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Certain types of media breaking both space-inversion (P) and time-reversal (T) symmetries but
preserving their combination PT exhibit the polarization rotation of reflected light even when that of
transmitted light is prohibited. Such an effect is termed nonreciprocal rotation of reflected light (NRR).
Although NRR shows nearly the same phenomenon as the magnetooptical Kerr effect or, equivalently, the
Hall effect at optical frequencies, its origin is distinct and ascribed to a magnetoelectric (ME) effect at
optical frequencies, i.e., the optical ME effect. Here we show the observation of NRR in a metallic
antiferromagnet TbB4. The result demonstrates that the ME effect in a metallic system, which is considered
to be ill defined, can be detected using reflected light. Furthermore, we spatially resolve antiferromagnetic
domains in TbB4 by microscope observations of NRR. Our work offers a unique way to probe the ME
effect in metallic systems.
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Recently, antiferromagnetic (AFM) materials have
attracted growing interest from the perspective of spin-
tronics technologies [1–3]. However, detection and control
of the AFM states are nontrivial due to compensated
magnetization. One of the promising ways to overcome
the difficulties is to utilize properties caused by breaking
both space-inversion (P) and time-reversal (T) symmetries
but preserving the combined PT symmetry. Such a sym-
metry state occurs in particular AFM materials and induces
unique couplings between electric and magnetic properties.
One of the well-known couplings is the linear magneto-
electric (ME) effect; that is, the induction of electric
polarization P (magnetization M) by an applied magnetic
field H (electric field E) [4–7]. Though the ME effect has
long been studied in various magnetic materials, most of
the former experimental studies have targeted insulating
materials. This is mainly because the ME effect is ill
defined in metallic materials where free electrons screen
an applied electric field and polarization. Instead, an
electric current can interact with magnetization in metallic
systems [8]. In metallic ferromagnets with broken P
symmetry, current-induced switching of magnetization
due to the spin torque has been reported [9,10]. In a
similar manner, current-induced switching of AFM domain
states has been observed in metallic antiferromagnets in
which spin orderings break both P and T symmetries but
preserve the combined PT symmetry [11,12]. Notably, the

similarity between the ME effect in insulators and the
current-induced switching of magnetic properties in metals
has been discussed based on the theory of cluster multi-
poles and the linear-response theory [13,14].
The linear ME effect responding to a static field is

not well defined in metallic materials, but that is not the
case when the effect is expanded to optical frequencies.
That is called the optical magnetoelectric (OME)
effect in which PðωÞ½MðωÞ� is induced by oscillating
HðωÞ½EðωÞ� of an electromagnetic wave with an angular
frequency ω and expressed as PiðωÞ ¼ αijðωÞHjðωÞ
½μ0MiðωÞ ¼ αjiðωÞEjðωÞ�. Here αijðωÞ is the ME tensor
of the OME effect, i and j run over all the Cartesian
coordinates, and μ0 is the permeability of vacuum. The
OME effect induces nonreciprocal optical phenomena [15]
including nonreciprocal directional dichroism (NDD), that
is, asymmetry in absorption between counterpropagating
light beams. NDD originates from the off-diagonal com-
ponents of αijðωÞ and has been observed in various systems
breaking P and T symmetries [16–19]. At optical frequen-
cies where the screening of electric fields is no longer
effective, PðωÞ or EðωÞ can be defined even in metals, and
thus the OME effect should be observed regardless of the
sample conductivity. This suggests that ME couplings in
metallic systems can be detected at optical frequencies.
However, the OME effect in metallic systems has been little
studied experimentally.

PHYSICAL REVIEW LETTERS 131, 236702 (2023)

0031-9007=23=131(23)=236702(6) 236702-1 © 2023 American Physical Society

https://orcid.org/0000-0002-9395-4254
https://orcid.org/0000-0002-5852-5681
https://orcid.org/0009-0001-3284-3737
https://orcid.org/0000-0001-7571-1964
https://orcid.org/0000-0003-2807-5277
https://orcid.org/0000-0001-6912-8414
https://orcid.org/0000-0002-8030-5538
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.236702&domain=pdf&date_stamp=2023-12-05
https://doi.org/10.1103/PhysRevLett.131.236702
https://doi.org/10.1103/PhysRevLett.131.236702
https://doi.org/10.1103/PhysRevLett.131.236702
https://doi.org/10.1103/PhysRevLett.131.236702


