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Observation of antiferromagnetic domains in Cr,0Oj3 using nonreciprocal optical effects
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The archetypal magnetoelectric (ME) antiferromagnet Cr,0O3, which has the diagonal components of linear
ME tensor, exhibits several different types of nonreciprocal optical effects: the electric field-induced (E-induced)
Faraday effect, the electric field-induced magnetic circular dichroism (E-induced MCD), and the spontaneous
nonreciprocal rotation of reflected light (NRR). In principle, antiferromagnetic (AFM) domains of Cr,O3 are
expected to be distinguished by using these effects. However, such domain observations have never been
reported mainly due to the smallness of the effects studied to date. In this study, we demonstrate that all these
nonreciprocal optical effects allow the observation of AFM domains in Cr,0O3. We first measured spectra of the
E-induced Faraday effect and E-induced MCD, and found that relatively large effects appear in the visible light
region. Then, by imaging spatial distributions of the three nonreciprocal effects via field and light-polarization
modulation imaging techniques, we succeeded in visualizing AFM domains. Intriguingly, the domain patterns
obtained via the bulk sensitive E-induced Faraday effect and MCD and those via the surface-sensitive NRR are
identical to each other, revealing that the AFM domains in Cr,O;5 are uniform in the thickness direction. The
domain observation methods provided here will be widely applied to various ME antiferromagnets, not only

insulators but also metals, with the diagonal components of linear ME tensor.

DOI: 10.1103/PhysRevResearch.4.043063

I. INTRODUCTION

Materials with broken time-reversal symmetry exhibit non-
reciprocal optical effects, represented by the Faraday and
magneto-optical Kerr effects owing to net magnetization. In
addition to such conventional effects, unconventional nonre-
ciprocal optical effects occur when space-inversion symmetry
is also broken in such materials. This is due to the pres-
ence of a linear magnetoelectric (ME) coupling in which
electric polarization P (magnetization M) is linearly induced
by a magnetic field H (an electric field E), described as
P, = a;jH;(oM; = o;;E;). Here, o;; is linear ME tensor
where i and j run over all the Cartesian coordinates and (i
is permeability of vacuum. A representative unconventional
nonreciprocal effect is nonreciprocal directional dichroism
(NDD), that is, asymmetry in absorption between two coun-
terpropagating light beams. It originates from the off-diagonal
components of o;; (i # j) expanded to optical frequencies and
has been widely studied in various materials and in various
frequency bands [1-9]. Furthermore, NDD in the visible to
near-infrared regions has been applied to distinguish and vi-
sualize domain states in fully compensated antiferromagnetic
(AFM) materials [10-13].

The diagonal components of «;;(i = j) also contributes to
unconventional nonreciprocal optical effects. In this paper,
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we focus on the following three effects. The first one is the
electric field-induced (E-induced) Faraday effect [14-19]. As
its name suggests, it refers to the polarization rotation of
transmitted light induced by applying an electric field. Though
there are linear and quadratic E-induced Faraday effects [15],
we refer to the former one as E-induced Faraday effect in
this paper. ME materials with the diagonal components of o;;
(diagonal ME materials) exhibit the E-induced Faraday effect
when an electric field is applied (anti)parallel to light propaga-
tion direction. This effect is intuitively understood considering
that a magnetization is induced in the same direction with
an applied electric field. However, an antiferromagnetic order
parameter also contributes to this effect as discussed in the
following sections. In addition, like the magnetic circular
dichroism, which is a counterpart of the Faraday effect re-
lated by the Kramers-Kronig relation, diagonal ME materials
will also exhibit the electric field-induced magnetic circular
dichroism (E-induced MCD).

Another unconventional nonreciprocal optical effect is the
nonreciprocal rotation of reflected light (NRR) [20-22]. Al-
though NRR is similar to the magneto-optical Kerr effect
[23,24], it is not ascribed to net magnetization. Instead, NRR
derives from the diagonal components of «;; expanded to
optical frequencies, as described in detail in the following
section. Note that diagonal ME materials also exhibit another
nonreciprocal optical effect in the transmittance setting, so-
called gyrotropic birefringence (GB) [20,25-28] though we
do not treat it in this paper.

In contrast to the widely studied NDD owing to the
off-diagonal components of «;;, the above-mentioned nonre-
ciprocal optical effects owing to the diagonal components of
a;; have been less investigated. Especially, E-induced Faraday
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effect, NRR, and GB in the visible to near-infrared regions
are expected to be useful to distinguish AFM domain states
[17,21], but the visualization of AFM domains by using these
effects has not been reported. It is most likely because these
effects are known to be relatively small.

Here, we study the above-mentioned unconventional non-
reciprocal optical effects in the archetypical ME material
Cr, 03 to overcome the difficulty in visualizing AFM domains
via the diagonal ME effect. First, by measuring spectra of the
E-induced Faraday effect and E-induced MCD in the visible
light region, we show that Cr,Os exhibits relatively large
effects at wavelengths around the spin-allowed d-d transi-
tions. Second, we visualize AFM domains of Cr, O3 using the
E-induced Faraday effect, E-induced MCD, and NRR. This
success is achieved by adopting the electric-field modulation
imaging and the polarization modulation imaging, both of
which are effective to resolve spatial distributions of small
signals.

This paper is organized as follows: In Sec. I, we introduce
the target material Cr,O3; and its unconventional nonrecip-
rocal optical effects: E-induced Faraday effect, E-induced
MCD, and NRR. In Sec. III, experimental methods about
sample preparation and measurements of the unconventional
nonreciprocal optical effects are introduced. In Sec. IV, we
show the results and discuss them. Finally in Sec. V, we
summarize our work.

