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Interband electronic transitions and optical
phonon modes in size-dependent multiferroic
BiFeO3 nanoparticles†

Priyambada Sahoo and Ambesh Dixit *

Bismuth ferrite (BiFeO3) multiferroic nanoparticles are synthesized using a low-temperature sol–gel

auto-combustion technique. The phase purity is confirmed from X-ray diffraction (XRD) measurements

and microstructural, electronic, and optical studies are correlated with the particle size of the bismuth

ferrite nanostructured material. We demonstrated bandgap tunability from 2.22 to 1.93 eV with an

average crystallite size from 42 to 24.42 nm following the inverse quantum confinement effect

dominated by the lattice strain. The degenerate d–d electronic transitions 6A1g - 4T1g and 6A1g - 4T2g

from iron dominate in these nanoparticles. The decrease in the energy band gap and the corresponding

red shift in the d–d charge transfer transition energies with reduced average crystallite size are attributed

to the increased lattice strain and reduced unit cell volume.

Introduction

The multifunctionality in a single-phase material has attracted
attention for understanding the underlying principles and has
the potential for numerous applications. One such class of
multiferroic materials exhibits more than one ferroic ordering
in a single-phase material, i.e., ferroelectric–magnetic–elastic
ordering.1–4 Thus, these materials exhibit two or more electro-
magnetic order parameters, which are useful for various optoe-
lectronic devices and can be used for developing electric field
controlled magnetic sensors, spintronic devices, data storage
memory, femtosecond laser pulses, photovoltaic solar cells,
etc.5,6 Bismuth ferrite (BiFeO3) is an interesting multiferroic
material showing ferroelectric behaviour below 1103 K called
the Curie temperature (TC) and G-type antiferromagnetic nature
below 643 K called the Néel temperature (TN) in the same phase
consisting of magnetoelectric dipole interactions, and thus it
can be used as a ferro elastic material as well where ferro-
electric properties can be modulated by external stimuli such as
strain.7,8 It has an R3c rhombohedral distorted geometry with
perovskite ABO3 structure at room temperature in which the A
site consists of Bi3+ ions and the B site of Fe3+ transition metal
ions.9 The distortion-driven non-centrosymmetry leads to spon-
taneous polarization, and the Fe–O–Fe bond with Fe and O

orbital overlapping is responsible for magnetic ordering in the
material.10 Although the remanent polarization (Pr) value of
bulk BiFeO3 (BFO) is low on the order of 3.5 mC cm�2,11 it has
been modulated using strain in epitaxial BFO thin films, reach-
ing up to Pr B 100 mC cm�2, comparable to other ferroelectric
materials.12 More interestingly, bismuth ferrite is a narrow
band gap (Eg) material with Eg B 2.2–2.8 eV,13,14 smaller than
other ferroelectric materials like PbTiO3, and BaTiO3. Further-
more, it can be engineered with A-site and B-site substitutions,
making BFO a promising candidate for numerous electronic
and optoelectronic applications, such as photovoltaics and
photocatalytic hydrogen energy generation.15,16 Recently devel-
oped multiferroic materials exhibit large multiferroic coupling
properties, e.g., RMnO3, where R is the rare earth element, and
orthorhombic magnetite (RMn2O5).17–19 But most of these
systems show magnetic transition temperatures below room
temperature, making it difficult to harness their magnetoelec-
tric properties near room temperature for practical applica-
tions. In contrast, multiferroic BiFeO3 is the most studied
material because of its above room-temperature TC and TN with
a wide possibility of enhancing the magnetic, ferroelectric, and
magnetodielectric coupling characteristics. It is necessary to
understand the electronic arrangement/structure of the mate-
rial to investigate the magnetoelectric coupling in the BFO
system. The octahedrally coordinated Fe3+ ions are responsible
for strong exchange interaction and exhibit high magnetic
transition temperature because of the half-filled t2g

3 and eg
2

orbitals. Recently, spectroscopic ellipsometry has been used to
investigate the optical response in the 0.6 eV to 5.8 eV energy
range.20 Here, BiFeO3 nanoparticles are synthesized using a
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simple sol–gel auto-combustion technique to understand the
strain-induced change in electronic properties. The possibility
of secondary phases is eliminated with an optimized heating
process, and the variation of the annealing temperature is used
to realize the variation in particle size. Furthermore, the structural,
microstructural, and optical phonon modes and possible inter-
electronic transitions are investigated for different crystallite-size
BFO nanoparticles to understand the strain-driven correlation
between the particle size and optoelectronic properties.

