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Electrical polarization switching in bulk single-crystal GaFeO;
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The electrical polarization switching on a stoichiometric GaFeO; single crystal was measured, and a model
of atomic displacements responsible for the polarization reverse was proposed. The widely adapted mechanism
of polarization switching in GaFeOj; can be applied to stoichiometric, perfectly ordered crystals. However, the
grown single crystals, as well as thin films of Ga-Fe-O, show pronounced atomic disorder. Using piezoresponse
force microscopy, the electrical polarization switching on a crystal surface perpendicular to the electrical
polarization direction was demonstrated. Atomic disorder in the crystal was measured by x-ray diffraction
and Mossbauer spectroscopy. These measurements were supported by ab initio calculations. Using analysis of
atomic disorder and electronic structure calculations, the energies of defects of cations in foreign cationic sites
were estimated. The energies of the polarization switch were estimated, confirming the proposed mechanism of

polarization switching in GaFeOj; single crystals.
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I. INTRODUCTION

The GaFeO; compound crystallizes in the orthorhombic
structure of space group Prna2; (No. 33). The asymmetric unit
cell contains two nonequivalent iron (Fel, Fe2), two gallium
(Gal, Ga2), and six oxygen sites. The symmetry operations
acting on the atom at point (x,y, z) transform it into three
other positions (x + 1/2, —y+1/2,z2), (—x, —y,z+ 1/2),
and (—x+1/2,y+1/2,z+ 1/2), yielding 40 atoms in the
unit cell. GaFeOs is a polar compound, as the atomic positions
for opposite polarities are shown schematically in Figs. 1 and
2. The cation in the Gal site has tetrahedral coordination,
while in the remaining Ga2, Fel, and Fe2 sites, cations are
coordinated by distorted octahedra. It is well documented that
single crystals obtained so far exhibit pronounced disorder
between cationic sites. For example, Arima et al. [1] reported
in their single crystal the site occupancies as follows: Gal:
0.82Ga, 0.18Fe; Ga2: 0.65Ga, 0.35Fe; Fel 0.23Ga 0.77Fe;
Fe2: 0.30Ga, 0.70Fe. Using diffraction and Mossbauer exper-
iments, it was shown that the iron occupancy of Ga tetrahedral
sites is much lower than Ga octahedral sites [1-9]. Thus, one
expects that iron in a tetrahedral site is energetically unfavor-
able. In fact, the hyperfine structure of the 3’Fe nuclear probe
at that site is ambiguous because of the low area under the
spectra and substantial line overlap. For example, quadrupole
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splitting for Fe in the Gal site was reported to be —0.07 [5] or
0.40(2) [6] (in mm/s).

Stoeffler proposed a model of atomic displacements realiz-
ing change between two polarization states of Pna2; structure
of fully ordered GaFeOs, P, > 0 [Fig. 1(a)] and P, < 0 [10]
[Fig. 1(b)]. Switching between two polarization states can be
realized by a shift of atoms shown schematically by arrows in
Fig. 1. The maximal displacement of oxygen anions deduced
from the literature (Table I) [10] is about 1.2 A; therefore, it is
expected that the switching of the electric polarization cannot
be realized easily [11]. Moreover, the switching between two
polarization states shown in Fig. 1 [10] changes the local
atomic environments. For example, site Fel of state P, > 0
changes into site Fe2 of state P, < 0 (and site Fe2 of state
P, > 0 changes into site Fel of state P. < 0). Similarly, site
Gal of state P, > 0 changes into site Ga2 of state P, <0
(and site Ga2 of state P, > 0 changes into site Gal of state
P, < 0). However, switching between two polarization states
proposed by Stoeffler [10] cannot be realized in the case of
disordered crystals. As an illustration, let us consider the al-
ready mentioned crystal grown by Arima (Kaneko ef al. [12]).
By switching its polarization state, one would get the partial
site occupancies: Gal: 0.65Ga, 0.35Fe; Ga2: 0.82Ga, 0.18Fe;
Fel: 0.30Ga, 0.70Fe; Fe2: 0.23Ga 0.77Fe [1]. Thus, the two
states (P, < 0 and P, > 0) would differ by atomic disorder and
cannot be considered as two opposite polarization states of a
ferroelectric. As was already argued, iron in the tetrahedral
site is energetically unfavorable; thus, the two states would
differ in energy.

©2023 American Physical Society
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FIG. 1. (a) Unit cell in the P, > 0 polarization state. The black arrows show displacements of atoms changing state P, > 0 to the (b)
state with P, < 0. The black arrows in (b) show displacements of atoms changing state P, < 0 to the (a) state P, > 0. The view direction is

Z Z

chosen in a way that the largest displacements are clearly shown. The colored arrows in the axes’ origin show directions of magnetization
(red, a), electrical polarization (blue, ¢), and the third, orthogonal direction (green, b). Fe atoms at site 1 related to Pna2, symmetries (x, y, z),

(x+1/2, =y +1/2,2), (—x,
The same rule applies to atoms in other sites.

Up to now, the experimental switching between two polar-
izations states was only observed in polycrystalline GaFeO3
[13], in Ga-Fe-O thin films grown by pulsed laser deposition
[14-17], and on Ga-Fe-O thin films doped by Mg [18], In [19],
Cr [20], or Sc [21].

