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ABSTRACT 

In this Spotlight on Applications, we describe our recent progress on the terahertz (THz) 

characterization of linear and non-linear dielectrics for broadening their applications in 

different electrical devices. We begin with a discussion on the behavior of dielectrics over a 

broadband of frequencies and describe the main characteristics of ferroelectrics, as an 

important category of non-linear dielectrics. We then move on to look at the influence of point 

defects, porosity and interfaces, including grain boundaries and domain walls, on the dielectric 

properties at THz frequencies. Based on our studies on linear dielectrics, we show that THz 

characterization is able to probe the effect of porosities, point defects, shear planes and grain 

boundaries to improve dielectric properties for telecommunication applications. Further, we 

demonstrate that THz measurements on relaxor ferroelectrics can be successfully used to study 

the reversibility of the electric field-induced phase transitions, providing guidance for 

improving their energy storage efficiency in capacitors. Finally, we show that THz 

characterization can be used to characterize the effect of domain walls in ferroelectrics. In 

particular, our studies indicate that the dipoles located within domain walls provide a lower 

contribution to the permittivity at THz frequencies than the dipoles present in domains. The 

new findings could help develop a new memory device based on non-destructive reading 

operations using a THz beam. 

 

KEYWORDS: Terahertz, ferroelectric, dielectric, domain wall, defects 
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1. INTRODUCTION  

Terahertz (THz) radiation, which lies in the range of 1011-1013 Hz between the 

microwave (MW) and infrared regions, is becoming a powerful tool for materials 

characterization. While optical radiation mainly interacts with valence electrons, THz waves 

enable probing vibrations at the molecular scale and electronic excitations in the sub-infrared 

range.1 The study of the materials’ response to THz radiation offers new advances for 

developing novel materials for the next-generation communication systems2, homeland 

security imaging tools,3 chemical agent detection,4 equipment for quality control in the 

pharmaceutical5 and manufacturing and food industries.5 

THz spectroscopy is currently one of the most recent technologies for material 

characterization, especially for dielectrics, semiconductors and light-weight molecules. 

Compared with conventional Fourier Transform Infrared Spectroscopy (FTIR), which offers 

amplitude information only, coherent based THz instruments have many advantages as they 

can offer both amplitude and phase information simultaneously. From the measured spectra, 

the complex refractive index, complex permittivity, permeability and electrical conductivity 

can be extracted.6,7 

There are many different methods for performing THz coherent spectroscopy, such as 

vector network analyser,8 quantum cascade laser,9 backward wave oscillator10 and free-electron 

laser. The most widely and conveniently used broad-band coherent system is THz time-domain 

spectroscopy (THz - TDS), which has been intensively studied and upgraded since the early 

1980s.11 The THz-TDS is a spectroscopic technology in which the properties of materials are 

probed with short-pulsed THz radiation in time domain initially. Using Fourier transformation, 

the detected time domain signals are transformed into THz time domain where both amplitude 

and phase information are acquired, i.e., to achieve broadband and coherent spectroscopy. The 

complex dielectric properties of materials can then be worked out.12 The coherent features 
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come from the same femtosecond laser, for example, Ti: Sapphire laser. The laser power is 

split into two paths: one with major power (90% of laser’s emission, ~a few hundreds of 

milliwatt typically) is to generate THz emission and the other is for THz detection. THz 

generation is facilitated either by ultrafast electro-optical frequency rectification or 

photoconductive antenna, with typical signal range from 150 GHz to 3 THz. The THz beam 

propagates through the samples being tested and records the sample information. In the 

detection path, the laser power is used to realize the electro-optical sampling detection or 

photoconductive antenna probe. The electric field amplitude generated from this kind of THz 

system is usually weak,13 of a few kV cm-1; however, it is strong enough to penetrate dielectric 

samples with thickness of a few millimetres.  

The material characterization with these recently-developed THz technologies has 

opened up the possibility of new applications. For example, wireless communication is moving 

from the microwave to THz band, where appropriate THz testing facilities are needed for 

assessing and guiding the development of appropriate dielectric materials for communication 

applications. Additionally, THz technology with high-intensity electric fields can be regarded 

as a new tool to induce ultrafast polarization switching behavior, promoting applications where 

a fast polarization response is needed. More broadly, THz technology can promote the 

development of next-generation optoelectronic and electro-optical devices, which are spinning 

from visible to far-infrared frequencies.  

Lead-free dielectric materials, which are used in telecommunications,14 capacitors,15 

sensors16 and actuators,17 are playing an important role also in these newly-proposed 

applications. Although several studies on the THz characterization of linear dielectrics18 and 

ferroelectrics (including single crystal, ceramics and films)19,20 have been carried out, most of 

them are focused on lattice dynamics and have devoted less attention to defects and interfaces 

in dielectrics. The objective of this Spotlight Article is to review our recent progress on the 
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THz characterization of dielectrics for the development of novel materials in various areas of 

applications.  

