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The ferroaxial order, which is characterized by a rotational structural distortion in a crystal, has been
recently proposed as one of ferroic orders. Though the domain formation is a characteristic feature in ferroic
materials, there has been little study done concerning that for the ferroaxial order. Here, we investigate ferroaxial
domains that are formed through a ferroaxial transition in two representative ferroaxial materials, NiTiO3 and
RbFe(MoO4)2. We spatially resolve their domain structures using an optical method based on electric-field-
induced optical rotation, that is, electrogyration (EG). In NiTiO3, multidomains are constructed when crystals
undergo a ferroaxial transition and the domain size depends on the cooling rate around the transition temperature.
Furthermore, the ferroaxial domain structure obtained by the EG measurement is well matched with that by
scanning x-ray diffraction. RbFe(MoO4)2 also exhibits multidomain states in which domain patterns are different
each time a crystal undergoes a ferroaxial transition. In addition, the temperature dependence of the EG signal
well obeys that of the order parameter of a first-order phase transition. These results ensure the effectiveness of
the EG effect to elucidate the nature of ferroaxial order.

DOI: 10.1103/PhysRevMaterials.5.124409

I. INTRODUCTION

Ferroaxial order [1,2] (or sometimes called ferrorotational
order [3,4]) is a structural order in a crystal characterized by
a spontaneous rotational distortion that corresponds to a vor-
texlike arrangement of electric dipoles. The order parameter
characterizing the ferroaxial order is a ferroaxial moment A
which is defined as A ∝ �iri × pi [3,5]. Here, ri denotes a
position vector of an electric dipole pi at i site from a symmet-
rical center of the rotation. Unlike other conventional ferroic
orders such as ferromagnetic and ferroelectric orders, fer-
roaxial order preserves both time-reversal and space-inversion
symmetries. The characteristic symmetry breaking of ferroax-
ial order is a mirror symmetry, whose mirror plane includes
the rotation axis. Note that a mirror symmetry whose mirror
plane is perpendicular to the rotation axis is not necessarily
broken, which is different from chirality. Despite its high
symmetry, ferroaxial order is closely related to various phe-
nomena including magnetoelectric couplings in multiferroics
[1,6,7], polar vortices in nanostructured materials [5,8], and
an emergence of chirality [9]. Moreover, very recently, it is
suggested that when a magnetic or an electric field perpendic-
ular to A is applied in ferroaxial materials, a magnetization or
polarization can be induced perpendicular to both the A and
applied fields [10]. Thus, materials showing ferroaxial order
will provide opportunities to investigate new functionalities
and unconventional physical phenomena.

As in other ferroic orders, the ferroaxial order is char-
acterized by a transition from nonferroaxial into ferroaxial
phases, i.e., ferroaxial transition [2]. When a crystal under-
goes the ferroaxial transition, ferroaxial domains with the
opposite signs of A will be formed. In 2020, the presence of
domains was experimentally confirmed by Jin and coworkers
in RbFe(MoO4)2, that is one of the representative ferroaxial
materials, by using rotational anisotropy second harmonic
generation [4]. They also showed the temperature variation
of the areal ratio of ferroaxial domains. Furthermore, in the
same year, Hayashida and coworkers succeeded in visualizing
spatial distribution of ferroaxial domains in another ferroaxial
material NiTiO3 by using an optical method based on the elec-
trogyration (EG) effect and by scanning transmission electron
microscopy combined with convergent-beam electron diffrac-
tion [11]. Both of the compounds exhibit one of the pure
ferroaxial transitions (point group 3̄m→3̄), which accompany
neither ferroelectric, ferroelastic, nor gyrotropic transitions
[2,11,12]. Hence, these materials are suitable for the study of
the intrinsic nature of the ferroaxial order. However, how the
ferroaxial domains are formed upon the transition has been
visualized in neither RbFe(MoO4)2 nor NiTiO3.

