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Phase engineered gallium ferrite: a promising
narrow bandgap, room-temperature ferroelectricy
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Sukalyan Dash® and Amritendu Roy (2 *©

Narrow bandgap oxide ferroelectrics with large polarization are considered promising in novel
optoelectronic and photovoltaic devices. In the present work, nanocrystalline gallium ferrite with polar,
rhombohedral R3c symmetry is synthesized using the hydrothermal route. Structural characterization using
X-ray diffraction, Raman spectroscopy, and electron microscopy confirm the formation of the rhombohedral
R3c phase, with two different geometries and narrow size distribution. Electrical characterization corro-
borated by first-principles density functional theory-based calculations demonstrates room temperature
ferroelectricity contributed mainly by triply charged gallium ions. The calculated spontaneous polarization is
~20 pC cm~2 with a large electronic contribution. Optical characterization predicts a bandgap of ~2.1 eV.
Together with its narrow bandgap and the large contribution of electronic polarization, ferroelectric gallium
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1. Introduction

Ferroelectric (FE) materials continue to present challenging
physics as well as exciting technological applications in diverse,
novel electronic devices including solid-state non-volatile
memory elements, field-effect transistors and micro- and nano-
electromechanical systems such as sensors, actuators, and
transducers.”” More recently, FEs have been considered promising
for visible light photovoltaic applications wherein spontaneous
polarization is presumed to be instrumental for the separation of
photogenerated charge carriers. In this regard, halide perovskites®™
with their favourable optoelectronic characteristics have yielded
impressive conversion efficiencies. Perovskite halides, however,
suffer from poor stability and potential environmental impacts.®
While improvement towards their stability has been a major
research focus,® the design and development of stable, environ-
ment-friendly materials demonstrating an enhanced PV effect
could constitute an important avenue in solar cell research.

In this context, transition metal oxide (TMOs) based per-
ovskite ferroelectrics render wide opportunities towards
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ferrite could be an interesting system for novel photovoltaic and optoelectronic devices.

tailoring desired functionalities owing to their competing
energy scales of various phases and susceptibility to external
perturbations.” However, traditional TMO ferroelectrics demon-
strate a large optical bandgap resulting in poor absorption
behaviour in the visible part of the solar spectra and therefore
yields very small photocurrent vis-a-vis conversion efficiency.®
Thus, tailoring the bandgap is the first step towards designing
efficient solar cell materials based on these materials. While
selective doping,” ™" solid solution formations®'? and gap-state
engineering® have been explored to reduce the bandgap of
traditional TMO-ferroelectrics, single-phase ferroelectric-multi-
ferroics with a comparatively low bandgap, are superior choices."*

Transition metal oxide ferroelectric-multiferroic bismuth
ferrite (BiFeO; or BFO) is a classic example of a room-
temperature multiferroic material with rhombohedral
symmetry.'> BFO with a large spontaneous polarization and
bandgap of ~2.7 eV has been shown to possess good PV
performance.'®'” However, the bandgap in BFO is far from
the ideal value of ~1.4 eV for efficient absorption of solar
radiation. Therefore, it would be desirable to design novel room
temperature ferroelectric/multiferroic systems with a narrow
bandgap for prospective solar cell applications.

More recently, gallium ferrite (GaFeO; or GFO) has come up
as an alternative room temperature MF with sizable sponta-
neous polarization and room temperature ferrimagnetism.'®*8
Bulk GFO with orthorhombic Pna2; symmetry demonstrates
cation site-disorder as well as a wide range of cationic non-
stoichiometry which in turn, translates to tunable magnetic
vis-a-vis multiferroic transition temperature.'® Nanoscale piezo-
response force measurements on epitaxial'® as well as solution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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deposited'® films demonstrated 180° phase switching upon
changing the bias field. Bulk measurement on epitaxially grown
films further showed a saturated ferroelectric hysteresis loop.°
The observed poor leakage characteristics could be effectively
improved by selective doping.>' As such, GFO is quickly emer-
ging as an effective substitute for BFO. Despite the above
attributes, the required electric field for switching the ferro-
electric domains in bulk GFO was found to be rather high,
~1400 kv ecm™'.'*?° Thus, to use GFO for commercial device
applications, the coercive field of GFO needs to be reduced
substantially. In this regard, the possibility of stabilizing a
novel ferroelectric phase of the system with a smaller bandgap
and coercive field seems exciting from device designing per-
spectives. GFO has been shown to undergo a series of structural
phase transformations across a wide range of hydrostatic
pressure.*> Among the observed high-pressure phases,* a few
are polar and keep the promise to demonstrate ferroelectricity.
Thus, it would be interesting to explore the feasibility of
synthesizing vis-a-vis stabilizing such high-pressure phases at
ambient conditions upon applying suitable processing condi-
tions and evaluate their properties for possible room-
temperature ferroelectricity/multiferroism. In a recent work,
the present authors synthesized GFO nanocrystals with unique
truncated hexagonal bi-pyramid (THBP) geometry using a
hydrothermal technique.”® Subsequent structural and func-
tional characterization demonstrated an orthorhombic
P2,2,2, symmetry with a moderately small bandgap and excit-
ing photocatalytic activity.*?