 

2 FUNDAMENTALS OF DIELECTRICS  

2.1 The behavior of dielectrics at broadband frequencies 

Dielectric permittivity is frequency-dependent because different polarization mechanisms 

are active in the different frequency ranges. Figure 1 shows a schematic diagram of the 

frequency-dependence of dielectric permittivity and loss for dielectric materials. There are four 

types of polarization mechanisms, including electronic polarization (𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), ionic polarization 

(𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜), dipolar polarization (𝜀𝜀𝑑𝑑𝑜𝑜𝑜𝑜) and space charge polarization (𝜀𝜀𝑠𝑠𝑜𝑜 ) 21 that represent the 

different contributions to the  dielectric response. Each polarization mechanism has a critical 

frequency (relaxation and resonance frequency), usually identified from a sharp decrease in 

dielectric permittivity and peaks in the dielectric loss. The electronic and ionic polarizations 

are intrinsic polarization mechanisms and have resonance frequencies above 1011 Hz. These 

two polarization mechanisms are dominated by resonance phenomena and lead to resonance-

type dielectric dispersions. The dipolar polarization and space charge polarization are extrinsic 

polarization mechanisms, and their relaxation frequencies are usually observed below the THz 

range.  
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Figure 1 Various types of polarization mechanisms as a function of frequency that contribute 

to the permittivity of dielectrics. 𝜀𝜀𝑠𝑠𝑜𝑜 : contribution of space-charge polarization; 𝜀𝜀𝑑𝑑𝑜𝑜𝑜𝑜 :  

contribution of dipolar polarization; 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 : contribution of ionic polarization; 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 : 

contribution of electronic polarization. The top curve shows the real component (𝜀𝜀′) and bottom 

curve represents imaginary component (𝜀𝜀′′).21 Reproduced from ref 21, copyright AIP 2019.  

 

Dielectric materials can be classified into linear dielectrics (LDs) and non-linear 

dielectrics (Non-LDs). LDs are materials in which the polarization varies linearly with the 

electric field, while Non-LDs exhibit a non-linear relationship between the polarization and the 

electric field. Non-LDs include normal ferroelectrics, relaxor ferroelectrics and 

antiferroelectrics. Dielectric permittivity and loss of non-LDs are usually higher than those in 

LDs due to spontaneous polarization, ferroelectric domain walls and polar nano 

regions/clusters. Ferroelectric domain walls and polar nano regions are active in or below the 

GHz range;22 meanwhile, the relaxation frequency of the spontaneous polarization is located 

in the THz or Infrared range.19 

THz spectroscopy is used to probe the dielectric response of ionic and electronic 

polarization. In addition, THz spectroscopy can also be used to characterize the effect of 

various defects on dielectric properties for applications of dielectric materials in the THz band. 

23 Defects are usually classified as: i) point defects (interstitials, vacancies, compositional 
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disorder, defect pairs, etc.); ii) line defects (dislocations, stacking faults, etc.); iii) planar defects 

(twin boundaries, ferroelectric domain walls, grain boundaries, etc.); iv) volume defects 

(secondary phases, pores, inclusions, etc.)24. In this Spotlight, we examine the effects of defects 

using THz technology and discuss how this information can be used to systematically control 

the defects and obtain desired dielectric properties.  

 

2.2 Dielectric properties as a function of temperature and electric field 

The dielectric response of LDs and Non-LDs to external stimuli, e.g. temperature (T) 

and electric field (E), is different. Dielectric permittivity – temperature (ε – T) curves and 

current - polarization - electric field (I - P - E) loops of linear and non-linear dielectrics are 

shown in Figure 2.   

For LDs, e.g., Al2O3, the dielectric permittivity shows almost no variations at relatively 

low temperatures. The increase in permittivity at high temperatures is caused by thermally-

excited charge carriers.25 LDs present I - E loops with a rectangle-like shape (Figure 2b) due 

to the dominant contribution of the permittivity to the current.40 The polarization value of LD 

increases monotonously with increasing electric field, leading to linear P-E loops (Figure 2c). 

15,26  

Ferroelectric materials are typical examples of Non-LDs. The dielectric permittivity of 

ferroelectrics increases when the temperature approaches the Curie Point (Tc) (Figure 2d). 

