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a b s t r a c t

Nanocrystalline CoNi alloy is synthesized using sol–gel technique having average size � 8:5 and

� 12 nm. High-resolution transmission electron microscopy confirms absence of any oxide phase at the

grain boundary. We observe multifunctionality ascribed to large loop shift after the field-cooling and

saturation magnetization (MS) depending on interparticle interaction in CoNi alloy embedded in SiO2

matrix. A large loop shift 1.2 kOe is noticed at 5 K for 10.5% volume fraction (f). The loop shift

decreases with increasing temperature and vanishes around � 210 K where a maximum is observed in

zero-field-cooled magnetization. The loop shift decreases with decreasing f and vanishes at f¼ 0:01%.

Interestingly, MS increases with decreasing f and value at f¼ 0:01% approaches to the calculated value

of MS for the bulk counterpart. A model has been proposed with ferromagnetic-core and disordered

magnetic-shell structure to interpret the results.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic nanoparticles attract special attention for research-
ers from wide range of disciplines, including magnetic fluids [1],
drug delivery [2], magnetic resonance imaging [3] and data
storage [4]. In addition, fundamental issues on magnetism of
nanoparticles are fascinating because of diverse range of magnetic
properties depending on various factors such as size, shape, and
anisotropy, interparticle interactions, and surface effects [5–7].
Collective states of interacting ferromagnetic (FM) nanoparticles
[6] in association with non-equilibrium dynamics [7] have been
discussed adequately where delicate interplay between interpar-
ticle interactions, particle size distributions, and effective aniso-
tropy of individual particles leads to the diverse range of magnetic
properties. Surface effect [8,9] is another key issue of nanoparti-
cles which essentially results from lack of translational symmetry
at boundaries of individual particle because of lower coordina-
tion number and existence of broken magnetic exchange bonds.
These factors may lead to spin disorder or random spin canting
associated with the occurrence of spin frustration. Moreover,
anisotropic dipolar interaction in case of particles embedded in
the nonmagnetic and insulating matrix favors ferromagnetic or
antiferromagnetic alignments of the moments depending on
geometry, which may give rise to necessary ingredients for the
glassy magnetic states at the surface [5–7].
ll rights reserved.
Recent observations of exchange bias (EB) effect in nanocrys-
talline oxides and alloys create a huge impact which can establish
an evidence of strong surface effect [10]. Exchange bias effect is
manifested by the loop shift after cooling sample in a static
magnetic field attributed to the surface anisotropy, which has
different magnetic anisotropy than the core magnetism, has been
reported in various structurally single phase oxide nanocrystals
such as NiO [11], CuO [12], iron oxides [13,14], cobalt oxides [15],
spinels [17], cobalt ferrites [16] and mixed-valent manganites
with perovskite structures [18,19]. This has been rarely reported
in alloys [20–23]. In this article we report a large loop shift
attributed to the surface effect in structurally single phase CoNi
alloy having � 8:5 nm average size which are embedded in
amorphous SiO2 host. This loop shift being a typical manifestation
of exchange bias effect is promising for the application [24,25].
Retaining size of the particle interparticle dipole–dipole (d–d)
interaction has been tunned by controlling volume fraction (f) of
CoNi alloy in SiO2 which resulted in significant change in loop
shift, coercivity (HC), and saturation magnetization (MS).
The dilution of particle leads to the significant decrease of loop
shift and it disappears for f¼ 0:01%. Strikingly, MS increases
systematically with decreasing f. In fact, magnetization at 50 kOe
is found to be � 1:27 mB=formula unit which is close to calculated
value of MS for the bulk counterpart (1:29 mB) [26]. The results
demonstrate one of the finest way of improving magnetic proper-
ties of nanocrystalline compounds where strong EB effect mani-
fested by loop shift � 1:2 kOe is found for dense particles and
large MS for low concentration of the particles. We propose
magnetic core-shell structure to interpret the results where
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proportion of magnetic core and shell structure is strongly
influenced by the volume fraction or interparticle d–d interaction.
Fig. 2. (a) ZFC–FC effect of magnetization with temperature. Inset shows variation

of TM with volume fraction (f). (b) Magnetic hysteresis loops at 5 K after cooling in