II. NONRECIPROCAL OPTICAL EFFECTS IN Cr,03

Cr, 03 is the material in which the ME effect was predicted
and observed for the first time [29,30]. The crystal structure
of Cr,03 is described by the corundum structure (space group
R3c). At temperatures (T) below Ty ~ 307K, it shows an
AFM ordering [31,32]. The magnetic symmetry in the AFM
phase is 3'm’, which allows the diagonal ME effects with
nonzero ME tensor components of «j; = o, and a33 [33]. A
pair of domain states (L+ and L—), which is related by either
time reversal or space inversion, develops in the AFM phase
[Fig. 1(a)]. So far, such domain states have been visualized by
using second-harmonic generation [34], magnetoelectric force
microscopy [35], x-ray magnetic circular dichroism [36,37],
and nanoscale scanning diamond magnetometry [38—40].

A. E-induced Faraday effect and E-induced MCD

Cr,03 will show the E-induced Faraday effect and
E-induced MCD in any direction if an applied electric field
(E) and light propagation direction (k) are (anti)parallel to
each other. So far, the E-induced Faraday effect in Cr,03
has been measured at several wavelengths [14—18], but its
spectrum has not been provided. Experimentally, to avoid the
contribution of birefringence, it is convenient to adopt the
experimental setting in which both E and k are along the
hexagonal ¢ axis. Thus, the E-induced effects in this setting
(E || k || ¢) are discussed below.

The E-induced Faraday effect is described by the polar-
ization rotation ¢ [deg] induced in proportion to an applied
electric field as
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FIG. 1. Magnetoelectric antiferromagnet Cr,O;. (a) Antiferro-
magnetic domains of Cr,0;. The red and blue arrows represent Cr
spins. Here, the two Cr sites denoted as A and B, which characterize
the two domain states of L+ and L—, are depicted. (b) Absorption
spectrum obtained at 83 K in geometry of Kk || ¢ in the photon energy
range of 1.58eV < E,;, < 2.48¢eV. The labels 2E,, *Tig, *Togs *Thes
and *Tj, are the irreducible representations of the excited states
corresponding to the absorption peaks.

where B[degV~'] is the coefficient representing the mag-
nitude of the E-induced Faraday effect, E. [V cm™ ] =
V.[V]/d[cm] is an applied electric field along the ¢ axis, V,
[V]is an applied voltage, and d [cm] is a sample thickness. In
the same manner, the E-induced MCD is defined as a differ-
ence in an absorption coefficient for right (ag) and left (o)
circularly polarized light (emcp = or — o [cm™!]) induced
in proportion to an applied electric field and described as

amep = (g — B'E;) — (g + B'E.) = =2B'E.,  (2)

where B’ [V~!] is the coefficient representing the magnitude
of E-induced MCD and «g is an absorption coefficient for
right and left circularly polarized light in zero electric field.
So far, the E-induced Faraday effect has been measured at
some wavelengths in the near-infrared region and at 632.8 nm
(e.g., B~ 1077 ~ 10 %deg V") [14-17].

According to a previous study, the E-induced Faraday ef-
fect (and related E-induced MCD) in Cr,0j5 is characterized
by two contributions [16,17]. One is the term proportional
to the ME coefficient a33, and the other is the term propor-
tional to the AFM order parameter /. Here, [ is defined as
the difference of the magnetic moments at site A and site B
with opposite spins [see Fig. 1(a)], i.e., [ = msq — mp [16,17].
When an electric field is applied, not only net magnetization
a3 E, is induced but also the Cr>* ions at sites A and B are
slightly displaced along the ¢ axis in opposite directions. This
shift makes the crystal field around the Cr>* ions at site A and
site B distinct from each other, which causes the E-induced
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Faraday effect and related E-induced MCD proportional to /.
In short, the coefficients 8 and B’ are described as

B = pazz +4ql, 3)

B =pan+ql, 4

where p(p’) and ¢(q’) are the contribution coefficients from
o33 and [ to the E-induced Faraday effect (E-induced MCD),
respectively. The contribution ratio of p/q depends on the fre-
quency of incident light, and such frequency dependence was
discussed based on the 7' dependence of 8 in Ref. [17]. We
will discuss the microscopical origins of 8 and 8’ in Sec. IV.
Importantly, because the signs of o33 and / get reversed when
the domain states (L4 and L—) are flipped, the signs of 8 and
B’ depend on the domain states. Thus, the domain structures
of Cr, 03 can be distinguished by using these effects.

B. NRR
Rotation 6 and ellipticity ¢ of reflected light in geometry
k || ¢ are given by [20,22]

14+n,

0 +ic =2a; s
1—}’11_

&)

where o) = a1(w) = axn(w) is the ME coefficients ex-
panded to the optical frequencies and ni = €1(w) = exn(w)
is the dielectric constant. Here, the sign of «; depends on the
domain states of L+ and L—, and thus NRR is also useful to
distinguish AFM domains of Cr,0O3. The NRR spectra in the
visible light region were observed in Ref. [22], revealing that
the magnitude of 6 is of the order of 107° deg. Microscop-
ically, the NRR derives from the interference effect between
electric dipole and magnetic dipole transitions, and theoretical
calculations based on the crystal-field theory well explained
the observed spectrum shape [41]. In this paper, we observe
spatial distributions of NRR at two different photon energies,
at which opposite directions of NRR are expected from the
spectrum [22].

