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Abstract 

CHOE, HYEOKMIN. Dynamics of strain and domains in single crystal and ceramic 

ferroelectrics under an alternating electric field using stroboscopic time-resolved X-ray 

diffraction 

 

It is known that the dynamics of ferroelectric materials can be seen over a range of 

macroscopic, microscopic, and mesoscopic length scales. Thus, the response time of 

ferroelectrics due to an external perturbation will change on each specific length scale. 

In particular, the atomic dynamics occurs much faster compared to the response of the 

macroscopic lattice, whereas time scales of mesoscopic dynamics are a mixture 

ranging from the nano- to the milli-second regime. Developing an experimental method 

that covers multiple time scales allows for selective identification of the specific 

changes on each time scale and their influence on the ferroelectrics. If an experimental 

approach can be developed with multiple time resolutions, the response of the 

ferroelectrics can be selectively identified the dominant time and length scales under an 

external perturbation. Stroboscopic time-resolved X-ray diffraction is a very powerful 

tool to probe dynamical changes in ferroelectrics. Using a multi-channel analyzer data-

acquisition system with nanosecond time resolution opens the possibility of observing 

the dynamics of ferroelectrics on multiple length scales. This state-of-the-art method 

allows for a better understanding of the dynamic processes in ferroelectrics and 

provides new insights for the design of advanced (e.g. smart and environmentally 

friendly) functional materials.  

The development of the new data-acquisition systems and their applications in 

stroboscopic time-resolved X-ray diffraction are described in Chapter 4. Chapter 5 

studies the relationship between the piezoelectricity and the polarization rotation of 

Na0.5Bi0.5TiO3 (NBT) single crystal under an alternating electric field using synchrotron-

based time-resolved high-resolution reciprocal space mapping. Chapter 6 investigates 

the origin of the enhanced piezoelectric activity in uniaxial Sr0.5Ba0.5Nb2O6 (SBN50) 

ferroelectrics. Chapter 7 discusses the mechanism of the electric field-induced 

polarization reversal and strain in perovskite-based 0.94BaTiO3-0.06BiZn0.5Ti0.5O3 (BT-

BZT) ferroelectric ceramics under an alternating electric field using stroboscopic time-

resolved high-energy X-ray powder diffraction.  
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Zusammenfassung 

CHOE, HYEOKMIN. Dynamik der Dehnung und Domänen im Einkristall- und Keramik-

Ferroelektrika unter einem alternierenden elektrischen Feld mit Hilfe der 

stroboskopischen zeitaufgelösten Röntgenbeugung 

 

Es ist bekannt, dass die Dynamik von ferroelektrischen Materialien über eine Reihe von 

makroskopischen, mikroskopischen und mesoskopischen Längenskalen beobachtet 

werden kann. Deshalb ändert sich die Ansprechzeit der Ferroelektrika aufgrund einer 

externen Störung auf jeder der spezifischen Längenskalen. Insbesondere tritt die 

Dynamik des atomaren Gitters im Vergleich zur Antwort des makroskopischen Gitters 

wesentlich schneller auf, während die Zeitskalen der mesoskopischen Dynamik im 

Bereich von Nano- bis zu Milli-Sekunden liegen. Die Entwicklung einer experimentellen 

Methode, die multiple Zeitskalen umfasst, ermöglicht die selektive Identifikation der 

spezifischen Änderungen auf jeder Der genannten Zeitskalen und ihrem Einfluss auf 

das Ferroelektrikum. Wenn es gelänge, einen experimentellen Ansatz mit den multiplen 

Zeitauflösungen zu entwickeln, Könnte man die jeweils dominante Zeit- und 

Längenskala für die Antwort der Ferroelektrika unter Einfluß einer externen Störung 

selektiv Identifizieren. In dieser Arbeit wird gezeigt, daß die strobiskopische 

zeitaufgelöste Röntgenbeugung ein sehr mächtiges Instrument ist, um dynamische 

Änderungen in Ferroelektrika zu untersuchen. Die Verwendung eines Mehrkanal-

Analysator-Datenerfassungssystems mit Nanosekunden-Zeitauflösung eröffnet die 

Möglichkeit, um die Dynamik der Ferroelektrika auf multiplen Längenskalen zu 

beobachten. Diese hochmoderne Methode ermöglicht ein besseres Verständnis der 

dynamischen Prozesse in Ferroelektrika und bietet eine neue Einsicht in das Design 

fortschrittlicher (z. B. intelligenter und umweltfreundlichen) Funktionsmaterialien. 

Die Entwicklungen von neuen Datenerfassungssystemen und ihre Anwendungen in der 

stroboskopischen zeitaufgelösten Röntgenbeugung werden in Kapitel 4 beschrieben. 

Kapitel 5 diskutiert die Beziehung zwischen Piezoelektrizität und Polarisationsrotation 

von Na0.5Bi0.5TiO3 (NBT) Einkristallen unter einem alternierenden elektrischen Feld mit 

Hilfe Synchrotron-basierter, zeitaufgelöster und hochauflösender reziproker 

Gitterkarten. Kapitel 6 zeigt den Ursprung der verstärkten piezoelektrischen Aktivität in 

uniaxialen Sr0.5Ba0.5Nb2O6 (SBN50) Ferroelektrika. Kapitel 7 beschreibt der 

Mechanismus der elektrischen Feld-induzierten Polarisationsumkehr und die Dehnung 

in Perovskit-basierten 0.94BaTiO3-0.06BiZn0.5Ti0.5O3 (BT-BZT) ferroelektrischen 
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Keramiken, unter einem alternierenden elektrischen Feld bei gleichzeitiger 

Verwendung der stroboskopischen zeitaufgelösten hochenergetischen 

Röntgenpulverbeugung. 
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Chapter 1  

Introduction – It is time to explore the exciting new world!  

 

1.1. Motivation 

The investigation of structural dynamics in modern functional materials has attracted 

both fundamental and material scientists because the structural response of a material 

to external perturbations (e.g. electric field, mechanical stress or change of 

temperature) characterizes its physical or/and chemical properties. The representative 

functionalities of materials, which express their response to electrical perturbations, are 

piezoelectricity and ferroelectricity. 

• Piezoelectricity is an ability to convert electrical energy into mechanical energy 

and vice versa. The direct piezoelectric effect is a dielectric response to a 

mechanical perturbation, on the other hand, the converse piezoelectricity is a 

mechanical response to an external electrical perturbation. 

• Ferroelectricity describes the property of a material to develop spontaneous 

polarization in the absence of an external electric field. This polarization can be 

switched (e.g. inverted) by applying an electric field against the polarization 

direction. Sometimes the polarization can be switched between more than two 

energetically equivalent states corresponding to a minimum of the free energy 

in the material under the application of an external electric field.  

The functionalities can be seen in such material as BaTiO3 and Pb(Zr,Ti)O3, since the 

discovery of ferroelectricity from Rochelle salts by Valasek in 1921 [1]. Ferroelectric 

materials have been applied in many devices (e.g. actuators, sensors, frequency 

generators, and car fuel injectors, etc.) due to their useful physical properties such as 

electromechanical coupling (e.g. piezoelectricity and electrostriction). Despite 

applications in many devices, the functionalities in ferroelectrics remain a long-lasting 

research subject. Understanding the physical properties in ferroelectrics will eventually 

lead to an improved design of, and allow for the development of advanced (e.g. smart 

and environmental friendly), new materials. It is known that the dynamics of physical 

properties in ferroelectrics involves different – microscopic, macroscopic, and 

mesoscopic – length and time scales. The atomic dynamics are much faster compared 

to the macroscopic lattice responses. On the other hand, the mesoscopic dynamics are 
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very likely to range between the corresponding macroscopic and atomic values. Their 

corresponding time scales spread from the nano- to the milli-second regime. Therefore, 

many experiments have been performed in an attempt to observe all these processes 

in real time. However, the conventional techniques have limited capability to explore all 

the processes simultaneously. For example, optical microscopy, transmission electron 

microscopy (TEM), and piezoelectric force microscopy (PFM) are able to probe 

surfaces but they have limited sensitivity to measure the lattice parameters. X-ray 

diffraction methods have been used to overcome these limitations due to their ability to 

cover a broad range of length scales. X-ray diffraction can measure crystal lattice 

parameters. Since the electric field-induced atomic displacements are relatively small 

with respect to the inter-atomic distances, conventional X-ray diffraction is not sensitive 

enough. In order to overcome this disadvantage, in situ experiments, in particular 

stroboscopic time-resolved X-ray diffraction methods, were used instead. In general, 

the stroboscopic techniques involve the application of a repetitive external perturbation 

and the collection of the repeatable responses of a material. In other words, the small 

response of the material to the external perturbation can be measured by summing up 

during multiple cycles. This technique is very useful for in situ data collection during 

measurement of functional materials under an alternating electric field. However, the 

methods for stroboscopic time-resolved X-ray diffractions are not yet fully developed.  

The aim of this work is the development of a stroboscopic time-resolved X-ray 

diffraction method for studying strain and domain dynamics in ferroelectric single 

crystals and ceramics under an alternating external electric field.  

 

1.2. Stroboscopic time-resolved diffraction methods  

One of the stroboscopic time-resolved X-ray diffraction methods uses a multi-channel 

analyzer data-acquisition system which is explained in more detail in Chapter 4.  

Pioneering works on the subject of the stroboscopic time-resolved diffraction methods 

using the multi-channel analyzer were carried out by Puget & Godefroy [2], Lissalde & 

Peuzin [3], and Fujimoto [4–6]. Pietsch & Unger [7] firstly applied this technique to 

study the changing of the bond charges of GaAs to an external electric field. Paturle et 

al. [8] developed the 3-step modulation method to synchronize the signal from the 

single-photon counter with the applied 3-step – positive, zero, and negative – electric 

fields. This method was successfully used to investigate piezoelectric properties under 

external perturbations in the 1990s [9–14]. Guillot et al. [15] developed a new data-
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acquisition system with four time-channels, which can modulate four different field 

steps. Afterwards, this system was used by many research studies, including von 

Reeuwijk et al. [16,17], Larsson et al. [18], and Hansen et al. [19] to study electric field-

induced piezoelectric/ferroelectric responses. At the same time, Gorfman et al. [20–22] 

and Schmidt et al. [23] successfully developed a new system with 10000 channels and 

100 nanosecond resolution enabling the investigation of the dynamics of 

piezoelectric/ferroelectric responses down to the sub-microseconds time scale [24,25].  

Another type of stroboscopic method is based on the pump-probe technique. This 

method is implemented by using a bunch-structured modern synchrotron X-ray source. 

It is essential to synchronize between the periodic external perturbation(s) (pump) and 

the repeated X-ray bunch(s) (probe). X-ray diffraction is measured by using these 

probe pulses with a certain delay time relative to the pump pulses. The measurement is 

repeated for many different delay times, i.e. the time resolution of an experiment can be 

defined by each width of the probe pulses and the delay times between pump and 

probe pulses. According to the state-of-the-art of modern synchrotron facilities, the 

width of the X-ray bunches ranges between 44–60 ps [26–28]. The X-ray single 

bunches are generally repeated with a certain frequency depending on the operation 

modes in synchrotron facilities. Since modern pixel area detectors (e.g. Pilatus, Eiger, 

etc.) can be gated with an opening time less than the given time period, this pump-

probe technique has also been implemented in various studies of dynamical responses 

in ferroelectrics, especially for thin film materials.  

 

To summarize, the multi-channel analyzer allows for the utilization of a full X-ray beam, 

which gives the option of working without a beam chopper or a bunch structure, thus 

this data-acquisition system can be implemented at a synchrotron and neutron source, 

or even at a home-laboratory diffractometer system. On the other hand, the pump-

probe technique requires a bunch-structured X-ray beam. 

 

1.3. Structural dynamics study of strain and domains in ferroelectrics using 
stroboscopic time-resolved diffraction techniques 

The introduced stroboscopic time-resolved X-ray diffraction methods in the previous 

section have been widely implemented for the investigation of dynamics in 

ferroelectrics. This section reviews the previous studies on structural dynamics of strain 
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and domains in ferroelectrics using stroboscopic time-resolved diffraction methods. For 

the purpose of clarification, this review divides into three categories based on the 

materials system used: (1) ferroelectric thin films, (2) bulk ceramics, and (3) bulk single 

crystals.  

 

1.3.1. Ferroelectric thin films 

Ferroelectric thin films have recently attracted interest due to their numerous 

applications in electronic devices such as ferroelectric random-access memories 

(FeRAMs) and piezoelectric microelectromechanical systems (Piezo-MEMS) for next-

generation computers and telecommunication devices. Since these devices are 

working at high frequencies, it is important to understand their dynamical response in 

the pico- and the nano-second time regime. Zolotoyabko et al. [29] observed the field-

induced lattice distortion of BaTiO3 thin films under the application of a high-frequency 

electric field (~ sub-GHz) in order to investigate their structural relaxation. They 

improved the stroboscopic time-resolved X-ray diffraction with a pump-probe technique 

down to sub-nanosecond resolution and implemented it to measure the relaxation time 

at 72 ~ 521 MHz frequencies. Grigoriev et al. [30] developed a pump-probe time-

resolved X-ray diffraction method to measure the piezoelectric response of Pb(Zr,Ti)O3 

(PZT) thin films using 10 ns electric pulses. The time resolution in this experiment was 

approached down to ~300 ps, allowing for the observation of the angular shift of the 

diffraction peak during the electrical pulse's leading/falling edge time scales. Sakata et 

al. [31] and Nakashima et al. [32] implemented the pump-probe time-resolved X-ray 

micro-diffraction method to determine the piezoelectric response time in a highly 

strained BiFeO3 ferroelectric thin films under applied (~hundreds of nanoseconds) 

electric pulses. Jo et al. [33] used the time-resolved X-ray micro-diffraction to study 

periodically poled domain dynamics of PbTiO3/SrTiO3 superlattice thin films. They could 

observe the electric field-induced responses of striped ferroelectric domains from the 

satellite diffraction peaks on the nanosecond time scale. Chen et al. [34] successfully 

employed the time-resolved X-ray micro-diffraction to investigate electric field-induced 

strains in BaTiO3/CaTiO3 superlattice thin films from the nano- to the milli-second range, 

because the different piezoelectric response under those electric pulses can indicate 

an evidence of different ferroelectric processes. Fujisawa et al. [35] demonstrated 

direct observation of the intrinsic piezoelectric response of Pb(Zr0.35,Ti0.65)O3 single 

crystal thin films under the applied (~hundreds of nanoseconds) electric pulses, and 

hence they improved the pump-probe time-resolved X-ray diffraction method to 
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measure simultaneously both the dielectric and the structural responses. The observed 

piezoelectric constants and electrostrictive coefficients agreed well with the expected 

theoretical values. Cosgriff et al. [36] implemented a time-resolved X-ray micro-

diffraction to study the electric field-induced structural transformation of a highly 

strained BiFeO3 thin film under applied sub-microsecond electric pulses. Accordingly, 

they successfully observed the structural transition between the rhombohedral-like and 

the tetragonal-like phases on the sub-microsecond time scale.  

 

1.3.2. Bulk ceramics 

Ferroelectric bulk ceramics are widely used in electromechanical applications not only 

due to their high piezoelectric response, but also because of their hysteretic and 

nonlinear properties. For this reason, many research studies have used in situ time-

resolved diffraction methods to study the dynamical response of bulk ferroelectrics. 

Unlike the case of thin films, the response of bulk ceramics appears on much longer 

characteristic time scale. Jones et al. [37] and Daniels et al. [38] studied the domain 

wall motions in tetragonal PZT bulk ceramics under applied 1 Hz sub-coercive electric 

fields to limit the effect of induced fatigue. They measured the {002} powder diffraction 

peak profiles as a function of time and electric field. Based on the data they could 

correlate the change of the integrated intensity ratio (I002/I200) with a domain wall motion 

under the applied electric field. The authors successfully observed the dynamics of the 

electromechanical response with tens-of-microsecond resolution. Daniels et al. [39] and 

Pramanick et al. [40] did similar studies of the domain wall motion dynamics using a 

stroboscopic time-resolved X-ray diffraction method implementing a pixel area detector. 

Time resolution was 133 ms, which was limited by the acquisition frame rate of the 

used area detector. Pramanick et al. [41] implemented stroboscopic time-resolved 

neutron diffraction to observe the structural response of PZT bulk ceramics under cyclic 

electric fields in the frequency range between 1 and 500 Hz. They successfully 

obtained the lattice deformation from the {111} diffraction profiles with ~30 µs 

resolution. Jones et al. [42] and Tutuncu et al. [43] employed the stroboscopic time-

resolved neutron diffraction method with the sub-millisecond resolution. They found that 

the diffraction peak separates during the application of cyclic electric fields between 

0.01 and 10 Hz frequencies where the separation corresponds to different phases of 

0.36BiScO3-0.64PbTiO3 ceramics. Seshadri et al. [44] have reported on time-resolved 

neutron diffraction studies of tetragonal PZT ceramics with 10 µs resolution. The 

authors found that an enhanced extrinsic domain wall motion shows at low frequencies.  
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These stroboscopic time-resolved powder diffraction methods under an applied 

alternating electric field become more and more popular in the investigation of 

ferroelectric bulk ceramics [45–47].  

