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MPB         Morphotropic phase boundary 

TGS         Triglycine sulphate 

SBN         Strontium barium niobate 

PZT          Lead zirconate titanate 

FA          Formamidium 

MA          Methylammonium 

DMA        Dimethylammonium 

PCE         Power conversion efficiency 

MOF         Metal – organic frameworks 

PNRs        Polar nano regions 
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BT                    BaTiO3 
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0.25BT/KN              0.75BaTiO3 – 0.25KNbO3  

ST/KN                 0.75SrTiO3 – 0.25KNbO3 

BT/BT                 
2

3
BaTiO3 – 

1

3
BaTiO3 
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2

3
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1

3
BaTiO3 

MAPbI3                 CH3NH3PbI3 

MAPbBr3               CH3NH3PbBr3 

MAPbCl3               CH3NH3PbCl3 

MA/DMAPbBr3          (CH3NH3)1-x ((CH3)2NH2)x PbBr3 

DMAZn(HCOO)3         [(CH3)2NH3][Zn][(HCOO)3] 
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1. Introduction 

Perovskites are a class of solid-state compounds with a structure of the 

mineral perovskite, CaTiO3. Perovskites as a group were studied since the 

middle of the XX century, when first perovskite ferroelectric BaTiO3 was 

discovered. Since then a large number of different perovskites were 

synthesized with a huge verity of properties, such as ferroelectricity, 

piezoelectricity, superionic conductivity, high electric and thermal 

conductivity, high tensile strength, tunable refractive index and many more. 

In some cases, perovskites may exhibit several desirable properties such as 

ferroelectricity and ferromagnetism (multiferroics) for memory devices.   

One of the most appealing features of the perovskite structure is the ability 

to tune perovskite ABX3 structure by substituting A, B and X cations and 

anions with other ions. This widens the possibilities but also can produce very 

complex AxAx-1ByBy-1XzXz-1 systems. Due to complexity the nature of the 

desirable characteristics is not clear. Relaxor ferroelectric is an example of a 

mixed system. The key feature of relaxor ferroelectric is very high dielectric 

permittivity value and very slim hysteresis loops although till this day scientist 

argue to explain the behaviour.  

In some mixed systems for example in PbZrxTi1-xO3 an increase in 

piezoelectric and ferroelectric properties can be observed. This is usually 

attributed to the stressed lattice that is created due to different PbZrO3 and 

PbTiO3 sub lattice sizes.  Although many elements can be substituted in ABX3 

perovskite system, it is still limited by Goldschmidt tolerance factor (which 

describes perovskite stability based on atomic radius). Thus, in some cases a 

composite with bulk hetero epitaxial interface may be desired. In such system 

a thin layer of a shell compound surrounds and stresses the lattice of a core 

compound which may result in improved overall properties. Therefore, in the 

first part of this work we focus on BaTiO3/KNbO3, BaTiO3/ BaTiO3 and 

BiFeO3/BaTiO3 core/shell systems.  

Perovskites may also have organic counterparts in A, B or X position.  

Recently considerable attention was given to perovskite with organic 

counterparts CH3NH3PBX3 (I, Br, Cl) due to remarkable performance in solar 

cell industry. It was suggested that the reason for the high performance of as 

solar cell absorbers is due to ferroelectricity although no concrete evidence 

was provided. Misconception about ferroelectric nature of organic perovskites 

is quite common thus it will be addressed in several chapters. Moreover, it 

was observed that a small amount of (CH3)2NH2 (DMA) in A position greatly 
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increases the stability of CH3NH3PBX3 although the solar cell efficiency 

decreases. Such systems are complicated and considerable attention is 

required in understanding the effect of the cation and anion replacement.  

In this work broadband (10-2 - 1011) dielectric spectroscopy results for 

different perovskites systems from simple inorganic to complex organic will 

be presented. The experimental investigation is focused on the structural phase 

transition, dipolar relaxations, effect of mixing organic cations and the strain 

effect in inorganic core - shell composites. Further we will discuss the issue 

of the ferroelectricity in the organic perovskites. 

 

1.1 Aim and tasks of the work 

The aims of this work are to investigate the effect of the composite core – 

shell structure to dielectric permittivity in perovskite systems, examine effect 

of mixing different cations and determine the types of the structural phase 

transitions in measured organic perovskite systems.      

The following tasks were formulated to achieve the aims of this work: 

●  To investigate the dielectric properties of core – shell system of BT/KN 

(BaTiO3/KNbO3) in the broad frequency and temperature range, perform 

ferroelectric study and calculate spontaneous polarization value from 

dielectric data and compare with the values obtained in traditional way.  

●  To perform broadband dielectric study on BT/BT and BF/BT core – 

shell systems and analyse dielectric behaviour.  

●  To perform broadband dielectric spectroscopy and ferroelectric 

measurements for MAPbI3, MAPbBr3 and MAPbCl3 (MA - CH3NH3) 

compounds in the vicinity of phase transition and investigate phase transition 

type to confirm or deny ferroelectric nature and analyse dipolar dynamics in 

MAPbI3, MAPbBr3 and MAPbCl3 compounds. 

●   To investigate the effect of DMA ((CH3)2NH2) cation in DMAx 

MA1-xPbBr3 perovskite system and analyse dipolar dynamics in those crystals.  

●  To perform broadband dielectric study on DMAZn(HCOO)3 crystal and 

investigate structural phase transition and dipolar dynamics.  

 

1.2 Scientific novelty 

●  BT/KN, BT/BT and BF/BT core-shell samples are sintered using 

solvothermal reaction method for the first time. Only one group in the world 

uses this method to prepare barium titanate based samples, to create new piezo 
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materials with outstanding properties. Thus, our dielectric measurements are 

unique and new. Also, polarization calculation from dielectric data for core – 

shell like systems was not yet been done before.   

●  The MAPbX3 is one of the most widely studied compounds in the past 

decade due to potentials in solar cell industry. Although at the time of our 

research broadband dielectric spectroscopy was not performed, therefore 

results are new. Also, there was a huge debate about ferroelectricity of 

MAPBX3 in scientific community. Thus, the nature of the structural phase 

transition and dielectric spectroscopy data is new and very important.  

●  Considering the popularity of MAPbBr3 in the scientific community and 

the focus to improve the compound by changing different cations and anions 

and also the fact that during sintering traces of DMA can be found in the 

MAPbBr3 it is very important to know the effect of DMA cations in MAPbBr3 

structure. Therefore, for the first-time dielectric data of DMAxMAx-1PbBr3 

crystals was measured and the effect of DMA molecule in MAPbBr3 

compound was investigated, thus results are new. 

●  There was no dielectric data on DMAZn(HCOO)3 systems and also it 

was not clear if DMAZn(HCOO)3 is ferroelectric or not. Thus, broadband 

dielectric data in the vicinity of the phase transition and ferroelectric 

measurements are novel. 

 

1.3 Author contribution 

In this dissertation all experimental data, calculations and approximations 

presented in the third chapter „Results and discussion“ were performed by the 

Author. This includes broadband dielectric spectroscopy, ferroelectric, 

acoustic, IR, pyroelectric measurements. Although I would like to mention 

that Acoustic results were obtain under supervision of Vytautas Samulionis.  

And result shown in Appendix are not performed by the Author (accept 

Appendix B Figure 1 and Appendix C Figure 1). Also I would like to note that 

a preview of dielectric spectroscopy results for DMAZn(HCOO)3 crystals 

were shown in “Appendix D” in M. Šimėnas dissertation.  

Furthermore, samples investigated in this work were produce by 

colleagues, such as prof. dr. S. Wada, prof. dr. D. Lupascu and prof. dr. 

Miroslaw Maczka group. The Authors contribution concerning sample 

preparation was cutting, polishing and applying silver paste before 

measurements.   
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1.4 Statements presented for defence 

1. The main contribution to dielectric permittivity in BT/KN, BT/BT “core 

– shell” system is due to electro – mechanical resonance. The increase in 

the spontaneous polarization value in BT/KN can be considered as an 

indication of an artificial MPB. 

2. At low temperatures first – order, order – disorder, anti-polar phase 

transitions are observed in MAPbX3 (I, Br, Cl) compounds also those 

compounds cannot be classified as ferroelectrics. High dielectric 

permittivity values are attributed to MA cation dipolar relaxation.  

3. A small amount up to 4 % of DMA cation in the MA1-xDMAxPbBr3 

crystals leads to a shift of the phase transition temperature to the lower 

temperatures. And higher amount of DMA cations concentration results in 

significant broadening and suppression of tetragonal phase, due to 

frustrated state.  

4. DMAZn(HCOO)3 undergoes first – order, non – ferroelectric phase 

transition at 155 K temperature from trigonal to monoclinic phase. And 

high temperature phase is dominated by DMA molecule dipolar relaxation.  

 

1.5 Publications related to thesis  

1.    S. Balčiūnas, M. Ivanov, J. Banys, S. Wada, "Dielectric Properties Of 

BaTiO3-KNbO3 Composites", Ferroelectrics. 2017 May 19;512(1):8-13, 

Impact Factor 0.491 [1]. 

2.    I. Anusca, S. Balčiūnas, P. Gemeiner, Š. Svirskas, M. Sanlialp, G. 

Lackner, C. Fettkenhauer, J. Belovickis, V. Samulionis, M. Ivanov, B. 

Dkhil, J. Banys, V. V. Shvartsman and D. C. Lupascu, "Dielectric 

Response: Answer to Many Questions in the Methylammonium Lead 

Halide Solar Cell Absorbers", Advanced Energy Materials, 2017, 7.19, 

Impact Factor 15.23 [2]. 

3.   S.  Balčiūnas, M. Ivanov, M. Watanabe,  K. Matsumoto, S. Ueno, I. 

Fujii, J. Banys, S. Wada "Dielectric properties of BT-BT and BF-BT 

composites" Ferroelectrics. 2018 Sep 10;533(1):145-50. Impact Factor 

0.53.[3] 

4.    M. Šimėnas, S. Balčiūnas, M. Mączka, J. Banys and E. E. Tornau 

„Exploring Antipolar Nature of Methylammonium Lead Halide 

Perovskites: a Monte Carlo and Pyrocurrent Study“, Physical chemistry 

letters, 2017, 8.19: 4906-4911, Impact Factor  9,353 [4]. 
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5.    M. Šimėnas, S. Balčiūnas, A. Ciupa, L. Vilčiauskas, D. Jablonskas, 

M. Kinka, A. Sieradzki, V. Samulionis, M. Ma, J. Banys "Elucidation of 

dipolar dynamics and the nature of structural phases in the [(CH 3) 2 NH 

2][Zn (HCOO) 3] hybrid perovskite framework" Journal of Materials 

Chemistry C. 2019;7(22):6779-85, Impact factor: 6.641 [5]. 

 

Publications that are related to thesis but not yet published: 

1.   M. Simenas, S. Balciunas, J. N. Wilson, S. Svirskas, M. Kinka, A. 

Garbaras, A. Gagor, A. Sieradzki, M. Maczka, V. Samulionis, A. Walsh, 

R. Grigalaitis, J. Banys “Emergence of a glassy phase from frustrated 

dipoles in mixed cation halide perovskites”, Nature communication, 

Submitted. 

2.   S. Balčiūnas, M. Ivanov, J. Banys, S. Ueno, S. Wada “In search of an 

artificial morphotropic phase boundary: lead free barium titanate based 

composite structure”, Journal of Electroceramics, submitted. 

 

1.6 Other publication 

1.   S. Balčiūnas, M. Ivanov, R. Grigalaitis, J. Banys, H. Amorín, A. 

Castro, "Revisiting the broadband dielectric properties of high‐sensitivity 

piezoelectric BiScO3–PbTiO3: Size effects", physica status solidi (b), 

2015, vol. 252, pp. 2727-2734, Impact Factor 1.522. 

2.     F. B. Tahar, C. Hrizi, S. Chaabouni, N. Chniba-Boudjada, N. R. 

Ramond, S. Balčiūnas, M. Ivanov, R. Mackevičiūtė, J. Banys, R. Chtourou, 

"Synthesis, Crystal structure, Vibrational, Optical and Dielectric properties 

Of 2-(2-Aminoethyl)-1-methylpyrrolidinum chloride 

hexachlorobismuthate (III) monohydrate [C7H18N2]2ClBiCl6.H2O", 

Journal of Advances in Chemistry,2014, Vol 9, No 3, pp. 2005-2022, No 

impact. 

3.    M. Simenas, S. Balciunas, M. Maczka, J. Banys and E. Tornau, 

"Structural Phase Transition in Perovskite Metal-Formate Frameworks: a 

Potts-Type Model with Dipolar Interactions", Physical Chemistry 

Chemical Physics, 2016, 18.27: 18528-18535, Impact Factor 4.449.  

4.    M. Mączka, M. Ptak, S. Pawlus, W. Paraguassu, A. Sieradzki, S. 

Balciunas, M. Simenas and J. Banys, "Temperature- and pressure-

dependent studies of niccolite-type formate frameworks of 

[NH3(CH2)4NH3][M2(HCOO)6] (M = Zn, Co, Fe)†" Physical Chemistry 

Chemical Physics, 2016, 18.39: 27613-27622, Impact Factor 4.449. 
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5.   M. Šimėnas, S. Balčiūnas, M. Trzebiatowska, M.j Ptak, M. Mączka, 

G. Völkel, A. Pöppl and J. Banys "Electron paramagnetic resonance and 

electric characterization of [CH 3 NH 2 NH 2][Zn (HCOO) 3] perovskite 

metal formate framework." Journal of Materials Chemistry C, 2017, 5(18), 

4526-4536, Impact Factor 5.066. 

6.    M. Šimėnas, A. Kultaeva, S. Balciunas, M. Trzebiatowska, D. Klose, 

G. Jeschke, M. Maczka, J. Banys, A. Pöppl "Single Crystal Electron 

Paramagnetic Resonance of Dimethylammonium and Ammonium Hybrid 

Formate Frameworks: Influence of External Electric Field" The Journal of 

Physical Chemistry C. 2017 Jul 13, 121.30, 16533-16540, Impact Factor 

4.536. 

7.    S. Balčiūnas, A. Peterson, M.  Ivanov, J.  Adamson, J. Banys 

"Dielectric properties of one-dimensional ice in HHTP-4H2O crystallites." 

