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The magnetic and electronic properties of multiferroic TbMnO3 in the paramagnetic, antiferromagnetic,
sinusoidal, and spiral-spin phases were studied by spectral generalized magneto-optical ellipsometry. The
measurements show a strong anisotropy of the dielectric tensor. A redistribution of spectral weight was ob-
served in the diagonal components of the dielectric tensor for the temperature range from 110 to TN=46 K. In
the off-diagonal elements, spectral generalized magneto-optical ellipsometry shows sensitivity to the antifer-
romagnetic and ferroelectric phase transitions at TN=46 K and TF=29 K, respectively, and a persistent signal
up to 6TN.
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Multiferroic materials exhibit phases with simultaneous
magnetic and ferroelectric properties. The close coupling of
the magnetization and the electric polarization in multiferro-
ics makes these materials excellent candidates for demon-
strating giant magnetoelectrical behavior,1,2 in which large
magnetic and electric responses can be induced with weak
electric and magnetic fields, respectively.3,4 Spectral general-
ized magneto-optical ellipsometry �SGME� is an ideal tech-
nique for studying the interplay between electric and mag-
netic properties in multiferroic systems, as it probes both the
diagonal �xx and off-diagonal �xy components of the dielec-
tric tensor.5

Multiferroicity in TbMnO3 is induced by spin-charge cou-
pling. Below the Néel temperature TN=46 K, the wavelength
of the incommensurate spin density decreases with decreas-
ing temperature down to the ferroelectric transition at TF
=29 K. In the absence of a magnetic field, this spin-density
modulation gets locked in at TF. Below TF, the inversion
symmetry of the lattice is broken by the bc-cycloidal ar-
rangement of the spins, inducing a ferroelectric polarization
along the c axis while the antiferromagnetic ordering along
the b axis persists.3,4,6

Here, we study the coupling between spin and charge de-
grees of freedom in multiferroic TbMnO3 by examining the
temperature-dependent dielectric responses �xx and �xy,
which are the diagonal and off-diagonal components of the
dielectric tensor. The magnetization of a material breaks the
symmetry between left and right circularly polarized �LCP
and RCP� light. While �2xx is proportional to the sum of
absorptions of LCP and RCP light, �1xy is proportional to the
difference.7 Consequently, a complete magneto-optical char-
acterization of �2xx and �1xy in a magnetic material provides
detailed information regarding the coupling between the ma-
terial’s electronic and magnetic properties.

The temperature-dependent ellipsometry was done with a
custom-made setup by using an extended Sentech SE850
spectral ellipsometer inside a He flow cryostat. The cryostat
has stress-free mounted windows and maintains a base pres-
sure of about 3�10−8 mbar at room temperature.8 Standard
ellipsometry was performed for temperatures from
10 to 470 K in the spectral range from 0.5 to 5.5 eV. In

SGME, one measures the fractional difference of the inten-
sities of light at a particular polarization angle for magnetic
fields, which is applied along opposite directions, i.e., �I / I
=2�I↓− I↑� / �I↓+ I↑�.8,9 A magnetic field H= �440 mT was
applied parallel to the normal vector of the plane of inci-
dence. SGME measurements were performed in the spectral
range from 1.6 to 5.5 eV for temperatures from 15 to 300 K.
For measurements on the BC plane, two identical lenses
were mounted in order to reduce the spot size to 100
�300 �m2.

The TbMnO3 crystals were grown at the Hahn-Meitner
Institut in a floating zone image furnace under Ar atmo-
sphere. The phase purity of these crystals was checked by
performing x-ray and neutron diffraction measurements on a
small part of each sample. The resulting diffraction patterns
indicate that the samples were single phase and orthorhom-
bic. The specific heat and superconducting quantum interfer-
ence device �SQUID� measurements show three successive
transitions at TN�Mn�=46 K, TF=29 K, and TN�Tb�=7 K,
which are in good agreement with published data.2 The
TbMnO3 samples have dimensions of 6�5�2 and 5�3
�2 mm3. They were polished on an exposed AB and BC
planes.