For the observation of OME effects in metals, an effect of
reflected light, nonreciprocal rotation of reflected light
(NRR) [20–22], is suitable. NRR refers to the rotation of
the polarization plane of reflected light, which is similar to
the well-known magneto-optical Kerr effect (MOKE).
However, these two effects are distinct from each other
from the perspective of symmetry breakings [23]. MOKE
requires breaking of T and PT symmetries, and thus it has
been used for probing the signature of T-symmetry break-
ing in various exotic quantum materials [24]. Furthermore,
its microscopic origin is related to the Hall effect at optical
frequencies [23,25]. On the other hand, NRR is ascribed to
the ME effect and requires breaking of both T and P
symmetries [20–22,26,27]. More particularly, NRR is
allowed in materials that have finite diagonal components
of the ME tensor αjjðωÞ [27]. So far, NRR has been
observed in the archetypical ME antiferromagnet Cr2O3

with finite αjjðωÞ [21,22]. Recently AFM domains of
Cr2O3 have been visualized using NRR [28,29]. We
consider that NRR will provide not only a unique way
to elucidate the ME effect in metallic antiferromagnets but
also a new probe to read out their AFM states. In this study,
we demonstrate the optical detection of an ME effect in a
metallic antiferromagnet with broken P and T symmetries
but preserved PT symmetry and reveal its AFM domain
states via NRR.
As a target metallic ME antiferromagnet to observe

NRR, we chose TbB4, one of the rare-earth tetraborides
RB4 (R ¼ rare-earth elements) with the P4=mbm tetrago-
nal structure [Fig. 1(a)]. They have attracted interest from
the viewpoints of geometrical frustration and orbital order
[30–35]. In addition, some of the tetraborides have been
discussed as systems showing a linear ME effect because
their AFM structures break both P and T symmetries but
preserve the combined PT symmetry [36–38]. However,
their linear ME effect has never been observed because of
their metallic nature. Figure 1(b) shows the temperature
profiles of resistivity and M=H of our TbB4 crystal. TbB4

shows very low resistivity (10−7 Ω cm at 2 K) [39] and
undergoes two successive magnetic phase transitions at
TN1 ¼ 44 and TN2 ¼ 24 K [30]. No spontaneous M is
observed in all the phases, indicating that M is fully
compensated. The magnetic structure at TN2 ≤ T ≤ TN1
(AFM1 phase) [Fig. 1(a)] is characterized by the non-
collinear spin configuration in which Tb moments are
aligned in the h110i directions [31]. The magnetic point
group of the AFM1 phase is 4=m0m0m0 in which diagonal
terms of the ME tensor are finite [α11; α22ð¼ α11Þ, and
α33] [40] and therefore allows NRR [27]. There are two
distinct domain states (Aþ and A−) related to each other by
either T (10) or P (1̄) operations [Fig. 1(a)].
We apply the symmetry-based discussion of NRR [20–22]

to TbB4. When linearly polarized incident light is irradiated
along the c axis in the AFM1 phase, the polarization plane of
reflected light could rotate due to NRR ascribed to finite

αjjðωÞ. The rotation angle θ and the ellipticity η are described
as [20–22]

θ þ iη ¼ 2α⊥ðωÞ
�
1þ N⊥ðωÞ

�
1 − N⊥ðωÞ

: ð1Þ

Here, α⊥ðωÞ ¼ ½α11ðωÞ þ α22ðωÞ�=2 is the in-plane ME
coefficient expanded to the optical frequencies ω and
N⊥ðωÞ2 ¼ ½ϵ11ðωÞ þ ϵ22ðωÞ�=2 corresponds to the in-plane
dielectric constant. Though Eq. (1) was derived to explain
NRR in insulators [20,22], it can be applied to that in metals
by treating both α⊥ðωÞ andN⊥ðωÞ as complex numbers. The
signs of the ME tensor are opposite between the two domain

