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Abstract
The effect of Ni doping in BiFe1−xNixO3 (BFNO) multiferroics are studied by X-ray diffraction (XRD), Fourier transmis-
sion infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), hysteresis loop (M–H), temperature dependent 
magnetization (FC-ZFC) measurements and electron spin resonance (ESR) techniques. The XRD and FTIR studies indicate 
that the BFNO compounds remain in rhombohedral (R3c) phase without appearance of any structural transformation due to 
Ni doping. The XPS studies show the oxidation states of Fe ions as 3+, whereas Bi is found to be in a mixed valence state of 
2+ and 3+ in BFNO. The Ni ion doping enhances the saturation magnetization from 0.179 emu/g (x = 0.025) to 2.38 emu/g 
(x = 0.20), which is higher than the reported values found in literature. The FC-ZFC magnetization studies suggest the pres-
ence of a magnetic phase transition from a weak ferromagnetic to a spin glass state at low temperature. The ESR studies 
confirm the ferromagnetic state of BFNO samples.

1  Introduction

Bismuth ferrite has been widely studied for the past two 
decades. It exhibits multiferrocity at room temperature and 
has immense applications in multifunctional devices such as 
actuators, transducers, spin valves, data storage, solar cells, 
supercapacitors, medicine and so on [1–6]. This multifer-
roic has also created a platform for the physicists to reveal 
the fundamental physics. Bismuth ferrite (BiFeO3) has been 
synthesized as bulk [7–10], nanopowder [11, 12], thin films 
[13, 14] and nonoflowers [15]. Bismuth ferrite (BFO) has 

a rhombohedrally distorted perovskite structure with space 
group R3c. BFO is also a magnetoelectric material exhibit-
ing a weak coupling between the electric polarization and 
magnetization [16]. The pristine BFO is known to be fer-
roelectric below 1100 K and antiferromagnetic with a Neel 
temperature of 640 K. BFO exhibits spin cycloid structure 
with a modulated wavelength of 62 nm [10]. Neutron dif-
fraction studies confirmed the antiferromagnetic ordering 
of G-type, where every atom is surrounded by six atoms 
with oppositely oriented spins. The magnetic moments of 
iron ions rotate along the propagation direction of the modu-
lated wave in the plane perpendicular to the hexagonal basal 
plane. A weak ferromagnetism has also been predicted using 
the first-principles density functional theory [17].

Transition metal doping influences the magnetic and 
magnetoelectric coupling behaviour of bismuth ferrite by 
locally modifying the magnetic interaction [18–20]. Transi-
tion metal ion substitution at B site has been proved to be 
effective in inducing room temperature ferromagnetization 
in BFO. Hence, there is a persistent effort to improve its 
magnetic properties by suitable doping of transition metal 
ions at B site. The substitution of Ni2+ ion at Fe3+ site mostly 
creates oxygen vacancies to compensate the charge imbal-
ance. Hence, it has been observed that substituting nickel 
ions at Fe site of BFO enhances the leakage current of 
the parent compound [21]. Nevertheless, the substitution 
of Ni at Fe site can enhance magnetization due to strong 
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ferromagnetic interaction between Fe3+ and Ni2+ under 180° 
superexchange interaction. Amit et al. [22] have reported 
increase in magnetization with increasing Ni concentration 
in BFO. The authors, however, observed Superparamag-
netism in nanoparticles of Ni doped BFO. Besides, Wang 
et al. [23] have reported the enhancement of magnetization 
of BFO when Ni doping concentration increases to 0.5%. 
Further, the magnetization of nanocrystalline Ni-doped BFO 
(10%) has been reported to increase as compared to pristine 
BFO [24]. According to Wang and Qi [25], the observed 
ferromagnetic behaviour is either due to the reduction of 
Fe3+ to Fe2+ or increase in the canting angle. The increase 
in magnetization with Ni substitution has also been reported 
by Kharel et al. [26] for Ni doped BFO films deposited on 
Si (100) substrates.

