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Spin glass and noninteracting nanoparticle phenomenologies in the same alloy: Magnetic
monitoring of the atomic diffusion processes and implications on the microstructure

A. Lopez* F. J. Lzaro, M. Artigas, and A. Larrea
Instituto de Ciencia de Materiales de AragoJniversidad de Zaragoza-Consejo Superior de Investigaciones fiiasfi
50015 Zaragoza, Spain
(Received 17 July 2001; revised manuscript received 1 August 2002; published 8 November 2002

The magnetic behavior of enique sample of Cy; {0, 5 is shown to vary from spin-glass-like, in the
as-spun state, towards that of a noninteracting nanoparticle ensemble after sequential annealing treatments.
This result is explained by specifically considering the role of the remaining copper-cobalt solid solution
regions. In particular a progressive cobalt depletion of the nanoparticle surroundings seems to affect the
effectiveness of the Ruderman-Kittel-Kasuya-Yosida interaction mechanism between the Co-rich particles. The
presented explanation may also be of help in understanding the magnetic properties of other metallic alloys
much beyond the copper-cobalt case.
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[. INTRODUCTION ticles, can be achieved by controlled annealing of the dlloy.
The Cu-Co system has been widely used as a model to
The magnetic behavior of materials is substantially deterstudy classical nucleatiofl.Precipitation and coarsening in
mined by their microstructure, but the quantitative predictionthis alloy have been studied by several techniques, which
of this effect is not free from obstacles. However, in the/NCclude small-angle neutron scattering, field ion microscopy,

: : : . transmission electron microscopy, and atom probe
particular case of dilute assemblies of spins or small magtechnique§.1AIthough many experimental studies have been

netic partlcles, the_ problem is rgthgr simplified because n%ublished on this subject the understanding of the micro-
domain-wall associated magnetization processes have 10 R cyral processes is still an open issue. The great variety of
considered. These weakly magnetic materials are ge”eraWonequilibrium alloys that can be prepared with the same
paramagnetic, superparamagnetic, or combinations of botlgomposition but different preparation methods and, further-
at room temperature although the effects of anisotropies more, with different preparation parameters, is in our opinion
and interactions between the submicroscopical magnetic m@ major difficulty to compare results from different experi-
ments may acquire an interesting role on lowering the temmental studies.
perature. The magnetic properties of Cu-Co alloys have earlier on
In the last two decades numerous works have analyze@itracted much attention. For low cobalt content, and de-
magnetic interaction phenomena among small magnetic e2eNding on the preparation procedures, nearly model

. —1. . .
tities in the dilute regime, in the research frames of Spinsuperparamagnetl% or spin-glass behavibrhas been

lasse3? and maanetic nanoparticlds In the presence of observed. Giant magnetoresistance is also exhibited in fast
9 9 P : P cooled Cu-Co samples after suitable annealing treatnients.

