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Spin-glass-like behavior in mechanically alloyed nanocrystalline Fe-Al-Cu
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We report on the magnetic properties of mechanically alloyed Al49Fe30Cu21. The system was observed by
high-resolution electron microscopy to be composed of nanosized solid solution grains embedded in an amor-
phous matrix of roughly the same composition. The irreversibility between the field-cooled and zero-field-
cooled magnetization curves together with some ac susceptibility features closely resemble those exhibited by
spin glasses. However, the analysis of the nonlinear susceptibility allowed us to rule out the existence of a true
thermodynamic phase transition, since it was apparent the absence of a divergent increase in the nonlinear
coefficients on approaching the freezing temperature. Surface effects are considered a minor source for the
observed phenomena, remaining the blocking of interacting superparamagnetic moments the main mechanism
to account for them. We discuss these three different origins for spin-glass-like behavior in the context of
mechanically alloyed materials.@S0163-1829~99!04041-2#
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I. INTRODUCTION

In the last few years the magnetic nature of mechanic
alloyed ~MA ! or milled products have been the subject o
number of works. Some of them claim to have encounte
‘‘concentrated’’ bulk spin glasses1–4 on the basis of dc mag
netization irreversibility and ac susceptibility ‘‘cusplike’’ be
havior. Other authors attribute such magnetic features
superparamagnetism5 or spin disorder in the nanocrystal
boundaries.6 Actually, considerable attention has been de
cated along the last two decades to a choice of criteria
distinguishing systems with a true spin-glass transition fr
superparamagnetic systems with clusters having a prob

ity to overcome an anisotropy energy barrier.7–11 Through
the application of most of these criteria in a typically contr
versial case, this paper attempts to shed some light on
actual origin of the spin-glass-like~SGL! behavior often ob-
served in mechanically alloyed systems.

MA seems to have two structural effects leading to S
magnetic features: the reduction of crystallite size and
introduction of atomic disorder. When the size of the ma
netic grains enters into the nanometer scale the sin
domain configuration becomes energetically favorable a
provided they are exchange decoupled~e.g., embedded in a
certain poorly conducting nonmagnetic matrix!, the particles’
moments rotate coherently if the thermal energy exceeds
anisotropy barrier; this magnetic behavior is described as
perparamagnetism. Under certain conditions—as the e
tence of dipole interaction between particles and/or a nar
particle volume distribution—the magnetic properties
such systems can resemble very much those of spin gla
When the grains are in contact, only separated by hig
disordered grain boundaries, the ratio of these regions to
total volume becomes significant, exhibiting some SGL
fects and shifted hysteresis loops similar to those shown
oxide nanoparticles12,13 and by spin-valve systems,14 but by
no means could they be associated to a thermodynamic
sition. On the other hand, if the atomic disorder, either str
PRB 600163-1829/99/60~18!/12918~6!/$15.00
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tural ~amorphous milled products1! or site disorder of the
magnetic elements,3 extends to the bulk it can provide mag
netic Ruderman-Kittel-Kasuya-Yosida~RKKY ! competition
leading to frustration and the subsequent possibility for
formation of a true spin-glass phase. Thereby, it must
remarked that at least three different possible origins can
found in the literature for the SGL behavior observed in m
chanically alloyed samples and, consequently, care mus
taken in elucidating the actual primary mechanisms for e
case.

In particular, the analysis of the temperature depende
of the nonlinear susceptibility (xnl) was established two de
cades ago15,16 as the fundamental test to check the existen
of a thermodynamic transition, hence providing a clear c
terion to distinguish real spin glasses from ‘‘spin-glass-lik
materials.7

As can be noticed, the determination of the kind of nan
structure involved is crucial in this context. In this paper w
carried out a thorough structural study and then perform
all the relevant dc and ac magnetic measurements o
sample of mechanically alloyed Fe-Al-Cu. The sample d
show SGL behavior and then axnl analysis was accom
plished in order to ascertain whether its origin is a pha
transition occurring at a well defined critical temperature
rather a dynamic nonequilibrium process extended ove
certain temperature range.

