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Optical absorption spectra in the visible and near-infrared light were measured for magnetoelectric spin
glass Ni0.4Mn0.6TiO3 under various field-cooled conditions. Despite the absence of long-range magnetic-
dipole order, this spin-glass system exhibits nonreciprocal directional dichroism (NDD) at zero external
field after a magnetoelectric field-cooled procedure. This result is distinct from previous studies on NDD in
systems with magnetic toroidal moments induced either by long-range magnetic-dipole order or by
applying crossed electric and magnetic fields. The present Letter conclusively demonstrates that the
observed NDD originates from magnetoelectrically induced ferroic order of magnetic toroidal moments
without conventional magnetic-dipole order.
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Nonreciprocal directional dichroism (NDD)—change in
optical absorption by reversing the direction of light
propagation—is one of the nonreciprocal optical phenom-
ena that rectify electromagnetic wave propagation and have
contributed greatly to device applications such as isolators
[1]. Though there have been various approaches to non-
reciprocal light propagation [2–4], recent research develop-
ments on multiferroics revealed that materials exhibiting a
magnetoelectric (ME) effect are favorable for achieving
gigantic NDD [5–8]. The ME effect is a cross-coupling
phenomenon between electricity and magnetism, in which
electric polarization P (magnetization M) is induced by a
static magnetic field H (electric field E). The optical
magnetoelectric (OME) effect is an extension of the ME
effect to the frequency region, that is, the ME effect induced
by an oscillating electric or magnetic field of electromag-
netic wave [5]. From the symmetry point of view, both the
space-inversion and time-reversal symmetries must be
broken for the presence of the linear (O)ME effect.
These symmetry requirements are also applied to nonre-
ciprocal phenomena where physical quantities change upon
a reversal of the direction of wave propagation [5,6]. When
an electromagnetic wave with the angular frequency of ω
propagates through a medium that breaks these symmetries
with the cross product of P and M along (P ×M), its
oscillating magnetic field (Hω) induces an oscillating
electric dipole moment (Pω

H) which interferes with an
oscillating electric dipole moment (Pω

E) induced by the
oscillating electric field (Eω) of the electromagnetic wave.
This OME effect gives rise to NDD, because the con-
structive interference between Pω

H and Pω
E changes to be

destructive by reversing the propagation vector k. Thus,
NDD can be expected due to a component of the refractive
index with the form δn ¼ γk · ðP ×MÞ [γ ¼ const], whose

sign changes by a reversal of k [9]. In fact, most of the
experimental studies on NDD were reported for materials
with finite (P ×M), such as materials in crossed E and H
[9,10], polar materials in H [11–13], magnetoelectrics in H
[14–16], and polar magnets with spontaneous P and
M [17,18].
However, even in the absence of (P ×M), NDD can be

induced by the presence of ME multipole moments such as
magnetic toroidal and quadrupole moments which lead to
off-diagonal linear ME effects [19–22]. The magnetic
toroidal moment is defined as t ∝ Σn rn × Sn, where rn
denotes a position vector of spin Sn at n site and is odd
under both the space-inversion and time-reversal trans-
formations. Most typically, t is generated by head-to-tail
arrangements of spins, namely, a spin vortex. Figure 1(a)
illustrates t along the z axis with an antisymmetric off-
diagonal ME component αxy ¼ −αyx. When k is parallel or
antiparallel to t, the necessary and sufficient symmetry
condition for finite NDD is fulfilled [6]. Because t is closely
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FIG. 1. Schematic illustrations of representative magneto-
electric multipole moments. Spin configurations inducing finite
tz-type magnetic toroidal (a) and qxy-type magnetic quadrupole
(b) moments with the off-diagonal ME coefficients. Red arrows
denote spins.
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coupled with (E ×H), offering a contribution to the free
energy Ft ∝ −t · ðE ×HÞ, P (or M) is induced by the
antisymmetric ME effect as P ∝ −t ×H (or M ∝ t × E)
[21]. Since (Pω