III. EXPERIMENTS
A. Sample preparation

Single crystals of Cr,O3 were grown by the laser floating-
zone method. Powders of Cr,O3 were pressed into rods with
a dimension of about 6 mm in diameter and 50 mm in
length. The rods were sintered at 1200 °C for 72 h in air. The
crystal growth was carried out on the sintered rods using a
laser-based floating-zone furnace (Quantum Design LFZ1A)
[42] at a feed rate of 35 mm/h under Ar at 5 atm. As a
result, dark-green crystals were obtained and confirmed to
be the corundum structure by x-ray diffraction (XRD) mea-
surements. For measurements of optical properties, some of
the crystals were oriented by using Laue XRD patterns, cut
into thin plate shapes with the widest faces normal to the
hexagonal ¢ axis, and polished down to the thickness of about
20 pum. For measurements of the E-induced Faraday effect
and the E-induced MCD, indium-tin oxide (ITO) was sput-
tered onto the widest faces of the plate-shaped samples to
form a pair of transparent electrodes which allow the exper-
imental setup with k || E || c.

B. Spectral measurements of optical absorption

The absorption spectrum of Cr,O3 was obtained by using
a homebuilt fiber-based optical system in the photon-energy
range of 1.58eV < E;, < 2.48¢eV. Unpolarized light from
a tungsten-halogen lamp (AvaLight-HAL-S-MINI, Avantes)
was incident on a sample along the ¢ axis, and the transmitted
light was detected by a spectrometer (Flame-S, Ocean Optics).
The system was inserted into a commercial physical property
measurement system (Quantum Design), which allows con-
trolling the sample temperature. Although the sample was as
thin as 20 pm, the spectra at 1.94eV < Ep, < 2.25eV could
not be measured due to strong absorption [see Fig. 1(b)].

C. Spectral measurements of E-induced Faraday effect
and E-induced MCD

Schematic illustrations of the optical setups for spec-
tral measurements of the E-induced Faraday effect and the
E-induced MCD are shown [see Figs. 7(a) and 7(b) in
Appendix A]. A supercontinuum laser (SC-Pro, YSL Photon-
ics) was used as a light source. Monochromatic light with a
selected wavelength was obtained by using an acousto-optic
wavelength tunable filter (AOTF-PRO, YSL Photonics). In the
measurements of the E-induced Faraday effect, a sample is
placed between a polarizer and an analyzer, where the angle
between the transmission axes of the polarizer and analyzer is
set at ® = 45°. In the measurements of the E£-induced MCD,
right circularly polarized (RCP) or left circularly polarized
(LCP) light is irradiated onto the sample by using a polarizer
and a quarter-wave plate. For both measurements, signals
were detected by a lock-in technique [14]. A sinusoidal volt-
age at a frequency of 999 Hz up to £100 V was applied to the
sample, and the intensity of the transmitted light oscillating
at the same frequency with the applied voltage was measured
by using a lock-in amplifier (see also Appendix A). To obtain
the spectra of the E-induced Faraday effect and the E-induced
MCD, the signals were corrected at 2-nm wavelength intervals
from 502 to 786 nm. The sample temperature was controlled
by a liquid nitrogen flow cold stage.

D. Spatial distribution measurements of E -induced Faraday
effect and E-induced MCD

Two-dimensional maps of the E-induced Faraday ef-
fect and the E-induced MCD were obtained by using a
field-modulation imaging technique [43,44]. Schematic il-
lustrations of the optical setups [see Figs. 7(c) and 7(d) in
Appendix A] are shown. The polarization configurations are
the same as those for the spectral measurements. In this
technique, a square-wave voltage is applied to a sample, and
transmission microscope images are captured by an scientific
CMOS (sCMOS) camera (pco edge 5.5, Excelitas Technolo-
gies) alternatively under positive (4+V) and negative (—V')
voltage application. Then, the difference in signals under +V
and —V [Al =1(+V) —I(—V)] divided by the average of
them (/) is calculated for each pixel of the camera. For the
E-induced Faraday effect, when the polarization rotation an-
gle ¢ = BV is sufficiently small as in the present case, Al/]
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is approximately proportional to ¢ and expressed as

== gy ©6)

Likewise, for the E-induced MCD, AI/I is approximately
proportional to the magnitude of E-induced MCD and ex-
pressed as

Al ,
— =28'V.. @)
I

The calculation details are given in Appendix A. To obtain
spatial distributions of small signals of AI/I with suppressing
noises, large numbers (15000) of AI/I maps are captured
and averaged. A square-wave bias voltage (up to =100 V)
was applied at a frequency of 20 or 30 Hz, and images were
captured at 40 or 60 frames per second (fps). The spatial
resolution of this field-modulation imaging technique is a few
micrometers, and a Al/I signal of the order of 107> can be
detected.

E. Spatial distribution measurements of NRR

Two-dimensional maps of NRR were obtained by us-
ing a polarization-modulation technique [45]. [See Fig. 7(e)
in Appendix A for a schematic illustration of the optical
setup.] In this technique, the polarization of the incident
light is modulated by using a liquid-crystal variable retarder
(LCC1223T-A, Thorlabs), and reflection microscope images
with linearly polarized (I p) and right circularly polarized
incident light (/rcp) are captured alternatively. An analyzer
whose transmission axis is 45° against the polarization di-
rection of linearly polarized incident light is set behind the
sample. In the approximation that the polarization rotation
angle 6 [deg] and circular dichroism of reflected light are
small enough, 6 is calculated as [45]

Ai_ ILP_IRCP ~ T

i T 180

= 8

AI/I is calculated for each pixel of the camera, and large
numbers (15000) of Af/I maps are captured and averaged
to detect small signals of 6. The polarization was modulated
at a frequency of 20 Hz, and images were captured at 40 fps.
However, even with this averaging process, finite backgrounds
mainly due to sample tilting against the irradiated light re-
main, which prevent evaluating intrinsic NRR signals. To
minimize such backgrounds, a A/l map obtained at T > Ty
was subtracted from that obtained at T < Ty. Also, a 3 x 3
median filter was applied to the images to suppress noises.

