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Critical spin-glass dynamics in a heterogeneous nanogranular system
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The analysis of ac magnetic susceptibility data has shown that mechanically alloyed Fe30Ag40W30, a highly
heterogeneous nanogranular system, exhibits critical dynamics in its transition to a low-temperature spin-glass-
like phase, as proved by the power-law divergence of the relaxation time atTg519.7 K, and by the dynamic
scaling behavior of the out-of-phase component of the susceptibility. Both analyses yielded a dynamic critical
exponentzn510.260.9, confirming the existence of a spin-glass-like phase transition atTg , which, however,
is not accompanied by the usual Mo¨ssbauer signature.
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th
th
ul

m
g

ve
ar
,

co
t
ce
th
th
ne

in
g
-

n
ag
o
e
ti
-
d

rs
r-
in

th
-
-

no

h

h a

ve

g
ve
ill.
%.
and
ple

used

val
in
ple

.2
ran
-

r,
rties
er-

he

ncy
d a

nts
nt
e is
-

I. INTRODUCTION

This work tackles two recent controversial issues in
area of magnetically glassy materials, chronologically:
possibility of producing spin-glass phases using the b
technique of mechanical alloying/milling,1,2 and the exis-
tence of a finite-temperature phase transition to a low te
perature spin-glass-like~SGL! state in systems of interactin
ferromagnetic nanoparticles.3–5 Mechanical alloyed~MA !
materials are produced through repeated welding, se
plastic deformation, fracturing and rewelding of powder p
ticles in a high-energy ball mill.6 In this complex scenario
not yet satisfactorily modeled,7 ferromagnetic fine particles
may appear in Fe-based alloys as a result of nanoscale
positional inhomogeneity,7,8 exhibiting sometimes differen
SGL features.9 However, a consistent proof of the existen
of a true phase transition has remained elusive so far. In
work, we confirm the critical character and characterize
spin-glass-like transition exhibited by a MA nanocrystalli
sample with composition Fe30Ag40W30 ~FWA!. The magne-
tism of this sample has been shown before to be determ
by the presence of very fine interacting particles supportin
magnetic momentm'100mB ,10 i.e., this is a magnetic nan
ogranular solid.

After much research over the last decade on the influe
of dipolar interaction on the dynamics of ensembles of m
netic nanoparticles, it is now generally accepted that a co
erative SGL phase develops at low temperature in dense
sembles of magnetic nanoparticles with a random spa
distribution.3–5,11However, the transition from the high tem
perature superparamagnetic state to such an SGL state
not usually exhibit a critical character:5,11 so far, it has only
been observed in nearly monodisperse ferrofluids,4,5 and thus
it has been proposed that heterogeneities such as dispe
in the particle size distribution would inhibit the critical cha
acter of the transition. Yet, the particle size distribution
FWA is very far from monodisperse, as expected from
synthesis method and proved below by Mo¨ssbauer spectros
copy. In fact, the results of the Mo¨ssbauer study are remark
able on their own, for the phase transition in FWA does
seem to exhibit the customary and well-known Mo¨ssbauer
fingerprint of spin freezing, namely, the splitting of a hig
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e
e
k

-

re
-

m-

is
e

ed
a

ce
-

p-
n-

al

oes

ion

e

t

temperature singlet or doublet into a magnetic sextet wit
growing hyperfine field~related to the order parameter! upon
cooling down below the freezing transition.12 The puzzle is
resolved when put in the context introduced in the abo
paragraph.

II. EXPERIMENTAL

The sample~FWA! was prepared by mechanical alloyin
for 75 hours a mixture of elemental powders with the abo
mentioned composition in a PM4 Retsch planetary ball m
The Fe enrichment from the milling tools was below 1 at.
The detailed synthesis conditions can be found in Ref. 9
a first approach to the nanocrystalline structure of the sam
can be seen in Ref. 10. SQUID magnetometry has been
to record ac and dc susceptibility datavs temperature and
frequency of the ac field. In the relevant temperature inter
~5–50 K!, temperature control within 2 mK was reached
every point before performing the measurement. The sam
was studied by Transmission Mo¨ssbauer Spectroscopy at 4
K and 300 K. The spectra were analyzed using a Fort
codeFFITA developed at the University of Liverpool that in
cludesFCFCOREroutines andNAG libraries.

