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The exchange bias field has been measured in a set of Co—Cr,04 nanocomposites in order to dis-
tinguish between the bulk and interfacial contributions to H,,. The studies were carried out on a set
of samples prepared by the sol gel technique in which the Co concentration was varied between 30
and 80 wt%. The particle sizes in all samples were carefully controlled so as to enable a compari-
son of their magnetic properties. Using thermal activation measurements we are able to distinguish
between contributions to H,, arising from the thermal stability of the antiferromagnetic particles
(bulk behaviour) and that due to changing interface density with increasing Co concentration. We
have interpreted our results in terms of the independent particle volume model.
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1. INTRODUCTION

The phenomenon of exchange bias is the shift of the mag-
netization hysteresis loop along the field axis and occurs
due to interfacial coupling of ferromagnetic (FM) and
antiferromagnetic (AFM) spins. Although initially discov-
ered on naturally oxidized Co nanoparticles,' it has been
studied most widely in polycrystalline FM/AFM bilay-
ers. Recently these studies have been extended to various
systems of FM nanoparticles embedded in AFM matri-
ces, e.g., Co-Mn,? Co—Co0,? Fe-Cr,0;" etc. The theoret-
ical understanding of such composite FM/AFM systems
is far more complex than that of FM/AFM bilayers. The
exchange bias effect is known to depend upon the thick-
nesses of the FM and AFM layers in bilayer systems. This
raises the question of how a ‘thickness’ can be defined in
a FM/AFM composite material. As a first approximation,
the diameter of the FM particles is considered to be anal-
ogous to the FM layer thickness, while the interparticle
distance is taken to be analogous to the AFM thickness.?
These quantities depend on the FM to AFM ratio and/or
the particle size in a given composite system.

Although several models exist for the explanation of
exchange bias in FM/AFM bilayers, efforts to theoretically
model the behavior of nanocomposites have been limited,
mainly due to the complex morphology of these systems.
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‘Also, most models invoke the Heisenberg direct exchange
interaction, which cannot be used to describe superex-
change coupled oxide AFM’s. A recently proposed model®
takes into account the interfaces, relative molar volumes
of the FM and AFM and a mean field term due to dipolar
interactions. The exchange bias obtained is inversely pro-
portional to the FM particle radius r. The samples investi-
gated in Ref. [6] had the same average particle size in the
FM and AFM, but this is generally not the case specially
for metal/metal oxide systems.*>

In this paper we show that the particle size and size dis-
tribution in the AFM play an important role in determining
the magnitude and concentration dependence of H,,. The
concentration of the FM part was varied while the particle
sizes in the FM were kept similar in all samples. The same
was done for the AFM particles in order to distinguish
between the particle density and particle size dependent
effects and the role of the FM/AFM interfaces on H,,.
We show that exchange bias in these complex systems can
be explained using the independent AFM particle volume
model, which we have previously successfully applied to
FM/AFM thin films.” According to this model, the mag-
nitude of the exchange bias depends upon the degree of
order in the AFM, which is determined by thermal activa-
tion over grain volume dependent energy barriers, moder-
ated by an interfacial coupling constant C*.” The order
in the AFM is established during the setting process which
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involves cooling the AFM from above its Neél tempera-
ture Ty in the presence of the exchange field from the FM.
The exchange bias is then given by:

Hy = C'H,, [ f(V)av ()

Here H! is the intrinsic value of the exchange bias pro-
vided that the FM/AFM interface is perfectly flat. C* is
an interfacial coupling constant which takes into account
the degree of disorder at the FM/AFM interface. f(V) is
the volume distribution of the AFM particles, which in fine
particle systems is known to be a log-normal function.'
Using = V/V,,, where V, is the median particle volume
and o the standard deviation, the log-normal distribution is
given by:
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2. EXPERIMENTAL DETAILS

Co—Cr,0; samples were prepared using the sol gel
technique.'! The following sample batches were prepared:
A (30 wt% Co), B (40 wt% Co), C (50 wt% Co), Cl
(50 wt% Co), D (60 wt% Co) and E (80 wt% Co). These
compositions were confirmed by EDX. Samples in each
series were annealed at 500 °C for 2 hrs. to obtain differ-
ent sizes of the Co and Cr,0; particles: |Sample C1(was
obtained by annealing sample C twice. Magnetic measure-
ments were done on a Lakeshore 4500 VSM fitted with a
continuous flow He cryostat.

3. RESULTS AND DISCUSSION

XRD analysis showed that all samples consist of rhombo-
hedral Cr,0; and fcc Co. Samples A, B, C, D and E have
the same average particle size of ~24 nm and sample C1
has a size of 34 nm in the AFM. This can be also be seen
in the TEM images shown in Figure 1, which clearly show
cobalt nanoparticles of average diameter D, ~ 3.5 nm
embedded in a matrix of Cr,O; nanoparticles.