Ferroelectrics. 2018 Sep 10;533(1):192-7, Impact Factor 0.53. 

8.    S. Balčiūnas, M. Ivanov, R. Grigalaitis, J. Banys, H. Amorín, A 

Castro, and M. Algueró „Kittel type behaviour of the permittivity of a 

nanostructured high sensitivity piezoelectric“, Journal of Applied Physics, 

2018, volume 123: 20, Impact Factor 2.1. 

9.   S. Adam, M. Maczka, M. Simenas, J. K. Zaręba, A. Gągor, S. 

Balciunas, M. Kinka et al. "On the origin of ferroelectric structural phases 

in perovskite-like metal-organic formate." Journal of Materials Chemistry 

C 2018 Aug 13, Impact Factor 5.976. 

10.   M. Rok, G. Bator, W. Medycki, M. Zamponi, S. Balciunas, M. 

Simenas and J. Banys. "Reorientational dynamics of organic cations in 

perovskite-like coordination polymers." Dalton Transactions, 2018 Nov 

14, Impact Factor 4.099. 

11.  S. Balciunas, M. Šimėnas, D. Pavlovaite, M. Kinka , F.K. Shieh, K.C. 

Wu, J. Banys, R. Grigalaitis "Low-Frequency Dipolar Dynamics and 

Atmospheric Effects in ZIF-90 Metal-Organic Framework" The Journal of 

Physical Chemistry C. 2018 Dec 1, Impact factor 4.536. 

12.  M.  Šimėnas, S. Balciunas, A. Gonzalez-Nelson, M. Kinka, M. Ptak, 

M.A. Van Der Veen, M. Maczka, J. Banys "Preparation and Dielectric 

Characterization of P (VDF-TrFE) Copolymer Based Composites 

Containing Metal-Formate Frameworks" The Journal of Physical 

Chemistry C. 2019 Jun 12, Impact Factor 5.976.  

13.   M. Trzebiatowska, M. Maczka, M. Ptak, L. Giriunas, S. Balciunas, 

M. Šimėnas, D. Klose, J. Banys "Spectroscopic Study of Structural Phase 

Transition and Dynamic Effects in [(CH3] 2NH2][Cd (N3) 3] Hybrid 
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Balevičius "CP MAS kinetics and impedance spectroscopy studies of local 

disorder in low-dimensional H-bonded proton-conducting materials" 
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Chloride Is a Three-dimensional perovskite That Features Two Polar 

Phases and Unusual Second-Harmonic Generation Bistability Above 
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accepted, Impact Factor 10.159. 

16.  S. Balčiūnas, D. Pavlovaitė, M. Kinka, J.-Y. Yeh, P.-C. Han, F.-K. 

Shieh, K C.-W. Wu, M. Šimėnas, R. Grigalaitis, J. Banys |“Dielectric 

Spectroscopy of Water Dynamics in Functionalized UiO-66 Metal-
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1.7 Oral presentations and Internships. 
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"Dielectric Properties Of BaTiO3-KNbO3 Composites ", Functional 

materials and nanotechnologies, Tartu, Estonia, 2017 - 04 - 24..28, page 

74. 

3.   Sergejus Balčiūnas, Maksim Ivanov, Jūras Banys, Satoshi Wada 

"Dielectric Properties Of BaTiO3-KNbO3 Composites", Modern 
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2. Overview 

This chapter is for less experienced users in the broadband spectroscopy 

field to introduce necessary understanding in fundamental physics. Here we 

will discuss the basics of phase transitions, ferroelectricity, perovskite 

structure and dielectric spectra. Also, in this chapter readers will find 

necessary information about sample preparations, measurement techniques.   

 

2.1 Structural phase transitions 

According to principal of minimal energy a system at equilibrium will have 

the lowest possible energy values. The particular value is strongly dependant 

on configuration or position of the atoms. Thus, we could imagine a lot of 

different atom configurations but during equilibrium condition only one 

configuration is stable. Further each configuration is effected by external 

factors such as pressure, temperature, or even electric and magnetic fields. 

Also, for each atom arrangement the effect of external factor to the minimal 

energy values are different. This means different external condition may 

deliver various atom structures. A particular arrangement of atoms is called a 

phase and a phenomenon during which one phase changes to another phase is 

called a phase transition. It is possible to calculate lowest possible energies 

using Gibs free energy potential. A simple case is when external factors are 

pressure and temperature: 

𝐺(𝑇, 𝑝) = 𝑈 + 𝑝𝑉 − 𝑇𝑆                             (2.1) 

here G is Gibs free energy, T – temperature, p – pressure, U – internal energy, 

V – volume, S – entropy. When two different Gibs potential curves intersect 

a phase transition is observed and the stable phase is the phase with lowest 

energy (Figure 2.1) [6], [7]. 

 Compared to liquid and gaseous phases solids can be arranged in many 

more ordered ways.  For example, a crystal phase based on space group 

symmetry elements has 230 different possibilities. Thus most solids can have 

several crystal phases and the stability of the specific phase is based on 

external factors [7]. During a phase transition one phase changes to another 

this means we have a symmetry breaking point. Close to this point it is usual 

to observe anomalous behaviour of physical properties.  
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The structural phase transitions are classified in several groups: ferro-

distortive or anti-distortive, order-disorder or displacive, first-order or second-

order. A distortive phase transition is such phase transition during which 

atoms move from one position to the other. In other words, if atoms change 

their location during phase transition, we call this phenomenon distortive 

phase transition. During ferro-distortive phase transition atom position change 

in a way that the number of atoms in the unit cells remain the same. If the 

number of atoms in the cell size increases it means we have an anti-distortive 

phase transition (Figure 2.2 [7]).  

Also some crystals during ferro-distortive phase transition show the 

appearance of spontaneous polarization, such crystals are called pyroelectrics 

(e.g. TGS [8], LiTaO3 [9], SBN [10]) and the temperature at which this phase 

transition occurs is called Curie temperature Tc. A pyroelectric crystal is a 

ferroelectric, if it is possible to change the direction of spontaneous 

polarization with external electrical field. Examples of ferroelectric crystals 

would be barium titanate [11], Rochelle salt [12], lead titanate [13]. Anti-polar 

phase transition is such phase transition during which spontaneous 

polarization is cancelled by opposite dipoles in each sub-lattice. For certain 

anti-polar crystals is possible to induce ferroelectric phase by high external 

 

Figure 2.1 Temperature (a) and pressure (b) dependence of Gibs free 

energy. 
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electrical field. Those crystals are called anti-ferroelectric crystals (e.g. 

PbZnO3 [14], NaNbO3 [15], NH4H2PO4 [16]) [7].  

Furthermore, phase transitions can be classified into order-disorder or 

displacive types. During order-disorder phase transition we can imagine that 

atom have two potential wells. At high temperatures, above phase transition 

atoms can move easily between those positions, so statistically the average 

position is in the middle.  Below Curie temperature the barrier between the 

wells is too high so atoms are forced to stay in one random well. During 

displacive structural phase transition high temperature phase has only one 

potential well this means atoms positions doesn’t change. Lower temperature 

phase has two potential wells. Similarly, as in order-disorder type atoms are 

force to stay in a well. It is possible to force atoms from one potential minima 

to another using external forces. For example it is possible polarize (force 

atom to particular well) ferroelectric materials using high electrical fields [7].  

Lastly phase transition can be categorized by first or second order phase 

transition. It is typical that in the vicinity of a phase transition we observe 

anomalous behaviour of physical properties such as volume, dielectric 

permittivity, conductivity, heat capacity and etc. [7], [17], [18]. A sudden and 

 

Figure 2.2 Classification of structural phase transition.  
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abrupt change of physical properties usually suggest that we have first-order 

phase transition. From thermodynamic point of view first order phase 

transitions are those that either absorbs or releases a fixed amount of latent 

heat. During phase change temperature of the system will stay the same, we 

will observe a mix phase regime, where parts of a system are still in other 

phase.  A very sharp peak is observed during calorimetric measurements, 

which is significant fingerprint of the first-order phase transition [19]–[21]. In 

addition to this a temperature hysteresis could be observed during thermal 

cycling. Due to sharp changes in physical properties first-order phase 

transition are often called discontinuous phase transitions. A second-order 

phase transition also called continuous phase transition that display a slow 

change of physical properties over wide temperature range. One of the main 

characteristic is infinite correlation length this means a small change in 

physical properties is observed over whole system thus a mix phase regime or 

temperature hysteresis is impossible [17]. A second-order and partly first-

order phase transitions can be mathematically describe using Landau theory 

which is covered in the next section.  
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2.2 Ferroelectricity 

Ferroelectricity is a phenomenon that is similar to ferromagnetism. At 

temperature below Tc we observe an appearance of spontaneous polarization. 

Although this not sufficient condition to describe ferroelectric material and 

only describes pyroelectric materials. Typically, ferroelectric crystals are 

divided into regions with the same polarization direction. Those regions are 

called domains and they are separated by domain walls.  Ferroelectricity is 

purely engineering term and in order to classify ferroelectric materials we 

have to be able to change and control polarization direction by applying 

external electrical field [22]. The ferroelectric phase transitions can be 

characterized by Landau phenomenological theory. Central point of the theory 

is order parameter η, which measures the degree of order in a system (we can 

imagine order parameter as the distance particular atom is displaced from his 

position). In ferroelectric case order parameter has to be couple with 

spontaneous polarization. Furthermore, in a vicinity of a phase transition order 

parameter grows.  The growth depends on the type of a phase transition which 

is depicted in figure 2.3 [7]. 

We will treat order parameter η as the variable of incomplete 

thermodynamic potential. In a vicinity of second-order phase transition we 

will limit our self with small lattice distortions thus we can expand Gibs 

potential in series:  

𝐺(𝑇, 𝜂) = 𝐺0 + 𝑎𝜂 + 𝐴𝜂2 + 𝑏𝜂3 + 𝐵𝜂4 + ⋯.            (2.2) 

Also, it should be said that the sign of the order parameter depends on the 

choice of the coordinates but Gibb’s function cannot depend on the 

 

Figure 2.3 Temperature dependence of the order parameter: first-

order phase transition left, second order phase transition right, and first 

order close tom second order in the middle.   
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coordinates. This means our order parameter from the point of view of 

thermodynamic potential has to be invariant:  

𝐺(𝜂) = 𝐺(𝜂∗).                                     (2.3) 

Thus, we can ignore odd members and Gibs potential assumes the following 

form: 

𝐺(𝑇, 𝜂) = 𝐺0 + 𝐴(𝑇)𝜂2 + 𝐵(𝑇)𝜂4.                     (2.4) 

In a vicinity of Tc coefficient A(T) has to change sign to satisfy non-symmetry 

phase condition η ≠ 0. Thus, we expand A(T) in series: 

 𝐴(𝑇) = 𝐴(𝑇𝐶) + 𝐴′(𝑇 − 𝑇𝑐) + 𝐴′′(𝑇 − 𝑇𝐶)2 + ⋯.         (2.5) 

Note that A(Tc) is equal to zero at phase transition temperature, thus if we 

limit our self with limited number of members: 

𝐺(𝑇, 𝜂) = 𝐺0 +
1

2
𝛼(𝑇 − 𝑇𝑐)𝜂2 +

1

4
𝛽𝜂4 + ⋯.              (2.6) 

Here α = 2A, and β = 4B (just for convenience). Further we can find 

temperature dependence of order parameter η0 from conditions: 

∂G

∂𝜂
= 0,     

∂2𝐺

∂𝜂2 > 0.                                (2.7)     

Thus: 

𝜂 = {

𝜂0 = 0                                    𝑇 > 𝑇𝐶

𝜂0 = (
𝛼(𝑇𝑐−𝑇)

𝛽
)

1
2⁄

               𝑇 < 𝑇𝐶

.                 (2.8) 

As in second-order phase transition case Landau phenomenological theory 

can calculate order parameter dependence for weak first-order phase 

transition. Here thermodynamic potential has to be expanded up to the sixth 

term: 

 𝐺(𝑇, 𝜂) = 𝐺0 +
1

2
𝛼(𝑇 − 𝑇𝑐)𝜂2 +

1

4
𝛽𝜂4 +

1

6
𝛾𝜂6 + ⋯.      (2.9) 

It should be noted that 𝛽 coefficient has to be negate otherwise the case of 

second order phase transition will be observed. The temperature 

dependence of the order parameter for the weak first order phase transition 

can be described with: 

𝜂 = {

𝜂0 = 0                                                                𝑇 > 𝑇𝐶

𝜂0 =
𝛽

2𝛾
⌈1 ± (1 −

4𝛼(𝑇𝑐−𝑇)𝛾

𝛽2 )
1

2⁄
 ⌉               𝑇 < 𝑇𝐶

.    (2.10) 
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The comparison of thermodynamic potential on η between first and second 

order phase transition is shown in figure 2.4. Here it is observed that during 

second-order phase transition the transition between phases is smooth and 

continuous and at the Curie point one phase changes to another. The situation 

for the other case is a bit more complicated. There is a temperature range 

where order parameter can have values: η = 0 and η ≠ 0. This means that a 

symmetrical phase and non-symmetrical phase can coexist, respectively. 

Phase transition occurs at T0 (figure 2.3) temperature if the duration of the 

experiment is infinite also T0 is the temperature when the depths of all 

potential wells are equal. During a cooling cycle a phase transition will be 

observed when minimum at η = 0 fades and during heating cycle when 

minimum’s at η ≠ 0 disappears. Hence this is the nature for temperature 

hysteresis for first-order phase transitions.  

One of the main features of ferroelectric materials is high dielectric 

constant value. Landau phenomenological theory allows us to predict the 

behaviour of static dielectric permittivity values. The expression of the 

thermodynamic potential for ferroelectric materials follows: 

𝐺(𝑇, 𝜂) = 𝐺0 +
1

2
𝛼(𝑇 − 𝑇𝑐)𝜂2 +

1

4
𝛽𝜂4 + ⋯ − 𝑎𝜂E.        (2.11) 

We should note that spontaneous polarization for ferroelectric materials is 

couple with order parameter, thus 𝑃 = 𝑎𝜂. From equation 2.11 we can 

calculate the relationship of static dielectric permittivity versus temperature 

which is the second derivative with respect to an electrical field: 

       𝜀 =
𝐶𝐶𝑊

𝑇−𝑇𝐶
                                         (2.12) 

Here ε – is static dielectric permittivity Ccw – Curie Weiss constant. Curie 

Weiss law is applicable for ferroelectric and ferromagnetic materials and can 

provide extra information about the nature of the phase transitions. Therefore 

 

Figure 2.4 Thermodynamic potential dependence of order parameter 

for first-order (right) and second-order (left) phase transitions.    
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very high Curie-Weiss constant values can suggest about displacive type 

phase transition (BaTiO3 Ccw = 1.73x105 [23]), and low values – suggest about 

order-disorder type phase transition (Rochelle salt Ccw =178 [24]). 

