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We have investigated infrared lattice dynamics in the multiferroic states of Gd1−xTbxMnO3 �x=0.3 and 0.5�
to explore the coupling between the optical phonons and the electromagnons, the latter of which are charac-
teristic collective excitations in the spiral spin-ordered �ferroelectric� state. Upon magnetic transitions, most of
the phonon modes exhibit strong variations in their peak positions and/or spectral weights. Among them, three
low-frequency phonons polarized along the a axis are found to show a strong coupling with the electromag-
nons. The sum rule indicates that these modes are mainly responsible for the electric dipole activity of the
electromagnons via their mutual coupling.
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Recently, multiferroelectricity has been attracting great in-
terest for its possible applications exploiting magnetoelectric
phenomena.1–3 For the multiferroic perovskite manganites,
the spontaneous polarization �PS� is produced by the spiral
spin order, and can be flopped by changing the spiral spin
plane with an application of the magnetic field;4,5 the direc-
tion of PS can be changed from the c axis to the a axis by
applying the magnetic field along the b axis. The coupling
between the spiral spin order and the electric polarization can
be well explained by the inverse Dzyaloshinskii-Moriya
interaction,6–8 as expressed by PS�eij � �Si�Sj�, where eij is
the unit vector connecting spin moments Si and Sj at sites i
and j.

Another important magnetoelectric phenomenon for the
perovskite manganites is the appearance of electromagnons
�EM�,9–19 magnetic excitations driven by an electric field �E�
component of light. While the EM appears mainly in the
spiral spin-ordered state as the spontaneous polarization
does, it is hardly affected by the change in the spiral spin
plane. Irrespective of the direction of spiral planes, two dis-
tinct EM excitations are observed only along the a axis,11–19

as revealed by, for example, the detailed study of DyMnO3
in magnetic fields.12 In this context, the origin of the EM
has recently been attributed to the Heisenberg
interaction,16,17,19,20 which can induce the symmetric spin-
dependent electric dipole �psym� as psym��ij�Si ·Sj�, where
�ij is the local electric dipole formed between Si and Sj.
Although this mechanism cannot produce a net polarization
in the static state for the perovskite manganites, it can gen-
erate a coherent induction of local dipole moments in re-
sponse to E �a which accompanies an excitation of the zone-
edge magnon. In this way, both the light polarization
dependence and the characteristic energies of the EM located
around 60 cm−1 could be well explained.

To deepen the understanding of such a newly found exci-
tation, its possible coupling to the other excitations, such as
the phonons and/or the electronic transitions, should be clari-
fied. In particular, the problem how the electric-dipole activ-
ity of the EM arises is important to solve experimentally in
the light of the spin-orbit coupling and spin-lattice interac-

tion in multiferroics. Upon the magnetic transition to the
spiral spin-ordered state, the lowest-lying phonon mode ex-
hibits large changes in its peak position and spectral weight
�SW�, which have been regarded as signatures of the cou-
pling between the EM and the phonon.10,11,15,19 On the other
hand, even if all the SW, which the lowest-lying phonon is
losing, would be transferred to the EM, it is responsible for
only part of the SW of the EM, typically 30–50 %. While
Valdés Aguilar et al.11 have argued that the sum rule may be
almost conserved by including contributions from all the
phonons, it is not clear how the SW transfer occurs for each
phonon mode.

In this paper, we investigate a complete set of optical
phonons polarized along all the three crystallographic axes
for multiferroic perovskite manganites exploring the cou-
pling between phonons and the EM. For this purpose, we
focus on the Gd0.7Tb0.3MnO3 compound since it has versatile
magnetic/electric phases as a function of temperature �T�.21

In particular, it shows an abrupt transition from the
ferroelectric/spiral spin-ordered state to the paraelectric/A-
type antiferromagnetic �A-AFM� state as temperature de-
creases through TA-AFM�14 K. This phase transition ac-
companies a complete suppression of the EM abruptly from
its maximum response,14,17 which provides a unique oppor-
tunity to examine how the phonons are influenced by the
existence or disappearance of the EM. We monitored the
energy position and the SW of phonons upon temperature-
dependent magnetic transitions. From the comparison among
the behaviors of all the phonons along each crystallographic
axis, we demonstrate that the phonons along the a axis are
much more strongly coupled to the magnetic system and the
three E �a lower-lying modes are mainly responsible for the
electric-dipole activity of the EM.