IV. RESULTS AND DISCUSSION
A. Spectra of E-induced Faraday effect and E-induced MCD

Prior to the measurements, single-domain states of L+ and
L— were prepared by cooling the sample from 7" > Ty while
applying magnetic (H) and electric (E) fields. This ME cool-
ing procedure stabilizes the L+ and L— states when H.E, > 0
and H.E, < 0, respectively [46]. Here, H. (E,) represents H
(E) along the ¢ axis.

Figures 2(c)-2(f) show the spectra of E-induced Fara-
day effect and E-induced MCD obtained at 83 K after
ME cooling with poH, ~ +0.2T and E. of opposite signs

N
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FIG. 2. Spectra of E-induced Faraday effect and E-induced
MCD at 83 K. (a), (b) Enlarged absorption spectra in the geom-
etry k || ¢ at 1.58eV < E, < 1.92¢eV [(a)] and 2.28eV < E, <
2.47eV [(b)]. (c)—(f) Spectra of E-induced Faraday effect [(c),
(d)] and those of E-induced MCD [(e), (f)] in the geometry with
k[|E|c at 1.58eV < E,, <1.92eV [(c), (e)] and 2.28eV <
Eyn < 2.47eV [(d), (f)]. The red and blue dots correspond to the
signals obtained in the single L+ and L— domains, respectively. Note
that each spectrum shows almost complete sign reversal against the
domain switching.

[+56kV cm™!(red)and — 56kV cm™!(blue)]. The cooling
magnetic and electric fields were removed before the mea-
surements. The spectra were measured in the visible region
of 1.58eV < E,, < 2.47eV. However, at 1.92eV < Ey, <
2.28 eV, absorption was too strong to obtain meaningful sig-
nals. Thus, Fig. 2 displays the spectra at 1.58eV < Ep, <
1.92eV [Figs. 2(c) and 2(e)] and 2.28eV < Ep, < 2.47eV
[Figs. 2(d) and 2(f)]. The spectra show almost complete sign
reversals upon the reversal of the domain states [compare
the red and blue dots in Figs. 2(c)-2(f)], which ensures that
the spectra exactly reflect the E-induced Faraday effect and
the E-induced MCD.

Now let us discuss the structures of the spectra. For the
E-induced Faraday effect and the E-induced MCD in Cr,03,
the spin-allowed transition to the excited state *T3, from the
ground state 4A2g is expected to give the largest contribution
[16,47]. The broad absorption peak centered at 2.1 eV and
extended from 1.7 to 2.4 eV corresponds to this transition [see
Fig. 1(b)] [48]. Based on the crystal-field theory, ¢ and amcp
around the peak are calculated as [16,17]

¢ o loAp) — — and  (9)
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FIG. 3. Temperature (7') dependence and two-dimensional maps of the E-induced Faraday effect. (a) T dependence of the E-induced
Faraday effect at E, = 1.70€V (red dots) and 2.34 eV (green dots). The green curve is the fitting by the function of the AFM order parameter
given in Eq. (11). The red line is a guide to the eye. (b) The spectra of the E-induced Faraday effect in the photon energy region of 1.58 eV <
Eyn < 1.80eV at 83 K (purple), 200 K (blue), 305 K (green), and 307 K (red). The dashed line denotes the photon energy of E,, = 1.70eV
at which the characteristic 7 dependence was observed in (a). (c)-(h) Two-dimensional maps of the E-induced Faraday effect obtained
with monochromatic light whose photon energies are Ep, = 1.70eV (c)—(e) and Ej, = 2.34 eV (f)—(h). The maps were obtained at 270 K
(c), (f), 200 K (d), (g), and 83 K (e), (h). In the red and blue regions, the signs of the E-induced Faraday effects are opposite to each other, and

thus the contrasts correspond to the AFM domains.

wc(wf + 3w?)

(@R -o?)

omep X lFAE{

where w is an angular frequency of incident light, I" is a
damping factor, fiwc(hwy,) is the excitation energy to the
C(A)) states, which is the split 4T2g state due to the trigonal
field, the spin-orbit interaction, and the exchange interaction,
and Ag  E, is a shift of the energy states caused by apply-
ing an electric field. Details of the calculations are given in
Appendix B. As discussed in Sec. IT A, the E-induced Faraday
effect and MCD involve the two contributions that originate
from the ME coefficient o33 and the AFM order parameter
1, the latter of which corresponds to Egs. (9) and (10). It is

evident from these equations that the latter AFM contribu-
tion significantly enhances at around the resonance frequency
wc (wa,), thus dominating both ¢ and amcp. Also, these
equations indicate that the spectrum of ¢ around the resonance
frequencies is of dispersive type (i.e., exhibits a sign reversal),
while that of apycp is of absorptive type (i.e., exbibits no
sign reversal). As mentioned above, the spectra around the
4ng peak centered at 2.1 eV were not obtained because of
strong absorption. However, it is seen that the sign of the
E-induced Faraday effect gets reversed between Ey, < 2.1eV
and E,, > 2.1€V, while that of E-induced MCD does not
[compare the right end of Figs. 2(c) and 2(e) and the left
end of Figs. 2(d) and 2(f)]. Thus, the obtained spectra do not
contradict the calculations [Eqgs. (9) and (10)].

