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Nonequilibrium magnetic dynamics in mechanically alloyed materials
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The magnetically glassy behavior of mechanically alloyed,ReCrqy is reported in detail, including a
static and dynamic study of the freezing process, the observation of aging in a mechanically alloyed sample,
Mossbauer 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,
Mossbauer, 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 behaviog:ARgB,5. 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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[. INTRODUCTION focused, where the interpretation is often more difficult due
to the presence of different structural and magnetic pHases.
Ball milling or mechanical attrition is a well-established  The possible presence of a SG phase in mechanically al-
technique for the synthesis of a variety of metastable phasefyed materials has been expressed in some recent Wbrks.
such as extended solid solutions, alloys of inmiscible eleOther MA products, such as the much-studied Co-Cu, have
ments, amorphous alloys, or quasicrystalline phadessen-  resulted in superparamagnetic behavibr.a previous paper,
tially, the disordering and alloying of the different speciessome of us found distinctive spin glass ac and dc suscepti-
take place at the grains interfaces due to the high shear rabdlity features in a MA AkgFe;Cly,; nanocrystalline allo¥?
induced by the balls collisions. Depending on the type of(sample AFGQ, but could not observe the SG typical diver-
starting constituents, two main procedures can be distingence of the nonlinear susceptibility,{).** Other magnetic
guished: inmechanical alloying(MA), the departing con- properties[the thermal hysteresis between the zero-field
stituents are two or more elemental powders, whereas theooled (ZFC) and the field cooledFC) magnetization, the
termmechanical milling(MM) refers to the milling of inter-  frequency-dependent cusp of the ac susceptibibility, or some
metallic compoundsor, sometimes, a single elemental pow- relaxation featurgsare not unequivocal, as will be reviewed
den. Both methods have been recently found to be capablalong this work. The SGL behavior of AFC was then related
of producing novel spin glasséSG),%~° often with a surpris-  to the blocking of some interacting magnetic particles, in-
ingly high concentration of the magnetic elements, ten-  spired by the results intensively reported in the last few
centrated spin glasses. It is remarkable that these ratheyears, both experimentdr?*and theoretical® on the spin
crude techniques may produce such a subtle magnetic phaggass behavior of fine ferromagnetic particles systems with
As far as MM is concerned, Klefnsuggested a superpara- strong dipole interaction. The study of the effects of interpar-
magneticlike blocking of magnetic particles to explain whatticle interactions is also relevant in the context of giant mag-
Zhou and Bakker claimed a true spin glass in a MM nano-netorresistive granular materiafs The present work does
crystalline Gd-Al Laves phaseHernandoet al. pointed out  not simply present two more examples of SGL behavior in
another possibility to explain the spin-glass-lik®@GL) be-  MA samples, but aims to settle the issue and controversies in
havior of nanocrystalline samples: spin disorder at thehis kind of materials by clarifying some uncertain aspects in
nanocrystals boundariésAlthough the chemical and/or site Ref. 10: (i) the cooperative dynamics below the freezing
disorder can theoretically justify the existence of competingemperature is proved with the neat observationaging
interactions leading to the appearance of a SG phase, mhenomena for the first time, to the best of our knowledge, in
thermodynamic phase transition has been demonstrated so alloy synthesized by MAbefore, Bonettiet al. had re-
far in any of the referred samples, therefore leaving the quegorted it in MM nanocrystalline pure Fg&ef. 17] and (ii)
tion open to further research. The same is applicable to ththe underlying microstructure is investigated by contrasting
spin-glass-like MA materials, on which this paper will be low temperature Mssbauer data with the structural picture
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suggested by the magnetic analysis. Additionally, the com- T T T T
parison of the results presented here with those reported ir
AFC (Ref. 10 and FWA(Ref. 18 will allow us to tentatively
generalize the explanation for the SGL behavior in MA
materials. = 3
Most of the paper is concerned with agfRe;Crq alloy
(FRO), whose low-temperature magnetic dynamics has beer_®
thoroughly analyzed. Samples at different milling times were @
studied in the system kgAl5oB, (FAB) in order to achieve 3%
better structural insight. Instead of the more usual presenta
tion where structural considerations precede the magnetic k .
properties account, the paper is organized in the opposite o @ 1. o)
way. This is done so in order to emphasize how the analysis 0 20 40 60 80 100 120 10 20 30 40
of the magnetic behavior in this kind of materials can be
used to diagnose the structure responsible for such behavios, T(K)
which, in addition, appears certainly hard to determine by G, 1. zero-field-cooledopen squarésand field-cooledsolid
conventional structural probéXRD or HRTEM). circles magnetization measured with field$=100, 1000, and
3000 Oe for FRQa) and withH=100 Oe for FAB(b).
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II. EXPERIMENTAL

