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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 alloyedm8,,Cu,;. 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 materialS0163-182@9)04041-3

I. INTRODUCTION tural (amorphous milled produél)sor site disorder of the
magnetic elementsextends to the bulk it can provide mag-

In the last few years the magnetic nature of mechanicallynetic Ruderman-Kittel-Kasuya-Yosid®KKY ) competition
alloyed (MA) or milled products have been the subject of aleading to frustration and the subsequent possibility for the
number of works. Some of them claim to have encounteredormation of a true spin-glass phase. Thereby, it must be
“concentrated” bulk spin glass&s® on the basis of dc mag- remarked that at least three different possible origins can be
netization irreversibility and ac susceptibility “cusplike” be- found in the literature for the SGL behavior observed in me-
havior. Other authors attribute such magnetic features taehanically alloyed samples and, consequently, care must be
superparamagnetisnor spin disorder in the nanocrystals’ taken in elucidating the actual primary mechanisms for each
boundarie$. Actually, considerable attention has been dedi-case.
cated along the last two decades to a choice of criteria for In particular, the analysis of the temperature dependence
distinguishing systems with a true spin-glass transition fronof the nonlinear susceptibilityx(,) was established two de-
superparamagnetic systems with clusters having a probabitades agb''®as the fundamental test to check the existence

ity to overcome an anisotropy energy barriet* Through of a thermodynamic transition, hence providing a clear cri-
the application of most of these criteria in a typically contro-terion to distinguish real spin glasses from “spin-glass-like”
versial case, this paper attempts to shed some light on thwaterials!
actual origin of the spin-glass-lik€&SGL) behavior often ob- As can be noticed, the determination of the kind of nano-
served in mechanically alloyed systems. structure involved is crucial in this context. In this paper we
MA seems to have two structural effects leading to SGLcarried out a thorough structural study and then performed
magnetic features: the reduction of crystallite size and th&ll the relevant dc and ac magnetic measurements on a
introduction of atomic disorder. When the size of the mag-sample of mechanically alloyed Fe-Al-Cu. The sample did
netic grains enters into the nanometer scale the singleshow SGL behavior and then g, analysis was accom-
domain configuration becomes energetically favorable andplished in order to ascertain whether its origin is a phase
provided they are exchange decoupledy., embedded in a transition occurring at a well defined critical temperature or
certain poorly conducting nonmagnetic malrithe particles’ rather a dynamic nonequilibrium process extended over a
moments rotate coherently if the thermal energy exceeds theertain temperature range.
anisotropy barrier; this magnetic behavior is described as su-
perparamagnetism. Under certain conditions—as the exis-
tence of dipole interaction between particles and/or a narrow Il. EXPERIMENT
particle volume distribution—the magnetic properties of
such systems can resemble very much those of spin glasses.Four different mixtures of high-purity elemental Al, Cu,
When the grains are in contact, only separated by highlyand Fe powders were prepared with nominal compositions
disordered grain boundaries, the ratio of these regions to thiée;o(Al; _,Cu,) 7o, for x=0, 0.1, 0.2, 0.3. They were sealed
total volume becomes significant, exhibiting some SGL ef-under an Ar atmosphere in hardened stainless steel pots
fects and shifted hysteresis loops similar to those shown by100-cn? volume containing 10-mmJ balls of the same
oxide nanoparticléd®and by spin-valve systent$but by ~ material in a ball to powder mass ratio of 12:1. The mixtures
no means could they be associated to a thermodynamic tramere milled for 180 h at 225 rpm. Further details on the
sition. On the other hand, if the atomic disorder, either strucmilling conditions can be found elsewhéreThe decrystal-
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FIG. 1. Evolution of the AFC x-ray-diffraction spectra with
milling time.

lizing process of the samples was monitored by x-ray diffrac-

tion (XRD) and, down to the micrometer stage, scanning

electron microscopySEM). The present work will mainly

be concerned with the properties of the product correspond-
ing tox=0.3. The rest of the alloys presented more complex
magnetic features, as will be explained below.