interactions, the magnetization dynamics departs from thgjnce the magnetic and magnetotransport properties were
expected behavior for individual magnetic entities. Eventuyroven to be dependent on the thermal treatment parameters,
aIIy, not onIy the Composition, but also the size and the diSSome efforts were devoted to the control of the
tance between those small entities will influence the magmicrostructure® However, at least in the beginning, the al-
netic behavior of the system. The concentrated ferrofluid$éoys were naively considered just as an assembly of magnetic
studied by Jonssoet al® show typical spin-glass dynamics nanoparticles immersed in a conducting but nonmagnetic
at low temperatures due to the dipole-dipole interactionsmedium. This assumption may be somehow reasonable if
whereas the most diluted are good model systems for supeonly the most salient phenomena are considered, but is not
paramagnetism. The parameter that controls the crossovegorous in the frame of general basic concepts of alloys. It
from spin-glass-like behaviofa collective phenomenao has been gradually recognized later that several magnetic
thermally activated dynamics of an ensemble of isolated parphases are generally preséfi?®and that their physical lo-
ticles is, in this case, the particle-particle distance. cation in the microstructure is at the origin of visible mag-
In the search for model materials for these studies, ihetic anomalies.
looks rather convenient to consider binary alloys, because In spite of the similarities that were suggested early on,
otherwise the number of possible microstructural phases inthe magnetic behavior of spin glasses and noninteracting
creases considerably and the problem may become extremeatanoparticles is today quite well differentiated, the micro-
complex. The Cu-Co alloy, at low cobalt content, offers astructural characterization of the samples being a require-
good example for these studies. Its equilibrium phase diament in any rigorous work. However, although much of the
gram shows very little miscibility of cobalt in copper at room work has been done in both fields independently during the
temperaturé€, therefore good solid solutions are not stablelast decades, few works have considered systems in which,
and can only be prepared by high effective cooling rateby microstructural reasons, both phenomena are present
method$ Aging, with precipitation of cobalt-rich nanopar- in the same sample, and even less have considered a
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correlation between microstructure changes and magnetiwater at room temperature. It should be noted that, in con-
properties. trast to other previous studiethe same sample has been
In recent studies on Gy ,Co, (x=2.5,10, dynamical used along this proces$hus the cumulative annealing times
susceptibility experiments have been used to follow the Cd,, amount to 1, 6, and 25 houtkbeled h, 6h, and 2%,
segregation process in melt-spun sampiéd.The micro-  respectively, as stated throughout the pap€ventually the
structure and the magnetic properties were jointly interpretedample was kept at room temperature on a shelf for 19
in terms of three Co-containing phas€s: the fcc Cu-Co months. At the end of this period the sample was analyzed
supersaturated solid solutiom (phase, (i) the nanometric again. In what follows, these characterization data will be
Co-rich particles 8 phase that grow coherently into the labeled as 25*. For the TEM experiments, small pieces of
a-phase grains, an(i) the large Co-rich particlesyphas¢  the ribbons were glued onto copper support grids and subse-
(~10-100 nm) precipitated at the grain boundaries. In thesgquently argon ion milled at liquid-nitrogen temperatures. The
works it was possible to observe not only the blocking tran-observations were conducted in a Jeol 2000FXIl microscope
sition of the nanometrig-phase particles and the magnetic equipped with a Link Analytical energy dispersive spectrom-
contribution of they phase, but also the low-temperature eter (EDS).
anomalies ascribed to the spin-glass freezing ofathEhase. The dynamical susceptibility and the field-dependent
From the previous experiments, it is apparent that thenagnetization were measured in a superconducting quantum
relative contribution of the different phases in as-spun alloysnterference device magnetometefQuantum Design
is strongly dependent on the preparation batch, and it is i®quipped with an ac option. The amplitude of the ac exciting
general poorly reproducible. The sharp magnetic detection dield was 0.11 mT and the frequencies used were 1, 10, and
the different phases is hindered by interactions among th&20 Hz.
microstructural species and this effect increases for increas-

ing cobalt concentration. , lll. EXPERIMENTAL RESULTS
In this paper, a magnetic and microstructural study of the o _
changes occurring in the melt-spun alloyggC0, 5 as result A. Transmission electron microscopy

of thermal treatments is presented. In the selection of this The sample both in its as-quenched and in thie*25tate

sample, we have considered that a higher Co concentratiofas peen characterized by TEM. In Figa)l a representative
would produce a very complex microstructure in which theregion of an intragrain zone of the sample in its as-quenched
microscopical entities would easily interdétn particular, a state is shown. In the micrograph, the dark regions corre-
uniquesample was chosen among several as-spun producigyond to residual strain fields that are well known in this type
in order to avoid uncontrolled microstructural dependenceg rapidly cooled material® In Fig. 1(b), a micrograph ob-

on the preparation batch. This sample has been subjepted f@ined in bright-field/zone-axis incidenc®FZA) of the
subsequent thermal treatments and after each annealing P&mple in the 25* state is shown. In the picture, ring-
riod it h:_:ls been_ magnetically characterized. As far as W&haped strain contrasts, producedb§—7 nm coherent Co
know, this experiment has never been done _before and 'tﬁarticles (3 phasg, can be observed. According to computer
results clearly suggest that the growth mechanism of the Casjmy|ations developed by Hattenhauer and Hatfer these

rich particles 8 phas¢ might be connected with the de- congitions, the outer region of the dark ring coincides to
crease of the magnetic interaction in the thermally treateqyithin +0.2 nm with the diameter of the spherical particle.
samples. An interpretation is proposedz based on t_he influ=rom comparison of Figs.(4) and 1b), and from the com-
ence pf the cobalt depletlpn of the Co-rich nanopartlcle_ SUplete TEM study of these samples, we should emphasize that
roundings on the effectiveness of the Ruderman-Kittelyyg gych clearly recognizable ring-shaped contrasts are visible
Kgsuya—Y05|da mteractl(_)n _between these parpclgs:_ An the as-quenched specimen. In Fig. 2, a typical grain
microstructural characterization of the sample at its 'n't'alboundary region of the sample in thet?5state is shown. In

and final s_tates has also been performt_ed by tran_smissicpae micrograph, larger<40 nm) precipitates, marked with
electron microscopyTEM) to support the interpretation of 5.rqws in the picture, can be seen at the grain boundary. The

the magnetic data. Results from other;6eu,Co, sarr;[ljles of  composition of these precipitates has been investigated by
concentrations=2.5 and 10, previously publishét™have  Epg clearly indicating their Co-rich naturey (phasg. The
been taken into account in the discussion to illustrate th'%omparison of the EDS spectrum of such precipitates with

