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ABSTRACT

Ferroelectric domain walls (DWSs) are important nano scale interfaces between two
domains. It is widely accepted that ferroelectric domain walls work idly at terahertz
(THz) frequencies, consequently discouraging efforts to engineer the domain walls to
create new applications that utilise THz radiation. However, the present work clearly
demonstrates the activity of domain walls at THz frequencies in a lead free Aurivillius
phase ferroelectric ceramic, Cao.99Rbo.005sC€0.005sBi2Nb2Og, examined using THz time
domain spectroscopy (THz-TDS). The dynamics of domain walls are different at kHz and
THz frequencies. At low frequencies, domain walls work as a group to increase
dielectric permittivity. At THz frequencies, the defective nature of domain walls serves to
lower the overall dielectric permittivity. This is evidenced by higher dielectric
permittivity in the THz band after poling, reflecting decreased domain wall density. An
elastic vibrational model has also been used to verify that a single frustrated dipole in a
domain wall represents a weaker contribution to the permittivity than its counterpart
within a domain. The work represents a fundamental breakthrough in understanding
dielectric contributions of domain walls at THz frequencies. It also demonstrates that

THz probing can be used to read domain wall dielectric switching.



1. INTRODUCTION

Ferroelectric materials are commonly used in dielectric capacitors, piezoelectric sensors,
actuators®® and ferroelectric memories for data storage.*® The properties of ferroelectrics
are often dominated by the density and activity of their domain walls.”** Domain wall
engineering can be used to optimise dielectric,'>™® piezoelectric'®!’ and ferroelectric
properties'®!® and hence develop new applications. At present, lead zirconate-titanate
(PZT) ceramics are the most widely used commercial ferroelectrics.?® Experiments have
shown that more than 60% of dielectric and piezoelectric responses in PZT ceramics are
caused from the contribution of domain walls at room temperature.?*?? Landau-
Ginzburg-Devonshire theory also reveals that effective piezoelectric response across 90°
domain walls is much higher than that in the single-domain region in tetragonal
ferroelectrics.?® Although the contribution from domain walls has been extensively
investigated in different ferroelectrics at lower frequencies (kHz), their contribution at
terahertz (THz) frequencies has received less attention as it is assumed that the domain
walls are only active below 10° Hz.?* The domain wall dynamics at the THz
frequencies are still an open question and a fundamental understanding is a key step

towards new applications of ferroelectrics at these higher electromagnetic frequencies.

Aurivillius phase ferroelectrics are good candidate materials for non-volatile memory and
high-temperature piezoelectric sensors due to their fatigue-resistance® and high Curie
points (Tc),%® respectively. CaBi,Nb,Oy (CBNO) is a ferroelectric with the highest T
amongst the Aurivillius phase compounds.?® Pure CBNO exhibits orthorhombic

symmetry in space group A2i:am with spontaneous polarization (Ps) parallel to the a-



axis.?’ Due to its layered structure, ferroelectric switching is restricted to directions
perpendicular to the layer axis (c-axis). However, the thermal stability of dielectric
permittivity of pure CBNO is low,? which limits its commercial use. In order to improve
the thermal stability of dielectric permittivity, a doping approach has been used here in
the system Cao.990Rbo.00sC€0.00sBi2Nb209 (CBNRC). The dynamics of CBNRC’s domain
walls at the THz band are investigated by THz-time domain spectroscopy (THz-TDS)
and low frequency impedance measurements are implemented for complementary
analysis. Moreover, an elastic vibrational model has been theoretically constructed to
interpret the differential dynamics of a single electric dipole under an alternating electric
field in domains and domain walls. The work not only shows that the contribution of
ferroelectric domain walls to dielectric permittivity at THz frequencies is non-negligible,
but also demonstrates the possibility of new devices based on non-destructive read-out

dielectric switching memory, readable by THz probe.