Below Tc, the I - E curve presents two current peaks in the loading branches, indicating domain 

switching under the electric field (Figure 2e). Due to the contribution of domain switching, the 

P - E loop of ferroelectric materials is non-linear and hysteretic.27 At temperatures above Tc, 

ferroelectric materials transform into a paraelectric phase. Although paraelectric phases are 

usually considered non-polar, they may still contain polar nanoclusters.28 These polar entities 

can give rise to the presence of two current peaks nearby 0V in the I – E loop (Figure 2g) and 
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to a narrow, non-linear P – E hysteresis loop (Figure 2h). By further increasing the temperature 

above Tc, the dielectric permittivity continuously decreases (Figure 2d) due to the decreased 

concentration of polar nanoclusters.29 The most widely used commercial ferroelectrics are Pb-

based materials. However, the use of Pb is increasingly being restricted by environmental 

regulations;30 hence, there is an urgent demand for developing lead-free alternative materials 

for different applications. Therefore, this paper only focuses on Pb-free materials.     

 

Figure 2 Dielectric and ferroelectric properties of linear dielectric, ferroelectric and paraelectric 

materials. (a) ε - T curve of linear dielectric Al2O3;25 (b) I - E loop of linear dielectrics;26 (c) P- 

E loop of linear dielectric;26 (d) ε - T curve of ferroelectric materials; (e) I - E loop of 

ferroelectric materials;26 (f) P - E loop of ferroelectric materials;26 (g) I - E loop of 

Sr2(Ta0.94Nb0.06)2O7 measured in its paraelectric state;28 (h) P - E loop of Sr2(Ta0.94Nb0.06)2O7 

measured in its paraelectric state.28 (b-f) Reprinted from ref. 26, copyright ACS 2016, (g, h) 

Reprinted from ref. 28, copyright ACS 2020. 

 
3 APPLICATIONS OF DIELECTRICS 
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Dielectric materials are widely used for capacitors in various electronic devices, 

including energy storage systems, filters, and electronic circuits. In particular, low-loss 

dielectrics can reduce the self-heating of capacitors. Ferroelectrics can be used in non-volatile 

memory devices due to their reversible domain switching between two polarization states 

driven by an electric field.31 The piezoelectric effect in ferroelectrics is used in actuators and 

sensor devices. Additionally, the paraelectric phases of ferroelectrics can be used in tunable 

microwave communication devices due to changes in dielectric permittivity induced by DC 

electric fields.28,32   

THz spectroscopy represents an advanced characterization tool that enables unravelling 

new phenomena at the atomic scale and exploring additional functionalities in dielectric 

materials, offering broad perspectives for new applications. In contrast with previous 

researches that are mainly focused on lattice dynamics, we use THz technology to control the 

effects of defects (porosity, point defects, and interfaces) and electric field-induced 

transformations to achieve desired properties for broader applications.   

 

3.1 THz spectroscopy of linear dielectrics for telecommunications 

The operating frequency of many MW devices such as filters, antennas phase shifters 

and resonators is moving toward the THz band. The preferred characteristics of dielectric 

materials for MW and THz devices include i) relatively high permittivity to reduce the sizes of 

the components; ii) low dielectric loss to guarantee high signal-to-noise ratio; iii) low 

temperature coefficient (𝜏𝜏𝑓𝑓) of permittivity to ensure good thermal stability.33 Most of the 

current MW devices are based on non-ferroelectric materials with relative dielectric 

permittivity in the range of 20-100. In the currently available literature, only a few review 

papers have summarized the dielectric properties at THz and infrared frequencies of 

conventional MW ceramics.18,24 However, all of these reviews are focused on the lattice 
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dynamics of MW ceramics, with less attention to the microstructural defects that can affect the 

dielectric properties in the THz range. To fill this gap, we will review our previous work on 

novel linear dielectric ceramics and identify the relationships between the dielectric response 

and microstructure. This will offer guidance for fabricating new materials with desired 

dielectric properties in the MW and THz bands.  

TiO2 is a promising candidate for THz devices due to its high dielectric permittivity (ca. 

100 at THz34). However, its high dielectric loss at THz frequencies limits its application.35 In 

TiO2 ceramics that are prepared by conventional sintering, there is a high density of defects, 

including porosity, secondary phases, and oxygen vacancies.36 Figure 3 shows various defect 

structures, including secondary phase (indicated as S) and trapped porosities (indicated as P).34 

While trapped porosity, secondary phases and grain boundaries contribute to increasing the 

dielectric loss, the contribution of oxygen vacancies to the dielectric properties is complex and 

controlling their concentration is necessary for obtaining high permittivity and low loss in TiO2. 

The presence of oxygen vacancies is due to the reduction of Ti4+ to Ti3+ caused by high sintering 

temperature and low oxygen partial pressure.37 The oxygen vacancy-related dipoles provide an 

additional contribution to dielectric permittivity and loss in the THz frequency band. The 

concentration of oxygen vacancies increases with sintering temperature. However, lower 

concentrations of oxygen vacancy can be achieved with a further increase of sintering 

temperature due to the formation of crystallographic shear planes (Figure 3b-d), which 

eliminate oxygen vacancies. The crystal structure of TiO2 changes from corner-shared 

octahedra to edge-shared octahedra or from edge shared octahedra to plane-shared octahedra.38 

The decreased concentration of oxygen vacancies leads to lower dielectric loss in the THz band. 

