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Supplementary Note 1 | Simulation of convergent-beam electron diffraction

Supplementary Figure la shows a schematic diagram of formation of a convergent-beam
electron diffraction (CBED) pattern. A nanometer-sized local specimen area is illuminated by a
conical convergent electron probe. According to the convergence angle of the incident electron
probe, diffraction disks are produced instead of diffraction spots in conventional selected-area
electron diffraction patterns. Zeroth-order Laue zone (ZOLZ) reflections are seen in the center
of the CBED pattern and higher-order Laue zone (HOLZ) reflections appear as a ring
surrounding the ZOLZ reflections. Supplementary Figure 1b schematically shows reciprocal
lattice points, Ewald spheres corresponding to a convergent beam illumination and their
resulting CBED pattern. It should be noted that the HOLZ reflections provide three-dimensional
information on the reciprocal lattice, which is essential to distinguish the ferroaxial domains.
The CBED disks exhibit intensity distributions according to the changes of diffraction condition
(two-dimensional rocking curves). In Supplementary Figure 1a, each point in the 000 CBED
disk corresponds to a different incident-beam direction and is related to conjugate points by
reciprocal lattice vectors, as depicted by a small rectangle in each CBED disk. Theoretical
intensities of CBED patterns can be obtained by the Bloch-wave dynamical theory of electron
diffraction!. Eigen states (Bloch wave) in a crystal potential can be obtained by solving the
Schroedinger's equation, or diagonalization of the structure matrix>*. Excitation amplitudes of
the Bloch waves are determined by the boundary condition at the upper surface of the specimen.
The Bloch wave simulations of the CBED patterns in Fig. 3 of the main text were performed
with a software MBFIT*>.
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Supplementary Figure 1 | Schematic diagrams of the CBED method. a, Formation of a
CBED pattern. b, Reciprocal lattice, Ewald spheres, and resulting CBED pattern.



Supplementary Note 2 | Linear electrogyration tensor of point group 3

The linear electrogyration (EG) coefficient y;j transforms as an axial third rank tensor. Applying
Neumann'’s Principle to the third rank axial tensor, the linear EG matrices for the respective point groups
are obtained. Supplementary Table 1 shows the linear EG matrix of point group 3 (ferroaxial phase of
NiTiOs). The Y333 component represents liner EG when an applied electric field E and a direction of
light propagation Kk are both parallel to the ¢ axis (hexagonal setting). Note that the ¢ axis is parallel

to an electric toroidal moment A in point group 3.

Supplementary Table 1 | Linear electrogyration matrix of point group 3 (orthogonal basis).

Yijk k
1 2 3
11 V111 Y222 V113
12 Y222 —Y111 0
13 V131 V132 0
N 21 Y222 —Y111 0
Y
22 —Y111 V222 V113
23 —V132 V131 0
31 V131 V132 0
32 V132 V131 0
33 0 0 V333

This table was made based on Bilbao Crystallographic Server®”. The component Y333 measured in this
study on NiTiOs is highlighted in yellow. The orthogonal basis (a,, b,, and c¢,) is obtained from the
hexagonal basis (ay,, by, and ¢y) according to the relations, a, Il ap, b, Il @, X ¢, and ¢, |l ¢y,.
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which connects two opposite ferroaxial states (A+ and A—), the third-rank axial tensor Y335 is rewritten
as
Y'333 = —03iA3jA3kYijk = —(DM(Dys33 = —V333- (2)

This means that the sign of y333, i.e., the direction of electric-field-induced optical rotation in the

configuration of E || K || A, depends on that of A.
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Supplementary Note 3 | Measurement principle of electrogyration

Here we show how to measure EG, i.e., induction of optical rotation by applying an electric field. A
centrosymmetric pyroaxial crystal with the widest faces perpendicular to electric toroidal moment A is
prepared. Indium/tin-oxide (ITO) transparent electrodes are spattered on the widest faces to allow the
application of an electric field between the electrodes. The crystal is placed between a polarizer and an
analyzer, as depicted in Fig. 4a of the main text. When the angle between the orientations of the polarizer

and the analyzer (6) is set at 8 = +45°, the intensity of the transmitted light is expressed as