Interpretation. the one obtained from the intragrain zone appears in Fig. 3.
Again these intergrain precipitates were not visible in the

Il. SAMPLE DESCRIPTION AND EXPERIMENTAL TEM observation of the sample in the as-quenched state. The
TECHNIQUES results of the TEM characterization of the sample in the as-

. quenched state, in particular the practical absence of3the
The Cu;Co, 5 alloy was prepared in Ar atmosphere by and y species, justify the choice of such sample as a good

the conventional melt spinning technique. The liquid alloystarting one for the experiment developed in this study.
was ejected from a quartz crucible onto a rotating wheel with

a surface velocity of 50 m/s. A batch of the ribbons obtained
in this way was enclosed in a silica glass tube sealed under
vacuum and subsequently annealed at 550 °C for 1, 5, and 19 The temperature dependence of the dynamical susceptibil-
h. After each thermal treatment, the sample was quenched ity measured at 10 Hz is shown in Fig. 4. As a general rule,

B. Magnetic characterization
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FIG. 1. TEM micrographs of representative intragrain zones of
(a) the sample in its as-quenched state, &@ndthe sample in its 5001 _
25h* state. The ring-shaped strain contrasts, produced by
~6-7 nm coherent Co particleg3(phase in (b) have been ob-
tained by the bright-field/zone-axis incidenfEl2] (BFZA) tech- 0 1 | | ‘
nigue in order to have a better comparison with the literature data 0 2 4 6 8 10
(Ref. 23. Energy (keV)

FIG. 3. EDS spectra ofa) intragrain zone andb) one of the
particles observed at the grain boundarigsphase, showing the
Cu and Co characteristic x rays.

the in-phase component’ (T) shows only one maximum,
which broadens and shifts to higher temperatures as the an-
nealing timet, is increased. The out-of-phase component
x"(T) also shows maxima accompanying th&T) peaks
but located at a slightly lower temperature. The location in
temperature of thg'(T) andx”(T) susceptibility peaks due
to the blocking transition of a particle assembly depends, in
general, on the particle anisotropy energy and thus on the
particle volumé?* In the context of a noninteracting particle
assembly model, equatia@\2) relates the particle size and
the blocking temperature. If the temperature at the maximum
of x"(T) is taken as a rough estimate of the blocking tem-
perature, and if an anisotropy constant for fcc cobalt of 8.9
X 10* J/n? is assumed, this expression yields a particle di-
ameter of 6.0 nm for the sample in thel?5state, which is
FIG. 2. TEM micrograph of a typical grain boundary region of In @greement with the TEM observations. Previous works on
the sample at the samel25state previously shown in Fig. 1. Note ClkgCOo alloys have shown that the mean size of the
the presencémarked with arrowp of particles (¢ phasg at the ,B-phase particles increases with the severity of the thermal
grain boundaries. The composition of these precipitates has bedreatments®?>?°Therefore, if thex(T) susceptibility peaks
investigated by EDS, as shown in Fig. 3. were due to the blocking transition of tigephase particles,
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they will be shifted to higher temperatures tgsand, thus, 8 ¢h @
the particle sizes, are increased. Indeed, this effect is quite 1 o -
apparent in Fig. 4. - 6l R A 25 1*
Between 200 and 300 Ky” is almost temperature inde- S 1;} o fﬂ“'%z\j{
pendent. We have fit the experimental data to a temperature- £ S F25h i
independent contribution shown in Table 1. We believe this £y S K
contribution is due to they-phase precipitates whose ap- % . o LR o T
had

also be noted that the’(T) curves of the sample in both, the
25h* and 2% states, are slightly different. The migration of
the Co atoms to the grain boundaries, even at room tempera-
ture, could explain the small differences between both
curves. This mechanism also explains the nonzgi@) in 4
the whole temperature range, as previously detected in the
other Cygo_,Co, alloy.92

Figure 5 shows the field dependence of the magnetization,
measured at 300 K, for the as-quenched afid 2H* states.