 

1.3.3. Bulk single crystals 

Harrison et al. [48] used stroboscopic time-resolved single crystal X-ray diffraction 

methods with ~10 ms resolution to study the ferroelastic domain dynamics in 

perovskite-based LaAlO3 single crystal as a function of an alternating mechanical 

stress (0.01–50 Hz). Navirian et al. [49] applied the time-resolved X-ray diffraction 

method with a microsecond resolution to observe electric field-induced strain waves 

during the ferroelastic domain switching of KH2PO4 single crystal. Moriyoshi et al. [50] 

implemented a pump-probe high-energy single crystal X-ray diffraction method with 4 

µs resolution to investigate the lattice response in a tetragonal BaTiO3 bulk single 

crystal under a dynamical step-like electric field. They showed a time-dependent 

tetragonality during the field-induced piezoelectric vibration. Wooldridge et al. [51] and 

Vecchini et al. [52] developed a new measurement system which can simultaneously 

record the time-resolved X-ray diffraction profiles and the electrical polarization loops 

under an alternating electric field. It was applied to study electric field-induced phase 

transitions in a Pb(Mg1/3Nb2/3)O3-xPbTiO3 bulk single crystal using 0.01–1 Hz AC 

electric fields, with ~25 ms resolution. 

 

To summarize, the three different material systems categorized show the current state 

of stroboscopic time-resolved diffraction methods as follows: 

 

(1) Up till now, ferroelectric thin films have only been investigated at synchrotron 

facilities. The main reason is that modern synchrotron facilities can provide a brilliant 

and intense X-ray source and allow for probing of time resolution down to the pico- and 

the nano-second using their bunch structures and overcoming the main disadvantages 

of a home-laboratory diffractometer system.  

(2) Ferroelectric bulk ceramics have been investigated using stroboscopic time-

resolved powder diffraction methods with microsecond time resolution. None of these 

have been used with nanosecond resolution to date.  
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(3) Studies on ferroelectric bulk single crystals are not abundant with respect to the 

time-resolved diffraction methods, furthermore the time resolution is limited to 

millisecond. 

Based on the discussion in this section, many research studies have tried to improve 

the stroboscopic time-resolved diffraction techniques. Revolutionarily work is being 

performed in different ways with respect to the boundaries of the response time scale in 

different material systems. Those boundaries will finally converge on the nanosecond 

time regime.  

 

1.4. The present work  

This thesis explores new possibilities regarding the applications of a multi-channel 

analyzer data-acquisition system. The novel stroboscopic data-acquisition systems 

have been developed for this study, which provides time resolution down to 

nanosecond. In doing so, the systems have been successfully applied for several 

stroboscopic time-resolved X-ray diffraction experiments with various ferroelectrics.  

This thesis is organized as follows: 

Chapter 2 introduces the fundamental physics of ferroelectric materials.  

Chapter 3 describes the basic physical principles of X-ray diffraction, which are single 

crystal X-ray diffraction and powder diffraction.  

Chapter 4 presents the developments of the novel data-acquisition systems and the 

applications in stroboscopic time-resolved X-ray diffraction methods. Section 4.1 

introduces the operating principles of the developed data-acquisition system. Section 

4.2 provides examples of the applications which have developed new strategies for 

stroboscopic time-resolved X-ray diffraction experiments, and explains how the system 

performs (more details are described in Appendix A). 

Chapter 5 discusses the investigation of the monoclinic distortion and polarization 

rotation in a Na0.5Bi0.5TiO3 (NBT) single crystal under an alternating electric field using 

synchrotron-based time-resolved high-resolution reciprocal space mapping. This 

chapter emphasizes the importance of the relationship between the piezoelectricity and 

the polarization rotation in the monoclinic distortion.  
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Chapter 6 studies the origin of the enhanced piezoelectric activity in uniaxial 

ferroelectrics. The Sr0.5Ba0.5Nb2O6 (SBN50) single crystal is selected for the uniaxial 

ferroelectrics, and the piezoelectric response in the form of correlation between lattice 

parameter and domain size is measured using stroboscopic time-resolved X-ray 

diffraction rocking curve scanning. This chapter discusses that the observed high 

piezoelectricity in uniaxial ferroelectrics can be explained by a new mechanism, which 

may be affected by the nucleation of small ferroelectric domains under an applied 

electric field. 

Chapter 7 describes the stroboscopic time-resolved X-ray powder diffraction study of 

BaTiO3-based polycrystalline ferroelectric ceramics under an alternating electric field. 

This chapter discusses the mechanism of the electric field-induced polarization reversal 

and strain in perovskite-based ferroelectrics by utilizing small intensity differences 

between Friedel pairs.  

Chapter 8 is the summary of the thesis.   
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Chapter 2  

Ferroelectric materials  

 

This chapter describes the fundamentals of ferroelectric materials. General remarks of 

the most important physical concepts are introduced in order to understand ferroelectric 

materials and their microstructural features. The description of following sections is 

based on the textbook by Griffiths [53], Heywang, Lubitz & Wersing [54], Jona & 

Shirane [55], Newnham [56], Nye [57], and Rabe, Ahn & Triscone [58], and from review 

papers by Devonshire [59] and Gorfman [25].  

 

2.1. General remarks on ferroelectrics 

2.1.1. Dielectric polarization and dielectric permittivity  

The polarization is a key concept of ferroelectricity. A simplified scheme of electric 

polarization is presented in Figure 2.1(a), showing a single atom consisting of an 

electron cloud surrounding a positively charge nucleus.  

 

 

Figure 2.1 A schematic illustration (modified from Griffiths [53], pp.149–151) of an 

electric dipole moment: (a, b) A dielectric supports charge by acquiring a polarization 

in an external electric field on a microscopic scale – two opposite charges, −𝑞 𝒓  and 

+𝑞 𝒓 , are separated by a distance 𝒅. 
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2.2. Polarization switching and hysteresis loop in ferroelectrics   

The following description is based on the textbooks by Lines & Glass [63] and Xu [64], 

and from a review paper by Jin et al. [65].  

One of the most important properties of a ferroelectric is the ability of polarization 

switching under a strong electric field (exceeding the so-called 'coercive field'). The 

polarization switching is characterized by measuring the hysteretic polarization versus 

electric field relationship (P–E loop) below the Curie temperature (TC).  

 

 

Figure 2.5 Schematic circuit of Sawyer–Tower bridge for observing Polarization–

Electric field loop characterization of ferroelectrics (Variables are explained in the text). 

Modified from Jin et al. [65]. 

 

A popular method for observing the hysteresis loop is the Sawyer-Tower circuit, which 

was firstly developed by Sawyer and Tower [66]. The advantage of this circuit is an 

ability to characterize the real ferroelectric properties by measuring hysteresis loops. 

The measurement (see Figure 2.5) is performed as follows:  

(1) An AC bipolar electric field is applied across the ferroelectric capacitor, here the 

voltage 𝑈 across the ferroelectric capacitor can plot as a voltage monitor 𝑈D  on the 

horizontal axis of an oscilloscope.  
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(2) A linear capacitor (with large capacitance, 𝐶5 ) is connected in series with the 

ferroelectric sample, hence the voltage 𝑈H across the linear capacitor is proportional to 

the polarization 𝑃0  of the ferroelectrics. As introduced in Section 2.1.1, the dielectric 

displacement 𝐷0 and the polarization 𝑃0 are connected by Equation (2-4). Comparing to 

the large polarization 𝑃0 , the contribution by 𝜅5𝐸0  can be ignored. Therefore, the 

experimentally obtained 𝐷0  is considered as 𝑃0 . However, the original form of the 

Sawyer-Tower circuit is no longer used, due to replacement by state-of-the-art 

electronic devices. In the newly developed commercial equipment, 𝑃0  is collected 

through charge or electrical current integration technique following with compensation 

by a variable resistor 𝑅.  

The polarization–electric field hysteresis (P–E loop) and the strain–electric field 

hysteresis (𝑥–E curve) in ferroelectrics are shown in Figure 2.6.  

 

Figure 2.6 Switching and hysteresis of a ferroelectric (modified from Jona & Shirane 

[55]): (a) Polarization–Electric field (P–E), and (b) Strain–Electric field (𝑥–E) hysteresis 

loops in an ideal ferroelectric single crystal. (c, d) Real material cases. 



   

 

20 

In ideal ferroelectrics, the polarization hysteresis loop has a rectangular (skew) shape, 

as shown in Figure 2.6(a). As the electric field strength reaches the coercive field 

(+EC/−EC), the polarization becomes zero, moreover, the polarization starts to switch 

into the opposite direction, immediately. These are marked as arrows between points 3 

– 4 and 6 – 2 in Figure 2.6(a). The ferroelectric becomes a single domain at the strong 

electric fields, which significantly exceed the coercive fields: i.e. the direction of the 

polarization in all domains is aligned along the same field direction. Thus, an ideal 

hysteresis loop has a symmetrical shape: i.e. the positive/negative coercive fields and 

positive/negative remnant polarizations are equal. The polarization switching under an 

external electric field leads to strain–electric field hysteresis curves in ferroelectrics 

(see Figure 2.6(b)). This strain–electric field hysteresis is due to three types of 

ferroelectric effects: one is the normal converse piezoelectric effect of the lattice, and 

the other two are due to domain switching and domain wall motion. The straight parts 1 

– 3 and 5 – 6 in Figure 2.6(b) represent the linear piezoelectric component of the strain. 

The slopes of these lines determine the piezoelectric coefficients. At points, 3 and 6, 

the coercive field is reached, thus the spontaneous polarization is reversed and the 

piezoelectric effect changes its sign. 

The loops for the real materials are shown in Figure 2.6(c) and (d). In the virgin state at 

the point O, the material possesses no macroscopic polarization and domain walls are 

formed to minimize the free energy of the material. A linear P–E loop is generated 

under a weak electric field, the so-called sub-coercive field, because the field is not 

strong enough to switch any domains: i.e. the material will respond similar to the 

normal dielectrics described in Equation (2-3). This response corresponds to the 

segment OA of P–E loop in Figure 2.6(c). When the electric field strength is high 

enough, the polarization within the domains will start to switch towards the field 

direction (AB). If the polarization vector of all domains is aligned along the applied field 

direction, it will reach a saturation state (BC). At this saturation sate, the material will be 

composed of a single domain. Decreasing the electric field strength, the value of the 

polarization will decrease (BD) but does not go back to zero. During this procedure, 

some of domains will remain aligned along the field direction, thus the material will 

exhibit a remnant polarization (PR). In principle, a spontaneous polarization (PS) is 

equal to the saturation state of the electric displacement extrapolated to the zero field 

(CBE). However, the remnant polarization may be different from the spontaneous 

polarization, because a domain wall motion can start before the electric filed reaches 

the coercive field in the real material.  
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2.3. Domain patterns in ferroelectrics   

As introduced in Section 2.1.3, a domain in ferroelectrics is defined as a small region of 

a material where an electrical polarization (or a strain) is uniform and can be oriented 

along crystallographic directions in order to minimize free energy. A system of 

ferroelectric domains is usually a result of a structural phase transition that has a lower 

symmetry below a Curie temperature 𝑇K. The Landau-Devonshire model is applied to 

describe ferroelectric phase transitions. The free energy of the ferroelectric system is 

expressed as, 

𝑮	 = 	𝐺5 	+ 	
𝛼
2
𝑷D 	+ 	

𝛽
4
𝑷P 	+ 	

𝛾
6
𝑷S + ⋯ (2-12) 

where 𝑮  is the free energy, 𝑷  is the polarization, 𝐺5  is the free energy for zero 

polarization and 𝛼, 𝛽, and 𝛾 are coefficients.  

The coefficient 𝛼 corresponds to a temperature parameter (𝛼 = 𝛼U 𝑇 − 𝑇5 ) where 𝑇5 is 

the ferroelectric transition temperature (Curie-Weiss temperature). The energy well can 

have a different shape depending on their coefficients. There are two types of phase 

transitions, first and second order. The order of the transition depends on the sign of 

the coefficient 𝛽 in Equation (2-12).  

 

(1) First-order phase transitions  

A First-order phase transition occurs when the parameter 𝛽  is negative. The Curie 

temperature can be defined as the temperature at which 𝐺 = 0 and VW
VX

= 0 for 𝑃 ≠ 0. 

The 𝑇K  is higher than 𝑇5  (𝑇5 < 𝑇K ) for the case of first-order phase transition. This 

indicates that even above the ferroelectric transition temperature, there are two stable 

polarization states and that the system will not become paraelectric where 𝑇5  is 

reached until 𝑇K . This shows over a range of temperature, from 𝑇5 to above 𝑇K  (see 

Figure 2.7(a)).  
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important thing is that the phase transition causes a strain in the crystal, i.e. the 

polarization direction is lying on the crystallographic directions to be a minimum of the 

free energy. The strained ferroelastic domains are shown in Figure 2.8(a). The domain 

walls connect the oriented domain components. The change of the volumetric fractions 

contributes to the overall macroscopic strain. The variation of the fractions due to an 

external electric field yields the 'extrinsic' electromechanical coupling. A single 

ferroelastic domain may also separate into a set of 180° ferroelectric domains (same 

colors in Figure 2.8(a)) which have same strain making them macroscopically 

undistinguishable (refer to Figure 2.8(b)) because of the identical crystallographic 

structure. Consequently, inversion domains ideally do not deform a crystal, while 

ferroelastic domains do. Therefore, the main difference between both types of domains 

is that 180° ferroelectric domains only affect the macroscopic polarization, but 

ferroelastic domains typically contain both parameters involving the electric polarization 

and the mechanical strain.  

 

 

Figure 2.8 Illustration of the possible domain patterns. (a) A phase transition with 

ferroelastic domains (cubic to rhombohedral). (b) Case of 180° ferroelectric phase 

transition (tetragonal to tetragonal) in uniaxial ferroelectrics.  
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2.4. Electromechanical coupling in ferroelectrics 

Ferroelectrics are widely used in many applications because of their enhanced 

electromechanical coupling. This section introduces the representative enhanced 

physical properties and their applications in ferroelectrics. The following description is 

based on a review paper by Damjanovic [67]. 

 

2.4.1. Intrinsic and extrinsic contributions to the piezoelectric properties in 
ferroelectrics  

Piezoelectricity in ferroelectrics may be driven by intrinsic and extrinsic mechanisms. 

Intrinsic contributions originate from atomic displacements within the individual unit 

cells of a material under an external stress or an electric field, which subsequently 

cause the change of the crystal lattice parameters. This phenomenon is in general 

observed in non-polar piezoelectric materials such as 𝛼 -quartz. However, a similar 

piezoelectric response occurs in ferroelectrics as well, where an additional contribution 

from extrinsic mechanism exists. This arises from the domain wall motion and the 

change of the volumes possessing different polarization or strain. Accordingly, the 

extrinsic effects can be controlled by domain engineering, while the intrinsic 

piezoelectric responses are dependent on the inter-atomic distances or chemical bonds.  

 

2.4.2. Morphotropic phase boundary and enhanced piezoelectric effect  

The term 'morphotropic phase boundary' has been frequently used to refer to the phase 

transition between the tetragonal and the rhombohedral ferroelectric phases as a result 

of varying the compositions [68]. Most studies on morphotropic phase boundaries have 

been performed on perovskite-based ferroelectrics or piezoelectrics, such as 

Pb(Zr,Ti)O3 and BaTiO3.  

A typical temperature-composition phase diagram for Pb(Zr,Ti)O3 is shown in Jaffe et al. 

[69]. Other studies [70–72] showed that a monoclinic phase exists between the 

tetragonal and rhombohedral phases in a narrow composition range of Pb(Zr,Ti)O3 

materials. They indicated that the monoclinic structure can be pictured as a 'bridge' 

between the tetragonal and rhombohedral phase structures.  
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Figure 2.9 (a) A schematic illustration of the possible monoclinic phases, MA, MB and 

MC. (b) Phase diagram for Pb(Zr,Ti)O3: The dashed line shows the boundary between 

MA and MB phase structure (modified from Zhang et al. [73]).  

 

Prior to the discovery of monoclinic phases, only rhombohedral, orthorhombic, and 

tetragonal phases were experimentally observed in perovskite ferroelectrics [63]. After 

that, the possible monoclinic phases, namely, MA, MB, and MC, have been observed by 

various research studies [71,74–76]. Figure 2.9(a) shows the possible monoclinic 

phases. The polarization vector of MA and MB phases is lying on the (110) plane, while 

the polarization of MC is on the (101) mirror plane. Recently, the nature of the 

monoclinic phase across the Zr-rich and morphotropic phase boundary region of 

Pb(Zr,Ti)O3 phase diagram is described in detail by Zhang et al. [73] (see Figure 2.9(b)). 

Long-range average rhombohedral and both long- and short-range monoclinic regions 

coexist in all compositions. In addition, a boundary between a monoclinic MA structure 

and another monoclinic MB structure has been established.  

