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Effects of Zr substitution on structural, morphological, and
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The present study involves co-precipitation method to grow un-doped and Zr-doped bismuth iron oxide with xz =
0.10-0.30. The molar solutions of ferric chloride (FeCls), zirconyle chloride (ZrOCl,), and bismuth chloride (BiClz) are
prepared in distilled water, and are allowed to react with sodium hydroxide (NaOH). The synthesized powders are then
converted into pellets, which are sintered at 500 °C for two hours in a muffle furnace. X-ray diffraction (XRD) shows
multi-phase formation in un-doped and Zr doped samples. Scanning electron microscope (SEM) depicts layered structure
at low Zr concentration xz, = 0.10, while uniform surface with smaller grains and voids is observed at xz, = 0.20, but at
xzy = 0.30, cracks and voids become prominent. The ferromagnetic nature of the un-doped sample is observed by vibrating
sample magnetometer (VSM), while paramagnetic behavior appears due to Zr doping. The ferromagnetism in un-doped
sample is lost by Zr doping, which is due to the formation of additional Fe—~O—Zr bonds that induce paramagnetic behavior.
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1. Introduction

The search for promising and novel materials has
forced the scientific community to find the critical param-
eters by conducting experiments!!~16! and using theoretical
methodologies.!'”-??l Therefore, it is needed to find the ma-
terials simultaneously exhibiting many ferroic characters such
as ferromagnetism, ferroelectricity, and ferroelasticity, etc.,
which are termed as multiferroics.>}! These materials have
applications in spintronic, sensors, data storage and the fer-
romagnetic resonance devices, which have electrically tun-
able characteristics.**! Bismuth ferrite (BiFeOs3) is an impor-
tant multiferroic material which was discovered in the late
1950s.1231 Its crystal structure is rhombohedrally distorted per-
ovskite, which exhibits ferroelectricity below Tc ~ 1100 K and
shows G-type antiferromagnetism up to Ty ~ 650 K.[*%! The
true ferroelectric nature of BFO has been confirmed by mea-
suring ferroelectricity at 77 K,>”1 which showed a remnant
polarization ~ 6.1 pLC-cm’2 along [111]. A rhombohedral
structure with space group R3c has been found by using the
single crystal x-ray diffractions (XRD) and the neutron diffrac-
tion investigations.[?8! In the past ten years, over three thou-
sand reports on bismuth ferrites have been published, which
depict the material significance.!”®! BiFeO; is probably the
most prominent in all the known multiferroics because both its
ferroelectric and antiferromagnetic orders are retained at the
higher temperatures; therefore, it is highly suitable for room
temperature applications.

In BiFeOs3, ferroelectricity is due to 6s lone pair elec-
trons at the Bi ion,1*%) while partially filled d-orbitals of Fe
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produce magnetism.3!l There are many drawbacks, which
hinder its technological applications.'*?! Single phase BFO is
relatively difficult to achieve, because it remains stable in a
narrow temperature range. >3] Secondary phases have been re-
ported in many experimental studies. The weak magnetization
at room temperature originates from its spatially modulated
spin structure, and the various impurity phases cause high
leakage current, which imposes restrictions to achieve intrin-
sic ferroelectricity.[*?! The presence of the secondary phases
results in valency fluctuations of iron between Fet3 and Fet2,
however, the presence of oxygen vacancies causes high leak-
age current problem.?*! By making the chemical substitutions
during fabrication or by alloying with other perovskites, the
properties of BFO have been reported to be improved. 3! It
is found that substituting rare earth ions, such as La and Nd,
leakage current decreases in BFO. By controlling the volatile
nature of Bi atoms and suppressing the generation of oxygen
vacancies, the charge compensation control is realized.*®! In
this work, we add Zr™* for substituting the B-site Fe, to study
the effects on the structural, morphological and the magnetic
properties of BFO. The Zr dopant is very less explored for
BiFeOs and is selected to tune the physical properties of the
host lattice to elucidate the potential multiferroic device appli-
cations. BFO nano-powders can be prepared by using different
fabrication methods to obtain highest phase purity at the low
fabrication temperatures to realize cost-effective samples.**
In this work, we use co-precipitation method, which is
simple and cheap technique to prepare samples in the bulk
form. The main advantage of this method is that it requires
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low synthesizing temperature. The effects of Zr substitution
on the structural, morphological and the magnetic properties
of the host lattice are systematically studied.

