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The effect of particle size on the magnetic and optical properties of cobalt oxide Co304 has been investigated.
Single phase Co304 nanoparticles were synthesized by co-precipitation route and their structure was confirmed
through X-ray diffraction analysis. The average crystallite sizes of the nanoparticles as determined from the X-ray
diffraction were found to lie in the range of 13 to 59 nm. At room temperature these particles show paramagnetic
response and the DC magnetic moment of the samples showed an increasing trend with increasing particle size.
Both the antiferromagnetic Néel temperature Tx and the low temperature moment depict finite size effects in
the AC susceptibility measurements. The optical absorption studies show that there are two direct band gaps in
Co30y4, the main energy band gap and a sub-band located inside the main energy gap. The values of these energy
band gaps for the 45 nm particles were determined to be 3.15 and 1.76 €V, respectively. The direct band gap in
these particles clearly shows a blue shift with decreasing size attributable to the quantum confinement effect.

DOI: 10.12693/APhysPolA.125.139
PACS 81.05.Gc, 61.05.cp, 75.75.—c, 78.66.—w

1. Introduction

The study of magnetic properties of nanosized particles
is of great importance from basic as well as applications
points of view [1, 2]. Néel had originally drawn the atten-
tion to the properties of antiferromagnetic nanoparticles
(AFN). Néel suggested that AFN are likely to possess
induced permanent magnetic moments, which depends
on the lack of an internal structural perfection and/or
surface spin unbalance [3]. Furthermore, antiferromag-
netic nanoparticles have recently gained increased atten-
tion by virtue of their potential for exhibiting quantum
tunneling of magnetization as well as their technological
applications [4-6].

In general, magnetic oxides containing transition ele-
ments such as cobalt, manganese, or ruthenium exhibit
most fascinating magnetic properties. Among these tran-
sition metal oxides, cobalt oxide is one of the most ver-
satile ceramic materials, since it is a p-type antiferro-
magnetic oxide semiconductor. The Co30,4 nanoparticle
system is considered an ideal material for the study of
macroscopic magnetic quantum effects [7, §].

A significant body of work exists on the magnetic and
optical properties of Coz304. In 20 nm Co3z0,4 particles
[9] there was found a lowering of T compared to the bulk
value, horizontally shifted hysteresis loops on field cool-
ing, and a temperature independent magnetic relaxation
rate below 10 K. The latter effect was ascribed to possible
magnetic quantum tunneling in this system. Magnetic ir-
reversibility effects were seen at temperatures in excess
of T but the relaxation rate appeared to show a sharp
maximum at the susceptibility peak.
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In a recent study on crystallites of 3040 nm size
Co304 particles, a reduced Néel temperature of 25 K and
two direct optical band gaps (3.12 and 1.77 €V) were ob-
served and attributed to the excitations emanating from
the presence of Co in two valence states +2 and +3 re-
spectively [10]. (The Co®* d states form a small sub-band
within the main band gap whereas the Co?t d states lie
almost at the edge of the conduction band, while the
valence band has a primarily O 2p character.) The cor-
responding values for the band gaps in the bulk are re-
ported to be 2.85 and 1.70 eV. The observed blue shift
in the band gap was explained as originating in the finite
size effects of the nanoparticles. Thota et al. determined
a value of moment per Coz0,4 equal to 4.82 up. The
larger value of the moment compared to the spin only
value of 3.87 up was attributed by them to the presence
of incomplete quenching of the orbital moment. Optical
measurements on CozOy thin films [11] also show two di-
rect band gaps. Coz04 thin films are also studied [12]
and obtained the direct band gaps at significantly lower
values of 2.13 and 1.52 eV, respectively.

Also studies on the variation of lattice strains [13] as
a function of Co3z0, particle size determined, in general,
an increasing strain for smaller size particles in the range
7-18 nm. Using electron paramagnetic resonance (EPR)
they obtained values for the electron ¢ factor in the range
2.168-2.300 again indicating an orbital contribution to
the moment. Rao et al. observed only one absorption
edge that ranged from 2.160 to 2.67 €V for different sized
particles.

