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Abstract

Elementary excitation characteristic of the magnetoelectric (ME) multiferroics is a
magnon endowed with the electric activity, which is referred to as electromagnon. The
electromagnon resonance mediated by the bilinear exchange coupling potentially
exhibits the strong terahertz light-matter interaction with novel optical properties
different from the conventional magnon excitation. Here we report the robust
electromagnon resonance on the helimagnetic Y-type hexaferrites in a wide temperature
range including room temperature. Furthermore, the efficient magnetic-field controls
of the electromagnon are demonstrated on the flexible spin structure of these
compounds, leading to the generation/annihilation of the resonance as well as the large
resonance energy shift. These terahertz characteristics of the electromagnon exemplify
the versatile magneto-optical functionality driven by the ME coupling in the
multiferroics, paving a way for possible terahertz applications as well as terahertz

control of a magnetic state of matter.



I. Introduction

Magnetoelectric (ME) coupling, which is a cross-coupling between the magnetism
and electric properties, has attracting increasing attention in condensed matter physics
including topological insulator, spintronics and ME multiferroics [1,2]. The ME
coupling produces diverse light-matter interactions through the couplings between the
ac/dc electric and magnetic responses as exemplified by the optical ME effect [1]. The
multiferroics exhibit not only the strong mutual coupling between the magnetic orders
and ferroelectricity [3,4], but also unique composite excitations of the spin degrees of
freedom and electronic lattice, which in turn lead to a magnon excitation endowed with
electric activity referred to as electromagnon [5-7]. The electromagnon resonance
potentially gives rise to the strong optical response in the terahertz region with novel
functionalities controlled by external fields, whereas these properties remain elusive.
In addition, these flexible optical properties of the electromagnon at room temperature
may provide a promising approach for the possible applications in terahertz
technologies, which are still at a development stage in spite of the strong demand for
applications [8-10].

Since the particular spin orders produce the ferroelectricity in the multiferroics, the
mutual control of them, 7.e. the magnetic field control of the ferroelectricity [11,12] as
well as the electric field control of magnetism [13,14], have been demonstrated.
Accordingly, the fluctuation of the spin orders always possesses the electric counterpart,
leading to the electromagnon resonance, which can be viewed as the elementary
excitation unique to the multiferroics. The helical spin orders ensure the presence of
ferroelectricity through the spin-current mechanism; the local electric polarization is
proportional to g;x(Sx.S), where g is an unit vector connecting adjacent spins .S and .S

[15-17]. Accordingly, the cycloidal helical spin structure produces macroscopic electric



polarization, which in turn leads to the concomitant electromagnon excitation [5,7]. In
fact, the electromagnon resonance has been reported as a strong far-infrared absorption
on the helical spin phase of multiferroic TbMnOs [6]. Contrary to the ferroelectricity
driven by spin-current mechanism, there are another type of electromagnon resonance
whose origin is ascribed to the exchange striction (ES) mechanism, in which the electric
activity is generated by the lattice-coupled spin exchange interaction [18]. The
electromagnon driven by the ES mechanism exhibits the remarkable characteristics
including the higher resonance energy and the even stronger optical response. Since
the specific symmetries of the chemical and/or magnetic lattice fold the magnon branch,
the optical transition is allowed for the magnon at the zone edge in the magnetic
Brillouin zone. This is because the ES electromagnon has the higher resonance energy.
The effective field on each spin, which arises from the ES, gives rise to the one magnon
excitation only for the noncollinear spin structures including the helical spin one.
Since the ES mechanism causes the strong effective field because of the generic coupling
to optical phonons, the optical response of the electromagnon is a few orders of
magnitude higher than conventional magnon resonance, as reported in several helical
magnets [19,20].

