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Big.97Nag g3Fe; _Ni,O3 (x=0, 0.005, 0.01, 0.015) nanoparticles are prepared via a sol-gel method.
Weak ferromagnetism and exchange bias phenomenon without field cooling are observed in the sam-
ples. The oxygen vacancy concentration and leakage current density are increased with increasing
the Ni content. However, with the increase of Ni content, the band gap of Big¢7Nag o3Fe;_Ni, O3
nanoparticles first decreases and then increases. To explain the abnormal phenomenon, the interplay
of oxygen vacancy donor and hole acceptor is analyzed and a phenomenological qualitative model
based on the electronic energy band is proposed. Additionally, the threshold switching behavior
appears in Biyo7Nagg3Fe; _Ni,O3 samples with x=0.01, 0.015 and the effect is qualitatively
explained by introducing a conducting channel model based on the high-density mobile charges.

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919822]

INTRODUCTION

Magnetoelectric multiferroics have attracted extensive
studies in recent years, due to their potential applications in
data storage, sensors, memory devices, and spintronic devi-
ces."™ The multiferroic materials show both ferroelectric
and ferromagnetic (or antiferromagnetic) ordering within a
single phase. However, these kinds of materials are rare in
ABO; type of perovskite materials, since for being simulta-
neously ferroelectric and ferromagnetic the material requires
empty and partially filled transition metal d-orbitals, respec-
tively, which are mutually exclusive properties.' Among
these rare ABOj; type of perovskite multiferroic materials,
BiFeOj is the most promising for practical applications, as it
possesses high ferroelectric Curie temperature (T~ 1103 K)
and high G-type antiferromagnetic Néel temperature
(T~ 643 K).5 Unfortunately, the antiferromagnetic nature
and modulated spin spiral structure do not provide a net mag-
netization in bulk BiFeO3; which restrict multiferroic prop-
erty.® In addition, BiFeO; bulks suffer from large leakage
current density, which also prevents these materials from
essential polarization performances.” Accordingly, numerous
attempts have been devoted to overcoming these obstacles.

Recent studies based on BiFeO; nanowires and nanopar-
ticles show weak ferromagnetism due to significant size
effect on the modification of magnetic properties.®’
Additionally, the extensive investigations have focused on
substitution of rare-earth or alkaline earth elements at A-site,
B-site, or A-B-site of BiFeOs5.'>"'? There are many reports
on the rare-earth doped BiFeO;, such as La, Gd, Sm, which
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are known to stabilize the single phase of BiFeO;, reduce the
leakage current and improve the magnetic properties.'* !>
Also, it has been reported that reduced leakage current and
weak ferromagnetism were observed in BiFeO; nanopar-
ticles by doping alkali element Na for Bi-site.'® Compared
with undoped sample, however, the magnetization of Na
doped samples was reduced. On the other hand, Fe-site sub-
stitution by 3d transition metal (TM) ions might not only
induce structure modifications to suppress the cycloidal spin
structure but also the ferromagnetic interaction between Fe
and 3d TM ions might further enhance the room temperature
ferromagnetism. Recently, Zhao er al.'” reported that the
magnetization of BiFe;_,Ni O3 nanoparticles increases dras-
tically with increasing Ni concentration. However, to data no
single report is present on multiferroic properties of Na and
Ni codoped BiFeO; nanoparticles.

In this paper, the Big¢7Nag o3Fe; Ni,O3 (x =0, 0.005,
0.01, 0.015) nanoparticles were prepared via a facile sol-gel
method. Detailed studies of structure, magnetic, electrical
and optical properties of the samples were investigated. Due
to charge neutrality, the substitution of divalent Ni*" at triva-
lent Fe-site, can easily influence the number of holes and ox-
ygen vacancies in samples. These defects can play an
important role in the optical properties, because they produce
the impurity band between the valence band and conduction
band, which usually reduces the band gap.'® In the Na and
Ni codoped BiFeO; samples, the amount of oxygen vacan-
cies and leakage current density are enhanced with the
increase of Ni content. While interestingly, the band gap of
samples first decreases for 0.5% Ni doping and then
increases for 1.0% and 1.5% Ni doping. To explain this, a
phenomenological qualitative model is proposed based on
the electronic band gap. Additionally, at room temperature,

© 2015 AIP Publishing LLC
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we have observed the intriguing threshold switching (TS)
behavior when x =0.01 and 0.015. To ascertain the presence
of TS behavior, we introduce the conducting channel model
based on the high-density mobile charges (e.g., oxygen
vacancies).

