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Glassy dynamics in the exchange bias properties of the iron/iron oxide nanogranular system
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We have observed a glassy dynamics of the exchange bias properties in a granular system composed of Fe
nanoparticles dispersed in a structurally and magnetically disordered (cluster glasslike) Fe oxide matrix. The
exchange field, measured at 7=5 K, increases with increasing the time 7,, spent at 7=50 K, after applying the
cooling field. During ¢,,, the oxide phase evolves towards a lower energy configuration, resulting in a stronger
interface exchange coupling with the Fe particle moments. Monte Carlo simulations on core/shell nanoparticles
reproduce such aging effect, provided that a shell random anisotropy is assumed.
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Exchange bias (EB) effect has been the object of great
interest during the last 50 years, but, despite the enormous
efforts in theory, modeling, and experimental investigations,
especially on ferromagnet/antiferromagnet bilayer systems,
many questions on the microscopic mechanism of the phe-
nomenon are still open.!

New challenging questions are posed by the observation
of EB in nanogranular systems, where one of the two phases
is structurally disordered and magnetically frustrated, similar
to a spin glass (SG).>* When one phase is ferromagnetic
(FM) (or ferrimagnetic, FI) and the other one is SG, playing
the role of the antiferromagnet (AF) in pinning the FM mag-
netization so as to minimize the interface exchange interac-
tion energy, peculiar EB properties are expected. The frozen
SG state is characterized by a hierarchical organization of
metastable states separated by energy barriers of different
heights (multivalley energy structure).* When the two-phase
system is cooled down in a magnetic field (H,,,) across the
glass temperature, a spin configuration of the SG phase will
be selected, among the possible ones, through the interface
exchange coupling with the FM phase, which in turn favors
the FM magnetization to be aligned in the field-cooling di-
rection (unidirectional anisotropy). Thus, depending on the
value of the cooling field and on the temperature at which it
is applied, the degeneracy of the SG state can be reduced.
Hence the magnetothermal history of the sample strongly
affects the EB properties, which strictly depend on the inter-
face spin configuration.’

A further characteristic of the SG state, as well as of other
disordered systems characterized by a collective nonequilib-
rium dynamics, is the aging effect, i.e., the slowing down of
the spin dynamics with increasing the time (waiting time)
spent in the frozen state, before any field variation.®’ Below
the glass temperature, the relaxation rate of the zero-field-
cooled magnetization (Myzpc) and of the thermoremanent
magnetization (TRM) decreases with increasing the time
elapsing before the application of the magnetic field and the
time of application of the cooling magnetic field before re-
moving it, respectively. The effect reflects the shift, towards
longer times, of the spectrum of relaxation times (which are
associated to the distribution of energy barriers), due to the
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evolution of the system towards a lower energy configura-
tion.

In this context, we have investigated the EB properties of
a nanogranular system composed of iron particles (mean size
~6 nm) dispersed in a structurally and magnetically disor-
dered iron oxide matrix (a mixture of Fe;O, and y-Fe,05;
mean grain size ~2 nm). The technique for the synthesis of
the samples, based on a gas-phase condensation method, and
the structural characterization tools are described elsewhere.?
In agreement with previous investigations,® the prepared
samples show a progressive freezing, with decreasing tem-
perature, of the net moments of interacting oxide regions,
resulting in a disordered and frustrated magnetic state, recall-
ing a cluster-glass. The low-field freezing temperature distri-
bution is centered at 7=150 K. Below 7~ 25 K, the freezing
is complete and the interplay between the different types of
interactions (dipolar interparticle, superexchange interoxide,
and particle-oxide, which all can be both F and AF in sign)
results in a disordered and frustrated frozen state for the
whole system.

