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RESUMO 

Filmes policristalinos de Pb0,91La0,09Zr0,65Ti0,35O3 (PLZT9/65/35) e de Sr0,75Ba0,25Nb2O6 

(SBN75) foram preparados por uma rotina química polimérica para investigarmos as suas 

propriedades em nano- e macroescala. Difração de raios-X (DRX), microscopia de força 

atômica de piezoresposta (PFM), e microscopia eletrônica de varredura (SEM), foram 

utilizados como ferramentas investigativas. Os filmes finos de PLZT9/65/35 e de SBN75 

exibiram estrutura peroviskita e tungstênio bronze, respectivamente, conforme esperado à 

temperatura ambiente e na composição nominal para estes materiais ferroelétricos relaxores. 

Além disso, o refinamento de Rietveld da estrutura revelou a dependência do tamanho do 

cristalito e do microstrain com a espessura. A temperatura de transição de fase do filme de 

SBN mostrou um deslocamento para valores menores de temperatura, sugerindo a presença 

de concentração de defeitos, tais como vacâncias de oxigênio, desordem química e defeitos 

de rede, maior no filme de SBN. Microscopia eletrônica de varredura (SEM) exibiu o caráter 

poroso de ambos os filmes. Propriedades ferroelétricas desses filmes foram investigados por 

meio da técnica de PFM. A piezoresposta mostrou ter uma dependência em função do 

tamanho do cristalito e da espessura. Neste trabalho, a dinâmica de reversão de domínios 

ferroelétricos e a relaxação de domínios induzidos foram estudados por meio do uso da 

espectroscopia de chaveamento (SS-PFM) em ambos os sistemas em função da tensão DC e 

do tempo de duração do pulso.  

Palavras-chaves: Filmes Finos; Relaxores; Microscopia de Força Atômica de Piezoresposta 

(PFM) 
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ABSTRACT 

Polycrystalline thin films of Pb0.91La0.09Zr0.65Ti0.35O3 (PLZT9/65/35) and Sr0.75Ba0.25Nb2O6 

(SBN75) were prepared by the chemical polymeric routine in order to investigate their 

physical properties at the macro- and nanoscale. X-ray diffraction (XRD), piezoresponse 

force microscopy (PFM), and scanning electron microscopy (SEM) were used as 

investigative tools. PLZT9/65/35 and SBN75 thin films have exhibited perovskite and 

tungsten bronze crystal structure at room temperature, as it was expected in this nominal 

composition for these relaxor ferroelectric materials. In addition, Rietveld method of the 

crystalline structure has revealed the thickness dependence of the crystallite size, grain size, 

and microstrain. The transition temperature of SBN thin film showed to shift to lower 

temperatures, suggesting the presence of a higher defect concentration, such as oxygen 

vacancies, chemical disorder, and lattice defects in this film. SEM has exhibited the porosity 

features in both thin films and has confirmed the existence of chemical elements (such as 

oxygen, niobium, lanthanum, strontium, platinum, silicon and barium) in film surface and 

near the substrate. Ferroelectric properties have been investigated by PFM and the results 

have suggested a thickness and crystallite size dependence of the piezoelectric response. 

Also in this work, the dynamic of ferroelectric domain switching and the induced domain 

relaxation were studied using the switching spectroscopy PFM (SS-PFM) in both relaxor 

systems as a function of variable DC applied voltages and pulse durations.  

Keywords: Thin films; Relaxors; Piezoresponse Force Microscopy (PFM) 

 

 

 

  



ix 

 

LIST OF FIGURES 

Figure 1: Relationship between piezoelectrics, pyroelectrics, and ferroelectrics. ...........................................27 

Figure 2: Unit cell of a cubic structure in the paraelectric state (PE) and tetragonal structure in the ferroelectric 

state (FE) of the perovskite structure. ..............................................................................................27 

Figure 3: Diagram of free energy versus atomic displacement of a system. ...................................................28 

Figure 4: Representative hysteretic loop between the polarization and the applied DC voltage of FE materials. 

(The author) .....................................................................................................................................29 

Figure 5: Representative behavior of the Gibbs free energy as a function of polarization and the polarization 

as a function of α for a given FE material with a (a) first- and (b) second-order phase transition. 

(Figure adapted from reference [30]) ..............................................................................................33 

Figure 6: Schematics of the operation principle of SEM ................................................................................55 

Figure 7: In SS-PFM, local hysteresis loop and piezoresponse relaxation can be locally collected. In (a) we 

can observe the single-point probing waveform in SS-PFM and the data acquisition sequence for 

both local piezoloops and piezoresponse relaxation. In (b) is represented a schematic behavior of a 

PFM hysteresis loop obtained in a FE material. ..............................................................................60 

Figure 8: Refined structure with observed (dots), calculated (red lines), and difference (bottom lines) XRD 

profiles of Sr0.75Ba0.25Nb2O6 thin film. ............................................................................................63 

Figure 9: (a) Scanning electron microscopy (SEM) of the SBN thin film obtained at the edge using electron 

bean of 3 kV with approximately 20,000x of magnification and the top view SEM images obtained 

with (b) 85,000x magnification. ......................................................................................................64 

Figure 10: (a) Cross-sectional SEM image of the SBN thin film and (b) the representation of the distribution 

of the secondary electrons respective to the specific chemical element with the chemical composition 

in the cross section obtained inside the rectangle drawn in (a). .......................................................65 

Figure 11: Real and imaginary dielectric permittivity of SBN thin film as a function of temperature at 

measurement frequencies of 10, 20, 30, 60, 100, 200, 300, and 600 kHz. ......................................67 

Figure 12: Temperature dependence of the frequency of the maximum permittivity in SBN thin film. .........69 

Figure 13: (a) Real and imaginary part of the dielectric permittivity as a function of the frequency in the SBN 

thin film, and (b) the modulus of the impedance and the conductivity, respectively. The behavior of 

(c) dielectric permittivity and (c) dielectric loss as a function of AC amplitude for different 

frequencies. ......................................................................................................................................71 

Figure 14: (a) P-E hysteresis loops of the SBN thin film measured at room temperature for different 

frequencies and (b) the behavior of the positive and negative coercive electric field and remnant 

polarization as a function of frequency............................................................................................73 

Figure 15: Typical topography (a) and piezoresponse (b) image of the SBN75 thin film obtained in an area of 

2 × 2 μm2. ........................................................................................................................................74 

Figure 16: Topography (a) and piezoresponse (b) images and (c) cross-sections across the grains with different 

domain polarization vectors of SBN thin film and the histograms of the distribution of piezoelectric 

response inside the grains depicted in Figure 16(a-b). ....................................................................75 

Figure 17: The piezoresponse histograms referent to different regions of a PFM image. ...............................77 



x 

 

Figure 18: (a) Topography and analysis of the piezoresponse in SBN thin film applying (b) Vdc = 0 V (before 

poling), (c) Vdc = +5 V, (d) Vdc = -5 V and (e) Vdc = 0 V (after poling). (f) Cross-sectional analysis 

of the grain boundary between two grains indicated in (a). .............................................................78 

Figure 19: (a) Piezohistogram and (b) the self-polarization factor of the respective PFM images of SBN thin 

films referred to Figure 18. ..............................................................................................................79 

Figure 20: A 1 μm ×1 μm scan of SBN75 thin film obtained at room temperature in DART-PFM mode (a) the 

sample topography, (b) the resonance contact frequency (f0), and (c), (d), (e) and (f) the 

experimentally measured R1, φ1, R2 and φ2, where R and φ are amplitude and phase of the DART-

PFM image. Δf = (f2 – f1) = 20 kHz was used for these measurements. A cross-section analysis of 

topography and mapping resonance contact frequency [indicated along the line ab in Figure 20a-b] 

is illustrated in (g). ...........................................................................................................................81 

Figure 21: (a) Topography and (b) piezoresponse images of the SBN thin film. (c) Local hysteresis loops 

recorded at three different grains is indicated in (a) and (d) Polarization relaxation of piezoresponse 

as a function of time at different grains for the magnitude of ±10 V and duration of DC voltage of 

100 ms. ............................................................................................................................................84 

Figure 22: Piezoresponse relaxation curves of SBN thin film for (a) 5 and 20 V at 100 ms of pulse duration 

and (b) for 0.01 s, 0.5 s, and 3 s of pulse duration at 15 V of DC voltage amplitude. .....................86 

Figure 23: (a) Local hysteresis loops of SBN thin film at DC pulses voltages of 10 V with pulse duration tp = 

10 ms, 500 ms, and 3000 ms. (b) Pulse duration dependence of local imprint effect S = E𝒄 + +E𝒄 − 

at different voltages. (c) Effective coercive field Ec = Ec + −Ec −/2 as a function of DC amplitude 

voltages, and (d) coercive electric field as a function of pulse duration for positive and negative DC 

pulses. (Here the lines are guides for the eyes) ................................................................................88 

Figure 24: (a) Positive and negative coercive electric field 𝑬𝒄 + as a function of tp for 15 V of a DC applied 

voltage, fitted with simple exponential form, given by  cpcc tEE  exp0
. (b) Fitting parameter 

𝝉𝒄 as a function of applied voltage. (Lines are just guides to the eyes). ..........................................89 

Figure 25: XRD pattern diffractions of PLZT film deposited on Pt (100)/SiO2/Si substrates prepared for (a) 

different film thickness (ranging from 240 nm to 540 nm) crystallized at 700 ºC for 1h and (b) 

different annealing temperature for the film with 550 nm in thickness. All films were pyrolyzed at 

300 ºC for 30 min [138]. ..................................................................................................................93 

Figure 26: SEM micrographs exhibiting the typical morphology of mesoporous PLZT thin films after thermal 

treatment at 400, 500, 600 and 700 ºC, respectively. As the temperature of the thermal treatment 

increases, the porosity order is increased, pores become interconnected and dense areas increase as 

well. A well-defined grain pattern with annealing temperature characterizes the crystallized PLZT 

thin film. ..........................................................................................................................................96 

Figure 27: SEM images of the PLZT thin film in (a) a wide surface and (b) an area displaying the material and 

the bottom electrode (Pt) in which we can see several cracks over the film surface. In (c) is possible 

to observe another area illustrating the boundary between the bottom electrode and two different 

morphology layers of the film. In (d) an approached image of the thin film shows the remaining 

grains that are stuck on the substrate. SEM top view of PLZT revealing the interfaces between some 

individual crystallization steps is shown in (e) and a SEM side view of the crystallized grains through 

the film can be seen in (f). ...............................................................................................................97 

Figure 28: (a) SEM image of the PLZT thin film surface pointing the top electrodes and the (inset) irradiated 

area used to mill the sample by FIB method. SEM micrograph revealing the morphology of the 

cross-section of the film is shown in (b). .........................................................................................99 



xi 

 

Figure 29: P-E hysteresis loops in PLZT thin film: (a) at 183 K at a frequency range from 50 Hz to 5 kHz and 

(b) at 1 kHz frequency at temperatures in the range 183-293 K. Temperature dependence of the 

differences (c) ∆P𝒓 = P𝒓 + −P𝒓 − and (d) ∆Ec = E𝒓 + −E𝒓 −at 1 kHz frequency. Lines in (c) 

and (d) are drawn as a guide to the eye. ........................................................................................100 

Figure 30: Frequency dependence of the (a) remnant polarization at 273, 223, and 183 K and (b) coercive field 

at 273, 223 and 183 K of temperature. Temperature dependence of the (c) remnant polarization and 

(d) coercive field at 1, 3 and 5 kHz frequencies. The real and imaginary impedances as a function of 

the frequency is shown as inset in (b). (Lines are drawn as a guide to the eye). ...........................101 

Figure 31: Topography and VPFM piezoresponse images of PLZT thin films for the thicknesses 240, 350, 430 

and 540 nm, respectively. The scan size of the images is 15×15 μm2. ..........................................105 

Figure 32: (a) Thickness dependence of average grain size of studied PLZT thin films. (b) Piezoelectric 

histogram distribution of PLZT thin films at different thicknesses. The line in (a) is drawn as a guide 

to the eye while lines in (b) refer to fit curves. ..............................................................................106 

Figure 33: Thickness dependence of peak half-width of the piezohistograms. Lines in both curves are drawn 

as a guide to the eye. ......................................................................................................................108 

Figure 34: Thickness dependence of self-polarization factor (see text) of PLZT thin films. Lines in both curves 

are drawn as a guide to the eye. .....................................................................................................109 

Figure 35: Autocorrelation images (scan area 15×15 μm2) of PLZT 9/65/35 thin films for film (a) with 240 

nm, (b) 350 nm, (c) 430 nm, and (d) 540 nm in thickness. (e) The autocorrelation function <C(r)> 

average overall in-plane directions for PLZT thin films with 240, 350, 430, and 540 nm in thickness, 

respectively. ...................................................................................................................................112 

Figure 36: Thickness dependence of correlation length of PLZT films. Lines in (a) are best fits of <C(r)> while 

in (b) lines are drawn as a guide to the eye ....................................................................................114 

Figure 37: Hysteresis loops measured for PLZT thin films at a different thickness as a function of applied 

voltage using 1 s of the pulse duration of the DC external bias (b) and the saturated piezoresponse 

as a function of thin film thickness. ...............................................................................................115 

Figure 38: Hysteresis loops measured at different pulse durations for PLZT thin films with a) 240 nm, b) 350 

nm and c) 540 nm of thickness. .....................................................................................................118 

Figure 39: (a) Positive and negative 𝒅33,r remnant piezoresponse signal as a function of thin film thickness 

for different DC pulse durations. Average remnant piezoresponse 𝒅33,r = Pr + −Pr −/2 as (b) a 

function of the DC pulse duration for different thin film thicknesses and (c) as a function of the film 

thickness for different DC pulse durations. The DC pulse duration dependence on imprint effect 

Ec + +Ec − is shown in (d) and the coercive electric field (Ec) dependence with thickness and pulse 

duration are illustrated in (e) and (f), respectively. The lines are just guides to the eyes. .............119 

Figure 40: Time dependences of the positive and negative induced piezoresponse measured after applying a 

voltage pulse of Vdc = 10 V and pulse duration tp = 1s for PLZT thin films with (a) 240 nm, (b) 350 

nm, and (c) 540 nm of thickness. ...................................................................................................121 

Figure 41: (a) Effective relaxation times (s) as a function of the magnitude of the applied electric field for the 

PLZT thin films in different thickness and (b) electric field of maximum characteristic time as a 

function of the PLZT thin film thickness. .....................................................................................121 

 

  



xii 

 

LIST OF TABLES 

Table 1: Summary of Rietveld refinement for Sr0.75Ba0.25Nb2O6 film obtained at room temperature. ............63 

Table 2: Refined Structural parameters for the PLZT thin films at 240, 350, 430 and 540 nm in thickness. ..94 

Table 3: Calculated cell parameters, R-factors from Rietveld refinement, and crystallite size and microstrain 

obtained from WH analysis of the PLZT thin films as a function of thickness. .................................95 

 

  



xiii 

 

SUMMARY 

 

ABSTRACT ................................................................................................................................... viii 

LIST OF FIGURES ........................................................................................................................ ix 

LIST OF TABLES ......................................................................................................................... xii 

1. INTRODUCTION ................................................................................................................ 15 

1.1. STRUCTURAL AND PHYSICAL PROPERTIES OF RELAXOR PLZT AND SBN 

MATERIALS ...................................................................................................................... 17 

1.2. SCOPE OF THE THESIS AND OBJECTIVES .................................................................. 21 

2. FERROELECTRIC AND PIEZOELECTRIC PHENOMENA IN FERROELECTRICS 

MATERIALS .................................................................................................................... 22 

2.1. POLARIZATION IN DIELECTRIC MATERIALS ............................................................. 23 

2.2. FERROELECTRIC MATERIALS ...................................................................................... 25 

2.2.1. Piezoelectricity ................................................................................................................ 26 

2.2.2. Ferroelectricity ................................................................................................................ 28 

2.2.3. Thermodynamic Theory of Phase Transition Phenomena .............................................. 30 

2.2.4. Ferroelectric Domains ..................................................................................................... 33 

2.3. RELAXOR FERROELECTRICS ........................................................................................ 35 

2.3.1. Phase Transition in Relaxor Ferroelectrics ..................................................................... 37 

2.3.2. Models and Theories about origin and evolution of PNRs in relaxors ........................... 40 

2.3.3. Dielectric Response in Relaxors ..................................................................................... 43 

3. EXPERIMENTAL TECHNIQUES AND MATERIALS PROCESSING........................... 48 

3.1. SAMPLE PREPARATION ................................................................................................. 48 

3.1.1. PLZT Thin Films ............................................................................................................. 48 

3.1.2. SBN Thin Films .............................................................................................................. 50 

3.2. CHARACTERIZATIONS .................................................................................................... 51 

3.2.1. X-ray Diffraction Analysis .............................................................................................. 51 

3.2.2. Scanning Electron Microscopy ....................................................................................... 54 

3.2.3. Dielectric Characterization .............................................................................................. 55 

3.2.4. Ferroelectric Hysteresis Measurements........................................................................... 56 

3.2.5. Piezoresponse Force Microscopy (PFM) ........................................................................ 57 

4. RESULTS AND DISCUSSION .......................................................................................... 62 

4.1. NANOPOLAR DOMAIN STRUCTURE OF RELAXOR Sr0.75Ba0.25Nb2O6 (SBN) THIN 

FILMS ................................................................................................................................ 62 

4.1.1. Macroscopic and Physical Properties of SBN Thin Films .............................................. 62 

4.1.2. Microstructure Analysis of SBN thin films ..................................................................... 64 

4.1.3. Electrical Properties of SBN Thin Films ......................................................................... 66 

4.1.4. Nanoscale Domain Properties in Polycrystalline Strontium Barium Niobate Thin 

Films ................................................................................................................................ 74 

4.1.5. Domain Switching and Local Piezoresponse Relaxation Dynamics of SBN Thin Films 

via SS-PFM ..................................................................................................................... 83 

4.1.6. Summary ......................................................................................................................... 90 

4.2. INVESTIGATION OF POLAR STRUCTURE IN RELAXOR THIN FILM OF 

Pb0.91La0.09Zr0.65Ti0.35O3 (PLZT) ......................................................................................... 92 

4.2.1. Structural Properties of PLZT thin films ......................................................................... 92 

4.2.1. Microstructure and Morphologic Analysis of PLZT thin film ........................................ 96 

4.2.2. Ferroelectric Properties of PLZT thin films .................................................................. 100 

4.2.3. Effects of thickness on structural, grain size and local piezoelectric properties of self-

polarized PLZT thin films ............................................................................................. 105 



xiv 

 

4.2.4. Piezoelectric Hysteresis Loops and Local Polarization Relaxation in PLZT thin films by 

Switching Spectroscopy PFM ....................................................................................... 115 

4.2.5. Summary ....................................................................................................................... 123 

5. FINAL CONSIDERATIONS ............................................................................................. 125 

REFERENCES .............................................................................................................................. 126 

 

 



15 

 

1. INTRODUCTION 

A significant scientific and technological importance have been given to the effects at 

the nanoscale in ferroelectric materials over the last years [1]. Ferroelectric materials are a 

special class of dielectric materials that exhibit a specific property called spontaneous 

polarization and, necessarily, must be reversible with an application of an external electric field. 

The ferroelectricity phenomenon has shown an intrinsic dependence on sample dimensions and 

have been attributed to the different high degree of ordering existing on surfaces and interfaces 

[2]. The complexity of this phenomenon is characterized by the stronger interaction of the 

polarization in ferroelectric materials than other order parameters (e.g. composition and strain) 

resulting in a strong dependence of the structural, mechanical and electrical properties of thin 

films, thickness, grain size, microstructure, and residual stress [3, 4].  

Because of the growing demand for portability of electronic devices, the investigations 

of these effects at very small scale have been increased considerably. However, the main 

purpose of these investigations is to understand the size effect on the physical properties of 

ferroelectric materials. This comprehension is essential to promote both the advancement of the 

nanoscience of ferroelectric materials and to obtain the maximum performance of certain 

devices based on ferroelectric thin film technologies which the miniaturization process is 

indispensable. 

Most of the advances obtained in the comprehension of the ferroelectric phenomena at 

the nanoscale have been done with the intention of investigating the correlation between the 

physical properties related to the polarization and the size effects related to the thickness below 

the submicron level in thin films. Several studies have been carried out in ferroelectric thin 

films about the relationship of the physical properties with thickness [5], sample preparation, 

mechanical coupling in film/substrate [6], etc. Self-polarization effects observed in ferroelectric 

thin films have gained remarkable attention recently. These effects were explained initially 

using qualitative arguments in terms of the existence of space charges related to the Schottky 

barriers localized near film and substrate [7], or in terms of the electromechanical coupling 

between the film and the substrate [8]. Other models have been proposed to explain the 

mechanisms responsible for the appearance of the self-polarization in ferroelectric films, but 

the real nature of this phenomenon is uncertain and is the object of discussion. In this context, 

it is clear the relevance of this study and the necessity of progress in the comprehension of the 

phenomenology at nanoscale of ferroelectric materials.  
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Ferroelectric materials have been considered very important from the technological 

point of view and have been widely used for the development of different devices, such as 

capacitors [9], piezoelectric sensors [10] and actuators [11], micromechanical devices [12], 

non-volatile ferroelectric memories [13], and others. The application of thin-film nanoscale 

devices integrated onto Si chips have ignited the semiconductor industry [14]. These 

applications include ultrafast ferroelectric switching on femtosecond timescale [15], cheap 

room-temperature magnetic-field detector based on ferroelectric material [16], piezoelectric 

nanotubes for microfluidic systems [17], and three-dimensional trenched capacitors for 

dynamic random access memories [18]. However, from the scientific point of view, several 

questions remain unclear, especially those related to the effects at nanoscale due to the 

miniaturization process. Among the ferroelectric materials with great scientific and 

technological interest are the “relaxor” (RE) ferroelectrics [19]. RE materials are a special class 

of ferroelectrics in which a disorder is either introduced into the system by doping with different 

size and valence ions or is an intrinsic disorder, in order to maximize their useful properties in 

a wide range of temperature [20].  

