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Electromagnon, magnetic excitation driven by an electric field of light, has been investigated for a series of
perovskite manganites RMnO3. Two distinct excitations commonly appear in the spiral spin-ordered state, and
systematic changes in their peak positions and spectral weights were observed as a function of the radius of the
R-ion or equivalently of spin-exchange interaction energies. By comparing the results with the spin-wave
calculation based on the Heisenberg model, the higher-lying excitation is assigned to the zone-edge magnon.
The strong electric-dipole activity of these magnetic excitations is discussed in terms of dynamic coupling
among the collective modes.
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When lattice or electronic degrees of freedom show the
long-range order in a solid, each or combination of them can
host the corresponding collective excitation; one such ex-
ample is a magnon, a spin excitation excited by an oscillating
magnetic field. Recently, the so-called electromagnon, ex-
cited by a light electric field and not by a magnetic field, has
been attracting great interest. Although its existence was pre-
dicted already in the 1960s,1 it was just recently that the
electromagnon with a large electric-dipole strength was ex-
perimentally observed in the perovskite manganites RMnO3
with R=Tb and Gd.2 These compounds are the so-called
multiferroics where the magnetic and the ferroelectric �FE�
orders coexist,3,4 and the spontaneous polarization �Ps�
in the FE state arises from the Dzyaloshinskii-Moriya
interaction.5–7 The same interaction has been considered to
explain the mechanism of the electromagnons,8,9 e.g., a rota-
tion mode of the spiral spin plane inducing an electric-dipole
moment along the plane.8 A collection of experimental re-
sults, however, revealed that such a model could not explain
the light-polarization dependence of the excitation. For ex-
ample, as the spiral spin plane changes from the bc to the ab
plane, the Ps direction changes from the c axis to the a axis
consistently with the theoretical prediction,5,8 but the electro-
magnons remain active only along the a axis.10–13 Instead,
different scenarios have been proposed to explain such light-
polarization dependence of the electromagnon by assigning
the excitation to a two-magnon continuum10,11,13,14 or to one
magnon,15,16 both can gain electric-dipole activity through
the Heisenberg coupling between the spins.

In this Rapid Communication, we have investigated the
electromagnetic response in the terahertz �THz� region of a
series of RMnO3 with R=Gd, Tb, Dy, and mixtures of them.
As the size of the R ions becomes smaller, the crystal struc-
ture is more distorted which will change the spin-exchange
energies and modify the properties of magnetic excitations
accordingly. As a function of spin-exchange interaction en-
ergies, we observed the systematic evolution of the electro-
magnon in its spectral shape, resonance energy, and spectral
weight �SW�. Combining these experimental findings and the

spin-wave calculation based on the Heisenberg model, we
could clearly elucidate the character of the electromagnons
and discuss the origin of their strong electric-dipole activity.

Single crystals were grown by a floating zone method.3

We performed the transmission experiment using THz time-
domain spectroscopy below 10 meV,11 and the transmission
and the reflection experiments using Fourier-transform spec-
troscopy above 4 meV, and determined complex optical con-
stants unambiguously. In the following, we deal with the real
part of the optical conductivity, �1���, as the contribution of
the magnetic permeability is negligible in the measured en-
ergy range.11,13

Let us first examine the optical conductivity spectra of
Gd0.7Tb0.3MnO3 as the prototypical example which has plen-
tiful magnetic/electric phases as a function of temperature
�T� �Ref. 17�: �i� paramagnetic/paraelectric state at T
�42 K, �ii� collinear spin-order/paraelectric state at
24�T�42 K, �iii� ab-spiral spin-order/ferroelectric state at
14�T�24 K, and �iv� A-type antiferromagnetic
�A-AFM�/paraelectric state at T�14 K. In the
paramagnetic/paraelectric state, e.g., at 200 K, the optical
spectra in this energy range, shown in Fig. 1�a�, have a single
contribution around 14 meV, which is ascribed to an
infrared-active optical phonon. In the spiral spin-ordered
state �16 K�, however, three additional peaks appear around
3, 9, and 17 meV. In the A-AFM state, the two lower-energy
peaks among them disappear �a black curve in the inset of
Fig. 1�a��, whereas the higher-energy peak still remains to-
gether with the phonon. This suggests that the highest-energy
peak has a different origin compared to the other two lower-
energy peaks. The same figure shows also the optical re-
sponse of GdMnO3 at 15 K. While this compound is in the
A-AFM state such as Gd0.7Tb0.3MnO3 at 10 K,4 its �1��� has
a contribution only from the phonon around 14 meV. Such a
difference between Gd0.7Tb0.3MnO3 and GdMnO3 clearly in-
dicates that the peak around 17 meV should be related to the
Tb ion rather than to the Mn ion. From here on, we focus on
two lower-energy peaks located below the lowest-lying pho-
non as the excitations contributed to by the Mn ion.
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Figure 1�b� shows the temperature-dependent SW of the
magnetic excitations for Gd0.7Tb0.3MnO3 obtained by inte-
grating �1���; SW�T�=�0