In Figs. 1�a� and 1�c�, we present the real ��1xx� and
imaginary ��2xx� parts of the diagonal elements of the dielec-
tric tensor of TbMnO3. The quantity �c denotes the dielectric
function in the c-axis direction. For both planes, the tempera-
ture range between 10 and 450 K was investigated. The
spectra for the BC plane were taken along the c axis �Fig.
1�c�� and a direction 17° off the b axis �Fig. 1�a��. Figure
1�b� shows �1xx and �2xx on the AB plane along a direction
25° off the b axis, for the same temperatures. While the
measurements close to the b axis, on both planes, show
bands centered around 2 and 5 eV �Figs. 1�a� and 1�b��, only
the 5 eV band is present for �xx

c �Fig. 1�c��. The band at 2 eV
exhibits an anisotropy and a temperature dependence. The
origin of the 2 eV band in undoped manganites has been
studied by several authors.10–15 In more detail, the 2 eV band
consists of three separate peaks at roughly 1.9, 2.3, and
2.6 eV. At low temperatures, for measurements on the AB
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plane close to the b axis, the appearance of three separate
peaks is less pronounced �see Fig. 1�b��. In recent publica-
tions, Kovaleva et al.13 and Kim et al.14,15 assigned this 2 eV
band to intersite Mn3+ d-d transitions. In contrast, the band at
5 eV is mainly isotropic and can be associated with the
manifold of charge transfer transitions from O 2p→Mn 3d
levels starting around 3 eV and extending to much higher
energies.16

The number of charge carriers is commonly conserved
across a phase transition and its density is connected to the
integrated optical conductivity �xx=�1xx+ i�2xx. In turn, the
diagonal element of the dielectric function �xx is directly
related to �xx���	 i��xx���. Hence, a good quantity to study
the temperature dependence of the charge density is the nor-
malized integrated spectral weight difference,


W�T� =
��1

�2��1xx��,T� − �1xx��,Tref��d�

��1

�2�1xx��,Tref�d�
, �1�

with Tref=450 K. This quantity should vanish in the case of a
conservation of the carrier density inside the observed spec-
tral range. Figure 1�d� shows the development of 
W�T� for
the AB plane, which is integrated over the spectral range
from �1=0.5 eV to �2=4.5 eV. The spectral weight is con-
served in the investigated spectral range for temperatures be-
tween 450 and 110 K. However, below 110 K, an increase in

W�T� is visible. According to Eq. �1�, this implies a shift of
spectral weight into the observed spectral range for tempera-
tures below 110 K. This spectral weight presumably comes
from higher energies as the low energy response remains
marginal.16 Below 40 K, the spectral weight is constant as
can be seen more clearly in the inset of Fig. 1�d�.

In order to connect the results of the spectral weight trans-

fers, as shown in Fig. 1�d�, with the development of the
magnetic order, we have correlated these data with the tem-
perature dependence of the off-diagonal components �xy of
the dielectric tensor, which gives information about the spin
polarization of the electronic states.

Figure 2 presents �xy for three temperatures: 40, 30, and
15 K, which are close to TN, TF, and below TF, respectively.
Figure 2 shows both the real part �1xy �left panel� and the
imaginary part �2xy �right panel�. The largest temperature-
dependent changes were observed for measurements on the
BC plane along the c axis, with H �b �Figs. 2�a� and 2�b��. In
this geometry, a peak in �2xy is observed around 3.2 eV; this
peak is strongest at 30 K, but is also present at 15 K. Mea-
surements on the AB plane were also performed for measure-
ments along the b axis with H �a, but the intensity is much
weaker �Figs. 2�c� and 2�d��.

