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Abstract

Optical magnetoelectric effect, which produces the nonreciprocal directional dichroism, on the
electromagnon resonances is investigated for multiferroic phases of YMnsOs by terahertz spec-
troscopy. For the electromagnon driven by the exchange striction, a crucial role of the commen-
surability of spin order in the magnetoelectric coupling is manifested by the suppression of the
directional dichroism in the incommensurate spin phase. Furthermore, the gapped electromagnon
via the spin-current mechanism is identified in term of the directional dichroism, being irrespective

of commensurability /incommensurability in the cycloidal spin order.
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Magnetoelectric (ME) coupling in condensed matter has been attracting much attentions
in versatile research areas including multiferroics [1-5], spintronics [5-7] as well as topological
insulators [8, 9]. Unique ME coupling has been exemplified in multiferroics, in which the
ferroelectricity is driven by the spin interactions, such as the exchange striction (ES) and the
spin-current (SC) or inverse Dzyaloshinskii-Moriya mechanisms [4]. Specific topologies of
both lattice and spin orders are necessary for the ferroelectricity driven by the ES, in which
at least the commensurate magnetic modulation vector is indispensable. On the other hand,
the SC mechanism gives rise to the electric polarization irrespective of the underlying lattice
symmetry; the local electric polarization is expressed by e;; X (S; x S;), where the e;; denotes
the unit vector connecting adjacent spins S; and S; [10-12]. Accordingly, the cycloidal
spin orders produce the macroscopic electric polarization, i.e. ferroelectricity, irrespective of
commensurability /incommensurability in the spin order.

Multiferroics possesses unique fundamental spin excitations, referred to as electromagnon,
which is a fluctuation of the spin orders endowed with electric activity. In fact, the elec-
tromagnon resonances driven by the ES and the SC mechanisms have been reported for
many multiferroics [4, 13-15]. Furthermore, the ME coupling inherent to the electromagnon
resonance gives rise to an novel optical response, i.e. optical magnetoelectric (OME) effect.
The OME effect is exemplified by a nonreciprocal directional dichroism, which differentiates
the optical responses for counter-propagating lights [16, 17]. The simultaneous breaking
of the time-reversal and the space-inversion symmetries always allows the OME effect, so
that the various optical transitions potentially show the OME effect as reported for multi-
ferroics [15, 18-21], molecules [22] and artificial structures [23]. Because the OME effect is
caused by an interference between the electric and magnetic transition dipoles, both electric
and magnetic fields of light are responsible for the OME effect. For the electromagnon,
the wavenumber (¢) of magnon is essential for the OME effect, because the response to
the uniform magnetic field is ensured at the magnetic I'-point ¢ = ¢,, (¢, 1S a magnetic
modulation vector) and ¢ = 0, while the electromagnon has different selection rules on the
wavenumber. For example, the strong OME effects have been reported for the SC-driven
electromagnon [15, 24, 25] and for the on-site local excitations [18-20], whose electric and
magnetic transitions occur at the magnetic I'-point. On the other hand, the electromagnon
driven by the ES has a more complex character because of the indispensable correlation

with the underlying-lattice symmetry; the magnon branch is folded owing to the chemical



lattice structure [13, 26-29]. In addition, the noncollinear spin structure is responsible for
this electromagnon. The resultant electromagnon excitation has a wavenumber being com-
mensurate with the lattice. Thus the ES-driven electromagnon shows no magnetic activity
and hence least OME effect, while showing the rather robust electric response.

Series of RMnyO5 (R=rare earth, Y, Bi) provides the abundant ME coupling for the spin-
driven ferroelectricity as well as for the excitations including electromagnon [14, 26, 30-32].
The ferroelectric polarizations via the ES and the SC mechanisms coexist in the commensu-
rate spin phase (CM), while the SC mechanism is solely responsible for the ferroelectricity
in the incommensurate spin phase (ICM) [33-35]. Both CM and ICM phases exhibit strong
electromagnon resonance, whose dominant peaks have been attributed to the ES driven one
26, 23].

In this letter, we report the OME effect on the electromagnon resonance in multiferroic
YMn,Os5. The indispensable role of the commensurability for the OME effect on the ES-
driven electromagnon is revealed. On the other hand, the electromagnon driven by the SC,
not ES, mechanism is found to cause the OME effect irrespective of the commensurabil-
ity /incommensurability of spin orders.

The single crystal of YMnyO5 was synthesized by the flux method. The ab plane sample
with diameter of 2.3 mm and thickness of 800 um was prepared. To obtain the optical
constant in terahertz region, the terahertz time-domain spectroscopy in a transmission ge-
ometry was employed [36]. The femtosecond laser pulse from Ti:Sapphire laser was divided
into two paths and focused on a bow-tie shaped antenna and dipole antenna to generate and
detect terahertz pulses, respectively. The magnetic field of 7 T was applied along the a axis
of the sample (Voigt geometry) during the measurement. To obtain the single ferroelectric
domain, the electric field of 1.3 kV /cm was applied along the b axis while cooling the sample.
The optical measurement was done without dc electric field. The pyroelectric current was
measured under the constant electric field of 1.3 kV /cm [37].