Furthermore, it is possible to distinguish first-order and second-order phase 

transition from the ratio of Curie Weiss constants of paraelectric and 

ferroelectric phases. This ratio for the second-order phase transition can be 

calculated from Landau theory and is equal to 2 and for first order phase 

transition this number is a lot higher. [7], [17], [18].  

 

2.3 Perovskite Oxides 

Perovskite is a material which has a crystal structure of the mineral calcium 

titanium oxide also called perovskite [25]. The ideal structure is cubic and 

formula of the perovskite is ABX3. Here A cation is 12-fold coordinated and 

B cation 6 fold coordinated with X anion. One of the most famous perovskite 

ferroelectrics is barium titanate which is depicted in figure 2.5. Here Barium 

with valence of +2 is in the middle of the unit cell. Furthermore, we have 

titanium with valence of +4 surrounded by oxygen atoms forming an 

octahedral shape. Oxygen has the valence of -2 thus charge neutrality 

condition is satisfied.   

Perovskite structure is very versatile over 90% metallic elements in the 

periodic table can be used to synthesize a stable perovskite structure [26]. The 

main restriction in atom selection process is the radius of the atoms. In an ideal 

perovskite structure, A cation is always larger then B cation. Furthermore, the 

distance between centers of B-X atoms is half of a unit cell a and the distance 

between A-X is 𝑎 √2⁄ . As measure of deviation from the perfect structure 

Goldschmidt introduced a perovskite tolerance factor t [27]:  

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
 .                                     (2.13) 

Here 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 is radii of A and B cations and X anion, respectively. 

The perovskite structure is stable if Goldschmid factor values are in between 

of 0.75 < 𝑡 < 1 [27]. Due to distortions perovskite crystals can have wide 

variety of phases such as tetragonal, orthorhombic, rhombohedral, monoclinic 

and triclinic. The structure usually depends on the radii of the cations. 

Moreover a large ion in the center of the anion octahedra can lead to octahedral 

tilting [28].  
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Apart from ionic radius there is a second condition which is electro-

neutrality. The sum of cation charges has to be the same as anion charge.  This 

can be attained using appropriate ions, for example: A1+B5+X, A2+B4+X or 

A3+B+3X.  Further there is possibility to produce mix systems. It’s possible to 

partially substitute A or B cations with another as long as cation sizes are 

similar. One of the best examples of a mix system in ferroelectric community 

is PZT. A mixture of anti-ferroelectric PbZnO3 and ferroelectric PbTiO3, 

where Zinc is substituted by lead. It’s important to note that there is no 

restriction of compositional ratio, thus there is possibility to tune physical 

properties in a wide range. The particular composition of 50/50 has 

exceptional piezoelectric properties [29].  

Perovskite are not only limited by single ions cations and anions. Recently, 

considerable attention has been paid to metal-organic systems. This means 

some or even all cations and anions can be replaced by organic counterparts. 

One of the most popular systems currently is methylammonium lead iodide 

(CH3NH3PbI3) due to perspectives in solar cell industry [30]. In the position 

of A cation sits a CH3NH3 molecule.  An example of even more complicated 

system could be given as dimethylammonium zinc formate [(CH3)2NH2] [Zn] 

[(HCOO)3], here each cation and anion is separated by square brackets.     

A high verity in the family of perovskites lead to many different physical 

properties. Perovskites can be constructed like LEGO blocks and their 

properties can be tuned using different ions. As long as the charge neutrality 

and ion size conditions are satisfied. For instance, titanium ion placed in the 

B - site, tend to shift from the ideal central position. This is the cause of the 

 

Figure 2.5 Schematic representation of barium titanate perovskite 

structure. 
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spontaneous polarization in BaTiO3, PbTiO3. Other drastically different 

properties like large thermal conductivity in LaCoO3 [31], ferromagnetism in 

SrRuO3 [32], semi-conductivity in LaCrO3 [26] and anti-ferroelectricity in 

PbZnO3 [14] can be observed in perovskites.    
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2.4 Broadband dielectric spectroscopy 

In order to speak about dielectric spectroscopy, it’s necessary to introduce 

the concept of dielectric permittivity. One of most popular descriptions of 

dielectric permittivity is the ability of at substance to hold electrical charge. 

This description doesn’t offer a lot of information about the nature of dielectric 

permittivity. Dielectric permittivity can also be described as a property which 

defines the degree of electrical polarization a material experiences under the 

influence of external electrical field. This electrical polarization is related to 

reorientation of dipoles. It should be noted that dipoles have inertia thus not 

all dipoles can follow fast alternating electrical fields. This means at high 

frequency field’s dielectric response or just dielectric permittivity values are 

much lower. For example, in the visible light range dielectric permittivity 

values are rarely higher than 3 - 4. 

Dipoles based on the physical nature can be categorized in several groups: 

Maxwell - Wagner, dipolar, atomic and electronic polarization [33]. Maxwell 

– Wagner polarization is typically visible at the lowest frequencies ranges (10-

5-104 Hz) of a dielectric spectra. This polarization can be described as a charge 

separation over a considerable distance in heterogeneous medium at the 

interfaces of two mediums having different dielectric permittivity or electrical 

conductivity values. Dipolar polarization (visible in 102-1011 Hz) is a 

polarization that usually arises from any polar molecules. Also, domain wall 

movement which is typical for ferroelectric materials can be assigned to this 

group. Further on the list is atomic polarization that appears from ion 

vibration. One can image a case of movement of ion in local potential minima. 

Often this type of polarization is called phonon polarization and normally 

visible in 1012 - 1015 Hz frequency range. And lastly, in the visible light 

frequency range (1014 - 1016 Hz) electronic polarization is observed. A 

phenomenon that occurs when high frequency electrical field distorts 

electrical cloud around positive atom nucleus, this creates a slight separation 

of charges opposite to the external electrical field. On the whole every process 

give a slight contribution to low frequency dielectric permittivity values [18]. 

A typical dielectric permittivity values at low frequencies (103 Hz) for 

ferroelectric and non - ferroelectric materials are ε ~ 103 to 104 and ε ~ 10 to 

100, respectively.  

In a frequency dependence graph Maxwell – Wagner or dipolar processes 

are visible as relaxations and atomic or electronic processes – as resonances. 
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Dielectric permittivity constant for resonance systems can be described by the 

following equation: 

     𝜀(𝜔) = 𝜀′ − 𝑖𝜀′′ = 𝜀∞ +
∆𝜀𝜔0

2

𝜔0
2−𝜔2+𝑖𝛾𝜔

.                    (2.14) 

Here 𝜀′ – real and 𝜀′′ – imaginary parts of dielectric permittivity. Real part of 

dielectric permittivity defines medium ability to interact with an external 

electrical field and imaginary part defines medium ability to dissipate or 

absorb electrical field (imaginary numbers are just for mathematical 

convenience). ∆𝜀 – Is the contribution to dielectric permittivity value or 

dielectric strength of the process and 𝜀∞ – is the sum of all dielectric 

contributions of high frequency processes often referred as high frequency 

dielectric permittivity value. And lastly,  𝜔0 – is the angular resonance 

frequency, 𝜔 – angular frequency of external electrical field and 𝛾 – resonance 

damping factor [18]. 

Dielectric permittivity for simple relaxations for non-interactive dipole 

systems can be described by Debye law:  

𝜀(𝜔) = 𝜀∞ +
∆𝜀

1+𝑖𝜔𝜏
.                                 (2.15) 

here 𝜏 – is the relaxation time of the dipoles. It should be pointed out that a 

resonance like dispersion can be seen as relaxation like dispersion if we have 

high 𝛾 damping factor. Thus, a diminishing resonance and a shift to the lower 

frequencies is observed (figure 2.6).  

Usually more complicated systems with a distribution of relaxation times 

are investigated in those cases experimental data is approximated by Cole – 

Cole [34] law: 

𝜀(𝜔) = 𝜀∞ +
∆𝜀

1+(𝑖𝜔𝜏)1−𝛼.                             (2.16) 

Here α – is a parameter that describes the width of the distribution of relaxation 

times. In some cases this distribution of relaxation times is asymetrical then a 

more general Havriliak-Negami [35] law is used: 

𝜀(𝜔) = 𝜀∞ +
∆𝜀

(1+(𝑖𝜔𝜏)1−∝)𝛽.                           (2.17) 

Here 𝛽 is the parameter that defines the asymmetry of the distribution of 

relaxation times.  

Further information about dipolar nature of the processes can be generally 

obtained from temperature dependence of relaxation times which usually 

follow Arrhenius law:    

𝜏 = 𝜏0𝑒−𝐸𝐴 𝑘𝐵𝑇⁄ .                                   (2.18) 
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Here 𝜏0 – is attempt time, 𝑘𝐵 – Boltzmann constant, 𝑇 – temperature, 𝐸𝐴 – 

process activation energy which define potential barrier size for the process to 

occur. For more complicated systems when interaction between several 

dipoles is possible a dipole may stay in a frustrated state by interacting with 

several different orientation dipoles. Such materials are called dipolar glasses 

and can be model by Vogel-Fulcher-Tamman law [36]: 

𝜏 = 𝜏0𝑒−𝐸𝐴 𝑘𝐵(𝑇−𝑇0)⁄ .                                (2.19) 

Here 𝑇0 – is dipole freeing temperature below which a reorientation of a dipole 

can no longer be thermally activated.  
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Figure 2.6 Frequency dependence of dielectric permittivity for 

resonance like dispersion. As damping factor grows the process tends to 

shift to lower frequencies and the resonance diminishes.    
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2.5 Lichtenecker model 

Generally, combination of several materials will result in material with 

different dielectric properties. The difference is related to the structure of 

composite material. The simplest case is where put two crystals horizontally 

next to each other and call it a composite. The properties of such system will 

have linier relationship between the composition amounts. Of course, usually 

the situation is more complex and the end result of dielectric properties highly 

depends on distribution of electrical fields in separate composite parts. There 

are several models that can estimate dielectric properties if the structure is 

known such as core – shell [37] or brick layer [38] model.   In our work the 

structure of the composite is not clear. Thus a different and more general 

model is used called Lichtenecker model [39], [40]. This model relies on a 

parameter β to describe the structure of the system. This parameter can be 

found using several different compositions with the same structure:  

𝜀∗𝛽 = 𝑋𝜀1
𝛽

+ (1 − 𝑋)𝜀2
𝛽

,   − 1 ≤ 𝛽 ≤ 1.                  (2.20) 

here, 𝜀∗ – complex dielectric permittivity,  X – volume fraction of one 

medium, 𝜀1, 𝜀2 – dielectric permittivity of medium one and two, respectively,   

and β – parameter describing the structure of the system if β = -1 the system 

 

Figure 2.7 Schematic representation of Lichtenecker model, (a) 

represent boundary conditions of β parameter, (b) represent unbaked and 

baked ceramics, where baked ceramic has pillar like structure and is 

more similar to β = 1 condition.  
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is made of plates connected in series and if β = 1 – is made of parallel pillars 

(Figure 2.7).  In should be noted that a low density composite system with 

baked grains has higher β coefficient than a system with unbaked grains. This 

is due to the fact that more interconnected grains represents parallel capacitor 

structure and unbacked grains represent parallel and capacitors in series 

equally. Furthermore in this model if β coefficient is higher than zero this 

means that all phases in the composite percolates [40].  

 

2.6 Frustrated compounds 

A frustrated state is a term that refers to a system where a dipole has two 

energetically equivalent opposite positions, up or down (Figure 2.8). The 

frustrated dipole cannot minimize its interactions with both simultaneously.  

This phenomenon is observed in materials called dipolar glasses and relaxor 

ferroelectrics. Both systems are very similar in their physical properties and 

often can be misinterpreted [41].  

From a microscopic point relaxor ferroelectrics are compounds with 

chemically disordered polar nano regions (PNRs). In the case of dipolar 

glasses, the frustrated states are between individual molecules. Although in 

some cases they may be some clustering but compared to PNRs, those regions 

are very small which are in the order of few lattice constants [41].  

Macroscopic parameters for both systems are very similar. One of the main 

characteristics is that both systems experience collective freezing.  This means 

at particular temperature all dipolar movements stop. Relaxations time of such 

phenomena can be approximated using Vogel Fulcher law (2.19). Also, for 

both systems relaxation width increases as the temperature decreases. 

Although there is a slight difference in the distribution of the relaxation 

times f(τ) [42], [43]. In the case of dipolar glasses only one maxima is visible, 

and in the case of relaxor ferroelectric at low temperatures a second maxima 

 

Figure 2.8 An example of frustrated dipole.  
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can be visible which may be related to flipping a breathing modes of PNRs 

[44], [45]. Other similarities and differences can be seen in the temperature 

dependence of the complex dielectric permittivity. In both cases the maxima 

of the real part of dielectric permittivity shifts to the higher temperatures as 

the frequency increase, such phenomena in the older literature was called 

diffusive phase transition. However dielectric permittivity value for relaxor 

ferroelectric is usually a lot higher (values are about 103-104).  

The main differences can be seen in the behaviour of the imaginary part. 