In this paper, we propose an explanation of apparent
inconsistency among experimentally observed switching be-
tween two polarization states in disordered GaFeOj3 crystals

E (0

—v,z+ 1/2), and (—x + 1/2,y + 1/2,z+ 1/2) are abbreviated by Fell, Fel2, Fel3, and Fel4, respectively.

and a theoretical description [10] valid only for fully or-
dered crystals. We provide proof of the electrical polarization
switching on a single crystal by piezoresponse atomic force
microscopy (PFM). Moreover, we provide electronic structure
calculations, particularly the energies related to the disorder’s
effect. Finally, we compare calculations with the Mossbauer
spectroscopy (MS) measurements, providing a consistent de-
scription of microscopic GaFeOj3 properties.

FIG. 2. Schematic view of the proposed switching between two polarization states (a), (b) (the description is the same as in the caption of
Fig. 1). The structure shown in (b) was obtained by inversion of (a) and by a shift s = (0, 0.249, 0.583).
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TABLE I. Crystal growth direction misorientation and cation site occupations obtained by single-crystal diffraction for the single crystals

used in MS and PFM experiments.

Site Site composition Fe/Ga

Site composition Fe/Ga

Grown in a direction (2°—4° misorient., used in MS)

Fel 0.724(7)/0.276(7) 0.747(6)/0.253(6)
Fe2 0.736(8)/0.264(8) 0.762(7)/0.238(7)
Gal 0.081(14)/0.929(14) 0/1 Assumed
Ga2 0.477(10)/0.523(10) 0.480(10)/0.520(10)
Grown in ¢ direction (12° misorient., used in MS)
Fel 0.724(7)/0.276(7) 0.747(6)/0.253(6)
Fe2 0.736(8)/0.264(8) 0.762(7)/0.238(7)
Gal 0.074(14)/0.936(14) 0/1 Assumed
Ga2 0.479(10)/0.521(10) 0.483(10)/0.517(10)
Grown in a direction (5° misorient., used in PFM)
Fel 0.745(8)/0.255(8) 0.762(7)/0.238(7)
Fe2 0.733(8)/0.267(8) 0.748(6)/0.252(6)
Gal 0.057(14)/0.953(14) 0/1 Assumed
Ga2 0.481(10)/0.519(10) 0.483(10)/0.517(10)

II. SINGLE-CRYSTAL GROWTH AND ORIENTATION

The GaFeO; single crystals were grown by the optical
floating zone crystal growth technique according to [1,12],
with a four-mirror optical floating zone furnace (FZ-T-4000-
H, Crystal Systems Corp., Japan). The starting materials were
powders of Fe;O3 (99.999%, Acros Organics) and Ga;0Os3
(99.99%, Sigma-Aldrich) in stoichiometric amounts. The
growth was performed in pure oxygen under pressure between
9.0-9.2 bars and 0.4 1/min flow rate. Crystals were grown
at the rate of 3—5 mm/h, with feed and seed rods rotated at
15 rpm in the opposite directions. The growth direction was
enforced using oriented GaFeO; seeds in the a or ¢ crys-
tallographic direction [22,23]. The misorientation of growth
directions with respect to the crystalline directions is listed in
Table I.

The crystal orientation was performed using pieces of
about 300 um for which x-ray diffraction data were collected
at room temperature. The Rigaku SuperNova diffractometer
using Mo Ko radiation (A = 0.71073 A) was used. Diffrac-
tion data were evaluated with the CRYSALISPRO package [24].
The crystal structures were solved using direct methods with
SHELXT [25] and refined with SHELXL [25] using the indepen-
dent atom model. The GaFeOs site occupancy was calculated
assuming perfect crystal stoichiometry. The results are pre-
sented in Table 1.

III. MICROSCOPIC POLARITY
SWITCHING MECHANISM

An example of atomic displacements resulting in a polar-
ization switch between two states, P, < 0 and P, > 0, within
the GaFeOs unit cell is shown in Fig. 2. These shifts maintain
the local atomic environments; i.e., the local environment of
Fel in a state with P. > 0 is changing to the same local
environment in a state with P, < 0. The inversion symmetry
applied to the unit cell depicted in Fig. 1(a) results in the
P, < 0 configuration (see Table II, columns 6-8). Figure 2(b)

illustrates this structure, which has been displaced by the vec-
tor s = (0, 0.249, 0.583). In this shifted configuration, the
distances between corresponding pairs of atoms [i.e., those
with shifts indicated by antiparallel arrows in Figs. 2(a) and
2(b)] within unit cells of P, > 0 and P, < 0 are minimized.
The upper limit of the distance between the paired atoms,
denoted as D(s), is equivalent to the length of the longest
arrow shown in Figs. 2(a) and 2(b). The formal definition of
D(s) is provided in the Supplemental Material [26].

For a comprehensive list of paired atoms, please refer
to Table S1 in the Supplemental Material [26]. A detailed
description of the algorithm utilized for determining D(s)
and establishing atom pairing is presented in the Supplemen-
tal Material [26]. The previously mentioned displacement,
represented as s = (0, sy, 5;) = (0, 0.249, 0.583), corre-
sponds to the minimum value of D(s). In accordance
with the expected crystal symmetry, the shifts (1, s, s.),
O, 1—sy, s;), and (1, 1 —s,, s;) also correspond to lo-
cal minima of D(s) with identical depths, as confirmed
through numerical calculations. In periodic systems, the shifts
(0, sy, s;) and (1, sy, s;) are considered equivalent, but we
have included both for clarity, as they specify the positions
of the four local minima within the unit cell. Additionally,
it was found that there are another four inequivalent minima
of D(s) corresponding to the shifts (0, s,, s;), (1, s,, s;),
O, 1—sy, s;), and (1, 1 —3s,, s;), where s, = 0.263 and
s, = 0.076. These minima are slightly less profound and cor-
respond to a maximum displacement of cations larger by
0.36% and anions smaller by 3.4%; see Table S2 in the Sup-
plemental Material [26].