Hexaferrite compounds investigated here are promising materials hosting the strong
ME coupling driven by the helical spin structures in a wide temperature range including
room temperature [12,21-23]. The electromagnon resonance has been reported for the
helical spin phases of Y- and Z-type hexaferrites at lower temperatures [24-26]. These
electromagnon resonances have been ascribed to the ES mechanism, because the light
polarization to excite the electromagnon resonance is always parallel to the
crystallographic ¢ axis irrespective of the detail of the helical spin structures. The

inelastic neutron study has confirmed that the energy of magnon at the zone edge



coincides with the resonance energy of the electromagnon observed by the terahertz
spectroscopy on Y-type hexaferrite BasMgoFei2022 [27]. Similar characteristics has
been reported on the perovskite-ZMnOs [18] and £Mn2Os5 [28] (Rrare earth ion); the
ferroelectricity is derived from the spin-current mechanism, while the ES mechanism is
responsible for the electromagnon resonance. Because of the existence of various
helical spin phases including at room temperature, the Y-type hexaferrites potentially
exhibit the electromagnon resonance at room temperature and provide flexible control of
the optical responses by the external field.

Here we target the terahertz electromagnon resonance and the versatile magnetic
field controls of electromagnon including at room temperature for Y-type hexaferrites
with two compositions. The helical spin phases of BaSrCosFei1AlO22[29] shows the
robust electromagnon resonance at zero field, which is suppressed owing to the
transition from the helical spin phase to the collinear ferrimagnetic phase by application
of magnetic field. On the other hand, the external magnetic field generates the
electromagnon resonance in BagsSr1 5CusFe11AlO22, whereas the resonance is absent at
zero field. A steep evolution of the electromagnon resonance as well as its gigantic

energy shift is demonstrated in this compound by applying the magnetic field.

II. Method

Single crystals of BaSrCoz2Fe11AlO22 and Bag 5Sr1 5CusFe11AlO22 were grown by a high
oxygen-pressure (10 atm) laser floating zone method [30]. These samples were
characterized by the measurements of magnetization (see Fig. 2(d), Fig. 3(e), Fig. 4(e)
and Supplemental Material [31]). The typical dimensions of samples are 3 x 3 x 0.2
mm3.

We employed the time-domain terahertz spectroscopy for the optical measurements



from 1.5 meV to 8 meV. The laser pulses with duration of 100 fs from a mode-locked Ti:
sapphire laser were split into two paths to generate and detect the terahertz pulses.
The terahertz pulses were generated in ZnTe crystal by the optical rectification effect.
The waveform of the terahertz pulses were measured by a dipole antenna. The linearly
polarized terahertz light was prepared by the wire-grid polarizers. The magnetic field
from a superconducting magnet was applied perpendicular to the propagation vector of
the terahertz pulses, 1.e. in Voigt geometry, so that the Faraday rotation was avoided in

this experiment.

II1. Results
A. Fundamental properties of BaSrCosFe11A1022 and Bag.5Sr1.5CuzFe11AlO022

In this experiment, the terahertz optical responses of the Y-type hexaferrites
BaSrCozFe11Al022 and BaosSri.5CuzFeinAlO22 were measured. The magnetic system of
Y-type hexaferrites consist of the ferrimagnetic Li- and S-blocks stacking alternately
along the ¢ axis (Fig. 1(a)); each L- and S-block can be viewed as possessing the large
and small classical moments, respectively [23,32,33]. These L- and S-spins form
various helical spin structures as shown in Figs. 1(b)-1(d). For example, the
alternating longitudinal conical (ALC) structure is reported for several Y-type
compounds; the L-spins have antiferromagnetic component along the ¢ axis in addition
to the longitudinal helical structure for the in-plane components (Fig. 1(b)) [30,34,35].
In the magnetic field along the ¢ axis (Had//c), the ALC spin structure turns into the
longitudinal conical (LC) one, whose ¢ axis components of L-spins are ferromagnetically
ordered, while keeping the helical spin components for the in-plane (Fig. 1(c)). In the
higher magnetic field, the collinear ferrimagnetic (FM) structure takes place. On the

other hand, the magnetic field applied perpendicular to the ¢ axis (Ha.Lo) gives rise to