The structure of the sample was first studied by x-ray
diffraction (XRD) using CuK « radiation and 2 geometry.
Further insight was gained with a comprehensive transmis-
sion electron microscopyf EM) study: conventional TEM in
support of the high resolution work was done in a JEM
2000FX microscope operated at 200 kV, analytical data col-
lection and selected area electron-diffracti®AED) pat-
terns were recorded in a CM200 FEG microscope operating
in the nanoprobe mod&00 kV), and high-resolution elec-
tron microscopy(HRTEM) was carried out with a JEM
4000EX microscope operated at 400 kV. Acquisition and
subsequent image processing of the HRTEM micrographs
were accomplished with a charge-coupled devi€G£D)
camera and the GATAN Digital Micrograph software. The
composition was checked by x-ray energy dispersive spec-
troscopy(XEDS). (b)

dc magnetic measurements were carried out using a com-
mercial superconducting quantum interference device FiG. 2. (a) TEM micrograph showing nanocrystdlsiack spots
(SQUID) magnetometefQuantum Designand a vibrating  embedded in an amorphous matris) SAED pattern registered in
sample magnetometglVSM) from LDJ Electronics. The one of the crystalline grains.
same SQUID was employed in the ac susceptibility experi-
ments.

2(a) is a TEM micrograph showing an assembly of nanopar-
ticles (black spots embedded in a brighter matrix. The size
lll. RESULTS AND DISCUSSION of such particles agrees with the value estimated from the
x-ray peaks. The electron-diffraction results further con-
firmed the particle crystallinity and structure as well as the
The evolution of the sample x-ray-diffraction patterns amorphous character of the matrix. Figuré)2shows a
with milling time (MT) is shown in Fig. 1. No changes were SAED pattern registered in one of the black spots. It can be
noticed after 180 h of milling. The rate of loss in saturationindexed ag111] zone axis of a bcc structure with lattice
magnetization, mainly due to the progressive alloying of Feparametem=2.96 A, in close agreement with the value ob-
was also greatly attenuated after this point. Then, we wilkained from the x-ray pattern. Likewise, an amorphous halo
refer in the following, unless otherwise stated, to the js observed when selecting a region in the matrix. In the
=0.3 sample milled for 180 RAIl ;gFe3Cuyy(AFC)]. HRTEM image of Fig. 8a) we can observe the lattice fringes
The last pattern in Fig. 1 corresponds, following theof the crystalline grains in a disordered matrix. Figure)3
Halder-Wagner procedurg,to bcc grains of lattice param- shows the corresponding Fourier transfoffT). Note the
etera=2.95A (0.08 A larger than that of bcc Fand size—  presence of a diffuse halo, typical of an amorphous material,
according to the Scherrer formdfa-around 5 nm. Figure and a ring of sharp reflections withdaspacing of 2.04 A,

A. Structural characterization



12 920 J. A. DE TOROet al. PRB 60

(©)

FIG. 3. (&) HRTEM micrograph showing crystalline fringes separated by highly disordered @o¢&orresponding SAED patterrc)
Filtered image of the crystalline regionsl) Filtered image of the amorphous region.

corresponding to th€110 planes of the bcc solid solution. technique, it is worth mentioning that the phase diagram of
The ring is not complete for the scattering took place only inFe-Al-Cu predicts the formation of a bcc solid solution for
a few grains. Figures(8) and 3d) show two complementary the observed composition.
Fourier filtered images of Fig.(8 constructed by applying
the relevant annular filters in the pattern of Figh)3and
subsequent inverse Fourier transfo(fAT): the first one—
obtained after filtering the outer ring—shows the typical ho- In a previous work, we measured the field-cool&®)
mogeneous mottled contrast of amorphous materials, and ttend zero-field-coole@FC) magnetization curves of the four
second one—after filtering the halo—exhibits clear fringes insamples. Fox=0 we observed two clear superimposed ir-
the regions occupied by the nanocrystals. reversibility phenomengFig. 2 in Ref. 17. The high-