Single crystals of Gd1−xTbxMnO3 �x=0.3 and 0.5� were
grown by a floating zone method.22 As temperature de-
creases, both compounds undergo the transitions, first from
the paramagnetic to the collinear spin-ordered state around
42 K, and then to the ferroelectric/spiral spin-ordered state
around 24 K. Each compound has different directions of PS
and the spiral plane: PS �c in the bc spiral state for the
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x=0.5 compound and PS �a in the ab spiral state for the x
=0.3 compound. As noted above, the x=0.3 compound ex-
periences an additional transition to the paraelectric/A-AFM
state around 14 K. We measured temperature-dependent re-
flectivity spectra above 40 cm−1 using Fourier-transform
spectroscopy, and determined complex optical constants
through the Kramers-Kronig transformation. For the extrapo-
lation of the reflectivity below 40 cm−1, we used the optical
constants obtained by terahertz time-domain spectroscopy.17

Figure 1 shows the real part of the optical conductivity
spectra, �1���, below 700 cm−1 at 16 K for the x=0.3 com-
pound and at 10 K for the x=0.5 compound. For E �a, �1���
multiplied by 30 are also shown below 150 cm−1, where
well-defined peak structures are discernible at about 75 and
120 cm−1 for both compounds. While the latter one is the
lowest-lying optical phonon, the former one corresponds to
the zone-edge EM, which is in good agreement with previ-
ous results obtained from a transmission �and reflectivity�
measurement of the thin sample.17 Incidentally, the lower-
lying EM around 20 cm−1 is not well discernible in these
spectra. It should be noted that while each compound has
different spiral planes, they show similar EM excitations
confirming that the EMs originate from the symmetric spin
interaction as mentioned above.

Besides these low-intensity excitations for E �a, there are
several sharp peaks observed in the far-infrared region with
the light electric field along each crystallographic axis. For
the orthorhombic perovskite, a group-theoretical analysis for
Pbnm space group shows that there are 25 infrared-active
zone-center phonons, such as 7B1u�c-axis�+9B2u�b-axis�

+9B3u�a-axis�.23,24 The number of the phonons along each
axis roughly agrees with such a prediction. Nevertheless,
there are a few more peak structures observed than those
expected, which may be due to a slight misorientation of the
sample and hence a finite contribution of phonons along the
other directions. In this work, we discuss the phonons with a
clear peak structure as marked with the numbers on the cor-
responding peaks.

To investigate lattice dynamics in relation to magnetic
orders, especially to the spiral spin-order accompanying the
emergence of the well-defined EM, we first examine
temperature-dependent variations in the peak position of
each phonon. In Fig. 2�a�, we show, as an example, the pho-
non frequency �TO for the E �a lowest-lying mode, i.e., the
mode ia=1 in a full temperature range investigated. As tem-
perature decreases, �TO shows a gradual increase and then a
much steeper increase below about 50 K at which the spin
order sets in. With further decreasing temperature, �TO
shows the maximum in the ferroelectric/spiral spin-ordered
state at about 14 K, and then a sudden drop upon the transi-
tion to the A-AFM state. With a conventional temperature
effect alone, the phonon frequency would increase with de-
creasing temperature and become saturated below about 50
K as shown with a solid line in Fig. 2�a�, following the
relation that �TO�T�=�TO

0 −��2 / �e�TO/2kBT−1�+1�.25 Here,
�TO

0 is an eigenfrequency of the phonon, kB is the Boltzmann
constant, and � is a constant. For the curve in Fig. 2�a�,
�TO

0 =116.8 cm−1 and �=0.48 cm−1 were used. Therefore, a
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FIG. 1. �Color online� The optical conductivity spectra �1���
below 700 cm−1 at 16 K for Gd0.7Tb0.3MnO3 and at 10 K for
Gd0.5Tb0.5MnO3 along �a� the a axis, �b� the b axis, and �c� the c
axis. In �a�, the spectra below 150 cm−1 are multiplied by 30. The
insets of �a� shows the displacements of Mn and O ions for the
modes ia=1, 2, and 3 referring to Ref. 24.
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FIG. 2. �Color online� �a� Temperature-dependent peak positions
of the lowest-lying phonon �ia=1� polarized along the a axis. Solid
line corresponds to the model calculation based on the anharmonic
thermal effect �see text�. ��b�–�d�� Temperature-dependent peak po-
sitions of representative phonon modes polarized along the a, b, and
c axes. The values �	�TO� at each temperature correspond to the
phonon frequency shifts from the frequency at 50 K.
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deviation of the peak position from such conventional lattice
anharmonicity can be attributed to coupling of the lattice to
the other degree of freedom; this is the magnetic order in the
present case.