_ ) _ data for use in the dynamic scaling and critical slowing down
The samples were obtained by mechanical alloying elznalysis.

emental powders in a conventional high-energy planetary
mill operating at 225 rpm. The powders were sealed under an
Ar atmosphere in hardened steel pots with the 20%of their ll. RESULTS AND DISCUSSION
volumes occupied by 10 mi@ balls of the same material.
The ball-to-powder mass ratio was kept approximately equal
to 12:1. These are the same conditions employed to synthe- After milling for 460 h the XRD patterns and room tem-
size the samples AF(Ref. 10 and FWA!® The composition ~perature magnetization showed no significant changes. The
and structure evolution were followed throughout the millingcomposition of this final productFRC), as measured by
by x-ray energy dispersive spectroscap§EDS) and x-ray EDAX, was Fg;Re;Cry, revealing Fe and Cr enrichment
diffraction (XRD), respectively. The latter was accomplished due to the Re abrasive action upon the milling tools. On the
using CIK « radiation, 20 geometry and integration times as other hand, the nominal composition of FAB was not signifi-
high as 20 s in a MPD Philips diffractometer. The structurecantly altered. In the following, FAB will stand for the ma-
of FRC was further investigated by high resolution transmisterial obtained after 440 h of milling, although samples
sion electron microscopy(HRTEM) and selected-area milled for different times will be also discussed for compari-
electron-diffraction(SAED). Mossbauer spectra of the same son. Figure a) shows selected FC and ZFC susceptibility
material were recorded at=300, 80, and 15 K in a closed- (x=M/H) curves for FRC measured at differeidt With
cycle cryostat using a standard Mbauer setup with sym- decreasingd the irreversibility between these curves begins
metrical wave form. The FRC annealed samples were obat higher temperatures and the smooth maximum in the FC
tained by heating during 10 h at 300 and 400°C in a highoranch becomes more pronounced, whereas highgelds
vacuum furnace. blunter ZFC maxima shifting to lower temperatures. The ir-
Hysteresis loops at various temperatures were registergeéversibility temperaturd;, approaches the ZFC maximum
with a vibrating sample magnetomet&SM) equipped with  temperatureT,,,~60 K in parallel with the progressive
a He cryostat. A Quantum Design SQUID magnetometer wasmearing out of the smooth FC peak. The same aspects are
employed to measure dc magnetizati®iC and ZFC runs  observed for FAHsee Fig. 1b) for H=100 Oe and focus-
and, in the case of FRC, ac susceptibility in the temperaturéng on the irreversible regidnexcept for the lower tempera-
range 4.2—200 K for different values of applied dc magneticure of the ZFC maximunT =30 K. The strong thermo-
field and frequency. The aging experiment was performed imagnetic  irreversibility —mixes features from the
the same apparatus as follows: the sample was first coolegsliperparamagnetic and the spin-glass typical irreversibilities.
from room temperature down to the magneticajlgssyre- It recalls the former in the rather broad ZFC peak and in the
gime, then it was allowed to age for a waiting timyebefore  fact that, for lowH, the FC branch separates from the ZFC
applying a small external dc fieldd = 10 O@ and register one. The quantitie¥ o and T, [defined as the temperature
the isothermal time evolution of the magnetization. This pro-at which xrc— xzrc equals 10% ofyzec(Tmad ] Can give,
cedure was repeated for differerf keeping the same cool- following Hansen and Morup, a quick estimate of an as-
ing rate. The ac susceptibility vs temperature curves in theumed log-normal distribution of superparamagnetic par-
FAB samples were recorded using the conventional mutualtcles, where the width of the distributios increases with
inductance method in a homemade susceptometer built in B, /Tna. Such estimation leads for FRC and FAB to ex-
closed cycle helium cryostat; those of FRC were measured itremely narrow size distributioris¢zgc does not even depart
a SQUID magnetometer in order to obtain better resolve@d 10% ofyzec(Tmad from xzecl, which, taking into account

