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In magnetoelectric materials, where the time-reversal and space-inversion symmetries are simulta-

neously broken, optical properties can differ between the opposite propagation directions of light. We

report on an experimental observation of nonreciprocal trajectory of a light ray in magnetoelectric material

CuB,0,. The light is refracted in different ways between the opposite propagation directions of light.

We find a nonreciprocal refraction at the interface between a matter with macroscopic toroidal moment and
vacuum. The resultant nonreciprocal deflection of the light is 0.005 deg, which is quantitatively explained

using Fermat’s principle.
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Magnetoelectrics are materials in which electricity and
magnetism are strongly coupled with each other [1]. A
distinct feature of these compounds is the magnetoelectric
effect the induction of magnetization (electric polari-
zation) by an electric (magnetic) field. In addition to the
static magnetoelectric effect, nontrivial optical phenomena
may emerge in magnetoelectric materials because light
is a wave of oscillating electric and magnetic fields.
A representative example is the nonreciprocity of light
propagation—a change in optical properties by the reversal
of the propagation direction of light. Such nonreciprocal
effects have been reported in a wide frequency range:
gigahertz [2,3], terahertz [4—6], near infrared [7,8], visible
[9], and x ray [10]. The refractive index n, i.e., the speed of
light in ferrotoroidic matter, is expressed as [11]

A ~ A
n(k):nOJrTnk-T. (1)

Here An denotes the change in refractive index by the
reversal of wave vector k, and T « P x M is a macroscopic
toroidal moment [12], where P and M denote static electric
polarization and magnetization in the magnetoelectric
material, respectively. k and T are unit vectors in the
direction of k and T, respectively. Equation (1) explains
that the refractive index changes whether the propagation
vector k of light is parallel or antiparallel to the toroidal
moment 7', which is termed nonreciprocal directional
birefringence (NDB).

In a conventional birefringent matter like calcite, it is
well known that the trajectory of light is different depend-
ing on the polarization of light [Fig. 1(a)]. Such a
polarization dependent refraction can be explained by
Fermat’s principle, which states that light takes the path
which requires the shortest optical path length, [ ndr. Since
the refractive index changes with the polarization of light,
the trajectory with the minimum optical path length is also
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polarization dependent. On the other hand, the trajectory of
light is unchanged by the reversal of propagation direction
of light because the optical path length from point X to
point Y, f}; n(r)dr, is always the same as that from Y to X,
Ji¥ n(r)dr. However, a remarkable consequence of Eq. (1)
is that if the speed of light ¢/n is direction dependent, the
shortest optical path can be different between the opposite
propagation directions. Sawada and Nagaosa [11] predicted
that light would be deflected in different ways between
the opposite propagation directions, when light propagates
perpendicularly to rot T, which can be nonzero at a 180°
toroidal domain wall, for instance. The effect has however
not been observed in experiments yet, maybe because
detecting the deflection of light at a domain wall is
challenging. We experimentally investigate nonreciprocal
refraction of light in a single domain ferrotoroidic state, as
shown in Fig. 1(b). The refraction of light is expected to be
nonreciprocal at the interface between the ferrotoroidic
matter and vacuum where rot T has a nonzero value. We
have chosen CuB,0, for the investigation since it shows
gigantic nonreciprocity for near infrared light at 1.4 eV,
which corresponds to a d-d transition of a Cu’* hole
[7,8,13-16]. The origin of the nonreciprocity of light is
explained by the interference between the electric-dipole
and magnetic-dipole transitions mediated by spin-orbit
coupling. CuB,0, crystallizes in a noncentrosymmetric
tetragonal structure 1424 [17]. It shows successive mag-
netic transitions at 9 and 21 K [18,19]. Between the
transition temperatures, the magnetic Cu®* ions at squarely
coordinated sites show easy-plane-type canted antiferro-
magnetic order, while those at distorted octahedral sites
remain disordered. We can easily obtain a single magnetic
domain state with the application of a magnetic field of
about 30 mT. The magnetic point group in a magnetic field
along the [110] axis is a polar mm2”, which allows electric
polarization along the ¢ axis [20]. As a consequence, the
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FIG. 1. Schematic illustration of conventional birefringence,
nonreciprocal refraction, and the crystal and magnetic structures
of CuB,0y. (a) In a conventional birefringent matter, a trajectory
of light is polarization dependent, and it is reciprocal. When light
propagates from a point X to a point Y, it can be sent also from Y
to X. (b) In a material with the macroscopic toroidal moment T,
the reciprocity of the light path breaks down and the trajectory
of light can be direction dependent. When light is incident
perpendicular to the toroidal moment, the refraction becomes
different between opposite propagation directions. Although light
propagates from the point X to the point Y, the light from the
point Y cannot be sent back to the point X but instead goes to
another point, X’. (c) Crystal and magnetic structures of CuB,0,
in a magnetic field BJ|[110], projected along the tetragonal ¢ axis.
Red arrows indicate magnetic moments of the Cu®>" ions at
squarely coordinated sites in the canted antiferromagnetic phase.
Directions of electric polarization P, magnetization M, and
toroidal moments 7" are also shown.

