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Mossbauer study of the superspin glass transition in nanogranular AbFe;Cu,;
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The spin-glass-like behavior observed in mechanically alloyedFa},Cu, is attributed to the collective
freezing of ferromagnetic nanoclusters, i.e., the appearance of a superspin glass phase. The presence of the
clusters and their estimated size I nm) were inferred from magnetization measurements. The transition
critical exponentzy=13.8+0.4, extracted from ac-susceptibility data, is similar to those obtained in other
superspin glasses. Msbauer spectroscopy offered more direct evidence: the component related to the clusters
undergoes a transition from a high-temperature quadrupolar doublet to a distribution of sextets, whose mean
hyperfine splitting grows with decreasing temperature in a similar fashion to spin glasses. The relation between
these magnetic dynamics and the sample structure is addressed.
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[. INTRODUCTION sources for nonequilibrium magnetic behavior, including true
amorphous spin glass&spin-boundary disordéf, and the
The magnetic properties of granular alloys and heterogecommented superspin freeziftyFor instance, the SGL be-
neous nanostructures built by ferromagnetic and nonmagdavior of an essentially amorphous alloy—namely, mechani-
netic components have attracted much attention due both @ally alloyed FguAl,dCu,;—was recently attributed by De
the fundamental interest in their rich phenomenology and td0ro et al. to the presence of interacting fine ferromagnetic
their potential applications—for instance, in magnetoresisparticles, or clusters, embedded in the majority amorphous
tive devices and magnetic recordingn particular, the role Paramagnetic matriX, but in principle both the matrix and
of interactions between single-domain particles has receiveti€ suggested “particle phase” can be argued to be able to
a growing interest from the two perspectives. From the apProduce the observed behavior.
plication viewpoint, the effects of intergranular interaction In this context, the presence in granular systems of two
on the magnetoresistance, which before was treated assuiPases containing different Fe concentrations calls for the
ing Simp]e superparamagnetism, have been taken intgS€ of Mssbauer SpeCtrOSCOpy. This teChnique, besides de-
account But more relevant to this paper are the attempts tdecting the freezing process, allows direct determination of
describe the dynamics of random magnetic particle systemi®€ phase actually being frozen and its proportion in the
with a Strong(compared to the anisotropy barbiénterpar- Sample, thus Clarifying the interpretation of the SGL behav-
ticle interaction. Most of such studies have been concernet' in such materials. The sample choice in this work—the
with dipolar interactions, using the model system of frozenrather complex mechanically alloyed g5l 46Cu—is in-
ferrofluids, where collective freezing, as opposed to supertended to exemplify these capabilities, while presenting, to
paramagnetic b|ocking, has been proved for Sufﬁcienﬂy h|g|pr|' best knowledge, the first Mebauer characterization of
particle concentrations* The spin-glass-likéSGL) proper-  the superspin glass freezing in a granular alloy. Additionally,
ties of such particle phases can be understood from the raglthough mechanical alloying has been extensively investi-
dom position of the particles and the competition betweerated at room temperature(RT) by Mossbauer
parallel and antiparallel alignment introduced by the dipolarspectroscopy? this work contributes to relieve the lack of
interaction, thereby receiving the namseperspin glassesn ~ complementary measurements at low temperatures.
addition, in metallic granular systems, an indirect RKKY in-
teraction between the clusters has been theoretically shown
to be able to provide the necessary frustration in a similar
fashion as it does in canonical spin glassesing dominant The sample was obtained by mechanically alloying Fe,
over dipolar interactions for sufficiently small cluster siZe. Cu, and Al powders for 180 h using a high-energy planetary
Some of these granular systems, including discontinuouball mill. Details of the milling conditions can be found in
multilayers® melt-spun Co-Cd, or sputtered FgAgg,'® Ref. 17, where it was also shown by x-ray diffraction and
have been lately found to exhibit superspin glass phases #&tansmission electron microscopy that the final product is
low temperatures, although the RKKY interaction has nevemostly an amorphous solid solution. The precise structure of
been held responsible for their SGL behavior. Although dethe sample will be discussed later considering the informa-
signed and mostly used for other purpoSemiechanical al- tion presented here. \dsbauer spectra were recorded at tem-
loying (MA) has proved to be an efficient technique for pro- peratures ranging from 4.2 K to RT. The sources w&@o
ducing bulk spin-glass-like material$:*®> However, their in a rhodium matrix with an activity of-10 mCi. Transmis-
analysis is particularly difficult due to the different possible sion mode Masbauer spectrometers were used in three con-

