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Abstract BiFeO3 nanoparticles were prepared via a soft
chemical method using citric acid and tartaric acid routes
followed by calcination at low temperature. Structural char-
acterization showed remarkably different conditions for
pure phase formation from both routes. The tartaric acid
route was effective in obtaining pure phase BiFeO3 nanopar-
ticles while citric acid route required leaching in dilute ni-
tric acid to remove impurity phases. Further optical, mag-
netic, and dielectric characterizations of pure phase BiFeO3
nanoparticles obtained by tartaric acid route were done.
X-ray diffraction and Raman spectroscopy confirmed the
distorted thombohedral structure of BiFeO3 nanoparticles.
The average crystallite size of BiFeO3 nanoparticles was
found to vary in the range 30-50 nm. Fourier Transformed
Infrared spectra of BiFeOs3; samples calcined at different
temperatures were studied in order to analyze various bond
formations in the samples. UV-Visible diffuse absorption
showed that BFO nanoparticles strongly absorb visible light
in the wavelength region of 400-580 nm with absorption
cut-off wavelength of 571 nm. The band gap of BiFeO3
nanoparticles was found to be 2.17 eV as calculated from ab-
sorption coefficient spectra. Magnetic measurement showed
saturated hysteresis loop indicating ferromagnetic behavior
of BiFeOj3 nanoparticles at room temperature. Temperature
dependent dielectric constant showed anomaly well below
the antiferromagnetic Néel temperature indicating decrease
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in antiferromagnetic Néel temperature of BiFeO3 nanopar-
ticles.
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1 Introduction

Materials that possess electric and magnetic ordering simul-
taneously in the same phase are known as multiferroics.
These materials can exhibit magnetoelectric (ME) effect i.e.
induction of magnetization by electric field or of polariza-
tion by magnetic field at room temperature. Multiferroic
materials have become the topic of great interest to the re-
searchers because of its applications in various fields of elec-
trical, magnetic and optical devices [1, 2]. BiFeO3 (BFO)
is the most studied multiferroic material due to the exis-
tence of both ferroelectric and (anti) ferromagnetic order-
ing in the same phase above room temperature. BiFeO3 pos-
sesses distorted rhombohedral structure with Curie temper-
ature T, ~ 1100 K and magnetic ordering is G type anti-
ferromagnetic with Néel temperature Ty ~ 640 K [3]. The
magnetic structure of BiFeOs is spatially modulated with a
cycloid spin structure with period 620 A in which all mag-
netic spins are oriented antiparallel to each other resulting in
no magnetization at room temperature [4]. Further it is very
difficult to synthesize single phase BiFeO3 because of the
very narrow range of the synthesis temperature for phase sta-
bility. However, decrease in particle size below 62 nm gives
rise to suppression of spiral structure which improves mag-
netization in BFO [5]. Modern synthesis techniques such as
solid state route, sol gel technique and sonochemical route
have been applied to obtain pure phase BFO [6-8].

In addition to multiferroic properties, BFO has potential
to be used in variety of devices because of its interesting op-
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tical properties in visible region. It can be used as a pho-
tocatalytic material due to its narrow band gap which al-
lows carrier excitation, especially in commercially available
femto second laser pulses [9]. Recently the photocatalytic
properties of BFO powders under visible light illumination
have been reported [10]. Gao et al. also suggested that BFO
nanowires might also be useful for photocatalytic decom-
position of organic contaminants [11]. Apart from all these
applications photocatalytic properties of BFO degraded due
to the presence of impurity phases and structure instability.
In the present communication we compared citric acid and
tartaric acid routes of sol gel technique to obtain phase pure
BFO nanoparticles. Further detailed structural, optical, mag-
netic and dielectric properties of BFO nanoparticles are re-
ported in this paper.