the transvers conical (T'C) structure (Fig. 1(d)), where the spin-cycloid plane emerges in
addition to the ferrimagnetic components. The spin-cycloid components in the TC
structure always produces the ferroelectric polarization driven by the spin-current
mechanism as reported in various hexaferrites compounds, including at room
temperature [12,21-23]. With increasing the magnetic field, the cone angle gradually
closes, and subsequently the collinear FM structure takes place while extinguishing the
ferroelectric polarization. The phase diagrams are summarized for the
BaSrCozFe11A102: (Figs. 1(e) and 1(f)) and for the BaosSr1.5CuzFe;1AlO22 (Figs. 1(g) and
1(h)) (see also the supplementary material). The ALC spin structure is more stable in
the BaosSrisCusFei1AlOg2, while it i1s a metastable state except for the intermediate

temperature region for the BaSrCozFe11A1022 [30].

B. Terahertz electromagnon resonance for BaSrCozFe11A1022

The characteristics of the electromagnon resonance for the BaSrCosFei1AlO22 are
summarized in Fig. 2. The temperature dependence of the imaginary part of dielectric
constant €2 shows the presence of the distinct resonance in the terahertz region (1 THz ~
4.1 meV) as shown in the Fig. 2(a). The resonance structure is observed for the light
polarized parallel to the ¢ axis (£°/c, H’Lc), whereas the spectra for other polarizations
(E°Lec, H°llcand E”Lc, H°Lo) show merely the tail of the higher-lying optical phonons of
little temperature dependence. The observed polarization selection rule clearly
indicates the presence of the electric transition-dipole polarized parallel to the ¢ axis
(E"llo), consistent with the earlier works on the helical spin phase of the Y-type
hexaferrite BazMgaoFe12022 [24]. The resonance peak shifts the energy from ~3.5 meV
(300 K) to ~6 meV (150 K) and the peak intensity develops from 2.5 (300 K) to 6 (150 K)

in € as the temperature decreases (Fig. 2(a)). This peak shift is consistent with the



results of the inelastic neutron scattering study on the zone-edge magnon for
BaSrCosFe11A10s2 [30]. Thus the observed electrically active excitation can be ascribed
to the electromagnon resonance driven by the ES mechanism.

The correlation between the spin structures and the electromagnon resonance was
studied under the magnetic field (Hi.Lo at 200 K (Figs. 2(b) and 2(e)) and 300 K (Figs.
2(c) and 2(f)). At 200 K, the electromagnon resonance is observed at ~6 meV with little
magnetic field dependence below 2 T, where the magnetic field reduces the cone angle of
the TC spin structure as suggested by the increase of magnetization (Fig. 2(d)). The
decrease of the peak intensity and the peak shift to low energy are observed upon the
transition to the FM phase around 2 T (triangles in Figs. 2(d) and 2(e)). In the collinear
FM phase (> 2 T), the spectral intensity of electromagnon decreases and disappears
above 4 T. These results manifest a decisive role of the noncollinear helical spin
structure in the electromagnon activity, as expected for the ES-driven electromagnon.

The ALC structure is stable at the vicinity of zero field at 300 K (Fig. 1(f)), which is
turned into the TC structure by a magnetic field lower than 0.1 T as manifested by the
hysteretic behavior of the magnetization curve (inset to Fig. 2(d)). The ALC spin
structure gives rise to the clear electromagnon resonance at 3.5 meV (300 K, 0 T).
Upon the transition from the ALC phase to the TC phase, the resonance energy leaps
from 3.5 meV to 4 meV as shown in Figs. 2(c) and 2(f). As the magnetic field is further
increased, the electromagnon resonance gradually decreases in intensity around the
transition at 1.9 T (triangles in Figs. 2(d) and 2(f)) and no resonance peak is discerned
above 4 T. Therefore, it is indicated that the helical spin structures including the ALC
and the TC in the Y-type hexaferrites produce the robust electromagnon resonance and
the transitions between these helical spin phases and the collinear FM phase exhibit the

strong magnetochromism in a wide temperature range including room temperature.