FIG. 1. (a) Crystal and magnetic structures in the AFM1 phase
½TN2 ≤ T ≤ TN1� of TbB4. Red and blue arrows denote Tb
moments. Two distinct domain states (Aþ and A−) related by
either space-inversion operation (1̄) or time-reversal operation
(10) are depicted. (b) Temperature profiles of M=H along the a
axis and resistivity normal to the c axis. (c) A schematic image of
nonreciprocal rotation of reflected light (NRR). The polarization
plane (green arrows) of light reflected from the ab face of TbB4 is
rotated in opposite directions for the two distinct domains.
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states, and thus the directions of NRR, i.e., the signs of θ (and
η) are also opposite between the two. Therefore, AFM
domains in TbB4 can be visualized by spatial distribution
measurements of NRR [Fig. 1(c)].
The magnitude of NRR reported in previous studies

is relatively small (10−5 ∼ 10−4 rad for θ and η in
Cr2O3) [22,28]. To obtain two-dimensional maps of such
a small effect, we adopted a difference image sensing
technique using polarization modulation of incident
light [28,41]. Details of the technique are described in
the Supplemental Material [42]. In this technique, θ and η
are spatially resolved from a difference between reflection
microscope images obtained by using differently polarized
incident light. When θ and η are small and η is small
enough compared with θ, a normalized difference between
the intensities of reflected light under linearly polarized
light (ILP) and right circularly polarized light (IRCP)
irradiation is written as ΔI=I ≡ ðILP − IRCPÞ=2IRCP ≈ θ
[Supplemental Material Eq. (S1) [42] ]. When jηj is
comparable with jθj, the η component also contributes to
ΔI=I signals. In any case, spatially resolved measurements
of ΔI=I reveal spatial distributions of NRR, which corre-
spond to ME (or AFM) domains.
Figures 2(a)–2(c) show two-dimensional maps of

ΔI=I in the paramagnetic and AFM1 phases. Here, the
direction of light propagation is along the c axis, and the
photon energy of incident light is 2.10 eV. The polarization
direction of linearly polarized incident light (Eω

LP) was
set along ½11̄0� [inset of Fig. 2(a)]. In the para-
magnetic phase (50 K), ΔI=I signals are weak and uniform
[Fig. 2(a)], meaning that NRR is zero over the entire
sample. By contrast, in the AFM1 phase (35 K), clear light
and dark contrasts, between which the sign of NRR is
opposite, are observed [Figs. 2(b) and 2(c)]. The cooling
sequence was repeated twice with heating up to room
temperature in between, and the results obtained in the first
and second sequences are shown in Fig. 2(b) and Fig. 2(c),
respectively. The contrast patterns obtained in the first and
second cooling sequences are different from each other,
which suggests that such domains were formed by under-
going the transition into the AFM1 phase. The typical
domain size ranged from several tens to several hundreds of
micrometers.
To investigate the temperature dependence of NRR

signals, we obtained ΔI=I maps at various temperatures.
As seen in the insets of Fig. 2(d), no contrast is observed in
the ΔI=I map at temperatures above TN1 while the contrast
gets stronger with decreasing temperature below TN1. To
evaluate the magnitude of NRR, we obtained a difference in
ΔI=I at Aþ and A− domains, jðΔI=IÞAþ − ðΔI=IÞA−j, by
averaging the results of 10 pairs of nearby opposite domains.
Also, to remove backgrounds, jðΔI=IÞAþ−ðΔI=IÞA−j
at 60K (>TN1)was subtracted from that at each temperature.
Figure 2(d) shows the obtained temperature dependence
of jðΔI=IÞAþ − ðΔI=IÞA−j which develops below TN1 and

increases with decreasing temperature. The temperature
evolution agrees well with that of the magnetic order
parameter obtained by resonant x-ray diffraction [46],
indicating that NRR is effective to detect magnetic order
in ME antiferromagnets with the diagonal ME effect.
Below TN2 (AFM2 phase), Tb moments tilt toward the a

or b axis from h110i, which breaks the four-fold rotational
symmetry. This transition accompanies a structural phase
transition from tetragonal to orthorhombic [34,46], and
the magnetic point group in the AFM2 phase is reduced
to m0m0m0. As illustrated in Supplemental Material
Fig. S2 [42], the AFM2 phase holds four domain states:
the pairs related by either 10 or 1̄ and the pairs related by the
fourfold rotational operation (4). This magnetic symmetry
also holds a finite diagonal ME tensor (α11, α22, and α33)
and allows NRR [27]. However, in addition to NRR, linear
birefringence will be introduced by the four-fold rotational
symmetry breaking. Thus, the polarization rotation of
reflected light is caused not only via NRR but also the
linear birefringence.