The absorption peaks at 1.706 and 1.729, and 1.763 eV
[see Fig. 2(a)] correspond to the spin-forbidden transitions
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to the exited states of 2Eg and 2T1g3 respectively [48,49].
They can contribute to the E-induced Faraday effect and the
E-induced MCD by the assistance of the spin-orbit interaction
between these states and the 4T2g state [41]. Thus, peak struc-
tures observed at around 1.7-1.8 eV in Figs. 2(c) and 2(e)
will derive from these spin-forbidden transitions. Relatively
large and sharp peaks are also observed at around 1.8-1.9 eV
in Figs. 2(c) and 2(e). Especially, the largest E-induced
MCD of 5 x 107®V~! is observed at 1.852 and 1.889 eV.
These peaks will be related to the shoulder structures in the
absorption spectrum at around 1.83-1.87 eV. However, the
relationships between these shoulder structures and the elec-
tronic transitions are unclear [48].

Located between the two spin-allowed transitions of *7T3,
and *T ¢ [48], the spectra shown in Figs. 2(d) and 2(f)
(2.28eV < Ep, < 2.47eV) are expected to be influenced by
these transitions. As seen in Fig. 2(f), the E-induced MCD
spectrum crosses the zero line at 2.405 eV. This may suggest
that the 47y gand 4T2g transitions have contributions of opposite
signs to the E-induced MCD spectrum. The dispersive peak
structure at around 2.45 eV in the E-induced MCD spectrum
will correspond to the absorption peak at the same energy,
which is assigned to the transition to the 2T2§ state [48].
We note that the largest E-induced Faraday effect of about
2x 1074 deg V-1 is observed at 2.35eV < Eyp < 2.42¢eV,
which is about 15 to 20 times larger than those observed in
the near-infrared region at around 100 K [16,17].

The spectra of the E-induced Faraday effect were
measured at various temperatures. Figure 3(a) shows the
T dependence at selected photon energies of 1.70 and
2.34 eV, while Fig. 3(b) shows the spectra in the photon
energy range of 1.58eV < Ep, < 1.80eV at 83, 200, 305,
and 307 K. These T profiles were obtained for the L+ single
domain. As shown in Figs. 3(a) and 3(b), the signals vanish at
307 K (7). When comparing the T profiles at 1.70 and 2.34
eV [compare the red and green dots in Fig. 3(a)], one can find
that the latter one well obeys the T dependence of the AFM
order parameter of Cr,O3 while the former one does not. The
data at 2.34 eV are well fitted by the function of AFM order
parameter [26,50]

I(T) = I(Tx — T)** (T < Ty), an

as shown in the green curve in Fig. 3(a). Here, [ is a fitting
parameter. On the other hand, the E-induced Faraday effect
at 1.70 eV does not obey this function, and changes its sign
at around 175 K. This is most likely because the photon
energy of 1.70 eV corresponds to the energy at which the spin-
forbidden transition-driven peak develops at low temperatures
[see Fig. 3(b)]. As mentioned in Sec. II A, the T dependence
of the E-induced Faraday effect is discussed in the context
of competing contributions from the AFM order parameter /
and the ME susceptibility o33 in Ref. [17]. However, such a
discussion cannot be directly applied to the current case in
which the development of the peak structures with decreasing
temperature is clearly observed.

B. Antiferromagnetic domain observation

After characterizing the spectra of the E-induced Fara-
day effect and the E-induced MCD in Cr,03, we moved

HCEC< 0, L- 104 Alll

4.0
2.0

(a) H.E,>0,L+ (b)

-2.0
-4.0

500 pm

FIG. 4. Single domains obtained by the ME cooling. (a),
(b) Two-dimensional map of the E-induced Faraday effect obtained
by cooling the sample while applying magnetic and electric fields in
the setting of H.E,. > 0 (a) and H.E. < 0 (b). The domains in (a) and
(b) correspond to the L+ and L— domains, respectively.

on to the domain imaging using these effects. First, we uti-
lized the E-induced Faraday effect. Figures 3(c)-3(h) show
the two-dimensional maps of the E-induced Faraday effect
obtained with using monochromatic LED light sources of
1.70 eV [Figs. 3(c)-3(e)] and 2.34 eV [Figs. 3(f)-3(h)].
The images obtained at 270 K [Figs. 3(c) and 3(f)], 200
K [Figs. 3(d) and 3(g)], and 83 K [Figs. 3(e) and 3(h)]
are shown. In these images, clear contrasts of red (positive
AI/I) and blue (negative Al/I) are observed. These contrasts
correspond to positive and negative signs of the E-induced
Faraday effects, and thus reflect the AFM domain structures.
Consequently, we succeeded in the visualization of AFM
domains using the E-induced Faraday effect. The typical do-
main size is several hundred micrometers, which is consistent
with those obtained by other experimental techniques such as
second-harmonic generation [34,40]. The contrasts obtained
with the 2.34 eV LED light source become stronger with
decreasing temperature [Figs. 3(f)-3(h)]. In contrast, those
obtained with the 1.70 eV LED light source become weaker
with decreasing temperature from 270 K and are reversed at
83 K [Figs. 3(c)-3(e)]. The observed T evolution of the do-
main contrasts is consistent with the result obtained by the
spectral measurements shown in Fig. 3(a). The magnitudes of
the E-induced Faraday effect calculated by using the Al/I
averaged over single-domain areas are § &~ 3 x 107> deg V™!
for 1.70 eV and 8 =~ 1.8 x 1074 deg V! for2.34 eV at 83 K,
which are well matched with those obtained by the spectral
measurements [Fig. 3(a)].