In the present work, we stabilize GFO nanocrystals with
rhombohedral R3¢ symmetry at room-temperature. Electrical,
magnetic and optical characterization together with first-
principles studies establish the material as a room-temperature
ferroelectric with a reduced coercive field and narrow optical band
gap (~2.1 eV). Electrical characterization further demonstrates
rectifying characteristics. Phase engineered GFO thus possesses
promise for novel optoelectronic and photovoltaic applications
and demands further investigations.

2. Experimental and
computational details
2.1 Experiments

THBP GFO nanocrystals were synthesized using a hydrothermal
method following a protocol as reported earlier by the present
authors.”® Gallium nitrate hydrate (Ga(NO;);-xH,0) (Sigma
Aldrich >99.9%) and iron nitrate nonahydrate (Fe(NOj)s-
9H,0) (Sigma Aldrich >98%) were taken in stoichiometric
ratio and dissolved in 40 ml deionized water (pH = 6.8). The
concentration of precursors in the solution was four times in
the case of protocol (ii) in comparison to that of protocol (i). No
reducing or shape defining reagent was used. The solution was
transferred to a Teflon liner and autoclaved at 523 K for 5 h.
In order to obtain the required phase, the as-grown powder was
heated for 1 h at 673 K. We would henceforth call this synthesis
route protocol (i). However, the yield of the above process is too
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low to effectively use it for extensive characterization. It was
further observed that the required phase could also be stabilized
when the amount of precursors was increased to four times
keeping other processing parameters identical to our earlier
work,” viz., 523 K and 5 h (protocol (ii)).

The morphology of the as prepared samples was examined
using a field emission scanning electron microscope (FESEM)
(Zeiss, Merlin Compact) and a transmission electron microscope.
Powder X-ray diffraction patterns of the synthesized crystals were
acquired over the 260 range 10-90° using a Bruker D8 Advance
diffractometer with CuKo radiation (1 = 1.5418 A). Rietveld
refinement of the room temperature powder X-ray diffraction
data was carried out using FullProf** with two different space
groups, viz., R3¢ and R3¢. Thermal analysis (DSC) was carried out
using a Differential scanning calorimeter (METTLER TOLEDO).
To study the optical properties, ultraviolet-visible (UV-vis)
(Shimadzu-UV-2450, Japan) spectra was recorded using a non-
absorbing standard BaSO, powder. An impedance spectroscopy
study was conducted in a WayneKerr 6505 B impedance analyser.
The bulk ferroelectric hysteresis loop was measured in a Radiant
Precision Premier II ferroelectric tester. Piezoresponse force
microscopy using the switching spectroscopy mode (Asylum)
was performed to study the local response.

2.2 Computation

First-principles calculations were carried out using density
functional theory®® as implemented in Vienna Ab initio Simulation
Package (VASP)*>*” using the generalized gradient approximation
(GGA)*® as well as with suitable application of onsite Coulomb
potential (GGA+U with U = 2.0 to 4.0 €V)***° to treat the strongly
correlated 3d-electrons of Fe ions. We used a rotationally invariant
approach®® for U the magnitude of which was determined
based on our previous experience on the material. The Kohn-
Sham equation® was solved using the Perdew and Wang (PW91)
functional.®® A large kinetic energy cut-off of the planewaves,
850 eV, was used. Our entire calculations are based on the
stoichiometric composition of GaFeO; with the assumption that
no partial interchange of the lattice sites by constituent cations
have taken place. We included thirteen valence electrons for Ga
(3d"°4s%4p"), eight for Fe (3d”4s") and six for O (2s*2p*) ions. We
used conjugate gradient algorithm for relaxing the constituent
ions within a unit cell constructed using the data obtained from
Rietveld refinement of the XRD pattern at room temperature
(Table 1). All the calculations were performed at 0 K. Calculation
of the electronic structure was carried out using an 8 x 8 x 3
Gamma (I'-) mesh. Polarization was computed using the Berry
phase method within modern theory of polarization.**

3. Results and discussion
3.1 Structural and microstructural characterization

3.1.1 Powder X-ray diffraction study. Differential scanning
calorimetry (DSC) together with temperature-dependent powder
X-ray diffraction studies (refer to the ESL} S.1a and S.1b) of the as-
synthesized sample from our previous work, predict a prominent
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Table 1 Refined structural parameters of Rhombohedral R3c gallium
ferrite obtained from Rietveld refinement of the powder X-ray diffraction
of the sample synthesized using protocol (ii). Conventional Rietveld para-
meters are: R, = 32.1; Ry, = 12.9 and Rey, = 10.6