As the annealing time is increased, saturation is achieved at
gradually lower values of applied field. On annealing, there
is also a strong increase in the remanef@d, 7.1, and

8.9 An¥/kg Co, respectively These facts lead to the in-
crease of the hysteresis loop afeat shown observed after
thermal treatments. 0

As a rough approximation, we have fitted t€H) curve !
of the 2%* state by a single Langevin function plus a field-
independent contributiotsolid line in Fig. §. This estima- FIG. 4. Temperature dependence of the in-piasand out-of-
tion is based on the evidence, supported by the TEM microphase(b) components of the susceptibility measured at 10 Hz for
graphs, of3 and y phases in the 28 state(Sec. Il A).  the Cuy;«Co, 5 as-quenched sample, and for the same sample sub-
Using the room-temperature value of the spontaneous magequently annealed at 550 °C during 1, 6, 25 h. Eventually, the
netization for bulk fcc cobaltM=164.8 Anf/kg, the best sample has been kept at room temperature on a shelf for 19 months
fit has been obtained for a particle size of 5@&1 nm. The and, at the end of this time period, it has been characterized again;
value resulting from this estimation is also in agreement withthe corresponding results are labelech25The solid lines in(b)
the TEM results. are only a guide for the eye.

Plots of the magnetization as a function léfT for the
sample in the same stat(z_@t showr_) did not superimpose at ¥"(T) maximum, T,.(®), than in the noninteracting case.
any temperature. The failing of this typical test of the SUPerc o insist . Arthenius-t I hen int "
paramagnetic behavior agrees with the TEM experiments irl1 WE INSISton using an Arrhenius-type faw when in zzrglc 'ons
that this sample, in any of its states, cannot be considered £Xist, we generally c_)btaly unphys_lcally smaj value -
amere assemblgf superparamagnetic particles. The above-descrlbeg (T_) scaling has been applled to

In summary, both TEM experiments and magnetic char®4" system, as §hown in Fig. 6. The p_reexponennal factors
acterization results confirm that the microstructural hypoth-£stimated by this method are shown in Table I. The most
eses proposed in Sec. | apply well to the sample studied ifteresting feature in Fig. 6 is the change in the frequency
this paper. dependence of thg”(T) curve with the thermal treatment.

For the as-quenched sample, th§T) peak shows a very
sharp cusp and a frequency dependence which resemble that
IV. DISCUSSION of spin glasses. The thermal treatment smoothes this peak
and gradually changes its frequency dependence into a typi-
cal superparamagnetic blocking peak one.

For an ensemble of noninteracting magnetic particles in A quantitative estimate of the frequency dependence of
the superparamagnetic range, the over-barrier rotation of thg, (@) can also be obtained from the ratio
particle magnetic moment is a thermally activated procesaT .,/ Tmad 10010 (see the Appendix This phenomeno-
with an associated characteristic time that can be describddgical parameter has previously been used as a criterion to
by an Arrhenius law. At low enough frequenciem to kilo-  compare a wide variety of disordered magnetic systéffis.
hertz the experimental” data, expressed as a function of This quantity decreases for stronger magnetic interactions. In
the variableT In(w7), must collapse into a master curkfe, Table | we have included the values of this parameter for the
having ther, factor value between 10 and 10!'s, de- different annealing times used. It should be noted that the
pending on the magnetic ordering into the partitiésee the value obtained for the sample I25 (~0.1) is in agreement
AppendiX. The occurrence of interactions usually gives risewith those calculated for systems of noninteracting particles
to a weaker frequency dependence of the location of thésee the Appendix However, the value obtained for the as-

Fhb.
|

proximate valuey’, is observed to increase with. It should 5 | %/ % ~N
@:ﬁﬂﬂw o,
OOOM"“’E’,q,

0 S o, L

X" (10* m’/kg Co)

100
T (K)

A. The frequency dependence of the dynamical susceptibility
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TABLE |. Comparison of they-phase contributiongy’; and the frequency ShifAT ha/ Tmad 10010v
(calculated atv=1 Hz) for the Cwy {Co, 5 as-quenched, H, 6h, 25h, and 2%h* states. The best fit of the
experimentaly”[ T In(w7y)] data has been used to obtainfor the same cases. The calculated values for a

noninteracting fine particle system has also been included.

ty X; AT max! Tma 10g10v 7o
(h) (1075 m®/kg Co) (s
a.q. 0.3:0.1 0.04 1022
1 0.7+0.1 0.09 1013
6 3.1+0.2 0.11 1012
25 4.8-0.5 0.12 10
25* 5.5+0.5 0.12 101t
Noninteracting
fine particle 0.10-0.12 16-10 1
systems

guenched sample is greater than those observed for canonidaing the average particle volume, aadbeing the fraction

spin glasses<0.02) but smaller than values typically ob- of the total volume occupied by particles. The magnitude of
tained for dilute magnetic semiconductors@.06) °> For in-  the dipole-dipole interaction can therefore be estimated from
teracting particle systems, this parameter can vary in a veeripz(,quka)MgVe (Ref. 5. Although this expression

wide range of values depending on the concentration and théoes not take into account the actual configuration of the
nature of the particle$From data shown in Table | we can particle ensemble, since all our samples can be considered as
see that the variations of both, they and the containing randomly arranged particles, one can use it for
AT mad Tmaxd 10g,gv Values witht,, are consistent with the understanding the net effect of the thermal treatment on the
hypothesis that thermal treatments produce a gradual change

from a spin-glass-like to a typical superparamagnetic behav-
ior. This result suggests a basic question: What type of mag-

