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Erasing the glassy state in magnetic fine particles
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BaFgy Loy gTip 019 magnetic fine particles exhibit most of the features attributed to glassy behavior, e.g.,
irreversibility in the hysteresis loops and in the zero-field-cooling and field-cooling curves extends up to very
high fields, and aging and magnetic training phenomena occur. However, the multivalley energy structure of
the glassy state can be strongly modified by a field-cooling process at a moderate field. Slow relaxation
experiments demonstrate that the intrinsic energy barriers of the individual particles dominate the behavior of
the system at high cooling fields, while the energy states corresponding to collective glassy behavior play the
dominant role at low cooling field$S0163-182609)05421-1

Fine magnetic particle systems show most of the featuretining M-type barium ferrite nanoparticles with plateletlike
of glassy systems due to the random distribution of anisotshape and a narrow size distributitht® The particle size
ropy axis, interparticle interactions, and surface effectsdistribution as determined from transmission electron mi-
These main featurésnclude the flattening of the field cool- croscopy(TEM) and x-ray diffraction was log normal with a
ing susceptibility? an increase in the magnetic viscositthe  mean platelet diameter of 10.2 nfmean volume of 105
occurrence of aging effecfsthe critical slowing down ob- nm®), ¢=0.48, and an aspect ratio of 4. In order to maxi-
served by ac susceptibilif/and the increase in the nonlinear mize interparticle interactions the sample was studied in
susceptibility as the blocking temperature is approachegowder form in which large agglomerates were observed by
from above® These features do not seem to be associate@EM.*? Particle stacks, clusters, and quasispherical con-
with a true spin-glass transition. Nevertheless, some authogdomerates were observed, as expected for the aspect ratio of
claim that they reveal the existence of some kind of collecthis samplé"* The powder was mixed with a glue in order to
tive state>® Although this state is mostly attributed to the avoid particle rotation toward the applied field axis during
frustration induced by magnetic interactions between ranmagnetic measurements. Magnetization measurements were
domly distributed particle$ some studies suggest the domi- carried out with a superconducting quantum interference de-
nant role of surface spin disorderOne of the facts that vice (SQUID) magnetometer under magnetic fields up to 70
makes the behavior of these systems complex is the coexidtOe. High-field magnetization measuremeffis-240 kOg
ence of the freezing associated with frustration and the inwere made using a water-cooled Bitter magnet with a vibrat-
trinsic blocking of the particles. Consequently, depending oring sample magnetometer. Thermal dependence of the mag-
the time window of the experimental technique, one or botmetization was recorded after zero-field coolifgf-C) and
phenomena are observed. For example, blocking effects ustield cooling(FC) the sample at 200 Oe and 70 kOe. Isother-
ally determine the results of Msbauer spectroscopy, since mal hysteresis loops were measured at several temperatures,
the measured blocking temperature decreases with increasiafter ZFC the sample from room temperature and after a FC
interaction$ while freezing phenomena determine the ther-process at 70 kOe. The time dependence of the thermorema-
mal dependence of the cusp of the real part of the ac suscepence in the temperature range 5-230 K was measured by
tibility for concentrated samples, which moves to higherFC the sample at different field&00, 500, 16, and 5
temperatures with increasing interactions. X 10* Oe) from room temperature down to the measuring

In this paper, we show that the glassy state of strongemperature and then switching off the field. Aging phenom-
interacting particles can be destroyed by a field-cooling proena were studied at 150 K for different waiting times after a
cess at a moderate magnetic field, which precludes a trueC process at 200 Oe and 10 kOe.
phase transition. We also demonstrate that the dynamics of We show in Fig. 1 the hysteresis loop & K with a
these systems is strongly affected by the initial magnetianaximum applied field of 200 kOe, displaying the typical
moment configuration, in such a way that the glassy statéeatures of fine particle systems: the saturation magnetization
determines the dynamic behavior only in low-cooling-fieldis about half of the bulk value, the high-field differential
experiments, while at high cooling fields the dynamics issusceptibility is about the double, and the coercive field is
mostly dominated by the intrinsic energy barriers of the in-about 4 times larger. Furthermore, the onset of irreversibility
dividual particles. These conclusions result from comparingbccurs at 125 kOe, which is much larger than the typical
the effective distribution of energy barriers obtained from thevalues for bulk ferritethousands of Oe and the hysteresis
TIn (t/7,) analysis of the magnetic relaxatiSrmeasured af- loop recorded after FC the sample at 70 kOe is shifted ca.
ter field cooling the sample at different fields. The results of500 Oe in the opposite direction to the cooling fiéidag-
some aging experiments also reinforce these conclusions. netic training effegt The two latter facts have recently been