2 Experimental Details

BFO nanoparticles were synthesized by metal ions com-
plexing with citric acid and tartaric acid using soft chem-
ical route. For the synthesis of BFO powder from cit-
ric acid, Bi(NO3)3-5H,0, Fe(NO3)3-9H, O, citric acid and
ethylene glycol were used to prepare precursor solution.
An aqueous solution of citric acid was prepared in dis-
tilled water and then Bi(NOj3)3-5H,0O and Fe(NO3)3-9H,0
were added with constant stirring at 50-60 °C followed
by addition of ethylene glycol to the solution with citric
acid/ethylene glycol proportion (70:30). The solution was
heated at 100 °C on hot plate until gel formation occurs af-
ter evaporation of water. The dried powder was then sintered
at 550 °C for 2 hrs to get desired phase of BFO nanoparti-
cles. On the other hand, synthesis of BFO powder by tar-
taric acid route involved tartaric acid as a template mate-
rial and dilutes nitric acid as oxidizing agent. Stoichiomet-
ric amount of Bi(NO3)3-5H,0 (Sigma Aldrich, 98 %) and
Fe(NO3)3-9H,0 (Sigma Aldrich, 98 %) were dissolved in
deionized water along with small amount of dilute nitric
acid. This was followed by addition of tartaric acid (ratio
of tartaric acid and metal nitrates was 1:2 mole). This so-
lution was heated up to 60 °C for 12 hrs with constant stir-
ring followed by heat treatment in an oven for 4-5 hrs in
order to obtain fluffy light yellow color gel. The dried pow-
der was calcined at 550 °C for 2 hrs in order to get crys-
talline phase. After the heat treatment, samples were charac-
terized by X-ray diffraction (XRD) using Panalytical X Pert
Pro X-ray diffractometer. Rietveld Refinement was carried
out to find various structural parameters. Transmission elec-
tron microscopy (Philips CM 10) was used to study the par-
ticle size. Fourier Transform infrared (FTIR) spectra were
obtained (Perkin Elmer Spectrum BS-III) at a resolution of
4 cm™! using a photo detector. Optical properties were stud-
ied by using UV-Visible diffuse reflectance (Ocean optics
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UV-Visible 4000). Magnetization measurements were taken
on Lake shore Vibrating Sample Magnetometer (VSM). The
dielectric measurements were carried on silver coated pel-
lets in the temperature range 40-450 °C at various frequen-
cies.

3 Results and Discussion

Figure 1 shows XRD patterns of BFO nanoparticles (sin-
tered at 550 °C) prepared by sol gel method via citric and
tartaric acid routes, respectively. It can be seen in Fig. 1(a)
that majority of the peaks belong to distorted rhombohe-
dral structure of BiFeOs along with some impurity peaks
of BizgFe24057 and BisFeqOg for sample prepared by citric
acid route. Leaching was done in dilute nitric acid to re-
move impurity phases present in BFO powder prepared by
citric acid route. Figure 1(b) shows XRD pattern of BFO
nanoparticles prepared by citric acid route after leaching in
dilute nitric acid. Leaching was effective in reducing impu-
rity phases; however, few impurity peaks still appeared in
the XRD pattern. On the contrary, we obtained pure phase
BFO nanoparticles via tartaric acid route (Fig. 1(c)) even
without leaching in dilute nitric acid. Further characteriza-
tions of BFO nanoparticles prepared by tartaric acid route
were done and discussed in this paper. All XRD peaks for
sample prepared by tartaric acid route has been indexed
according to rhombohedrally distorted perovskite structure
with space group R3c. Rietveld Refinement of XRD pat-
tern of BFO nanoparticles prepared by tartaric acid route has
been performed to investigate various structural parameters.
The lattice parameters and unit cell volume were calculated
as a=b =5.5785 A, ¢ = 13.8654 A and 373.6829 (A),
respectively. The difference in the experimental and sim-
ulated data is shown in Fig. 1(d). It was observed from
fitting parameters that the structure is very well fitted for
rhombohedral system where the weight pattern factor Ry,
and the expected pattern factor Rexp are 14.2 and 20.6, re-
spectively. The average crystallite size as calculated using
Debye-Scherer formula was found to be 40 nm assuming
that small crystallite size to be the only reason for line broad-
ening of XRD peaks.

To investigate the particle size and morphology of the
nanoparticles, transmission electron microscopy (TEM) was
performed using carbon coated copper grid. Figure 2(a)
shows the TEM image for BFO nanoparticles with particle
size varying from 30-50 nm with quasi spherical morphol-
ogy. Figure 2(b) shows the selected area electron diffrac-
tion (SAED) pattern taken from Fig. 2(a). The well resolved
electron diffraction spots confirmed the highly polycrys-
talline nature of BFO nanoparticles. The observed lattice
spacing is measured to be 3.9 A, 2.7 A, 22 A and 1.9 A
which correspond to (012), (110), (202) and (024) lattice
planes of BFO, respectively.
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Fig. 1 (a) XRD patterns of
BFO nanoparticles prepared by
Citric acid route and

(b) followed by leaching.