Experimental details
Synthesis of BiFeO3 nanoparticles

Bismuth ferrite nanoparticles are synthesized using the sol–gel
based auto combustion method. This method provides highly
crystalline, impurity free nanomaterials.21 Here, bismuth
nitrate penta hydrate Bi (NO3)3�5H2O, and iron nitrate nano
hydrate (Fe(NO3)3�9H2O) precursors are mixed with 1.05 : 1
molar ratio. Here, 5% extra bismuth nitrate is taken to com-
pensate for Bi loss during calcination. An exothermic reaction
is taking place during the auto-combustion process. Initially,
glycine is added to the solvent (ethanol) and stirred for 1

2 hour at
room temperature. This glycine acts as a fuel agent, and the
molar ratio of glycine to metal precursors is 2 : 1. Bi and Fe
precursor salts are added and stirred for another 1

2 hour over a
hot plate at 50 1C temperature. A small amount, e.g., 5 ml
HNO3, is added to this solution to ensure the complete dis-
solution of metal salts and also act as an oxidizing agent.22 The
solution is further stirred continuously for an additional hour.
Glycine is selected over other fuel agents, such as urea
(CH4N2O), tartaric acid (C4H6O6), etc., as bismuth ferrite nano-
particles prepared using a glycine based auto-combustion
process yield highly phase pure BiFeO3 NPs.21

Again, 5 ml hydrogen peroxide (H2O2) is added to this
solution, and the observed clear brown color solution is subjected
to constant stirring at 95 1C for at least 2–3 hours. Here, H2O2

enhances the reaction kinetics by increasing the reactivity of the
fuel mixture by decreasing the ignition time.23 As Akpan et al. have
explained, an increase in the heat combustion process is observed
for ethanol based solutions by adding H2O2 to them.24 Finally, the
solution is converted to a brown color gel, and after a few minutes,
the auto-combustion process starts converting it into a dark brown
gel and then to deep brown fine nanoparticle powders. This
dry fine powder is finally calcinated at different temperatures
(TCalcination = 350 1C, 400 1C, 450 1C, 500 1C, 550 1C, and 600 1C)
for 2 hours. Fig. 1 presents schematically the synthesis process and
the associated chemical reaction for BiFeO3 nanoparticles together
with an optical image of the final product at different calcination
temperatures.

Characterization of the BiFeO3 nanoparticles

The phase purity and structural parameters of the different
temperature calcinated BFO nanoparticles are analyzed using a
powder X-ray diffractometer (Bruker D8 Advanced X-ray dif-
fractometer with Cu Ka source, l = 1.5406 nm). The morphology

and composition are investigated using field effect scanning
electron microscopy (FESEM) measurements (Thermo Fisher,
German), and energy dispersive X-ray (EDX) analysis. Thermo-
gravimetry (TGA) (PerkinElmer make STA 6000 model) analysis
is performed from 30 1C to 900 1C under a N2 gas environment
with a slow heating rate. The present functional groups are
confirmed using Fourier transfer infrared (FTIR) spectroscopy
measurement (Bruker Vertex 70V model FTIR system) in trans-
mittance and reflectance modes. The room temperature Raman
measurements were carried out with a 532 nm laser beam using
a Bayspec spectrograph (NomadicTM). The UV-Vis spectroscopy
measurements were carried out using a Cary 4000 spectrometer
in diffuse reflectance mode, where the BaSO4 reference sample
is used for background correction.

Results and discussion
Structural and microstructural study

Bismuth ferrite (BiFeO3) nanoparticles are synthesized using
the sol–gel auto combustion technique and calcined at six
different temperatures (350 1C, 400 1C, 450 1C, 500 1C,
550 1C, and 600 1C). The X-ray diffractograms for all BiFeO3