To the best of our knowledge, there is hardly any report 
on the magnetic properties of Ni-doped BFO, explored by 
SQUID (FC and ZFC) and ESR spectroscopy. This paper 
presents a detail study on both BFO and nickel doped BFO 
compounds, synthesized by solid-state reaction route. We 
employed XRD, XPS, FTIR spectroscopy, room tempera-
ture and low temperature magnetic hysteresis studies, FC-
ZFC magnetic measurements and ESR studies. This study 
indicates a transformation of the antiferromagnetic state of 
BFO to a weak ferromagnetic one in BFNO. The ESR study 
clearly confirms the existence of ferromagnetic states in 
these multiferroics.

2 � Experimental

The pristine BFO (BiFeO3) and BFNO {BiFe1−xNixO3 
(0.00 ≤ x ≤ 0.20)} were prepared by conventional solid state 
reaction route. Stoichiometric amounts of high-purity dried 
oxide reagents Bi2O3, Fe2O3, and NiO (analytical grade with 
purity ≥ 99.9) were mixed and ground thoroughly through 
ethanol medium for 2 h to get a homogeneous mixture and 
subsequently calcined at 800 °C for 2 h through rapid heat-
ing. The calcined powders were pelletized in the form of 
circular discs using PVA as binder. The pressed pellets were 
sintered at 800 °C for 2 h by rapid heating. The XRD pat-
terns of samples were examined using Bruker D8 Advance 
X-ray diffractometer with Cu-Kα radiation. The FTIR spectra 
of the samples were recorded on a Bomem spectrophotom-
eter, model MB-100. The X-ray photoelectron spectroscopy 
(XPS) studies have been carried out in a vacuum of 10−10 
torr using VSW ESCA machine (Analyzer model HAS 300) 
equipped with hemispherical analyzer, dual anode X-ray 
source and argon ion sputter gun. The magnetic proper-
ties (hysteresis loops at room temperature and temperature 
dependent magnetization curves) were studied by using a 
MPMS SQUID VSM Ever Cool system. For Electron Spin 
Resonance (ESR) measurements of samples, a commercial 

X-band (f ≈ 9.37 GHz) Bruker EMXplus model spectrometer 
was used.

3 � Results and discussion

The XRD analysis, microstructural studies by scanning elec-
tron microscope and electrical properties of BFO and BFNO 
have been reported in our previous publication [27]. XRD 
studies show that the rhombohedral distorted perovskite 
structure of the parent compound has been retained even 
with increase in Ni concentration upto 15%. The surface 
morphology of the samples was studied through SEM, which 
revealed the average grain size of the order of 0.5 µm.

3.1 � Fourier transform infrared spectroscopy studies

The room temperature FTIR spectra of BFO and BFNO sam-
ples are displayed in Fig. 1.

A few absorption bands along with a curvature (from 
1000 to 2000 cm−1) are seen in the FTIR spectrum. The cur-
vature is a characteristic feature of semiconducting materials 
[28]. The typical band characteristics of metal oxygen bond 
were observed. The peaks observed at around 813 cm−1 and 
1074 cm−1 are due to carbonate groups [29]. The absorption 
peak at around 577 cm−1 corresponds to Fe–O band stretch-
ing in the perovskite structure due to O–Fe–O bending of 
FeO6 group. The result is consistent with the characteristic 
infrared absorption bands of BFO [30]. The broad nature of 
the observed vibration band at about 577 cm−1 is attributed 
to the occurrence of absorption peaks of both iron and bis-
muth oxide at nearly same wave number. Another absorption 
peak of FeO6 octahedral structure is also seen at around 
537 cm−1. Bhusan et al. [31] have reported the increase 
in relative intensities of these two peaks with increase in 
doping concentration, which indicates that FTIR measure-
ments can be quite useful in confirming Ni substitution in 
BFO. However, there is no observation of increase in relative 
intensity of these two bands in our samples. We have noticed 
the shifting of these two bands towards higher frequencies 
with the increase in doping concentration.