2. Experiment

Powders of un-doped and Zr-doped bismuth iron oxide
are synthesized by co-precipitation method. The 0.5-molar
solutions are prepared for growing the un-doped and Zr doped
(xz: = 0.10, 0.20, and 0.30) bismuth iron oxide by using BiCl3,
FeCls, ZrOCl; - 8H,0, NaOH precursors, and mixing them
in 50-ml distilled water. We have used sodium hydroxide
(NaOH) as a precipitating agent. The prepared solution is
stirred on a hot plate with a magnetic stirring for 30 min at
75 °C. The precipitates are separated from the solution by fil-
tration using Whatman filter paper, and the precipitates are
The filtrates are then dried at

45 °C in a drying oven for 6 h. The dried chunks are grinded

washed with distilled water.

to obtain uniform powders, which are calcined at 450 °C in
a muffle furnace for 2 h. Then the powders are shaped into
pellets by using hydraulic press under a pressure of 5 tons for
5 min. Afterwards, the pellets are further sintered at 500 °C in
a muffle furnace for 2 h. The crystal structure of the samples
is explored by using Bruker D8 advance x-ray diffractometer
working at 40 kV and 40 mA and Cu Ko (1.5406 A) radiation.
The surface structure is observed by using Hitachi scanning
electron microscopy (SEM). The Lakeshore’s 7407 vibrating
sample magnetometer is used with an applied magnetic field
range of £1 T, to elucidate the magnetic behavior of the fabri-
cated samples.

3. Results and discussion
3.1. Structural properties

The XRD patterns of un-doped and Zr-doped BFO
(BiFe;_,Zr,03) with x = 0.10, 0.20, and 0.30 are shown
in Fig. 1. By matching with the JCPDS cards (01-071-
2494, 00-025-0090, and 075391), we observed three phases
belonging to rhombohedral BiFeO3; with space group R3c,
orthorhombic Bi,FesO9 with space group Pbam, and cubic
Biza(Bij 04Fe.84)040 with space group 123, in both un-doped
As can be observed in the XRD
pattern of the un-doped sample, a multiphase formation oc-

and Zr-doped samples.

curs because the diffraction peaks from the crystallographic
planes (110), (202), (300), (125), (220), (217), and (134) be-
longing to BiFeO3 phase, while, the crystallographic planes
(120), (002), (221), (221), (140), (141), (142), and (431)
belong to BiyFe4O9 phase. Similarly, (310), (222), (332),
and (422) belong to Bi24(Bi1,04Feoig4)O40. The XRD patterns
show that the (120) plane belonging to Bi;FesO9 phase has
the highest intensity among all the diffraction peaks in the
un-doped sample. With Zr doping at xz; = 0.10, the highest

