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Terahertz-optical properties of a bismuth ferrite single crystal
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Transmission through a (100)-oriented single crystal of bismuth ferrite (BiFeO3) was studied at frequencies
of 0.485–0.765 THz with a continuous-wave source and in the temperature range of 30–350 K as a function
of polarization angle. The fine splitting of spin-wave modes that could be detected with our vector network
analyzer-based spectrometer is shown to depend on polarization angle. The crystal shows strong, temperature-
dependent, linear dichroism. The interference pattern produced in the sample slab revealed a huge birefringence.
The fine splitting dependence on polarization angle suggests correlation with the observed dichroism and the
birefringence.
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I. INTRODUCTION

Bismuth ferrite BiFeO3 (BFO) is an interesting research
target as a room temperature multiferroic material with anti-
ferromagnetic and ferroelectric orders [1] and a magnetoelec-
tric coupling [2–5]. The Néel temperature of bismuth ferrite is
643 K, and the ferroelectric Curie temperature is about 1100 K
[6]. A crystal of bismuth ferrite is a rhombohedrally distorted
perovskite, where iron atoms form a monoclinic sublattice [7].
The direction of the electrical polarization P in the crystal
is along the pseudocubic (111) direction. Spins are oriented
antiferromagnetically between adjacent haxagonal layers of
iron atoms. The Dzyaloshinskii-Moriya interaction (DM) [8]
is rotating the antiferromagnetic vector forming a spin cycloid
with the period of 62 nm [9].

Two families of spin waves are distinguished: the � modes
where spins oscillate in the plane of the cycloid, and the �

modes where they oscillate out of this plane. The periodic spin
structure folds spin-wave bands, which allows to optically
excite higher frequency modes of spin waves [10]. A more
detailed investigation shows that these modes are split due
to anharmonicity of the spin cycloid distortion, caused by a
magnetic anisotropy and another DM interaction [11]. Most
notably, the strong �1 resonance is split into two modes:
�1

1 and �2
1 . In our previous work, we have shown, that

in a polycrystaline sample, this splitting is changing with
temperature, because of the temperature dependence of the
magnetic anisotropy [12].

As a ferroelectric, BFO is known to show quite a strong
and temperature-dependent birefringence. The birefringence
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is uniaxial, with �n = ne − no ≈ −0.093 at 0 K at a visible
wavelength [13]. The optical axis of the crystal (OA) is par-
allel to the ferroelectric polarization P. The optical birefrin-
gence in BFO is negative, so that the extraordinary refractive
index ne, for polarization along P, is smaller than the ordinary
refractive index no. The optical birefrigence slowly drops with
temperature, and, since its origin is from both magnetic and
ferroelectric orders, it does not disappear above the Néel tem-
perature [13]. At terahertz (THz) frequencies birefringence
was observed in a number of anisotropic materials, some of
which, show huge values of �n, for example, 3.3 for rutile at
1 THz [14], 1.8 for LiNbO3 also at 1 THz [15] or 1.5 for lead
germante Pb5Ge3O11 at 0.5 THz [16].

Dichroism results usually from a crystalline anisotropy.
However, electric and magnetic orders might induce addi-
tional dichroism. The magnetic anisotropy gives rise to the
magnetic linear dichroism [17,18] and the ferroelectricty gives
rise to the ferroelectric dichroism [19]. Likewise, the x-ray
linear dichroism is an established method used to identify
ferroelectric and magnetic domains in BFO [3]. At sub-
THz frequencies, the broadband absorption originates from
broadening and softening of phonon modes with tempera-
ture [16,20,21]. There are 18 optical phonon modes in BFO: 4
in the A1 family infrared active along P, nine in the E family
infrared active in the plane perpendicular to P and five infrared
silent modes in the A2 family [22]. Directional dichroism
(optical diode effect) was shown in BFO at THz frequencies of
spin-wave modes [23]. In Ref. [24], it was shown that a BFO
crystal rectifies optical pulses by modulation of the ferroelec-
tric polarization P and that transmission and reflection depend
on the light polarization angle. The highest THz output was
acquired when the polarization was along the ferroelectric
vector.

