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Large exchange bias and enhanced coercivity in
strongly-coupled Ni/NiO binary nanoparticles

Xuemin He, ©2° Yingru Xu, Xiujuan Yao,” Chuangwei Zhan,a Yong Pu,*®
Xingfu Wang,? Weiwei Mao,? Youwei Du® and Wei Zhong & *°

In this study, Ni/NiO binary nanoparticles are synthesized utilizing a reflux method combined with
a calcination process. The average size of the nanoparticles is 5-20 nm and the Ni content is 3.55%.
Both the microstructures of the Ni/NiO interface and the states of different phases have significant
impacts on the magnetic properties. By tuning the temperature and the cooling field during the loop
measurement, the change rule of several critical parameters such as coercivity Hc and exchange bias Hg
was complicated in nature. Both large Hg (482 Oe) and enhanced Hc (1335 Oe) were observed at 5 K,
mainly due to the strong coupling interaction between Ni and NiO components. For current studies of
the Ni/NiO binary nanoparticles, the complex magnetic behaviors are related to (i) the ferromagnetic
contribution of Ni nanoparticles, (i) the intrinsic antiferromagnetism of the volume phase of NiO, and (iii)
the spin-glass-like characteristic corresponding to the frozen disordered state at the surface of partial
NiO particles. The comprehensive effect of these three magnetic structures promotes the generation of
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1. Introduction

Over the past few decades, functional nanocomposites have
attracted increasing attention both in first principles and
practical applications,' because of their great potential in new
technologies. Magnetic nanoparticles with a core-shell (or
compound, or binary) structure have been studied exten-
sively.”® In particular particle systems consisting of 3d transi-
tion metals and their oxides have shown the exchange bias (EB)
effect and related phenomena with interesting applications,
which can improve the performance of permanent magnetic
materials, i.e. an enhancement of the coercivity - typically
a shift of hysteresis loop,”* and combating the super-
paramagnetic limit in magnetic recording media.'**> The Co/
CoO core-shell structure is one of the most thoroughly
studied systems whose EB behavior was observed in the core-
shell structure at the ferromagnetic/antiferromagnetic (FM/
AFM) interface for the first time.”® Here we report a compre-
hensive study of the Ni/NiO particle system with distinguishable
characteristics from Co/CoO and other relevant structures:
compared with the Fe and Co nanoparticles that ignite spon-
taneously in air, Ni nanoparticles have better stability and
resistance to oxidization' and its oxide, NiO, has a higher Néel
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a strongly-coupled Ni/NiO binary system, and improves the magnetic performance.

temperature Ty (523 K) than typical 3d transition oxides like
CoO (293 K) and FeO (198 K)," which enables the Ni/NiO system
to generate a robust EB effect even at room temperature. In
addition, the weaker anisotropy of NiO compared to CoO may
lead to the observed anomalous magnetic properties.'® There-
fore, the investigation on the exchange bias of Ni/NiO particle
system is of great interest not only for the loop shift itself, but
also for other EB-related phenomena.

The magnetic properties of Ni/NiO nanoparticles are mainly
determined by the microstructural features of both compo-
nents, as well as the interface (e.g. contact mode, area, rough-
ness, etc.). These factors are critical especially in nanosized
crystals and are strongly affected by the synthetic route.
Remarkable progress has been made in recent years regarding
the synthesis of the Ni/NiO binary manoparticles.,'®***7->°
Highly crystalline and monodisperse Ni/NiO nanoparticles have
been prepared by the physical techniques including laser-
induced reductive sintering,® sequential layer deposition,'®
CVD method,* nanosecond laser irradiation,?* cluster-beam
deposition,” and pulsed laser deposition.** However,
universal agreement of the origin of the EB effect and other
related anomalous magnetic properties is still under debate. In
addition the chemical synthesis methods of Ni/NiO nano-

particles are under development for instance, sol-gel
route,”***?*¢  solution-combustion  synthesis,””*®* chemical
reduction method,*>'®*® solvothermal/thermal treatment

process,* thermal decomposition,*** electrodeposition tech-
nique,*"” etc. These chemical methods could be used for effec-
tive control of microstructures but the correlation between
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microstructural parameters and magnetic properties has not yet
been studied systematically.

It is well established that EB effect is the horizontal shift of
hysteresis loop because of the exchange interaction at the FM/
AFM interface, giving rise to a unidirectional anisotropy for
the FM component.”** As described here, the magnitude of this
shift is defined as Hg. Accompanying the loop shift are other
related behaviors. Probably the most common one in the
nanoparticle systems is the enhancement of coercivity Hc,
below the Ty of AFM material after a field cooling process.
Without exception, for the Ni/NiO nanoparticles, if the sample
is cooled in zero field from a demagnetized FM state, no EB
effect is observed.*** However, the EB behavior can be observed
by field-cooling (FC) in a field H., aligning the magnetic
moments of nanoparticles, which indicates the dependence of
the EB effect, as well as related magnetic behaviors on the test
temperature T and the cooling field H.,c1. Yet unfortunately, few
works were reported on the relationship between them, there
are controversies even in reports that mention it.’*3¢*°
Predictably the application of Ni/NiO nanoparticles could be
extended once the above relationship is ascertained.