In the case of relaxor ferroelectric the curves of the imaginary part do not 

intersect each other and at the low temperature imaginary curves combine into 

one curve. In the case of the dipolar glasses imaginary part of dielectric 

permittivity show intersecting “half circles”.  One of the more reliable ways 

to distinguish relaxor ferroelectrics from dipolar glasses is polarization 

measurement experiment. At low fields in both cases a very thin nonlinear 

hysteresis loop is observed. However relaxor ferroelectric ground state is very 

close to ferroelectric state and at high fields ferroelectric state can be induced 

[46], [47]. Also, it should be noted that if the ferroelectric state is induced in 

the vicinity of the maxima of dielectric permittivity at low frequencies the 

ferroelectric state persists. Relaxor phenomena is usually observed in the 

chemically disorder systems like PMN (Pb(Mg1/3Nb2/3)O3) [48] and dipolar 

glasses state usually can be seen in system with highly interacting dipoles [49], 

[50].  
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2.7 Measurement techniques 

In the thesis dielectric measurements were performed in a broad 102-1011 

Hz frequency range. The temperature measurements were done in 100 – 500 

K temperature range using Keithley Integra 2700 multimeter with 100 Ω 

platinum resistor or T type thermocouple sensors. Temperature was controlled 

with a DC power supply and a heater and low temperature were achieved 

using liquid nitrogen. Due to broad frequency measurement range several 

experimental setups were used to cover the whole range. A schematic 

representation of dielectric permittivity measurement equipment in the 

Laboratory of Microwave Spectroscopy is shown in figure 2.9. Further in this 

chapter experimental setups from lowest to highest frequencies will be 

discussed.  

The lowest frequencies (20 Hz - 1 MHz) were measured using Hewlett 

Packard A4284 precision LCR meter. The experiment setup is shown in figure 

2.10. Sample is placed between two parallel capacitor plates, then capacity 

and loss tangent is measured. Complex dielectric permittivity values can be 

extracted from flat capacitor model: 

𝜀′ =
𝐶𝑑

𝜀0𝑆
,     𝜀′′ = 𝜀′𝑡𝑔(𝛿).                          (2.21) 

Here C – is the capacitance, 𝜀0 – vacuum or free space dielectric permittivity 

value, S – is the area of the sample, d – is the thickness of the sample and 

 

Figure 2.9 Dielectric measurement equipment in the Laboratory of 

Microwave Spectroscopy. 
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𝑡𝑔(𝛿) is the loss tangent. During calibration process cryostat capacitance and 

loss tangent is subtracted from the measurement results.  

At the higher frequencies (1 MHz - 3 GHz) a simple flat capacitance model 

is invalid as the cables in the measurement system have significant 

contribution to samples impedance values. Furthermore at even higher 

frequencies (above 100 MHz) a standing wave may arise thus failing 

impedance measurement completely [18], [51]. This can be avoided by taking 

into account the whole measurement line therefore a vector analyser is 

required (in our case Agilent 8714ET was used). Although the calibration of 

such system is more complicated and scattering matrix has to be obtained. 

This can be done by using three calibration loads: open coaxial line, a loaded 

coaxial line (in our case 50 Ω load) and short circuit coaxial line.  

Further the measurement line is terminated by a flat capacitor (sample) and 

complex reflection coefficients is measured. The impedance can be calculated 

by the following formulas: 

 𝑅∗ =
(𝑍∗−𝑍0)

(𝑍∗+𝑧0)
,     𝑧∗ =

1

𝑖𝜔𝐶∗.                         (2.22) 

Here 𝑅∗ – complex reflection coefficient, 𝑍0 – the impedance of the 

transmission line, in our case it is equal to 50 Ω. 𝑍∗ and 𝐶∗ – complex 

impedance and capacitance of the sample, respectively. Additionally, 

dielectric permittivity can be calculated using a flat capacitor model. A 

schematic representation of coaxial line system is shown in figure 2.11.  

 It is important to stress that this model works well with relatively low 

dielectric permittivity samples as in those samples electrical field is 

homogeneous. With the increase of dielectric permittivity values the size of 

the wavelength of electromagnetic wave is similar to the specimen dimensions 

 

Figure 2.10 A schematic representation of a flat capacitance 

measurement setup.    
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thus a distribution of electric field in the sample becomes inhomogeneous. 

This means several different modes can be exited in the sample. This can be 

corrected using multi-mode capacitor model developed in our laboratory by 

Lapinskas [52].  

The highest frequencies (8 GHz – 55 GHz) in this work were measured 

using waveguide systems (Figure 2.12). Waveguide measurements are time 

consuming as several different size rectangular waveguides are used (8 – 12 

GHz, 24 – 40 GHz, 36 – 55 GHz) due to the requirement that only the main 

mode TE10 could propagate. A needle shape sample is placed in the middle of 

the waveguide system perpendicular to the wider wall where the electrical 

field of the main mode TE10 is the strongest. This way we can minimize or 

eliminated the effect of magnetic field. 

 The reflection and transmission coefficients are measured by Elmika 

R2400 scalar network analyser. Complex dielectric permittivity values can 

only be obtain by solving nonlinear equations [53]. Nevertheless, the exact 

expression for our case is unknown. Thus, a different (reversed) method is 

used. Dielectric permittivity is obtained by solving reflection and transmission 

optimisation problem: 

{
𝑅 = 𝑓1(𝜀′𝜀′′)

𝑇 = 𝑓2(𝜀′𝜀′′)
.                                     (2.23) 

Here R and T – reflection and transmission, respectively. The whole reflection 

and transmission expressions are quite overwhelming and can be found in 

[53]. Optimisation problem is solved by a program developed in microwave 

spectroscopy laboratory. This program is based on modified Newton 

optimization method.  

 

Figure 2.11 schematic representation of a coaxial line measurement 

setup. 
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In addition to dielectric measurements a ferroelectric and pyroelectric   

characterization was performed. Pyroelectric current was measuring using 

Keithley 6514 electrometer. The sample was poled with 300 V DC power 

supple. At the end of the cooling cycle specimen was short circuited with 10 

kΩ resistor for 10 – 15 minutes. Then during a heating cycle with 3-5 K/min 

heating rate current measurement was performed. Polarization values were 

calculated using following formulas: 

𝑄 = ∫ 𝐼
𝑡𝑒𝑛𝑑

𝑡0
𝑑𝑡, 𝑃 =

𝑄

𝑆
                               (2.24) 

Here 𝑄 – charge, 𝐼 – current, 𝑃 – polarization, S – sample area, 𝑡 – time,  𝑡0 

and  𝑡𝑒𝑛𝑑 – start and end time of a measurement, respectively.  

Ferroelectric measurements were performed with AixACCT TF2000 

analyser with a DC power supply TREK 609E-6 which is capable of supplying 

voltage up to 4 kV.  Polarization hysteresis measurements were performed 

with a triangular voltage signal of 111 Hz. The odd frequency was chosen to 

avoid any contribution from harmonic that could arrive from the power circuit. 

The polarization hysteresis curves can be calculated by following expression:  

𝑃 = ∫
𝐼

𝑆
𝛼

𝐸2

𝐸1
𝑑𝐸, 𝑑𝑡 = 𝛼𝑑𝐸                            (2.25) 

Here E – is electrical field in the sample, 𝛼 – a coefficient that describes 

relationship of electric field and time during triangular signal.  

Ultrasonic wave velocity and attenuation measurements were done at a 

frequency of 10 MHz in the temperature range 140–340 K by the automatic 

pulse-echo method. [54] The samples were placed between two ultrasonic 

waveguides lubricated with silicone oil to ensure acoustic contact for 

propagation of longitudinal waves between the sample and the waveguides. 

The thickness of the samples was 1–1.5 mm. Z-cut LiNbO3 acoustic wave 

transducers placed at the end of the quartz buffers were used for transmitting 

 

Figure 2.12 A schematic representation of a waveguide setup. 
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and receiving the longitudinal acoustic wave. The relative velocity and 

attenuation of the US longitudinal wave were calculated from the variation of 

the delay time and amplitude of transmitted radio frequency pulse after 

monitoring this pulse on the screen of a digital oscilloscope. Ultrasound 

measurements for MAPbX3 (I, Br, Cl) system were performed under 

supervision of V. Samulionis and measurements for mix MA1-xDMAxPbBr3 

system were performed by M. Kinka.  

The FTIR (Fourier Transform Infrared) measurements were performed 

with Bruker Vertex v80 spectrometer (30 – 3000 cm-1) at room temperature in 

the reflection mode. The mercury lamp was used to generate FIR. The signal 

is separated into two identical signals with the beam-splitter, where one part 

reflects from the fixed calibrational mirror or from the polished sample, and 

other reflects from the moving mirror.  Then the signal is collected on the 

detector where interferogram is formed. The FIR spectra is obtained by 

performing Fourier transformation on the interferogram. The spectrometer is 

controlled by OPUS program.      

 

2.8 Sample preparation 

Samples for this work were received from Japan, Poland and Germany. 

Samples from Japan, Satoshi Wada group, has a core – shell composite 

structure and includes pure barium titanate (BaTiO3), several samples with 

barium titanate core and potassium niobate (KNbO3) shell depicted as xKNBT 

and lastly two samples with barium titanate and bismuth ferrite (BiFeO3) core 

and barium titanate shell.  Furthermore, from Poland, Mirosław Mączka 

group, and Germany, Doru Lupascu group, we have received two different 

batches of methylammonium (MA) lead halides (I, Br, Cl). Also, Mirosław 

Mączka provided us with mix MA/dimethylammonium (DMA) lead halides 

samples. Specimens from Japan were in the form of ceramics and samples 

from Poland and Germany were in the form of crystals. The syntheses of the 

samples and the preparation of the specimens for dielectric measurements can 

be found in the following sections. 

2.8.1 Core-shell BT/KN, BT/BT and BF/BT samples 

In this study, BT, 0.22BTKN and 0.25BTKN (the number refers to KN/BT 

(KNbO3/BaTiO3) molar ratio) samples were prepared in the following steps. 

The tetragonal BT powders (particle size of approximately 300 nm, Sakai 

Chemical Industry) were used. The BaTiO3 powders were mixed with ethanol 
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and an organic binder, poly(vinyl butyral) (the average polymerization degree 

of 1000, Wako Pure Chemical Industries) (2 wt% of BaTiO3 powders), and 

dried at room temperature. The resultant powders were sieved and pressed into 

a green compact using a uniaxial press at 250 MPa. The binder was burned 

out at 600 °C for 10 h. To promote necking structure of BaTiO3 particles 

(Figure 2.13), these compacts were sintered at 1000 °C for 2 h in air.  

BaTiO3 compacts with a necking structure were immersed in 5.2 M 

niobium pentaethoxide (Nb(OC2H5)5; 99.99%, Kojundo Chemical 

Laboratory) ethanol (EL grade, Kanto Chemical) solution in N2 atmosphere. 

These compacts were then immersed in water at 20 °C for 6 h to facilitate 

hydrolysis and condensation of Nb(OC2H5)5 and niobium hydroxide gels were 

formed inside the BaTiO3 compacts. After drying at room temperature, the 

BaTiO3 compacts with niobium hydroxide gels were heated at 600 °C for 5 h. 

the amount of the Nb source added to the BaTiO3 compacts was controlled by 

the number of cycles of the immersion and the subsequent heating procedures. 

The resultant niobium oxide/BT compact was placed in a Teflon container 

filled with KOH (UGR grade, Kanoto Chemical) and K2CO3 (UGR grade, 

Rare Metallic) ethanolic solution (KOH/K2CO3=0.22, [K+]=1.0 M). The 

K/Nb atomic ratio was fixed to 10. Then, the solvothermal treatment was 

carried out at 230 °C for 20 h in an autoclave. After the solvothermal 

treatment, the compacts were washed with ethanol and dried at 200 °C for 5 

h. The composition ratio of the obtained KN/BT complex ceramics was 

calculated based on mass changes due to the complete conversion reaction of 

Nb2O5 into KN. In this study, we prepared the KN/BT complex ceramics with 

the composition ratio of KN/BT=0.22 and KN/BT=0.25, which were obtained 

 

Figure 2.13 Scanning electron microscope image of necking BaTiO3 

structure provided by Satoshi Wada group.  
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by repeating for 3 and 5 cycles of the immersion and the subsequent heating 

procedures. Additional information can be found elsewhere [55], [56]. 

BT nanoparticles (particle size around 300 nm, Sakai Chemical Industry) 

or BF (synthesizedby a hydrothermal method) and TiO2 were mixed using ball 

mill; then, anorganic binder poly(vinyl butyral) (2 wt%) was added. The 

mixture was compressed into cylindrical pellets with uniaxial press at 250 

MPa pressure and dried at 600 C for BT and 400 C for BF temperature for 10 

h. Further, disk-shape pellets were submerged into barium hydroxide 

(Ba(OH)2, Ube Material Industries, >99.9%) solution at 175 C temperature for 

18 h for solvothermal solidification (synthesis of the second BT phase). In the 

end we obtain BT – BT and BT – BF composites. Addition information about 

preparation and structure (XRD and TEM) can be found elsewhere [57], [58]. 

2.8.2 Methylammonium lead halide samples 

Organolead trihalide perovskite samples, CH3NH3PbX3 (X = Cl, Br, I), 

were synthesized in two steps according to the procedure reported by Im et al. 

[59] with small modifications. The precursors CH3NH3X were synthesized by 

the reaction of stoichiometric amounts of methylamine, CH3-NH2, solution 

(33 wt% in absolute ethanol, Sigma Aldrich) and the corresponding halogen 

acid, HBr (48 wt% in H2O), HI (57 wt% in H2O), or HCl (>37 wt% in H2O) 

(all Sigma Aldrich), under stirring in an ice bath for 3 h. The solvent was 

subsequently removed under vacuum in a rotary evaporator. The resulting 

salts were washed with absolute ethanol and absolute diethyl ether several 

times and finally dried in a vacuum oven at 60 °C for 12 h. In a second step, 

the synthesized salts CH3NH3X were mixed with PbX2 (Sigma Aldrich) (X = 

Br, Cl) in molar ratios 1:1 in N,N-dimethylformamide (Acros Organics) at 

room temperature overnight. CH3NH3I was mixed with PbI2 (Sigma Aldrich) 

in γ-butyrolactone (Extra Dry over Molecular Sieves, Acro Seal) at 60 °C 

overnight. After vacuum evaporation of the solvents, a mixture of crystallites 

was obtained. The crystallites are black for the iodide, orange for the bromide, 

and colorless for the chloride samples. 
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2.8.3 Mixed MA1-xDMAxPbBr3 samples 

Single crystals of MA1-xDMAxPbBr3 were grown using antisolvent vapor-

assisted crystallization, in which the appropriate antisolvent is slowly diffused 

into a solution containing the crystal precursors. In the typical synthesis, 2 

mmol of hydrobromic acid was added to appropriate amounts of methanol 

solutions containing methylamine and dimethylamine (2 mmol). Then 3 mL 

of dimethyl sulfoxide (DMSO), 5 mL of acetonitrile and 2 mmol of PbBr2 

were added to the prepared amine hydrobromide solution under stirring. The 

clear solution obtained after 1 h was transferred into a glass vial and this vial 

was placed in a second larger glass vial containing methyl acetate. The lid of 

the outer vial was thoroughly sealed, but the lid of the inner vial was loosened 

to allow diffusion of the methyl acetate into the precursor solution. Orange 

crystals were harvested after 5 days, washed with acetonitrile and dried at 

room temperature. 