YMn,Os has orthorhombic crystal structure composed of Mn3* O pyramid and Mn** Qg
octahedron (Fig. 1 (a)). The spins on Mn®*" and Mn** ions form a long range magnetic
order below Ty ~45 K; the zigzag chains along the b axis (solid green line in Fig. 1(a))
and the straight chains along the ¢ axis consists of spins on Mn** sites (Fig. 1(b)). In the
intermediate CM phase (19 K-41 K) with ¢,,=(1/2, 0, 1/4), the spins in zigzag chains show

an up-up-down sequence, resulting in the ferroelectric polarization (Pgs || ) by ES (Fig.



1(a)) [32, 38]. On the other hand, the spin-cycloid structure along the ¢ axis induces the
local electric polarization (p) canted from the a axis due to the SC mechanism (Fig. 1(a)
and (b)). Ferroic b axis components of p give rise to the ferroelectricity (Psc || b), whereas
the a axis components of p are canceled out due to the antiferroelectric order [34]. These
different ferroelectric polarizations, Pgs and Psc, are opposite to each other (Fig. 1(a) and
inset to 1(c)), resulting in the total polarization P = Pgs — Psc [35]. The phase transition
from CM to ICM phases occurs at Ticy ~19 K with a jump of ¢, to incommensurate
one ¢, = (0.48,0,0.288) [32]. Since the ES mechanism cannot produce the net electric
polarization in the ICM phase, the sudden drop of ferroelectric polarization is observed
on the phase transition (inset to Fig. 1(c)). Accordingly, the Psc solely constitutes the
ferroelectricity in the ICM phase [34, 35].

The electromagnon resonances has been reported in the ferroelectric CM and ICM phases
[14]. Figure 1(c) shows the extinction coefficient x for E“||b, H*||a under the magnetic field
parallel to the a axis (7 T). In the ICM phase (16 K), three distinct peaks show up at 1.1
meV, 1.9 meV and 2.6 meV, which have been ascribed to the electromagnons driven by ES
[14, 26, 28]. A modest peak around 3.7 meV (later referred to as mode I; see also Fig. 2)
is also discerned. In the CM phase (21 K), three peaks are observed around 1.2 meV, 2.3
meV and 3.5 meV, while the spectra of the electromagnon resonances are broadened. At
41 K (paraelectric 1D-ICM phase), the broad absorption is seen. On the other hand, for
E¥||a, H¥||b, no significant peaks are observed, except for a tiny magnon resonance at 2.7
meV at 4 K (Fig. 1(d)). Thus, the electromagnon is polarized parallel to the b axis, similar
with the P [14].

Coexistence of ferroelectric polarization P and the magnetization M allows the OME
effect, i.e. directional dichroism, for the light propagating parallel or antiparallel to P x M
(Fig. 2(a)). The sign of the directional dichroism is changed by the reversal of P or M, as
well as by the reversal of propagation vector of light (k“), so that the sign of k% - (P x M)
determines the sign of directional dichroism [17]. When the £“ is fixed in one direction,
the sign of directional dichroism is expressed by the sign of P x M (Fig. 2(a)). Since the
ferroelectric polarization is always parallel to the b axis, the magnetic field is applied along
the a axis. The resultant point group m'm2’ allows the off-diagonal elements of first-order
ME tensor including «,;, and oy,, which are responsible for the OME effect [15, 17]. Note

that the Faraday rotation, which is derived from the off-diagonal elements of x and e, is



prohibited in this Voigt geometry.

Figures 2(b) and 2(e) show the extinction coefficient x for four possible configurations
(£ P, £M) in the ICM phase (4 K) and the CM phase (21 K), respectively. In the ICM phase,
the dominant peaks of electromagnons at 0.9 meV, 2.1 meV and 2.6 meV, which have been
ascribed to the electromagnon driven by the ES mechanism, are independent of the sign of
P and M (Fig. 2(b)), resulting in the absence of the OME effect. In contrast, the change of
the spectra in accordance with the signs of P x M on the modest peak at 3.7 meV (mode
I) evidences the presence of the OME effect. Hereafter, the different states in terms of the
OME effect are denoted as +k“ for P x M > 0 and —k* for P x M < 0. The OME spectra
Ak and the normalized OME spectra Ak/kg are defined by Ax = k(+k%) — k(—k*) and
ko = (K(+k*) + k(—k“))/2. The presence of the OME effect on the mode I is also indicated
by a peak structure in the OME spectra Ax (Fig. 2(c)) as well as in the normalized OME
spectra Ar/ky (Fig. 2(d)). The change of the extinction coefficient by the OME effect is as
large as 13 % as shown in Fig. 2(d). Other lower-lying electromagnons show no significant
OME effect as manifested by a negligible amount of Ax and Ax/kg below 3 meV in contrast
to the fairly large peak intensities of parent resonances (Fig. 2 (b)).

