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The wide range optical spectra on a multiferroic prototype TbMnO3 have been investigated to clarify

the origin of spin excitations observed in the far-infrared region. We elucidate the full band structure,

whose high energy edge (133 cm�1) exactly corresponds to twice of the highest-lying magnon energy.

Thus the origin of this absorption band is clearly assigned to two-magnon excitation driven by the electric

field of light. There is an overlap between the two-magnon and phonon energy ranges, where the strong

coupling between them is manifested by the frequency shift and transfer of oscillator strength of the

phonon mode.
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Multiferroics, in which electric and magnetic properties
are cross-correlated, have attracted much attention in re-
cent years because of their novel magnetoelectric phe-
nomena as well as possible applications [1]. Substantial
efforts have been dedicated to the research on controlling
the electric polarization and magnetization with external
magnetic and electric field, respectively. It is also expected
that the strong coupling may appear not only in static
properties but also in dynamical responses, such as electri-
cally driven magnetic excitations. One of the major origins
of magnetically induced electric polarization is the inverse
of the Dzyaloshinski-Moriya interaction [2,3]. In this
mechanism, a transverse-spiral spin structure yields mac-
roscopic polarization (Ps), which is given by the sum of
local polarization generated by interacting neighboring
spins Si and Sj; Pij / eij � ðSi � SjÞ, with the connecting

unit vector eij, as shown in Fig. 1(a). The spin spiral plane

and sign of helicity determine the direction of Ps.
Orthorhombic perovskite RMnO3 with rare earth R ¼
Tb, Dy, Gd and Eu1�xYx are prototypes of such multi-
ferroics with the spiral spin structure [4–10]. In TbMnO3,
for example, the collinear spin order of Mn ions sets in at
Néel temperature TN of 41 K and the ferroelectric phase
appears in the bc-spiral spin state with the magnetic q
vector along the b axis below 28 K, where the Ps is parallel
to the c axis [4,6]. The sign change of helicity upon the
reversal of the Ps was directly observed by a spin-polarized
neutron scattering study on TbMnO3 [8].

Under the coupling between magnetism and elec-
tricity, the collective excitation is anticipated to exist.
The collective excitation directly reflecting the inverse

Dzyaloshinski-Moriya mechanism is the rotation mode of
the spiral plane that is driven by electrical field [11]. This
k ¼ 0magnon mode should be active for the light E vector
perpendicular to the spin spiral plane. The first experimen-
tal attempt to explore such excitations was reported by
Pimenov et al. in TbMnO3 and GdMnO3 [12], where
they observed the growth of the absorption band in E! ka
below 40 cm�1 in accordance with the spin order and
called the excitation electromagnon. The results for
Eu1�xYxMnO3 were also reported in Refs. [13,14], in
which the growth of the absorption band in E! k a con-
figuration was also observed. On the basis of the theoreti-
cal prediction mentioned above, the polarization selection
rule for the electromagnon, the absorption band in
Eu1�xYxMnO3 with Ps k a should be E! k c. This dis-
crepancy suggests that the origin of the absorption may be
another kind of magnetic excitations. Recently, Kida et al.
reported detailed temperature and magnetic field depen-
dence of DyMnO3 by THz time-domain spectroscopy, and
observed that the absorption band for E! k a is essentially
sustained even in the magnetic-field-induced Ps k a phase
[15]. One possible candidate of the origin of absorption
band to explain the continuumlike excitation is the
infrared-active two-magnon (2M) excitations (or electro-
two-magnons) [13,15]. To clarify the origin of this far-
infrared absorption, a comparison between the complete
optical spectra and the magnon band structure would be
necessary. As for TbMnO3, the inelastic neutron measure-
ment was recently reported by Senff et al. [16] to deter-
mine the low-lying magnon dispersion up to 65 cm�1

[Fig. 1(b)]. Thus the elucidation of the full absorption
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band structure for TbMnO3 as well as its temperature and
light polarization dependence may provide a clue to the
puzzling infrared-active spin excitation in those multifer-
roic perovskite manganites.