It is apparent from the above highlights of Co3O4
nanoparticles that there are various studies of the op-
tical and magnetic properties displaying dependences on
the size of the nanocrystallites. More emphasis however
has been on the optical properties and there is little data
on how the size of particles affects the magnetic behav-
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ior, aside from the usually reported lowering of Ty within
nanoparticles of the same size. It appears that a system-
atic study of the size dependence in both the optical and
magnetic aspects is needed, within the same set of parti-
cles. In particular, we are interested in studying how the
size variations affect the magnetic behavior in both the
paramagnetic and the antiferromagnetic regions where on
the one hand the finite size effect will enhance the role of
fluctuations and lower the Ty, while on the other hand
the non-compensation of the surface spins is expected to
lead to enhanced paramagnetic behavior.

2. Experimental

To prepare the Co304 nanoparticles 15 mL of 4.0 M
KOH solution was slowly dropped into 15 mL of 1.0 M
CoS0O4-7TH20 solution under vigorously stirring. After
the reaction a pink coloured product was obtained that
was kept with the solution for two hours. The precipi-
tates so obtained consisted of cobalt hydroxide and potas-
sium sulphate etc. The resulting solution was then cen-
trifuged at 2000 rpm to separate the precursor [Co(OH),]
from the rest of the residual solvent. Washing of these
precipitates was carried out 4-5 times with distilled wa-
ter. After washing, the precipitates were placed in an
oven at 50°C overnight for the removal of remnant ions
in the final product. The precursor was decomposed to
Co304 by annealing it in air in a tube furnace at 250,
420, 550, 650, 750, and 850 °C, respectively, for 3 h [14].

3. Results and discussion

The X-ray diffraction patterns (XRD) for 3 h an-
nealed samples at varying annealing temperatures be-
tween 250°C and 850°C are shown in Fig. 1. We have
found the particle sizes of 13, 17, 27, 37, 45, and 59 nm.
The normal cubic spinel structure of Co304 appears only
after annealing the precursor. The XRD patterns in-
dicate that the precursor Co(OH)s decomposition com-
pletes at 420°C. The XRD patterns in above figures
show that increasing thermal treatment temperature re-
sults in the intensifying and sharpening of the diffraction
peaks. This indicates that the Co3O,4 grains grow and
the nanocrystal quality is improved. To estimate the av-
erage crystallite size of nanoparticles from the measured
width of their diffraction curves (XRD pattern) we used
the Scherrer formula
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In this equation, A\ represent the wavelength of the
X-ray radiation, B is the full width at half maximum
of the diffraction peak (in radians) and g — the Bragg
angle. The sizes were calculated from the broadening of
the three main peaks (200), (311), and (440). The aver-
age size of the crystallites varies from 13 to 59+ 3 nm as
determined by above method.

Magnetization studies were carried out to understand
the effect of crystallite size variation on the magnetic
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Fig. 1. XRD pattern of 3 h annealed samples of differ-
ent sizes. a (13 nm), b (17 nm), ¢ (27 nm), d (37 nm),
e (45 nm), and f (59 nm).

properties of Co304. The DC magnetization of the sam-
ples as a function of applied field was studied using a
commercial vibrating sample magnetometer. The data
are shown in Fig. 2. All samples exhibited a paramag-
netic response at room temperature with an increase in
the paramagnetic moment with increase in average crys-
tallite size. The DC susceptibility (M/H) or slope of
paramagnetic lines in Fig. 2 increases with increasing the
particle size. The inset of Fig. 2 shows the plot of mag-
netic moment versus the crystallite size at an applied
magnetic field of 7 kOe for comparison. There is an al-
most 65% increase in the moment with increased size,
from 13 to 59 nm. The increased moment with increas-
ing size can be related to the presence of a magnetically
dead or inert layer on the surfaces of magnetic nanoparti-
cles due to the broken bonds, presence of impurities and
the enhanced strains due to structural disorder. This
dead layer becomes relatively insignificant as the size of
the nanoparticles increases and the moment increases.