We have also confirmed that the single-domain states of
L+ or L— are formed by the ME cooling. Figures 4(a) and
4(b) show the domains obtained by cooling the sample across
Ty while applying magnetic and electric fields in the setting of
H.E. > 0and H.E, < 0, respectively. The magnitudes of the
applied fields were uoH. ~ +0.2T and E, = £56kVcm™!.
The domain images were taken at 270 K with the 1.70 eV LED
light source. The signals are uniform and the sign of them are
opposite between the opposite ME cooling fields.

Next, we performed the domain imaging using the
E-induced MCD effect. Figures 5(a) and 5(b) show the two-
dimensional maps of the E-induced MCD obtained at 83 K
with RCP and LCP incident light, respectively. Here, the
2.34 eV LED was used as a light source. In the images,
clear contrasts of positive (red) and negative (blue) signals are
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FIG. 5. Two-dimensional maps of the E-induced MCD effect ob-
tained with right (a) and left (b) circularly polarized monochromatic
light whose photon energy is Ey, = 2.34eV. These images were
taken at 83 K.

observed, which reflect the AFM domain structures. The
contrast reversal between the RCP and LCP incident light
supports that the obtained signals come from the E-induced
MCD. Thus, we show that the spatial distribution measure-
ment of the E-induced MCD is also effective to visualize
AFM domains of Cr,O3. The magnitude obtained in this
measurement was 8’ ~ 9 x 1073 V=1, which is well matched
with that obtained by the spectral measurement [Fig. 2(f)].
Finally, we performed spatial distribution measurements of
NRR. Figures 6(a) and 6(b) show the two-dimensional maps
of NRR obtained at 270 K with monochromatic light whose
photon energies are 2.10 and 1.91 eV, respectively. Even with
the background-suppressing process described in Sec. III E,
finite backgrounds with some slopes remain. To show the
whole domain structures, the color scale is set about 10 times
larger than the actual rotation angle. Between the bright and
dark regions in these images, the directions of the polarization
rotation of the reflected light are opposite. Thus, the contrasts
reflect the AFM domain structures. Contrast reversal between
the images obtained with 2.10 and 1.91 eV light is clearly
observed [compare Figs. 6(a) and 6(b)], which is consis-
tent with the previously reported NRR spectrum [22]. The
magnitude of the rotation was calculated by the differences
of 6 between the adjacent opposite domains. The calculated
angles are |9| ~ 3 x 1073 deg for both energies, which are

(a) NRR2.10eV (b) NRR1.91eV (c) E-induced Faraday 1.70 eV

1mm 2 1 0 1 2 4.0 -20 0 20 40
6 (102deg) 104 Al

FIG. 6. Two-dimensional maps of NRR. (a), (b) AFM domain
visualized by using NRR with monochromatic light whose photon
energies are 2.10 eV (a) and 1.91 eV (b). The contrasts are reversed
between the two. (c) Antiferromagnetic domains visualized by using
the E-induced Faraday effect with monochromatic light whose pho-
ton energy is 1.70 eV at the same position with (a), (b). The obtained
domains were perfectly matched with (a), (b). These images were
taken at 270 K.

also consistent with the previous work [22]. Furthermore, a
two-dimensional map of the E-induced Faraday effect was
obtained for the same sample [Fig. 6(c)]. The domain patterns
obtained by using NRR and the E-induced Faraday effect are
exactly the same. Considering that the penetration depth of
light with a photon energy of 2.10 eV is expected to be less
than 2 um from the absorption spectrum, the NRR maps show
the domain structures near the sample surface. Thus, the same
domain patterns obtained by NRR and the E-induced Faraday
effect indicate that the domains are uniform in the thickness
direction.

V. SUMMARY

In summary, we have investigated nonreciprocal optical
effects [electric field-induced (E-induced) Faraday effect, the
electric field-induced magnetic circular dichroism (E-induced
MCD), and the spontaneous nonreciprocal rotation of re-
flected light (NRR)] in Cr,O3 focusing on their spectra and
spatial distributions. The spectral measurements of E-induced
Faraday effect and E-induced MCD show that relatively large
effects appear at frequencies around the transition to the T3,
states. In our bulk samples, the effects at the center energy of
the transition could not be obtained due to strong absorption.
Since magnitudes of these E-induced nonreciprocal optical
effects are independent of the sample thickness, it will be
an interesting future work to measure the effects at the peak
center in thin-film samples.

So far, the smallness of the nonreciprocal optical ef-
fects studied here has prevented antiferromagnetic-domain
observation via their spatial distribution measurements. In
our measurements, however, by adopting the field- and
polarization-modulation imaging techniques, antiferromag-
netic domains were clearly visualized by utilizing these
effects. We showed that antiferromagnetic domains of Cr,0;3
can be visualized both in the transmission (E-induced Faraday
effect and E-induced MCD) and reflection (NRR) settings.
Furthermore, NRR is a spontaneous effect, and the application
of an electric field is unnecessary for its measurement. Thus,
these methods can be widely applied to the visualization of an-
tiferromagnetic domains of diagonal ME materials regardless
of their transparency, reflectivity, and electrical conductivity.
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FIG. 7. Schematic illustrations of the optical setups. (a), (b) The optical setups for the spectral measurements of E-induced Faraday effect
(a) and E-induced MCD (b). (c)—(e) Those for the spatial distribution measurements of E-induced Faraday effect (c), E-induced MCD (d), and
NRR (e) are depicted. The red arrows in (a)—(d) indicate the directions of an applied electric field. Note that in the measurements of NRR, an
electric field is not applied. SC: Supercontinuum laser; AOTF: Acousto-optic wavelength tunable filter; P: Polarizer; L: Lens; S: Sample; A:
Analyzer; D: Si detector; Q: Quarter-wave plate; LED: LED light source; OL: Objective lens; C: sSCMOS camera; LC: Liquid-crystal variable

retarder; BS: Beam splitter.