Another interest is in the possible interplay between
such spin excitations and phonons. In GdMnO3, changes
of frequency and strength in the lowest optical phonon
mode were reported by applying magnetic field [17]. The
coupling with the lowest optical phonon mode was also
reported in Eu0:75Y0:25MnO3, where the transfer of oscil-
lator strength between the lowest phonon and spin excita-
tion was observed [13]. To understand the coupling with
phonon, an accurate measurement in a wider energy range
will be required. Here we conducted from THz to ultravio-
let spectroscopy to search for the possible signature of the
coupling of the dipole-active spin excitation with the pho-
nonic and electronic excitations. We could clarify a full

spectrum shape of magnetic excitation, which was unam-
biguously assigned to the 2M excitation band. The cou-
pling with the lowest optical phonon mode, which is buried
in the 2M excitation continuum, was also investigated in
detail.
A single crystal of TbMnO3 was grown by a floating-

zone method in a flow of Ar gas. We performed THz time-
domain spectroscopy in transmittance configuration to de-
termine both of the real and imaginary parts of the complex
dielectric constant from 13 to 80 cm�1. The THz wave was
generated by the optical rectification of ultrashort pulses in
a ZnTe(110) crystal and detected by a dipole antenna [18].
We conducted reflection and transmission FTIR measure-
ments from 80 to 650 cm�1, where the 22 �m-thick sam-
ple was used for the transmission measurement. We
determined the complex dielectric constant using reflec-
tance and transmittance data in an energy range from 83 to
180 cm�1. Above 180 cm�1, we used Kramers-Kronig
transformation to obtain the complex dielectric constant.
The reflection spectra for the Kramers-Kronig transforma-
tion were obtained up to ultraviolet region (40 000 cm�1).
Figure 1(c) shows the imaginary part of the dielectric

constant, �2, between 13 and 650 cm�1, which corre-
sponds to optical phonon and magnon energy range as
indicated in the figure, in E! k a configuration at 12 K.
Several phonon modes due to the orthorhombic distortion
are observed. In Fig. 1(d), we focus on the low-energy
region including magnetic excitations and three low-
energy phonons, where the coupling between magnetic
and electric excitations is expected to show up clearly.
Three phonon modes, 112 (A), 190 (B) and 225 cm�1

(C), all the so-called external modes as dominated by the
character of Tb-O vibration, are observed at 250 K as
shown in Fig. 1(d). At 12 K, where the ferroelectric and
bc-plane spin spiral phase emerge, the development of
broad continuumlike absorption band, composed of broad
peak structures at 20, 55, and 133 cm�1, is clearly ob-
served. Since the absorption band expands up to 150 cm�1,
this band cannot be explained by the single magnon
Goldstone mode at k ¼ 0 which is expected at
10–20 cm�1 [see Fig. 1(b)]. The highest-energy peak
(133 cm�1) of this broad band precisely corresponds to
the upper edge of the 2M energy range, i.e., twice the
highest one-magnon energy, 67 cm�1 � 2 ¼ 134 cm�1.
Thus it is quite reasonable to assign the origin of the broad
absorption band to the 2M excitation. We show the com-
plete band structure including the lowest phonon A in
Fig. 1(e), where the contribution of phonon B is subtracted
from the �2 spectrum by a fitting procedure using Lorentz
function. To calculate the density of states (DOS) of the
2M band, we have fitted the experimentally observed
magnon dispersion in Ref. [16] by using the linear spin
wave theory with the spin exchange interaction parameters,
J1ðab planeÞ ¼ �0:85 meV, J2ðab planeÞ ¼ þ0:68 meV
and Jcðc axisÞ ¼ þ1:28 meV, as well as of the single-ion
anisotropy term (D ¼ 0:13 meV) [solid lines in Fig. 1(b)].
We have confirmed that this set of parameters can repro-

