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a b s t r a c t

Nanoparticles of Ni/NiO structure were prepared by sol–gel route followed by the annealing in pres-
ence of controlled oxygen and argon gas mixture. When the sample was cooled down to 5 K from room
temperature in a static magnetic field, a systematic shift of the magnetic hysteresis loop was observed.
The shift was absent when the sample was cooled in zero field. For cooling the sample in field-cooled
mode a small horizontal shift was noticed along with a moderate vertical shift of the hysteresis loop at
the saturation of magnetization, which indicates the typical manifestation of exchange bias effect. The
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horizontal shift increases with decreasing particle size retaining almost unchanged relative vertical shift,
where vertical shift is found to be uncorrelated with the horizontal shift. The exchange bias like effect in
the Ni/NiO nanostructure is suggested at the Ni/NiO interface, where Ni is ferromagnetic and NiO is in
the disordered magnetic state.

© 2009 Elsevier B.V. All rights reserved.
agnetic hysteresis
xchange bias

. Introduction

Exchange bias (EB) effect is a manifestation of induced uni-
irectional anisotropy in a heterogeneous system composed of
erromagnetic (FM) and antiferromagnetic (AFM) substances when
he system is cooled through the Néel temperature in a static mag-
etic field [1–6]. First observation of EB phenomenon was reported
y Meiklejohn and Bean in Co/CoO core–shell structure at the
M/AFM interface [1]. Observation of EB in nanoparticles has been
eported for a wide variety of materials and morphologies, where
ome of the largest observed EB effects have been reported for
he particles consisting of a FM core and an antiferromagnetic or
errimagnetic (FI) or spin-glass (SG) shell structure [6].

The EB effect is experimentally observed by the systematic hori-
ontal and vertical shifts of the magnetic hysteresis (MH) loops. The
orizontal shift of the MH loop is defined as EB field (HE), whereas
he vertical shift at the saturation of magnetization is defined as
B magnetization (ME). Recently, large horizontal shift of the MH
oop exhibiting EB effect has been reported for Ni/NiO nanostruc-
ure when the sample was cooled in field-cooled (FC) mode [7–10].

nlike the reported results we observe a very small horizontal shift
ssociated with a moderate vertical shift at 5 K in Ni/NiO nanos-
ructures, where both the shifts are uncorrelated with each other
or different nanostructures. The EB like feature is suggested here
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at the Ni/NiO interface, where Ni is ferromagnetic and NiO is in the
disordered magnetic state.

2. Experiment

Nanoparticles of Ni/NiO structure were prepared by the sol–gel route [11]. The
aqueous solution of nickel(II) nitrate was prepared by dissolving Ni (Aldrich 99.99%)
powder in the nitric acid. A proper amount of citric acid (Loba Chemie 99.5%) was
added to the solution of the nickel(II) nitrate and stirred for 4 h to achieve the homo-
geneous nickel citrate solution, where the temperature of the solution was kept
around 60 ◦C. The amount of citric acid was chosen to ensure all the metal ions to
form metal citrate by considering that only two of the citrate ions take part in chem-
ical bonding with a metal ion [11]. The clear solution was poured into a beaker and
allowed to form gel gently in air, which was kept at 70 ◦C. Thermogram of thermo-
gravimetric analyzer (TA instrument, SDT Q600) indicates that the decomposition
of dried gel was almost completed around ∼ 325 ◦ C by evolving a number of gases
viz., CO, CO2, NO2, O2 water vapour, etc. Here the dried gel was decomposed at 350
and 450 ◦ C for 5 h in a flow of mixture gas consisting of oxygen and argon. For sim-
plicity we address the samples as S1 and S2, which were heated at 450 and 350 ◦C,
respectively.

