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We have investigated the directional dichroism of magnetic resonance spectra in the polar ferromagnet
GaV,Sg. While four types of structural domains are energetically degenerated under a zero field, the
magnetic resonance for each domain is well separated by applying magnetic fields due to uniaxial magnetic
anisotropy. Consequently, a directional dichroism as large as 20% is clearly observed without domain
cancellation. The present observation therefore demonstrates that not only magnetoelectric monodomain
crystals but also magnetoelectric multidomain specimens can be used to realize microwave (optical) diodes

owing to the lack of inversion domains.
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Light-matter interaction plays a fundamental role in
various fields of physics, chemistry, and engineering.
The optical response is highly sensitive to the material
properties even beyond the static ones and often helps to
realize versatile functionalities. Multiferroics, materials
with simultaneously broken spatial inversion and time
reversal symmetry, provide a unique arena to study novel
optical phenomena that cannot show up in conventional
ferromagnets or ferroelectrics [1-4]. Such an unconven-
tional optical response, called the optical magnetoelectric
(ME) effect, occurs when coexisting magnetic and ferro-
electric orders simultaneously interact with the oscillating
electric field and magnetic field of light. The discovery of
this phenomenon was first reported for a noncentrosym-
metric antiferromagnet Cr,O5 [5], where the polarization
rotation of light is reversed depending on the propagation
direction of the light, although the effect is rather small.
Another type of the optical ME effect, termed nonrecip-
rocal directional dichroism (DD), was demonstrated sub-
sequently, where the light beams traveling in opposite
directions are absorbed differently [6-21]. It has been
revealed that the DD can become large and even show a
cloaking function, thus being particularly important from
the viewpoint of future applications [13,14].

The DD is observed for various types of excitations from
x-ray to microwave-frequency regions in multiferroic
materials [6-21]. Among them, the DD can often be large
for the collective spin excitations that are both electric- and
magnetic-dipole active owing to the strong ME coupling.
These novel elementary excitations, referred to as the
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magnetoelectric resonances, are accompanied by the res-
onant motion of the magnetization (M) as well as that of the
electric polarization (P), which enhances the ME coupling
and leads to large DD. Recently, as a new guiding principle
towards large DD, magnetoelectric resonances in the type-I
multiferroics, in which magnetic orders develop within a
preexisting ferroelectric or pyroelectric phase [22], have
been attracting growing interest because this class of
materials often exhibits large spin-induced changes of
the electric polarization [15-17]. The lacunar spinel
GaV,Sg is a new member of the type-I multiferroics,
which is an excellent candidate material to show large
DD since it is a rare polar ferromagnet [23-27].

In this Letter, we have studied the microwave DD at the
ferromagnetic resonance in the polar magnetic semicon-
ductor GaV,Sg. While the sample consists of multiple polar
rhombohedral structural domains in which the magnetic
states are degenerate in zero magnetic field, the degeneracy
of the magnetic excitations on the different types of
domains is split in external magnetic fields owing to the
axial magnetic anisotropy. As the result, the DD as large
as 20% 1is clearly observed free from cancellation among
the domains. The magnitude critically depends on each
domain, indicating the vital role of the microscopic ME
coupling besides macroscopic lifted symmetry.

The lacunar spinel structure of GaV,Sg, which has the
space group symmetry F43m at room temperature, is
shown in Fig. 1(a) [25,26]. It consists of a network of
(V4S4)°*" clusters that form a face centered cubic lattice.
Below 42 K, due to cooperative Jahn-Teller distortion, the
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FIG. 1. (a) Crystal structure of GaV,Sg at room temperature.
(b) The schematic illustration of V, clusters. The V ion is
displaced along four equivalent cubic (111) axes below the
structural phase transition temperature. [(c)—(e)] Three types of
structural domains classified based on the relationship with
respect to H||[112]. m’ represents a mirror plane combined with
time reversal operation as indicated by the blue shaded region.
(f) Schematic illustration of the coplanar wave guide (CPW).
(g) Cross-sectional view of the CPW; the spatial distribution of
microwave electric and magnetic fields is illustrated.

