed materials has been expressed in some recent wor5,8

Other MA products, such as the much-studied Co-Cu, h
resulted in superparamagnetic behavior.9 In a previous paper,
some of us found distinctive spin glass ac and dc susce
bility features in a MA Al49Fe30Cu21 nanocrystalline alloy10

~sample AFC!, but could not observe the SG typical dive
gence of the nonlinear susceptibility (xnl).

11 Other magnetic
properties @the thermal hysteresis between the zero-fi
cooled ~ZFC! and the field cooled~FC! magnetization, the
frequency-dependent cusp of the ac susceptibibility, or so
relaxation features# are not unequivocal, as will be reviewe
along this work. The SGL behavior of AFC was then relat
to the blocking of some interacting magnetic particles,
spired by the results intensively reported in the last f
years, both experimental12–14 and theoretical,15 on the spin
glass behavior of fine ferromagnetic particles systems w
strong dipole interaction. The study of the effects of interp
ticle interactions is also relevant in the context of giant ma
netorresistive granular materials.16 The present work does
not simply present two more examples of SGL behavior
MA samples, but aims to settle the issue and controversie
this kind of materials by clarifying some uncertain aspects
Ref. 10: ~i! the cooperative dynamics below the freezi
temperature is proved with the neat observation ofaging
phenomena for the first time, to the best of our knowledge
an alloy synthesized by MA@before, Bonettiet al. had re-
ported it in MM nanocrystalline pure Fe~Ref. 17!# and ~ii !
the underlying microstructure is investigated by contrast
low temperature Mo¨ssbauer data with the structural pictu
©2001 The American Physical Society38-1
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suggested by the magnetic analysis. Additionally, the co
parison of the results presented here with those reporte
AFC ~Ref. 10! and FWA~Ref. 18! will allow us to tentatively
generalize the explanation for the SGL behavior in M
materials.

Most of the paper is concerned with a Fe61Re30Cr9 alloy
~FRC!, whose low-temperature magnetic dynamics has b
thoroughly analyzed. Samples at different milling times we
studied in the system Fe35Al50B20 ~FAB! in order to achieve
better structural insight. Instead of the more usual prese
tion where structural considerations precede the magn
properties account, the paper is organized in the oppo
way. This is done so in order to emphasize how the anal
of the magnetic behavior in this kind of materials can
used to diagnose the structure responsible for such beha
which, in addition, appears certainly hard to determine
conventional structural probes~XRD or HRTEM!.

II. EXPERIMENTAL

The samples were obtained by mechanical alloying
emental powders in a conventional high-energy plane
mill operating at 225 rpm. The powders were sealed unde
Ar atmosphere in hardened steel pots with the 20%of th
volumes occupied by 10 mmB balls of the same materia
The ball-to-powder mass ratio was kept approximately eq
to 12:1. These are the same conditions employed to syn
size the samples AFC~Ref. 10! and FWA.18 The composition
and structure evolution were followed throughout the milli
by x-ray energy dispersive spectroscopy~XEDS! and x-ray
diffraction ~XRD!, respectively. The latter was accomplish
using CuKa radiation, 2u geometry and integration times a
high as 20 s in a MPD Philips diffractometer. The structu
of FRC was further investigated by high resolution transm
sion electron microscopy~HRTEM! and selected-are
electron-diffraction~SAED!. Mössbauer spectra of the sam
material were recorded atT5300, 80, and 15 K in a closed
cycle cryostat using a standard Mo¨ssbauer setup with sym
metrical wave form. The FRC annealed samples were
tained by heating during 10 h at 300 and 400 °C in a h
vacuum furnace.

Hysteresis loops at various temperatures were regist
with a vibrating sample magnetometer~VSM! equipped with
a He cryostat. A Quantum Design SQUID magnetometer w
employed to measure dc magnetization~FC and ZFC runs!
and, in the case of FRC, ac susceptibility in the tempera
range 4.2–200 K for different values of applied dc magne
field and frequency. The aging experiment was performe
the same apparatus as follows: the sample was first co
from room temperature down to the magneticallyglassyre-
gime, then it was allowed to age for a waiting timetw before
applying a small external dc field~H 5 10 Oe! and register
the isothermal time evolution of the magnetization. This p
cedure was repeated for differenttw keeping the same cool
ing rate. The ac susceptibility vs temperature curves in
FAB samples were recorded using the conventional mut
inductance method in a homemade susceptometer built
closed cycle helium cryostat; those of FRC were measure
a SQUID magnetometer in order to obtain better resol
09443
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data for use in the dynamic scaling and critical slowing do
analysis.