Herein, based on the Ni/NiO binary nanoparticles prepared
by a reflux/calcination process, we systematically studied their
microstructures and magnetic properties according to the
comprehensive characterizations. The relationship between
microstructural characteristics (for example, particle size, Ni
content, interface quality, and contact form) and magnetic
parameters (saturation magnetization M, remanent magneti-
zation M,, coercivity H¢, and so on) were analyzed in detail. We
focus on the influences of test temperature T and cooling field
H_.,01 0N the exchange bias effect as well as the related behaviors
in terms of synergistic effect of three factors. As a consequence,
the Ni/NiO binary nanoparticles exhibit high Hgx and enhanced
He.

2. Experimental section
2.1 Sample preparation

All the analytical chemicals were purchased from the commer-
cial market (Sinopharm Chemical Reagent Ltd, China) and used
without further purification. In a typical synthesis process,
5 mmol nickel(u) acetate tetrahydrate (Ni(CH;COO),-4H,0, AR,
=98.0%) was dissolved in 2.5 mol ethylene glycol (HOCHS,-
CH,OH, AR, =99.5%) by vigorous stirring at room temperature
for 30 min. Following this dissolution, the green solution was
transferred into a 500 mL three-necked flask. Where the bottom
of flask was merged into heat conduction oil (dimethyl silicone
oil, [OSi(CH3),],) for a heating-up, the center neck was con-
nected to a water condenser for cycling the evaporated ethylene
glycol back to the flask, and the remaining two necks were used
for the insertion of thermocouple and thermometer, respec-
tively. Accompany with the constant magnetic stirring, the
solution was heated up to 170 °C (oil bath temperature) at
a heating rate of 5 °C min~* and kept at this temperature for 6 h.
Then, the reaction mixture was cooled down to room tempera-
ture, and the obtained green precipitate was separated upon the
addition of absolute ethanol, centrifuged, and washed using
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deionized water and absolute ethanol. The formed green
product was dried under vacuum at 60 °C overnight, and the
resultant substance was subject to grinding. At the end, the
intermediate green powder was heated up to 300 °C at a heating
rate of 6 °C min~* and calcined in air at this temperature for 4 h
to obtain Ni/NiO nanoparticle sample.

2.2 Microstructural characterization

X-ray diffraction (XRD) pattern was determined using a Philips
X'pert diffractometer equipped with a rotating anode and Cu Ka.
radiation (40 kV, 40 mA, 1 = 1.54056 A). Based on the infor-
mation of the standard cards (Ni, Fm3m(225), a = 3.523 A,
JCPDS no. 04-0850; NiO, Fm3m(225), a = 4.177 A, JCPDS no. 47-
1049), the data from the XRD analysis were subsequently
refined using the classical Rietveld method, and thus micro-
structural parameters such as the average crystallite size, the
lattice constant, and the phase content can be obtained. X-ray
photoelectron spectroscopy (XPS) was recorded in a Kratos
Axis Ultra DLD spectrophotometer using the Al Ko radiation.
The particle shape was imaged with a FEI Sirion200 scanning
electron microscope (SEM) operating at an accelerating voltage
of 5 kV. For transmission electron microscope (TEM) investi-
gation, a drop of the tested powder sample in ethanol was
deposited on each carbon-coated copper grid and then dried in
air. Based on the JEOL JEM-2100 instrument, high-resolution
TEM (HRTEM) in conjunction with selected-area electron
diffraction (SAED) analyses were used to determine the local
microstructure and crystallographic phase.

2.3 Magnetic measurement

Based on the MPMS-XL superconducting quantum interference
device (SQUID) and the Quantum Design physical properties
measurement system (PPMS), the magnetic properties were
recorded for powder sample in gelatin capsule, and the
magnetization M was measured against the magnetic field H
and the temperature 7. More specifically, it mainly including
the following five aspects: (i) SQUID measured room-
temperature (300 K) hysteresis (M-H) loop in a magnetic field
up to £10 000 Oe; (ii) low-temperature (e.g. T = 5, 50, 100, 150,
200, 250 K); M-H loops under zero-field-cooling (ZFC) and field-
cooling (FC, from 350 K in a field of H.,, = 30 kOe); (iii) 5 K
loops under FC process by using different cooling fields (e.g
Heoor = 10, 20, 30, 40, 50, 60 kOe); (iv) ZFC and 500 Oe FC
magnetization (M-T) curves in the range 2-350 K; and (v) ac
susceptibility (x'-T) curves at different frequencies (e.g. f = 100,
1000, 5000, and 10 000 Hz) in the 2-350 K temperature range,
applying an ac magnetic field of 10 Oe.

3. Results and discussion
3.1 Microstructural analysis

The XRD pattern for the prepared sample is shown in Fig. 1(a).
Two sets of diffraction peaks suggest that the sample is
composed of Ni and NiO phases. Among them, the five obvious
and broad peaks at 26, 37.249, 43.276, 62.879, 75.416 and 79.409
are corresponding to the (111), (200), (220), (311) and (222)

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD pattern showing the results of the Rietveld profile
refinement, and (b) XPS spectrum displaying the deconvoluted results
of Ni 2p region for the Ni/NiO binary nanoparticles.

crystalline planes of NiO (JCPDS card no. 47-1049), and the
other three weak diffraction peaks at 44.505 (111), 51.844 (200)
and 76.366 (220) matches with metallic nickel phase (JCPDS
card no. 04-0850). As for the present, both Ni and NiO phases
have face-centered cubic (fcc) crystal structure with Fm3m(225)
space group. Based on this, the microstructural parameters
such as the average crystallite size (d), lattice constant (a), lattice
volume (V), density (p) and relative content (wt%) of the two (Ni
and NiO) phases can be determined according to the Rietveld
refinement. The refined XRD pattern is also shown in Fig. 1(a),
and the quantitative results of the refinement are listed in Table
1. For comparison, at the same time, the relevant data of bulk Ni
and NiO are also given in Table 1.