triply degenerate molecular orbitals of V, clusters are lifted
through the elongation of the lattice along any of the four
cubic (111) axes [Fig. 1(b)]. The crystal structure then
becomes polar (R3m) with a relatively large pyroelectric
polarization, P ~ 1 yC/cm? [24]. It should be noted that
the opposite-polarization domains may exist due to the
noncentrosymmetric nature of the room temperature cubic
F43m phase. However, the previous piezoresponse force
microscopy (PFM) and static pyro- or magnetocurrent
measurements indicate that such inversion domains do
not exist in these single crystals [24,27]. Therefore, we
analyze the observed DD without considering the coexist-
ence of inversion domains, which would lead to partial
cancellation of the DD; i.e., its magnitude characteristic to a
single inversion domain would be larger than the observed
one. The magnetic transition occurs at 7, ~ 12.7 K, well
below the structural transition temperature. The cycloidal
spin state is stabilized at zero field between 6 and 12.7 K
and turns into a collinear field-polarized ferromagnetic state
in moderate magnetic fields (H) [28]. The Néel-type
skyrmion lattice is observed in a specific temperature
and magnetic field region [23,28]. The stability of each
magnetic phase critically depends on the magnetic-field
direction due to the easy-axis anisotropy with respect to the
rhombohedral axis, as discussed later [Figs. 1(c)-1(e)].

Single crystals of GaV,Sg were grown with chemical
vapor transport and the detail of the growth procedure is
described elsewhere [23]. We performed broadband micro-
wave spectroscopy to measure the transmission coefficient
of the sample mounted on a CPW as shown in Fig. 1(f). The
signal line was designed to be 20 ym in width so that it is
much smaller than the sample width; the sample dimension
is typically ~2 x 2 x 1 mm?>. The directions of oscillating
magnetic and electric field of the microwave, denoted as
H” and E“, respectively, depend on the position in space:
the H” just above the center of signal line is parallel to the
plane of the CPW, while the H” between the signal line and
the ground is perpendicular to the plane [Fig. 1(g)]. The
transmission coefficient for a microwave propagating along
k” and —k® directions is denoted as Sy, and S,;, respec-
tively, and was recorded with a vector network analyzer
(Agilent Technology, E8363C). The absorption spectrum
associated with the magnetic excitations, denoted as AS;,
(or AS,) for the +k® (or —k”) microwave, was obtained
by calculating ASIZ(ZI) = —512(21) + S12(21) (T > Tc)’
where S521)(T > T,) taken at T > T, does not contain
the magnetic signal (0.01-35 GHz) (for more details, see
Supplemental Material [29]).

To observe the DD in this material, we focus on the
magnetic resonance when k?||[110] and H||[112], as
sketched in Fig. 1(g), because the DD can emerge for
every type of structural domain from the symmetry point
of view, as shown in Figs. 1(c)-1(e). For this choice of
the magnetic field, the single mirror plane remains for
domain A and C. In contrast, two kinds of domain Bs are
interchanged by this mirror reflection combined with time
reversal operation. This unique mirror plane combined
with the time reversal operation allows the emergence of
DD for light beams propagating perpendicular to it but not
for beams traveling parallel to the plane [30]. This
symmetry is also compatible with a phenomenological
toroidal moment T'= P x M pointing perpendicular to
the mirror plane [31]. In all of the three kinds of
magnetic domains classified in terms of the angle between
their (111)-type easy axes and the direction of the
magnetic field (90°, 61.9°, and 19.5°), T is finite, although
it has different magnitudes in the different domains
[Figs. 1(c)-1(e) and Figs. 4(b) and 4(c)].

As revealed in the previous magnetic-resonance study,
the resonance frequency critically depends on the magnetic
domains, or equivalently, the magnetic-field direction due
to the uniaxial anisotropy [32,33]. Thus, we first inves-
tigated the evolution of the magnetic resonance with field
for the different magnetic domains. Figure 2(a) shows the
magnetic resonance spectra at 8 K for k”||[110] in various
magnetic fields H|[[112]. In the cycloidal phase at zero
field, three resonance peaks are observed at 5, 18, and
27 GHz, in accord with a previous study [32]. By applying
the magnetic field of 100 mT, the intensity of resonance
modes at 5 and 18 GHz is weakened and enhanced,
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FIG. 2. (a) The magnetic resonance spectra for each magnetic
field when k®||[110] and H||[112]. The spectra are shifted
vertically for clarity. (b) Calculated angle of 6, i.e., the angle
between the magnetization direction and polar (111) axis,
numerically calculated based on Eq. (1). (¢) The magnetic-field
dependence of the resonance frequency (circles). The calculated
resonance frequency of ferromagnetic states as a function of the
magnetic field (solid lines).