A typical characteristic of these materials is that at least two different cations have to be 

localized in the same crystallographic site [21]. Since their discovery in 60’s [22], probably the 

RE ferroelectrics are the most interesting materials studied in solid state physics due to its 

exceptional dielectric and electromechanical properties. Unlike conventional ferroelectrics 

(barium titanate, represented by BaTiO3, is a classic representative) which dielectric, 

ferroelectric, and piezoelectric properties are convincingly described by a phenomenological 

theory [23], RE materials exhibit peculiar features. Among these features, one can mention the 

diffusivity of dielectric permittivity near temperature of maximum (Tm), the absence of both 

macroscopic spontaneous polarization and structural symmetry breaking, pronounced non-

ergodicity, and the existence of a dipolar glass behavior at low temperature [24]. Even though 

with these specific characteristics, notable piezoelectric properties arise because of the 

ferroelectric phase that develops in the RE material, especially in solid solutions after 

application of a strong enough electric field [25]. The dynamics of the polar nanoregions 

(PNRs) [26] under the influence of an external electric field have been one of the main 

mechanisms used to explain the dielectric and piezoelectric peculiar behavior of the RE 

ferroelectric materials. Nevertheless, the PNRs existence is still under discussion in the 

scientific community and the “relaxor enigma” has become one of the non-solved issue and 

opened to the debate.  
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Though several theories, supported by experimental results have been proposed, none 

of them can explain fully all properties of the RE ferroelectrics. Therefore, there are doubts 

concerning what type of dielectric relaxation qualifies a FE material as a “relaxor” one [19]. In 

addition, another fact to be considered is that the models proposed, which will be described in 

the next sections, inevitably fail at the nanoscale and, probably, there is a complicating factor 

related to the size reduction that cannot be neglected at this dimensional level [27]. With the 

advances of new experimental techniques, such as piezoresponse force microscopy (PFM) has 

been possible to map the polarization and main piezoelectric parameters on the surface of RE 

ferroelectrics within nanometer resolution [28]. Accessing the local properties, the origin of the 

relaxor phenomena and the correlation with the physical properties at the nanoscale of the 

ferroelectric thin films can be investigated using a new approach. 

This work aims at detailed investigation of the size effects on the physical properties of 

the relaxor ferroelectric thin films. The RE materials studied here are the Pb1-xLax(ZryTi1-y)1-

x/4O3 (PLZT) and SrxBa1-xNb2O6 (SBN) systems. The main purpose of this thesis is to contribute 

to the better comprehension and understanding of the relaxor phenomena origin from studies 

of the different physical properties at macroscale and from mapping of the piezoelectric 

properties at the nanoscale. 

 

1.1. STRUCTURAL AND PHYSICAL PROPERTIES OF RELAXOR PLZT AND 

SBN MATERIALS 

Introduction to SBN thin films 

Ferroelectrics are essential components in a wide spectrum of applications. In thin film 

form, ferroelectrics and other polar materials are used for novel types of non-volatile memories, 

also being developed for various sensor and actuator applications as well as for tuneable 

microwave circuits [29]. Historically, ferroelectric thin films for piezoelectric applications have 

been formulated from a number of compositions and solid solutions including BaTiO3, PbTiO3, 

PbN2O6, NaNbO3, PZT, and PLZT [30]. FE materials generally used in many types of detectors 

are mainly lead-based, such as lead titanate (PT)-based [31], lead zirconate titanate (PZT)-based 

[32] and lead magnoniobate (PMN)-based [33], due to its relative superior pyroelectric 

properties.  

However, lead-based materials contain toxicity that can bring a serious concern to the 

health during manufacturing processing due to the lead evaporation as well as after be making 

the device, referring to the disposal in the nature [34]. Therefore, the development of lead-free 
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based materials for replacing the lead-based ones is of fundamental interest in various 

applications. In view of this, the ferroelectric strontium barium niobate (SrxBa1-xNb2O6, 0.2 < x 

<0.8) is an attractive material because it is a lead-free relaxor ferroelectric. 

Due to its excellent piezoelectric, pyroelectric, electro-optic, photorefractive and non-

linear optical properties, SBN is considered quite useful in different device applications [35, 

36]. These niobates have structures related to the structure KxWO3, i.e., tetragonal potassium 

tungsten bronze, also referred as TTB structure [37]. This type of structure consists of a 

framework of BO6 octahedra, (in this case, B = Nb5+) sharing corners so that this configuration 

results in three types of interstitial sites (A1, A2, and C sites) that can accommodate various 

metal atoms (different cations) with a general formula (A1)2(A2)4(C)4(B1)12(B2)28O30. The 

SrxBa1-xNb2O6 possess the TTB structure in space group P4bm at room temperature, with A2-

sites being filled only by Ba2+ ions and both Ba2+ and Sr2+ ions occupying A1-sites, while in C-

sites there is no occupancy [38]. Since there are six positions to be occupied in the A sites, one 

position remains unoccupied, being consequently responsible for a charge disorder in the 

structure [39]*.  

RE ferroelectric materials are disordered crystals that display a broad phase transition 

and the temperature Tm of the maximum of dielectric permittivity  T  is strongly frequency-

dependent. This transition does not necessarily connects to any macroscopic changes in the 

structure [40]. SBN is quite often used as a model of RE ferroelectric for experimental and 

theoretical investigations due to high crystal quality and simple domain structure [41].  

The properties of SBN are very sensitive to the Sr2+/Ba2+ molar ratio, as this molar ratio 

significantly influences the shift of the Curie temperature [42]. Cell dimensions decrease with 

increasing Sr2+/Ba2+ ratio due to the smaller atomic radius of Sr2+ from {a = b ≈ 12.48 Å, c ≈ 

3.98 Å} when x ≈ 25% to {a = b ≈ 12.43 Å, c ≈ 3.91 Å} when x ≈ 75% at room temperature 

[42]. The gradual reduction between the room and the Curie temperature is also observed with 

increasing Sr2+ content in the SBN solid solution, thus inducing a considerable increase in the 

dielectric permittivity, pyroelectric coefficient, and nonlinear optical properties. High values 

for the electro-optical coefficients were obtained for the composition with x = 75% [43, 44, 45]. 

The growing demand for size reduction in electronic and other integrated devices has 

encouraged the investigations of SBN materials in thin films form. In addition, such research 

on SBN thin films will allow a better understanding of the influence of size effects, defects, and 

                                                           
* For any additional information about the tungsten bronze structure of SBN material, please check Figure 1 

from Ref. [283]. 
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other extrinsic factors in their properties. Investigations at the nanoscale have already shown a 

distinctive correlation between grain size and physical properties of ferroelectric thin films [46]. 

These size effects are understood as changes of the material properties due to the change of 

their geometrical dimensions [47]. FE thin films are grown on substrates, which can also induce 

a large strain due to lattice mismatch and difference in thermal expansion coefficients [48]. In 

this way, thin films cannot be considered as an isolated system made solely of the ferroelectric 

film, rather the entire system of film, interfaces, electrodes, and substrates. Interface effects can 

be pronounced in thin films rather than bulk parent material, due to the influence of strain and 

formation of non-switching layers that significantly affect the physical properties as the film 

thickness decreases [49, 27].  

In this context, SBN thin films at x = 75% have been prepared using the polymeric 

method in order to investigate the physical properties that can be tailored by this method using 

different characterization techniques. 

 

Introduction to PLZT thin films 

Lead zirconate titanate materials Pb(Zr,Ti)O3 (PZT) of perovskite-type ABO3 are quite 

known for their good piezoelectric properties and are ideal candidates for use as position sensors 

and actuators. In addition, PZT materials are generally used with a dopant, a modifier, or 

chemical constituents to improve and to optimize their physical properties for specific 

applications. Examples of these additives include an addition of SiC particle, ZrO2 fibers and 

reinforcement with nanoscale particles to the PZT materials to improve their mechanical 

properties [50, 51]. The addition of Nb and Li atoms can also be helpful in both the dielectric 

and piezoelectric properties of PZT-based FE materials [52, 53].  

Solid solutions of La-modified lead zirconate titanate, called here PLZT, with the La 

concentration between 5 and 14% and the Zr/Ti molar ratio of 65/35 are indeed RE 

ferroelectrics in a range of temperature [54, 55]. PLZT with La 9% content has been known due 

to their notable dielectric and piezoelectric properties that make these materials promising for 

several technological applications [56]. Due to their pronounced electro-optic properties and 

ability to be fully transparent, PLZT-based FE materials become rather useful for optical and 

photonic devices [57]. The relaxor properties found in PLZT materials are interesting, being 

responsible for their super dielectric, electro-optic, and electromechanical performance. 

Besides, PLZT are considered to be of theoretical interest [58] due to their large remnant 
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polarization (Pr), relatively small coercive field (Vc), and high relative permittivity (ε) [49] 

when compared with other FE materials.  

The crystal structure of the PLZT family is a nearly cubic perovskite ABO3 and can be 

viewed as interconnected BO6 octahedra, where the B-site cations are inside the octahedra and 

the A-site cations are in between [59]. As the composition ratios of Zr/Ti and Pb/La are varied, 

a rich variety of structural distortions far from the cubic perovskite takes place. Replacing lead 

with lanthanum in PZT results in the relaxor behavior over narrow ranges of La composition 

that depends on the Ti/Zr ratio [60]. The La doping in PZT structure prevents the coupling of 

ferroelectrically active TiO6 octahedra, breaking of the ferroelectric network into micro and 

nanodomains.  

Due to the variation in the degree of coupling within the region, these ferroelectric 

microdomains are responsible for the distribution of the Curie temperatures, thus being 

responsible for a diffuse behavior of the macroscopic ferroelectric transition [59].When La is 

added to PZT, the charge neutrality is preserved by creating Pb vacancies, one vacancy for 

every two La atoms. The role of La in the development of the relaxational feature is likely due 

to the breaking the translational symmetry of the polarization within the FE domains, either by 

compositional disorder or by the electric field related to the defect structure [60]. 
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1.2. SCOPE OF THE THESIS AND OBJECTIVES 

In Chapter 2 of this thesis, there will be an introduction to the ferroelectric and 

piezoelectric phenomena in FE materials, presenting the theory about the ferroelectric and 

piezoelectric phenomena, the thermodynamic theory of the phase transition, and an introduction 

to RE ferroelectrics. In Chapter 3 we will present the experimental techniques and materials 

processing used in this thesis. Sample preparation of PLZT and SBN systems (nominal 

composition Pb0,91La0,09(Zr0,65Ti0,35)O3 and Sr0,75Ba0,25Nb2O6) and a very brief introduction 

about the techniques to characterize the samples, such as x-ray diffraction (XRD), scanning 

electron microscopy (SEM), dielectric characterization, ferroelectric hysteresis measurements, 

and piezoresponse force microscopy (PFM) are discussed. In Chapter 4 the results and 

discussion related to the PLZT and SBN thin films will be presented through the investigation 

of the local domain structure by PFM and correlation with physical properties at the macro scale 

(e.g. dielectric, ferroelectric, piezoelectric, and structural properties). The microstructure of 

both relaxor ferroelectric systems as a function of the annealing temperature was performed in 

order to study the effect of mesoporosity in the film. Visualization and manipulation of 

nanosized domains using PFM in the PZT-based system have been extensively studied during 

recent years [61]. However, the thickness effect on structural, grain size and local piezoelectric 

properties is not well understood yet in PLZT and SBN thin films. Furthermore, the switching 

properties of local ferroelectric domains in these films are investigated as a function of film 

thickness and for variable DC voltage pulses and different pulse durations. These investigations 

have the objective to contribute effectively to the understanding of the size effects on the 

physical properties (for example, structural, microstructural, mechanical, dielectric and 

piezoelectric properties) and contribute to the comprehension of the origin of the relaxor 

phenomena and the local polarization dynamics at the nanoscale in relaxor ferroelectric thin 

films. 
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2. FERROELECTRIC AND PIEZOELECTRIC PHENOMENA IN 

FERROELECTRICS MATERIALS 

One of the most important groups of functional materials are ferroelectrics – a special 

class of dielectrics [62]. In general, most of the materials are divided in two large classes: 

conductors and insulators, which are also called dielectrics [63]. Dielectrics are the materials in 

which an electrostatic field can persist for a long time. This kind of material is quite different 

from metal, semiconductor, and superconductors due to its high resistance to the passage of 

direct current. Indeed, it is well known that the dielectric properties of materials depend on their 

composition, structure, and experimental conditions.  

Crystalline dielectrics, in which polarization can be induced by an external electric field, 

are classified in polar dielectrics (or electric dipoles) and non-polar dielectrics (without net 

polarization).While in polar dielectrics a permanent polarization, described as Ps, exists even in 

the absence of an external force, in non-polar dielectrics there is no such permanent polarization 

[64]. Dielectrics are a group of materials that possess electric polarization when applied with 

external electric field and have the ability to store the charges. These materials have low 

electrical conductivity and they are consequently called insulators.  

A very large range of non-metals is referred to as dielectrics when we take into account 

their interaction with electric, magnetic, or electromagnetic fields. Distinct dielectric properties 

are the storage and dissipation of electric and magnetic energies, polarization, and conduction 

[30]. Polarization and magnetization are defined as the electric and magnetic dipole moment 

per unit volume. The electrical properties of dielectric materials can be expressed in terms of 

some specific parameters, e.g. relative permittivity, displacement vector, and polarization 

vector.  

The relative permittivity r  of a dielectric material is the relation between the electric 

permittivity of the medium  and the electric permittivity of the free space 0 , that is given by 

0


 r . (1) 

The relative permittivity, that is typically frequency dependent, is a dimensionless 

number and it is in general a complex-valued, i.e., 

      rrr i  , (2) 

where   r
  and   r

 is the real and imaginary parts [65]. The measurement of the relative 

permittivity yields the properties of the dielectric material and indicates how easily a material 

can become polarized by the application of an external electric field. Sometimes, it is 
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convenient to use the relative permittivity as a function of the electric susceptibility to describe 

the dielectric properties, as follows 

    1r , (3) 

where     0/ N  is the electric susceptibility, N is the number of atoms (molecules) 

per unit volume and    is the polarizability, that is also frequency dependent. 

The displacement vector D is defined as the surface density of free charges. For a given 

charge Q located on parallel plates of a condenser, where A is the area of the each plate, we 

have  

n
A

Q
D ˆ


, (4) 

where n̂ is the unit vector pointed  in the direction from the positive to the negative charges. 

Likewise, the electric field applied between the plates is related to the displacement vector as 

follows 

PED


 0 . (5) 

The polarization vector P is defined as the amount of surface charge density of bound 

charges for the plate of area A, being given by 

n
A

Q
P b ˆ











, (6) 

where n̂ here is the unit vector that is pointed from negative to positive induced charges, and d 

is the distance that separates the parallel plates. 

 

2.1. POLARIZATION IN DIELECTRIC MATERIALS 

The application of an external electric field to dielectric materials can create or realigns 

the dipoles, resulting in a polarization process. A dielectric material consists of atoms or 

molecules that giving rise to one or more of five basic types of electric polarization, that is: 

electronic polarization (or optical polarization); atomic (or ionic) polarization; orientational 

polarization; spontaneous polarization; and space charge polarization.  

The electronic polarization (it can be as well optical polarization) arises when an 

application of an external electric field causes a deformation of the electronic distribution in 

atoms. This polarization is the displacement of the outer electron clouds with respect to the 

inner positive atomic cores. 
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The atomic polarization (or also called ionic polarization) occurs when the electric field 

causes a distortion of the original lattice, causing the atoms or ions of polyatomic molecules to 

be displaced relative each other. 

The orientational polarization is a type of polarization which occurs only in a material 

consisting of molecules or particles that contain permanent dipole moments. The directions of 

these permanent dipole moments are randomly distributed inside of the material. The 

application of an external electric field can cause a reorientation of the dipoles toward the 

direction of the external field. After its removal, the net polarization in the bulk material will 

return to zero due to the thermal agitation that tends to randomize the dipole alignment. This is 

the explanation of why polarization decreases with increasing temperature. 

Spontaneous polarization is another kind of polarization that occurs in materials whose 

crystalline structure exhibits some electrical order, meaning that spontaneous polarization 

occurs in single crystals or crystallites in polycrystalline materials with non-centrosymmetric 

structures. These are essentially structures in which the centroid of the negative charges does 

not coincide with that of positive ones. In ferroelectric materials, electric polarization occurs 

spontaneously due to a phase transition at a specific critical temperature, called Curie 

temperature Tc, without the aid of an electric field. Details of ferroelectric materials and its 

properties will be given further. 

The space charge polarization is also very important kind of polarization mechanism 

that can occurs in dielectric materials. While the electronic, orientational, and spontaneous 

polarizations are due to the bound positive and negative charges within the atom or molecule 

itself, an electric polarization that can occur may also be associated to mobile and trapped 

charges. This kind of polarization is called space charge polarization and mainly occurs in 

amorphous or polycrystalline solids or in materials containing electron or hole [66]. In this way, 

charge carriers, such as electrons, holes or ions, may be trapped in the volume or at the 

interfaces [67]. The main effect of space charges is to distort the field distribution and 

consequently the average of the relative permittivity [30]. The space charge polarization can 

occurs in two possible ways: either through hopping polarization or interfacial polarization. The 

hopping polarization is described as a jump from one site to the neighboring one of localized 

charges, such as ions, vacancies, or electrons and holes [68]. The interface polarization is 

produced by the separation of the mobile charged particles under an external field, modifying 

as well the electric field distribution and affecting the dielectric properties of materials [69]. 
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2.2. FERROELECTRIC MATERIALS 

Ferroelectricity is a phenomenon whereby some crystals necessarily exhibit a 

spontaneous dipole moment that can be reverted under strong enough external electric field. A 

ferroelectric material is an insulating system with two or more discrete stable or metastable 

states of different nonzero electric polarization in zero applied electric field, referred as 

spontaneous electric polarization that can be reversed or reoriented between these states by an 

application of an external electric field [70]. A necessary criterion is the requirement of a 

spontaneous polarization with the exigence of reversibility or reorientation, being a sufficient 

criterion for a ferroelectric phase. 

Ferroelectric crystals have been known for almost a century ago. The discovery was 

predated by the occurrence of two related phenomena that are piezoelectricity and 

pyroelectricity. The Jacques and Pierre Curie first discovered that putting force on certain 

materials could create electricity [71]. The name piezoelectricity comes from piezein, which 

means squeeze in Greek*. The brothers also have studied a relationship between temperature 

and surface charge intensity called pyroelectricity (from the Greek pyr, fire, and electricity). 

Though the Curie brothers did not predict the inverse phenomenon, that is the deformation 

under an electric field, it was just in 1881 after Lippmann calculations that they quickly 

completed the experiments and showed that converse piezoelectric effect was indeed present. 

In 1894, Pockels reported a large piezoelectric coefficient of Rochelle salt (KNaC4H4O6·4H2O). 

Elie Seignette, an apothecary in La Rochelle, France, apparently first manufactured this 

material in 1665. The ferroelectricity in this salt was just discovered in 1917 by A.M. 

Nicholson, J.A. Anderson and W.G. Cady [72]. Later on, J. Valasek [73] verified the existence 

of ferroelectric hysteresis loops in Rochelle salt crystal and made the first analogy to 

magnetism. In 1935, the horizons were meaningly broadened by Busch and Sherrer’s report of 

the occurrence of ferroelectricity in potassium dihydrogen phosphate (KH2PO4 - shortly named 

as KDP), and other crystals of the same family structure [74]. The discovery of ferroelectricity 

in barium titanate (BaTiO3) brought a significant progress with the first ferroelectric material 

structure without hydrogen bonds and first ferroelectric material with more than on ferroelectric 

phase [75]. Ceramic materials were found very stable and hard with a simple perovskite crystal 

structure that facilitated the theoretical progress at the microscopic level. Many novel materials 

have been discovered since the 1960s, and researche focused on most promising materials, such 

as the perovskite and tungsten bronze structure oxides. The improvement of thin film deposition 

                                                           
* Further readings about the seminal articles can be found in ref. [278, 279]. 
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techniques was essentially important for the development of ferroelectric thin film, mainly in 

the 1960s when progress in integrated Si devices triggered the interest of application in non-

volatile memories [29]. 

The name of ferroelectricity comes from the similarity of the fundamental concept of 

ferromagnetic materials. In this kind of materials, there are the concepts of magnetization, 

magnetic domains, and magnetic hysteresis loops. Despite the similarity between both 

ferroelectric and ferromagnetic phenomena, the physics behind them are completely different. 

While in magnetism is explained by intrinsic quantum mechanics, ferroelectricity is, in general, 

described by means of classical physics. 

 

2.2.1. Piezoelectricity 

The piezoelectric effect is related to the charge asymmetry about the center of a unit 

cell. A unit cell is the smallest atomic structure that is repeated periodically throughout the 

crystalline structure, still exhibiting the crystal symmetry [76].  

There are 21 classes of crystals that to not have a center of symmetry, with 20 of them 

being piezoelectric [30]*. Depending on the symmetry of the piezoelectric crystal class, the 

tensors of dielectric permittivity, elastic compliance, and piezoelectric constants are different†. 

Indeed, all the ferroelectric materials are piezoelectric and pyroelectric, whereas not all 

piezoelectric materials exhibit polar properties (Figure 1). 

All ferroelectrics are indeed piezoelectric. Piezoelectricity is the ability of some 

crystalline materials to exhibit electric charge proportional to the mechanical stress [77]. This 

is often called direct piezoelectric effect. This kind of materials also shows a converse effect, 

in which the deformation is produced by application of an electric voltage. The direct and the 

converse piezoelectric effects can be expressed in tensor notation, given by 

jkijki dP  (direct piezoelectric effect) 

kkijij Edx  (converse piezoelectric effect), 

(7) 

(8) 

where iP  is the polarization resulted from the applied stress 
jk , and the  kijijk dd   is the 

piezoelectric coefficient. In the case of the converse piezoelectric effect, 
ijx  is the strain resulted 

in a specific displacement of the crystal in response to the applied electric field kE . 

                                                           
* The remaining non-piezoelectric class is due to the combination of other symmetry elements. 
† The piezoelectric effect is not exclusive of crystalline materials. 
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Figure 1: Relationship between piezoelectrics, pyroelectrics, and ferroelectrics. 

 

In order to visualize the symmetry changes in crystal structure, Figure 2 illustrates a 

schematic representation of a cubic and tetragonal unit cell. The cubic unit cell is non-

piezoelectric (also referred as the paraelectric phase) and is found above the material specific 

Curie point [78]. As the material cools down through the Curie point, a spontaneous 

polarization, Ps, is formed due to a phase transition into the tetragonal symmetry. The tetragonal 

structure enables six possible spontaneous polarization directions along the principal axes [79]. 

 

Figure 2: Unit cell of a cubic structure in the paraelectric state (PE) and tetragonal structure in the ferroelectric 

state (FE) of the perovskite structure. 

 

For instance in the case of the PbTiO3 material, the spontaneous polarization is 

associated with an ionic displacement (Figure 2). The dipole moment originates from the Ti ion 

displacement within the oxygen octahedral due to the minimization of the free energy as the 

materials experience the structural phase transition from symmetrical to asymmetrical phase.  
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Figure 3: Diagram of free energy versus atomic displacement of a system. 