Il. EXPERIMENT

0163-1829/2001/622)/2244216)/$20.00 64 224421-1 ©2001 The American Physical Society



De TORO, LQPEZ de la TORRE, RIVEIRO, BLAND, GOFF, AND THOMAS PHYSICAL REVIEW B4 224421

T T T T T T T T 6
3 L
5
21
? L4 ? =
g s 7|
0 = -
T 3% = zv=138+04
= =~ g or T =(259+0.1)K
® Lo =2 ¢ 12
Al 1,=(8+2)10"s
-1 285 290 295 300 305 310
4 Il 1 Il 1 1 1 1 1 T (K)
20 22 24 26 28 30 32 34 36 max

T(K) FIG. 2. Frequency dependence of the peak temperature in the

FIG. 1. Temperature dependence of the red)) (and imaginary real F:omponent of thg ac suscgptibilitvr(ax) qu fit to the critical
(x") components of the ac susceptibility measured at different freSlowing down law(solid lin€), with the best fitting parameters.
quenciesf=0.1, 0.37, 1.39, 5.16, 19.24, 71.62, 267.09, 997.34 Hz.

For clarity, only the first three frequencies are shownfbr by (Tmax7m=1/f), and the results obtained arg=(8

+2) ps,zv=13.8-0.4, andT{=(25.9+0.1) K. Notice the
relatively small errors due to the low data dispersion, as
shown in Fig 2. The value dfv is higher than those typi-

figurations: at room temperature, with a 4.2 K helium bath
cryostat, and a liquid-helium flow cryostat for variable tem-
perature meaksurements. Thle spectr:a were f'ttedd using t lly extracted from three-dimension&D) spin glasses
separate packagesrITA employing theFCFCORE and NAG - - . '
libraries for spectra with discrete hyperfine fields and the. 9" 105 in FesMnosTiOs. A similar large value of

ORMOS/DIS " f : ith distributi fh zv (12.5£1.5) was reported by Jurbegg al. in a ferrofluid
NORMOS/DISTroutines for spectra with distributions ot nyper- consisting of strongly interacting FeC particles of about 5 nm
fine field. Calibration of all spectra were done relative to

metallic Fe at room temperature. Prior o the’ ddbauer diameter, where physically meaningful static critical coeffi-
elallic e at room temperature. Frior 1o the SEbauer oo \vere also obtainéHowever, they found a decreased
analysis, we used a Quantum Design superconducting qua

- . _6 .
tum interference device(SQUID) to accomplish ac- Bttempt time (~10 ° s), whereasy in our sample has the

o . . ) usual value for conventional spin glasses.
susceptibility measurements, with 1 Oe field amplitude as a Although the above ac-susceptibility analysis is valuable

fmugggﬁ?e?rzetﬁgpﬁiﬁt%r; dinsgrgqgepcy and de magnetlzatlopo investigate the m.agne_tic moment correlated dynamics, the
: sample SGL behavior might be attributed to the presence of
interacting ferromagnetic nanoparticles after analysis of the
lll. RESULTS AND DISCUSSION field dependence of the magnetization. A conventional spin-
Figure 1 plots the realy(’) and imaginary ") compo- glass phase.wo.uld req_uire the homogen.eous dilution of the
nents of the ac susceptibility measured in the relevant temEe atoms, yielding a linear paramagnetic response at tem-
perature range using eight different frequencies Iogarithmip_era_tures well abova; . However(see Fig. 3 the magne-
cally distributed in our available frequency spectrum of 0.1-tization measured at 200 K pegms to bend over at reIauyer
1000 Hz. It exhibits the typical spin-glass characteristics; SMall fields, below 3 T, painting to the existence of fine
the maximum iny’ (T), relatively sharp if the enlarged tem- superpar_amagneﬂc moments. A small ferroma%netlc compo-
perature scale is taken into account, shifts slightly to higheP€Nt: Which quickly saturates to 0.34 emu/g2% of the
temperatures with increasing frequen@bout 2% per de-
cade, and x”(T) undergoes a more sudden onset, with the
maximum slope temperature coinciding with the maximum
in x'(T), Tmax- Other spin-glass-like features, including the
smearing of the ac-susceptibility peak upon application of
moderate bias fields or the characteristic thermal irreversibil-
ity between the field-cooledFC) and zero-field-cooled
(ZFC) magnetizations, can be seen in Ref. 17. There, dealing
with poorer ac data we showed that activated dynamics laws,
i.e., Arrhenius like, could not fit th&,,,( f) data with physi-
cally meaningful parameters, whereas attempts to fit with the
critical slowing down law