FIG. 1 (color online). (a) The schematic of the spin structure
and direction of the spontaneous polarization in the bc-plane
transverse-spiral (cycloidal) spin state of TbMnO3 in the ortho-
rhombic setting. (b) The magnon dispersion reproduced from
Ref [16]. Solid lines represent the dispersion calculated by the
linear spin wave theory on the bc-spiral state with use of spin
exchange interaction parameters; J1 ¼ �0:85 meV, J2 ¼
þ0:68 meV, and Jc ¼ þ1:28 meV (see text).(c) The �2 spec-
trum with E! k a at 12 K. The energy region of the magnon, the
2M excitation, and optical phonon are indicated by arrows. (d)
The �2 spectra at 12 and 250 K below 290 cm�1, where the
magnetic excitation and the lower-lying optical phonon modes
are located. The phonon modes in this energy range are denoted
as A, B, and C. (e) The �2 spectrum at 12 K and for E! k a of the
2M band and the lowest optical phonon mode, where the tail of
the phonon B is subtracted. Dashed line represents the DOS of
the 2M excitation obtained by the linear spin wave theory (see
text).
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duce the bc-spiral spin state [19]. The 2M DOS, i.e., twice
the energy scale of the one-magnon DOS, calculated with
use of these obtained parameters is shown with a dashed
line in Fig. 1(e). The energy ranges of the two spectra
coincide with each other, while the spectral shapes are
considerably different. The midpeak around 55 cm�1 per-
haps reflects the 2M DOS singularity, but why the lower
and upper edges of the 2M band can show up strongly in
the optical absorption spectrum is left to be theoretically
elucidated.

Figure 2 shows the �2 spectra in all the crystallograph-
ically independent light polarization configurations. The
temperatures of 250, 30, and 12 K correspond to the
paramagnetic, collinear sinusoidal and bc-spiral phase,
respectively. The obvious enhancement of �2 is observed
for E! k a in the bc-spiral phase and this behavior is
consistent with recent observations for DyMnO3 [15],
TbMnO3 [12], GdMnO3 [17] and Eu1�xYxMnO3 [13,14].
The lowest-energy peak locating around 20 cm�1 has al-
ready been reported by Pimenov et al. [12]. In E! k b,
H! k c configuration, the tiny peak is identified around
20 cm�1 at 12 K. Since this absorption peak is active only
forH! k c (not observed in E! k b,H! k a configuration)
and the peak energy just corresponds to that of one magnon
at k ¼ 0 [16], it is assigned to the conventional antiferro-
magnetic (one-magnon) resonance. From these polariza-
tion dependencies, we can conclude that the intense
absorption band arises only for E! k a, irrespective of
the polarization direction of H!, apart from the weak
one-magnon absorption [20].

Figure 3 shows the temperature (T) dependence of �2
spectra up to 180 cm�1 for E! k a. Below 80 cm�1 (in-
dicated as the region I), a flat broad band is discerned in the
collinear sinusoidal phase at 30 and 40 K. In the ferroelec-
tric (bc-spiral) phase below 28 K, the two-peak structure
appears in this low-energy region (20-80 cm�1) and their
intensity develops rapidly. In contrast, the upper edge of

the 2M band around 130 cm�1 (the region III) steadily
grows in intensity even from the paramagnetic phase
(80 K). In the energy range between 93 and 122 cm�1

(the region II), where the spectra are dominated by the
phonon mode A, the spectral intensity and peak position
show significant T dependence. Hardening of the mode
frequency and sharp decreasing of the intensity with de-
creasing T are clearly observed. These tendencies suggest a
strong coupling of this phonon mode with the
2M excitation.
To be more quantitative, we introduce the integrated

spectral weight per Mn site, Neff , as given by

Neff ¼ 2m0V

�e2

Z !2

!1
!0Im½�ð!0Þ�d!0; (1)

where m0, e, and V are the free electron mass, the electric
charge and the unit-cell volume, respectively. We define
�Neff as �Neff ¼ NeffðTÞ � Neffð250 KÞ. We divide the
2M continuum band into the three energy ranges; I, II
and III as shown in Fig. 3. Figure 4(a) shows the T
dependence of �Neff in each energy region. The �Neff

shows slight decline below 250 K in all the regions due to
the change of the absorption tail arising from the higher-
energy phonons. This variation is, however, negligible as
compared with substantial changes observed at low T.
With decreasing T, the 2M intensity in the highest-energy
region III increases from 150 K, a much higher T than TN

