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The IR reflection spectra of a TbFe3�BO3�4 crystal are measured in the spectral range
200–2000 cm−1 in E�c polarization at temperatures 10 and 300 K. The reflection spectrum so
obtained is analyzed and its interpretation is given on the basis of the internal vibrations of the
ionic complexes BO3

3−, FeO6
9−, and TbO6

9− of the TbFe3�BO3�4 crystal. Davydov splitting on the
internal vibrational modes at a structural phase transition, which is accompanied by multiplica-
tion of the unit cell, was not observed in the experimental spectral range. This is due to the lo-
calization of the vibrations of the ionic complexes BO3

3−, FeO6
9−, and TbO6

9− of the TbFe3�BO3�4

crystal. © 2010 American Institute of Physics. �doi:10.1063/1.3479413�

INTRODUCTION

Trigonal rare-earth borates with the general formula
RM3�BO3�4, where R is a rare-earth ion and M=Al, Ga, Sc,
Cr, and Fe, are of interest as laser materials and materials
which can be used in magneto-optical devices. The ferrobo-
rate family RFe3�BO3�4 is of interest due to the particulars of
the formation of their magnetic structure, which is deter-
mined by the interaction of rare-earth ions with iron ions.
The magnetic properties of ferroborates depend on the mag-
netic ion. The strong spin-orbit coupling in rare-earth ions
should lead to an interaction of magnetic excitations and
vibrations of the crystal lattice. The coupling of the magnetic
excitations and IR active vibrational modes determines the
magneto-electric properties of these materials. Ferroborates,
where this coupling is quite strong, are multiferroics.1,2 To
determine the magnitudes and mechanisms of the magneto-
electric coupling it is necessary to know the structure of the
IR active vibrational spectrum of crystals and the mechanism
by which it forms. In the present work the IR active vibra-
tional spectra of one of the members of the series of rare-
earth ferroborates—the TbFe3�BO3�4 crystal—are investi-
gated.

EXPERIMENTAL RESULTS

A TbFe3�BO3�4 single crystal was grown from a seeded
melt in platinum crucibles.3 The single crystal obtained was
cut in the form of a 1�4�5 mm plate whose surface was
perpendicular to the trigonal axis c. The reflection spectra
were measured in a diffraction IR spectrometer in the energy
range 200–2000 cm−1. A sample was placed in the vacuum
part of a cryostat. Infrared radiation entered the cryostat
through a CsI crystal window. The values obtained for the
reflection from the TbFe3�BO3�4 crystal were normalized to
the reflection from an aluminum window. Figure 1 displays

the reflection spectra measured at room temperature in E�c
polarization. As Fig. 1b shows, two wide bands peaking at
1250 and 1450 cm−1 and a weak band peaking at 1700 cm−1

are seen in the reflection spectrum in the range
1200–1800 cm−1. There are four weak reflection bands
peaking at 670, 720, 733, and 750 cm−1 in the region
600–800 cm−1. In addition, a wide band peaking at
430 cm−1 and two quite narrow bands peaking at 280 and
225 cm−1 are observed in the region 200–500 cm−1.

The reflection bands in the spectrum do not show any
substantial changes as temperature decreases to 10 K �Fig.
2�.

DISCUSSION

At high temperatures rare-earth ferroborates possess the
trigonal symmetry of the mineral hantite CaMg3�CO3�4,
whose space group is D3

7�R32� with three molecules per unit
cell.4 The crystal lattice parameters of TbFe3�BO3�4 are a
=9.552 Å and c=7.573 Å. It should be underscored that the
primitive cell contains one molecule of the material, and it is
the volume of the primitive cell that must be used in order to
calculate the vibrational spectrum.