For the simple-structured pure compound ferroelectrics such as BaTiO3, Fu & Cohen 

[77] theoretically studied for the effect of an enhanced piezoelectricity. They suggested 

that it could be driven by polarization rotation induced by an external electric field [78]. 

Ahart et al. [68] experimentally confirmed the theoretical predictions of morphotropic 

phase boundary in PbTiO3 single crystal under high pressure. This opened a possibility 

to discover materials with a strong electromechanical coupling and a simple structure.  
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2.4.3. Application of ferroelectrics  

 

 

Figure 2.10 Representative applications of the piezoelectric properties (e.g. transducer, 

actuator, etc.) in an automobile-related industry. (Pictures from Ford Motor Company, 

Keko Equipment, Bosch Mobility Solution, and AutoOne Electrics, respectively.)  

 

Because of their efficient electromechanical coupling, ferroelectrics are used in 

numerous applications (see Figure 2.10) ranging from everyday life products to a 

specific industry area with large scales:  

• Transducers and sensors can be found in microphones, guitar pickups, or in 

sensors of electrical drum pads and also are numerously used in automotive or 

medical (ultrasound) applications [79,80].  

• Actuating applications are of special importance for industry, e.g. in car fuel 

injection devices [81,82], or in positioning systems [83]. In these cases, 

ferroelectric multilayer actuators are mostly used, which show high strain and 

high force in both quasi-static and dynamic applications.  

• Energy harvesters [84,85], which transform deformation into electrical energy, 

are developing for the future to alternative power sources [86].  
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• Even more exotic applications, such as ultrasonic micro-motors for industrial 

and medical products, could be developed by using ferroelectrics and 

appropriate processing techniques [87].  

• Finally, ferroelectric thin films play a key role in piezoelectric 

microelectromechanical systems (Piezo-MEMS) because of the miniaturization 

of sensors and actuators [88].  

 

2.5. Crystallography of ferroelectric perovskites  

This section describes how the crystal structure changes upon the phase transitions 

between centrosymmetric and non-centrosymmetric crystals. Nowadays, the most 

interesting model systems in ferroelectrics is the 'perovksite structure'. The term 

'perovskites' comes from the mineral perovskite calcium titanate (CaTiO3).  

The perfect perovskite structure is constructed with a general formula ABO3. It has the 

centrosymmetric structure at high temperatures i.e. above a Curie temperature, all unit 

cell edges are 90° to each other and have the same length: The A atom is in the 

position [0, 0, 0], and the B atom is in the position [1/2, 1/2, 1/2], and the oxygen atom 

is in the cubic phase. Below the Curie temperature, the crystal structure is distorted to a 

non-centrosymmetric, which displaces B atom (or A) out of the center of an oxygen 

octahedron.  

The perovskite structure can also be explained in reference to atoms A and B. The B 

atom is surrounded by 6 oxygen atoms while the A atom is surrounded by 12. Figure 

2.11(a) and (b) illustrate the neighborhood of B (A) atom, for example the perovskite 

BaTiO3. It shows the bonding Ti-O and Ba-O, and an oxygen polyhedra with respect to 

the neighborhood atoms. Ti atom (B position) has 6 equidistance oxygen neighbors 

exhibiting a centrosymmetric structure when it is exactly in the center of the oxygen 

octahedra. However, when it is displaced outside the center of the octahedra then a 

polarization will occur. Similarly, the same can be said regarding the Ba atom (A 

position). If the bonds Ba-O is considered, then the Ba atom is surrounded by 12 

oxygens, which is called oxygen cage. So, if this atom is in the center of the oxygen 

cage then the structure is centrosymmetric. Such configuration cannot have any 

polarization, however a displacement in any direction would result in an induced 

polarization in the crystal, and thus an induced strain. Examples of perovskite 

ferroelectrics are barium titanate (BaTiO3), potassium niobate (KNbO3), lead titanate 
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(PbTiO3), lead zirconate titanate (Pb(Zr,Ti)O3), sodium bismuth titanate (Na0.5Bi0.5TiO3), 

and so on.  

 

 

 

 

Figure 2.11 Illustrations for the perovskite structure of BaTiO3: A atom is Barium (Ba), 

and B atom is Titanium (Ti), drawn using the VESTA package [89]. (a) The six oxygen 

neighbors are around Ti atom. (b) The case of 12 oxygen neighbors around Ba atom. 

(c) A centrosymmetric structure of the BaTiO3. (d) A displacement of Ti atom creates a 

non-centrosymmetric structure.  

 

 



   

 

29 

Chapter 3  

X-ray diffraction  

 

X-ray diffraction is nowadays the main tool to characterize crystal structures. This 

chapter introduces the basic principles of X-ray diffraction, following the textbooks by 

Ashcroft [90], De Graef & McHenry [61], Giacovazzo [91], Hammond [92], Jackson [93], 

and Warren [94]. 

 

3.1. Basic physical principle of X-ray diffraction  

X-rays are electromagnetic waves with a wavelength ranging between 0.1 ~ 100 Å. The 

simplest description of X-ray diffraction can be approached by the kinematical theory. 

This theory assumes that X-rays are scattered so weakly at electrons, so that any re-

scattering processes can be neglected and hence the total scattering amplitude of a 

crystal can be approximated by simply summing the scattering waves from each 

electron.  

 

3.1.1. Scattering by electrons  

Figure 3.1 illustrates a physical principle of scattering of a monochromatic X-ray beam 

with the wavelength 𝜆. The electric field of a plane wave, with a wave vector of a 

primary X-ray beam 𝒌5, a polarization vector 𝝐5, an amplitude 𝐸5 and  𝒓_ is a position of 

the electron from the origin, can be described as, 

𝑬5 = 𝝐5𝐸5	𝑒𝑥𝑝 2𝜋𝑖𝒌5 ∙ 𝒓_  (3-1) 

Classically an electron is forced to oscillate when the electric field of the wave is 

applied. The electric field of the outgoing wave at the distance R of the observation 

point can be written by (Jackson [93], p. 694), 

𝑬 = 𝝐𝐸	𝑒𝑥𝑝 2𝜋𝑖𝒌H ∙ 𝒓_ = −𝝐
𝑟_𝐸5𝑝
𝑅

	𝑒𝑥𝑝 2𝜋𝑖 	𝒌H − 𝒌5 ∙ 𝒓_ ∙ 𝑒𝑥𝑝 2𝜋𝑖𝒌H ∙ 𝒓_  (3-2) 
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where 𝝐 is the polarization vector, 𝑝 is the polarization factor, 𝒌H is the wave vector of 

the scattered X-ray beam and 𝑟_ is the classical electron radius. 

Through it, the amplitude of X-ray scattering can be described as a function of a 

scattering vector, defined as 𝑯	 ≡ 𝒌H − 𝒌5 (see Figure 3.1(a)) and it is,  

𝐸 =
𝑟_𝐸5𝑝
𝑅

𝑒𝑥𝑝 2𝜋𝑖	𝑯 ∙ 𝒓_  (3-3) 

Within the approximation of elastic scattering, the length of the wave vectors of the 

primary and scattered X-ray beam is the same and equals to 𝒌5 = 𝒌H = 1 𝜆. The 

waves scattered at different scattering centers interfere with each other and hence the 

sum of two waves depends on the phase difference between them.  

 

 

Figure 3.1 Sketch of X-ray scattering. (a) The geometric view of the scattering by an 

electron. Both the direction and polarization of X-ray photon have been changed by a 

scattering angle 2𝜃 . (b) The X-ray electromagnetic waves (𝑬5 ) with a same wave 

vector (𝒌5) are scattered by two electrons, which are separated by the relative position 

𝒓. The scattered waves have the certain phase difference.  
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distribution. A physical meaning of Equation (3-8) is that the total scattering 𝑓l 𝑯  is 

found by summing over the total electrons in an atom, so that the scattering 

contributions from each elementary region (𝜌l 𝒓l 𝑑𝑉) taking each phase difference 

(𝑒𝑥𝑝 2𝜋𝑖𝑯 ∙ 𝒓l ) into account. The calculation of the scattering factor requires the 

knowledge of electron density from the wave function. However, there is no analytical 

form for the electron density of many-electron atoms, hence the atomic scattering factor 

can be approximated for each atom in a periodic table by methods of 'quantum 

chemistry' [95,96]. It is a common practice to approximate the atomic scattering factor 

by the following empirical expression: 

𝑓l
𝑠𝑖𝑛𝜃
𝜆

= 𝑎0𝑒𝑥𝑝 −𝑏0
𝑠𝑖𝑛D𝜃
𝜆D

+ 𝑐
P

0yH

 (3-9) 

where the coefficients, 𝑎0, 𝑏0, and 𝑐, are tabulated for each atom of the periodic table in 

the 'International Tables for Crystallography: Volume C' [97].  

Figure 3.2 shows examples in which the atomic scattering factor is numerically 

estimated by Equation (3-9) for three atoms – Barium (Ba), Titanium (Ti), and Oxygen 

(O), respectively. For example, the 𝑓l-curve of the oxygen atom (see Figure 3.2(c)) 

shows that it starts ('start' means 𝑠𝑖𝑛𝜃 𝜆 = 0, which also means the scattering angle 

2𝜃 = 0) at 8 and decreases thereafter. This means that all 8 electrons of the oxygen 

atom are scattering in phase at zero scattering angle, but the scattering from all 8 

electrons becomes out of phase when the 𝑠𝑖𝑛𝜃 𝜆 (also 2𝜃) value is increased.  

 

Figure 3.2 Atomic scattering factors of three different atoms – (a) Barium (Ba), (b) 

Titanium (Ti), and (c) Oxygen (O) – are numerically estimated by Equation (3-9).  
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𝐿(𝑯) D 	= 	
𝑠𝑖𝑛D 𝜋𝑁lℎ
𝑠𝑖𝑛D 𝜋ℎ

∙
𝑠𝑖𝑛D 𝜋𝑁�𝑘
𝑠𝑖𝑛D 𝜋𝑘

∙
𝑠𝑖𝑛D 𝜋𝑁}𝑙
𝑠𝑖𝑛D 𝜋𝑙

 (3-19) 

This expression is known as 'Laue interference function'. Figure 3.3 shows the 

examples of the ℎ-dependence of the Laue function (Equation (3-19)) for the different 

unit cell numbers. For example, there are two different material systems; one is 10 nm 

thin film and another is 1 µm bulk single crystal, but both of them have a same size of a 

unit cell 10 Å. Therefore, the number of unit cells is 10 and 1000, respectively. The 

peaks of the bulk single crystal are accordingly much higher and shaper than those of 

the thin film. 

 

 

Figure 3.3 Laue function (Equation (3-19)) corresponding to the different numbers of 

unit cell; (a) N=10 and (b) N=1000 respectively. When the number of unit cell is 

increasing, the peaks become higher and sharper.  

 

If the number of unit cells is sufficiently large in the crystal, i.e. (𝑁l, 𝑁�, and 𝑁}) → ∞, 

the intensity of X-ray scattering by a crystal is non-zero for the scattering vector 𝑯 

whose ℎ , 𝑘 , and 𝑙  have integers. Therefore, strong diffraction intensities can be 

expected when 𝑯 is equal to one of the corresponding reciprocal lattice vectors:  

𝑯 = ℎ𝒂H∗ + 𝑘𝒂D∗ + 𝑙𝒂�∗  (3-20) 

where ℎ, 𝑘, and 𝑙 are integers. This is the so-called 'Laue equation'.  
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3.2. Ewald sphere  

Which part of reciprocal space is accessible on the X-ray diffraction pattern obtained 

from a still crystal? The answer is given by Ewald sphere construction with a 

monochromatic X-ray beam introducing in this section. The constructed Ewald sphere 

and the detectable reciprocal lattice point are sketched in Figure 3.4 and the recipe is 

explaining as follows:  

• Draw the base line of the primary X-ray beam, and the incident wave vector 𝒌5. 

This vector is lying on the incident beam base line with length 1 𝜆.  

• Draw a sphere centered on the path of the incident beam (𝒌5) with radius 1 𝜆. 

The primary incident X-ray beam and the diffracted beam have the same 

wavelength, i.e. 𝒌5 = 𝒌H = 1 𝜆 . The diffracted wave vector 𝒌H  lies on the 

direction from a crystal to the detector. 𝒌H can be translated into the center of 

the sphere. The scattering vector 𝑯	 = 	𝒌H − 𝒌5  completes the triangle from the 

tip of 𝒌5 to that of 𝒌H. Therefore, 𝑯 from the crystal always points on the sphere 

surface.  

 

 

Figure 3.4 An illustration of Ewald sphere construction. The center of the Ewald 

sphere lies along an incoming primary X-ray beam with the radius 1 𝜆. The origin of 

the reciprocal lattice is placed in the path of the incoming X-ray beam at the 

circumference of the Ewald sphere. When the crystal is rotated, the reciprocal lattice 

vector rotates, and when a reciprocal lattice point is on the surface of the Ewald 

sphere, the associated Bragg peaks are recording on the detector.   
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3.3. Single crystal X-ray diffraction  

To observe the diffraction patterns from a single crystal, different types of experimental 

scan modes can be performed. This section demonstrates the rocking curve scan and 

the reciprocal space mapping, which are used in this work.  

 

3.3.1. Diffraction pattern from a rotated crystal: rocking curve scan 

 

Figure 3.5 Illustrations of the 𝜔-scan (rocking scan) mode. A crystal is rotated around 

one of a certain axis of the diffractometer, which is allowing the scattering vectors 

being able to intersect the Ewald sphere. (a) An area detector or (b) a single-photon 

counter is used to record the intensity map or/and profile of the diffracted signal.  
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In order to observe diffraction profile from a single Bragg peak, the Ewald sphere 

surface must intersect with the reciprocal lattice points as shown in Figure 3.5.  

A rocking curve scan corresponds to rotating the crystal around one of certain 

diffractometer axes (refer to Figure 3.5). It allows a rotation of the scattering vectors 

being able to intersect the surface of the Ewald sphere during the scan. While the 

crossing scattering vectors through the Ewald sphere can be mapped on a two-

dimensional area detector (Figure 3.5(a)), a one-dimensional diffraction profile as a 

function of the 𝜔 angle can be recorded using a single-photon counter (Figure 3.5(b)).  

An example of the obtained rocking curve from a BiB3O6 single crystal using a single-

photon counter [21,24] is shown in Figure 3.6. The rocking curve profile involves the 

following parameters: peak position (center of mass), integrated intensity, peak width 

(full width at half maximum), peak shape (asymmetry), and peak separation into 

components. The research results implementing this method will be discussed in more 

detail in Chapter 6  [98]. 

 

 

 

Figure 3.6 An example of rocking curve profile in the BiB3O6 single crystal [21,24]: the 

observed rocking curve can be determined as the integrated intensity (area of the 

peak), the peak positions (CM), and the peak widths (PW) for a simple single peak.    
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3.3.2. Reciprocal space mapping  

Unlike one-dimensional rocking curve profile, a reciprocal space map is used to study 

complex, e.g. multi-domain structure of crystals where domains differ by their lattice 

parameters or just by the angles between the lattice planes and incident beam (𝜔). 

Thus, the reciprocal space mapping is useful method to determine the mesoscopic 

structural properties.  

 

 

Figure 3.7 (a) Sketch of a conversion from angular coordinates into the Cartesian 

coordinates for the measured reciprocal space map (details are explained in the text). 

(b, c) Example of the transformation of the observed reciprocal space map from a 

Na0.5Bi0.5TiO3 single crystal.  
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Figure 3.9 An example of the powder diffraction patterns for the BaTiO3 polycrystalline 

samples. (a, b) Comparison of the diffraction patterns between cubic (𝑎 = 𝑏 = 𝑐, 𝛼 =

𝛽 = 𝛾 = 90°) and tetragonal (𝑎 = 𝑏 ≠ 𝑐 , 𝛼 = 𝛽 = 𝛾 = 90°) structure. (c) A simulated 

powder diffraction pattern of the tetragonal structure for the BaTiO3. (d) The 

illustrations of possible three different {hkl} powder grains: the {001} and {011} peaks 

diffracted from two different oriented domains otherwise the {111} peak is from the 

single domain.   
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The sketches of possible three different {hkl} powder grains for the tetragonal structure 

are shown in Figure 3.9(d). Here, it notes that {hkl} denotes the 'family of the plane' 

(hkl). In the tetragonal symmetry (𝑎 = 𝑏 ≠ 𝑐) there are three different types: (i) two 

families, {100} consisting of (100), (−100), (010), and (0−10), and {001} involving (001) 

and (00−1), (ii) two families, {110} = {(110), (1−10)}, and {011} = {(011), (0−11), (101), 

(−101)}, and (iii) {111} = {(111), (−111), (−1−11), (1−11), (11−1), (−11−1), (−1−1−1), 

(1−1−1)} as a family (De Graef & McHenry [61], p. 93). Accordingly, the {001} and {011} 

powder grains involve two different families respectively, but the {111} powder grains 

include the same families along the scattering vector. Therefore, the tetragonal phase 

occurs the peak splitting on {001}, {011} peaks (see Figure 3.9(c)).  