The sample of BaRg /Ca, 5Ti 4010 particles used in this attributed to the presence of a surface spin-glass lageér,
work was prepared by the glass crystallization method. though a glassy state arising from interparticle magnetic
This technique has proved to be an excellent method of obfrustration may also explain this anomalous behavior. The
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FIG. 1. Magnetization vs magnetic field at 5 K. The inset shows
the thermal dependence of the onset of the irreversibikity,f and

FIG. 3. TIn(t/7y) scaling of the magnetic relaxation data mea-
sured in the temperature range 5-230 K after FC the sample at 200
Oe (a), 500 Oe(b), 10 kOe(c), and 50 kOgd). My, is an arbitrary

the shifting of the hysteresis loops after a FC process at 70 koﬁormalization factor

(Hsh)-

thermal dependence of the onset of the irreversibility and thavas analyzed in terms of theln (t/7) scaling;® since this
shifting of the hysteresis loops are shown in the inset of FigProcedure allows calculation of the effective distribution of
1. The latter rapidly decays to zero as the glassy behaviginergy barriers’ Among the variety of methods to study the
disappears with temperature, while the former evolves moréomplex hierarchy of energy minima in glassy systems, the
slowly toward the intrinsic anisotropy field. TIn (t/7y) scaling leads to a time-independent effective dis-
The low-field susceptibility(200 O¢ displayed a wide tribution of energy barriers which averages the contributions
maximum in the ZFC curve at ca. 205 K and a flattened FGlue to volume, shape, and surface anisotropy and interpar-
curve below this temperatufé peingT,= — 170+ 30 K, the ticle interactions. Through this simple method, it is possible
value of the Curie temperature extrapolated from the recipt0 ascertain the differences between those magnetic systems
rocal susceptibility”® which indicates strong interparticle in- that are labeled as glassy, for which the existence of a large
teractions. Taking into account the aggregation state of theumber of quasidegenerated states makes the dynamics com-

powder samples, direct exchange through the surface d¥ex since the actual energy barrier distribution is time de-
neighboring particles and dipolar interactions are presenfendent. The scaling procedure consists in choosing the
When susceptibility is measured at 70 kOe the ZFC-Fcvalue of 7o (characteristic attempt timehat makes all the
curves are still irreversible and the ZFC curve displays €Xperimental relaxation curves, obtained at different tem-
maximum at ca. 40 Ksee Fig. 2 These results also support Peratures, scale onto a single master curve, which stands for
the occurrence of a glassy state in this assembly of nanopak€ Whole relaxation curve at the lowest measuring tempera-

ticles.

ture. The effective distribution of energy barriers is then ob-

In order to obtain further insight into the nature of this tained by calculating the derivative of the experimental mas-
glassy state, the time dependence of the thermoremanent& curve with respect td In (t/7).
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Figure 3 shows the results of the scaling of the relaxation
data measured after FC the sample at different fields. The
value ofr, used in this scaling is 132 s, which is consistent
with those values deduced from the frequency dependence of
the maximum of the real part of the ac susceptibility
(Volger-Folcher law and the activated dynamic scaling of
these datd® From this figure, it is evident that the cooling
field drastically modifies the relaxation curves, which dem-
onstrates that, when interparticle interactions are strong, the
initial arrangement of the particle momenrsC initial state
determines the time evolution of the magnetization, in con-
trast with the noninteracting case for which the observed
results are independent of the cooling fiéldThe effective
distributions of energy barriers(E), obtained from the
master curves are shown in Fig. 4. At low cooling fields,
f(E) extends to extremely high energies, and the energy of
the maximum is much highdobne order of magnitudethan
that expected from bulk anisotropi(f(v), whereK is the