()

149

netic interaction may be at the origin of such behavior? 0.8
In Ref. 30 Mgrup suggested that the or.der'ing temperature as-quenched
of a system that consists of randomly distributed particles 5 5¢6l2% L
interacting via dipolar interactions can be estimated by 'XE
=04 -
Taip™ ol oldm) (M?/kga®), (4.1
wherea is a measure of the mean distance between pairs of 0.2 S TTeees00caat
dipole momentsim is the mean magnetic dipole moment and T, = 1072223 ¢
ag IS a constant with a value of the order of unity. For an 0 T T — T —
assembly of ferromagnetic particles a good estimation for ) . . . . . . .
m?/a® is M2Ve, Mg being the spontaneous magnetizatign, CAX )
¢ 3
200 08f & % BN -
25h* ¢ ¢
5 06 o %
z g M + 8)0 B
150 - L = e %
> o 6h = + 2
O X 04 2 © L
2 b $ gy
T 100 8 029 fog o, L L i
~ ]
= T() = 10—11:1 s
0
50 - 5 o o o s} D T T T T T T T
oo ©° ° aq. 0 1500 3000
5& -T In(wt,)
0
0 1 2 3 4 5 FIG. 6. Normalized out-of-phase susceptibility plotted against
u H (T) T In(w7p) at 1 Hz(circles, 10 Hz(crosses and 120 HAdiamonds,
for Cug; £C0, 5 in the as-quenche@) and the 28* stategb). Note

FIG. 5. Magnetization curves measured at 300 K of the sampléhat the preexponential factor estimated fr@dm is typical of non-
in the as-quenched,h6and 2%H1* states. The solid line is the fit by interacting particle assemblies, whereas the unphysical value ob-
a single Langevin function plus a field-independent contribution. tained from(a) suggests a different origifsee text
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dipole-dipole interaction energy.

When precipitation starts to occur, bothand e param- @
eters increase as a consequence of the diffusive flux of solute Co Cojfclcentration
atoms from the matrix to the precipitates. Once the precipi-
tation reaction is completed, the growth of the large particles — x=100

occurs at the expense of the small particles due to the coars-
ening reaction. Along this process the volume fraction occu-
pied by particles does not change. Early studies on
Cuypo-xCa, alloys (x=2.0-2.7) that included TEM and field x=25 T

ion microscopy experiments support this hypothé3rs. L

Therefore, an increase dfy, with t, would be expected at (b 0 ~n=~ Distance from the
both stages. It is known, from magnetic studies on Ce“ter.ofthe
ferrofluids?® that if the only relevant interparticle interaction particle
present in the system is of dipolar type an increase in the so
calculated Ty, value accompanies a reduction in the fre-

guency dependence @f,... Our results for the frequency

dependence of 5 (Table ) show the opposite trend, sug-

gesting that the leading type of interaction cannot be of Co
dipole-dipole type. particle

B. The role of the @ phase and the consequences of the
B-phase particle growth

Cu-Co
matrix

— Co-depleted region

. ) FIG. 7. (a) Schematic diagram of the proposed Co-concentration
It is commonly assumed, and occasionally stated, that thﬁrofile around a Co-rich particle precipitated in Cu-Co matrix. The

Co-rich particle precipitates are surrounded by a pure Cqrizontal axis represents the distance measured from the centre of
matrix. This might appear reasonable in view of the greathe particle. The parameter is the effective thickness of the Co-

driving force for precipitation and the relatively long anneal- gepleted shell if a total depletion is assumgsl. Three-dimensional
ing times used for the earlier studies on these alloys. Howrepresentation of the same phenomenon.

ever, the development of rapid solidification methods makes
it necessary to consider stages during which the Co content

g{ilfh;gﬁ%cgﬁ;co supersaturated solid solutian ghase is decay of the RKKY interaction strength may become so im-

We believe that the consideration of thehase is crucial portant that the particle magnetic moment and the surround-

in understanding the nature of the interparticle interactions ir’d Matrix might become effectively uncoupled. We defipe
these systems. In noble-metal/3ransition-metal alloys &S the effective thickness of the Co-depleted shell if a total

(e.g., Cu-Mn, the dominant interaction between spins is depletion is assumed. It should be noted that this parameter

known to be of RKKY typeé® The Cu-Co alloy naturally is a Iovyer limit to the r.eal thickness of the shell whose con-
belongs to this class of materials. In addition, the low solu-centration of cobalt is actually affected by the particle
bility of cobalt in copper at room temperatli@so generates growth. In practice, it appears logical thatbe dependent on

a variable amount of cobalt-rich precipitates that also interacthe particle size and on the cobalt concentration of the alloy.
via RKKY interaction®? In this scenario, and also obeying For a given particle size, the lower the cobalt concentration
the natural decay of the RKKY interaction upon distanceof the matrix is, the longet; should be in order tarain
between magnetic moments, it appears logical to considegnough Co atoms to form the particle. Conversely, for a
that the interparticle interactions are enhanced by the pregriven cobalt concentration, the larger the particle is, the
ence of intermediate cobalt sping-phase. longer % should be for the same reason.