 

The diagram of energy versus polarization for both possible states (PE - paraelectric and 

FE - ferroelectric state) can be seen in Figure 3. In the case of the material being in FE phase, 

there exist two equal energy minima (indicated in Figure 3 by two arrows) for the system with 

having equal, but opposite, polarizations. When the ferroelectric material is in the FE phase 

either of these configurations is energetically more stable than a non-polar configuration where 

P = 0 [80]. The presence of two or more stable polarization states, the ability of polarization 

switching by application of an external electric field, and the small domain wall width are 

beneficial for the high storage densities for applications in FE-based systems [81].  

 

2.2.2. Ferroelectricity 

FE materials are a subgroup of the piezoelectric materials. This class of materials has a 

spontaneous polarization within some temperature range and the ability to reorient (i.e. switch) 

their polarization by application of an external electric field [82]. A net remnant polarization 

can be produced in a multidomain FE material by application of an external DC voltage larger 

than the coercive field (this process is defined as poling). Domains are defined as specific 

regions in which there is only one spontaneous polarization direction. The boundary between 

two adjacent domains is called a domain wall. The motion of FE domain walls is important in 

the reorientation of spontaneous polarization in FE materials.  

A reorientation of unit cells in an unconstrained ferroelectric single crystal by poling 

results in a translation of domain walls. Polarization reorientation within one phase may be 

induced by either application of stress (ferroelastic switching) or electric field (ferroelectric 

switching). In polycrystalline materials, the reorientation of ferroelectric domains is more 

complex. In these materials, each of the randomly oriented grains is a constrained single crystal 

subjected to local stress and electric field due to grain boundaries and local inhomogeneities. 
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Figure 4: Representative hysteretic loop between the polarization and the applied DC voltage of FE materials. 

(The author) 

 

The ability to switch the spontaneous polarization direction is the reason for the 

hysteretic relationship between the polarization and the external applied voltage (Figure 4). This 

feature is the main difference between normal (linear) dielectrics and FE materials. Even in 

absence of the external electric field, there is a finite polarization that is called remnant 

polarization, described as Pr, and the voltage, at which the net polarization is null, is called 

coercive voltage Vc. 

When the FE material is nearby the Curie temperature, physical properties (such as 

dielectric, elastic, optic and thermal properties) show anomalies and the structure becomes 

unstable [83]. The relative permittivity, for example, in most ferroelectric crystals, has a very 

large value near their Curie points, and this phenomenon is often called the “dielectric 

anomaly”. FE materials undergo a structural phase transition from high temperature non-

ferroelectric phase (i.e. paraelectric (PE) phase) to low-temperature FE phase. This transition is 

a consequence of lowering the total free energy of the system. The temperature at which occurs 

the first transition (in the case of more than one transition) to a FE phase occurs is called Curie 

temperature (Tc). The dielectric permittivity follows the Curie-Weiss law, given by the relation 

 0

0
TT

C


   (9) 

where   is the permittivity of the material, C is the Curie constant, and To is the Curie-Weiss 

temperature. Because the term 0 is by far smaller than  0/ TTC   one, when cTT  , we can 

neglect the temperature independent term. It is worth to notice that in the case of a first-order 

phase transition, the transition temperature is lower than the Curie temperature, i.e., cTT 0 . 
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However, in the second-order phase transition, we have that cTT 0 . The thermodynamic 

theory of the ferroelectric phase transition will be presented further in the next section. 

 

2.2.3. Thermodynamic Theory of Phase Transition Phenomena 

Twenty years after discovering the ferroelectricity in Rochelle salt by Valasek in 1920, 

the mechanism of ferroelectricity has remained a mystery. The very first model proposed to 

explain the ferroelectricity was made by Slater [84] and Takagi [85], independently, in KDP 

crystals. With the discovery of the ferroelectricity in BaTiO4, Slater has proposed a model of 

Ti4+ ion displacement [86]. At the same time, Devonshire developed a phenomenological theory 

of the ferroelectricity based on Landau-Ginzburg of second-order phase transition to explain 

the phase transition of FE materials [23]. 

Phase transition is the transformation of a material from one thermodynamic phase to 

another one, which is followed by either an abrupt or gradual change of certain physical 

properties under the change of external parameters (such as temperature). The crystal structure 

of many dielectric materials change with temperature, i.e., they undergo a phase transition. The 

phase transition in crystals is mainly due to the changes in the interaction between atoms. The 

phase transition that produces or alter the spontaneous polarization is described as a 

ferroelectric phase transition (FPT). The FPT can be classified into two main categories: first- 

and second-order. In first-order phase transition, parameters such as entropy, volume, 

polarization, and structural parameters change discontinuously at the transition point, whereas 

in second-order phase transition these parameters change continuously. 

Landau successfully explained the FPT by means of the thermodynamic theory [87]. In 

this theory, known as Landau theory of the phase transition, the behavior of a FE crystal can be 

obtained by considering the expansion of the Gibbs free energy as a function of the order 

parameter. By choosing the polarization P as the order parameter, it is convenient to treat the 

FPT using the uniaxial Gibbs free energy density (G) as a characteristic function of the FE 

system, given by the expansion 

EPPPPGG  642

0
642


, (10) 

where G0 is the free energy density of the PE phase (considering E = 0), E is the electric field, 

and the expansion coefficients α, β, γ are in general temperature and pressure dependent [83]. 

These constants are found to be positive in all known ferroelectrics, while β can assume either 

positive and negative value depending on if the phase transition is of first- or second-order. The 
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odd terms were omitted due to the fact that the free energy can not be altered by polarization 

reversal.  

The stable states of a thermodynamic system are characterized by the minima values of 

the free energy G, given by the conditions shown in Eq. (11.a) and (11.b). In order to obtain the 

electric susceptibility, it is necessary to differentiate the polarization with respect to the applied 

electric field, as it is described in Eq. (11.c),  

0 PG  (11.a) 

0
22  PG , (11.b) 

1 PE . (11.c) 

In Landau-Ginzburg theory of second-order, the expansion coefficients of the Eq. (10) 

have the following values given by Eq. (12-14), 

 0

0

1
TT

C





 
(12) 

0
 (13) 

0 , (14) 

with 00 T (Curie temperature), 0C is the Curie-Weiss constant, and 0 is the electric 

permittivity of the vacuum. With the application of the equilibrium conditions given in 

Equations (11), and the values of the coefficients in Equations (12-14) to the free energy 

expansion [Equation (10)], we obtain the spontaneous polarization in FE phase, i.e.,  

    00

0

,
1

0 TTTT
C

EPPs 



. (15) 

The equilibrium temperature of transition from PE to FE phase is 0TTc  . The signs 

“±” indicate both spontaneous polarization direction, corresponding to the two energetically 

equivalent states of the FE material at E = 0 (indicated by two arrows in Figure 3).  

First-order phase transition is followed by a small jump of the order parameter P. In this 

case, it can be described by the free energy expansion with a 0  and ignoring terms higher 

than the sixth order of the expansion (P6). Then, the Gibbs free energy becomes 

642

0
642

PPPGG


  (16) 

with E = 0. The minimum of G is obtained equating the condition used in Equation (11) to zero, 

i.e. 
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053  γPPβαP , (17) 

with solutions given by 
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Worthy to notice that if the FE material is at the transition point, i.e., for cTT  , we 

have that    2/1
2/  P , implying that the polarization P changes discontinuously 

from   2/1
/ P  to   2/1

/ P or 0P  abruptly at T = Tc, and the transition is 

considered to be of first order. However, if the term  4
2
  is null, we obtain another 

transition temperature given by  4/001 CTT  , with 01 TT  due to the second term be 

positive. In this case, we have that the spontaneous polarization can assume the values 

  2/1
2/ P (considered unstable) and 0P .  

Figure 5 shows the schematic curves of the Gibbs free energy (G) as a function of the 

polarization for the first- and second-order phase transitions for FE materials. These curves are 

related to different temperature ranges, because α is a linear function of temperature, as we can 

see in the Equation (12). 

Considering an application of an external electric field (i.e. applying a small ac field) 

and using the first-order approximation of the Gibbs free energy function expanded in power 

series of the polarization [Eq. (10)], we can obtain the Curie-Weiss relation, which describes 

the behavior of the electric susceptibility. Consequently, differentiating the Gibbs function 

relative to P,  

 PTTaP
dP

dG
E c  , (19) 

and P for cTT  is given by   EEP r 001   . From Equation (12),  

 
 

C

TT
TTa c

c




0

1  , (20) 

where   1

0


 aC . The temperatures 210 and,,, TTTT c are series of special temperatures that 

characterizes the transition from FE to PE phase. 
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Figure 5: Representative behavior of the Gibbs free energy as a function of polarization and the polarization as 

a function of α for a given FE material with a (a) first- and (b) second-order phase transition. (Figure adapted 

from reference [30]) 

 

FE materials show a different type of a phase transition, which is called a “diffuse phase 

transition”. Frequently the materials, which undergo such diffuse transitions, are denominated 

“relaxors” (RE) and these materials are the kernel of this work. The RE can be distinguished 

from canonical FE materials by the presence of a broad and diffuse dielectric peak on cooling 

over the so-called transition temperature Tm, at which the dielectric permittivity reaches a 

maximum value for a given frequency [6]. Worthy to notice that the Curie-Weiss relation is not 

obeyed close to Tm in RE ferroelectrics and, due to this fact, phase transitions in RE materials 

can not be described by the thermodynamic theory discussed here so far. The phase transition 

in RE ferroelectrics will be discussed further with more detail. 

 

2.2.4. Ferroelectric Domains 

FE materials are subdivided into regions with different spontaneous polarization 

directions when the materials cool down from high temperature above the transition point. 

These regions are denominated as ferroelectric domains (FE domains). This subdivision is due 
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to the minimization of the electrostatic energy of depolarizing fields and the elastic energy due 

to mechanical constraints. If all the dipoles of the polarization are directed towards in one 

direction, the electrostatic energy of the system is extremely large and the system becomes 

unstable [30, 88]. For a stable FE single crystal, a single FE domain state is the lowest free 

energy allowed. Nevertheless, different domain structures may form, depending on the 

electrical and mechanical boundary conditions. For instance, in the case of the PbTiO3 

ferroelectrics, six equivalent polarization states may occur, depending on the stress and electric 

field condition during cooling [89].  

Domains with polarization parallel to c-axis are called c-domains, while other with 

perpendicular orientation are called a-domains, and the boundary between different domains is 

called domain wall. These domains are few unit cells thick and can be classified as 180º domain 

wall (if the angle between the spontaneous polarization orientations of adjacent domains is 180 

degrees) and non-180º domain walls (if the angles are not 180 degrees). In the tetragonal 

structure, 180º and non-180º (90º) domain walls can be produced in the crystal, but their 

formation mechanisms are distinct in some aspects. Both domain walls can minimize the 

depolarization field by compensating the space charges on the surface in an unpoled material, 

but only non-180º domain walls can relieve the elastic energy in the material. The elastic energy 

associated with the creation of the spontaneous strain in the ferroelectric can be reduced by the 

creation of ferroelectric domains structures. The existence of external constraints (such as other 

grains or a substrate in the case of thin films) increases the amount of this elastic energy, 

promoting then the creation of non-180 domain walls [90]. 

It is important to notice that both 180º and non-180º domain wall motion will affect and 

increase the dielectric properties of the FE materials, whereas only non-180º domain wall 

motion will affect the piezoelectric response. This effect is explained by the fact that the lattice 

parameters of unit cells at both directions of the 180º domain wall are the same, not inducing 

piezoelectric strain. Nonetheless, due to the different lattice parameters along the non-180º 

domain wall, the piezoelectric strain is largely induced in the crystal [91]. However, it is known 

that 180º domain wall movement also can increase the piezoelectric contribution when the 

electric field applied is higher than the coercive field. This is because there will be more FE 

domains aligned with the electric field, sharing the same spontaneous polarization direction, 

resulting in an expansion along the electric field direction, whereas the remnant amount of 

domains in opposite direction will decrease and consequently will shrink [92]. 

It is established that FE domain structure, as well as domain nucleation and domain wall 

mobility, are the most important factor that characterizes the FE properties in FE materials. The 
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mechanical and electrical conditions of a FE material will rule the domain dynamics in the 

formation of the FE phase. 

 

2.3. RELAXOR FERROELECTRICS 

RE ferroelectric materials have been of great interest due to their particular physical 

properties, e.g., very large dielectric susceptibility. Therefore, RE ferroelectrics are used in 

several fields including optical applications, piezoelectric sensors, and actuators [93]. After the 

discovery by Smolenskii et al. in the 1950s [22, 94], the discussion about the nature of 

ferroelectric relaxor transitions has been initiated. Attention was given to the question of 

whether RE ferroelectrics are indeed phase transitions which can be described with critical 

exponents, or if they are more correctly described by noncritical approaches such as glass-like 

freezing of electric dipoles [95]. Due to their technical applications, the investigation of the 

nature of the RE phase transition has gained more interest since then. Applications ranging from 

piezoelectric sensors (e.g. ceramics of lead zirconate titanate (PZT) or lead lanthanum zirconate 

titanate (PLZT) [96]) to optical applications (in which the strontium barium niobate (SBN) was 

chosen [97]) were abundant. 

RE ferroelectrics are a type of materials with a disordered structure exhibiting intriguing 

properties [98]. These materials are distinguished by their dispersive dielectric response around 

the temperature of maximum dielectric permittivity, Tm [99]. In addition, relaxors also show a 

decrease in hysteresis and remnant polarization as temperature increases over Tm, frequency 

dependent ferroelectric/dielectric properties, and optical isotropy in absence of an external 

electric field. 

The relaxor behavior was first observed in perovskite structures, with disorder of non-

isovalent ions [e.g. Pb(Mg1/3Nb2/3)O3 (PMN) [100] or Pb(Sc1/2Ta1/2)O3 (PST) [101], in which 

Mg2+, Sc3+, Ta5+ and Nb5+ ions are fully or partially disordered in the B-sublattice of the 

perovskite ABO3 structure]. Also, compounds with nonstoichiometric solutions have also 

shown the relaxor behavior, such as Pb1−xLax(Zr1−yTiy)1−x/4O3 (PLZT), in which the replacement 

of La3+ for Pb2+ ions lead to vacancies on the A-sites of the perovskite structure [102]. Structures 

other than perovskites were found to exhibit relaxor behavior as well, as compounds with 

tungsten-bronze-type structures exemplified by Sr1-xBaxNb2O6 (SBN) [103].  

In order to better understand the behavior of RE ferroelectrics, it is necessary to consider 

several models explaining the relaxor behavior. Among the main models, we will discuss the: 
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compositional fluctuation model, superparaelectric model, first-principle method, dipolar glass 

model, and random field theory.  

The compositional fluctuation model suggests that RE ferroelectrics have a common 

characteristic of two or more cations occupying the equivalent crystallographic site in the lattice 

structure. This model gives a direct explanation of the broad diffuse phase transition by the 

basic ideas that have been related to the dynamics and formation of polar nanoregions (PNRs) 

[104, 105].  

The superparaelectric model, in turn, is an extended model of one proposed in the 

Smolenskii’s theory [105], in which the relaxor behavior to a thermally activated ensemble of 

superparaelectric clusters [106]. The superparaelectricity model theory views that polar clusters 

are metastable or kinetically disordered. This can explain the frequency dependence of the 

dielectric permittivity, dielectric aging, metastable switching from micro to macro domain 

states, and the nonlinear behavior of the thermoelastic and optical properties. The polar clusters 

are actually the same PNRs and the broad diffuse phase transition is attributed to the size 

distribution of the polar clusters.  

The first-principle method applied to the relaxor phenomena is based on fundamental 

physics, with no essential input parameters other than the desired chemistry [107]. Most first-

principle calculations for piezoelectrics are based on the density functional theory (DFT)*, and 

local density approximation (LDA) is frequently applied. The energy for any configurations of 

atoms is computed by solving a set of effective Schrödinger equations with an effective 

potential that includes many-body contributions quite similar to those of uniform electron gas 

at each point in space. Forces, phonon frequencies (through thermal matrix), effective charges, 

dielectric constants, elastic constants, piezoelectric constants, and polarization are all directly 

computable for the static lattice (zero absolute temperature) for ordered structures. For finite 

temperatures, it is necessary to use the primary first-principles results to parameterize an 

effective Hamiltonian or potential model, which can then be used to study the effects of 

temperature and simulate disordered materials like the RE ferroelectrics.  

Viehland et al. [60] have also proposed a model suggesting cooperative interactions 

among polar clusters could produce a glass-like freezing behavior, commonly exhibited in 

magnetic spin glass systems. Burns and Dacol [108] have shown the existence of a local random 

polarization in the RE system when the temperature is up to hundreds of degrees above Tm. This 

                                                           
* Density functional theory (DFT) is a computational modelling method that uses quantum mechanical principles. 

Quite used in physics, chemistry and materials science, this method is essential to investigate the electronic 

structure of many-body systems (such as atoms, molecules, and the condensed phases). 
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local random polarization can be classified as a dipolar glass model, which is characterized by 

Burns temperature (TB) and freezing temperature (Tf). At this temperature, which is below the 

Tm, the root mean square polarization is not zero, while the average polarization is zero. These 

models suggest that the polar regions interact with each other and they are polarized by the local 

random field, explaining the polar dynamics and their extreme slowing down at the diffuse 

phase transition [109].  

The random field theory regards RE ferroelectrics as an intermediate state between 

dipole glassy-like systems and normal ferroelectrics. Unlike the dipolar glass model, in which 

elementary dipolar moments exist on the atomic scale, the RE state is featured by the presence 

of nanoscale polar clusters (the same type of PNRs) of variable sizes, considered to be spherical 

and interacting in a random way. The RE ferroelectrics, in this model, are considered as systems 

with random sites and orientations of electric dipoles and unavoidable lattice defects (e.g. lead 

and oxygen vacancies) as the sources of random electric field distribution in any disordered FE 

material, playing a crucial role in the phase diagram and specific properties of these materials 

[110]. 

 

2.3.1. Phase Transition in Relaxor Ferroelectrics  

The ferroelectric nature of the materials arises mainly from the competition of the 

dipolar ordering and disorder due to the structural composition, leading to uncommon static and 

dynamical properties [24]. Strong relaxor materials can be categorized into two structural 

families: perovskites with a complex composition, and tungsten bronze structure [106]. Due to 

chemical disorder and lattice defects, there exist dipoles that can polarize the region around 

them forming nano and microdomains [24]. A distinct transition from high temperature with 

polar nanodomains to a ground state that exhibits merging and relaxation of these polar regions 

exist in the RE ferroelectrics. The nature of the transition and composition of the relaxor state 

are still under discussion in the scientific community.  

Comparing with normal ferroelectrics, it is worthy to list three qualitatively distinct 

aspects in the temperature dependence of the dielectric susceptibility. Firstly, the real dielectric 

susceptibility  T in normal ferroelectrics follows a Curie-Weiss law (with Curie temperature 

Tc); however, in RE ferroelectric materials the peak of susceptibility does not diverge. This 

peak position occurs at Tm, marking the dynamic freezing temperature of a glass-like transition 

[24]. Secondly, there is a strong frequency dependence of the peak position of the electric 

permittivity [i.e., Tm of   is frequency dependent]; in normal ferroelectrics, the transition 
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temperature is very well defined and the relative permittivity as a function of temperature can 

be described by the Curie-Weiss law. Finally, the polarization in normal ferroelectric goes to 

zero at Curie temperature; in RE ferroelectrics, the polarization persists well above Tm [106]. 

The observation of zero polarization at Tc in normal ferroelectrics indicates that polar 

nanodomains vanish while in the relaxor the nanodomains extend well beyond the glassy 

transition temperature [24]. 

Other important aspect that is valid to emphasize in this section is the difference between 

the hysteresis loops (E-P hysteresis loops) of normal ferroelectrics and those of RE 

ferroelectrics. In normal ferroelectrics, the hysteresis loop suggests that at zero field, there is a 

large polarization remanence, while in relaxors this polarization is considerably smaller. This 

difference is because the PNRs are randomly distributed. If high enough external field is 

applied, it is possible to produce a large polarization, but once the field is removed, the 

polarization comes to small values due to the randomness of the PNRs. Another aspect that is 

important to note is that in normal ferroelectrics there is a macroscopic structural change at Tc, 

while in RE that does not occur across Tm. [24]. One can not expect that the transitions in normal 

ferroelectrics should be the same as in the RE ferroelectric materials, apparently not following 

the Curie-Weiss law. 

One of the most investigated RE ferroelectric materials is the lead magnesium niobate 

(PMN). Several experimental techniques were used to investigate the phase transitions in PMN, 

including pyroelectric measurements, magnetic resonance, dielectric spectroscopy, neutron 

scattering, etc. At a very high temperature, the thermal fluctuation are so strong that was not 

possible to observe any polar structure in PMN. Upon cooling down, dynamic polar 

nanostructures (called here as PNRs) start to form at a temperature TB, conventionally called 

the Burns temperature. It was reported that the main characteristic of the Burns temperature is 

the off-centering of Pb ions from their special position, resulting in the dynamics of the polar 

regions [111]. The formation of these PNRs was evidenced by refractive index measurements 

as a function of temperature on cooling [24]. Evidence of PNRs well above Tm was also 

observed in dielectric susceptibility in PMN material. The deviation from Curie-Weiss law 

becomes much stronger as T decreases, because the PNRs increase both in polarization and 

size. 

PNRs are considered to affect the behavior of the crystals dramatically, giving rise to 

specific physical properties. At high temperature, the RE ferroelectrics exist in a non-polar PE 

phase, similarly to the PE phase of normal ferroelectrics. Upon cooling, there is a 

transformation into the ergodic relaxor state (referred as ER state), in which is characterized by 



39 

 

the appearance of the PNRs with randomly orientation distribution of dipole moments [98]. 

This transformation occurs at TB and it is associated with the formation of PNRs. However, 

investigation on PMN and 0.7PMN-0.3PT materials by Bobnar & Kutnjak [112] does not 

exhibit clearly the temperature at which there is a formation of PNRs, observing a manifestation 

of high dielectric constant at temperatures higher than the predicted temperature, i.e., higher 

than TB. It is worthy to notice that though there is a significant change in the dielectric properties 

through the formation of PNRs, there is no change in crystal structure on macro- and mesoscale. 

However, temperatures below TB are considered as a new phase different from the PE phase. 