2.8.4 [(CH3)2NH2][Zn][(HCOO)3] samples 

ZnCl2 (99%, Fluka), 2.0 M solution of (CH3)2NH in methanol (Sigma-

Aldrich), methanol (99.8%, Sigma-Aldrich) and formic acid (98%, Fluka) 

were commercially available and used without further purification. Single 

crystals of DMAZn were obtained by a slow diffusion method. In a typical 

experiment, 16 mL methanol solution containing 12.8 mmol of (CH3)2NH and 

12.8 mmol of formic acid was placed at the bottom of a glass tube (9 mm inner 

diameter). 16 mL methanol solution containing 1.6 mmol of ZnCl2 was gently 

added to this solution. The tube was sealed, and after 5 days colourless crystals 

were harvested.   
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3. Results and discussion 

In this chapter broadband dielectric spectroscopy results in a frequency 

range of 10-2-1011 Hz and 30-500 K temperature for perovskite systems will 

be presented. This work is mainly focus on structural phase transition and 

dipolar relaxation in mid-high frequency region. Result will be discussed in 

the order of the structure complexity, thus we will start our chapter with simple 

BaTiO3 and KNbO3 and end with [(CH3)2NH2][Zn][(HCOO)3].  

 

3.1 Core – shell BT/KN, BT/BT and BF/BT 

Piezoelectric materials play an important role in our everyday electronic 

devices. Pb(ZrxTi1-x)O3 (PZT) is one of the most widely used piezoelectric 

materials due to its high dielectric and piezoelectric constant and ability to 

operate in a wide temperature range [60]. In last several decades no new cheap 

and viable compounds that can replace PZT were found.  As a result, a lot of 

research on piezoelectric solid solutions such as NBT, KNN, BNT, BNT-BT, 

BZT – BCT [61]–[65] has been done.  Yet, compared to PZT solid solutions, 

their dielectric and piezoelectric properties are still poor. As reported by others 

[66], [67] the nature of PZT exceptional properties is related to the 

morphotropic phase boundary (MBP). MPB is a structural phase transition due 

to change of chemical composition. In this region increase in piezoelectric 

properties is often observed. Current research on piezoelectric materials is 

focused on preparing systems with MPB. In this case both compositions must 

dissolve in each other in order to create a solid solution, and not all MPBs 

exhibit superior piezoelectric properties. However, a different approach can 

be used, which allows a much broader selection in compositions. It is possible 

to create similar conditions as in MPB by forming a bulk hetero-epitaxial 

interphase [55], [56].  In this chapter we show composite structure, where the 

„core” phase is stressed by the “shell” phase (a layer, deposited onto the 

structure formed by “core” material). Our study is focused on electrical 

properties of Barium titanate (BT) “core” and potassium niobate (KN) “shell” 

systems and similarly BT and bismuth ferrite (BF) “core” and BT shell.   
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3.1.1 Dielectric spectroscopy of BT/KN 

Dielectric measurements of BT (BaTiO3), 0.22BT/KN (0.78BaTiO3 – 

0.22KNbO3) and 0.25BT/KN (0.75BaTiO3 – 0.25KNbO3) systems were 

performed. Temperature dependences of 0.22BT/KN and 0.25BT/KN at 

different frequencies are shown in figure 3.1 [1]. Here, 3 anomalies are 

observed; those anomalies coincide with phase transitions in barium titanate 

at temperatures of 203 K, 278 K and 393 K [11]. However, the same results 

show no sign of potassium niobate (KN) phase transitions at temperature 263 

K and 481 K, although infrared measurements showed evidence of KN phase. 
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   Figure 3.1 Temperature dependence of the real (a and b) and 

imaginary (c and d) parts of dielectric permittivity for composites 

0.22BT/KN [1] (left) and 0.25BT/KN (right). 
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This can be seen in figure 3.2. The red curve represents pure barium titanate 

(BT) samples. The frequencies of all phonon modes coincide well with works 

published earlier [68]. The black curve shows one additional phonon mode 

which represents KN phonon mode at 430 cm-1 [69]. Small gradual reflection 

intensity decrease at higher frequencies is due to the porosity of the samples. 

There could be several reasons why we have low contribution to dielectric 

permittivity from KN phase. First of all, KN phase could have a high 

concentration of defects as it was sintered during solvothermal reaction [57]; 

secondly, KN crystallite sizes are around 50 nm and considering the size 

effect, dielectric permittivity should be very low [70]. Thus, the phase 

transitions might be screened by extrinsic effects.  

Furthermore, frequency dependences of complex dielectric permittivity 

show one clear relaxation which was approximated using Cole – Cole law. 

Relaxation times for 0.22BT/KN and 0.25BT/KN are 30±12 ps and 60±14 ps 

respectively (Figure 3.3) [1]. This relaxation gives the main contribution to 

dielectric permittivity. The fact that this relaxation time hardly depends on 

temperature strongly suggest that the nature is related to acoustic resonance. 

In short: as ferroelectric domain wall moves, it emits Barkhausen acoustic 

noise [71], which can resonate in the grain or in a grain cluster; as BT is 

piezoelectric, the response can be seen in dielectric spectra. Alternatively, a 

uniformly polarized grain can contribute to the dielectric permittivity via the 

electromechanical coupling, with contribution determined by the 

characteristics of the acoustic resonance of the whole grain. This also explains 
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Figure 3.2 Infrared reflection spectra for 0.25BT/KN and BT at room 

temperature. 
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the slight difference in relaxations times as the grain clusters for 0.22BT/KN 

are smaller and the resonance frequency is higher than in 0.25BT/KN (Figure 

2.13 left picture show the structure of BT for 0.25BT/KN and right one – for 

0.22BT/KN.) .  

Assuming the electromechanical mechanism, it is possible to calculate 

acoustic wavelength from the experimental data:  

2𝑑 = 𝜆 =
𝑉

𝑓
→ 𝑑 =

𝑉

2𝑓
.                                (3.1) 

Here 𝑑 – cluster average diameter, 𝑓 – frequency,   𝜆 and 𝑓 - acoustic wave 

length and speed, respectively. It is reported that velocity of acoustic waves in 

BT is around 5.5 km/s [72], [73]. Calculated half wavelength is 1030±200 nm 

which is in a good agreement with BT cluster size in 0.25KNBT system. 

 Interestingly, this contribution disappears at temperatures above the Curie 

point, as can be seen from figure 3.1 (only relaxation due to Maxwell-Wagner 

polarisation remains above 400 K). The same happens with the broad 

relaxation in frequencies of 103-106 Hz. This could indicate that the source of 

the latter relaxation is domain wall motion in BT grains. Similar 

measurements were done with core shell samples where BT was replaced with 

10
1

10
3

10
5

10
7

10
9

10
11

 350K

 300K

 250K

 200K

 

 

(d)(c)

(b)

Frequency, Hz

 

 

(a)

50

100

1000

2000

60 ps

 

 

 

 
'

30 ps

10
1

10
3

10
5

10
7

10
9

1

10

100

500

 

 Frequency, Hz

 

 
''

 

Figure 3.3 Frequency dependence of the real (a and b) and imaginary 

(c and d) parts of dielectric permittivity for composites 0.22BT/KN [1] 

(left) and 0.25BT/KN (right) 
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ST (SrTiO3) (Figure 3.4). It was observed that all temperature dependences of 

the real part of the dielectric permittivity are on the same curve. Thus dielectric 

data showed no dispersions up to 30 GHz. This further supports our idea of 

electromechanical origin of this microwave process, which is observed in 

BT/KN composites.  

 Moreover, BT and 0.25BT/KN composites have similar dielectric 

permittivity, although the densities are quite different (BT 59.53% and 

0.25KNBT 78.67%). This fact further supports our assumption, that KN gives 

almost no contribution to dielectric permittivity, as the core structure of 

0.25BT/KN was similar to the pure BT pellet. The main difference between 

experimental data is higher conductivity for 0.25BT/KN system at high (above 

450K) temperatures which could be due to defects in KN structure. Also, 

significantly lower dielectric permittivity was observed in 0.22KNBT system, 

which cannot be explained by lower density or low KN contribution (figure 

3.5).  

It is important to note 0.22BT/KN and 0.25BT/KN have different BT 

topology (Figure 2.13). 0.22KNBT composite has a necking connection 

between grains, and composite 0.25KNBT grains are merged into bigger 

clusters. Lower dielectric permittivity can be explained using effective 

medium approach, i.e. Lichtenecker model [39], [40] In a system 0.22KNBT 

and 0.25KNBT both phases percolate, this means 0 ˂ β [40]. Also, longer 

calcination time results in systems with larger interconnections between grains 

and represent more pillar like structure than a necking system, this means 
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parameter β is higher for 0.25KNBT than for 0.22KNBT. It can be 

mathematically shown that for smaller β values lower dielectric permittivity 

phase becomes more dominant. 

3.1.2 Polarization of BT/KN system 

The acoustic resonance causes a change in polarization, which gives a rise 

in dielectric permittivity. Arlt has calculated the relationship between 

spontaneous polarization and contribution to dielectric permittivity in the 

presence of ferro-elastic domains with the following equation  [74]:  

∆𝜀𝑟 =
𝑃0

2

2𝐶55𝜀0𝑆0
2 ,    𝑓𝑐 =

√𝐶55
𝜌⁄

𝜋𝑑
                          (3.2) 

here, 𝑃0– spontaneous polarization, 𝐶55 – (shear) elastic constant, 𝜀0 – vacuum 

dielectric constant 𝑆0 – spontaneous deformation, 𝜌 – density, 𝑓𝑐 – mean 

relaxation frequency. Effective contribution to dielectric permittivity Δε was 

obtained from Cole – Cole approximations (Figure 3.3).  To obtain real 

dielectric permittivity ∆𝜀𝑟 values (in our case due to low density dielectric 

permittivty of pure BT is lower) from the experimental effective ones, we 

applied Lichtenecker model, with β = 0.4 [75]. It is worth noting that the 

permittivity 𝜀1 (∆𝜀𝑟 =𝜀1) of the first phase (BT) is a lot higher than that of the 

second (Air or composite of air and KN). In this case we can assume that 

dielectric permittivity of the second phase is infinitesimal and can be 

neglected: 
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Figure 3.5 Temperature dependence of the real part of dielectric 

permittivity for BT, 0.22KNBT [1] and 0.25KNBT at 1MHz frequency. 
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𝜀1 = (
𝜀∗𝛽−(1−𝑋)𝜀2

𝛽

𝑋
)

1

𝛽

≅
𝜀∗𝛽

𝑋
1

𝛽⁄
                           (3.3) 

The obtained evaluation of the real permittivity of the core material allows 

us to apply eq. (3.3).  In our work we replace elastic constant C55 with more 

general Young modulus as in case we have homogeneous ceramic and 

resonance occur in grain clusters which are randomly orientated. Temperature 

dependence of Young modules was taken from [76]. Electrostriction 

coefficient Q taken from [77], [78] and spontaneous deformation can be 

written as 𝑆0 = 𝑃0
2𝑄 [74]. Using Arlt’s model [74] we have managed to obtain 

spontaneous polarization temperature dependence curve that is similar to 

experimental curve found in literature [79] (Figure 3.6). 

  However, in our case calculations were based on ceramic measurements 

and due to random rotation orientation of grains, the calculated polarization 

should be around two times lower than in crystals: 

〈𝑃〉 = 2 ∫ ∫
𝑃0

4𝜋
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑑𝜑𝑑𝜃

2𝜋

0

𝜋
2⁄

0
= ∫ 𝑃0𝑠𝑖𝑛𝜃𝑑𝑠𝑖𝑛𝜃 =

𝑃0

2

2𝜋

0
 .    (3.4) 

It is reported that at room temperature pure, high quality BT crystals have 

polarization values up to 26-27 µC/cm2 [74], [80], [81], which is still higher 

than what was obtained here by around 15-30 % (the double value of the 

obtained polarization at room temperature is 19 – 23 µC/cm2).   
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Figure 3.6 Calculated and measured spontaneous polarization values 

for BT and 0.25BT/KN systems. The error bars for measured systems are 

smaller than experimental points. 
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In order to verify our calculations, hysteresis loops measurements were 

performed in vacuum (pressure <10-4 hPa) with 100 kV/cm field for 

0.25KNBT and BT systems (Figure 3.7), which possess the same structure of 

the core material. Both structures show similar saturation polarization values 

at room temperature which are around 11.3µC/cm2. Also slim hysteresis loops 

with high back switching is observed which is typical for fine grain ceramics 

[82], [83]. Alternative high back switching could occur due to large amount 

of defects [57]. Furthermore, we observed that samples with KN have higher 

remnant polarization value which are around 4.4µC/cm2 and values for pure 

BT – 3.2µC/cm2. 

Furthermore, P(E) measurements showed high coercive field up to 10 

kV/cm, this suggests about high number of deep defects in BT structure, which 

may pin the domain walls. This could explain different results obtained from 

calculation and P(E) measurements. Dielectric measurements are done with a 

small amplitude signals, this means domain wall moves just slightly and if the 

domain wall is pinned at one-point, other points of the wall can still move. We 

can image domain wall as membrane. The mobile sections of the domain walls 

have small chance to move far enough to encounter a new pinning defect. On 

the other hand for P(E) measurements high fields are applied, in this case 

domain walls has to move huge distances; and if a domain wall is pinned, deep 

defects forces domain wall to move back after removal of electrical field, 

resulting in low apparent remnant polarization [83]. In such case very large 

fields, which are enough to unpin domain walls are needed to estimate the true 
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Figure 3.7 Dielectric hysteresis for pure BT and 0.25BT/KN structures 

at 300 K temperature. 
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spontaneous polarization. Thus, the indirect method to estimate the switchable 

polarization based on dielectric spectroscopy has and advantage of being less 

sensitive to pinning defects. 