FIG. 2. ZFC-FC magnetization curves measured at 70 kOe as Bulk anisotropy constattand f(v) is the volume distribu-

function of temperature.

tion derived from TEM? In contrast, the resultinf(E) pro-
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FIG. 5. Relaxation curves at 150 K after a FC process at 200 Oe
FIG. 4. Efective distribution of energy barriers obtained by nu-for waiting times of 5<10? s (open circley and 16 s (solid
merical derivative of the scaling curves shown in Fig. 3. The labelsircles. Arrows indicate the inflection point of the curves, which is
of the curves are as in Fig. 3. In the inset, the energy distributioriocated at about the waiting time.
obtained after FC the sample at 50 kfaerve (d)] is compared to

Kf(v) (dots conected by a dashed fine (see Fig. & Therefore, the characteristic aging associated

) ) . . with the glassy state only occurs at low enough cooling
gressively resembleKf(v) as the cooling field increases fig|gs.
(see inset of Fig. ¥ The component of the energy barrier |, conclusion, cooling fields monitor the dynamics of in-

distribution centered at high energies, which is dominant afe 5 (ing fine magnetic particles through determining the ini-
low cooling fields, is then attributed to the collective behav-. " -0 of the magnetic moment arrangement. Conse-

ior associated with the glassy state due to the fact that par- . S . .
. R . L . uently, at high cooling fields the dynamics of th stem i
ticle magnetization is mostly randomly distributed in theq ently. gh cooling Tie e dy € sy S

field-cooled state. Nevertheless, the energy barrier distribugsiztbya;j or;rlgg';esd t\jfhﬁze;?tfg\lvsligﬁgyﬁZﬁjrge:ﬁe()fet:;m'
tion observed at high cooling fields, which is centered at P . . 9 C gy
tates corresponding to collective glassy behavior play the

much lower energies, corresponds to the intrinsic anisotrop . | hould thus b K h .
of the individual particles. In the high-field-cooled state, thedominant role. Care should thus be taken when comparing

magnetization is mostly parallel aligned. Therefore, the over!€laxation data from isothermal remanent magnetization and
all dipolar interactions are demagnetizing and their effect cathermoremanent magnetization, since the initial magnetic
be considered through a mean magnetic field which reducedate may be very different depending on the field strength.
the height of the energy barrier associated to the intrinsid hese systems are relevant because, although they display an
anisotropy of the particles. As a consequence, a slight shift tinportant degree of magnetic frustration, the collective state
lower energies is observed in the energy barrier distribétion may be destroyed by the application of a moderate field,
(see inset of Fig. ¥ At intermediate fields, a bimod&(E)  which precludes a true spin glass behavior.

which arises from both contributions is observed, their rela-

tive importance being determined by the strength of the cool- 1
ing field [seef (E) curves corresponding to 200 and 500 Oe
in Fig. 4].

Aging is commonly considered a characteristic feature of
systems with enough frustration as to induce a multivalley
energy structure at low temperature. In particular, it has re-
cently been observed in strong interacting particle sysfems.
The system studied in this work also shows aging below
about the temperature of the maximum of the ZFC curve,
which is proof of the existence of a glassy state. Figure 5
shows the relaxation curves at 150 K after a FC process at
200 Oe for waiting times of %107 and 1§ s. The charac-
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N

teristic trends of aging are present in these curypsthe 0.84 ! ! ! ! . . .
relaxation rate decreases as the waiting time increases and 1.6 2 24 2.8 3.2
(i) the relaxation curves plotted in a logarithmic time scale lOglo(t[S])

show an inflection point at about the waiting time. However,

when the same experiments are repeated with a cooling FIG. 6. Relaxation curves at 150 K after a FC process at 10 kOe
field of 10 kOe, no significant differences in the relaxationfor waiting times of 5<10? s (open circley and 1G s (solid
curves are observed as the waiting time is increasedircles.
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