II. EXPERIMENT

Four different mixtures of high-purity elemental Al, Cu
and Fe powders were prepared with nominal compositi
Fe30~Al12xCux)70, for x50, 0.1, 0.2, 0.3. They were seale
under an Ar atmosphere in hardened stainless steel
~100-cm3 volume! containing 10-mmB balls of the same
material in a ball to powder mass ratio of 12:1. The mixtur
were milled for 180 h at 225 rpm. Further details on t
milling conditions can be found elsewhere.17 The decrystal-
12 918 ©1999 The American Physical Society
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PRB 60 12 919SPIN-GLASS-LIKE BEHAVIOR IN MECHANICALLY . . .
lizing process of the samples was monitored by x-ray diffr
tion ~XRD! and, down to the micrometer stage, scann
electron microscopy~SEM!. The present work will mainly
be concerned with the properties of the product correspo
ing to x50.3. The rest of the alloys presented more comp
magnetic features, as will be explained below.

The structure of the sample was first studied by x-
diffraction ~XRD! using CuKa radiation and 2u geometry.
Further insight was gained with a comprehensive transm
sion electron microscopy~TEM! study: conventional TEM in
support of the high resolution work was done in a JE
2000FX microscope operated at 200 kV, analytical data c
lection and selected area electron-diffraction~SAED! pat-
terns were recorded in a CM200 FEG microscope opera
in the nanoprobe mode~200 kV!, and high-resolution elec
tron microscopy~HRTEM! was carried out with a JEM
4000EX microscope operated at 400 kV. Acquisition a
subsequent image processing of the HRTEM microgra
were accomplished with a charge-coupled device~CCD!
camera and the GATAN Digital Micrograph software. Th
composition was checked by x-ray energy dispersive sp
troscopy~XEDS!.

dc magnetic measurements were carried out using a c
mercial superconducting quantum interference dev
~SQUID! magnetometer~Quantum Design! and a vibrating
sample magnetometer~VSM! from LDJ Electronics. The
same SQUID was employed in the ac susceptibility exp
ments.

III. RESULTS AND DISCUSSION

A. Structural characterization

The evolution of the sample x-ray-diffraction patter
with milling time ~MT! is shown in Fig. 1. No changes wer
noticed after 180 h of milling. The rate of loss in saturati
magnetization, mainly due to the progressive alloying of
was also greatly attenuated after this point. Then, we
refer in the following, unless otherwise stated, to thex
50.3 sample milled for 180 h@Al49Fe30Cu21~AFC!#.

The last pattern in Fig. 1 corresponds, following t
Halder-Wagner procedure,18 to bcc grains of lattice param
etera52.95 Å ~0.08 Å larger than that of bcc Fe! and size—
according to the Scherrer formula19—around 5 nm. Figure

FIG. 1. Evolution of the AFC x-ray-diffraction spectra wit
milling time.
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2~a! is a TEM micrograph showing an assembly of nanop
ticles ~black spots! embedded in a brighter matrix. The siz
of such particles agrees with the value estimated from
x-ray peaks. The electron-diffraction results further co
firmed the particle crystallinity and structure as well as t
amorphous character of the matrix. Figure 2~b! shows a
SAED pattern registered in one of the black spots. It can
indexed as@111# zone axis of a bcc structure with lattic
parametera52.96 Å, in close agreement with the value o
tained from the x-ray pattern. Likewise, an amorphous h
is observed when selecting a region in the matrix. In
HRTEM image of Fig. 3~a! we can observe the lattice fringe
of the crystalline grains in a disordered matrix. Figure 3~b!
shows the corresponding Fourier transform~FT!. Note the
presence of a diffuse halo, typical of an amorphous mate
and a ring of sharp reflections with ad spacing of 2.04 Å,

FIG. 2. ~a! TEM micrograph showing nanocrystals~black spots!
embedded in an amorphous matrix.~b! SAED pattern registered in
one of the crystalline grains.
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FIG. 3. ~a! HRTEM micrograph showing crystalline fringes separated by highly disordered areas.~b! Corresponding SAED pattern.~c!
Filtered image of the crystalline regions.~d! Filtered image of the amorphous region.
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corresponding to the~110! planes of the bcc solid solution
The ring is not complete for the scattering took place only
a few grains. Figures 3~c! and 3~d! show two complementary
Fourier filtered images of Fig. 3~a! constructed by applying
the relevant annular filters in the pattern of Fig. 3~b! and
subsequent inverse Fourier transform~IFT!: the first one—
obtained after filtering the outer ring—shows the typical h
mogeneous mottled contrast of amorphous materials, and
second one—after filtering the halo—exhibits clear fringes
the regions occupied by the nanocrystals.