The crystal structure of NiTiO3 at temperatures above Tc =
1560 K is described by the corundum structure (nonferroaxial
space group R3̄c), in which Ni2+ and Ti4+ cations are ran-
domly distributed on cation sites [13]. At Tc, orderings of
Ni2+ and Ti4+ cations take place and result in a structural
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FIG. 1. Ferroaxial transitions and ferroaxial domains of NiTiO3 and RbFe(MoO4)2. (a)–(c) Crystal structures of NiTiO3 above (a) and
below (b), (c) the ferroaxial transition temperature (Tc = 1560 K). Two Ti and Ni cations on z = 0 and z = 1/2 layers and six oxygen ions
bonded to them are depicted. The arrows denote the direction of rotational displacements of oxygen ions from the (110)-type planes (dotted
lines). The colors of arrows of purple, blue, and red in (a)–(c) correspond to the bonded cations of equally occupying Ti and Ni cations,
Ti cations, and Ni cations, respectively. (d)–(f) Crystal structures of RbFe(MoO4)2 above (d) and below (e), (f) the ferroaxial transition
temperature (Tc = 195 K). The red arrows in (e), (f) denote the direction of rotational displacements of MoO4 tetrahedra from the high-
temperature phase [the (110)-type planes (dotted lines)].

phase transition into the ilmenite structure (ferroaxial space
group R3̄). Thus, the ferroaxial transition in NiTiO3 is of
order-disorder type. In the low temperature phase, two domain
states will be developed depending on the ordered sequence
(Ni-Ti-Ni-Ti or Ti-Ni-Ti-Ni). To understand this transition
and domain formation from the viewpoint of a rotational
distortion, we depict two cations on z = 0 and z = 1/2 layers
surrounded by respective six oxygen ions in Figs. 1(a)–1(c). In
the nonferroaxial R3̄c phase [Fig. 1(a)], rotational distortions
of oxygen ions between z = 0 and z = 1/2 layers are same in
magnitude but opposite in direction (these two layers are re-
lated by the c glide operation). Thus, the rotational distortions
are canceled out in a unit cell, i.e., A = 0. On the other hand,
in the ferroaxial R3̄ phase, the bond length and the difference
in formal charge between the oxygen ions and the cations
are not the same for the two layers depending on the bonded
cations Ni2+ or Ti4+, so that rotational distortions between
the two layers do not cancel out completely. Accordingly, the
structure has a finite A in a unit cell [Figs. 1(b) and 1(c)]. Here,
A+ (A−) domain is defined as the domain exhibiting the

clockwise (counterclockwise) distortions of O ions bonded to
Ti cations.

The crystal structure of RbFe(MoO4)2 belongs to nonfer-
roaxial space group P3̄m1 at room temperature. The structure
is built of FeO6 octahedra sharing their vertices with MoO4

tetrahedra [Fig. 1(d)]. At Tc ≈ 195 K, RbFe(MoO4)2 under-
goes a structural phase transition into a ferroaxial phase (space
group P3̄), which is characterized by rotations of MoO4 tetra-
hedra (or FeO6 octahedra) about the c axis [4,14]. Thus,
the rotation angle can be regarded as an order parameter of
ferroaxial order and the ferroaxial transition in RbFe(MoO4)2

is of the displacive type. Depending on the directions of the
rotations, two possible domain states are developed [Figs. 1(e)
and 1(f)]. Here, the A+ (A−) domain is defined as the do-
main displaying the clockwise (counterclockwise) rotations of
MoO4 tetrahedra.

In this study, to reveal the effects of ferroaxial phase
transitions on the domain formation, we examine spatial
distributions of ferroaxial domains in the two represen-
tative ferroaxial materials, NiTiO3 and RbFe(MoO4)2, by

124409-2



PHASE TRANSITION AND DOMAIN FORMATION IN … PHYSICAL REVIEW MATERIALS 5, 124409 (2021)

utilizing the optical method based on the EG effect. We also
demonstrate that scanning x-ray diffraction (XRD) can be
another powerful method for visualizing ferroaxial domains.
We adopt this method for NiTiO3 crystals and compare the
ferroaxial domain images obtained by the two methods. For
RbFe(MoO4)2, we compare the temperature profile of the EG
effect with that of the rotation angle of MoO4 tetrahedra,
which corresponds to the order parameter of displacive-type
ferroaxial order.

II. TECHNIQUES TO OBSERVE FERROAXIAL DOMAINS

A. Electrogyration

One of the effective ways to observe ferroaxial domains is
a spatial distribution measurement of the EG effect, which has
been reported recently [11]. The EG effect is a phenomenon
in which optical rotation is induced by an external electric
field. In this study, we focus on the linear EG effect, that is,
optical rotation induced linearly by an applied electric field E .
In the centrosymmetric ferroaxial crystals whose point group
1̄, 2/m, 3̄, 4/m, or 6/m, natural optical rotation is absent, and
the rotation angle of the light polarization plane φ is expressed
as a function of E

φ = πd

λn
γi jkEil j lk = π

λn
γi jkVil j lk . (1)