 In addition, we observe higher spontaneous polarization values for 

0.25BT/KN system in both cases.   There could be several explanations. First 

of all, our calculation shows lower polarization value than found in literature; 

this could mean that there are some domains wall that can’t move at all, for 

instance domain wall can be fixed to BT grain boundary surface. If we deposit 

a film of KN on BT grain we decrease surface tension on BT grains; also, KN 

could remove absorbed matter on BT. All in all, we change grain boundary 

condition on the BT surface and some domain walls could be unpinned.  This 

theory works for results obtained from P(E) measurements as remnant 

polarization is increased by a fixed amount in all temperature range. Although 

for calculated polarization results, it is observed that spontaneous polarization 

of 0.25BT/KN at temperatures up to 278 K is equal to that of BT in the margin 

of error, but above that temperature spontaneous polarization of 0.25BT/KN 

is higher. At 278 K temperature a phase transition, from orthorhombic (lower 

temperature phase) to tetragonal, occurs in pure BT. Thus the second 

explanation could follow: epitaxial KN on BT surface stresses BT microscopic 

structure (especially in tetragonal phase), leading to increase in domain wall 

count and spontaneous polarization, similarly as in systems with morphotropic 

phase boundary [56].  Possibly, the third explanation should be considered: 

according to [84], enhanced non-180° switching was observed in the KN-BT 

composites, which could be the reason to easy movement of the domain walls 

in low signal regime. Thus, we obtain higher contribution to dielectric 

permittivity and from equation (3.2) – higher switchable spontaneous 

polarization. This explanation seems favorable also due to the fact that at high 

fields’ polarization is the same in both 0.25BT/KN and pure BT, meaning that 

the value of the spontaneous polarization has not changed. Interestingly, the 

high-field value is very similar to what was obtained from dielectric data, so 

the estimate is correct. However, the KN shell improves mobility of the 

domain walls, which should lead to an enhanced electromechanical response. 

This, in a sense, is the artificial MPB. 
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3.1.3 Dielectric spectroscopy of BT/BT and BF/BT 

Temperature dependence of the dielectric permittivity of BT-BT is 

displayed in figure 3.8 (a and c) [3]. As in previous BT/KN system three 

anomalies are observed at temperatures of 199 K, 287 K and 400 K that 

coincide with classical phase transitions in BT [11]. Still, it is worth noting 

that the value of dielectric permittivity is a few times lower than the previously 

reported values of dense BT ceramics with 300 nm grains size [85]. Although 

the densities are similar, the lower dielectric permittivity, as it was reported in 

[86], could be due to high concentration of defects in BT obtained by 

solvothermal reaction method. Another reason could be related to the fact that 

the crystallite sizes obtained in solvothermal reaction are a lot smaller than 

300 nm (less than 100 nm) which would reduce dielectric permittivity due to 

size effect [87], [88]. At those sizes phase transition become obscured and 

hardly visible [89]. For smaller grains we can expect (extrapolate) that 

dielectric permittivity will be even lower as relative volume of grain shell 

increases.  
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Figure 3.8. Temperature (left) and frequency (right) dependence of the 

real (a and b) and imaginary (c and d) parts of dielectric permittivity for 

BT/BT core-shell composite [3]. 
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     Furthermore, two relaxations can be found in BT/BT composite (Figure 

3.8 b and d). Low frequency relaxation (region A) could be due to domain 

wall movement as it disappears at temperatures above Curie temperature TC = 

400 K. Second relaxation (region B) similarly as BT/KN has 

electromechanical nature.  Even though we observe only a tail part, it can be 

observed, that the high frequency relaxation does not depend on temperature. 

It means that the relaxation is influenced by mechanical properties of our 

sample. It is assumed that the main contribution to dielectric permittivity 

comes from 300 nm BT grains, and a relaxation at 10-20 GHz range should 

be visible (the fundamental mode would correspond to λ/2 resonator). 

Furthermore, as was noted in chapter 2.4 resonance dispersion can exhibit 

relaxation-like shape if we have a broad distribution of resonance frequencies, 

or if the oscillator is strongly over-damped. Similar resonances were visible 

in earlier works [1], [90]. Unexpectedly, the high frequency relaxation is still 

visible above phase transition at temperature above 400 K, but the strength of 

the relaxation is decreasing as the temperature increases. The explanation 

could follow that phase transition in different grains could occur at different 

temperatures due to surface effects. Similarly, it was recently reported in [91] 

that second harmonic was generated in barium titanate ceramics above Curie 

point, means absence of inversion symmetry. 

 Temperature dependence of BF/BT dielectric permittivity is displayed in 

figure 3.9 [3]. The first thing we notice is the absence of anomalies due to 

barium titanate phase transitions. As it was mentioned earlier, barium titante 

crystallites obtain by solvothermal reaction are around 50 nm. At those 

crystallite sizes the barium titanate phase transition are highly obscured and 

barely visible [89]. Nonetheless, the values of dielectric permittivity are 

similar at room temperature with conventional dense BF ceramics [92]. It is 

important to mention that  BF/BT density is significantly lower in our case 

(BT – BF 70 % vs. BF 90%  density in [92]). On the one hand, we should have 

lower values of dielectric permittivity due to lower density; on the other hand 

the values could have increased due to BT, which has higher dielectric 

constant; alternatively, from the HR-TEM shown in [93] we observe epitaxial 

BT grown on BF grains, thus dielectric properties could be increased due to 

stressed BF surface, similarly as in MPB compounds.  Also, at temperatures 

below 300 K glassy behaviour is observed in BF/BT composite, which could 

be attributed to structural disorder, which is usually inherent to cold-pressed 

powders [94]. And lastly it is worth to mention that BF/BT has stable values 

of dielectric permittivity in broad temperature region and relatively high 
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dielectric permittivity values at high frequencies, which are great properties 

for microwave applications.   

3.1.4 Summary 

Based on the dielectric spectroscopy results in BT/KN system, it can be 

concluded that the main contribution to dielectric permittivity in microwave 

region comes from electro – mechanical resonance in BT clusters. Lower 

dielectric permittivity values in 0.22BT/KN system were observed due to 

different BT structure topology. Thus, controlling BT structure sizes and 

topology in the sample during preparation stage allows us to tune dielectric 

response of our system. Also, the same results show almost no contribution to 

dielectric permittivity values from KN in 0.25BT/KN composite. 

Further, remnant polarization values for 0.25BT/KN composite are higher 

than for pure BT.  Several reasons could follow. Firstly, KN on BT grains 

reduces surface tension or absorbed matter and reduces deep defect count 

which allows easier domain wall movement. Secondly, KN stresses BT 

microscopic structure, thus increasing domain wall count similarly as at the 
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Figure 3.9. Temperature (left) and frequency (right) dependence of the 

real (a and b) and imaginary (c and d) parts of dielectric permittivity for 

BF/BT core-shell composite [3]. 
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morphotropic phase boundary. Even though the first explanation cannot be 

excluded, it is not sufficient. Thus, the second mechanism is needed to explain 

some of the observed experimental results. This can be considered an 

indication of an artificial MPB. 

And lastly, we have measured dielectric properties of BT/ BT and BF/BT 

composites. In the case of BT/BT, frequency dependences showed two 

relaxations, which are due to domain wall motion (low frequencies) and 

electro-mechanical resonance in BT grains. Further, we have measured lower 

dielectric permittivity values in BT/BT due to defects and size effect in the 

solvothermally-derived phase. Lastly, BF/BT exhibited large values of 

dielectric permittivity, which can be explained by addition of BT to the BF 

structure, or, alternatively, due to stressed BF structure at hetero – epitaxial 

BF/BT interfaces. Furthermore, we have observed a glassy behaviour at 

temperatures below 300K. 

 

3.2 Methylammonium Lead Halides (I, Br, Cl) 

Hybrid perovskites in the recent decade attracted overwhelming attention 

due to their high photovoltaic performance yielding power conversion 

efficiency (PCE) of 21.9% [95]–[98]. The high solar cell performance was 

related to properties like: the exceptionally large diffusion length [99]–[101], 

long charge carrier lifetime [102], [103], high carrier motility [104], [105], 

large absorption coefficient [106], [107],  and direct band gap [108] [109]. 

Methylammonium lead halides crystals, CH3NH3PbX3, are the forerunners in 

solar cell industry. 

MAPbI3 undergoes cubic (P m3m) to tetragonal (P 4/mmm) and tetragonal 

to orthorhombic (P 2221) phase transitions at 327 and 162 K, respectively. 

[110] Similar transitions from the cubic (P m3m) to tetragonal (I4/mcm) at 

236 K temperature, and to the orthorhombic phase (P na21 [111] or P nma 

[112]) at 149 K are observed in MAPbBr3 system. It is important to note that 

an intermediate phase between 154 and 149 K was reported, being either 

tetragonal P4/mmm [110] or incommensurate phase [113]. In the case of 

MAPbCl3 a phase transitions at 179 K and 173 K from cubic (P m3m [110]) 

to tetragonal (P 4/mmm [110]) to orthorhombic (P nma [114]) phases are 

reported. The crystal phases were checked and confirmed by X-ray diffraction 

(XRD) and differential scanning calorimetry (DSC) Doru Lupascu group [2]. 

The sequence of phase transitions in MAPbX3 has been suggested to be due 

to a consecutive removal of the disorder of the MA+ ions [115] which is still 
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discussed [116]. It is supposed to yield ferroelectric order at room temperature 

already [117], [118]. It was stated that ferroelectricity is the main reason for 

enhanced performance of solar cells using MAPbI3 absorber [119], [120]. It 

was speculated that ferroelectric domain walls can act as p–n junctions 

separation of photoexcited electron–hole pairs thus reducing recombination of 

charge carriers [120]. Information about ordering of polar MA molecule and 

dipolar dynamics near phase transition can be obtained from dielectric 

spectroscopy measurements across wide frequency and temperature ranges, 

sadly only limited experimental data exist. Low frequencies up 1 MHz were 

measured by ONODA-Yamamumo et al., although dielectric dispersion 

related to dipoles was not observed [121]. At lower frequencies it was reported 

that dielectric permittivity increases due to ionic transport of halide anions 

[122]–[124] and charge separation at grain boundaries [125]. Poglitch and 

Weber  [110] showed dielectric measurement for several frequencies in 

gigahertz range and Lin et al. [123] reported measurements in optical range. 

Yet, the frequency range (1MHz – 100GHz) where dipolar dispersion should 

be observed was not unexplored. In this chapter we will address the key role 

of the MA dipoles. We will show that a relatively high dielectric permittivity 

values exist across a wide 102 - 1011 Hz frequency range. Also we will show 

that the nature of high performance of MAPbX3 solar cells are not due to 

ferroelectric domains as MAPbX3 is not ferroelectric [2], [4].  

3.2.1 Dielectric spectroscopy of MAPbX3 (I, Br, Cl) 

Temperature dependences of dielectric permittivity on cooling and heating 

cycles at 1 MHz for MAPbI3 and MAPbBr3 crystals and MAPbCl3 

polycrystalline are shown in Figure 3.10. A temperature hysteresis of 8 K, 7 

K and 9 K is observed in I, Br are Cl compounds, respectively. During cooling 

cycle dielectric permittivity maxima arise at 148 K for MAPbBr3, at 162 K for 

MAPbI3, and lastly at 176 for MAPBCl3. The maximums are related to 

tetragonal - orthorhombic phase transition for MAPbI3 and MAPbBr3, and to 

the cubic – tetragonal phase for MAPbCl3. Furthermore, the crystalline 

compound MAPbCl3 exhibits another anomaly at 168 k temperature, which 

can be associated with tetragonal - orthorhombic phase transition. Moreover, 

dielectric anomalies due to phase transitions between cubic and tetragonal 

phases for MAPbI3 (At 327 K) and MAPbBr3 (At 236 K) are not observed. It 
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is important to note that during ferroelectric phase transition a huge dielectric 

anomaly is usually seen [17], [18].  

Additionally, dielectric permittivity in frequency range of 20MHz to 30 

GHz was measured (Figure 3.11 (a)). It is observed that by increasing 

frequency the maxima of the real part of dielectric permittivity broadens and 

shift to the higher temperature range likewise the imaginary part increases and 

broadens. This suggest about a strong dipole related relaxation. Frequency 

dependences of dielectric permittivity were approximated using Cole – Cole 

(2.16) model (figure 3.11 (b)). Temperature dependences of the relaxation 

strength ∆𝜀, the width of the relaxation 𝛼 and high frequency dielectric 

permittivity 𝜀∞ are shown in figure 3.12 (a,b and c). It is observed that 

relaxation is getting stronger in the vicinity of the phase transition. Further 

from the alfa parameter it is possible to tell that the relaxation is very narrow 

and broadens in the vicinity of the phase transition. Also it can be seen that 

relaxation times increases and after the phase transition decreases (Figure 3.12 

e, f and g), such phenomena is called critical slowing down. All of the above 

is typical features of the order - disorder phase transition [7].  

Usually during a phase transition a softening of the elastic constant C [126] 

from the high temperature side is observed. Elastic constant is highly 

dependent on acoustic velocity 𝑣 and attenuation 𝛼𝑢𝑠: 
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𝑣2 =
1

𝜌
𝑅𝑒(𝐶∗)                                        (3.5) 

𝛼𝑢𝑠 =
1

2𝜌𝑣3 𝜔𝐼𝑚(𝐶∗)                                   (3.6) 

Here, 𝜌 – is the density and 𝜔 – angular frequency. Thus, with the supervision 

of V. Samulionis ultrasonic velocity and attenuation was measured (Figure 

3.13).  Similarly, as in dielectric results a step like acoustic anomalies at 

temperatures of 160 K and 148 K are observed in MAPbI3 and MAPbBr3 

respectively. In the case of MAPbCl3 polycrystalline two anomalies at 

temperatures of 179 K and 171 k were obtained. It should be noted that a 

slightly thinner temperature hysteresis of 2-5 K was observer in all three 

compounds.  