ZFC and FC modes. Inset of (b) highlights the shifts of the hysteresis loops for

nanocrystalline CoNi alloy at f¼ 10:5% with average size at 8.5 and 12 nm.
2. Experimental details

Nanocrystalline CoNi alloy embedded in SiO2 matrix was
synthesized by standard sol–gel technique [27]. Stoichiometric
ratios of cobalt nitrate and nickel nitrate are used for synthesis of
CoNi alloy which were mixed with citric acid to achieve homo-
geneous metal citrate solution. Hydrolyzed ethanolic tetraethyl
orthosilicate (TEOS) was used as source of SiO2 which was added
to the solution. The resulting clear solution was dried slowly to
form a gel in air. The dried gel was decomposed at 550 and 800 1C
for 5 h in a continuous flow of H2/Ar gas mixture. The composi-
tion of the final product is (Co0.99Ni1.01)(SiO2)10.4 with volume
fraction, f� 10:5%. This was confirmed using transmission elec-
tron microscopy (TEM) equipped with an energy dispersive X-ray
(EDX) spectrometer (JEOL TEM, 2010) and atomic absorption
spectroscopy (AAS) using a Shimadzu AA-6300 spectrometer. To
record TEM image fine particles were dispersed in dehydrated
alcohol and sonicated for a long period of time. One drop of
cleared solution was spread over a carbon coated copper grid
which was considered for recording TEM image. The TEM image of
the particles decomposed at 550 1C is shown in Fig. 1. Average
sizes of the particles are found to be � 8:5 and 12 nm when dried
gel was decomposed at 550 and 800 1C, respectively. Herein, the
experimental data for particles with average size at 12 nm is given
only in the inset of Fig. 2(b). An example of high resolution TEM
(HRTEM) image displaying planes until grain boundary region is
shown in the upper inset of Fig. 1. HRTEM image confirms absence
of any other structural phase ascribed to minor oxidation at the
grain boundary region. The powder X-ray diffraction (XRD) studies
were performed in a Seifert XRD 3000P diffractometer using Cu Ka
radiation source. The XRD pattern confirms the face-centered
cubic structure (Fm3m) of CoNi alloy which is shown in the lower
inset of figure. Magnetization measurements on pelletized sample
were performed in a commercial SQUID magnetometer of Quan-
tum Design (MPMS, XL). The value of magnetization is calculated
from the actual composition obtained from AAS and EDX analyzes.
Fig. 1. TEM image of nanocrystalline CoNi alloy. Upper inset exhibits HRTEM

image of a particle. Lower inset shows powder XRD pattern of CoNi alloy.
In case of measurement in zero-field-cooled (ZFC) mode sample
was cooled in zero-field and measurement was carried out in the
warming cycle in a static magnetic field. For field-cooled (FC)
mode sample was cooled in field and measurement was carried
out in the warming cycle like a ZFC measurement.
3. Experimental results and discussions

Temperature dependence of ZFC–FC magnetization measured
at 100 Oe is shown in Fig. 2(a) for particles with f¼ 10:5%.
A broad maximum (TM) appears at 210 K in the ZFC magnetization,
above which ZFC and FC magnetization merge together.
The results are in accordance with the previous report where a
super-spin-glass like transition was proposed at TM from the
analysis of frequency dependent ac susceptibility results [28].
To investigate volume fraction dependent results f were
decreased systematically by adding SiO2 to the sample with
f¼ 10:5%. To achieve nearly homogeneous mixture grinding
was carried out in an agate mortar for long time period. In this
process interparticle d–d interaction was tunned by controlling f
where physical size of the particles was remained same. We note
that a rough estimate of the average interparticle distance is found
to be � 10 nm for f¼ 10:5%. As seen in the inset of Fig. 2(a) TM

decreases slowly and then it decreases sharply below f¼ 0:9%.