samples are shown in Fig. 2(a). The observed diffraction peaks
at 2y – 22.3871, 31.7251, 32.0101, 37.5881, 38.9381, 39.4131,
45.6901, 50.2781, 51.2601, 51.6431, 56.3341, 56.8731, 57.0521,
60.5971, 66.2781, 66.9311, 69.6301, 69.9501, 70.5991,
71.2341,71.5501, 75.5071, 75.9711, 79.2301, and 79.6221 are
indexed in the XRD plot for the rhombohedral distorted
structure with the R3c space group. These are consistent with
the ICDD PDF #71-2494, and the corresponding reference lines
are plotted and indexed with the respective miller indices,
Fig. 2(a). However, an additional secondary peak/parasitic phase
is observed for a 350 1C annealed BFO sample, which disappears
with increasing annealing temperature. Fig. 2(b) shows the (104)
and (110) XRD peaks shifting to lower angles with increasing
annealing temperature. Here, splitting the (104) and (110) peaks
correspond to the rhombohedral distortion in BiFeO3. The XRD
patterns for all the samples are refined using the Rietveld refine-
ment process (Fullprof Suite tool), and Fig. 2(c) shows the crystal
structure of BiFeO3 in a hexagonal lattice structure, as estimated
after the Rietveld refinement of the XRD plots. Fig. 2(d)–(i) shows
the XRD refined plots for different temperature annealed samples.
The lattice parameters and atomic position for all the samples are
extracted from the refinement data and are summarized in Table
S1 (ESI†), together with the residual values for the weighed pattern
(Rwp, Rp) and goodness of fit (w2). Furthermore, the rhombohedral
lattice parameters (arh and arh) are computed from the hexagonal
lattice parameters extracted from the refinement data using the
following equations:25

arh ¼
ahex

2 sin
arh
2

� � (1)

arh ¼ 2 sin�1
3ahex

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ahex2 þ chex2

p
" #

(2)
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The variations of the rhombohedral lattice parameters (arh and arh)
of the BFO NPs against the annealing temperature are summar-
ized in Table S2 (ESI†).

The rhombohedral lattice parameters (arh and arh) for the
600 1C sample are 5.6353 Å and 59.34171, well matching the
previously reported literature.25 Furthermore, the crystallite
size and strain are calculated for these BFO nanoparticles,
and these variations against calcination temperature are
plotted in Fig. 3(a). The average crystallite size of the NPs can
be calculated using the Scherrer formula,26

D ¼ Kl
br cos y

(3)

where D is the average crystalline size, l is the wavelength of the
X-ray source (l = 0.15406 nm), K is the Scherrer constant (K =
0.94), br is the full width at half maxima, and y is the Bragg’s
angle. The average crystallite size for TCalcination = 600 1C is
42 nm and decreases to 24.42 nm for TCalcination = 350 1C,
Fig. 3(a).

As the calcination temperature of the BFO samples
increases, the XRD peaks get sharper with reducing full width
at half maxima (FWHM). The variation in FWHM for the (104)
diffraction plane and c/a ratio are plotted against the calcina-
tion temperature in Fig. 3(b). Furthermore, this FWHM is used
for estimating the crystallite size (D) and lattice strain (e) of
these different temperature-annealed BFO nanoparticles.27 The
modified W–H equation is also used to calculate the D and e by
fitting the curve of (dhkl� bhkl� cos y)2 versus d2

hkl � bhkl � cos y,
where all the parameters are extracted from the refinement
data (shown in Fig. S1, ESI†). We observed that the lattice strain
decreases with increasing annealing temperature. The lattice
strain for the BiFeO3 nanoparticles decreases from 0.00758 to
0.00311. The reduction of the unit cell volume with decreasing

average crystallite size leads to an increase in lattice strain
inside the unit cell. The measured crystallite size and lattice
strain values are in agreement with the reported literature.28

The electron density (ED) maps for the BiFeO3 nanoparticles
are measured for different-size BFO nanoparticles from the
Rietveld refinement data. It is calculated from the Refinement
data using reverse Fourier Transfer calculation based on the
correlation of electron scattering density as rðx; y; zÞ ¼P
hkl

Fhkl
eð�2pi hxþkyþlzð Þ

V
. Here, r(x, y, z) refers to the electron

scattering density, Fhkl refers to the structure factor for various
planes denoted by Miller indices (hkl), and V is the total volume
of the unit cell.29,30 The contour maps of electron density
distributions in the (0, y, z) directions, i.e., for the y–z plane
with x = 0, are shown in Fig. 3(c) and (d) for 350 and 600 1C
calcinated temperatures. The electron density is maximum
around the Bi atom for all BFO nanoparticle samples, followed
by iron (Fe) and oxygen (O). This is because the maximum
number of electrons are present in the Bi atom. Interestingly,
overall ED increases with increasing average crystallite size,
i.e., calcination temperature. The charge density r is 60.00 at
the centre of the Bi atom for 350 1C calcinated temperature
(for the smallest particle size) and increases to 70.80 for 600 1C
calcinated temperature (for the largest particle size BFO
nanomaterials).