(41 K). In contrast, the low-energy side (the region I) of the
2M band shows rapid build-up from TN and the intensity-
increasing rate becomes higher in the bc-spiral phase as
shown in Fig. 4(b). This large energy-region dependence of
development of 2M band may be ascribed to the aniso-
tropic development of spin short-range order above TN.
The short-range order enables the 2M generation with large
wave number near the zone edge. In TbMnO3, the ex-
change interaction along the a and c axes are simply ferro-
and antiferromagnetic, contrary to the frustrated b axis [21]
and it is possible that the short-range order along the a and
c axes evolve at first even well above TN . On the other

FIG. 2 (color online). The �2 spectra in all the polarization
(E!, H!) configurations of light, measured at 12, 30, 250 K. E!

and H! represent electric and magnetic fields of light.

FIG. 3 (color online). Temperature dependence of the �2 spec-
tra in E! k a. Three energy ranges are indicated as I, II, and III.
The inset shows the detailed change of the phonon mode A
between 110 and 120 cm�1.
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hand, it is reasonable that the development of the 2M band
in the low-energy region (I) shows strong correlation with
the formation of the long-range order, because the response
of low-energy region reflects the magnon generation with
small wave number.

The next issue we should consider is a mechanism of
coupling between the 2M excitation and phonon. As men-
tioned above, the phonon at 113 cm�1 (A), located within
the continuum of the 2M band, may give a good clue to the
coupling mechanism. The �Neff of the phonon A, whose
energy range is indicated as the region II in Fig. 3, is shown
in Fig. 4(a). The small minimum around 200 K is again
attributed to the decrease of the low-energy tail of the
higher-lying phonon modes, while the slight increase is
seen below 150 K with decreasing T. The latter structure
originates from the tail of the 2M band in the high-energy
region III, because the development of its intensity is
similar to that of the 2M band. Aside from these trivial
T-variations, the �Neff in the region II shows a decrease
below 80 K and then a steep decrease in the bc-spiral
phase. This result indicates that the phonon A is strongly
correlated with the 2M excitation in region I, where the
long-range cycloidal order is evolved with the growth of Ps

and a part (about 30%) of the oscillator strength of the
phonon mode A is transferred to that of the 2M excitation.

Another evidence for the coupling between the phonon
mode A and the 2M continuum can be seen in the shift of
the peak position of A as shown in Fig. 4(b). The
T-dependent blue shift of the higher-lying phonon
modes B and C with lowering T are small and almost
terminated below TN . However the mode A shows increase
of frequency in undergoing the transition to the collinear
sinusoidal phase and even steeper increase in the bc-spiral
phase; the T variation is similar to the�Neff in the region I.
These results indicate that lowest-lying phonon mode A
locating inside the 2M continuum shows a particularly
strong coupling with the 2M excitation via the Fano-like
resonance. Nevertheless, the increase of the oscillator

strength in the region I and III at 12 K is 6 times as large
as the decrease of that of II-region (the phonon mode A). In
the light of the sum rule, the 2M spectral weight comes not
only from the nearby optical phonon (like the mode A), but
also from higher-lying phonon modes and/or the other
electronic excitations.
To conclude, we investigated the origin of the far-

infrared absorption in multiferroic TbMnO3, where the
electrically driven spin excitation has been observed for
E! k a. We elucidated the complete structure of the
infrared-active spin excitation band, whose full width is
over 130 cm�1, and showed that the energy range of the
absorption band exactly corresponds to that expected for
the two-magnon (2M) excitation. The phonon-2M cou-
pling is conspicuous for the lowest phonon mode lying
within the 2M continuum, as seen in its frequency shift and
decrease of oscillator strength with decreasing T. The
present results on this representative multiferroic will
give a clue to the microscopic origin of the strongly
dipole-active 2M excitation.
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FIG. 4 (color online). (a) Temperature variation of the spectral
weight (Neff ; see text for the definition) in the respective energy
regions, I, II and III (see Fig. 3). �Neff is defined as the
difference from the Neff value at 250 K. (b) The temperature
dependence of the phonon mode frequencies normalized by the
respective values at 250 K, where A, B, and C indicates the
phonon modes as defined in Fig. 1(d). The �Neff in the energy
region I (the lower-energy region of the 2M band) is also shown.
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