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SPECIAL TOPIC — Terahertz physics

Temperature dependent terahertz giant anisotropy and cycloidal spin
wave modes in BiFeO3 single crystal∗
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THz time-domain spectroscopy (THz-TDS) is used to study the THz-optical properties of a single crystal bismuth
ferrite BiFeO3 (BFO). It can be found that the anisotropy of BiFeO3 is strongly dependent on the temperature. A giant
birefringence up to around 3.6 is observed at 1 THz. The presence of a spatially modulated cycloidal antiferromagnetic
structure leads to spin cycloid resonances (SCR) ψ and Φ , corresponding to the out-of-plane and in-plane modes of the
spin cycloid, respectively. We distinguish the SCR with respect to their response to orthogonal polarizations of the electric
fields of the incident THz beam. In addition, we observe a resonance appearing below 140 K, which might be interpreted as
an electromagnon mode and related to a spin reorientation transition. Our present observations present that the temperature
and polarization, as the external control parameters, can be used to modulate the THz optical properties of BFO single
crystal.

Keywords: time resolved terahertz spectroscopy, dielectric anisotropy, spin cycloid resonance
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Multiferroic materials combine ferroelectricity with mag-
netism and have been the platform of fascinating physical phe-
nomena and functionalities. BiFeO3 (BFO) is a ferroelectric
(FE) G-type antiferromagnetic material at room temperature.
The Néel temperature of BFO is about 640 K, and the ferro-
electric Curie temperature is about 1100 K.[1–3] The crystal
of BFO is a rhombohedrally distorted perovskite.[4] The elec-
trical polarization 𝑃 in BFO crystal is along the pseudocubic
[111] direction. Note that the optical axis of the BFO crys-
tal is parallel to 𝑃 . The Dzyaloshinskii–Moriya interaction
(DM) 𝐷 along [−1, 2, −1] rotates the antiferromagnetic vec-
tor, forming a spin cycloid with a long modulation period of
62 nm in the (−1, 2, −1) plane.[5]

Plenty of optical properties have been investigated, such
as photovoltaic effect,[6,7] photo-stiction,[8] coherent acoustic
phonons,[9,10] structural dependent ultrafast electron–phonon
coupling[11] as well as nonlinear optical properties of BFO
films and crystals.[12] THz coherent wave can be gener-
ated from BFO by ultrashort laser excitation via optical

rectification.[13] THz emission spectroscopy has been used
in FE domain imaging and optical readout of the state of
FE memories of BFO.[14] Note that spin modes in BFO
were under investigation in recent years using either inelastic
neutron scattering,[15,16] Raman scattering spectroscopy,[17,18]

far-infrared Fourier spectroscopy,[19,20] or RF technology.[21]

Recently, the excitations of high frequency magnetic res-
onance modes ψ

(1,2)
1 and ϕ

(1,2)
2 in polycrystalline BFO were

studied at frequencies of 0.49–0.77 THz with a vector net-
work analyzer-based spectrometer.[22] Although such entic-
ing sub-THz spin cycloid resonances can be demonstrated by
only the continuous wave absorption spectroscopy,[23,24] the
THz frequency-resolved optical properties of the BFO crys-
tal have not been reported sufficiently. The multiferroic ma-
terials are promising for quite a number of applications in
the THz spectral range. For example, the BFO crystal shows
the strong unidirectional transmission over the GHz–THz fre-
quency range.[25] BFO thin film on SrTiO3 shows a large
amplitude modulation in the nonlinear optical response and
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ferroelectric polarization gated by THz fields, which points
toward ferroelectric photonic switches and electromechani-
cal devices.[26] BFO/Si and BFO/ZnO heterojunctions can be
used to manipulate the THz radiation.[27,28] Recently, domain-
wall engineered BFO thin films offer the prospects for bias-
free strong THz emitters.[29] Hence, for such practical applica-
tions, the comprehensive characterization of the polarization-
and temperature-dependent dielectric properties and the low-
energy spin-dynamics of the BFO crystal at THz regime is re-
quired.