Below T=150 K, a shift of the hysteresis loop towards the
negative field values is measured after field-cooling from 7
=250 K, due to the interface exchange coupling between the
spins of the Fe particles and the frozen spins of the oxide
regions. Due to the disorder of the oxide matrix, multiple
random (i.e., with a different mixing of FM and AF interac-
tions) interfaces are likely to be present, as well as different
random anisotropies, strong enough to pin the magnetization
of the Fe particles. With decreasing the temperature where
the loop is measured, the shift strongly increases, also be-
cause more and more oxide moments freeze.> The value of
the loop shift is expressed by the exchange field H.=
~(Highi+ Hyerr)/2 and the coercivity is defined as H,=(Hgp
—Hie)/2, Hygn and H,e being the points where the loop
intersects the field axis. Both H,, and H,. were found to
strongly depend on H.,, going through a maximum (e.g., at
T=5 K, the maximum values are H. ~500 Oe and H.
~1670 Oe for H,,,=4 kOe).?

Here we report an analysis of dynamical effects on the EB
properties in the iron/iron oxide nanogranular system,
through the control of the aging of the system (variation of
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FIG. 1. Remanent magnetization M, (a), exchange field H, (b),
and coercivity H, (c), measured at 7;=5 K, as a function of the
waiting time t,,. M, is normalized to its value at 7,=60 s. Solid line
is a guide to the eye.

the waiting time and cooling rate). Moreover, in order to gain
a better insight into the origin of such dynamical effects, we
have performed Monte Carlo (MC) simulations on isolated,
spherical core (FM)/shell (FI) nanoparticles. The MC simu-
lations have shown the capability to predict waiting time
effects and to reproduce complicated reversal modes.~10

The effect of the waiting time (7,,) was analyzed through
the following experiment. The sample was cooled down in
zero field from 7=250 K to 7;=50 K. Then, H ,,=4 kOe
was applied for a time ¢,, (in the 60—60 000 s range), before
starting the field cooling down to T;=5 K (cooling rate
=5 K/min). At T}, the hysteresis loop was measured, starting
from H=50 kOe. After each measurement, the sample was
warmed up again to 7=250 K. The evolution of M,, H,,, and
H,. with t,, is shown in Fig. 1. H,, increases monotonously
over 20% with increasing ¢,,. A small increase in M, is also
observed. On the other hand, the H, trend is not regular, but
it clearly tends to an increase for the largest values of t,,.

Then, we studied the effect of the field-cooling rate. The
sample was cooled down (cooling rate=5 K/min) in zero
field from 250 K to 7;=50 K, where H.,,=4 kOe was ap-
plied; soon after that, the sample was field cooled at a se-
lected rate v, (between 5 and 0.2 K/min), down to 7;=5 K
and the loop was measured. H,, and M, increase with de-
creasing v, (the change in H,, is ~18%), whereas H, does
not change significantly (Fig. 2).

The aging of the system—namely, the increase in the time
spent at a temperature at which most of the oxide moments
are frozen, either through an increase of ¢,, at 7; or through a
decrease of v, from T; to Ty—enhances the EB effect at 7}
=5 K. In the first experiment, as t,, elapses at 7;=50 K, the
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FIG. 2. M, (a), Hy (b), and H, (c), measured at Ty=5 K, as a
function of the cooling rate v.. M, is normalized to its value at v,
=0.2 K/min.

oxide matrix moments relax towards a more stable energy
state, in which the interface exchange interaction energy with
the moments of the FM component is minimized. Then, with
reducing the temperature from 7; to Ty, the system remains
trapped in this energy minimum, as it is more difficult to
overcome the energy barriers separating different states. It
can be easily realized that a similar picture can be drawn for
the experiment as a function of v..