A. Magnetic characterization
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the crude synthesis method employed, indicates the inad- ' " ' ' '
equacy of the superparamagnetic approach. On the othe 4 (@)
hand, the thermomagnetic irreversibility in Fig. 1 resembles
that of spin glasses in the plateaulike shape of the FC curve
below T, (in superparamagnets the FC branch keeps in-
creasing monotonousl§). However, this feature has been
recently found not to be exclusive of SG, but also shared by
fine particle systems with random anisotropy and strong
dipole-dipole interaction®?* Such was reported from a
Monte Carlo simulation where it was also shown that the
particles size distribution does not affect such behaVvidr.
must be remarked that the thermal irreversibility commented
here is essentially the same as those reported for &g,
10) and FWA!®

The analysis of the frequency and temperature depen-
dence ofy,c in FRC led to a similar mixture of spin glass 20 T ' ' ' T
and superparamagneticlike features, suggesting again the
picture of fine particles with strong interactigaomparable
or higher than the particle anisotropy barrigy= KV, where
K is some effective anisotropy constanin principle, the )
interparticle interaction may be either dipolar or RKKY in g
origin, for both of them can provide the necessary competing ﬁ,‘”
spin alignment, which, together with spatial disorder, yields € 1.0
frustration for some of the moments. The frequency depen- :
dence of the in-phasg’ and out-of-phasg” linear ac sus-
ceptibility for FRC is shown in Figs.(2) and 2b), respec- 0.5
tively, in the interesting temperature range. Thé peak
temperature3 ,,,{ @), are consistent with the lower dc value f T . ; . r
from the ZFC maximum. When the frequency increases, 40 60 80
Tma{ @) shifts rightwards and the height of the susceptibility T(K)
peak diminishes, both neatly but slightly. These features are N
cusiomariy found in canonical spin glasdéFurthermore, _  F5, % Re0te e megranh comeernrie e 2 e
the peak strongly smears out and shifts to Iowertemperatur%i)' 100 Hz @), 1 kHz (Aup), 5 kHz (¥), and 10 kHz ).

when moderate external dc fields are appliot shown for The inset in(a) shows both components for easier comparison
FRC, see the analogous behavior of AFC in Ref). 1&l- '

though the inflection points of’ for the different frequen-

cies approximately coincide with the absorption maxima ageratures below .., meaning that the distribution function
predicted by the Casimir—du Preuationé® [see inset in of relaxation timesgy(7) remains essentially invariable with
Fig. 2a)], the shape of the latter is Lorentzian in contrastfrequency, which gives td , the character of dreezing
with the abrupt onset of dissipation found in canonical spintemperature.

glasse® and similarly to what has been observed in inter- It must be pointed out, however, that the analysis of the
acting nanoparticle¥:?*The value of the frequency sensitiv- frequency dependence may be useful to compare a number
ity (relative variation of the peak temperature per decad®f systems: but nothing can be definitely concluded about
frequency is p~0.02, far smaller than the sensitivity exhib- the possible existence of a true phase transitidaking
ited by thermally activated processes and falling in the sam@lace at a finite temperature. This possibility was explored in
range of metallic spin glasses values. Concerning the fund=RC by both investigating the temperature behavior of the
tional dependence of . (w), neither the Nel-Arrhenius  nonlinear magnetic susceptibility, (Ref. 26 and by
(wlwo=exy —E,/kT]) nor the Vogel-Fulcher lawéwhich ~ searching for a meaningful dynamic scalfidzor the ,(T)
substitutesT by T— T, in the exponential above, beifig an  analysis, FC data measured with fields ranging from 0.1 to
“interaction temperature)’ yielded physical values for the 1.5KkOe was used to extract isotherr{H) curves, which
fitting parameters. The latter of these thermally activated dywere then fitted to the expressiorM=mgy+ xoH
namics laws has been shown successful to describe the dy=bs(xoH)*+bs(xoH)®. The results are not shown since
namics of particle systems witiveakdipolar interactiorf*  their features are the same as in A#tby(g, the first non-

