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Microwave Magnetochiral Dichroism in the Chiral-Lattice Magnet Cu,0SeO;
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Through broadband microwave spectroscopy in Faraday geometry, we observe distinct absorption
spectra accompanying magnetoelectric (ME) resonance for oppositely propagating microwaves, i.e.,
directional dichroism, in the multiferroic chiral-lattice magnet Cu,OSeQOj3. The magnitude of the directional
dichroism critically depends on the magnetic-field direction. Such behavior is well accounted for by
considering the relative direction of the oscillating electric polarizations induced via the ME effect with
respect to microwave electric fields. Directional dichroism in a system with an arbitrary form of ME

coupling can be also discussed in the same manner.
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Multiferroics, in which magnetic and ferroelectric
orders coexist and are strongly coupled with each other,
form a promising class of materials that is capable of
efficient mutual control of magnetization (M) and electric
polarization (P) [1-4]. In fact, the strong magnetoelectric
(ME) coupling in multiferroics results in various ME
responses against dc external fields, such as the magnetic-
field control of the P direction and the electric-field
control of the spin chirality, magnetic domain, and M
direction [5-7].

Magnetic and ferroelectric properties in multiferroics may
also be entangled in a finite-frequency regime, and the ME
response may even be resonantly enhanced. Such a resonant
mode of dynamical ME response is equivalent to collective
spin excitations that are electric-dipole active; thus, it is often
called an electromagnon and is now ubiquitously found in
multiferroics in a gigahertz-to-terahertz frequency range
[8—10]. As a result of the resonantly enhanced ME coupling,
electromagnon excitation is often accompanied by a salient
optical response, i.e., directional dichroism; at the resonance
frequency, the material shows a different absorption or
transmittance for oppositely propagating, linearly polarized
light. Experimental realizations of directional dichroism via
electromagnons have been reported in recent years [11-17],
and remarkably, some materials exhibit a large difference in
the transmission coefficient (~400%) for oppositely propa-
gating light [15,17].

However, experimental observations of directional dichro-
ism are still rather rare, and in particular it is currently
difficult to predict the configuration where the largest
directional dichroism will be realized in a given material.
In this context, thus far, a phenomenological quantity,
k” - (P x M), where k denotes the propagation direction
of light or microwave and the vector product P x M ensures
the existence of a macroscopic toroidal moment [18], has
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often been introduced and employed to explain the presence
or absence of directional dichroism, in particular in Voigt
geometry [14]. This k- (P x M) description, however,
obviously collapses when considering directional dichroism
in Faraday geometry (k“||M); while k” - (P x M) always
results in a zero value in Faraday geometry by definition,
directional dichroism should be allowed, for instance, when
time-reversal symmetry is broken in a chiral crystal [19].
This inadequacy of the k” - (P x M) framework suggests
that the dynamics of P and M under microwave irradiation
should be taken into account, rather than the static P and M,
to describe directional dichroism under arbitrary geometries.
In this Letter, through broadband microwave spectroscopy
in various Faraday geometries (k”||H) in the chiral-lattice
multiferroic Cu,0SeO3, we successfully observe directional
dichroism. Our comprehensive experimental study clarifies
that the behavior of the directional dichroism accompanying
ME resonance is well accounted for by considering the
static ME coupling of the system. This microscopic insight
into the directional dichroism can be applied to a system
with arbitrary ME coupling, thereby giving a guideline
for how to achieve the largest directional dichroism in a
given material.

The title compound Cu,0SeO; belongs to the chiral cubic
space group P2,3 [20-23], and spin-1/2 local moments
residing at the Cu?* ions form various magnetically ordered
states below 7, = 58 K, depending on the applied magnetic
fields: at a zero magnetic field, a proper-screw type, helical
spin structure is realized; as the magnetic field increases, the
helical spin structure turns into a ferrimagnetic state through
a conical state and in a specific temperature range (55-58 K)
through a Skyrmion crystal state [22]. These magnetic
orderings in addition to the original chiral-crystal symmetry
endow the material with various ME properties depending
on the magnetic-field direction; for instance, P appears

© 2015 American Physical Society
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FIG. 1 (color online). (a) Picture of the experimental setup. The
sample is mounted on the coplanar waveguide (CPW) directly.
The sample shape is highlighted by the red line for clarity. Si50)
is the transmission coefficient for the microwave propagating
along the +k”(—k®) direction. (b) Schematic of the electromag-
netic-field distribution E” and H* accompanying the microwave
propagating along the CPW. (c) The absorption spectra associated
with the magnetic resonance, AS|,, at various magnetic fields
with the k®||H||[100] configuration at 7.6 K. Each spectrum is
shifted vertically for clarity. Inset: the crystal structure of
CUZOS€O3.

along the [001] axis when H is applied along the [110] axis,
whereas P does not appear when H is along the [001] axis
[20-22,24].