Notable, in contrast to the results of the dielectric measurements the 

ultrasound velocity does show a clear minimum corresponding to the high 

temperature cubic to tetragonal phase transition at temperatures of 329 and 

236 K for both MAPbI3 and MAPbBr3 crystals, respectively. Similar softening 

of elastic constants of MAPbBr3 single crystal at the cubic to tetragonal phase 

0

20

40

60

80

100

120

20

60

100

0

20

40

150 200 250

0

20

40

60

80

0

40

10
7

10
8

10
9

10
10

0

10

0

50

100

150

40

80

120

0

20

1GHz

30GHz

50MHz

 

 

'
 
"

50MHz

1GHz

 190K

 170K

 150K

 145K

 

 

'

 

'
'

Temperature, K 

CH
3
NH

3
PbBr

3

CH
3
NH

3
PbCl

3

'
,

''

30GHz

20MHz

2.3GHz

2.3GHz

 

 

20MHz

CH
3
NH

3
PbBr

3

CH
3
NH

3
PbCl

3

 215 K

 195 K

 175 K

 165 K

 

 

'

 Frequency (Hz)

 

 

'
'

''

''

''

'

'
(b)

20MHz

1GHz

20MHz

1GHz

30GHz

CH
3
NH

3
PbI

3

 

 '


''

(a)

'

 210K

 190K

 170K

 150K

 

 

'

CH
3
NH

3
PbI

3

 '
'

   Figure 3.11 Temperature (a) and frequency (b) dependence of real 

and imaginary parts of dielectric permittivity for MAPbI3 and MAPbBr3 

crystals, and MAPbCl3 polycrystalline [2]. 
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transition was reported by A. Letoublon et al. in the Brillouin scattering 

experiment [127]. Also overall softness of the system has been reported in 

static mechanical tests [128]. 

The main relaxation seen in dielectric spectra (Figure 3.11) is related to 

orientation of electrical dipoles under applied electrical field. The dipole 

moments in MAPbX3 compounds are carried out by a MA+ molecule. To 

match the overall cubic crystalline symmetry, orientation disorder of MA 

dipolar cations is required. The C-N bond of the MA cation was calculated by 

Jong et al. [129] to lie along <110> direction in order to satisfy the – 12 fold 

coordination of the lattice site. Another degree of disorder can be introduced 

by the possibility for MA molecule to rotate around its C-N axis. According 

to nuclear magnetic resonance results, the reorientation of C-N axis and 

rotation around this axis have activation energies of 120 and 50 meV, 

respectively [130]. The values of activation energy for MAPbI3, MAPbBr3 

MAPbCl3 obtained from dielectric spectroscopy data by applying Arrhenius 

law on relaxation times of dipolar relaxation are 100 meV, 79 meV and 75 

meV, respectively.  The obtained values are in between, therefore, we assume 

that both, reorientation of dipole moments and rotation around the C-N axis, 

contribute to the dynamics.  

It was suggested that the sequence of phase transitions in MAPbX3 

corresponds to a progressive removal of certain degrees of freedom [110], 

[115]. According to ref. [115] the cubic to tetragonal phase transition is due 

to removing rotational disorder, while the orientation disorder is preserved, so 

the low-temperature phase remains non-polar. Partially lost orientation 

disorder, namely, polar or antipolar orders, has been discussed [131]–[133] 

allowing for a ferroelectric state in the case of polar order. This contradicts the 

centrosymmetric nature of the I4/mmm space group. A comparison between 

the values of the activation energy for the dielectric relaxation and the results 

of NMR measurements [130] indicates the plausibility of the model  by 

Onoda-Yamamuro. Both reorientation of the dipole moments and rotation 

around the C-N axis contribute to the dielectric response in the paraelectric 

phase of MAPbCl3, while only reorientation of the dipole moments happens 

in tetragonal MAPbI3.  
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The transition into either a polar or an antipolar state should be 

accompanied by an anomaly of the dielectric permittivity. The absence of such 

anomalies shows that the transition from the cubic to the tetragonal phases 

does not have polar behaviour for MAPbI3 and MAPbBr3. Only for the low-

temperature phase transition, we observe signatures of slowing down of the 

dipolar relaxation dynamics. The tetragonal phase is still characterized by 

polar disorder. The distinct anomalies of the ultrasonic wave velocity and 

attenuation allow to classify this transition as a ferro-elastic (or improper 

ferro-elastic [134]) one. The non-ferroelectric character of the tetragonal 

I4/mcm phase of both MAPbI3 and MAPbBr3 is further confirmed by the 

absence of ferroelectric P(E) hysteresis, which were done Doru Lupascu group 

[2].  
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parameters, (a) – relaxation strength, (b) – the width of the relaxation (c) 

– high frequency dielectric permittivity value.  Figures from e – g show 

inverse relaxation time (frequency) for MAPbI3 and MAPbBr3 crystals 

and MAPbCl3 polycrystalline [2]. 
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In the literature low temperature phase has been classified either as a polar 

(ferroelectric)[135] or antipolar [111], [136], [137] phase, or domains made 

of both [138]. Our results favour the anti-polar option. The shape of the 

dielectric anomaly and its low value are similar to those observed for anti - 

ferroelectric phase transitions [7], [139], [140]. The Curie–Weiss 

approximation of the high temperature dependence of ε′(T) yields negative 

Curie–Weiss temperatures (shown in appendix A figure 3) this is typical for 

anti - ferroelectric phase transitions [139].  

Although a small current was obtained during pyro-current measurements 

(Figure 3.14). For MAPbI3 compound, we observed an anomaly at 163 K, 
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   Figure 3.13 Temperature dependence of ultrasonic velocity (a-c) and 

attenuation (d-f) for MAPbI3 (a,d), MAPbBr3 (b,e) and MAPbCl3 (c,f). The 

inserts show cooling/heating cycles in the vicinity of phase transition [2].  
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which corresponds to the tetragonal orthorhombic phase transition. No 

anomaly was observed at the cubic tetragonal transformation temperature. The 

pyro current of MAPbCl3 exhibits two anomalies at 172 and 177 K which are 

related to the tetragonal orthorhombic and cubic tetragonal phase transitions. 

Two anomalies are also observed for MAPbBr3 at 146 and 153 K which are 

in agreement with the low temperature phase transition temperatures. There 

could be several sources of the observed current such as occurrence of the 

electric polarization or formation of charged defects during the phase 

transitions. If we assume that the current has the former origin, we can use it 

to determine the temperature dependence of the electric polarization. In this 

way obtained saturation polarization is very small (around 0.2 μC/cm2) for all 

halides compared to the proper ferroelectrics such as inorganic BaTiO3 [7] or 

hybrid [NH4][Zn(HCOO)3] [141]. Such a miniature polarization might arise 

from the ferro-elastic domains that disturb the long-range order of the MA+ 

cations. 

Nevertheless our results are in contrast to theoretical calculations [120], 

[131], [142] and some piezo-response force microscopy (PFM) studies 

revealing a signal associated with ferroelectric domains of different polarity, 

seemingly being switchable by an electric field. [96], [117], [119], [143], 

[144] This slow frequency reversal of the PFM signal is actually not related 

to spontaneous polarization, but is due to a voltage induced charge separation 

that decays slowly after the electric field is switched off [145], [146]. Regular 

domain patterns attributed to ferro-elastic twins were reported for MAPbI3 

[117], [147], but no polarization switching [147] and no macroscopic 

polarization hysteresis [146], [148] necessary for ferroelectricity could be 

observed. The I4/mcm point group of MAPbI3 is centrosymmetric and hence 

excludes ferroelectricity.  

Poglitsch and Weber suggested that the low temperature orthorhombic 

state of MAPbI3 can be ferroelectric, but later refinement of the structure 

showed that the correct point group is centrosymmetric Pnma [114] which can 

only be anti-polar [112], [136]. Similar results were calculated by M. Šimėnas 

that showed antipolar planes in (110) dirrection.  
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3.2.2 Summary 

The phase transitions of all three compositions display the same sequence: 

cubic – tetragonal – orthorhombic. At high temperature rotation and 

reorientation around C - N axis of the methylammonium molecule is observed. 

Rotational disorder disappears at cubic to tetragonal phase transition and 

reorientational disorder at tetragonal to orthorhombic phase transition.  

Low temperature dielectric anomalies were observed for all three 

compounds at temperatures of 162, 148 and 171 K for MAPbI3, MAPbBr3 and 

MAPbCl3, respectively. Temperature dependence of relaxations times showed 

a critical slowing down phenomena which indicates order – disorder phase 

transition. Also a negative Curie-Weiss temperature was obtained suggesting 

about anti-polar nature of low temperature phase.  
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   Figure 3.14. Temperature dependence of polarization (a-c) and 

current (d-f) for MAPbX3 (I, Br, Cl) crystals. It should be noted that 

current depends on the measurement speed and sample size thus cannot 

be compered directly [4]. 
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Although dielectric spectroscopy results show no evidence of high 

temperature cubic to tetragonal phase transition while acoustic result show a 

sharp anomaly suggesting about ferro-elastic phase.  

A small current was observed during orthorhombic – tetragonal phase 

transition which can be explained by ferro-elastic domains that disturb the 

long-range order of the MA+ cations. We found no indication of ferroelectric 

phase for MAPbI3, MAPbBr3 and MAPbCl3 compounds.  

 

3.3 Mixed Lead Halides 

In the last chapter we have investigated pure methylammonium lead 

halides (MAPbX3) due to their remarkable success in solar cell scientific 

industry. However, further success in the commercial market is hampered by 

their poor thermal and water stability[149], [150] as well as lead toxicity[151]. 

Recently progress and efficiency of perovskite solar cells is addressed to the 

compositional change of perovskite crystals. By careful tuning of perovskites 

A - side cells with formamidium (FA), methylammonium (MA) and cesium 

(Cs) the mixed perovskites are more durable against exposure to heat and 

moisture [152]–[154]. An investigation of a complicated system of 

Csx(FA0.83MA0.17)(1−x)Pb(I0.83Br0.17)3 by Trilok Singh et al. showed high 

performance (up to 20% PCE) against long exposure to the ambient 

atmosphere [155]. Although there is still a lot of research need to be done to 

understand the effects of individual cations. Currently several topics on 

FA/MA and Cs effects are being investigate in our laboratory, sadly results 

are very new and won’t be included in this work.  

 In this chapter we will discuss the effect of DMA cation in MAPbBr3 

crystals as recently it was reported that during certain synthesis methods 

relatively high amount of DMA cations can be unintentionally introduced in 

the MAPbBr3 structure [156]–[158].  Further studies showed that small 

amount of DMA may lead to enhanced solar cell performance and water 

stability at room temperature [159]–[161]. Although according to Anelli [162] 

maximal DMA solubility is around 30 % and higher amount may lead to 

structural instabilities. It is reported that pure DMAPbBr3 has two-

dimensional hexagonal structure and is unsuitable as solar cell absorber [163]–

[165].  In case of classical inorganic perovskites mixing cations usually leads 

to obscure phase transitions [166] or frustrated phases such as relaxors [167] 

or dipolar glasses [50], [168]. This can strongly effect dielectric permittivity 

value. Having high dielectric permittivity value results in high defect tolerance 
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and low exciton binding energies, which further results in exceptional solar 

cell performance [2], [169], [170].  

3.3.1 Dielectric spectroscopy of MA1-xDMAxPbBr3 

Temperature dependences of dielectric permittivity in a broad 20 Hz to 50 

GHz frequency range for MA1-xDMAxPbBr3 crystals are shown in Figure 3.17. 

The pure MAPbBr3 exhibit the same dielectric behaviour as reported in 

previous chapter. A sharp dielectric anomaly is observed at 147 K 

temperature, which is related to first – order, anti-polar phase transition due to 

MA cation ordering in orthorhombic phase. A small amount of DMA content 

around 4 % slightly broadens and shifts the phase transition to the lower 

temperature (140 K). Further increase of DMA content results in very broad 

and highly frequency dependant anomaly. The temperatures of dielectric 

maximum at 129 Hz frequency are 125 K and 113 K for x = 0.14 and x = 0.21, 

respectively. The highest dielectric permittivity value of 251 was observed for 

0.14 compound. It should be noted that from XRD data (not shown due to 

copyright restriction) down to 50 K temperature no structure phase transition 

for 0.14 and 0.21 compositions was observed. A comparison can be done with 

classical inorganic compounds. In the inorganic case such broad and highly 

frequency dependant dielectric anomalies occur due to frustration of electrical 

dipoles. This is usually the evidence of relaxor or a glassy state [50], [167], 

[171].  In our case we strongly lean to dipolar glass phase as imaginary parts 

of dielectric permittivity in the figure 3.15 (d and h) intersect each other 

especially in higher frequencies [7]. Further analyses of the frequency 

dependence data (Figure 3.16), for x = 0 and x= 0.04 crystal, show relaxation 

in the GHz frequency range related to the MA cation dynamics [169]. This 

relaxation disappears at tetragonal – orthorhombic phase transition when long 

range order is established. Nonetheless in the case of 0.14 and 0.21 

compounds dipolar relaxation persist down to the lowest measured 

temperatures and can be seen over nine orders of magnitude, which may also 

imply a glassy disorder phase.  
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The frequency dependences of complex dielectric permittivity were 

approximated using superposition of several Cole – Cole model (2.16). Fitting 

parameters for the dipolar relaxation are shown in figures 3.17 and 3.18. For  

x = 0 and x = 0.04 compounds the calculated α parameter value is close to 

zero and slightly increases in the vicinity of the phase transition where dipolar 

relaxation is abruptly cut off by the tetragonal – orthorhombic phase transition. 

Meanwhile regarding x = 0.14 and 0.21 cases, dipolar relaxation is visible in 

the whole temperature range and the α parameter increases up to the value of 
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0.8 at 50 K temperature. Such relaxation broadening is typical for frustrated 

systems [7], [18]. Moreover, the relaxation strength Δε gradually increases in 

the vicinity of the phase transition for x = 0 and x=0.04 and in the cases with 

higher concentration of DMA a maximum at around 100 K temperature is 

observed. High frequency dielectric permittivity values ε∞ were around 30 for 

all compositions in the whole temperature range. The obtained temperature 

dependence of relaxation times for main dipolar process are shown in the 
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   Figure 3.16 Frequency dependence of the real (a,e,c,g) and imaginary 

(b,f,d,h) parts of dielectric permittivity for MA1-xDMAxPbBr3 crystals. 