The OME effect shows contrastive behaviors in the intermediate CM phase. The direc-
tional dichroism is observed in a broad energy range below 5 meV as manifested by the
change of x in accord with the sign of P x M (Fig. 2(e)). The OME spectra (Ax) and
the normalized one (Akx/kg) at 21 K are composed of three pronounced peaks; lower-lying
peaks at 1 meV (mode II) and at 2.5 meV (mode III) show positive sign, while the mode I
at 3.7 meV has negative sign.

Since the OME effect is derived from the first-order ME effect, the linear magnetic field
dependence is expected. In fact, the monotonous increase of the OME effect is observed for
the normalized OME spectra (Fig. 3(a)) and for the peak intensities of modes I, II and III
(Fig. 3(b)) with increasing the magnetic field.

Figures 3 (c¢) and 3(d) show the temperature dependence of the normalized OME spectra
(Ak/Kg). The temperature dependence of peak intensities of the normalized OME effect for
the modes I, IT and III is summarized in Figs. 4(a) and 4(b). The OME effect on the mode
I decreases with increasing temperature in the ICM phase (4 K-18 K), and shows a sudden
jump to negative sign upon the phase transition to CM phases (at ~19 K) as shows in Fig.

4(a) . On the other hand, the modes II and III exhibit the distinct OME effect only in the



CM phase. These results implies that the commensurability of spin orders is relevant to the
OME effect on electromagnon.

The spectral weight of the electromagnon (SW) is defined by the integration of op-
tical conductivity o(w) from 1 meV to 5 meV. The spectral weight of the OME ef-
fect (ASW) is defined here by the absolute value of the change of optical conductivity;
ASW = ffﬁe‘y o(w, +k*) — o(w, —k*)|dw. The SW shows monotonous increase with de-
creasing temperature (Fig. 4(c)). (Note that the slight decrease of SW in the ICM phase
may be caused by the energy shift of the strong peak below our measurement range of SW
(1-5 meV).) On the other hand, the OME effect (ASW) becomes maximum in the CM phase
and suddenly drops upon the phase transition to the ICM phase (Fig. 4(d)). This sudden
drop is caused by the suppression of OME effect on the mode II and III. The residual OME
effect reflects the appreciable ASW for the mode I in the ICM phase.

The enhancement of the OME effect in the CM phase suggests the contribution from
the ES mechanism. The ES mechanism gives rise to the ferroelectricity only in the CM
phase, whereas the cancellation of microscopic polarizations results in the absence of net
polarization for the ICM phase. In contrast, the electromagnon resonance is generated by
the ES mechanism irrespective of commensurability or incommensurability as reported for
RMn;,0;5 and perovskite RMnOj [13, 14]. To induce the OME effect on the ES-driven
electromagnon, the magnetic activity is indispensable in addition to the electric activity.
Oscillation of the uniform magnetic field induces the magnon excitation at ¢ = ¢, and
g = 0. Since the ES-driven electromagnon is the magnon with commensurate wavenumber,
the ES-driven electromagnon potentially possesses the magnetic activity only when the g,,
is commensurate. In fact, the modes II and III, which can be ascribed to the ES-driven
electromagnon, show the OME effect in the CM phase (Figs. 3(d) and 4(a)), indicating
their character responding to the magnetic field of light. These electromagnons lose the
magnetic response in the ICM phase, resulting in the absence of the OME effect (Figs. 3(c)
and 4(a)).

The OME effect on the mode I in the ICM phase suggests that the SC mechanism causes
this electromagnon, which has both electric and magnetic activities irrespective of commen-
surability /incommensurability of the cycloidal spin order. The spin-cycloid structure on the
Mn** chains (Fig. 1(b)) generates the local electric polarization p, so that the uniform

electric field perpendicular to p cause the fluctuation of p, resulting in the electromagnon



with the character of the rotational oscillation of spin-cycloid plane [39]. In the YMnyOs,
two spin-cycloid chains are contained in the unit cell, whose polarization p along the a axis
is canceled out owing to the antiferroelectric order (Fig. 1(a)) [34]. These hidden polariza-
tions, however, potentially lead to the electromagnon excitation polarized perpendicular to
the spin-plane (E* || b), resulting in the anti-phase rotational oscillation of p, i.e. flapping of
the spin-cycloid planes (Fig. 4 (c¢)). Because of the optical-mode character for the anti-phase
rotational oscillation, this SC driven electromagnon should have an intrinsic energy gap as
observed here. This is consistent with the observed magnon dispersion in YMn,O5 [28], in
which a certain amount of weight has been observed around the resonance energy of mode I
(~3.7 meV) on the magnetic ['-point. It is worth noting that the SC-driven electromagnon
is ascribed to the Nambu-Goldstone mode for the single spin-cycloid chain, resulting in
the gapless excitation [39]. In fact, the lower resonance energy has been reported for the
SC-driven electromagnon on the perovskite RMnOj3 [15, 24].