The composition of the two phases, measured by x-
energy dispersive spectroscopy~XEDS!, turned out to be
very similar: Al38Fe37Cu21O4 for the crystalline grains, and
around 3% average less of Fe in the matrix. This indica
comparing with the initial ratios before milling, slight oxida
tion and Fe enrichment~both around 4%!. Although the
commented structure was reached through a nonequilibr
-
he
n

y

s,

m

technique, it is worth mentioning that the phase diagram
Fe-Al-Cu predicts the formation of a bcc solid solution f
the observed composition.

B. Magnetic properties

In a previous work, we measured the field-cooled~FC!
and zero-field-cooled~ZFC! magnetization curves of the fou
samples. Forx50 we observed two clear superimposed
reversibility phenomena~Fig. 2 in Ref. 17!. The high-
temperature one (Th;120 K) was characterized by a broa
ZFC maximum, whereas the lower temperature (T1;25 K)
irreversibility was signaled by a relatively sharp ZFC pea
Both phenomena were reflected as well in ac susceptib
measurements. The measurement of the frequency sensi
(p5DTmax/^Tmax&D logw) of the high-temperature ac sus
ceptibility maximum yielded a typical superparamagne
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PRB 60 12 921SPIN-GLASS-LIKE BEHAVIOR IN MECHANICALLY . . .
value20 (p'0.1), which confirmed that such maximum w
due to the blocking of certain magnetic clusters. We o
served that the high-temperature irreversibility diminish
and the associated ZFC maximum smoothened as the
concentration increased, eventually disappearing forx50.3.
Besides, after the publication of that work, a thorough XE
analysis showed the minority presence of magnetite (Fe3O4)
nanocrystals in all the samples. The amount of magne
was estimated from numerous selected area analysis and
sequent statistics. The magnetite percentage was highes
x50 and was observed to progressively decrease witx
along one order of magnitude. Therefore we conclude
the broad high-temperature ZFC maximum in the sam
with x50 must be ascribed to the blocking of the magne
nanoparticles and, consequently, these cannot be mad
sponsible for the low-temperature magnetic features ex
ited by AFC, whose presentation and analysis constitutes
rest of this work.

Figure 4 shows the FC and ZFC curves measured at
and 50 Oe~inset!. Notice the effect of the magnetic field o
the irreversibility starting temperature. The strong irreve
ibility between the FC and ZFC curves, its field depende
and the presence of a clear maximum atTmax'29 K, which
is smoothed by the application of higher fields, are usua
found in spin glasses. However, these features alone are
ambiguous for they could also be explained in terms of
superparamagnetism theory, where the relatively high sh
ness of the maxima would indicate an accordingly narr
volume size distribution of the magnetic clusters.

ac measurements were then performed in an attemp
clarify this issue. The dynamical behavior expected fo
good spin glass includes the following characteristics:20 ~i!
the presence of a ‘‘cusplike’’ maximum in the temperatu
dependence of the real part of the susceptibility (x8), which
depends very weakly on the frequency of the ac field. T
data in Fig. 5 yieldp'0.01, which is nearly the same a
those of the canonical spin glasses with highestp values
~AuFe, PdMn!. ~ii ! The absorption component of the ac su
ceptibility (x9) exhibits a sudden onset nearTmax. This is
what actually occurs in our sample~inset of Fig. 5!, where
Tmax nicely corresponds to the maximum slope points.~iii !
The peak is highly affected by the application of relative
low dc fields: it smears out and shifts downwards. Figur

FIG. 4. FC and ZFC magnetization measured at 500 Oe.
inset shows the same curves measured at 50 Oe.
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illustrates this point for AFC. The field dependence ofTmax
follows very closely the De Almeida-Thouless21 ~AT! law
(;H2/3). It is remarkable that this law is encountered in t
dynamic behavior rather than in the static one, which is
usual case. In any manner, the AT line has been prove
several occasions, both theoretically22 and empirically,7 not
to be solely the result of the mean-field model of phase tr
sition, but also a possible consequence of superparamag
relaxation.