In this paper, we not only report the giant birefringence
and dichroism by using THz time-domain spectroscopy (THz-
TDS) in the frequency region of 0.4–1.2 THz, but also observe
the high-resolution spin cycloid resonance (SCR) modes of a
BFO single crystal in the temperature interval from 40 K to
300 K. The fine-splitting of the SCR modes is explained in
terms of a microscopic model. The accurate measuring of spin
harmonics of the spectroscopic SCR modes provides a sensi-
tive probe of the easy-axis anisotropy in the BFO single crys-
tal. Our findings can be valuable for future BFO devices, by

using temperature or polarization as the external control pa-
rameters.

The BFO single crystal was grown in air using a Bi2O3–
Fe2O3 high temperature flux technique. The as-grown crystals
are millimeter sized black platelets. Electron microprobe anal-
ysis confirmed the stoichiometry of BiFeO3. X-ray diffrac-
tometry measurements confirmed the sample to be rhombohe-
dral BFO single crystal without detectable parasitic inclusions.
High-quality crystal is indispensable for the reliable character-
ization of THz optical properties. In its ferroelectric phase
(below Tc ≈ 1100 K), BFO has a rhombohedrally distorted
perovskite structure with the space group R3c and lattice con-
stants a = 5.571 Å and c = 13.868 Å at room temperature. As
shown in Fig. 1(a), the spontaneous polarization 𝑃 is along
one of the pseudo-cubic [1, 1, 1] directions with a value be-
tween 50 µC/cm2 and 100 µC/cm2. Below TN ≈ 640 K, the
cycloidal order develops along x′[1, 0, −1] for each (1, 1, 1)
plane. These two directions define the (−1, 2, −1) cycloidal
plane, where the spin rotation occurs, as shown in Figs. 1(a)
and 1(b).
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Fig. 1. (a) The structure of the pseudo-cubic BFO unit cell. The spontaneous polarization 𝑃 is along the [111] direction. The spiral magnetic
propagation is along the [1, 0, −1] direction. Geometry of THz transmission in BFO single crystal. (b) The cycloidal spatially modulated spins
(vector 𝐿) in the (−1, 2, −1) plane. Two species of spin excitations lie in and out of the cycloidal plane, respectively, corresponding to Φ

and Ψ modes. (c) THz transmitted waveforms for θ = 0◦, 45◦, 90◦ at room temperature. (d) The THz transients transmitted through the BFO
crystal for θ = 0◦, which are shifted vertically according to different temperatures in the range of 40–300 K.

Our measurements were performed on a (001)-oriented
BFO signal crystal, which was polished on both sides and had
a thickness of d = 0.652 mm. We used a standard THz-TDS
in transmission geometry to characterize the BFO crystal in
the frequency range of 0.4–2 THz. The output of a mode-
locked Ti:sapphire laser, with pulse duration 100 fs, central
wavelength 800 nm, and repetition rate 80 MHz (MaiTai HP,
Spectra-Physics), was used to generate and detect the THz

transient. The generated THz pulses were collimated into par-
allel beams by a micro silicon lens. The sample was placed
in a He flow cryostat mounted on an optical bench, and at the
beam waist of the THz beam. The photoconductive switch
consists of a metallic dipole antenna on a small piece of low-
temperature (LT) grown GaAs with a sub-picosecond carrier
lifetime. The photoinduced carriers of LT-GaAs are driven
by the THz electromagnetic field, which produces a detected
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current. The THz field amplitude is proportional to the cur-
rent pulse. By a variable optical delay, the THz pulses gen-
erated at the emitter can be continuously delayed with respect
to the gated detector, which allows us to temporally scan the
electric fieldfor both the amplitude and the phase information.
The THz-TDS system was purged with dry N2 gas to reduce
the THz absorption due to residual water vapor in the beam
path.[30,31]