In the proposed switching, the maximal distance followed
by cations is 2.3 A. It is larger than the maximal shift of
oxygen anions of 1.2 A [10]. Nevertheless, the requirement
of the same atomic order of both polarization states is fully
preserved in the proposed approach.

We have calculated spontaneous polarization as a multival-
ued vector quantity using point-charge approximation and the
modern theory of polarization [27]. We get identical values
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TABLE II. The atomic coordinates for specific polarization states of GaFeOs. Columns 2—4: P, > 0 state in asymmetric unit; columns 6—8:

z

P, < 0 state in asymmetric unit, obtained by inversion; columns 9-11: P, < 0 state shifted by vector s = (0, 0.249, 0.583). The coordinates
located outside of the unit cell (P, < 0O state) are shifted by Bravais lattice translations. a = 5.0853 A, b=18.7451A, c = 9.3902 A.

P, >0 X y z P, <0 X y b4 X y b4

1 2 3 4 5 6 7 8 9 10 11

Fell 0.1893 0.1525 0.5827 Fel3 0.1893 0.1525 09173 0.1893 0.4018 0.5000
Fe21 0.6787 0.0351 0.7992 Fe22 0.8213 0.5351 0.2008 0.8213 —0.2156 0.7835
Gall 0.1761 0.1501 0.0000 Gal3 0.1761 0.1501 0.5000 0.1761 0.3994 0.0827
Ga2l 0.8091 0.1597 0.3067 Ga22 0.6909 0.6597 0.6933 0.6909 —0.0910 0.2760
ol11 0.9740 0.3223 0.4260 053 0.8410 0.1715 0.8286 0.8410 0.4208 0.4113
021 0.5168 0.4877 0.4313 054 0.3410 0.3285 0.8286 0.3410 0.5778 0.4113
031 0.6521 0.9963 0.2008 012 0.5260 0.8223 0.5740 0.5260 1.0716 0.1567
041 0.1475 0.1593 0.1961 022 0.9832 0.9877 0.5687 —0.0168 0.2370 0.1514
051 0.8410 0.1715 0.6714 024 0.0168 0.0123 0.0687 1.0168 0.2616 0.6514
061 0.5153 0.1725 0.9379 033 0.6521 0.9963 0.2992 0.6521 0.2456 0.8819

as for the switching proposed in the literature [10]. This is an
expected result as the electric polarization can be determined
in the Berry phase approach by following a path connecting
the polar structure to a centrosymmetric structure, and the
choice of the transition path has no impact on the result itself.

IV. DETAILS OF AB INITIO CALCULATIONS

The first-principles calculations were performed using the
projector augmented wave (PAW) potentials [28] and the gen-
eralized gradient approximation (GGA) in the Perdew, Burke,
and Ernzerhof (PBE) parametrization [29]. We have used the
VASP code [30-32], and the calculations were based on the sto-
ichiometric GaFeOs. We included three valence electrons for
Ga atoms (4s? 4p'), eight for Fe atoms (3d” 4s'), and six for
O atoms (25> 2p*). The Hubbard parameter U and exchange
interaction J were optimized for the ion’s magnetic moment
to fit with the experiment (U = 8 eV, J = 1¢eV) [1,33,34]. A
plane-wave energy cutoff of 520 eV was used. The conjugate
gradient algorithm was used to optimize the structure with the
energy convergence criteria set at 1078 and 107% eV for elec-
tronic and ionic iterations, respectively. For the summation
over the reciprocal space, we used a 10 x 6 x 6 Monkhorst-
Pack k-point grid [35]. The simulations were performed for
the orthorhombic unit cell, consisting of eight formula units
(40 atoms). The electric field gradient (EFG) tensors at the
positions of the atomic nuclei are calculated using the method
described in the literature [36,37]. The results are presented in
Table III.

The first-principles calculations show evident change of the
EFG when a Fe impurity enters into Ga sites. This effect could
not be obtained in point-charge calculations performed earlier
[8,9]. Moreover, the quadrupole splitting (QS) of Gal is very
close to that of Fel (compare QS in columns 2 and 4, 6 and 8,
and 10 and 12 in Table IV). This may be the reason why only
three well-resolved components were detected in Mdssbauer
experiments reported so far.

V. RESULTS OF ATOMIC DISORDER
ENERGY CALCULATIONS

To determine which positions are energetically favorable
for additional Fe atoms, we have calculated the crystal energy

when one Ga atom is substituted by a Fe atom in the unit
cell. The calculations were done for two nonequivalent Ga
sites, resulting in the off-stoichiometric crystal Ga, ,Fe,O;
with x = 1.125; see Table V. The additional Fe atom prefers
to occupy the Ga2 site (with the magnetic moment direction
at the additional Fe atom in the direction opposite that of the
moment at Fel atoms). On the other hand, the case of one Fe
atom substituted by a Ga atom in two nonequivalent Fe sites
(Gay_Fe, O3 with x = 0.875) leads to similar energies. Thus,
both additional Fe atom positions are almost equally probable,
while additional Ga goes to either the Fel or Fe2 site; see
Table V. Note that the solution with the lowest energy for the
Fe atom in the Gal position exhibits a magnetic moment di-
rection identical to that of the Fel atoms (its energy indicated
in the first row of Table V). The alteration of the magnetic
moment at the additional Fe atom in the Ga site results in an
increase in the total energy by 0.115 and 0.063 eV for Fe in
the Gal and Ga2 positions, respectively.

