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Magnetochiral Dichroism in a Collinear Antiferromagnet with No Magnetization
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We show the directional dichroism in a collinear antiferromagnet MnTiO5. The dichroism between two
distinctive antiferromagnetic states with opposite signs of staggered magnetic moments can be regarded as
magnetochiral dichroism in the absence of external fields. Electric-field reversal of antiferromagnetic
domain causes a change in the absorption intensity of unpolarized light around 2.15 eV. The difference in
optical absorption between two antiferromagnetic states is reversed for the light propagating in the opposite
direction. The absorption coefficient displays a hysteretic behavior for a cycle of sweeping the external

electric or magnetic field.
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Symmetry breaking induces specific optical effects. The
lack of rotation, mirror reflection, and time-reversal sym-
metries induce the linear dichroism, natural circular dichro-
ism, and magnetic circular dichroism, respectively. For
unpolarized light, the simultaneous violation of the spatial-
inversion and time-reversal symmetries brings about non-
reciprocal directional dichroism. Directional dichroism of
unpolarized light was uncovered as the magnetochiral
dichroism (MCHD) in 1998 [1] following the earlier
theoretical prediction [2] and formulation [3,4].

The microscopic origin of MCHD is traceable to the
interference between electric-dipole (E1) and magnetic-
dipole (M1) transitions or between the E1 and electric-
quadrupole (E2) transitions [4,5]. When the light of angular
frequency w propagates along the z axis, the contribution of
the E1-M1 interference to the absorbance is expressed as

aEl—Ml(

®) x a)Im[axy(w) — ayx(w)]. (1)
a,p(w) represents dynamic linear magnetoelectric (ME)
coupling where an oscillating magnetic field B(w)
induces oscillating electric polarization P(w) as P,(w) =
a,5(w)Bg(w). Equation (1) says that MCHD arises in a
material hosting the off-diagonal antisymmetric ME cou-
pling, which is identified with magnetic toroidal moment 7" as
b(w)T" = €,,,a,,(w) with a function b(w) of @ and the
Levi-Civita symbol &;; [6]. In chiral materials, the toroidal
moment 7" can be induced in proportion to magnetization M.
So far it has been established that net magnetization causes
MCHD in various chiral magnets, such as ferromagnets [7],
weak ferromagnets [8], and helimagnets in the magnetic field
[9] when the light propagates along M and hence T
Motivated by recent developments in the field of anti-
ferromagnetic spintronics [10—12], we pursue engineering
of the dichroism in antiferromagnetic insulators. While
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antiferromagnets have no net magnetization, ordering of
staggered moment L may break time reversal and spatial-
inversion symmetries if a crystallographic unit cell contains
pairs of magnetic ions connected by the space-inversion
operation. A linear-ME antiferromagnet is an ideal platform
for the MCHD of L origin, if an antisymmetric linear-ME
coupling is activated by L. Furthermore, one can also align
the direction of L through the ME coupling, which is
essential for the detection of directional dichroism in a
macroscopic scale. In spite of possible novel functional-
ities, such as electric-field switching of color and optical
imaging of antiferromagnetic domain patterns, directional
dichroism in linear-ME antiferromagnets has been studied
only in the terahertz range [13] and research for visible
lights seems lacking.

Here we present the dichroism in a collinear antiferro-
magnet MnTiO5. The asymmetry in the absorption coef-
ficient for two distinctive antiferromagnetic states with
opposite signs of L is observed. Furthermore, each anti-
ferromagnetic state shows directional dichroism, which can
be regarded as MCHD from symmetry consideration.
MnTiO; crystallizes in the ilmenite structure with the
centrosymmetric space group R3 [14]. Buckled honeycomb
layers of Mn”>* with S = 5/2 and those of nonmagnetic
Ti** alternately stack along the ¢ axis [Fig. 1(a)]. In each
honeycomb layer, inversion centers are located at the bond
centers, but not at the atomic sites [Fig. 1(b)]. At Néel
temperature 7, = 65 K, MnTiO3 undergoes a magnetic
phase transition. Antiferromagnetic honeycomb layers of
Mn?* with the easy-axis anisotropy stack without doubling
the unit cell [Fig. 1(a)] [15,16]. The ¢ = 0 antiferromag-
netic ordering with electron spins of opposite orientations
on each sublattice violates the time-reversal and spatial-
inversion symmetries as in Cr,O3 [17]. The magnetic point
group becomes 3’, which hosts the linear-ME tensor a
represented as
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FIG. 1. (a) Antiferromagnetic structures of MnTiO; (left) and
Cr, 05 (right) projected along the a axis. Arrows denote magnetic
moments. Purple, light-purple and green spheres denote Mn>*,
Ti**, and Cr** ions, respectively. Oxygen atoms are omitted. On
the right panel, twofold rotation axes along the a axis are denoted
by blue symbols. (b) A honeycomb network of Mn>* in MnTiO5.
White circles denote inversion centers located at bond centers.