2. EXPERMIENTAL AND SIMULATION METHOD

Cao.99Rbo.0sCen.05Bi2Nb20g ceramic was prepared by conventional solid-state reaction.
Stoichiometric quantities of CaCO3z (99.9% purity), Bi2O3 (99.9%), Nb2Os (99.5%),
Rb2COs (99.8%) and CeO2 (99.9%) were ball milled together for 4 h, using ethanol as the
milling medium. The slurry was dried overnight at 80 °C to remove ethanol. The dried
mixture was successively calcined at 800 °C for 2 h and 950 °C for 2 h and subsequently
re-milled for 4 h in ethanol and dried. Polyvinyl alcohol (PVA, 5%) was then added to
the calcined powder as a binder and the powder was pressed into 13 mm pellets at 150

MPa. The pellets were heated at 650 °C for 2 h to burn out the PVA and then heated up to



1150 °C and held at this temperature for 2 h to sinter the samples. All heating was carried

out in air.

The crystal structure of the ceramic was examined by X-ray diffraction (XRD) in flat-
plate Bragg-Brentano mode with a PANAlytical X Pert Pro diffractometer, fitted with an
X’Celerator detector using Ni-filtered Cu Ka radiation (A = 1.5418 A). Data were
collected in the 26 range 5 to 120 ° in steps of 0.0167 °, with an equivalent count time of
200 s per step. Structure refinement was carried out with the GSAS suite of programmes.
The microstructure of the sample was observed using scanning electron microscopy (FEI
Inspect-F) equipped with energy dispersive X-ray spectroscopy (EDX). For electrical
property measurements, samples were polished using SiC paper. Pt (for T. measurements)
or Ag electrodes were painted on both surfaces of the polished samples and fired at 950
°C for 10 min and 300 °C for 30 min, respectively. The temperature dependencies of
dielectric permittivity and loss were measured at different frequencies using an LCR
meter (Agilent, 4284A, Kobe, Hyogo, Japan) connected to a furnace. The current -
electric field (I-E) and displacement-electric-field (D-E) loop and strain - electric field (S-
E) loop were measured using a ferroelectric hysteresis measurement tester (NPL, UK).
The piezoelectric coefficient, ds3, was measured on a quasi-static dss meter (CAS, ZJ-3B).
Samples used for d33 measurements were poled in silicone oil at 180 °C for 20 min under
a DC electric field of 13 kV mm™. Capacitance and loss tangent as a function of
frequency were measured using an impedance analyser (Agilent, 4294A, Hyogo, Japan).
Dielectric property of the samples at the THz band were measured using a terahertz time-

domain spectroscopy (THz-TDS). The details of the setup and experimental producer are



described in the Supporting Information. An elastic vibrational model of an electric
dipole under an alternating electric field was constructed and the vibrational dynamics
were simulated by Matlab software to demonstrate the differential of a single electric

dipole in domain and domain wall.

3. RESULTS AND DISCUSSION

The fitted X-ray diffraction profile of ground CBNRC ceramic powder is shown in Figure
S1, with the crystal and refinement parameters summarised in Table S1. Data are in good
agreement with the reference pattern for CBNO (JCPDS #49-0608), with no evidence for
secondary phases. The coordinates of CBNO reported by Blake et al.?® in space group
A2:am were used as an initial model for structural refinement, yielding refined lattice
parameters of a = 5.4758(2) A, b = 5.4394(2) A, and ¢ = 24.887(9) A at room
temperature. The resulting unit cell volume is slightly smaller than that of pure CBNO,?°
despite the fact that the Rb* cation has a larger ionic radius than Ca?*, while Ce*" has the
same ionic radius as Ca?*.*® This contraction in unit cell volume might be associated with
some volatilization of rubidium during synthesis, but evidence from elemental maps
confirms that Rb is present in the sample and is homogenously distributed (Figure S2).
The crystal structure of CBNRC is shown in Figure 1, with the polarization direction
indicated. A similar level of ferroelectric distortion,*>*? defined as 100(a/b-1) is seen in

CBNRC (0.66%) compared to CBNO (0.75%).
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Figure 1. Crystal structure of CBNRC with the polarization direction indicated.