III. RESULTS AND DISCUSSION

As it was reported in the above cited preliminary pape10

our nanogranular sample exhibits some magnetic prope
clearly reminiscent of spin-glass behavior, like a strong th
moirreversibility between the field cooled~FC! and zero-
field cooled~ZFC! magnetization at temperatures below t
maximum in the latter curve atTmax'20.4 K, and the flat-
tening out of the FC magnetization at low temperatures~see
the inset in the upper panel of Fig. 1!. In this work, the
possible critical character of the transition signaled byTmax
is investigated by studying the temperature and freque
dependence of the dynamic susceptibility, which displaye
cusp atTf(v) slightly larger thanTmax ~v is the frequency of
the ac field!. Both the in-phase and out-of-phase compone
of the susceptibility are shown in Fig. 1 for the releva
temperature interval, although a larger temperature rang
used in the inset of panel~b! in order to give more perspec
©2004 The American Physical Society07-1
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tive on the sharpness of the peak and make clear the abs
of any other features at higher temperatures. The shape o
absorption component evolves from a sudden onset at
frequencies~as in spin-glasses! to a more Lorentzian-like
aspect at high frequencies~as in certain dense nanopartic
systems,5 including some mechanical alloyed samples9!. All
the frequency-dependent features in these curves are
similar to those found in canonical spin-glasses, such as
variation of the peak’s height and position,Tf(v), whose
rightwards shift yields a frequency-sensitivity parameterp
5DTf /(Tf log10v)50.03, only slightly larger than thos
exhibited by canonical spin-glasses.12 This parameter is a
rather simple approach to quantify the degree of interac
between magnetic moments.

The existence of a true phase transition can be tested
ing ac susceptibility data as that presented in Fig. 1 by
different well-established analyses:~i! the fit of the spin re-
laxation time t(T), relating the peaks inx8(T;v) to the
situation where the characteristic relaxation time of the s
tem t equals the observation timetm51/v, to a power law
divergence of the type

t5v215t* «2zn, ~1!

where«5(Tf /Tg21) is the reduced temperature,Tg is the
static freezing transition temperature,n is the exponent de
scribing the divergence of the correlation lengthj, andz the
exponent involved in thedynamic scaling hypothesis(t
;jz), which is valid only forT close toTg , justifying our
choice of temperature range; and~ii ! the full dynamic scaling
relation, for instance, for the absorption component of the

FIG. 1. In-phase~a! and out of phase~b! components of the ac
susceptibility as a function of temperature and frequency of the
field (H51 Oe). The nine frequencies were chosen to scan lo
rithmically the available range~0.1–1000 Hz!. A plot with a larger
temperature scale is included as an inset in panel~b!. The inset in
panel~a! shows the field cooled~FC! and zero-field cooled~ZFC!
magnetization measured in a dc magnetic field H55 Oe.
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susceptibility, theoretically predicted from the mentioned h
pothesis in conjunction with linear response:13

x9~T,v!5«bF~v«2zn!, ~2!

whereb is the critical exponent defining how the order p
rameterq approaches zero, with a mean field valueb51.
The asymptotic behavior ofF(x) for large values ofx is
F(x)}xb/zn.

Figure 2 shows thet(T) data extracted from the fre
quency dependence ofTf . This kind of plot is linear for
thermally activated processes@described by the Arrhenius
law: t5t0 exp(KV/kBT)], as indicated by the dotted line
However, the data deviates clearly from linearity at low te
peratures, and is well fitted to the critical slowing down la
@Eq. ~1!# with the valuest* '10210 s, Tg5(19.760.2) K,
andzn510.260.9. All these values are physically meanin
ful. In particular, and remarkably, the result for the expone
zn agrees very well with those reported in different den
nanoparticle systems, such as frozen ferrofluids5,14,15and dis-
continuous multilayers,16 even though the size of the mag
netic moments considered here is significantly smaller. T
value obtained for the individual superspin relaxation tim
t* , which obeys the Arrhenius–Ne´el law but can be consid
ered constant in the narrow temperature interval studied5 is
roughly midway between the fluctuation time of an atom
spin and that found in the above referred nanoparticle s
tems. This is consistent with the ultrafine size (m'100mB)
of the moments present in FWA.

Yet, even a fit with reasonable values to the power l
divergence of the relaxation time might not be conclusive
its own as to the existence of a finite-temperature phase t
sition: for instance, Hansenet al. have recently studied a 5%
vol. concentrated ferrofluid whose relaxation time, accord
to such a fit, seemed to diverge withzn510.861; however,
no data collapse could be found using the full scaling re
tion ~equation 2!, a non-critical dynamics being conclude
for this system.5 In FWA, the parameter values obtained fro
the critical slowing down law, together withb50.860.1, led
to the best data collapse that could be achieved~see Fig. 3!,
thus confirming unmistakably the critical character of t

c
a-

FIG. 2. Shift of thex8 maxima fitted by the critical slowing
down law @Eq. ~1!#. The dashed line is included to emphasize t
deviation of the data from the Arrhenius law.
7-2
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SGL phase transition under study. Moreover, the value
b/zn'0.076 extracted from the asymptotic behavior of t
scaling functionF(x) for large values of the argument
consistent with the derived values ofb and zn. The result
obtained forb lies in the middle of the rather large typica
range of values reported for RKKY spin-glasses,12,13and it is
slightly smaller than those found in the above mention
dipolar spin glasses~whereb'1.0).