Spin-wave resonances in BiFeO3 were investigated using
different THz spectroscopy techniques [5,23,25–31]. In some
of those studies the dependence on polarization angle was ex-
amined. In Refs. [23,28,29], it was shown that the amplitudes
of spin-wave resonances in a 001-oriented single crystal were
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FIG. 1. (a) Iron-sublattice cell with the ferroelectric polarization
P along (111) direction. The wave vector of radiation k in the
experiment is along (100) direction. The angle θ is defined as the
angle between H field of the electromagnetic radiation and the (011)
direction. (b) The THz radiation was entering the cryostat though
sapphire windows. The rotation of polarization was achived by a
parallel rotation of the source and the detector, where angle θ was
the angle between vertical axis and a THz H field.

larger for polarization perpendicular to P. This observation
was explained in terms of the symmetry of the spin-wave ex-
citations of the spin cycloid [11,32]. However, in Ref. [29] the
authors argued that the dominance of one magnetic domain
of the crystal is necessary to fully explain these results. The
angular dependence of these resonances was investigated in
detail in Ref. [33], where authors have concluded, contrary to
Ref. [29], that the amplitude of spin-wave modes is largely
governed by a magnon coupling to phonons.

Here we report experiments performed with a (100)-
oriented crystal using a spectrometer that offers high fre-
quency resolution and high dynamic range. We show strong
anisotropic optical properties of the crystal—the dichroism
and the birefrigence—and how they relate with the newly
reported fine-splitting of spin-wave resonances.

II. EXPERIMENTAL

We have investigated a single crystal sample produced
in AIST, Japan [34]. The sample had dimensions of about
3 × 3 × 1 mm3. The largest surface of the sample was (100)-
oriented. We measured the temperature dependence of trans-
mission of THz radiation normal to the sample surface for
different angles of linearly polarized THz radiation. We define
the angle of the polarization θ , as the angle between the
magnetic field of the incident radiation H and the (011)
direction [Fig. 1(a)], which is along the projection of the
electrical polarization P on the (100) plane. Therefore, at the
angle θ = 0◦, the magnetic field H of the incident radiation
is in the plane defined by P and the wave vector k. At angles
θ = ±90◦ the magnetic field H is perpendicular to P and the
electric field E is acting along P. During the experiment, we
have measured the transmission for polarization angles from
θ = 90◦ to θ = −90◦ with steps of 10◦.

The experimental setup uses a vector network analyzer
(VNA) and Virginia Diodes frequency extenders in the range

of f = 0.485–0.765 THz. This setup was used in our labo-
ratory for the investigation of resonances in BFO at low [35]
and at high temperatures [12] in polycrystaline samples. The
source extender produces THz frequencies emitted by a corru-
gated horn into a free beam propagating in air. The frequency
extenders naturally operate in the linear polarization defined
by the geometry of their rectangular waveguides. Rotation of
the polarization was achieved by a parallel rotation of both
extenders with respect to the sample.

The schematic of the experimental setup is presented in
Fig. 1(b). A copper sample holder had two oversized (8 mm
in diameter) metallic waveguides which guided the radiation
trough the sample. The sample holder was mounted on top of
a coldfinger and enclosed in a cryostat with sapphire windows.
The sample space was pumped with a turbomolecular pump.
We report transmission spectra obtained during warming-up
of the sample in the cryostat, when the cold finger compressor
was not running. This procedure reduced noise originating
from vibrations of the coldfinger and was slow enough to al-
low for measurements. A typical warm-up of the sample from
30 to 350 K took 12–14 hours. Temperature was rising faster
at lower temperatures, and above about 200 K the temperature
sweep was linearized using a heater mounted on top of the
coldfinger and controlled with a PID. Temperature was mea-
sured using two K-type thermocouples positioned at opposite
corners of the sample with coldjunctions placed in liquid
nitrogen outside the cryostat. Two temperature measurements
allowed us to estimate a temperature gradient to be at most
4 K at the lowest temperatures and strongly decreasing at
higher temperatures. We assume this value to be a maximum
systematic error of our temperature measurements.