Figure 1(c) shows the THz transmitted waveforms as
placing the BFO crystal in three different azimuth angles θ .
The θ is defined as the angle between the incident electric-field
of the THz pulse and the [1, 1, 0] direction, which is along the
projection of the 𝑃 on the (1,1,0) plane, 𝑃 ′. THz waveforms
recorded at θ = 0◦ (𝐸THz||[1,1,0]) and 90◦ (𝐸THz||[1,−1,0])
correspond to the ordinary (o-) and the extraordinary (e-)
waves, respectively. When θ = 45◦ (𝐸THz||[0,1,0]), due to
the strong anisotropy of BFO, the transmitted THz beam com-
prises two THz pulses, separated by approximately 6 ps with
orthogonal polarization, while the amplitude is not exactly
equal. The ratio of the peak amplitude of the o-wave to that
of the e-wave gives the polarization state of the transmitted
THz pulse. After the main part of the broadband THz pulse,
the slowly decaying oscillation (as indicated by the shadow
boxes) is caused by the long-wavelength SCR modes in BFO’s
cycloidal spin structure, as shown in Fig. 1(b) and will be dis-
cussed later. Figure 1(d) shows the transmitted THz wave-
forms with 𝐸THz||[1,1,0] measured at several selected tem-
peratures. When the temperature is decreased, the time delay
of the THz pulse is consequently decreased, which is due to
the decrease of the group velocity of the THz pulses. Addi-
tionally, it can be found that the amplitude of the THz pulses
increases with decreasing the temperature.
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Fig. 2. (a) Photo energy and (b) THz frequency dependences of re-
fractive index of BFO crystal for o- and e-THz waves. (c) no, ne, and
∆n = no−ne measured at 1 THz as a function of temperature.

The THz complex refractive index of the BFO crystal is
extracted from the transmittance measurement at normal in-
cidence, the details can be found in Ref. [32]. Figures 2(a)
and 2(b) show the measured dispersion of ne and no of the
BFO crystal, in the photo energy and frequency domains, re-
spectively. By using the plane-wave pseudopotential method
based on density functional theory (DFT),[33] we calculate the
no and ne in the visible region, as shown by the solid lines
in Fig. 2(a). In the calculation, the ion–electron interaction
is modeled by the ultrasoft Vanderbilt-type pseudopotentials.
For the sampling of the Brillouin zone, the electronic struc-
tures and optical properties use 3×3×2 and 5×5×2 k-point
grids, respectively, generated according to the Monkhorst–
Pack scheme. The experimental BiFeO3 crystal structure with
space group of R3c and lattice parameters of a = 5.57 Å and
c = 13.87 Å is adopted. It can be found that the birefrin-
gence of BFO increases with decreasing the photo energy.
Within the 0.4–1.2 THz at room temperature, the optical bire-
fringence of BFO is defined by ∆n = no− ne = 3.65@1 THz
(ne is smaller than no), which is much larger than that in the
visible region around 0.34 (2.25 eV),[34] and ∆n = 1.6–1.8 of
LiNbO3@1 THz (300 K).[35] Figure 2(c) shows a temperature-
dependent anisotropic property. Far from the SCR resonances,
∆n@1 THz decreases slightly from 3.65 at 300 K to about 3.18
at 100 K.
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Figure 3(a) shows the absorption coefficients of o- and
e-waves, which are indeed increase with the increasing fre-
quency. αo is larger than αe within the frequency range of
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0.4–1.2 THz at room temperature. Although no phonons
are expected in the present THz spectrum range, the broad-
band absorption at sub-THz frequencies originates from the
broadening and softening of the phonon modes with increas-
ing temperature. The lowest optical phonon of BFO is the
Eg mode at 75 cm−1 (∼ 2.25 THz).[36] It can also be found
that the dichroism depends strongly on the temperature, as
shown in Fig. 3(b). An increasing dichroism is observed at
higher temperature, which can be attributed to the ferroelec-
tric origin.[37–39] We conclude that the giant anisotropy sug-
gests that the transverse phonons of E symmetry in BFO are
strongly coupled to the THz electric field.