a a 0
a=\|—-a a 0|, (2)
0 0 ClH

with nonzero toroidal moment 7¢ « a, [18]. Note that the
antisymmetric off-diagonal term ¢, in Eq. (2) is forbidden
in linear-ME Cr, 05 of the corundum structure with twofold
rotation axes along the a axis as depicted in Fig. 1(a) [17].
Layered ordering of Mn>* and Ti*" is crucial to activate
T¢. The presence of a,, or toroidal moment T|c, is
associated with the lack of twofold symmetry in the
ilmenite structure. In general, the sign of each component
of linear-ME tensor « in an antiferromagnet corresponds to
the sign of the staggered moment. The free-energy com-
ponent AF related with the ME effect is represented as

AF = —C”LCECHC, (3)

where ¢ > 0 is defined as a| = ¢| L. [18]. In MnTiO;, L

is the difference between the magnetic moment on two
distinct antiferromagnetic sublattices, left-handed and
right-handed MnOg clusters (shown later). E. and H.
are the electric and magnetic fields along the ¢ axis. In
a static magnetic field H,. > 0, positive electric field E. > 0
favors the L. > O state, and E,. < 0 favors L. < 0. When
the energy barrier between the L. > 0 and L. < O states is
small enough, we can isothermally flip L. by sweeping E.
in a static H .. Similarly, L. is also manipulated by sweeping
H, in astatic E,. In this way, L, in MnTiOj is reversible by
a combination of E. and H,.. In MnTiO3, both T and L
have the same symmetry, i.e., odd to spatial inversion and

time reversal, and oriented along the ¢ axis. Therefore, 7
should be expanded by odd powers of L, as T = a; L.+
azL? + - - -. Hence a combination of E,. and H, can switch
the toroidal moment T in MnTiO3, as a magnetic field does
the magnetization in a ferromagnet.

Single crystals of MnTiO; were grown by the floating-
zone technique in Ar flow [18]. Temperature (7), magnetic-
field (H), and electric-field (£) dependence change in
electric polarization (P) was obtained by integrating the
displacement current with respect to time. For T-dependent
measurements in a magnetic field of H =0 or 6 T, the
sample was cooled down from 90 K (> T) in an electric
field Ene larger than 0.08 MV/m and a corresponding
magnetic field H. Magnetic field of 6 T is below the critical
field of 6.4 T for the spin-flop transition at 55 K [19].
Optical absorption measurements were carried out in a
cryostat equipped with a 15-T magnet at High Field
Laboratory for Superconducting Materials in Tohoku
University. A crystal of MnTiO; was shaped into a plate
with large ¢ planes and polished to reduce the thickness d to
90 um. Gold with a thickness of 250 A was sputtered onto
both ¢ planes to form electrodes. Optical absorption spectra
were measured by a spectrometer equipped with a CCD
detector.

We first investigate the in-plane components @, and a |
of ME effects, which are still unveiled experimentally.
Magnetically induced electric polarization in MnTiO5 is
shown in Fig. 2(a). The presence of magnetically induced
in-plane polarization below Ty is apparent. The value of
ME susceptibilities is estimated to be a; = 0.1 and a, =
0.7 ps/m at 55 K, which are smaller than @) = 3.2 ps/m.
In addition, temperature dependence of a, and a,; is
different from a, reflecting uniaxial magnetic anisotropy
[16]. The former grows monotonically with cooling, while
the latter takes its maximum at 53 K. The ME response is
similar to that in Cr,O5 except for the presence of a,, which
is essential for directional dichroism.