(¢) XRD pattern of BFO
nanoparticles prepared by
tartaric acid route and

(d) Rietveld refinement of XRD
pattern of BFO nanoparticles (d)
prepared by Tartaric acid route
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Fig. 2 (a) TEM image of BFO
nanoparticles, (b) SAED pattern (a)
of BFO nanoparticles

Further Raman spectroscopy was used to study the struc-
tural characteristics of BFO nanoparticles prepared by tar-
taric acid route. More often, 13 Raman active modes (4A| +
9E) for BFO having distorted rhombohedral structure with
R3c space group are observed. The room temperature Ra-
man spectrum of BFO nanoparticles is shown in Fig. 3(a).
Here we fitted 10 Raman modes in the range 100700 cm™".
Three intense peak at 136 cm™!, 170 cm™! and 217 cm™!
and a weak intensity peak at 475 cm™! are assign to A1,
A12, A13 and A4 modes, respectively. The peaks around
260 cm~!,278 cm™!, 345 cm~!,365 cm™!, 469 cm™! and
520 cm™! are assigned to E1, E2, E3, E4, E5, and E6 modes,
respectively. Raman spectrum of BFO nanoparticles is in
good agreement with previous reports on single crystal BFO
[12] and thin film BFO [13] as shown in Table 1.

Figure 3(b) shows FTIR spectra of BFO nanoparticles
(sintered at 250 °C, 350 °C, 450 °C and 550 °C) in the wave

30 40 50 60
20 (degree)

number range 1000-400 cm™~!. It is clear that BFO nanopar-
ticles sintered at 250 °C and 350 °C did not show any ab-
sorption indicating the absence of bond formation. How-
ever, the sample sintered at 450 °C showed two weak broad
absorption peaks around 450 cm~! and 550 cm™!, respec-
tively. On further increasing the sintering temperature, inten-
sity of broad absorption peaks increases indicating the com-
pletion of bond formation and high degree of crystallization.
The broad absorption peaks at 550 cm ™! and 440 cm™! are
due to overlapping of Fe—O and Bi—O group vibration. Ab-
sorption peaks at 550 cm ™! and 440 cm~! are the character-
istics of Fe—O stretching and bending vibrations of octahe-
dral FeOg group, respectively [14]. BiOg octahedral struc-
ture unit also possesses absorption peaks at 525 cm™! and
450 cm~! [15]. Peak corresponding to 667 cm™! is at-
tributed to water absorption from environment. As the cal-
cination temperature increases these peaks becomes promi-
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Fig. 3 (a) Raman spectra of A 0
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Table 1 Comparison of Raman

Mode positions (cm™!) in our Raman modes

Our study (cm™1)

Fukumura et al. (cm™!) Singh et al. (cm™1)

study with the reported data on

single crystal BFO by Fukumura ~ Aj-1 136
et al. [12] and data on thin film A2 170
of BFO by Singh et al. [13] A3 217
Aj-4 425
E-1 260
E-2 278
E-3 345
E-4 365
E-5 469
E-6 520

147 136
176 168
227 211
490 425
265 275
279 335
351 365
375 456
437 549
525 597

nent which confirms the Bi—O and Fe—O bonds formation at
550 °C.

BFO is a small band gap metal oxide semiconductor
which is very useful as a visible light irradiated photocat-
alyst. In order to examine the optical properties of BFO, op-
tical response such as the absorption from BFO nanoparti-
cles were observed. Figure 3(c) shows UV-Visible absorp-
tion spectra in the range of 350-800 nm for BFO nanopar-
ticles in the diffuse reflectance mode. It is observed that the
absorption spectrum of BFO nanoparticles features three un-
ambiguous absorption regions. The broad absorption band
from 450-600 nm confirmed that BFO nanoparticles can
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absorb higher percentage of visible light. This absorption
band arises due to two types of electronic transition. The
first excitation is due to electronic transitions from 6A1
state to *T1(*Gy) state and the second excitation is due to
%A, to ‘E, 4A1(4G) ligand field transitions and the field
transfer band tail [16]. These transitions get overlapped
and form a broad region of absorption band. The absorp-
tion below 450 nm is associated with the charge trans-
fer transition (d—d). The energy band gap at ~ 571 nm
is associated with the metal to metal transitions while the
band ~ 728 nm is associated with the crystal field transi-
tions [17].
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Fig. 4 (a) Magnetic hysteresis 0.6 1.2
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Band gap E, for the direct band gap materials can be
calculated by using the formula

