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A series of Cox�CoO�1−x thin films have been synthesized by sputtering Co in an oxygen atmosphere using
different rf sputtering powers as a means to vary the concentration x. The highest exchange-bias field �HE

�2.7 kOe at T=90 K� was measured in a sample with an estimated metallic Co fraction of x=0.53. In this
sample, and in those with lower Co concentrations, the temperature dependence of the magnetization shows a
pronounced dip, both in zero-field- and field-cooled curves, at temperatures close to the Néel temperature of
bulk CoO. This feature, which disappears with moderate annealing, is associated to the destabilization of small
isolated Co nanoparticles when the exchange coupling with the CoO matrix vanishes above its Néel tempera-
ture. A simple structural model is proposed to account for the presented magnetization. X-ray diffraction and
electrical resistivity results are also presented, which support the studies of magnetic properties.
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I. INTRODUCTION

The phenomenon of exchange anisotropy or bias �EB� is
typically associated with a shift of the hysteresis loop
�exchange-bias field, HE� measured after field-cooling a fer-
romagnetic �FM�-antiferromagnetic �AFM� interface through
the Néel temperature TN of the AFM component.1 Other
manifestations include an enhanced coercivity and a unidi-
rectional component in torque measurements.2 This effect
has been studied extensively in the last decade due to its
application in spin-valves for magnetic reading heads and in
random access magnetic storage units, but also because of its
fundamental interest, since a number of microscopic models
are still a matter of controversy.3 The simplest material em-
ployed to study the EB effect consists of a nanoscale layer or
particle of a FM metal, such as Co, which is allowed to
passivate in an oxygen atmosphere �CoO is AFM� after its
synthesis. Co-CoO bilayers4–6 and core-shell nanoparticles
�NPs�7–10 are still, in spite of the complex spin structure of
CoO, the archetypal systems for exchange-bias studies, given
the good growth properties of Co, the convenient �i.e., near
room temperature� TN of CoO �293 K�, and the large HE

exhibited by these materials. In addition to the synthesis of
such bilayer and NP �Co-CoO� systems, a further approach
has been the embedding of core-shell Co-CoO NPs in differ-
ent types of matrices, recently employed to study the pos-
sible stabilization of the FM cores due to the anisotropy
contribution from the FM-AFM interface exchange
coupling.11,12

In this paper the synthesis method of composite bulk film
growth in a single step by sputtering Co in an oxygen atmo-
sphere has been employed to prepare exchange-biased Co-
CoO material. In contrast to previous work, which has em-
ployed this fabrication method to study the structural and
magnetic properties of films prepared as a function of oxygen
pressure,13–15 in the present work films prepared as a func-
tion of the sputtering power are investigated. The main result
to be presented is that of a minimum occurring in both field-
cooled �FC� and zero-field-cooled �ZFC� magnetization
curves for films �composites� prepared in a certain sputtering

power range. A phenomenological model to explain this fea-
ture is proposed, which is supported by results on the effect
of sample annealing and x-ray diffraction analysis. The paper
begins with the presentation of the resistivity, exchange-bias,
and coercivity field of the composites as a function of sput-
tering power and temperature.

II. EXPERIMENT

The films, several microns thick, were grown on water-
cooled glass substrates by magnetron rf sputtering. A high
purity Co target was sputtered in an oxygen atmosphere. The
argon pressure in the chamber was pAr=3�10−3 mbar and
the oxygen pressure p0=3�10−5 mbar. Magnetic properties
were measured with a commercial vibrating sample magne-
tometer �VSM� equipped with a cryostat. These properties
include hysteresis loops measured at 90 K, and FC and ZFC
magnetization curves obtained using a field of 5 kOe �this
choice of field will be justified below�. All sample cooling
was performed from 320 K in a field of 10 kOe, in the case
of hysteresis loops, and 5 kOe, in the case of the FC magne-
tization. Electrical resistivity data were recorded using the
four-probe method in a close cycle refrigerator. X-ray dif-
fraction �XRD� was performed using a commercial diffrac-
tometer �Philips X’pert�, which employed Cu K� radiation.
Several samples were submitted to thermal treatments in
vacuum, using a furnace adapted to the VSM.