Hattenhauer and Haasen investigated the decomposition It should be noted that the magnetic coupling between the
of a CugCo; alloy annealed at 550 °C during different times B-phase particles depends dramatically on the cobalt content
by using bright-field/zone-axis TERf. These authors per- of the fcc Cu-Co supersaturated solid solution phase.
formed a quantitative analysis of the relative distances beFhe mechanism accounts in a natural way for the relation-
tween theB-phase precipitates and they observed a decreaship between the size of the particle and the strength of in-
in the mean number of particles at distances smaller than 1@ractions and poses a number of interestiagd fulfilled)
nm. This behavior was explained by the existencepredictions.
of depleted zones surrounding the precipitates, as shown in (i) It may be possible to obtain a noninteracting ensemble
Fig. 7. of particles diluted in a Cu-Co matrix if the particles are

From the magnetic and microstructural considerationsarge enough to be magnetically isolated from the@hase,
made above, it follows that, in the annealing process, th@rovided they are separated by sufficiently long distances so
cobalt depletion of the surroundings of tBephase particles as to keep low the dipolar interaction streng8ec. IV O.
leads to the magnetic decoupling of this phase from the rest (ii) The 8-phase particles might undergo a change in the
of the matrix. We estimate that, for a completely Co-depletedilominant coupling mechanism due to their own growth pro-
shell ~25-50 A thick, (~8—-14 Cu lattice parametérshe  cess(Sec. IV D).
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(iii) Finally, if the Co-depletion process extends to a suf-
ficiently long period of time, one can reasonably expect that
the Co-depleted shells will become in mutual contact, lead-
ing to the existence of different magnetically uncoupled
a-phase regiongSec. IV B.

0

C. A noninteracting ensemble of Co particles
in a Cu-Co matrix

i . \
. . Cu-Co solid -phase particles
In order to corroborate whether or not it is possible to solut?on (()Of_og;mse) gurmunged bya

obtain a noninteracting ensemble of Co-rich particles diluted
in a Cu-Co matrix, we have looked at the published literature
on these alloys. Bitolet al>* studied molten Cg4Co; alloy
sucked into a quartz tube and solidified into a rod by quench-
ing in ice water. The reported sample dimensions and the
guenching method used, clearly suggest an effective cooling
rate much slower than that of our melt-spun sample. This
procedure leads to the growth of large spherical precipitates
of Co (~6.7 nm) which, according to a simple calculation

Co-depleted shell

Co-depleted shells

would be surrounded by a Co-depleted shellzpf 8 nm. Y-phase ,h‘_lse b 3
precipitates ecome in contact

This is consistent with the typical superparamagnetic behav-
ior observed in that material. It should also be noted that ) ) )
Cu-Co alloys synthesized by methods similar to that of Bitoh FIG. 8. lllustration of the proposed Co-rich particle growth pro-
et al. have been used to study basic properties of superpar§€SS: for a Cu-Co sample at the as-quenched @atand for the
magnetism over the past 40 yeéﬁ'stn our previous work! same sample after sequential annealing treatn{éntgc), and(d).
the relaxational behavior of a fraction of the Co-rich particles

shows a magnetic behavior typical of a noninteracting asSeparated by a distance of 100 nm, is B0~>* J. This value

sembly of particles, also according to the hypothesis dels one order of magnitude less than the anisotropy barrier
scribed in Sec. IV B. energy of such small particle, which comes out to be 8

X 10 21J if an anisotropy constant of 8QL0* J/nT is as-
sumed. This estimate suggests that the magnetic relaxation
] ) . dynamics of the3-phase particles located at a distance larger

The B-phase particles might undergo a change in th&nan~100 nm, as it is the general case given the size of the
dominant coupling mechanism due to the nature of thgystalline grains-1—2 wm, should be affected little by this
growth process. Two magnetiegimes might appear:(i) interaction. The contribution of particles at smaller distances
when thes-phase particles are small enough, they might b&yoyid be substantially reduced due to the known existence
coupled via ther phase(RKKY interaction) and, (i) as soon  of precipitated free zones adjacent to the grain boundties.
as these particles become larger, their own growth would The occurrence of two distinct susceptibility anomalies as
cause uncoupling between these particles and the surroungeparate phenomena in the same system has scarcely been
ing « phase. observed, although it has been detected inFgu ,S for x