The dielectric tensor 𝜀(𝑀 ,𝐿) is a complex function of
𝑀 and 𝐿, where the ferromagnetic vector 𝑀 = 𝑀1 +𝑀2

and antiferromagnetic vector 𝐿=𝑀1−𝑀2 for two sublattice
magnetizations 𝑀1 and 𝑀2. In addition, figure 3(a) shows
that the magnon resonance lines are superimposed over the ab-
sorption background, as highlighted by the arrows. They can
be assigned to two families of spin waves, Φ and Ψ modes,
indicating respectively the spins oscillating in and out of the
plane of spin cycloid, as shown in Fig. 1(b). The in-plane cy-
clone mode has 𝑚y, 𝑙z 6= 0, while the out-of-plane mode has
𝑚z, 𝑙y 6= 0, where 𝑚 and 𝑙 are the dynamic components of 𝑀
and 𝐿, respectively.

Since Fishman et al. proposed a microscopic model in
2013, the spin state and microscopic spin-wave excitations
of BFO are evaluated from the Hamiltonian which contains
three components.[40–42] The first component is the exchange
terms, which denote a sum over nearest neighbors (J1) and
next-nearest neighbors (J2) on the pseudocubic lattice. The
second component originates from the easy-axis anisotropy
𝐾 along [1, 1, 1]. The third term contains two DM inter-
actions. 𝐷 along y′ is responsible for the cycloidal period,
while 𝐷′ along z′ produces the small tilt of the cycloid out
of the x′z′ plane. The J1 and J2 determine the high-frequency
part of the spin wave spectrum above 10 THz. The parameters
K = 0.0035 meV, D = 0.11 meV, and D′ = 0.054 meV de-
termine that the eigenfrequencies of the spin cycloid fall into
the sub-THz range.[40–42] In the extended zone scheme with
the modes in units of the cycloidal wave vector q, the exci-
tations within the cycloidal plane have Φm = Φ1 |m|, which
is a linear function of m. And the out-of-plane modes ψm =

Φ1
√

1+m2. Due to the higher harmonics of the cycloid gen-
erated by the competition of small tilting of the cycloid 𝐷′

and the easy-axis anisotropy 𝐾,[20,21,40] Φm and ψm (m > 0)
split into two modes labeled as Φ

(1,2)
m and ψ

(1,2)
m . As m = 0,

ψ0 = Φ1. Actually, ψ0 and Φ
(1)
1 are nearly degenerate for all

𝐾 values. In addition, electromagnons are predicted in the
incommensurate BFO spiral magnet by optical spectroscopy,
due to the coupling between the spin waves and the electri-
cal polarization.[17,43] All these theoretical predictions will be

demonstrated by our THz experimental results in the follow-
ing.

Figures 4(a) and 4(b)present the absorption spectra in
the two polarizations at various temperatures, corresponding
to 𝐸THz||[1,−1,0] and 𝐸THz||[1,1,0], which can be written
as ℎ1 =

(
𝑥′−
√

3𝑦′
)
/2 and ℎ2 = 𝑥′/2+

√
3𝑦′/6+

√
2/3𝑧′,

respectively.[24,40] It should be mentioned that, we keep the
time window just short of the first echo, which limits the max-
imum frequency resolution to be ∼ 0.033 THz (∼ 1 cm−1).
Thus, the dielectric constants in this work are not modu-
lated by any Fabry–Perot multiple inference, as mentioned in
Ref. [22]. For the case of 𝐸THz||[1,1,0] (ℎ2), there are four
distinct absorption peaks clearly observed in the frequency
range of 0.3–1 THz. Based on previous experimental data
and theoretical works, we identify the SCR modes as follows.
The resonance peak around 25 cm−1@240 K is the Φ2 mode.
While the resonances peaks at 20 cm−1 and 18 cm−1@240 K
are assigned to the split of the ψ

(1,2)
1 mode. We note that

ψ
(2)
1 is dominating in amplitude compared with the ψ

(1)
1 mode.