Fig. 3. (a) Training effect at 5 K where arrows indicate increasing direction of loop

cycling. (b) Plots of HE (open circles) with 1/
ffiffiffi

l
p

. Filled circles show the simulated

values using relaxation model. Straight line shows the fit using power law for

lZ2.

Fig. 4. Thermal (T) dependence of HE and ME of nanocrystalline CoNi alloy at

f¼ 10:5%.
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Assuming that particles are physically separated by silica matrix,
the exchange interactions among the particles may be neglected
retaining the d–d interaction only. Practically, possibility of
clustering or direct physical contact cannot be ruled out. However,
such minor fraction does not influence dilution effect or decrease
in volume fraction which is indicated by decrease of TM in the
inset of Fig. 2(a).

Moreover, we will notice in inset of Figs. 7 and 8 that physical
parameters such as shifts of the magnetic hysteresis loops change
systematically with f. For a regular array of identical dipoles with
identical magnetic moments m the transition temperature is given
by TM � ðm0a0=4pkBÞmMSf [29,30], where MS and m are the
saturation of magnetization and average moment of the magnetic
nanoparticles, respectively, and a0 strongly depends on particle
size distribution. Here, TM is the maximum observed in ZFC
magnetization and considered that TM appears due to dipole–
dipole interaction only. Thus a0 is close to 3.2. It was noted that
a0 � 1 for log-normal distribution function with distribution,
s� 0:3. The range of values of a0 has been discussed to be in
between 0.75 and 2.4 where particle size distribution was
addressed for such wide range of values [29].

After cooling the sample (f¼ 10:5%) in ZFC mode a symmetric
magnetic hysteresis loop was recorded at 5 K which is shown in
Fig. 2(b) by the broken curve. A considerable horizontal shift of the
loop is observed at 5 K [continuous curve in Fig. 2(b)] when sample
was cooled in FC mode. This is a typical manifestation of EB effect.
The horizontal shift is � 1:2 kOe after field-cooling at Hcool¼50 kOe.
Shifts measured from the magnetic hysteresis loop may provide over-
estimated value due to minor loop effect [31,32]. It has been pointed
out that in case of minor loop anisotropy field, HA is comparable to
Hmax where Hmax is the maximum field used for the measurement of
magnetic hysteresis loop. Herein, Hmax has been considered at 50 kOe
for each measurement which is bHAð � 18 kOeÞ in the current
investigation. Thus possibility of minor loop effect can be excluded
in the current investigation. Inset of Fig. 2(b) exhibits example of loop
shifts of nanocrystalline alloy with average size of 8.5 and 12 nm,
retaining same volume fraction. We note that EB field is much
smaller � 355 Oe for average size at 12 nm than that of the value
� 667 Oe observed for 8.5 nm when samples were field-cooled at
1 kOe. This clearly demonstrates that larger surface effect likely for
smaller particle provides larger loop shift. Training effect is commonly
observed in a system exhibiting EB effect which is a consequence of
decrease of loop shift with increasing number of field-cycling as
demonstrated in Fig. 3(a). After cooling sample in Hcool¼3 kOe down
to 5 K magnetic hysteresis loop was measured seven times (i.e. index
number, l¼ 7) successively in between 750 kOe. Horizontal shift
at zero magnetization defined as EB field (HE) is plotted with 1=

ffiffiffi

l
p

in
Fig. 3(b). The variation of HE with l could be fitted with the empi-
rical formula, HE�H1E p1=

ffiffiffi

l
p

for lZ2 where H1E is the value of HE

at l¼1. This is in accordance with the previous observations in
various alloys and compounds [10,33–37]. Training effect can also be
interpreted by the relaxation model proposed by Binek for all l as
HEðlÞ� HEðlþ1Þ ¼�g½HEðlÞ� HEðl¼1Þ� where g is a constant [38].
Satisfactory fits of the simulated values of HE (filled circles) with the
experimental data (open circles) are shown in Fig. 3(b).