Furthermore, to understand the morphology of the synthe-
sized BiFeO3 nanoparticles, field effect scanning electron
microscopy analysis is carried out. The FESEM images of the
BiFeO3 nanoparticles for different annealing temperatures are
shown in Fig. 4(a)–(f). The morphology confirms the large
agglomeration of nanoparticles for the lower calcinated tempera-
ture BFO sample with specific spherical-shaped nanoparticles
with increasing calcinated temperature. The morphology shows

Fig. 1 Schematic presentation of the synthesis process and chemical reaction for BiFeO3 nanoparticles using the auto combustion method and the
optical images of different temperature annealed BFO nanoparticles.
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improved homogeneity and uniform arrangements with
increased grain size for BFO samples calcinated at 550 1C
and 600 1C. The FESEM image of the BiFeO3 nanoparticles of
the 600 1C sample is shown in Fig. S2(a) (ESI†) with inserted
atomic % of different compositional elements for the BiFeO3

nanomaterial sample. These elemental compositions sub-
stantiate the stoichiometry of the synthesized BiFeO3 nano-
particle samples. The elemental mapping plots are shown in
Fig. S2(b)–(d) (ESI†), confirming the presence of a uniform
distribution of Bi, Fe, and O elements in the BiFeO3 nano-
particles together with the absence of any impurity elements.
The average grain/particulate size for different annealed BFO
NP samples is calculated using ImageJ software and the size
distribution plots are shown in Fig. 5(a)–(f). The estimated size

agrees with the crystallite size, computed from X-ray diffracto-
grams, as shown in Fig. 3.

Thermogravimetry analysis

The thermogravimetric analysis is carried out under an N2

atmosphere at a temperature range of 30 1C to 900 1C to
investigate the thermodynamical stability of different annealed
BiFeO3 nanoparticle samples. Fig. 6(a) and (b) show the TGA
plots of BFO NPs annealed at 350 1C and 600 1C. These TGA
plots highlight the different degradation regions/paths as R1,
R2, and R3. For 350 1C BFO NPs, region R1 corresponds to the
weight loss relating to the moisture adsorbed on the sample’s
surface (B1.06%), which is only 0.308% for the 600 1C
annealed sample. The region R2 around 350 1C and 600 1C

Fig. 2 (a) The X-ray diffraction patterns of the bismuth ferrite nanoparticle samples annealed at different temperatures TCalcination = 350 1C, 400 1C,
450 1C, 500 1C, 550 1C, and 600 1C with indexed reference peaks corresponding to the JCPDS file of the BiFeO3 system and (b) magnified view of the
sharpened doublets in the XRD patterns around 2y equal to 31.7251 (104) and 32.0101 (110) with increasing temperature, (c) crystal structure obtained
from VESTA software represented in hexagonal geometry (colour; blue – Bi, yellow – Fe, and green – O), and (d–i) Rietveld refined plots of different
temperature annealed samples.
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corresponds to a weight loss of 3.66% and 0.415%, corres-
ponding to the thermal decomposition of the NO3

� com-
pounds. The weight loss is 1.97% and 0.662% for the R3

region, corresponding to the release of CO2 in the thermal
decomposition process of (BiO)2CO3. The TGA plots for the
remaining BFO-NPs, annealed at different temperatures, are
shown in Fig. S3 (ESI†). With increasing temperature, the
weight loss decreases continuously due to the rapid decom-
position of moisture, nitrates, residual organic compounds,
etc., and the formation of crystalline BFO-NPs. The activation

energy is calculated for all BFO-NP samples using the Coats–
Redfern method31 to investigate the kinetics of the thermal
decomposition process.