Figure 2a shows the temperature dependence of dielectric permittivity and loss for a
CBNRC ceramic. The Curie point (Tc) of CBNRC is 934 °C (2 °C), slightly lower than
the value of 940 °C in pure CBNO, which is consistent to decreased ferroelectric
distortion®! induced by doping. The loss peaks, a few degrees below of Tc, can be
attributed to domain wall movement.?® The frequency-dependence of the dielectric
permittivity peaks in the temperature range 600~800 °C typically indicates the presence
of oxygen vacancies,?®*2 which commonly occur during high temperature sintering. In
Figure 2a, above Tc, the dielectric permittivity at 10 kHz increased with increasing
temperature, but the permittivity decreased at higher frequencies (>50 kHz). Above Tc,
the decrease of dielectric permittivity in paraelectric phase at high frequency (=50 kHz) is
due to the disappearance of spontaneous polarization. However, besides the spontaneous
polarization and related ferroelectric domains, there are additional dipoles which are

active at low frequencies and dominate the contribution to dielectric permittivity at low



frequencies. The contributions of these additional dipoles are thermally active and result
in the increase of the dielectric permittivity at 10 kHz above Tc. Current-electric field (I-
E) and displacement-electric-field (D-E) measurements were carried out, yielding an
unsaturated D-E hysteresis loop and invisible current peaks related to domain switching
in the I-E loop, (not shown). These are due to the evidently high coercive field of
CBNRC. CBNRC exhibited a piezoelectric coefficient (dss) value of 7.8 pC N7, after
poling under a DC field of 13 kV mm™ in silicone oil for 20 min at 180 °C, confirming

ferroelectric domain switching.

As CBNRC has orthorhombic symmetry, spontaneous polarization is developed along the
[100] direction. Both 90° and 180° domain walls, which can be referred to as non-180°
and 180° domain walls, are permissible in grains of the ceramic. The motion of 180°
domain walls will affect only the dielectric properties while the motion of non-180°
domain walls will affect both dielectric and piezoelectric properties.?t* Further
confirmation of non-180° domain wall switching is seen in the butterfly shape of the
strain-electric field (S-E) loop (Figure 2b). The switching of non-180° domains upon
application of the electric field is the major mechanism contributing to the butterfly

shaped S-E loop.®
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Figure 2. Dielectric and piezoelectric properties of CBNRC ceramics. (a) Temperature
dependence of relative dielectric permittivity (¢) and dielectric loss (tan d); (b) Strain-

Electric field (S-E) loop.

In order to understand the contribution of domain walls to dielectric properties, dielectric
permittivity and loss were characterized using impedance spectroscopy and THz-TDS,
the results of which are shown in Figure 3. Figure3a shows the dielectric permittivity and
loss of a CBNRC ceramic in unpoled and poled states in the frequency range 1 kHz to 1
MHz. The poling process induced irreversible domain wall switching and caused a
decrease in domain wall density in the poled sample. Compared with the unpoled sample,
the dielectric permittivity of the poled sample decreased, which indicates that the
switching of the non-180° domain walls decreases the domain wall density and hence
lowers the dielectric response at low frequency after poling.®® The peaks in & and tan &