Based on the peak shape parameter obtained by Rietveld
refinement, the crystallite size can be calculated from the
Debye-Scherrer formula using the full width at half maximum
(FWHM) in the peaks. As shown in Table 1, the average sizes of
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Ni and NiO crystallites (d values) are 18.2 nm and 7.6 nm,
respectively. On this one, we find these sizes in excellent
agreement with the following HRTEM observations. Plenty of
literatures prove that the average grain sizes of Ni and NiO
phases are very small (generally 5-50 nm) for the Ni/NiO
nanocomposites synthesized by different methods.>»**
Accordingly, it should be obvious that such a small crystallite
size contributes to the enhancement of size effect and surface
effect for the Ni/NiO nanoparticles, and further affects the
performance of composite materials, like optical, catalytic, and
magnetic properties.

A little larger a-value of Ni, viz., 3.540 A, lies in comparison to
a value of 3.523 A in bulk Ni (JCPDS card no. 04-0850). This
corresponds to V= 44.36 A (p = 8.790 g cm ~?), with Z = 4 units,
in comparison to V = 43.76 A® (p = 8.911 g cm ) in bulk Ni.
Similarly, the NiO phase shows a larger a-value, viz., 4.192 A, in
comparison to 4.177 A in bulk NiO (JCPDS card no. 47-1049).
Meanwhile, this corresponds to V= 73.67 A® (p = 6.735 g cm 3),
with Z = 4 units, in comparison to V = 72.88 A® (p =
6.808 g cm ™ ®) in bulk NiO. Obviously, both Ni and NiO phases
have some degree of lattice expansion. It is well known that the
lattice expansion in nanoparticles has been attributed to
a number of possible phenomena including size confinement
effects, grain surface relaxation, formation of point defects, and
uncompensated Coulombic interactions.**** However, in the
present Ni/NiO sample, the observed <1.5% increase in the V-
values of Ni and NiO (Ni: (44.36-43.76)/43.76 = 1.37%; NiO:
(73.67-72.88)/72.88 = 1.08%) over that of their bulk counter-
parts is predominantly due to the interfacial interaction
(interface between Ni and NiO). This kind of interaction causes
two types of strains in the lattice.*>*® One is the macrostrain,
which increases the interplanar spacings (dy), and the other is
the microstrain, which induces a peak broadening. These
judgments have been demonstrated in the XRD pattern, or will
be confirmed by the subsequent TEM analysis.

Further analysis of the XRD data was processed with the
Rietveld method using the GSAS program, to estimate the
relative content of Ni and NiO phases in the Ni/NiO binary
nanoparticles. As given in Table 1, the present Ni/NiO sample
has a relative content (wt%) of Ni and NiO of 3.66% and 96.34%,
respectively. This result is very close to that of magnetic anal-
ysis. In view of the fact that the sample is binary Ni/NiO nano-
particles with very low Ni content, it will show excellent
magnetic properties. This phenomenology has been confirmed
by many works related to the Ni-NiO system.’"*%>

XPS is an interesting tool that can provide insight into the
chemical composition and electronic nature of the materials. In
order to assess the chemical charge states of Ni element in the

Table 1 Results of the Rietveld analysis of the XRD pattern for the Ni/NiO binary nanoparticles

Category d (nm) a(A) V(A% p (g em™) wt (%) Ref.

Ni phase 18.2 3.540 44.36 8.790 3.66 Present work

NiO phase 7.6 4.192 73.67 6.735 96.34 Present work

Bulk Ni — 3.523 43.76 8.911 — JCPDS (card 04-0850)*
Bulk NiO — 4.177 72.88 6.808 — JCPDS (card 47-1049)*

This journal is © The Royal Society of Chemistry 2019
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synthesized nanoparticles, XPS characterization was employed.
Fig. 1(b) shows the XPS spectrum of Ni 2p energy level of the
sample. To get more information, the XPS data has been
analyzed by the deconvolution method and the results are also
shown in Fig. 1(b). Obviously, the obtained Ni 2p spectrum for
the present Ni/NiO sample can be divided into two spin-orbit
coupling regions, referred to as Ni 2ps,, (=848-868 eV) and Ni
2p1/» (=868-888 eV).* Focusing our attention to the Ni 2ps,
core-level spectra, four Ni species have been reported in the XPS
spectra of various nickel-containing samples: (i) metallic nickel
(Ni%) that appears at binding energy (BE) values of 852-854 eV,
(ii) NiO at BE values in the range of 854-856 eV, (iii) Ni(OH), at
BEs of 856-858 €V, and (iv) satellite peaks correspond to Ni** at
860-862 eV.>1*344513455 Concretely speaking, in the present XPS
spectrum, the peak at 853.6 eV is attributed to metallic Ni°, the
peak at 855.4 €V corresponds to Ni** (NiO), and the peak at
861.1 eV could be assigned to the shake-up satellite peak of Ni**.
The presence of the highly intense satellite are consistent with
the appearance of Ni*" in the high-spin state, and it implies that
in the present Ni/NiO sample there exist relatively high content
of NiO component. This result shows good agreement with the
above XRD analysis. Moreover, the characteristic peak of
Ni(OH), has not been observed in the total XPS spectrum. This
confirms that we have successfully synthesized the Ni/NiO
binary nanoparticles.