H ×Hω) ascribed to the magnetic toroidal
moment is independent of the polarization angle of the
incident light, NDD due to t is independent of light
polarization. Recently, NDD in the visible and near-infra-
red light regions has been reported for ME antiferromag-
netic materials with finite t but not (P ×M) (e.g., LiCoPO4

[23], MnTiO3 [24], and Bi2CuO4 [25]). Furthermore,
nonreciprocal optical responses can also arise from
magnetic quadrupole moment (qij ∝ Σn½rniSnj þ rniSnj−
2
3
δijrn · Sn�, where i and j denote the x, y, or z axis).

Figure 1(b) illustrates a qxy-type quadrupole moment with
an off-diagonal symmetric ME component αxy ¼ αyx. In
contrast to the toroidal case, (Pω

H ×Hω) due to the magnetic
quadruple depends on the angle of the incident light
polarization. This anisotropy results in the so-called non-
reciprocal linear dichroism (NLD) [26]. Indeed, NLD
has recently been observed in ME antiferromagnetic
PbðTiOÞCu4ðPO4Þ4 with finite magnetic quadrupole
moment but not (P ×M) [27].
In this Letter, we investigate nonreciprocal optical

responses in the visible and near-infrared regions for spin
glass Ni0.4Mn0.6TiO3, which shows off-diagonal and anti-
symmetric ME effects despite the absence of long-range
magnetic order. We demonstrate that this ME spin glass
shows NDD even in the absence of external fields. This
result implies that the spin frozen state of the ME spin glass
can host components of magnetic toroidal moments and is
distinct from the above-mentioned former studies on
systems with the ME multipole moments induced either
by long-range magnetic order or by applying (E ×H).
The material focused on this Letter, Ni0.4Mn0.6TiO3

(NMTO), crystallizes in the centrosymmetric ilmenite
structure in which magnetic Ni2þ and Mn2þ ions are
randomly distributed on a honeycomb lattice [Fig. 2(a)].
As a result, NMTO exhibits a spin glass transition at TSG ≈
9.5 K and is classified as an XY-like spin glass with an
easy-plane anisotropy [28–30]. Moreover, the spin glass
phase exhibits an antisymmetric linear ME effect with
glasslike behaviors such as strong field-cooled condition
dependence [30,31]. Figure 2(b) displays temperature (T)
profiles of P (k½11̄0� in the hexagonal setting) at 9 T
(k½110�) and 0 MVm−1 in a single crystal of NMTO after
cooling the sample at a fixed magnetic field (9 T) and
various electric fields ranging from 0 to 0.5 MVm−1. Prior
to the respective measurements, E along ½11̄0� and H along
[110] were applied at 20 K. Subsequently, the sample was
cooled to 2 K while holding the E andH (ME cooling). The
data clearly show the strong field-cooled condition depend-
ence below TSG. It is notable that the linear ME effect
appears in the centrosymmetric compound without long-
range magnetic order because the linear ME effect requires
broken space-inversion and time-reversal symmetries.

Considering the antisymmetric and glass natures of the
linear ME effect, its origin has been discussed in terms of a
magnetoelectrically controlled frozen state of the toroidal
moment [30,31]. As illustrated in Fig. 2(a) and the insets of
Fig. 2(b), local spin textures in the XY-like spin glass with
the honeycomb lattice generate local toroidal moments
either with �t along the [001] direction [32]. It was
suggested that the presence of ðE ×HÞk½001� during the
spin freezing process polarizes net t along [001] to gain the
free energy, which can cause the observed ME effect in
the spin glass phase. Thus, we anticipate that NMTO
cooled at finite (E ×H) exhibits NDD ascribed to the spin
frozen state with the magnetoelectrically polarized toroidal
moment.
To examine NDD in the spin glass phase of NMTO, we