Plots of HE and EB magnetization (ME) defined as vertical shift
at 50 kOe with temperature (T) are displayed in Fig. 4.
HE decreases with increasing T and vanishes around 210 K close
to TM for f¼ 10:5%. Previous report suggests the super-spin-glass
transition occurred at TM [28]. Temperature dependence of loop
shifts further demonstrates that EB effect is involved with the spin
freezing below TM. Above TM spin frozen component cannot take
part in the pinning mechanism. As a result of it EB vanishes at TM.
Horizontal shift was further recorded at 5 K after cooling in
different Hcool which is shown in Fig. 5. The plot displays a sharp
rise up to Hcool � 30 kOe and then it shows slow increasing trend
up to Hcool¼50 kOe. HC follows an almost similar Hcool dependence
as shown in Fig. 5. Thus increase of HE is associated with the
increase of overall anisotropy of the compound. Analogous to Hcool

dependence of HE, ME follows a similar behavior. Niebieskikwiat
and Salamon recently proposed a model based on simplified



Fig. 5. Cooling field (Hcool) dependence of HE and HC for nanocrystalline CoNi alloy

at f¼ 10:5%. Inset shows the plot of ME=MS vs. HE where straight line displays

possible linear dependence.

Fig. 6. Magnetic hysteresis loops at 5 K for f¼ 0:04%, 0.45%, and 10.5% of

nanocrystalline CoNi alloy. Inset shows the magnetic hysteresis loop for

f¼ 0:01% at 5 K.

Fig. 7. The variation of HE and HC at 5 K with f is displayed for nanocrystalline

CoNi alloy. Inset shows the plot of 1/MS against HE at 5 K.
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exchange interaction considering that noninteracting ferromag-
netic nanoparticles having single magnetic domain are embedded
in a non-ferromagnetic matrix [39]. The linear plot of HE vs. ME=MS

satisfying the model was demonstrated in Pr1/3Ca2/3MnO3 [39]
which has been also reported in different spontaneously phase
separated systems [33–37]. The plot of HE vs. ME=MS is shown in
the inset of Fig. 5 which is not convincingly linear. Here, MS is the
saturation magnetization which is assumed to be close to the
magnetization at 50 kOe.

We further investigated the study at different f. Examples of
magnetic hysteresis loops at 5 K for f¼ 0:04%, 0.45%, and 10.5%
are shown in Fig. 6. Interestingly, the values of magnetization
at 50 kOe increase systematically with decreasing f. In fact,
magnetization at 50 kOe for f¼ 0:01% is � 1:27 mB=formula unit
which approaches to the calculated value of MS for the bulk
counterpart (1:29 mB). This has been also observed for Co nano-
particles embedded in Ag and Mn matrixes where raise of MS with
decreasing f was correlated with the combined d–d and RKKY
interactions [40,41]. Here RKKY interaction does not occur,
retaining only d–d interparticle interaction because insulating
silica matrix exists physically in between the particles. We note
that HC and HE decrease with decreasing f as shown in Fig. 7.
To interpret the results we propose a magnetic core–shell structure
where core is FM and shell is in disordered magnetic state as
shown in the inset of Fig. 8. Exchange bias is suggested due to
coupling between FM core and disordered magnetic shell in
structurally single phase CoNi alloy. In fact, structurally single
phase is confirmed by the HRTEM image. As seen in upper inset of
Fig. 1 structural inhomogeneity is absent at the grain boundary
region. The proposed magnetic core–shell model is consistent with
the model proposed for FM core and disordered magnetic-shell
structure to interpret loop shifts in nanoparticles of alloys [20–23].
Very recently, direct evidence of magnetic core–shell structure was
reported in nanocrystalline magnetite from the small angle neu-
tron studies [42]. This magnetic core–shell morphology was
proposed due to d–d interaction between particles. Inset of Fig. 7
shows nearly linear plot of 1/MS for different f with the corre-
sponding values of HE i.e. HE is inversely proportional to MS for
fZ0:13%. This is consistent with the increase of magnetization at
50 kOe with decreasing f where increase of FM size (decrease of
disordered magnetic-shell thickness) leads to the enhancement of
MS. We note that EB effect vanishes at f¼ 0:01%. The disordered
magnetic-shell component almost disappears or weakens and thus
EB effect is not observed. Assuming increase of MS is proportional
to the enhancement of volume fraction of FM core and FM core
covers the whole physical size for f¼ 0:01%, the values of DFM are
estimated with f. Fig. 8 displays a linear plot of HE with D�1