The powder diffraction is usually known as an important technique for the determination 

and refinement of crystal structures. The solution of a structure from powder diffraction 

is known as 'Rietveld refinement' [99]. It is named after Hugo Rietveld who developed 

the mathematical algorithms for the procedure of refinement.  
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Chapter 4  

Stroboscopic data-acquisition for time-resolved X-ray 
diffraction  

 

This chapter describes developments of the new strategies for time-resolved X-ray 

diffraction with custom-built data-acquisition systems. Section 1 introduces the 

operating principle of the multi-channel analyzer data-acquisition system. Section 2 

demonstrates the new types of time-resolved X-ray diffraction methods implementing 

the stroboscopic data-acquisition systems. 

 

4.1. Operating principle of stroboscopic data-acquisition system  

The newly custom-built multi-channel analyzer data-acquisition system is able to 

achieve nanosecond time resolution [100].  

In order to visualize the principle of the system, it is proposed to use a model of a 

stepwise rotating wheel (see Figure 4.1(a)). The wheel is divided into a given number 

of channels. Each channel of the rotating wheel is synchronously moved by a clock of 

100 MHz, and the arriving photons are stored into those channels. One system 

provides 10000 channels supporting a multi-analyzer detector system, up to 12 

detectors, and another system involves 100000 channels for a single-photon counter 

(e.g. scintillation detector, avalanche photo diode (APD) detector, etc.). The internal 

clock (10 ns) of the system, the so-called 'system internal clock', determines a time 

resolution for an experiment. The arrival time for each photon is analyzed in the model 

of the stepping wheel. The X-ray beam is detected by a single-photon counter. Each 

channel in the rotating wheel recognizes the rising edge of the arriving detector 

pulse(s), thus the caught photons can be stamped by the time delay (ti) relative to the 

time (t0) when the wheel began to rotate. A commercial field-programmable gate array 

(FPGA) board, based on the XILINX Spartan-6 platform, was used for the multi-channel 

analyzer unit. Functioning of the board can be designed by the VHSIC (Very High 

Speed Integrated Circuit) hardware description language, the so-called VHDL. The 

recorded data are read out by the control computer using applications written in the 

frame of commercial software programs: LabVIEW (National Instruments Inc., Austin, 

TX, USA) and MATLAB (The MathWorks Inc., Natick, MA, USA).  
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Figure 4.1 (a) Operating principle of the stroboscopic time-resolved data-acquisition 

system. X-ray photons are converted into electrical pulses, and the discriminated 

signals are analyzed by a rotating wheel with the given time-channels. The wheel is 

rotated stepwise by rising edges of 100 MHz internal clock. (b) A schematic diagram of 

the data-acquisition system architecture for time-resolved measurements. This 

architecture was designed in VHDL and implemented on FPGA-board.  

 

 

A scheme of the data-acquisition system architecture is shown in Figure 4.1(b). There 

are five main functional parts: (i) Signal capture unit, (ii) Multi-time-bin module, (iii) Data 

storage, (iv) Control state unit, and (v) Readout part. The processing of the system is 

explaining more details as follows:  
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(1) Signal capture unit - How to capture the arriving photons on the FGPA-board?  

If the arriving detector pulse(s) is/are short compared with the 'system internal clock' 

(100 MHz), then it can be utilized a method to catch the short duration pulses and 

synchronize them. A rising edge of the arriving detector pulse is converted to one of 

two logic states; either '0' or '1', the so-called 'captured detector pulse' (orange arrows 

in Figure 4.2(a)). The 'captured detector pulse' is synchronized by the leading edge 

from a next coming 'system internal clock' (red dashed line in Figure 4.2(a) and (b)), 

then the next falling edge of the 'system internal clock' (blue dashed line in Figure 

4.2(a) and (b)) resets the 'captured detector pulse' to a logic signal '0' (blue arrows in 

Figure 4.2(a) and (b)).  

 

 

Figure 4.2 A schematic illustration for the functional design of the system architecture 

with 10 ns time resolution (Details are explained in the text).  

 

Here, the specification of the detector pulse(s), its edge and amplitude, is limited by the 

discriminator. Detector pulses with amplitudes above 2 V and widths of at least 2.8 ns 

are captured and synchronized with the 'system internal clock' (100 MHz). The width of 
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the detector pulse over 10 ns is prevented for multiple-catching on the other channels 

of the rotating wheel. The synchronized logic, the so-called 'captured photon', is reset 

to '0' by the next coming rising edge of the 'system internal clock' (green arrows in the 

Figure 4.2(b)) and the system waits for the next coming 'captured detector pulse'. The 

arrival time of the 'captured photon(s)' is determined by the number of 10 ns channels 

which elapsed from the beginning of the external trigger signal (e.g. the applied electric 

field period).  

This process is executed in the 'Signal capture unit' on the FPGA-board.  

(2) Multi-time-bin module and Data storage unit - How to count/store the captured 

photons? 

Two units - 'Multi-time-bin module' and 'Data storage unit' - are working in parallel. The 

'captured photon(s)' is/are counted and stored first into a dedicated register in the 

'Multi-time-bin module'. The register is defined as a simple chain of eight 1-bit stores 

corresponding to eight consecutive channels of a FPGA-memory involving eight 

'system internal clocks' (see Figure 4.2(c)). A repeating process works on sliding 

register until the register reaches the end of the whole time-channels of the system. It is 

note that the process is repeating within the total channels in the FPGA-memory during 

each cycle of the external electric field. During this operation, the 'stored photon 

numbers' on each register are sent to the 'Data-storage unit' (refer to Figure 4.2(c) and 

(d)). For example, the first time-channel didn't get any 'counted photons', which means 

the 'counted number' is zero. However, the next time-channel detected the 'counted 

photon' hence the 'counted number' becomes one. In doing so, in each of the time-

channels a corresponding 'counted number' will be consequently stored.  

In parallel, the 'Data-storage unit' (see Figure 4.2(d)) receives a copy of all registers. 

This unit reads their content and adds all information to a 128-bits long portion of the 

system memory. The number of the 'counted photons' is finally stored in the RAM 

memory of the FPGA-board. This reading and writing progress requires five 'system 

internal clocks' (50 ns). The size of the allocated memory is 10000 channels with 16-

bits words. The memory has two accessible ports. 'Port A' with 1250 addresses is used 

for reading and writing operations during data gathering, and 'Port B' is a USB-based 

port ('Readout part') for saving the data to the external control computer. 

 

 



   

 

49 

(3) Control state unit  

This unit receives the external trigger and the diffractormeter movement signals, and it 

coordinates other units according to the synchronization scheme.  

(4) Re-binning operation mode   

If the external electric field provides the low repetition rates, then this mode is 

inevitable. It allows for an increase of the time-bin width, which becomes a multiply of 

10 ns (e.g. 1 µs results from 10 ns × 100 time-channels).  

 

4.2. New strategies for stroboscopic time-resolved X-ray diffraction  

The custom-built data-acquisition systems are a standalone/portable module thus they 

can be easily implemented for several time-resolved diffraction experiments at different 

synchrotron facilities or even at the home-laboratory diffractometer system. This 

section introduces the developed powerful strategies to apply for stroboscopic time-

resolved X-ray diffraction methods and describes how to perform them.  

 

4.2.1. Application of stroboscopic time-resolved high-energy X-ray powder 
diffraction with a multi-analyzer detector system 

One system supports diffraction data collection up to 12 parallel working wheels with 

10000 channels. This system therefore can be combined with the multi-analyzer 

detector system and was utilized for stroboscopic time-resolved high-resolution X-ray 

powder diffraction experiments under an alternating external electric field, using high-

energy (e.g. above 30 keV) synchrotron radiation. This new strategy has been recently 

performed at the ID22 beamline of European Synchrotron Radiation Facility (Grenoble, 

France) and at the P02.1 beamline of PETRA III (Hamburg, Germany) [100–102], 

because these beamlines provide the multi-analyzer detector system made of the 

single-photon counters are arranged with 1° separation [103–105]. This method could 

offer the opportunity to achieve sub-millidegree angular resolution and nanosecond 

time resolution [101,102].  
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Figure 4.3 A scheme of stroboscopic time-resolved X-ray powder diffraction method 

with multi-channel analyzer detectors. The high-voltage generator (right) provides a 

cyclic electric field of adjustable amplitude and frequency. The beginning of each 

voltage cycle is marked by a clock trigger. The multi-channel analyzer detector (top 

left), consisting of ten (nine) scintillating counters equipped with analyzer crystals 

which collects high-resolution powder diffraction patterns. All of the discriminated 

detector pulses, clock triggers, and diffractometer rotation status are processed by the 

FPGA-based multi-channel analyzer unit.  

 

This section describes the performance of the newly developed stroboscopic time-

resolved X-ray powder diffraction method. The installation/operation manual is 

described in more detail in Appendix A.2. The system involves three independent 

components (see Figure 4.3); (i) a cyclic external electrical field, (ii) a multi-analyzer 

detector arm module, (iii) a programmable multi-channel analyzer data-acquisition 

system.  

(1) The cyclic external electric field is produced by continuously supplying periodic high 

voltage signals (AMT-3B20, Matsusada) with external clock triggers which are provided 

by a commercial function generator (HMF-2550, Hameg). The trigger signals give 
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information on the beginning of each cycle of electric field. The functional voltage 

signals (e.g. amplitude, shape, frequency, etc.) can be directly controlled via the 

function generator.  

(2) The arriving photons are detected by each scintillating counter on the detector arm, 

then the detected photons are initially processed to electrical rectangular pulses by the 

discriminator.  

(3) All the discriminated detector pulses, the external clock signals and the 

diffractometer movement signals (or alternatively use trigger signals from exposure(s)) 

should be gathered into the multi-channel analyzer unit (blue diamond in Figure 4.3).  

The data-acquisition is usually carried out in a step mode. In this mode, the 

synchronization between the data-acquisition system and the diffractometer during the 

measurements is achieved by getting the specially generated trigger signals with 

respect to the diffractometer movements. In other words, the system needs to 

recognize the running status of the diffractometer motor: 'moving motor' or 'collecting 

data'. This trigger signal is read by the FPGA-board to stop the data acquisition and 

save the new data point every time, when the status of the diffractometer motors 

changes from 'collecting data' to 'moving motor'. The acquisition for the next data point 

starts each time, when the status of the diffractometer changes back from 'moving 

motor' to 'collecting data'. Consequently, the system can synchronize every collecting 

data point at the beginning of the applying external electric field cycle. In order to 

collect a statistically sufficient number of photons per each time-channel, a 

measurement need to be repeated periodically with a large number of wheel rotations; 

typically, more than 1000 counts in each channel.  

Figure 4.4(a) shows an experimental setup in the hutch of the ID22 beamline at the 

European Synchrotron Radiation Facility (Grenoble, France). This developed strategy 

is able to simultaneously measure the dielectric response of a material during the 

powder diffraction data collection. For this, a sample holder was newly designed, as 

shown in Figure 4.4(b). It was originally designed by John Daniel et al. [39] and 

improved by Tedi-Marie Usher et al. [106], but the previous things were not sufficient to 

record in parallel with the dielectric response. The new designed sample holder was 

improved for the part of the electrical connection and also consists of silicone oil bath 

(based on the Kapton foil), copper contact tip for applying external electric field as well. 

The applied voltage and electrical current signals can be recorded by the oscilloscope 

(HMO-3004, Hameg). The electrical current is measured by the responding voltage 

with 1 kΩ resistance in the series circuit (refer to Figure 6.3(a)). The Kapton foil cage is 
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filled up with a silicone oil (e.g. Silicone DC 200 fluid; 350 cst, Cat.No. 35136.01, 

SERVA Electrophoresis GmbH, Germany), because it can prevent a dielectric 

breakdown in air (~14 kV/cm) through the sample when the strong electric field (e.g. 

~30 kV/cm) is applied. The sample holder can mount a ceramic with the thickness 

between 0.3 and 1 mm (the direction is along the incident X-ray beam).  

 

 

Figure 4.4 Photographs of (a) experimental setup and (b–e) the relative equipment for 

stroboscopic time-resolved powder X-ray diffraction at the ID22 beamline of the 

European Synchrotron Radiation Facility (Grenoble, France). (b) The improved sample 

holder for applying high voltage to the ferroelectric ceramic samples. (c) The 

oscilloscope can simultaneously record the data of the dielectric response during the 

diffraction measurements. (d, e) Types of the custom-built data-acquisition systems. 

 



   

 

53 

The geometry of the diffraction is a transmission mode, so that the primary beam is 

passing through the sample (refer to Figure 4.3). Figure 4.4(d) and (e) show the data-

acquisition systems which are used in this work. One system (Figure 4.4(d)) provides 

100000 time-channels for a single-photon counter. This system can cover 1 millisecond 

time period with 10 ns resolution. The advantage of this system is the capability to 

capture a fast switching phenomenon (e.g. on nanosecond time scale). Another system 

(Figure 4.4(e)) can simultaneously collect the diffraction profiles with up to 12 detectors. 

This system gives an advantage to decrease the number of electric field cycles, 

thereby reducing the fatigue effects under an applied electric field.  

The research results will be described in more detail in Chapter 7. 

 

4.2.2. Application for capturing a single bunch structure with 2 ns resolution  

This section describes the revolutionarily developed strategy to capture a single bunch 

structure at a synchrotron facility with 2 ns resolution.  

Most time-resolved diffraction experiments using a continuous X-ray source are 

achieved in 10 ns resolution, because the global operations of the used FPGA-platform 

are practically limited to the 100 MHz internal clock ranges. If the experiments however 

will need a fine temporal resolution below 10 ns, then it is essential to take an 

additional advantage of a serial-to-parallel converter with an ultrafast speed. The 

convertor is a part of the FPGA-chip and provides the ultrafast data transmission speed 

into the memory up to 1 Gb/s. In order to achieve 2 ns resolution, an internal clock of 

the convertor was configured to 500 MHz and hence the length of a converter register 

is set to five locations (refer to Figure 4.5). The operating principle is described as 

follows, 

(1) The discriminated detector pulses firstly arrive into the register of the convertor and 

are synchronized with an internal clock of the convertor. Therefore, the 'captured 

detector pulses' can be stamped with 2 ns resolution.  

(2) The five registers are connected in parallel with five 'multi-time-bin modules' (refer 

to Section 4.1) working at the speed of 100 MHz system internal clock (see Figure 4.2). 

Since the output of each register is latched onto five parallel running modules, every 10 

ns the arriving photons are counted and stored into the system memory.  
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(3) Finally, every 5×10000 time-bin is re-sorted into one single data stream by off-line 

procedure on the control computer.  

 

 

Figure 4.5 A schematic diagram of the functional design of the 2 ns resolution which 

makes use of 500 Mb/s serial-to-parallel converter register and five parallel running 10 

ns resolution 'multi-time-bin module' in the FPGA-board.  

 

Since modern synchrotron facilities store X-ray bunches, it is able to study ultrafast 

dynamics of materials during the applied external perturbation (i.e. pump-probe 

technique).  

In order to isolate a single bunch, it is normally used the gated mode option of an area 

detector (e.g. Pilatus, etc.). A bunch clock is used as the master clock providing MHz 

ranges. However, the repetition rates for the external perturbations (e.g. femtosecond 

laser pulse(s) or nanosecond electric pulse(s)) are generally used with kHz ranges. 

Hence, it is necessary to reduce the original frequencies of the bunch clock down to the 

practical repetition rates (e.g. ~ kHz). This is typically implemented by a delay 

generator (e.g. DG645, Stanford research: see Figure 4.6(c)) to divide the frequencies. 

Here the original bunch clock signal is given to the delay generator, and then divided to 

the optimized frequency. Furthermore, the delay generator creates an additional given 
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pulse to be used for a gating period of the area detector. Finally, a beginning of the 

external perturbation pulse(s) is/are synchronized with the X-ray bunch pulse(s), and 

then the single bunch is isolated into the gated period of the detector.  

 

 

Figure 4.6 A schematic illustration (a) and photographs (b, c) of the experimental 

setup in order to capture the X-ray bunch structures with the multi-channel analyzer 

data-acquisition system. This measurement was performed at the XPP-KMC3 

beamline of the BESSY II synchrotron facility (Berlin, Germany) 

 

The newly upgraded data-acquisition system was employed to capture the bunch-

structure at the XPP-KMC3 beamline of the BESSY II synchrotron facility (Berlin, 

Germany), shown in Figure 4.6. Each time-channel of the system works like as a gating 

period of the area detector. This system is able to simultaneously collect data up to 100 

µs long time period with 2 ns resolution. A fast X-ray scintillation detector was exposed 

to the attenuated synchrotron radiation. The multi-channel analyzer unit (FPGA-board) 

was connected to an external phase-locked loop (PLL) circuit and synchronized with 

the bunch-clock (see Figure 4.6(b)).  
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Figure 4.7(a) shows the observed bunch structures of the X-ray beam providing the 

multi-bunch hybrid mode. Figure 4.7(b) shows the reference pattern from the status 

information of the BESSY II synchrotron [107]. The bunch structure has a period of 800 

ns. It consists of a 'Camshaft bunch' in the center of 200 ns wide gap followed by the 

so-called 'PPRE-bunch' after 84 ns and three slicing bunches located on top of the 

multi-bunch train (600 ns). The results clarify that the innovatively developed strategy 

opens the window to perform new types of experiments, e.g. to measure ultrafast 

dynamics of piezoelectric/ferroelectric materials under an alternating electrical 

perturbation with ~ MHz frequencies.  