III. RESULTS AND DISCUSSION

Varying the sputtering power between P=17 and 75 W
produced Cox�CoO�1−x composites, where x is the volume
fraction of the metallic phase, ranging from practically pure
fcc CoO �17 W� to nearly pure Co �75 W� with an hcp crys-
tal structure. However, the metallic Co phase �nonoxidized
regions� exhibited an fcc structure in samples grown at low rf
powers. The increase of the metallic Co fraction with power
was followed by x-ray diffraction and saturation magnetiza-
tion. Resistivity measurements showed the appearance of
metallic behavior at P=24 W, as shown in Fig. 1. The main
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panel shows the resistance at low �T=30 K� and high �T
=270 K� temperature for each power employed. The inter-
section of the two curves �change from positive to negative
slope in R vs T graphs� takes place at P=24 W, a sample
with x=0.53 �see below�. A few representative R vs T curves
are plotted in the inset, three corresponding to nonmetallic
samples �prepared with powers of 20, 22, and 23 W�, and
three of metallic character �24, 27, and 42 W�. The border-
line composite between metallic and nonmetallic character—
the sample produced with P=24 W—shows a resistivity in-
crease of only 5% from 10 to 300 K.

This first metallic sample of the series �P=24 W� exhibits
the highest exchange-bias field �hysteresis loop shift�, HE
�2.7 kOe �measured at 90 K�. Five samples of each power
batch were measured and have been plotted in Fig. 2, to-
gether with the volume concentration of metallic Co as esti-

mated from the saturation magnetization at T=5 K. The
exchange-bias field is indeed expected to be optimum in the
samples with a larger Co-CoO interface density. In this re-
spect, it is worth noting that the samples grown with P=24,
27, and 31 W all have a similar metallic Co content
��50% �, but the exchange-bias field and the resistivity
clearly decrease with increasing power. This behavior can be
explained by the larger phase segregation, and therefore
lower interface density, resulting from the more energetic
deposition associated with higher sputtering powers. These
three samples of equal FM Co content also exhibit differ-
ences in other magnetic properties, as will be shown later,
which justifies the use of the rf sputtering power as the ab-
scissa of the previous figures instead of the concentration x.
The rf power dependence of the coercive field essentially
mimics that of the exchange-bias field, with values above
4 kOe in the samples prepared using P=24 W.

The abrupt change in metallic Co content, and thus in
exchange bias field, between P=23 and 24 W must be re-
marked. The large dispersion of HE values in these two
batches of samples points to a corresponding dispersion in
metallic Co concentration, but it is also enhanced by the
sensitivity of the interface density to concentration in the
neighborhood of percolation. By sputtering Co in an inert
atmosphere, it has been confirmed that the sudden upturn in
the metallic Co concentration is not related to the deposition
rate of pure Co, which is linear in the studied power range.
The overall deposition rate �Co+CoO� does not show any
abrupt variation either. The feature can be explained after the
work of Hecq et al.16 �whose conclusions are outlined in Ref.
13�. For low rf powers, the sputtering rate is lower than the
oxidation rate of the Co target, thus mostly cobalt oxides are
sputtered. For higher powers, the sputtering rate becomes
higher than the oxidation rate, and thereby the sputtered ma-
terial is mainly Co. The observed abrupt change in concen-
tration reflects the crossover between the two sputtering re-
gimes.

Figure 3 shows the temperature dependence of the
exchange-bias and coercive fields for five representative
samples: two nonmetallic �20 and 23 W� and three metallic
composites �24, 35, and 42 W�. The data have been extracted
from hysteresis loops measured at 90 K after sample cooling
from 320 K in a field of 10 kOe. The exchange-bias blocking
temperature, Tb�275 K, is close to the bulk CoO Néel tem-
perature in samples belonging to the former group �Co con-
centrations below x�0.55�, whereas the loop shift vanishes
at Tb�220 K in all samples deposited using P�24 W,
pointing to a dependency of the blocking temperature on the
concentration of the AFM component. Regarding the coer-
cive field, the samples with low x �P=20 and 23 W� display
a peak at about 275 K. This peak is a well-known feature in
exchange-biased systems, either core-shell structured par-
ticles or bilayers.2 It has been explained in terms of a reduc-
tion of the anisotropy of the AFM component as its ordering
temperature is approached, an effect which allows more
spins to be dragged irreversibly by the rotation of the FM
moments. We have observed this feature sharply only in non-
percolated composites and very faintly in the borderline
sample prepared with 24 W. Interestingly, close inspection
of the higher power samples �Fig. 3�b��, however, reveals the

FIG. 1. Sample �electrical� resistance, measured at 30 K �open
circles� and 270 K �closed circles�, as a function of the rf sputtering
power �P� used in sample deposition. The inset shows the tempera-
ture dependence of the resistance of three metallic samples �open
symbols; P=24, 27, and 42 W, from top to bottom; left axis� and
three nonmetallic composites �closed symbols; P=20, 22, and
23 W, from top to bottom; right axis�. Notice the scale breaks in
both axes of the inset, as well as the change from linear to logarith-
mic scale in the right axis.

