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Nanostructures of Co and CoO particles were synthesized by using a modified sol-gel technique. Coexis-
tence of Co and CoO with fcc structure is identified by powder X-ray diffraction and electron diffraction
studies. Particle sizes are found to be in between 4 nm and 13 nm obtained from Transmission Electron
Microscopy where high resolution images do not reveal any regular core-shell structure; rather it shows
a coexistence of Co and CoO nanostructure having irregular interfaces between them. A considerable
shift in the magnetic hysteresis loop associated with the substantial enhancement of coercivity (from
~1.0kOe to ~3.7 kOe) is observed at 5K when the composite was cooled in field-cooled mode with a
static cooling field, Hoo =8 kOe. The shift in the hysteresis loop is the typical manifestation of exchange
bias effect which is strongly dependent on the cooling field. The results reveal that substantial enhance-
ment of coercivity is attributed to the strong exchange coupling at the irregular Co/CoO interfaces where
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strong exchange bias effect does not require any regular core-shell structure.
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1. Introduction

Magnetic nanoparticles have drawn a considerable attention
in the past decades for developing a more complete understand-
ing of the fundamental properties in magnetism and technological
applications in diverse areas such as magnetic storage materials,
high-frequency magnetoelectric devices, biosensing materials, and
drug delivery [1-8]. In fact, a high coercivity commensurate with
the high magnetization is primarily desirable for many applications
e.g., high density magnetic storage, development of hard magnet,
magnetoelectric devices, etc. It has been observed that coercivity
of the ferromagnetic nanoparticles having a critical size close to
single magnetic domain is enhanced remarkably compared to that
found in the bulk counterpart (e.g., Fe powder with a crystallite
size of ~14 nm showed a coercivity of 1040 Oe [9] in comparison
with ~0.9 Oe [10] for bulk Fe). Owing to their high coercivities the
nanoscale crystallites have been recognized as potential candidates
for the technological applications.

One of the promising strategies is to enhance the coercivity by
exploiting exchange bias effect between two magnetic substances
in a heterostructure [11-14]. Exchange bias effect is typically man-
ifested by the systematic shift of the magnetic hysteresis loop in
a magnetic heterostructure composed of ferromagnetic and anti-
ferromagnetic substances when the system is cooled through the
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antiferromagnetic Néel temperature (Ty) in a static magnetic field
[11]. The shift in the magnetic hysteresis loop defined as exchange
bias field is typically associated with the enhancement of coercivity.
The phenomenon of exchange bias is a topic that has been visited
and revisited several times over the past 50 years since the discov-
ery of exchange bias effect by Meiklejohn and Bean [11]. The reason
isthat thereisaninherent complexity in varieties of structural com-
binations that lead to the competing interactions at the interface.
Till date, a clear microscopic picture of the exchange bias effect at
the ferromagnetic/antiferromagnetic interface is still remained elu-
sive. Co/CoO having core/shell nanostructure is a model system for
the exchange bias effect where Co is ferromagnetic and CoO is anti-
ferromagnetic. Thus, the phenomenon of exchange bias effect has
been revisited in Co/CoO nanostructures several times in different
combinations of nanostructures and interfaces.

In this paper, we report the substantial increase of coercivity due
to field cooling where the enhancement of coercivity is involved
with the strong exchange coupling between ferromagnetic Co and
antiferromagnetic CoO in a Co/CoO heterostructure. We observe a
strong exchange bias effect without regular core-shell structure. A
partial oxidation of Co particles having irregular interfaces between
Co and CoO nanostructure are found to be sufficient for the substan-
tial exchange bias effect.

2. Experimental section
Co/CoO nanostructure was synthesized by a modified sol-gel technique. The

cobalt nitrate solution was prepared by dissolving cobalt powder (99.99%, Aldrich)
in ~20% diluted nitric acid. The solution was transferred to a flask fitted with a
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Fig. 1. Powder X-ray diffraction pattern displaying coexistence of fcc structure of
Co and CoO nanoparticles.

condenser. A proper amount of citric acid (Loba Chemie 99.5%) was added to the
cobalt nitrate solution and stirred for 4 hat 70 °C for achieving a homogeneous cobalt
citrate solution. The amount of citric acid was so chosen to ensure that all the metal
ions form metal citrate where only two of the citrate ions were considered to be
taken part in the chemical bonding with the metal ions [15]. The clear solution was
transferred to a borosil beaker and kept in an oil bath maintained at 80°C for 36 hin
air to slowly form a gel. Thermogram of thermogravimetric analyzer (TA instrument,
SDT Q600) indicates that the decomposition of the dried gel was almost completed
around ~300°C by evolving a number of gases viz., CO, CO,, NO,, O, water vapour,
etc. Thus, the final product was ground and calcined at 300 °C for 6 hin a flow of a gas
consisting of a mixture of hydrogen (5%) and argon (95%). In situ oxygen partially
oxidizes the Co nanoparticles which give rise to the Co and CoO nanostructures.