C. Steep magnetochromism on the phase transition in Bao 5Sr1.5Cu2Fe11A1022

One way of efficient control for magnetochromism is the use of a sharp magnetic
transition. The magnetic field along the ¢ axis (Ha//0) causes a spin-flop like transition
from the ALC phase to the LC phase for BaosSr15CusFe11AlOs; (see the phase diagram
in Fig. 1(g) and the magnetization curves in Fig. 3(e)); the antiferromagnetic ¢ axis
components of Li-spins turn into the ferromagnetic one around 2 T, while keeping helical
spin component for in-plane. The magnetization plateau below the transition (< 2 T)
indicates a small cone angle of ALC structure for BaosSr15CusFe11AlOsgg, resulting in a
small amount of helical spin component and dominant antiferromagnetic one (see inset
to Fig. 3(a)).

Figure 3 summarizes the characteristics of electromagnon for BagsSri5CusFe11AlO22
under the magnetic field (Ha//0). No peak structure is discerned in the ALC phase (< 2
T) at 200 K (Figs. 3(a) and 3(). (We will discuss later why the electromagnon is
inactive in the ALC phase of Bao;Sri1;CuzFe11Al02.) With increasing the magnetic
field through the phase transition at 2 T (indicated by triangles in Figs. 3(e) and 3(f)),
however, the resonance peak for £%//c abruptly appears around 4 meV and then shows a
steep variation (see the supplementary material for the polarization dependence): The
peak structure starts to rise from 1.95 T and shows a maximum at 2.05 T, manifesting
the dramatic magnetochromism driven by the generation of electromagnon. Further
increase of magnetic field causes monotonous decrease of the electromagnon spectral
intensity, and no resonances structure is observed above 4.5 T, as shown in Figs. 3(b)
and 3(f). The suppression of the electromagnon can be explained by the decrease of the
helical spin component, which is suggested by the increase of the magnetization above

the spin-flop like transition (> 2 T). In addition, the remarkable energy shift is



observed from 4 meV (2.05 T) to 2.5 meV (3 T).

Similar magnetic field dependence is observed even at 300 K as shown in Figs. 3(c),
3(d) and 3(g). There is discerned no resonance peak at 0 T (Fig. 3(c)). With increasing
the magnetic field through the transition from the ALC phase to the LLC phase around 2
T (triangles in Figs. 3(e) and 3(g)), the electromagnon resonance develops around 3 meV
and shows a maximum at 2.5 T. Further increase of the magnetic field reduces the
electromagnon resonance with a peak shift to low energy (Figs. 3(d) and 3(g)), and no

resonance structure is observed above 4 T.

D. Gigantic energy shift of the electromagnon resonance in transverse conical (TC)
phase of Bag5Sr1.5CuzFe11AlO2

Modest magnetic field applied perpendicular to the ¢ axis (Hi.Lc) stabilizes the TC
phase (see the phase diagram in Fig. 1(h)). The electromagnon resonance shows a
distinct behavior in the TC phase as follows. There is no resonance structure at 0 T
again (Figs. 4(a) and 4(c)). At 200 K, the peak intensity of electromagnon gradually
develops with increasing the magnetic field (Fig. 4(a)), where the cone angle gradually
decreases as evidenced by the monotonous increase of the magnetization (see insets to
Figs. 4(c) and 4(e)). One remarkable feature of the present electromagnon is a large
energy shift with the magnetic field; the resonance energy of 2 meV (1 T) continuously
shifts to 5 meV (3.8 T) with an evolution of the resonance peak (Figs. 4(a) and 4(f)).
The peak intensity and resonance energy of electromagnon are simultaneously
maximized at 3.8 T. The phase transition to the FM phase at 4.2 T is manifested by the
kink structure in the magnetization curves (indicated with triangles in Fig. 4(e)).
Above this transition, the electromagnon resonance rapidly diminishes with a peak shift

to low energy as shown in Figs. 4(b) and 4(f). No clear resonance is seen in the
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collinear FM phase above 5 T.