On the other hand, the analogy with assemblies of strongllinear coefficient, shows a broad maximumTgt, but the
interacting particles is illuminating: remarkably, Fig. 2 mim- normalized, more significant, coefficiebf does not exhibit
ics the temperature and frequency behavior of bpthand  any increase that could recall its typical divergence in ca-
x" reported by Jossoret al.in dense frozen ferrofluid$,an  nonical spin glasses. Some more discussion and details on
a priori completely different scenario. In particular, the ab-the fitting procedure can be seen in Ref. 10. The cw(d)
sorption[Fig. 2(b)] is nearly frequency independent for tem- obtained from the fit starts departing considerably from the
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FIG. 4. Time dependence of the zero-field-cooled magnetization
log, [¢" @] measured aT =40 K in FRC for four different waiting times,,
before the application dfi=10 Oe.
FIG. 3. Scaling of the imaginary susceptibility of FRC obtained
for T,=58 K, B=2, andzv=24. The inset shows the fit to the equivocal sign of collective dynamics, for it is well ex-
critical slowing down law, which yielded a different value for p|ained both by mean-field theorim a consequence of the
=11+5. chaotic nature of the multivalley free enejggnd by the
droplet modef! As far as we know, Fig. 4 presents the first
Curie-Weiss law well above the freezing temperature, indireport of aged magnetic relaxation in a mechanically alloyed
cating the presence of interactions between the hypotheticahaterial. TheM(t) curves (registered as described in the
particles. experimental sectignare clearly dependent on the elapsed
If a transition to a spin-glass state existedlat- Tnax, it timet,, before applying the magnetic field. This is conclu-
has been establish@dthat the out-of-phase component of sjve in asserting chaotic correlated dynamics against indi-

the susceptibility could be scaled as vidual particle relaxation, consistently with the above com-
mented failure of thermally activated dynamics laws. Care
X'(T,0)=€PF(we™?), (1)  was taken in this experiment in avoiding thermal history

variations between the measurement for eigchas this has

wheree is the reduced temperatures (T—T.)/T., Bisthe  been recently shown to influence significantly the response
critical exponent describing how the order parameter wouldunction?? especially for short,,. Other features to be no-
approach zero d, v is the critical exponent for the corre- ticed in Fig. 4 are the usual logarithmic dependence of the
lation lengthé~ €”, andz is the exponent relating the relax- relaxation and the decreasing magnetization for increasing
ation time7~ 1/w with &. The best scalingshown in Fig. 3 t,,. The wait time dependence of the relaxation is weaker
is obtained forT,=(58+1) K, 8=2.0-0.3, andzrv=24  than in spin glassé5and similar to that recently reported by
*3. No satisfactory data collapse could be achieved for exbjurberget al. for dense frozen ferrofluids The aging ef-
ponent values closer to those typically reported in the spinfect was considerably diminished =60 K (not shown,
glass literaturé® This large departure of the hypothetical and no relaxation was observed at higher temperatures. It
critical exponents from the physical values have been founéhust be made clear that aging effects can be observed in
before in magnetic cluster systems, such as Mn-rich Cuinhomogeneous freezing processes taking place without the
Al-Mn shape memory alloy$ or Fe grains dispersed in an occurrence of a true SG phase transition, as it has recently
alumina matrix2° The fit to the critical slowing down law for peen explained more explicitly by Fioragi al. for y-Fe,O,
the relaxation timer~[(T—T.)/T.] *" was performed us- nanoparticle$* Measurements to test aging phenomena in
ing T=Thadw), and yielded the exponeatv=11+5 (see other MA samples are projected, although its existence
inset in Fig. 3. Although still high, this is a credible value. seems likely from the parallelisms in the other dynamical
However, given the unrealistically high value obtained for features.
and, more importantly, that different results for are ob- So far we have diagnosed the existence of some magnetic
tained with different computing methods, we ratify with ac particles, which interact strongly at low temperatures, em-
analysis that there is no spin-glass phase transition in FRChedded in a nonferromagnetic medium, namely, the para-