III. RESULTS AND DISCUSSION

A. Magnetic characterization

After milling for 460 h the XRD patterns and room tem
perature magnetization showed no significant changes.
composition of this final product~FRC!, as measured by
EDAX, was Fe61Re30Cr9, revealing Fe and Cr enrichmen
due to the Re abrasive action upon the milling tools. On
other hand, the nominal composition of FAB was not sign
cantly altered. In the following, FAB will stand for the ma
terial obtained after 440 h of milling, although sampl
milled for different times will be also discussed for compa
son. Figure 1~a! shows selected FC and ZFC susceptibil
(x5M /H) curves for FRC measured at differentH. With
decreasingH the irreversibility between these curves begi
at higher temperatures and the smooth maximum in the
branch becomes more pronounced, whereas higherH yields
blunter ZFC maxima shifting to lower temperatures. The
reversibility temperatureTirr approaches the ZFC maximum
temperatureTmax'60 K in parallel with the progressive
smearing out of the smooth FC peak. The same aspects
observed for FAB@see Fig. 1~b! for H5100 Oe and focus-
ing on the irreversible region#, except for the lower tempera
ture of the ZFC maximumTmax'30 K. The strong thermo-
magnetic irreversibility mixes features from th
superparamagnetic and the spin-glass typical irreversibilit
It recalls the former in the rather broad ZFC peak and in
fact that, for lowH, the FC branch separates from the ZF
one. The quantitiesTmax andTirr @defined as the temperatur
at which xFC2xZFC equals 10% ofxZFC(Tmax)# can give,
following Hansen and Morup,19 a quick estimate of an as
sumed log-normal distribution of superparamagnetic p
ticles, where the width of the distributions increases with
Tirr /Tmax. Such estimation leads for FRC and FAB to e
tremely narrow size distributions@xZFC does not even depar
a 10% ofxZFC(Tmax) from xZFC], which, taking into account

FIG. 1. Zero-field-cooled~open squares! and field-cooled~solid
circles! magnetization measured with fieldsH5100, 1000, and
3000 Oe for FRC~a! and withH5100 Oe for FAB~b!.
8-2
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NONEQUILIBRIUM MAGNETIC DYNAMICS IN . . . PHYSICAL REVIEW B 64 094438
the crude synthesis method employed, indicates the in
equacy of the superparamagnetic approach. On the o
hand, the thermomagnetic irreversibility in Fig. 1 resemb
that of spin glasses in the plateaulike shape of the FC cu
below Tmax ~in superparamagnets the FC branch keeps
creasing monotonously20!. However, this feature has bee
recently found not to be exclusive of SG, but also shared
fine particle systems with random anisotropy and stro
dipole-dipole interaction.13,21 Such was reported from
Monte Carlo simulation where it was also shown that
particles size distribution does not affect such behavior.15 It
must be remarked that the thermal irreversibility commen
here is essentially the same as those reported for AFC~Ref.
10! and FWA.18

The analysis of the frequency and temperature dep
dence ofxac in FRC led to a similar mixture of spin glas
and superparamagneticlike features, suggesting again
picture of fine particles with strong interaction~comparable
or higher than the particle anisotropy barrierEb5KV, where
K is some effective anisotropy constant!. In principle, the
interparticle interaction may be either dipolar or RKKY
origin, for both of them can provide the necessary compe
spin alignment, which, together with spatial disorder, yie
frustration for some of the moments. The frequency dep
dence of the in-phasex8 and out-of-phasex9 linear ac sus-
ceptibility for FRC is shown in Figs. 2~a! and 2~b!, respec-
tively, in the interesting temperature range. Thex8 peak
temperaturesTmax(v), are consistent with the lower dc valu
from the ZFC maximum. When the frequency increas
Tmax(v) shifts rightwards and the height of the susceptibil
peak diminishes, both neatly but slightly. These features
customarily found in canonical spin glasses.22 Furthermore,
the peak strongly smears out and shifts to lower temperat
when moderate external dc fields are applied~not shown for
FRC, see the analogous behavior of AFC in Ref. 10!. Al-
though the inflection points ofx8 for the different frequen-
cies approximately coincide with the absorption maxima
predicted by the Casimir–du Pre´ equations22 @see inset in
Fig. 2~a!#, the shape of the latter is Lorentzian in contra
with the abrupt onset of dissipation found in canonical s
glasses22 and similarly to what has been observed in int
acting nanoparticles.14,23The value of the frequency sensitiv
ity ~relative variation of the peak temperature per dec
frequency! is p'0.02, far smaller than the sensitivity exhib
ited by thermally activated processes and falling in the sa
range of metallic spin glasses values. Concerning the fu
tional dependence ofTmax(v), neither the Ne´el-Arrhenius
(v/v05exp@2Ea /kT#) nor the Vogel-Fulcher laws~which
substitutesT by T2T0 in the exponential above, beingT0 an
‘‘interaction temperature’’! yielded physical values for the
fitting parameters. The latter of these thermally activated
namics laws has been shown successful to describe the
namics of particle systems withweakdipolar interaction.24