 

 

Figure 4.7 (a) The selected X-ray bunch structure from the observed data on the multi-

bunch hybrid mode at the BESSY II synchrotron (Berlin, Germany). (b) Reference 

bunch structure from the status information of the storage ring facility [107]. 

 

 

4.2.3. Application of stroboscopic time-resolved reciprocal space mapping  

This section describes a developed powerful strategy to observe the dynamics of multi-

domain mesoscopic structure of crystals. It is a stroboscopic time-resolved high-

resolution reciprocal space mapping method. As introduced in Chapter 3, the reciprocal 

space mapping is useful tool to investigate the mesoscopic structural properties of 

crystals. Combining the custom-built data-acquisition system with a single-photon 

counter placed behind an analyzer crystal, it can be achieved to measure the multi-

domain dynamics in different regions of reciprocal space under an alternating electric 

field.  
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for stroboscopic time-resolved high-resolution reciprocal space mapping. A manual to 

install the data-acquisition system is described in Appendix A.1.  

This strategy has been successfully applied using a home-lab diffractometer system. 

However, it took at least 3 weeks to make only one map of a strong Bragg reflection. 

For this reason, synchrotron facilities are necessary to apply this innovative strategy. 

This strong application opens the window to investigate dynamics of multi-domains in 

bulk single crystals under an alternating electric field for the first time.  

The research results regarding this application will be discussed in more detail in 

Chapter 5. 

 

4.2.4. Application of stroboscopic time-resolved three-dimensional reciprocal 
space mapping using a microcontroller based data-acquisition system 

This section describes another innovative strategy for stroboscopic time-resolved three-

dimensional (3D) reciprocal space mapping of piezoelectric/ferroelectric single crystals 

under an alternating electric field using a new designed microcontroller based data-

acquisition system [108].  

A 3D reciprocal space mapping is a powerful tool to study a crystal structure at various 

length scales. The local structure and the correlated disorder due to the compositional 

variations of a material clearly appear in the X-ray diffuse scattering underneath the 

Bragg reflections. An in situ single crystal total - Bragg and diffuse - scattering 

experiment under controlled external perturbations, e.g. temperature, electric/magnetic 

field, can help to clarify the strong link between disorder and properties of modern 

functional materials. The equipment for such experiments (fast area detectors, sample 

environment stages, etc.) underwent a steady development in recent years.  

The previous sections discussed the applications of the multi-channel analyzer data-

acquisition system using the single-photon counter(s). In contrast, the new strategy to 

approach for a stroboscopic measurement under an alternating electric field uses a 

pixel area detector (e.g. Pilatus, Eiger, Maxipix, Lambda, etc.). Time resolution of this 

experiment is defined/limited by the frame acquisition rates of the detector's 

specification. According to the current state-of-the-art pixel area detectors, a few 

milliseconds time resolution can be achieved if the diffraction intensity is sufficient.  
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Figure 4.9 Schemes (a, b) and a photograph (c) of the presented data-acquisition 

system. The pixel area detector (e.g. PILATUS-2M, DECTRIS, Switzerland) generates 

rectangular trigger signals (green signal), which mark the beginning of a new data 

acquisition frame. The microcontroller acquires these signals and switches the output 

voltage (pink signal) every time their rising edges overshoot 3 V (b). The electric 

(capacitive) current flowing (yellow signal in the oscilloscope) through the crystal is 

measured using a serially connected 1MΩ active probe.  

 

 

The main components of this new method shown in Figure 4.9 are (i) a programmable 

microcontroller, (ii) a high-voltage amplifier, and (iii) a pixel area detector. A manual to 

install/operate the systems is explained in more detail in Appendix A.3. The operating 

principle of this application is described as follows, 



   



   

 

61 

This section introduced the newly developed strong strategy for in situ stroboscopic 3D 

reciprocal space mapping using the microcontroller based data-acquisition system. The 

new application opens the window to investigate dynamics of a 

piezoelectric/ferroelectric single crystal under an applied alternating electric field. This 

system is also portable and can be adapted to any beamline, which provides a pixel 

area detector.  

 

4.3. Conclusion  

This chapter introduced/discussed the newly developed powerful strategies for 

stroboscopic time-resolved X-ray diffraction using the new data-acquisition systems. 

These applications opened the new windows to have an insight into dynamics of 

piezoelectric/ferroelectric materials under an alternating electric field. The strategies 

have been successfully applied at several synchrotron facilities even at a home-

laboratory diffractometer system.  
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Chapter 5  

Stroboscopic time-resolved high-resolution reciprocal space 
mapping study of Na0.5Bi0.5TiO3 single crystal under an 
alternating electric field  

 

This chapter investigates the monoclinic distortion and the polarization rotation in 

Na0.5Bi0.5TiO3 single crystal under an applied alternating electric field using synchrotron-

based time-resolved high-resolution reciprocal space mapping. Moreover, a developed 

model explains the monoclinic distortion by polarization rotation and evaluates the 

intrinsic piezoelectric coefficients of the material from the observed data.  

 

5.1. Introduction  

Sodium bismuth titanate (Na0.5Bi0.5TiO3 – NBT) has been extensively investigated over 

the last two decades [113–115]; especially as a lead-free piezoelectric material as a 

replacement for Pb(Zr1-xTix)O3 (PZT) [116–119]. NBT is also an interesting model 

system in crystallography and physics because of its distorted perovskite structure. 

Phase transitions in NBT are realized through shifts of the A/B cations and by tilting of 

the oxygen TiO6 octahedra which lowers the symmetry (see Figure 5.1). This symmetry 

reduction results in the formation of domains, which are spontaneously polarized, 

electromechanically active and switchable by an external electric field. Although the 

average/local structure of NBT materials are discussed in various aspects, the 

relationship to its physical properties is still unclear because of its complexity.  
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Figure 5.1 An illustration of a phase transition in the perovskite structure. (a) An ideal 

perovskite structure (cubic symmetry). (b) A distorted perovskite structure: 

displacement of B atom at different polarity and tilt of the oxygen octahedra (lower 

symmetry, e.g. tetragonal).  

 

NBT was commonly considered to exhibit a rhombohedral structure (space group R3c) 

at room temperature [120]. However, based on high-resolution single crystal diffraction 

data, Gorfman & Thomas [121] have reported that the structure of multi-domain NBT 

single crystals at room temperature is described by the monoclinic space group Cc. 

They explored by reciprocal space mapping, a splitting of the particular Bragg 

reflections {hkl}pc (each component is diffracted from a similarly oriented set of 

ferroelastic domains) which violates the rhombohedral R3c symmetry. The monoclinic 

distortion may play an important role in the enhancement of the electromechanical 

properties. It can act as a bridge between the rhombohedral and tetragonal phases. 

While the direction of the polarization vector in a conventional ferroelectric 

rhombohedral phase is fixed in the [111] direction, the monoclinic symmetry allows the 

polarization vector to rotate in a (110) mirror plane [75] and responds by an enhanced 

polarization rotation and strain to an external electric perturbation [77]. For this reason, 

the monoclinic symmetry of NBT at room temperature has been investigated by many 

authors [122–126]. 

This chapter demonstrates the study of the monoclinic distortion in NBT under an 

alternating sub-coercive (< 14 kV/cm) external electric field. For this, reciprocal space 

maps around representative Bragg reflections [121] were collected. The observed data 

indicate that the monoclinic splitting is strongly sensitive to the external electric field. 

The field-induced shifts of the Bragg peaks amount to a piezoelectric coefficient as high 

as 124 pC/N.  
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5.2. Experiment: stroboscopic time-resolved reciprocal space mapping under an 
alternating electric field  

Figure 5.2 shows the experimental setup and the installed electronic equipment at the 

P08 beamline of the PETRA III synchrotron facility (Hamburg, Germany). A 0.5 mm 

thick NBT single crystal plate, which has its surface parallel to the (001) Miller planes 

and the edges along the <110>1 and <100> directions respectively (Figure 5.2(b)), was 

used. It was grown in the Shanghai Institute of Ceramics by the top-seeded solution 

growth method and doped with Manganese (Mn) [127]. Thin (~100 nm) gold (Au) 

electrodes were deposited on both of the crystal surfaces and the crystal was mounted 

on a custom-built sample holder (refer to Figure 5.2(c) and Figure B.1 in Appendix B) in 

order to apply an alternating external electric field along the [001] crystallographic 

direction. In this experiment, a 100 Hz periodic triangular-shaped electric field reaching 

a maximum field strength of ±14 kV/cm was applied to the sample. This field is 

significantly lower than the coercive field (~45 kV/cm), reported for Mn-doped NBT 

single crystal [128]. For the time-resolved high-resolution reciprocal space mapping, 

the custom-built stroboscopic data-acquisition system, described in more detail in 

Chapter 4 (Figure 4.8) and Appendix A (Figure A.1), was implemented.  

Each data point of the reciprocal space mesh scans was collected for 10 seconds, 

which is equal to 1000 cycles of the applied electric field. The X-ray wavelength was 𝜆 

= 0.827 Å, which is below the 'Bi' L2 absorption edge, making the average penetration 

depth for the measured reflection as 𝑡 = H
D°
𝑠𝑖𝑛𝜃 = 5.3 µm. This value is ~2.5 times 

larger than the penetration depth used in the previous experiment [121]. Therefore, this 

experiment provides bulk information about the crystal.  

 

 

 

 

                                                
1 <uvw> denotes the 'family of directions' (De Graef & McHenry [61], p. 93): <110> has 

12 families consisting of [110], [−110], [1−10], [−1−10], [101], [−101], [10−1], [−10−1], 

[011], [0−11], [01−1], and [0−1−1].  
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Figure 5.2 Photographs of the experimental setup at the P08 beamline of the PETRA 

III synchrotron facility (Hamburg, Germany). (a) Inside the hutch of the P08 beamline 

with the 4-circle diffractometer. (b) Crystallographic axes of NBT single crystal and (c) 

the sample holder for applying the electric field. (d, e) Electronic devices for data 

acquisition under alternating electric fields.  
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5.3. Results  

5.3.1. Experimental data  

 

 

Figure 5.3 (a) 𝜔  versus 2𝜃  reciprocal space map of {002} reflections from the 

measured data set of the previous experiment [121] and (b) time dependence of 

applied external electric field. (c–e) Stroboscopically collected 𝜔  vs 2𝜃  reciprocal 

space maps of {004} reflections, corresponding to different time-channels and applied 

electric fields. The splitting of peaks along the 2𝜃  axis is assumed to represent 

evidence for breaking of the rhombohedral (R3c) symmetry of the structure and is 

commonly recognized as the 'fingerprint' of the monoclinic distortion.  

 

Figure 5.3(a) shows the 𝜔  versus 2𝜃  intensity reciprocal space map around {002} 

reciprocal lattice points from the previous studies [121]. Figure 5.3(c–e) show the 

selected time-resolved reciprocal space maps on {004} reflections as a function of time 

and electric field with 100 Hz repetition frequency. The selected time points are marked 

on the electric field profile, as shown in Figure 5.3(b). All time-resolved data are shown 

in Video D.1 of Appendix D. Figure 5.3(d) shows that the peak is split into two peak 

components along the 2𝜃 scattering angles, which correspond to different lengths of 

the reciprocal lattice vector, 𝐻 = 2𝑠𝑖𝑛𝜃 𝜆. Therefore, the peak separation reflects the 
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where 𝐼0
²��  and 𝐼0

KlA}  are the observed and calculated intensities at the 𝑖-th position 

respectively, and 𝜔0 	=
H

³´
µ�¶

 is a weighting parameter associated with 𝐼0
²�� .  

The results of the time- and field-dependent fitting parameters are available in 

Appendix C.2. 

 

 

 

Figure 5.4 Reciprocal space maps of X-ray scattering intensity distribution around 

{004} reflections in the reciprocal lattice coordinates X || [110]* and Y || [001]*. (a) The 

observed reciprocal space maps. (b) The result of the best fit by the superposition of 

two 2D Moffat distribution functions. (c, d) X- and Y-intensity cut profiles of 400 (blue) 

and 004 (red) Bragg peak components, respectively. All time-resolved data are shown 

in Video D.2 of Appendix D. 
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Figure 5.4(a) shows the observed reciprocal space maps, selected for three different 

electric fields (−13.9 kV/cm, 0 kV/cm and +13.9 kV/cm). The observed reciprocal space 

maps are transformed into the Cartesian coordinates with the horizontal axis X || [110]* 

and the vertical axis Y || [001]*, i.e. the Y-axis is parallel to the scattering vector and is 

equal to the Δ 2𝜃 = 2 Δ𝜔  direction (as shown by the dashed line in Figure 5.3(d)). 

Since the detector opening is perpendicular to the diffraction plane, the diffraction 

intensity is integrated along Z || [1−10]*. Figure 5.4(b) indicates the reconstructed 2D 

maps using the best fit parameters. Figure 5.4(c) and (d) show the cut profiles of 

reciprocal space map along [110]* and [001]*, respectively. These peaks clearly show 

the peak separation in two components: the '004' peak (red) is shifted towards the 

value of a lower scattering vector while the '400' peak (blue) stays at almost the same 

position.  

The results of the fitting procedure enable the tracking of the positions and the width of 

both peaks quantitatively. Figure 5.5 shows the field dependence of the key model 

parameters for both contributing Bragg peaks. These are (a) peak positions and (b) 

peak width, along [001]* and [110]*, respectively.  

 

 

Figure 5.5 Best-fit results for both 'peak position' and 'peak width' parameters of 400 

(blue) and 004 (red) reflections as a function of the applied electric field. (a) Y-

component of the peak position. (b) X-component of the peak width. 
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All of the derived 12 monoclinic domains are finally calculated and are listed in the 

following table. 

 

 

Rn-domain,  

polarization direction 

Mmn-domain,  

polarization rotation 
Bragg peak position XY 

R1, [111] 

M11, [111] → [001] {−X1, Y1} 

M12, [111] ← [100] {−X2, Y2} 

M13, [111] ← [010] {−X2, Y2} 

R2, [−111] 

M21, [−111] → [001] {0, Y1} 

M22, [−111] ← [−100] {−X2, Y2} 

M23, [−111] ← [010] {X2, Y2} 

R3, [−1−11] 

M31, [−1−11] → [001] {X1, Y1} 

M32, [−1−11] ← [−100] {X2, Y2} 

M33, [−1−11] ← [0−10] {X2, Y2} 

R4, [1−11] 

M41, [1−11] → [001] {0, Y1} 

M42, [1−11] ← [100] {−X2, Y2} 

M43, [1−11] ← [0−10] {X2, Y2} 
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Furthermore, the results can be interpreted such that the enhanced electromechanical 

coupling is caused by polarization rotation. The field-induced non-linear response of the 

lattice parameters (as shown in Figures 5.9 and 5.10) can explain the appearance of 

the polarization rotation. However, it was assumed that the big changes of the 

polarization rotation angle represent 'soft-mode' structural changes, i.e. it shows large 

changes even for sub-coercive electric fields. Accordingly, this indicates the field-

induced non-linear response of the lattice parameters.  

Such preliminary knowledge about polarization rotation in ferroelectric perovskites 

supports the possibility of the following structural changes.  

(1) The polarization rotation can be directly related to the displacement of A and B 

cations from the centers of the corresponding oxygen cages (AO12 and BO6). These 

could be measured from the 'integrated intensity' of the peaks and by implementing the 

structure factor formalism (see e.g. [20,24,102]). Indeed, the relative changes of the 

observed integrated intensity for both 400 and 004 Bragg peaks indicate ~10 % (see 

Figure C.2 in Appendix C). However, these changes can also be caused by the volume 

exchange between the Mn1 and Mn2/Mn3 domains. Measurements of addition Bragg 

reflections are necessary to account for the large number of free parameters in the Cc 

monoclinic structure and to understand them from the parameters of the microstructure.  

(2) The large amount of polarization rotation may stem from the changes of the 

parameters in the local structure and short-range order. The structural disorder in NBT 

has been previously studied using diffuse X-ray scattering [133–135] or total neutron 

scattering [136]. The reverse Monte-Carlo simulation of the atomic pair-distribution 

function in NBT [136] demonstrated that the position of bismuth (Bi) atoms in the 

monoclinic {110} planes may differ from one unit cell to another and involve two co-

existing directions of bismuth atom displacements. Here, this study may extend the 

ability of the bismuth atom to adopt two different polarization directions, and one can be 

assumed that the external electric field may easily switch the number of atoms 

populating one of the two states, thus such a switch can easily change the average 

direction of the polarization vector.  

(3) The large amount of polarization rotation in NBT is very similar to that of the Pb(Zr1-

xTix)O3 (PZT) at the morphotropic phase boundary. Zhang et al. [73] reports that even a 

minor change of the ratio 'x' near the morphotropic phase boundary leads to the 

rotation of the average direction of Pb atom displacement by a large angle of over 35°. 