This behavior is consistent with the thermal evolution of g 1 (Ref. 36. Not free of controversies, the authors even-
the out-of-phase susceptibility for a set of ffbioyo alloys  tyally ascribed the two anomalies to, apparently independent,
previously studied? For the as-quenched sample only onemagnetic blocking of large and small Eu clust¥rd.ater
anomaly is visible iny”(T) as shown in Fig. 5 of Ref. 19. comments on the same experiments suggested that the two
However, after the thermal treatment, this anomaly splits intgynomalies could exist independently due to the short-range
two different peaks, one due to thephase freezing and the nature of the intercluster interactions; furthermore, it was
other due to the blocking transition of tiephase particles. predicted that in other systems with long-range interactions
According to the microstructural picture described in Sechoth anomalies might not be resolveth fact, only the fail-
IVB (see Fig. 8 the existence of one or two anomalies in yre of the RKKY interaction mechanism, as explained in

the x"(T) curves should be strongly dependent on the size oec. IV B, could explain the occurrence of two anomalies in
the Co-rich particles and the nominal Co concentration of thecy-Co alloys.

alloy. In very dilute Cu-Co alloys, which is the case of the
samples studied in this work, the peak due to thedtfghase
freezing might lay outside the temperature window of the
experiment, so only one peak would be visible. After a long enough period of time, the Co-depleted shells
We have estimated the magnitude of the dipolar interacmay reach mutual contact, producing differeaphase mag-
tion between the large Co-rich precipitates located at theetically uncoupled regiongFig. 8). This phenomenon
grain boundariesy phase and the neighboring-phase par- would actually give rise to several spin-glass freezing tem-
ticles. A simple calculation indicates that the dipolar energyperatures, as previously suggested by data shown in &Y. 6
between a Co precipitate of 50 nm and a particle of 6 nmpf Ref. 19 for the CgyCo,o Sample annealed at 620 °C.

D. Change in the dominant coupling mechanism

E. Intensified Co-depletion process
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V. CONCLUSIONS nearly the static responser,(=0).** The longitudinal re-

. . ... sponser is mainly determined by the rotations of their mag-
We have carefully analyzed the dynamical susceptibility l;tic m!)ments gver the poten)':ial barrier. For moderat?aly

and the field-dependent magnetization, together with a TE high values of the potential barrier, this thermally activated

microstructural characterization, of an originally melt-spun . .
. X . . process can be described by means of the Arrhenius law,
Cu-Co alloy with the aim of attaining a deeper understandlndJ

of the relationship between the microstructure and its mag- 7= T0exp(Ko/kgT), (A1)
netic properties. Contrary to most of the previous studies on

this alloy, finer microstructural details beyond the mere exWhereK is the effective anisotropy constantjs the volume
istence of cobalt-rich nanoparticles are specifically considof the particle,kg is the Boltzmann constant, is the tem-
ered in this paper. The magnetic relaxation observed in thgerature, and typicallyo=10"°-10""*s. The diameter at
as-quenched alloy is indicative of typical spin-glass-like dy-which w7=1 is calledthe blocking diameter

namics. As far as the annealing time increases, this dynamics

is gradually better described in terms of what is expected for D= —[(6kgT/mK)In(w70)]*". (A2)

a noninteracting particle ensemple. The process of particle We shall consider a solid dispersion of noninteracting
growth seems to have a dramatic effect on the effectivenesgqie_domain magnetic particles with uniaxial magnetic an-
of the RKKY interaction due to the Co depletion of the shelliq 65y e shall restrict our attention to particle assemblies
that surrounds each particle. As a consequence of this, thgat have their anisotropy axes oriented at random and an
largest particles become uncoupléwm a magnetic point of  5pisatropy constant that is the same for each particle. After

view) from the rest of the alloy and the dipole-dipole inter- y,oqe conditions, the in-phase susceptibility can be written as
action, which is always present, appears not to be strong

enough to produce a collective magnetic behavior. . MofMg Dy, .