The PNRs are mobiles and their behavior are ergodic when they are close to TB. Cooling 

down below TB the PNRs dynamics slow down significantly. At a low enough specific 

temperature, so-called freezing temperature (Tf), the PNRs dynamics in canonical RE become 

frozen and the RE ferroelectrics experience a transition from ER state to non-ergodic state 

(called here as NR state). This non-ergodicity feature found in RE materials is also found in 

dipole glass phase (e.g. in spin glass materials). The NR state can be irreversibly transformed 

into a FE state by the application of a strong enough electric field [113]. Such a feature found 

in the RE materials is what actually distinguishes typical dipole glass materials. Upon heating, 

the FE phase transforms to the ER one at temperature Tc, which is close to Tf. In many other 

relaxors, the spontaneous phase transition (without application of an external field) from ER 

phase into a low-temperature FE phase still occurs at Tc and then the NR state does not exist 

[98].  

Another characteristic temperature found in RE ferroelectrics is the so-called T* [114], 

being considered remarkable feature in this class of materials. A sudden increase in the average 

correlation length (which is associated with the average PNRs sizes and identified as ) begins 

specifically at T*. This temperature defines the onset of condensation and eventual freezing of 

the PNRs orientation on further temperature decreasing [114]. This freezing corresponds to a 

local phase transition which gives rise to the static polar nanoclusters [115]. 

The observation of T* was evidenced by several measurements, including x-ray 

diffraction, acoustic emission, and Raman spectroscopy. The existence of such nanopolar 

entities was verified by using neutron and x-ray elastic diffuse scattering around the reciprocal 

lattice points [116, 117]. This effect is rather similar to those caused by ferroelectric critical 

fluctuations, but with the difference consisting essentially of the shape of the scattering 

intensity. The scattering is very strong and is related to very large deformations of the crystal 

lattice. These deformations result from the collective local lattice distortions as well as the 
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formation of the extended chemically ordered regions related to PNRs [117]. The shape of the 

wave vector dependence of the scattering intensity at large distances from reciprocal lattice 

points deviates from a lattice functions, meaning that PNRs are more compact than the usual 

ferroelectric critical fluctuation, possessing better-defined borders. According to experiments 

[118], the measurement of the correlation length  obtained by neutron elastic diffuse scattering 

in the PMN material has suggested that the size of the PNRs onset is very small [with 

nm5.1~ and practically temperature independent at high temperatures]. 

The unit cell parameter in a perovskite structure is in general ~ 0.4 nm, which means 

that the PNR is composed of only a few unit cells. Below 300 K,  begins to increase on 

cooling, reaching ~ 7 nm at 10 K. The most significant growth of  occurs near the transition 

temperature Tc in PMN crystal. Similar observations were found in PZN crystals, but with PNRs 

size larger than PMN crystal, growing from ~7 nm at higher temperatures to ~18 nm at 300 K 

(near Tc) [119]. The local structures of both systems exhibit both polar and strain distortions. 

They are partially dynamic at high temperatures, gradually freeze with cooling, and coexist 

with the long-range polar phase (FE phase) at low temperature [120].  

Through the analysis between   and the integrated intensity of scattering, it has 

suggested that the number of PNRs also increases on cooling. However, in contrast to the 

temperature evolution of , the increase begins right from TB and, at around Tf, a sharp decrease 

of this number has been observed. This is probably due to the merging of smaller PNRs into 

larger ones, increasing consequently the average correlation length of polarization , i.e. 

increasing the polarization order. Below Tf, the number of PNRs remains practically the same 

at any temperature. 

 

2.3.2. Models and Theories about origin and evolution of PNRs in relaxors 

The cause and mechanisms of PNRs formation in relaxors are under discussion and they 

are not conclusively understood [98]. At temperatures higher than TB, the structure and 

properties of RE ferroelectrics are quite similar to those of normal ferroelectrics. Experimental 

observations in relaxors suggest that the relaxor crystals tend to be Ferro- (FE) or Anti-

ferroelectric (AFE) at low temperatures, but the quenched compositional disorder somehow 

prevents the occurrence of the normal transition into the phase with FE or AFE order in macro 

scale. Instead of this, occur the PNRs formation.  
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Among different approaches to explain the origin and evolution of PNRs, two of them 

will be presented herein: the compositional fluctuation model [121], and the random field theory 

[122]. The first model considers the PNRs as a result of the local phase transition or phase 

fluctuation, so that the crystal consists of islands of nanosized embedded into a cubic non-polar 

matrix that possesses symmetric structure (i.e. cubic structure). The second model assumes that 

the phase transition occurs in all regions of the crystal, possessing low-symmetry nanodomains 

separated by domain walls but without the regions of cubic symmetry [123]. Structural 

investigations have been done by Mathan et al. [124] and they showed that the two-phase model 

provides a good improvement in explaining experimental factors, leading to difficulty in 

distinguishing between the above models. This is mainly due to the local symmetry of the cubic 

matrix is not expected to be cubic and the thickness of domain walls is comparable with the 

size of nanodomains. 

Concerning to the first model, the earliest version was developed by Isupov and 

Smolenskii [125, 105]. Due to the compositional disorder found in RE materials, the 

concentrations of different types of ions [e.g. Mg2+ and Nb5+ in PMN] are subject to quenched 

spatial fluctuations. Consequently, as Tc depends on the concentration, spatial fluctuations of 

local Tc are expected. The model suggests that local ferroelectric phase transitions occur first in 

those regions where Curie temperature is higher, while other regions of the crystal remain in 

the PE phase. Therefore, PNRs are simply regions with elevated Curie temperature. 

The second model was proposed by Westphal, Kleemann, and Glinchuk (being known 

as the WKG model) and is represented by the random-field approach [126]. They applied the 

results of the earlier theoretical work to the RE ferroelectrics [127]. In this paper, it was 

demonstrated when the order parameter has a continuous symmetry, the ordered state is 

unstable against an arbitrary weak random field near Tc. Below Tc, the system undergoes a 

breakdown into small nanodomains instead of forming a long-range ordered state (which 

characterizes the FE state). In this model, the trivial case of the local spontaneous polarization, 

which is oriented in the same direction as the quenched electric field is not considered. Instead 

of this, the situation is determined by the interplay between the surface energy of domain walls 

and the bulk energy of domains in the presence of arbitrary weak random fields [127]. 

The quenched random electric fields may originate from the disordered distribution of 

the heterovalent ions, which is inherent to the compositional disordered structure [again, e.g. 

Nb5+ and Mg2+ in PMN]. It is important to mention that for displacive transitions, continuous 

symmetry means that the spontaneous deformation is incommensurate with the PE lattice. 

However, for perovskite ferroelectrics, in which the spontaneous deformation and the 



42 

 

polarization are aligned along defined crystallographic directions and depending on the number 

of allowed directions in a specific structure, the symmetry of the order parameter can be 

considered quasi-continuous. Therefore, this approach appears to be applicable. 

The thermodynamic potential in the frame of Landau theory of phase transition 

(discussed in previous chapter) for the system with similar energies of the FE and AFE phases 

was investigated by Ishchuk [128]. The phenomenological description assumes that the state 

with coexisting FE and AFE domains might have lower thermodynamic potential than the 

homogeneous (FE or AFE) state. This effect is mainly due to interactions, such as electrostatic 

and elastic, between the FE and AFE domains. In summary, the nonpolar regions, coexisting 

with PNRs (FE domains), are actually domains of AFE structures. 

Several other models use the microscopic approach and consider the structural evolution 

and formation of PNRs in terms of interatomic interactions. It is known that the balance between 

the electrostatic (dipole-dipole) interactions and the short-range repulsions determines the 

lattice distortion in ferroelectrics with ordinary perovskite structures. This balance is affected 

by the hybridization between the oxygen 2p states and electronic states of cations with covalent 

bonding, influencing, therefore, the phase transition temperature [129]. In the compositionally 

ordered crystals, i.e., possessing translational symmetry, exactly the same forces will affect all 

the atoms of a certain type because they have the same coordination neighborhood. Now, in the 

case of compositionally disorder the ions of different kinds may be found in the neighboring 

unit cells at the same crystallographic position. In this case, the interatomic interactions 

responsible for the appearance of FE- and AFE-order in the compositionally ordered state 

become random, resulting in a disturbance of the long-range polar order. The models emphasize 

the importance of different interactions: the interactions under random local electric fields only 

(including dipole-dipole interactions) [122]; and the dipole-dipole interactions together with 

random short-range repulsions [130] or random covalent bonding [131]. 

In the random field theory developed by Glinchuk and Farhi (GF model) for relaxors 

[122], the transition is regarded as an order-disorder one. In other words, at high temperature, 

the crystal is represented by a system of reorientable dipoles that are embedded in highly 

polarizable “host lattice”. The dipole-dipole interactions are indirect and random, occurring via 

lattice. However, according to the theory, they should lead to non-uniformly oriented local 

fields and then to FE ordering at low temperature, in contrast to direct dipole-dipole 

interactions, which can lead to a dipole glass state. Nevertheless, we know that in relaxors, there 

is an absence of macroscopic FE order and additional sources of random local electric fields 

have to be taken into account. These additional fields can be either static, i.e. coming from 
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quenched compositional disorder, lattice vacancies, impurities, and other imperfections, or 

dynamic, which in turn can be associated with shifts of non-ferroactive ions from their 

undisturbed positions [98]. These fields should be larger, in contrast to the fields considered in 

the WKG model, in order to destroy the long-range FE order.  

FE order parameter, phase transition temperature Tc, and linear and nonlinear dielectric 

susceptibilities are calculated within the framework of statistical theory using the distribution 

function of local fields. It was shown that, depending on the parameters used in the model [e.g. 

concentration of dipoles, other field sources, and the host lattice correlation length], the low-

temperature phase can be either FE, dipole glass, or a mixed state called Ferro-glass. In the 

temperature range between Tc and TB, the short-range clusters may appear, in which the 

reorientable dipoles are ferroelectrically correlated (i.e. the PNRs). This might be related to the 

recently introduced T* temperature. In the Ferro-glass (FG) state, these clusters coexist with the 

macroscopic regions in which the dipoles are coherently ordered. 

 

2.3.3. Dielectric Response in Relaxors 

A small-signal dielectric response has been investigated in a large number of RE 

materials, but most of the studies have been restricted to a very narrow frequency range of 101-

109 Hz (or narrower). With an application of a larger frequency interval in relaxor 

investigations, it has been found that significant dielectric dispersion exists in the whole 

spectrum starting from the frequency of lattice vibration down to lowest practically measurable 

frequency of f ~10-5 Hz.  

The field-induced polarization in relaxors can be divided into several qualitatively 

different parts so that the total relative permittivity in the temperature range of maximum 

permittivity can be written as  

LFURphe  1  (21) 

where URphe  ,,, and LF are the electric susceptibilities (complex numbers) describing 

the electronic, phonon, “conventional relaxor” (CR), “universal relaxor” (UR), and “low-

frequency” contributions, respectively [30]. All the contributions are frequency dependent and 

they are ranked in the order of increasing typical characteristic time.  

As many materials, the electronic contribution persists in relaxors all temperatures and 

high frequencies, i.e. 1015-1017 Hz. At lower frequencies, the value of the electronic contribution 
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to dielectric susceptibility reaches a value of 10~)1( 2  ne  is as small as compared with other 

susceptibilities. 

The phonon susceptibility, also called lattice susceptibility that is caused by the mutual 

displacement of cation and anion sublattice, is active up to the frequencies of 1012-1014 Hz. To 

determine the phonon contribution,
ph , infrared reflectivity spectra has been measured in 

relaxors at temperatures lower than the TB. In PMN crystals, 
ph increases from ~40 at 20 K to 

~100 at 300 K [132]. In other words, it constitutes less than 1% of the total low-frequency 

permittivity measured neat Tm, only for lead-based relaxors. 

The others susceptibilities, R  and U  related to the relaxation type polarizations, are 

the main contributions that give rise to the peculiar relaxor peaks in the temperature 

dependences of the dielectric permittivities*. The real part of R is constant at low enough 

frequencies and decreases to zero when the frequency reaches the characteristic value, which is 

temperature dependent. The peak follows this decrease in the frequency dependence of the 

imaginary part. Both parts of the dielectric permittivity of the UR susceptibility decrease 

continuously in the whole frequency range available for measurements according to the power 

law 

  12/tan  n

UU fn  , (22) 

 

in which n is close to unit but smaller. The values of R  and U in relaxors are extraordinary 

large as compared to other dielectrics [98].  

The CR dispersion is observed at the low-temperature slope of the permittivity peak, 

giving rise to the frequency shift of Tm, while the UR dispersion exists either at temperatures 

lower and higher than Tm. The UR dispersion was also observed in PMN with other 

compositions, at temperatures near and above Tm. The real part of the U is only a small 

contribution to the total permittivity  , but the imaginary part U  is the dominant contribution 

to the losses in a wide temperature range above Tm.  In high-temperature phase, a divergent 

temperature behavior is observed, with     





0TTTU
and     





0TTTU

with T0 < Tm 

and γ 2 [19]. The universal relaxor susceptibility is attributed to the polarization of PNRs, 

which are inherent to RE ferroelectrics. 

                                                           
* Cf. Figure 1(a) in ref. [20]. 
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The last contribution LF in Eq. (21) combines all possible relaxation contributions not 

related to the relaxor ferroelectricity, such as polarization of hopping of charge carriers, 

Maxwell-Wagner-type polarization, etc. In PMN crystals, the LF contribution at lowest 

frequency leads to the significant increase of   at temperatures above ~300 K.  

In radio-frequency range, where the most dielectric properties of RE ferroelectrics are 

investigated, the value of R  is much larger than U . The U component was separated from 

the R one by means of the analysis of dielectric spectra at T > Tc (or at T > Tf) in several RE 

ferroelectric materials. Since the CR dispersion is the dominant contribution giving rise to the 

diffuse  T   peak,  R in the vicinity of Tm, at least for the frequencies that are not very 

low or very high. 

Different possibilities for the temperature evolution of structure and dielectric properties 

in compositionally disordered perovskites were presented by Bokov and Ye [98]. The 

temperature dependences of the relative permittivity at different frequencies have showed to 

exhibit the following types of temperature evolution: canonical relaxor; crystal with a diffuse 

RE-to-FE phase transition at Tc < Tm; crystal with a sharp RE-to-FE phase transition at Tc < Tm; 

and crystal with a sharp RE-to-FE phase transition at Tc = Tm
*.  

As shown recently for many RE ferroelectric materials, several relations have been 

attempted to described the dielectric permittivity  T of relaxors at T > Tm [20]. One of these 

is the Lorentz-type empirical relation, given by 

 

 
2

2

2
1

A

AA TT



 
 , (23) 

 

where AT  ( mA TT  ) and A are the parameters defining the temperature of the dielectric peak 

and the extrapolated value of   at ATT  , respectively. The parameter A is frequency 

independent at high enough frequencies and it reflects the diffuseness of the dielectric peak. 

Eq. (23) has described high temperature ( mTT  ) dielectric permittivity quite well in a large 

number of RE ferroelectrics [133]. Also, there is an equation used to describe the dielectric 

                                                           
* The temperature intervals in which the regions of CR and UR dispersions, and the types of structure [e.g. PE, 

NR, ER, and FE phases] are easily identified in Figures 9.(a-d) in ref. [98]. It can be noticed a similar behavior of 

ε (T, f) at high temperatures in all cases [98]. 
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permittivity, that is fitted by    mm TT  1/ where 21   , and m is the value of  at 

mT . The validity of Eq. (23) holds from T1 (which is typically several degrees higher than Tm) 

to T2 temperature (which is a few dozen of degrees lower than Burns temperature, TB)*.  

The CR contribution can consist of several components in itself involving different 

polarization mechanisms, with each of the mechanisms giving rise to the corresponding 

dispersion. To describe the CR spectra, the same empirical expressions used for other 

ferroelectric materials were applied, such as the Kohlrausch-Williams-Watts function (referred 

as KWW function) [134]. This function have been employed by different authors to fit the 

experimental data in order to explain the relaxation mechanisms involved in RE materials. The 

alternative way to analyze the dispersion is to find the appropriate function for the distribution 

of relaxation times (i.e. the frequency dependence). A remarkable feature observed first in PMN 

[60] and, therefore, in many other RE ferroelectrics is that the temperature dependence can be 

related to the frequency dependence of the  peak using the Vogel-Fulcher (VF) law, which 

can be described by 

 

    VFmBa TTkEf 


/exp2
1

0 , (24) 

 

where f is the measurement frequency, 0 , Ea and VFT  are the fitting parameters, and kB is the 

Boltzmann constant. The VF law was known in structural and spin glass and, when revealed in 

relaxors, it became one of the main reason to postulate the existence of a dipole glass phase at 

VFTT  . Eq. (24) may signify the similar VF relation for the characteristic relaxation time 

of the corresponding relaxation process, given by 

 

  fBa TTkE   /exp , (25) 

 

in which  , aE are the parameters and Tf is the freezing temperature (i.e. the temperature 

below which the relaxation becomes infinite).  

This divergence of  indicates that the thermally activated reorientations of dipoles is 

responsible for polarization slow down with decreasing temperature and become impossible 

                                                           
* T1 and T2 are other characteristic temperatures in the phase transition of RE materials. 
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(i.e. with dipoles does not respond to the electric field) at T = Tf, but not at T = 0 as Arrhenius 

law predicts for the dynamics of independent dipoles [135].  

In dipole glasses, the interactions among the dipoles are the cause for such freezing. 

These interactions are frustrated (i.e. can be either FE or AFE, but cannot be satisfied 

simultaneously) and thus favor the configurations with random directions of dipoles, in contrast 

to the ferroelectrics and antiferroelectrics in which the dipole directions are parallel and 

antiparallel, respectively [98]. 

We have discussed the main relaxation mechanisms to explain the relaxor behavior 

found in RE ferroelectric materials. Several empirical expression have been proposed in order 

to describe the temperature and frequency dependence of dielectric permittivity of relaxors, e.g. 

Völger-Fulcher law, that is commonly used to analyze its dispersion and to find an appropriate 

function for the distribution of relaxation times. 
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3. EXPERIMENTAL TECHNIQUES AND MATERIALS PROCESSING 

This chapter is dedicated to the details of the experimental procedure including the short 

description of PLZT and SBN thin films sintering processing as well as techniques and methods 

employed to characterize the samples. Besides, after describing the experimental setup, the 

operating principle of Piezoresponse Force Microscopy (PFM) will be explained addressing 

the experimental procedures used for domain imaging and a quantitative analysis. After, the 

Switching Spectroscopy Piezoresponse Force Microscopy (SS-PFM) will be described as well 

as qualitative and quantitative analysis that are possible to extract from this technique. 

 

3.1. SAMPLE PREPARATION 

 

3.1.1. PLZT Thin Films 

Pb1−xLax(ZryTi1−y)1−x/4O3 (PLZT x / y / 1-y) thin films (x = 9%, y = 65%) were prepared 

in the Department of Physics and Chemistry  of the Engineering Faculty of Ilha Solteira, in Sao 

Paulo State University, Brazil. 

These thin films were sintered using a chemical route based on the Pechini Method 

(PM) [136]. Briefly, the idea is to prepare a polymeric resin, to deposit it onto a substrate and 

then crystallize the desired phase structure (perovskite) using a proper thermal treatment. The 

Pechini Method, also known as Polymeric Precursor Method (PPM), is used for the preparation 

of titanates and niobates by a polymeric resin are obtained through polycarboxylic acid and 

polyalcohol. The process is described by forming a chelate* between mixed cations (dissolved 

as salt in a water solution) and citric acid. In this method, various salts can be used, such as 

chlorides, carbonates, hydroxides and nitrates. Nitrates are preferred for strontium-doped and 

lanthanum titanates compounds [137]. 

The modification of Pechini Method used here is based on the fact that not all used 

precursor oxides (PbO, La2O3, ZrO2 and TiO2) are soluble in acid media, but only the reacted 

PLZT oxide is soluble. The PLZT powder with 10 mol% of Pb in excess was prepared by the 

conventional solid-state reaction using commercial reagents PbO (Synth, 98%), La2O3 (Aldrich, 

99%), TiO2 (Aldrich, 99%) and ZrO2 (Aldrich, 99%). The mixed oxides were calcined in two 

steps: at 850 ºC for 3.5 hours and then at 1100 ºC for 3.5 hours. High-quality PLZT powder 

(with no second phase observed) is obtained from this solid-state method at room temperature 

                                                           
* A salt or a complex ion in which the binders coordinate themselves with either ion or central atom through two 

or more covalent bonds. 
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and was ready to be used as a starting precursor to prepare the polymeric resin by Pechini 

Method. 

To prepare the stoichiometric polymeric resin, 100 mg of PLZT powder was dissolved 

in 50 ml of nitric acid solution, which comprises 10% of HNO3 (nitric acid) and 90% of H2O, 

at 80 ºC for 1 hour. Distilled water (~30 ml) has been added after the complete dissolution and 

a clean and transparent stock solution was obtained at room temperature. Then, citric acid (CA) 

was added to the stock solution (CA/metal molar ratio equal to 15) to form metallic ions citrate, 

heating and stirring the mixture at 90 ºC for 50 minutes. When the mixture reached about 5 ml 

in volume, ethylene glycol (EG) was added to the solution, with a CA/EG mass ratio equal to 

6/4, keeping such mixture at 90 ºC during 20 minutes in order to complete the polymerization 

of the stoichiometric resin. 

To compensate for the Pb-loss* during the thin film processing and to stabilize the 

growth of the perovskite phase, a second resin was prepared dissolving 0.0126 g of PbO in 10 

ml of nitric acid solution at 80 ºC for 10 minutes [138]. The amount of PbO in the second resin 

represented 20 mol% in excess to the nominal composition of PLZT in the first resin. The 

second polymeric resin was prepared following the same process used in the first one. Lastly, 

both resins were mixed at room temperature and stirred for 1 hour for complete 

homogenization. After the homogenization, the obtained resin with volume about 15 ml was 

seen clearly transparent and ready to start the film depositions†. 

Thin films were obtained from polymeric resins deposited onto Pt/Ti/SiO2/Si(100) 

substrates by spin coating technique. This technique is a procedure used to apply uniform thin 

films to flat surfaces. A typical process involves depositing a small amount of a fluid resin onto 

the center of a substrate and then spinning the substrate at high speed [139]. The centrifugal 

force will induce the resin to spread to the edge of the substrate leaving a thin film of resin on 

the surface [140]. The final rotational speed used to prepare PLZT thin films was 6000 rpm 

during 20 seconds. The pyrolysis was performed in air by putting the deposited films directly 

on a hot plate at approximately 200 ºC during 5 minutes following its placement in the electric 

furnace at about 300 ºC for 1 hour. The film thickness was increased by depositing new layers 

on previous pyrolyzed films and repeating all the procedure again to remove the organics. Final 

                                                           
* Due to the PbO volatilization, samples of PLZT thin films showed a formation of an undesired non-ferroelectric 

phase (i.e., the pyrochlore phase) that deteriorate the most important properties of Pb-based ferroelectric thin films. 

