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Abstract: We have studied an incipient ferroelectric BaZrO; single crystal with
perovskite structure by terahertz time-domain and Raman scattering
spectroscopies. The phonon-polariton dispersion relation of the low-frequency
infrared active TO1 and TO2 modes was studied from the real and imaginary
parts of the complex dielectric constants at room temperature. The
experimentally observed complex polariton dispersion relations are discussed
by a damped harmonic oscillator model. First-order Raman active modes,
forbidden in cubic Pm3m symmetry, have been observed in a BaZrO; single

crystal, indicating the lowering of cubic symmetry.
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Introduction

Nowadays, one of the incipient ferroelectric, barium zirconate, BaZrO; (BZO) with the
perovskite structure attracted renewed interest due to its large lattice constant, high melting
point, low thermal expansion coefficient, low dielectric loss and low thermal conductivity.
According to the X-ray and neutron diffraction studies, BZO was found to be cubic symmetry
up to the lowest temperature 2 K and unlike most of the perovskite oxide materials, BZO
does not undergo any structural phase transitions [1-3]. Interestingly, a potential structural
instability at the R-point in the phonon spectrum was observed consistently by the recent first

principles calculations [4-6]. As a consequence of the zone- boundary instability, the crystal



is expected to break the symmetry at a sufficiently low temperature and undergo the
antiferrodistortive transformation [7]. Very recently, it is reported that the cubic lattice of
BZO is slightly distorted due the large ionic radius of a Zr ions (in BZO) than that of the Ti
ions (in BaTiO;3) causing the change from cubic Pm3m to triclinic P1 symmetry [8]. The P1

symmetry of BZO was also reported by the first-principles calculations [6].

Recent development of the terahertz time-domain spectroscopy (THz-TDS) has enabled
the very promising technique to determine both the real and imaginary parts of the complex
dielectric constants of materials in a far-infrared region (IR) accurately. By using the THz
pulse reflected or transmitted from a sample, we can directly observe the dielectric property
without any assumption or Kramers-Kronig analysis [8,9-11]. Permitivity in the terahertz
region, especially, in far-IR, is dominantly determined by the ionic polarization which is
derived from the optical phonons. Therefore, it is very important to measure the dielectric
spectrum from low frequencies to far-IR because of their contributions of both the dipole and

the ionic polarizations to permittivity.

It is well known that the lattice vibrations (polar transverse optical phonons) in a
dielectric crystals couple with the electromagnetic waves (photons), and the mixed excitation
of phonon and photon is described as a phonon-polariton, resulting in the IR absorption and
dielectric abnormality, etc [12-14]. After the discovery of polariton dispersion in a Gallium
phosphide, GaP, crystal [15], nowadays, extensive experimental and theoretical research has
been carried out in many crystals [16-18]. The recent THz-TDS measurements on a BZO
single crystal has been revealed that the lowest-frequency IR active transverse optic (TO)
phonon mode near 2 THz exhibit a clear softening upon cooling from 300 to 8 K [8]. Since
ferroelectric soft modes propagate as polaritons, therefore, the polariton dispersion in the far-
IR gives very important information for both fundamental and technical problems in

ferroelectrics. It was confirmed that THz-TDS is a very powerful tool to determine the



polariton dispersion of a ferroelectric soft mode [16]. It is therefore necessary to study the
THz dynamics for the characterization of ferroelectric properties. On the basis of the above
discussion, in this report, we investigated the complex dispersion relation of phonon-
polariton using THz-TDS for an incipient ferroelectric BZO single crystal. In addition,
Raman scattering studies have been performed to confirm the symmetry lowering effect in

BZO single crystal.
Experiment

Our investigated (001)-oriented BZO single crystal was purchased from the Crystal Base Co.
Ltd. with the sizes of 3 x 3 mm” and thickness of 0.559 mm. THz transmission spectra were
measured by the conventional transmission THz-TDS system (Tochigi Nikon, RT-10,000),
where the low temperature grown GaAs photoconductive antennas were used for both the
emitter and detector. Femto second pulses with a wavelength of 780 nm were generated by a

mode-locked compact fiber laser with a repetition rate of 80 MHz [19-21].