Transmission electron microscopy (TEM) was carried out by using a JEOL TEM,
2010 microscope. The crystalline phase was identified by powder X-ray diffraction
patterns (XRD) of the samples by using a BRUKER axs (Model: 8D - ADVANCE) diffrac-
tometer with a Cu K� radiation source. The magnetization (M) was measured using a
commercial superconducting quantum interference device (SQUID) magnetometer
(MPMS, XL).
3. Experimental results and discussions

TEM image of the sample S1 is shown in Fig. 1, which indi-
cates that particles are well separated from each other in most of
the cases despite any protective layer or surfactant was not used

http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. (a) TEM image of S1. Inset exhibits the histogram of particle size distributions. (b) H
the FFT of the HRTEM image.
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ig. 2. X-ray powder diffraction patterns of S1 and S2, where the planes correspond-
ng to Ni and NiO are indicated in the figure.

uring synthesis. Since the final heating was performed at 550 ◦ C
or 5 h, the residual amorphous carbon may be left during decom-
osition of metal citrate which typically disappears in terms of CO
nd CO2gases while heating above 800 ◦ C [11]. Large distribution of
article size (DTEM) from 8 to 27 nm is shown in the inset of Fig. 1(a)
ith average size of the particles around ∼ 14 nm. High resolution

EM (HRTEM) image is shown in Fig. 1(b), where two different over-
apped lattice fringes corresponding to Ni and NiO are highlighted
n the figure. The fast fourier transformation (FFT) of the HRTEM
mage is shown in the inset of Fig. 1(b), where FFT of the image

learly confirms the existence of two different planes correspond-
ng to the Ni and NiO. X-ray powder diffraction patterns of S1 and
2 are shown in Fig. 2. Diffraction peaks corresponding to differ-
nt planes of coexisting Ni and NiO are shown in the figure. The
idth of the diffraction peaks are decreased while the intensities

able 1
ange of particle size from TEM (DTEM) and average size from X-ray diffraction (DXRD), coe
nd ME/MS for S1 and S2.

ample DTEM (nm) Phase DXRD (nm) HC (Oe)

Ni 27
1 8–27 90

NiO 9

Ni 8
2 – 274

NiO 6
RTEM image indicating different planes corresponding to Ni and NiO. Inset exhibits

are increased for S1 than that of S2, which indicates that the average
size of S2 is decreased compared to S1. The estimate of the particle
size using Scherrer’s formula are shown in Table 1 for S1 and S2
[12]. The values of the particle size (DXRD) obtained from Scherrer’s
formula are found to be much larger than the average size (∼ 14
nm) obtained from TEM, despite the values of DXRD agree well with
the range of DTEM in between 8 and 27 nm. In fact, the difference
between TEM and XRD results may be ascribed to the different aver-
aging processes of each technique while the number averaging is
typically utilized in TEM and volume averaging is used in XRD. Since
the number of large particles is usually small in number averaging
processes its relative weight on the average is small. On the other
hand, the large particles contribute considerably even if, their num-
ber is small when the volume is taken into account. Thus, volume
average procedures lead to the averaging over the larger particles.
The difference between TEM and XRD becomes considerable for a
broad particle size distributions.

Temperature variation of zero-field-cooled (ZFC) and field-
cooled (FC) magnetization measured in the heating and cooling
cycles, respectively at 100 Oe are shown in the top panel of Fig. 3.
We do not observe any peak in the ZFC magnetization up to 300 K
which indicates that blocking temperature (TB) is above room tem-
perature. We note a wide distribution of particle size from 8 to 27
nm in the TEM image, where large TB above room temperature is
reasonable for the particles around ∼ 27 nm in size, which seems to
be quite high for the size around ∼ 8 nm. In case of wide distribution
of particle size the distribution of blocking temperature is expected
exhibiting a broadened maximum in the temperature dependence
of ZFC magnetization, where larger particles contribute dominat-
ing role to the magnetization than that of the smaller particles. As

a result of it, the overall behaviour might be reflected through the
large value of TB corresponding to the larger particles. However,
the scenario becomes complex when the interparticle interaction
is taken into account. The FC magnetization in the cooling cycle
exhibits a broadened maximum (TP) indicated by the arrow in the

rcivity (Hc), EB field (HE), EB magnetization (ME), saturation of magnetization (MS)

HE (Oe) ME (emu/g) MS (emu/g) ME/MS (×10−2)