I = %’[cos{Z(iéLS" —p)}+1]

- bissinep + 1 ®

where [ is the intensity of the transmitted light without the analyzer, and ¢ [deg] is the rotation angle
of the polarization plane induced by an applied electric field E [V m™']. Because the EG effect is usually

small, it can be assumed that sin(2¢) = 2¢p and Supplementary Equation 3 is rewritten as
1
~ + —
1= I (_(,b + 2)
1
=1, (iaV + E) , (4)
where a [deg V'] is rotation angle of the polarization plane per applied voltage V [V] and represents

the magnitude of the linear EG effect. The difference between / obtained in positive and negative applied

voltages divided by their average is expressed as

o o (ia(+V) + %) — 1 (J_ra(—V) + %)

T {10 (ia(+V) + %) + 1 (ia(—V) + %)}/2

= +4aV (5)

Thus, EG can be readily obtained by measuring the intensity of transmitted light in the polarization
configurations of 8 = +45° at applied voltages V. Because the sign of @ depends on that of A, a
spatial map of AT /T is nothing more nor less than that of ferroaxial domains. It is also noted that AT /T
will be opposite in sign in the polarization configurations between 8 = +45° and —45°. Therefore,
domain contrasts will get reversed by changing the polarization configuration from 6 = +45° to —45°.
Such a contrast reversal confirms that the obtained contrasts are due to the electric-field-induced change
in optical rotation, but not that in optical absorption. If the origin of AT /T stems from an electric-field-

induced change in absorption, AT /T is independent of the sign of 6.



Supplementary Note 4 | Electrogyration measurement of a reference material PbWO4

To check the validity of our measurement systems, we measured EG of a reference material, PbWO4
whose EG is reported in ref.!. PbWO, belongs to point group 4/m which is one of the
centrosymmetric pyroaxial groups and is likely to have a single ferroaxial domain state because it has
no ferroaxial transition. We used a single crystal of PbWO4 with the widest faces normal to the ¢ axis
and the thickness of 0.5mm (MTI Corp.). To form transparent electrodes which allow the application of
a voltage parallel to the ¢ axis, ITO was spattered onto the widest faces. For EG measurements, an
electric field is applied along the direction of light propagation which is parallel to the ¢ axis (|l A). In
this configuration, EG corresponding to the Y333 component is obtained. The spatial distribution of EG
in this crystal was visualized by the difference image-sensing technique (see Methods of the main text).

Supplementary Figures 2b-e show the two-dimensional maps of AT/T, i.e., spatial distributions of
EG, in the same area (Supplementary Figure 2a) of the PbWOj crystal in various applied voltages. The
data of Supplementary Figures 2b-d were taken in the polarization configuration at 8 = +45° while
those of Supplementary Figure 2e were at —45°. As we expected, the distribution of AT /T is uniform
in the whole observation area for all the figures. This means that the observation area consists of a single
ferroaxial domain. In addition, overall colors of the maps monotonically change with increasing the
magnitude of the applied voltage (Supplementary Figures 2b-d). To quantify the magnitude of EG, we
calculated the average of AT /T in all the pixels of the observation area for each figure and took its
applied voltage dependence. Supplementary Figure 2f displays the result, which shows that the
magnitude of AT /T, i.e., the magnitude of EG, is proportional to applied voltage. The linear dependence
of AT/T on the applied voltage confirms that the observed EG is ascribed to the linear effect.
Furthermore, the sign of AT /T is reversed by switching the polarization configuration from 6 = +45°
to —45° (compare Supplementary Figure 2d and Supplementary Figure 2¢ ), which means that the
observed AT/T is due to electric-field-induced change in optical rotation but not to that in absorption.
The magnitude of EG calculated by using the average of AT/T of Supplementary Figure 2d (V =
+100V, 8 = +45°is a = (6.0 + 1.0) X 107> deg V-!. The error was calculated from the standard
deviation of AT /T.This a valueis in good agreement with that obtained with our lock-in measurement
(see Supplementary Note 6) (5.7 X 107> deg V'), though the wavelengths of these two measurements
were slightly different. These two a values we measured are not much different from that reported in

ref. ' (9 x 10™% deg V! for 1 = 630 nm).