FM except
for the value at f¼ 0:01% which is consistent with the phenom-
enological relation, HEp1=ðDFMÞ

n with n¼1. This relation was
theoretically predicted [43] and experimentally verified with
exponent, n in between 1 and 1.5 [25].

The influence of d–d interaction in the frozen ferrofluid has
been investigated extensively where a crossover from super-
paramagnetic toward super-spin-glass behavior was associated
with increasing d–d interaction as discussed from the dynamics of
magnetization (frequency dependence of ac susceptibility and
time dependence of magnetization) [44]. In fact, Monte Carlo
simulations indicated that interparticle interactions are dominat-
ing enough to overcome the disorder induced by the distribution
of anisotropy in dense nanoparticle assemblies [45]. We would
like to emphasize that enhancement of collective glassy magnetic
behavior was associated with the increase of d–d interaction.
It has been realized that nature of this glassy magnetic behavior
in the dense particle assemblies is not like conventional atomic
spin-glass or cluster-glass [46]. Intrinsic magnetic structure of the
dense system exhibiting collective glassy behavior is still elusive.



Fig. 8. Plot of HE with D�1
FM for nanocrystalline alloy. Inset exhibits the cartoon of

FM-core and disordered magnetic-shell structure.
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In this investigation, we propose a possible model from the
systematic variation of HE, HC and MS where stronger d–d
interaction leads to the enhancement of glassy magnetic compo-
nent and decrease of FM component of the nanoparticles. How-
ever, role of d–d interaction on the appearance of glassy magnetic
state in terms of magnetic core–shell morphology needs to be
verified from the theoretical and more experimental investiga-
tions using microscopic experimental tools.
4. Conclusion

In conclusion, we observe that tunning of interparticle inter-
action leads to the multifunctional properties in CoNi alloy
embedded in SiO2 matrix. A large loop shift is noticed for
f¼ 10:5% which decreases with decreasing f and vanishes at
f¼ 0:01%. At this most diluted volume fraction a large magne-
tization at 50 kOe and 5 K is observed which approaches to the
bulk value of MS. A FM-core and disordered magnetic-shell
structure is proposed to interpret the observed loop shift at
different f. With decreasing f FM size increases leading to the
enhancement of MS. The disordered magnetic phase at the surface
almost disappears at f¼ 0:01% and exchange bias effect vanishes.
Depending on the interparticle interaction large values of MS and
HE in nanocrystalline CoNi alloy embedded in SiO2 matrix are
attractive for the technological applications.
Acknowledgment

One of the authors (S.G.) acknowledges Council of Scientific &
Industrial Research (CSIR), India (Project No. 03(1167)/10/EMR-II)
for the financial support. S.D. also wishes to thank CSIR, India for
the Senior Research Fellowship.
References

[1] S. Chikazumi, S. Taketomi, M. Ukita, M. Mizukami, H. Miyajima, M. Setogawa,
Y. Kurihara, J. Magn. Magn. Mater. 65 (1987) 245.

[2] J. Dobson, Gene Ther. 13 (2006) 283.
[3] Z. Li, L. Wei, M.Y. Gao, H. Lei, Adv. Mater. 17 (2005) 1001.
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