To see more about the formation of the pyrochlore phase in Pb-based film, see the reference [270]. 
† This procedure is necessary, since introducing the PbO excess directly in the PLZT powder leads to unstable 

polymeric resins that precipitates within some days after the preparation. 



50 

 

thickness and other properties depend on the nature of the resin (such as viscosity, surface 

tension, etc.) as well as on the parameters chosen for the spin process [140].  

After reaching the required film thickness, the crystallization was promoted by means 

of a final heat treatment in an electric furnace at 700 ºC during 1 hour. The final thickness of 

the PLZT thin films obtained was uniform and crack-free with the series thicknesses of 240, 

350, 430, and 540 nm. These film thicknesses were observed through a Scanning Electron 

Microscopy (SEM) on transverse sections of the thin films. 

 

3.1.2. SBN Thin Films 

In this work, SBN thin film with nominal composition SrxBa1-xNb2O6 (SBN x) (x = 

75%) has been prepared by the same polymeric chemical route based on Pechini method, 

already described above. Barium carbonate BaCO3 (Aldrich), strontium carbonate SrCO3 

(Aldrich), and niobium ammonium oxalate NH4H2NbO(C2O4).3H2O (CBMM, Brazil) were 

used as starting reagents.  

Let us now describe the SBN thin films processing. Initially, niobium ammonium 

oxalate was dissolved in aqueous solution of citric acid at 40 ºC for 10 minutes to form niobium 

citrate. After homogenization, ethylene glycol (EG) was added to promote polymerization of 

mixed citrate by polyesterification reaction at 90 ºC for 30 minutes. Cooling down this solution 

at room temperature, a transparent resin is obtained. Next, dissolving together the strontium and 

the barium carbonates at the same condition in a separate solution of citric acid, a citrate solution 

is also formed. Adding ethylene glycol to the citrate mixture solution, the polyesterification 

reaction occurs at the same temperature to obtain another transparent resin.  

In both cases, the CA/metal molar ratio was fixed at 5, while the CA/EG ratio was 

about 4/6 (in mol%). After that the resins were mixed at room temperature and stirred for 1 

hour for homogenization. After adjusting the viscosity with distilled water, a clear polymeric 

resin was finally obtained.  

SBN thin films of polymeric resins were obtained by deposition onto 

Pt/Ti/SiO2/Si(100) substrates. The rotation parameters used in the spin coating technique were 

6000 rpm and 20 seconds for speed and duration of rotation, respectively. Pyrolysis was carried 

out in air initially, deposited on a substrate placed on a hot plate at 200 ° C for 10 minutes and 

then taken to the electric furnace at 400 ° C for 30 minutes in order to remove organic 

components. Again, the film thickness increases as more layers are added to the previously 

pyrolyzed film, promoting the removal of organics with the same heat treatment mentioned 
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above. After reaching the desired thickness, the film was led to the electric furnace to perform 

the promotion of crystallization at 700 ° C for 1 hour. The final SBN thin film obtained was 

uniform and free of cracks, having a thickness of about 550 nm. 

 

3.2. CHARACTERIZATIONS 

 

3.2.1. X-ray Diffraction Analysis 

X-ray diffraction (XRD) is a quite useful technique for studying of crystalline 

materials and it is essential for advanced research in materials science. This technique has been 

used to investigate the structural properties of materials, such as determine and identify the 

crystalline phases and the unit cell parameters by refinement using the Rietveld method [141]. 

The refinement evaluates the diffractogram systematically using a pattern of a known structure 

as a starting point based on the method of least squares. Furthermore, it is possible to obtain 

structural information about the XRD patterns, like crystallite size, stacking faults, microstrain, 

and other defects in the crystalline structure by using the Williamson-Hall analysis [142]. 

In the Rietveld method, the refinement comes to the end when the calculated 

diffraction pattern is as close as to the observed one. In this condition, as in any process, which 

uses the method of least squares, the square value of the difference is minimal. In order to 

calculate the quality of refinement, some statistical parameters are evaluated, such as RBragg and 

χ2. The RBragg parameter is given by   obscalcobs III100  and measures the quality of a 

refined structural model, in which 𝐼𝑜𝑏𝑠,ℎ and 𝐼𝑐𝑎𝑙𝑐,ℎ are the observed and calculated intensities 

related to the nth point. The good-of-fit (GOF) χ2 is given by (
expRRwp

) wherein 
expR  refers 

to the statistical analysis of data intended to predict the final value of refinement and 
wpR  is a 

parameter that indicates how good the refinement was done. The closer the statistic parameter 

to the unity are the statistical parameters, the higher the quality of the refinement. 

In this work, this technique has been used to investigate the structural properties at 

room temperature of PLZT and SBN thin films using a Rigaku Ultima IV diffractometer with 

CuKα (1.5406 Å) radiation. For the Rietveld analysis, the software used for the refinement of 

the crystal structure of samples was the General Structure Analysis System (GSAS) using the 

graph interface EXPUGUI. 

Based on the refined data, Williamson-Hall (WH) analysis was applied in order to 

investigate the structural properties of polycrystalline PLZT and SBN thin films. The crystallite 

size and lattice strain (microstrain) are two important properties that are obtained by analyzing 
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the peak width of the diffraction patterns. Due to the formation of polycrystalline clusters, the 

crystallite size of the particle is not the same as the particle size [142].  

The origin of the strain is due to different factors such as grain boundary, partial 

dislocations, and contact or sintering stress [143]. In many ways, the peaks observed in the 

diffraction patterns are influenced by the crystallite size and the microstrain, which increase the 

peak width and intensity shifting the 2θ peak position respectively. WH analysis is a method in 

which the enlargement induced by the effect of the size and strain are treated by considering 

the peak width as a function of 2θ. 

The diffraction profile can be expressed in the Gaussian form in terms of the lattice d-

spacing that is detection-mode independent, given by      2
/exp sdddI hkl , in which  dI

indicates the diffraction peak intensity as the function of d planar spacing and s is a statistical 

scale parameter to define the diffraction peak width. Usually, the diffraction peak width is 

correlated to the often-used Full Width at Half Maximum (FWHM) defined by 

  2/1
2ln2sFWHM  . For a Gaussian distribution, it is denoted as , and the relation becomes 

  
2/1

2ln2FWHM . Here, we denote the observed FWHM as   2/122 dddobs  , reflecting 

the d-lattice span around the mean d  of a particular hkl diffraction peak.  

The peak profiles observed in the diffraction patterns are results of convoluted 

functions of multiple effects, such as the instrument response, the grain size and the microstrain 

(lattice deformation). The microstrain is resulted from the stress heterogeneity and the 

dislocation density at any condition [144]. We can write down all the contributions to the peak 

width profile resulted from deconvoluted through Fourier Transform, given by 

 

2222

dddd sizeinsobs  . (26) 

 

Accordingly to Equation (26), 2

d and 2

sized  are the microstrain and size contribution 

to the observed peak width, respectively, and 2

insd is the peak width for the stress-free state, 

usually referred to the instrumental contribution*. From Bragg’s law, we have that  sin2d

, in which 𝜆 is the wavelength of x-ray, d is the d-spacing of planar and 𝜃 is the diffraction 

angle. Let us consider that B  is the angle of maximum intensity of diffraction, and 1  and 2  

are the angles where the intensity is zero. Obviously, for 
21   the intensity is non-zero. 

                                                           
* Non-Gaussian components typically exist due to intricate contributions to a peak profile, which could introduce 

errors in the peak width determination.  
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Supposing that the crystallite of thickness D has (m + 1) planes in the diffraction direction, 

  1sin2 1  mD  and   1sin2 2  mD  are the destructive interferences related to the 

diffraction pattern in that direction. Subtracting one from the another, we have 

    21 sinsinD  i.e.          2/sin2/cos2 2121D . Making 1  and 2  so close to 

B , we have that B 221   and, consequently,      2/2/sin 2121   , resulting in 

     2/cos2 21BD . Defining 2

21 sized , finally we have crystallite size contribution 

to the peak profile ,  

 B

size
D

k
d





cos

2   (27)* 

 

The second main source of specimen broadening is the strain, or more correctly, the 

inhomogeneous strain. Let us consider one crystallite undergoing diffraction with the parameter 

d, 𝜆, and 𝜃 given by Bragg’s law. If the crystallite is strained then the d spacings will be 

changed. A compressive stress would make d spacings smaller and a tensile stress would make 

the d spacing larger. In other words, the spacing would be given by 𝑑 ± 𝛿𝑑. According to 

Bragg’s law, the position of the peak will increase from 2𝜃 to 2(𝜃 + 𝛿𝜃). It is expected no 

enlargement effect of the diffraction peak due to homogeneous stress in crystallites. If the 

crystallite is stressed (compressed) by the same amount (homogeneous stress) would result only 

in a shift of the peak intensity of diffraction. However, if the strain is inhomogeneous then 

different crystallites will be strained by different amounts and the shifts in 2θ will be variable. 

By differentiation of Bragg’s diffraction equation with respect to d and 2𝜃, respectively, we 

have that  BB dd  2cossin4  . Rearranging, we get 

BB
d

d
d  tan4tan42 







 
  (28) 

in which we defined dd  is the inhomogeneous strain and 2

d  is the strain contribution 

to the broadening of peak profile. Taking the Equation (28) and carried out the necessary 

replacements, we finally 

                                                           
* Equation (27) is the Sherrer formula that describes grain size in diffraction. The constant k added to the formula 

is a correction factor for the actual contribution of crystallite size. 
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B

B
D

k






cos
tan4   (29)* 

 

in which  22

insobs dd   is the FWHM. 

In order to calculate the structural properties using the WH method, we need to plot 

Bcos as a function of Bsin4  and then to fit it by compare the standard equation for a straight 

line ( cmxy  ). The slope will be the microstrain ( dd ) and the linear coefficient is 

inversely proportional to the crystallite size (D), where d is the lattice spacing, 𝜆 is the 

wavelength, and B  is the Bragg angle. 

 

3.2.2. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a type of electron microscope that images the 

sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern. 

There are many possible interactions between the high-energy electron beam and the atoms in 

the specimen. SEM can provide information about topography, crystalline information, 

chemical composition and electrical behavior of samples [145].  

In SEM, a source of electrons is focused into a fine probe that is rastered over the surface 

of the specimen (Figure 6). A number of interactions can occur as the electrons penetrate the 

surface sample, resulting in the emission of electrons or photons from the surface. Appropriate 

detectors can collect a fraction of the electrons emitted, and the output can be used to modulate 

the brightness of a cathode ray tube (CRT).  

The SEM principal images can be produced using three types of contrast: secondary 

electron images, backscattered electron images, and elemental x-ray maps. The secondary and 

backscattered electrons are identified according to their respective energies and they are 

produced by different mechanisms. The secondary electrons result from the inelastic scattering 

of electrons from the beam of atomic electrons, and when the energy of the emitted electron is 

less than 50 eV, by convention it is referred as a secondary electron. Higher energy electrons 

are primary electrons that have been scattered without loss of kinetic energy, i.e. interacted 

elastically by the nucleus of an atom. 

                                                           
* This equation is so-often related to Williamson-Hall method. Other methods also are available for separating 

the effects of size and strain. This is the case of Warren-Averbach method, that is quite complex and involves 

expressing the peak intensity in terms of a Fourier sum. 
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Figure 6: Schematics of the operation principle of SEM 

 

Another interaction in SEM technique occurs when the electrons from the beam collide 

with the surface and eject an internal electron from an atom. The excited atom will decay to its 

ground state through emission of a characteristic x-ray photon. This photon signal can be 

distributed by energy in the energy dispersive x-ray detector. This is the basis of the Energy 

Dispersive X-ray Spectrometry (EDS). This technique is used for the elemental analysis of 

chemical characterization of a sample and it will be used to infer about chemical components 

in the thin films. Both of SEM techniques were used in this work to obtain the morphologic 

properties and elemental analysis in our films. 

 

3.2.3. Dielectric Characterization 

For most applications, dielectric properties are important to provide information about 

the polarization mechanisms. Dielectric permittivity ε and dielectric loss (tan δ), are the most 

important parameters used to investigate the dielectric properties of FE materials. To perform 

the electric characterizations, a set of circular gold electrodes (0.3 mm in diameter) were 

deposited using a RF-sputtering on the film surface (11 cm2) homogeneously. Generally, the 

dielectric permittivity is obtained from the measurements of the capacitance under an AC 
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electric field with frequency dependence, within the interval range of several Hz to hundred 

MHz. The relative permittivity r  can be obtained by the simple relation 

A

Ct
r

0
  , (30) 

where C is the measured capacitance, 0 is the dielectric permittivity of vacuum, A is the area 

of the electrodes, and t is the sample thickness. Additionally, dielectric losses are obtained from 

the ratio of the imaginary part   to the real part  of the dielectric permittivity, where   is 

given by 
0


  , which σ is the conductivity, ε0 is the static dielectric permittivity, and   is 

the external electric field angular frequency. 

The electrical measurements comprise the dielectric and ferroelectric properties of thin 

films. The dielectric characterizations were performed in the setup metal/dielectric/metal using 

the LCR Agilent 4184A, with measurements for dielectric permittivity   i . 

Investigation of the dielectric permittivity as a function of temperature was done in the thin 

films studied here, seeking for information about the phase transition. The temperature control 

used in this work was an ARS cryostat, DE202A1-800K model, with a Lakeshore 340 control 

adapter, using a precision of 0.1 K in a temperature interval range of 80-450 K. The dielectric 

permittivity also can be represented in the complex form   i  and taking into 

consideration the RC circuit, we obtain  0 AtB and  0 AtG , where B and G 

are the susceptance and the conductance, respectively.  

The AC-voltage dependence of the real and the imaginary components of the dielectric 

permittivity was investigated in a frequency range interval from 100 Hz to 1MHz. In order to 

verify the influence of the probing electric field (AC probe) on the dielectric properties, the 

dielectric permittivity was measured with several AC voltages from 0.2 V to 18 V. 

 

3.2.4. Ferroelectric Hysteresis Measurements 

For the acquisition of the ferroelectric hysteresis measurements, we used two types of 

experimental configuration. One for obtaining the polarization-electric field hysteresis (so-

called the P-E hysteresis) using the Ferroelectric Module of Aixacct TF 2000 system (aixAcct 

Systems GmbH, Germany) which utilizes the virtual ground feedback method. Operated in the 

Dynamic Hysteresis Measurements Mode (DHM), a voltage sweep is applied to the sample in 

capacitor geometry and the current response is obtained. Voltage pulses consisting of bipolar 
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triangular forms were applied to our samples and the current was obtained using a virtual 

ground trans-impedance amplifier [146]. Another configuration used in this work was 

performed using modified Sawyer-Tower (ST) circuit. The ST circuit is composed by a digital 

oscilloscope (Agilent 54622A) coupled to the function generator (Agilent 33220A) and to a 

high-voltage amplifier Trek 610E. These measurements provide information about the 

polarization of saturation, remnant polarization, and the coercive voltages of the studied 

samples.  

 

3.2.5. Piezoresponse Force Microscopy (PFM) 

Recent advances in synthesis and fabrication of micro and nanoscale ferroelectric 

brought to life new physical phenomena and devices that need to be better understood at this 

scale. As structure dimensions are getting smaller, ferroelectrics display a pronounced size 

effect that manifests itself in a significant deviation of the properties of low-dimension 

structures from their bulk analogs. Following the miniaturization challenge, novel techniques 

are required for the evaluation of ferroelectric and piezoelectric properties with the high and 

ultimately nanoscale resolution. To address the fundamental mechanisms underpinning the 

functional of FE materials and devices, domain structures and their evolution under bias have 

to be studied at the micro and nanometer scales. The rapid evolution of scanning probe 

microscopy (SPM) and PFM has resulted in a significant advancement in this area. 

Güthner and Dransfeld [147] were the first who demonstrated the use of the PFM in 

1992 investigating a FE polymer film. In such demonstration, they locally poled domains with 

the help of the tip and subsequently imaged the generated domain pattern. Since then, PFM has 

become a standard tool for imaging FE domain patterns as can be verified in literature the 

significant PFM-related publish articles [28, 148, 149, 150, 47]. PFM is a versatile, easy-to-

handle, non-invasive method for imaging FE domain patterns or any kind of FE material 

without the need of an elaborate sample preparation. In addition, it detects the domain-specific 

piezoelectric deformations of a sample when an electric field is applied to it with help of a 

conductive tip. 

The PFM experimental basis consists in the use of a standard scanning force microscopy 

(SFM) operated in contact mode with an additional oscillating voltage applied to the conductive 

tip. The voltage-induced deformations of the sample lead to periodic vibrations of the sample 

surface, which are transmitted to the tip. The resulting oscillations of the cantilever are 

sensitively read out with the help of a lock-in amplifier (LIA). 
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PFM is generally applied to the investigation of FE domain patterns and, since 

ferroelectricity entails piezoelectricity, the domain pattern can be visualized by its piezo 

mechanical deformation under the application of an electric field. In the case of PFM, the 

electric field is applied locally with the help of a tip. The name of the piezo mechanical response 

of a FE domain obtained by the PFM is called of PFM signal. The difference between PFM 

signals obtained from different domains on a multi-domain sample is denoted by the PFM 

contrast. 

The PFM approach for probing piezo and ferroelectric properties at the nanoscale is 

based on the strong coupling between polarization and mechanical displacement. Common 

atomic force microscopy (AFM) provides an ideal platform for local piezo effect study due to 

high vertical resolution and high localization of electric field at the junction between the 

metalized tip and the surface. Then, the PFM is a contact-mode AFM in which an electrically 

biased conductive AFM tip is used as a probe of local electromechanical coupling via the 

converse piezoelectric effect.  

The experimental setup for PFM technique used in this work can be found with more 

details elsewhere [28]. The alternative voltage acV (amplitude V and frequency f) is applied to 

the tip using a function generator and the resulting oscillations of the cantilever are read out 

with a LIA. This voltage also can be applied to the back electrode (BE) while grounding the tip 

[28]. In PFM, a voltage is applied to the conductive tip as 

 

 tVVV acdctip cos . (31) 

 

Here, dcV is the DC bias, often called as switching bias, acV is the AC bias, called 

probing bias, and ω is the AC bias angular frequency. As the sample contracts or expands due 

to the converse piezoelectric effect, the tip deflection is monitored using a LIA so that the 

oscillation is given by 

   tAAA cos10 , (32) 

 

where 0A is the static surface displacement and  is the phase shift between the driving voltage 

acV and the voltage induced deformation 1A . The voltage-induced deformation is composed of 

the true piezoresponse term due to local piezoelectric deformation described by the effective 
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piezoelectric coefficient and the local electrostatic deformation. The oscillation due to the 

voltage induced is given by  

    acSdcaceff
VVV

z

C
VdA 




 331 , (33) 

which  
eff

d33
is the piezoelectric coefficient resulted from the converse piezoelectric effect, SV  

is the surface potential, and C is the capacitance of the cantilever-sample system. 

While the PFM amplitude provides information on the magnitude of the local 

electromechanically coupling, PFM phase images give the local polarization orientation. The 

resolution of the images obtained by the PFM is less than ~10-30 nm as determined from half 

of the width of a domain wall in the mixed PFM signal. The most used for characterization is 

given by   cos1APR  , with   is either close to 0º or to 180º.  

The contrast mechanism and detection of ferroelectric domain patterns with PFM are 

based on the fact ferroelectric materials are necessarily piezoelectric [81]. Basically, the 

cantilever performs three kind of displacements: (i) vertical deflection as a result of the out-of-

plane force due to  
eff

d33
coefficient, (ii) torsion, that is caused by the shear piezoelectric 

coefficient  
eff

d15
, and (iii) buckling from the interaction with the surface when an in-plane 

force acts along the cantilever axis. The first type of deformations is described as out-of-plane, 

or as vertical PFM (VPFM) measurements.  

If the polarization and the applied electric field are parallel, the deformation positively 

results in an expansion and the piezoresponse signal is in phase with the acV . Otherwise, if the 

electric field and the polarization are antiparallel, this will cause the piezoelectric to contract 

with the consequent lowering of the cantilever and the electric field and the piezoresponse 

signal are out-of-phase by 180º. 

A dual frequency technique, coined Dual AC Resonance Tracking (DART), was applied 

in order to map the mechanical properties of the conservative and dissipative nature of the tip-

sample interactions [151]. The topography and the piezoresponse measurements were 

performed with a scanning probe microscope MFP-3D (Asylum Research, Oxford Instruments, 

USA). The probes (Nanosensor, USA) with a platinum conductive coating, with a tip radius 

<20 nm, resonance frequency 50-90 kHz, and spring constant 2-5.5 N/m were used. 

Piezoresponse measurements also were carried out in a DART-PFM mode with 4 V AC for the 

SBN thin films. 
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Additionally to the PFM imaging of FE domain structures and local polarization control, 

local spectroscopy measurements have been developed in order to investigate the polarization 

switching phenomena on the nanoscale [152]. The Switching Spectroscopy Piezoresponse 

Force Microscopy (SS-PFM) has been developed to address quantitatively the local switching 

characteristics of FE materials. Similarly, SS-PFM also is implemented on a commercial AFM 

equipped with additional function generators and LIA.  

The tip approaches the surface vertically in contact mode until the deflection setpoint is 

achieved. The hysteresis data are then acquired with the tip fixed in a local using the waveform 

illustrated in Figure 7a. The data are analyzed in real time to yield parameters describing the 

local switching process such as the positive and negative coercive biases, imprint voltage, 

saturation response, and work of switching, as we can observe in Figure 7b.  

 

Figure 7: In SS-PFM, local hysteresis loop and piezoresponse relaxation can be locally collected. In (a) we can 

observe the single-point probing waveform in SS-PFM and the data acquisition sequence for both local 

piezoloops and piezoresponse relaxation. In (b) is represented a schematic behavior of a PFM hysteresis loop 

obtained in a FE material. 

 

Hysteresis in PFM is rather different when compared to hysteresis obtained in a 

macroscopic sample. Macroscopic hysteresis occurs due to the nucleation growth and 

interaction of multiple separated domains. Otherwise, in PFM hysteresis the nucleation of a 

single domain occurs under a sharp tip and PFM signals follow the development of domains at 

a single location [152]. The piezoloops are obtained by an application of variable magnitudes 

of DC voltages and, at the same time, by applying a small AC voltage to acquire the 

piezoresponse after the local poling (See Figure 7b). This kind of PFM measurement is called 

voltage spectroscopy.  