b c d
Optical Image V =12.5V,6=45° V =50V, 0=45° V =100V, 0=45°

i

€ V =100V, 6= —-45°

AT/T x10°
o
Obx 1LV

0 20 40 60 80 100
Voltage [V]

Supplementary Figure 2 | Applied voltage dependence of the intensity map of EG in PbWOQ.. a,
Transmission optical microscopy image with the incidence of unpolarized light along the ¢ axis (Scale
bar: 500 um). b-e, Two dimensional maps of AT /T, i.e., the intensity maps of electrogyration, at the
same area as panel a. A 3X3 median filter was applied to the raw images. The polarization configuration
was set at (b-d) 6 = +45° and (e) —45°. A AT/T color scale is applied to the images in panels b-e.The
applied voltage V' was (b) £12.5V, (¢) £50V, and (d,e) £100 V. f, The V" dependence of the average
of AT/T taken at 8 = +45° in the whole image. The standard deviation is shown as an error bar. The

line denotes a least squares fitting line.

Supplementary Note 5 | Identification of impurities

Supplementary Figure 3 shows a scanning electron microscopy (SEM) image of a broken piece from
the specimen used in the ferroaxial domain imaging of the main text. Energy dispersive x-ray (EDX)
analysis revealed that the dominant gray region in the figure corresponds to NiTiO3 phase while island-
shaped white regions are composed of NiO impurity. The latter corresponds to dark island-shaped

regions seen in the transmission optical microscopy image (Fig. 4b of the main text).
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Supplementary Figure 3 | SEM image of a sample used in this study. Dominant gray and island-
shaped white regions in the image correspond to NiTiO3; phase and NiO impurity, respectively, which

was revealed by energy dispersive x-ray (EDX) analysis. Scale bar: 20 um.

Supplementary Note 6 | Lock-in EG measurement

We also measured EG using a lock-in technique'® to support the results obtained by the area sensing
measurement. Supplementary Figure 4 shows a schematic of the optical setup. A He-Ne laser
(wavelength 632.8 nm) was used as a light source, the irradiated light was focused on a specimen by a
plano-convex lens, and the transmitted light was detected by a Si amplified photodetector. The specimen
with ITO transparent electrodes was placed between a polarizer and an analyzer. Both the directions of
light propagation and an applied electric field were along the ¢ axis (Il A). The polarization configuration
was set at 8 = +45° or —45°, and the intensity of the transmitted light is expressed in the same
equation with Supplementary Equation 4. In this measurement, to detect small electrogyration signals,
we applied a sinusoidal voltage Vsin(wt) at a frequency of 999 Hz up to £100 V. In this case,

Supplementary Equation 4 is rewritten as;

1=1, (iaVO sin(wt) + %), (6)

and the signal of t+all, was detected with a lock-in amplifier.
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Supplementary Figure 4 | A schematic of the optical setting in the lock-in measurement. 1, He-Ne
laser; 2,6, polarizers; 3,5, plano-convex lenses; 4, specimen with ITO; 7, Si amplified photodetector; 8,
function generator; 9, lock-in amplifier; 10, multimeter.
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Supplementary Note 7 | Domain boundaries observed by CBED

Here we show the observation of relatively thick domain boundaries in which A+ domains and
A— domains overlap along the thickness direction (|| ¢ axis). Supplementary Figure 5 displays a bright-
field transmission electron microscope (BF-TEM) image of the area including such a domain boundary.
This image was taken using the same specimen as that of Fig. 3 of the main text, but at a different area.
By measuring CBED patterns at various positions in the image, spatial distributions of the domains and
their boundary were determined. In the boundary area between A— and A+ domains (green colored area
in Supplementary Figure 5), CBED patterns look like the superposition of those obtained at A+ and A—
domains. This indicates that these two domains overlap in the boundary area. In addition, the direction
of the boundary is not parallel to (110), which is different from the image shown in Fig. 3a of the main

text.
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Supplementary Figure 5 | BF-TEM image of the area including a thick domain boundary. The
areas of A- domain, A+ domain, and their boundary are painted in light blue, red, and green. Scale bar:

500 nm.
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