The observation of this set of phenomena has been o
taken in the literature as sufficient to assert the presence
spin-glass phase. However, all the commented dynam
features can be still explained in terms of phenomenolog
models23 derived from the Ne´el theory of superpara
magnetism.24 Particular emphasis has been put on the f
quency sensitivity ofTmax as a possible distinguishin
criterion;20 nevertheless, it does not allow a clear distincti
in systems with intermediate frequency dependence. E
the relative lowp value of our sample~compared to typical
superparamagnets! can be accounted for within the supe

e
FIG. 5. Real component of the ac susceptibility vs temperat

for different frequencies. The inset also shows the absorption c
ponentx9—conveniently magnified for clarity—for the 8-Hz cas
The solid lines are guides to the eye.

FIG. 6. Real component of the ac susceptibility vs temperat
for different dc applied fields.
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12 922 PRB 60J. A. DE TOROet al.
paramagnetic framework by allowing a certain degree of
teraction between the clusters.25 The necessity of introducing
such weak interparticle interactions is evidenced by the
ability of the Arrhenius law@v/v05exp(2Ea /kBT)# to de-
scribe theTmax frequency dependence~it yields unphysical
values for the parameters:v0;1055Hz and Ea /kB
;4300 K. In contrast, the data could be fitted with reas
able values to a Vogel-Fulcher law,v/v05exp@Ea /kB(T
2T0)#, whereT0 accounts for a static interaction field due
the moments of the surrounding particles, but this does
bring in any significant information since the fit is possib
for several different sets of the three parameters.

Therefore, apart from experiments sensitive tolocal inter-
actions such as muon-spin depolarization and neutron
fraction, a spin-glass phase transition cannot be definitiv
stated without studying the order parameter, which can
obtained from the nonlinear magnetization susceptibi
(xnl).

16,26 In order to ascertain the occurrence of a real th
modynamic transition in AFC, we analyzed the temperat
dependence ofxnl according to the Sherrington-Kirkpatric
mean-field model.15 The magnetization is developed in term
of x0H instead ofH so as to avoid an overestimation of th
temperature dependence of the nonlinear terms due to a
sible non-Curie-Weiss behavior ofx0 . Deviations from the
Curie-Weiss law were actually observed starting from te
peratures far aboveTmax (T'1.5 Tmax). Thus

M'm01x0H2b3~x0H !31b5~x0H !5. ~1!

The inclusion of the constant term accounts for possible r
anent magnetization in the SQUID superconducting mag
and/or the sample. The least-squares fit of the isother
magnetization curves built from the field-cooled data~Fig. 7!
to the above expression yields the temperature depend
of x0 , b3 , andb5 . The fit of the reciprocal linear suscept
bility x0

21 versus temperature in its linear region (T
.50 K) allowed an estimation of the interparticle interacti
strength,Ei /kB'30 K. Figure 8 shows the results obtaine
for the b3 coefficient ~with 20% accuracy!. The relatively
broad error band in theb5 coefficient values made it les
suitable for analysis. Theb3 coefficient is practically invari-

FIG. 7. FC data employed for the determination of the nonlin
coefficients.
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ant in the region of interest. The spin-glass transition is ch
acterized by a power-law critical divergence of this coe
cient ~in practice, an increase of at least two orders
magnitude!, therefore its existence in AFC can be defin
tively ruled out. The application of a linear fit method r
sulted in the same invariance forb3 . In this method, which
assumesm050, x0 is obtained from the intercept to the o
dinate axis inM /H versusH2 plots for different tempera-
tures, and thenb3 was calculated from the slope of (
2M /x0H) versus (x0H)2 plots. The lack of linearity in all
this curves beyond low-field values was also symptoma
Figure 8 shows as well the whole first nonlinear coefficie
(b3x0

3) in order to clarify and justify the above arguments
the power series development of the magnetization. No
how the clear maximum in this curve vanishes after norm
izing by the linear susceptibility, indicating that even th
slight temperature dependence ofb3x0

3 was due tox0 . From
this result, it is obvious that any scaling effort would ha
been useless. Actually, the critical isotherm did not show
linear aspect. Nor was successful the attempt of ac sca
with the data commented above. In this respect, the b
fit to the law of critical slowing down in spin glasse
t(v)5t0(T/Tc21)2zn, yielded unphysical values
(zn'80, Tc'2 K).