EXPERIMENT

Bi0_97NaO.03F61,XNixO3 (XZO, 0005, 001, 0015) nano-
particles were synthesized by sol-gel method. Appropriate
amounts of Bi(NOs);°5H,0, Fe(NO3);°9H,0, NaNOs, and
Ni(NOj3),*6H,0 were dissolved in ethylene glycol. Tartaric
acid in 1:1 molar ratio with respect to metal cation was
added to the solution, and the mixture was stirred at 70 °C
for 3 h. The obtained solution was dried at 90 °C for 3 h until
it was turned to yellowish-brown gel. The gel was further
dried at 140 °C for 3 h, then annealed at 400 °C for 1.5h, and
finally ground into powders. Subsequently, the powders were
calcined for 2 h at 550 °C to obtain samples.

The crystalline structure analysis of the samples was car-
ried out by X-ray diffraction (XRD) (Rigaku D/MAX-2500
diffractometer with Cu Ko radiation). For the morphological
study of nanoparticles, scanning electron microscopy (SEM)
was carried out using MODEL SU8000 SERIES FIELD
EMISSION SCANNING ELECTRON MICROSCOPE
(User’s Operation/Maintenance Edition). The average particle
size and microstructural properties of the samples were inves-
tigated by transmission electron microscopy (TEM), high re-
solution transmission electron microscopy (HRTEM), and the
corresponding selected area electron diffraction (SAED) pat-
tern using JEM-2100F instrument. To analyze the oxygen va-
cancy concentration, X-ray photoelectron spectroscopy (XPS)
was recorded with PHI1600. Magnetic characterization of the
samples was measured on Magnetic Property Measurement
System (MPMS) SQUID-VSM made by Quantum Design.
UV-vis absorption spectrum of our nanoparticle samples was
performed by Shimadzu UV-3600 UV-VIS-NIR spectropho-
tometer. To study the electrical properties, the samples were
pressed into pellets by compaction of powders in a uniaxial
press, and the pellets were sintered for half an hour at 550 °C.
The dielectric properties were measured by a precise impend-
ence analyzer WK 6400 with an ac signal of 1000 mV. The
leakage current curve was evaluated using an Axiacct model
TF 2000 ferroelectric analyser. All the measurements were
carried out at room temperature.

RESULTS AND DISCUSSION

The Rietveld refinements were done on all the samples
based on the XRD data to analyze the structural properties
using FULLPROF software,18 and the Rietveld refined XRD
patterns are shown in Fig. 1. The XRD results indicate that
all the main XRD diffraction peaks can be well fitted with
the rhombohedral distorted perovskite (ABOj3) crystal struc-
ture with space group R3c. The obtained values of the lattice
parameters for Bij o7Nag o3FeO3 are a=b=15.5755(7) A and
c=13.8510(1) 10\, which are consistent with the reported val-
ues.'® Detailed analysis of the structural parameters studied
using the Rietveld refinement are given in Table I. It is evi-
dent from Table I that unit cell volume increases with Ni
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FIG. 1. Rietveld refined XRD pattern of Bigg7Nagg3Fe; Ni,O; (x=0,
0.005, 0.01, 0.015) nanoparticles at room temperature.

substitution, which is expected since the radius of Ni* ion
(radius =0.69 A) is larger than that of the Fe’ ion
(radius = 0.645 A)."”