toroidal moment T « P x M appears along the [110] axis
[Fig. 1(c)], and the optical responses become nonreciprocal
for the light propagating along the toroidal moment
(k||T||[110]) [7,8,16]. Notably, the toroidal moment can
be reversed by the reversal of the magnetic field since
the electric polarization direction is unchanged, while the
magnetization is flipped. Therefore, we can detect the
nonreciprocal signal by the reversal of the magnetic field
instead of a reversal of k [7,16].

Single crystals of CuB,0, were grown by a flux method.
Powders of CuO (7.250 g), B,O5 (15.228 g), and LiCO;
(4.041 g) were mixed and put into a Pt crucible. They were
heated at 1020 °C in air and then cooled down to 800 °C at a
rate of 1.1°C/h, and to room temperature at a rate of
16 °C/h. The obtained crystal was oriented by using Laue
x-ray photographs, then cut into thin plates with the widest
faces of (001). The faces were polished to be specularly
flat. The thickness of the sample was 3 mm. The sample
was mounted on a copper holder with a hole of diameter
300 pym in a He closed-cycled refrigerator. By controlling
the temperature of a laser diode, the wavelength of light
was tuned to 888 nm, where CuB,0, does not show any
optical absorption. The measurement was performed with
the application of an ac magnetic field of 50 mT along the
[110] axis at a frequency of 1.13 Hz. The beam from the
laser diode was passed through the hole of the Cu holder
and the sample. The peak position of the transmitted light
intensity was measured by a beam profiler (Coherent
LaserCam-HR) every 0.2 s.