Therefore, whilex(H,T,w) displays the characteristic magnetic alloy with overall composition around
signature of critical fluctuations at a paramagnetic-spin-glaste;;Re;Crg. The paramagnetic character of this matrix can
phase transition, both dc and ac critical behavior analysibe reasonably understood in terms of the Re efficiency to
have failed to satisfy the quantitative predictions of theweaken the Fe magnetic moments upon dilufiofihe struc-
mean-field model. The freezing of fine strongly interactingtural origin of the ferromagnetic particles will be addressed
particles, as hinted along this work, would account for thein the following section. An estimation of the mean moment
close SGL behavior and the failure to undergo a phase trarsize was obtained from the magnetization cuMé¢H) at
sition due to the moment size distributi&hThis picture is 200 K, shown in Fig. 5. The nonsaturating behavior reveals
strengthened by the observation of aging phenomena, an uthe presence of a superparamagnetic phase. A small ferro-
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of clusters is estimated to be (£1)%, in good agreement
8r with the value obtained below from Nebauer spectroscopy.
From this fraction, it follows that the volume concentration
4t (around 109%, given the small cluster moment, is not enough
,,,,,,, e to produce a significant dipolar interaction. Consequently,
the dipolar interaction can be ruled out as responsible for the
] here studied low temperature SGL behavior. Larger particles
and higher densities are indeed necessary in the referred fro-
L / zen ferrofluids in order to achieve SGL behavior. Hence, the
/ main interaction between clusters must be RKKY-type, me-
8l , diated by the conduction electrons in the supersaturated solid
A i 2 solution.
-A'fo ' _2'0 ' 0 ' 20 40 Although most of the_discussion so far has been done for
H(kOe) FRC, we must emphasize that FAB, AFC, a_nd FWA share
every feature reported here for FRC, most importantly the
FIG. 5. Hysteresis loop for FRC measuredTat 200 K. The Presence of dc thermoirreversibility as described above, and

solid line is the fit to the left branch of the loop as explained in thethe slight frequency sensitivity of the ac susceptibility peak.

main text. The dashed and dotted lines are, respectively, the supe@-dd'scordan_t pilr:tguFLar]:tylls fqund |r(1jthfe shudden olnfet of the
paramagnetic and the ferromagnetic contributions. The inset fol SOI’[[))UOI’].II’] h ( er. Of(lnstea IO L elusugl orenzi
cuses at lower fields to show the presence of hysteresis in the Ioo@.an)' espite the variety o ma_lterlas employed, a correla-
lon between the Fe concentration ahg,, appears straight-

magnetic contribution, arising from larger, blocked particlesforward' since AFC, FWA, and FABwith 30% at. of Fe
’ ’ ’ haveT . around 25 K, whereas FRC, which is much richer

(probably coming from late contamination from the milling in Fe. showsT...—60 K. In fact. if fine monodomains due
tools), is evidenf:ed by' the'small' hysteresis loop, justifyingto co’mpositiorT;)I( clustering Wer’e to remain embedded in a
the_ use of r(_alanvely high fieldéhigher than the_ferromag- paramagnetic saturated solution, they would be naturally ex-
netic saturation valyefor the apove)(m(T) analysis. At 200 .. pected to be larger and/or more numerous with increasing Fe
K the interaction between particles can be neglected, as it i oncentration. In SGL particle systerfis,. is known to in-
confirmed by the Curie-Weiss behavior of the susceptibility,Crease with the size of the moments ar?é the intensity of the

3nd a_bsut)herparamlagnetlc rrt1_odte_zl IS 3_g£0d anroxmﬁtlcin Wteractions between thetiboth variables being favored by
escribe the sample magnetization. Higher values ot the Mg q 4,crea5e of Fe. Similarly, compositional clustering might

perature would result in Iarger errors.in t_he Superparamagye (o |ayant as well in the work of Tareg al., who claimed to
netic fitting parameters, for this contribution would appear ..e found a spin glass phase in a mechanically alloyed