The easy polarization rotation is commonly considered to be one of the origins of 

enhanced piezo-activity.  
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These three types of the assumptions can also be considered as the origins of the 

enhanced electromechanical coupling in NBT even on application of the sub-coercive 

electric fields.  

Finally, the demonstrated time-resolved reciprocal space mapping approach can be 

applied to other materials, and this innovative strategy has a high potential for exploring 

the origins of electromechanical coupling.  
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Chapter 6  

Time-resolved X-ray diffraction study of a uniaxial 
Sr0.5Ba0.5Nb2O6 ferroelectric single crystal under an alternating 
electric field  

 

This chapter studies a new mechanism of the piezoelectric activity appearing in a 

uniaxial ferroelectric single crystal in the form of correlation between lattice parameter 

and domain size using stroboscopic time-resolved X-ray diffraction on Sr0.5Ba0.5Nb2O6 

single crystals under an alternating electric field. 

 

6.1. Introduction  

Strontium barium niobate (SrxBa1-xNb2O6 – SBN) is a very attractive material for 

technological applications and basic research, because of their electro-optic, 

photorefractive, pyroelectric, and piezoelectric properties. Thus, this material has been 

implemented in the fields of data storage systems and sensors [137–142]. SBN 

belongs to a tetragonal tungsten bronze structure, and its properties can be modified by 

a variation of the strontium/barium (Sr/Ba) ratio or by doping. On increasing the Sr/Ba 

ratio, SBN transforms from the conventional ferroelectrics to the relaxor ferroelectrics 

[143]. The single crystals SBN usually exists in composition the range 0.25 < x < 0.75 

[144]. It is known that SBN undergoes a phase transition (refer to Figure 2.8(b)) from a 

paraelectric phase with a 4mm point group (space group P4/mbm) into a ferroelectric 

phase with a point group 4/mmm (space group P4bm) through the Curie temperature 

(TC) [145–147].  

Figure 6.1 shows the crystal structure of SBN. The structure is based on the framework 

of NbO6 octahedra. These are linked together and form three kinds of channels - 

tetragonal (A1 site), pentagonal (A2 site), and trigonal (C site). The C sites remain 

empty because they are too small to contain either Sr or Ba atoms. The intermediate 

A1 sites are only occupied by Sr cations, but the largest A2 sites can be filled by either 

Sr or Ba cations. The Nb atoms are located in the center of oxygen octahedra. Since 

one-sixth of all the A sites (A1+A2 sites) are empty, SBN can be described as a natural 

defective material [148].  
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Figure 6.1 A schematic illustration of the tetragonal tungsten bronze structure, drawn 

using the VESTA package [89]. (a) The projection on the (001) plane of the strontium 

barium niobate unit cell in the crystallographic c-axis direction. The largest A2 sites 

are occupied by Ba or Sr atoms, while the A1 sites are occupied by Sr atoms. The 

smallest C cites are empty. (b) The projection on the (110) plane of the strontium 

barium niobate unit cell.  

 

 

As discussed in Chapter 2, ferroelectrics macroscopically deform under an applied 

external electric field due to converse piezoelectricity. This functionality is one of the 

most important physical properties in ferroelectrics and may be caused by two possible 

driving mechanisms. One is an intrinsic piezoelectricity which evolves from atomic 

displacement and change of the bond lengths. The other arises from domain wall 

motion or other mesoscopic phenomena. A proper understanding of the enhanced 

electromechanical coupling can give significant keys for the development of new 

materials.  
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Many experiments have been devoted to observe all of the processes involving both 

the intrinsic and extrinsic mechanisms, but in situ experiments have been mostly 

focused on ceramics or powder samples.  Besides, many research interests have been 

concentrated on the functionalities of the perovskite-based ferroelectrics, such as 

Pb(Zr,Ti)O3 (PZT), where domains share both ferroelastic and ferroelectric features.   

On the other hand, the piezoelectricity in uniaxial ferroelectrics is not yet understood 

fully. SBN is an interesting model system for the uniaxial ferroelectrics, which involves 

spontaneous polarization along the crystallographic c-axis only. The symmetry 

relationship between paraelectric (4mm) and ferroelectric (4/mmm) phases allows for 

only 180° ferroelectric domains, therefore the formation of ferroelastic domains (non-

180° domains) is forbidden (refer to Figure 2.8).  

For this reason, one of such conventional ferroelectrics in SBN, e.g. Sr0.5Ba0.5Nb2O6 

(SBN50) single crystal was selected to study the nature of the relationship between 

ferroelectricity and piezoelectricity in uniaxial ferroelectrics under an alternating electric 

field. To do this, the stroboscopic time-resolved X-ray diffraction techniques were 

implemented.  

 

6.2. Experiment: Time-resolved rocking curves under an alternating electric field  

Measurements were performed at the P09 beamline of the PETRA III synchrotron 

facility (Hamburg, Germany) using a six-circle single crystal diffractometer and an 

avalanche photo diode (APD) detector. Figure 6.2 shows the experimental setup and 

the electronic systems used in this study. The X-ray wavelength was tuned to be 𝜆 = 

0.86 Å to maximize the penetration depth depending the measured reflections 

geometry as 𝑡 = H
D°
𝑠𝑖𝑛𝜃 = 10.3 ~ 23.3 µm. The investigated SBN50 single crystals 

were grown by the Czochralski technique [143]. The [001] oriented crystal plate was cut 

to 0.5 mm thickness and both surfaces of the plate were polished to optical quality. 

Gold thin electrodes (~100 nm) were deposited on both polished faces, and the 

prepared crystal was mounted on the sample holder with contacting copper wires (see 

Figure 6.2(d) and (e)).  
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Figure 6.2 Photographs of the experimental setup at the P09 beamline of the PETRA 

III synchrotron facility. (a) Inside the hutch of the beamline with the 6-circle 

diffractometer. (b) The experimental geometry with a sample. (c) The electronic 

devices for applying the electric field and the data-acquisition system. (d) SBN50 

single crystal with crystallographic axes. (e) The crystal is mounted on the sample 

holder and connected with the electrical wires for the application of electric fields. 

 

An alternating electric field is applied to the sample using a combination of a function 

generator (HMF-2550, Hameg) and a high-voltage amplifier (AMT-3B20, Matsusada). 

The combined electronic system produced a 20 Hz periodic triangular shaped high-

voltage signal with two different amplitudes: (1) ± 150 V [sub-coercive field of ± 3 

kV/cm] and (2) ± 975 V [over-coercive field of ± 19.5 kV/cm], and the electrical output 

signals were measured using an oscilloscope (HMO-3004, Hameg). The electrical 

currents can be simultaneously measured during the diffraction experiment using the 

series circuit with the 1 kΩ resistor (see Figure 6.3(a)).  
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Figure 6.3 Dielectric responses of SBN50 crystal. (a) A schematic diagram of the 

series circuit which was used in the experiment in order to measure the dielectric 

responses. The resistance for the current active probe is 1 kΩ. (b, d) Time 

dependence of the electric field (red) and current (blue) for the case of over- and sub-

coercive fields. (c, e) Polarization–Electric field loops for both cases, respectively.  

 

 

The dielectric polarization 𝑃 𝑡  can be extracted from the measured electric current 

response 𝐼 𝑡 . The integral of the current over the time duration T1 to T2 corresponding 

to a period of the applied electric field, yields the total amount of charge as a function of 

time,  
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This section studies the dynamics of 007 rocking curve under an applied over-coercive 

field cycling. Figure 6.5(a) and (b) compare the time-dependent rocking curve profiles 

with the applied electric field and the measured current response. The figures indicate 

that the ferroelectric switching occurs at +7.86 kV/cm and −6.34 kV/cm for the rising 

and falling electric field, respectively. The switching current (blue line) and the P–E loop 

(refer to Figure 6.3(c)) show asymmetry, which is clearly indicated that these two 

polarization reversals may be driven by different mechanisms. Figure 6.5(c) and (d) 

show the selected six rocking curve profiles at different times/electric fields. The 

observed rocking curves also show asymmetry; Figure 6.5(c) shows the case of a 

rising electric field and Figure 6.5(d) is for a falling field. The rocking curve profiles 

clearly show that the peak is separated into two components; one is sharp and the 

other is broad. In general, the peak width can be contributed to by changes of the 

domain size or mosaicity. On the other hand, one can be considered that the broad 

components are based on the volume of smaller domains and the sharp components 

related to the large domains, because the mosaicity does not depend on the electric 

field.  

The observed rocking curve profiles are analyzed to perform a fitting process using a 

sum of two symmetrical pseudo-Voigt functions. The pseudo-Voigt function is defined 

by,  

𝑓(𝑥) 	= 	𝜂 ∙ 𝑓ã(𝑥) 	+ 	(1 − 𝜂) ∙ 𝑓W(𝑥) (6-6) 

where 𝑓ã(𝑥)  is the Lorentz-like and 𝑓W(𝑥)  is the Gauss-like function. Each function, 

𝑓ã(𝑥) and 𝑓W(𝑥), is defined as,  

𝑓ã(𝑥) 	= 	
2𝜎
𝜋
∙

𝐼
4 𝑥 − 𝑥5 D + 𝜎D

 (6-7) 

𝑓W(𝑥) 	= 	2 ∙
𝑙𝑛2
𝜋

∙
𝐼
𝜎
∙ 𝑒𝑥𝑝 −4 ∙

𝑥 − 𝑥5
𝜎

D
∙ 𝑙𝑛2  (6-8) 

where 𝑥5 is the center of mass of the pseudo-Voigt function, 𝜎 is the full width at half 

maximum and 𝐼 is the integrated intensity of the profile. The parameter 𝜂 can be used 

to control the peak shape.  
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Figure 6.6 (a) The dynamics of peak position and width for both two peak components 

from the 007 rocking curves: Brown (Green) dots correspond to the weaker 

(dominating) components; it is also shown the center of mass of peak positions (PCM) 

and the applied voltage and electrical current signal for reference. (b, c) Two different 

routes of the polarity switching for the positive reversal interval (red box) and for the 

negative reversal interval (blue box).  

 

The fitting results regarding the dynamics of the center of mass position and width of 

the rocking curves as a function of time are shown in Figure 6.6(a). The representative 

rocking curves and all time-resolved data with the fitted parameters are available in 

Appendix E. The part for which it was not possible to separate by fitting is filled with the 

overall calculated values regarding the center of mass (black dashed line) and peak 

width (grey dashed line) from the observed rocking curves. It is interesting to note that 

the sharp peak component (green dots) is confined during all the time period but the 

broad peak component (brown/red dots) rapidly moves towards lower angles during 

one of the reversal intervals (for the negative electric field case). This indicates a strong 

mechanical strain, which means the broad peak component (brown/red dots) has very 

high piezoelectric coefficients. Two time intervals (marked by the orange arrows) in 
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Figure 6.6(a) show the largest shift of the broad peak (Peak 2). Thus, the 

corresponding piezoelectric coefficient 𝑑��  of the 'Peak 2' component can be 

estimated/evaluated by Equation (6-5) during a linear response. The values are equal 

to (300 ± 100) pC/N (left arrow) and (380 ± 20) pC/N (right arrow). This feature was 

also observed in other reflections [98]. This strong piezoelectric activity is comparable 

with that of the Pb(Zr,Ti)O3 (PZT) material.  

According to the asymmetric feature of the switching current, marked as blue and read 

boxes in Figure 6.6(a), the results interpret as two different polarization reversal 

switching processes as shown in Figure 6.6(b) and (c) respectively.  

(1) Route 1: In Figure 6.5(c) and Figure 6.6(b), the 'Peak 2' position has a kink during a 

positive switching (~17.6 ms). This peak must represent the volumes of two 

components which undergo switching, while the rest are frozen. The peak widths of 

both peak components remain constant during this switching, which means that the 

polarization reverts without nucleation of small domains such as from 𝑷 ↑	↓ 𝒄 (blue) to 

𝑷 ↑	↑ 𝒄 (red). Besides, almost a single domain state is generated at the highest positive 

field because the rocking curve becomes the sharpest. Through the considerations, this 

scenario is consistent with the electrostriction law: 𝑥�� 𝐸 = 𝑄æ𝑃æD 𝐸 , where 𝑄æ and 𝑃æ 

is the electrostriction coefficient and the single domain polarization, respectively.  

(2) Route 2: Figure 6.6(c) shows the features of the 'nucleation of small inversion 

domains'. The broad peak component rapidly moves towards lower Bragg angles, and 

the peak width for both sharp and broad peaks is increased. This means that the 

averaged c-lattice parameter for the smaller domain volumes is elongated over the 

maximum strain value. In this case, the switching is not completed because the single 

domain state of the negative polarization (as with the positive case) is not reached, e.g. 

from 𝑷 ↑	↑ 𝒄  to 𝑷 ↑	↓ 𝒄 . This second route exhibits a dramatic enhancement of the 

piezoelectric activity caused by the correlation between the domain sizes and their 

lattice parameters. 

 

These two switching processes show different strain-field phenomena. The color maps 

in Figure 6.7 indicate regions of different polarization: 𝑷 ↑	↑ 𝒄 (red) and 𝑷 ↑	↓ 𝒄 (blue), 

the white is for P = 0. The 'Route 1' indicates that the switching passing over the 'neck', 

i.e. the strain is following the minimum, follows under a rising electric field duration and 

the 'Route 2' case illustrates the switching due to the formation of small domains 

passing over the maximum of the strain value. 
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Figure 6.7 A schematic diagram of two polarization reversal routes. Each own color 

(red/blue) indicates the single domain states. The yellow arrows mark the switching 

intervals. (1) ROUTE 1 – Polarization reversal which indicates the strain follows the 

minimum, (2) ROUTE 2 – Nucleation and growth of small inversion domains, so that 

the strain has the maximum.  

 

 

In fact, the enhanced piezoelectricity in the perovskite-based materials (e.g. PZT) is 

usually related to other mechanisms, so that the paraelectric-to-ferroelectric phase 

transition may occur in strain and polarization domains or due to the polarization 

rotation effects. These mechanisms are not allowed in SBN50 uniaxial ferroelectrics 

because both phases have the tetragonal symmetry. For this reason, this study can 

conclude that the enhanced piezoelectric activity of the uniaxial ferroelectrics is 

connected to the dynamics of the nucleated small domains.  
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6.4. Nonlinear response of uniaxial ferroelectrics under sub-coercive fields 

This section discusses the dynamics of 007 rocking curves under applied sub-coercive 

electric fields. Many researches have attributed the measured nonlinearity of the 

piezoelectric response with respect to the non-180° domain walls, but this study 

describes how the observed nonlinear piezoelectric response can also be contributed 

to by the dynamics of 180° domains.  

 

 

Figure 6.8 Time-resolved X-ray diffraction rocking curves of SBN50 under an 

alternating weak electric field (below coercive-field). (a) Intensity maps of 007 rocking 

curves as a function of time and electric field. (b) The applied electric field and the 

measured polarization profiles as a function of time. (c) The three selected rocking 

curve profiles. (d) The measured and calculated P–E loop under the applied sub-

coercive electric field.  
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Figure 6.8 indicates the dynamics of 007 rocking curves under weak electric field 

cycling. Figure 6.8(a) plots the intensity maps as a function of time and the applied 

electric field. The observed rocking curves show asymmetry and change systematically 

(see Figure 6.8(c)). The systematic change of peak positions can be related to the field-

induced macroscopic strain response in the crystal. It is interesting to note that the 

strain-field dependence shows non-linearity. Where does this non-linearity come from 

then?  

 

 

Figure 6.9 (a) Comparison between the center of mass (blue dots) and the maximum 

peak position (gray dots) of the 007 rocking curves under sub-coercive electric fields. 

(b, c) Two selected rocking curve profiles: the systematic change of asymmetry can be 

related to two components moving against each other.  

 

The question can be answered by starting to compare between the averaged peak 

position (center of mass) and the maximum peak position from the measured rocking 

curves (Figure 6.9(a)). Since the mean value is the first moment, the center of mass 

positon of the rocking curve can be calculated by,  
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𝜇	 = 	
𝑓(𝜔) ∙ 𝜔 𝑑𝜔

𝜔 𝑑𝜔
 (6-9) 

The maximum peak positions are evaluated using a parabolic fit for the selected seven 

top points of the rocking curves. 

The averaged peak positions are shifted to the low (high) angular positions with respect 

to the maximum peak positions at the positive (negative) electric field, respectively 

(refer to Figure 6.9(a–c)). Since the rocking curves change asymmetrically, it can be 

assumed that the rocking curve is the sum of two symmetrical components which can 

be considered as inversion domains. However, it is difficult to fully separate the rocking 

curve profiles into two peak components as a function of time/electric field because the 

rocking curves are too close to each other. 

The asymmetric feature can be alternatively considered through a 3rd moment of the 

rocking curve such as a skewness coefficient; the 𝑚-th moment of a curve f(𝜔) is 

described by,  

𝑆(o) = 𝑓 𝜔 ∙ 𝜔 − 𝜇 o 𝑑𝜔
ê

'ê
 (6-10) 

where 𝜇 is the center of mass of the rocking curve.  