The Coats–Redfern method for the first-order reaction
kinetics can be explained as32

log
� log 1� að Þ

T2

� �
¼ log

AR

bEa
1� 2RT

Ea
� Ea

2:303RT

� �
(4)

where, T, b, A, Ea, R, and a refer to the absolute temperature,
a constant related to linear heating rate, frequency factor,

Fig. 3 Variation of (a) average crystallite size and lattice strain, (b) FWHM of the (104) plane, and the c/a ratio of BiFeO3 nanoparticles w.r.t. different
calcination temperatures. (c and d) The electron density plots for BiFeO3 nanoparticles calcined at different temperatures – 350 1C, and 600 1C, plotted
in the yz plane at x intercept = 0.

Fig. 4 Scanning electron microscope image of BiFeO3 nanoparticles annealed at TCalcination (a) 350 1C, (b) 400 1C, (c) 450 1C, (d) 500 1C, (e) 550 1C, and
(f) 600 1C.
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Fig. 5 (a–f) Grain size distribution plots for different annealed BiFeO3 nanoparticle samples, showing the average grain size with the inset showing the
respective FESEM images.

Fig. 6 Thermogravimetry (TGA) plot for BiFeO3 nanoparticle samples annealed at (a) 350 1C and (b) 600 1C, (c) linear fitting curve of the

log
� log 1� að Þ

T2

� �
versus

1000

T
graph for TCalcination = 350 1C BFO NPs to calculate the activation energy and (d) variation of the activation energy w.r.t

average crystallite size.
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activation energy, gas constant, and amount of decomposed
compound at a particular time t, respectively. In other words,
a is the weight loss ratio at any instant t to the total weight
loss during the thermogravimetric process. The activation
energy can be computed from the linear fitting curve of the

log
� log 1� að Þ

T2

� �
versus

1000

T
plot. For the 350 1C sample, the

linear fit curve of log
� log 1� að Þ

T2

� �
versus

1000

T
is plotted in

Fig. 6(c), and the activation energy is calculated using eqn (6).
The activation energy (Ea) for the 350 1C BFO-NP sample is
B�20.900 kJ mol�1. The calculated Ea is shown in Fig. 6(d)
for different BFO particle sizes. The activation energy incre-
ases with increasing particle size, and the maximum Ea B
�20.6362 kJ mol�1 is observed for on average 42 nm BFO
nanoparticles.

Optical properties

The optical properties of BiFeO3 nanoparticles as a function of
different particle sizes were investigated using FTIR, room
temperature Raman, and DRS UV-Vis spectroscopy measure-
ments. FTIR measurements were carried out to analyze the
possible vibrations originating from different bonds and any
variation in these vibrational modes with particle size or strain.
Fig. 7(a) shows FTIR spectra for the BiFeO3 NPs in transmission
mode. The absorption bands at 445 cm�1 and 545 cm�1 are

related to the stretching of Bi–O and bending of Fe–O vibra-
tions, respectively, associated with BiO6 and FeO6 octahedral
sites in BiFeO3.33 As the annealing temperature increases, the
absorption bands get sharper, showing the high crystallinity
of the BiFeO3 NPs. The absorption bands at 2354 cm�1 and
3568 cm�1 correspond to CO2 modes and O–H stretching
vibrations, attributed to the absorption of organic precursors
at the surface, and these vanish almost with increasing
the annealing temperature.34 We also measured the reflectance
for different BFO nanoparticles, shown in Fig. 7(b), for differ-
ent temperature-annealed BFO nanoparticle samples. Here,
changes in infrared active phonon modes are investigated for
the different temperature-annealed BFO nanoparticle samples.
According to Group theory analysis at the G point, R3c-BiFeO3

possesses several phonon modes, described as35

G(R3c) = 4AIR,R
1 " 9EIR,R " 5A2 (5)

where the A1 and E modes are Raman (R) and infrared (IR)
active vibrational modes and A2 corresponds to the silent mode.
A1 is singly degenerate and polarized along the Z-direction, and
the E modes are doubly degenerate and XY-polarized.36,37 The
FTIR reflectance spectra are fitted with multiple peaks to
distinguish the different IR active modes and their variation
in BFO particle size. The presence of six transverse (TO)
vibrational modes is confirmed in the frequency range of 360
to 650 cm�1, in agreement with the reported literature.35,37,38

Fig. 7 (a) Fourier transform infrared spectroscopy spectra in transmittance mode and (b) reflectance plot for the variation of R (%) with wavenumber for
different annealed BFO-NPs, (c) fitted plot of reflectance vs. wavenumber for BFO-NPs annealed at 600 1C, where the presence of different IR phonon
modes is mentioned, and (d) plot for variation of different IR phonon modes with increasing average crystallite size.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
8/

10
/2

5 
13

:1
5:

30
. 