We also investigated the effect of atomic disorder in the
form of an interchange between Fe and Ga sites, as shown
in Table VI. For example, for a given Fel position, there are
four positions of Gal in the unit cell, corresponding to four
symmetry operations of the Pna2; structure, abbreviated by
Gall, Gal2, Gal3, and Gal4, respectively.

Let us underline that all calculations presented in this sec-
tion were performed for structures (atom locations) as in the
optimized cell of the ideal crystal. We have also checked that
optimization of the atomic positions of the structures collected
in Table V leads to the decrease of the total energies of the
system by 0.008, 0.005, 0.015, and 0.013 eV (respectively,
from the top of Table V). Thus, the approximation employed,
which utilizes atom positions similar to those in an ideal
crystal, appears to be reliable, as the differences observed in
Table VI relative to the ideal crystal are at least ten times
larger, approximately.

VL. MOSSBAUER EXPERIMENTS

Details of the Mossbauer experiment are given in [23].
The single crystals grown in the a and in c directions
(Table I) were used for the preparation of single-crystalline,
oriented absorbers. The measurements were performed at
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TABLE III. Theoretical values of the EFG tensor components V;; of 5TFe probe at cationic sites of GaFeOj3. Symbol Vi is the dominant
component of the EFG tensor in the local principal axes system e;, e;, e;, where their Cartesian components in the unit cell frame x, y,
z, are listed in columns 4-12; indices i, j, k are ordered so that |Vj;| < |Vj;| < |Vik|. The asymmetry parameter (column 3) is defined as
n=i—Vi)/ Vi

e; [ €
Vi /
(V/A?) n e -x e -y ez e -x e; -y ez e - x ey e -z
1 2 3 4 5 6 7 8 9 10 11 12
Fell —31.989 0.627 0.768 —0.516 —0.379 —0.075 0.516 —0.853 0.636 0.684 0.358
Fe21 34.138 0.995 —0.287 0.172 0.942 0.956 0.113 0.271 —0.060 0.978 —0.198
Gall —30.032 0.413 —0.395 0.811 0.432 0.253 —0.356 0.900 0.883 0.464 —0.064
Ga2l —56.012 0.460 0.825 —0.554 0.112 0.353 0.350 —0.868 0.442 0.756 0.484
Gall® —32.885 0.178 —0.457 0.773 0.440 0.262 —0.356 0.897 0.850 0.525 —0.040
Ga21? —71.963 0.485 0.822 —0.556 0.121 0.359 0.342 —0.868 0.442 0.757 0.481

“Results of calculations for single iron at the foreign site of GaFeOs;.

room temperature. Using electronic structure calculations on The results of single-crystal measurements, with the k
ideal GaFeOs and on single Fe cations at Ga sites, we obtained vector parallel to the three main crystallographic directions,
electric field gradients on the >’Fe probe at cationic sites are presented in Fig. 3. Relative line intensities in the dou-
(Table IIT). With the help of the full Hamiltonian formalism blets were taken from theoretical calculations [38] (Table IV,
[38] adapted to the GaFeOs crystal [23], we have calculated A1 /A;). The results from the powdered single crystals are
parameters of doublets for the >'Fe iron probe at different sites shown in Fig. 4. In order to avoid the problem with the

and orientations of the k vector (Table IV). crystal texture, the measurements with a so-called magic angle

The experimental spectra of GaFeOs consist of overlap- were done [39]. The measured spectrum [see Fig. 4(a)] is a
ping subspectra, and the assignment of absorption lines to the superposition of a few not well-resolved doublets from the
sites is not apparent. Also, the ambiguity problem is present, iron atoms in the GaFeOj structure. In order to get more data,
i.e., the continuous distribution of parameters results in the the measurements in an external magnetic field of B = 1 and
exact shape of the spectrum. The measurements of texture- 1.3 T, parallel to the beam direction, were conducted. In the

free absorbers in external magnetic fields were performed to analysis of in-field measurements, the Blaes procedure was
make the interpretation precise. Moreover, the measurements used [40]. The hyperfine fields induced in the local posi-
of single-crystal absorbers with the orientation of the wave tion in the GaFeOs were free parameters in the fitting. The

vector k parallel to the main crystal directions were done. simultaneous fit shows that three subspectra are needed to
One of the most difficult problems is spectra interpretation; describe the shapes of measured spectra well. The solid red
the orientation of the EFG was solved by adopting principal line represents the best fit, while the other lines represent three
directions obtained by electronic structure calculations. Also, subspectra. The hyperfine parameters and relative intensities

the asymmetry parameter in the in-magnetic field experiment  of the doublets are presented in Table VII. The analysis shows
was adopted from the theoretical calculations. It is worthwhile ~ that Fe atoms occupy only three octahedral positions in the
to add that throughout the paper, we use four colors related to crystal structure of GaFeOs;. Almost the same fraction of
the four cationic sites, already shown on unit cells (Figs. 1 iron occupies the Fel and Fe2 sites, while in the Ga2 sites,
and 2) and also used for the abbreviation of the subspectrain  the fraction of iron is twice as small as in the Fel and Fe2
Figs. 3 and 4 or sites in Figs. 7 and 8. sites. There is no experimental evidence within the limits of