At low temperatures a first-order structural phase transi-
tion occurs in ferroborates with rare-earth ions from Eu to
Yb.5,6 The phase transition is accompanied by a lowering of
the symmetry R32→P3121. A similar phase transition occurs
in a TbFe3�BO3�4 crystal at temperature 196 K.5 If it is as-
sumed that the lowering of symmetry in terbium ferrroborate
at a structural phase transition is identical in other ferrobo-
rates, then the symmetry of the TbFe3�BO3�4 crystal in the
low-temperature phase will be P3121 while the unit cell con-
tains three formula units and is identical to the primitive cell.
The volume of the primitive cell increases as a result of the
phase transition.
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The main structural element in the rare-earth ferrobo-
rates are spiral chains, consisting of FeO6 octahedra �Fig. 3�,
directed along the c axis. Three such chains are coupled with
one another by RO6 triangular prisms, and the BO3 equilat-
eral triangles supplement this coupling. After a structural
phase transition one of the iron chains shifts along the c axis
relative to the other chains.7 The changes in the relative ar-
rangement of the chains of iron ions destroy the equivalence
of the neighboring iron chains and lower the symmetry of the
crystal. In the low-temperature phase two crystallographi-
cally non-equivalent iron ions appear in the unit cell. In ad-
dition, the local symmetry of the rare-earth ion is lowered
from D3 in the high-temperature phase to C2 in the low-
temperature phase. As indicated above, a structural phase
transition occurs with multiplication of the primitive cell of
the crystal. The volume increase is accompanied by doubling
of the cell parameter in a direction perpendicular to the trigo-
nal axis c.

Previous investigations and analysis of the Raman scat-
tering spectra of single crystals of ferroborates7,8 have shown
that the modes observed at room temperature correspond to
trigonal structure belonging to the space group D3

7 with one
molecule in a primitive cell. A primitive cell contains 20
ions, and 60 normal vibrational modes should be observed.
The vector of mechanical displacements can be decomposed

with respect to irreducible representations of the factor group
of the crystal as follows:

� = 7A1 + 13A2 + 20E .

Here the non-degenerate A2 and doubly degenerate E
modes are acoustic; all other modes are optical. Seven of
these non-degenerate modes with symmetry A1 are Raman
active, while 12 modes with symmetry A2 and 19 doubly
degenerate modes with symmetry E should be observed in
the Raman and IR spectra.
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FIG. 1. Reflection spectrum at T=300 K in E�c polarization, section of the
spectrum from 200 to 350 cm−1 �a� and section of the spectrum from
350 to 2000 cm−1 �b�.
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FIG. 2. Reflection spectrum at 10 K in E�C polarization, section of the
spectrum from 200 to 350 cm−1 �a� and section of the spectrum from
350 to 2000 cm−1 �b�.

FIG. 3. Crystal structure of RFe3�BO3�4.
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As indicated above, the IR spectrum of a TbFe3�BO3�4

crystal remains practically unchanged as temperature de-
creases from 300 to 10 K. For this reason it can be conjec-
tured that this spectrum is determined mainly by internal
vibrations of the complexes BO3

3−, FeO6
9−, and TbO6

9−. The
localization of the vibrational modes could be due to the
large distance separating the centers of these complexes from
one another in the crystal structure of ferroborate �Fig. 3�. On
this basis we shall attempt to analyze the experimental data
under the assumption that the high-frequency vibrational
spectrum of the crystal TbFe3�BO3�4 is formed by the inter-
nal vibrations of the oxide complexes BO3

3−, FeO6
9−, and

TbO6
9− while the low-frequency spectrum is formed by the

external lattice vibrations. The reduced masses of the com-
plexes BO3

3−, FeO6
9−, and TbO6

9− form the ratios 1:4:6, re-
spectively. For this reason the internal vibrations of BO3

3−

have the highest frequencies, since the reduced mass of the
complex BO3

3− is much lower than that TbO6
9− while the

force constants are approximately equal, since the degree of
oxidation of all complexes is the same. Evidently, the heavi-
est molecule TbO6

9− will also have the lowest frequency
among these complexes.