The radiation, which passes the sample, is coupled to a
waveguide by another corrugated horn. The detector extender
measures the amplitude and the phase of the electric field
of the incoming radiation. After nomalization to the source
output, this is the S21(T, f , θ ) signal, which in our experiment
is the amplitude of transmission. We also collected reflection
signals in the S11 channel, but we found these data hard to
analyze, due to a large portion of reflection that is not affected
by the sample. In Sec. III A regarding the dichroism, we
report these values in dB units. In further sections, we show
derivatives of transmission S21 to temperature T

∂S21

∂T
(T, f , θ ) = S21(T + dT, f , θ ) − S21(T, f , θ )

dT
, (1)

which we refer to as the temperature-differential spectra or the
signal. We use this data-treatment to offset signals depending
on sample temperature from interferences in the experimental
setup.

III. RESULTS

In the first part of this section, we consider the dependence
of a broadband transmission on polarization angle at different
temperatures. In the second part, we deduce birefringence
from interference patterns. In the last part, we describe our
findings on the dependence of spin-wave resonances on polar-
ization angle.
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FIG. 2. Dependencies of transmission on the polarization angle
θ in a range of temperatures encoded by a color scale. Data for two
selected frequencies: full circles on the left side for f = 690 GHz
and open circles on the right side for f = 550 GHz.

A. Dichroism

Transmission S21(T, f , θ ) depends on polarization angle θ

and on temperature T (Fig. 2). At low temperatures, transmis-
sion is almost isotropic. With rising temperature, transmission
drops much faster for the polarization angle where magnetic
field H is in plane with the electrical polarization P (θ = 0◦).
This type of an incident polarization-angle dependence and
a huge transmission difference shows that the observed
effect is a linear dichroism. We fitted a heurestic func-
tion S21(T, f , θ ) = S90

21 (T, f ) + Sd
21(T, f ) cos2(θ − θ0(T, f )),

where S90
21 (T, f ) is the transmission at θ = ±90◦, Sd

21(T, f )
is an amplitude of the dichroism and θ0(T, f ) is a possible
sample tilt. This transmission versus angle dependence was
fitted separately for every frequency-temperature point. A
frequency-temperature map of fitted values Sd

21( f , T ) would
show interferences and resonances. To focus on the temper-
ature dependence, we averaged fitted values over the entire
frequency window for each temperature. These averages,
presented in Fig. 3, show that difference of transmission
〈Sd

21(T )〉 in dB rises approximately lineary with tempera-
ture and reaches about 15 dB at 340 K (Fig. 3). The fit
parameters θ0(T, f ) allowed to estimate the error in the
sample positioning to be -3.3◦ with a standard deviation of
8.3◦. A similar value of the difference between absorbanaces
for perpendicular polarizations was reported for a 001-
oriented 0.22 mm-thick sample in Ref. [24] (≈14 dB/mm)
at room temperature. Even larger dichroism was reported at
room temperature in Ref. [33] for a 0.2 mm-thick sample
(≈25 dB/mm).

The temperature dependence of the dichroism suggests
that it cannot be of a magnetic origin. A whole range of
different magneto-optical effects show dependencies on either
net magnetization or on amplitude of the antiferromagnetic
vector [36]. Those drop with rising temperature, so a magnetic
origin of the observed dichroism can be ruled out. A similar
dependence is expected for a dichroism of a ferroelectric
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FIG. 3. Frequency-averaged transmission for perpendicular po-
larizations and the dichroism dependence on temperature.

origin. Therefore, we consider that absorption by phonons is
responsible for the observed effect. Transverse phonons of
E symmetry in BFO are known to couple more strongly to
the radiation with E-field perpendicular to the ferroelectric
polarization P [22,37]. The lowest-frequency E (1) phonon
mode has a frequency of about 2 THz, so we cannot observe
the entire resonant line in our experiment. However, phonons
in BFO are known to soften and broaden with increasing tem-
perature [20,22,38–40], so their contribution to the dichroism
at our experimental range increases.

B. Birefringence

To determine the refractive index, we analyzed the inter-
ference pattern representing standing waves in the sample
slab. This pattern is more clear in temperature-differential
transmission (Fig. 4) than in untreated transmission. This is
because the refractive index of BFO depends on temperature,
while all other interference patterns are almost temperature-
independent. The period of the pattern changes with polar-
ization angle in such a way that they are very similar to either
those at θ = 0◦ or θ = −90◦. For angles in the ranges of about
|θ | = 30◦–60◦, the patterns were not clear (data not shown),
because the two interference patterns were superimposed.
This observation reflects the fact that there are two rays
present in the sample, which change intensity with rotation
of the polarization angle. Therefore, in the following analy-
sis, we used the results for θ = 0◦ and θ = −90◦ presented
in Fig. 4. The interference pattern for θ = 0◦ allows us to
calculate the refractive index no for an ordinary ray, since
in this situation the electric field of the incoming wave is
perpendicular to the optical axis of the crystal (OA). In the
case of θ = −90◦, the electric field is not entirely along the
OA, because the latter is not parallel to the sample surface.
Nevertheless, if no is known, it is possible to calculate ne, as
explained in the following paragraphs.