The electromagnon resonance shows the similar magnetic field dependence also at
300 K (Figs. 4(c), 4(d) and 4(g)). The magnetic field induces the development of the
electromagnon resonance with a shift to higher energy. The electromagnon shows the
maximum at 3.8 T with the peak magnitude of 3.3 in €2 at 3.3 meV (Figs. 4(c) and 4(g)).
Further increase of the magnetic field rapidly suppresses the electromagnon resonance

(Figs. 4(d) and 4(g)). There is no resonance in terahertz region above 5 T.

IV. Discussions

Our experiments demonstrate the magnetic-field control of the resonance energy and
the magnitude of the electromagnon resonance, including at room temperature. The
observed electromagnon is always active for the light polarized parallel to the ¢ axis for
both BaSrCosFe11AlO22 and BagsSrisCusFe11AlOgs irrespective of the detail of the
helical spin structures, consistent with the earlier works on Y-type hexaferrite
BasMgsFe12022 [24,25].  Accordingly, it is concluded that this polarization selection rule
of the electromagnon (£“/c) is a common character for the Y-type hexaferrites, which in
turn confirms that the ES mechanism is responsible for the electromagnon activity in
the hexaferrite family.

The ALC phase for BaosSr15CusFe1AlOse (Fig. 3) shows the absence of the distinct
resonance peak, whereas the other helical spin structures including the ALC phase for
BaSrCosFe11A10s: (Fig. 2) exhibit the electromagnon resonances. The suppression of
the electromagnon resonance for BaosSr; 5CusFe11AlO022 can be explained by a lack of the
helical spin component 7.e. the ALC spin structure with closed cone angle. In contrast,
the opened spin-cone for the ALC spin structure in the BaSrCozFe11AlO22 is suggested

by a monotonous increase of the magnetization for Ha.//c (see supplementary materials).
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The appreciable amount of the helical spin component for the ALC phase in the
BaSrCosFe11AlOsg2 results in the clear electromagnon resonance. Therefore, the helical
spin components for each spin structure plays a crucial role for the electromagnon
activity.

The spectral weights of the electromagnon (ASW in Fig. 5) also clearly demonstrate
the field dependent variation of the electromagnon. The ASW are calculated as the
integral of the €oea between 1.6 and 7 meV after the subtraction of the background
consisting of the low energy tail of the optical phonons (see the spectra in Fig. 2, 3 and 4).
The sudden increase of the ASW at 2 T for LC phase of the Bao 5Sr1.5CusFe11A10ss (Hacl/c,
open squares) is contrasted with the rather continuous but larger amplitude of the
magnetic field dependence in TC phase (Hiclc, closed triangles). The ASW of the
BaSrCozFe11A1022 shows monotonous decrease above 1 T (Fig. 5(a) and (b)). The
maximum ASW of the BaosSr15CuzFe11AlOs2 in Haclc (closed triangles) is as large as
that of the BaSrCozFe;iAlOzs (open circles) at 200 K (Fig. 5(a)), whereas the
field-induced electromagnon in Hq//c (open squares) shows a half of these ASWs. At
300 K, the difference in the spectral weights tends to decrease as shown in Fig. 5(b).

The strong magnetic field dependence of the electromagnon resonance energy is
observed in the LLC phase and the TC phase for Bao 5Sri15Cuz2Fe11AlO22 as shown in Figs.
3 and 4, respectively. In the TC phase, the magnetic-field gradient of the resonance
energy at 200 K is as large as +1.3 meV T! in between 1 T and 3 T (Fig. 4), while it
shows a value of —1.2 meV T! for the L.C phase in between 2 T and 3 T (Fig. 3). These
energy shifts induced by the magnetic field are remarkably larger than the conventional
Zeeman shift for magnon: ugg = 0.116 meV T1, where upis Bohr magneton and g = 2 is
the g-factor for free electron. Because the present electromagnon is the excitation at