For thermal activation measurements each sample was
heated in a positive applied field to a setting temperature

20 nm |Sample c \ $ Gl

Fig. 1. TEM images of Co—-Cr,0; nanocomposite samples B and C.
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Tt > Ty It was then cooled to a temperature 7y, , at which
the AFM is free from thermal activation effects. The field
was then reversed and the sample was heated for 30 mins.
at an activation temperature 7 o causing part of the AFM
particle volume distribution to align opposite to the orig-
inal setting direction. T, corresponds to a critical AFM
particle volume V. that can be thermally reversed against
the original setting direction.” So only AFM particles with
V > V. will contribute to H,,. Because thermal activation is
used to set or activate the AFM, the corresponding particle
volumes can be written as Vggr ¢ = In(7f)kgT /K e (T),
where 7 is the setting time in case of Vg and the activa-
tion time in case of Vi and T is the corresponding setting
or activation temperature.” The sample is then cooled down
to Ty, and the M (H) loop is measured. A detailed descrip-
tion of this measurement procedure is given in Ref. [7].
Figure 2 shows the results of these measurements. The solid
lines represent values of the integral f‘YCSET f(V)dV, where
f(V) is obtained from Eq. (2). In our model, I represents
the fraction of the AFM particles that are contributing to
H,, after activation at a given temperature. Figure 2 shows
good correspondence between the behaviour of H,, and I.
This means that the measured values of H,, are largely
controlled by thermal activation effects over AFM parti-
cle volume dependent energy barriers as described by the
integral /. There is good agreement between H,, and / for
sample A.and this becomes poorer as the FM particle con-
centration and the FM/AFM interface density increases. At
higher FM/AFM interface densities, the thermally activated
depinning, of jinterfacial spins which affects the coupling
constant C* may be responsible for the weaker agreement
between H,, and I for higher Co concentrations. This is
more pronounced at lower values of T,-p because smaller
AFM particles are expected to have a larger proportion of
loosely coupled surface spins. Thermally activated depin-
ning of these surface spins would result in smaller values
of H,,.

Applying the independent AFM particle volume model
requires prior knowledge of the AFM particle size dis-
tribution f(V). For AFM thin films, f(V) is obtained
through particle size analysis of TEM images. This analy-
sis becomes very difficult and less accurate for FM/AFM
nanocomposites because of poor TEM contrast of oxide
AFM’s and the composite nature of the samples. To circum-
vent this problem, the integral I was calculated from Eq. (1)
with f(V) obtained from Eq. (2) and using o as a float-
ing parameter. o was found to lie in the range 0.17...0.18
for samples A, B and C, and o = 0.22 for sample C1. The
temperature at which H,, = 0 corresponds to the median
blocking temperature T, of the sample.” Assuming spheri-
cal particles, D,, can be calculated from 7;, using’

D — 6In(7f, kg < T, >\ "
" TK (< Ty >)

®)

Here 7= 1800 s is the thermal activation time, f, ~ 10° s~!
is an attempt frequency, kg is the Boltzmann constant and
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Fig. 2. Thermal activation measurement of samples A, B, C and C1. Solid lines are calculated values of the integral shown on the right axis.

K ,r the anisotropy constant of Cr,0; - K, (7;) was cal-
culated using,
KD = Ku0)(1- 1) @
N
where K ,(0) =2 x 105 erg cm~* and T, = 308 K.!? Using
values of 7, obtained from Figure 2, the median AFM par-
ticle diameters for all samples have been calculated from
Eq. (3), giving D,,o, of about 26 nm for samples A, B and
C and 34 nm for sample C1. These values agree well with
those obtained from analysis of the XRD spectra. Figure 2
shows that 7; depends only upon the average particle size
D¢,,o, in the AFM and is independent of the FM content
of our samples. Samples A, B and C, having the similar
values of D, o, have T;, ~ 148 K, while sample C1 has a
T, = 185 K.
These results show that the AFM particles are non-
interacting, and not coupled into domains, because chang-
ing the concentration would affect the correlation length
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Fig. 3. H measured at 77 K after activation at T, = 310 K. Dashed
line is guide to the eye.
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and 7. This in turn means that the superexchange inter-
action is not transmitted across the particle boundaries.
Superexchange between the Cr’* cations is mediated by
0% anions and is very sensitive to the bond lengths and
bond angles between them. Symmetry breaking and dis-
order at the surface of the nanoparaticles would lead to a
strong disruption of the superexchange interaction, effec-
tively decoupling the Cr,0; particles.

An interesting aspect of working with Cr,0; is that it
can be field cooled from a paramagnetic state above 7.
This allows the entire particle volume distribution to be
set. If measurements are made at 7T,, where there is no
thermal activation, the integral in Eq. 1 becomes unity. The
saturation value of exchange bias, HS', measured at high
activation temperature 7, = 310 K then corresponds to
C*H! enabling us to isolate that part of H,, that depends
upon the FM/AFM interface density. This had not been
possible in our earlier work on NiFe/FeMn and CoFe/IrMn
thin films because of the high 7 of metallic AFM’s.
Figure 3 shows H* versus Co concentration for the five
samples studied. It has a maximum at 40 wt% after which
it decreases due to percolation effects. Because the AFM
is completely set at T,y =310 K, the behaviour shown in
Figure 3 is only due to changing FM/AFM interface den-
sity. At all lower activation temperatures a mixture of bulk
and interfacial effects influence the value of H.,.

4. CONCLUSIONS

The exchange bias in Co—Cr,0; nanocomposites can be
explained using the independent particle volume model.
The median blocking temperature depends only upon the
median particle volume in the AFM. This implies that the
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AFM particles act independently and are not coupled into
domains, indicating that superexchange does not transmit
across particle boundaries. Our measurement technique
allows us to isolate the parameter C*H!_ which is a mea-
sure of the intrinsic exchange bias moderated by interfacial
effects.
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