Another type of analysis using PFM is denominated as time spectroscopy. The tip is 

placed in a certain location and the induced piezoresponse is measured as a function of time 

after applying different DC voltage pulses and different pulse durations. It was found that the 
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induced piezoresponse of the FE domain was unstable and relaxed with time after switching off 

the DC bias. The relaxation of induced FE domains is acquired by measurement of the 

piezoelectric deformation after the removal of the DC bias. The relaxation of the field-induced 

 
eff

d33
 has shown to be dependent on both magnitude and duration of the DC voltage [153].  

Time dependences of the PFM signal measured after poling voltage can be described by 

several fitting curves, such as Curie-von Schweidler (CvS) law,    nCvSttf  ; simple 

exponential    ttf  exp ; Kolruausch-William-Watts (KWW) given by 

    
KWW

ttf  exp ; or logarithmic   tBBtf ln10  . The KWW dependence is usually 

used to describe a thermally activated relaxation [154]. 

In summary, the local piezoelectric response of FE materials can be investigated as a 

function of applied DC voltage and pulse duration using the PFM. With an application of DC 

voltage pulses of sufficiently large magnitude can result in the appearance of FE-like order and, 

consequently, hysteresis. The relaxation of the induced polarization can be studied as well, 

providing valuable information about domain pinning, fatigue, aging, and imprint effect. 
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4. RESULTS AND DISCUSSION 

This chapter is dedicated to the discussion of the experimental results of SBN and PLZT thin 

films. Our main goal is to discuss the results at macro and nanoscale and understand the 

mechanisms involved in the relaxor ferroelectric properties using piezoresponse force 

microscopic (PFM). Structural and dielectric properties will be relevant for the understanding 

of the spontaneous polarization phenomena as well the switching properties and relaxation of 

ferroelectric domains of relaxor thin films. 

 

 

 

 

 

 

 

 

 

4.1. NANOPOLAR DOMAIN STRUCTURE OF RELAXOR Sr0.75Ba0.25Nb2O6 (SBN) 

THIN FILMS 

To understand the properties of the SBN films at the nanoscale, we first studied its major 

dielectric and ferroelectric properties of the sample. The microstructure of SBN thin film was 

also investigated by SEM. A local chemical composition (via energy dispersive scattering – 

EDS) was carried out to quantitative and qualitative tests of the thin film using SEM technique. 

The analysis of SBN at nanoscale was performed through PFM technique to imaging both 

topography and domain structure as well as measuring the switching and relaxation properties 

of induced ferroelectric domains in SBN thin films. 

 

4.1.1. Macroscopic and Physical Properties of SBN Thin Films 

The observed, calculated, and difference profiles obtained by Rietveld refinements of 

the x-ray diffraction data for polycrystalline randomly oriented SBN thin film is shown in 

Figure 8. The indexed (hkl) peaks refer to the tetragonal phase of SBN with P4bm space group. 

The diffraction peaks referring to the platinum substrate are indicated as Pt (111) and Pt (200) 

belonging to the cubic phase with mFm3  space group and lattice parameter a = 3.892 Å. No 

peaks typical of other phases are evidenced. 
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Figure 8: Refined structure with observed (dots), calculated (red lines), and difference (bottom lines) XRD 

profiles of Sr0.75Ba0.25Nb2O6 thin film. 

 

Table 1 shows the summary of the atom coordinates and their occupancy of the SBN 

structure obtained by Rietveld method. The crystallographic R-factors obtained from the 

refinement, such as Rwp and Rp, were 14 and 9.1 respectively, and the goodness-of-fit (χ2) was 

1.7. This indicates a good agreement between the observed and calculated patterns as a good fit 

was obtained. Thus, it was concluded that the structural parameters and calculated lattice 

parameters (Table 1) obtained by refinement are representative for the SBN film investigated 

in this study and indicates that the SBN thin film is polycrystalline on Pt(111)/Si/SiO2 substrate. 

The refined lattice parameters (a = 12.4243 Å and c = 3.9082 Å) are very similar to those 

obtained in SBN single crystal with the same nominal composition (Sr = 75%) [38, 42]. 

Table 1: Summary of Rietveld refinement for Sr0.75Ba0.25Nb2O6 film obtained at room temperature*. 

Atom X Y Z Occupancy 

Nb1 0.0000 0.5000 0.0236 1.000 

Nb2 0.0747 0.2115 0.0089 1.000 

Sr1 0.0000 0.0000 0.5000 0.822 

Sr2 0.1724 0.6724 0.5069 0.503 

Ba1 0.1724 0.6724 0.5069 0.343 

O1 0.3450 0.0049 0.0546 1.000 

O2 0.1369 0.0679 0.0663 1.000 

O3 0.2800 0.7800 0.0356 1.000 

O4 -0.0155 0.4845 0.5093 0.500 

O5 0.3092 0.4024 0.4795 0.500 

O6 0.2792 0.4364 0.5023 0.500 

Lattice parameters: a = 12.4243 Å; c = 3.9082 Å 

GOF and R-factors: χ2 = 1.7; Rwp = 14; Rp = 9.1 

 

 

                                                           
* The SBN crystal structure can be visualized in Fig.3 in Ref [284] 
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4.1.2. Microstructure Analysis of SBN thin films 

The microstructure of the SBN thin films was investigated using a SEM. It was used to 

carry out qualitative and quantitative analysis of the local chemical composition of SBN thin 

films via Energy Dispersive Scanning (EDS). Figure 9a and Figure 9b depict top view SEM 

micrographs of the edge and surface of the thin film. The morphology of SBN thin film showed 

to be rather spongy, exhibiting a high degree of porosity and homogeneous spatial distribution 

with pores of different sizes (~20-100 nm). 

The porosity is generally formed in thin films regardless the film preparation technique 

(such as electrodeposition, sol-gel, or sputtering) [155]. In most cases, pores are considered 

undesirable because they can expose substrates to corrosive agents, reduce mechanical 

properties, and detrimentally influence density, electrical and optical properties [156, 157], and 

diffusion characteristics of particles [158]. Index of refraction was shown to depend only on the 

porosity and on the pore size, shape and spatial distribution for a certain critical film thickness 

[159]. However, nano and mesoporous morphology have been introduced purposely with 

different sizes, shapes, and spatial distribution in order to tailor their physical properties [160]. 

 

Figure 9: (a) Scanning electron microscopy (SEM) of the SBN thin film obtained at the edge using electron 

bean of 3 kV with approximately 20,000x of magnification and the top view SEM images obtained with (b) 

85,000x magnification. 

 

A specific surface area was chosen to present the morphology of the boundary between 

the SBN film and the Pt substrate. We can clearly observe that in specific regions, the film was 

removed layer by layer, presenting a ladder-type profile (Figure 9a). This is an evidence of 

deterioration of the mechanical properties of the SBN thin film probably due to the presence of 

pores, causing a decrease in adhesion between the layers. Figure 9b-d present a top view SEM 

images with different magnifications. Moreover, the weak adhesion may come from the low 

interdiffusion of the layers at the low temperature (300 ºC) used for the thermal annealing 

aiming to remove the organic contents. After this first thermal annealing, and before the next 
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one at high temperature (700 ºC), crystallization of the last-deposited layer probably already 

started, explaining why the adhesion on the previous deposited layer is not very strong.  

In Figure 9b, it is possible to observe some irregularities in the topography due to the 

deleterious effect of the porosity in SBN thin film. In Figure 9c and Figure 9d porous 

microstructure with a certain degree of order and periodicity is shown. The pore size 

distribution is rather inhomogeneous, ranging from 20 to 100 nm. Regarding the morphology, 

some pores present round shape while are more irregulars, displaying, in general, an 

interconnected porosity.  

 

Figure 10: (a) Cross-sectional SEM image of the SBN thin film and (b) the representation of the distribution 

of the secondary electrons respective to the specific chemical element with the chemical composition in the 

cross section obtained inside the rectangle drawn in (a). 

 

The cross-sectional SEM image of the SBN thin film and the quantitative analysis of its 

chemical composition are shown in Figure 10. The images were obtained using a focused ion 

beam (FIB) of argon atoms to mill the film. The voltage and current of the FIB probe were 30 

kV and 4 nA, respectively, with a system vacuum of ~ 1.59 ∙ 10−6 mbar. Figure 10a shows 

clearly the morphology details in the cross section, such as the Pt/Ti/SiO2/Si(100) interfaces, 

the thickness and surface of the SBN thin film. Moreover, it is also possible to observe a high 

degree of porosity, the interconnected porosity through the film thickness and the presence of 

pores in the metallic substrate as well, being considered one of the possible causes of porosity 

in thin films [161]. 

Pores can also emerge by misfit of crystal grains due to structural defects in the film-

substrate interface [162] that could explain the presence of interconnected porosity on the early 

stages of the nucleation and growth of the SBN thin films during the coalescence of the 
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crystallites [163]. It is possible that the pore formation in SBN thin films is mainly due to the 

burning out of organic in pyrolysis treatment. 

The qualitative analysis of chemical components by SEM showed in Figure 10c have 

presented a significant amount of silicon near Pt/Si substrate and a small quantity of Pt, while 

elements such as niobium, strontium, barium, and oxygen increase as the cross-section analysis 

of the SEM approaches film surface. 

 

4.1.3. Electrical Properties of SBN Thin Films 

The temperature dependence of the real and imaginary dielectric permittivity, 𝜀′(𝑇) and 

𝜀′′(𝑇) respectively, is shown in Figure 11 in the frequency range of 10-600 kHz. The maximum 

observed for 𝜀′ decreases and the temperature of maximum dielectric permittivity (Tm) are 

shifted to higher values with increasing frequency. The broad frequency and temperature 

dispersions of 𝜀′ indicate that SBN thin film undergoes a relaxor-type dielectric transition.  

The maximum temperature Tm = 221 K at 10 kHz observed in Figure 11 is lower by 100 

K as compared to reported SBN single crystals (Tm ~ 320 K, at 10 kHz) with the same nominal 

composition (Sr = 75%) [45, 164, 37]. Similar results were obtained for SBN thin films prepared 

by pulsed laser deposition (PLD) which the shift of the phase transition temperature to lower 

temperatures than in single crystals was attributed to larger defect densities in the film [165]. It 

is well known in single crystals that the effect of lowering the phase transition temperature is 

also a consequence of disorder in Sr and Ba sites, long thermal annealing being necessary to 

rearrange these ions [37]. This effect of lowering the phase transition temperature was observed 

also in ceramics when compared with the single crystal of SBN with the same nominal 

composition [166, 167]. The high density of defects, such as oxygen vacancies, a larger 

concentration of grain boundaries, and in addition the interface to the substrate in our case, may 

be the reasons for such effect. This behavior was also observed in another relaxor ferroelectric 

thin films with perovskite structure [168].  
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Figure 11: Real and imaginary dielectric permittivity of SBN thin film as a function of temperature at 

measurement frequencies of 10, 20, 30, 60, 100, 200, 300, and 600 kHz. 

 

The imaginary part of the dielectric permittivity in Figure 11 presents two evidenced 

peaks as a function of temperature at different ac frequencies. The peak centred around 200 K 

for 600 kHz is probably related to the relaxor transition from a paraelectric phase to a relaxor 

phase. The another peak centred near 100 K for 600 kHz maybe is related to the structural 

change from monoclinic to tetragonal in SBN thin films but it is not clear the mechanisms 

behind this behavior. 

The diffuseness of the phase transition can also be described by an empirical parameter 

difT , defined as    HzHzdif mm
TTT 1001009.0   , i.e., the difference between  Hzm

T 1009.0 
  

(temperature corresponding to 90% of m at 100 Hz at higher temperature) and  Hzm
T 100

 that is 

the temperature of maximum permittivity at 100 Hz. The 
difT  was found to be 95.5 K in our 

SBN thin film, relatively higher than in single crystals reported by Li, J. et al [169] (

K51 difT and K11 difT  for SBN single crystals prepared by conventional and microwave 

techniques, respectively). Moreover, the degree of relaxation behavior, that is described as 

   Hz100KHz100 mm
TTTrelax    for the SBN thin film was about 34.8 K, while in the single crystal 

at same frequency interval it did not exceed 10 K.  

The broadened dielectric peaks illustrate a relaxor-like behavior in which the maximum 

relative permittivity decreases and Tm shifts to higher temperatures with increasing frequency, 

indicating a diffuse phase transition (DPT) [98]. The DPT can be described by the modified 

Curie-Weiss law [36] 
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in which 𝜀′ is the dielectric permittivity, T is the temperature, 𝜀m
′  is the maximum value of  at 

T = Tm, C is the modified Curie constant, and   is a measurement of diffusivity. For γ = 1, the 

ferroelectric material behaves as a normal ferroelectric, for γ = 2 the material shows a complete 

disordered system, and an intermediate value (1   2) the material exhibits diffuse 

ferroelectric characteristics [170]. The γ-factor obtained for the SBN thin film by fitting was 

approximately 1.62, confirming a typical diffuse ferroelectric behavior [24]. The γ-factor 

obtained to our film was slightly higher than the values of diffusivity factor for ceramic samples 

and single crystals compared to the same composition (γ ~ 1.51 for SBN75 single crystals) 

[164].  

Comparing the results of
difT , relaxT and γ, the diffuseness of the phase transition and 

the frequency dispersion in SBN thin films are higher than in single crystals of the same 

composition. This effect may be due to a higher structural disorder and compositional 

fluctuations in thin films [106, 34]. The origin of the relaxor behavior observed in SBN thin 

films is also believed to be due to random electric fields (RFs), which probably promotes the 

formation of PNRs. RFs are considered to be related to induced-charge disorder due to vacancy 

distribution on A-sites of the TTB structure, developing the relaxor state in SBN thin films 

[171].  

It is natural to conclude that the larger diffuseness of the phase transition and the 

lowering of phase transition temperature when compared to single crystals and ceramics with 

the same composition are mainly due to higher ionic and nanoscale field disorders in SBN thin 

films. As structural disorder increases in TTB structure, different repulsive forces of among 

nearby cations will impose different potential barriers to the hopping process to come about. 

Under specific thermal conditions, a potential barrier can come or not be overcome by ions in 

the structure [30]. 

The frequency dispersion near the dielectric maxima in RE ferroelectric materials can 

be attributed to the distribution of relaxation times. Among a large number of theoretical models 

that have been proposed to understand the diffuseness of maximal dielectric permittivity with 

temperature and frequency, the Vogel-Fulcher model is one of the most important mathematical 

representation of the discrepant nature of the relaxation times [172] with a temperature interval 
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[98]. The observed angular frequency dependence of Tm could be described by the Vogel-

Fulcher equation [169, 173, 174], given by 

 

ω = ω0 exp[−Ea/kB(Tm − Tf)] (35) 

 

in which ω0 is the pre-exponential term, Ea is the activation energy from polarization fluctuation 

of an isolated micropolar region, Tm is the temperature of the maximal relative permittivity, kB 

is the Boltzmann constant, and Tf is the Vogel-Fulcher temperature (i.e., the static freezing 

temperature that is frequency-independent). The fitting parameters (Tf, ω0, and Ea) in Vogel-

Fulcher model are presented as converted parameters in Figure 12.  

 

Figure 12: Temperature dependence of the frequency of the maximum permittivity in SBN thin film. 

 

Fitting the experimental data by Equation (35), the SBN thin film showed a typical spin-

glass-like dielectric relaxation behavior, which is attributed to the randomly oriented dipolar 

and electric fields [24]. The fitting parameters obtained were ω0 = 1.0 × 1010 Hz, T0 = 179 K, 

and Ea = 0.0038 eV. Independently of the analyzed frequency-dependence, the maxima of the 

dielectric permittivity and dielectric loss as a function of temperature do not coincide the 

freezing temperature Tf, which is the temperature where the system experiences a transition 

from ergodic to non-ergodic phase [175]. These results were compared in literature for SBN 

single crystals and ceramics. For single crystals with same composition, the results were ω0 = 

2.3 × 1011 Hz, Tf  = 311 K, and Ea = 0.0133 eV [164]. For SBN ceramics with x = 70% of 

strontium, the fitting parameters of Vogel-Fulcher relationship with ω0 = 3.4 × 1011 Hz, Tf  = 

326 K, and Ea = 0.011 eV have been reported [169]. The apparent change in these parameters 

is a natural consequence of lowering phase transition temperature in SBN thin films. 
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As opposed to ordinary FE materials, in which the effect of the electric field felt by an 

ion in the lattice is treated in terms of average field (mean field theory) [176, 87], in SBN thin 

film the ions do not experience an average field, but rather local RFs induced by defects. The 

RFs distribution occurs just because the A-sites are randomly and partially occupied (See Table 

1) by strontium and barium ions in the structure as well as the existence of intrinsic disorders, 

such as valence and size difference in the occupying cations. Therefore, spatial fluctuation of 

RFs promotes correlations between the fluctuations dipoles, leading to the assemblage of 

clusters on a mesoscopic scale, oppositely to the conventional FE material that the formation 

of the macroscopic domain is prevailed [126].  

As Vogel-Fulcher temperature Tf of the SBN thin film is much smaller than the SBN 

single crystals, the transition from ergodic state to the non-ergodic state occurs at much lower 

temperatures [172]. The barrier potential height for the fluctuation of dipoles, also called 

activation energy (Ea) of the hopping process, is correlated to anisotropic energy and volume 

of the cluster, indicating that PNRs are smaller and RFs distribution is more complex in SBN 

thin films as compared to single crystals and ceramics [98]. Moreover, we can infer that in the 

SBN thin films the degree of disorder is larger than in single crystal and ceramics of the same 

composition, resulting in the flattening of the dispersive curve (larger ΔTdif and ΔTrelax) and the 

shifting of the phase transition temperature [37, 38, 164].  

In order to investigate the effect of space charge and hopping polarization, we plotted 

in Figure 13a the frequency dependence of real and imaginary part of dielectric permittivity 

(i.e.  and   ) obtained at T = 300 K in the frequency range of 0.1 kHz -1000 kHz. As follows, 

we observe a smooth decrease of  in the frequency range and a sharp in decrease of   in the 

low-frequency region, showing a frequency independent value of these parameters in the high-

frequency interval. This strong decrease of   towards high-frequency range may be due to 

space charge polarization and interface effect or due to the dc conductivity inversely 

proportional frequency on SBN thin film.  
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Figure 13: (a) Real and imaginary part of the dielectric permittivity as a function of the frequency in the SBN 

thin film, and (b) the modulus of the impedance and the conductivity, respectively. The behavior of (c) dielectric 

permittivity and (c) dielectric loss as a function of AC amplitude for different frequencies. 

 

The frequency dependence of the AC conductivity and impedance are shown in Figure 

13b. At room temperature (T ~ 300 K) the conductivity increases with increasing frequency, 

which is a characteristic of ωn, and n is a positive exponential. The phenomenon of conductivity 

in solids is often analyzed by Jonscher’s power law and it is described by the function 

  n

dc A  , which σdc is the DC contribution, A is a constant and n is an exponent in 

the range of 0  n 1. The n constant represents the degree of interaction between mobile ions 

with the lattice around them, and A determine the strength of polarizability. 

The estimated value of n is very close to unit at 300 K for the SBN thin film. The origin 

of the frequency dependence of conductivity is due to the movement of charge carriers in the 

bulk of the sample [177]. As the slope of log[σ(ω)] as a function of log[ω] is constant, the 

relaxation phenomena observed in Figure 13b indicates that it is only due to space charge 

polarization. To observe the change of the polarization process in the conductivity curve with 

the frequency we should notice a change in the slope, indicating a transition to another type of 

polarization. SBN thin film at lower temperatures, where the frequency effect on hopping 

process is more relevant, may evidence the existence of the hopping process. 

In order to investigate the observed dielectric dispersion of the SBN thin film, we also 

carried out the complex impedance analysis. The modulus of the impedance is shown in Figure 

13b. The both real and imaginary parts of the impedance, described by Z  and Z  showed to 

decrease with frequency increasing. However, Z  is relatively higher than Z  depending on the 
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frequency interval*. The value of Z  and Z  at 300 K appear to decrease up to 1 kHz, and be 

frequency independent at higher frequency. Since we have no measurements below 100 Hz, it 

is not possible to infer about the behavior of the impedance below this region. Ceramics of 

BaBi4Ti4O15 have presented a peak of Z  as a function of frequency around 200 Hz at 660 K, 

maybe due to the relative high Curie temperature (with Tc ~ 700 K) [178]. The decreasing of 

Z  with frequency may be associated to the presence of mobile charges and defects at high 

temperature. As these observations are made at relative high temperature when compared with 

temperature of maximum dielectric permittivity, defects may be responsible for electrical 

conduction in the material via hoping of electrons/oxygen ion vacancies/defects among the 

available localized sites [178].  

The behavior of   and   as a function of ac electric field are presented in Figure 13c 

and Figure 13d, respectively, for different frequencies of the AC applied voltage. As we can 

observe, the real part of the dielectric permittivity (Figure 13c) experiences an increase in the 

range of 0.2-7.5 V of amplitude of AC driving field. For higher values of AC amplitude (Vac ≥ 

7.5 V), we notice a decrease of   for all frequencies. In addition, the maximum values of    (

max  ) are centered on 7.5 V at different driven frequencies, indicating the behavior of AC probe 

amplitude of max   is frequency independent.  

The growth of    under different ac amplitude driven fields indicates that this extrinsic 

contribution has an important role in the ferroelectric domain formation. In the case of FE 

materials, such behavior is a direct consequence of domain formation and movement of domain 

walls [179]. There are barrier potentials in such domains that must be overcome in order to take 

place the movement of the domain walls, promoting a coalescence of domains oriented toward 

the external field. In other words, the increasing of AC driven field will allow more dipoles to 

reorient towards the AC electric field direction, so that the dielectric permittivity is 

consequently increased for all driving frequencies.  

However, we can observe a decrease of the intensity of max   as we increase the AC 

frequency probe. Such behavior in RE ferroelectrics is due to the presence of nanodomains with 

a different distribution of relaxation times. Since the distribution of relaxation times in relaxors 

varies with temperature, different time-dependence of the polarization at various temperature 

results. At T ≪ Tf, since there is a large proportion of frozen dipoles in the system, the average 

polarization remains relatively high with small fluctuations. For rising temperatures, the 

                                                           
* An analysis of ZZ  / as a function of  10log  has exhibited a linear dependence in the 100-500 kHz of frequency 

interval. 
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relaxation time distribution moves to higher frequencies and, as a result, the value of the average 

polarization decreases with greater fluctuations. In our case, at T ≫ Tf, the flipping of dipoles 

is faster compared to the temperature at T ≪ Tf. However, as the frequency of the measuring 

electrical field increases, more polar microregions become slow due to not being able to keep 

up with the switching of the measuring field [172]. 