12.5 meV�1���d� and �SW�T�
=SW�T�−SW�50 K�. It shows a gradual increase with suc-
cessive magnetic transitions below 42 K and a sudden drop
on entering the A-AFM state, which implies the magnetic
origin of these excitations. The same figure shows a similar
behavior of �SW for Gd0.5Tb0.5MnO3 which keeps increas-
ing down to 10 K in the spiral spin-ordered state. �As shown
in Figs. 2�a� and 2�b�, their spectral shapes are also similar.�
Considering that two compounds have different spiral planes,
i.e., the ab and bc plane for Gd0.7Tb0.3MnO3 and for
Gd0.5Tb0.5MnO3, respectively,17 such similar behaviors of
electric-dipole active magnetic excitations demonstrate that
their origin should be related to the symmetric exchange
term proportional to the inner product of the neighboring
spin moments, which is common for the ab- and bc-spiral
states.

Figure 2 shows the optical conductivity spectra for a se-
ries of RMnO3 at 16 �17� K for R=Gd0.7Tb0.3 and at 10 K for
the others. At the corresponding temperatures the R
=Gd0.7Tb0.3 compound is in the ab-spiral spin-order state,
whereas the others are in the bc-spiral state. All the spectra
have the common spectral features in this energy range, i.e.,
two peaks around 1 and 2 THz, which are here termed as
modes A and B, respectively. For R=Gd0.7Tb0.3, these peaks
are well separated and mode B is much stronger than mode
A. For R=Dy, however, mode B is located close to mode A
and their spectral weights are comparable with each other.

For the more quantitative analysis, we estimated the en-

ergy position and the spectral weight of each peak and dis-
played them in Figs. 3�a� and 3�b�, respectively, as a function
of the radius of the R ion. The peak positions were deter-
mined from the energy values where the �1��� is at maxi-
mum. As the radius of the R ion becomes smaller, mode B
shows a remarkable shift from 9.5 meV for R=Gd0.7Tb0.3 to
about 5 meV for R=Dy. Such a peak shift is less pronounced
for mode A. In estimating the spectral weight by the integra-
tion of �1���, the contribution of each peak was decomposed
by the frequencies where the �1��� take the minima, e.g., for
R=Gd0.5Tb0.5 the regions of 0–5.3 and 5.3–12.5 meV for
modes A and B, respectively. With decreasing the radius of
the R ion, the spectral weight of mode A increases and that of
mode B decreases, whereas the total summation of them ex-
hibits only a minor reduction.

Since the collective excitation discussed here is magnetic
in nature, we examine how magnetic excitations evolve in
these materials. The magnetic features of RMnO3 can be
described by Heisenberg model with the nearest-neighbor
ferromagnetic interactions in the ab-plane Jab and antiferro-
magnetic ones along the c-axis Jc, and also by the next-
nearest-neighbor antiferromagnetic exchange Jb along the b
axis �Fig. 4�a��.18 Using the superexchange formulation in
Ref. 19, Jab and Jc were calculated with structural parameters

0 4 8 12 16
0

2

4

6

8

8 12 16
0

3

10 20 30 40 50

0.0

0.5

1.0

0 1 2 3 4

shifted by +0.5

(17 K)

(b)

(a)

10 K
Gd

0.7
Tb

0.3
MnO

3

Gd
0.7

Tb
0.3

MnO
3

16 K
33 K
46 K
200 K

σ 1(ω
)

(Ω
-1
cm

-1
)

Photon Energy (meV)

Eω//a

GdMnO
3

15 K

σ 1(ω
)

meV

Gd
0.7

Tb
0.3

MnO
3

Gd
0.5

Tb
0.5

MnO
3

∆S
W

(1
04 cm

-2
)

Temperature (K)

Frequency (THz)

FIG. 1. �Color online� �a� The optical conductivity spectra
�1��� below 20 meV of Gd0.7Tb0.3MnO3 along the a axis. The
results displayed with the symbols �below �8 meV� are taken from
Ref. 13. The inset shows �1��� of Gd0.7Tb0.3MnO3 at 10 K and of
GdMnO3 at 15 K, both of which are in the A-AFM state. �b�
Temperature-dependent spectral weight of the electromagnons ob-
tained by integrating �1��� up to 12.5 meV.
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FIG. 2. �Color online� The optical conductivity spectra �1��� of
RMnO3 in the spiral spin �ferroelectric� state and the paramagnetic/
paraelectric state for �a� R=Gd0.7Tb0.3, �b� Gd0.5Tb0.5, �c�
Gd0.1Tb0.9, �d� Tb0.41Dy0.59, and �e� Dy. In each curve, the symbols
correspond to the results obtained by THz time-domain spectros-
copy and the solid and dashed lines by Fourier-transform spectros-
copy. The results displayed with the symbols for R=Gd0.7Tb0.3 are
taken from Ref. 13.
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reported by Alonso et al.20 For the intermediate compounds,
of which structural data are not available, Jab are estimated
by a linear interpolation of the structural parameters and
Jc / �Jab� is assumed as �1.6 �Fig. 4�b��. Frustration between
Jab and Jc leads to the spiral spin order with a modulation
vector qm=1 / �2��cos−1��Jab� /2Jb�,18 which could be deter-
mined experimentally3,4,17,18 and used to estimate the Jb val-
ues as shown in Fig. 4�b�. By using these values and assum-
ing the single-ion anisotropy energy 	=0.2�Jab�, we obtained
the magnon dispersion curve as shown in Figs. 4�c� and 4�d�.
The dispersion along q= �0,qb ,1� has a minimum at a finite
qb, which corresponds to the magnetic modulation vector.3,21