In order to determine the Néel temperature of these an-
tiferromagnetic nanoparticles AC susceptibility was stud-
ied in a home made susceptometer combined with a com-
mercial closed cycle He system. The applied AC field had
amplitude of 10 Oe at a frequency of 573 Hz. These mea-
surements were performed on three different sizes, 17, 27,
and 37 nm, however only the results for the 17 and 37 nm
nanoparticles are being shown. The variation in the in-
-phase part of susceptibility x(7T") and inverse of x(T) as
function of temperature for the 37 and 17 nm samples are
shown in Fig. 3a and b. An AFM is characterized by the
susceptibility peak at the Néel temperature. A peak in
the susceptibility was found to occur in the temperature
range, 19 < T < 28 K and 17 < T < 32 K for the 17 nm
and 37 nm nanoparticles, respectively. The peak for the
larger sized particle is seen to be broader while the centre
of both peaks is at about 24 K. This temperature cor-
responds to the Néel temperatures of the nanoparticles,
whereas bulk Co3Oy4 undergoes a transition at Ty = 40 K
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Fig. 2. Main figure: M (H) behavior at 300 K for dif-

ferent sized samples. a (17 nm), b (27 nm), ¢ (37 nm),
d (45 nm), and e (59 nm). Inset: variation of moment
with size (H = 7 kOe).

as reported in literature [15, 16]. Hence it is apparent
that the particles, 17 and 37 nm, have a significantly
lower Néel temperature than the bulk, and no signifi-
cant difference in the Néel temperatures between the two
sets of particles could be discerned from the susceptibil-
ity peaks. This value of Ty is lower than the reported
bulk value of 40 K. The decrease in the Néel temperature
for nanoparticles as compared to bulk value has been re-
ported in the literature [17, 18]. Resnick et al. found Ty
of 15 K for 4 nm particles [19].

9.7x10°

1.3x10*
-4
1.2x10 | o.6x10°
1.1x10*
& 1.4x10* Lo.5x10% =
2 3
3 1.0x10" &
5 .8
= 1.0x10* Lo.ax10® =
9.5x10°
0.0x10° F9.3x10°
1.1x10* 1.10x10°*
1.1x10*4
. 11.08x10°*
= 1.0x10*1
= -
5 . =
2 9.5x10° g
g L1.06x10° §
o
2 9.0x10' E
3 —_
8.5x10° r1.05x10"
8.0x10° -
: ; T T T 1.03x10*
0 50 100 150 200
TIK]
Fig. 3. (a) Temperature variation of AC susceptibil-

ity of two of the samples a: 17 nm and b: 37 nm
(hac = 20 Oe). (b) Inverse of AC susceptibility versus
temperature, for the samples a: 17 nm and b: 37 nm.

An estimate of the Néel temperature can also be made
from the Curie—Weiss plot. By extrapolating the inverse
of susceptibility line to zero, the intersection with the
T axis was seen to occur at (negative) temperatures of
On = —26 K and —31 K, respectively, for the above two
samples of 17 nm and 37 nm nanoparticles as shown in
Fig. 3a and b. The negative values of fx attained from
the Curie law fit showed that the system has AFM in-
teractions, as expected. The values of Oy lie within the
range of the peak temperatures in respective plots of x.
This clearly shows that the decline in x (the peak at Tp)
is to be attributed to the onset of the atomic force mi-
croscopy (AFM) transition. The larger value of 6 for the
larger sized particles is consistent with the above discus-
sion of the role of finite size and surface effects in lowering
the magnetic ordering temperatures. Interestingly, we
noted that as the crystallite size decreases, the magnetic
susceptibility both at the peak and below it, in the an-
tiferromagnetic state, are higher. The peak value of sus-
ceptibility decreased systematically from 1.24 x 10~ to
1 x 10~% emu/g/Oe and finally to 0.96 x 10~* emu/g/Oe
as the size increased from 17 to 27 and finally to 37 nm
particles.

Furthermore, below the peak (e.g. at 10 K) we find a
similar trend in the decrease of the susceptibility from
1.1x 1074 t0 0.94 x 10~* emu/g/Oe as the size increased
from 17 to 37 nm particles. It is apparent that this
trend is in contrast to that observed at room temper-
ature where the larger sized particles had a larger para-
magnetic moment. The trend at lower temperatures can
be understood in terms of the increasing finite size effects
in smaller particles that will tend to destabilize antiferro-
magnetic alignments as the temperature approaches and
decreases below Ty.