We calculated the ordinary ray refractive index no using
frequencies of interference pattern maxima [Fig. 4(a)]. We
assumed that the sample is a Fabry-Perot cavity and that
the refractive index is frequency-independent far from reso-
nances. Thus, we estimated the mean value of the refractive
index in the frequency window of 500–750 GHz, outside
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FIG. 4. Temperature-differential spectra for (a) E field perpen-
dicular to the electrical polarization P and (b) parallel.

resonances. We found that

no = cm

2df o
m

, (2)

where d = 1.0 mm is the sample thickness, c the speed of
light in vacuum and f o

m(T ) the frequency of the mth inter-
ference maximum. Convergence of no values [Fig. 5(b)] for
all the interference maxima was obtained with the lowest
frequency maximum [510 GHz at 30 K in Fig. 4(a)] having
m = 30. This assumption sets our estimation of the uncer-
tainty of the refractive index to about 0.1.

In the temperature range of 130–210 K the interference
period grows by a factor of 3 [Fig. 4(a)]. Since this is
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FIG. 5. (a) Schematic cross-section of the sample. Optical axis
(OA) was inclined at the angle φ to the 100 surface normal. Sample
was placed over a circular aperture. Traces of the ordinary (o) and
the extraordinary (e) rays in the sample are shown. (b) Determined
mean refractive indices of BFO in the 500–750 GHz range.

accompanied by a huge growth of sample absorption we do
not interpret the high temperature pattern for θ = 0◦ as an
interference in the sample slab over a known dimension. This
high-temperature interference pattern is highly asymmetric
and seems to be strongly dependent on position of the source.
Therefore, this pattern might rather reflect electromagnetic
modes propagating over the sample surface, bounded by some
parts of the sample holder.

Finding refractive index ne of the extraordinary ray is more
complex. First, the interference cavity length is longer in the
case of the extraordinary ray, because radiation is refracted for
the incident angle αi = 0◦. The refraction angle αr [Fig. 5(a)]
is defined by [41]

tan αr = (n2
e − n2

o) cos φ sin φ

n2
e cos2 φ + n2

o sin2 φ
, (3)

where φ = 54◦44′ [Fig. 5(a)] is the angle between the ordi-
nary ray propagation direction (100) and the optical axis (111)
[1]. Additionally, the refractive index of the extraordinary
ray n′

e depends on the angle φ − αr between its propagation
direction and the optical axis (note that αr < 0 if ne < no)

1

n′
e

=
√

cos2(φ − αr )

n2
o

+ sin2(φ − αr )

n2
e

. (4)

To find ne, we solved the equation

n′
e = cm

2df e
m

cos αr, (5)

where f e
m is the frequency of the mth interference maximum

[in Fig. 4(b), the maximum at 505 GHz, 30 K, has m = 20].
We found that the extraordinary refractive index ne grows
almost lineary with temperature [Fig. 5(b)]. Since no is nec-
essary to find ne, there are no values for temperatures above
200 K, despite the fact that the interference pattern for the
extraordinary ray can be traced up to room temperature. The
birefringence grows slowly from �n ≈ −3.0 at low tempera-
tures to about −3.2 at 200 K, contrary to the dichroism, which
grows very strongly with temperature. These values corre-
spond to the extraordinary-ray refraction angle αr ≈ −18.5◦.

Similar large difference in a period of an interference
pattern was shown in results obtained at room temperature
presented in Ref. [33]. Two refractive indices were measured
in a (001)-oriented single crystal using time domain spec-
troscopy in Ref. [24]. Around 600 GHz, at room temperature,
those were approximately 8.3 for the ordinary ray and 6.6 for
the extraordinary ray. While the value for ne is close to a linear
extrapolation of our results to room temperature, the value
for no is much smaller than in our result. This might indicate
that the sample used in our experiment did not show identical
anisotropic properties as the one used in Ref. [24].