the zone edge in the magnetic Brillion zone, the change of the magnon dispersion is
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mainly responsible for that of the electromagnon resonance energy. In
BaosSr15CusFe1AlOg2, a continuous deformation of the spin structure induced by the
external magnetic field likely modifies the magnon branches, which in turn leads to the
large energy shift of the electromagnon. One possible explanation is a continuous
variation of the magnetic modulation vector gm of the helical structures, which
simultaneously modifies the magnon dispersion, rLe. the resonance energy of the
electromagnon at the zone edge. (Here the gm represents the ¢ axis component of the
magnetic modulation vector (0,0,gm) for a conventional hexagonal unit cell [30].) In
fact, the strong gm dependence of the electromagnon resonance has been reported for the
helical spin phases of perovskite-ZMnOs; by the systematic composition control [36].
The temperature-dependent continuous variation of gm has been observed on the Y-type
hexaferrites by the neutron scattering measurements [30,33,34]. The variation of gm
induced by magnetic field is also reported for BasMgsFe12022 [37].  Such flexibility of gm
may work positively for the magnetic-field control of the electromagnon characteristics.
The little magnetic field dependence of the electromagnon in the TC phase for the
BaSrCozFe11Al022 can be explained by the commensurate locking of gn=1.5 in the TC
phase (see Figs. 2(e) and 2(f) [30]. Recently, the energy shift of the ES-driven
electromagnon in the magnetic field (0.2 T) was reported on the Z-type hexaferrite below
200 K, while the remanent spectral weights were observed at higher temperatures [38].
The possible contribution of the Dzyaloshinskii-Moriya interaction to the resonance
energy of the electromagnon, which was assumed to appear due to the
symmetry-lowering in the ferroelectric TC phase, was suggested by the calculation
based on the block spin model including the L- and S-spins. Although for the Y-type
hexaferrites the Dzyaloshinskii-Moriya interaction may similarly affect the energy shift

of the electromagnon on the TC phases in the magnetic field Ha.lc (Fig. 2 and 4), the
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field- and composition-dependent variations of the spin structures would play a
dominant role in the gigantic magnetochromism and the remarkable difference between
Bao5Sr15CuzFe1AlO22 and BaSrCosFe11AlOzs.

In conclusion, we have demonstrated the terahertz electromagnon resonances driven
by the ES mechanism on the helical spin phases of Y-type hexaferrites with two
compositions (BaSrCozFe11Al022 and BaosSrisCusFe11AlOs2), including at room
temperature. The BaSrCosFei11AlO22 shows the robust electromagnon resonance at
zero field, which vanishes in the collinear FM phase under the magnetic field. The
magnetic phase transition from the ALC phase to the LC phase generates the
electromagnon resonance in BaosSrisCusFe11AlO22, which leads to the gigantic
magnetochromism. The large magnetic field dependence of the electromagnon in
energy and magnitude is demonstrated on the LC and TC phases of
BaosSr1.5Cuz2FenAlO22 as well, enabling the efficient magnetic field control of terahertz
absorption. The strong electromagnon resonances and versatile magnetic variations
of the optical responses caused by the flexible helical spin structures of the hexaferrites
may promise the utilization of strong terahertz light-matter interactions under external
control. The magnetically tunable terahertz absorber is a possible application of Y-type
hexaferrites, in analogy to the broadly used microwave absorber utilizing the
ferromagnetic resonance. The electromagnon excitation in the ferrimagnetic TC and
LC phases potentially enables the generation of the magnon spin-current and the
ultrafast spin injection by the irradiation of the terahertz wave, which would be applied
to the terahertz-voltage conversion [39]. The resonant excitation of electromagnons by
a coherent terahertz source can provide a promising approach to the ultrafast control of

magnetism within a few picosecond with generating little excess energy [40].
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Figure captions

FIG1. Magnetic structures and phase diagrams of Y-type hexaferrites BaSrCozFe11AlOz22
and BaosSr15CusFenAlOg. (a) The schematics of the crystal structure of the Y-type
hexaferrites. Total magnetic moments in the L blocks (red) and the S blocks (green)
constitute the L-spins and the S-spins, respectively. Magnetic structures in the
BaSrCozFe11A1022 and the Bag5Sr1 5CusFe11AlOss are schematically illustrated in (b), (c)
and (d). (b) Alternating longitudinal conical (ALC) structure. (c) Longitudinal conical
(LC) and ferrimagnetic (FM) structures under the magnetic field parallel to the c axis
(Hadld). (d) Transverse conical (TC) and ferrimagnetic (FM) structures under the
magnetic field perpendicular to the c¢ axis (Hilc. Phase diagrams for the
BaSrCosFe11AlO2 in the magnetic field (e) for Hac//c and (f) for Ha.lc [30]. Phase
diagrams for the BaosSr15CusFe11AlO2s in the magnetic field (g) for Ha//c and (h) for

Hicl c(see Supplemental Material [31]).