The above description was confirmed by studying the
TRM decay. The sample was cooled down in zero field from
T=250 K to T;,=50 K. At T;, H.,,;=4 kOe was applied for
t,,, before starting the field cooling down to 7;=25 K. At T,
the field was removed and TRM vs time was measured. Both
the curves, measured for #,=0 and 6000 s, follow a
stretched-exponential decay law, as expected for correlated
dynamics in disordered systems.,11 but the relaxation rate is
lower for #,=6000 s (Fig. 3). This confirms the slowing
down of the dynamics with increasing f,, and hence the
t,,~dependence of the spin configuration of the relaxing dis-
ordered phase. No clear ,-dependence of TRM was ob-
served at Tf=5 K. The reason is that, at such a low tempera-
ture, the relaxation times are too long for an appreciable
relaxation to be observed, at least on the investigated time
scale. This was in agreement with previous M pc Vs time
measurements, showing no relaxation for 7<20 K. Simi-
larly, no change in H., was observed after aging the sample
directly at 7;=35 K, rather than at 7;=50 K: at such a low
temperature, no appreciable rearrangement in the particle/
matrix interface spin configuration occurs, in the investigated
time scale. The relaxation process, taking place during f¢,,
results in a net increase of the oxide magnetization along the
cooling field direction, accounting for the small increase in
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FIG. 3. Thermoremanent magnetization (TRM) vs time, at T
=25 K, for two different 7,, values. TRM is normalized to the value
at the beginning of the measurement. The points are fitted by a
stretched-exponential decay law (solid lines).

M, vs t,, at Ty=5 K (Fig. 1), (accordingly, M, increases with
decreasing v,, Fig. 2).

Therefore, by properly aging the sample, a final spin con-
figuration at 7y=5 K is selected, corresponding to a stronger
exchange coupling at the particle/matrix interface, which is
responsible for the increase in Hy, (Figs. 1 and 2).

In the EB phenomenon, a change in H,, is often accom-
panied by a change in H,.>'? In our case, an enhanced H.. is
found after waiting for a long ¢,, (Fig. 1), but fluctuating
values are measured at shorter 7,, (Fig. 1) and in the case of
the measurement as a function of v, (Fig. 2). The MC simu-
lation, shown just below, confirms this tendency. H, is
scarcely affected by the aging effect, as it also depends on
intrinsic sources of anisotropy other than exchange aniso-
tropy.

MC simulations have been carried out to study the
t,~dependence of the EB effect in a two-phase magnetic sys-
tem. We consider spherical nanoparticles of total radii R,
expressed in lattice spacings, on a simple cubic (sc) lattice,
consisting of a FM core and a FI shell, surrounding the core.
The shell thickness is four lattice spacings. The spins in the
particles interact with nearest-neighbors Heisenberg ex-
change interaction, and at each crystal site they experience a
uniaxial anisotropy. In the presence of an external magnetic
field, the total energy of the system is'?

E=-Jpym E §i'§j_ E KiFM(S:i'éi)z

(i,j eFM) ieFM

_JSH 2 Sz Sj_ E KISH(SI éz)
(i,j € SH) ieSH

~Je 2 S S-H XS
(ieFM,j e SH) i

Here S; is the atomic spin at site i and ¢; is the unit vector in
the direction of the easy axis at site i. The first term gives the
exchange interaction between the spins in the FM core (ex-
change coupling constant Jgy;, which is taken equal to one).
The second term gives the anisotropy energy of the FM core.
If the site i lies in the outer layer of the FM core K;py=Kip
and K=K elsewhere. The anisotropy is assumed uniaxial
and directed along the z-axis in the whole FM core, includ-
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ing the outer layer facing the FI shell. Due to the reduced
symmetry of the interface, the crystal anisotropy at the inter-
face is expected stronger than in the bulk. We take K,
=0.05 and Kjp=0.5, one order of magnitude larger than K.
The third term gives the exchange interaction in the FI shell.
We set the exchange coupling constant Jgy=—Jg\/2 because
the critical temperature of the oxide is lower than the Curie
temperature of the corresponding ferromagnet. The fourth
term gives the anisotropy energy of the FI shell (Kgy=1.5).
If the i site lies in the outer layer of the shell then Kqy
=K=1.0 In this simplified model, the disordered state of the
shell is qualitatively reproduced by considering a random
anisotropy (at the interface with the FM core, inside the
shell, and at the external surface). The fifth term gives the
exchange interaction at the interface between the core and
the shell. The exchange coupling constant Ji is equal to Jqy
in size, in agreement with theoretical studies in layered
systems'# and the interaction is considered ferromagnetic.
The last term is the energy in the presence of an external
magnetic field.

