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Abstract: The pure BiFeO3;(BFO) and (Nd, Zn) co-doped BFO nanoparticles were prepared by a
sol-gel method. The crystal structure, optical and multiferroic properties of the samples were
systematically investigated. Rietveld refinement showed that the samples crystallized in rhombhohedral
R3c structure. In UV-Visible diffuse absorption spectra, an apparent blue shift can be observed after
co-doping, which indicates a possible application in photocatalyst and photoconductive devices.
Compared with pure BFO sample, the leakage current density of the x = 0.05 sample decreases about
three orders of magnitude. The remanent magnetization (Mr) of the x = 0.10 sample reaches 0.105
emu/g while the coercive field (Hc) is as high as 7.0 kOe. The (Nd, Zn) co-doping into BFO
nanoparticles has been proved to be an effective way to improve the optical and multiferroic properties.
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1 Introduction

Multiferroics exhibiting ferromagnetic and ferroelectric orderings in same phase have recently attracted

much attention due to the fascinating fundamental physics and potential applications in spintronics,



multiple-state memories and magnetoelectric sensor devices [1-3]. Among all the multiferroic materials
studied so far, lead-free BFO is the only known material showing good ferromagnetism at room
temperature. BFO has been regarded as an excellent candidate for novel magnetoelectric devices for
several years due to its high ferroelectric Curie temperature (T¢) of 1123 K and antiferromagnetic Neel
temperature (Tn) of 647 K [1]. The G-type antiferromagnetic and ferroelectric properties of BFO are
induced by rhombohedrally distorted perovskite structure with space group R3c [4]. Although the R3c
symmetry permits the existence of a weak ferromagnetic moment [5], it can’t be observed any net
magnetization for the cause of the Dzyaloshinsky-Moriya interaction (DM interaction) [6], a cycloid
type spatial spin, superimposed to the G-type antiferromagnetic spin ordering. Another drawback is the
large leakage current density of BFO which prevents the practical application of BFO in the fabrication
of the ferroelectric devices [7, 8]. Thus in order to improve ferromagnetic property, considerable efforts
should be carried out to suppress the spiral spin structure or increase the canting level of the antiparallel
spins [9]. Meanwhile it is essential to investigate how to reduce the leakage current density. It is known
that the existence of leakage current density of BFO is due to the chemical valence fluctuation of Fe
ions (Fe®*/Fe?*), oxygen vacancies, and the loss of bismuth [10]. It is widely accepted that intrinsic
polarization and magnetization is associated with the lone pair of Bi®* ion at the A-site and the
partially-filled 3d orbitals of Fe®* ion at the B-site, respectively [11]. Intrinsic BFO is an insulator with
a wide bandgap of 2.5 eV, as reported by Yu et al. [12]. The photo response of BFO nanoparticles can
be extended in the ultraviolet and visible region due to the fact that the microstructure, chemical
structure and defects can be improved by co-doping of rare earth metal ions and transitions metal ions
[13]. Therefore there is an increased possibility of utilizing the ultraviolet and visible light for
photocatalysis. Some researchers have reported that nanotechnology and metal ion doping could have a
great impact on their optical, electrical and magnetic properties in the last few years. Among of them,
some papers focused on A-site substituting with rare earth metal ions such as Ho [14], Sm [15], Gd [16]
and Ni [17], B-site substituting with transitions metal ions such as Zr [18], Co [19], Mn [20] and Zn
[21], A-site and B-site substituting with (La, Pr) [22], (Sm, Cr) [23], (Gd, Ti) [24] and (Er, Ti) [25].
Physical properties of BFO can be controlled by doping, based on the fact that doping can cause the
lattice distortion, control the vaporization of Bi ions and bring about the non-centrosymmetry.
Furthermore, substitution at A-site with difference ionic radii can make the locked magnetization

released by suppressing the spiral spin modulation of G-type antiferromagnetism [5]. The substitution



of rare earth metal ions and transitions metal ions could effectively decrease the Fe-O-Fe angle to
enhance superexchange interaction between the two Fe ions to improve the magnetic properties
[26-28].

