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Abstract Ceramic Bi;_,Cd,FeO; (x = 0.0, 0.05, and
0.1) samples were prepared by a citrate-gel method. The
as-prepared compounds were calcined at 600 °C for 3 h to
obtain nearly single-phase materials. The crystal structure,
examined by X-ray powder diffraction (XRD) and Rietveld
analysis, confirmed that the samples crystallize in a rhom-
bohedral (space group, R-3¢ no. 161) structure. Magnetic
measurements were carried out on the resultant powders
from 300 to ~2.5 K. Magnetic hysteresis loops showed a
significant increase in magnetization as a result of Cd
doping in BiFeOs.

Introduction

Multiferroics, such as BiFeO3 (BFO), exhibit ferromagne-
tism, ferroelectricity, and ferroelasticity, all in the same
phase. They also have promising technological applications
in emerging electronic devices such as multiple-state
memories and new data-storage media [1-3]. The perov-
skite BiFeO3 is an attractive material, exhibiting a high
Curie temperature (Tc = 1103 K) and Néel temperature
(Ty = 643 K), and weak anti-ferromagnetism at room
temperature due to a G-type canted—spin AFM structure
[4, 5]. Popa et al. [6] have grown thin films of single-phase
BiFeO; on stainless steel substrate applying a citrate route.
The advantages of using citric acid included low recrys-
tallization temperature and the synthesized materials hav-
ing homogeneous microstructure. They had also shown
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that, applying a polymeric precursor, nano crystallites of
pure BiFeO; were synthesized [7].

Several attempts to enhance the magnetization in BFO
ceramics have been reported in the literature. For example,
Wang et al. reported enhanced magnetization in epitaxial
BFO film on a (0 0 1) SrTiO5 substrate, which may be
attributed to the heteroepitaxial strain, oxygen deficiencies,
and enhanced anisotropy [8, 9]. Weak ferromagnetism can
also be observed in BiFO; nanowires and nanoparticles,
which may be due to the significant size effects on the
magnetic properties of BiFeO3 [10, 11]. Enhanced mag-
netization due to structural distortion was observed in high-
pressure synthesized BFO ceramics [12]. Literature reports
indicate that BiFeOs is doped with both trivalent rare-earth
ions and divalent ions [2, 13—16]. Among the divalent
dopants, Ca, Sr, Ba, and Pb substitutions in BiFeO5; have
been studied extensively [17]. Cadmium is also a divalent
metal and its ionic radius is comparable to Ca>*. Recently,
it was shown that Cd** doping in LaMnOj; has tremen-
dously increased the transport and colossal magnetoresis-
tance properties of the materials [18]. However, there is no
report in the literature on the study of cadmium-substituted
BiFeO;. We report the synthesis of Cd*"-doped BFO
ceramics and study the effect of Cd*" doping on structural
and magnetic properties.

Experimental

The samples with the composition Bi;_,Cd,O; (x =0,
0.05, and 0.1) were prepared by a citrate method [19]. The
analytical grade Bi(NOs3),-6H,0, Fe(NO3),-9H,O, and
Cd(NOs),-3H,O were used as starting materials. First, we
dissolve the equimolar amounts of metal nitrates in ion-free
water. The citric acid was then added into the nitrate
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solution such that the molar amount of citric acid was equal
to the total molar amount of nitrates in the solution. The
solution was then gently evaporated at 80 °C to obtain a
homogeneous mixture and dried into gel. The dried powder
was then calcined at 600 °C for 3 h in order to get nearly
single-phase BiFeO; crystalline material.

The synthesized samples were characterized for their
structure by powder X-ray diffraction (XRD) with a Bruker
X-ray diffractometer using Cu K, radiation with a nickel
filter. For Rietveld refinement, the data were collected at a
scan rate of 0.5°/min and a 0.02° step size for 20 from 10°
to 100°. The morphology of the powder was examined
using a JEOL JSM-840A scanning electron microscope
fitted with an energy dispersive X-ray analyzer (EDX).
Magnetic measurements were performed with a vibrating
sample magnetometer in a physical property measuring
system (PPMS, Quantum Design, USA) at an applied field
of 3000 Oe.