NiO(220)
Ni(220)
NiO(222)

Fig. 2 (a) SEM image, (b) TEM image, (c) high-magnification TEM
image, (d) high-resolution lattice image, and (e) SAED pattern of Ni/
NiO binary nanoparticles.
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The typical SEM image in Fig. 2(a) reveals that the sample is
spherical particles in submicron size. Those particles have
rough surface, which suggests that the microspheres are made
up of smaller particles. Fig. 2(b) shows the TEM image of single
microsphere with diameter of about 250 nm. Indeed, one can
see random gathering of nanoparticles, in agreement with the
SEM observation. The high-magnification TEM image in
Fig. 2(c) depicts the size of those nanoparticles. This image
clearly indicates that the nanoparticles with size ranging from 5
to 20 nm, accompanied by a good cross between those particles.
As shown in Fig. 2(d), the high-resolution lattice image reveals
the [111] orientation of Ni phase, as well as the [111] and [200]
orientations of NiO phase. Specifically, there is intersection of
the lattice fringes of Ni and NiO. Fig. 2(e) shows a typical SAED
pattern corresponding to the Ni/NiO sample, consisting of some
distinet concentric rings with discontinuous spots over the
rings. As marked therein, these diffraction rings appear due to
reflections from (111), (220) and (222) planes of the NiO phase,
and the (111) and (220) planes of the Ni phase for the composite
structure. Analogous SAED patterns are also observed in other
Ni/NiO systems.***>** These results further confirm the coexis-
tence of Ni and NiO phases in the obtained sample, as well as
the formation of Ni/NiO interface. From the above TEM inves-
tigation, both structure and shape are consistent with the
results of XRD, XPS and SEM analyses. Considering the fact that
the sample is of good Ni/NiO interface, it will show excellent
magnetic properties.

3.2 General analysis of magnetic properties

The room-temperature (300 K) hysteresis loop of Ni/NiO binary
nanoparticles was measured by SQUID, the results are shown in
Fig. 3(a). The loop contains the contributions of two magnetic
phases, where the total magnetization is defined as M(H) =
Mem(H) + xarpH.*® Here Mgy is the magnetization due to ferro-
magnetic Ni and yar is the susceptibility of antiferromagnetic
NiO. xar is determined by linear fitting the part of the loop with
H = 5000 Oe.

As shown in the blue solid line in Fig. 3(a), Mgy saturates
below 4000 Oe, which is similar to the saturation behavior of
standard Ni sample. Based on this, the obtained saturation
magnetization M, is about 1.88 emu g '. Furthermore, the
enlarged loop in the inset gives the values of remanent
magnetization M, and coercivity Hc; in this case, they are 0.54
emu g ' and 323 Oe, respectively. The value of room-
temperature coercivity has been found to be larger than the
corresponding value of bulk Ni, Hc = 100 Oe." Such coercivity
enhancement is most likely originated from the nanostructure
nature of the sample. Actually, only unoxidized atoms in the Ni
contribute to the measured Mj, that is the relationship:*

NNi _ Ms
Nni + Nnio M

(1)

where Ny; is the average number of Ni atoms in an unoxidized
Ni particle, Nyjo is the average number of Ni atoms in the NiO
particle, and Mgy, is the saturation magnetization of bulk nickel.
The above ratio can be viewed as the weight fraction of Ni in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) 300 K and (b) 5 K hysteresis loops of the Ni/NiO binary nanoparticles before and after subtracting the antiferromagnetic contribution,

xarH. Insets show the enlarged loops displaying the corresponding coercivity and remanent magnetization.

Ni/NiO binary nanoparticle sample. Given that the My, at room
temperature is 54.4 emu g~ ', the calculated Ni proportion is
about 3.46%.

To decrease the effect of thermal disturbance on magnetic
properties, the hysteresis loop at 5 K was also measured using
a SQUID magnetometer with 70 kOe maximum field, the results
are shown in Fig. 3(b). Obviously, the form of 5 K loop is similar
to what happens at room temperature. The only difference
between them is that several typical magnetic parameters at 5 K
have been significantly enhanced: the values of M, M, and H at
5 K are 2.05 emu g, 0.80 emu g~ and 1140 Oe, respectively.
We know that the M; of bulk Ni at 5 K is 58 emu g~ *.°® Based on
these magnetic parameters at 5 K and eqn (1), the calculated Ni
content is about 3.53%. Obviously, this value is very close to that
of 300 K (3.46%). Given the result of Rietveld refinement, viz.,
3.66%, the mean value of these three results is 3.55%. There-
fore, the synthesized Ni/NiO binary nanoparticles with Ni
content of 3.55% and NiO content of 96.45%. The low M value
is a result of low Ni (or high NiO) content.