The other difference from the single spin-cycloid is the configuration of the magnetic field
necessary for the OME effect. It is known that the magnetic field perpendicular to the
spin-plane induces OME effect as shown for the case of the perovskite RMnOj3 [15]. In the
present compound, however, the local magnetic-moments m induced by the magnetic field
perpendicular to the spin-plane (Hyg. || b) result in the opposite sign of the p x m for each
chain (Fig. 4(d)), so that the OME effect are canceled out. In contrast, the magnetic field
along the a axis causes the same sign of p x m for each canted spin-cycloid (Fig. 4(c)),
resulting in the OME effect on the electromagnon (mode I).

The sign change of the OME effects on the mode I can be explained by the correlation
between the net polarization P and Psc (Fig. 4(a)), consistently with the above assignment
to the OME electromagnon; the direction of the Psc is antiparallel to the net polarization
P(= Pgs — Psc) in the CM phase and parallel to P(= Ps¢) in the ICM phase [35, 37] (see
inset to Fig. 1(c)). Thus the reversal of the Psc occurs on the phase transition from ICM to
CM phases, while keeping the sign of net polarization P. Accordingly, the sign of Psq x M
for the internal spin-cycloid chains is reversed, resulting in the reversal of the OME effect
for the mode I as demonstrated in Fig. 4(a).

In conclusion, we have investigated the OME effect on the electromagnon resonance driven
by the ES and the SC mechanisms in multiferroic YMnyOs by terahertz spectroscopy. The

OME effect was observed as manifested by the nonreciprocal directional dichroism in the



spin-driven ferroelectric phases. The enhancement of the OME effect with additional peaks

in the CM phase indicates the indispensable role of commensurability for the OME effect

on the ES-driven electromagnon. The electromagnon driven by the SC mechanism, whose

resonance energy is gapped due to the character of optical mode, is identified in terms

of the OME effect being irrespective of the commensurability /incommensurability in the

spin-cycloid.
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FIG. 1: (color online) (a) Crystal and magnetic structures of YMnyOs in ab plane. (b) Schematics
of spins on Mn?* ions in ac plane. The blue lines are unit cell of chemical lattice in the paraelectric
phase. The sum of the local polarizations (p) induced by SC mechanism yields the net polarization
Psc || b (red arrow). The electric polarization driven by ES (Pgg) is indicated by green arrow.
(c) Extinction coefficient x for E“ || b, H¥ || a under the magnetic field parallel to a axis (7 T).
The dotted line shows the spectrum at 0 T. The inset shows the temperature dependence of the
ferroelectric polarization along the b axis under the magnetic field (Hpc || @, 7 T). (d) Extinction

coefficient x for E“ || a, H* || b.
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FIG. 2: (color online)(a) Configurations of P, M, and k“ and their relation in the OME effect.
Spectra of x (b) in the ICM phase (4 K) and (e) in the CM phase (21 K). The signs of P and M
for the respective spectra are indicated. The OME spectra (Ax) and the normalized OME spectra
(Ak/ko) for the ICM phase (c-d) and for the CM phase (f-g). (see the text for definitions of Ax

and Ar/kg.) The magnetic field of 7 T is applied along the a axis.
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FIG. 3: (color online) The magnetic field (Hg. || ) dependence of (a) the normalized OME spectra
(Ak/ko) and (b) the peak intensities for the modes I, IT and IIT in the CM phase (21 K). (Lines
are guide to eye.) The temperature dependence of the normalized OME spectra (c) in the ICM
phase and (d) in the CM and paraelectric (1D-ICM) phases.
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FIG. 4: (color online) (a) Temperature dependences of peak intensities of the normalized OME
effect Ar/kp for modes I, IT and III (see Figs. 3(c) and 3(d)). (b) Temperature dependences of
the spectral weights of the electromagnon (SW) and the OME effect (ASW). (see the text for
definitions.) The magnetic field of 7 T is applied along the a axis. The side view of the two
spin-cycloid chains on Mn** (see Figs. 1(a) and 1(b)) under the magnetic field (c) Hy. || @ and (e)

Hg. || b. The spin-plane motion for the mode I ascribed to the SC-driven electromagnon is shown

in (c).
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