M(emu/g)

H(Tesla)
_ 1_1 o (1) FIG. 3. Magnetization measured @t=200 K and fit (solid
T=To T; line) to the Langevin law. The dotted line indicates the initial sus-

) _ ~ ceptibility. The inset shows the small ferromagnetic component sub-
were inconclusive. Such a law has been used now to fit theacted before fitting; the squared point corresponds to the first point
more comprehensive data shown in Fig. 1, substituting) in the fitted datamain figure.
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total saturation magnetizatipnvas subtracted from the data 1
and the points below its saturatid® kOe removed(see

inset, where the squared point corresponds to the first point
in the main area This contribution corresponds to about 0.99
0.5% of the Fe atoms, probably in larger, blocked particles, 0.94
and thus can be neglected henceforth. The data were then
successfully fittedsee the solid line in Fig.)Xo the Lange-

vin expression
NkeT)  uH

where x is some mean magnetic moment for the nanopar-
ticles. The relatively high temperature justifies the use of the
isolated particle approximation. The fit yielded the values
pu=(105+2)ug and Nu=(17.6+0.3) emu/g. Assuming
spherical particles of pure bcc Fe with its bulk magnetic
moment, the diameter would be as smalldas1.0 nm. Al-
though from the synthesis procedure it is natural to expect,
however, not pure but Fe-rich and highly disordered clusters,
this does not invalidate any of the following discussion. Such
magnetic entities, embedded in a mostly amorphous para- 0.96
magnetic matrix, are difficult to resolve by conventional
high-resolution microscopy due to their very fine size and the
rather weak structural and compositional contrast with the
bulk matrix?! The saturation moment obtained from the fit
leads, assuming again the bulk moment for the Fe atoms in
the particles, to a 21% fraction of the sample Fe taking part 0.98
in the nanoparticle phase.

In this two-phase picture, the spin-glass behavior could be
still ascribed, in principle, to either of them: the homoge-
neous solid solution matrix could account for it in a similar
fashion to amorphous spin glas$ésyhile the introduction
of competing interactions between the nanoparticles could
lead to the forr'natl'on (_)f a superspln gl§§§.The magmtude FIG. 4. Mossbauer spectra at selected temperatures. At high
of th_e_ magnetlzatlon I_nvolved in the _FC'ZFC the_rma_l I'"€- temperatures, here represented by the spectra at 40 K, the data are
versibility (not shown, in agreement with the data in Fig. 3, ey fitted with two doublets. For the spectraB&30 K, one of

points towards the nanoparticle phase being responsible f@he doublets is substituted by a distribution of magnetic sextets,
the Observed SGL behaVIOF. Yet thIS ISsue IS e|UCIdated morﬂhose Sp||tt|ng grows with decreasing temperature_

conclusively in the following Mesbauer study, which also
yielded relevant information about the nature of both thein the 40 K spectrum. However, such a component emerges
particles and the magnetic transition. at 30 K and becomes progressively more noticeable with
Figure 4 shows selected Msbauer spectra taken betweendecreasing temperature.
10 and 40 K. The latter was best fitted using two doublets Figure 5 presents separately, for the sake of clarity, the
with similar isomer shifts 16=0.36 mm/s and IS spectrum taken at 4.2 K, where the magnetically split com-
=0.39 mm/s, both roughly corresponding t*Feand qua- ponent is best resolved. This spectrum was fitted to a doublet
drupolar splittings QS=0.72 mm/s and QS-0.31 mm/s, plus a distribution of magnetic hyperfine fields and isomer
where the subindex 1 refers to the less intense doublet. Speshifts (MHFD). The fit involved six free parameters, includ-
tra taken at 77 and 300 kot shown were well fitted with  ing the relative area and quadrupolar splittings. The QS of
the same two components, i.e., essentially equal quadrupoléie doublet component is the same as that of the large dou-
splittings and doublet area®\{~62%), but linewidths nar- blet in the high-temperature regime spectra, which together
rowing with temperaturédue to paramagnetic relaxation ef- with the resemblance in area percentage, 66%, justifies their
fectg and isomer shifts exhibiting the usual thermal shift. identification. Therefore, the small doublet in the high-
Since the blocking temperatures customarily estimated fronemperature spectra splits into a broad MHFD at low tem-
Mossbauer are considerably larger thBg,, from the ac-  peratures. It is natural to associate the large component with
susceptibility peaks, because of the different time scales ahe paramagnetic matrix, which remains paramagnetic at
the two techniques, the possibility of superparamagnetisneast down to 4.2 K, and ascribe the appearance of the hy-
(or weak interparticle interactignn Fe;Al ,0Cu,; can be al-  perfine magnetic field distribution component to the freezing
ready ruled out from the absence of any magnetic componemif the interacting nanoparticles. The discrepancy between the