Phase: R3¢ (SG#161)

Lattice parameters: a = b = 5.0235 &; ¢ = 13.6325 A; o =  =90°%; y = 120°

Wyckoff
Ion positions x Y z
Ga** 6a 0.0000 0.0000 0.3075
Fe** 6a 0.0000 0.0000 0.0186
o> 18b —0.3005 —0.2988 0.4062

phase transformation across ~650-673 K where at room
temperature, the orthorhombic P2,2,2, phase23 transforms to a
higher symmetry (fewer peaks) phase. An initial evaluation of the
XRD data indicated rhombohedral symmetry. It was also observed
that the above orthorhombic to rhombohedral transformation is
irreversible and annealing of the room temperature phase at
673 K for 1 h retains the rhombohedral symmetry. However, the
yield of the above processing protocol is too small to further
characterize the sample, especially for bulk electrical measurement.
Thus, we needed a different synthesis protocol that would give rise
to the same rhombohedral crystal symmetry with greater yield.
Consequent trials revealed that when the ratio of the precursor was
increased four times with respect to the previous protocol, keeping
the temperature, time, and volume of the hydrothermal cell during
synthesis identical ie., 523 K and 5 h, we ended up getting the
identical XRD pattern to that of the sample annealed at 673 K,
this time, at room temperature. Subsequent studies were made
on samples both processed without annealing (protocol ii) with the
precursor concentration increased to four times as well as on
the sample prepared earlier and then annealed at 673 K for 1 h
(protocol i).

The room temperature powder XRD pattern of the as-
synthesized sample prepared using the modified protocol
(protocol - ii) is shown in Fig. 1(a). Rietveld refinement of the
powder pattern was attempted using two rhombohedral
symmetries, viz., polar R3¢ (Space Group #161) and non-polar
R3¢ (Space Group # 167). It is not practically possible to
differentiate between the above two phases which belong to
the same Laue groups, based on powder X-ray diffraction data.
However, it is observed that polar R3¢ (with refined atom
positions, 0 0 § (6 # 1)) yields a much better goodness of fit
in comparison to that of 0 0 2 corresponding to non-polar R3c.
Accordingly, the symmetry of the phase of the sample is
assigned as R3c. Structural parameters obtained from the
refinement as well as the refinement parameters are presented
in Table 1. Fig. 1(b) schematically depicts the unit cell of R3c-
GFO in the hexagonal setting. Our subsequent first-principles
study, in section 3.6 and electrical characterization, in section 3.5,
further bolster the stability of the R3¢ symmetry of the material
over R3¢ and thus, corroborate the powder XRD analysis.

3.1.2 Raman study. R3¢ symmetry of GFO nanocrystals
synthesized through both the protocol (i) and (ii) is further
supported using room temperature Raman spectra analysis
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Fig. 1 (a) Rietveld refinement of the room temperature XRD pattern of the
gallium ferrite (GFO) nanocrystal sample prepared by protocol (i), using
R3c and R3c symmetries. (b) Schematic description of the unit cell of GFO
with R3c symmetry. (c) Raman spectra of R3c-GFO synthesized using the
two different protocols.

probed using the Ar" laser of 514 nm as an excitation source.
Fig. 1(c) shows the Raman spectra of both the crystals over
100-600 cm .

The polar R3¢ phase with space group #161 is comprised of
30 atoms or 6 formula units within the rhombohedral unit cell in
the hexagonal setting. Following group theory, the irreducible
representation that presents the Raman active modes at the
zone-center is I' = 4A1 + 9E i.e. a total of 13 modes are expected.
As can be seen from Fig. 1(c), 13 distinct Raman peaks are
identified over the frequency range 100-600 cm™ ' for both the
R3¢ GFO nanocrystals grown using protocol (i) as well as protocol
(ii). A comparison of the peak positions with those of R3¢-BFO
suggests modes between 152-261 cm ™ * involve the Fe-O bending
and stretching of bonds within FeOy octahedra, while oxygen
motions dominate above 261 cm™'.** Raman modes related to
Ga-O bonds are expected to appear below ~170 cm ™" though a
blue shift of mode positions is expected due to the lower reduced
mass of Ga-O compared to Bi-0.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.1.3 Microstructural studies: scanning and transmission
electron microscopy. Field emission scanning electron micro-
graphs of the samples prepared through protocol (i) and (ii) are
shown in Fig. 2(a and b). It is observed that the morphology of
the sample prepared by protocol (i) remains truncated hexagonal
bi-pyramidal (THBP) while protocol (ii) yielded cuboidal shaped
nanoparticles. Average axial lengths of the nanocrystals
produced in the two routes are ~150 nm and ~200 nm, respec-
tively, for protocol (i) and (ii). Since the time and temperature of
the two hydrothermal processing conditions are similar, the
observed variation in the size and geometry of the nanostructure
could originate from the variation in the supersaturation arising
due to different precursor concentrations in the solution from
which the crystals are grown. A similar effect of supersaturation to
determine the geometry and dimension was observed in previous
studies on systems such as CdSe,*® TiO2*” and SmvO,.*®
Elemental analysis using energy dispersive X-ray spectroscopy
(EDAX) predicts that in either of the two cases the samples are
Fe-rich, Ga: Fe = 0.78 £ 0.03 for protocol (i) and 0.64 + 0.04 for
protocol (ii), respectively, only predicting that some of the Ga sites
have been taken by similar sized Fe ions in addition to the
possible cation site disorder inherent to the system.