TABLE IV. Theoretical values of the parameters of the Mdssbauer spectra. QS = %,/ 1 + n%/3 — separation between two absorption
lines in the quadrupole doublet; A; /A,: a ratio of the absorption line intensities in the doublet, k: direction of the wave vector of a photon with
respect to the main crystal direction (reference of Pna2; space group). Symbol e is the elementary charge, Q is the nuclear quadrupole moment
of the first excited state of >'Fe (1.7 x 1072 m?), E, is the energy of a photon in Mssbauer excitation (14.412 497 keV); c: is the speed of

light.

k 100 100 100 100 010 010 010 010 001 001 001 001
Site Fel Fe2 Gal Ga2 Fel Fe2 Gal Ga2 Fel Fe2 Gal Ga2
1 2 3 4 5 6 7 8 9 10 11 12 13
QS —0.30 0.35 —-0.29 —0.66 —0.30 0.35 —0.29 —0.66 —0.30 0.35 —0.29 —0.66
A/As 1.31 2.3 1.84 0.93 1.21 0.42 0.96 1.49 0.62 1.03 0.57 0.72
Site Fel Fe2 Gal® Ga2? Fel Fe2 Gal? Ga2? Fel Fe2 Gal? Ga2?
QS -0.3 0.35 -0.27 —0.51 -0.3 0.35 —0.27 —0.51 -0.3 0.35 —0.27 —0.51
A /A, 1.31 2.3 2.01 0.93 1.21 0.42 0.94 1.48 0.62 1.03 0.54 0.73

#Results of calculations for single iron at the foreign site of GaFeOs;.
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TABLE V. Energies of nonstoichiometric Ga, ,Fe,O; crystal
with a different type of disorder. In the unit cell composed of 40
atoms, one Fe atom was substituted by one Ga atom, or one Ga atom
was substituted by one Fe atom. The energy of the ideal crystal is
Ey = —250.6123346 V.

X Site disorder Energy (eV)
1. 1.125 Fe in Gal —251.6327450
2. 1.125 Fe in Ga2 —251.8857439
3. 0.875 Gain Fel —249.2106457
4. 0.875 Ga in Fe2 —249.2295923

experimental uncertainty that Fe is located in the tetrahedral
Ga sites.

VII. PIEZORESPONSE FORCE MICROSCOPY

Piezoresponse force microscopy (PFM) is designed to
measure piezoelectric and ferroelectric materials on the
nanoscale [41]. All measurements used a NanoWizard 3 Bio-
Science (JPK Instruments, Berlin, Germany) atomic force
microscope (AFM). Images were acquired at room tem-
perature using conductive diamond-coated AFM tips with
resonant frequencies close to 110 kHz. The experimental
setup allowed tip/detector calibration to measure PFM re-
sponse in picometers. The modulation voltage was set to 1V,
which gave a relatively strong PFM signal. In addition, the
bias voltage was applied in the range of 0-20 V, depending on
the experiment. The piezoswitching (images) were obtained
with no bias, where the polarization change was forced by
45V bias, while the PFM spectroscopy was performed in
the range of +20 V. The data analysis was performed using
GWYDDION software [42].

TABLE VI. The energy of site disorder. A pair of Fe and Ga
atoms (column 2) interchange their positions in the unit cell resulting
in energy listed in column 3. Values averaged over sites generated by
symmetry operations are listed in column 4.

Interchange of two

atoms between sites Energy E (eV) E — E; (eV)

1 2 3 4
1. Fell, Gall —250.2321563

2. Fell, Gal2 —250.2413128 0.378
3. Fell, Gal3 —250.2316511

4, Fell, Gal4 —250.2329995

5. Fell, Ga2l —250.4597895

6. Fell, Ga22 —250.4776731 0.143
7. Fell, Ga23 —250.4564648

8. Fell, Ga24 —250.4833769

9. Fe2l, Gall —250.2065841

10. Fe21, Gal2 —250.2365022 0.384
11. Fe21, Gal3 —250.2498087

12. Fe2l, Gal4 —250.2225650

13. Fe21, Ga2l —250.5050056

14. Fe21, Ga22 —250.5045072 0.112
15. Fe2l1, Ga23 —250.4888525

16. Fe21, Ga24 —250.5055941

@ k| m

L) kP

Intensity [arb. units]

() kL(M,P)

-2 -1 0 1 2
Velocity [mm/s]

FIG. 3. Mbossbauer spectra of single crystals measured with the k
vector parallel to the three main crystallographic directions. Relative
line intensities in the doublets are taken from theoretical calculations
(Table III), while other parameters are listed in Table IV. Colored
curves represent subspectra of iron located in Fel (orange), Fe2
(brown), and Ga2 (green) sites. The red curve is a fit to experimental
data (black points).

The sample plane of dimensions 3.9 mm x 3.9 mm was
cut from a single crystal grown along the a axis (Pna2,
space group). The plane was perpendicular to the ¢ crystal-
lographic axis within an accuracy of 2°. By intensive PFM
investigations, we could not find a visible ferroelectric do-
main structure registered down to the nanoscale range. It
suggests that the sample was a single domain or that the
domain size was above the maximum possible scan size of the
implemented AFM equipment, which was 100 um x 100 pm.
However, to the best of our knowledge, reports of such fer-
roelectric domains (on single crystals) using other techniques
like surface decoration, etching, optical microscopy, polarized
light microscopy, x-ray techniques, or electron microscopy
techniques are rare. It is consistent with the fact that relatively
large energy is needed to switch between opposite polariza-
tions, as mentioned previously.