Results and discussion

Figure 1 shows the powder XRD patterns of Bi;_,Cd,FeO3
(x = 0, 0.05, and 0.1) samples which showed the formation
of nearly single-phase nature of these materials. Compar-
ison with the reported pattern in the literature (JCPDF No.
01-070-5668) showed the samples were crystallized in the
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Fig. 1 Powder XRD patterns of Bi; _,Cd,FeO; (x = 0, 0.05, and 0.1)
samples; o and * indicate peaks due to the Biy4sFe,039 and Bi,Fe 09
phases, respectively
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rhombohedral structure with space group R-3¢(161). XRD
showed the presence of small amounts of the Bi,Fe,Oq and
BiysFe,O39 impurity phases. The structural parameters
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Fig. 2 Typical, observed, calculated, and difference Rietveld-refined
X-ray diffraction patterns of a BiFeOs;, b Bij9sCdg 0503, and ¢
Big.99Cdp.1003 compounds
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were refined by the Rietveld method using the FullProf
program [20]. The lattice parameters determined for the
parent BiFeO; by the Rietveld method are a =b =
5.576 A, and ¢ = 13.865 A, which is consistent with
reported values [21]. In Fig. 2, observed, calculated, and
difference XRD patterns as a result of Rietveld refinement
of the compounds are given. Figure 2a—c represents the
structural refinement results of BiFeOs, Big¢5Cdg osFeOs3,
and Big99Cdg 10FeO3; compounds. There is a good agree-
ment between observed and calculated patterns. No phase
transition from rhombohedral to orthorhombic was
observed upon Cd** doping. In Table 1 we summarized
structural parameters for doped samples and also we
reported the residuals for the weighted pattern R, the
pattern Ry, Braggs factor Rpy,g,, Structure factor R, and
goodness of fit y*.

SEM pictures of the synthesized materials are presented
in Fig. 3. Figure 3a—c shows SEM images of BiFeOs,

Table 1 Structural parameters of Bi;_,Cd,FeO; (x = 0, 0.05, and
0.1) samples

Compounds BiFeO5 Big95Cdg 0sFeOs;  Big 9oCdg 10FeO3
Crystal system Rhombohedral
Space group R-3c(161)
Lattice parameters
a (A) 5.577(3) 5.575(5) 5.574(5)
¢ (A) 13.865(6)  13.857(2) 13.856(3)
Cell volume (A% 373.398(1) 372.909(6) 372.910(6)
Bi/Cd
x 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000
Fe
X 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.2206(3)  0.2209(6) 0.2208(2)
Ol
X 0.4522(9)  0.4689(4) 0.4588(1)
0.0259(3)  0.0262(5) 0.0268(1)
0.9531(2)  0.9458(6) 0.9474(6)
R factors (%)
Rp 6.45 5.95 6.95
Rwp 8.41 7.64 8.79
REBrage 4.31 4.44 5.85
Rr 3.70 3.53 341
Ve 0.31 0.30 0.36
Bond lengths (A)
Fe-O 1.949(2) 1.956(3) 1.961(5)
Bond angles (°)
Fe-O-Fe 155.106(3) 156.168(5) 156.172(8)

Fig. 3 Scanning electron micrographs of Bi, _,Cd,FeO; (x = 0, 0.05,
and 0.1) samples

Big.95Cdg 0sFeOs, and BigggCdg 10FeO5; samples, respec-
tively. The particles are agglomerated, and a high intercon-
nection of the grains can be seen from the figure. Particles in
both the samples are aggregated into clusters which range
from less than a micrometer to about one micrometer in size.
EDX results confirmed the Bi/Cd ratio and the stoichiometry
of the compounds (Fig. 4).
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Effects of Cd** substitution

It was shown by Kothari et al. [22] that Ca** doping in
BiFeO; resulted in the release of weak ferromagnetism and
created oxygen vacancies and the observed weak ferro-
magnetism and ferroelectric nature at room temperature
indicated the multiferroic nature of these materials. Simi-
larly, Khomchenko et al. [17] have showed that Ca, Sr, Pb,
and Ba substitutions at the Bi site resulted in spontaneous
magnetization for the BiFeO; materials. Similarly, Ca*t
doped LaMnOj;, showed that a corresponding amount of
Mn>" is oxidized into Mn*", resulting in several types of
magnetic interactions, among which Mn**—0*"—Mn*" is a
dominant double exchange interaction leading to the fer-
romagnetic nature of the materials [23].

Cd is also a divalent metal, and its ionic radius is
comparable to Ca®’" and shown to be promising for
improving performance of materials [24]. For example,
among all the divalent dopings (Ba, Sr, Ca, Pb, and Cd),
LaMnO; doped with Cd*" showed the best Colossal
Magnetoresistance (CMR) performance with more than
80% decrease in resistivity (at 6 T field), a insulator—metal
transition (resistivity drop to 86%) [18]. We have shown
that Cd doping into LaFeO; has resulted increased mag-
netization and magnetic moments of the material [25].