The linear relationship between electric polarization P,
along the ¢ axis and H, is displayed in Fig. 2(b), which
qualitatively agrees with the previous report [18]. The
coupling constant @ changes its sign according to the signs
of the poling electric and magnetic fields. The sign reversal
of | indicates the switching of staggered moments L and
hence the toroidal moment 7. Figure 2(c) shows the P, —
E . hysteresis loop of magnetically induced P, at 6 T, 55 K.
The residual polarization of ~15 4C/m? in Fig. 2(c) is
consistent with the polarization induced by H, of 6 T, as
shown in Fig. 2(b). It is clearly shown that an electric field
of 0.25 MV/m isothermally switches the magnetically
induced polarization at 55 K, 6 T. The magnitude of the
coercive electric field for MnTiOj; is comparable to that for
Cr,05 [20]. Considering the coupling between the sign of
a|, the staggered moments L, and the toroidal moment 7°,
it is revealed that 7¢ in MnTiO; should be isothermally
switchable by a combination of E. and H..
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FIG. 2. (a) Magnetically induced electric polarization P in

MnTiO; in the absence of electric field in a temperature 7-
increasing run. (b) Magnetic-field dependence of P in MnTiOs;.
Before each measurement, an electric field Epg,, of
+1.1 MV/m and a magnetic field of 6 T were applied along
the ¢ axis at 55 K and then the electric field was switched off.
(c) Electric-field dependence of magnetically induced component
of P in MnTiO; in a magnetic field of 6 T along the ¢ axis.
Component in P induced by the external electric field is
subtracted.

In order to verify the directional dichroism in MnTiO3,
we investigate the difference in absorption spectra between
L, Ttk and L,T1}k [1]. The absorption spectra of
MnTiO; for unpolarized light propagating along the ¢ axis
parallel to the magnetic field of ygH,. =6 T at 80 (> Ty)
and 55 K (< Ty) is shown in Fig. 3(a). Two absorption
bands are observed; a peak in the spectrum around 2.15 eV
and the monotonic increase in ad above 2.4 eV [19].
The former one is assigned to an intra-atomic d —d
excitation from the °A;, ground state to the *T, excited
state of octahedrally coordinated Mn?* with > electrons.
The latter would be ascribed to the excitation to the 4T2y
excited state overlapped with the charge transfer excitation
[19] from O 2p to Mn 3d.

For the investigation of the differential spectra, we first
switch the direction of L with keeping k fixed. The sign of L.
isreversed with the reversal of E,. of £2.2 MV /minugH,. =
6 T [Fig. 3(b)]. As shown in Fig. 2(c), E. of 2.2 MV /m is
large enough to switch 7 in a magnetic field of ygH, = 6 T.
Figure 3(c) shows spectra of differential absorption Aad =
ad(E. > 0) — ad(E. < 0) at55 and at 80 K. The difference
in absorption around 2.15 eV only emerges at 55 K < Ty,
indicating that the antiferromagnetic ordering is essential to
the electric-field induced suppression of absorption a.
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FIG. 3. (a) Optical absorption spectra of MnTiO; at 55 and
80 K in a magnetic field of yyH. = 6 T and an electric field of
E.=22MV/m. (b) Experimental configuration of the mea-
surements of the differential spectrum for the light propagating
along the ¢ axis. External electric and magnetic fields are
simultaneously applied along the ¢ axis. The electric field is
isothermally switched between E. = 2.2 and —2.2 MV/m to
reverse the direction of L. (c) Differential spectra Aad(w) of
MnTiO; between an electric field E, = 2.2 and —2.2 MV/m.
The contribution of the scattering by the gold electrodes to the
observed electrochromic effect is also excluded. (d),(e) The
variation of Aad(w) with the reversal of magnetic field and/or
the direction of light propagation. (f),(g) Experimental configu-
rations corresponding to (d) and (e), respectively. Compared with
(b), the magnetic field H is reversed in (f) and the propagation
vector k is reversed in (g).

The sign of af'"!(w) in Eq. (1) should depend on
whether the light propagation vector k is parallel or anti-
parallel to toroidal moment 7' [5]. Figures 3(d) and 3(e) show
variation of the differential spectrum with the reversal of H or
k. The corresponding experimental situation is schematically
shown in Figs. 3(f) and 3(g). The electrochromic effect
changes its sign with the reversal of H [Fig. 3(d)] or k
[Fig. 3(e)], which agrees with the expected feature of

217402-3



PHYSICAL REVIEW LETTERS 124, 217402 (2020)

(a) 1.203 T
1.202 \ .
- 1201 \ .