View Article Online

https://doi.org/10.1039/d3cp05267b


9682 |  Phys. Chem. Chem. Phys., 2024, 26, 9675–9686 This journal is © the Owner Societies 2024

The fitted reflectance spectrum for the 600 1C annealed BiFeO3

nanoparticle sample is shown in Fig. 7(c).
The frequency of six transverse modes shows a redshift with

decreasing BFO nanoparticle size. The E(TO7) and A1(TO4)
modes for BFO nanoparticle samples with 42 nm particle size
are observed to be around 14 cm�1 higher than those of
24.42 nm BFO-NPs. The variations in all of the observed six
IR active modes are plotted in Fig. 7(d) for different size BFO
NPs. The plots show the increase in the wavenumber of
different IR phonon modes with increasing the particle size.
The details of IR active vibrational modes are listed in Table S3
(ESI†) for different BFO-NP samples.

These FTIR studies are compensated with the room tem-
perature Raman measurements on these different temperature
annealed BiFeO3 nanoparticle samples to further infer lattice
properties, spin–phonon coupling, structural phase, bond
length variation, and bond angle in these materials.39 The
Raman spectrum is shown in Fig. 8(a) for TCalcination = 350,
400, 500 and 600 1C, and the spectrum for TCalcination = 600 1C is
fitted for possible vibrational peaks (Fig. 8(b)). Here, the Raman
spectrum is fitted with the Lorentzian distribution function

given by y ¼ y0 þ
A

w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2
e

x�xc
wð Þ2

r !
0
BBBB@

1
CCCCA. The fitted spectrum for

all other samples is provided in Fig. S4 (ESI†). There are a total
of 13 Raman active modes in the BiFeO3-R3c phase, as repre-
sented by the irreducible representation in eqn (5). The crystal-
linity of the synthesized BFO NP samples increases with
increasing calcination temperature and thus, the mode inten-
sity becomes larger. That’s why we opted for the Raman
spectrum for the 600 1C annealed BFO nanoparticle sample
and all 13 Raman active modes are fitted for distinguishing
them clearly. All the 13 Raman active modes, i.e., E(TO1);
(83.78 cm�1), E(TO2); (108.23 cm�1), A1(TO1); (136.49 cm�1),
E(TO3); (166.90 cm�1), E(TO4); (220.05 cm�1), A1(TO2);
(262.55 cm�1), E(TO5); (313.18 cm�1), A1(TO3); (371.69 cm�1),
E(TO6); (429.60 cm�1), E(TO7); (468.62 cm�1), E(TO8);

(529.77 cm�1), E(TO9); (568.03 cm�1), A1(TO4); (605.13 cm�1)
are clearly distinguishable, suggesting the formation of highly
phase pure R3c-BiFeO3 nanoparticles. The intensity of the
Raman modes increases with increasing calcination tempera-
ture, and this is attributed to (i) enhanced crystallinity and
(ii) the resonance with laser excitation matching with the
electronic absorption bands in the BiFeO3 nanoparticles.40,41

The observed vibrational modes are also in agreement with the
reported literature.39,42,43 Table S4 (ESI†) lists all the fitted
Raman modes for the 350, 400, 500, and 600 1C annealed
BiFeO3 nanoparticle samples.

UV-visible spectroscopy measurements were carried out in
the 200–900 nm wavelength range to get further insight into the
various electronic transitions in BiFeO3 NPs. The optical band
gap of the BFO nanoparticles is characterized using diffuse
reflectance UV-visible spectroscopy measurements. The reflec-
tance versus wavelength plots for different annealed BFO-NPs
are shown in Fig. S5 (ESI†). The broad bands near the wave-
length B600 nm move towards lower wavelength/higher energy
as the particle size increases. The absorption spectra of the BFO
NPs are studied through the Kubelka–Munk function given by,