It is well known that the particles are single domain and exhibit
superparamagnetic feature when the size of ferromagnetic particles
is reduced below a critical point.® In such situations, once the
thermal energy is sufficient to overcome the anisotropy energy
barriers, the superparamagnetic phenomenon will happen at
a characteristic temperature (called blocking temperature Tg).
Previously, the single domain size of nickel particle, 21.2 nm, has
been calculated by the magnetic domain theory.* Thus, combined
with the results of HRTEM observation (particle with size ranging
from 5 to 20 nm), the Ni particles in the current Ni/NiO binary
nanoparticle system behave like single domain particles. We also
measured the ZFC and 500 Oe FC magnetizations of the sample as
a function of temperature. As shown in Fig. 4(a), the ZFC/FC curves
display irreversible magnetic behavior in the whole temperature
range 2-350 K. An increasement of Mzgc but a decreasement of Mgc
with increasing temperature is observed, and the change in the
former is much more obvious than that of the latter. Actually, this
behavior is mainly attributed to the thermally activated process of
ferromagnetic moments. Firstly, the sample is cooled to 2 K, and
thus this process leads to the random distribution of magnetic
moments. Then, with increasing temperature, the FM moments try

This journal is © The Royal Society of Chemistry 2019

to align in the direction of magnetic field so that the net magneti-
zation gradually increases. Finally, once the cooling process
resumed, the FM moments remain locked in the direction of
applied field. Therefore, compared with ZFC magnetization (Mzgc),
the FC magnetization (Mgc) does not change much with the
decrease of temperature. It should be noted that the value of Ty
depends on the applied magnetic field.* Here, no maximum is
observed in the ZFC curve, which means that the Ty is above 350 K
(namely the upper limit temperature of SQUID testing) in a field of
500 Oe. The above results exhibit the expected behavior of a block-
ing/freezing process at low temperatures. Similar behaviors are also
observed in Fe/Fe-Oxide® and other Ni/NiO nanostructures.****
As reported,*=7"*° the partial magnetic behavior of the Ni/
NiO system can be interpreted by considering a disordered
NiO component. With regards to the FC curve, the ferromag-
netic moments are progressively blocked with decreasing
temperature, while the spins of disordered NiO component are
frozen in a spin-glass like state. This is consistent with the
temperature dependence of Mgc. Further, the Mgc is almost
constant at low temperatures (for example, 2-50 K). The inset in
Fig. 4(a) shows the temperature derivative of the difference
between the FC and ZFC magnetizations, —d(Mgc — Mzgpc)/dT.
Such a derivative curve gives a qualitative information on the
magnetic behaviors of nanostructures.® The peak located at T
= 120 K suggests a frozen disordered magnetic state at low
temperatures below this peak. Ahmadvand et al. observed T
values of 45 K and 70 K through the measurements of 10 Oe-
and 100 Oe-ZFC/FC curves, respectively, according to Ni/NiO
nanoparticles.®® Here, the T¢ value of 120 K corresponds to
a magnetic field of 500 Oe. Obviously, the freezing temperature
Tr has a strong dependence on the applied magnetic field.
Moreover, we also found that in the —d(Myc — Myzpc)/dT-T
curve, where the value keeps going up until 350 K. Here, it
points out that the ‘350 K’ is not transition temperature in the
true sense. Because the ‘350 K’ is the upper limit temperature of
SQUID testing, and thus this curve implies the blocking
temperature Ty or the Néel temperature Ty of the present Ni/
NiO binary nanoparticles should be higher than 350 K. Analo-
gous phenomena are also observed in various NiO-containing
samples.®****>*> In a word, at low temperatures the
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range of 100-155 K after modifying the scales to show the peaks better.

ferromagnetic moments are in the blocked state and a frozen
magnetic state is formed in the system.

In order to understand the magnetodynamic properties of
the Ni/NiO binary nanoparticles, we studied the temperature
and frequency dependence of ac magnetic susceptibility over
the obtained sample. Since the time window of the undertaken
measurement is determined by the frequency of the ac field,
a broad range of time spans can be set by changing the
frequency itself.®> Of particular concern is the real component
(x') of ac susceptibility because it is very sensitive to the change
of thermodynamic phase and has often been employed to
determine the transition temperature. Fig. 4(b) shows the
temperature dependence of x' at different frequencies. The
inset depicts the curves in compressed form covering the 100-
155 K intervals to reveal the peak in a better way. For the
selected frequencies, all the x'-T curves give a maximum at Ty ~
120 K. Strictly speaking, there is a slight increase of Ty with
increasing frequency within the adopted temperature range. As
shown in the inset in Fig. 4(b), the peaks shift towards a higher
temperature with increasing frequency, while the value of x’
decreases. These results are agreement with that of ZFC/FC dc
magnetization.

3.3 Influence of temperature on magnetic properties

Fig. 5 shows the ZFC and FC (from 350 K in an applied field of
30 kOe) hysteresis loops, measured at different temperatures,
for the Ni/NiO binary nanoparticles. On first sight, the shapes of
the complete hysteresis loops in the insets suggest the presence
of two components: ferromagnetic Ni and antiferromagnetic
NiO. Among them, the linear part responsible for the nonzero
slope at high field is ascribable to antiferromagnetic NiO. As can
be seen from the enlarged loops, all the ZFC loops are
symmetric around the origin whereas all the 30 kOe FC loops
are displaced from the origin and broadened. Herein, the value
of the displacement defines directly the exchange bias field Hg,
and the horizontal broadening can be viewed as the coercivity

30200 | RSC Adv., 2019, 9, 30195-30206

enhancement AH¢ (= H¢_yc — Hc_zrc).® Large Hg and enhanced
H¢ are found in the FC case for all test temperatures.