Jé"tsetalr'zgigh;—hcehggéle was fitted to the expression used bYAg%Gdlg, supersaturated solid solution on the basis of ZFC

and FC measurememsOn the other hand, Galdearm al.
have recently investigated the effect of milling intensity and
H= Hctar( W_S” temperature on the final nanostructure of MAg&e 5, and
H, 2 still found, at this lower concentration of Fe, the coexistence
_q of very small Fe-rich clusters with larger particles and a solid
cotan?(ﬂ) _(ﬂ) } solution® When tackling the interpretation of the magnetic
kT kT properties in a structurally similar sample they comment the
) difficulties to “make the difference between very small in-
teracting particles and a solid solution.” A more systematic
where u is some mean moment ard the number of par- sweep of Fe concentration in different systems is projected in
ticles per gram. Including an extra paramagnetic term did noerder to confirm the universality of theanoparticle glass
improve the quality of the fit. In any case, we have estimatedehavior in MA materials.
an upper limit for the paramagnetic susceptibility to be about
5x10 ¢ emulg, less than a 3% contribution to the magne-
tization at 5 =" The fit (shown in Fig. 5 together with the  The evolution of the XRD patterns with milling time for
separate contributionss reasonably good considering that FRC and FAB was similar to that shown for AR€the
no particle size distribution was taken into account. The sizeninor peaks progressively disappear whereas the larger re-
of the mean moment is as small as=(174*=7)ug, which  flections(around 2=40°) broaden and eventually collapse
would correspond to spherical pure bcc Fe clusters withinto a quite symmetric nanocrystalline peak. The width of
aproximately 4 atoms of diameter-(L nm), difficult indeed such peak is larger than 5° at half maximum for both
to detect by either XRD or conventional HRTEM in a bulk samples. In some occasions, such wide peaks have been
sample(in addition, the particles or clusters would presum-taken as amorphous halﬁ%setting a misleading structural
ably consist of a highly disordered Fe-rich alloy and not purebasis for subsequent magnetic interpretation. In this respect,
Fe). From the saturation value of the superparamagnetieche observation of crystallization peaks by calorimetric tech-
componentNu=(9.0=0.1) emu/g, and assuming the bulk niques does not guarantee the absence of nanoscale grains or
magnetic moment of Fe, the fraction of Fe atoms in the formcompositional clustering, which may be transcendental in the

M(emu/g)

2M}
M(H):MFM+MSPPZ WFMtan_l

+Nu

B. Structural considerations
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FIG. 7. Real component of the ac susceptibility of as-milled

FIG. 6. Detail of the XRD patterns for FRC as-milled and an- FRC, and after 300 and 400 °C annealing, measured at 100 Hz.

nealed at 500 and 600 °C.

context of glassy magnetic materials. Figure 6 focuses on theAB with the milling time. The sample MA for 250 h
only remaining peak in the XRD pattern after nearly twoshowed a SGL peak iry’(T) sharper than that of FRC,
weeks of milling, and the changes it undergoes upon anneaindicating a narrower size distribution of the clusters, which
ing as described in the experimental section. The as-millegave more accuracy to the values of the peak temperature
peak is centered close to the main hcp-Re reflection, pointingT,,). All peaks showed a similar small frequency sensitivity
to the existence of very fine Re-rich nanocrystals. Prelimi{p~0.02). The points in Fig. 8left axis) represenfl, ob-

nary HRTEM results confirmed the presence of nanocrystalgined in curvey’' (T) measured with a frequency of 1 kHz.
embedded in a majority amorphous phase. The electron diff,, decreases monotonously since its appearance at 160 h,
fraction micrograph indicating so is analogous to that foruntil it reaches what could be considered a stationary state
AFC (annular ring around a large diffuse hafoAttempts to  after 3 weeks of milling. The apparent shift of the peak upon
observe compositional clustering were unproductive. Moramilling can be readily explained by the progressive Fe dilu-
specific high-resolution methods are needed for this purposdipn, which results in even finer clusters with a lower freez-
for instance, Lewiset al. announced very recently that they ing temperature. Therefore, in this final stage of cluster re-
were able to observe Fe clusters with a diameter of approxXinement, the effect of milling is just the opposite of the
50 atoms in a bulk sample using conical dark-field imagingannealing treatments described above: Fe segregation or di-
techniques® However, the XRD broad peak in the as-milled lution versus aggregation.