FIG. 2. Sputtering power dependence of the exchange bias field
�closed circles; left axis�, measured at 90 K, and of the metallic Co
content �open circles; right axis�. The dispersion in HE for each
power value is due to concentration variations within each sample
batch.
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presence of a hump, rather than a peak, around the onset of
the exchange-bias effect. X-ray diffraction indicates that
these higher power samples possess smaller CoO grains than
the P�24 W samples, leading to their lower blocking tem-
perature. The broadness of the hump can be explained by a
wider CoO grain size distribution.2

The temperature dependence of the FC and ZFC magne-
tization provides information on the Co regions, since these
regions determine the magnetic signal. The FC and ZFC
magnetization curves measured in three representative
samples �P=23, 24, and 31 W�, using H=5 kOe, are plotted
in Fig. 4. The strong FC-ZFC irreversibility �present in all
samples, but diminishing with increasing power� indicates
that the size of a significant fraction of the metallic Co re-
gions lies in the nanoscale, their magnetic moments blocking
at random directions �along the effective anisotropy axis of
each region� when the sample is cooled in zero field. A rarer
feature appears in the magnetization of samples deposited
with P�27 W: a pronounced dip, in both the FC and ZFC
curves, at T�275 K, precisely the exchange-bias blocking
temperature of those samples �as seen in Fig. 3�. The mini-
mum is more pronounced in the nonmetallic samples �the
upper panel shows in more detail the magnetization of the
sample prepared with 23 W�, and is smeared-out beyond the
borderline sample �P=24 W� until fully disappearing for P
=31 W. A similar dip was also observed with ac susceptibil-
ity �not shown�. This feature, the absence of which may be
taken as a signature of metallic percolation in this type of
composite, is most probably due to the loss of magnetic sta-
bility in isolated Co NPs �surrounded by CoO�, as the effec-
tive contribution of the exchange-bias to the magnetic aniso-

tropy vanishes above the AFM ordering temperature of the
matrix. The magnetic stabilization of NPs, i.e., the increase
of their superparamagnetic blocking temperature, using ex-
change anisotropy has indeed been demonstrated in granular
materials with Co-CoO core-shell NPs embedded in either a
CoO matrix11 and, more recently, in a nonmagnetic matrix
�Ag�.12 It has also been demonstrated in colloidal Co NPs
allowed to oxidize to different extents.9 These small FM NPs
separated from one another by AFM material would consti-
tute a significant fraction of the metallic Co phase only in
nonpercolated samples, thus explaining our observations.
The dip was best observed measuring with a field of H
�5 kOe, as at this field the loss of magnetization due to the
thermal destabilization of the small particles relative to the
total magnetization is maximized, i.e., the depth of the dip is
maximized. This field was determined experimentally by
subtracting the hysteresis loop measured at the dip �T
=275 K� from the loop measured at the beginning of the dip
�T=275 K�, the difference being largest for H�5 kOe. The
magnetization at this field is roughly half the saturation
value.

The results presented so far suggest a simple structural
model whereby metallic Co is found in three regimes, which
are defined according to their associated magnetic behavior.

�i� Isolated NPs, so small that upon heating from low
temperatures they become unstable when the AFM order of
the CoO matrix �and thus the exchange anisotropy� is lost, as
explained above.

FIG. 3. Temperature dependence of �a� the exchange bias and
�b� the coercivity fields for composites grown at different rf powers. FIG. 4. Field-cooled �empty symbols� and zero-field-cooled

�solid symbols� magnetic moment, measured using a field H
=5 kOe, of four composites grown at different rf powers �P�. The
upper panel shows, in more detail, the dip exhibited by the P
=23 W sample.
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�ii� Larger particles, large enough to be stable over the
entire �accessible� temperature range, but still highly aniso-
tropic and thereby accounting for most of the observed FC-
ZFC irreversibility. The superparamagnetic blocking tem-
perature of these particles is beyond the highest measured
temperature �320 K�, as is apparent from the still increasing
magnetization at 320 K, which implies that the onset of the
FC-ZFC irreversibility would have taken place at higher
temperatures had the sample cooling been initiated at higher
temperatures. The magnetization dips in both curves result
from the superposition of the magnetization contribution of
these large particles with that of the fine particles described
in �i�.