12 F k>0
55K, uH, =6 T

1.199 L ‘ ‘

-05 0 05
E, (MV /m)

55K, E;=22MV/m
| | I

-3 -2 -1 0 1 2 3
HoHc (T)

~0.02 |- FoHe=0T Ec=0MV/m, 55K, k>0 |
1.75 2 2.25 2.5
hw(eV)
(d) L > 0 state L <0 state
Sublattice (A
ic (A) @ e © ¢
Mn#*
o ¢
Ny () (%) (] ()
([ ] (left-handed, +) (left-handed, —)

Sublattice (B) @ e © (]
.‘ P
e

® (right-handed, —)

[ e ©

(right-handed, +)

FIG. 4. (a) Control of absorbance in MnTiO; by sweeping
(a) electric and (b) magnetic fields. The integrated absorption
intensities / = [77 &/ add(hw) for a photon-energy range be-
tween 2.0 and 2.3 eV are plotted. (c) Differential spectra of
MnTiO; in the absence of external fields between two different
antiferromagnetic states. (d) Relation among the coordination
environment, local magnetization, and the sign of MCHD of each
MnOQg cluster. Pairs of two MnOyg clusters with the same sign of
T7¢ and MCHD are shaded with the same color, red or blue
according to the chirality (left or right handed) and local
magnetization (+) or (—). Purple and blue spheres are Mn>*
and O~ ions, respectively. Arrows on Mn>* ions denote
magnetic moments. Schematic top view of each MnOg cluster
is shown in the left column.

directional dichroism of T origin. The sign of the product of
electric and magnetic fields determines the orientation of 7.
The state of 7¢ > 0 is realized in the condition of E. > 0 and
H,. >0, as well as E. <0 and H,. < 0, while the state of
T¢ < 0 appears if the signs of E. and H . are opposite of each
other. The electrochromic effect should hence be H odd. The
k-odd nature of the electrochromic effectat 6 and —6 T shown
in Fig. 3(g) also agrees with the E1-M1 interference. We
conclude that the electrochromic effect observed in MnTiO;
is assigned to directional dichroism of T origin.

Figure 4(a) demonstrates the binary switching in absorp-
tion by the isothermal cyclic reversal of electric voltage.
The coercive electric field to switch the absorption is
around 0.25 MV/m when pugH,. = 6 T, comparable with
that in the P, — E. loop [Fig. 2(b)]. The absorption is also
switchable by sweeping H,. in a steady electric field, as
shown in Fig. 4(b). The hysteresis loops of a with some
residual absorption indicate that the dichroism should
appear without electric or magnetic field. Considering
Eq. (3), the switching of L. and T¢ takes place when
the product of E, and H, reaches the threshold value [21].
From this aspect, the coercive fields in the hysteresis loops
of a for electric- [Fig. 4(a)] and magnetic-field sweep
[Fig. 4(b)] are consistent with each other. In both cases, the
critical value of the product E.H . for the switching of « is
approximately 1 TW/m?, which corresponds to ME free
energy of 1 neV/f.u. in Eq. (3).

To confirm that the observed dichroism is not induced
by external fields but is a spontaneous effect, we focus on
the absorption coefficient in the absence of both magnetic
and electric fields. Figure 4(c) shows the differential spectra
Aad = (a, —a_)d in the absence of external fields. a,
(a_) represents the absorption coefficient after poled by
E.=22MV/m and yyH.=1(-1) T. The dip around
2.15 eV in Fig. 4(c) shows that the dichroism in MnTiO; of
staggered moment L. origin is a spontaneous effect that
occurs without net magnetization, in sharp contrast to the
cases of conventional MCHD.

Finally, we discuss the microscopic origin of the direc-
tional dichroism in MnTiO; in terms of MCHD. Buckled
honeycomb layers consist of two distinct sublattices. There
are two kinds of orientations of MnOyg clusters depending
on which sublattice they are on [Fig. 4(d)]. Each MnOgq
cluster has the chiral C3 symmetry. Since two types of
MnQg are connected with the spatial-inversion operation,
they have opposite handedness to each other. In the
antiferromagnetic phase, each MnOg cluster with an
ordered magnetic moment along the c axis can be viewed
as a magnetized chiral object. Furthermore, the direction of
magnetic moment on each MnOg cluster also depends on
the sublattice [Fig. 4(d)], when the sign of L is fixed. In
magnetized chiral objects, the sign of the MCHD is
determined by the direction of the toroidal moment, which
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is derived from the product of chirality and magnetization.
Therefore, all the MnOg clusters host 7¢ of the same sign
and constructively contribute to the MCHD. In this way,
antiferromagnetic ordering spontaneously induces MCHD
in intrinsically racemic MnTiO3, which switches its sign
with the reversal of 7°.
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