peak shifts to (141) plane, which also belongs to BiyFesOg
phase. By increasing Zr doping xz = 0.20-0.30, the high-
est peak again belongs to (120) plane of BiFe4Og. Due to
equivalent thermal stabilities of all the appeared BFO phases,
it is difficult to predict which phase makes dominant con-
tributions to the stability. However, under the present em-
ployed growth and post-growth conditions, BioFe4Og9 appears
as a dominant phase. Remaining peaks belong to BiFeOs and
Big4(Bi1.04Feo.g4)O40 phases. The XRD results confirm that
Zr-doped samples have the crystallographic phases, which are
similar to those observed in the undoped sample. It means
that crystalline structure of undoped sample is not affected by
Zr substitution, because ZrO, peaks appear in none of all the
XRD patterns of Zr-doped samples, which depicts the substi-
tutional replacement of Zr dopants with the host lattice cations.
The multi-phase formation during the growth of BiFeOs is a
common issue, which has already been reported in many pre-
vious experiments. 3711 It is also interesting to note that all
the compounds formed have Bi, Fe and O as constituents and
peaks belonging to none of their binaries (Bi; O3, Fe; 03, etc.)
are present. Therefore, it is evident that under the employed
growth conditions, in addition to the BiFeOs (BFO) phase
formation, various ternary peaks belonging to various BFO
phases also appear, which is due to having a narrow equiva-
lent temperature range in which they have equivalent thermal
stabilities. The observed fact of the appearance of multi-phase
formation is in accordance with the earlier reports,[38’4z] how-
ever, several reports on the single phase formation of BiFeO3
are also present in the literature.[*>*! Therefore, single phase
BFO could be realized by employing a set of optimized fab-
rication conditions. The formation of multi-phases is due to
the fact that in addition to BiFeO3 there is more than one ther-
modynamically stable possible phases!*?! that arises under the
employed growth conditions. Therefore, the absence of ZrO,
peaks reveals Zr substitutions with Fe cations of the formed
multi-phase.
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Fig. 1. XRD patterns of bismuth manganese oxide with xz = 0.00, 0.10,
0.20, and 0.30, grown by co-precipitation method.
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The average crystallite size of sample is calculated by us-
ing the Scherrer formula from the major diffraction peaks of

each phase
0.914

= Bcos(6)’

where, ¢, A, B, and 0 represent crystallite size, impinging x-

6]

rays wavelength, full-width at half-maximum (FWHM), and
the diffraction angle, respectively. The crystallite sizes of all
three phases are shown in Fig. 2. The crystallite size of BiFeO3
phase is smaller at xz; = 0.00 and xz = 0.10, but increases due
to Zr substitution at xz; = 0.20-0.30. The crystallite size of
BiyFe4 Oy is higher at xz = 0.00, however, it slightly decreases
at xz; = 0.10-0.30. The third phase Bi24(Bil.04FCQ,g4)O4() has
almost constant crystallite size by substituting Zr except at
xzy = 0.30, where it decreases below 175nm, which might be
due to the crystallite size of BiFeOs3 increasing to more than
275 nm.
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Fig. 2. (color online) Plots of crystallite size of BiFeO3 BiyFesO9 and
Bia4(Bij.04Fep.84)Ouap versus Zr doping content.

The behaviors of relative intensity of BiFeOs, BiyFe4Oo,
and Bip4(Bij 04Feq 84)049 phases with respect to Zr substitu-
tion are shown in Fig. 3. The relative intensity of BiFeO3 in-
creases with increasing Zr, while for Bip4(Bij 04Feg g4)O0up its
relative intensity decreases. The relative intensity of Bi;Fe4O9
remains almost constant. Therefore, at higher Zr doping, the
BiFeOs phase formation enhances, however, Bi,FesO9 re-
mains as a major phase.
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Fig. 3. (color online) Plots of relative intensity of BiFeO3, Bi;Fe4O9, and

Bis(Bij.04Fep.g4)Ouap versus Zr substituting concentration for xz = 0.00,
0.10, 0.20, and 0.30.

3.2. Surface morphology

The surface morphologies of undoped and doped samples
are measured by using scanning electron microscopy (SEM).
The SEM micrographs of un-doped BFO and doped sam-
ples are shown in Fig. 4. The un-doped and Zr-doped (with
xz: = 0.10) samples reveal that the surface consists of stacked
layers. By increasing doping concentration of Zr to xz. = 0.20,
uniform surfaces having small grains, along with some voids,
are observed. The higher doping of Zr (xz, = 0.20) leads to the
formation of grains but voids and cracks still appear on the sur-

n[?®! reported that the grain size decreases

face. Wang and Na
due to Zr doping and various pores appears on the surface of

the BiFeOj; film.

Fig. 4. SEM micrographs of bismuth iron oxide with (a) xz = 0.00, (b)
xzr = 0.10, (¢) xzr = 0.20, and (d) xz, = 0.30.