3.2 � X‑ray photoelectron spectroscopic studies

Furthermore, XPS study was carried out for BFO and BFNO 
samples to determine the electronic state of Bi, Fe, Ni and 
O. The spectra were calibrated with the core-level peak at 
204.6 eV of C 1s. The survey scan of BFNO sample does not 
show any peak corresponding to Ni ion as the XPS scan is 
done only on the surface of the samples and it indicates that 
Ni is not present on the surface of the BFNO samples. The 
narrow energy window scans along with the fitted curves 
are displayed in Fig. 2 for Bi and Fe. Core levels have been 
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analyzed using XPS PEAK fitting software [32] with Gauss-
ian–Lorentzian sum function. Shirley algorithm was used for 
background correction.

As shown in Fig. 2a, the main 4f7/2 peak occurs at 157.8 
eV and 158.1 eV for BFO and BFNO samples and the cor-
responding 4f5/2 features occur at 163.1 eV and 163.4 eV. At 
around 153.5 eV B.E. a X-ray satellite peak corresponding 
to Al Kα3,4 (from detector) is observed. Interestingly, low 
binding energy (B.E.) feature is observed at around 156 eV 
for Bi 4f of BFNO, which may correspond to a lower valence 

state of Bi on the surface. Mishra et al. [33] have observed 
a peak at 162.49 eV (4f5/2) corresponding to lower valence 
state of bismuth ion, in addition to the peak at 164.56 eV 
for the dominant trivalent Bi3+ in Ni-doped BFO films. Fe 
2p spectra of BFO and BFNO are shown in Fig. 2b. Fe 2p3/2 
feature occurs at 710.5 eV and 711 eV respectively for BFO 
and BFNO, whereas Fe 2p1/2 levels are seen at 723.7 eV and 
724.2 eV for BFO and BFNO respectively. Some shake-
up satellites are also observed at higher B.E. These bind-
ing energies are characteristics of Fe3+ ions [34]. Similar 

Fig. 1   FTIR spectra of 
BiFe1−xNixO3 (0.00 ≤ x ≤ 0.20) 
samples

Fig. 2   The XPS spectra along with the fitted curves for the core energy levels of a Bi 4f, and b Fe 3d for BiFeO3 and BiFe1−xNixO3 (x = 0.075) 
samples
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spin orbit doublet components of Fe 2p lines for BFO and 
doped BFO samples have been reported by several authors 
[26, 35–38]. Xu et al. [36] also observed a satellite peak at 
around 718.6 eV for their Bi0.9Dy0.1FeO3 powder. From XPS 
measurements, it is concluded that Fe is predominantly in 
the 3+ valence state for both BFO and BFNO. The asymmet-
ric peaks of Fe spectrum may also be fitted with two peaks 
corresponding to Fe3+ and Fe2+ states. But the analysis pre-
dicts the predominant existence of Fe3+ states [39]. Hence, 
we do believe that the magnetic properties of our samples 
are mainly dominated by Fe3+ states.

3.3 � Magnetic studies

Figure 3a and b display the hysteresis loops of BiFe1−xNixO3 
(0.00 ≤ x ≤ 0.20) samples recorded at 300 K (RT) and 10 K 
respectively. It is observed that, saturation is not achieved 
in all the samples for an applied DC magnetic field of 
< 10 KOe. Hence, the saturation magnetization (Ms) val-
ues were found out by extrapolating the loop from the high 
field to zero field. The M–H loops of BFO (at 10 and 300 K) 
are displayed as insets to Fig. 3a, b. The magnetic hysteresis 
loops show nearly linear field dependence and do not exhibit 
any tendency of saturation. This indicates the antiferromag-
netic nature of BFO, which originates from the antiferro-
magnetic alignment of Fe moments between adjacent (111) 
planes [18].