The typical TEM images of the Biyo7Nago3FeO; and
0.5% Ni doped Big¢7Nag o3FeO3 nanoparticles are shown in
Fig. 2. From the TEM images, it is observed that the shapes of
most particles are spherical, but some of them are irregular,
and some agglomerations in nature are found. It can be seen
in Figs. 2(a) and 2(b) that the average particle size of
Bigo7Nag 03FeO3 and  Big.97Nag 03Fe0.995Ni.00sO3  samples
lies between 40 and 60 nm. In addition, the SEM images of all
samples show that the particle size has no significant differ-
ence, as shown in Fig. 3. The high resolution TEM (HRTEM)
and the selected area electron diffraction (SAED) pattern
obtained from an individual Bi().97N30.03FCO.995N10_00503
nanoparticle are shown in the upper and lower insets of
Fig. 2(b), respectively, which indicates the single-crystalline
nature of our samples with a high degree of crystallinity.

The field dependent magnetization hysteresis (M-H)
loops of the samples at room temperature are shown in Fig. 4.
It can be clearly observed that all the samples show weak fer-
romagnetism at room temperature, which is quite different
from the linear M-H relationship of bulk BiFeO;. In bulk
BiFeOs;, the magnetization at room temperature is suppressed

TABLE I. Structure parameters obtained from Rietveld refinement of
Bi0_97Nao>o3F61,XNL\.Og, (X = 0, 0005, 001, 0015) samples.

x (%) a (10\) c (10\) Unit cell volume (A3) Fe-O-Fe
0 5.5755(7) 13.8510(1) 372.90 158.34°
0.5 5.5761(1) 13.8492(7) 372.93 156.54°
1.0 5.5764(8) 13.8518(7) 373.04 155.78°
1.5 5.5771(0) 13.8544(8) 373.20 155.77°
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FIG. 4. The field dependent magnetization hysteresis (M-H) loops of
Big 97Nag o3Fe; _,Ni,O3 (x=0, 0.005, 0.01, 0.015) nanoparticles at room
temperature. Inset (a) the enlargement of M-H loops at magnetic field range
from —30 Oe to +30 Oe. Inset (b) Ni concentration dependent coercive field
and exchange bias field.
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FIG. 2. TEM images of (a) Big.g7Nag o3
FeO3 and (b) Big.g7Nag 03Fe0.995Nio 005
O3 nanoparticles.

FIG. 3. SEM images of (a) Big.97Nag o3
FeOs, (b) Big.g7Nag.03Fe0.095Ni.00503,
(¢) Big.g7Nag.03Fe.99Nip.0103, and (d)
Big.97Nag 03F€0.085Ni0.01503 samples.
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by a cycloidal spiral propagating along [110];,.x with a period
of 62nm.”® While in our nanoparticle system, the periodic
spiral spin structure can be modified due to the reduction in
the particle size. Therefore, the primary cause for the
observed weak ferromagnetism in samples can be attributed
to the size effect of the suppression of spiral order.
Meanwhile, the G-type antiferromagnet can be described as
comprising two spin sublattices with ferromagnetic interac-
tions within one sublattice and antiferromagnetic interactions
between sublattices.” In nanopaticle structures, the surface-to-
volume ratio becomes very large, enhancing the tangible con-
tribution to the particle’s overall magnetization by incomplete
compensation of two magnetic sublattices at the surface.’
Thus, we conclude that uncompensated spins at the surface
also contribute to the weak ferromagnetism. As can be seen
from Fig. 4, with increasing Ni content, the magnetization
increases significantly. Two major reasons could contribute to
the enhancement of magnetization when the Ni is doped in
the samples. Firstly, the increase in the magnetization of Ni
substituted Bij 97Nag o3FeO3; may be attributed to the change
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in the Fe-O-Fe bond angle. It is reported that the magnetiza-
tion increases with decreasing Fe-O-Fe bond angle in
Bi,_,Pr,FeO; nanoparticles and Dy-modified BiFeO; sys-
tem.?!*? In our Big.9;Nag o3Fe;_Ni, O3 samples, the Rietveld
refinements of XRD data (Table I) clearly reveal a decreasing
trend in the Fe-O-Fe bond angle. Thus, Ni doping seems to
induce more buckling in Fe-O-Fe bond angle, which in turn
increases canting of spins and, hence, enhances the magnet-
ization. Moreover, the change in electronic density of state
distribution between Fe-O driven by the hybridization inter-
action is also responsible for the magnetization in BiFeOj;
system. Ryu ef al.* reported that the Fe 3d-O 2p hybridiza-
tion strength weakens with the reduced Fe-O-Fe bond angle
in BiFeO3; with rhombohedral symmetry, and they have fur-
ther correlated the enhanced magnetization with the reduced
degree of hybridization between Fe 3d and O 2p orbitals. The
reduced Fe 3d-O 2p hybridization driven by the decreased
Fe-O-Fe bond angle may could modulate the super-exchange
interaction of Fe-O-Fe. So, the enhanced magnetization in
our samples may also be related with the reduced degree of
hybridization between Fe 3d-O 2p orbitals through the varia-
tion in the Fe-O-Fe bond angle. Secondly, the ferromagnetic
exchange interaction between the neighboring Fe’ ™ and Ni*™
further enhances the magnetization in Ni doped Big¢7Nag o3
FeO; nanoparticles.*