�iii� Yet larger �probably multidomain� regions, which
give the FM background apparent in Fig. 4, since they can be
easily magnetized and do not yield any thermally hysteretic
magnetization.

Our observation is that the relative fraction of these
forms, as reflected by their corresponding fingerprints in the
overall magnetization �dip at T�Tb, FC-ZFC irreversibility,
and FM background, respectively� shifts in the indicated or-
der ��i�→ �iii�� as the rf sputtering power, and thus the Co
concentration and the size of the Co regions, increases, as
would be expected.

The simple microstructural model given above is sup-
ported by XRD analysis of the samples. Figure 5 shows the
specular �� /2�� patterns registered in three samples spanning
the crossover region �P=23, 24, and 27 W�. For the P
=23 W sample, in addition to two intense reflections corre-
sponding to well textured �along �111�� fcc CoO, there is a
broad peak centered very close to the �111� position of bulk17

fcc Co. Attributing the Lorentzian-like profile of this broad
peak to �Scherrer� grain size effects alone gives an estimate
of the Co fcc grain size �D� of 2.5 nm. Given that the fcc
structure is typically found in Co NPs,9 including particles
embedded in various matrices,18–20 in contrast to the majority
hcp structure present in bulk Co, it is logical to identify a

fraction of these fine Co grains as the physically separated
NPs described in point �i� of our model �their very small size
is in good agreement with the observed magnetic destabili-
zation when the exchange bias effect is lost at T�Tb�, and
the larger particles described in point �ii� to be multigrain
particles composed of the remaining fraction of these grains.

For the P=24 and 27 W samples, which show less intense
CoO peaks �Fig. 5�, three reflections at positions very close
to those of the �100�, �002�, and �101�—in order of increas-
ing 2�—positions of bulk21 hcp Co are observed �inset�. This
establishes the presence of hcp Co grains in the samples. As
the fcc Co �111� position is very close to that of the hcp
�002�, it is not possible to determine, from a simple visual
inspection of the XRD data, whether a Co fcc phase is also
present in both composites. Since analysis of the P=23 W
identifies 2.5 nm fcc Co NPs to be the particles described in
point �i�, which give rise to the dip in the magnetization, and
in the P=24 and 27 W samples the dip is still observed—but
increasingly smeared out with increasing sputtering power
�Fig. 4�—it is reasonable to expect that a fraction of fcc Co
NPs are still present in these two composites. To determine
whether this is the case, we have analyzed the XRD patterns
from these two composites using the Rietveld method.
Former structural studies of such materials13–15 have, for cer-
tain preparation conditions, observed similar diffraction pat-
terns in the region of the three hcp reflections as those for the
P=24 and 27 W samples. However, of these studies, only
when TEM was used14 for complementary structural charac-
terization was the presence of fcc Co �in addition to hcp�
concluded.

Rietveld refinements were performed with the program
RIETICA,22 using a Voigt reflection profile for each phase. The
�dominant� Lorentzian component to each profile was attrib-
uted to grain size alone �and the parameters of the less sig-
nificant Gaussian part were fixed to values typical of the
instrument resolution function�. Figure 6 shows the refine-
ment of the XRD pattern from the P=24 W sample to three
phases: hcp Co �A�, fcc Co �B�, and fcc CoO �C�. Attempting
to fit to just two phases—hcp Co and fcc CoO—produced, in
the region of the three close reflections, a fit inferior to that
in Fig. 6. The lattice parameter and grain size �D� for the Co
fcc phase were held fixed at the values determined from the
analysis of the P=23 W sample. Other grain sizes are esti-
mated to be 5.7 nm �hcp Co� and 13.1 nm �fcc CoO�. Allow-
ing the grain size of the Co fcc phase to vary produced a
negligible change with respect to the value determined for
the P=23 W sample. All three phases �Fig. 6� are found to
exhibit preferred orientation �PO�, the PO axes being: �100�
�A�, �111� �B�, and �111� �C�; and the PO parameters, G1
�from a Dollase model23�, are 0.53 �A�, 0.30 �B�, and 0.281
�C�. The �Rietveld� scale factors for the Co hcp and Co fcc
phases are consistent with the former phase being the most
abundant of the two.