Guided by THz measurement, spark plasma sintering (SPS) has been used to reduce the amount 

of trapped porosity and the density of defects. The ceramics SPSed at 1050 °C, 1200 °C and 

1250 °C are named as SPS1050, SPS1200 and SPS1250 (in Fig.3e and 3f), respectively. The 
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SPS1050 sample has small grain size (about 1 µm) and trapped porosity. There are barely 

trapped porosities in SPS1200 and SPS1250 ceramics due to their high densities. Moreover, 

the concentration of oxygen vacancies was decreased from SPS1050 to SPS1250 ceramics with 

increasing the SPS temperature. The decreased concentration of oxygen vacancies suggested 

the formation of crystallographic shear planes in SPS1250 ceramic. Furthermore, the average 

grain size increased from about 3 µm in SPS1200 to 7 µm in SPS1250, which is related to 

decreased concentration of grain boundaries.34 By optimizing the sintering temperature to 

control the concentration of grain boundaries and oxygen vacancies, the prepared ceramics 

have achieved high permittivity (102.5) and ultra-low dielectric loss (0.0042) at 0.2 THz 

(Figure 3e and 3f), which represents the lowest loss value ever reported in high-permittivity 

dielectrics. Moreover, the dielectric permittivity and loss values are dispersion-less in the 

frequency range of 0.2-0.8 THz (Figure 3e and 3f).34     
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Figure 3 Defect structures in TiO2 ceramic. (a) SEM image showing secondary phase (indicated 

as S) and trapped porosities (indicated as P); (b) High-resolution transmission electron 

microscopy (HRTEM) image showing shear planes; (c) selected area diffraction pattern (SAED) 

taken from different twin domains; (d) enlarged image of the selected area in (b) showing shear 

planes; (e) dielectric permittivity and (f) loss of TiO2 ceramics sintered at different 

temperatures using SPS.34  In (e) and (f) the solid lines represent the experimental results 

obtained with the THz-TDS system and the data points represent the experimental results 

obtained with the VNA+QO transmission system. Reprinted from ref. 34, copyright NPG 2017.  

 

The temperature coefficient of permittivity ( 𝜏𝜏𝑓𝑓 ) is an important parameter in 

telecommunication applications. Lower 𝜏𝜏𝑓𝑓 values indicate good thermal stability of dielectric 

properties.33 TiO2 is a quantum-paraelectric system; its permittivity decreases with increasing 

temperature as evidenced by its positive 𝜏𝜏𝑓𝑓. TiO2 has been frequently added to other LDs to 

tune the 𝜏𝜏𝑓𝑓  value, for instance to Zn2SiO4 ceramics.39 Zn2SiO4 is a promising material for 
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telecommunication applications due to its stable dielectric permittivity (𝜀𝜀𝑟𝑟 ~ 6.6), high quality 

factor (Q×f ~ 219,000 GHz) and low τf value (-61 ppm/°C).39 In order to adjust the τf value to 

near 0 and decrease the sintering temperature, 10 wt% of TiO2 (τf = +450 ppm/°C)39 was added 

to form Zn2SiO4-TiO2 (ZST) composites. In another work,40 the relationships between 

microstructure and dielectric properties were studied in Zn2SiO4 ceramics sintered at different 

temperatures. Their dielectric properties were measured at different frequencies ranging from 

kHz to THz (Figure 4). At kHz and MW frequencies (Figure 4a and 4b), the dielectric 

permittivity of ZST ceramics first increases with sintering temperature due to reduced pores, 

increased density and larger average grain size (fewer grain boundaries). A further increase of 

the sintering temperature leads to the formation of shear planes, which decrease the dielectric 

permittivity. At low frequencies, the porosity, density and grain boundaries are the main factors 

controlling the dielectric permittivity. At high frequencies, lattice vibrations and defects-related 

dipoles are more influential. In the THz band, the change in permittivity is dominated by the 

competition between the oxygen vacancies and crystallographic shear planes. At temperatures 

below 1250°C, as the sintering temperature increases, the formation of crystallographic shear 

plane increases, eliminating oxygen vacancies, consequently decreasing the permittivity and 

loss. At higher sintering temperatures, the oxygen vacancies concentration increased again. 

The best dielectric properties are obtained at the sintering temperature of 1250 °C, with stable 

dielectric permittivity and low loss (less than 10-3 at frequencies below MW band; and less than 

2×10-2 at THz band). Moreover, the temperature coefficient of the resonant frequency at 13.49 

GHz was adjusted to near 0 (-2.4 ppm/°C), by adding TiO2.40 
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Figure 4. (a) dielectric permittivity and loss of ZST ceramics sintered at different temperatures 

in the frequency range from 10 kHz to 2 THz; (b) dielectric permittivity change of ZST ceramic 

sintered at different temperature at MW frequency; (c) dielectric loss  change of ZST ceramic 

sintered at different temperature at MW frequency.40 Reprinted from ref. 40, copyright Elsevier 

2019. 