Transmission electron microscopy studies conducted on
both the samples are shown in Fig. 2(c and d). Fig. 2(c) inset
shows a single GFO nanocrystal prepared using protocol (i)
demonstrating THBP geometry. High resolution TEM imaging of
the nanocrystals (Fig. 2(c)) demonstrates atomic arrangements
within parallel lattice planes without significant disruption in
the periodic arrangement suggesting formation of defect free
nanocrystals. Using the Rietveld data, we calculated interplaner
spacing of several high index planes within R3¢ symmetry.

Fig. 2 Field emission scanning electron micrographs (FESEM) of the GFO
nanocrystals synthesized using (a) protocol (i), and (b) protocol ii. The
insets show the high magnification images. (c) High resolution transmission
electron micrograph a GFO nanocrystal produced using protocol (i). The
inset shows a single GFO nanocrystal. (d) TEM micrograph of the GFO
sample synthesized using protocol (ii). The inset shows the diffraction
pattern obtained from a single nanocrystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The measured interplaner spacing from the HRTEM images
substantiates the presence of (104) planes. Fig. 2(d) presents
the TEM image of samples prepared using protocol (ii). While
the edges of the samples were too thick to produce any lattice
images, the diffraction pattern (inset, Fig. 2(d)) predicts
rhombohedral symmetry with lattice parameters similar to those
predicted by Rietveld refinement, discussed above.

3.2 Mechanism of formation of GFO nanocrystals with varied
crystal symmetry and shape

The mechanism of oxide nanostructure evolution during hydro-
thermal synthesis is explained in light of the kinetics and
thermodynamics of the processing, that provide complementary
descriptions. The critical balance between the two, determines the
crystal symmetry, size and shape of the synthesized nano-
crystalline phase. In the present work, we observe that GFO
nanocrystals are formed with two different crystal symmetries,
viz., P242,2; and R3c and geometries, ie., truncated hexagonal
bipyramid (THBP) and cubic geometries under protocol (i) (with-
out annealing)®® and (ii), respectively, described in section 2. In
either of the two processes, no capping agent was used and the
synthesized nanoparticles are of fairly uniform size.

The evolution of the GFO nanostructure begins with the
progress of the monomer forming reaction under thermal
activation:*® Ga(NO;); + Fe(NO3); + 3H,0 = GaFeO; + 6HNO;
With time elapsed, monomer concentration in the solution
increases rapidly. Beyond the critical supersaturation level,
nucleation (self-nucleation) starts. The process of nucleation
involves crossing the activation energy barrier by a monomer
from the bulk of the solution to a growing nucleus. A smaller
activation barrier would favour nucleation of a particular
crystalline phase. The driving force for crystallization is the
change in chemical potential (Ax) while the monomer travels
from the dissolved phase to the solid crystalline phase:

Ap=ps — py + —kTIn s (1)

where us and yy, represent chemical potentials in the crystalline
solid and solution phases, respectively, and S denotes super-
saturation given by the ratio of the monomer concentration in
the solution (C) to the equilibrium monomer concentration
within the crystalline phase (Cp). The associated bulk free
energy change could be written as,

RT RT. C
AGy = v InS = v In e 2)

where V,, is the molar volume of the monomers within the
crystalline phase and R is the universal gas constant. With the
available data, we observe that the supersaturation in the two
protocols differs by ~400% and that the AGy value for the R3¢
phase is ~25% smaller in protocol (ii).