The occurrence of both Co phases, hcp and fcc, in the
24 W sample, with the former phase being the more abun-
dant and possessing the larger grain size of the two phases, is
consistent with the model drawn from the magnetic behavior.
In this sample, the hcp grains would form both some of the
large particles �described in point �ii�� and the large regions
�point �iii��, and the finer fcc �Co� grains would �as in the

FIG. 5. Specular �� /2�� x-ray diffraction patterns of the com-
posites prepared with sputtering powers P=23, 24, and 27 W. The
inset is an enlarged 2� region where the progressive change of the
Co structure from fcc to hcp with increasing rf power can be ob-
served. The reflection positions marked are for bulk Co: the �111�
fcc �star symbol� and, for increasing 2�, the �100�, �002�, and �101�
hcp �solid circles�.
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23 W sample� form the ultrafine NPs �point �i�� and the re-
maining large particles �point �ii��. The large particles �point
�ii�� in the 24 W sample are thus considered to be formed by
both the hcp and fcc Co grains.

Moving to the P=27 W sample, Rietveld analysis deter-
mines, from a reduction of the scale factor for the Co fcc
phase relative to that of the Co hcp, that the hcp phase is yet
more abundant than in the 24 W sample. This is consistent
with the smearing-out of the minimum in the magnetization
curves �Fig. 4� above the sputtering power of 24 W, i.e., a
reduction in the abundance of Co fcc grains �from
24 to 27 W� would be concomitant with a reduction in the
number of isolated NPs �of the type described in point �i��.
At still higher rf powers, the Co hcp peaks dominate the
XRD pattern, and, thus the magnetic behavior is entirely
associated to Co hcp grains that would form large particles
�point �ii�� and large regions �point �iii��.

Finally, in order to confirm the origin of the dip in the
magnetization of low x samples, the composite obtained with
P=23 W was subjected to successive thermal treatments
�each of 20 min duration� at increasingly higher annealing
temperatures, and the FC and ZFC magnetization recorded
after each annealing. The resulting data, displayed in Fig. 7,
show that thermal treatments at temperatures as low as
240 °C are enough to affect the magnetization dip, which
disappears after annealing up to 290 °C. This is due to the
thermally induced progress of segregation of the Co and
CoO phases, which involves the growth, through coales-
cence, of the �fcc� Co particles. This growth is indicated by a
narrowing of the Co fcc �111� peak in the XRD pattern �not
shown�. The magnetization dip is thus clearly related to the
presence of a fraction of sufficiently small Co particles in the
sample.

The reduction of interface density caused by the segrega-
tion of the FM and AFM components upon annealing is sen-
sitively detected by a large drop in the exchange bias field, as

shown in Fig. 8. Moreover, the disappearance of the magne-
tization dip is accompanied by that of the peak in the tem-
perature dependence of the coercivity �see Fig. 8, lower
panel�, suggesting that the aforementioned dragging of AFM
spins at the interfaces takes place more effectively during the
magnetization reversal of fine NPs, as compared to the mag-

FIG. 6. Rietveld fit of the x-ray diffraction pattern of the com-
posite grown with sputtering power P=24 W. The fit is to three
phases: �A� hcp Co, �B� fcc Co, and �C� fcc CoO. The difference
curve �data-fit� is shown, along with the reflection bars for each
phase �these are doublets at high 2� due to the �Cu� K�1 and K�2

components of the incident x-ray beam�. The reliability factors, Rp

and Rwp, of the fit are 4.4% and 5.6%, respectively. The main re-
flection contributing to each �observable� peak in the pattern is
labeled.

FIG. 7. Field-cooled �open symbols� and zero-field-cooled
�closed symbols� magnetic moment, measured with a field of H
=5 kOe, of the sample grown with P=23 W: as-deposited �tri-
angles�, after annealing up to 240 °C �squares�, and after annealing
up to 290 °C �circles�.

FIG. 8. Temperature dependence of the exchange bias �upper
panel� and coercivity �lower panel� fields of the sample grown with
P=23 W: as-deposited �open circles�, after annealing up to 150 °C
�open triangles�, up to 240 °C �closed circles�, and up to 290 °C
�closed triangles�. The inset in the lower panel focuses on the peak
region.
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netization of larger particles, where the rotation of the mag-
netization might not be as coherent.

IV. CONCLUSIONS

In summary, a series of Co-CoO composites have been
fabricated by the simple method of reactive sputtering of Co,
and their magnetic properties as a function of sputtering
power �and thus composition� have been related to their mi-
crostructure. In particular, a remarkable dip in the tempera-
ture dependence of the magnetization has been shown to
stem from the destabilization of fine Co NPs as the CoO

matrix surrounding them loses its AFM order. This phenom-
enon may be observed in future magnetization studies of
Co-CoO films prepared under different reactive sputtering
conditions �e.g., by varying oxygen pressure, as in Refs.
13–15�, where such fine Co NPs are present.
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