 

Similar to the case of ZST ceramics, a two-phase material with chemical formula 

0.95MgTiO3–0.05CaTiO3 was prepared for low permittivity applications, and the influence of 

defects on its dielectric properties in the THz range was studied.41 MgTiO3 is an attractive 

material for microwave applications with relatively low permittivity (𝜀𝜀𝑟𝑟 ~ 17), high quality 

factor (Q×f ~ 56,000 at 7 GHz) and low temperature coefficient (τf  ~ -50 ppm/°C).42 Calcium 

titanate (CaTiO3) is a quantum-paraelectric system with τf  value43 of ~ +850 ppm/°C and can 

be added to adjust the temperature coefficient to near 0. The relationship between the 

microstructure and the MW and THz dielectric properties of the ceramics sintered at different 

temperatures was investigated. The dielectric permittivity and quality factor of the ceramics 
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extrapolated at 8.2GHz first increased and then decreased with increasing temperature, 

reaching their maximum values at 1260 °C (Figure 5a). It can be concluded that the density 

and grain size of the ceramic are critical factors influencing the dielectric properties of 

0.95MgTiO3–0.05CaTiO3 at MW frequencies. Higher density and larger grain size (fewer grain 

boundaries) are beneficial to obtain materials with high quality factor at MW frequencies. At 

THz frequencies, the dielectric permittivity and loss of the three selected high density samples 

are dispersion-less (Figure 5b). Moreover, there is a remarkable increase in dielectric 

permittivity and loss in the ceramic sintered at 1300 °C, which is probably related to the 

increased amount of the secondary phase (MgTi2O5). The best dielectric properties 

(permittivity of 17.73 and loss tangent of 3.07×10-3) were obtained in the range 0.22-0.32 THz 

for the samples sintered at 1260 °C. 

 

Figure 5 Dielectric properties of 0.95MgTiO3–0.05CaTiO3 ceramics at different sintering 

temperatures. (a) at 8.2 GHz; (b) at THz range from 0.22 to 0.32 THz.41 Reprinted from ref. 

41, copyright Elsevier 2015. 

 

In summary, defects in dielectric ceramics including porosity, point defect, shear planes, 

grain boundaries and secondary phase are related to the sintering parameters. THz technology 

can be used to investigate the effect of these defects on dielectric permittivity and loss to 
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provide guidance on the optimum processing parameters to obtain improved dielectric 

properties for telecommunication applications.  

 

3.2 THz spectroscopy of relaxor ferroelectrics for energy storage 

Some types of dielectric materials are promising for energy storage devices due to their 

ultrahigh power density (~ 108 W kg-1), short charge/discharge time (~ns) and long service 

lifetime (> 106 cycles).44–46 However, their application is often limited by their low energy 

density. The recoverable energy density in dielectrics can be calculated using the equation: 

𝑊𝑊𝑟𝑟𝑟𝑟𝑜𝑜 = ∫ 𝐸𝐸𝐸𝐸𝐸𝐸𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑟𝑟

, where Pmax is the maximum polarization, Pr the remnant polarization and 

E the applied field.47 BiFeO3-based ferroelectrics have giant spontaneous polarization (Ps ∼ 

100 μC/cm2), which suggests these materials have high maximum polarization. From this point 

of view, dielectrics based on BiFeO3 should offer excellent energy-storage properties. However, 

the breakdown field of BiFeO3-based dielectric is usually much lower than that of the most 

widely-studied lead-free dielectrics including Ba0.5Na0.5TiO3-based materials. Only recently, 

BiFeO3-based dielectrics with high breakdown have been developed to achieve high energy 

density.48–50 Among dielectric materials, relaxor ferroelectrics (RFEs) are promising 

candidates for energy storage capacitors due to their low Pr, high Pmax and high energy storage 

efficiency.51 The peculiar characteristics of relaxor ferroelectrics are usually attributed to the 

presence of polar nano-regions (PNRs), which are related to structural and charge 

inhomogeneity. Among relaxor ferroelectrics, Bi0.5Na0.5TiO3 (BNT)-based compositions are 

popular lead-free systems for dielectric energy storage44 and piezoelectric applications.52 It has 

been recently reported 53 that the ratio of Bi and Na in BNT plays an important role for energy 

storage because moderate A-site defects caused by Bi-excess and Na deficiency are beneficial 

to inhibiting grain growth and improving the breakdown strength, which is advantageous to 