0.98

0.92

M=Ngu , (2) 0.98
0.96

0.94

Normalized counts
—

0.98
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fine field is proportional to the order parameter. In superpara-
magnets, the so-called collective magnetic excitations around
the blocked direction can lead to a maximum variation of
about 15% in the hyperfine fiefd.The open circle in Fig. 6

e
T

2 0.98

f=}

8 is the value of the Mssbauer transition temperaturg,

= o096l =37.7 K, obtained from the extrapolation of the critical
% slowing down curve fitFig. 2) up to the Larmor frequency

E o4 fi~2x10® Hz. Here Ty, is about 25% higher than the

O V.I%- . T

Z freezing temperatures showed by the susceptibility peaks,

close to the 20% typical of conventional spin glas$esnd
0.92- 1 seems consistent with the MHF data. The fit of the data
closer toT, using the power law

-15 -10 -5 0 5 10 15
Drive Velocity (mm/s)

B
FIG. 5. Massbauer spectrum at 4.2 K. MHFOC( 1- Tl) , 3)
C
Fe fraction in the particle phase estimated from magnetiza-
tion (Fig. 3, 21%, and Mssbauer measurements, 34%, haswith T.=Ty, yieldedg=0.72, which lies between the value
the expected sign: it can be accounted for by simply dismissobtained in 3D short range spin glassgs: 0.5!° and those
ing the assumption of the bulk value for the magnetic mo-found in dipolar superspin glasseg= 1.0%° This interme-
ments of the Fe atoms in the nanoparticles, which wouldliate value may arise from a presumable mixture of dipolar
thereby take the value 1.45. This indicates the partial and RKKY interactions. It is sometimes considered that tech-
alloying of the Fe in the particles with a certain amount of Al hiques sensitive to the local magnetic interactions can distin-
and Cu, consistently with the diminished value of the mearfish unequivocally between intrinsiatomig spin glasses
magnetic hyperfine field, 16.1 T, in comparison with the bulkand granular ferromagnet$however, this Mesbauer study
pure Fe valug33 T). illustrates how certain strongly interacting granular systems
The spectra at 10 K, 20 K, and 30 K were fitted in thecan exhibit essentially the same temperature dependence of
same way. Significantly, the area percentages for the doubléte hyperfine splitting as intrinsic spin glasses.
and MHFD components were very similat8%) to those Regarding the shape of the hyperfine magnetic field dis-
obtained in the 4.2 K spectrum, decidedly pointing to collec-tribution, it is apparent from the poorly resolved aspect of the
tive dynamics. Difficulties related to the decreased hyperfinénagnetic component that we are dealing with a broad distri-
splitting in the 25 K and 30 K spectra obliged us to fix the bution. For instance, the inset of Fig. 6 shows the hyperfine
area there to 34%. Self-consistency was checked using thigagnetic field distribution of the spectrum at 4.2 K. The
alternative fitting procedure too in the other low-temperaturdVlHFD’s at higher temperatures are shifted to lower values
spectra, yielding approximately the same parameter values. @f hyperfine fields, but show a similar relative width. The
progressive increase of the mean hyperfine fiMHF) of reason for the large width of the distributions can be found in
the MHFD component upon lowering the temperature below@ the probable internal structural disorder of the magnetic
30 K is manifest in Fig. 4. Figure 6 shows explicitly such a particles andb) local variations in the strength of the inter-
variation, C|ear|y revea"ng a phase transition at approxi.partide interaction%?’ In fact, it has been shown in frozen

mately 35 K, since it is well known that the magnetic hyper-ferrofluids that the Mssbauer spectra of interacting particles
typically exhibit much broader lines than the spectra of non-

— interacting particle$®

6 O o . Despite all the experimental data presented here being
e consistent with the onset of a superspin glass phask. at
12t d 1 =25.9 K, it must be noticed that the nonlinear dc suscepti-
% Py bility failed to show any divergence resembling that of spin
2 ol P | glasses which we now attribute to the high magnetic fields
o g ] 3 ° employed in order to avoid the nonsaturated region of the
§ 8* . small ferromagnetic component.
41-<; D o. E . .
L " The termsuperspin glasss preferred here to the older
o s s w o cluster glassor mictomagnetisnto remark on the existence
L bt S SN S of ferromagnetic particles at temperatures well above the
0 5 10 15 20 25 30 35 40 . o :
T(K) freezing process, yielding a superparamagnetic response.