Here, d is the sample thickness, λ is the wavelength of
incident light, n is the refractive index, l j and lk are direction
cosines of the wave normal, and V (= Ed ) is the voltage
applied to the sample (the Einstein notation is adopted). The
γi jk is the third-rank axial tensor which characterizes the linear
EG effect. Importantly, when the direction of light propaga-
tion and E are both parallel to a ferroaxial moment A, the
sign of tensor component γ333 will depend on the sign of A
[3,11]. This means that the direction of E-induced rotation of
polarization plane in A+ domain is opposite to that in A−
domain. In such a situation, Eq. (1) is rewritten as

φ = π

λn
γ333V3l3l3 = π

λn
γ333V3, (2)

where l3 = 1. At a fixed wavelength, φ is proportional to V ,
which is expressed as

φ[deg] = α[deg V−1] × V [V]. (3)

The coefficient α (∝ γ333) represents the linear EG effect, and
the sign of α depends on the sign of A. Thus, by measuring
a spatial distribution of α in a ferroaxial crystal, one can
obtain a two-dimensional map of ferroaxial domains. How-
ever, the magnitude of the linear EG effect is usually small
(|α| � 10−4 deg V−1) [15], which makes the domain obser-
vation challenge. To overcome this problem, we adopted a
field-modulation imaging technique [11,16,17] whose details
will be given in the next experiment section.

B. X-ray diffraction

Scanning XRD is another way to observe a spatial distribu-
tion of ferroaxial domains. For example, A+ and A− domains
in ferroaxial NiTiO3 are related by the c glide operation or
the twofold rotational operation about to the a axis. They
are symmetry operations of the parent R3̄c phase but not

the ferroaxial R3̄ phase. Therefore, A+ and A− domains are
crystallographically inequivalent. Thus, these two domains
can be distinguished by diffraction methods if appropriate
Bragg reflections are examined. In fact, twin domains, which
correspond to ferroaxial domains, were observed in ilmenite-
hematite solid solutions, FeTiO3-Fe2O3, showing the same
transition R3̄c→R3̄ with NiTiO3 by the electron diffraction
method [18]. We calculated the crystal structure factor F
of NiTiO3 using a software VESTA [19] based on the room-
temperature structure given in Ref. [13] and found that the
reflection intensity (∝ |F |2) at hkil = 112̄3n strongly de-
pends on the ferroaxial domain. For example, the crystal
structure factor |F112̄15| is 40.1 for A+ domain while 3.87 for
A− domain. Therefore, by mapping reflection 112̄15, one can
obtain spatial distributions of ferroaxial domains in NiTiO3.
Furthermore, the domain contrast will get reversed by map-
ping reflection 1̄1̄215 which is related to reflection 112̄15 by
the mirror or the twofold rotation operation, as |F1̄1̄215| = 3.87
for A+ domain and |F112̄15| = 40.1 for the A− domain. This
scanning-XRD-based method will obtain domain structures
around the sample surface, whereas the EG-based method will
obtain those averaged along the sample thickness direction.
In that sense, these two methods are complementary to each
other.

III. EXPERIMENT

A. Sample preparation

Single crystals of NiTiO3 were grown by the flux method
[20]. Powders of NiO, TiO2, PbO, and V2O5 were weighted
to the mass ratio 5.6:6:103:45, respectively, mixed, and well-
grounded. The resulting chemicals were put into a platinum
crucible with a tightly fitting lid and heated at 1623 K for 6 h
and then slowly cooled to 1223 K at a cooing rate of 1 K/h
in air. Plate-shaped dark brown single crystals with typical
dimensions of 3 × 3 × 0.1 mm3 were obtained and confirmed
to be ilmenite-type NiTiO3 by measurements of XRD and
scanning electron microscope-energy dispersive x-ray anal-
ysis (SEM-EDX). In addition to the as-grown crystals, we
prepared two types of annealed samples: rapidly cooled and
slowly cooled samples which were obtained by annealing the
as-grown crystals in air from 1623 K to a temperature below
Tc at a cooling rate of 275 and 1 K/h, respectively. Note that
ferroaxial domains reported in Ref. [11] were obtained for a
crystal grown by the floating zone method. Thus, the growth
condition of the crystals used in this study is different from
that in Ref. [11].