FIG. 2. Electromagnon resonance for BaSrCosFe11AlOg:. (a) Temperature dependence

of the electromagnon resonance for three polarization configurations, £%/c, H®1c (upper

20



panel), E°Lc, H*//c (middle panel) and E°lc, H°Lc (bottom panel), at Hi=0. The
electromagnon resonance is excited by the electric field of light polarized along the caxis
(E”lld. Magnetic field dependence of the electromagnon spectra (Ha.Lco) (b) at 200 K
after the field cooling [30] and (c) at 300 K for the light polarization of £*//c, H’Lc. The
inset shows the schematics of spin structures under the magnetic field. (d) The
magnetization curves at 200 K and at 300 K. The triangles indicate the transitions
from the transverse conical (T'C) phase to the ferrimagnetic (FM) phase. The inset
shows the magnified view at 300 K, which shows the hysteresis behavior between the
alternating longitudinal conical (ALC) phase and the TC phase. Magnetic field
dependence of the color-coded electromagnon spectra (e) at 200 K and (f) at 300 K. The
electromagnon resonance is observed in helical spin phases (ALC and TC) and

disappears in the collinear FM phase.

FIG. 3. Magnetochromism by generation of electromagnon resonance (Hac//c) for
Bao5Sr15CusFei1AlOgs.  The evolution of electromagnon (a) at 200 K and (¢) at 300 K
with increasing magnetic field (Ha//d. The polarization of light is E%/c and H”lc.
The electromagnon resonance shows steep evolution upon the transition from the ALC
phase to the LLC phase around 2 T. The spectra of electromagnon above the phase
transition (b) at 200 K (> 2.05 T) and (d) at 300 K (> 2.5 T). The suppression of the
electromagnon resonance is observed with increasing magnetic field. The schematics
in (a) and (b) show the transitions of magnetic structure from the ALC phase to the LC
phase and from the LC to the FM phase, respectively. (e) The magnetization curves at

200 K and at 300 K. The transitions from the ALC phase to the LC phase, which is
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evidenced by the jump of the magnetization, are indicated by triangles. Magnetic field

dependence of the color-coded electromagnon spectra (f) at 200 K and (g) at 300 K.

FIG. 4. Large energy shift of electromagnon resonance induced by the magnetic field
(Haclo) for BagsSr15CusFe1AlOgs.  The evolution of the electromagnon resonance with
increasing magnetic field (Hacle, Ha< 3.8 T) (a) at 200 K and (¢) at 300 K. The
polarization of light is £°//cand H”Lc. The magnitude and the resonance energy of the
electromagnon gradually increase with increasing magnetic field. The magnetic field
dependence of electromagnon spectra above 3.8 T (b) at 200 K and (d) at 300 K. The
schematics in (¢) and (d) show the magnetic structures under the magnetic field. (e)
The magnetization curves for Hi.Lc at 200 K and at 300 K. The triangles indicate the
transition from the TC phase to the FM phase. Magnetic field dependences of the

color-coded electromagnon spectra (f) at 200 K and (g) at 300 K.

FIG. 5. Magnetic field dependence of the spectral weights of the electromagnon (ASW)
for the BaSrCosFe11A109: (denoted as BSCoFAO) in Hiclc, (open circles), and for the
Bao5Sr1.5CusFe11AlO2 (denoted as BSCuFAO) in Ha.Lc (closed triangles) and in Hac//c
(open squares) at (a) 200 K and (b) 300 K. The ASW values are deduced from the

spectra in Fig. 2, 3 and 4 and see the text for the definition of the ASW.
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