As we described above, different polar microregions have distinct characteristic times, 

depending on the local RFs. External factors, such as temperature, ac amplitude signal, and dc 

poling field, influence the macroscopic measurement of dielectric properties. The potential 

barrier that the dipoles need to surpass is decreased with both increasing temperature and ac 

driving field, promoting more flipping of dipoles towards the external field. However, it is 

observed that for ac amplitudes greater than 7.5 V, the value of the permittivity decreases for 

all frequencies measured. This effect may be due to the accretion of space charges, forming a 

depolarizing field that decreases the values of permittivities or just surpassing coercive voltage 

of SBN thin film in all driven frequencies. 

 

Figure 14: (a) P-E hysteresis loops of the SBN thin film measured at room temperature and (b) the behavior of 

the positive and negative coercive electric field and remnant polarization as a function of frequency. 

 

Observation of hysteresis loop is one of the essential criteria for the existence of FE 

properties in a material. Macroscopic FE properties of SBN thin films were verified by the FE 

hysteresis measured with Sawyer-Tower method. Figure 14a shows the hysteresis loops of the 

SBN thin film at room temperature at 900 Hz using a triangle waveform with an AC driving 

voltage of 200 mV. It was observed that the hysteresis loop shapes change with the increasing 

frequency, with the loop slim and characteristic for RE ferroelectrics. For lower frequencies, 

the shape of the hysteresis loop shows a saturation, indicating a contribution of electric 

conductivity in the current signal. This conduction may be due to the arisen of charge carriers 

through the film. The slim hysteresis loop obtained at higher frequencies indicates a minor 
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contribution of domain switching and having mostly the contribution from the dielectric 

permittivity [180].  

The behavior of coercive electric field (Ec
 +and Ec

 -) and the remnant polarization (Pr
 + and 

Pr
 −) as a function of AC driven frequency is shown in Figure 14b. The increasing of the 

coercitivity for lower frequencies is due to both conduction and dielectric contribution. Since 

Ec indicates the field necessary to perform the switching of the ferroelectric domains, the 

electric field where P = 0 is not the coercive field because the hysteresis loops is pre-saturated 

for lower frequencies, and the linear response of the polarization observed for higher frequency 

does not indicate if the material is even a FE material.  

 

4.1.4. Nanoscale Domain Properties in Polycrystalline Strontium Barium 

Niobate Thin Films 

In order to investigate the static domain structure in relaxor materials, PFM technique 

has been successfully applied to study the polar structure of single crystals, ceramics, and thin 

films compounds [149]. The typical topography and out-of-plane piezoresponse images for 

relaxor SBN thin film are shown in Figure 15a and Figure 15b, respectively. 

 

Figure 15: Typical topography (a) and piezoresponse (b) image of the SBN75 thin film obtained in an area of 

2 × 2 μm2. 

 

The topography shows a distribution of grains with different sizes and shapes. Besides, 

the image reveals a non-flat surface, with average grain size around 200 nm and root mean 

square (RMS) roughness of 20 nm. Other SPM images have been taken in different regions of 

the film surface in order to verify the uniformity of the topography in our film. The existence 

of three types of contrast (bright, dark and “noisy”) are revealed in the PFM image (Figure 15b). 

These regions are characteristic of opposite out-of-plane polarization vectors (180º domains). 

Bright and dark contrast regions are an indication of polarization vectors of the FE domains 
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pointing towards the film surface (c+ domain) and the bottom electrode (c- domain), 

respectively. The “noisy” contrast observed in the PFM image, being attributed generally to an 

amorphous phase or/and non-FE phases [5]. In addition, the intermediate contrast could be 

attributed to very fine polar structures in the SBN film, probably related to PNRs [181]. 

Nevertheless, it worth to mentioning since the tip dimension is around 10 nm, it is not possible 

to resolve domains less than this PFM setup condition.  

The domain cross-section was analyzed through four grains (from line A to B, as 

indicated in Figure 16a). Figure 16c shows the profile of the piezoresponse signal and the 

correspondent topography related to these specific grains. The grain 1, for example, shows a 

dark contrast, denoting a domain with the polarization vector oriented towards the bottom 

electrode, while the grain 2 and 3 possess “noisy” contrast, exhibiting a low positive and 

negative piezoresponse signals, respectively, compared with the grain 1. The grain 4 showed a 

bright contrast indicating a domain with polarization vector opposite to the grain 1. In general, 

it can be seen that the polarization distribution in the surface varies from grain to grain, giving 

another possibility of grain visualization. 

 

Figure 16: Topography (a) and piezoresponse (b) images and (c) cross-sections across the grains with different 

domain polarization vectors of SBN thin film and the histograms of the distribution of piezoelectric response 

inside the grains depicted in Figure 16(a-b). 

 

It was found that the FE domains in SBN thin film are irregulars with random orientation 

of the polarization within the grains, which either are single domains or represent a distribution 
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of weak piezoresponse signal. These weak piezoelectric regions are expected for a RE 

ferroelectric even for temperatures above and below Tm, and can be due to both with locally 

broken symmetry and the existence of PNRs [171, 182]. The microscopic origins of PNRs in 

SBN thin film are closely linked to spatial fluctuations of RFs caused by structural disorder and 

related charge inhomogeneity [126].  

Among a number of materials crystallizing in the TTB structure and exhibiting the 

relaxor behavior, the SBN is a typical representative [177]. For the SBN, the A1 positions are 

occupied only by Sr2+, the A2-sites are filled with both Sr2+ and Ba2+ cations, whereas the C 

channels remain unoccupied. However, as there are just five Sr and Ba atoms for the six A1 

and A2 positions, one of the A-sites continues empty [183]. It is widely accepted that disordered 

chemical structure is the main cause for the unique properties of relaxors, but it is still unclear 

how large the chemical disorder has to be a ferroelectric material to become a relaxor [40]. The 

SBN undergoes an order-disorder transition from paraelectric to a polar state with spontaneous 

polarization pointed towards the c-axis upon cooling (uniaxial relaxors). This polarization is 

caused by displacement of the central atom (Nb5+) of the octahedral located at the B-channel in 

the SBN disordered structure. 

Unpredictably, some grains of the SBN has exhibited strong dark and bright contrasts, 

indicating the existence of a piezoelectric response activity without the applied electric field 

suggesting an existence of built-in electric fields in this film. The imprint effect, also known as 

a self-polarization, is an important degradation effect in FE films and it is defined as a 

preference of one polarization state over the opposite one due to an internal built-in electric 

field [149, 184]. Since the built-in fields can result in enhanced dielectric properties and directly 

influence the switching characteristics, comprehending the origin of such phenomena is 

important for practical applications [185]. The origin of the built-in electrical field is generally 

associated with different factors, such as strain relaxation (flexoelectricity) [186]; stress induced 

by film/electrode lattice mismatch or clamping; domain pinning induced by oxygen vacancies, 

contributing to the non-switchable polarization in domains [187, 188]; degradation of 

ferroelectric properties in film/electrode surface layer, so-called Schottky effect [189]; 

structural defects, and others. The evidence of self-polarization is typically found in 

asymmetries on the hysteresis loops at macro and nanoscale, which will be discussed further in 

local in investigations at nanoscale of the SBN thin film. 

The important information on the distribution of the local polarization can be done 

through the analysis of the PFM histograms. The histograms are obtained by counting the 

number of the pixels on the PFM image corresponding to a given piezoresponse signal [149]. 
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The deconvolution of the piezoresponse histograms in several peaks is a way to analyze the 

valuable information on relative populations of different domain states. The average 

piezoresponse value is obtained from the peak position while other important information, such 

as the half-width of the peak, also can be obtained. The broadening of the peak is an indicative 

of coexistence of several polarization directions in polycrystalline with random orientation in 

thin films.  

The histogram obtained inside the grains (four grains indicated in the profile analysis in 

Figure 16a) is illustrated in Figure 16d, indicating that the grains do not possess a single value 

of piezoresponse, but a distribution of the piezoelectric signal. This is an indicative that inside 

grains there are domains states with several crystallographic orientations reflecting mainly by 

the random electric field (i.e. by the built-in fields). These fields can cause a preferred 

reorientation of PNRs forming a smooth piezoresponse distribution inside the grain due to the 

inhomogeneity of these local fields [171, 190]. 

 

Figure 17: The piezoresponse histograms observed in different regions of a PFM image. 

 

In addition, we have obtained the histograms of three different separated regions inside 

a unique PFM image (2×2 μm2) of SBN thin film prepared by the chemical method. These 

histograms are shown in Figure 17. An analysis of the histograms for different regions of the 

PFM image is important to verify the effect of grains with self-bias in the piezoresponse 

distribution of the SBN thin film surface. The PFM image of SBN thin film was split into two 

regions: one with no presence of a grain possessing dark or bright contrast (i.e. with no strong 

piezoelectric signal) depicted in Figure 17 as region 1, and other with the presence of grains 

with probable self-polarization, depicted as region 2. For region 1, the piezoresponse 

distribution is approximately symmetric. On the other hand, the region 2 is characterized by an 

asymmetric distribution in the piezo histograms as well as the presence of a “negative” shoulder 
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around a piezoresponse value of -0.8 V. This is effectively an indicative that regions exhibiting 

negative piezo signal (in this case, it is rather clear the grains with domains possessing 

polarization vectors oriented toward the bottom electrode) are essentially larger than areas with 

positive piezoresponse (domains with polarization vectors oriented toward the free surface). 

Moreover, full image was analyzed with respect to its piezoresponse distribution. It is clearly 

observed that the distribution is nearly symmetric, adding a small elevation around the 

piezoresponse related to the region 2. 

Figure 18(a-e) illustrates the domain structure of SBN thin film scanned after applying 

different DC voltage amplitudes in the area. PFM images observed in Figure 18a were obtained 

at 0.3 Hz of scan rate, scanned from up to down and from left to right, respectively, with 512 

vertical lines. The DC voltage amplitudes applied on PFM acquisition were 0 V (before poling), 

+5 V, -5 V, and 0 V (after poling), in a row. The images were obtained individually at about 

the same area (2×2 μm2), acquired only after a few seconds between the previous poling and 

the image after poling. The DC voltage amplitude applied were high enough to cause a domain 

switching, in order to verify the stability of ferroelectric domains in the grains. 

 

Figure 18: (a) Topography and analysis of the piezoresponse in SBN thin film applying (b) Vdc = 0 V (before 

poling), (c) Vdc = +5 V, (d) Vdc = -5 V and (e) Vdc = 0 V (after poling). (f) Cross-sectional analysis of the grain 

boundary between two grains indicated in (a). 

 

Figure 18f shows the cross-sectional analysis of two adjacent grains with opposite 

polarization states over the line AB given in the Figure 18a. It is quite clear from the cross-

section analysis that the grains 1 and 2 exhibit different responses to DC poling fields applied 

on surface. While grain 2 switches the domain orientation with an application of a reverse DC 
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bias, the grain 1 remains non-switchable for a DC poling field of + 5V. Moreover, with -5 V of 

DC bias, the piezoresponse of both grains is nearly the same, with a decreasing of the 

piezoresponse in the grain 1. This effect could be attributed to the local contribution of non-

switched FE domains in the neighboring grains. In polycrystalline materials, the grain 

boundaries can strongly affect the switching kinetics [149], so that causing a decreasing in the 

local effective electric field and, consequently, decreasing the self-polarization effect in the 

grain 1. 

The piezoresponse distributions related to PFM images of SBN scanned with different 

DC applied voltages are shown in Figure 19a. For 0 V before poling, the distribution is nearly 

symmetric and the peak of maximum exhibits a small shift to negative values. After applying 

+5 V, the peak is shifted proportionally to positive values, indicating that the DC poling was 

sufficient to cause a switching of some domains in the scan area. Nevertheless, we observed the 

presence of a shoulder around -0.8 V of piezoresponse, suggesting that DC field was not enough 

to induce a switching in some ferroelectric domains, as we can observe some grains with dark 

contrast, possessing a self-polarization with same polarization direction before the poling. 

Thereafter, a DC poling field with -5 V was applied, being sufficient to shift the peak of the 

distribution proportionally to negative values. However, the shape of the distribution is rather 

asymmetric, indicating that some areas have not been switched in this case as well. The 

piezoresponse distribution with -5 V was fitted with two Gaussians distributions, indicating a 

distribution of domains around +0.5 V. Finally, we performed a PFM scan with 0 V of DC 

poling. Practically has been observed the same piezoresponse distribution compared to PFM 

image with 0 V (before poling), suggesting that all domains that have been switched on the 

poling process were unstable, reverting back to the initial polarization state after ~30 min the 

application of A -5 V of a DC bias. 

 

Figure 19: (a) Piezohistogram and (b) the self-polarization factor of the respective PFM images of SBN thin 

films referred to Figure 18. 
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Considering the piezoresponse histograms, the distribution of oppositely oriented 

domains in the SBN thin film with different DC poling fields (0 V BP, +5 V, -5 V, and 0V AP) 

was further analyzed by the integral characteristics of domain distribution. The difference 

between all positive domains 


0
)(  dN  and all negative ones  

0

)(  dN , divided by the 

number of all domains is defined here as a self-polarization factor β, in which )(N  is the 

population obtained from piezohistogram [191]. Here, it is noteworthy that the self-polarization 

factor was used mainly to analyze the domain population distribution after applying different 

DC poling field.  
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Figure 19b illustrates the domain population as a function of the DC poling field related 

to the PFM images represented in Figure 18a. Slightly self-polarized state was observed before 

poling, indicating that the average piezoresponse of negatively polarized domains is larger than 

positive ones. Applying a DC voltage of +5V, the β factor increases to 0.8, suggesting a 

switching to positive domains. However, after reversing the voltage (-5V), the domain 

population (positive and negative) was found to be equally distributed. After poling, the domain 

distribution returns to its initial inhomogeneous domain pattern. This spontaneous back 

switching can be attributed to the presence of a local built-in electric field [192], probably 

originated from the distribution of quenched RFs due to structural and related charge disorder 

of SBN thin film [193]. And the formation of non-switchable domains shown in this work can 

be an origin for the imprint and retention loss in ferroelectric SBN thin films [187].  
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Figure 20: A 1 μm ×1 μm scan of SBN75 thin film obtained at room temperature in DART-PFM mode (a) the 

sample topography, (b) the resonance contact frequency (f0), and (c), (d), (e) and (f) the experimentally 

measured R1, φ1, R2 and φ2, where R and φ are amplitude and phase of the DART-PFM image. Δf = (f2 – f1) = 

20 kHz was used for these measurements. A cross-section analysis of topography and mapping resonance 

contact frequency [indicated along the line ab in Figure 20a-b] is illustrated in (g). 

 

PFM images obtained so far were obtained using the single frequency contact resonance 

(CR), in which the excitation frequency (AC driven frequency ~50 kHz) was applied far below 

the resonance contact in order to avoid an ambiguity in the measurements. Since relaxor SBN 

studied in this work was far above the Tc temperature, it is expected the presence of low 

piezoresponse regions in PFM images. Approaching the excitation frequency to the tip-sample 

CR, resonance amplification improves the signal-to-noise ratio (SNR) considerably, and the 

contrast observed in PFM amplitude images caused by shift in the tip-sample resonance contact 

frequency can be used to qualitatively infer the mechanical properties of the sample [194] (e.g. 

local elasticity measurements in FE material surfaces [195]). Therefore, the PFM contrast is 

strongly affected when the excitation frequency is very close to the contact resonance, 

undergoing a phase inversion whenever the driven frequency cross the resonance contact [196]. 

Therefore, care must be taken to avoid crosstalk between topography and the piezoresponse 

signal.  
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Figure 20a shows the sample topography while the DART measurements are shown in 

five images, from Figure 20(b-f) the respective values of f0, R1, φ1, R2, and φ2. As characteristic 

for PFM images, the contrast in the phase images (d) and (f) show both polarized domains and 

a large area with the phase in 0 or 2π, indicating the absence of a ferroelectric domain. The low 

amplitudes (c) R1 and (e) R2 suggest a quite weak response typical for the SBN75 thin film 

which is far above the phase transition temperature. A large variation in resonance frequency f0 

in Figure 20b (~20 kHz) demonstrates the advantages of DART over single frequency PFM for 

higher sensitivity investigations [194]. Also, the variation of the resonance frequency on film 

surface indicates that the stiffness of the mechanical contact between the tip and sample changes 

accordingly to the roughness of grains and topography, as we can observe in Figure 20g [197].  
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4.1.5. Domain Switching and Local Piezoresponse Relaxation Dynamics of SBN 

Thin Films via SS-PFM 

A Switching Spectroscopy Piezoresponse Force Microscopy (SS-PFM) was applied in 

the SBN thin films to understand the local switching properties. The SS-PFM mode was 

implemented on a commercial AFM (Ntegra Aura, NTMDT, Russia) in order to investigate the 

local piezoelectric response, using both conventional polarization imaging and a step voltage 

sweep spectroscopy methods to study the piezoelectric origin of the sample. During the PFM 

measurements, the AC probing (amplitude 1 V, frequency 50 kHz) was applied between a 

conduction tip (Budget sensor Multi75E-G: Si cantilever covered by Pt, spring constant 3N/m, 

resonance frequency 75 kHz) and the bottom electrode. The PFM response was detected via 

external lock-in amplifier (LIA) system (SR830, Stanford Research, USA). 

To induce a local polarization state, the SS-PFM was carried out to verify the reverse 

domain characteristic behavior. The tip was fixed at a predefined position on the sample surface 

and voltage bias pulses of variable magnitudes Vdc and durations tp were then applied [149]. 

During the application of the DC pulse, a probe with an alternating voltage Vac was applied and 

each pulse was followed by measurements of the effective piezoelectric response (d33)eff as the 

value of the signal measured by the lock-in system. The dependence of (d33)eff  on Vdc is referred 

to as piezoelectric hysteresis loops [46, 152]. The relaxation of induced polarization states was 

measured as a function of time between DC voltage pulses of variable magnitudes Vdc and 

voltage duration tp in different grains in order to investigate the domain nucleation and growth 

mechanism of the FE domains in SBN thin films [198]. 

To understand the origin of different polarization states in some grains, the piezoelectric 

hysteresis loops were obtained locally in the interior of three different grains, as indicated by 

grain #1, #2 and #3 in Figure 21a and Figure 21b. The hysteresis loops for these grains are 

shown in Figure c. The slim hysteresis loops were clearly observed in areas with dark and bright 

contrasts, possessing small remnant deff and coercitivity. Normal ferroelectric-like hysteresis 

loops are observed in “noisy” contrast grains (grain #2 and #3) indicating the existence of a 

ferroelectric state in these grains. The shape of local hysteresis loops depends not only on the 

induced polarization but also on the depolarization rate after removal the DC external field, 

which is confirmed by the tilt of the loop on the delay time between the bias removal and the 

deff acquisition.  
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Figure 21: (a) Topography and (b) piezoresponse images of the SBN thin film. (c) Local hysteresis loops 

recorded at three different grains is indicated in (a) and (d) Polarization relaxation of piezoresponse as a function 

of time at different grains for the magnitude of ±10 V and duration of DC voltage of 100 ms. 

 

The local hysteresis loops measured in grains with a bright area (e.g. grain #1) has 

exhibited a significant upward shift along the deff axis (as we can see in Figure 21c). The positive 

offset indicates the existence of a non-switchable polarization that is probably related to high 

internal bias field near the bottom electrode, pointing out that the grain #1 is self-polarized by 

a built-in field upon cooling through the phase transition temperature [199]. The external DC 

bias can not reorient the polarization or stabilize the ferroelectric domain after the reorientation 

near the electrode region, resulting in a shift of the piezoelectric hysteresis loops, and the 

hysteresis is due to orientable polarization of the area close to the tip [46]. Moreover, must be 

taken to account that the phenomenon of asymmetric switching is attributed not only to the 

presence of a built-in electric field at the bottom interface (as already described) but also to the 

mechanical stress contribution exerted by the SPM tip (related to the 90º domain rotation of the 

polarization vector) [200].  

It is still not resolved why only some grains or clusters are self-polarized and the 

problem is still under debate in the scientific community. One possible explanation for the self-

polarization effect appearance in grains can be related to their specific grain crystallographic 
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orientations. Despite the SBN75 thin film structure is in PE at room temperature (Tm = 221 K 

at 10 kHz frequency) [201] on the macroscale, the local symmetry of PNRs is tetragonal, and 

each grain may possess local properties, depending on their specific crystallographic 

orientations. A priori, in the case of grains with parallel and antiparallel orientation related to 

the built-in electric field, a large piezoelectric response could be induced. Other explanations 

for the presence of self-polarization include stoichiometric fluctuations in some grains, oxygen 

vacancies, and other defects, typically of RE ferroelectrics [182, 188]. 

The relaxation of piezoelectric response d33 for the grains #1, #2 and #3 is shown in 

Figure 21d. The induced piezoresponse was observed to be unstable and relax rather fast within 

1 second after shutting off the DC external bias. The relaxation of induced domains showed to 

be influenced by the polarization state of grains, the amplitude (Vdc), and the pulse duration (tp) 

of the DC voltage bias. The magnitude Vdc was chosen to be larger than the estimated 

coercitivity obtained from the local hysteresis loops (see Figure 21c). 

The induced piezoresponse decay was described by the Kohlrausch-Williams-Watts 

(KWW) function. The KWW function or the stretched exponential relaxation function is 

observed in complex systems from intricate behavior of liquids and glasses to structures and 

dynamics of atomic and molecular clusters, describing properly the phenomena of the time-

dependent dynamic process [134]. The function is described by 
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where t is the time, 0P , 1P , , and   are the fitting parameters [198, 153]. For the stretching 

exponential   between 0 and 1 (   = 1 is the normal exponential function and is referred as a 

Debye simple relaxation) and the time t from 0 to +∞ ( is the characteristic relaxation time) 

[202]. Lines in Figure 21d refers to the theoretical fitting using the KWW equation. For the 

grain #1 the obtained relaxation time  were 202 and 240 ms while   values were 0.66 and 

0.64 for pulses of +10 and -10 V, respectively with tp ≅ 100 ms of pulse duration. For the grain 

#2, we observed, for the same condition, relaxation time  were 187 and 342 ms while   values 

were 0.69 and 0.60. Finally, for grain #3, the values of  were 219 and 880 ms and   values 

were 0.69 and 0.52, respectively for +10 and -10 V of DC bias.  