APPENDIX A: DETAILS OF OPTICAL MEASUREMENTS

Figure 7 shows schematic illustrations of the optical se-
tups used for the spectral measurements of the electric
field-induced (E-induced) Faraday effect [Fig. 7(a)] and the
electric field-induced magnetic circular dichroism (E-induced
MCD) [Fig. 7(b)], and the spatial distribution measurements
of E-induced Faraday effect [Fig. 7(c)], E-induced MCD
[Fig. 7(d)], and nonreciprocal rotation of reflected light (NRR)
[Fig. 7(e)]. In the following subsections, we describe the cal-
culation details of each measurement method.

1. Measurements of E-induced Faraday effect

When the angle between the transmission axes of the po-
larizer and the analyzer is set at @ = 45°, the intensity of light
transmitted through a material which exhibits the E-induced
Faraday effect is given by

Iy, .

I = 5{s1n 2¢) + 1}, (A1)
where [ is the intensity of transmitted light at parallel-Nicols
setting and ¢ [deg] is the rotation angle of the polariza-
tion plane induced by applying an electric field. Because the
E-induced Faraday effect is usually a small effect, it can be
assumed that sin(2¢) ~ 180(]) and Eq. (A1) is rewritten as

1~Io<—ﬂV+ 1)

A2
180 2 (A42)

where B [deg V~!] is the coefficient representing the magni-
tude of the E-induced Faraday effect and V [V] is an applied
voltage.

In the spectral measurements, a sinusoidal voltage
Vosin(wt ) at a frequency of 999 Hz is applied, and the intensity
of the transmitted light oscillating at the same frequency with
the applied voltage 755/08Vo was detected by using a lock-in
amplifier [14]. The coefficient § is calculated by dividing the
AC component by the DC component, /2.

In the spatial distribution measurements, the field-
modulation imaging technique [43,44] is applied. A square-
wave voltage is applied to a sample, and transmission
microscope images are captured by a sCMOS camera al-
ternatively under positive (+V) and negative (—V') voltage
application. Then, the difference in signals under 4V and —V
[Al = I(+V) — I(—V)] divided by the average of them (I) is
calculated for each pixel of the camera as

AL Io(FBEY) + ) — BV +3)
1 { (18()'3(+V)+ )+IO(180'3( V) + )}/
= 180ﬂ (A3)

To obtain spatial distributions of small signals of A7/l with
suppressing noises, large numbers (15 000) of Al/I maps are
captured and averaged.
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2. Measurements of E-induced MCD

When right or left circularly polarized light (RCP or LCP)
is irradiated onto a material which exhibits E-induced MCD,
the intensity of transmitted light Ircp, r.cp is described as

Ircp, Lep = Ipexp {—(ap F B'E)d},

where I is the intensity of incident light, oy [cm™'] is an
absorption coefficient for RCP and LCP light in zero electric
field, B'[V '] is the coefficient representing the magnitude of
E-induced MCD, E [Vcm™'] is an applied electric field, and
d [cm] is a sample thickness. Here, the sign of + depends on
the helicity of incident light. Since E-induced MCD is usually
small, Eq. (A4) can be assumed as

Ixcp, Lep & Ioe (1 £ B'Ed) = Ipe (1 £ B'V), (AS)

(A4)

where V [V] is an applied voltage.

In the spectral measurements, a sinusoidal voltage
Vosin(wt ) at a frequency of 999 Hz is applied, and the intensity
of the transmitted light oscillating at the same frequency with
the applied voltage SIrcp, Lcp = +Ie 0?8V, was detected
by using a lock-in amplifier. The coefficient 8’ is calculated as

s,
,3/ — Ipe= %0V, Iope %0V,
2

In the spatial distribution measurements, in the same man-
ner as measurements of the E-induced Faraday effect, the
field-modulation imaging technique is applied. Here, AI/I is
calculated for each pixel of the camera as

Al Toe (1 £ B'(+V)) — lhe (1 £ B'(—V))
I {le@d(1 £ B/(+V)) + Ie~®d(1 £ B'(—=V))}/2
=428V, (A7)

(A6)

where the sign of £ depends on the helicity of incident light.
The averaged images of Al/I were taken both under RCP and
LCP light irradiation, and the contrast reversal between the
two images was confirmed (see Fig. 5).