Assuming homogenous nucleation, for a critical sized, sphe-
rical nucleus of radius r, the net change in free energy can be
expressed as the sum of bulk and surface contributions:*°

4 16my3 V2
AGN = P AGy +4m?y = —————m 3
NTRTA TN nsg O
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where, y represents the surface free energy associated with the
formation of a nucleus with particular crystal symmetry and can
be approximated as, y = Ka; where K is defined as the so-called
cohessional pressure and a is the average distance between

A
qualitative study, y could be described as:

1
Vi) 3
= K(-= 4
=& (1) (@)
Here, N, is Avogadro’s number. With the above substitution,
the expression for AGy becomes:

1
v\ 73
lattice layers approximated as, a = <N—m) A% Thus, for a

16nK3V3

= 7 m 5
313T3N3 (In S)? ®

N
where k, T, and N, represent Boltzmann constant, reaction
temperature in absolute scale, and Avogadro’s number, respectively
and AGy can be interpreted as the free energy change associated
with the nucleation process while the monomer crosses the
activation barrier from the solution phase to the nucleus. Eqn (5)
suggests that a small molar volume and large supersaturation
would result in small AGy. Crystallographic information obtained
from our present study and previous work®® show that the R3c
phase possesses ~14% higher molar volume in comparison to the
P2,2,2, phase. However, a ~400% increase in the monomer
concentration in the solution would result in lowering of AGy for
R3c phase formation over P2,2,2; which albeit has a favourable
molar volume, grew only when the supersaturation level in the
solution was low. The nucleation rate could be written as:*

dN AGN) 16my* 12
S =Adexp( ) =Adexp| ———t M 6
dr p( kT p( 33T3N2 (In S)? ©)

where N represents the number of nuclei at time, ¢ pre-exponent
term, A is the jump frequency across the interface between the
nucleus and bulk solution; a large value of S would translate rapid
nucleation. The above expression further suggests that uniform size
distribution of the nanocrystals, which is observed in our FESEM
studies, would require burst nucleation where due to fast kinetics
of the monomer forming reaction, the monomer concentration in
the solution quickly increased which is followed by a large number
of nucleation happening over a very short duration of time. When
the chemical potential of the nuclei is high, any further nucleation
is less favoured. On the contrary, more and more monomers are
attached to the nuclei rendering them critical-sized. Following this,
the critical-sized nuclei grow at the expense of monomer concen-
tration within the solution.*

Our earlier study suggests that GFO nuclei formed within
the solution demonstrate a shift from isotropic growth at lower
temperature to THBP geometry at 250 °C suggesting a kinetics
driven growth mechanism.>® For achieving uniform size
distribution of the particles, the growth should be diffusion-
limited. However, it should be noted that there are no straight-
forward guidelines to predict the morphology of the particle
since there are a number of factors that affect the morphology
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of the growing particle. The equilibrium shape (Gibbs-Wulff
theory) of a particle is one that minimizes the surface energy for
a given enclosed volume.*! The isotropic surface energy would
therefore result in spherical particles. A low monomer concen-
tration in the solution further promotes spherical particle
formation. A high monomer concentration on the other hand,
favours anisotropic growth along directions with a lower activation
energy barrier. The diffusion controlled growth model proposed by
Peng™ has been highly successful in explaining the shape variation
of inorganic nanoparticles with varied monomer concentrations in
the solution and can be used here. In the present work, under an
identical temperature, the shape of the crystal changes to cubic
when the precursor concentration in the solution is changed to
four times. Apparently, the above modification is due to a change in
supersaturation level during the synthesis process. It is believed
that the supersaturation level influences the chemical potential in
the bulk solution as well as the oriented attachment of the
monomers.*® In dilute solution, the system can reach a dynamic
equilibrium by dissolution and regrowth of various facets
with varied energies, resulting in the formation of nanospheres.
A moderate supersaturation, on the other hand, results in
directional growth. Variation in the chemical potential among
the facets with different crystallographic orientation favours
preferential migration of the monomers resulting in shapes such
as THBP in intermediate monomer concentration and cubic in
high monomer concentration. Similar supersaturation-driven
shape evolution has been previously reported in TiO,>” and
SmVO,*® where spherical shaped nanospheres are formed at a
low monomer concentration while very high concentration
promotes nanowire formation.

3.3 Optical property

Fig. 3(a) inset shows the optical absorption spectra of the R3c-
GFO nanocrystal over the range 400-700 nm. It shows strong
absorption in the wavelength range of 550-700 nm suggesting
that the GFO nanocrystal can absorb a considerable amount of
visible light. The absorption edge at ~600 nm can be attributed
to 6A;; — 4T, (~2.0 ev) transition originating from the crystal
field splitting of FeOg octahedra.*® The optical band gap of the
THBP-GFO nanocrystals was estimated using Tauc relation:**
(hve)'™ = B(hv — Eg), where ‘h’ is Planck’s constant (6.626 x
10** m® kg s "), v, represents the frequency of incident light, a,
absorption coefficient, B, proportionality constant and E, is the
bandgap of the material. The value of the exponent n denotes the
nature of the optical transition. For direct optical transition, n=1
while n = 2 represents indirect transition from the valence to
conduction bands. Since the material was found to behave as a
direct bandgap semiconductor, as shown in the following DFT
study, a straight line fit on the linear part of («Av)* vs. hv plot
(Fig. 3(a)) was made to determine the bandgap of the material.
The bandgap, estimated from the x-axis intercept is found to be
~2.1 eV. The observed bandgap is smaller than that in the bulk
phase as well as significantly lower than that of BFO. This narrow
bandgap renders the material to absorb a significantly large part
of the solar spectrum and thereby promises an improved photo-
current response.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Tauc plot of optical absorption data demonstrating an optical