7 0.40 28.3 1.4

27 0.24 14.1 1.7
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Fig. 3. (Top panel) Temperature variation of zero-field-cooled (MZFC) and field-
cooled (MFC) magnetization in the heating and cooling cycles, respectively, which
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re indicated by the arrows for S1. Position of peak (TP) in the field-cooled magne-
ization is indicated by the arrow. The linear plot of TP against H2/3 is shown in the
nset. (Bottom panel) Plot of d(MFC − MZFC)/dT as a function of temperature.

gure. The plot of d(MFC − MZFC)/dT as a function of temperature
s shown in the bottom panel, which shows a deep in the plot
round ∼ 63 K, where TP is noticed in the FC magnetization. The
alue of TP shows increasing trend with increasing field and then
ecreases with the further increase of field in the high field region.
e note systematic behaviour of TP against H2/3 in between 5 and

0 kOe, where the plot of TP against H2/3 fits satisfactorily with the
lmeida–Thouless (AT) relation as TP∝H2/3 shown in the inset of
ig. 3[13]. The H dependence of TP following AT line may indicate
hat TP behaves like a spin freezing temperature.

The small shift of the MH loop is observed at 5 K for S1 when the
ample was cooled down to 5 K from 300 K in FC mode with cooling
eld, Hcool = 50 kOe. The shift is absent while cooling under ZFC
ondition. The MH loops measured in between ±10.0 kOe clearly
xhibits the saturating tendency of magnetization at 10 kOe. A dis-
inct vertical shift in the positive magnetization axis is observed at
he saturation of magnetization shown in Fig. 4 indicated by the
roken curve, where vertical shift of the magnetization close to the
aturation (at 10 kOe) is defined as EB magnetization (ME) [14].
urthermore, a small negative shift in the field axis is also observed

not shown in Fig. 4), which is defined as EB field (HE). The values of
E and ME at 5 K measured under identical condition are given in
able 1 for S1 and S2. Such a small value of HE has also been observed
n Ni/NiO bilayer film [15]. The value of coercive field (HC) and satu-
Fig. 4. Magnetic hysteresis loops at 5 K while the sample was cooled in zero field
and 50 kOe for S1. Exchange bias field (HE) and relative vertical shift (ME/MS) are
plotted with temperature in the top and bottom inset, respectively.

ration of magnetization (MS) are also given in the table. The value of
HC is increased from 90 to 270 Oe while MS is decreased from 28.3
to 14.1 emu/g for S1 and S2, respectively. We note that the value
of HE is larger for S2 than S1, which is reasonable with the model
proposed by Meiklejohn with the relation as HE ≈ Jex/MFM × tFM
[16]. In the above expression Jex is the exchange constant across
the FM/AFM interface per unit area, whereas MFM and tFM are the
magnetization and the thickness of the FM layer, respectively. In the
present observation, the average size of the FM cluster analogous
to tFM and also MFM are larger for S1 than that of S2 resulting in the
considerable decrease of HE for S1. Despite the value of HE changes
considerably, the value of ME/MS is remained almost unchanged for
S1 and S2. Dobrynin et al. recently reported the similar behaviour
of HE and ME for Co-core and CoO-shell structure embedded in the
Al2O3 matrix, where a distinct vertical shift was observed without
any horizontal shift in the field axis [17].

In the top and bottom inset of Fig. 4 the values of HE and ME/MS
are plotted as a function of temperature, where the values are
decreased with increasing temperature and vanish in between 50
and 75 K which is close to TP. The cooling field (Hcool) dependence
of EB effect was further investigated for S1. HE and ME/MS as a
function of Hcool are plotted in the top and bottom panel of Fig. 5,
respectively. Initially, ME/MS increases and then it remains almost
unaltered above 10 kOe. Despite the value of HE is very small, it
shows a systematic change with Hcool, where it increases initially
and then decreases up to ∼ 40% for the increase of Hcool from 10 to
50 kOe. The results are similar to the Hcool dependence of EB effect
in Fe/iron oxides with core–shell structure [18], where EB effect is
involved with FM core and SG or disordered magnetic shell. When
the sample is cooled down to low temperature in the FC mode, the
shift of the loop is ascribed to the pinning of the FM spins at the
interface by the rigid AFM or SG spins. In case of small cooling field,
HE increases sharply with Hcool, which is attributed to the align-
ment of pinned FM spins toward the direction of Hcool. When all
the pinned spins are aligned, the increase of Hcool cannot contribute
to the increase of H above a certain limit of H . Furthermore,