Both polycrystalline and single-crystal samples of
RbFe(MoO4)2 were prepared for measurements of neutron
diffraction and EG, respectively. Polycrystalline powder
samples were synthesized by the solid-state reaction [21].
First, a mixture of Fe2O3 and MoO3 in the molar ratio 1:3
and a mixture of Rb2CO3 and MoO3 in the molar ratio 1:1
were heated at 923 K for 24 h in air and obtained powders
of Fe2(MoO4)3 and Rb2MoO4, respectively. Subsequently,
these powders were mixed in the molar ratio 1:1 and heated at
923 K for 24 h in air, and polycrystalline RbFe(MoO4)2 was
obtained. Single crystals of RbFe(MoO4)2 were grown by
the flux method [14]. Powders of Rb2CO3, Fe2O3, and MoO3
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were weighted to the molar ratio 2:1:6, mixed, well-grounded,
and put into a platinum crucible with a lid. The chemicals
were heated at 1073 K for 40 h in air, cooled to 773 K at a
cooling rate of 2 K/h, and then to room temperature at a rate
of 5 K/h. Plate-shaped transparent yellowish single crystals
with typical dimensions of 2 × 2 × 0.2 mm3 were obtained
and confirmed to be the RbFe(MoO4)2 structure by XRD
measurements.

The widest faces of the obtained plate-shaped crystals for
both NiTiO3 and RbFe(MoO4)2 were perpendicular to the c
axis (hexagonal setting). For our EG measurements, a pair of
the widest faces of each sample were polished with pieces
of abrasive paper and diamond abrasives down to the thick-
ness of about 50 μm along the c axis. To form transparent
electrodes for applying an electric field parallel to the c axis,
indium/tin oxide (ITO) was sputtered to the widest faces.

B. Electrogyration measurement

Two-dimensional maps of EG on NiTiO3 and
RbFe(MoO4)2 were obtained using a polarized microscope
by applying a field-modulation imaging technique [11,16,17].
Figure 2(a) shows a schematic illustration of the optical
setup. In this technique, transmission microscope images are
captured by a scientific CMOS camera (pco. edge 5.5) while
a square-wave voltage is applied to a sample [the inset of
Fig. 2(a)]. Then, the difference in transmitted light intensities
between under the positive (+V ) and negative (−V ) voltages
(�T ) divided by the average of them (T ) are calculated for
each pixel of the camera. This procedure gives the spatial
distribution of �T /T . The spatial resolution of the imaging
system is a few micrometers. When the angle between a
polarizer and an analyzer (θ ) is set at θ = ± 45 deg, �T/T
is proportional to the rotation angle of the light polarization
plane φ under the approximation that φ is small enough,
which is expressed as [11]

�T

T
∼= ±4

π

180
φ = ±4

π

180
αV. (4)

Since the sign of α depends on that of A, spatial distribu-
tions of �T /T will correspond to those of ferroaxial domains.
As mentioned in Sec. II, however, the magnitude of α is
usually small, and therefore that of �T /T is also small. To
obtain two-dimensional maps of such small signals of �T /T
with suppressing noises, we captured large amounts (15 000
∼ 20 000) of �T /T maps for each measurement, which were
then averaged. By this field-modulation imaging technique, a
�T /T signal of the order of 10–5 can be detected.

When a finite �T /T signal is induced by the EG, not
by other effects such as E -induced optical birefringence and
absorption, the sign of �T /T , and hence the domain contrast,
will be reversed between the polarization angles of θ = +45
deg and −45 deg. Thus, to confirm that the contrast originates
definitely from the EG, we examined such a contrast reversal,
the results of which are given in Supplemental Material Figs.
S1 and S2 [22]. The domain images shown in the main text of
this paper are taken in the configuration of θ = +45 deg.

C. X-ray diffraction measurement

To observe ferroaxial domains in NiTiO3, scanning XRD
measurements in a slowly cooled sample were performed at
room temperature by using a multipurpose x-ray diffractome-
ter (Bruker AXS GmbH, D8 DISCOVER). Cu Kα radiation
was used for an incident x-ray beam which was collimated
with 50 μm diameter pinhole. The sample was mounted on
the diffractometer so that the c plane (parallel to the sample
surface) was parallel to the XY stage of the diffractometer.
For the ferroaxial domain mapping, sample-position profiles
of reflection intensities at 112̄15 and 1̄1̄215 were detected
while translating the sample position with 25 μm step size.
We chose the diffraction geometry close to the orthogonal
incidence (the angle between the incident x-ray beam and the
sample surface was about 83 deg). This means that the spatial
resolution of our scanning XRD measurements is nearly the
beam size.