respectively, while the resonance peak discerned at 27 GHz
immediately disappears. The absorption peak observed
at 27 GHz, indicated as the purple dots in Fig. 2(c), is
therefore the resonance mode characteristic of the cycloidal
spin structure. With further increasing of the field, the
lower-lying mode slightly shifts towards the higher-
frequency region and the higher-lying mode splits into
two modes. In domains B and C the cycloidal phase is
suppressed and the field-polarized ferromagnetic state is
reached by fields below ~100 mT. In contrast, in domain A
the transverse conical state formed in finite fields is robust
to ~500 mT, around which a spin-flop transition occurs to
the ferromagnetic state. In the following we focus on the
magnetic resonances and their DD in the ferromagnetic
state, where a simple phenomenological model can be used
to describe the observed DD.

In general, the resonance frequency of the ferromagnetic
state can be calculated on the basis of the Smith-Suhl
formula [34], (w/y)?> = [1/(M?sin?0)]{[(O*E)/(06%)]
[(PE)/(04%)] ~ [(°E)/(9004)}, where y, M, and E
are the gyromagnetic ratio, magnetization, and free energy,
respectively. 8 and ¢ are the polar angle and azimuthal
angle of the M, respectively, in a spherical coordinate
system [Fig. 2(b), inset]. In the present system, the free
energy is given by

E=-M-H-KMz/M)?, (1)

where K and z represent the uniaxial anisotropy and unit
vector along the [111] axis, respectively. The resonance
frequency is thus calculated as

H? cos 0sin 20y
2sin@

2K H sin 8y cos 20
M sin @

’

@ _ \/stinzé?H +
4

(2)

where 6} is the polar angle of the H from the z axis. On the
basis of Eq. (1), @ can be numerically calculated for each
domain so as to minimize E, as shown in Fig. 2(b). By
substituting this result into Eq. (2), it is found that the
theory well reproduces the field dependence of the reso-
nances in the ferromagnetic state with K/M = 260 mT
[Fig. 2(c)]. Here we used g = 1.82 estimated in Ref. [33]
and the deduced K/M value almost coincides with the
value determined in Ref. [33]. Thus, the low-, intermediate-
and high-frequency modes observed at 700 mT are attrib-
uted to resonance modes in the domain A, B, and C,
respectively. Note that the discrepancy between the
observed and calculated results for the domain A in the
lower field region is due to the subsisting transverse conical
state up to 500 mT, not the ferromagnetic state assumed in
the calculation.

Figures 3(a) and 3(b) show the absorption spectra when
the microwave propagates along +k® and —k® directions at
the field of £700 mT, where the magnetic state is ferro-
magnetic for all the domains. We found a clear signature of
the DD for the intermediate- and high-frequency modes:
The resonance peaks are higher in the AS,; spectrum than
that in the AS;, spectrum at 4700 mT for both modes. This
relationship is reversed in —700 mT, further verifying the
nonreciprocal nature of the transmission. The DD spectra
change systematically by applying magnetic fields, as
shown in Fig. 3(c). The magnitude of the DD, which is
defined as {(AS}, — AS,;)/[(AS1, + AS,1)/2]}, increases
monotonically for the higher-lying mode and is basically
unchanged for the intermediate mode as increasing the
fields [Fig. 3(d)]. The magnitude of the DD amounts to
approximately 20% at +750 mT, which is the largest value
among those reported for multiferroics in the microwave
frequency range to the best of our knowledge [18-21].

Notably, although £, P, and M are perpendicular to each
other in the domain A satisfying the necessary condition to
observe the DD [6-10,12,16-18,21], the DD in the domain
A is negligibly small. On the other hand, the domain C
exhibits a strong DD, although for this type of domain P
and M are nearly antiparallel; i.e., toroidal moment T =
P x M is smaller as compared to the domain A [Figs. 4(b)
and 4(c)]. Moreover, domains A and C are related to each
other by rotating 70.5° around the k”||[110]. These facts
highlight the crucial role of the direction of the M in the ME
coupling. It should be noted that, although the Damon-
Eshbach mode or magnetostatic surface wave (at nonzero
wave number) may show nonreciprocal propagation, it
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FIG. 3. The magnetic resonance spectra for +k” and —k”

directions at +700 (a) and —700 mT (b). (¢c) The +k“ and —k®
spectra for each magnetic field. The spectra are shifted vertically
for clarity. (d) The magnetic-field dependence of the magnitude
of the directional dichroism. The red, green, and blue circles
correspond to the lower-, intermediate-, and higher-frequency
modes, respectively.

does not lead to nonreciprocal absorption [34]. Moreover,
the Damon-Eshbach mode cannot be clearly discerned in
the present experiment, thus allowing us to exclude its
contribution to the presently observed DD.