Figures 2�b�–2�d� show the frequency shifts 	�TO�T� of
several representative phonons for E �a, b, and c, respec-
tively, with respect to the values at 50 K, i.e., 	�TO�T�
=�TO�T�−�TO �50 K�. For the E �a phonons, while three
lower-lying modes �ia=1–3� show blueshifts, three higher-
lying modes �ia=6–8� show redshifts, and two intermediate
modes �ia=4 and 5� located in between and the highest fre-
quency mode ia=9 exhibit almost no discernible frequency
shift within our experimental accuracy. �The results for ia
=4, 7, and 9 are not shown.� Around 14 K when the x=0.3
compound enters the A-AFM state, most of the phonons
which have shown finite frequency shifts in the spiral spin-
ordered state undergo additional anomalies. This clearly in-
dicates that such behaviors of phonon frequencies originate
from the coupling of phonons with the spin degree of free-
dom. For the E �b phonons, while their frequencies also ex-
hibit finite temperature dependence, the changes are less than
for the E �a phonons. For the E �c phonons, most of the
modes show little temperature dependence. This suggests
that the lattice dynamics along the a axis is more strongly
coupled to the magnetic system than along the other axes.
Note that the x=0.3 and 0.5 compounds exhibit almost the
same behaviors in the phonon frequencies �Fig. 2�b�� except
for some additional anomalies upon entering the A-AFM
state below 14 K for the x=0.3 compound. Considering that
each compound has different spiral spin-order planes, i.e., ab
and bc planes for the x=0.3 and 0.5 compounds,
respectively,21 it is likely that the symmetric spin exchange
interaction determines such behaviors of the phonon fre-
quency.

For the phonons involved with dynamic displacements
of magnetic ions, modulations of exchange energies by
the lattice vibration can shift their frequencies; 	�TO

sp

=
�Si ·Sj�.26–29 Here, 
 is a coupling constant proportional to
the second derivative of the exchange energies with respect
to atomic displacements of the phonon, and �Si ·Sj� repre-
sents the averaged spin correlation between the sites i and j.
In a given magnetic state, each mode should have different
coupling strengths depending on the modulation strength of
the exchange energies by the vibration of the corresponding
mode.

In the A-AFM state, the spin correlations for all the bonds
connecting Mn ions are equally given as 	�Si ·Sj�	
4. Then
the effective spin-phonon coupling strength 	
ef f	, which in-
cludes modulations of all the relevant exchange energies by
the corresponding phonon mode, can be estimated. For in-
stance, modes ia=1, 3, and 6 have the effective coupling
constants 	
ef f	�0.3, 0.5, and 0.4, respectively. Note that
these values are comparable to those of other antiferromag-
netic compounds.26–29

To discuss the possible coupling between the phonons and
the EM, we pay attention to anomalies of the phonon fre-
quencies at TA−AFM. As noted above, additional anomalies of
the phonon frequency upon the spiral to A-AFM transition
can give a clue to spin-phonon coupling relevant to the EM.
The nearest-neighbor spin correlation 	�Si ·Sj�	 /4 in the ab

plane changes from 0.71 in the spiral spin-ordered state �a
spin modulation vector qm=0.256� to 1 in the A-AFM state.21

Provided that exchange energies between nearest neighbors
in the ab plane are mainly involved in the spin-phonon cou-
pling for E �a and E �b phonons,30 the frequency shift in the
A-AFM state would be larger in its amplitude than the value
in the spiral spin-ordered state while keeping the same sign.
As shown in Figs. 2�b� and 2�c�, such behaviors can be found
for most of the modes, such as ia=6 and 8, and ib=2, 3, 4,
and 9. On the other hand, the frequency shifts for the modes
ia=1, 2, and 3 strongly deviate from such behaviors. As tem-
perature decreases, the frequency shift of the mode ia=1 in-
creases to about 2.5 cm−1 in the spiral spin-ordered state, but
it becomes smaller to have about 1 cm−1 in the A-AFM
state. Similar behaviors can be found for the mode ia=2
while the absolute values of the change are much smaller.
For the mode ia=3, while the frequency increases by about
2.0 cm−1 in the spiral spin-ordered state, it experiences al-
most no change upon the A-AFM transition.