Besides the scanning XRD measurements, we also ex-
amined a possible application of XRD topography with the
Berg-Barrett technique [23,24] to the observation of ferroaxial
domains. This technique is widely used for the visualization
of defects (e.g., dislocations, twins, and domain walls) in crys-
talline samples. Since the quality of the images obtained by
our XRD topography measurements was not as good as that
of scanning XRD, we show the results of XRD topography
only in Supplemental Material Fig. S3.

D. Neutron diffraction measurement

In RbFe(MoO4)2, the rotation of MoO4 tetrahedra will
behave as an order parameter. Although there are some reports
on the crystal structure of RbFe(MoO4)2 [14,21], the tem-
perature dependence of the rotation have not been provided.
Thus, we investigated it by the powder neutron diffraction
method. Neutron diffraction measurements were performed
on a polycrystalline sample of RbFe(MoO4)2 using a high res-
olution powder diffractometer (BL08, SuperHRPD) at MLF
of J-PARC [25]. The high resolution up to �d/d = 0.035%
allows us to distinguish a lot of Bragg reflections, which is
essential for accurate estimates of magnitudes of the rotational
distortion. The measurements were done across Tc from 210
to 100 K during cooling the sample, and the Rietveld refine-
ments of the obtained data were carried out using Z-Rietveld
software [26,27]. The details of the refinements (Tables S1, S2
and Fig. S4) and the temperature profiles of the refined lattice
constants (Fig. S5) are given in the Supplemental Material
[22].

IV. RESULTS AND DISCUSSION

A. Annealing condition dependence of ferroaxial
domains in NiTiO3

Figure 2 summarizes the optical images [Figs. 2(b)–2(e)]
and spatial distributions of �T /T [Figs. 2(f)–2(i)] in the
three different types of NiTiO3: as-grown, rapidly cooled,
and slowly cooled samples. In these EG measurements, the
directions of light propagation and an applied electric field
were both parallel to the c axis, and EG corresponding to
the γ333 component was probed. The wavelength of incident
light was 660 nm, and applied voltages were ±100 V. The
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FIG. 2. Spatial distributions of ferroaxial domains observed by using electrogyration in NiTiO3. (a) Optical setup of EG measurement using
a field-modulation imaging technique. The inset shows temporal evolution of applied voltages V during the measurement. (b)–(e) Transmission
optical microscopy images of (b) as-grown, (c), (d) rapidly cooled, and (e) slowly cooled samples with the incidence of light along the c axis
(scale bars: 150 μm). Bright areas [right upper part of (b) and left upper part of (c)] correspond to blank areas. The image of (d) shows an
enlarged view of a part of panel (c). Dark areas in the annealed samples (c)–(e) correspond to impurities of TiO2. (f)–(i) Two-dimensional
maps of �T/T , which corresponds to EG, at the same area as panels (b)–(e), respectively.

measurements were performed at room temperature in the
ferroaxial phase. As shown in Fig. 2(f), the �T /T map of
the as-grown sample shows a monotonous contrast of red,
suggesting that the directions of E -induced rotation of polar-
ization plane, i.e., the signs of α, are the same in the whole
observation area. Therefore, the as-grown sample consists of
a single ferroaxial domain, at least in the observation area.
On the other hand, the �T /T maps of the annealed samples
exhibit both contrasts of red and blue, suggesting that they

consist of multiferroaxial domains, namely, A+ and A− do-
mains [see Figs. 2(g)–2(i)]. Note that in the optical images
of the annealed samples [Figs. 2(c)–2(e)], dark inclusions are
seen, which were identified as TiO2 impurities by SEM-EDX
(see Supplemental Material Fig. S6 [22]). Tiny TiO2 impu-
rities are dense almost all over the rapidly cooled sample
[Figs. 2(c) and 2(d)], whereas large line-shaped impurities
are sparsely located in the slowly cooled sample [Fig. 2(e)].
Because these impurities are not observed in the as-grown
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sample [Fig. 2(b)], they are produced by the annealing pro-
cess, most likely due to an interaction between the sample
surfaces and oxygen at high temperature [28].

Next let us mention the domain sizes of the annealed sam-
ples. In the rapidly cooled sample, large domains are found in
several areas [see middle-left side of Fig. 2(g)]. However, it
mainly consists of tiny domains whose sizes are on the order
of micrometers or the regions with weak �T /T signals [green
regions of Fig. 2(h)]. The green regions in the rapidly cooled
sample are likely to correspond to the areas in which A+ and
A− domains coexist in the length scale below the resolution
limit of the measurement system. By contrast, the slowly
cooled sample consists of larger domains whose sizes are
several hundreds of micrometers [Fig. 2(i)]. The magnitude
of EG in the single domain areas was found to be almost the
same in all the samples, which gives α ≈ 2 × 10−5 [deg V–1].
This value is consistent with that of a sample grown by the
floating zone method [11].