FIG. 2. Spatial distributions of NRR in TbB4. (a)–(c) Two-
dimensional maps of ΔI=I, which approximately correspond to
the polarization rotation of reflected light, at 50 (a) and 35 K (b),
(c). These maps were obtained in the same area of the specimen.
The map of (b) was obtained during the first cooling. Then, that
of (c) was obtained during the second cooling after the sample
was heated above TN1. Schematic illustrations in (b) depict the
expected domain states in the respective contrast regions.
(d) Temperature dependence of the difference between ΔI=I
at the light and dark areas, i.e., Aþ and A− domains,
jðΔI=IÞAþ − ðΔI=IÞA−j, which is proportional to the magnitude
of NRR. The insets of (d) display ΔI=I maps used to obtain the
difference at the respective temperatures. The red curve is a guide
to the eye.
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Figures 3(a) and 3(b) displayΔI=I maps at the same area
in the AFM1 and AFM2 phases, respectively. In the AFM2
phase [Fig. 3(b)], stripe patterns are superimposed on the
domain patterns observed in the AFM1 phase [Fig. 3(a)].
The stripes are along [110] or ½11̄0�. To elucidate the origins
of the polarization rotation of reflected light in the
AFM1 and AFM2 phases, we measured ΔI=I maps
with changing the direction of the polarization of incident
light. The domain contrasts of the AFM1 phase remain
unchanged between the two different polarization settings
of Eω

LP==½11̄0� and [110] [compare Fig. 3(a) and Fig. 3(c)].
This result indicates that the polarization rotation of
reflected light in the AFM1 phase comes from NRR which
is independent of the incident light polarization direction.
By contrast, the contrasts of the stripe patterns in the AFM2
phase get reversed between the two different polarization
settings [compare Figs. 3(b) and 3(d)]. This result indicates
that the stripe patterns in the AFM2 phase are due to the
linear birefringence caused by the tetragonal-orthorhombic
structural distortion. Note that the rounded domain patterns
in the AFM2 phase, which already exist in the AFM1
phase, do not show contrast reversal. The schematic
illustrations in Fig. 3 depict the expected domain states
in the respective contrast regions. Thus, we can spatially
resolve the four domain states using the polarization
rotation of reflected light.
To discuss the microscopic origin of NRR in TbB4, we

performed the domain observation measurements at several
photon energies in the AFM1 phase. To evaluate θ and η
ascribed to NRR accurately, we took a normalized

difference between the intensities of reflected light under
right and left circularly polarized light irradiation. The
difference is written as ΔĨ=Ĩ ≡ ðIRCP − ILCPÞ=½2ðIRCP þ
ILCPÞ� ≈ η [Supplemental Material Eq. (S2)]. Figures 4(d),
4(e), and 4(f) show the ΔĨ=Ĩ (or η) maps obtained at 2.10,
2.25, and 2.73 eV, respectively, at 34 K. The domain
contrast in the η maps is the most pronounced at 2.25 eV.
The θ components in the ΔI=I maps are extracted by
calculations using the ΔĨ=Ĩ maps. Figures 4(a)–4(c) show
the obtained θ maps. The domain contrast in the θ maps is
reversed between the images obtained at 2.10 [Fig. 4(a)]
and 2.73 eV [Fig. 4(c)], and no contrast is observed at
2.25 eV [Fig. 4(b)]. This result indicates that the sign of θ is
reversed around 2.25 eV. We evaluated the magnitude of θ
and η at the respective energies in the same way as the data
analysis used for Fig. 2(d). Figure 4(g) shows the obtained
θ and η spectra. The θ spectrum crosses the zero line at
2.3 eV, and the η spectrum takes a peak at the same energy,
which is consistent with the Kramers-Kronig relation
between θ and η. These spectral features suggest that a
characteristic electronic transition contributing to NRR is
located at around 2.3 eV.

FIG. 3. Antiferromagnetic domains in the two AFM phases.
ΔI=I maps at 35 K in the AFM1 phase (a),(c) and at 14 K in the
AFM2 phase (b),(d). The incident linearly polarization light (Eω

LP)
was set along ½11̄0� for (a),(b) and along [110] for (c),(d).
Schematic illustrations depict the expected domain states in
the respective contrast regions.