To see the effect of Ni doping, the saturation magneti-
zation (Ms), remanant magnetization (Mr), and coercivity 

(Hc) values of BFO and BFNO are plotted. As shown in 
Fig. 4a, Ms increases rapidly from 0.179 to 2.383 emu/g with 
increasing Ni ion concentration from 0.025 to 0.20. This 
value is larger than that reported earlier for Ni substituted 
BFO samples [23, 40]. The enhancement of magnetization 
with increase in Ni concentration may be due to the possible 
double exchange interactions of Fe and Ni. The Hc values 
did not change much with the increase in Ni concentration, 
except a shallow dip at a Ni conc. of 7.5%. As shown in 
Fig. 4, the Ms, and Mr values showed a minimal increase 
with the lowering of temperature, whereas the Hc values 
showed a substantial increase at 10 K attaining a value of 
260 Oe.

The FC and ZFC magnetization curves of the BFO and 
BFNO samples are displayed in Fig. 5. As shown in Fig. 5a, 
the ZFC and FC curves merges with each other (through-
out the temperature range of 10–300 K), which indicates 
the typical paramagnetic nature of BFO. The temperature 
dependent DC magnetization curves ranging from 5–300 K 
for BFNO are displayed in Fig. 5b–f. Both FC and ZFC 
curves have been traced for BFO and BFNO samples at 
an applied field of 1 kOe. The FC curves showed quasi-
Brillouin dependence with temperature. The splitting exhib-
its an irreversible thermo-magnetization process. This type 
of behavior has been observed by Kharel et al. [26] for tran-
sition metal doped BFO thin films, where they have com-
mented that this type of behavior is an indication of the pres-
ence of nano-scale magnetic secondary phases. They have 
also ruled out the possibility of magnetization contributions 

Fig. 3   Magnetic field dependent magnetization curves of BiFe1−xNixO3 (0.00 ≤ x ≤ 0.20) samples recorded at a T = 300  K and b 10  K. Inset 
shows the M–H curves of BiFeO3 sample; a T = 300 K and b 10 K
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Fig. 4   Effect of Ni doping on a saturation magnetization, (Ms), b remanant magnetization, (Mr), and c coercivity, (Hc) in BiFe1−xNixO3 (0.00 ≤ 
x ≤ 0.20) samples. (The points are joined by lines for visual clarity)

Fig. 5   Temperature dependence of magnetization of BiFe1−xNixO3 (0.00 ≤ x ≤ 0.20) samples
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from the impurities, which are usually seen in the XRD pat-
terns of BFO samples.

The ZFC curves of the BFNO samples are found to be 
bifurcated from the corresponding FC curves due to an 
irreversible thermo magnetization process, which increase 
gradually till x = 0.2. A prominent Curie tail is observed in 
all the samples. This type of tail was observed by Das et al. 
[41] for BFO samples. They have explained this as an indica-
tion of the presence of undetected paramagnetic impurity. 
Two impurity phases have been detected in the XRD pattern 
of our samples. Hence, this tail may be attributed to the 
presence of Bi25FeO40. The ZFC curves showed a prominent 
peak called as the spin-glass transition temperature. FC mag-
netization values remain almost constant or decrease with 
temperature below spin glass transition temperature (Tg), 
which is characteristics of spin glass [42].

In some cases, the random interaction between the clus-
ter of magnetic spins results in a state which is highly irre-
versible and metastable, known as the spin glass state [43]. 
Moreover, the ferromagnetic–spin glass transition may be 
induced by increasing the antiferromagnetic bond concentra-
tion [44]. The origin of weak ferromagnetism in BFO could 
be understood by the displacement of oxygen ions which 
causes incomplete spin compensation in the two sublattices 
(interacting ferromagnetically within each sublattice) cou-
pled antiferromagnetically. Moreover, the symmetry restric-
tion for the Dzyaloshinskii–Moriya vector ′D⃗’ is partially 
eliminated and the spins tend to rotate around that to mini-
mize the energy, ED = D⃗ ⋅

��⃗Si × ��⃗Sj , where Si and Sj are two 
neighbouring spins i.e. Fe3+–Fe3+ or Fe3+–Ni2+ [45]. But the 
energy minimization may not be achieved simultaneously for 
all the pairs, which causes variation in D⃗ from site to site i.e., 
different internal canted magnetic structure. This may be the 
cause of the origination of various metastable states such as 
spin glass states [46].