The inset (a) of Fig. 4 shows the enlargement of M-H
loops at magnetic field range from —300e to +30Oe.
Interestingly, an obvious exchange bias effect of the samples
was observed without any field cooling process. In the case
of core-shell nanoparticles, the exchange bias may occur
because of the coexisting antiferromagnetic and ferromag-
netic components in the core and shell parts, respectively.?
According to above described magnetic mechanism, in nano-
particle system, the uncompensated spins at the surface are
ferromagnetic interactions, but the spins in the inner of nano-
particle are antiferromagnetism order, which can be repre-
sented as an AFM core and FM shell in nature.'® Thus, the
exchange bias can be interpreted by the presence of
exchange coupling between the ferromagnetic surface and
the antiferromagnetic core. From the inset (b) of Fig. 4, it
can be seen the exchange bias field (|Hg|) is decreased and
the coercivity (Hc) is increased with the increase of Ni con-
centration. The decrease of |Hg| may be attributed to the
decrease of interface exchange interaction due to the modu-
lation of the uncompensated spins at the surface by Ni dop-
ing in the Fe-site. The main source of Hc for magnetic
materials is shape anisotropy and magnetoelastic anisotropy
in addition to the magnetocrystalline anisotropy.”® For the
present study, the nanoparticles are spherical in nature thus
the contribution of shape anisotropy in Hc can be neglected.
Therefore, the increase of Hc may be due to the enhance-
ment of magnetocrystalline anisotropy and magnetoelastic
anisotropy.

To analyze the oxygen vacancy concentration and the
valence state of Fe, the XPS measurements were performed.
Figures 5(a) and 5(b) show the XPS spectra analysis of the
Fe 2p and O 1s core level regions by Lorentzian-Gaussian
fitting for the samples, where the core level binding energies
were aligned with respect to C 1s peak (284 eV). In Fig. 5(a),
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FIG. 5.(a) Fe 2p and (b) O 1s core levels XPS spectra for
Big 97Nag o3Fe; _,Ni,O3 (x=0, 0.005, 0.01, 0.015) nanoparticles.

the Fe 2p spectra were fitted and the binding energy peak
position of Fe 2p;,, located at about 709.5eV (olive line) is
attributed to the Fe?'; the position of Fe 2ps,» located at
about 710.4 eV (blue line) is ascribed to the Fe’". According
to the fitting, the ratio of Fe?":Fe" is calculated as 10.4%,
13.7%, 14.9%, and 19.2% for x =0, 0.005, 0.01, and 0.015,
respectively, indicating the increase of Fe*" ions with dop-
ing. In Fig. 5(b), the lower binding energy (olive line)
located at about 529.5eV and higher binding energy (blue
line) located at about 531.5eV are attributed to the oxygen
present in the lattice and oxygen loss, respectively.'® By cal-
culating the ratio of area under the two peaks obtained from
fitting the O 1s spectra, the results reveal that the oxygen va-
cancy concentration is effectively increased with increasing
Ni content, which is consistent with those observed in other
Ni doped BFO system.”**” It is well known that the substitu-
tion of divalent Ni*" at trivalent Fe-site can easily increase
the concentration of oxygen vacancy. The main processes
can be described by the Kroger-Vink notions as follows:

In Ni doped samples, the hole (h°) is introduced directly
to compensate the charge balance upon the doping of
acceptor Ni, according to

NiO — (Nig.)' + 05 + I’ (1)

And during the high temperature calcining process, the oxy-
gen vacancy (V) is introduced by the following step:

0, — Vo +%02. 2)

Therefore, the more substitution of Fe>* by Ni*", the
more oxygen defects are produced.

In Fig. 6, the UV-vis absorption spectra of the samples
were measured at room temperature. It can be observed that
the samples can absorb considerable amount of visible light
suggesting their potential application as visible-light photo-
catalyst. The optical band gap E, for the samples can be
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FIG. 6. UV-vis absorption spectrum of Bigo7NagosFe; Ni,O; (x=0,
0.005, 0.01, 0.015) nanoparticles. Inset (a) (ochu)2 versus hv plot of samples.
Inset (b) the band gap estimated from inset (a) is plotted as a function of x
(x=0, 0.005, 0.01, 0.015). Inset (c) leakage current density (J) as a function
of applied electric field (E) for the samples.

calculated by the relation: (othzx)2 = A(hy—Eg),28 where A is
a constant, hv is the photon energy, E, is the optical band
gap, o is absorption coefficient. The corresponding plots of
(ahv)? versus hv for Bigo7Nag osFe; Ni,O; samples with
x=0, 0.005, 0.01, 0.015 and the value of the band gap esti-
mated by the linear extrapolation approach are shown in
inset (a) and (b) of Fig. 6, respectively. The inset (c) of Fig.
6 shows the leakage current density (J) as a function of
applied electric field (E) for all samples. It can be seen in
inset (c) that the leakage current value increases with the
increase of Ni content. The increase in leakage current den-
sity may be attributed to the increase of oxygen vacancy con-
centration. From the inset (b), it can be seen the band gap of
Big.97Nag o3FeO3 nanoparticles is estimated to be 2.12(7) eV
which is quite comparable with recent report.'® For the
Biyg7Nag g3Fe; _Ni,O3 nanoparticles with x=0.005, the
band gap decreases to 2.09(5) eV. As reported, similar to
many late 3d transition metal oxides, BiFeO; is a charge
transfer-type material in which the conduction band is
mainly composed of Fe 3d orbitals and the valence band is
made of O 2p orbitals.?’ The oxygen vacancies reportedly
lower than the Fe 3d levels energetically and result in a
localized impurity band located below the conduction band
minimum.*® Thus, the decrease of band gap could be attrib-
uted to the increase of oxygen vacancy impurity band. While
interestingly, with further doping (x =0.01, 0.015), the band
gap is slightly increased (2.14(3) eV, 2.16(2) eV for 1%,
1.5% Ni doped samples, respectively), meanwhile, the leak-
age current density and oxygen vacancy of samples also are
significantly increased.

To better understand the increase of leakage current den-
sity and meanwhile the increase of band gap with increasing
Ni content, a phenomenological qualitative model is intro-
duced. A schematic diagram of the possible mechanism for
electronic energy band is shown in Fig. 7. At per Ni*" substi-
tuted Fe3+-site, there is one valence electron deficient to
coordinate with contiguous oxygen. The hole (h") is

J. Appl. Phys. 117, 174106 (2015)

donor band
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| donor band | dONOT band
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FIG. 7. The schematic diagram of the possible mechanism for electronic
energy band.