The as-grown sample consists of a single domain. This
is probably because it crystallized at a temperature below Tc

during the flux growth and has never undergone the ferroaxial
phase transition. By contrast, the annealed samples consist of
multidomains, indicating that the multidomain state is formed
upon the ferroaxial transition at Tc during the annealing pro-
cedure. Furthermore, the domain sizes of the slowly cooled
sample are much larger than those of the rapidly cooled
sample, which suggests that slower cooling speed, especially
around Tc, makes a domain size larger. This relationship be-
tween the cooling speed and domain size is reasonable by
considering that slow cooling around Tc promotes the nucleus
growth of each domain. The similar relationship between
the cooling speed and domain size has been observed in the
ilmenite/hematite solid solutions [18]. Also, in the annealed
samples, not all but some of the TiO2 impurities are clamped
to the domain boundaries [compare Fig. 2(e) with 2(i)]. The
density of those impurities are much larger in the rapidly
cooled than in the slowly cooled samples [compare Figs. 2(c)
and 2(d) with 2(e)], which may also affect the formation of
domains and the domain size.

B. Comparison of electrogyration and x-ray diffraction
images in NiTiO3

Considering the structure-property relationship between
ferroaxial order and EG in terms of the symmetry, the �T /T
maps shown in Fig. 2 will reflect ferroaxial domains [11].
However, there has been no study which provides direct
comparison between the sign of EG and that of rotational
structural distortion characterizing the ferroaxial order. In this
subsection, we compare a �T /T map obtained by EG and
reflection-intensity maps by scanning XRD. For this compar-
ison, we prepared a slowly cooled sample. This is because
the domain size of slowly cooled samples is the order of
102 ∼ 103 μm [Fig. 2(i)], which is larger than the spatial
resolution of the x-ray diffractometer used in this study (see
Sec. IIIC). Figs. 3(a) and (b) show the two-dimensional in-
tensity maps of reflections 112̄15 and 1̄1̄215, respectively,
obtained by scanning XRD measurements. To index these
reflections (including their signs), we adopt the setting of
crystal axes as shown in Fig. 3(c). In these maps, there are

FIG. 3. Comparison of ferroaxial domains observed in a slow
cooled sample of NiTiO3 by x-ray diffraction (XRD) and elec-
trogyration (EG) measurements. (a),(b) XRD results showing
two-dimensional maps of diffraction intensities of reflections (a)
112̄15 and (b) 1̄1̄215. The color contrasts of (a) and (b) are reversed
with each other. (c) A photograph of the sample prepared for the
EG measurement. (d) EG result showing a two-dimensional map of
�T/T . The dotted circle in panel (a) corresponds to the EG obser-
vation area of panel (d) [a hole on the substrate in panel (c)]. Scale
bars: 500 μm. Red and blue areas in panels (a), (d) are well matched
with each other and correspond to either A+ or A− domains.

both red (high intensity) and blue (low intensity) areas, and
the contrasts are reversed between the two maps [compare
Fig. 3(a) with 3(b)]. Considering the difference in the crystal
structure factors between A+ and A− domains (see Sec. II
B), the observed contrasts correspond to ferroaxial domains.

To compare domains observed by XRD with that by EG,
we performed the EG measurements on the same sample
used for the abovementioned XRD measurements. For suffi-
cient light intensity and an application of voltage, the surface
opposed to that was used for the XRD measurements was
polished down to the thickness of 33 μm, and ITO was
sputtered to both surfaces [Fig. 3(c)]. This EG measurement
was performed in the same settings described in Sec. IV A,
except that the wavelength of incident light was 625 nm.
Figure 3(d) shows the obtained spatial distribution of �T /T ,
which corresponds to the map of EG. In most of the regions,
the observed contrast is well matched with that observed by
the XRD mapping measurements [compare Fig. 3(d) with
the area surrounded by the dotted circle in Fig. 3(a)]. This
matching between the domains observed by the two different
methods complementarily supports their effectiveness for the
observation of ferroaxial domains. In addition, whereas the
XRD maps reflect domain structures near the surface, the EG
maps show the domains averaged in the thickness direction.
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FIG. 4. Temperature evolution of ferroaxial order in RbFe(MoO4)2. (a) Transmission optical microscopy image with the incidence of light
along the c axis (scale bar: 250 μm). (b) Temperature dependence of the magnitude of EG at the single domain area denoted by a black
box pointed by a white arrowhead in panel (g). The orange curve is the fitting by the function of the order parameter in the first-order phase
transition given in Eq. (5). (c) Temperature dependence of the rotation angle of the MoO4 tetrahedra obtained by the Rietveld refinements of the
neutron diffraction data. The rotation angles of the minority phase are denoted by open squares. The orange curve is the fitting by the function
given in Eq. (5). The inset shows the definition of the angle ϕ. (d)–(k) Two-dimensional maps of �T/T obtained at various temperatures in
the same area as panel (a). The first column (d)–(g) and the second column (h)–(k) show the results obtained during the first and the second
cooling of the sample, respectively.