measured optical absorption spectra in the visible and near-
infrared light regions by using a high-field optical spec-
troscopy system [33]. The light was illuminated along the
[001] direction, i.e., kk½001�. Details of the experiments are
described in Supplemental Material [34]. Figure 3(a) shows
a representative absorption (A) spectrum taken at 4.2 K in
the absence of E and H. As indicated by thick arrows, the
spectrum exhibits three peaks at around 11 900, 13 200,
and 23 000 cm−1 though that around 23 000 cm−1 is
saturated. From the comparison with the optical spectra
of Ni complexes [35], we assign the absorption peaks
around 11 900 and 23 000 cm−1 to spin-allowed d-d tran-
sitions of Ni2þ and that around 13 200 cm−1 to a spin-
forbidden d-d transition of Ni2þ. Prior to the respective
NDD measurements, we applied crossed E and H in the
(001) plane of NMTO at 20 K (>TSG), as depicted in the

FIG. 2. Glassy feature of magnetoelectricity in ilmenite-
type Ni0.4Mn0.6TiO3. (a) Schematic crystal structure of
Ni0.4Mn0.6TiO3 projected along [001] (hexagonal setting). Only
sites at which magnetic ions sit are depicted. Randomly distri-
buted Ni2þ and Mn2þ ions form stacked honeycomb lattices. Red
arrows denote randomly frozen spins aligned within the XY plane
on the respective magnetic ions, which generate a finite toroidal
moment t. (b) Temperature profiles of electric polarization
measured at 9 T and 0 MVm−1 after cooling the sample at a
fixed cooling magnetic field (9 T) and various cooling electric
fields ranging from 0 to 0.5 MVm−1. The insets of (b) show
expected configurations of t after the respective ME-cooled
conditions.

PHYSICAL REVIEW LETTERS 129, 217201 (2022)

217201-2



inset of Fig. 3(b) (ME cooling). Then, the sample was set to
the measurement temperature while holding the applied E
and H. Thus, measurements in the spin glass phase (<TSG)
were done after ME cooling, i.e., cooling in the presence of
finite (E ×H). Instead of reversing the light propagation,
i.e., the sign of k, we obtained NDD by reversing the sign of

E during the ME cooling process, which will cause a sign
reversal of t. Thus, NDD is detected as the difference
between two optical absorption spectra, ΔAf¼ ½AðþEÞ−
Að−EÞ�g, obtained after the ME cooling processes with
�E (¼� 0.4 MVm−1).
Figure 3(b) displays ΔA obtained using linearly polar-

ized light under several conditions in terms ofH and T. The
polarization geometry of incident light is illustrated in the
inset. For all the data shown in Fig. 3(b), E andH were first
set to the measurement conditions at 20 K. Subsequently,
the sample was cooled to a measurement temperature.
When ΔA is measured in the paramagnetic phase
(T ¼ 20 K > TSG) at finite (E ×H), no substantial signal
is observed in the entire wave number region studied here
[green squares in Fig. 3(b)]. Moreover, whenΔA is taken in
the spin glass phase (T ¼ 4.2 K < TSG) after cooling the
sample only in E but not in H, that is, in the absence of
(E ×H), the data almost overlap those obtained at 20 K and
show no NDD [orange triangles in Fig. 3(b)]. In contrast,
for the data in the spin glass phase (T ¼ 4.2 K < TSG) with
finite (E ×H),jΔAj develops below 16 000 ∼ 20 000 cm−1
and reaches up to 0.8% at around 10; 000 cm−1 [red circles
and blue diamonds in Fig. 3(b)]. Thus, NDD develops only
in the spin glass phase at finite (E ×H) after the ME
cooling. Furthermore, by comparing the data at 4.2 K in
magnetic fields of þ15 T (red circles) and −15 T (blue
diamonds), it is obvious that the sign of ΔA is reversed by
the sign change of H. These results are well explained by
considering that the sign of net toroidal moment which
depends on that of (E ×H) is reversed by a reversal of
either E or H.
Next, to examine whether the observed directional