A plausible origin for these anomalous behaviors is the
coupling of phonons with the EM. Provided the coupling
between the EM and the phonon, the frequency of the pho-
non tends to blueshift in the presence of the EM in the spiral
spin-ordered state.31,32 Then upon the transition from the spi-
ral spin-ordered state to the A-AFM state, the frequency shift
of the phonons located in the low-frequency region should be
determined by a competition of two factors: �i� the simple
spin-phonon coupling shifting the frequency further in the
same direction as in the spiral spin-ordered state, i.e., the
further blueshift for three low-frequency modes �ia=1–3�;
and �ii� the disappearance of the EM-phonon coupling shift-
ing the phonons to the lower frequency. When the latter ef-
fect is dominant, the phonon frequency should become
smaller in the A-AFM state, which is the case for ia=1 and 2.
When both effects are comparable, the frequency would not
apparently change, which corresponds to the case for ia=3.
In both cases, the behaviors of the phonon frequency deviat-
ing from the prediction based on the simple spin-phonon
coupling can be attributed to the coupling between the EM
and the corresponding phonon modes.

Let us now discuss the behaviors of the SW of
the phonons. The SW of each mode was estimated by inte-
grating �1���; SW�T�=��1

�2�1���d�, and 	SW�T�=SW�T�
−SW�50 K�. Here, the both-end cut-off frequencies for the
integration were chosen as the frequencies around where
�1��� has a local minimum between the phonon peaks. This
estimation was performed also for the EM. The values for
the EM and the lowest-lying phonon agree well with those
reported earlier,11,15,17 which proves the validity of this
analysis. For the x=0.3 compound, as temperature decreases
from 50 K down to 15 K, SW of the EM increases by 1.0
�104 cm−2 �Fig. 3�a��. In the A-AFM state below 14 K, it
becomes almost zero confirming that the EM is active mainly
in the spiral spin-ordered state. In accord with such spectral
changes in the EM, the lowest-lying phonon shows notice-
able spectral changes; its SW continues to decrease with de-
creasing temperature down to 15 K, and recovers back in the
A-AFM state. It should be noted that such a behavior is
completely opposite to that of the EM, which provides a
direct evidence of the strong coupling between the EM and
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this phonon mode. Importantly, however, the absolute value
of the SW change in the phonon is much smaller than that of
the EM. To satisfy the optical sum rule, it is clear that the
higher energy contribution, either/both from the other
phonons or/and from the electronic excitations, should be
included.

Figures 3�b�–3�d� show the temperature-dependent
changes in the SWs for the other phonon modes. Interest-
ingly, most of the modes, except for the modes ia=8 and 9,
show much larger SW changes than the lowest-lying mode.
In particular, 	SW’s of modes ia=6 and 7 even exceed that
of EM. Two modes located next to each other, i.e., the modes
ia=4 and 5, and the modes ia=6 and 7 are showing opposite
temperature dependences. Therefore, the net change in the

respective pair modes appears small. Such an antisymmetric
behavior for the neighboring mode pair is less pronounced
for the low-frequency modes, i.e., modes ia=1–3.

For the perovskite transition metal oxides, as the crystal
symmetry lowers from the cubic to the orthorhombic one,
phonons split and mix with each other. Upon the magnetic
transition, structural symmetry can be affected through a fi-
nite magnetoelastic coupling which can modify the hybrid-
ization between neighboring modes and lead to the spectral-
weight redistribution between them as observed. Details of
the spectral-weight transfer, such as direction and magnitude
of the respective spectral-weight transfer, would depend on
the symmetry of relevant phonons and their relations to the
magnetic system, of which discussion is beyond the scope of
the present work.

In Figs. 3�e� and 3�f�, the sum of the spectral weights of
all the phonons are shown for the x=0.3 and 0.5 compound,
respectively. Here, the spectral contribution between 130 and
160 cm−1 was excluded where the excitation related to the
Tb ion appears.33 For the both compounds, the phonon SW
decreases in the spiral spin-ordered state. In the A-AFM state
for the x=0.3 compound, it increases by about 1.5
�104 cm−2. In the same figure, the SW change in the EM is
also shown. Overall, the T dependence of the SW of EM is
opposite to that of the net SW of all the phonons. Neverthe-
less, the total summation of them seems to be bigger than
zero with respect to the value at 50 K, indicating that the SW
sum rule is not fully satisfied in this frequency region. This
may be due to a finite contribution of the thermal effect in
this temperature range and/or a change in the kinetic energy
of the electronic system upon the magnetic transitions.