In this work, polycrystalline BFO and Bii-xNdxFeoe75Zn0.02503 (X = 0.025, 0.05, 0.075 and 0.10)
samples were prepared by a sol-gel method. The strategy of (Nd, Zn) co-doping was adopted to
enhance optical and multiferroic properties in BFO nanopartcles. Due to the small ion size of Nd®*, the
crystal structure was distorted and the non-centrosymmetry of the structure was increased, which
offered more space for Fe*at B-site and enhanced the electric property of the samples. The effect of
(Nd, Zn) co-doped BFO nanoparticles on the crystal structure, the optical and multiferroic properties

were investigated systematically and the results were discussed in detail.

2 Experimental details

The nanoparticles of pure BFO and Bi1.xNdxFeo.975Zn0.02503 (x = 0.025, 0.05, 0.075 and 0.10) were
prepared by a sol-gel method. The proper stoichiometric proportions of Bi2Os;, Nd2Osz, ZnO and
Fe(NOs3)3-9H20 were used as starting materials and were dissolved in dilute nitric acid (analytical pure).
Tartaric acid, the same amount of the total metallic ions in the precursor solution, was added into the
solution as chelating agents. The solution was stirred for 7 hours in 70 °C to form a homogeneous gel.
The gel was ground into powders after drying at 80 °C for 24 h. Then the powders were preheated at
250 °C for 2 h and calcined at 550 °C for 2 h.

The structure and phase purity of the samples were characterized by X-ray diffraction (XRD) (Bruker
D8 Advance X-ray diffractometer) with Cu-Ko radiation at room temperature and analyzed with
Rietveld refinement program. The microstructure and morphology were examined by means of
scanning electron microscopy (SEM, JEOL-6380LV, Japan). Violet-visible spectrum measurements
were carried out with a PerkinEImer Lambda 35 ultra violet-visible (UV/VIS) spectrophotometer. The
leakage current density-electric field (J-E) curves were measured using Radiant precision materials
analyzer. The magnetization hysteresis (M-H) loops of all samples were measured at room temperature

using a vibrating sample magnetometer (VSM).

3 Results and discussion



X-ray diffraction (XRD) patterns of the synthesized BFO and BiixNdxFep 9752002503 (X = 0.025, 0.05,
0.075 and 0.10) samples are shown in Fig. 1(a) and (b). All the diffraction peaks of pure BFO can be
indexed using a rhombohedral structure, which match well with the standard reported values (JCPDS
File No. 71-2494). Fig. 1(b) shows the enlarged view of the diffraction peaks (1 0 4) and (1 1 0) in the
vicinity of 20 = 32 °. The (1 0 4) peak shifts towards high diffraction angle gradually with increasing
Nd concentration, while the (1 10) peak remains almost unchanged. In order to reveal more about
phase changes and lattice parameters, Rietveld refinements using Fullprof suite have been performed.
Fig. 2 shows the Rietveld refinement results of the pure BFO and (Nd, Zn) co-doped samples. The
refinements were carried out using space group, lattice constants and Fe-O-Fe bond angle to find best
fit between observed and calculated patterns. Selected structural parameters and R- factors are listed in
Table 1. Rietveld refinement shows that all samples well fit with rhombohedral structure with space
group R3c. Relatively small R factors of all the samples were obtained, which indicated that the
conclusion is reliable and effective. The Bi-O bond and Fe-O bond distance of all samples have the
same trend of change. It can be seen from Table 1 that the two Bi-O bond and Fe-O bond distance have
opposite behaviors. They don't change much up to x=0.05 and then start to depart (one increasing
and the other decreasing) for x>0.05. The Fe-O-Fe bond angle decreases as (Nd, Zn) co-doped
concentration increase. All of these cause the asymmetry strengthened. The variations of structural
parameters may be caused by the ionic radius of (Nd, Zn) co-dopants due to the difference of ionic
radius (rZn?* = 0.75 A > rFe® = 0.645 A and rNd** = 0.983 A < rBi** = 1.03 A). The results of the
XRD and Rietveld refinement revealed that the (Nd, Zn) co-doping caused internal structure
distortion related to changes in Fe-O bond distances and bond angles [29]. According to the
above results, it is observed that (Nd, Zn) ions are effectively incorporated into the crystal
structure of BFO, which may play an important role on improving optical and multiferroic
properties.