The polarized (VV) and depolarized (VH) Raman scattering spectra at 300 K were
measured in the frequency range 20-1000 cm™. The spectra were excited with the 532 nm
line of an Ar laser and recorded in the backward scattering geometry [22] using a double

monochromator (Horiba-JY, U-1000) with the additive dispersion.
Results and Discussion

Figure 1 shows the time-domain electric fields of a THz pulse transmitted through a BZO
sample as well as through the air reference at 300 K. The THz waveform was delayed due to
the attenuation during passing through a BZO sample. In order to determine the complex
dielectric constant £ = &’ + i&'’ from the measured time-domain waveforms, we used the

following equation:
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where i = n' 4+ i.n'’ is the complex refractive index, Fgm (@) and Er (w) are the complex
amplitude spectra of a THz pulse transmitted through a sample and the reference,
respectively, and, ¢ and d are the light velocity and sample thickness, respectively. After then,
the complex dielectric constant has been determined from the relation of € = A%. The
transmission power spectra of a reference and a BZO single crystal converted from time-
domain waveforms at 300 K is shown in Fig. 2 at which a clear absorption mode at about

2.27 THz is observed.

In our previous studies [8], in comparison with the BZO ceramics [23], we concluded that
the origin of the newly observed 2 THz mode in a BZO single crystal and an additional mode
near 9 THz in BZO ceramics, is due to the lowering of crystal symmetry [8]. It was also
pointed out that the lowest frequency TO1 mode in a BZO single crystal is originated from
the staggered of oxygen octahedral tilts which have a significant effect on the Last mode. In
the present studies, we measured a thin BZO single crystal and it was possible to increase the
upper limit of the THz frequency from previously measured 2.7 THz to 3 THz. Therefore, we
can more precisely detect the TO2 mode from the slope of €' and £"'of the complex dielectric
constant. Figure 3 (a) shows the €’ and €"' with open circles at 300 K. In order to determine
the mode frequency, dielectric strength, and the damping constant of the TO modes, we have

fitted the &’ and & using the following damped harmonic oscillator (DHO) model:

2
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where £(0) is the high frequency limit of a dielectric constant, and wj, Ag;, and [} are the mode
frequency, dielectric strength and damping constant of each oscillator mode, respectively. We assumed

two modes for the fitting. The solid lines represent the best fitted line by the DHO model and



the fitting parameters are shown in Table 1. The phonon frequency of the TO2 was obtained
at 3.82 THz which is in agreement with recent reflectivity measurements [24] and first-
principles calculations [24]. In addition, we have also determined the loss function, Im(1/ €),
from the experimental complex dielectric constant and the results are displayed by open
circles along with the calculated one (solid line) by a DHO model in Fig. 3 (b). It is seen from
Fig. 3 (b) that almost no LO (longitudinal optic)-TO splitting occurs near 2.27 THz. On the

other hand, the LO2 mode appears at around 5.68 THz.

It is well established that in an ionic crystal, the electric fields accompanied with the LO
phonons, as irrotational fields, cannot couple with external electric fields. In addition, those
accompanied with the TO phonons, as rotational fields, can couple strongly to the
electromagnetic waves in the infrared regime and propagates as phonon-polariton. In order to
determine the phonon-polariton dispersion relation, we calculated the wave vector of the

polariton according to Huang’s dispersion relation [13,25]:

c?k?(w)
w2

e(k,w) = (3)

where w, k, ¢, and e(k, w) are the angular frequency, wave vector, light velocity, and
dielectric constant, respectively. In GaP crystal, the polariton dispersion relation was
observed for the first time by Raman scattering [15]. However, the damping of the lowest TO
mode in GaP was very small and therefore, the polariton dispersion was discussed without
considering the polariton damping effect. Moreover, in ferroelectric materials, the damping
factor of the soft mode is very large and in some cases the soft mode becomes over damped
[26,27]. It is therefore, necessary to discuss the damping effect of the polariton dispersion

using a complex dielectric constant.