Solid lines are the best fits of the Cole – Cole law. 
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figure 3.18. Strangely, the relaxation times follows Arrhenius law with 

activation energies of 80 ±5, 113 ±7, 143 ±7 and 130 ±7 meV for x=0, 0.04, 

0.14 and 0.21 respectively. The absence of Vogel-Fulcher behaviour in the 

relaxation times for 0.14 and 0.21 composition may indicate that dipolar 

freezing can be found at very low temperatures as other experimental data 

indicates frustrated state. The obtained increase of activation energies with the 

increase of DMA concentration show a gradual rise of the rotational barrier 

for MA cation motion.  Also, dielectric permittivity values at room 

temperature are highest for 0.14 concentration and lowest for 0.21 

concentration which demonstrates the ability to tune dielectric permittivity up 

50 % by changing DMA concentration.  

Lastly it should be noted that temperature dependence of complex 

dielectric permittivity for pure DMAPbBr3 is shown in Appendix B. A sharp 

anomaly at 251 K temperature is observed, which according to Geselle [163] 

is due to hexagonal to monoclinic first order phase transition. Unfortunately, 

DMAPbBr3 crystals were too fragile and high frequency data was not obtained 

thus DMA dipole relaxation was not investigated. Additionally, in appendix 

B with permission of M. Kinka temperature dependence of acoustic velocity 
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Figure 3.17 Temperature dependence of α (a) and Δε (b) fitting 
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and attenuation can be found. Acoustic results revealed high temperature 

anomalies for crystals with 0 and 0.04 DMA cations at temperature of 234 K 

and 215 K, which can be attributed to cubic to tetragonal phase transitions. 

Also, in both cases similarly as in dielectric data an anomaly due to tetragonal 

orthorhombic phase transition is visible. In the case of 0.14 and 0.21 DMA 

compounds only one very broad anomaly below 200 K temperature can be 

seen. Acoustic result shows a clear suppression of the phase transition with 

the increase of DMA content. Also similar ultrasonic behaviour is usually 

observed in relaxors and dipolar glasses [172], [173] which support our earlier 

claim. 

3.3.2 Summary 

To summarize an extensive study of complex dielectric permittivity for 

MA1-xDMAxPbBr3 crystals over wide temperature and frequency range was 

performed. A small amount of DMA cation leads to the phase transition 

broadening and a shift from 147 K to 140 K temperature. Although structural 

phase transitions and long-range MA cations order is still preserved. Crystals 

with higher amount of DMA cations concentration show significant 
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71 

 

 

broadening of the dielectric anomaly. Temperatures dependence of relaxation 

times showed Arrhenius like behaviour despite the glassy behaviour of 

dielectric data. Also, with the increase of DMA concentration notable increase 

of activation energy from 80 to 140 meV was observed which may indicate 

the rise of MA cation rotational barrier. The fact that dielectric data show 

dipolar glass like behaviour and with supplementation of XRD and acoustic 

data it was concluded that significant suppression of tetragonal phase occurs 

due to frustrated dipolar interaction between molecular cations and Arrhenius 

like behaviour is observed due to very low Vogel-Fulcher freezing 

temperatures. It is worth mention that currently work with MAx-1FAxPbBr3 is 

being done and preliminary results show similar behaviour.   

  

3.4 Hybrid perovskite framework 

In the recent decade considerable attention was given to perovskite like 

structures: metal – organic frameworks MOF. It was shown that such 

perovskites can exhibit ferroelectric and ferromagnetic properties [174]–

[178]. Dimethylammonium zinc - formate [(CH3)2NH2][Zn][(HCOO)3] has a 

perovskite structure  where metal center Zn2+ sits in the middle of six formate 

(HCOO-) linkers forming an octahedral.  In the perovskite A site a DMA+ 

molecule can be found that forms hydrogen bonds with the rest of the 

framework [179]. Similar MOFs only with different metal centres usually 

display the same phase transition (trigonal – monoclinic [180]). The main 

difference is that depending on the metal center, the temperature of the phase 

transition may vary from 155 K to 190 K [175], [181], [182]. The nature of 

the particular phase transition is due to the ordering of molecular cations and 

deformation of the framework. It is reported that in the high temperature phase 

DMA molecule can freely move between three positions and at low 

temperatures DMA molecule freezes and long range order is formed [180].   

Previous dielectric studies of DMAZn(HCOO)3 crystal suggested that 

spontaneous polarization appears during trigonal – monoclinic phase 

transition. Although no evidence of the polarization switching was provided 

[183]–[187]. Also the same studies argue that observed dipolar relaxation is 

due to relaxor behaviour. It should be noted relaxor phase is usually seen in 

chemically disordered systems, like PMN (Pb(Mg1/2Nb2/3)O3) [188] or BTZ 

(Ba(Ti0.7Zr0.3)O3) [189]. Nevertheless, in the previous studies the measured 

frequency range of 10 Hz to 1 MHz was too narrow to draw reliable 

conclusions.  
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3.4.1 Dielectric spectroscopy of DMAZn(HCOO)3 

In order to investigate dipolar dynamics of DMAZn(HCOO)3 compounds 

a broadband dielectric spectroscopy in the frequency range of 10-2 to 109 Hz 

was performed. The temperature dependence of real and imaginary parts of 

dielectric permittivity is shown in the figure 3.19. A sharp anomaly at 155 K 

temperature in the real part of dielectric permittivity is observed due to first 

order phase transition from trigonal to monoclinic phase and is in a good 

agreement with earlier works [183]–[187]. In the higher temperature phase, 

complex dielectric permittivity shows dipolar relaxation. This relaxation is cut 

off at phase transition temperature as long-range order is established.  

Further frequency dependant of the complex dielectric permittivity at 

different temperatures is presented in the figure 3.20. A clear relaxation in the 

high temperature phase is visible. This relaxation moves from GHz to 

kilohertz range as temperature decreases from the room temperature. 

Additionally, at the low temperature phase a weak relaxation is visible.  

Frequency dependences were approximated using Cole – Cole model 

(2.16) for one process. Alfa parameter (α) that describes the width of the 
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relaxation is less than 0.05 in the whole temperature range.  This indicates that 

our relaxation is very close to Debye like relaxation where dipoles do not 

interact with each other and thermal fluctuation is the dominant force in the 

interaction. Also, inverse temperature dependence of relaxation times (Figure 

3.21) shown Arrhenius like behaviour (2.18) with the activation energy (Ea) 

of 270 ± 10 meV. Interestingly, our value obtained from dielectric 

spectroscopy is very close to the value obtained by T. Asaji in his NMR 

experiments with activation energy of 240 meV. He relates this process to 

1200 reorientation of DMA cation around C – C axis [190], [191]. Such 
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(bottom) parts of dielectric permittivity for DMAZn(HCOO)3 crystal in  
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rotations significantly changes the dipolar moment of DMA molecule thus 

should appear in the dielectric spectra. 

 Further to determine the origin of the relaxation at low temperature phase, 

the relaxation times were extracted from the maxima of imaginary part of 

dielectric permittivity. Results were approximated using Arrhenius law 

(Appendix C, Figure 1). The obtained activation energy of 290 ± 20 meV is 

very close to the value of DMA cation hopping at high temperature phase. 

This may indicate that this motion also persists even in the low temperature 

phase as discussed by Yadav et al [187].  Although the precise nature of the 

relaxation is still not clear.  

Our linier Arrhenius – type behaviour of mean relaxation times for DMA 

molecule indicates a simple thermally activated process[18]. This can be seen 

over whole high temperature phase. Thus our result are in clear conflict with 

widely discussed idea that DMAZn(HCOO)3 are relaxors or exhibit relaxor 

like behaviour [183]–[187]. In the case of relaxors, the temperature 

dependence deviate from Arrhenius law and follow Vogel – Fulcher law 

(2.19) [167]. Also in the relaxor phase the temperature dependence of the 
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complex dielectric permittivity is slightly different and most noticeable is the 

imaginary part, where at low temperature dielectric curves combine into one 

curve [192]. In our case dielectric data is more similar to dipolar glass phase 

[193], [194]. Although similarly as in relaxors case relaxation times have to 

follow Vogel – Fulcher law. Also I would like to note that relaxor like 

behaviour is usually observed in chemically disordered systems [166], while 

DMAZn(HCOO)3 compound is ordered and clearly has no frustrated states. 

Furthermore, I would like to address a question that may arise due to previous 

chapter about DMAxMAx-1PbBr3. In that chapter temperature dependence of 

relaxation time with high amount of DMA cation followed Arrhenius law 

nevertheless we claimed that we have a frustrated state. One of the key points 

was that dielectric results were complimented with other data, but I want to 

address the key difference in dielectric behaviour, mainly the width (α) of 

relaxation. In the case of DMAZn(HCOO)3 the relaxation width was close to 

0 and it didn’t change in the whole temperature range and in case of 

DMAxMAx-1PbBr3 the relaxation width increased as the temperature 

decreased, which is typical behaviour for frustrated system like relaxors or 

dipolar glasses [7].  

 Lastly in order to confirm non-ferroelectric origin electrical polarization 

and high field dielectric permittivity measurements were performed (Figure 

3.22 a and b). At the temperature of 162 K a slightly open polarization curve 

was observed, which is typical for lossy dielectric [195], this was also 

confirmed during measurement by checking the current which showed no 

indication of switching. Considering other temperatures, all curves are closed 

and slight change in the slope of the curve is due to change in the dielectric 

permittivity value. We also did not observe any electric field influence on the 

real part of the dielectric permittivity (tunability effect [196]) This supports 

the non-ferroelectric or improper ferroelectric origin of this compound and 

indicates that the DMA cation motion is not hindered by an electric field of 

up to 14 kV cm-1. 
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3.4.2 Summary 

To summarize we have performed broadband dielectric spectroscopy on 

DMAZn(HCOO)3 crystals. Temperature dependence of dielectric permittivity 

revealed an anomaly at 155 K temperature due to first order phase transition. 

Also, in the high temperature phase dipolar dynamics of DMA molecule was 

observed.  The temperature dependence of the mean relaxation time of this 

process strictly follows the Arrhenius law over ten orders of magnitude, ruling 

out the widely discussed incorrect notion of relaxor behaviour of this 

compound. Also, our obtained activation energy value of 270 meV is in good 

agreement with NMR result indicating that observed dipolar relaxation is due 

to reorientation of DMA molecule around C – C axis.   And lastly non-

ferroelectric behaviour was further confirmed by the electric field dependent 

electric polarization and dielectric permittivity measurements. 
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Figure 3.22 Polarization measurement (a) and electrical field 

dependence of real part of dielectric permittivity (b) at different 

temperatures [5].  
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4. Conclusions 

The following conclusion can be drawn by accomplishing our tasks:  

1. The largest contribution to dielectric permittivity in microwave region 

in BT/KN, BT/BT “core – shell” systems come from electro – mechanical 

resonance in BT grains. Increased spontaneous polarization value in 

0.25BT/KN system and increased dielectric permittivity value for BF/BT 

system can be attributed to the fact that the lattice of the “core” part of the 

composite is stressed by the outer “shell”. This can be considered as an 

indication of an artificial MPB. 

2. Broadband dielectric spectroscopy result revealed first – order, order – 

disorder, anti-polar phase transition at low temperature for all three MAPbX3 

(I, Br, Cl) compounds. Also, the same results reveal a dipolar relaxation which 

is related to rotation and reorientation of MA cation around C – N axis. We 

found no indication of ferroelectric phase for any one of the three compounds. 

3. A small amount of DMA cation in the MA1-xDMAxPbBr3 crystals leads 

to the phase transition broadening and a shift to the lower temperatures. 

Although structural phase transitions and long-range MA cations order is still 

preserved. Crystals with higher amount of DMA cations concentration show 

significant broadening and suppression of tetragonal phase, which may be 

related frustrated state. Also, with the increase of DMA concentration a rise 

of MA cation rotational barrier is observed.  

4. Broadband dielectric spectroscopy revealed a first order phase transition 

at 155 K temperature for DMAZn(HCOO)3 crystal. At the high temperature 

phase, a simple dipolar DMA molecule dynamic was revealed that follow 

Arrhenius law. Also, non-ferroelectric behaviour was further confirmed by the 

electric field dependent of electric polarization and dielectric permittivity 

measurements.  
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Appendix A 

Purity of the phases is confirmed by XRD, see Figure 1. 

Differential scanning calorimetry measurements display several phase 

transitions as endothermic or exothermic peaks upon heating or cooling 

respectively (Figure 2). A thermal hysteresis of ~ 4-6 K between 

measurements on cooling and heating show that the phase transitions are of 

1st order. Further a temperature dependence of inverse dielectric permittivity 

at 1GHz reveals a negative Curie – Weiss temperature in MAPbI3 and 

MAPbBr3 crystals indicating anti-polar nature (Figure 3).  

 

 

 

 

 

Figure 1 X-ray diffraction spectra for the MAPbI3 (a), MAPbCl3 (b), 

and MAPbBr3 (c) samples. 
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Figure 2 Results of differential scanning calorimetry 

measurements for (a) CH3NH3PbI3 , (b) CH3NH3PbBr3 , and (c) 

CH3NH3PbCl3. 
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Figure 3 Inverse of dielectric constant at 1 GHz. Negative T0 in 

a Curie-Weiss fit reflects anti-polar order. 
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Appendix B 

Temperature dependence of real and imaginary parts of dielectric 

permittivity of DMAPbBr3 (Figure 1) show anomaly at 251 K temperature 

which is related to hexagonal to monoclinic first order phase transition. 

Although due to narrow frequency range the movement of DMA molecule 

was not observed. Further temperature dependence of acoustic velocity and 

attenuation for DMAxMA1-xPbBr3 crystals are shown in the figure 2. Here two 

anomalies for DMA concentrations of x =0 and 0.04 are observed and one 

very broad anomaly for DMA concentration of x = 0.14 and 0.21. 
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Figure 1 Temperature dependence of real (top) and imaginary 

(bottom) parts of dielectric permittivity.  
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Figure 2 Temperature dependence of acoustic velocity (a) and 

attenuation (b) for DMAxMA1-xPbBr3 crystals. 
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Appendix C 

The inverse temperature dependence of relaxation time shown in figure 1 

was obtained by evaluating the maxima position in the imaginary part of 

dielectric permittivity of DMAZn(HCOO)3. The activation energy value is 

very close to the value of DMA hopping in the high temperature phase.  
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Figure 1 inverse temperature dependence of relaxation times of low 

temperature relaxation for DMAZn(HCOO)3.  
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