Magnetic measurements were performed on (Bi, Cd)
FeO5; samples, and the results are presented in Fig. 5.
Figure 5a shows the evolution of magnetization as a
function of applied magnetic M (H) for BiFeO; and
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Cd-doped BiFeO; samples measured at 300 K. All the
samples showed a larger loop, indicating a ferromagnetic
hysteresis loop, with an increase in magnetization with
increased Cd doping. The parent BiFeO; material crystal-
lizing in a rhombohedral, distorted perovskite structure
allows a weak ferromagnetic ordering due to canting of the
spins [4, 5]. With Cd doping, (Bi, Cd)FeO5; samples exhibit
enhanced magnetization at room temperature. The increase
in spontaneous magnetization could be due to two factors.
First, structural disorder due to Cd doping in BiFeOs;
orthorhombic perovskite can allow a weak ferromagnetic
ordering due to canting of the spins (Cd doping resulted in
a Fe—O-Fe bond angle increase from 155.106° to 156.172°)
[16]. The structural disorder as a result of Cd doping is
evident as shown by the decreasing values of the tolerance
factor, ¢. The value of “¢” in general is indicative of the
structural stability of perovskite materials, with ideal
perovskite materials having a value of 1. The ¢ value
decreased from 0.897 for undoped BiFeOs to 0.893 for
10% Cd doping. Second, Cd** doping at Bi sites requires
charge compensation, which can be accomplished by for-
mation of Fe*™ or oxygen vacancies. The statistical dis-
tribution of Fe** and Fe*" (in the case that Fe** exists) can
also lead to net magnetization and ferromagnetism [26, 27].
Magnetization of BiFeO; is ~0.85 emu/g, which increased
to ~0.87 emu/g for 5% Cd-doped BiFeO; and ~ 0.96 emu/g
for 10% Cd-doped BiFeO; samples, showing that Cd
doping leads to enhanced magnetization in the samples.
The increase in magnetization as a result of Cd doping is
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Fig. 5 a Magnetization versus magnetic field hysteresis loops for
Bi,_,Cd,FeO3; (0 < x <0.1) at room temperature. b Temperature
dependence of the magnetic susceptibility of Bi; _,Cd,FeO; (x = 0,
0.05, and 0.1) samples

comparable to the best results of divalent doping (ex. Pb or
Ba doping in BiFeO3) [17]. Also, the contribution of the
Bi,Fe 09 impurity, which undergoes a transition to anti-
ferromagnetic state (around 260 K), has no effect on
enhanced magnetization [28]. Figure 5b displays the tem-
perature dependence of the magnetic susceptibility (y) of
BiFeO; and the Cd-doped BiFeO; samples. The decrease
of y with decreasing temperature (below 50 K) is indica-
tive of a possible ferromagnetic to antiferromagnetic
transition [29].

The magnetic properties of BiFeO; are largely due to the
iron sub-lattice which involved several super exchange
interactions such as Fe’™—O-Fe*' or Fe’"—O-Fe*" and
determine magnetic ordering. Cd** doping at the Bi site
could induce canting of the antiferromagnetic sub-lattice
(with small 0 values) leading to weak ferromagnetism. The
doping of Cd at the Bi site thus enabled the transition from

the nominally spatially modulated spin structure of BiFeO3
into a homogeneously canted one [16, 17].

Though EDX showed the Bi/Cd stoichiometry ratio for
the synthesized compounds, there were no significant
changes in the lattice parameters obtained from Rietveld
structural refinement and magnetic property studies. It is
possible that the maximum solid solubility be less than
<10% of Cd, which requires further experimental char-
acterization of the synthesized materials.

Conclusions

Novel Cd-doped BiFeO; ferrite materials were synthesized
by a simple combustion procedure and the structural fea-
tures were determined and further studied for their mag-
netic properties. The results showed there is significant
increase in magnetization of the parent BiFeOj; as a result
of Cd doping, leading to the observed ferromagnetic
behavior. Unlike many isovalent dopants, Cd doping in
BiFeO; did not result in any structural phase transition.
Structural stability, in conjunction with increased magne-
tization, positions (Bi, Cd)FeO; multiferroic materials for
several technological applications.
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