increase energy storage density and efficiency. The combination of an incipient ferroelectric 
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material such as SrTiO3 with the relaxor ferroelectric Bi0.5Na0.5TiO3 prevents the formation of 

a long-range ordered structure, leading to the formation of PNRs. Guided by this principle, we 

prepared BNT-based ceramics with Sr2+ and Li+ substitution and studied their response to 

electric fields. Figure 6 shows the dielectric and ferroelectric properties of the ceramics with 

nominal composition Sr0.38(Bi0.62Na0.59Li0.03)0.5TiO3.15 Broad and frequency-dependent peaks 

can be observed in the 𝜀𝜀𝑟𝑟 – T and tanδ –T curves (Figure 6a and 6b), which are related to the 

fluctuation of PNRs.54 Under electric fields of sufficient magnitude, PNRs can be aligned along 

the applied field, inducing a large polarization. However, when the measurement temperature 

is above the freezing temperature, the polarization directions of the PNRs reverse after 

removing the external electric field, leading to small remanent polarization (Pr). These features 

lead to the presence of four current peaks in the I - E loops (Figure 6c) and slim P - E loops 

(Figure 6d), which reflect high energy storage efficiency and high recoverable energy density 

(hatch area in Fig 6d). The presence of four current peaks in the I - E loops, at first glance, 

suggests that the field-induced transition from the weakly-polar to strongly-polar phase is 

reversible.  
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Figure 6 Dielectric and ferroelectric properties of Ba0.5Na0.5TiO3 based ferroelectric material, 

Sr0.38(Bi0.62Na0.59Li0.03)0.5TiO3. Temperature dependence of (a) dielectric permittivity (𝜀𝜀𝑟𝑟) and 

(b) dielectric loss (tanδ) as a function of temperature at different frequencies; (c) I – E loop; (d) 

P –  E loop.15 Reprinted from ref. 15, copyright Elsevier 2018. 

 

However, the question of whether these transitions are reversible, which is important for 

understanding how to improve energy storage efficiency, remained partially unsolved in our 

initial studies. It was noticed that the reversibility could not be evaluated by the position of the 

current peaks in the I - E loops, or from X-ray diffraction. THz spectroscopy can help settle 

this question because it can probe materials at the lattice level since, in the THz band, only the 

phononic and electronic contributions to the dielectric permittivity are active. Based on these 

concept, we have used THz spectroscopy to study the reversibility of electric field-induced 

transitions in Bi0.35Na0.335Li0.015Sr0.3TiO3 ceramics,55 whose I-E loops are shown in Figure 7a. 

For DC voltages below 0.8 kV, no changes in permittivity at 0.4 THz were observed (Figure 

7b). When the DC voltage was increased to 1 kV, the real and imaginary parts of the dielectric 

permittivity showed a noticeable increase. This can be attributed to the field-induced phase 

transition, which is illustrated at the lattice level in Figure 7c. In the virgin state (position O), 
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the sample contains dispersed PNRs with their polarization direction randomly oriented. Each 

PNR embeds polar clusters. The red arrows in Figure 7c represent the direction of the 

spontaneous polarization in each polar cluster, and the black arrows represent the final direction 

of the spontaneous polarization in PNRs that have experienced irreversible changes during 

poling. During the poling process (position A), the polarization vectors of the polar clusters are 

aligned along the direction of the applied field, and most of them flip back to their original 

direction during unloading (position B). The existence of polar clusters in which the 

polarization does not return to the original position after removing the field is probably the 

main factor determining the irreversibility of the field-induced phase transition. The repeated 

loading and unloading process enhances the variations of permittivity and loss (position C) at 

THz frequencies. These results confirm that the presence of four current peaks in the I-E loop 

in Figure 7a is not sufficient to prove that the field-induced phase transitions are completely 

reversible.  
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Figure 7 (a) I – E loops of Bi0.35Na0.335Li0.015Sr0.3TiO3 ceramic; (b) The real part (ε′) and 

imaginary part (ε′′) of dielectric permittivity of Bi0.35Na0.335Li0.015Sr0.3TiO3 ceramic under 

different bias field measured at 0.4 THz. The voltage was applied using the following sequence 

of 0 V, 0.2 kV, 0 V, −0.2 kV, 0 V, ⋅⋅⋅, 1 kV, 0 V, −1 kV, 0 V; (c) The schematics depict the 

effect of the voltage cycle on the structural evolution at the lattice scale. The blue circles 

represent PNRs and the red arrows indicate the direction of their polarization, while red circles 
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represent non-polar regions. Each PNR contains polar clusters, as shown in the magnified 

scheme of a PNR. The latter depict the configuration of the polar clusters before poling 

(position O), during poling (position A) and after poling (position B or C). The red arrows 

indicate the direction of the spontaneous polarization in each polar cluster, while the black 

arrows indicate the direction of the spontaneous polarization after poling, in polar clusters that 

have undergone irreversible polarization changes). 55 Reprinted from ref. 55, copyright John 

Wiley and Sons, 2020. 