produced in this process, and the main process can be
described by the Eq. (1). In the schematic diagram, the hole
as an acceptor band locates the top of valence band and the
oxygen vacancy (Vo) impurity band locates at the bottom of
conduction band as a kind of donor level. Accordingly, the
band gap of Big97Nag 3Fe.995Nig.00sO3 could also become
narrow due to the created holes. As discussed above, how-
ever, with further doping (x=0.01, 0.015), the band gap is
increased. Based on the semiconductor theory, with the fur-
ther increase of Ni content, more holes are formed which
results in a wider acceptor band, and some holes of wider
acceptor band may locate at deep acceptor level, as shown in
Fig. 7(b). The holes locating at deep level may act as recom-
bination centers which could increase the recombination rate
of the electron-hole pairs, and eventually narrow the oxygen
vacancy (Vo) donor band and acceptor band. In fact, the
recombination process can be separated into two steps: (1)
the electrons in the valence band are excited into acceptor
band, which leads to the forming of the free holes in valence
band, meanwhile, the electrons in the oxygen vacancy (V)
donor band could be introduced into conduction band due to
the thermal excitation (as shown in Fig. 7(c)); and (2) the
conduction band electrons caused by the ionization of oxy-
gen vacancies can combine with the holes at recombination
centers (as shown in Fig. 7(d)), and the trapped electrons are
unstable and will subsequently recombine with holes in the
valence band generated from step (1) (as shown in Fig. 7(e)).
Thus overall, the holes in the acceptor band recombine with
electrons in the oxygen vacancy (V) donor band, which
eventually narrow the oxygen vacancy (V) donor band and
acceptor band thus increases the band gap, as shown in Fig.
7(f). As a consequence of ionization, neutral oxygen vacan-
cies (Vo) release one or two electrons and become positively
charged oxygen vacancies (Vy, or V;), as described by

Vo —Vy,+é, 3
Vo, — Vo +é. )
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behaviors in Bigo7Nagg3Fe;_Ni O3
(x=0.01, 0.015) samples.
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These ionized oxygen vacancies can move through the sam-
ple under electric fields to find a new thermodynamic equi-
librium, which is known to produce the leakage current
density in samples.”° Thus, we conclude that the increase in
leakage current density can be attributed to the increase of
oxygen vacancy concentration.

The J-V curves of Bigyo7Nag o3Fe;_Ni, O3 (x=0, 0.005,
0.01, 0.015) samples were further measured under different
applied voltage, and the intriguing threshold switching (TS)
behavior was observed in 1% and 1.5% Ni doped samples
when the applied voltage increased to a specific value. The
nearly symmetric TS behaviors are shown in Fig. 8. As can
be seen from each J-V curve, in sweeping range from
0~ Vy, the threshold switching appears as an ohmic, high
resistance connection between the cathode and anode elec-
trodes. The current density increases with the applied volt-
age, first linearly then non-linearly, until the threshold
voltage (Vry) is achieved, at which point the device (Ag/
Biy.97Nag g3Fe; _Ni,O3/Ag “Sandwich” structure) switches
rapidly into a highly conducting state (shown as the ON
state). In ON state, as the applied voltage is decreased, the
device rapidly switches back to its initial high resistance
state (shown as the OFF state) at holding voltage (V).
The electric-field-induced TS behavior instead of common
J-V characteristic was firstly discovered in chalcogenide
glasses by Ovshinsky in 1968.°" After the publication of
Ovshinsky’s paper, a lot of studies on TS behavior in amor-
phous semiconductor, such as Sb,Se; ., Ge,Sb,Tes, and
TesgAs3051,Ge g, were investiga’[ed.”_34 Furthermore, TS
has also been observed in transition metal-oxide materials,
such as NiO and Fe,O5 systems.> ® However, the TS phe-
nomenon as an important electrical field controlled switching
effect is rarely reported in BiFeO3 nanoparticle system.