On the other hand, the analogy with assemblies of stron
interacting particles is illuminating: remarkably, Fig. 2 mim
ics the temperature and frequency behavior of bothx8 and
x9 reported by Jo¨nssonet al. in dense frozen ferrofluids,14 an
a priori completely different scenario. In particular, the a
sorption@Fig. 2~b!# is nearly frequency independent for tem
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peratures belowTmax, meaning that the distribution functio
of relaxation timesg(t) remains essentially invariable wit
frequency, which gives toTmax the character of afreezing
temperature.

It must be pointed out, however, that the analysis of
frequency dependence may be useful to compare a num
of systems,25 but nothing can be definitely concluded abo
the possible existence of a true phase transition22 taking
place at a finite temperature. This possibility was explored
FRC by both investigating the temperature behavior of
nonlinear magnetic susceptibilityxnl ~Ref. 26! and by
searching for a meaningful dynamic scaling.27 For thexnl(T)
analysis, FC data measured with fields ranging from 0.1
1.5 kOe was used to extract isothermalM (H) curves, which
were then fitted to the expressionM5m01x0H
2b3(x0H)31b5(x0H)5. The results are not shown sinc
their features are the same as in AFC:10 b3x0

3, the first non-
linear coefficient, shows a broad maximum atTf , but the
normalized, more significant, coefficientb3 does not exhibit
any increase that could recall its typical divergence in
nonical spin glasses. Some more discussion and detail
the fitting procedure can be seen in Ref. 10. The curvex0(T)
obtained from the fit starts departing considerably from

FIG. 2. Real~a! and imaginary~b! components of the ac sus
ceptibility vs temperature in FRC for different frequencies: 10
(d), 100 Hz (j), 1 kHz (mup), 5 kHz (.), and 10 kHz (l).
The inset in~a! shows both components for easier comparison.
8-3
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J. A. De TOROet al. PHYSICAL REVIEW B 64 094438
Curie-Weiss law well above the freezing temperature, in
cating the presence of interactions between the hypothe
particles.

If a transition to a spin-glass state existed atTf;Tmax, it
has been established28 that the out-of-phase component
the susceptibility could be scaled as

x9~T,v!5ebF~ve2zn!, ~1!

wheree is the reduced temperature,e5(T2Tc)/Tc , b is the
critical exponent describing how the order parameter wo
approach zero atTc , n is the critical exponent for the corre
lation lengthj;en, andz is the exponent relating the relax
ation timet;1/v with j. The best scaling~shown in Fig. 3!
is obtained forTc5(5861) K, b52.060.3, andzn524
63. No satisfactory data collapse could be achieved for
ponent values closer to those typically reported in the sp
glass literature.22 This large departure of the hypothetic
critical exponents from the physical values have been fo
before in magnetic cluster systems, such as Mn-rich
Al-Mn shape memory alloys29 or Fe grains dispersed in a
alumina matrix.30 The fit to the critical slowing down law for
the relaxation timet;@(T2Tc)/Tc#

2zn was performed us-
ing T5Tmax(v), and yielded the exponentzn51165 ~see
inset in Fig. 3!. Although still high, this is a credible value
However, given the unrealistically high value obtained forb
and, more importantly, that different results forzn are ob-
tained with different computing methods, we ratify with a
analysis that there is no spin-glass phase transition in FR