 
Recently, THz pump is increasingly becoming more popular and accessible.56  In THz 

pumps, the electric and magnetic field amplitudes can reach 1 MV cm-1 and 0.33 T on the scale 

of picoseconds. Such a strong pulse incident on the material can directly drive crystal lattice 

vibrations or cause spins precession and electrons acceleration, making it possible to 

manipulate properties of materials at the electronic or lattice level.57 Li et al58 have used single-

cycle THz pump pulses to excite changes in SrTiO3 single crystals and found a phase transition 

from the incipient ferroelectric to ferroelectric state below 30 K. Chen et al59 studied the 

polarization dynamics in BaTiO3 ferroelectric thin films by using intense single-cycle terahertz 

pulses and probed the changes at the atomic scale using femtosecond x-ray-scattering 

techniques. They verified for the first time that polarization rotation in BaTiO3 occurs within 

picoseconds. In one of our studies,60 intense THz pulses, with a peak intensity of 155 kV cm−1, 

were used as high-frequency electric fields to study the field-induced phase transitions in BNT. 

Transient atomic-scale responses, reflected by a change in reflectivity (R), were recorded by 

the THz probe. The schematic of the experiments is shown in Figure 8. The reflectivity of the 

sample started to increase at 20 ps under the irradiation of the high intensity THz pulses, 

indicating that a phase transition from the weakly-polar to the strongly-polar phase takes place 

within 20 ps. The reflectivity kept increasing within three continuous scans (180 ps), suggesting 

that the phase transition was not complete. The phase transition from the weakly-polar phase 
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with space group Cc to the strongly-polar phase with space group R3c was verified by XRD.60 

As mentioned above, the phase transition behaviour in BNT is important for the energy 

efficiency of dielectric devices; therefore, it is of crucial importance to reveal dynamics of 

field-induced phase transitions.  

 

Figure 8 (a) Experimental setup. THz pump is used to as high intensity electric field induced 

phase transition and THz probe is used to detect the dielectric property change. (b) time 

evolution of relative reflectivity change (ΔR/R) under there continuous scans at 200 K.60 

Reprinted from ref. 60, copyright ACS 2021. 

 

In summary, THz pump/probe can be used to characterise the atomic-scale response to 

study the kinetics of electric field-induced transitions and optimise advanced dielectrics for 

high power energy storage and new applications based on ultrafast phase transitions.  

 

 
3.3 THz detection of domain wall response and THz reading memory  

Ferroelectric domain walls (DWs) are the most important interfaces in ferroelectrics. 

The properties of ferroelectric materials are largely related to the response of their ferroelectric 

domain walls under applied electric fields or mechanical forces.31,61 Domain wall engineering 
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has been used to optimise the ferroelectric properties and to develop new applications.31 

However, the use of terahertz electromagnetic radiations for probing the response of domain 

walls has been widely disregarded as it is conventionally deemed that domain walls are not 

active at terahertz frequencies. However, some of our recent experimental results on 

poly(vinylidene fluoride) (PVDF)-based ferroelectric polymers and Aurivillius phase-based 

ferroelectric ceramics disagree with the conventional theory.  

PVDF-based ferroelectric polymers are promising candidates for sensors and actuators62, 

energy harvesting and storage47 and non-volatile memory devices63 due to their good dielectric, 

piezoelectric and ferroelectric properties. All these properties are largely affected by domain 

walls, and their density is an important factor for real applications. In our investigations, we 

have studied the dielectric properties of two PVDF-TrFE polymers in a wide frequency range 

from kHz to THz frequencies. The two PVDF-TrFE polymers were prepared by hot press and 

extrusion methods.64 Both the hot pressed PVDF-TrFE (HP PVDF-TrFE) and extruded PVDF-

TrFE (Ex PVDF-TrFE) films crystallized in a mixture of α-phase (non-polar) and β-phase 

(ferroelectric phase). Figure 9a shows that at kHz frequencies, Ex PVDF-TrFE films have a 

larger dielectric constant than the HP PVDF films; therefore, it can be inferred that the former 

films have higher domain wall density. However, since domain walls cannot be collectively 

displaced by electric field with THz frequencies due to their longer relaxation time, the 

extruded films showed lower permittivity than hot-pressed films (Figure 9b).64 This indicates 

that individual dipoles in DWs have less contribution to the permittivity, compared to dipoles 

in domains. The loss peaks at 0.63 and 1.88 THz in (Figure 9b) originate from the librational 

lattice mode of the β-phase.64 
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Figure 9 Dielectric property of PVDF films processed via melt-extrusion (Ex) and hot 

compression (HP) at RF (a) and THz (b) frequencies.64 Reprinted from ref. 64, copyright RSC, 

2020.  