So far, some possible mechanisms for the observed TS
effect have been discussed for various chalcogenide amor-
phous semiconductors systems. Such as, the Adler model
envisioned the TS event to result from a process of high field
carrier generation leading to trap filling and saturation of the
carrier recombination process.>’ In 2008, Ielmini proposed
another TS model, and it builds on a new interpretation of
the subthreshold conduction process.”® In a report by
Ovshinsky et al.,39 the switching mechanism in semicon-
ducting glasses was considered as a thermal origin from
Joule heating. However, the mechanism of the TS behavior
still remains unclear, and further research is necessary. In
our samples, the substitution of aliovalent element produces

.0-0.500 05 1.0 1.5
Voltage (kV)

more oxygen vacancy, which was obtained from the XPS
results. It is reported that the oxygen vacancies play an im-
portant role in I-V behaviors of BiFeO5 system.*****! Thus,
we suspect that the TS behaviors observed in Bigo7Nag o3
Fe;_,Ni,O; (x=0.01, 0.015) samples may be related to
high-density mobile charges (e.g., oxygen vacancies). Under
the lower applied voltage, oxygen vacancies are relatively
decentralized. Once a sufficiently applied high voltage (Vry)
is reached, the ionized oxygen vacancies (V¢, or V) are able
to migrate quickly and form a conducting path, which results
in an enhanced conductance state, i.e., ON state, as shown in
Fig. 9(a). In the ON state, the high current flowing through
the high conducting path generates a lot of heat. Thus, when
the bias voltage decreases below the holding voltage (Vy),
the ionized oxygen vacancies can be thermally activated to
the original evenly distributed state due to relatively lower
degree of electric field strength. So, the device switches to
the initial high resistance state (OFF state), as shown in

FIG. 9. Schematic diagram describing the possible mechanism of TS behav-
ior in Big 97Nag o3Fe; _\Ni,O; (x=0.01, 0.015) samples.
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FIG. 10. The dielectric constant of Bijg¢7Nago3Fe;_Ni,O; (x=0, 0.005,
0.01, 0.015) samples at room temperature. The inset shows the dielectric
loss of all samples.

Fig. 9(b). With the increase of Ni content, oxygen vacancies
increased, which makes the formation of conducting path
easier, thus Vry decreases (as shown in Fig. 8).

Figure 10 and the inset show the frequency (f) depend-
ence of dielectric constant (¢) and dielectric loss (tan o) of
the Bi0497Na0_03Fel_XNiX03 (.XZO, 0005, 001, 0015) sam-
ples, respectively. The dielectric constants of all samples are
decreased drastically with the increase of frequency in low-
frequency region, called the f-sensitive region and then tend
to be constant when the frequency reaches a certain value
(the f-stable region). This phenomenon can be understood
from the Maxwell-Wagner model related to the space charge
relaxation.*? At low frequencies, the space charges (e.g., 0x-
ygen vacancies) are able to follow the frequency of the
applied field, whereas the space charges do not find time to
undergo relaxation at high frequency region.** Thus, the
dielectric constant is observed to decrease with the increase
of frequency. Compared with undoped sample, the ¢
decreases even faster in low-frequency region with the
increase of Ni content. This may be in connection with the
variations in the concentration of oxygen vacancies, which is
in accordance with the above analyses of O 1s XPS spectra
and leakage current density. A increase in dielectric loss has
been observed in the inset of Fig. 10 with the increase of Ni
concentration and when the concentration of Ni is 1.5%, the
dielectric loss is the largest.

CONCLUSIONS

In summary, Na and Ni codoped BiFeO3 nanoparticles
have been synthesized by a sol-gel method. Through M-H
measurements, it is observed that the samples show a weak
ferromagnetic nature, which is due to the suppression of spi-
ral order and the contribution of uncompensated spins at the
surface of particles. The exchange bias phenomenon is
observed without any field cooling process for the samples,
which can be attributed to the core (AFM)-shell (FM) struc-
ture. However, Ni doping makes the exchange bias phenom-
enon less obvious. With the increase of Ni content, the
leakage current density is enhanced due to the increase of
oxygen vacancies, whereas the band gap first decreases for

J. Appl. Phys. 117, 174106 (2015)

0.5% Ni doping and then increases for 1.0% and 1.5% Ni
doping. To explain this, a phenomenological qualitative
model is introduced based on the interplay of oxygen va-
cancy donor and hole acceptor. Additionally, the intriguing
threshold switching (TS) behavior is observed in 1% and
1.5% Ni doped samples at room temperature, which may be
related to the high-density mobile charges such as oxygen
vacancies (Vy, or Vp), and is explained by a conducting
channel model.
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