The composition of the two phases, measured by x-rayemperature oneT(,~120K) was characterized by a broad
energy dispersive spectroscof¥EDS), turned out to be ZFC maximum, whereas the lower temperatufg~ 25 K)
very similar: AkgFe;;Cu,,0O, for the crystalline grains, and irreversibility was signaled by a relatively sharp ZFC peak.
around 3% average less of Fe in the matrix. This indicatesBoth phenomena were reflected as well in ac susceptibility
comparing with the initial ratios before milling, slight oxida- measurements. The measurement of the frequency sensitivity
tion and Fe enrichmentboth around 4% Although the (p=ATma/{TmaAlogw) of the high-temperature ac sus-
commented structure was reached through a nonequilibriurceptibility maximum yielded a typical superparamagnetic

B. Magnetic properties
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FIG. 4. FC and ZFC magnetization measured at 500 Oe. The
inset shows the same curves measured at 50 Oe.

served that the high-temperature irreversibility diminished

T(K)

FIG. 5. Real component of the ac susceptibility vs temperature

for different frequencies. The inset also shows the absorption com-
valueé® (p~0.1), which confirmed that such maximum was Ponenty”—conveniently magnified for clarity—for the 8-Hz case.
due to the blocking of certain magnetic clusters. We ob-The solid lines are guides to the eye.

and the associated ZFC maximum smoothened as the Gllustrates this point for AFC. The field dependenceTqf,,

concentration increased, eventually disappearing«fe0.3.

follows very closely the De Almeida-ThouléSs(AT) law

Besides, after the publication of that work, a thorough XEDS(~H?3). It is remarkable that this law is encountered in the

analysis showed the minority presence of magnetitg@pe dynamic behavior rather than in the static one, which is the
nanocrystals in all the samples. The amount of magnetitgsual case. In any manner, the AT line has been proved in
was estimated from numerous selected area analysis and suigveral occasions, both theoretic&lyand empirically, not
sequent statistics. The magnetite percentage was highest fiér be solely the result of the mean-field model of phase tran-
x=0 and was observed to progressively decrease with Sition, but also a possible consequence of superparamagnetic
along one order of magnitude. Therefore we conclude thaftelaxation.

the broad high-temperature ZFC maximum in the sample The observation of this set of phenomena has been often
with x=0 must be ascribed to the blocking of the magnetitetaken in the literature as sufficient to assert the presence of a
nanoparticles and, consequently, these cannot be made ®Rin-glass phase. However, all the commented dynamical
sponsible for the low-temperature magnetic features exhibfeatures can be still explained in terms of phenomenological

ited by AFC, whose presentation and analysis constitutes th@odel$® derived from the Nel theory of superpara-

rest of this work.

magnetisnf* Particular emphasis has been put on the fre-

Figure 4 shows the FC and ZFC curves measured at 50@uency sensitivity of T, as a possible distinguishing
and 50 Oe(insed. Notice the effect of the magnetic field on criterion?® nevertheless, it does not allow a clear distinction
the irreversibility starting temperature. The strong irreversin systems with intermediate frequency dependence. Even
ibility between the FC and ZFC curves, its field dependencéhe relative lowp value of our samplécompared to typical

and the presence of a clear maximumrag,~29 K, which
is smoothed by the application of higher fields, are usually
found in spin glasses. However, these features alone are still

ambiguous for they could also be explained in terms of the 10 —o—500e |
superparamagnetism theory, where the relatively high sharp- —e— 100 Oe 1
ness of the maxima would indicate an accordingly narrow 60— 200 Oe
volume size distribution of the magnetic clusters. 8 —a—5000e |
ac measurements were then performed in an attempt to —0— 1000 Q€