In addition to the enhanced role of thermal fluctua-
tions in destabilizing the antiferromagnetic alignment in
smaller particles, the role of surface spin disorder is also
to be considered. The structural disorder at the surface
is understood to lead to spin disorder [20] leading at low
temperatures to incomplete antiferromagnetic alignment
and in a larger moment. The non-compensation of the
antiferromagnetic moment because of the increased role
of surface spin disorder increases as the nanoparticle size
decreases (surface-to-volume ratio increases). This ob-
servation indicates that it is possible that the observed
decrease in the Néel temperatures of the particles (as
compared to the bulk) could also be due to the presence
of the uncompensated spins that may create a magnetic
moment destabilizing the AFM state.

From the slope of the 1/x vs. T data we determined
the value of the Curie constant (C' = Nu2;3kp) equal
t0 2.3 x 1072 K emu/(g Oe). Using the value of N, the
number of Co atoms per g, as equal to N = 7.49 x 102!,
we obtain peg = 3.487 X 1029 emu. This converts to
ter = 3.73 up/Co.

Various values have been quoted for peg/Co. Dutta
et al. [15] have reported an experimental value of 4.09 up
while others [21, 10] have obtained values of 3.26 up,
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and 4.82 pp/Co. Larger values of the effective moment
than expected from spin only contribution (3.87) are at-
tributed to the non-vanishing of the orbital component of
angular momentum for the Co?* ions (the Co®* ions are
in low spin state with S = 0, and hence only the Co?*
contribute to the moment).

In order to understand the band structure of Coz0,
nanoparticles and to determine the effect of crystallite
size on band gap energies, we conducted optical absorp-
tion spectroscopy. There are two direct band gap transi-
tions in bulk Co3Q0, in the range 1.88-2.13 ¢V and 1.50—
1.52 €V, respectively [11, 12]. The first band gap can be
assigned to the O2~—Co?* charge transfer process while
the second band gap can be assigned to O>~—Co>* charge
transfer process. Cobalt obviously is present in both +2
and +3 states to provide a total of eight electrons to each
formula unit.
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Fig. 4. Absorption spectra of different sized samples.
a (13 nm), b (17 nm), ¢ (27 nm), d (37 nm), and
e (45 nm).

Optical absorption spectra of the samples of 13 nm
to 45 nm particles were taken at room temperature by
dispersing them in absolute ethanol which is a low ab-
sorbing medium. To cancel the effect (if any) of absolute
ethanol, 0% absorbance baseline was set using absolute
ethanol. All spectra were taken in the range 250-1000 nm
on Lemda-950 Perkins Elmer double beam spectrometer
with quartz cuvettes of dimensions 1 x 1 x 4.5 cm? as
the holders for the sample and reference solutions. Abso-
lute ethanol was used as the reference solution. UV-Vis
absorption spectra of the samples mentioned above are
shown below in Fig. 4. To estimate the value of the direct
band gap of Co30,4 nanoparticles from the above absorp-
tion spectra we used the following equation [22, 23]:

(ahv)™ = B(hv — Ey), (1)
where hv is the photon energy in eV, « is the absorption
coefficient in cm™!, B is a constant related to the mate-
rial, while the value of n = 2 for direct transitions, as in
our case. To calculate o, we needed the transmittance T'
which was calculated using the Beer-Lambert law [24]:

A= —log(T). (2)
Here A represents absorbance and 7" the absolute value
of the transmittance. By measuring the absorbance A the
transmittance T was determined from Eq. (2). The ab-
sorption coefficient o was calculated using the relation
ad =1n(1/T). (3)
In this expression d is the thickness of the sample in units
of centimeters (cm), and was taken as the cuvette length.
Using these values in Eq. (1) the value of e, was deter-
mined using different values of n. The best linear fit was
obtained by plotting (ahv)? against photon energy (hv),
indicating that the absorption edges are due to a direct
allowed transitions. The linear fit to the (ahv)? versus
hv plot was obtained by fitting a straight line to the lin-
ear portion of the curve. The value of optical absorption
edges has been determined from the value of intercepts
of the straight line at zero of the ordinate.