Once the critical character of the transition was co
firmed, a Mössbauer study was performed in order to expl
its structural origin. Figure 4 presents the Mo¨ssbauer spectra
taken at room temperature and at 4.2 K. In a first vis
inspection, and after proving the existence of a clear S
phase transition atTg519.7 K, the apparent clear absence
a magnetic component in the 4.2 K spectrum is striking
possible scenario where the magnetic sextet would be
scured by a larger nonmagnetic component is a system w

FIG. 3. Dynamical scaling analysis ofx9(T,v) data forT.Tg

according to Eq.~2!. The best data collapse was obtained for t
indicated parameter values~the value of the static freezing temper
ture Tg was taken from the fit in Fig. 3!.

FIG. 4. Mössbauer spectra at temperatures well aboveT
5300 K) and below (T54.2 K) the spin-glass phase transitio
(Tg519.7 K). The spectrum at 300 K is fitted with two double
the less intense one is substituted by an unresolved magnetic
ponent in the low temperature spectrum.
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only a minority of spins freeze at low temperature, while t
rest remain paramagnetic. However, there is no reason
this should happen in a homogeneous material. Thus,
absence of a clear magnetic component in the low temp
ture Mössbauer spectrum is an indication of heterogene
microstructure. In spite of being a minority, the spins free
ing at low temperature determine, as shown in the first
ures, the magnetic static and dynamical responses. This
hanced low-field susceptibility of the minority spins can on
be understood, once again, if they are grouped in ferrom
netic nanoparticles. Furthermore, in order to remain hidd
effectively by the matrix component, the magnetic sex
should be unresolved~due to a large distribution of hyperfin
fields!. The 4.2 K spectrum differs from the RT one only in
certain broadening of the adsorption peak. Structural tra
formations can be discarded. In principle, this relative
small effect could be related to simple paramagnetic rel
ation, but following the model proposed in the abo
discussion—and previous experience in structurally sim
systems—17 we have fitted both spectra with two comp
nents accounting for the magnetic nanoparticles and
paramagnetic matrix where they are embedded. The for
contribution is superparamagnetic at RT, and, in the 4.2
spectrum, is accounted for using a magnetic sextet with v
wide peaks~in fact, there is not any resolved structure!. The
model is consistent from the Mo¨ssbauer viewpoint, for the
area of thenanoparticle componentturned out to be the
same, within one percent, in both spectra:;25%. This is in
rough agreement with the percentage of sample Fe ta
part in the particle phase deduced from the measured sa
tion magnetization~not shown! assuming that the particle
contain pure Fe with its bulk magnetic moment~14%!. In
fact, the discrepancy between the two values has the r
sign, for it can be explained by simply dropping the abo
hypothesis and taking a reduced atomic moment for the
atoms (m51.2mB), as it is the case in nanoparticles wi
compositions deviating from pure Fe.17 The very wide range
of hyperfine fields present in the magnetic component
most probably caused by composition fluctuations, whi
together with variations in the size of the magnetic regio
result in a wide distribution of magnetic moments. The me
hyperfine field of the magnetic splitting (MHF5120 kOe) is
significantly lower than ina-Fe, reinforcing the idea that th
Fe in the nanoparticles—although in a concentration h
enough to support a spontaneous magnetic moment of a
100 mB—is also alloyed with W and Ag.

The main conclusion of this structural investigation is th
the origin of the observed spin-glass behavior is to be fou
in the presence of fine magnetic particles, with a broad p
ticle distribution, comprising about 25% of the Fe atoms
the sample. It must be pointed out that these Fe-richer na
sized regions are not due to insufficient milling, they a
characteristic of the stationary state~dynamical equilibrium!
achieved after milling for long enough powders with an
concentration around 30% at. or higher, as proved by
quasiuniversal magnetic behavior reported for a variety
Fe-based mechanically alloyed materials.9 Even before the
low temperature characterization, the measurement of
loss in magnetic moment~at H515 kOe) with the milling
m-
7-3
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time, down to 1.3% of its initial value after 75 hours, a
lowed us to confidently state that the sample had essent
achieved the stationary state. Delcroixet al. have also found
ultrafine magnetic particles in the stationary state of m
chanically alloyed Fe30Cr70.18,19 The moments estimate
from Langevin fits for these particles (m'150 mB) and for
those present in FWA are remarkably similar, however, th
authors observed blocking processes taking place in a
broad temperature interval. In mechanically alloy
Fe30Al49Cu21, favorable contrast condition—the Fe-rich r
gions were crystalline and the matrix surrounding th
amorphous—allowed to directly image the magnetic p
ticles using high resolution TEM.20 Our interpretation for the
structural origin of the magnetism exhibited by FWA is su
ported by the conclusions of two recent articles dealing w
the generic issue of nanoscale compositional heterogenei
alloys obtained by nonequilibrium methods. Heet al. re-
ported that supersaturated solid solutions—a frequent p
uct in the mechanical alloying of metal powders—exhi
decomposition features on the scale of 1 nm, usually o
looked by conventional diffraction methods.21 More specifi-
cally, molecular simulations of binary alloys under extrins
forcing have shown that complex segregated structures
evolve even in the absence of thermally activated diffusio7