Crystalline phases of Co and CoO were identified by powder X-ray diffrac-
tion (XRD) with the CuK, radiation (A =1.5406 A) using a BRUKER axs D8 Advance
diffractometer. Morphology, particle size, and size distribution of the particles were
observed by the high resolution Transmission Electron Microscopy (TEM) using a
JEOL JEM 2010 microscope operating at an accelerating voltage around 200kV. The
powdered sample was pressed into a pellet and a small part of the pellet was con-
sidered for the magnetization measurements. Magnetization measurements were
carried out in a commercial cryogen-free high-field physical property measurement
system (Cryogenics Ltd., UK).

3. Results and discussions

Fig. 1 depicts the powder XRD pattern of the sample recorded
at room temperature which clearly indicates the coexistence of the
diffraction patterns corresponding to fcc structure of Co and CoO
with space group Fm3m. The diffraction pattern is consistent with
those found in the JCPDS card (JCPDS 78-0431) for CoO and (JCPDS
10-0806) for Co. Any additional peak corresponding to Co304 and
Co,03 is absent in the XRD pattern. From the broadening of the
diffraction peaks the average sizes of Co and CoO particles are
estimated to be ~10nm and ~13 nm, respectively using Scherrer
formula [16] where the value is consistent with the higher limit of
the range of particle size obtained from TEM image. Fig. 2(a) shows
the TEM image of the dispersed particles. Histogram of the particle
size having size distribution in between 4 nm and 13 nm is shown
in the inset of Fig. 2(a) where the size distribution could be fit-
ted with the log-normal distribution function, f{d) = (27)~12(do’)~!
exp — [(Ind-Indg)?/(202)]. o is the variance indicating the size dis-
tribution while dy is the mean size. The best fit according to the
log-normal distribution function is shown in the inset of Fig. 2(a)
by the continuous line with dy =6.4 nm and o = 0.09. The difference
between TEM and XRD results may be ascribed to the different
averaging processes of each technique while the number aver-
aging is typically utilized in TEM and volume averaging is used
in XRD. Fig. 2(b) shows the selected area electron diffraction of
the nanoparticles which is in accordance with the crystalline state

observed in the XRD pattern. An example of the high resolution TEM
(HRTEM) image is shown in Fig. 2(c) showing the lattice fringes cor-
responding to Co and CoO nanostructures. The separation between
consecutive lattice fringes is larger for CoO than Co. We note that Co
and CoO nanostructures do not form a regular core-shell structure,
although several attempts have been made to observe any core-
shell structure. An example of the irregular interfaces between Co
and CoO nanostructure is indicated by the broken line in the figure.

Field-cooled effect of magnetization was measured as a func-
tion of temperature where the arrows indicate the measurements
in the warming and cooling cycles, respectively depicted in Fig. 3.
The sample was first cooled down to 5K from 300K in zero-
field, magnetization was measured in the warming cycle at 100 Oe
for zero-field-cooled (ZFC) magnetization, and then magnetization
was measured in the cooling cycle which gives us the field-cooled
(FC) magnetization. The ZFC magnetization does not show any fea-
ture of blocking temperature in the temperature dependence even
up to 300K. An anomaly is noticed around ~285K in Fig. 3 where
antiferromagnetic Néel temperature was reported for CoO [17]. In
case of Co304 a peak corresponding to Ty at 30 K was observed [18]
whichis absentin the present observation indicating the absence of
Co304. At 300K a symmetric magnetic hysteresis loop is observed
as shown in the inset of Fig. 3. Almost immeasurable coercivity is
noticed at 300 K which may indicate that the measurement temper-
ature is close to the superparamagnetic blocking temperature. We
further note that magnetization at 50 kOe does not show any satu-
rating tendency where the value (29 emu/g) is much smaller than
the bulk value of Co having fcc structure with saturation magnetiza-
tion, Ms ~ 175 emu/g [19]. This discrepancy might be attributed to
the various factors such as size effect, enhanced surface-to-volume
ratio, and the presence of antiferromagnetic CoO [20].