band gap. The inset shows the absorption spectra of the R3c phase of GFO
nanocrystals. (b) Real part of the dielectric constant (¢') versus temperature
at certain frequencies; the inset plots the imaginary component dielectric
constant (¢”) versus temperature at different frequencies within R3c-GFO.
(c) Bulk polarization hysteresis data plotted as a function of applied voltage
on a ~600 pm thick film of GFO on an ITO coated glass substrate. (d) PFM
phase and (e) butterfly loop of GFO on ITO at room temperature. (f) Room
temperature current—voltage plot on GFO thick-film on an ITO coated
glass substrate demonstrating rectifying characteristics.

3.4 Electrical characterization

Temperature dependent impedance measurement of the sample,
prepared using protocol (ii), was performed over a frequency
range, 100 Hz-2 MHz. A similar exercise was conducted on the
sample synthesized using protocol (i) and subsequent analysis is
presented in the ESL{ The two data are identical. Using the
impedance data, we calculated the real and imaginary part of
the dielectric constant by using the following equation:

, Z// p Z/

6:cu><C0xZ2and6 :a)><C0><Z2 )

The real part of the dielectric constant (¢') for different

frequency values are plotted as a function of temperature, as
shown in Fig. 3(b). Z’ and Z” are real and imaginary parts of
complex impedance Z; w = 2nf where f is the measured
frequency and C, is free space capacitance. It is observed that
the present R3c phase possesses a high frequency dielectric
constant, ¢ ~7 which is significantly smaller than traditional
ferroelectrics such as BaTiO; over the temperature range, 300—
600 K. The magnitude of the high frequency dielectric constant
increases to maximum ~ 49 at the highest temperature used, 750 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The dielectric constant depends upon different types of
polarizations, ie., interfacial, dipolar, ionic and electronic
polarization with increasing frequencies. While interfacial
polarizations operate at lower frequencies, at high frequency,
only dipolar (orientational), ionic and electronic polarizations
are responsible. The constant magnitude over the entire range
of temperature and frequency indicates that the observed
dielectric constant is intrinsic in nature without interfacial
contributions. As the temperature increased both ¢’ as well as
¢’ exhibit anomalies at ~523 K and 653 K. The anomalies are
prominent at lower frequencies as the ¢’ reaches maximum
values 78 and 2633 at 523 and 653 K, respectively at 100 Hz.
Temperature anomalies of ¢’ and ¢” are suggestive of structural
phase transitions over the temperature window. This structural
phase transformation is characteristic of ferroelectric materials
where symmetry increasing structural transition translates to
dielectric anomaly.

Pvs. E plots demonstrate hysteresis behaviour. With increasing
applied field (E), the size of the loop increases. The shape of the
loop is typical of lossy ferroelectrics.*® Early works on BFO*® and
GFO" report similar ferroelectric hysteresis loops. In fact, our DC
current-voltage data on the sample demonstrates the presence
of a large leakage current in the sample possibly hindering the
true ferroelectric nature of the sample. Inappropriate sample
preparation (sintering at high temperature could not be per-
formed to avoid possible irreversible phase transformation) could
be one of the origins of poor data.

The presence of multivalent Fe-ions could also contribute to
increased leakage. However, with this nature of unsaturated
ferroelectric hysteresis characteristics, one cannot conclusively
confirm the presence of ferroelectricity in the sample. In order
to further probe the possible ferroelectric character in the
material and to minimize the effect of sample quality on the
prospective ferroelectric property, local measurement using
piezo-response force microscopy was conducted on the sample.
In piezoresponse force microscopy, a 10 pm x 10 pm area of the
sample was subjected to a positive bias, allowing all the
domains to align unidirectionally. After that a 2 pm x 2 um
area within the poled sample was applied to a reverse bias,
making the domains align in opposite directions. The phase
image together with switching spectroscopy is presented in
Fig. 3(d). The switching spectroscopy data and the phase image
of the PFM study demonstrate 180° phase switching
upon swapping the electric field direction. The corresponding
amplitude plot (Fig. 3(e)) allows the piezoelectric co-efficient to
be determined. The piezoelectric coefficient is derived using

A(bt)
Vae x G
mation (amplitude of butterfly loop) and V,. is the AC voltage
given to the cantilever to apply an electric field. G is directly
related to the quality factor of tuning of the cantilever,