In order to minimize thermal effects and to focus on the
influence of the EM on spectral changes in the phonons, we
monitored differences of SWs ��SW� for the x=0.3 com-
pound at 16 and 12 K when EM has the maximum and
minimum responses, respectively. In Figs. 4�a�–4�c�, the
�SW values of the respective modes are displayed at their
frequency positions at 50 K. Upon the transition between the
A-AFM and spiral spin-ordered state, SWs of the E �a
phonons show noticeable changes and the summation of
�SW for all the phonons amounts to about −1.5�104 cm−2.
The E �b and E �c phonons also exhibit finite changes in SW,
but their net contributions are much smaller than for the E �a
phonons: �0.3�104 cm−2 for E �b and �0.4�104 cm−2

for E �c.
Such a large reduction in the SW for the E �a phonons can

be attributed to the transfer of their SW to the EM. The SW
for the EM was estimated to be about 1.2�104 cm−2. Then
the total sum including the EM and all the phonons, both
polarized along the a axis, is about −0.3�104 cm−2. Note
that the magnitude of this value is quite comparable to the
values along the other axes. Such finite amounts of spectral-
weight changes in the terahertz/far-infrared region cannot be
due to the thermal effect; it may be related to the change in a
kinetic energy of the electronic system upon the magnetic
transition. This consideration leads us to conclude that the
optical sum rule related to the emergence/disappearance of
the EM is almost satisfied by including the contribution of
the phonons.

It should be noted that three E �a lower-lying modes are
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mainly responsible for this sum rule satisfaction; while the
higher-lying modes ia=4–7 also exhibit spectral changes,
their contributions are compensated by neighboring modes.
As discussed above, signatures of the coupling between the
EM and these phonons were found also in the temperature-
dependent changes in mode frequencies. For the perovskite
manganites, the E �a phonons modulate the exchange ener-
gies along the b axis by the coherent modulation of the bond
length and bond angle as shown in the inset of Fig. 1�a� for
ia=1–3. This then couples to the excitation of the zone-edge
magnon,16,17 and the spectral-weight transfer from the pho-
non to the EM can be expected. While such a coupling
mechanism can be valid for all the phonons polarized along
the a axis, the larger energy separation for the higher-lying
phonons would reduce the coupling strength and should be
responsible for their less contribution to the electric-dipole
activity of the EM.

Finally, it is worth to discuss the lattice dynamics in rela-
tion to the ferroelectric ordering. For the perovskite manga-
nites, ferroelectricity arises with PS �c in the bc-spiral spin-
ordered state and PS �a in the ab-spiral spin-ordered state,
which corresponds to the cases of the x=0.5 and 0.3 com-
pounds, respectively. If the ferroelectricity would be in-
volved with the displacement of the ions along the polariza-
tion direction,34 the infrared phonons polarized along the
same direction should undergo some anomalies, for instance,
a frequency softening of relevant phonon modes, and such
behaviors should be discriminated depending on the direc-
tions of the spontaneous polarization. As shown above, how-
ever, we could not find any meaningful difference in the
infrared lattice dynamics between the x=0.5 and 0.3
compounds.35 This suggests either that the ferroelectricity of
these compounds is not strongly coupled to the lattice degree
of freedom, or that such a coupling results in lattice distor-
tions smaller than our experimental accuracy. This is totally
consistent with a recent observation on the absence of
anomaly of the c-polarized phonon dispersion in the similar
bc-spiral state of TbMnO3.36

In summary, we have discussed the lattice dynamics of
the perovskite manganites Gd1−xTbxMnO3 �x=0.3 and 0.5�
focusing on their possible couplings to the electromagnon.
Upon magnetic transitions, while most of the phonon modes
exhibit strong anomalies in their peak positions and/or spec-
tral weights, the three E �a lower-lying modes show clear
signatures of the coupling with the electromagnon. In par-
ticular, they are found to be fully responsible for the electric
dipole activity of the electromagnon. Although the other E �a
phonons also would have similar matrix elements of the cou-
pling with the electromagnon, the larger energy separation
between the electromagnon and these modes should reduce
the coupling strength drastically.
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