clarify this issue. The dynamical behavior expected for a
good spin glass includes the following characteristigsi)

the presence of a “cusplike” maximum in the temperature
dependence of the real part of the susceptibiljgy)( which
depends very weakly on the frequency of the ac field. The
data in Fig. 5 yieldp~0.01, which is nearly the same as
those of the canonical spin glasses with highestalues
(AuFe, PdMn. (ii) The absorption component of the ac sus-
ceptibility (") exhibits a sudden onset ne@f,,. This is
what actually occurs in our sampliset of Fig. 5, where
Tmax Nicely corresponds to the maximum slope poiriis)
The peak is highly affected by the application of relatively

low dc fields: it smears out and shifts downwards. Figure Gor different dc applied fields.
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FIG. 6. Real component of the ac susceptibility vs temperature
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FIG. 8. Normalized ;) and complete h§3X§) first nonlinear
susceptibility coefficients as a function of the temperature.

T(K) ant in the region of interest. The spin-glass transition is char-
FIG. 7. FC data employed for the determination of the nonlinearacterized by a power-law critical divergence of this coeffi-
coefficients. cient (in practice, an increase of at least two orders of
magnitude, therefore its existence in AFC can be defini-
paramagnetic framework by allowing a certain degree of intively ruled out. The application of a linear fit method re-
teraction between the clustérsThe necessity of introducing sulted in the same invariance fbg. In this method, which
such weak interparticle interactions is evidenced by the inassumesny=0, x, is obtained from the intercept to the or-
ability of the Arrhenius law w/wy=exp(—E,/kgT)] to de-  dinate axis inM/H versusH? plots for different tempera-
scribe theT . frequency dependendé yields unphysical tures, and therb; was calculated from the slope of (1
values for the parameterswy~10"°Hz and E,/kg  —M/xoH) versus foH)? plots. The lack of linearity in all
~4300K. In contrast, the data could be fitted with reasonthis curves beyond low-field values was also symptomatic.
able values to a Vogel-Fulcher lawy/ wo=exdE,/kg(T  Figure 8 shows as well the whole first nonlinear coefficient
—To)], whereT, accounts for a static interaction field due to (bsx3) in order to clarify and justify the above arguments on
the moments of the surrounding particles, but this does nahe power series development of the magnetization. Notice
bring in any significant information since the fit is possible how the clear maximum in this curve vanishes after normal-
for several different sets of the three parameters. izing by the linear susceptibility, indicating that even the
Therefore, apart from experiments sensitivéoizal inter-  slight temperature dependencemtxg was due tgyg. From
actions such as muon-spin depolarization and neutron difthis result, it is obvious that any scaling effort would have
fraction, a spin-glass phase transition cannot be definitivelpeen useless. Actually, the critical isotherm did not show a
stated without studying the order parameter, which can b@near aspect. Nor was successful the attempt of ac scaling
obtained from the nonlinear magnetization susceptibilitywith the data commented above. In this respect, the best
(xn)-"*?®In order to ascertain the occurrence of a real ther{it to the law of critical slowing down in spin glasses,
modynamic transition in AFC, we analyzed the temperature( )= 7o(T/T,—1) ?", yielded unphysical values
dependence of, according to the Sherrington-Kirkpatrick (zy~80, T,~2 K).
mean-field model® The magnetization is developed in terms  Fiorani, Tholence, and Dormann also found an invariant
of xoH instead ofH so as to avoid an overestimation of the b, in Fe grains dispersed in an amorphous alumina matrix by
temperature dependence of the nonlinear terms due to a pogcosputtering and concluded that its SGL behayj@t with
sible non-Curie-Weiss behavior gf,. Deviations from the g rather largep value was to be framed in the superpara-
Curie-Weiss law were actually observed starting from tem-magnetism context.In a different system, a mechanically
peratures far abovéay (T~1.5Tpay. Thus alloyed FeRh nanostructured material with no separation
. _ 3 5 among the crystalline grains other than their own boundaries,
M=mo+ xoH =b3(XxoH) +bs(xoH)" D Hernandoet al. detected no temperature variation gf
The inclusion of the constant term accounts for possible rem¢=,,—M/H) together with a low-frequency sensitivity of
anent magnetization in the SQUID superconducting magnet,__ ~which compelled them to discard both spin glass and
and/or the Sample. The Ieast'squares fit of the iSOtherm@uperparamagnetism_ They ascribed the observed SGL be-
magnetization curves built from the field-cooled dé&. 7)  havior to boundary spin disorder effects after the observation
to the above expression yields the temperature dependengg clearly shifted hysteresis loops, which became centered
of xo, b, andbs. The fit of the reciprocal linear suscepti- ahove the critical temperatufdn order to explore this pos-
bility x,' versus temperature in its linear regiorm ( sibility, we measured the hysteresis loop of ARG after
>50K) allowed an estimation of the interparticle interaction30 KOe field cooling. No shift at all was observed in the
strength,E; /kg~30 K. Figure 8 shows the results obtained hysteresigFig. 9), therefore this third source of SGL behav-
for the by coefficient (with 20% accuracy The relatively  ior seems improbable. Should it exist, it would be expected
broad error band in thés coefficient values made it less to contribute in a minor way due to the small surface to bulk
suitable for analysis. Thie; coefficient is practically invari- ratio.
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The results presented for AFC allow a final observation.
Since the blocking of an assembly of interacting particles
remains the most likely explanation for the observed mag-
netic phenomena, we must concede that the particles are es-
sentially exchange decoupled, which, in turn, leads to con-
clude that the amorphous matrix is much less magnetic than
the crystalline grains. Although the nanocrystals have an ex-
tra 3% Fe, such conclusion can be mainly held in terms of
the differences in structure. Similar results, concerning the
magnetic differences between ordered and amorphous alloys,