Assumed that the rocking curve is the sum of two components which are moving in the 

opposite direction (see Figure 6.10(a)), the skewness of the peak can be approximated 

as follows,  

𝑆(�) ≈ 3 ∙ 𝐼H ∙ 𝑆H
(D) 𝜇H − 𝜇 − 𝑆D

(D) 𝜇D − 𝜇  (6-11) 

where 𝜇H and 𝜇D is the center of mass of each peak, respectively. 

According to Equation (6-11) the skewness S(3) can plot as a function of the center of 

mass position. The center of mass position 𝜇 with respect to the applied electric field is 

non-linear (Figure 6.10(b)), but the skewness on the 𝜇  indicates linearity (Figure 

6.10(c)). Therefore, both 𝜇H and 𝜇D have the linear functions with respect to the 𝜇 as 

follows,  
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𝜇H = 𝐴H ∙ 𝜇 + 𝐵H					, 𝜇D = 𝐴D ∙ 𝜇 + 𝐵D (6-12) 

where A1, B1, A2, and B2 are constants. 

The results thus answer that the strain-field dependence in each for the individual 180° 

domains also show the non-linearity. Therefore, this study can conclude that the non-

linearity of the field-induced strain at weak electric field stems from the dynamics of the 

inversion domains.  

 

 

Figure 6.10 Asymmetry of 007 rocking curves on SBN50 crystal at weak electric fields. 

(a) A Schematic drawing for the dynamics of inversion domains moving in the opposite 

direction. (b) The center of mass position of the rocking curves as a function of the 

applied electric field: It is shown the non-linearity and clockwise strain–field hysteresis. 

(c) Skewness S(3) as a function of the center of mass position 𝜇 of the rocking curve: It 

is clearly shown the linearity.  
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the nucleation of small inversion domains and exhibits a dramatic enhanced 

piezoelectric activity originating from the correlation between the domain size and the 

lattice parameters. This study was also able to observe the dynamics of the inversion 

domains at weak electric fields, which clearly show the non-linearity of the field-induced 

strain.  

These results show that the enhanced electromechanical couplings may arise from the 

mechanism which does not require any other ferroic ordering than the ferroelectric one. 

Thus, the possibility of activating this mechanism in other materials, and even under a 

weak electric field, will open a new way to design high performance piezoelectric 

materials.  
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Chapter 7  

Time-resolved X-ray powder diffraction study of BaTiO3-based 
ferroelectric ceramics: Polarization reversal and strain 
response under an alternating electric field  

 

This chapter investigates the polarization-strain coupling properties in a BaTiO3-based 

polycrystalline ferroelectric ceramic under an alternating electric field. The stroboscopic 

time-resolved high-energy X-ray powder diffraction technique (refer to Chapter 4) could 

help to obtain highly precise measurements of the lattice strain and the electric field-

induced polarization reversal as measured the changes of the intensity with respect to 

Friedel pair due to the resonant scattering.  

 

7.1. Introduction  

It is well known that the enhanced electromechanical coupling and dielectric properties 

of ferroelectrics arise from the spontaneous polarization of their non-centrosymmetric 

crystal structures and the ability of switching between two or more polarization states 

under applied electric fields.  

The relationship of the structure property with the polarization switching is known as 

more complex because of the several combined processes which involve several 

length and time scales. Such processes can be from both intrinsic and extrinsic 

mechanisms, the polarization rotation effects and the interaction with other neighbor-

grains. Understanding of those effective factors can be the key points to develop new 

materials with the enhanced physical properties. However, existing experimental 

methods for investigating the dynamics of the polycrystalline ferroelectric ceramics lack 

the capability to simultaneously measure the multiple processes in a broad range of 

length and time scales.  

An electric field-induced structural inversion in ferroelectrics can occur via different 

mechanisms. One can be a motion of domain wall separating 180° domains with an 

antiparallel spontaneous polarization each other. Moving 180° domain wall under an 

applied electric field can cause changes of volumetric ratios of oppositely polarized 

domains. The second one may follow intermediate steps such as 90° domain's 
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inversion in ferroelectrics because the structural inversion with respect to the 

polarization reversal can be observed from the intensity variations. 

 

 

Figure 7.1 A schematic illustration of breaking Friedel's law. (a) Friedel's law [167] is 

fulfilled in the absence of the anomalous dispersion. (b, c) If the atoms are scattered 

anomalously, the phase relationship or/and the amplitude are broken.  

 

The experimental observation of the Freidel pair contrast is however a bit challenging 

and requires precise measurement of the reflection intensities, because the Friedel pair 

contrast is small. For this reason, the method has been applied so far at single crystals 

[168] and epitaxial thin films [169,170]. Although the measurement of the Friedel pair in 

single crystals give some benefits, there are many factors (i.e. absorption, extinction 

and multiple scattering factors) which can restrict the precision for successful 

measurements [168–171].  

On the other hand, both extinction and multiple scattering effects are absent in the case 

of the powder diffraction because typical powder grain sizes are below the critical 

length of dynamical scattering. However, measurement of such Friedel pair contrast 

using powder diffraction has never been considered, in spite of the fact that the 

crystallographic structure of their powder grains can be actively inverted by an 

application of external electric field in the same manner as single crystals.  

BaTiO3-based ferroelectric ceramics are one of interesting systems, so that a 

separation of multiple mechanisms for the polarization reversal process is a particular 

challenge [172]. For this reason, the tetragonal 0.94BaTiO3-0.06BiZn0.5Ti0.5O3 (BT-BZT) 

perovskite-based ferroelectric ceramics are selected. Since the bulk information can be 

an important key for studying the multi-scale phenomena, a high-energy X-ray beam 
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(30 keV) was used for this experiment, which enables significant penetration depths 

into the bulk ceramic material. The data were simultaneously observed the polarization-

field hysteresis loops and the {111} powder Bragg reflection. Therefore, the observing 

results can give crucial evidences for the polarization reversal phenomena. Moreover, 

based on the measured data a model corresponding displacement of atoms in the unit 

cell is suggested.  

 

7.2. Experiments  

The ceramic samples of composition 0.94BaTiO3-0.06BiZn0.5Ti0.5O3 (BT-BZT) were 

prepared using a conventional solid states reaction method [172]. The dimension of the 

sample is 1.10 mm (between the electrodes) × 1.23 mm (along the incident X-ray beam) 

× 8.60 mm (length; perpendicular to the beam). On both surfaces the electrodes were 

painted using silver paste.  

The measurements were performed at the ID22 beamline of the European Synchrotron 

Radiation Facility (Grenoble, France) with the energy 30 keV (𝜆 = 0.3998 Å) [103]. The 

scattering angle of the (111) Bragg reflection was 2𝜃  = 9.9°. The ID22 beamline 

provides a multi-analyzer crystal detector system, thus the strain can be measured 

because of the high angular resolution of 0.003°. An avalanche photo diode (APD) 

detector was used, which possesses the sensitivity and dynamic range necessary to 

measure the small intensity changes.  

The sample was mounted on the specially designed sample holder (see Figure B.2 in 

Appendix B) in which the electric field was applied perpendicular to the incident X-ray 

beam. The experimental setup was shown in more detail in Figure 4.4 (Chapter 4). 

Figure 7.2(a) shows a schematic view of the mounted sample and represents the angle 

(𝜃 = 4.95°) between the applied electric field direction and the scattering vector. Since 

the the linear attenuation coefficient of the used wavelength is 40 cm-1, about 0.73 % of 

the beam is transmitted through the sample. In this experiment, the diffraction profiles 

regarding the individual {111} grains are measured, so that the scattering vector is 

almost parallel to the direction of the applied electric field (Figure 7.2(a)). If the elastic 

interactions from neighbor grains are absent, only 180° domain wall motion can be 

expected in these grains (refer to Figure 7.2(b)).  
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Figure 7.2 (a) A sketch of experimental geometry: the diffraction from {111} oriented 

powder grains. Here, the electric field is applied vertically and aligned at the 𝜃 = 4.95° 

to the [111] direction of the scattering vector. (b) Two-dimensional schematic drawing 

of the {111} powder grains; the spontaneous polarization (PS) is align along the 

crystallographic c-axis.    

 

The cyclic bipolar electric fields with 50 Hz repetition rates are applied to the sample 

using both a function generator (HMF-2550, Hameg) and a high voltage amplifier 

(AMT-3B20, Matsusada). Each cycle of the applied electric fields is generated as 

PUND (positive-up negative-down) type, which has a pair of positive and negative 

pulses (each pulse is 2 ms long) with the maximum amplitude of ±27 kV/cm. Such 

double-pulse waveforms provide that the first pulse can probe the ferroelectric 

switching and the second pulse probes the purely dielectric response. The time-

resolved X-ray diffraction data were acquired using a custom-built stroboscopic multi-

channel analyzer data-acquisition system down to the nanosecond time scale, which is 

described in more detail in Chapter 4. In this experiment, the implemented system 

provides 10000 time-channels with 2 µs resolution. In order to improve the counting 

statistics at a temporal resolution (i.e. time-bin size) of 40 µs, each 20 neighboring 

channels were binned finally. The diffraction profiles were measured in a step mode, 

which involves 0.0005°/step and 10 second exposure per step. The scans were 

repeated 19 times, which satisfied the requirement for a good counting statistics. The 

entire data were collected for approximately 18 hours.  
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7.3. Experimental results  

 

 

Figure 7.3 Time-resolved X-ray powder diffraction of BT-BZT under applied electric 

fields. (a) The {111} diffraction intensity as a function of time and diffraction angles; the 

dashed lines show the switching times indicating the maximum of peak position 

(minimum of the lattice spacing). (b) The time dependence of the applied electric fields 

(±27 kV/cm) and the obtained electrical currents.  

 

Figure 7.3 shows the observed time-resolved {111} powder diffraction profiles of the 

BT-BZT sample under an alternating electric field. The applied electric double-pulses 

profiles are shown in Figure 7.3(b) as red line. The first pulse induces the ferroelectric 

switching but the second pulse cause the pure dielectric response only (see the blue 

line of the Figure 7.3(b)). Thus, the response of the material can be measured as the 

ferroelectric and piezoelectric feature, respectively. The observed diffraction profiles 

𝑓 2𝜃, 𝑡  are analyzed to integrated intensities and extract the center of mass peak 

positions according to,  

𝐼 𝑡 = 𝑓 𝑥, 𝑡 𝑑𝑥 					 , 2𝜃 𝑡 =
1
𝐼 𝑡

∙ 𝑥 ∙ 𝑓 𝑥, 𝑡 𝑑𝑥 (7-2) 

All data analysis performs using MATLAB (The MathWorks Inc., Natick, MA, USA) 

software. Figure 7.4(a) shows the extracted averaged peak positions and intensity 

variations as a function of time.  
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Figure 7.4 (a) The time dependence of the observed averaged peak positions and 

intensity variations. (b) The field-induced strain curve (changes of 𝑎HHH lattice spacing) 

shows a typical butterfly hysteresis loop, involving two different piezoelectric 

coefficients. (c) The field dependence of the integrated intensity changes.  

 

Figure 7.4(b) shows the strain as a function of the applied electric fields.  The strain 

values can be calculated by,  

Δ𝑎HHH
𝑎HHH

= −
1

2	 tan 𝜃
Δ2𝜃  (7-3) 

Here, the averaged peak position Δ2𝜃  can be defined by the single {111} lattice 

spacing 𝑎HHH =
ò

D	 óôõ ö
 where 𝜆 is the X-ray wavelength.  

In Figure 7.4(b), the coercive field for polarization reversal considering the response of 

the lattice strain can be directly found, which is defined by the minimum of the 𝑎HHH 𝐸  

so that the EC = 13 kV/cm. Through this result, the piezoelectric constant can be 

calculated during the linear strain–field curves (the arrows in Figure 7.4(b)),  

𝑑HHH =
1

𝑎HHH
𝜕𝑎HHH
𝜕𝐸

 (7-4) 
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The piezoelectric response shows a 6.5 times higher value during the polarization 

switching time intervals compared to the value measured elsewhere. The polarization 

response can be analyzed using the observed integrated intensity variations of the 

diffraction profiles (Figures 7.4(a) and (c)) through the change of the structure factors in 

the unit cell. Particularly, the field-induced integrated intensity changes after the first 

switching pulses can be an evidence for the polarization reversal and the breaking of 

Friedel’s law due to the resonant scattering. Thus, two different types of polarization 

states can be considered from the resonant intensity changes (as marked in Figure 

7.4(a)), which are 𝑃& = −𝑃'  and 𝑃5& = −𝑃5' . These two states indicate the mutually 

reversed polarization states on the field-applied and zero-field (remnant) states 

respectively. The ~1 % intensity difference between positive and negative states 

significantly exceeds the 0.2 % uncertainty estimated from the Poisson statistics. The 

results of the integrated intensity changes as a function of the applied electric field are 

shown in Figure 7.4(c).  

The results, which can simultaneously measure the lattice strain and the polarization 

reversal phenomena using the stroboscopic data-acquisition technique, could open a 

new insight into the investigation of the dynamics of the ferroelectric ceramics under 

the rapidly applied electric field. Figure 7.5 shows a detailed information in terms of the 

structural responses during the negative (a, c) and positive (b, d) switching fields.  

 

 

Figure 7.5 Time dependence of the strain (a, b) and the integrated intensity (c, d) 

during two intervals, which are the negative (a, c) and the positive (b, d) switching 

pulses. Three time regions (T1, T2, T3) are showing the switching procedure.  
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The polarization reversal process can be distinguished in three time intervals (marked 

in Figure 7.5) as follows:  

(1) T1 (red) - where the weak electric field opposes the initial polarization direction,  

(2) T2 (dark-blue) - where the applied electric field exceeds the coercive field and 

switching is evidenced by the fast change to the piezoelectric response,   

(3) T3 (bright-blue) - where the switching progress has completed and the electric field 

is parallel to the polarization direction. 

Figure 7.6 show the field-dependent lattice response during the switching progress, 

that can be inferred for the dynamics of the structural inversion process on the 

polarization reversal. The interesting thing is that the lattice strain (grey diamonds) 

linearly changed under the applied electric field, but the polarization response (blue 

dots) shows a different way; i) the atomic displacements are larger when the electric 

field is parallel to the polarization direction while ii) they have smaller when the field 

direction is opposite to the polarization. Through this important key in terms of the 

polarization reversal process, a possible structural model for the polarization reversal 

process can be considered. 

 

 

Figure 7.6 A detailed information of the strain (a, b) and intensity (c, d) response as a 

function of two intervals, which involve the negative (a, c) and the positive (b, d) 

switching pulses.    
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(1) Either the polarization reversal must occur at time scales less than the 2 µs time, 

which is the resolution of this experiment, or  

(2) The structural inversion does not occur homogeneously and the normalized 

polarization 𝑝 never passes through zero state in the sampled grains.  

Because prior works have not given abundant evidence of homogeneous switching and 

reported switching processes occurring on the µs time scale, this study can conclude 

that the polarization reversal is likely to follow a 180° domain wall motion mechanism, 

upon which the volumetric ratios of the states 𝑃5&  and 𝑃5'  are modified under the 

applied electric fields.  

 

7.5. Conclusion  

This experiment combined the techniques between the resonant X-ray diffraction and 

the developed stroboscopic data-acquisition system. The combination allowed to 

measure the dynamics of the structural responses regarding to the intrinsic strain, the 

spontaneous polarization and the dielectric response in BT-BZT ferroelectric ceramics. 

For the first time, the results have shown that it is possible to measure Friedel pair 

contrast using high-energy X-ray powder diffraction. Because the ℎ𝑘𝑙 and −ℎ − 𝑘 − 𝑙 

powder rings exactly overlap with one another, the conditions at which the violation of 

Friedel's law can be observed using a powder diffraction are very rare. However, the 

conditions can only be realized if,  

 

(1) A structure of individual powder grains can be actively inverted during the 

measurement and  

(2) The intensity of powder diffraction patterns is high enough to detect the small 

difference. With the current study, the method has become accessible for investigation 

of ferroelectric powders under alternating electric field and at high energy of the X-rays.  

 

In summary, this study showed that a homogeneous spontaneous polarization of BT-

BZT sample can be considered by the averaged displacement of A and B cations by ~ 

0.2 Å along the polar axis relative to the oxygen octahedra. In doing so, this experiment 

provided the evidence that the polarization reversal must be completed during a time 
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interval that is either shorter than 2 µs (time resolution of the experiment) or, if not, 

likely to occur through 180° domain wall motion. The used method in this experiment 

opens a new strategy for determining structural inversion mechanisms in ferroelectrics.  
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Chapter 8 

Summary 

 

This thesis described the investigation of the field-induced strain and domains 

dynamics in single crystal and ceramic ferroelectrics under an alternating electric field 

using a combination of synchrotron X-ray diffraction and the custom-built stroboscopic 

data-acquisition systems. This approach was applied to two different material systems: 

ferroelectric single crystals (Na0.5Bi0.5TiO3 and Sr0.5Ba0.5Nb2O6) and BaTiO3-based 

polycrystalline ceramics.  