Single crystals of Cu,0SeO; were grown by chemical
vapor transport [22]. We performed broadband microwave
spectroscopy to measure the transmission coefficient of
the sample mounted on a coplanar waveguide (CPW). The
transmission coefficient for a microwave propagating
along the +k” and —k“ directions is denoted as S,
and §,;, respectively, and was recorded with a vector
network analyzer (Agilent Technology, E8363C). The
absorption spectrum associated with the electromagnon
excitations, denoted as AS,, (or AS,;) for the +k® (or
—k”) microwave, was obtained by calculating AS551) =
—=S1201)(H) + S12001)(Hyep), Where  Sppp) (Hyp) was
taken at a magnetic field H,; such that the magnetic
resonance of interest does not appear in the experimental
frequency window (0.1-15 GHz): in the present case,
H.; = 5000 Oe was chosen (for more details, see the
Supplemental Material [25]). The width of the signal line
is designed to be 1 mm [Fig. 1(a)], which is wider than the
sample width (=~ 0.5 mm), so that the oscillating magnetic
field H” and oscillating electric field E“ at the sample
position can be approximated as parallel and perpendicular
to the substrate, respectively [Fig. 1(b)]. Figure 1(c) shows
the microwave transmission spectraunder various magnetic
fields with the k?||H||[100] configuration. The resonance
peak is observed around 5 GHz at a zero field and
shifts systematically as the magnetic field increases.
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FIG. 2 (color online). (a) Measurement configuration and the
instantaneous responses of M® and P* derived from the d-p
hybridization model for the case that M ||[100] with E||[001] and
H?|[[010]. M® and P induced by E® are denoted as M% (open
red arrows) and P (open blue arrows), respectively, whereas M®
and P* induced by H” are denoted as M (filled red arrows) and
Pg, (filled blue arrows), respectively. (b) The absorption spectra
AS,, and AS,; under 2000 Oe for k®||[100] and k®||[100],
respectively. (c) The directional-dichroism spectra AS;, — AS,,
under 2000 Oe. The measurements were performed at 7.8 K.

These behaviors reproduce well previous results [26] and
are in good agreement with a theoretical model [27].

We first look into the directional-dichroism spectrum for
k®||[100] at 2000 Oe, where the magnetic state is ferri-
magnetic [Fig. 2(a)]. As mentioned above, directional
dichoism in Faraday geometry can be expected irrespective
of the magnetic structure in Cu,0SeO; because of the
crystal chirality and the broken time-reversal symmetry
under a magnetic field. In fact, we found a clear signature of
directional dichroism, i.e., the resonance peak at ~8 GHz is
slightly higher in the AS;, spectrum than in the AS,,
spectrum [Fig. 2(b)]: the nonreciprocal nature can be better
discerned when the AS|, — AS,; spectrum is derived, as
displayed in Fig. 2(c). To verify the nonreciprocal nature
further, we also measured the AS|, — AS,; spectrum in the
inverted magnetic field, —2000 Oe, because the nonrecip-
rocal signal is expected to be reversed by the time-reversal
operation. In fact, the sign reversal in the AS;, — ASy
spectrum was clearly observed [Fig. 2(c)], as expected.

To understand the directional dichroism at a more micro-
scopic level, we consider the microwave-induced dynamics
of P and M. In the presence of ME coupling, the oscillating
components P and M® are approximated by a sum of two
contributions from distinct microscopic origins:

P? = gy (w)E” + \/feopor*™ (w)H® = P§ + PY), (1)
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where y%¢, ™, and y*™(™) are the dynamical dielectric
tensor, dynamical magnetic tensor [28], and dynamical ME
tensors, respectively, as a function of frequency w. While the
microwave-E”-induced P¢ is parallel to E“ when E“ is
applied along one of the principal axes, the microwave-H®”-
induced P§; can be directed to any direction according to the
dynamical ME tensor of a compound; nevertheless, the
direction of P§; in a microwave regime can be deduced from,
in the zeroth-order approximation, the feature of the static
ME coupling. We note that the static ME coupling in
Cu,0SeO5 is well described by the d-p hybridization
model. According to Ref. [22], a magnetic-field-dependent
part of the electric polarization AP can be approximately
given as