To get an insight into spin dynamics the ESR measure-
ments on BFO and BFNO samples were carried out. Fig-
ure 6 shows the room temperature ESR spectra of BFO and 
BFNO samples measured at 9.37 GHz. The spectra were 
found to be symmetric for all compositions. Only a single 
peak corresponding to the main mode or uniform precession 
mode is observed. A striking change in the spectrum of 5% 
Ni-doped sample is observed. This could be attributed to the 
slight change in the magnetic environment for the unpaired 
electrons of Fe. But, this effect is not prominent for higher 
% of Ni-doped samples. It is also noticed that, the resonant 
absorption field (Hr) shifts towards low magnetic field with 
broader linewidth (presented in Table 1). The absence of 
any low/high frequency modes in these spectra, in addition 
to the main mode, indicates that samples are magnetically 
homogeneous.

The ‘g’ factors of the samples, were calculated using the 
relation, h� = g�BHr , where, ν is the microwave frequency, 

h is the Planck’s constant, �B is the Bohr magnetron and Hr 
is the resonance magnetic field [47]. The BFO sample exhib-
ited spectra at g ~ 1.99, which is an indication of the presence 
of Fe3+ ions only, is also confirmed from XPS studies. The 
Hr and the ∆H are noticeably affected by adding even a low 
concentration (5%) of Ni. The g-values for BFNO samples 
g > 2, provide a strong evidence for the ferromagnetic cou-
pling between Fe3+–Fe3+ and Fe3+–Ni2+.

The peak area has been calculated as I (∆H)2, where I 
is the peak-to-peak height [47] and is displayed as inset to 
Fig. 6. The peak area first increases with increasing x upto 
0.075 and then showed a marginal decrease and thereafter a 
sharp increase for x = 0.15. As the peak area is proportional 
to the number of spins participating in the resonance pro-
cess, this confirms the increase in saturation magnetization 
(obtained from SQUID measurements) with increase in Ni 
concentration.

4 � Conclusion

In conclusion, pristine BFO and BFNO (BiFe1−xNixO3) 
compounds were prepared by solid-state reaction route. 
The nickel doping has significantly influenced the proper-
ties without causing any structural distortion. XPS studies 
confirmed the presence of Fe in + 3 oxidation state. Our 
magnetic measurements reveal that BFO has an antiferro-
magnetic response, with a trace of weak ferromagnetism. 
The nickel substitution decouples the antiferromagnetic 
interaction between the Fe3+ ions, which results into inter-
actions between Ni2+–Fe3+ and Fe3+–Fe3+ ions with canting 
angle. This indicated the suppression of the helical order and 
creation of canted spin arrangements, which results in weak 

Fig. 6   a Room temperature ESR spectra of BiFe1−xNixO3 
(0.00 ≤ x ≤ 0.20) samples, b variation of peak area with variation of 
doping concentration in BiFe1−xNixO3 (0.00 ≤ x ≤ 0.20) samples
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ferromagnetism. The intrinsic properties could be biased 
by extrinsic effects, such as oxygen deficiency, presence of 
metastable states. The observed spin glass state at low tem-
perature may be caused by the competition of the ferromag-
netic and antiferromagnetic interaction in materials. This 
results in the existence of frustration and randomness in the 
ordering of the spins. The ac susceptibility measurements 
need to be carried out to determine the freezing point accu-
rately. Moreover, the relation between the spin dynamics 
and microscopic behavior of these systems may be explored.
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