The dispersion curves of the polaritons were determined from the observed values of the

€' and " of complex dielectric constant up to 3 THz by using Eq. (3). The experimental



results for the imaginary (k'") and real (k') parts of the wave vector at 300 K are shown in
Figs. 4 (a) and (b), by the open circles, respectively. The polariton damping in this frequency
region is caused by the coupling of the low-frequency soft modes to the electromagnetic part
of polariton, respectively. In the case of LiNbO3, the similar type of damping of polaritons
was also observed [18,28]. In the BZO, it is already established that the instability around the
R-points causes the zone-folding effect of phonons at the I™-points [6,8]. The polariton
dispersion relation will be a straight line without the folding effect [18]. Therefore, the
phonon-polariton dispersion shows the zone folding effects that result in the interaction with
the electromagnetic wave and the folded phonons, and then introduce polaritons with
respective order in a tunable frequency regime. The calculated dielectric constants by the
DHO model have been used to calculate the polariton dispersion relation with Eq. (3). In
Figs. 4 (a) and (b), the calculated polariton dispersion relation at 300 K are presented by the
solid lines. The combination of both the experiment and calculation by DHO model shows a

very good agreement between theory and experiment.

Figure 5 shows the Raman spectrum of a BZO single crystal measured at 300 K in both
the VV and VH scattering geometry. The zone-center optical phonons are of odd parity, and
consequently are not Raman active in cubic symmetry [29]. It is seen from Fig. 5 that the
spectrum are dominated by the first-order features with broad room temperature maxima.
Similar Raman-forbidden first-order peak was also observed in the pure KTaO; single
crystals induced by some unavoidable symmetry breaking defects [30,31]. However, no clear
difference has been observed in between VV and VH scattering geometry which reflects the
formation of multitwins in a BZO single crystal. The mode frequencies and intensity strength
of each mode are presented in Table 2. The appearance of the phonon peaks in the Raman
spectrum indicates a lowering of the crystal symmetry in BZO single crystal, induced by the

distortion of the oxygen octahedra and thus transforming the crystal symmetry from cubic



Pm3m to triclinic P1. It is therefore concluded that the origin of the first order Raman
scattering in BZO single crystal is caused by the symmetry lowering effect predicted by the

recent THz-TDS [8], and first-principles studies [6].

Conclusions

We have investigated the lowest frequency IR active modes of an incipient ferroelectric BZO
single crystal by using the broadband THz-TDS in the frequency range between 0.2 to 3 THz.
The phonon-polarition dispersion relations were determined from the real and imaginary
parts of the complex dielectric constant with high accuracy. The dispersion relations show
that the presence of the folding effect in the first Brillouin zone of phonon is responsible for
the coupling between photons and phonons, which creates polaritons. The experimentally
observed complex polariton dispersion relations were in good agreement within the
experimental error with the calculated dispersion curves by the DHO model. The existence of
first-order Raman peaks, symmetry forbidden in cubic BZO single crystals, provides a

convincing evidence to the symmetry lowering from cubic Pm3m symmetry.
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Table 1. Fitting parameters of Eq. (2) for BaZrO; at 300 K.

g(00) w1(THz)  w,(THz) Agq Ae, I (THz) I, (THz)

16 227 3.82 0.26 19.67 0.42 0.08

Table 2. Phonon mode frequencies and intensity strength of BaZrOs; at 300 K by Raman
scattering.

Mode frequency (cm™) Intensity strength
194 Weak
292 Strong
352 Medium
422 Medium
487 Weak
593 Weak
600 Strong
637 Weak
696 Weak
741 Medium
832 Weak
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Figure Captions

Fig. 1. Time-domain waveforms of the reference (solid black line) and BZO sample (solid
red line) at 300 K.

Fig. 2. The power spectra of the reference (solid blue line) and BZO sample (solid orange
line) at 300 K.

Fig. 3. (a) The real and imaginary parts of the complex dielectric constant of BZO at 300 K.
The experimental and fitting results are shown by open circles and solid lines,
respectively. (b) The loss function of BZO at 300 K are shown by open circles. The
solid line represents the calculated one by DHO model.

Fig. 4. Polariton dispersion relation of (a) the imaginary and (b) real parts of the wave vector.
The open circles have been measured at 300 K using THz-TDS. The solid curves
have been calculated using the DHO model.

Fig. 5. Raman scattering spectrum of a BZO single crystal at 300 K.
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