sample is not symmetric, but a slight hump can be noticed Once the existence of the suggested ultrafine mon-
about 20=44.5°, near th€100) bce-Fe position, suggesting odomains is assumed, the question arises if they could be
the presence of some Fe-rich nanocrystalline regions. Yet, eelated to the nanocrystals revealed by the broad XRD peaks.
word of caution must be said about these observations, fd@ne may think so given thdt) the size scale of the nanoc-
Le Cae et al. have demonstrated that XRD information in rystals and the magnetic clusters is roughly the sdinethe

this kind of samples is not very reliabteIn any case, the positions of the XRD peaks (2=43.6° in FAB and AFC,
hump becomes more pronounced after annealing at 500 °C,

and shapes as a peak for 600 °C, indicating Fe aggregatior 32 . . . . . 7.0

from the paramagnetic supersaturated amorphous solid solu

tion matrix and strengthening the hypothesis of the existence 30+ 6.5

of Fe-rich nucleation sites in the as-milled material. Anneal-

ing at T<500°C had barely noticeable effects in the XRD 28 6.0
patterns, which were always obscured by the presence of th g
Re-rich nanocrystals, however, the ac susceptibility tech-& 55 T
nique proved very sensitive to annealing at these tempera—® 54 | =
tures. Figure 7 displays the' vs T curves, measured at 100 5.0
Hz, for the as-milled, 300 °C annealed and 400 °C annealec 224

samples. A clear shift towards higher temperatures for in- 4.5
creasing temperatures signals the growth of the Fe-rich clus: 20+ i

ters. For higher temperatures, the peak was progressivel
overshadowed by the larger fraction of multidomain particles
(no peak was observed for samples annealed at more than
500°C). FIG. 8. The left axis shows the temperature of the maximum of
A further demonstration of how magnetic ac susceptibilitythe ac susceptibility vs temperature curyemasured at 1 kHzor
can be used to gain insight on the issue of nanoscale conthe sample FgAlsyB;5 at different milling times. The FWHM of
positional homogeneity is provided by the following study of the respective XRD peaks is plotted in the right axis. The lines are
the evolution of the low temperature susceptibility peak inguides to the eye.

200 400 600
Milling Time (h)
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1.00 Fe&" specie. The third doublet has the following parameters
QS = 0.49 mms?! and IS= 0.55 mms?®. The spectrum
measured at 75 K showed no changes, which ratifies that
098 1 ‘/;' Tmax=60 K is not a blocking temperature, since then it

' 1 would be highly affected by time window effects, but a

L | / freezing temperature. The appearance of a sextet with very

‘\ // broad peaks in the lowest temperature spectfiinK) indi-

cates the existence of a magnetic ordered plsse Fig. 9,
™ with a highly disordered structure and/or a large distribution
15K | of magnetic interaction§probably both, taking int_p account
0% | }um . the characteristics of the synthesis methdthe Massbauer
' - data point to the third doublet described in the RT spectrum
as the one which orders below 60 K. The other two doublets
parameters did not show significant change. The area of the
Mossbauer components is proportional to the amount of Fe
| atoms, which are subjected to certain interactions which de-
| pend on their particular location in a definite configuration.
‘/ The change of relative area with temperature among the
components is related to variations, either structural or mag-
// netic, in the Fe environment. Structural transformations can
U’
’