Moreover, the FC loops also undergo vertical shifts relative to
the ZFC ones. Similarly, the vertical displacement is regarded as
the enhancement in the remanent magnetization, which is AM,
= M, yc — M; zpc.>**® As shown in the enlarged loops in Fig. 5,
the evidence of vertical shift for the FC hysteresis loops looks
clear. But oddly enough, in Fig. 5 we can only see an increase of
the M, value for the demagnetization branch but not the M,
value. So clearly the present vertical shift is not shift in the true
sense, because we cannot see a difference of the M, between the
positive and negative saturation (see the insets in Fig. 5).
Indeed, if there is a real vertical shift it means that the external
magnetic field applied is not enough to completely orient the
system. So, what is the origin of the increase of M,? One of the
most important reasons is that the partial NiO component is
considered as a spin-disordered structure with a frozen disor-
dered magnetic state at low temperatures below T; So for
instance, if we plot, as function of the temperature, the
temperature derivative of the remanent magnetization has the
same trend as the —d(Mgc — Mypc)/dT-T curve. Based on the
above analysis about ZFC/FC curve, the freezing temperature of
120 K leads to the increase of M, for the demagnetization
branch at low temperatures.

The H¢ zrc, Hc rc and Hg of the sample have strong
temperature dependence, as shown in Fig. 6(a). The exchange
bias and coercivity do not change much above 100 K. They all
gradually decrease with the increase of temperature. The same
trend of the temperature dependence of H; and Hg indicates
that the high coercivity may be attributed to the interactions
between Ni and NiO components. More specifically, the Ni/NiO
binary nanoparticle sample shows a large exchange bias (482
Oe) and enhanced coercivity (H¢_pc = 1335 Oe) at 5 K.

Generally speaking, the upper limit of the temperature at
which the exchange bias effect may be observed in FM/AFM
binary systems is the Néel temperature Ty of AFM bulk.® But
for the majority of nano-sized AFM materials, the Ty value and

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Hysteresis loops for the Ni/NiO binary nanoparticles measured at different temperatures after ZFC and FC (from 350 K in a cooling field of
30 kOe) processes: the central region of the loops is shown; the complete loops are shown in the insets.

the AFM anisotropy are usually reduced due to the influence of
finite-size effect.®® Therefore the exchange bias phenomenon is
often seen to vanish at a temperature far below Ty of the bulk
AFM phase. For example, in many conventional Co/CoO
systems composed of antiferromagnetic CoO, the exchange
bias vanishes at temperatures significantly below Ty (=293 K)
of bulk Co0.** And for some Ni/NiO systems that have been
reported, because the process of sample preparation is difficult
to control, a slight and poorly crystallographic AFM NiO
component is usually obtained.**** However, the AFM NiO
component of current Ni/NiO nanoparticle system is well crys-
talline and highly contented, giving rise to an excellent FM-AFM
interface that is necessary to get the ideal exchange bias at
relatively high temperature. Therefore, the exchange bias does
not disappear until 250 K in this Ni/NiO particle system, and the

specific value of Hg is 16 Oe. Naturally, with this coupling
interaction comes certain enhancement of coercivity at
different temperatures, as shown in the inset of Fig. 6(a). The
value of coercivity enhancement AHg is decreased with
increasing temperature, and it reaches the maximum of 237 Oe
at 5 K.

Admittedly, exchange bias is an absolutely interface effect,
then the microstructure of interface as well as the magnetic
states of two phases may be the two most significant factors in
regards to changes in EB behavior. Hence, in the present study,
most of the magnetic behaviors can be explained through the
exchange coupling between ferromagnetic Ni and antiferro-
magnetic NiO which corresponds to the volume phase. But
experiment is full of surprises, there is still some anomalous
magnetic behaviors cannot be analyzed according to the usual
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Fig. 6 The temperature dependence of several typical magnetic parameters: (a) the ZFC coercivity Hc zrc, the FC coercivity Hc fc, the
exchange bias Hg, and the coercivity enhancement AHc = Hc rc — Hc_zrc; (b) the ZFC remanent magnetization M, z¢c, the FC remanent

magnetization M, ¢, and the difference AM, = M, rc — M, zfc.
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FM-AFM exchange coupling. For example, the effect of the field
cooling on the loops recorded at low temperature is observed
only in the first two quadrants but not on the 3rd and 4th,
namely, bias disappears once the sample is saturated in a field
opposite to that used for the field cooling procedure. Actually,
the number of interface spins is very low compared to those
occurring in the disordered NiO phase. In other words, this
phenomenon is a typical feature of disordered system rather
than of exchange bias. Indeed, both hysteresis loops (M-H) and
temperature-dependent magnetization curves (M-T) reveal the
presence of a very large spin disorder in the structure, which
extend well beyond the simple surface of the nanoparticles. This
spin disorder can reasonably be the responsible of the shift of
the FC loops. This conclusion is consistent with the analysis
results of ZFC/FC curves. To sum up, the interesting magnetic
behavior for the present Ni/NiO binary nanoparticles is related
to the following three factors: (i) the ferromagnetic contribution
of Ni nanoparticles, (ii) the intrinsic antiferromagnetism of the
volume phase of NiO, and (iii) the spin-glass-like characteristic
corresponding to the frozen disordered state at the surface of
partial NiO particles.