have been found in a variety of systefds.

200 0 200 400

H(Oe)

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

-400
IV. CONCLUSIONS

In summary, a sample of mechanically alloyed Fe-Al-Cu,
whose structure was observed by HRTEM to consist of crys-
] . _talline nanoparticles embedded in an amorphous matrix of

On the other hand, the SGL behavior found in mechaniyoughly the same composition, showed a magnetic behavior
cally alloyed nanocrystalline materials has been attributed ifesembling very closely that of canonical spin glasses both in
most cases to real spin-glass transitions. That might be thgs static and dynamical manifestations. Such behavior was
of chemical disorder, however, further confirmation viapy analyzing the temperature dependencexqf, which
phase transition analysis is needed. In our sample this analgpowed a nearly constant behavior arodfgh,~29 K and
sis has led precisely to the exclusion of any transition. Inyyot 5 sharp increase that could be taken for a divergence.
stead, we have suggested the blocking of interacting macr@oundary spin disorder has been reasoned to be an improb-
moments as the origin of the observed phenomena, for it cagple explanation since a well centered hysteresis loop was
account for the observed magnetic properties and seems fegpserved at 5 Kfar below T .,). As a result, we conclude
sible from a structural point of view. The Curie temperaturei,5t the fundamental source for the observed SGL phenom-

of the nanocrystals is higher than 700 (When structural  gnga is the blocking of the interactirigrainly dipole-dipol¢
changes start to take placend the nature of the interaction Fg_al-Cy solid solution nanocrystals.

is thought to be mainly dipolar. RKKY long-range exchange
interaction through the amorphous metallic matrix cannot be
ruled out, but its contribution must be secondary since the

RKKY range remarkably dampens in highly disordered me- This work was financially supported by the Spanish
dia (as it occurs in amorphous spin glasSes CYCIT under Grant No. MAT97-0294.
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