_A(F £ 5kHz) X Ofactor
N A(peak)
cient was found to be d;; ~11 pm V' The ds; value is
comparable to the value reported for the epitaxial thin film of
BFO*® and other similar piezoelectric materials. For prospective

dyz = , where A(bt) is the change in thickness or defor-

. The calculated piezoelectric coeffi-
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photovoltaic applications, it is important that GFO demon-
strates rectifying characteristics, since this behaviour allows
charge carriers of opposite polarities to separate out. In order to
characterize the current-voltage behaviour of the material, a
thick film (thickness, ~600 um) of GFO on an ITO coated glass
substrate was prepared. As shown in Fig. 3(f), with forward bias
the current is very small and remains almost parallel to the
voltage axis before, and it suddenly shoots up at a voltage of
~160 V. In the reverse bias, however, the current demonstrates
a gradual increase with field. The above behaviour is similar to
that of a diode which is required for separation of the photo-
excited charge carriers. It is therefore observed that phase
engineered GFO demonstrates a rectifying character, important
for its potential PV application.

3.5 First-principles studies

First-principles calculations were performed within the framework
of density functional theory.”” We started with the structural
information obtained from the Rietveld refinement of the room
temperature X-ray diffraction pattern of the sample prepared using
protocol (ii). The ionic positions were relaxed at the experimental
cell volume until the force on individual ions became less than
0.0005 eV A™*. To determine the possible magnetic order, spin-
polarized calculations within ferro- and antiferro-magnetic spin
configurations of the Fe®" ions were performed. It was found that
anti-ferromagnetic orderings of the Fe-spins corresponds to 71 meV
per atom lower in energy than ferromagnetic ordering within R3¢
symmetry of GFO. To probe further and therefore to determine
possible antiferromagnetic ordering, a 2 x 2 x 1 supercell was
constructed. The total energy of the 2 x 2 x 1 supercell was
computed by enforcing different antiferromagnetic orders of the
Fe*™-ions, viz., A-, C- and G-type antiferromagnetic orders. It was
observed that the G-type antiferromagnetic order of the Fe**
ions corresponds to the lowest energy, 23 meV per atom and
44 meV per atom lower with reference to C-AFM and A-AFM
orderings, respectively. Thus, one can predict that stoichiometric
GFO within R3c symmetry possesses G-type antiferromagnetic
order. Our calculations however did not consider possible site
disorder among the Fe** and Ga*" ions, commonly observed in
the bulk gallium ferrite.”® Experimental magnetization versus
temperature measurement with a small probing field shows a weak
magnetic response possibly suggesting AFM-order (please see the
ESIt). The stability of the R3c phase was further evaluated by
calculation of the phonon spectra, where no negative frequencies
were observed bolstering the stability of the current phase under
experimental conditions (please refer to the ESIt). Further electro-
nic structure calculations were carried out within the antiferro-
magnetic configurations of the Fe-spins without further considera-
tion of specific antiferromagnetic order. Fig. 4(a) plots the electro-
nic band structure, total and site projected density of states
computed using GGA. It is observed that the material demonstrates
direct bandgap characteristics albeit a much smaller bandgap
(Ey ~0.5 eV) than that observed in our experimental study reported
above. Such underestimation of the electronic bandgap within DFT
studies using GGA is very common due to localized electronic
states.”">> However, the band structure and site projected density
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Fig. 4 (a) Electronic structure of R3c-GFO calculated using GGA. The
figure in the left plots the band structure along the high symmetry
directions. The right panel plots the total and angular momentum resolved
density of states (DOS). (b) Energy landscape of R3c-GFO while it switches
between the polar states via centrosymmetric phase demonstrating
double-well, characteristic of ferroelectrics when Ga-ions are moved with
respect to the surrounding O-ions, along the polar axis.

of states computed here are good to describe the electronic
structure in a qualitative manner. It is observed that the top of
the valence band is predominantly made up of O 2p states while
the bottom of the conduction band is composed of Fe 3d electronic
states. To further treat the localized states of the Fe ion, on-site
Coulomb (Hubbard) potential (U = 2-4 V) was applied, within the
GGA+U technique. The optimization of the Hubbard potential
was accomplished by computing the electronic bandgap and
comparing the bandgap with that obtained from the experiment.
It is found that Uy = 4.0 €V results in an E, ~2 eV, closely
corresponding to the experimental observation. Furthermore, the
qualitative description of the band structure and DOS remained
similar with and without application of U

To unravel the possible ferroelectric character of the material
within R3¢ symmetry, DFT calculations were performed towards
finding possible equivalent energy states which is the signature of
ferroelectricity. In typical ferroelectric materials, the equivalent
low energy polar states are separated by a high energy state with
higher symmetry and the transition path follows an energy
double-well. The immediate higher symmetry super-group is R3¢
which has a close symmetry relation with the present R3c phase.
In temperature-dependent dielectric measurements, we observed
anomalies around ~525 K and 650 K, respectively, possibly
indicating symmetry-increasing phase transformation. At this
moment, we are not very sure whether the dielectric anomaly is
due to R3¢ — R3c transformation though this transformation is
quite likely. The direction of spontaneous polarization of the R3¢