In the high-temperature range TbFe3�BO3�4 possesses
two crystallographic nonequivalent BO3

3− complexes with
different local symmetry. The unit cell contains one such
complex in the form of an equilateral triangle with D3 local
symmetry and three equivalent complexes in the form of
isosceles triangles with C2 local symmetry. Thus according
to the analysis presented in Ref. 7 four internal vibrational
modes with E symmetry of the trigonal complexes BO3

3−

with local symmetry D3 as well as 12 vibrational modes of
three equivalent trigonal complexes BO3

3− with C2 local sym-
metry neglecting Davydov splitting should be observed in
the spectra of these compounds in the high-temperature
phase. In the IR spectra for the trigonal complexes BO3

3−

with D3 local symmetry only three internal vibrational modes
with E symmetry are allowed. Among them the rotational
mode will lie in the low-frequency range, falling outside the
frequency range investigated in present work. For the com-
plexes BO3

3− with C2 local symmetry three internal vibra-
tional modes with E symmetry can also be observed. Two of
these modes are split into doublets as a result of the low local
symmetry. In addition, as in the preceding case, a rotational
low-frequency mode cannot be observed in the experimental
frequency range.

Thus two internal vibrational modes, having E symme-
try, of the trigonal complexes BO3

3− with D3 local symmetry
and four internal vibrational modes of three equivalent com-
plexes BO3

3− with C2 local symmetry can be observed in the
present experiment.

The FeO6
9− molecules also possess C2 local symmetry. In

a free state they have two modes which are active in the IR
region of the spectrum. In a crystal these modes must be split
into doublets. The complexes TbO6

9− have D3 local symme-
try, and two vibrational modes can be observed in their IR
spectrum. Thus, neglecting Davydov splitting, 12 internal vi-
brational modes of the complexes BO3

3−, FeO6
9−, and TbO6

9−

should be observed in the vibrational spectrum of the
TbFe3�BO3�4 crystal.

On this basis we shall give an interpretation of the vi-
brational spectrum of the TbFe3�BO3�4 crystal in the high-
temperature phase. The planar molecule BO3

3− in a free state
possesses the following frequency: �1�A1�=1060 cm−1,
�2�A2�=648–668 cm−1, �3�E�=1428–1490 cm−1, and
�4�E�=545–606cm−1.9 The �3 and �4 vibrations are IR ac-
tive. The �3 vibration is a stretching vibration, while �4 is a
deformation vibration. The following general behavior is ob-
served for these vibrations. Since the oscillator strengths of
the stretching vibrations are much greater than the oscillation
strengths of the deformation vibrations of the molecules, in
the reflection spectrum the stretching vibrations have a high
intensity. Therefore the two intense reflection bands which
we observed with peak energies 1250 and 1450 cm−1 are due
to the stretching vibrations �3 of the BO3

3− molecules with D3

and C2 local symmetry, respectively. The 1450 cm−1 band
has a doublet structure �Fig. 1b�, which, apparently, is a con-
sequence of its splitting because of the low local symmetry
of BO3

3− �C2�. The weak reflection bands in the energy range
650–750 cm−1 are associated with deformation vibrations �4

of the BO3
3− molecules �Fig. 1b�. The reflection band with a

maximum at 750 cm−1 can be associated to the vibrations of
BO3

3− with C2 local symmetry, while the band with a reflec-
tion maximum at 720 cm−1 can be associated to the vibration
of the complex with D3 local symmetry.

Since the reflection bands with maxima at frequencies
440 ad 280 cm−1 fall into the spectral range 200–600 cm−1,
it can be conjectured that they are due to the internal vibra-
tions of octahedral complexes FeO6

9−.10 These octahedral
complexes possess six additional modes, two of which are IR
active. The mode with the frequency 440 cm−1 is the �3

stretching vibration while the 290 cm−1 mode is the �4 de-
formation vibration of the octahedron FeO6

9−. Even though
the FeO6

9− complex possesses the low C2 local symmetry,
splitting of these modes is not observed in the reflection
spectrum.