3. Measurements of NRR

The spatial distribution measurements of NRR were per-
formed by adopting the polarization-modulation imaging
technique [45]. Figure 7(e) shows a schematical illustration
of the optical setup. Here, the transmission axis of the ana-
lyzer and the fast axis of the liquid-crystal variable retarder
is set at 45° against the transmission axis of the polarizer.
The polarization of incident light, i.e., linearly polarized (LP),
RCP, and LCP, can be switched by tuning a voltage applied
to the liquid-crystal variable retarder. In this setting, when LP,
RCP, or LCP light is irradiated onto a material which exhibits
NRR, the intensities of reflected light (ILp, Ircp, and I cp) are
described as [45]

Ip = 3Isinf —igcos® + (cos O + iesin0)* Ly,  (A8)
Ircp = %|sin9 —igcosf +i(cosb + ie sin9)|2 Iy, (A9)
Icp = 3sin® — i cos® — i(cos @ + iesin6)|* Iy, (A10)

where 6 [rad] is a rotation angle and ¢ [rad] is the ellipticity
of reflected light, Iy is the intensity of incident light. Then, 6

can be calculated as

1. _2hp — (Ircp + Iicp)
0 = —sin
2 (1 =3y
When 6 and ¢ are small enough and the absorption of the
material is neglected, Eq. (A11) can be assumed as

 2hp—(rcp +hce) e —Irce _ AT (A12)

2(1 — e)(Ircp + Icp) 2Ircp I’
Equation (8) is shown in the [deg] unit. AI/] is calculated
for each pixel of the camera, and large numbers (15 000) of

AT/ maps are captured and averaged to detect small signals
of 6.

(Al1)

APPENDIX B: CALCULATIONS OF FREQUENCY
DEPENDENCE OF E-INDUCED FARADAY EFFECT
AND E-INDUCED MCD

The optical transitions from the ground state *A, to the
excited state *7, largely contribute to the E-induced Faraday
effect and E-induced MCD in Cr,03 [16,47]. The contribu-
tion to the complex Faraday rotation from the Cr** ion at site
A [see Fig. 1(a)], ®a(w), is provided as [16,47]

Sa(@) = 22 2 (@ — iT'y) :
A(w) =——py(®—ily .
(@, — @* +T2) + 2iwly

nhc

(12, o
4@ . . (B
w? +I2) 4+ 2iwl,

i:lZZ:,B (wfzh(a)g -
where @ is an angular frequency of incident light, n =
(ny + n_)/2 is the averaged complex refractive index of RCP
(n4) and LCP (n_) light, p2 is the average dipole moment
for the transition from the ground state 4A2g to the excited
state *Ta,, o represents a spin configuration, I' is a damping
factor, fiwc, ) 15 the excitation energies to the C and A;
states, which are the split 4Ty state due to the trigonal field,
the spin-orbit interaction, and the exchange interaction, aii(a)
is the occupation probability of the A; state. The real and
imaginary parts of ®4(w) correspond to the Faraday rotation
and magnetic circular dichroism, respectively.
When an electric field is not applied, the Cr** ion at site
B exhibits the same magnitude but opposite sign contribution,
and thus spontaneous Faraday effect is forbidden. Under an
electric field along the ¢ axis (E.), finite magnetization is
induced, i.e.,my + mp # 0, where m4(mp) is magnetization
at site A(B). In addition, the ground- and excited states are
shifted (called pseudo-Stark shift [16,52]), which makes the
excitation energies of fiwc, 4, distinct between the site A
and B as

A(B 0 ~
wcf A),g = wc, A)g £ |A1 |(X0 + Xc, A)E,~ wc, Ay £ AE

(B2)

where A? is the magnitude of the odd trigonal field, xo and
Xc. 4, are coefficients which represent mixing of the wave
functions of the states of opposite parity with the wave func-
tions of the ground and excited (C, A;) states, respectively, by
the odd trigonal field. Here, we assumed that xc &~ x 4, and
Apg represents the effects of an applied electric field. The sign
of = depends on the site A or B.
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Then, the contributions from the Cr* ions at sites A and B are calculated as

2w 1
ma®a(w) + mp®a(w) =ms—— p2(w — iTy,
A D4 () +mpDy(w) =my nhic Pa ){ (et + De) £ Apa? 4 T2) 1 2ial,
-y a; (a)
i=1,2,3 ((“)Ai(w)g +Ap)° —w? + Fg) + 2iwl,
mp——p (w — 1l
" ((wc@y — Ap)* £ Apw? + T2) + 2iwl,
- ) (B3)
55 (@@ — Dp)* — @ +T2) + 20T, |
i=1,2,3 \PAila)g E b o

In the following calculation, we shall assume that the effect of the trigonal field is much greater than the spin-orbit interaction
for the splitting of the 4T2g state and afh (a) = aﬁ13 () = 0[16]. We shall also assume that the damping factor I',, and the effect of

pseudo-Stark shift are small and I'2, A% = 0. Under these assumptions, the real part (Re) and imaginary part (Im) of Eq. (B3)

are given as
2AE0)C
2>_(mA_mB)<( . =

D)y — ‘”2)2
Qe t @’ )

(T “’2)2 (@, @ — “)2)2

28p0c(@F +30)" 28508, @4 (@3 ) 3‘0)2)}

3 3
(w(zf(a)g - w2) (wil(ot)g - w2)

2Apwa (0

- . (B4
(wf\l(a)g - w2)2)j| ( )

27 w? 1 1
Re(B2) ~ ——p | (ma +mp)| — = —
nnce Dy P Phg P

2 2
W@ T @

2rw ,
Im(B2) ~ ——p, T'o| (ma + mp)
nhce

(BS)

—(my — mB)(

As shown in these equations, at an angular frequency near wc, 4, the effect from the antiferromagnetic order parameter
| = my — mg is dominant both for the real and imaginary parts of Eq. (B3). The contribution to the Faraday effect from a unit
cell is given by 2(ms P (w) + mpP4(w)), and a general expression can be obtained by summing it over all the spin states and
the number of unit cells in a crystal. Thus, the E-induced Faraday effect and E-induced MCD as a function of frequency are

obtained as Egs. (9) and (10), respectively.
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