Nevertheless, the piezoresponse signal from the sample
was relatively strong, showing typical piezoelectric behavior.
First, a number of scans of the same regions were performed.
We have started by scanning the region of 7.5 um x 7.5 um
with 45V bias, followed by a 5um x 5 um with —5 V bias,
and finished by 2.5 um x 2.5 um again with +5V bias. Next,
we measured the same region in a larger scan of 10 um X
10um with no extra bias voltage. The result is shown in
Figs. 5(a) and 5(b) where the PFM amplitude and phase are
presented. The images are a pseudo-three-dimensional (3D)
maps, where the value is correlated with the color. Thus the
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TABLE VII. Parameters of hyperfine interactions for subspectra are shown in Figs. 3 and 4. The asymmetry parameter n was adopted from
theoretical calculations (Table III). Subl, Sub2, and Sub3 are spectral areas proportional to the number of Fe atoms in the site; Sub4 = 0 was
assumed since this spectral area was below a detection limit. ISO is the isomer shift measured relative to a-iron at room temperature, QS is the
quadrupole splitting between nuclear excited and ground states, BHF is the hyperfine magnetic field, and ARE is the fraction of the area under

the spectrum.

ISO =+ 0.02 [mm/s] QS £ 0.02 [mm/s] BHF £ 0.07 [T] ARE =+ 2[%]
Sample Subl Sub2 Sub3 Subl Sub2 Sub3 Subl Sub2 Sub3 Subl Sub2 Sub3
Single crystal 0.36 0.35 0.36 —-0.39 0.64 —1.08 - - - 38 38 24
Powder, magic angle 0.37 0.36 0.36 —-0.39 0.64 —1.08 - - - 38 38 24
Powder, Bexy = 1T 0.35 0.35 0.34 —0.36 0.62 —1.05 1.16 0.89 0.53 38 38 24
Powder, Beyy = 1.3T 0.36 0.35 0.35 —0.40 0.68 —1.10 1.22 0.95 0.59 38 38 24

higher the color, the higher the value. One can see that it
is possible to control the polarization of the GaFeO;3 single
crystal. Namely, it is possible to switch crystal polarization
along a certain direction by a specific voltage. For more detail,
a profile along the white line was extracted for both the PFM
amplitude and phase, shown in Figs. 5(c) and 5(d). However,
one has to keep in mind that the voltage applied to the con-
ducting AFM tip produces relatively high electric fields. In
our case, the electric field applied in the PFM technique was in
the range of at least 500kV /cm™! (5 V over a distance of 100
nm, which is a very conservative estimation of the tip-surface
distance).

Second, PFM spectroscopy in a single point was performed
in the range of +20V. The typical results are shown in
Fig. 6. The PFM amplitude and phase contrast are shown as

(@) magic angle

Intensity [arb. units]

(€)B=13T

-1.5 0.0
Velocity [mm/s]

FIG. 4. Mossbauer spectra of powdered single crystals measured
at a magic angle (a) and in external magnetic fields (b), (c). Relative
line intensities in the doublets are taken from theoretical calculations
(Table III). The description of colored curves is the same as in Fig. 3.

a function of bias voltage. The switching between the two
polarization states is visible, with the coercive voltage close to
2 V. The presented data are a result of subsequent switching
of the same point and are representative for the whole sample.
The phase change [Fig. 6(b)] also shows the change in the po-
larization state of 180°, further confirming that the switching
occurred between two opposite polarization states.

VIII. DISCUSSION

The results of theoretical calculations of the electric field
gradient tensor allow the use of its local orientations in data
analysis. The relative line intensities in the doublets of Moss-
bauer spectra shown in Fig. 3 were calculated without the
use of any fitting procedure. Also, the predicted asymmetry
parameter (Table III) was used in the data analysis of spec-
tra measured in an external magnetic field (Fig. 4). These
theoretical predictions agree perfectly with the experimental
observations (Fig. 3).

The values of isomer shifts ranging between 0.35 and
0.37 mm/s in GaFeOj; are typical for the oxidation state of
iron 3% in the high spin state [43]. The experimental values of
the quadrupole splitting, Fel: —0.39(2); Fe2: +0.64(2); Ga2:
—1.08(2) (in mm/s, Table VII) correlates reasonably well with
the results of electronic structure calculations, Fel: —0.30;
Fe2: +0.35; Gal: —0.29; Ga2: —0.66 (in mm/s, Table 1V);
in particular, the signs of the EFG fully agree. In order to
investigate the effect of the lattice contribution to EFG, the
point-charge calculations were performed and it was found
that the results fully agree with the earlier reported values
[9]. The absolute values of V., Fe:41.18; Fe2: 4+1.36; Gal:
—1.31; Ga2: —2.42 (in V/A2) are nicely correlated with the
theoretical calculations (Table III, column 1), although the
sign of EFG of Fel in point-charge calculations does not agree
with the theoretical calculation as well as the experimental
value. These facts show that there is a large contribution
of the lattice to the EFG although it does not fully explain
the experimentally observed values. The spin-orbit interaction
for the d° electron configuration subject to a ligand field of
octahedral symmetry is typically small [44]; however, in the
case of distorted octahedra it may be nonzero [33] and may
influence the EFG.