Chapter 4 introduced the new data-acquisition systems allowing for various successful 

experimental strategies. The developed systems are mainly distinguished by the pros 

and cons with respect to the state-of-the-art detector types: single-photon counter (e.g. 

scintillation counter, avalanche photo diode (APD) detector, etc.) and pixel area 

detector (e.g. Pilatus, Eiger etc.). One system using the single-photon counter has the 

advantage of providing a high-angular resolution (sub-millidegree) and fast-time 

resolution (nanosecond), whereas the other system using the pixel area detector can 

define its time resolution via the frame acquisition rates (e.g. a few milliseconds) 

defined by the detector specification. The latter is able to measure a large area in 

reciprocal space. The design of the systems, as well as the LabVIEW- (National 

Instruments Inc., Austin, TX, USA) and MATLAB-based (The MathWorks Inc., Natick, 

MA, USA) control software programs, is suitable for further development. The following 

chapters represented the successful research results using the innovative experimental 

strategies.  

Chapter 5 investigated the monoclinic lattice distortion in the Na0.5Bi0.5TiO3 single 

crystal under an applied alternating electric field using a synchrotron-based high-

resolution time-resolved single crystal X-ray diffraction method. The results showed the 

characteristic diffraction features of the monoclinic distortion − splitting of specific Bragg 

reflections − and their changes under the applied external electric fields. In order to 

analyze this feature, a crucial model, which is a direct coupling between the monoclinic 

strain and the polarization rotation, was considered. The good agreement between the 

observed and simulated monoclinic distortion parameters could imply that the 

piezoelectric effects, corresponding to the relationship between the field-induced lattice 

strain and polarization rotation, are intrinsic, rather than extrinsic, origin. This chapter 
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concluded that the observed polarization rotation contributed to the intrinsic 

piezoelectric effect up to ~50 pC/N. 

Chapter 6 studied the enhanced electromechanical coupling of a uniaxial 

Sr0.5Ba0.5Nb2O6 ferroelectric single crystal under an alternating electric field using time-

resolved single crystal X-ray diffraction. The structural origin of the enhanced 

piezoelectric activity in ferroelectrics remains poorly understood because of the lack of 

appropriate experimental techniques and the mixing of different mechanisms related to 

ferroelectricity and ferroelasticity. The uniaxial ferroelectrics only form 180° domains 

with the opposite polarization direction because the appearance of ferroelastic strains 

is restricted by symmetry. Therefore, the interrelation between piezoelectricity and 

ferroelectricity can be clearly investigated in a well-defined manner. In this study, a 

hidden mechanism in the bulk system was observed: it suggests that the highest 

piezoelectric activity is realized in the volumes where nucleation of small ferroelectric 

domains takes place. This newly suggested mechanism can create a new roadmap for 

designing novel functional materials with enhanced piezoelectric properties.  

Chapter 7 investigated the multi-scale structural origin of electric field-induced strain 

and polarization switching in the perovskites BaTiO3-BiZn0.5Ti0.5O3 (BT-BZT) 

polycrystalline ferroelectrics. This material is a prototypical of a lead-free piezoelectric 

with a complex switching mechanism, since electromechanical couplings in 

ferroelectrics extend over several length scales and a broad range of time domains: 

from the atomic scale to the macroscopic device. In order to investigate the relationship 

between the field-induced strain and polarization reversal phenomena, this study 

implemented a resonant X-ray scattering where the diffraction peaks between Friedel 

pairs were observed with small differences of the integrated intensity. The combination 

of synchrotron high-energy X-ray powder diffraction and the custom-built new 

stroboscopic data-acquisition system could lead to direct and simultaneous 

measurement of both lattice strain and polarization reversal under an alternating 

electric field. This strategy gives the benefit of combining spectroscopic and diffraction-

based measurements into a single and robust technique with a time resolution of down 

to the nanosecond scale, thus it opens a new window into in situ structure-property 

characterization that probes the full extent of ferroelectric phenomena. 

Finally, this thesis demonstrated that the combination of the stroboscopic multi-channel 

analyzer data-acquisition system and X-ray diffraction is a very powerful tool to 

investigate the field-induced strain and domain dynamics in ferroelectrics under an 

alternating electric field. This type of study can give deep insights into the origins of 
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electromechanical coupling in piezoelectric/ferroelectric materials with a view to 

designing new functional materials with enhanced physical properties.  
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Appendix A. Installation/Operation of the data-acquisition 
systems 

 

This appendix describes how to install and operate the data-acquisition systems for the 

experiments. The systems were mainly constructed by Stefan Heidbrink, Marco Vogt, 

Jens Winter, and Michael Ziolkowski (Electronics Laboratory, Department of Physics, 

University of Siegen, Germany). 

 

A.1. Installation/Operation for the first data-acquisition system (FPGA-board, 
version 2010) 

The installation of the first data-acquisition system is described as follows (see Figure 

A.1):  

(a) The external trigger clock signal is connected between the function generator 'TRIG 

OUTPUT' and the FPGA-board 'BLACK WIRE ((1) in Figure A.1(a))', using the LEMO 

cable and adapter. The amplitude should be within 3.0 ~ 3.3 V.  

(b) The detector pulse from the discriminator 'TTL NIM OUTPUT' is connected to the 

FPGA-board 'BLUE WIRE ((2) in Figure A.1(b))' using the LEMO cable and adapter. 

The amplitude should be within 3.0 ~ 3.3 V.  

(c) The diffractometer movement trigger signal from the specified MOTOR TRIGGER 

signal, which provided at the beamlines, is connected to the FPGA-board 'BLUE WIRE 

((3) in Figure A.1(c))' using the LEMO cable and adapter. The amplitude should be 

within 3.0 ~ 3.3 V.  

(d) The 'SIGNAL OUTPUT' of the function generator is connected to the high-voltage 

amplifier 'Vcon-in'. This output signal should be set to high-impedance, not 50 Ω 

termination. The output factor of the high-voltage amplifier is 300 times (e.g. ±10 V → 

±3 kV).  

(e) The applied high-voltage signal on the sample can be monitored using the 

oscilloscope system. The 'Vmoni' of the high-voltage amplifier is connected to any 

channel of the oscilloscope. The data can be recorded as the '.CSV' format.  
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(6) Finally, the USB port (GREY WIRE) is connected into the portable computer to start 

the control program (LabVIEW-based program). 

 

 

 

Figure A.1 A schematic diagram of the installation for the first data-acquisition system, 

which involves a function generator (HMF-2550, Hameg), a high voltage amplifier 

(AMT-3B20, Matsusada), an oscilloscope (HMO-3004, Hameg), and a FPGA-board 

(version 2010). 
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After all connections are complete and the power of the devices has been checked, 

then the LabVIEW-based control program can be opened. Figure A.2 shows a screen 

shot of the control program panels. After opening the program, the parameters for the 

measurement are input as follows:  

(a) '# time-slices to be read-out': This corresponded to the number of channels to be 

read out for the data. This system allows for a maximum of 10000 channels. The 

program is set to one quarter of the total number of channels. Examples are given in 

Table A.1.  

(b) 'time-window-width-in-10ns': This parameter defines the time resolution. The width 

of a channel cannot be smaller than 100 ns for this FPGA-board (version 2010). Here, 

the number '10' means 100 ns resolution for each channel. Thus, it should be kept its 

number for the minimum time resolution. The available numbers are shown in the 

examples in Table A.1. 

 

 

Figure A.2 A screen shot of the parameters in the LabVIEW-based control program: 

(a) time-slices to be read-out, (b) time-window-width-in-10ns and (c) the number of 

data points in a scan.  
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(c) '# of data packets per file': This is related to the angular step numbers. For example, 

if the diffraction peak is measured with 61 steps, then this number should be input into 

this panel. 

 

After all of these parameters into the program panels are input, then the stroboscopic 

time-resolved diffraction measurements can be started by clicking the two buttons 

shown in the Figure A.2. The clicking number '(1)' button tells the system: 'we are ready 

to measure!'. After this, simultaneously press the 'START' button (the number '(2)') with 

the X-ray diffraction control software (e.g. SPEC program).  

 

 

 

 

Frequency 

(Hz) 
2000 1000 500 100 50 20 10 

# time-slice 1250 2500 2500 2500 2500 2500 2500 

time-window 10 10 20 100 200 500 1000 

Table A.1 Examples of the input parameters for the stroboscopic measurements with 

the different repetition rates (i.e. the external electric fields).  
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A.2. Installation/Operation for the second data-acquisition system (FPGA-board, 
version 2016) 

This section describes the operation of the new developed data-acquisition system and 

the control program.  

Firstly, connect all the signals from (1) the discriminated detector pulses, (2) the 

external clock trigger and the diffractometer movement into the FPGA-board using the 

LEMO cable and adapter (see Figure A.3(a)). The amplitude of all signals should be 

within the 3.0 ~ 3.3 V ranges.  

  

 

Figure A.3 Photographs of the new data-acquisition system (FPGA-board, version 

2016). (a) Top view of the system: (1) connectors for 12 detectors, (2) input for the 

external trigger signal '(T)' and the diffractometer movement signal '(D)', (3) USB port 

for connecting to the control computer, (4) power supply. (b) The part of the LEMO 

connectors in the system: the numbers from '(1)' to '(12)' are connected from the 

discriminated detector pulse(s).  

 

After the USB port ((3) in Figure A.3(a)) is connected to the control computer, the 

stroboscopic diffraction measurements can be started using the LabVIEW-based 

control program (see Figure A.4) as follows:  
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(i) The measurement parameters are input on the 'Setup' panel (red box '(1)' in Figure 

A.4).  

1) 'Com Port': It needs to find the connected USB port and hence needs to select the 

'refresh' on this panel. This will find the current connected port. 

2) 'HV Period': This parameter corresponds to the cyclic external electric field period. 

The unit is set to microseconds. Since this system has the maximum 10000 channels 

with 10 ns resolution for each channel, the default value is set to 100 µs. For example, 

if the measurement performs with 1 kHz periodic electric field, then it needs to input 

1000 µs in this parameter. Accordingly, the system automatically re-bins to 100 ns time 

resolution.  

3) 'Angle Steps': This related to the angular step numbers for each diffraction scan.  

4) 'Repetitions': This parameter corresponds to the repeat numbers: how many times 

the measurements need to make scans for the diffraction peak (e.g. rocking curves).  

(ii) After input all of the experimental parameters, the measurement can be started to 

press the arrow button (number '(2)'). An advantage of this system is to wait the next 

incoming diffractometer movement trigger. Consequently, all trigger signals are 

synchronized when the diffraction measurement is started on the SPEC program.  

 

Figure A.4 A screenshot of the LabVIEW-based control program for the new system.  
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A.3. Installation/Operation for the microcontroller-based third data-acquisition 
system  

This section demonstrates how to install/operate the microcontroller-based data-

acquisition system. The microcontroller can synchronize with the 2D area detector (e.g. 

Pilatus, Eiger, etc.) triggering rectangular pulses (exposure time of the acquisition 

frames) and generate the step-like output voltage signals the same as a function 

generator. Figure A.5 shows an illustration of an installation of this data-acquisition 

system.  

 

Figure A.5 A schematic drawing for the installation of the microcontroller-based data-

acquisition system (details are explained in the text). 
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The procedure for system setup is described as follows:  

(a) 'Detector trigger pulse(s) input unit': The acquisition frame (exposure time) is set to 

the width of a rectangular pulse, which is directly controlled by the detector software. 

The amplitude of the pulse should be between 3.0 ~ 3.5 V.  

 

 

Figure A.6 A schematic illustration for the process of the convertor and amplifier unit: 

refer to the part '(b)' in Figure A.5.  

 

(b) 'Convertor and Amplifier for DAC (Digital-Analog-Convertor) signals unit': This is 

one of the important units for this data-acquisition system. The microcontroller actually 

involves the DAC itself, which provides logic signals (0 V → 3.5 V). However, it needs 

to generate a bipolar voltage output signal. For this reason, it should be added an 

additional amplifier unit (home-built orange PCB-circuit and power supply). Two power 

supplies are used to provide over DC ±4.8 V, respectively. In this setup, both power 

supplies are set to 9 V. The power supplies were supported by the Swiss-Norwegian 

Beamline (SNBL) BM01 of the European Synchrotron Radiation Facility (ESRF). Figure 

A.6 shows a schematic diagram for this amplifier unit.  

(c) 'Voltage signal(s) output unit': After the amplification from unit corresponding to the 

'(b)' step, the microcontroller accordingly generates the step-like bipolar output voltage 

signals up to ±4.8 V with 4095 steps (see Figure A.6). 
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(d) 'Control program unit': The microcontroller is a programmable system, which is 

operating the contents of a '.CFG' file. The file can be transferred from the PC to the 

microcontroller by the 'Microsoft Visual C# program'. Figure A.7 shows one example of 

the format of the contents, which involve the desired output voltages with the given 

steps. These files can be generated by the MATLAB program.  

 

 

Figure A.7 An example of the description for generating a desired output voltages with 

given steps. The first column is the starting step number. The second column is the 

desired output voltage values in mV. The last column is the next step number. Here, 

the important thing is that the last step number '0' of the third column should be same 

as the number '0' of the first step in the first column. Therefore, the output voltages are 

generated as a periodic.  

 

The control program can be run on the Console Host in Microsoft Windows 7 (or later 

versions). The operating procedure is as follows:  

(1) Open the command terminal window on the Console Windows Host.  

(2) Go/Run to '[Path]\ control.exe FILENAME.CFG [COM]'. Here, the 'COM' means a 

serial interface in Windows environments.  
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After these commands, the system is now ready to start taking measurements: press 

the key 'S' to 'START' the measurement and press the key 'E' to 'STOP' the 

measurement, respectively.  
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Appendix B. Drawings of the designed sample holders 

 

B.1. Sample holder I (for single crystals) 

 

 

Figure B.1 A sketch of the sample holder I for mounting single crystals. (a) Drawing 

the Aluminum plate. (b) PCB-board design for mounting crystal. The dimension is 

millimeter. (c) Photograph of the assembled sample holder I. 
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B.2. Sample holder II (for polycrystalline samples) 

 

 

Figure B.2 A sketch of the sample holder II for mounting polycrystalline samples. This 

holder has designed for the powder diffraction experiments. (a-b) Drawing the 

aluminum plates. The dimension is millimeter. (c) Photograph of the assembled 

sample holder II.  
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Figure C.1 A schematic diagram of the fitting process for the observed two-

dimensional reciprocal space maps (details are explained in the text).  

 

(6) From Step (5), the overall values (integrated intensities, peak positions, peak 

widths) for both peaks can be calculated. Accordingly, all initial parameters are ready to 

fit the two-dimensional maps with two components. (see Figure C.1(e))  

(7) Finally, the observed data are doing the fitting procedure using the 2D Moffat 

distribution functions (refer to Equation (5-1)) as a function of time and electric field. 



   

 

139 

The initial parameters for each time step can be set from Steps (2) – (6). (see Figure 

C.1(f))  

 

 

C.2. The fitting results for all parameters 

 

 

Figure C.2 The fitting results for all parameters: Averaged peak positions and Peak 

widths (for the X-, Y-component); Integrated intensities and Peak shapes.  
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Appendix D. Animations of the time-resolved two-dimensional 
reciprocal space maps and a model of the monoclinic distortion  

 

The animations in this appendix are supplementary materials for the results in Chapter 

5. Each animation is in 'mp4' video codec format. All video files are able to download in 

online.  

 

 

Video D.1 All time-resolved 𝜔 versus 2𝜃 intensity reciprocal space map around {004} 

reflections as a function of time and electric field with 100 Hz repetition frequency. 

         (VideoD_1.mp4; 

https://www.dropbox.com/s/iho2imlsrew96fs/VideoD_1.mp4?dl=0) 

 

Video D.2 All time-resolved reciprocal space maps: (left) the measured data; (right) the 

results of the best fit by the superposition of two 2D Moffat distribution function.  

        (VideoD_2.mp4; 

https://www.dropbox.com/s/dc9023121emt31b/VideoD_2.mp4?dl=0) 

 

Video D.3 An animation of a model for the monoclinic distortion and the polarization 

rotation, as shown in Figure 5.6(a).      (VideoD_3.mp4; 

https://www.dropbox.com/s/8wk7utf5qo1zruk/VideoD_3.mp4?dl=0) 

 

Video D.4 Comparison between (left) schematic dynamics of 12 monoclinic domains 

(Table in Section 5.4.2) and (right) the observed reciprocal space maps.   

         (VideoD_4.mp4; 

https://www.dropbox.com/s/hes7rjqi5u2dqki/VideoD_4.mp4?dl=0) 
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Appendix E. Time-resolved rocking curves of Sr0.5Ba0.5NbO6 
under an alternating electric field 

 

 

Figure E.1 Selected rocking curve profiles which are able to separate with two peak 

components, and hence the study of domain dynamics could be possible using the 

peak separation under two different time intervals. All time-resolved data are shown on 

Video E.1         (VideoE_1.mp4; 

https://www.dropbox.com/s/31n116fasfi8w2n/VideoE_1.mp4?dl=0).  
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