Figure 5 below shows the direct band gap estimation
due to 027—Co?** and O?~—Co?* charge transfer pro-
cesses for 37 nm particles. Values of the band gaps for
the other samples were determined similarly.
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Fig. 5. Estimation of direct band gaps for the 37 nm
sample from data of Fig. 4 using Eq. (1) of text. The
transitions are due to the O*”-Co®T and O*~-Co**
charge transfer.

Graphical representation of band gap variation with
crystallite size for the above mentioned samples due to
027-Co3" and 0?7-Co?T charge transfer processes is
shown in Fig. 6. From Fig. 6, a clear blue shift in direct
band gaps can be observed with decrease in the crystal-
lite size in our samples. Such a blue shift for Co304 has
been variously reported in the literature [25]. The value
of the band gaps for the bulk material are reported to be
1.7 €V and 2.85 eV for the transitions from the valence
band to the Co®t and Co?* subbands, respectively. We
note that the values for both the band gaps increase with
decreasing size. The band gap for the 02~—Co?* transi-
tion varies from 1.76 to 1.92 (+0.03) eV as the size varies
from 45 nm to 13 nm. In the same size range the band
gap for the O?~—Co?* transitions varies from 3.15 to
3.40 (£0.04) eV. It is noticeable that while for the lower
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02~ —Co?* transition the band gap has almost attained
the bulk value (1.70 V) for the largest size of 45 nm, the
027—-Co?" transition is still significantly higher than for
the bulk.
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Fig. 6. Graphical representation of direct band gap
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b: 0%~ —-Co®" charge transfer processes.
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Rao et al. [13] find a value of the smaller gap varying
between 2.16 eV and 2.67 eV for sizes varying between
7 and 18 nm while Thota et al. [10] obtained values of
3.12 eV and 1.77 eV for the respective energy gaps for
20 nm average size particles. The blue shift in the band
gaps for nanosized particles is understood to be due to
the quantum confinement effect [26]. Therefore the pres-
ence of a blue shift in both the band gaps as compared
to the bulk Co304 as well as the increase in the band
gap with decreasing size in the range of 13-45 nm is
clear evidence that these particles are well within the
strong confinement regime. The larger amount of blue
shift for the O?~—Co?* transitions as compared to those
for the O2~—Co3" transitions suggests that for the ions
located in the tetrahedral and octahedral symmetries, re-
spectively, the confinement effects are not identical.

4. Conclusion

We have compared the magnetic and optical proper-
ties of different sized Co304 nanoparticles. The magnetic
properties are affected by the finite size of the particles
in the sense of a significant lowering of the Néel temper-
ature as compared to the bulk and also a slight decrease
in Ty as the size of the particles is decreased. We find
that for larger sized particles the room temperature mo-
ment, far from Ty, is larger than for the smaller parti-
cles, indicating the presence of what may be regarded
as a magnetically dead layer at the surface. This inert
layer leads to a pronounced lowering of the paramagnetic
moment for the smaller sized particles due to larger sur-
face to volume ratio. However we find interestingly that
at temperatures approaching and below Ty the suscep-
tibility of the smaller particles is larger than that of the

larger particles suggesting that the uncompensated spins
in the case of the smaller particles are responsible for an
incomplete cancellation of the moment and hence a larger
moment and susceptibility.

Absorption spectroscopy shows a continuing increase
in both the direct band gaps with the O?~—Co?" transi-
tion continuing to show a large difference from the bulk
value of the same while the O?~—Co?* transition shows
a smaller change and the value of the gap has almost
attained the bulk value for the 45 nm particles. We sug-
gest that the difference in the confinement effects for the
two band gaps might emanate from the differences in the
effective masses of the carriers in the sub-bands created
by the two types of Co ions, each one being located at a
different symmetry, since the band gap shift is sensitively
dependant on the effective masses of the carriers.
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