FIG. 4. NRR spectra in the AFM1 phase. (a)–(f) Two-
dimensional maps of the rotation angle θ (a)–(c) and the
ellipticity η (d)–(f) at 34 K with monochromatic light whose
photon energy is 2.10 (left), 2.25 (middle), and 2.73 eV (right).
(g) Spectra of θ and η. θ crosses the zero line at approximately
2.3 eV (green-colored area) while η shows a peak. The red and
blue curves are guides to the eye.
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A possible origin is the f-f transitions of electrons
localized on Tb3þ ions. Microscopically, the interference of
electric dipole (E1) and magnetic dipole (M1) transitions
mediated by the spin-orbit interaction contributes to NRR.
The contribution to αjjðωÞ from a single Tb3þ ion can be
described as [22,47]

αjjðωÞ ∝
X
k;n

ρk

�
Re½hkjMjjnihnjPjjki�

ωnk − ω − iΓnk

þ Re½hkjPjjnihnjMjjki�
ωnk þ ωþ iΓnk

�
; ð2Þ

where k and n are single-ion states, ρk is an occupation
probability of the state k, ℏωnk is an energy difference
between those eigenstates, Γnk is a damping factor, Pj (Mj)
is an electric (magnetic) dipole moment. In Eq. (2), the real
part of αjjðωÞ shows a dispersive structure, i.e., a sign
reversal, around the resonance frequency ωnk, while the
imaginary part of αjjðωÞ shows an absorptive structure, i.e.,
a single peak structure around ωnk.
The ground state of the localized 4f ions on Tb3þ

is 7F6. The lowest excitations have been assigned to the
transition from 7F6 to 5D4, whose excitation energy is about
2.5 eV [48,49]. This excitation energy is slightly away from
the energy at which the characteristic behavior of NRR was
observed. However, it is possible that the mixing between
the Tb 4f state with the boron 2s and 2p states changes the
excitation energy. Thus, the f-f transition from 7F6 to 5D4

can contribute to NRR in TbB4. Although both E1 andM1

transitions are originally forbidden between 7F6 and 5D4,
they will be allowed with the aid of the noncentrosym-
metric crystal field around the Tb3þ site (site symmetry
C2v) and the mixing of the different total angular momen-
tum J (J-mixing) due to the crystal field [50,51]. We note
that the refractive index NðωÞ can also influence the NRR
spectrum [see Eq. (1)]. Supplemental Material Fig. S3
shows the real (n) and imaginary (κ) parts of NðωÞ, which
were calculated from the reflection spectrum by using the
Kramers-Kronig transformation [42]. They are almost flat
in the range of 2.0 to 3.0 eV, meaning that NðωÞ has less
effect on the structure of the NRR spectrum. By contrast, an
overall feature of the NRR spectrum resembles the energy
profile of α⊥ðωÞ calculated from the experimental data of θ,
η, n, and κ based on Eq. (1) (see Supplemental Material
Fig. S4 [42]). Thus, the energy profile of NRR shown in
Fig. 4(g) largely reflects that of α⊥ðωÞ.
Finally, we briefly compare the NRR technique with

existing techniques as a tool for the AFM domain imaging
of metallic systems. Note that there are several types of
AFM domains such as configuration, orientation, 180°, and
chirality domains [52]. The observation technique depends
on the domain type. The AFM domain revealed in this
NRR study belongs to the 180° domain where a pair of
domains are converted into each other by the time-reversal

operation. However, the imaging techniques for the 180°
AFM domain in metallic systems are limited. Examples of
such techniques include spin-polarized scanning tunneling
microscopy [52,53] and differential phase contrast imaging
in scanning transmission electron microscopy [54]. These
two techniques allow for domain imaging on an atomic
scale without the need for specific symmetry breakings.
However, their domain observation area is restricted to
nanometer scales, and it is hard to carry out in situ
measurements of macroscopic properties such as transport
properties. In contrast, domain imaging using NRR offers
broad-area observation up to millimeter scales, advanta-
geous for monitoring domain responses to external fields
(e.g., electrical current) and for verifying the correlation
between the domain state and macroscopic properties.
While second harmonic generation (SHG) is another
plausible technique [52,55] and shares similar benefits
with the NRR technique, it has never been applied to
metallic AFM systems.
In conclusion, we succeeded in observing an optical

magnetoelectric (OME) effect, nonreciprocal rotation of
reflected light (NRR), in the metallic antiferromagnet
TbB4. Spatial distribution measurements of polarization
rotation angle visualized AFM domain structures of TbB4.
In contrast to AFM domains in ME insulators, which can be
controlled by the simultaneous application of magnetic and
electric fields, it is still difficult to control AFM domains in
ME metals. Recently, switching of AFM domain states
using an inverse effect of NRR was reported in a topo-
logical axion insulator MnBi2Te4 [56]. Such an inverse
effect of NRR will also be effective to control AFM
domains of ME metals. Our achievements provide a new
probe for the spatially resolved detection of symmetry
breakings in metallic compounds.
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