This suggests that the ferroaxial domains in this sample are
almost uniform (single domain) in its thickness direction (|| c).

C. Temperature evolution of ferroaxial domains
in RbFe(MoO4)2

In NiTiO3, Tc (=1560 K) is too high to examine the evo-
lution of domains upon its ferroaxial phase transition. By
contrast, Tc (= 195 K) of RbFe(MoO4)2 is accessible by using

a conventional cryostat. Thus, to examine the evolution of
domain formation upon a ferroaxial transition, we measured
temperature dependence of �T /T maps, that is, spatial dis-
tributions of EG in RbFe(MoO4)2 over a wide temperature
range. Figures 4(d)–4(k) show spatial distributions of the EG
effect in RbFe(MoO4)2 obtained at selected temperatures. The
experimental setup was the same with that for measurements
on NiTiO3 except for the wavelength of incident light (λ =
455 nm) and applied voltages (V = ± 200 V). The cooling
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sequence was repeated twice, and the results upon the first
and the second cooling runs are displayed in Figs. 4(d)–4(g)
and Figs. 4(h)–4(k), respectively. The cooling rate around Tc

was 0.1 K/min. Here, a 3 × 3 median filter was applied to
the raw images of �T /T maps to suppress noises. Above the
transition temperature in the nonferroaxial phase (P3̄m1), the
�T /T maps show a monotonous and weak (green) contrast
as shown in Figs. 4(d) and 4(h). This is because the EG
effect corresponding to the γ333 component is symmetrically
forbidden in the nonferroaxial phase. With lowering sample
temperature, contrasts of red and blue corresponding to op-
posite directions of EG start to grow from the upper side in
the images [Figs. 4(e) and 4(i)]. These red and blue regions
correspond to either A+ or A− domains, which suggests that
the sample undergoes the ferroaxial transition at 187 K. Then,
at 183 K, the contrasts spread almost all over the sample
[Figs. 4(f) and 4(j)] and get stronger with further decreasing
temperature [Figs. 4(g) and 4(k)]. It is noteworthy that the
domain structures obtained during the first and the second
cooling are completely different [e.g., compare Fig. 4(g) with
4(k)]. This suggests that the ferroaxial domains were recon-
structed by undergoing the transition. In both the results,
various sizes of domains with the orders of 101 ∼ 102 μm are
seen. In addition, there are broad green areas corresponding
to weak EG signals, which suggests that there are opposite
domains along the thickness directions and/or domains whose
sizes are much smaller than the spatial resolution of the imag-
ing system (a few micrometers). In Ref. [4], it was reported
that the ferroaxial domain size of RbFe(MoO4)2 is less than
50 μm in diameter, and our results do not contradict it. It was
also reported in Ref. [4] that the ratio of A+ and A− domains
in the observation area (50 μm in diameter) gradually changed
with decreasing temperature from just below Tc to 130 K. In
our measurements, although we observed gradual growth of
domains most likely due to thermal conduction, we did not
observe a motion of domains with decreasing temperature.

In Fig. 4(b), we show the temperature dependence of the
magnitude of EG (α[deg V–1]) in the first cooling. The α at
each temperature was calculated from the averages of �T /T
in the pixels at a selected single ferroaxial domain area de-
noted by a black box in Fig. 4(g). In Fig. 4(c), we also plot
the temperature dependence of the rotation angle ϕ of the
MoO4 tetrahedra obtained by the Rietveld refinements of the
neutron diffraction data. Here, ϕ is taken as the displacement
angle from the [1̄100] axis [see the inset of Fig. 4(c)]. In the
temperature range from 198 to 190 K, the high temperature
P3̄m1 phase and the low temperature P3̄ phase are found to
coexist and, thus, the rotation angles for the minority phase
are shown as open squares in Fig. 4(c) [see also Supplemental
Material [22]]. The temperature profiles of α and ϕ are similar
to each other, though they show different behaviors around Tc.
This is most likely because α just below Tc will reflect the
averaged magnitude of EG of the coexisting high temperature
and low temperature phases. The temperature profiles of α and
ϕ are fitted by the function of