AP = A(M 910 001> M100)M 0011 Moo Mpor0))s  (3)

where 4 is a coupling constant, M[joy denotes the [100]
component of the magnetization, and so on [22,24,29-32].
For instance, we consider a situation where the static H (and
thus M) is along [100]. When a magnetic resonance is
excited by irradiating the microwave H® along [010], the
resonant mode produces a resonantly enhanced M, (||[010])
by definition. In the present system, MY, also induces a
resonantly enhanced Pj along [001] through the ME
coupling given by Eq. (3), as a manifestation of the

resonantly enhanced y*™. Below, we consider the case where
Pg is resonantly enhanced and see its vital role in the
directional dichroism.

In Fig. 2(a), we illustrate the instantaneous responses
of Py, Py, MY, and M% in Faraday geometry under
microwave irradiation with k”||[100] (bottom panel) and
—k”||[100] (top panel). Note that while P% is always
parallel to E” irrespective of +k®, P§; can be either parallel
or antiparallel to E®; consequently, the magnitude of
the total P*(= P¢ + P})) depends on +k®, rationalizing
the +k”-dependent microwave absorption. Furthermore, the
parallel or antiparallel relationship between P}, and P% is
reversed when the external magnetic fields are inverted,
which is also consistent with the sign reversal of the direc-
tional dichroism [Fig. 2(c)].

The directional dichroism in other experimental geom-
etries is also well accounted for by considering the
interference between P¢ and P¢, or equivalently, by
considering the relative direction of P} with respect to
E”. Figures 3(a)-3(c) illustrate various Faraday geom-
etries, and the corresponding absorption spectra with one
and the same piece are displayed in Figs. 3(d)-3(f). The
relative direction of P with respect to E“ is readily
derived for each configuration by employing Eq. (1), and
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FIG. 3 (color online). (a)-(c) Schematics of the experimental
configurations for (a) k®||H||[100], H*||[010], and E®||[001],
(b) k”||H||[100], H”||[001], and E®||[010], and (c) k?||H||[111],
H®||[112], and E®||[110]. (d)—(f) The absorption spectra AS;, at
2000 Oe under the microwave configuration of (a)—(c), respec-
tively. (g)—(i) The directional dichroism spectra AS;, — ASy;
at +2000 Oe under the microwave configuration of (a)—(c),
respectively. The measurements were performed at 7.6 K.

it is antiparallel, parallel, and perpendicular for the
configurations of Figs. 3(a), 3(b), and 3(c), respectively.
Note that the sign of the directional dichroism is inverted
between Figs. 3(g) and 3(h) and that the directional
dichroism almost vanishes in Fig. 3(i). Furthermore, we
also confirmed that in the k®||[110], H®||[110], and
E®||[001] configuration, in which P is not induced within
the framework of Eq. (1), the directional dichroism is
negligibly small (not shown). Thus, the variation in the
directional dichroism magnitude is in good agreement
with the manner of the interference between the micro-
wave-E”-induced Pg and the microwave-H”-induced Py;.
Parasitic fine structures adjacent to the main peak in
Fig. 3(h) currently remain to be explained and may be
ascribed to a so-called spin-wave resonance [33]. We note
that the same scheme is applicable to the Voigt geometry
as well: in the k®||[110], H*||[001], E*||[110], and H||[110]
configuration, where k” - (P x M) # 0, P}, is parallel to
P% and directional dichroism is actually observed [14];
in contrast, in the k|/[001],H”||[110], E||[110], and
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FIG. 4 (color online). Magnetic-field (a) and temperature (b)
dependence of the magnitude of the directional dichroism
measured under the k||H||[100] configuration at 7.6 K (closed
circles). The variation of Pjog;) gy(110)/M is also presented for
comparison, in which Pjogyj gyi10) and M are measured under
H||[110] and H||[001], respectively, at 5 K. The temperature
dependences in (b) are measured at H = 2000 Oe.

H||[110] configuration, where k” - (P x M) =0, P}, is
perpendicular to P% and, in fact, directional dichroism
does not occur [14]. In this way, the interference between
P§, and P% can account for the directional dichroism
irrespective of whether one has Faraday or Voigt geometries.