Further, the displaced hysteresis loops typical of cluster

FIG. 6. Mean magnetic hyperfine fielMHF) as a function of ~ glasse¥’ were not observed in AdFexCuy;.'" The name
temperature below the freezing temperature. The empty point hassuperspin glass” seems to be sometimes linked in the lit-
been obtained from the extrapolation of the fit in Fig. 2 as explainecerature to the dominand@r exclusivenegsof dipolar over
in the text. The inset plots the hyperfine field distribution for the RKKY interactions$® in providing magnetic frustration. The
magnetic component of the 4.2 K spectrgshown in Fig. 5. classical dipolar interaction between neighboring particles
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can be estimated directly from the particles concentratioriroscopy to deduce a universal behavior in their ball-milled

and their mean magnetic moment, Fe-based samples: in many systems, they detected the pres-
ence of a component consisting of nanometer-sized Fe-rich
Mot heterogeneities which gave rise to a distribution of hyperfine
Ta~ k.D3 ~16 K, magnetic fields. This fraction remains stationary and still
b magnetically active even after very long milling times. How-
where ever, compositional clustering is an often ignored question in

the field of mechanically alloyed materi&fsThe discovery
of Fe-rich nanoclusters in most of the alloys prepared by our
D= rgom=1.8 nm, (4) group*®”?’|eading to spin-glass-like behavior at low tem-
(—) peratures, should serve to increase caution in this regard. The
same can be applicable to other nonequilibrium synthesis
with D being the mean distance between particles and techniques: for instance, the presence of segregated struc-
=0.10 the particle volume concentratignalculated from tures near the subnanometric scale has been recently reported
the magnetic component area of the 4.2 K spectra, )34%in amorphous alloys obtained using sputtering deposffion.
This value ofT 4 is of the same order of magnitudeBg, but  In bulk samples, this very fine compositional clustering is
still rather small. The only other magnetic interaction thathard to detect by conventional x-ray diffracti¢g®RD) or
can provide the necessary parallel-antiparallel competition ifigh-resolution transmission electron microscofyEM);
the RKKY indirect exchange, which has been theoreticallythereby, detailed knowledge of the magnetic behavior de-
shown to conserve its oscillatory character independently ofived from the possible fine compositional granularity can
the ferromagnetic particle sizeThe sample structure, a me- serve to diagnose the presence and characteristics of the re-
tallic alloy, does indeed allow such an interaction, but a di-sponsible nanoscale magnetic entities.
rect proof of its predominance can only be obtained in ex- In summary, we have proved by Msbauer spectroscopy
periments dealing with changes in the electrical conductivityand high-field magnetization that the spin-glass-like proper-
of the matrix. As far as we know, no superspin glass has beeties of mechanically alloyed RgAl,sCu,; are due to the
reported yet to arise from interparticle RKKY interaction. presence of interacting magnetic nanoparticles, and not to the
However, its contribution in our sample seems plausible aftethomogeneous amorphous matrix where they are embedded.
the latest theoretical predictions: Skomski concluded thaThe temperature dependence of the mean magnetic hyperfine
magnetostatic interactions tend to suppress the RKKY effedield confirms the collective character of the transition from
in particles larger than about 1 nfrand before, Altbiret al.  superparamagnetism to a superspin glass state, as suggested
had established in a discrete calculation that the upper clustéy the frequency dependence of the ac-susceptibility peak.
size limit for the dominance of the RKKY interaction is
about 10Qkg.® The clusters present in k@l,gCuy; were
estimated above to have 105 and about 1 nm diameter,
both values falling in the mentioned theoretical crossovers The authors acknowledge financial support from the
between the RKKY and dipolar interactions dominance. ~ Spanish CYCIT, the JCCLM through the gradtose
Our results are in agreement with the conclusions of LeCastillejo awarded to J. A. De Toro, and EPSRC Grant No.
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