FðRÞ ¼ 1� Rð Þ2

2R
(6)

where R is the experimentally obtained reflectance from the UV-
Vis measurements. This is used to understand the possible
inter-electronic states between the conduction and valence
bands. The absorption spectrum shows a broad band structure
because of the potential spin-charge lattice coupling in the
perovskite structure of BiFeO3.44 The plots of F(R) for different
annealed BFO-NPs are shown in Fig. 9(a). The hybridization
between the orbitals of Fe(3d), O(2p), Bi(6s), and Bi(5p) ions
influences the chemical bonding and does not influence the
crystal field bonds. So here, the electronic structure can be
explained by considering the crystal field theory. The six d–d
excitations in the energy range 0 to 3 eV can be expected from
the 3d5 orbital of the Fe3+ ion in the BiFeO3 crystals because
of Oh to C3v symmetry breaking.45 The 4T1g and 4T2g (triply
degenerated) energy levels split into A and E crystal field energy

Fig. 8 Room temperature Raman spectra of BiFeO3 nanoparticles annealed at (a) 350, 400, 500 and 600 1C (b) with possible peaks fitted to show the
Raman modes in the 600 1C annealed sample, clearly showing all 13 Raman modes.
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levels (4Eg, 4Ag). The absorption plot, Fig. 9(b), shows two
weakly broad bands between 1 and 2 eV, slightly differing from
what is reported in bulk and single crystal BFO systems.46 Four
on-site d–d transitions, which are spin-forbidden as they
change the net spin of Fe3+ ions from 5/2 to 3/2 in the excitation
process, can be comparable to four different linear oscillator
components of X(1)

ij .47 Again, above 2.2 eV, the absorption band
gets saturated, and two broad charge transfer bands are shown
at 3.40 and 5.28 eV, and the 4Eg and 4Ag levels (B2.56 eV) are
observed below 2.6 eV (for BFO �600 1C sample). The three-
charge transfer (CT) bands refer to the three dipole-allowed p–d
charge transfer excitations. First is the Fe3+ inter-site electron
transfer (2.55 eV), second is O (2p) to Fe (3d) transitions
(3.40 eV), and the third is the O (2p) to Bi (5p) transition,
i.e., the band at 5.28 eV corresponds to the strongly hybridized
O (2p) + Fe (3d) - Bi (5p) states.48 The absorption plot for the
600 1C BFO nanoparticles is fitted, and the transition energies
are levelled in the M–K plot, shown in Fig. 9(b). The optical
band gap of the BFO NPs is also determined from the dipole

forbidden p–d charge transfer transition, i.e., the band on the
tail of the strong 2.55 eV band corresponds to dipole allowed
p–d (t2u (p) - t2g) of FeO6 octahedra. Furthermore, the
presence of defect or trap states cannot be neglected in nano-
materials arising from point defects, lattice strain, and disloca-
tion. Therefore, the Urbach energy is calculated for different
annealed samples. For the 600 1C BFO-NP sample, the Urbach
energy is calculated to be 0.29 eV using the relation

logðFðRÞÞ ¼ hn
EU

.48 This value is consistent with the X-ray photo-

electron spectroscopy measurements on the BiFeO3 system.44,46

Additionally, two more absorption bands are observed at B1.41
eV and 1.95 eV (doubly degenerate), corresponding to 6A1g–4T1g

and 6A1g–4T2g transitions, respectively. In Fig. 9(c), the crystal
field symmetry breaking of cubic Oh to rhombohedral C3V is
shown schematically. The schematic of the electronic energy
level diagram of BiFeO3 nanoparticles is shown in Fig. 9(d),
where EV and EC correspond to the top of the valence band
and the bottom of the conduction band, and Et refers to the

Fig. 9 (a) Variation Kubelka–Munk function (F(R)) w.r.t. wavelength for different annealed BiFeO3 NPs, (b) plot of Kubelka–Munk function (F(R)) with the
wavelength of BiFeO3 nanoparticles (TCalcination = 600 1C), where the presence of different energy states is mentioned over the fitted plot, (c) schematic
representation of the symmetry breaking of BiFeO3 from cubic Oh to rhombohedral C3V, and (d) plot of energy levels where possible transitions involved
in BiFeO3 NPs (TCalcination = 600 1C) are levelled in the plot.
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defect state. The above-mentioned inter-electronic transitions
are levelled schematically in Fig. 9(d). We observed 1.41 eV d–d
on sight transitions for all samples except for the 350 1C
BFO NPs (Fig. S6(f), ESI†). The p–d charge transfer bands shift
towards higher energy and d–d on sight transitions, i.e., 6A1g -
4T1g and 6A1g -