In general, the shift of a FC loop results in an enhanced
positive remanent magnetization (namely the M, yc) due to
pure graphical reasons. As shown in Fig. 5, the FC case deter-
mines not only a loop shift, but also an alteration of the loop
shape. Herein, the positive remanent magnetization increases,
whereas the negative remanent magnetization remain
unchanged. Therefore, M, gc is larger than in the ZFC loop.
Similar features have also been observed in other EB-based
systems.**”* In Fig. 6(b), M; rc, M; zrc (the ZFC remanent
magnetization) and the difference AM, (=M, rc — M; zrc) for
the Ni/NiO binary nanoparticles is displayed with respect to the
test temperature 7. These three magnetic parameters revealed
the synchronous monotonic decrease with the rise of temper-
ature. Furthermore, the AM,-T curve in the inset of Fig. 6(b) is
qualitatively similar to that of Hy, (see Fig. 6(a)). This proves the
existence of a relation between Hg and AM,, which is a measure
of the component of the Ni moment that irreversibly has
aligned in the direction of H,, during the FC process, caused
by the exchange anisotropy. At 5 K, the AM, value of sample has
the highest 0.42 emu g~ '. Correspondingly, for the saturation
magnetization M; of the FM Ni component, the calculated value
is 2.05 emu g, as shown in Fig. 3(b) and the above description.
Based on this, the obtained parameter AM,/M; is 0.20. Such
a relative high ratio is consistent with an excellent combination
of the Ni nanoparticles and the NiO nanoparticles, maximizing
the FM-AFM Ni/NiO interface. In this case, a larger fraction of
the Ni atoms are located at the interface with NiO phase, and
the exchange interaction plays a more effective pinning role on
the Ni moments. Hence, more Ni moment remains aligned
along the cooling field H.,,, after removing the applied
magnetic field H,pp during the low-temperature loop
measurement. And then the present Ni/NiO nanoparticle
sample at 5 K displays a large exchange bias (Hg = 482 Oe), as
shown in Fig. 6(a). The above analysis means that the AM,/M;
ratio also provides some implications on the extent of Ni/NiO
interface involved in the EB effect. Analogous agreement
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between AM,/M; and Hy has also been found by Bianco et al. in
the three Fe/Fe-Oxide nanogranular samples.®® This demon-
strates that the behavior displayed by Ni/NiO nanoparticles is
common also to other FM/AFM nanogranular systems formed
by using different methods. Based on the distribution of effec-
tive anisotropy energy barriers,*® the spins of NiO component
undergo a progressive freezing with the decrease of temperature
from 250 K to 5 K. Therefore, the fraction of Ni moments that
irreversibly get locked along the direction of cooling field
during the FC procedure, which is due to exchange coupling
with the frozen NiO spins, increases with decreasing tempera-
ture, consistent with the results in Fig. 6. Specifically, for the
values of Hg and AM, at low temperatures, both the parameters
in Fig. 6 strongly increase for T'< 50 K, which corresponds to the
complete freezing of the spins of the NiO spin-glass-like
component.

Considering the pivotal role of exchange bias in such
a binary system, the relationship between Hg and temperature
has to be studied further theoretically. The results from the
effective curve fitting are shown in Fig. 7, which shows a fairly
good agreement with the experimental data. The relationship of
Hg and T can be expressed as

HE = Hl exp(—kBT/AEl) + H2 CXp(—kBT/AEz) (2)

As shown in Fig. 7, the obtained fitted parameters are H; =
410 Oe and H, = 160 Oe, respectively, and kg denotes the
Boltzmann constant (1.38 x 107>* J K™ '). Notice that the
contribution of the second exponential term (e~ *°%"”") is much
less than the first ones (e *°**"), especially for the situation of
low temperatures (for example, T < 100 K). So let's do an
approximate treatment, eqn (2) can be rewritten as

Hg = 410 exp(—kpT/AE) (3)

Substituting the parameters mentioned above into eqn (3),
the calculated value of energy barrier AE is 1.92 meV. Such an

600 4
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Fig. 7 Temperature dependence of exchange bias Hg together with
the fitting curve for the Ni/NiO binary nanoparticles.
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energy barrier is very close to the reported values in other
systems such as ferromagnet-antiferromagnet bilayers®”** and
Fe/Fe;0, core-shell magnetic nanoparticles.® That means the
interface in the present Ni/NiO binary nanoparticles is consid-
erable, and the strongly-coupled FM/AFM interaction is domi-
nant also.

3.4 Influence of cooling field on magnetic properties

As we all know, the change of test temperature T'is an important
factor that influences the magnetic properties of the EB-based
materials, while the other factor is the cooling field Hcool.
Based on this, FC loops at 5 K for the present Ni/NiO binary
nanoparticles were systematically measured after field-cooling
process (from 350 K in different H.,, values), as shown in
Fig. 8. On the whole, all the FC loops exhibit the same loop
shape and magnetic feature, whereas the only differences are
the magnitudes of the specific magnetic parameters such as
coercivity and exchange bias. In order to obtain further infor-
mation about these two parameters, the insets in Fig. 8 depict
the enlarged view of the central region of loops.