Figure 2(a) shows an experimental setup for detecting
the nonreciprocal refraction, where 6 denotes the displace-
ment of the ray of light with the reversal of T. Since
detecting a change of the beam position with the reversal
of k could not be done accurately enough to confirm the
nonreciprocity, we measured the displacement of light &
with the reversal of T, which can be achieved by the
reversal of the external magnetic field. We show in Fig. 2(b)
the oscillation of the beam position along the [110] axis of
the transmitted light of oscillating electric field E“||[110]
and magnetic field B”||[110] in an ac magnetic field at a
frequency of 1.13 Hz and an amplitude of B = 50 mT
along the [110] axis. It is confirmed that the center position
of the light ray oscillates along the direction of the toroidal
moment about 500 nm at the frequency of the magnetic
field. Figure 2(c) shows temperature dependence of the
displacement of light § along the T direction and the
magnetization measured in the magnetic field of 50 mT
along the [110] axis. Here § was obtained by the discrete
Fourier transformation of the time evolution of the beam
center position. The nonreciprocal refraction of light is
clearly visible in the canted antiferromagnetic phase where
the toroidal moment appears, while it disappears in the
helical (T <9 K) and paramagnetic phases (7 > 21 K).
The slight discrepancy of the transition temperatures
between the magnetization measurement and the present
measurement may come from the low thermal conductivity
of CuB,O, and/or thermal contact between the sample
and the copper holder. It is of note that the time-reversal
symmetry is preserved in the helical and paramagnetic
phases. This result indicates that the ferroic toroidal order is
essential to the nonreciprocal refraction. Figure 2(d) shows
the magnetic-field dependence of the displacement of light
at T = 10 K. The displacement of light increases with the
magnetic field and saturates around B = 40 mT, where the
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FIG. 2. Experimental observation of nonreciprocal refraction. (a) Experimental setup to detect nonreciprocal refraction. The light with
a wavelength at 888 nm was sent from a laser diode to a CuB,0, single crystal. An ac external magnetic field was applied along the
[110] axis, and the change in the beam position of the transmitted light with the reversal of the magnetic field was measured by a beam
profiler. (b) The detected oscillation of the beam center position of the transmitted light for the linearly polarized light of E®||[110],
B?|| [i 10]. (¢) Temperature dependence measured at B = 50 mT of magnetization (red) and the displacement of light 5 (blue) measured
for the linearly polarized light of E||[110], B®||[110]. Canted AFM and PM represent the canted antiferromagnetic and paramagnetic
phase, respectively. (d) Magnetic-field dependence of § measured at 7 = 10 K. (e),(f) A discrete Fourier transform of the beam position
of light for the linearly polarized light of (e) £“(|[110], B“||[110] and (f) E“||[110], B“||[110]. Green and yellow lines show the deflection
of light along the toroidal direction [110} and the magnetization direction [110], respectively.

magnetization is aligned to the magnetic-field direction.
The displacement of the beam is confirmed to be about
500 nm in the single toroidal domain state.

Next, we discuss the polarization dependence of the
effect. Figure 2(e) shows the discrete Fourier transforma-
tion of the beam center position in an ac magnetic field of
B =50 mT for the linearly polarized light of oscillating

electric field E“[[[110] and magnetic field B”||[110] at
T = 10 K. Here green and yellow lines show the displace-
ment § in the T|[110] and B||[110] directions, respectively.
The light deflects along the toroidal moment at 1.13 Hz,
which corresponds to the frequency of the magnetic-
field modulation. However, the displacement of light
was not observed for the linearly polarized light of
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FIG. 3. Polarization dependence of the nonreciprocal refrac-
tion. (a) Schematic illustration of the nonreciprocal directional
birefringence for the linearly polarized light of E®||[110],
B?||[001]. The speed of light changes whether its propagation
direction is parallel or antiparallel to the toroidal moment. (b),
(c) Schematic illustration of nonreciprocal propagation of light.
When light propagates perpendicularly to the toroidal moment,
linearly polarized light of E®||[110], B®||[110] is deflected
toward the —T direction because the speed of light becomes
faster when the light is deflected toward the —T direction. By
the reversal of the propagation direction of light, the light is
again deflected toward the —T direction, and the optical path
can be nonreciprocal. (d) CuB,0, does not show NDB for the
linearly polarized light of E®||[001], B®||[110] because the ¢
component of the magnetic field of light B”||[001] is essential
for the nonreciprocity of light. (e) A linearly polarized light
along E®||[110], B®||[110] is not deflected since the speed of
light does not depend on whether it is deflected toward the T
or —T direction. (f) The optical path does not change with the
reversal of the propagation direction of light for the polarization
of E®||[110], B*||[110].