SEM images of pure BFO and BiixNdxFeg g75ZN0.02503 (X = 0.025, 0.05, 0.075 and 0.10) samples
are shown in Fig. 3. The crystal grains of pure BFO are non-uniform and irregular in shape with
the average grain size about 200 nm. It can be seen that the average grain sizes of all samples
have trend drab and smaller with the increasing Nd concentration. The x = 0.025 sample has a

certain degree of agglomeration with the average grain size about 150 nm and the average grain



sizes of samples with x = 0.05, 0.075 and 0.10 are about 120 nm, 80 nm and 60 nm respectively,
as shown in Fig. 3 (a), (b), (c), (d) and (e). The average grain sizes decrease from 200 to 60 nm
after (Nd, Zn) co-doping, suggesting that (Nd, Zn) content of BFO inhibits the grain growth,
which can be used to control the growth of grain size. In general, it is believed that the smaller the
grain sizes, the more the defects at the grain boundaries, which may have significant influence on the
optical and multiferroic properties of the nanoparticles [30, 31].

Many researchers recognized BFO was a fascinating optical material, which could be
applied in photocatalyst and photoconductive devices [32]. It is well known that the optical
transmittance properties are relevant to the electronic structure features and band gaps. Fig. 4
shows UV-Visible diffuse absorption spectra of pure BFO and BiixNdxFeo.975Zn0.02503 (X = 0.025,
0.05, 0.075 and 0.10) samples in the wavelength range 300 - 900 nm. Pristine BFO nanoparticles
exhibit an absorption peak around 550 nm. Compared with pure BFO, an apparent blue shift
can be observed in the co-doped samples. As shown in Fig. 4, the photo response of the
co-doped BFO nanoparticles has been extended in the ultraviolet and visible region, which can
be used to detect ultraviolet and visible light in the photocatalysis [33]. Optical band gaps (Eg)
of pure BFO and BiixNdxFeo.975Zn002503 (x = 0.025, 0.05, 0.075 and 0.10) samples can be
calculated using classical Tauc formula. Based on the theory of optical absorption, the
absorption coefficient (o) and the photon energy (hv) for direct allowed transitions are related
as: (ahv)? = A(hv - Eg), where A is a constant function. Fig. 5 shows the (ahv)? vs hv plots. By
extrapolating straight line, each Eg value of all the samples is 1.55ev, 1.74ev, 1.79ev and
1.70ev, with the corresponding (Nd, Zn) co-doped concentration x=0.025, 0.05, 0.075 and 0.10,
respectively. The band gap values were observed to increase with the concentration and then
decrease, having a maximum in the x=0.05-0.075 region, which may be caused by the change of
Fe-O-Fe bond angle and Bi-O bond and Fe-O bond distance.

The leakage current mechanisms for pure BFO and Bii-xNdxFeo.e75ZN0.02503 (X = 0.025, 0.05,
0.075 and 0.10) samples at room temperature were displayed by the plots of log (J) versus E as
shown in Fig. 6. It can be seen that each J-E curve of the samples is symmetry around the
current density axis. The leakage current density decreases with the concentration x = 0.025 and
x = 0.05. However, the leakage current density does not reduces when the concentration x

increases from 0.075 to 0.10, which can be interpreted by the change of Bi-O bond and Fe-O bond



distance. Compared with pure BFO sample, the leakage current density of the x = 0.05 sample
decreases about three orders of magnitude at all applied electric field. As known, the high
leakage current in BFO system is caused mainly by charge defects such as bismuth vacancies,
oxygen vacancies and Fe*? contents [7, 34, 35]. This indicates that the leakage current property
can be improved effectively by co-doping proper concentration of (Nd, Zn) into BFO based on
the fact that the (Nd, Zn) co-doped samples can reform the structural and enhance superexchange
interactions of Fe?* and Fe®*.