In Fig. 9 the values of FC coercivity Hc_gc and exchange bias
Hg at 5 K are plotted as a function of cooling field H.,o1, Wwhere
these two parameters show a synchronous change trend. More
specifically, Hg firstly increases sharply and then decreases
slowly with increasing cooling field, and it maximally taking
value (Hg(max) = 482 Oe) at Ho, = 30 kOe. Correspondingly,
Hg rc increases initially and then decreases up to 10% for the
increase of H,,, from 30 to 60 kOe, and the maximum value is
Hc¢_rc(max) = 1335 Oe. Needs to be emphasized that the above
two quantities are relatively large for the Ni/NiO systems,
compared to many previous reports.’"*-*>5

Herein the EB behaviors exhibited by the present Ni/NiO binary
nanoparticles are similar to the cooling field dependence of
exchange bias effect in other Ni/NiO nanostructure and Fe/Fe-
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Oxides core-shell structure.*””® Where the EB effect reported by
Bianco et al. is involved with ferromagnetic core and spin-glass or
disordered magnetic shell. The shift of hysteresis loop is due to the
pinning of the FM spins at the interface by the intrinsic AFM or SG
spins when the sample is cooled down to low temperature during
the FC procedure. In the case of small H_,, (such as <30 kOe here),
Hr increases sharply with increasing H..o1, which is ascribed to the
alignment of pinned FM spins toward the direction of cooling
field. When all the pinned spins are aligned, the increase of
cooling field cannot conduce to the increase of Hy above a certain
limit of H.oo. While for the large H,.o (such as =30 kOe here), it
strongly influences the spins of spin-glass or disordered magnetic
components, leading to an appreciable decrease of Hy. These
phenomena have also been observed in various EB-based systems
involved with the FM/SG (or FM/disordered magnetic structure)
interface.””
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Fig. 8 Hysteresis loops for the Ni/NiO binary nanoparticles measured at 5 K after FC process (from 350 K in different cooling fields Hcool; insets

are the enlarged view of the central region of loops.
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If one assumes that the phenomenology of exchange bias is
an absolutely interface effect, then the microstructure of inter-
face as well as the magnetic states of two phases may be the two
most significant factors in regards to changes in EB behavior.
On one hand, the appearance of exchange bias effect depends
on the modes of microstructure; for instance, direct physical
contact or the nanoparticles embedded in a matrix."* For the
Co/CoO core-shell nanostructures embedded in the matrices,
however, the magnetic properties reported by many works also
have huge differences.”»”*7> The Ni/NiO nanostructure
prepared by using ball-milling method shows a large Hg
because of the Ni and NiO nanograins are in direct physical
contact.*®”® In the present work, the TEM investigation of the
Ni/NiO binary nanoparticles indicates that the sample has an
excellent Ni/NiO interface, as well as the Ni and NiO nano-
crystallines have better contact with each other, which may lead
to the observed large value of Hy accompanied with an
enhanced value of H.. On the other hand, the EB-based struc-
tures must have two different magnetic phases, which corre-
sponds to the reversible spins with low magnetic anisotropy and
the rigid spins having strong anisotropy. Considering the
current Ni/NiO nanoparticle sample that contains the ferro-
magnetic Ni component whose spins are reversible whereas the
NiO components have moderately stronger anisotropic spins
due to the nanoscale size of the NiO particles.”®”*”” Compared
with CoO, such a weaker anisotropy of NiO has important role
on the EB effect. To sum up, with change of temperature and
cooling field, several important magnetic parameters such as
M,, Hc and Hy demonstrate complicated characteristics, which
is mainly due to the interface interaction of Ni and NiO phases.
Therefore for the current Ni/NiO binary nanoparticles, three
magnetic structures - ferromagnetic Ni nanoparticles, antifer-
romagnetic NiO nanoparticles, and the glassy magnetic disor-
dered NiO particles — compete with each other and promote the
generation of exchange bias and the enhancement of coercivity.

4. Conclusions

Ni/NiO binary nanoparticles were synthesized by a reflux
process using nickel acetate tetrahydrate and ethylene glycol as
the precursor and the solvent, respectively. Their microstruc-
tures and magnetic properties were systematically investigated
by XRD, XPS, SEM, HRTEM, VSM, SQUID and PPMS. The size of
Ni and NiO crystallites is 5-20 nm and the relative Ni content is
about 3.55%, and the sample has excellent Ni/NiO interface. At
5 K, the Ni/NiO binary nanoparticles show a large exchange bias
(482 Oe) and enhanced coercivity (1335 Oe). According to the
analysis on the ZFC/FC curves, x'-T curves and M-H loops, the
change rules of all the parameters such as Tt, Hc zrc, Hc_rcs
AHc, Hg, My 7pc, M; gc, AM, and AM,/M; indicate a complicated
magnetic behavior. The changes of the FC coercivity He yc and
the exchange bias Hr show a synchronous trend with varying
temperature and cooling field, which is due to the coupling
interaction at the Ni/NiO interface. The Ni/NiO binary nano-
particle studied in this report is a strongly coupled system,
where the interaction is related to the following three factors: (i)
the ferromagnetic component corresponding to all the Ni
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nanoparticles; (ii) the antiferromagnetic behavior correspond-
ing to the NiO volume phase; and (iii) the glassy magnetic
character exhibited by the frozen disordered state at the surface
of NiO particles. Finally, at low temperatures the ferromagnetic
Ni moments are in the blocked state along the direction of
cooling field during the FC procedure, while the spins of
disordered NiO component are frozen in a spin-glass like state.
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