In some cases, as the Co depletion proceeds, and provided X' = B 3KaT ( f dDf(D)D
the freezing temperature of the now uncoupled remaining B 0
spin-glass-like phase is high enough, two anomalies in both o R—TR/
x'(T) and x"(T) are observed® The results obtained come +f dD f(D)D? = ) (A3)
into the frame of early discussions about the similarities be- Do
tween spin glasses and superparamagiietsietailed com-  wheree is the fraction of the total volume occupied by the
prehension of the microstructure seems to be of central imparticle ensembléyl, is the spontaneous magnetization, and
portance to explain the nature of the competing interaction$(D)dD is the fraction of volume occupied by particles with
in real alloys. If we restrict ourselves to binary combinationsgjameters betweeb andD + dD.3° The functionsk. and its
of 3d transition metals with Cu, Ag, and Au, one can observegerivative R’ are defined agRef. 24
that those showing high solubilit{for instance, CuMn or
AuFe) are just the well-studied canonical spin glasses. How-
ever, in the cases of little solubility, rather good solid solu-
tions can also be prepared by very fast cooling methods,
although there is always a strong tendency to segregate nand
nometric precipitates conforming the so-called granular al-
loys. In Cu-Co alloys, a local effect at the nanometric scale, R = Jldx eexp(ox?) (A5)
that is, the occurrence of Co-depleted zones surrounding the 0 '
precipitates, appears capable of switching the magnetic be-

havior from the first caséa spin-glassto the seconda whereo=. KulkgT. It .sho.uld be noted that the first te_rm in
granular alloy. Eqg. (A3) is the contribution of the superparamagnetic par-

ticles to the equilibrium linear susceptibility, whereas the
second term is the contribution of the blocked particles. We
can also get an approximate expression for the out-of-phase

The authors would like to acknowledge Rittmar von Hel- Susceptibility
molt for providing the samples studied in this work. We are M2 7
also grateful to J. L. GaratPalacios for his helpful discus- X'= m HoeMs R' (o) f(Dy)Dy, (AB)
sions and suggestions to improve this paper. Spanish 18 K R(op) ’
DGESIC under project PB98-1606 is also acknowledged. whereD,, is defined in Eq(A2), and

R= fldxexp(oxz) (A4)
0
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APPENDIX o= —IN(w7g). (A7)

This appendix includes a number of useful results ob-Equation (A6) reveals thatx”(T,w), unlike x'(T,w),
tained in Refs. 24 and 39 as revised in Ref. 40. is nearly proportional tof (D) and this implies that, for

At moderate and low frequencieso 10° Hz), the re- a given particle size distribution, the experimental
sponse to the transverse component of the probing field of ER(oy,)/R' (op) 1x"(T,w) data expressed as a function of
monodispersed ensemble of noninteracting magnetic pathe variable—T In(w7y) must collapse onto a single master
ticles with their anisotropy axis distributed at random iscurve. Hence, the search for optimum collapsing of #ie
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data can be used to determifig We use the termrmearly B D
proportional because the factoR’(o,)/R(oy,) depends in f(D)= T(B+1)D, exr{ - D)' (A10)
fact onT via 7,. However, for frequencies up to the kilohertz 0 0
range this dependence is very weak and the scaling relatioigspectively, whergs, Dy, p, andD, are the parameters of
is valid also for they”[ — T In(wp)] curves. the distributions, and’ is thegamma function

The existence of a particle size distribution can be taken The re|ation?bochax can be justified for many types of
into account by averaging the blocking temperature over theize distributiorf* Hence, we can analyze the frequency shift
full partigle size distribution. The averaged blocking tem-of the y”(T) maximum to obtain conclusions about the va-
peratureT,, depends on the shape of the particle size distrididity of Eq. (A1) in a particular system.
bution and, in general, it is related to the position of the The frequency dependenceTyf,{w) can also be studied
x"(T) maximum,T ... For multimodal distributiong”(T) from the ratioAT a4/ Tmad 10919v. For noninteracting fine
may even have several maxima. To find the explicit relatiorparticles, this ratio can be estimated from equati@® and

between T, and Ty, We must apply the condition (A8), namely,

D
Do

dx"(T)/dT|r—1__=0 to Eq.(A6), and one obtains . .
max 1 ’dTmax _ 1 d’]Il(a)’TO) ‘ (All)
e(9/2);22 (|0g_norma) Tmax 4 10g10V 111((1)7'0) 4 10g10V
o In10
To=kTmaxi K=\ (B+3)(g+2
W (gamma, If we assume that,~10 °-10 ! s andv=1 Hz, the value
(B+1) of expressionA1l) yields ~0.10-0.12.

(A8) It should be noted that the use & .,/ Trmax PEr decade
in the case of a particle-size distribution which is log normalof frequency, wheny”(T) just shows a single maximum,
seems useful but its physical grounds are already included in

Dm [In(D/Dy)]1? the more completg”[ T In(w7y)] scaling, which applies even
f(D)= J27pD exp( - 2,2 ' (A9) in the case of multimodal particle size distributions. We have
TP P included the former in order to compare our results with the
or gamma results that appear in the spin-glass literature.
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