With increasing temperature, the Φ2 and ψ
(1,2)
1 modes display

softening of the resonance frequencies. In addition, we also
find a low frequency mode at frequencies around 10 cm−1,
which can be identified as Φ

(2)
1 , and is almost independent of

the temperature.
As shown in Fig. 4(b), the absorption spectra measured

with 𝐸THz||[1,−1,0] (ℎ1) are observed to be different from
the case of 𝐸THz||[1,1,0] We can distinguish five resonant
lines in the case of 𝐸THz||[1,−1,0] (ℎ1). Firstly, the reso-
nance peaks around 25 cm−1@240 K can also be observed for
the Φ2 mode. Our experimental data indicates that Φ2 with
the magnetic resonance (MR) component y′ becomes spectro-
scopically active by both the fields of ℎ1 and ℎ2. Note that
ψ

(2)
1 is completely absent, because ψ

(2)
1 with the MR compo-

nent z′ can only excited by the field ℎ2. While ψ
(1)
1 with the

MR component x′ can be excited both by the fields ℎ1 and ℎ2.
In addition, we observe low-frequency degenerate Φ

(1)
1 and Ψ0

modes with 15.7 cm−1@60 K, which shift from 15.7 cm−1 to
lower frequency 13.3 cm−1 when the sample temperature is
increased. As shown by the squares in Fig. 4(b), it is interest-
ing to note that a new mode at the frequency of ∼ 23.9 cm−1

(0.72 THz) appears when the temperature is lower than 140 K,
which could be associated with a spin reorientation transi-
tion occurring around 140 K.[17,20,44] Similar magnon tem-
perature dependence of rare-earth orthoferrites has been as-
signed to spin reorientation phase transition of the Fe3+ spin
moments.[45] Our experimental data indicate a small spin re-
orientation out of the cycloidal plane (−1, 2, −1), as shown
in Fig. 1(b). As shown in Fig. 3(b), an anomaly around 140 K
in absorption properties suggests that this mode could be the
electromagnon with both the magnetic and electrical dipole
characters.
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(1,2)
1 mode and Φ

(1,2)
1

mode. (d) Temperature dependence of the easy-axis anisotropy 𝐾. The squares, circles, and triangles correspond to the data obtained for three
modes, for varying temperatures. The solid line is guide for the eyes.

According to our two cases of polarization dependent
measurement, the ordinary ray shows the splitting of ψ

(1,2)
1

mode; the extraordinary ray shows the splitting of Φ
(1,2)
1

mode. Figure 4(c) plots the splits of ψ
(1,2)
1 and Φ

(1,2)
1 modes:

∆ψ1 = ψ
(1)
1 −ψ

(2)
1 and ∆Φ1 = Φ

(1)
1 −Φ

(2)
1 , as functions of

temperature. The splitting of ψ
(1,2)
1 and Φ

(1,2)
1 results from not

only the easy-axis anisotropy 𝐾 along the [1, 1, 1] direction of
the electric polarization 𝑃 , but also the additional DM interac-
tion 𝐷′ along [1, 1, 1]. Following the temperature dependent
frequencies of spin-wave modes ψ

(1,2)
1 and Φ

(1)
1 in BFO, fig-

ure 4(d) shows the calculated values of easy-axis anisotropy
𝐾 as a function of temperature, with the DM interaction pa-
rameter of D′ = 54 µeV.[40,41]

In conclusion, we reported THz-frequency optical con-
stants of BFO as a function of temperature, for polarizations
along two crystallographic directions of [1, 1, 0] and [1, −1,
0]. We observed that a refractive index difference between
no and ne can reach 3.6 between 0.4 and 1.2 THz. The
temperature-dependent giant anisotropy of BFO crystal in the
THz region can be attributed to the phonon mode. The dis-
tinct SRC modes are reliably detected in the temperature range
of 40–300 K. To account for our results, we applied a micro-
scopic model of Fishman et al., the magnon peaks are assigned
as the in-plane Φ2, Φ

(1,2)
1 modes, and the out-of-plane two

ψ
(1,2)
1 modes. The easy-axis anisotropy has been determined

experimentally by the spin harmonics of the cycloid. The THz-
optical properties of a BFO single crystal will lay the ground-
work for the spectral and technological applications[46–48] of
this important multiferroic material.
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