As mentioned above, the FeO6
9− octahedra in the

TbFe3�BO3�4 crystal form a chain structure along the trigo-
nal c axis of the crystal. Since the distance between the oc-
tahedra in the chains �3.18 Å� is much shorter than the dis-
tance between the changes �4.83 Å�, the vibrational branches
are quasi-one-dimensional. This can be seen by evaluating
the dynamic coupling of the vibrations of the FeO6

9− octahe-
dra, which is proportional to R−6, where R is the distance
between the octahedra. It is easy to see that the dynamic
coupling in a chain is an order of magnitude greater than
between chains.

It is supposed that the intense reflection band peaking at
225 cm−1 is due to stretching vibrations of distorted octahe-
dral complexes TbO6

9−. This supposition is based on the fact
that masses of the Tb3+ ions are much larger than the masses
of the Fe3+ ions, and for this reason the vibrational frequen-
cies of the TbO6

9− complexes are lower than those of the
FeO6

9− complexes. The validity of the interpretation pre-
sented in this work for the high-frequency vibrational modes
of the TbFe3�BO3�4 crystal is confirmed by the Raman stud-
ies of this compound.7 In the Raman spectrum of the crystal
the IR active vibrational modes corresponding to the internal
vibrations of BO3

3− molecules manifest as quite strong scat-
tering bands. This is because there is no inversion operation
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among the local symmetry elements of the complex BO3
3−.

For this reason, in a free state of the molecules BO3
3−, there is

no alternative prohibition, and the vibrational modes are ac-
tive in the IR and Raman scattering. The IR active vibra-
tional modes, corresponding to the vibrations of the octahe-
dral complexes FeO6

9− with energies 440 and 280 cm−1,
manifest in the Raman spectrum as quite weak scattering
bands. This is because the inversion operation is present in
the local symmetry of the complex FeO6

9−, and for this reason
alternative prohibition should be observed in it. In the crystal
the local symmetry of the complex FeO6

9− is C2, but its dis-
tortions are negligible and the removal of the alternative pro-
hibition manifests weakly. The IR active vibrational mode of
the TbO6

9− molecule with frequency 225 cm−1 is not ob-
served in the Raman spectrum. It is believed that the local
symmetry of TbO6

9− �D3� promotes weak distortion of this
molecule and preservation of the alternative prohibition. This
Raman studies likewise support the fact that the IR spectrum
in ferroborate TbFe3�BO3�4 is formed by the internal vibra-
tions of the complexes BO3

3−, FeO6
9−, and TbO6

9−.
Since the structural phase transition in ferroborates oc-

curs with multiplication of the primitive cell of the crystal,
modes due to the folding of the Brillouin zone, so-called
Davydov splitting, should arise in the vibrational spectrum of
the TbFe3�BO3�4 crystal. However, Davydov splitting is not
observed in the internal vibrational modes of the complexes
BO3

3−, FeO6
9−, and TbO6

9−. This is due to the localization of
the internal vibrational modes of these complexes. For this
reason the splittings are negligible and are observed in the
region of the internal vibrational modes only in the Raman
scattering spectra on account of the quite narrow light-
scattering bands.7 The appearance of new bands in the IR
spectra, due to the folding of the Brillouin zone, below the
structural phase transition at low temperatures can be ex-
pected in the region of external vibrational branches at fre-
quencies less than 200 cm−1. No effect of magnetic ordering,
which in the TbFe3�BO3�4 crystal appears below 40 K,12 on
the vibrational spectrum was observed in the experimental
spectral range. On modes corresponding to the vibrations of
the iron lattice the effect of magnetic ordering is weak be-

cause of the zero orbital moment of the iron ions in the
ground state. The greatest effect of magnetic ordering can be
expected on the internal modes, corresponding to the vibra-
tions of the sublattice of rare-earth ions, in the spectral re-
gion below 200 cm−1.

In summary, it has been shown in this work that the
observed vibrational modes in the IR spectrum of the crystal
TbFe3�BO3�4 are internal vibrations of the complexes BO3

3−,
FeO6

9−, and TbO6
9−. For this reason local static crystal fields

of ionic complexes play the decisive role in the formation of
the high-frequency IR-active vibrational spectrum of the
TbFe3�BO3�4 crystal, while dynamical interactions between
them are very weak.
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