Therefore, whilex(H,T,v) displays the characteristi
signature of critical fluctuations at a paramagnetic-spin-g
phase transition, both dc and ac critical behavior analy
have failed to satisfy the quantitative predictions of t
mean-field model. The freezing of fine strongly interacti
particles, as hinted along this work, would account for
close SGL behavior and the failure to undergo a phase t
sition due to the moment size distribution.14 This picture is
strengthened by the observation of aging phenomena, an

FIG. 3. Scaling of the imaginary susceptibility of FRC obtain
for Tc558 K, b52, andzn524. The inset shows the fit to th
critical slowing down law, which yielded a different value forzn
51165.
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equivocal sign of collective dynamics, for it is well ex
plained both by mean-field theories~as a consequence of th
chaotic nature of the multivalley free energy! and by the
droplet model.31 As far as we know, Fig. 4 presents the fir
report of aged magnetic relaxation in a mechanically alloy
material. TheM (t) curves ~registered as described in th
experimental section! are clearly dependent on the elaps
time tw before applying the magnetic fieldH. This is conclu-
sive in asserting chaotic correlated dynamics against in
vidual particle relaxation, consistently with the above co
mented failure of thermally activated dynamics laws. Ca
was taken in this experiment in avoiding thermal histo
variations between the measurement for eachtw , as this has
been recently shown to influence significantly the respo
function,32 especially for shorttw . Other features to be no
ticed in Fig. 4 are the usual logarithmic dependence of
relaxation and the decreasing magnetization for increas
tw . The wait time dependence of the relaxation is wea
than in spin glasses27 and similar to that recently reported b
Djurberg et al. for dense frozen ferrofluids.33 The aging ef-
fect was considerably diminished forT560 K ~not shown!,
and no relaxation was observed at higher temperature
must be made clear that aging effects can be observe
inhomogeneous freezing processes taking place without
occurrence of a true SG phase transition, as it has rece
been explained more explicitly by Fioraniet al. for g-Fe2O3
nanoparticles.34 Measurements to test aging phenomena
other MA samples are projected, although its existen
seems likely from the parallelisms in the other dynami
features.

So far we have diagnosed the existence of some magn
particles, which interact strongly at low temperatures, e
bedded in a nonferromagnetic medium, namely, the pa
magnetic alloy with overall composition aroun
Fe61Re30Cr9. The paramagnetic character of this matrix c
be reasonably understood in terms of the Re efficiency
weaken the Fe magnetic moments upon dilution.35 The struc-
tural origin of the ferromagnetic particles will be address
in the following section. An estimation of the mean mome
size was obtained from the magnetization curveM (H) at
200 K, shown in Fig. 5. The nonsaturating behavior reve
the presence of a superparamagnetic phase. A small fe

FIG. 4. Time dependence of the zero-field-cooled magnetiza
measured atT540 K in FRC for four different waiting timestw

before the application ofH510 Oe.
8-4
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magnetic contribution, arising from larger, blocked, partic
~probably coming from late contamination from the millin
tools!, is evidenced by the small hysteresis loop, justifyi
the use of relatively high fields~higher than the ferromag
netic saturation value! for the abovexnl(T) analysis. At 200
K the interaction between particles can be neglected, as
confirmed by the Curie-Weiss behavior of the susceptibil
and a superparamagnetic model is a good approximatio
describe the sample magnetization. Higher values of the t
perature would result in larger errors in the superparam
netic fitting parameters, for this contribution would appe
just linear. The cycle was fitted to the expression used
Stearns and Cheng36

M ~H !5MFM1MSPP5
2MFM

s

p
tan21FH6Hc

Hc
tanS pS

2 D G
1NmFcotanhS mH

kT D2S mH

kT D 21G
~2!

wherem is some mean moment andN the number of par-
ticles per gram. Including an extra paramagnetic term did
improve the quality of the fit. In any case, we have estima
an upper limit for the paramagnetic susceptibility to be ab
531026 emu/g, less than a 3% contribution to the magn
tization at 5 T.37 The fit ~shown in Fig. 5 together with the
separate contributions! is reasonably good considering th
no particle size distribution was taken into account. The s
of the mean moment is as small asm5(17467)mB , which
would correspond to spherical pure bcc Fe clusters w
aproximately 4 atoms of diameter (;1 nm), difficult indeed
to detect by either XRD or conventional HRTEM in a bu
sample~in addition, the particles or clusters would presu
ably consist of a highly disordered Fe-rich alloy and not p
Fe!. From the saturation value of the superparamagn
component,Nm5(9.060.1) emu/g, and assuming the bu
magnetic moment of Fe, the fraction of Fe atoms in the fo