As the involved exchange energies vary, the magnon at the
zone edge, i.e., at q= �0,1 ,0�, exhibits a noticeable energy
shift compared to magnons at other q values.

For the perovskite manganites, the symmetric spin-
exchange term can induce the local electric-dipole moment,
proportional to the inner product of the neighboring spin
moments, but its net contribution is zero owing to the
symmetry.16 Nevertheless, the excitation of the zone-edge
magnon at q= �0,1 ,0�, corresponding to the staggered rota-
tion of the local spins as indicated by the arrows in Fig. 4�a�,
can induce a uniform modulation of the local dipole moment
along the a axis irrespective of the spiral spin plane, leading
to the coupling with light electric field along the same
direction,16 or possibly mediated by the phonons.15 As shown
with open squares in Fig. 3�a�, the energy position of this
zone-edge magnon and its shift as a function of the radius of
the R ion are comparable with those of mode B. This leads us
to conclude that mode B correspond to the zone-edge elec-
tromagnon induced by symmetric spin-dependent polariza-
tions.

While the comparison between the energies of mode B

and the zone-edge magnon shows a fairly good agreement
between them, the peak position observed for the large R
ions is noticeably larger than the calculation. In order to have
a better fitting, we re-estimate spin-exchange energies, which
are shown with closed symbols in Fig. 4�b�. For R=Tb and
Dy, the parameters were determined to reproduce the mag-
non dispersion and the magnon frequencies for each
compound,11,21 as discussed in detail elsewhere.16 For the
others, the values are obtained by a linear interpolation. As
shown in Fig. 3�a�, the model calculation using this second
set of parameters could reproduce systematic peak shift of
the electromagnon quite well. Conversely, this clearly sup-
ports the assignment of the electromagnon around 2 THz
�mode B� to the zone-edge magnon. Comparing the energies
of mode A and the magnons, mode A should correspond to
the magnons near the zone center, although it is not clear
which q value and magnon branch are responsible for that.

Another important spectral feature in these series com-
pounds is the systematic change in the SW; with the decrease
in the ionic radius, the SW of mode B decreases whereas that
of mode A increases. �See Figs. 2 and 3�b�.� Such an oppo-
site trend of SW suggests that the origin of the electric-dipole
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activity of each excitation should be different. Since such
spectral changes occur together with a large peak shift, it
would be worthwhile to examine the possibility of the hy-
bridization effects among the modes which can be coupled
with each other.

The excitation of the zone-edge magnon �qb=1� accom-
panies the modulation of the exchange energy along the b
direction which resembles the one induced by the infrared-
active phonons along the a axis.15,16 Therefore, the coupling
between them can be expected. Given such coupling and the
SW transfer from the phonons to the electromagnon,9,10,14

the larger energy separation between them by a redshift of
the electromagnon can lead to the weakening of the hybrid-
ization which can be partly responsible for the smaller SW of
mode B for R=Dy. For mode A, since the enhancement of its
SW accompanies the redshift of the peak, a different ap-
proach should be applied. Instead of the coupling with the
phonons, one can assume the hybridization between the elec-
tromagnons themselves, which may be allowed by a mag-
netic anisotropy in the spiral spin-order state.15,16 The
smaller energy separation between modes A and B for the
compounds with the smaller R ions will promote their hy-
bridization and lead to the SW increase �decrease� of mode A
�B�. Note that this discussion about the hybridization effects
assumed that the matrix element would not change so much

depending on the compounds with different R ions. A more
elaborate theoretical approach including all such aspects is
necessary to explain systematic changes in the spectral
weights of the electromagnons.

In summary, we have investigated the electromagnon ex-
citations located at about 1 and 2 THz in a series of the
perovskite manganites RMnO3. With a variation in the radius
of the R ions, we observed a large and systematic change in
the peak position of the higher-energy electromagnon and
could successfully explain it by assigning the excitation to
the zone-edge magnon. Concerning the lower-energy electro-
magnon which arises from the magnons near the magnetic
zone center, our experimental results suggest that the origin
of its dipole activity should be different from that of the
zone-edge electromagnon. Whereas the zone-edge electro-
magnon could have a dipole activity from strong coupling
with phonons, the lower-energy electromagnon would gain a
dipole strength from the coupling with the higher-lying zone-
edge electromagnon.
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