The variation in the surface morphology seems to be
closely related to the variation of relative intensity as de-
picted in Fig. 3, where it can be observed that relative in-
tensity of BioFesOg remains constant, therefore, its effect on
the surface morphology can be ignored. However, the remain-
ing two phases have their relative intensities increasing up to
xzy = 0.10 and the surface morphologies of both samples show
similar layered structures. While, the surface morphology
significantly changes at xz, = 0.20, indicating that the small
grains might be related to BiFeO3; phase because its relative
intensity continuously increases with Zr. The surface pores
can be approximately related to the appreciable decreasing of
relative intensity of Bix4(Bij g4Feg 84)O40 phase as depicted in
Fig. 3. The comparison of the grain morphology with the XRD
peak intensity is very important to study the material behav-
iors under different growth conditions, and has been already
explored in various experimental reports. [43—7]

The surface morphology for the sample with xz. = 0.30
as shown by SEM image in Fig. 4, also supports the fact ob-
served above. The surface has bigger uniform grains, and
these grains may arise from the smaller agglomerated grains,

which is again shown to be related to BiFeOs, because XRD
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relative intensity still increases, as depicted in Fig. 3. This evi-
dences the continuous growth of BiFeO3;. While, the pores and
cracks at the surface may be attributed to the decrease of rela-
tive intensity of Bizs(Bij g4Feg 34)O49. Moreover, the increase
in relative intensity of the BiFeO3 phase, which may be con-
sidered to determine the surface morphology, is also supported
by calculated the crystallite size as shown in Fig. 2, where the
crystallite size of BiFeOs3 also increases with xz;. Therefore,
smaller and larger uniform grains at the surfaces of the sam-
ples with xz. = 0.20 and xz. = 0.30, respectively, belongs to
BiFeOs phase.

As indicated by XRD study, no ZrO, phase belong-
ing to impurity element is observed and only multi-phases
of BiFeOs, Bi;Fe4O9, and Biys(Bij g4Feg 84)O0a49 are present.
The surface morphology does not indicate the presence of
ZrO, like impurity phases (as no wide differences in the con-
trast of SEM images are present). Therefore, from both XRD
and SEM study, we can observe that Zr has been substituted
for Fe, despite of the multi-phase formation. Although, multi-
phase appearance has been observed by XRD, the absence of
wide differences in contrast evidences that the SEM morphol-
ogy, as observed in the present case, cannot be employed to

differentiate various phases.

3.3. Magnetic properties

Magnetic behaviors of the synthesized samples are mea-
sured by vibrating sample magnetometer (VSM) at room tem-
perature. The measured magnetization curves are shown in
Fig. 5, in which the inset shows the magnified part of the
graph in the applied magnetic field range £1500 Oe (1 Oe =
79.5775 A/m). The hysteresis loop with small saturation mag-
netization is observed for the un-doped sample, while all Zr-
doped samples show paramagnetic behaviors. Weak ferromag-
netism is already observed in un-doped sample, which is dif-
ferent from that in the bulk BFO.[*8] There may be several
reasons for the observed weak ferromagnetism. Since iron has
fluctuating valency between Fe3and Fe*2, the possible dou-
ble exchange interaction between Fe™? and Fe*? through the
oxygen can produce ferromagnetism. Magnetization may also
be produced due to structural distortion in BFO. The size effect
and canting of antiferromagnetic spin order structure might
produce weak ferromagnetism. It is already observed that the
magnetization increases in BFO by reducing the particle size,
because spiral spin ordering is partially suppressed due to the

5.149 Ferromag-

finite size effect of the prepared nanoparticle
netic behavior is completely lost due to the substitution of Zr
for Fe. The substitution of Zr** ions at the Fe-sites produces
lattice distortion, which results in the modifications of the ex-