FIG. 5. Hysteresis loop for FRC measured atT5200 K. The
solid line is the fit to the left branch of the loop as explained in
main text. The dashed and dotted lines are, respectively, the s
paramagnetic and the ferromagnetic contributions. The inset
cuses at lower fields to show the presence of hysteresis in the
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of clusters is estimated to be (1161)%, in good agreemen
with the value obtained below from Mo¨ssbauer spectroscopy
From this fraction, it follows that the volume concentratio
~around 10%!, given the small cluster moment, is not enou
to produce a significant dipolar interaction. Consequen
the dipolar interaction can be ruled out as responsible for
here studied low temperature SGL behavior. Larger partic
and higher densities are indeed necessary in the referred
zen ferrofluids in order to achieve SGL behavior. Hence,
main interaction between clusters must be RKKY-type, m
diated by the conduction electrons in the supersaturated s
solution.

Although most of the discussion so far has been done
FRC, we must emphasize that FAB, AFC, and FWA sh
every feature reported here for FRC, most importantly
presence of dc thermoirreversibility as described above,
the slight frequency sensitivity of the ac susceptibility pea
A discordant particularity is found in the sudden onset of
adsorption in AFC~Ref. 10! ~instead of the usual Lorenz
tian!. Despite the variety of materials employed, a corre
tion between the Fe concentration andTmax appears straight-
forward, since AFC, FWA, and FAB~with 30% at. of Fe!
haveTmax around 25 K, whereas FRC, which is much rich
in Fe, showsTmax560 K. In fact, if fine monodomains due
to compositional clustering were to remain embedded i
paramagnetic saturated solution, they would be naturally
pected to be larger and/or more numerous with increasing
concentration. In SGL particle systemsTmax is known to in-
crease with the size of the moments and the intensity of
interactions between them,16 both variables being favored b
the increase of Fe. Similarly, compositional clustering mig
be relevant as well in the work of Tanget al., who claimed to
have found a spin glass phase in a mechanically allo
Ag85Gd15 supersaturated solid solution on the basis of Z
and FC measurements.5 On the other hand, Galdeanoet al.
have recently investigated the effect of milling intensity a
temperature on the final nanostructure of MA Cu87Fe13, and
still found, at this lower concentration of Fe, the coexisten
of very small Fe-rich clusters with larger particles and a so
solution.8 When tackling the interpretation of the magne
properties in a structurally similar sample they comment
difficulties to ‘‘make the difference between very small i
teracting particles and a solid solution.’’ A more systema
sweep of Fe concentration in different systems is projecte
order to confirm the universality of thenanoparticle glass
behavior in MA materials.

B. Structural considerations

The evolution of the XRD patterns with milling time fo
FRC and FAB was similar to that shown for AFC:10 the
minor peaks progressively disappear whereas the large
flections~around 2u540°! broaden and eventually collaps
into a quite symmetric nanocrystalline peak. The width
such peak is larger than 5° at half maximum for bo
samples. In some occasions, such wide peaks have
taken as amorphous halos,38 setting a misleading structura
basis for subsequent magnetic interpretation. In this resp
the observation of crystallization peaks by calorimetric te
niques does not guarantee the absence of nanoscale gra
compositional clustering, which may be transcendental in