 

Our studies on Aurivillius phases-based ferroelectrics are motivated by their 

importance for ferroelectric random access memories, which is mainly related to their 

outstanding fatigue properties.65 We have initially focused our attention on 

Ca0.99Rb0.005Ce0.005Bi2Nb2O9 (CBNRC) ceramics and have compared the dielectric properties 

of unpoled and poled samples in the kHz and THz frequency ranges.66 Unpoled CBNRC 

ceramic had a higher domain wall density than the poled sample. Similar to our previous study 

on PVDF-TrFE,64 the material with higher domain wall density exhibited higher dielectric 

permittivity and loss at kHz frequencies, while it displayed lower dielectric permittivity and 

higher loss in the THz range. Based on HRTEM carried out on ferroelectric PbZr0.2Ti0.8O3 
67 

and BiFeO3 thin films,68 it was found that ferroelectric domain walls are essentially made up 

of frustrated dipoles. This means that the polarization within the domain wall areas is smaller 

than that within the domains. Additionally, from the results of our simulations, we concluded 

that the contribution of a single dipole within a domain wall to the dielectric permittivity is 

smaller than that given by a single dipole within a domain. Moreover, while domain walls 

cooperate as a group to increase dielectric permittivity at kHz frequencies, DWs cannot 
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collectively contribute to the permittivity at THz frequencies. They are essentially defective 

regions with reduced polarization that determine the decreased dielectric permittivity in the 

THz range. These results show for the first time that terahertz spectroscopy can be used to 

measure the different responses of dipoles in ferroelectric domain walls and domains.  

 

Figure 10 Dielectric properties of CBNRC ceramic at (a) kHz frequencies; (b) THz frequencies. 

66 The vibrational permittivity and loss peaks in (b) are Fabry-Perot oscillations. Reprinted 

from ref. 66, copyright ACS 2021. 

 

Based on these findings, a new domain wall memory model can be developed. 

Conventionally, ferroelectric materials are used as random access memory (FRAM) due to 

polarization switching. The information can be stored in the remanent polarization states of the 

ferroelectric material at zero field. However, the readout of FRAMs is based on destructive 

operations.69 Figure 11 shows an illustration of the mechanism of THz reading of the proposed 

dielectric switching memory. In the writing operation, the dielectric permittivity of the material 

can be modulated through the domain switching induced during the poling and depoling 

processes. The reading operation is conducted by applying a THz beam to obtain the 

permittivity values. As the material in the poled state has higher permittivity, the poled state 

can be marked as status ‘1’ and the depoled state with lower permittivity values can be marked 
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as status ‘0’. This newly developed non-destructive reading process is promising for the next-

generation ferroelectric memories. 66  

        

Figure 11 Illustration of the working principles of dielectric switching memories with non-

destructive reading operations. (a) Scheme of THz reading process; (b) microstructural change 

by depoling and poling process; and (c) THz reading of 0/1 status. 66 Reprinted from ref. 66, 

copyright ACS 2021. 

 

In summary, ferroelectrics can be used for dielectric, piezoelectric and memory devices. 

The properties of ferroelectrics are strongly related to their domain walls. THz technology can 

be used to probe the response of DWs under different fields, which does not only provide 

guidance to obtain improved properties but also insights into the development of new 

applications and devices. 

   
 
4. CONCLUSION AND OUTLOOK 

In this Spotlight, an insightful summary of the use of THz spectroscopy in linear and 

non-linear dielectrics has been presented. Our studies on linear dielectrics have demonstrated 

that THz spectroscopy is a powerful tool to unravel the influence of defects on dielectric 
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properties. In particular, the effects of porosity, point defects and interfaces on dielectric 

permittivity and loss can be identified by THz probes and controlled using optimized 

processing conditions to develop dielectrics for different applications. Additionally, our studies 

on BNT-based relaxor ferroelectrics have indicated that THz technology can be used to 

investigate kinetics and reversibility of electric field-induced phase transitions, which are 

directly linked to the energy storage efficiency of capacitors for high power energy storage 

applications. Finally, our studies on PVDF-based ferroelectric polymers and Aurivillius 

ferroelectric ceramics have shown that THz spectroscopy can be applied to investigate the 

influence of domain wall density on dielectric properties. In particular, it was found that 

individual dipoles present within domain walls are active in the THz band, even though their 

contribution to the dielectric permittivity is smaller than that provided by dipoles located within 

domains. Based on this finding, we have developed a new model for dielectric memory based 

on domain wall switching with non-destructive reading by a THz beam and electrical writing 

via poling and depoling processes.   

With the development of more compact and integrated THz spectrometers, materials 

characterization at the THz band will have significant implications for developing new 

functional devices, with applications in the next-generation communication systems, energy 

storage and high-speed data memory devices. 
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