For a better understanding of our data, we present a
sketch of the spin orientations, with and without an applied
magnetic field H �Fig. 3�. For measurements on the BC
plane, the sinusoidal �spiral� JSS and antiferromagnetic JAF
spin coupling are both present. Along the a axis, the ferro-
magnetic spin coupling JFM exists. By applying an external
magnetic field H �b, we expect a net magnetic moment along
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FIG. 1. �Color online� Diagonal elements ��xx� of the dielectric
tensor of TbMnO3 for 450 �red�, 45 �green�, and 15 K �blue�, which
are measured on the BC ��a� and �c�� as well as on the AB plane
�see �b��. The �1xx and �2xx are the real and the imaginary parts of
the dielectric function. �d� shows the changes in the normalized
integrated spectral weight as a function of temperature for the AB
plane. The inset displays details of these changes in temperatures
between 10 and 150 K.
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FIG. 2. �Color online� The real ��1xy� and imaginary ��2xy� part
of the off-diagonal elements of the dielectric tensor for 15 �blue�, 30
�green�, and 40 �red� of TbMnO3.

FIG. 3. �Color online� Sketch of the spin orientations for the
examined planes. JSS describes the sinusoidal and spiral, JAF the
antiferromagnetic, and JFM the ferromagnetic spin couplings.
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the b axis, as illustrated in the top right picture in Fig. 3. The
off-diagonal components of the dielectric tensor � are calcu-
lated from many �I / I measurements for different polarizer
and analyzer orientations.8 Thus, �I / I shows a similar tem-
perature dependence for both planes �Fig. 4�.

Figure 4�a� shows the fractional intensity changes �I / I as
a function of energy, for different temperatures, taken on the
BC plane along the c axis and for H �b. For all measure-
ments, the same polarizer orientation �1=−30° and analyzer
orientation �2= +10° were kept.

These spectra display a peak centered around 3.0 eV,
which present for all measurements even above 6TN. In Fig.
4�b�, the corresponding integrals of each �I / I spectrum ��
� �1.75,4.0� eV� are shown as a function of temperature for
both planes. For measurements on the BC plane �red tri-
angles�, the integrated weight between 1.75 and 4.0 eV lin-
early increases with decreasing temperature but exhibits an
abrupt increase at TN=46 K. For measurements on the AB
plane �black squares�, a stronger, nonlinear increase in the
integrated weight is observed down to TN, followed by a
constant integrated weight between TN and TF. At tempera-
tures below TF, at which a spiral-spin-modulation is present
in TbMnO3,6 our measurements on the AB-plane indicate a
systematic increase in the integrated weight. This shows that

the off-diagonal components of the dielectric function with
H �b are quite sensitive to the transition into the ferroelectric
state, which is in contrast to the diagonal components, which
show no sensitivity to the ferroelectric transition �Fig. 1�d��.

With the help of Fig. 3 and the interpretation of the �I / I
spectra �Fig. 4�, we explain the differences between the off-
diagonal components for the AB and BC planes �Fig. 2�. For
both planes, due to the applied magnetic field H, a shift of
the spin density in the spiral and sinusoidal phase is present.
For the AB plane, a tilt of the spins out of their rotating
direction by an external field H exists, but due to the differ-
ent couplings �JFM, JSS, and JAF� along the corresponding
axis, the signals are of different strength. The second phase
transition at TF=29 K was only observable for the AB plane
�Fig. 4�b��. In principle, the sinusoidal modulation misses a
component parallel to the a axis, which explaines why this
phase transition is not apparent in the BC projection. Due to
the pure magnetic coupling, the sinusoidal spiral transition is
not observable in standard ellipsometry �see Fig. 1�. We
would like to emphasize that our interpretation does not rely
on the Dzyaloshinski–Moriya interaction, which may induce
a persistent ferromagnetic moment along the c axis.17,18

By combining standard spectral and magneto-optical el-
lipsometry, we have studied the charge and spin polarizations
of multiferroic TbMnO3. The magneto-optical measurements
show changes in the electronic structure for temperatures be-
low TN and TF. Furthermore, our data exhibit a sensitivity to
the sinusoidal spiral phase transition. The observation of a
signal up to 300 K �approximately 6TN� is consistent with
the formation of short range magnetic ordering well above
TN.
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FIG. 4. �Color online� �a� Temperature dependence of the frac-
tional intensity change �I / I measured for H=440 mT, which is po-
larizer position −30° and analyzer position 10°. �b� Integrated �I / I
spectra between 1.75 and 4.0 eV as a function of temperature.
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