Fig. 7 shows the magnetization versus magnetic field (M-H) curves of pure BFO and
Bi1-xNdxFeo.975ZN0.02503 (x = 0.025, 0.05, 0.075 and 0.10) samples with a maximum applied magnetic
field of £30 kOe at room temperature. The magnetization of pure BFO increases linearly with magnetic
field (H) up to 30 kOe, for the case that pure BFO shows a weak ferromagnetic order due to the
anitiferromagnetic spin structure. As shown, the (Nd, Zn) co-doped samples exhibit larger
magnetization at room temperature than that of the pure BFO sample. The remanent magnetization (Mr)
of the x = 0.10 sample reaches 0.105 emu/g while the coercive field (Hc) is as high as 7.0 kOe. This
can be interpreted that the Fe-O bond angle decreases from 158.45° to: 154.9117°, 150.9°, 144° and
142°, with the increasing Nd concentration (x = 0.025, 0.05, 0.075 and 0.10), as seen in Table. 1. The
Fe-O bond distance and bond angle play an important role on the structure transformation [29], which
release the suppression of the spin cycloid and enhance G-type antiferromagnetic and ferroelectric

properties of BFO.

4 Conclusions

In this paper, BFO and (Nd, Zn) co-doped BFO samples were prepared by a sol-gel method. The
co-doped BFO samples still maintained the rhombohedral (R3c) as pure BFO which were all analyzed
by XRD and Rietveld refinement. The size and morphology of the nanoparticles had been displayed
using SEM. The optical property was also investigated on the UV-visible absorption spectra and optical
band gap. The co-doped samples showed lower current leakage density and higher ferromagnetic
properties with proper Nd concentration. This work provides an alternative strategy to enhance

multiferroic properties, which is a useful try for the practical applications in the future.
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Fig. 1.(a) XRD patterns of pure BFO and Bi;\NdFeg 97571002505 (x = 0.025, 0.05, 0.075 and 0.10) samples. (b) Enlarged view of

the diffraction peaks (104) and (110) in the vicinity of 26 = 32 °.
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Fig. 2. XRD Rietveld refinement results for Bi;xNdFe 97520902503 (x = 0.025, 0.05, 0.075 and 0.10) samples. (a) x = 0.025, (b)

x = 0.05, (¢) x =0.075 and (d) x = 0.10, respectively. Observed (red) and calculated (black).



Fig. 3. SEM images of pure BFO and Bi;.,NdFe 975710 02505 (x = 0.025, 0.05, 0.075 and 0.10) samples. (a) BFO, (b) x = 0.025,

(c)x=10.05, (d) x =0.075 and (e) x = 0.10 respectively.
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Fig. 4. UV-visible absorption spectra of BFO and (Nd, Zn) co-doping samples.



Fig. 5. Tauc’s plots to determine the band gap of (Nd, Zn) co-doping samples respectively.
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Table 1 Selected structural parameters from Rietveld refinement of pure BFO and Bi; ,Nd,Fe 975Zn¢.0250; (x = 0.025, 0.05, 0.075

and 0.10) samples.

Cell Bi-O bond | Fe-O bond Bragg
Sample Cell(A) | . . Fe-O-Fe,°| R factors Rf-factor
Type distance(A)|distance(A) R-factor
a=5.5806 Rp=16.1
b=5.5806 | 2.5903 1.8773 Rwp=13.0
BFO R3c 158.45 1.59 1.8
c=13.8748 | /2.3049 /2.1595 Re=10.2
\V=374.2159 GOF=1.3
a=5.5601 Rp=15.2
b=5.5601 2.5072 1.9356 Rwp=13.1
X=0.025 R3c 1549117 1.79 1.88
€=13.8090 | /2.3588 /2.1108 Re=9.70
\V=369.7126 GOF=1.3
a=5.5813 Rp=15.5
b=5.5813 | 2.5232 1.8534 Rwp=13.1
X=0.05 R3c 150.9 1.92 191
c=13.8492 | /2.2655 12.2404 Re=10.5
\/=373.6109 GOF=1.2
a=5.5856 Rp=16.1
b=5.5856 | 2.9236 1.8415 Rwp=13.3
X=0.075 R3c 144 1.66 1.77
€=13.8442 | /1.8540 2.3475 Re=10.6
\VV=374.0578 GOF=1.2
a=5.5800 Rp=16.3
b=5.5800 2.9685 1.7097 Rwp=13.9
X=0.01 R3c 142 1.48 1.66
c=13.8095 | /1.7228 /2.4480 Re=10.3
\/=372.3739 GOF=1.3
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