isting Fe—O-Fe bond lengths and the bond angles. Zr™ being

magnetically inactive does not directly contribute to the mag-
netization. Subsequently, replacement of magnetically inac-
tive Zr™* ion may result in the dominated non-magnetic ten-
dency rather than the structural distortion, hence, ferromag-
netism is avoided. The super-exchange interaction between
the antiferromagnetically aligned Fe™3 ions is controlled by
Fe—O-Fe bond angles through the oxygen anions.>°! The for-
mation of additional Fe—~O—Zr bonds, due to increasing Zr
doping, are responsible for reducing the magnetization. Since
multi-phases of un-doped and Zr-doped samples are shown by
XRD, the addition of Zr further disturbs the crystal structure,
hence the ferromagnetism is completely lost. The addition of
Zr reduces the strength of Fe™>—O-Fe™*? interaction, which is
responsible for mediating the ferromagnetism. The deterio-
ration in ferromagnetism is due to the multi-phase formation
and the applied sintering temperatures, which weaken the fer-
romagnetic interactions. Of course, the vanishing of ferromag-
netism is not suitable for the useful device applications; how-
ever, the employed growth conditions can be tuned in future to

prepare Zr-doped single phase BiFeO3 exhibiting appreciable

magnetization.
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Fig. 5. (color online) Magnetization curves for bismuth iron oxide with
xzy = 0.00, 0.10, 0.20, and 0.30, measured by vibrating sample magnetometer
(VSM) at room temperature with 1 T of the applied magnetic field.

Figure 6 shows the magnetization at 1 T, indicating that
the net magnitude of paramagnetic signal increases with Zr ex-
cept at xz; = 0.30, which may be due to the surface imperfec-
tion as depicted in Fig. 4. The magnetic properties elucidated
by VSM are also more closely related to the surface morphol-
ogy (Fig. 4) as determined by SEM, and crystallite size and
relative intensity (Figs. 2 and 3) calculated from the measured
XRD patterns. As shown in Fig. 6, the magnetization con-
tinuously increases up to xz; = 0.20, above which, it slightly
decreases. The sample without Zr has ferromagnetism, which
disappears upon Zr addition. This approximately linear in-
crease in M (at 1 T) is related to the BiFeO3 phase, whose
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crystallite size (see Fig. 2) and relative intensity (see Fig. 3)
increase with increasing Zr up to xz = 0.20. A similar ev-
idence about the growth of BiFeOj3 is also demonstrated by
SEM images. However, decrease in magnetization M (at 1 T)
at xz; = 0.30, can be justified due to the imperfection (cracks,
pores) as evidenced in SEM image in Fig. 4, which may in-
duce the residual stresses to reduce M at 1 T. The magnetic
characteristics of the grown samples are closely related to the
surface characteristic and the crystal structure, therefore, un-
der the employed growth conditions, the information about the
formed phases may be useful in understanding the material
characteristics for the applications in practical devices.

Magenetization at 1 T/107°

Zr concentration/%

Fig. 6. (color online) Variation in magnetization at 10* Oe with Zr doping,
extracted from magnetization curves as given in Fig. 5.

4. Conclusions

Un-doped and Zr-doped bismuth iron—oxide samples are
synthesized by the co-precipitation method. The XRD patterns
illustrate the appearance of three phases BiFeO3, BiyFesOy,
and Bipa(Bij 04Fepg4)O40. The similar structural phases ap-
pear before and after adding Zr into the host lattice, which
indicates the perfect Zr-substitution for the cations of the
existing crystalline multi-phases of bismuth iron oxide. The
BiyFe 09 appears as a dominant phase in all the grown sam-
ples, while the relative intensity and crystallite size of BiFeO3
increase with Zr, indicating that BiFeO3; phase formation is
most preferential. The SEM micrographs of the un-doped and
the sample doped with xz; = 0.10, show the layered struc-
ture. The uniformity of the surface is enhanced with further
increasing Zr content, however, some cracks and voids also
appear. Magnetization curves measured by VSM at room tem-
perature (RT) show that the weak ferromagnetism is exhibited
by un-doped sample, while paramagnetic behavior is present
in Zr-doped sample. The Zr doping is observed to degrade the
ferromagnetism, as the Zr-substitution in multi-phases modi-

fies the existing crystal structure, resulting in completely lost

ferromagnetism. Therefore, Zr substitution within the formed
multi-phases of bismuth iron oxide provides new information
about the phase stability and corresponding surface and mag-
netic characteristics, which may be useful in realizing the sin-

gle phase BiFeOs in future.
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