099

RELATIVE TRANSMISSION

be discarded. The strong absorption lines of the central dou-
blet makes difficult to assign the magnetic ordered phase,
but, if we consider that the Eé species is the result of
= residual surface oxidation during the intensive ball milling
o and the central doublet is due to the matf@n amorphous
S48 240 12 3 45 6 7 phase which remains paramagnetic down to at least 15 K, or
RELATIVE VELQOCITY (MM/S) 5 K if we consider the magnetic datghe magnetic phase
FIG. 9. Massbauer spectra of FRC at 15 and 300 K, best fitte ppgaring at low temperature h_as to be gttr_ibuted 10 the the
with three components. e-rich fine clusters embedded in the majority paramagnetic
phase. The good agreement between the area percentage of
43.3 in FRQ are not far from the bcc-Fe 100 peak, andthis phase 8.4% and the fraction of Fe atoms estimated above
above all,(iii ) the decrease ifi, upon milling, meaning the from the superparamagnetic magnetization at higher tem-
reduction of the magnetic clusters size, goes together witperatures, confirms the adequacy of the data treatment. The
the refinement of the crystallite siZeee Fig. 8. However, magnetic effective field of the sextet measured at 15 K is
this hypothesis vanishes with the comparison of the differen25.8 T, too large for a spin glass phase, and consistent with
Fe-based samples discussed along the paper: the XRD peaks Fe-rich amorphous or, as the results shown in Fig. 6 sug-
of FRC and FAB have similar widths, b(t,,, in FAB is  gest, a highly disordered nanocrystalline structure. The large
half that of FRC; more conclusively, FRC exhibits a muchlinewidths of the sextet is a consequence of such disorder.
wider XRD peak than AFGRef. 10 (FWHM = 5.3 and 2.5, Therefore, the Mssbauer study corroborates the whole pic-
respectively, howeverT,,,, is larger in FRC. Indeed, al- ture of nanoparticle glassobtained from the magnetic dy-
though the loss of crystalline order range upon millingnamics analysis.
progresses simultaneously with the dilution of Fe, there is no
need for the nanocrystallites and the Fe-rich clusters to be
spatially related. In particular, for FRC, the broad XRD peak
centered at 2=43.3° was reasoned above to reflect the In summary, it has been shown that the spin-glass-like
presence of Re-rich nanocrystals. properties of several mechanically alloyed systems with Fe
As a final experimental attempt to test the existence otoncentration higher than 30% are caused by the freezing of
fine compositional clustering leading to magnetic mon-strongly RKKY interacting ferromagnetic clusters, which are
odomains in FRC, we performed Mdsbauer spectrometry at embedded in a paramagnetic supersaturated solid solution.
various temperatures between 15 and 295 K. ThegWlauer We have first arrived to such conclusion by the interpretation
investigations put in evidence three different configurationof ac and dc magnetization vs temperature data in the light of
of iron in FRC. At room temperatur€RT), as illustrated in  results obtained in the last few years for strongly dipolarly
Fig. 9, the Mmsbauer spectrum is fitted using three quadruinteracting particles. In the case of FRC, the collective nature
polar doublets. The doublet reflecting the highest amount obf the low-temperature SGL phase has been confirmed with
iron (large majority showed a quadrupole splittin@S) of  the first measurement of aged relaxation in a MA system.
0.43 mm s with an isomer shift1S), referring to 57Co in  However, the transition failed to satisfy the critical behavior
Rhodium matrix, of -0,18 mms'. There is another doublet expected for a spin glass due to broad particle size and in-
with rather big positive 1S0.77 mms?® and large Q$1.97  teraction distributions. The presence of very small particles,
mms ! which could be assigned without any doubts to arather nanosizedlusters(around 1 nm of diameter in FRC

098 | |
RT |

IV. CONCLUSIONS
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diagnosed from an strictly magnetic dynamics analysis hamagnetic cluste)s These arguments have been extended to
been then confirmed by structural considerations includingpreviously reported samples. Its generalization appears plau-
the observations, on the one hand, of the growth of the Fesible and emphasizes the difficulties to produce nondiluted

rich nuclei upon annealing and, on the other hand, the deMechanically alloyed materials with compositional homoge-
crease in the ac susceptibility peak, meaning further dilutio’€Ity down to the atomic scale.

of the clusters, with the milling time. Mssbauer analysis
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