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structure within the hexagonal setting is [0001] ie., along the
c-axis of the unit cell. The transition between the polar R3c states
through the centrosymmetric R3¢ state takes place by means of
coordinated displacements of the ions. Therefore, to compute a
possible ferroelectric energy double-well, we transformed the
structure with R3¢ symmetry to R3¢ using the utility program
PSEUDO"? within the Bilbao crystallographic server. In the pro-
cess, the unit cell parameters were not symmetrized which may
possibly contain some symmetry-breaking strain. With reference
to the R3¢ symmetry, Ga®* and Fe®" ions were moved along the
[0001] direction in both positive and negative senses and the
corresponding total energy of the system was computed. Fig. 4(b)
plots the total energy of the system with reference to the R3¢
phase, as it transforms to R3c. It is observed that while shifting of
the Fe’-ion along the c-axis increases the total energy of
the system monotonically, shifting the Ga*-ion along [0001]
lowers the total energy of the system up to a minimum which
corresponds to the R3c phase. Further shifting of the Ga**-ion,
however, resulted in the increase of the total energy. Thus, R3c-
GFO demonstrates an energy double-well when Ga*"-ions are
shifted along the direction of spontaneous polarization, [0001].
As mentioned earlier, this double-well formation of the polar
crystal is the signature of the ferroelectricity in the system. Similar
double-well formation was also demonstrated in the bulk orthor-
hombic Pna2, phase of GFO,"° multiferroic bismuth ferrite
(BFO)** with R3c symmetry and other prototype ferroelectrics.>®
While bulk GFO demonstrates requirement of large energy'® vis-a-
vis a large voltage for polarization switching® the present nano-
structure with R3¢ symmetry requires much smaller energy, even
smaller than that required by BFO with R3¢ symmetry>* suggesting
requirement of a small switching voltage. Furthermore, the con-
tribution to the ferroelectricity in R3¢-GFO is mainly from the Ga**-
ions in contrast to the bulk phase where a systematic movement of
the Fe**-ions had been demonstrated to result in the ferroelectric
instability within the Pna2, phase. However, BFO with R3¢ sym-
metry demonstrates ferroelectricity originating from the Bi**-ions.

The magnitude of the spontaneous polarization was com-
puted using the Berry phase method as described in the
Modern theory of polarization.** In this method, the electronic
contribution to the total polarization is described by the Berry
phase. For GFO with R3¢ symmetry, Berry phase computation
yields a polarization lattice, 6.05 + n x 73.31 uC cm™ > along
[0001] direction, where 7 is an integer. In order to estimate the
spontaneous polarization of the system, Berry phase calcula-
tion was further computed on the high symmetry R3¢ phase,
—15.34 + n x 73.31 pC em™ > along the [0001] direction. The
difference between the polarization of the above two phases
yields the spontaneous polarization, Ps of the R3c phase,
21.39 uC cm 2. The entire calculation was carried out within
GGA. Application of U, within GGA+U with different U values,
resulted in P, of 25.08, 23.12, and 24.01 pC cm ™2 for Uy = 2, 3,
and 4 eV, respectively. Estimated spontaneous polarization is
markedly higher than the one obtained from the P-E loop in
the previous section. This could be attributed to poor sample
quality and defects in the sample. It is further observed that the
electronic contribution to the total polarization in the system is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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comparable with the ionic contribution which potentially
suggests a large shift current (related to the bulk photovoltaic
effect) and thus promises the material’s potential in novel
photovoltaic applications. However, this aspect will be taken
up in our follow-up work.

4. Conclusion

Hydrothermal synthesis under controlled processing conditions
yields a novel, polar phase of gallium ferrite with rhombohedral
R3c symmetry with unique geometry. Powder X-ray diffraction,
Raman spectroscopy, and electron microscopy were employed to
understand the phase evolution. It was argued that burst nuclea-
tion followed by diffusion controlled growth under high super-
saturation resulted in the formation of the present phase with
two different morphologies driven by the surface energies of
different crystal surfaces. The optical absorption study reveals a
moderate bandgap of ~2.1 eV. Electrical measurement and
scanning probe microscopy in conjunction with first-principles
density functional theory based calculations demonstrated
the signature of ferroelectricity. Berry phase calculation under
modern theory of polarization showed a large contribution of
electronic polarization to the spontaneous polarization of the
material. This large electronic polarization together with a
narrow bandgap would allow for novel optoelectronic and photo-
voltaic device designing.
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