large Hcool strongly influences the SG or disordered magnetic spins
resulting in a considerable decrease of HE, which has been observed
in various systems involved with the FM/SG or disordered magnetic
interface [18–20].
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[18] L. Del Bianco, D. Fiorani, A.M. Testa, E. Bonetti, L. Signorini, Phys. Rev. B 70 (2004)
ig. 5. Cooling field (Hcool) dependence of exchange bias field (HE) (top panel) and
elative vertical shift ME/MS (bottom panel).

The system exhibiting EB effect must have two different mag-
etic phases comprising of reversible spins with low magnetic
nisotropy and rigid spins having strong anisotropy. Ferromagnetic
pins of Ni are reversible, whereas spins in NiO have moderately
tronger anisotropy than Ni spins. Bulk NiO is antiferromagnetic
21]. Nanocrystalline NiO typically exhibits the structural disorder
t the surface, which may lead to the random magnetic anisotropy
nd frustration of competing magnetic interactions resulting dis-
rdered magnetic behaviour [9,10,22,23]. The signature of spin
reezing is indicated by the broad maximum at TP in the FC magneti-
ation and the sharp deep at TP in the plot of d(MFC − MZFC)/dT with
. We further note that TP follows the AT line supporting the spin
reezing at TP. We note that HE and ME/MS vanish above TP, where
isordered magnetic spins of NiO cannot apply pinning force on the
erromagnetic spins above TP. Previous reports [7–10] on the obser-
ation of EB effect in Ni/NiO nanostructure exhibits the large HE in
ontrast to the present investigation, where the small values of HE is
bserved. Bianco et al. reported large HE in case of ball milled sam-
le with Ni/NiO nanostructure, where Ni/NiO grains are in direct
hysical contact. Observation of EB effect strongly depends on
he types of nanostructure, direct physical contact and the matrix
mong the particles, which are nicely demonstrated by Skumryev
t al. [24]. EB effect was vanished while Co/CoO core–shell nanos-

ructures are embedded in the Al2O3matrix. Large EB effect was
bserved when Co/CoO core–shell nanostructure are measured in
elletized form. Maximum EB effect was observed when the same
anostructures are embedded in the AFM (CoO) matrix. Nogués et

[
[

[
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al. recently reported that HE significantly changes as a function of
in-plane coverage density from 3.5% to 15% [25]. A strong thickness
dependence of CoO layer on EB effect was reported by Tracy et al.,
where thin layer (∼ 1 nm) of CoO shell does not show EB effect [26].
Dobrynin et al. recently reported a considerable vertical shift with-
out any horizontal shift of the hysteresis loop for Co/CoO core–shell
nanostructures embedded in the Al2O3matrix [17]. TEM image in
the present investigation indicates that grains having Ni/NiO nanos-
tructure do not have any direct physical contact with each other,
which might be the origin of small value of HE associated with a
moderate value of ME. In addition, the weaker anisotropy of NiO
compared to CoO has a significant role on EB effect, which may
lead to the observed effects [27]. If one assumes that exchange
bias is a purely interface effect, then HE as well as ME should be
normalized by the interface area. The uncorrelated results of HE
and ME for the samples S1 and S2 might be attributed to the dif-
ferent Ni/NiO nanostructures, which are not exactly homogeneous
core–shell structure.

4. Conclusions

In conclusion, exchange bias like effect is observed in the Ni/NiO
nanostructures, where very small horizontal shift is observed
associated with a moderate vertical shift. The horizontal shift
increases with decreasing particle size retaining almost unchanged
relative vertical shift, where vertical shift appears to be uncor-
related with the horizontal shift. The exchange bias effect in
the Ni/NiO nanostructure is suggested at the Ni/NiO interface,
where Ni is ferromagnetic and NiO is in the disordered magnetic
state.
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