Magnetic hysteresis loop was measured at 5K in between
+ 50 kOe after cooling the sample from 300K in ZFC and FC modes
shown in Fig. 4 by the continuous and broken lines, respectively.
A considerably large shift in the hysteresis loop is observed for
cooling the sample in FC mode which is the typical manifesta-
tion of exchange bias effect. Furthermore, a large enhancement of
the coercivity is also noticed in the FC measurement. The values
of the coercivity (Hc) and exchange bias field (Hg) are deter-
mined as Hc=(H, —H1)/2 and Hg=|(H;+H>)|/2. H; and H, are
the left and right coercivities, respectively. The values of H¢ and
Hg at 5K are ~3.9kOe and ~3.0kOe, respectively for the cooling
field, H.oo =45 kOe which are significantly large comparable to the
reported values [20-23]. We strikingly note that a negative shift
in the magnetic hysteresis loop is also present along the field axis
shown in Fig. 4, although the sample was cooled in ZFC mode. In
case of ZFC cooling a symmetric hysteresis loop without exchange
bias effect is expected, despite very few reports are available where
exchange field was reported even in ZFC mode [24]. In order to
solve it we applied a large negative field at 300K, then set the field
to zero value, and finally the sample was cooled down to 5 K in ZFC
mode. After stabilizing the temperature at 5K the magnetic hys-
teresis loop was measured in between 4 50 kOe and a positive shift
along the field axis is noted shown in Fig. 4. Since a large negative
magnetic field was initially applied at 300K and set it to zero value,
a small negative residual field was present leading to the positive
shift in the hysteresis loop. The residual magnetic field gives rise
to the exchange bias effect manifested by the shift in the magnetic
hysteresis loop even in case of cooling in ZFC mode. For negative
residual field the shift is positive while it is negative for positive
residual field.

In order to investigate cooling field dependence of the exchange
bias effect the sample was cooled down to 5K from 300K in FC
mode and Hg and Hc were measured at 5K from the shift of the
hysteresis loops by varying the cooling field. The values of Hg and
Hc are displayed in Fig. 5 as a function of cooling field (Hcyo). Hg is
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Fig. 2. (a) TEM image of the nanoparticles. Inset of (a): histogram of particle size distribution. (b) Electron diffraction having ring patterns corresponding to diffraction planes
of the fcc structure of Co and CoO nanoparticles. (c) HRTEM image displaying the lattice fringes corresponding to Co and CoO. Interface area between Co and CoO is highlighted

by the broken line.

increased to ~2.9 kOe associated with the substantial enhancement
of coercivity at Hc,, =8 kOe and then both the parameters show
a saturating trend for H¢,, > 8 kOe. We note that H¢ is enhanced
up to ~3.7 kOe from ~1.0 kOe for H oo = 8 kOe. In case of exchange
bias phenomenon the system must contain two exchange coupled
phases comprising of reversible and rigid phases where magneti-

2.5
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~
o

Fig. 3. Temperature dependence ZFC and FC magnetization curves taken at 100 Oe.
Arrow indicates the Néel temperature at Ty = 285 K. Inset: magnetic hysteresis loop
at 300K.

zation of the first one can be reversed and the second one cannot
be reversed. Here, the ferromagnetic spins are reversible while the
antiferromagnetic spins are rigid. In the case of field cooling the
antiferromagnetic spins pin the ferromagnetic spins at the inter-
face and form a new layer of pinned ferromagnetic spins which
gives rise to the exchange bias effect. In the case of a low cooling
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Fig.4. Magnetic hysteresis loops at 5 K after cooling the sample in FC (H,0 =45 kOe)
and ZFC modes. For the ZFC modes the experimental protocol is described in the text.
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Fig. 5. Plot of coercivity (Hc) and exchange bias field (Hg) as a function of cooling
field (Heoo1) at 5K.

field, Hco( is not strong enough to align the pinned ferromagnetic
spins toward saturation. Therefore, the progressive alignment of
the moment of the pinned ferromagnetic spins along the direction
of Heo is increased with increasing H.,o which reduces the effect
of the averaging of the anisotropy due to randomness of spin align-
ment, resulting in the increase in effective anisotropy. Initially, a
rapid increase in anisotropy is indicated by the sharp increase in
Hc with Hgoo as shown in Fig. 5. When the cooling field is high
enough, the pinned ferromagnetic spins tend toward saturation
and vary a little along the cooling field with the further increase
in Hcyp- Thus, Hg and He remain almost unchanged for Hgyo > 8 kOe
which is displayed in the figure.

4. Summary and conclusion

The nanostructure of Co and CoO particles was synthesized
using a modified sol-gel technique. Crystalline phase of fcc struc-
ture with space group Fm3m of Co and CoO are identified by X-ray
diffraction studies. Crystalline phase is further confirmed by the
electron diffraction pattern of some selected portions of the par-
ticles. Particle sizes are found to be in between 4nm and 13 nm
obtained from the Transmission Electron Microscopy where high
resolution images do not reveal any regular core-shell structure,
rather it shows irregular interfaces between Co and CoO nanos-
tructures.

Temperature dependence of magnetization does not show the
feature of blocking temperature even at 300 K. A considerable shift
in the magnetic hysteresis loop associated with the substantial
enhancement of coercivity is observed at 5K when the compos-

ite was cooled in field-cooled mode. The shift in the hysteresis
loop is the typical manifestation of exchange bias effect which is
strongly dependent on the cooling field. The results reveal that the
substantial enhancement of coercivity is attributed to the strong
exchange coupling between ferromagnetic Co and antiferromag-
netic CoO at the irregular interfaces which does not require any
regular core-shell structure.
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