plots of the poled ceramic are attributed to the piezoelectric effect. Figure 3b shows the
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relative dielectric permittivity and dielectric loss of poled and unpoled CBNRC ceramic
at THz frequencies. Relative permittivity is lower at these high frequencies than that at
lower frequencies, which is consistent with the fact that there are different dipoles in
dielectrics and the dipoles with long relaxation time cannot follow the AC field at higher
frequencies.>° Moreover, the dielectric loss at THz frequencies is higher than that at
low frequencies, which can be attributed to the dielectric relaxation mechanism
happening close to the measured THz band. There are many different polarizations in
CBNRC, and some polarizations are active and their relaxation frequencies are close to
the measured THz frequencies, which causes dielectric relaxation and related high loss at
the THz frequencies. As these relaxation scenarios happen only at the higher frequencies,
low frequency measurement won’t be able to reflect these high frequency relaxation
mechanisms. As shown in Figure 3b, the poled CBNRC sample surprisingly exhibits
higher dielectric permittivity and lower dielectric loss than the unpoled sample in the THz
frequency range. This appears to contradict the traditional view that the domain wall
contribution dies above 10%° Hz.243"40 |t is worth noting that the unpoled sample shows
Fabry-Perot (FP) oscillations,** but the poled sample does not. The high permittivity of
the poled sample causes significant time delay in the wave propagation inside the sample.
This time delay is longer than the detector repetition rate of the THz system and therefore,
FP effects are undetectable. For the unpoled sample, equal intervals of ~48 GHz in the
lower THz band are observed and matched to the sample thickness (440 um) and the
permittivity (~50). The decreased permittivity at higher THz frequencies (> 0.48 THz)
causes a shorter time delay in wave propagation inside the sample, resulting in an

increase in the interval frequency of FP oscillations. The FP oscillations show relatively
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shifted frequencies in permittivity and loss tangent, caused by the higher loss tangent

values of the unpoled sample.*
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Figure 3. Dielectric properties of CBNRC ceramic at different frequencies. (a) Dielectric

properties at kHz frequencies; (b) Dielectric properties at THz frequencies.

To explain the differences in dielectric behaviour of CBNRC ceramic in different states
(poled and unpoled) and in different frequency ranges, the domain wall contribution was
analysed from the macroscopic and microscopic perspectives. As described above, the
dielectric permittivity mainly consists of contributions from lattice level intrinsic
polarization, defects and domain wall motion. Thus, the dielectric permittivity can be
denoted as:

€= €in T Egef + Epw-nonigo T Epw-180

where &;, is the intrinsic contribution to permittivity, e, is a point defect contribution
(mainly from oxygen vacancies, V'), €pw-nonigo 1S the non-180° domain wall

contribution and epy_1g0 IS the 180° domain wall contribution. While the relaxation
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frequency of intrinsic polarization lies beyond THz frequencies,®*“? the point defects in
CBNRC are mainly active at low frequencies, which is supported by the fact that the V'
related dielectric peaks are greatly weakened with increasing frequency in Figure 2a. The
domain walls, however, will contribute to dielectric permittivity differently at different
frequencies. Figure 4a and b show illustrations of non-180° and 180° ferroelectric
domains with detail of the corresponding domain walls shown in Figure 4c and d. In
order to minimize the free energy with the gradient change of polarization across the
domain wall, weak dipoles (frustrated dipoles) develop within the domain walls (Figure
4c and Figure 4d).'®4% Figure 4e shows a schematic representation of the variation of
Gibbs free energy, G, with electric displacement for domains and domain walls, the polar
vectors of which are in the [-100] and [100] directions. At temperatures lower than T,
there are two minima for domains and domain walls on the free-energy profile*® and thus,

the ferroelectric phase is stable. From thermodynamic theory, the dielectric displacement
is the first derivative of G with respect to electric field (D = g). As the domain walls are

made up of frustrated dipoles within nano scaled interfaces, the dielectric displacement of
domain walls, Ds; is smaller than that of domains, Ds1.*® At low frequencies, all the
dipoles within the domain walls are able to follow the AC field and each domain wall is
active as a group. The non-180° domain walls will increase dielectric permittivity*’ and
the 180° domain walls will decrease permittivity because of their clamping effect.*®>0
The decreased dielectric permittivity in poled samples at low frequencies (Figure 4a)
indicates that the positive contribution from epy_,.0n180 1S the dominant factor between
the competitive effects of €py_non1s0 @aNd epw_150- At THZz frequencies, the local lattices

within domain walls are active as single frustrated dipoles instead of a group. The
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permittivity of a single frustrated dipole in domain wall is smaller than its counterpart in
domain. The contribution of a single dipole in the lattice (either in a domain or a domain
wall) to dielectric permittivity can be calculated using an elastic vibration model (see
Figure 4f and the Supporting information).*> The contribution to permittivity from a
dipole in a domain is higher than that from one in a domain wall. This is in good
agreement with our experimental results that the dielectric permittivity is higher in the

poled ceramic at THz frequencies, due to its lower domain wall density.
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Figure 4. Illustration of ferroelectric domains and domain walls and their dynamics. (a)
Non-180° domains; (b) 180° domains; (c) Non-180° domain walls; (d) 180° domain-
walls; (e) Variation of free energy of domain and domain walls with displacement; (f)
Simulated permittivity contribution of a single dipole in a domain (red) or domain wall