ahv =K (hv — Eg)l/2

where K is a constant, E, is the band gap and hv is the pho-
ton energy. According to classical Tauc’s approach [18], the
value of the band gap is estimated by extrapolating the lin-
ear portion of the graph intersecting X-axis at 0. Figure 3(d)
shows (« Ephomn)2 versus Ephoton curve based on the spec-
trum data of pure BFO nanoparticles. The energy band gap
of BFO nanoparticles is estimated to be 2.17 eV which is in
good agreement with the earlier reported band gap values for
BFO nanoparticles [19] but this value of band gap is smaller
as compared to BFO thin films [9]. This smaller value of
the band gap indicates high ability of BFO nanoparticles to
utilize visible light for the photocatalytic activities.

Figure 4(a) shows the magnetic hysteresis loop of BFO
nanoparticles measured at room temperature, indicating fer-
romagnetic behavior. It is well known that bulk bismuth
ferrite possesses cycloid spin of order 62 nm and no net
magnetization at room temperature. The possible explana-
tion which can describe the origin of net magnetization in
nanoparticles of BFO ceramics could be its size dependent
properties; As the particle size reduces, surface to volume
ratio becomes very large which results in the structure dis-
tortion and the modification of the spiral G type antifer-
romagnetic ordering to the collinear G type antiferromag-
netic structure in which the canted components becomes
measureable. Further the cycloid spin structure is partly de-
stroyed in BFO nanoparticles due to the average particle

110 100 1k 10k 100k 1M 10M 100 200 300 400
Frequency (Hz)

Temperature (°C)

size (30-50 nm) being less than that of cycloid spin or-
der (62 nm). Figure 4(b) shows the temperature dependent
magnetization of BFO nanoparticles. The magnetization in-
creases slowly with decreasing temperature up to 50 K. The
sharp increase in magnetization below 50 K indicates the
ferromagnetic behavior of BFO nanoparticles at low tem-
perature.

Figure 4(c) shows frequency dependence of dielec-
tric constant and dielectric loss of BFO nanoparticles at
room temperature. Dielectric constant and dielectric loss
decreases slowly with increasing frequency in low fre-
quency region and becomes frequency independent in
high frequency region. This can be explained on the ba-
sis of dipole relaxation. High value of the dielectric con-
stant at the low frequencies and low value of the dielec-
tric constant at high frequencies indicates large disper-
sion due to the Maxwell-Wagner type of interfacial po-
larization in agreement with Koop’s phenomenological
theory (the inability of the dipoles to follow the alter-
nating field at high frequencies) [20, 21]. The variation
of dielectric constant at various frequencies as a func-
tion of temperature is shown in Fig. 4(d). A dielectric
anomaly in dielectric constant has been observed around
~ 290 °C which could be related to antiferromagnetic
Néel temperature (7). This type of behavior is also
predicted by Landau-Devonshire theory of phase transi-
tion in magnetoelectrically ordered system as an influ-
ence of magnetic order on electric order. The appearance
of dielectric anomaly around ~ 290 °C which is well be-
low the antiferromagnetic temperature (370 °C) also indi-
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cates the decrease in Néel temperature of BFO nanoparti-
cles.

4 Conclusions

In summary, pure phase BFO nanoparticles were success-
fully synthesized by sol gel method via tartaric acid as a
template material. XRD patterns confirmed distorted rhom-
bohedral structure of BFO nanoparticles. XRD calculations
and TEM micrographs revealed that the average crystal-
lite/particle size varied in the range 30-50 nm. Raman spec-
troscopy also confirmed rhombohedral structure of BFO
nanoparticles. FTIR studies showed the presence of Bi—-O
and Fe-O bonds in BFO samples sintered at 450 °C and
550 °C. BFO nanoparticles showed enhanced absorption of
visible light with a broad absorption band (400-650 nm)
indicating an energy band gap of 2.17 eV. Room temper-
ature weak ferromagnetism and decrease in Néel tempera-
ture were observed for BFO nanoparticles. Pure phase BFO
nanoparticles having improved ferromagnetic and enhanced
optical properties in visible region may find potential appli-
cations in optoelectronic devices.
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