Fiorani, Tholence, and Dormann also found an invari
b3 in Fe grains dispersed in an amorphous alumina matrix
rf cosputtering and concluded that its SGL behavior~yet with
a rather largep value! was to be framed in the superpar
magnetism context.7 In a different system, a mechanicall
alloyed FeRh nanostructured material with no separa
among the crystalline grains other than their own boundar
Hernandoet al. detected no temperature variation ofxnl
(5x02M /H) together with a low-frequency sensitivity o
Tmax, which compelled them to discard both spin glass a
superparamagnetism. They ascribed the observed SGL
havior to boundary spin disorder effects after the observa
of clearly shifted hysteresis loops, which became cente
above the critical temperature.6 In order to explore this pos
sibility, we measured the hysteresis loop of AFC at 5 K after
30 KOe field cooling. No shift at all was observed in th
hysteresis~Fig. 9!, therefore this third source of SGL beha
ior seems improbable. Should it exist, it would be expec
to contribute in a minor way due to the small surface to b
ratio.

r

FIG. 8. Normalized (b3) and complete (b3x6
3) first nonlinear

susceptibility coefficients as a function of the temperature.
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On the other hand, the SGL behavior found in mecha
cally alloyed nanocrystalline materials has been attribute
most cases to real spin-glass transitions. That might be
case indeed and it can be theoretically justified on the b
of chemical disorder, however, further confirmation v
phase transition analysis is needed. In our sample this an
sis has led precisely to the exclusion of any transition.
stead, we have suggested the blocking of interacting ma
moments as the origin of the observed phenomena, for it
account for the observed magnetic properties and seems
sible from a structural point of view. The Curie temperatu
of the nanocrystals is higher than 700 K~when structural
changes start to take place! and the nature of the interactio
is thought to be mainly dipolar. RKKY long-range exchan
interaction through the amorphous metallic matrix cannot
ruled out, but its contribution must be secondary since
RKKY range remarkably dampens in highly disordered m
dia ~as it occurs in amorphous spin glasses20!.

FIG. 9. Magnetization vs applied field at 5 K after zero-field
cooling Notice the absence of any shift of the hysteresis loop.
a

B

i

e

ys
i-
in
he
is

ly-
-
o-
an
ea-

e
e
-

The results presented for AFC allow a final observatio
Since the blocking of an assembly of interacting partic
remains the most likely explanation for the observed m
netic phenomena, we must concede that the particles ar
sentially exchange decoupled, which, in turn, leads to c
clude that the amorphous matrix is much less magnetic t
the crystalline grains. Although the nanocrystals have an
tra 3% Fe, such conclusion can be mainly held in terms
the differences in structure. Similar results, concerning
magnetic differences between ordered and amorphous al
have been found in a variety of systems.27

IV. CONCLUSIONS

In summary, a sample of mechanically alloyed Fe-Al-C
whose structure was observed by HRTEM to consist of cr
talline nanoparticles embedded in an amorphous matrix
roughly the same composition, showed a magnetic beha
resembling very closely that of canonical spin glasses bot
its static and dynamical manifestations. Such behavior w
proved not to stem from a thermodynamic phase transi
by analyzing the temperature dependence ofxnl , which
showed a nearly constant behavior aroundTmax'29 K and
not a sharp increase that could be taken for a diverge
Boundary spin disorder has been reasoned to be an imp
able explanation since a well centered hysteresis loop
observed at 5 K~far belowTmax). As a result, we conclude
that the fundamental source for the observed SGL phen
ena is the blocking of the interacting~mainly dipole-dipole!
Fe-Al-Cu solid solution nanocrystals.
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