Because the interference between P and P% (and
equivalently between M%; and M¢%) plays a major role in
the directional dichroism, the magnetic-field and temper-
ature dependence of the directional-dichroism magnitude
should be well reproduced in terms of P},. To address this
issue, we define the magnitude of the directional dichroism
as the nonreciprocal absorption divided by the reciprocal
absorption and consider the geometry of Fig. 2(a). The

reciprocal absorption is proportional to y™ and hence to
M, [33]. As shown in Fig. 2(a), M% can be viewed as a
variation of M under a rotating magnetic field around the
[001] axis; therefore, MY, is proportional to the M ampli-
tude M. Likewise, the nonreciprocal absorption is propor-

tional to y*™ and hence to P% [34]. We can estimate P
from the behavior of P under a rotating magnetic field,
which has already been reported in Ref. [24]. In the
literature, the [001] component of P shows sinusoidal
behavior under a rotating magnetic field around the
[001] axis; therefore, P in the geometry of Fig. 2(a) is
found to be proportional to the [001] component of P under
H||[110], Pjoo1),mypi0- Eventually, we can find that the
magnitude of the directional dichroism is proportional
to P}, ayi10/ M-

In Fig. 4(a), we summarize the magnetic-field depend-
ences of (i) the directional-dichroism magnitude, which
is experimentally characterized as [(AS;, —ASy;)/
1(AS1, + AS,y)], in the k”||H||[100] configuration and
(i) Ppoy.aypio/M, where Ppoy o) and M were
recorded under H||[110] and H||[001], respectively: The
temperature dependences of (i) and (ii) are also shown in
Fig. 4(b). Po1)ayi0)/M well reproduces the overall
features of the directional-dichroism magnitude in both

the magnetic-field and temperature dependences except for
the sharp dip seen in the magnetic-field dependence of
Ploo1).mypiio /M [Fig. 4(a)], again indicating a key role of
the P¢-Py; interference in the directional dichroism.

Up to this point, we have focused on a system such that
the ME coupling is given explicitly. Now, we consider
the directional dichroism in a system with an arbitrary form
of ME coupling. Without loss of generality, we can set
k?|ly,H?”||z, and E”||x. The x component of P} (denoted
as Pg ), which couples with the microwave E®(||x) and
causes the directional dichroism, can be approximated as

Py =
Ax 9H.

oP, < op, — ﬂ%) H?. (4)

H? =
¢ OH H 00

Here, H, ¢, and 0 are the radial distance, azimuth angle,
and polar angle, respectively, with respect to H in conven-
tional polar coordinates. Three archetypal geometries are
given as (i) ¢ = 6 = /2, i.e., Faraday geometry with H||y
and H1H®, (ii) ¢ = 0 and 6 = /2, i.e., Voigt geometry
with H||x and H_LH®, and (iii) @ = 0, i.e., Voigt geometry
with H||z and H|H”. In the case of HLlH®”, what
determines the magnitude of the directional dichroism is
common between Faraday and Voigt geometries and given
as Py, =—(1/H)(OP,/00)H?, ie., a variation in P,
when the H direction is slightly slanted from the original
axis. In contrast, in the case of (iii), the magnetic-field
dependence of P,, i.e., OP,/0OH, determines the directional
dichroism. Equation (4) thus indicates that a dominant
factor of the directional-dichroism magnitude depends on
the magnetic-resonance mode; for instance, OP,/06 is
dominant in the Skyrmion counterclockwise rotational
mode as well as the magnetic resonance in the ferrimag-
netic phase, whereas OP,/0H for the Skyrmion breathing
mode [14]. In most cases, the ME resonance requires the
H_1 H” condition; the consideration of JP, /06 can hence
give a guideline for achieving the largest directional
dichroism in a given material.

In conclusion, we have successfully observed microwave
directional dichroism in Faraday geometry in the multi-
ferroic chiral helimagnet Cu,0SeO5. To the best of our
knowledge, this is the first observation of directional
dichroism in Faraday geometry, often called magnetochiral
dichroism, in the microwave-frequency range. We found
that the directional dichroism arises from an interference
between the microwave-H“-induced electric polarization
and the microwave-E”-induced electric polarization. Our
results establish the clear case that magnetoelectric cou-
pling in the dc regime can account for directional dichroism
accompanying magnetoelectric resonance at microwave
frequencies.
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Note added in proof.—We have recently become aware of a
theoretical calculation on the microwave magnetochiral
dichroism in Cu,0SeOj5 in Ref. [35]. Our experiment and
the theory show a good agreement.
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