Following intense investigation over the last deca
mainly on dense frozen ferrofluids, it has been recently s
gested that the main reason for the lack of a fini
temperature transition in samples exhibiting low temperat
glassy dynamics is linked to ‘‘mixing of collective and
single-particle relaxation effects,’’ originating from a broad
particle size distribution or from comparably weak inte
particle interactions.5 In broad distributions, it has bee
hinted thatearly blocked particles~large moments! may act
as random fields in the system, which could impede a th
modynamic phase transition.22 However, the complexity of
the physics involved in the synthesis method employed h
mechanical alloying, provides a straightforward argum
against the possibility of having a narrow, ormonodisperse,
particle size distribution in FWA; nonetheless, its largely h
erogeneous nature has been confirmed in the above M¨ss-
bauer study. Thus, mechanically alloyed FWA constitute
first example of a widely polydisperse ensemble of parti
moments exhibiting critical dynamics. Two observations h
to reconcile this finding with the previously mentioned r
search. First, FWA is a metallic nanogranular syste
whereas all the investigations cited above were carried
on insulating superspin glasses~particles dispersed in eithe
a frozen oil/alcohol4,5,14,15or in some insulating compoun
such as Al2O3);16 a metallic matrix would allow the RKKY
exchange interaction to play a role. Second, the size of
magnetic moments considered here (m'100mB) is between
one and two orders of magnitude smaller than the size of
nanoparticles involved in thesuperspin glassesreported so
far. The magnetic moment of the particles present in FWA
precisely, according to some recent calculations, the cr
over size for the dominance of RKKY over dipolar intera
tions in metallic granular systems.23,24 However, it must be
considered as well that the presence of impurity atoms of
magnetic species in the metallic matrix, as expected in FW
22440
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enhances significantly the RKKY exchange between
nanoparticles, as has been shown recently by Lo´pezet al. in
granular CuCo, whose magnetic properties moved from
spin glass to the superparamagnetic scenario as the reg
of the matrix surrounding the Co particles were depleted
atoms of Co.25 The relevance of these factors, interpartic
RKKY-like exchange and ultrafine particle size, to compe
sate the lack of homogeneity in order to maintain the criti
character of the transition must be further explored both
perimentally and theoretically, but it appears logical th
stronger interparticle interactions should counterbalanc
higher degree of heterogeneity in the magnetic moment
tribution. Dipolar and RKKY-like interactions effectively
sum together to increase the freezing temperature since
are able to provide frustration in a system of randomly d
tributed spins, the former due to its anisotropic character,
latter because of its oscillatory nature. Besides, the comb
action of the two types of interactions might well go beyo
a simple addition, for instance, in enhanced dipolar inter
tions between RKKY-coupled clusters. In any case, the p
dominant interaction is thought to be the commented indir
exchange, for previous estimations in this type of syste
yielded dipolar ordering temperatures too low to explain
glass transition.17 From the results reported here, it is cle
that the energy associated with the RKKY-based interacti
between the relatively small magnetic moments in FWA
well above single-particle anisotropy barriers.

Concerning the older controversy on the nature of sp
glass-like phenomena in mechanically alloyed materials,
ther attributed to a ‘‘true spin-glass phase transition’’1 or to
the blocking of superparamagnetic particles,2 the results pre-
sented here reconcile to a certain extent both views: ther
a glass transition, but it reflects the collective freezing
magnetic nanoparticles, not of atomic spins.

IV. CONCLUSIONS

In short, the results presented here demonstrate that
possible to achieve acritical transition to a low temperature
superspin glass in a ratherpolydisperseparticle system~me-
chanically alloyed Fe30W40Ag30) when the random interpar
ticle interaction is significantly stronger than in dipolar sy
tems, causing the glass transition to occur at temperat
where the average individual particle timet* is still shorter
than nanoseconds. This is in contrast to frozen ferroflu
where the comparably weak dipolar interaction leads to
spin glass transition when the individual particle relaxati
time has reached the order of microseconds, allowing on
monodisperseparticle distribution to undergo a true critica
transition.
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