4T2g shift to lower energy with decreasing BFO
nanoparticle size (summarized in Table 1). The similar blue
shift characteristics for the p–d charge transfer band with
reduced BiFeO3 nanoparticle size are also reported in the
literature.43 Hence, as the unit cell volume decreases, the
chemical pressure inside the lattice increases, leading to a
red shift in the d–d transition bands, satisfying the modified
Tanabe–Sugamo diagram.49–51

Furthermore, Tauc’s formula, i.e., ahn = A(hn � Eg)n, is used
to determine the exact band gap values of these BFO nano-
particle samples. Here, a is the absorption coefficient, Eg is the

band gap, and n takes the value 2 or
1

2
depending upon the

indirect or direct band transitions inside the material. Fig. 10(a)
and (b) show the Tauc plots and variation for the direct band
gap for different BFO NPs. The optical band gap (Eg) can be
estimated by extrapolating the Tauc plot to zero for (ahn)2

(Fig. 10(a)). We observed an increase in Eg values with increas-
ing average crystallite size or annealing temperature, as shown
in Fig. 10(b). The band gap increases from 1.93 eV to 2.22 eV,
increasing the particle size from 24.42 nm to 42 nm. The
reduction in band gap with decreasing NP size contra-
dicts the quantum confinement effect (QCE), supporting the
earlier reported studies in the bismuth ferrite, and CuO NP
systems.52,53

These observed band gap values are less than the reported
bulk BFO band gap.46,54 This unusual trend in the variation in
Eg values is attributed to the strain-modulated band gap
engineering in the BFO nanoparticles. The strain-induced
changes become dominant over the particle size effect in
these strongly correlated systems and are consistent with the
reported literature.43 Additionally, the reduction in particle size
increases the density of the particles as the volume reduces
drastically, thus giving rise to the large strain effect.51 This large
strain may give rise to shallow energy levels between the
conduction band and the valence band, reducing the band
gap (Eg) for smaller particles.

Conclusion

Bismuth ferrite multiferroic nanoparticles are synthesized
using a sol–gel auto-combustion method followed by controlled
post-annealing at different temperatures, and the effect of the
BiFeO3 nanoparticles’ size is investigated on the structural,
microstructural, and optical properties. The 600 1C annealed
BFO sample shows a highly crystalline 42 nm particle size. The
room temperature Raman measurements confirm the presence
of all the 13 Raman modes in the sample with 6 IR active
phonon modes at frequency ranges 0 to 700 cm�1 and 380 to
650 cm�1, respectively. With increasing particle size, the phonon
modes show a redshift. The diffuse reflectance spectroscopy
measurements confirm the presence of various absorption bands
in the K–M plot. The size of the BFO nanoparticles affects the
band gaps and the crystal field splitting; as a result, the energies

Table 1 List of available energy states in different annealed BiFeO3 nanoparticles obtained from curve fitting of the Kubelka–Munk function (F(R)) w.r.t.
wavelength (in the range of 200 to 780 nm)

TCalcination (1C) Charge transfer bands (eV) d–d transition (eV)

350 5.709 (�0.160) 3.659 (�0.160) 2.415 (�0.130) 1.858 (�0.120)
400 5.471 (�0.018) 3.559 (�0.025) 2.436 (�0.037) 1.914 (�0.009)
450 5.451 (�0.018) 3.489 (�0.008) 2.463 (�0.002) 1.954 (�0.005)
500 5.413 (�0.011) 3.412 (�0.011) 2.488 (�0.002) 1.929 (�0.008)
550 5.360 (�0.022) 3.328 (�0.008) 2.498 (�0.002) 1.919 (�0.006)
600 5.279 (�0.036) 3.401 (�0.012) 2.545 (�0.014) 1.938 (�0.007)

Fig. 10 (a) Tauc plot to estimate the direct band gap and (b) the variation of optical band gap with average particle size for different annealed BiFeO3

nanoparticle samples.
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of different interband transitions change. This study shows the
path of engineering materials properties using strain modulation
with a large tunability on the bandgap values, indicating the
inverse quantum confinement trend, where the impact of strain
supersedes the size effect.
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