(blue), where enorm is the normalised permittivity &/emaxomain), X-axis is the percentage of

cycle period.
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As the domain wall dynamics of ferroelectrics are active in the THz band, they can be
utilized in new and viable applications, such as low loss dielectrics and non-destructive
read-out ferroelectric memory driven by THz technologies through domain wall
engineering. For new dielectrics to be used at THz frequencies, materials should have
moderate dielectric permittivity and low dielectric loss.>! Figure S6 displays the dielectric
properties of different ferroelectric materials summarized from the literature at 0.5 THz.
The CBNRC ceramic produced in this work has medium dielectric permittivity and low
dielectric loss in the THz band. The dielectric permittivity of CBNRC doubles on poling
and the dielectric loss decreases, indicating its suitability for dielectric applications at
these frequencies. A proposed application for this effect is non-destructive read-out
dielectric memory. Previously, read-out of ferroelectric memory has been mainly based
on destructive bipolar 2 or domain-wall-type resistance®® switching. The disadvantage of
the former technique is its destructive nature, while the latter is limited the low current
generated from these switches which is insufficient to drive read-out circuits. Figure 5
shows the proposed mechanism of THz reading of dielectric switching memory, where
dielectric permittivity can be modulated by domain wall dielectric switching through
poling and depoling. The morphology of 90° and 180° domain walls is demonstrated
using straight lines and curves.®® Here, poling or depoling are used to facilitate the
writing process; the poled state is achieved by an applied DC field and the depoled state
is achieved by a reverse bias DC field, because a poled ferroelectric can be depolarized
when the reversal field is applied at the negative coercive field, which enables to achieve
a reversed and erasable memory. The domain wall density is low in the poled state and

high in the depoled state, reflective of high and low dielectric permittivity at THz
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frequencies, respectively. For dielectric memory applications, the modulated permittivity
is compared with a set ‘gate’ permittivity and then marked as state ‘off” if it is below or
‘on’ if it is above this value. These ‘off” and ‘on’ states correspond to ‘0’ and ‘1’ digital
positions, which can be spontaneously read by THz probe signaling. This non-destructive
read mechanism could pave the way for the development of next generation THz

ferroelectric devices.
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Figure 5. Illustration of non-destructive read-out dielectric switching memory. (a)
Schematic setup of THz reading technology; (b) Domain wall density change in depoled
and poled ferroelectric; (c) THz reading of off/on (0/1) positions. Dashed lines denote

depoled and poled states.

4. CONLUSIONS

In summary, the dynamics of domain walls in the CBNRC ferroelectric ceramic have
been read using THz Time domain spectroscopy, and which are compared with the
contribution from the low frequency impedance spectroscopy. The results show that non-
180° domain walls actively contribute to high permittivity at the low frequencies. At the
THz band, domain walls are non-active as a group due to their long relaxation time, and

they work as defective interface originated from their frustrated dipoles. These unfulfilled
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dipoles in the domain walls contribute less to the permittivity compared with their
counterparts in domains. The experimental results are theoretically supported by an
elastic vibration model. The work here shows that field induced changes in domain wall
density are detectable at high frequencies and are related to lattice level dynamics of
dipoles in ferroelectrics. This observation could lead to new THz frequency applications

for ferroelectrics such as domain wall dielectric switching memory.
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Experimental procedures, full spectrum of XRD results and refined data, simulation of
permittivity for single dipole in domain and domain wall, comparison of dielectric
properties between the current material in this paper with other ferroelectrics, are
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