C. Fine splitting of spin-wave modes

In Fig. 4, two resonant lines can be clearly distinguished as
superimposed over a temperature-dependent interference for
θ = ±90◦. The identification of modes, as presented in fol-
lowing paragraphs, is based on their frequencies determined
by other experimental data [23,28,42]. These modes are, in
the order of increasing frequency, �

(2)
1 and �

(1)
1 . Data taken
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at 0◦ show a splitting of these modes by about 5 GHz. In the
following discussion, we name these new modes accordingly
to their frequencies as �

(2),1
1 , �

(2),2
1 , �

(1),1
1 and �

(1),2
1 . An

extract of �
(1)
1 resonance from Fig. 4, for θ = 0◦,−90◦, at

a selected temperature, is presented in Fig. 6(a).
This fine splitting shows some weak temperature depen-

dence. The high-temperature interference pattern at θ ≈ 0◦
is strongly distorting the resonant lines. In particular, at high
temperatures, where transmission is low, the interference pat-
tern is very irregular and simultaneously strong [Fig. 4(a)],
which renders the estimation of the splitting difficult. There-
fore we decided to analyze data around 100 K where the
interference pattern is regular for all angles and the resonances
can be clearly distinguished from the interference.

We fitted the resonances with functions composed of
derivatives of the Lorentzian function and the interference
background with a sine function. The properties of the lines
determined by this fitting procedure are shown in Fig. 7.
Splittings are indeed highest at θ = 0◦, but fits show that
they do not close at θ = ±90◦ and stay about 2 GHz apart
[Fig. 7(d)]. Therefore, those are rather amplitude-angle de-
pendencies that determine the visibility of fine splittings. The
amplitudes of the higher-frequency split-off modes (� (2),2

1 ,
�

(1),2
1 ) depend on the angle stronger than those of lower-

frequency split-off modes (� (2),1
1 , � (1),1

1 ). All four modes have
comparable amplitudes around θ = 0◦, but around θ = ±90◦,
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frequencies of resonant features subtracted by offsets labeled in the
figure, and (d) fine splitting.

higher-frequency split-off modes are smaller [Fig. 7(a)]. The
widths are slightly greater for |θ | < 45◦ [Fig. 7(b)].

The amplitudes of the �
(2)
1 and �

(1)
1 modes show an angu-

lar dependence that is in an agreement with those observed in
Refs. [28,29,33]. So that the amplitudes are higher for E-field
perpendicular to P and this behavior is much stronger for the
�

(2)
1 mode. The fine splitting becomes apparent quite sud-

denly around ±30◦ while rotating the polarization. The sym-
metry of the fine splitting is identical to that of the dichroism
and the birefrigence. This suggest that the observed splitting
also originates from the anisotropy of the crystal. However, in
the Hamiltonian [11,32], which correctly describes previous
angular results [24,29], there is no term which could cause
this splitting. Higher-order anisotropy terms, consistent with
the rhomohedral symmetry of BFO, are orders of magnitude
too small to explain this splitting [43,44]. Neither was such a
splitting observed under applied static electric [5] or magnetic
[29] fields.

We can estimate the amplitude of an induced polariza-
tion Pind, additional to the ferroelectric polarization (PFE =
60 μC/cm2) [1], of an energy equal to that of the observed
splitting. This energy is small (about 5 GHz, 21 μeV), so
that we assume that the fine-splitting is caused by a small
perturbation to the Hamiltonian. The small value of the
fine splitting excludes perturbations of the Dzialoshynskii-
Moriya interaction or the anisotropy, which are themselves
of similar orders of magnitudes as the fine-splitting energy
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(D1 = 180 μeV, D2 = 85 μeV and K = 4 μeV, respectively).
Thus, we consider only a perturbation to the much larger
exchange interaction J1 = −5.32 meV, which is caused by
the magnetostriction [45]. The magnetostriction-induced po-
larization Pind is estimated as dJ1/dE [45,46], where E is an
external electric field. Thus, we can estimate the polarization
Pind needed to change J1 by the energy equal to that of the
fine-splitting (�E f s), i.e., by solving

P2
indV

2ε(ω, θ )ε0
= �E f s, (6)

where V = 372 × 10−30 m3 is the BFO cell volume [1],
ε(ω, θ ) ≈ 30–90 is the BFO dielectric function and ε0

is the vacuum permittivity. This calculation results in
Pind ≈ 1.5 nC/cm2 for the normal ray, which is of the
order of the spin-current-induced polarization that leads
to the directional dichroism at spin-wave resonances [45].
The Pind thus found is much smaller than other electric
polarizations predicted to be induced by the spin cycloid
[45,46].