E®||[110]B*||[110], as shown in Fig. 2(f). The polarization
characteristic of the displacement of light can be explained
by the selection rules of the d-d transition of the Cu** hole.
The NDB signal originates from the interference between
the electric dipole and the magnetic-dipole transitions
from the ground state to the excited state at 1.40 eV [8].
The transition is the electric dipole allowed by E“_L[001],
while it is the magnetic dipole allowed by B®||[001]. When
light propagates along the toroidal moment 7', the NDB
shows up for the polarization B®||[001] [Fig. 3(a)], while it
does not appear for the polarization E”||[001] [Fig. 3(d)]
because E”_L[001] and B?||[001] are essential for the 1.4-
eV NDB in CuB,0O, [14]. In our experimental setup, the

light propagates along the [001] axis, which is
perpendicular to the toroidal moment 7. For the linearly
polarized light of E“[[[110], B”||[110], a small [001]
component of B” appears when the light deflects along
the T direction, as shown in Fig. 3(b). Since the speed of
light deflecting to the -7 direction is faster than that of it
deflecting to the +7 direction (NDB), the light should be
deflected toward antiparallel to the toroidal moment. When
we reverse the propagation direction of light [Fig. 3(c)], the
ray of light should bend toward antiparallel to the toroidal
moment as well. As a result, the trajectory of light becomes
different between the opposite propagation directions. On
the other hand, when the electric field of light E” is parallel
to the toroidal moment [Fig. 3(e)], the [001] component of
B? is absent even if the light deflects along the T direction
because B” keeps parallel to the [110] axis. The light
should not bend because the speed of light depends little on
whether the propagation direction of light is parallel or
antiparallel to the toroidal moment, as shown in Fig. 3(d).
The optical path does not change by the reversal of the
propagation direction for E®||T [Figs. 3(e) and 3(f)].

Although the observed oscillation of light may originate
from the nonreciprocal refraction, one should also consider
other possible effects which can produce the oscillation of
the beam, such as the Cotton-Mouton effect, magnetic
noise, and the oscillation of the sample due to the magnetic
force. The nonreciprocal refraction should be distinguished
from these effects. If the signal would originate from the
Cotton-Mouton effect, the frequency of the displacement of
light should be observed at 2.26 Hz because the Cotton-
Mouton effect is proportional to the square of the mag-
netization strength M. Other possibilities such as magnetic
noise and sample oscillation should not contribute to the
detected signal because the displacement of light disap-
pears when the polarization of light is £||[110]B*||[110)].
We hence conclude that the detected shift of light should
originate from the nonreciprocal refraction of light.

Let us quantitatively estimate the shift of the light path
by using Fermat’s principle. By using the deflection angle 6
(Fig. 4), the displacement of light can be expressed as

D
H &
[ ]
\ 5
Thickness d —

FIG. 4. Schematic illustration of the displacement of light 6 due
to the reversal of the toroidal moment. The blue box indicates the
sample. The green arrows indicate the toroidal moments. 6 and d
denote the deflection angle of light and the thickness of the
sample, respectively.
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6 = 2d sin 0, where d = 3 mm denotes the thickness of
the sample. The optical path length s(6) in the sample is
represented as

5(0) —/n<9)dr— <n0—%9>d(1 +%2>.

By differentiating s(@) with respect to 6, the minimum
condition for the optical path length @ = An/2n, can be
obtained. According to the measurement of the nonrecip-
rocal directional birefringence, the change Arn in the
refractive index between the opposite propagation direc-
tions of light is An~3x 107* at 888 nm [14]. The
displacement 6 is given by

1000

no

6 =2dsinf ~

nm,

which is in a good agreement with the experimental
value 6 = 500 nm.

In summary, we experimentally investigated a nonrecip-
rocal refraction phenomenon originating from NDB in the
single toroidal domain state CuB,0O,. The nonreciprocal
refraction was confirmed in the canted antiferromagnetic
phase. The displacement 6 of the light ray was quantita-
tively explained by Fermat’s principle. While it is usually
assumed that the optical path would not change with the
reversal of the propagation direction of light, this Letter
shows that this is not always correct in magnetoelectric
materials. Although the magnitude of the effect, 500 nm, is
small, the nonreciprocal refraction is observable in a
magnetoelectric material. Large nonreciprocal refraction
may be found in terahertz region, where the gigantic NDB
signals of An ~ 0.6 were reported [5,6]. In addition, the
NDB signal can be dramatically enhanced by fabricating
photonic crystals [21,22], which may lead to the gigantic
nonreciprocal refraction.
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