er-
o-
p.
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J. A. De TOROet al. PHYSICAL REVIEW B 64 094438
context of glassy magnetic materials. Figure 6 focuses on
only remaining peak in the XRD pattern after nearly tw
weeks of milling, and the changes it undergoes upon ann
ing as described in the experimental section. The as-mi
peak is centered close to the main hcp-Re reflection, poin
to the existence of very fine Re-rich nanocrystals. Preli
nary HRTEM results confirmed the presence of nanocrys
embedded in a majority amorphous phase. The electron
fraction micrograph indicating so is analogous to that
AFC ~annular ring around a large diffuse halo!.9 Attempts to
observe compositional clustering were unproductive. M
specific high-resolution methods are needed for this purp
for instance, Lewiset al. announced very recently that the
were able to observe Fe clusters with a diameter of app
50 atoms in a bulk sample using conical dark-field imag
techniques.39 However, the XRD broad peak in the as-mille
sample is not symmetric, but a slight hump can be noti
about 2u544.5°, near thê100& bcc-Fe position, suggestin
the presence of some Fe-rich nanocrystalline regions. Ye
word of caution must be said about these observations,
Le Caër et al. have demonstrated that XRD information
this kind of samples is not very reliable.40 In any case, the
hump becomes more pronounced after annealing at 500
and shapes as a peak for 600 °C, indicating Fe aggrega
from the paramagnetic supersaturated amorphous solid s
tion matrix and strengthening the hypothesis of the existe
of Fe-rich nucleation sites in the as-milled material. Anne
ing at T,500 °C had barely noticeable effects in the XR
patterns, which were always obscured by the presence o
Re-rich nanocrystals, however, the ac susceptibility te
nique proved very sensitive to annealing at these temp
tures. Figure 7 displays thex8 vs T curves, measured at 10
Hz, for the as-milled, 300 °C annealed and 400 °C annea
samples. A clear shift towards higher temperatures for
creasing temperatures signals the growth of the Fe-rich c
ters. For higher temperatures, the peak was progress
overshadowed by the larger fraction of multidomain partic
~no peak was observed for samples annealed at more
500 °C).

A further demonstration of how magnetic ac susceptibi
can be used to gain insight on the issue of nanoscale c
positional homogeneity is provided by the following study
the evolution of the low temperature susceptibility peak

FIG. 6. Detail of the XRD patterns for FRC as-milled and a
nealed at 500 and 600 °C.
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FAB with the milling time. The sample MA for 250 h
showed a SGL peak inx8(T) sharper than that of FRC
indicating a narrower size distribution of the clusters, whi
gave more accuracy to the values of the peak tempera
(Tp). All peaks showed a similar small frequency sensitiv
(p'0.02). The points in Fig. 8~left axis! representTp ob-
tained in curvesx8(T) measured with a frequency of 1 kHz
Tp decreases monotonously since its appearance at 16
until it reaches what could be considered a stationary s
after 3 weeks of milling. The apparent shift of the peak up
milling can be readily explained by the progressive Fe di
tion, which results in even finer clusters with a lower free
ing temperature. Therefore, in this final stage of cluster
finement, the effect of milling is just the opposite of th
annealing treatments described above: Fe segregation o
lution versus aggregation.

Once the existence of the suggested ultrafine m
odomains is assumed, the question arises if they could
related to the nanocrystals revealed by the broad XRD pe
One may think so given that~i! the size scale of the nanoc
rystals and the magnetic clusters is roughly the same,~ii ! the
positions of the XRD peaks (2u543.6° in FAB and AFC,

FIG. 8. The left axis shows the temperature of the maximum
the ac susceptibility vs temperature curves~measured at 1 kHz! for
the sample Fe35Al50B15 at different milling times. The FWHM of
the respective XRD peaks is plotted in the right axis. The lines
guides to the eye.

FIG. 7. Real component of the ac susceptibility of as-mill
FRC, and after 300 and 400 °C annealing, measured at 100 H
8-6
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43.3 in FRC! are not far from the bcc-Fe 100 peak, a
above all,~iii ! the decrease inTp upon milling, meaning the
reduction of the magnetic clusters size, goes together w
the refinement of the crystallite size~see Fig. 8!. However,
this hypothesis vanishes with the comparison of the differ
Fe-based samples discussed along the paper: the XRD p
of FRC and FAB have similar widths, butTmax in FAB is
half that of FRC; more conclusively, FRC exhibits a mu
wider XRD peak than AFC~Ref. 10! ~FWHM 5 5.3 and 2.5,
respectively!, howeverTmax is larger in FRC. Indeed, al
though the loss of crystalline order range upon milli
progresses simultaneously with the dilution of Fe, there is
need for the nanocrystallites and the Fe-rich clusters to
spatially related. In particular, for FRC, the broad XRD pe
centered at 2u543.3° was reasoned above to reflect t
presence of Re-rich nanocrystals.