dichroism in NMTO is purely due to toroidal moment
without (P ×M), we turn off both the external electric and
magnetic fields after the ME cooling. Experimental pro-
cedures prior to the measurements are schematically drawn
in Fig. 4(a). After the sample was cooled down to 4.2 K in
finite E and H, only E was removed (red open circle) or
both E and H were removed (green filled triangle) before
the measurements. Figure 4(c) displays the results mea-
sured in a magnetic field of 15 T (red open circles) and
at zero magnetic field (green filled triangles). Here ΔA is
the difference between the absorption spectra measured
at 4.2 K after cooling the sample in opposite cooling
electric fields �Ecool, ΔAf¼ ½AðþEcoolÞ − Að−EcoolÞ�g.
Surprisingly, these two data well coincide with each other,
which means that the cooling condition is more critical
for NDD than the measurement condition. As shown in
Fig. 4(b), P in NMTO becomes zero in the absence of H
even after the ME cooling [30]. [Note that the static ME
effect cannot be detected with measurements of P in the
absence of H. In other words, the absence of P at H ¼ 0 in
Fig. 4(b) does not mean the disappearance of the ME tensor
for the static ME effect.] Thus, althoughM slightly remains
due to the long relaxation time inherent in spin glasses,

FIG. 3. Spectra of nonreciprocal directional dichroism (NDD)
of Ni0.4Mn0.6TiO3 in the visible and near-infrared light regions.
(a) Absorption spectra taken at 4.2 K with the incident light
propagating along [001] (hexagonal setting) in the absence of
external field E and magnetic fieldH. Thick arrows in (a) indicate
peak structures in the spectrum. (b) The difference between
the absorption spectra measured at opposite electric fields
(�E ¼ �0.4 MVm−1), ΔAf¼ ½AðþEÞ − Að−EÞ�g, corresponds
to NDD. Open green squares show the data measured in H of
15 T at 20 K (paramagnetic phase). Open orange triangles, red
circles, and blue diamonds denote the data measured in 0, þ15,
and −15 T, respectively, at 4.2 K (spin glass phase). Prior to the
measurements in the spin glass phase, E and H were first set to
the measurement conditions at 20 K. Subsequently, the sample
was cooled down to 4.2 K. The inset illustrates the experimental
setup. Crossed E and H were applied in the direction parallel to
the (001) plane, and the propagation vector of light k is along
[001]. All the data shown in (b) were taken by using the polarized
light whose polarization geometry is illustrated in the inset. Eω

and Hω denote the oscillating electric-field and magnetic-field
components of the light, respectively.
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(P ×M) is zero in our measurement of ΔA at jEj ¼ jHj ¼
0 [green triangles in Fig. 4(c)]. Therefore, our observation
of NDD at zero electric and magnetic fields clearly
demonstrates breakings of space-inversion and time-
reversal symmetries in the ME-cooled spin frozen state
which remains even after E andH are turned off. This result
also provides the feasibility of nonvolatile NDD switching
by tuning the ME-cooled spin frozen state. In fact, the
magnitude of NDD strongly depends on the cooling
magnetic field (see Fig. S1 in Supplemental Material
[34]). Such a behavior is qualitatively consistent with
that observed for αxy (and αyx) for a static linear ME
effect which strongly depends on the cooling magnetic
field [31].

From the point of view of the OME effect, NDD in the
present experimental configuration after the ME cooling at
crossed E and H appears when a medium has finite off-
diagonal elements αxy and αyx of the ME tensor. Here, k is
along the [001] direction. The off-diagonal ME tensor can
be decomposed into a sum of antisymmetric and symmetric
components:

0
B@

0 αxy 0

αyx 0 0

0 0 0

1
CA ¼

0
B@

0 αA 0

−αA 0 0

0 0 0

1
CAþ

0
B@

0 αS 0

αS 0 0

0 0 0

1
CA:

ð1Þ

The antisymmetric component α̃A originates from magnetic
toroidal moment t along [001] [e.g., Fig. 1(a)] while the
symmetric component α̃S is ascribed to a magnetic quadru-
pole moment qxy [e.g., Fig. 1(b)] [21,36,37]. The former is
intact under a coordinate rotation about the z axis by an
arbitrary angle while the latter changes its sign under the
π=2 rotation. Therefore, NDD ascribed to α̃A, i.e., t, will
appear irrespective of the polarization state of the light [6].
By contrast, the sign of NDD ascribed to α̃S, i.e., qxy, is
reversed by the π=2 rotation of the light polarization, and
therefore NDD due to α̃S disappears when the light is
unpolarized. Thus, by measuring the light polarization
dependence of NDD, the contribution from the respective
moments can be clarified. (The possibility of polarization
rotation accompanied with the propagation of the electro-
magnetic wave along the [001] direction is detailed in
Supplemental Material [34].)
Figure 5 shows ΔA obtained by illuminating unpolarized

light. The most important feature is that finite ΔA is
observed in unpolarized light. This result shows that

FIG. 4. Nonvolatile feature of nonreciprocal directional dichro-
ism (NDD) in Ni0.4Mn0.6TiO3. (a) Schematic representation of
magnetoelectric (ME) cooling procedure done prior to the
measurements shown in (b) and (c). (b) Temperature dependence
of electric polarization P measured in the absence of electric field
E at magnetic fields H of 0 T (green filled triangles) and 9 T (red
open circles). (c) The difference between the absorption spectra
measured at 4.2 K after cooling the sample in opposite cooling
electric fields�Ecool. All the data shown in (b) and (c) were taken
in the absence of E during the measurements. Before the
measurements, ME cooling was done with a finite magnetic
field [Hcool of 9 for (b) and 15 T for (c)] and a finite electric field
[Ecool of 0.5 for (b) and 0.4 MVm−1 for (c)]. Red open circles
show the data measured in a finite magnetic field [9 for (b) and
15 T for (c)], while green filled triangles denote the data measured
at zero magnetic field. The NDD data at 0 T was taken after the
magnetic field was swept from 15 to 0 T at a rate of
0.017 T sec−1. These data demonstrate that NDD is observed
even at jP ×Mj ¼ 0.

FIG. 5. Nonreciprocal directional dichroism measured with
unpolarized incident light in Ni0.4Mn0.6TiO3. The difference
between the absorption spectra measured at opposite electric
fields (�E ¼ �0.4 MVm−1), ΔAf¼ ½AðþEÞ − Að−EÞ�g. The
measurements were done at 4.2 K and 14 T after magnetoelectric
cooling.
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magnetic toroidal moment contributes to the observed
NDD. In other words, a spin arrangement in the ME-
cooled spin glass state of NMTO includes the components
of a spin texture generating the tz-type toroidal moment,
which is consistent with the claim of the previous Letter on
the static ME effect [30]. Note that, in principle, the
contribution of qxy-type magnetic quadrupole moment
can also be estimated by investigating the polarization-
direction dependence of NDD with linearly polarized light.
However, our present experimental accuracy is not suffi-
cient to discuss small differences in NDD for different
polarization configurations. The problem will be overcome
by the improvement of the experimental setup and/or the
development of glassy states with larger ME couplings in
future work.
In summary, the present Letter demonstrated nonrecip-

rocal directional dichroism originating from magnetic
toroidal moments in a spin frozen state without long-range
magnetic order. Furthermore, if measurements of light
polarization dependence with high accuracy is carried
out, the contribution of magnetic quadrupole moments to
nonreciprocal optical responses can be deduced. In other
words, measurements of the nonreciprocal optical
responses can be a powerful tool to detect the presence
of magnetoelectric multipole moments. From the symmetry
point of view, not only the light propagation but also the
propagation of electron and acoustic or spin wave is
possible to be nonreciprocal by these multipole moments.
Thus, new ways to control the various kinds of particle or
quasiparticle currents in matter will be opened up.
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