The atomic disorder measured by x-ray diffraction
(Table I) is consistent with that determined in Mossbauer
experiments (Table VIII). It plays a crucial role in our
investigations, as it allows the estimation of the atoms’
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FIG. 5. PFM images of oriented GaFeOs single crystal showing (a) PFM amplitude and (b) PFM phase-contrast images acquired over a
10 um x 7.5 um area, followed by the profiles of (c) PFM amplitude and (d) PFM phase, extracted along the white line on the images. The
images are a result of a sequence of previous scans of the central region: 7.5 um x 7.5 um area with +5V bias, 5um x 5 um area with =5 V
bias, and 2.5 um x 2.5 um area with 45V bias. This led to switching the piezoelectric polarization of the region.

energies entering the foreign sites. It can also serve as the
evaluation for the model predicting the electrical switching
polarization.

It is clear from Table V (rows 1,2) that Fe in the Gal site
has larger energy than in the Ga2 site by about 0.257 eV.
This value coincides nicely with energies of interchange pre-
sented in Table V for defect creation of Fe in the Gal position.
This energy is 0.384 and 0.378 eV on average: Fe2 in Gal is
slightly larger than Fel in Gal. The calculations also show
that the energies of the Ga location in foreign sites Fel and
Fe2 are very similar. In crystals with an excess of gallium
x = 0.875 (Table V, rows 3.4), Ga in the Fel site has larger
energy than in the Fe2 site by 0.025 eV. Analysis of pair
interchange in stoichiometric crystal shows a similar effect;
the interchange of Fel and Ga2 atoms requires energy larger

(a) 400

300

200

PFM Amplitude [pm]

100

Bias [V]

by about 0.031 eV than that of Fe2 and Ga2. One expects Ga
in both the Fe2 and Fe2 sites to locate easily, while Fe should
hardly enter the Gal sites.

The results of theoretical calculations are consistent with
a simple model of structural defects. Let us simplify interac-
tions by assuming that, on average, Fe or Ga atoms entering
the foreign site increase the crystal energy by a value inde-
pendent of their geometrical arrangement in the unit cell. This
assumption is governed by the observation in Table VI that in
rows 1-4, the energies are similar to each other, and in rows 5—
8,9-12, and 13-16 as well. We also neglect the compositional
dependence of the energies in the range covered in Table V.
We thus introduce energy EIE? corresponding to the presence
of foreign Fe in the Gal site. Further energies are defined
consequently: Elg?, E((}la), and Ega) We may write for the third

(b)
501 )
£’ T
©
ﬁ -50 T \ \ \
o
2 It
[T
& 100 \
150 . O e e
-10 5 0 5 10
Bias [V]

FIG. 6. PFM spectroscopy curves of oriented GaFeO; single crystal showing (a) amplitude and (b) phase-change signals as a function of
bias voltage performed at a random sample position. The results show switching between two piezoelectric polarization states. Arrows point
in the direction of the voltage sweep, the up arrow is from +10 to —10 V, while the down arrow is the opposite.
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TABLE VIII. Site composition derived from the Mdossbauer ex-
periment and occupation numbers defined as fractions of foreign
atoms. The site compositions (column 2) are proportional to the
ARE presented in Table VII, columns Subl, Sub2, Sub3: 2 x
(37.0, 40.7, 22.3)/100 = (0.740, 0.814, 0.446). Structure P, < 0
is derived with assumptions of the model presented in [10].

Site Site composition Fe/Ga  Occupation numbers

Structure P, > 0

Fel 0.740/0.260 c16a = 0.26(1)
Fe2 0.814/0.186 ¢26a = 0.19(4)
Gal 0.000/1.000 cire = 0.00(4)
Ga2 0.446/0.554 Core = 0.45(1)
Structure P, < 0
Fel 0.814/0.186 c; =0.19(4)
Fe2 0.740/0.260 ¢, = 0.26(1)
Gal 0.446/0.554 c3 = 0.45(1)
Ga2 0.000/1.000 cy = 0.00(4)
column of Table V,

ED —EY —u+u; =0, (1

EG) —EG —us+us =0, @

) @ (1) @)
Eg, +Eg, +Eg, +Eg, —4e0 =0, &)

where u; is given in the ith row of Table V and ¢ is the energy
of an unperturbed crystal, shown in the caption of Table V.
Similarly,

Eg) +Eg) —via+e =0, @)
EQ +EY) —vss+e =0, )
E}(:é) + Eé? — 9,12 +e9 =0, 6)
EQ +EL —visi6+e =0, )

where v; ; is given by any row between i and j of Table VI.
Equations (1)—(7) are mathematically contradictory. However,
an approximation can be obtained if energies Elgé), EF(?, E((ila)
and Eézd) are chosen so that sets (1)—(7) are fulfilled approxi-
mately, with possibly minor deviations. To find the energies,
we minimize the sum of squares of the left-hand side of
Egs. (1)—(7) with additional physical constraints for the en-
ergies to be positive. There are 4 x 4 x 4 x 4 numbers of
choices of the energies v 4, vs g, V9 12, and v;3 j¢ taken from
Table VI, which appear in Egs. (4)—(7). Calculations show
that for all the choices, calculated energies are distributed
within a relatively narrow range of values; see the histogram
in Fig. 7. The average values and standard deviations are
equal to E{)) = 0.299(5), EY = 0.046(2), ES,) = 0.088(4),
and Egd) = 0.073(4) (in eV). These values are larger than
previously estimated in [45].