Thus, we argue that the symmetry of the fine splitting
is similar to that of the dielectric function ε(ω, θ ) and that
the only perturbation of the Hamiltonian, large enough to
explain the splitting, is caused by magnetostriction [45]. This
suggests that the observed effect is related to an interaction
of spin waves with phonons as suggested in Ref. [33], an
effect that was experimentally observed at phonon frequencies
[22,38–40]. Mediators between phonons and spins can be
magnetostriction, spin currents or a single-ion anisotropy,
which were all discussed in Ref. [45] as leading to an optical
activation of the spin-wave modes in BFO by an induced
electrical polarization. Excited phonons create an oscillating
polarization as expressed in the dielectric function ε(ω, θ ),
which, in birefrigent materials, is a tensor acting on a polar-
ization vector. Therefore, the Hamiltonian, with a perturbation
containing the dielectric tensor, might have two solutions for
spin-waves modes.

An alternative explanation could be that the spin-wave
modes are split by an interaction with photons [47]. This
effect would be a function of sample thickness. The angu-
lar dependence of the splitting and amplitudes would have
to be attributed to the birefrigence and the angular depen-
dence of optical-path length of the extraordinary ray. How-
ever, the difference in optical-path lengths is approximately
(no − ne)/ne ≈ 45%, which cannot account for the observed
difference in resonance amplitudes between the normal ray
(θ = 0◦) and the extraordinay ray (θ = 90◦). Furthermore, in
our monochromatic experiment, the presence of strongly cou-
pled magnon-polaritons should present itself as clear avoided
crossings between Fabry-Perot type cavity modes of the sam-
ple and spin-wave modes. We do not observe such a behavior,

which should appear every time the resonances cross the
interference pattern (Fig. 4).

IV. POLYCRYSTALINE SAMPLES

We compared the single crystal results with results ob-
tained for a pelletized powder sample in the same experimen-
tal setup. Traces of �

(1)
1 mode, presented in Fig. 6, show that

the widths of the resonances in the single crystal are narrower
than that in the polycrystaline sample. The average over all
angles is not sufficient to explain this difference [Fig. 6(c)].
The refractive index of the pelletized sample was determined
to be 5.2 at 400 K and growing about 0.1 per 100 K. The linear
extrapolation to 100 K gives 4.9, which is about 70% of the
average of the values determined in the current experiment
1
3 (no + 2ne) = 6.9 at 100 K. This is mostly caused by the
porosity of the pellet sample: its density is 64% (5.5 g/cm3)
of that of the crystal 8.3 g/cm3, which is the maximum
filling by random-packed hard spheres [48]. This comparison
of densities of both samples also partially explains why the
amplitude of the resonance is smaller in the pelletized sample,
even though both the pellet and the crystal samples had similar
thicknesses.

V. CONCLUSIONS

Dichroism, birefringence and the fine-splitting of spin-
wave modes, all show the same symmetry: the ordinary ray
shows the strongest splitting of spin-wave resonances and
lowest transmission at high temperatures; the extraordinary
ray shows almost no splitting and much smaller drop of
transmission with temperature.

We have shown that (100)-oriented single crystal of bis-
muth ferrite shows strong dichroism. The lowest transmission
is observed for THz polarization oriented perpendicular to the
ferroelectric polarization in the crystal. This dichroism grows
exponentially with temperature and reaches about 15 dB/mm
at room temperature. We attribute this effect as an absorption
by E phonon modes. Furthermore, we observed that the
crystal is birefringent with �n ≈ −3.0 and the optical axis
is oriented along P. Finally, we have shown the presence of
the fine-splittings of the �

(1)
1 and the �

(2)
1 modes, that depend

on polarization, with the most pronounced effect for electric
field acting perpendicular to the ferroelectric polarization.
This symmetry, which is the same as that of the dichroism
and the birefrigence, suggest that these splittings result from
anisotropic properties of the crystal.
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