As a final experimental attempt to test the existence
fine compositional clustering leading to magnetic mo
odomains in FRC, we performed Mo¨ssbauer spectrometry a
various temperatures between 15 and 295 K. The Mo¨ssbauer
investigations put in evidence three different configuratio
of iron in FRC. At room temperature~RT!, as illustrated in
Fig. 9, the Mössbauer spectrum is fitted using three quad
polar doublets. The doublet reflecting the highest amoun
iron ~large majority! showed a quadrupole splitting~QS! of
0.43 mm s21 with an isomer shift~IS!, referring to 57Co in
Rhodium matrix, of -0,18 mm s21. There is another double
with rather big positive IS50.77 mm s21 and large QS51.97
mm s21 which could be assigned without any doubts to

FIG. 9. Mössbauer spectra of FRC at 15 and 300 K, best fit
with three components.
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Fe21 specie. The third doublet has the following paramet
QS 5 0.49 mm s21 and IS5 0.55 mm s21. The spectrum
measured at 75 K showed no changes, which ratifies
Tmax560 K is not a blocking temperature, since then
would be highly affected by time window effects, but
freezing temperature. The appearance of a sextet with v
broad peaks in the lowest temperature spectrum~15 K! indi-
cates the existence of a magnetic ordered phase~see Fig. 9!,
with a highly disordered structure and/or a large distribut
of magnetic interactions~probably both, taking into accoun
the characteristics of the synthesis method!. The Mössbauer
data point to the third doublet described in the RT spectr
as the one which orders below 60 K. The other two doub
parameters did not show significant change. The area of
Mössbauer components is proportional to the amount of
atoms, which are subjected to certain interactions which
pend on their particular location in a definite configuratio
The change of relative area with temperature among
components is related to variations, either structural or m
netic, in the Fe environment. Structural transformations
be discarded. The strong absorption lines of the central d
blet makes difficult to assign the magnetic ordered pha
but, if we consider that the Fe21 species is the result o
residual surface oxidation during the intensive ball millin
and the central doublet is due to the matrix~an amorphous
phase which remains paramagnetic down to at least 15 K
5 K if we consider the magnetic data!, the magnetic phase
appearing at low temperature has to be attributed to the
Fe-rich fine clusters embedded in the majority paramagn
phase. The good agreement between the area percenta
this phase 8.4% and the fraction of Fe atoms estimated ab
from the superparamagnetic magnetization at higher t
peratures, confirms the adequacy of the data treatment.
magnetic effective field of the sextet measured at 15 K
25.8 T, too large for a spin glass phase, and consistent
an Fe-rich amorphous or, as the results shown in Fig. 6 s
gest, a highly disordered nanocrystalline structure. The la
linewidths of the sextet is a consequence of such disor
Therefore, the Mo¨ssbauer study corroborates the whole p
ture of nanoparticle glassobtained from the magnetic dy
namics analysis.

IV. CONCLUSIONS

In summary, it has been shown that the spin-glass-
properties of several mechanically alloyed systems with
concentration higher than 30% are caused by the freezin
strongly RKKY interacting ferromagnetic clusters, which a
embedded in a paramagnetic supersaturated solid solu
We have first arrived to such conclusion by the interpretat
of ac and dc magnetization vs temperature data in the ligh
results obtained in the last few years for strongly dipola
interacting particles. In the case of FRC, the collective nat
of the low-temperature SGL phase has been confirmed w
the first measurement of aged relaxation in a MA syste
However, the transition failed to satisfy the critical behav
expected for a spin glass due to broad particle size and
teraction distributions. The presence of very small partic
rather nanosizedclusters~around 1 nm of diameter in FRC!,

d
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diagnosed from an strictly magnetic dynamics analysis
been then confirmed by structural considerations includ
the observations, on the one hand, of the growth of the
rich nuclei upon annealing and, on the other hand, the
crease in the ac susceptibility peak, meaning further dilut
of the clusters, with the milling time. Mo¨ssbauer analysis
also ratified the freezing of a highly disordered magne
phase. The compositional clustering has been argued t
spatially independent of possible residual cristallinity in t
samples~separate presence of Re nanocrystals and Fe
on
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magnetic clusters!. These arguments have been extended
previously reported samples. Its generalization appears p
sible and emphasizes the difficulties to produce nondilu
mechanically alloyed materials with compositional homog
neity down to the atomic scale.
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