Using Mossbauer experiments (Table VII), occupation
numbers were extracted (Table VIII). The occupation num-
bers ¢1Ga, €2Ga» Cire, and cpre are defined as a fraction of
foreign atoms occupying Fel, Fe2, Gal, and Ga2 sites, respec-
tively. Note that the index in the occupation numbers shows

(2)
EGa

(2) (1) (1)
EGa EFe

Probability [arb. units]

E [eV]

FIG. 7. Distribution of energies E\., E{), ES), and ES); see text
for precise definition. One should not confuse the colors used and
sites Fel, Fe2, Gal, and Ga2.

foreign atoms located at the site indicated by the integer.
All occupation numbers are between 0 and 1; the condition
of stoichiometry demands that ¢ig, + c2Ga — C1re — C2re = 0.
For perfectly ordered GaFeOs, all the occupation numbers
are equal to zero. For the sake of clarity, we quote that the
site Fel consists of 1 — ¢;g, Fe atoms and c¢;g, foreign Ga.
The occupation numbers at thermal equilibrium can be ob-
tained using the estimated energies and statistical approach.
Assuming that in N positions of the given site (say, Fel), there
are Ncp. foreign Ga atoms, and the number of possible mi-
crostates is equal to the number of all different Nc;g.-element
subsets taken from the set of N elements. Thus, the num-
ber of microstates I" for four sites with occupation numbers
C1Gas C2Ga, Cl1Fe, C2Fe is

N N N N
r= (Ncha> (NCZGa> <NC1Fe> (NC1Fe>’ ®

where (Z) is n!/[k!(n—k)!]. Using the Stirling formula for n!

the entropy S = kplInI" can be obtained from (8) in the limit of
large N:

S = kgNInf(c16a) f(c26a) f(c1re) f(CaRe)s )
where
1
fx)= W (10)

The energy U is equal to
U =N(ELcire + EQcore + EG)ci6a + EG)eaca). (1)
The number of foreign atoms has to fulfill the chemical
composition of the crystal:
€1Ga + €2G6a — C1Fe — Core = 0. (12)

From Egs. (11) and (12) one can calculate ¢, and cype. In
the thermodynamic equilibrium, the entropy achieves maxi-
mum value, so the derivatives of (9) over ¢, and ¢,g, should
vanish:

95(¢1Ga, €262, U) 0
9C1Ga

95(¢1Ga, €260, U)

0. (13)
0C2Ga

3
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FIG. 8. (a) Foreign atom site occupancies (related to occupation numbers in the third column of Table VII) and (b) iron site occupancies.
Panels (a), (b) show, in fact, the same data. The lines show predictions of thermal equilibrium site occupancies, while points on the left of each
panel show results obtained from Mossbauer experiments. Experimental values do not correspond to the thermal equilibrium state.

Equation (13) allow us to find entropy as a func-
tion ciga, CiGa at given energy U. Further on, since T =
dU/dS, one can find all the occupation numbers numerically,
C1Ga» C2Ga» C1Fe, C2Fe, as a function of equilibrium temperature,
shown in Fig. 8(a) and, more conveniently, Fe occupation of
four sites of GaFeO; [see Fig. 8(b)].

Using the estimated energies of atoms in foreign sites—
Eéi) , Elﬂe), Eéla), and Eéi)—in conjunction with the fractions of
atoms at foreign sites as provided in Table VIII and model pre-
sented in [10], we have determined that the energy associated
with the asymmetric unit for P, > 01is 0.057(13) eV, while for
P, <0, it amounts to 0.170 (8) eV. The difference between
these values, resulting from the switch in electrical polar-
ization, corresponds to 31(4) kJ kg~! or 1.1(1) kJ mol~! of
atoms. These values may be compared with the heat fusion of
elements such as gallium (80 kJ kg~") or lithium (3 kJ mol~!)
and they show that the predicted switching energy is unphysi-
cally large.

The overall agreement of the combined data analysis,
based on theoretical predictions and spectra analysis, guar-
antees correct spectra assignment. Measurements were done
on different orientations of the single crystal, at magic angle
geometry and in-magnetic fields with a consistent set of pa-
rameters (Figs. 3 and 4). This also allows for the determination
of spectral areas and quantitative estimation of the atomic
disorder. Theoretical calculations of some atomic configura-
tion conditions allow energy estimations related to the atomic
disorder.

We have observed the switching of the polarization state
by piezoresponse force microscopy. The measurements in-
dicate symmetric, nonbiased hysteresis of the polarization
switching. Thus the microscopic mechanism proposed in
[10] can be questioned because the difference in the crystal

energy between polarization states 31(4) kJ kg ™! is expected.

The concept of atomic displacements in the unit cell guaran-
tees equal energy for two polarization states for disordered
GaFeOj; crystals and is consistent with observed symmetric
energy switching induced by PFM spectroscopy.

IX. CONCLUSIONS

We have synthesized GaFeOs single crystals. The site dis-
order was determined by x-ray diffraction and the Mossbauer
experiments. The microscopic energies of the disorder were
estimated. The location of iron in the Gel octahedral site is
energetically unfavorable. This substitution has energy larger
by about 0.2 meV than the other three possible types of sub-
stitution (Fe in Ga2, Ga in Fel, and Ga in Fe2). Electronic
structure calculations indicate that the hyperfine parameters
of Fe in the Gal site are close to that of Fel. This is a possible
reason for observing only three distinct components in the
Mossbauer experiments performed so far. Switching of elec-
trical polarization was demonstrated by PFM spectroscopy. A
mechanism of electrical polarization switching of disordered
GaFeO3;, consistent with physical properties measured so far,
was proposed. In contrast to earlier concepts [10], the pro-
posed mechanism preserves atomic disorder in the cationic
sites and guarantees symmetric hysteresis of the electrical
polarization switch.
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