α(T ), ϕ(T ) =
{

0, T > Tc√
a + b

√
Td − T , T � Tc

, (5)

which characterizes the first-order phase transition [4,29,30].
Here, a, b, and Td are the fitting parameters, where

Td = Tc + a2

b2 . The fitting yields Tc = 185.5 ± 0.5 K for α(T )
and Tc = 190 ± 3 K for ϕ(T ), which are consistent with the
previously reported values of Tc(= 190 ∼ 195 K) [4,14]. The
slight difference in the value obtained from the EG measure-
ment is probably due to a poor thermal contact between the
sample and the cold stage. The success of the fitting clearly
shows that the rotation angle of the MoO4 tetrahedra behaves
as the order parameter, and one can also deduce the order
parameter of ferroaxial order from �T /T maps, that is, spatial
distributions of EG.

Besides the temperature dependence of EG, we also mea-
sured the wavelength dependence. Figures 5(a)–5(d) show
the �T/T maps obtained with four different wavelengths of
incident light at 148 K in the second cooling. As seen in these
figures, the EG signals, and hence the domain contrasts, are
stronger for shorter wavelength. Figure 5(e) shows the wave-
length dependence of the magnitude of EG calculated from the
averages of �T/T in the pixels at a single ferroaxial domain
area denoted by a white box in Fig. 5(a). The dispersion
feature of EG is similar to that in a transparent lead tungstate
crystal [31]. RbFe(MoO4)2 crystals are almost transparent in
visible light regions and show an absorption peak originating
from defects at around 450 nm [32]. However, no anomaly
corresponding to the absorption peak was observed in the
dispersion of EG in our wavelength resolution.

V. SUMMARY

In summary, the effect of ferroaxial phase transition on
the domain formation in NiTiO3 and RbFe(MoO4)2 was ex-
amined by using the electrogyration (EG) effect. In NiTiO3,
by comparing the domains in as-grown and annealed sam-
ples, we found that the multidomains are formed in samples
which undergo the ferroaxial transition and that the domain
size tends to grow with lowering a cooling rate at around
transition temperature Tc. In addition, we confirmed that the
observed spatial distributions of EG is nothing other than
ferroaxial domains by comparing the results of EG and scan-
ning x-ray diffraction (XRD) on the same sample. In other
words, scanning XRD measurements is another way to vi-
sualize ferroaxial domains. In RbFe(MoO4)2, we performed
EG measurements over a wide temperature range across Tc

and confirmed that ferroaxial domains were formed below Tc.
Furthermore, the temperature evolution of the rotation angle
of the MoO4 tetrahedra was identified from powder neutron
diffraction measurements. The temperature profiles of EG
and the rotation angle of the MoO4 tetrahedra were similar
and well fitted by the function of the order parameter in the
first-order transition, which confirms the effectiveness of EG
measurements to observe the evolution of ferroaxial order.

In the present study, we revealed the effect of the ferroaxial
transition on the domain state, that is, how ferroaxial domains
are formed through the transition. Furthermore, we demon-
strated that electrogyration measurements allow us to directly
and qualitatively extract the ferroaxial order parameter. One of
the next fundamental questions about ferroaxial order is how
we manipulate the order by its conjugate fields without con-
tributions from ferroelectric or ferroelastic orders. So far, pos-
sible conjugate fields have been theoretically proposed [2,33],
and a photoinduced excitation of ferroaxial order in 1T -TaS2
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FIG. 5. Wavelength dependence of EG in RbFe(MoO4)2. (a)–(d) Two-dimensional maps of �T/T obtained using incident light with
different wavelengths [(a) 415 nm, (b) 455 nm, (c) 565 nm, and (d) 625 nm] at the same area as Fig. 4(a). These data were obtained at
148 K during the second cooling (scale bar: 250 μm). (e) Wavelength dependence of the magnitude of EG calculated at the single domain area
denoted by a white box in panel (a). The red solid line is a guide to the eye.
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has been experimentally reported [34]. However, a control of
the rotation, i.e., a switching of A+ and A− domains has not
been experimentally achieved. Our achievements of the visu-
alization of ferroaxial domains formed through a ferroaxial
transition will be an important step toward the manipulation
of domain states by applying external stimuli.
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