H, H., and H,, are given in units of Jgy/gup, T in units
Jem/k, and the anisotropy coupling constants K in units of
Jem- M, is normalized to the magnetization at saturation M.
The cooling field is #;=0.4, in our units. We simulate the
field-cooling procedure starting with the nanoparticle at tem-
perature T=3.0 (for the sc lattice the Curie temperature T
=2.9). The nanoparticle is cooled down to the temperature of
0.75 in zero field. At T;=0.75, we apply h; along the z-axis
for different times ¢,, expressed in Monte Carlo steps
(MCS). Then, we continue the field cooling at a constant
rate, down to Tf=0.01, where the loop is measured. The MC
simulations have been performed using the Metropolis algo-
rithm. It should be noted that the time evolution of the sys-
tem does not come from any deterministic equation for the
magnetization. The obtained dynamics is intrinsic to the MC
method.®!> This means that our time unit is not related to a
real time interval. Thus comparing the measured and simu-
lated data is similar to comparing measurements with differ-
ent time scales, for example, dc magnetometry and Moss-
bauer spectroscopy. The results of our MC simulations
reproduce qualitatively the trend of the experimental data.

In our simulations, we use 10*~25X 10> MCS depending
on T and ¢,. The results were averaged over 100 different
samples (namely, independent random number sequences
corresponding to different realizations of thermal fluctua-
tions) cooled down under the same conditions (z,, and Tj).
M,, H.,, and H, vs t,, for a particle of radius R=9 are shown
in Fig. 4. The three parameters increase with increasing f,,,
satisfactorily reproducing the qualitative features of the mea-
surements in Fig. 1. It is worth noticing that the MC simu-
lations also reproduce the experimental TRM decay (Fig. 3).
In Fig. 5, TMR vs time (in MCS) is plotted for two different
t,, values, at the temperature 7,=0.15. The decay is slower at
higher ¢,,. Almost no t,-dependence was observed at lower
temperature (7,=0.01).

Finally, we have repeated the calculations considering for
the shell a uniaxial anisotropy directed along the z-axis (ex-
cept for the external surface, where the anisotropy was as-
sumed to be random). No variation of M,, H,,, and H, with
t,, was observed, revealing that random anisotropy in the
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FIG. 4. M, (a), H, (b), and H.. (c) vs t,,, as obtained by the MC
simulations.

shell and at the interface with the FM core is a fundamental
ingredient for the appearance of the aging effect.
In conclusion, our results show that dynamical effects
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FIG. 5. TRM vs time at T;=0.15 for two different #,, values, as
obtained by the MC simulations. TRM is normalized to the value at
the beginning of the simulation.

have a sizeable influence on the EB properties of the nano-
granular iron/iron oxide system. The value of H. can be
controlled by varying ¢, at T; or v, from T; to 7. In fact, in
this way, one can select the final spin configuration of the
disordered oxide phase at the interface with the ordered Fe
component. As a consequence, M, and H,. are also modified.
Indeed, the inherent magnetic disorder of the oxide phase is
the key factor, allowing H,, to be varied simply through the
aging of the sample. This is confirmed by MC simulation
results on core(FM)/shell(FI) nanoparticles showing that a
glassy dynamics of the EB properties is observed provided
that a shell random anisotropy is assumed. The possibility of
controlling H,, opens perspectives for technological applica-
tion in tuning the performance of EB-based magnetic de-
vices.
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