To understand the role of the ME coupling, we consider
the instantaneous responses induced by H” and E” in the
same manner as adopted in Ref. [19]. From the viewpoint
of the symmetry, the P can be described by

P, =aM .M, —bM M,
P, = —bM3 + bM; + aM M,
P. = cM?+dM>, (3)

where x, y, and z represent [112], [110], and [111] axes,
respectively. The terms that contain H such as P, =
a'H.H, are also allowed and have the same form as M
but we omit them here for clarity. Given that the +k“ (|| —y)
microwave in the CPW contains H”|z and E®|x
[Fig. 1(g)] and that the M points to the x direction in
the domain A with P, the magnetic resonance is induced
by H”||z and produces the dynamical magnetization,
M$,, along the z direction [Fig. 4(d)]. M% simultane-
ously induces dynamical polarization, Py, along the x
direction through the ME coupling given by Eq. (3);
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FIG. 4. (a) Schematic illustration of the DD and toroidal
moment. [(b) and (c)] The experimental configurations for
domain A (b) and domain C (c). [(d) and (e)] Instantaneous
response of P and M for the P; domain (d) and P, domain (e).
(f) The magnetic-field dependence of the dynamical polarization
induced by the microwave magnetic field in domains A, B, and C.

Py, =aM My . This Py, may interfere with the
dynamical polarization (P%) induced by E“(|lx) and
lead to the DD. In the present case, however, the DD
is experimentally not observed in the domain A and
therein the coefficient a should be negligibly small.

In the domain C with P,, the M is slanted from both x and z
axes and therefore M and MY, have both finite x and z
components [Fig. 4(e)]. As the result, P}, is generated along
the z direction, which can be described as 2cM My, .. The
resulting Py _ is antiparallel to Pg  for the +k“ microwave
whereas they are parallel for the —k“ microwave, as sche-
matically illustrated in Fig. 4(e); here, we note that H* and E”
also have both x and z components. Therefore, the interfer-
ence between Py _ and Pg _ occurs destructively for the +-k*
microwave and constructively for the —k® microwave. This
difference may lead to the DD, which is indeed observed in
Fig. 3. Hence, the DD observed here originates from the form
of the ME coupling, P, = ¢M?, which is in accord with the
nature of the static ME effect reported in Ref. [24]. The
microscopic origin of the ME coupling is therefore attributed
either to the anisotropic exchange mechanism or to the single-
site ME effect.
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The ME coupling discussed above reproduces the
magnetic-field dependence of the DD in the ferromagnetic
state as well: Because the H” circulates around the signal
line and is perpendicular to the [110] axis in the present
experimental setup, we calculated Py, . = 2cM M ., which
is proportional to the magnitude of the DD, for each domain
by averaging all the contributions induced by H” lying in
the (110) plane. The calculation qualitatively reproduces
the experiment except for the low-field region for domain A,
where the transverse conical state, not the ferromagnetic state
presumed in the calculation, is formed: The DD for domain A
is negligibly small, for domain B it shows a broad maximum,
and for domain C it keeps increasing with the magnetic field
[see Figs. 3(d) and 4(f)].

It has been believed that the DD should be maximized
when k“, P, and M are perpendicular to each other, whereas
the present observation unambiguously demonstrates the
crucial role of the microscopic ME coupling as well as
the macroscopic symmetry: The macroscopic symmetry
defines the necessary conditions for the existence of the
DD, as illustrated in Fig. 4(a), but leaves freedom for
different ME mechanisms to govern the magnitude of the
DD; as is clear from the comparison of the magnetization
and polarization dynamics for domain A and C, the DD
can emerge even when k“, P, and M are not totally
perpendicular to each other.

In summary, we have investigated the microwave DD in
the polar ferromagnetic state of GaV,4Sg. The ferromagnetic
resonance is separated for the structural domains with
different directions of the electric polarization due to
uniaxial anisotropy and we clearly observed the DD as
large as 20% for a specific domain without cancellation
among the multidomain states. Our findings widen the class
of materials that can potentially show the large DD even in
the presence of the multidomain states.
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