The polarization direction of the grain #1 (Figure 21b) is reversed when a Vdc = -10 V 

is applied. However, the domain state rapidly decays to its original polarization, indicating a 

stable and a non-switchable polar state. Referring to the grains #2 and #3 (“noisy” contrast) the 
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ferroelectric domain was switched with an application of a reverse DC bias and maintaining 

after the DC removal, indicating switchable polar states. Comparing the grain #2 with the grain 

#3, the effective d33 induced piezoresponse was relatively lower when applied reverse negative 

pulses, probably due to the contribution of nearest-neighbour interactions between polar 

microregions [172] and the polarization state of adjacent grains [200]. Moreover, grains 

presenting a self-polarization effect due to the high internal electric field may prevent the dipole 

alignments along the applied DC bias direction when compared to the grains in the ferroelectric 

state (“noisy” contrast). Other effects have also to be considered in the case of asymmetry of 

induced-state grains by DC bias, such as domain pinning due to the oxygen vacancies, 

mechanical stress induced exerted by the tip [203], and grain size effects that can influence 

significantly the properties of polar nanoclusters [46]. 

 
Figure 22: Piezoresponse relaxation curves of SBN thin film for (a) 5 and 20 V at 100 ms of pulse duration and 

(b) for 0.01 s, 0.5 s, and 3 s of pulse duration at 15 V of DC voltage amplitude. 

 

Pulses with different voltages and durations were applied in grains with “noisy” contrast 

to investigate both time and voltage dependences of the piezoelectric response. Figure 22a 

describes the voltage dependence of effective d33 for 5 and 20 V of amplitude at 100 ms of 

duration, while in Figure 22b shows the pulse duration dependence for pulses with 0.01, 0.5, 

and 3 seconds at 15 V. 

For magnitudes higher than 5 V, we expected the existence of induced single domains 

in our films. These induced-domains were found to be completely relaxed and reversible within 

less than a second, indicating that the kinetic of domains have a quite short relaxation and a 

high response to an external bias [153]. The relaxation mechanisms of induced-domains are 

governed by the same depolarizing process described in normal FE materials. The bound 

charges at the electrode-ferroelectric interfaces set up a depolarization field (Ed) that tends to 

oppose the polarization in domains [204]. The polarization bound charges will be induced at 

the surfaces, but compensated by free charge carriers in a limited extent, resulting in an 
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incomplete compensation of the polarization charges [205]. Such an incomplete charge 

compensation should induce a depolarization field Ed inside the ferroelectric layer, with 

opposite to that of the induced ferroelectric polarization [206].  

With the increasing of external static voltage from 5 V to 20 V and the DC bias duration 

fixed at 10 ms, the characteristic time (called also relaxation time)  increases. In this case, the 

parameters of KWW function obtained in the fitting of the experimental results showed an 

almost linear increasing in the relaxation time  from 404 to 784 ms in this applied voltage 

interval. The β-factor has remained broadly unchanged (  0.51) for all values of amplitude 

voltages. Besides, for a pulse duration of 3 seconds and amplitudes in the interval range between 

5-20 V, both  and β were found practically constant (  883 ms and  0.51). The coefficient 

of determination R2 obtained in the KWW fitting curves did not exceed the value of 0.95.  

We expected an increase of the polarization in the induced polar states with the 

increasing of the external DC electric field. This effect is due to the increase the number of 

dipoles oriented along the field direction. In order to explain the increasing of relaxation time τ 

as a function of the DC electric field, a dipole glass model was proposed by Gui et al. [172] 

performing many simulations in perovskite structures. It was predicted a peak shift to lower 

flipping frequency distribution of dipoles, i.e., moving the spectra to longer relaxation times as 

the DC external voltage increases.  

The values of the local induced piezoresponse have shown an increasing for lower pulse 

durations of the DC bias (from 10 to 500 ms), as we can observe in Figure 22b. This is an 

indicative that a saturation of flipping dipoles has not been achieved yet, promoting gradually 

the reorientation of dipoles overt the DC external field direction. Nonetheless, for longer pulse 

duration (i.e., for pulse durations longer than the characteristic times, pt ), it was observed a 

saturation and a decreasing of the effective piezoresponse (d33)eff in our film. This may be 

related to the formation of a depolarizing field (Ed) on the FE layer localized under the tip during 

the SS-PFM measurement. Probably, the Ed is mainly due to space charge contribution on film 

surface that is compensated by free charges [206]. 

We have measured local hysteresis loops from a specific grain possessing “noisy” 

contrast in the investigated SBN thin film. Through application of different magnitudes and 

pulse durations of DC bias, it is possible to study the time and voltage dependences of switching 

and electromechanical properties at nanoscale of FE materials. The piezoelectric hysteresis 

loops were obtained at DC voltage Vdc = 10 V with tp = 10, 500, and 3000 ms and it is possible 

to verify the correlation between time and hysteresis shapes in Figure 23a.  
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Figure 23: (a) Local hysteresis loops of SBN thin film at DC pulses voltages of 10 V with pulse duration tp = 10 

ms, 500 ms, and 3000 ms. (b) Pulse duration dependence of local imprint effect S = (E𝑐
+ + E𝑐

−) at different 

voltages. (c) Effective coercive field Ec = (Ec
+ − Ec

−)/2 as a function of DC amplitude voltages, and (d) coercive 
electric field as a function of pulse duration for positive and negative DC pulses. (Here the lines are guides for 
the eyes) 

 

For pulse durations longer than relaxation times, the piezoelectric response as a function 

of DC bias has presented a slim shape (see the blue line in the color version in Figure 23a). 

Moreover, it was observed a shift towards the positive voltage, characterizing a local imprint 

effect similar to that reported earlier [201], and a decreasing of the saturated piezoresponse in 

the hysteresis loops for lower pulse durations of DC applied voltage. The persistence of local 

ferroelectric features, such as in piezoelectric hysteresis, well beyond the Curie temperature, 

indicates the existence of nanopolar clusters that can be oriented by the external field. 

Asymmetries observed in PFM hysteresis emerges beyond Tc, suggesting the existence of 

random fields that becomes conspicuous in the absence of long-range ferroelectric order [207]. 

The pulse duration dependence of the local asymmetry (described as   cc EES , in 

which 

cE and 

cE  are the positive and coercive electric fields) is illustrated in Figure 23b. The 

DC applied voltages used were 5 V, 10 V, and 15 V respectively. Increasing the pulse duration 

from 1000 ms to 3000 ms, the asymmetry in the hysteresis loops decreases and there are 

practically no change in asymmetry at 3000 ms of pulse duration. However, for very short 

pulses of DC external bias, the asymmetry observed in coercitivity increases as the applied 
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voltage increases. As it was already discussed, for pulses longer than the characteristic times, 

the influence of space charges localized at the film/electrode and film/tip interface may be one 

possible reason to explain the observed saturation of effective d33 and the relaxation of induced 

FE domains [5]. 

The voltage dependence of average coercive electric field, given by   2/  ccc EEE , is 

shown in Figure 23c. The observed coercive electric field increases as the voltage amplitude 

increase for lower values of tp, indicating that more polar domains were switched along DC 

external bias direction and, consequently, a higher external electric field is needed to bring the 

local net polarization to zero in this condition. For higher values of tp in which the DC bias is 

switched on, the values of Ec decreases significantly. The decreasing of Ec is probably related 

to depolarizing process due to space charges at the interface, being necessary to bring to zero 

the local net polarization.  

Figure 23d shows the behavior of 

cE and 

cE at different applied voltages as a function 

of 
pt10log . Clearly, the asymmetry of positive and negative coercive voltages is evident for 

lower tp and higher Vdc. A quantitative analysis was performed from the pulse and voltage 

dependence of 

cE  and we fitted using a simple exponential function of the pulse duration tp, 

 cpcc tEEE /exp01  , (38) 

where cE0 is the time independent factor and c  is a fitting parameter related to the local 

polarization switching. Figure 24a and Figure 24b show the fitting curves and the fitting 

parameter related to the pulse duration dependence of 

cE and 

cE , respectively, in our of SBN 

thin film. 

 

Figure 24: (a) Positive and negative coercive electric field 𝐸𝑐
+ as a function of tp for 15 V of a DC applied 

voltage, fitted with simple exponential form, given by  cpcc tEE  exp0
. (b) Fitting parameter 𝜏𝑐 as a 

function of applied voltage. (Lines are just guides to the eyes). 
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We can clearly observe from Figure 24b that the values of characteristic times related 

to positive and negative pulses are almost linear within the interval from 10 V to 20 V. The 

mathematical meaning of τ𝑐 given here is just the value of the time required for the coercive 

field decreases the factor of 1e  from its initial value. Physically speaking, we could attribute 

such parameter to the relaxation phenomena in SBN thin film. For higher applied voltages we 

observe a decrease of both positive and negative 𝜏𝑐, suggesting again the existence of a 

depolarizing process that contributes to the decrease of the coercive electric field. The 

relaxation of induced domains becomes linearly faster depending on the applied voltage due to 

the contribution of space charges in the interfaces. 

 

4.1.6. Summary 

Sr0.75Ba0.25Nb2O6 thin films (SBN) have been prepared by the polymeric method in 

order to investigate their physical properties. Microstructure analysis has revealed a spongy 

character in the SBN thin film morphology. SEM images exhibited a high degree of porosity 

and homogeneous spatial distribution with pores of different sizes (~20-100 nm) and shapes. 

The SEM cross-sectional analysis has also allowed both quantitative and qualitative 

information about the relaxor material. The SEM qualitative analysis showed that the spongy 

features is found along the film thickness and are more concentrated between the film layers 

deposited using a polymeric resin by spin-coating. The quantitative analysis has enabled the 

investigation of chemical distribution in the cross-section of the SBN thin film. The Rietveld 

refinements have corroborated the tetragonal structure and the stoichiometry of the studied film. 

The relaxor behavior of the material has been confirmed using the Vögel-Fulcher (VF) analysis. 

The transition temperature found was Tm = 221 K at 10 kHz in driven frequency, and an 

apparent lowering of 100 K was observed in comparison to single crystals of the same 

composition. PFM studies have shown a grain size distribution with grain size ~200 nm and 

roughness of ~20 nm. Piezoresponse images have revealed grains possessing self-polarization 

and regions with negligible piezoelectric responses, which are typical of relaxor materials and 

probably related to PNRs. Piezoresponse histograms have indicated the existence of FE 

domains with various polarization directions (even inside of the grains) and the self-polarization 

effect. The imprint effect is probably due to the inhomogeneity distribution of random electric 

fields originated from structural and its related charge disorder in the SBN thin film structure. 

Most polar domains were stable and switchable when applied a DC voltage before PFM 

measurements, while for some domains showed to be unstable and non-switchable. Random 
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fields and neighboring polar microregions contribution were considered to be responsible for 

the appearance of this effect. DART-PFM studies have revealed that the variation of the 

resonance frequency observed on film surface indicates that the stiffness of the mechanical 

contact between the tip and sample changes accordingly to topography. Local polarization 

relaxation was investigated using a piezoresponse force microscopy. Local ferroelectric 

features remain well beyond Curie temperature, indicating the existence of PNRs that can be 

reoriented accordingly the application of an external bias field. Asymmetry in the hysteresis 

loops has been observed in SBN thin film for higher voltages and lower pulse times of DC bias. 

The studies of relaxation have revealed a voltage and time dependence of the relaxation time τ 

for pulses of 10 ms, but for higher pulse durations (tp ~ 3000 ms) the relaxation time is 

practically constant and voltage independent. The mechanism suggested here for the relaxation 

phenomena in relaxor SBN thin film is the same in normal ferroelectric. However, we found 

clues of linear dependence of depolarizing fields with the amplitude of DC external bias which 

could be a result of the formation of space charges near the tip. 
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4.2. INVESTIGATION OF POLAR STRUCTURE IN RELAXOR THIN FILM OF 

Pb0.91La0.09Zr0.65Ti0.35O3 (PLZT) 

This section is devoted to the investigations of the nano e microscale properties of the 

PLZT thin films prepared by the polymeric method. Effects of the thickness of switching and 

relaxation properties of ferroelectric polar domains will be presented here as well as the effects 

of thickness on structural, grain size and local piezoelectric properties. Furthermore, a cross-

sectional PFM investigation will be presented in polycrystalline random oriented PLZT thin 

film. 

 

4.2.1. Structural Properties of PLZT thin films 

XRD measurements were carried out at room temperature in order to investigate phase 

purity and other structural properties of polycrystalline randomly oriented PLZT thin films 

using a Rigaku Ultima IV diffractometer with CuKα (1.5406 Å) radiation*. The structural 

parameters were obtained using the Rietveld refinement method [141]. To refine the structure, 

we used as initial parameters an orthorhombic phase with Pmmm space group, where the 
2Pb  

and La2+cations occupy sites at (0, 0, 0), Ti4+/Zr4+ and
2

IO occupy sites at (1/2, 1/2, z), and
2

IIO

occupy sites at (1/2, 0, z). The refined parameters obtained include background, scale factor, 

zero correction, peak width, cell parameters, positional coordinates, and isotropic atomic 

displacements. Anisotropic atomic displacements for Ti4+/Zr4+,
2

IO and
2

IIO have been used but 

with no improvement in the R-factors. Through the refined parameters, it is rather convenient 

to evaluate the microstrain, dd / , and the crystallite size, D, of the PLZT thin films according 

to the modified Williamson-Hall analysis† [138]. 

Figure 25a shows the XRD patterns of PLZT thin films prepared by the modified Pechini 

technique‡ pyrolyzed at 300 ºC for 30 min and a final crystallization from 400 ºC to 700 ºC for 

1 hour. The reflections Pt(111) and Pt(200) shown in Figure 25 are attributed to cubic phases 

of the Pt substrate with the space group Fm 3 m and lattice parameter a = 3.892 Å. The indexed 

peaks (hkl) are related to the orthorhombic phase of the PLZT with space group Pmmm. The 

Figure 25a illustrates the XRD pattern of the film crystallized at 400 ºC, illustrating a typical 

feature of an amorphous material while it has been observed a tendency to crystallize into the 

                                                           
* Additional information about the x-ray diffraction technique used in this work, check the section: 

“3.Experimental techniques and materials processing, 3.2.1. X-ray diffraction analysis.” 
† These parameters have already been published and they can be seen along with discussion in detail elsewhere 

[138, 270]. 
‡ The details of the material synthesis go to section “3.Experimental techniques and materials processing”. 
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perovskite structure for crystallization temperatures ranging from 500 ºC to 700 ºC, 

respectively. Better thermal condition for the thin film crystallization was obtained at 700 ºC 

for 1 h, since the peaks related to the perovskite phase become stronger and better defined at 

higher crystallization temperatures. Figure 25b shows XRD pattern of these PLZT thin films 

with thickness ranging from 240 nm to 540 nm. No additional phase was found in PLZT thin 

films. An agreement between the observed and calculated pattern in this figure is an indicative 

of a good fit. 

 

Figure 25: XRD pattern diffractions of PLZT film deposited on Pt (100)/SiO2/Si substrates prepared for (a) 

different film thickness (ranging from 240 nm to 540 nm) crystallized at 700 ºC for 1h and (b) different 

annealing temperature for the film with 550 nm in thickness. All films were pyrolyzed at 300 ºC for 30 min 

[138]. 

 

The positional coordinates for atoms (x, y, z) as well as the isotropic atomic displacement 

parameters (Uiso) obtained from Rietveld refinement for the PLZT thin films with different 

thicknesses are summarized in Table 2, while the lattice parameters, volume cell, the 

crystallographic R-factors, and GOF indices are given in Table 3. The lattice parameters are in 

good agreement with the PLZT ceramics of same nominal composition [208]. The small 
2

values obtained for all data indicate good refinements. Accordingly to statistics, the
2 term is 

defined as the average of  
i ioioic yyyN ][/)()/1( ,

2

,,

2  , where N is the number of data 
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points*, 
icy ,
 is the calculated intensity, 

ioy ,
 is the observed intensity, and ][ ,

2

ioy  is estimative 

of the standard deviation of the observed intensity in the ith peak. It can also be determined 

from the expected and weighted profile R-factors 2

exp

2 )/( RRwp . Even for obtained small 

2  values, it is necessary to verify the values of 
wpR and

pR  indices to conclude about the 

quality of fitness.
wpR weight the residual, given by  

i iOiiOici iwp ywyywR 2

,

2

,,

2 )(/)( , where 

iw  is defined as ][/1 ,

2

ioy , having a meaning of smallest statistical uncertainty. 
expR  denotes 

the expected R-factor, a quantitative that is a rather useful concept that represents the “best 

possible
wpR ”, given by 

i iOi ywNR 2

,

2

exp )(/ , where the quantity Nyyw iOici i  2

,, )(  [209]. 

Due to the lower number of data points in thin films when compared with single crystals or 

ceramics, it is expected the R-factors of the data refinements of thin films result in higher values. 

Though the R-factors are larger, the values of
2 are small and a slight difference between 

observed and the calculated intensities can be seen in Figure 25, indicating good refinements. 

In conclusion, the structural parameters obtained from the refinements can be considered 

significant and representatives in this work. 

 

Table 2: Refined Structural parameters for the PLZT thin films at 240, 350, 430 and 540 nm in thickness.  

Thickness 240 nm  350 nm 

Atom X Y Z Uiso  X Y Z Uiso 
2Pb  0.000000 0.000000 0.000000 14.59  0.000000 0.000000 0.000000 12.98 
2La  0.000000 0.000000 0.000000 23.2  0.000000 0.000000 0.000000 3.91 
4Zr  0.522830 0.522830 0.522830 4.74  0.505150 0.505150 0.505150 5.02 

4Ti  0.522830 0.522830 0.522830 3.69  0.505150 0.505150 0.505150 30.51 
2

IO  0.519989 0.524989 0.034989 80  0.519989 0.524989 0.034989 4.75 
2

IIO  0.533355 0.040355 0.534355 76.06  0.533355 0.040355 0.534355 7.54 
2

IIIO  0.039355 0.536333 0.537355 77.41  0.039355 0.536333 0.537355 28.95 

          

Thickness 430 nm  540 nm 

Atom X Y Z Uiso  X Y Z Uiso 
2Pb  0.000000 0.000000 0.000000 11.1  0.000000 0.000000 0.000000 10.61 
2La  0.000000 0.000000 0.000000 15.45  0.000000 0.000000 0.000000 80 
4Zr  0.467133 0.467133 0.467133 0.53  0.464678 0.464678 0.464678 0.04 

4Ti  0.467133 0.467133 0.467133 35.47  0.467023 0.467023 0.467023 63.43 
2

IO  0.507633 0.503365 0.030765 23.86  0.519989 0.519989 0.519989 55.4 
2

IIO  0.452806 0.037802 0.510870 0.77  0.533355 0.040355 0.534355 0.39 
2

IIIO  0.131777 0.448613 0.546557 52.33  0.105121 0.541335 0.522663 21.87 

*The atomic displacement parameters Uiso showed here are given in unit of 100 Å. 

 

                                                           
*Actually, N is considered as a quantity called of “degrees of freedom”, denoted as the difference between the number of data 

points and the number of varied parameters. However, the latter can be ignored by considering that the number of data points 

is much greater than the number of variables. 
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Based on the peak intensities of the XRD patterns it was possible to evaluate the degree 

of a-axis orientation, given by the formula   )(/)00( hklIhI , for films with different 

thicknesses. From the refined parameters, the microstrain (Δd/d) and the crystallite size (D) 

were also evaluated from the XRD data using the modified WH analysis [138]. 

 

Table 3: Calculated cell parameters, R-factors from Rietveld refinement, and crystallite size and 

microstrain obtained from WH analysis of the PLZT thin films as a function of thickness. 

 Lattice parameters and volume cell  R-factors and GOF D 

(nm) 

Δd/d 

(10-3) Thickness a (Å) b (Å) c (Å) a / c Vc (Å3)  Rexp Rwp χ2 

540 nm 4.090(4) 4.096(9) 4.086(3) 1.001(6) 68.48(5)  21.81 26.20 1.44 81±6 3.9±0.3 
430 nm 4.085(4) 4.098(0) 4.088(3) 1.003(1) 68.44(6)  19.17 23.35 1.48 67±7 3.3±0.4 

350 nm 4.097(2) 4.094(5) 4.089(3) 0.999(3) 68.60(4)  10.75 12.15 1.29 36±7 3.1±0.4 

240 nm 4.095(6) 4.095(6) 4.090(6) 1.000(0) 68.59(2)  8.44 13.24 2.46 28±9  1.7±0.5 

 

We observed a small (100)-orientation tendency with decreasing the film thickness, 

while thicker films show a random orientation behavior [138]. As discussed in literature the 

mechanisms responsible for the preferred orientation in PLZT films prepared by different 

methods can be related to the bottom electrode. The (111)-orientation PLZT films was found 

to be controlled by an ultra-thin TiO2 layer prior the film deposition. The presence of the 

titanium oxide seeding layer clearly promoted the crystallization of the (111)-oriented PLZT 

perovskite [210]. Other seeding layers like (Ti2)x(PbO)x were also used to promote a preferred 

orientation in thin films due to its lower surface energies [211, 212]. Another explanation for 

the preferred orientation phenomena is probably due to the lattice matching between the film 

and the substrate or to the effect of a metastable Pt3Pb phase in the early stage of the film 

crystallization [213]. There was no clear indication of the lattice match between film and 

substrate in our PLZT thin films. However, the small increasing of tetragonality of the 

perovskite phase for the thinner film could be an indicative of a PbO layer that leads to an 

enhanced (100)-orientation for thinner films and tends to decrease for thicker films. 

The microstrain and the crystallite showed to increase almost linearly with film 

thickness. The thickness dependence of the non-uniform strain observed in our films may be 

due to the decrease in lattice defects for thinner films [214, 215, 142]. The measured strain in 

X-ray diffraction experiments is an elastic strain and, as the presence of structural defects 

produces a plastic strain, a relaxation of the accumulated elastic strain is observed in thinner 

films. The increasing in lattice deformation with thickness is probably caused by the gradual 

incorporation of La2+ in the structure during the growing process [210]. Also is worthy to notice 

that this thickness dependence of microstrain can be a direct consequence of the polymeric 

chemical method used in this investigation to prepare the films. The reduction of a lattice 
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deformation as we decrease the thickness results in a reduced interplanar spacing, minimizing 

the stacking faults as a consequence of the minimum surface energy. 

The crystallite size was also observed to increase with film thickness. The values 

obtained for our PLZT films are in close agreement with the reported values to films of PZT 

[216]. The observed thickness dependence of the crystallite size is probably caused by different 

degrees of heat-treatment of the films. Thicker films were obtained by more repetitions of resin 

depositions and heat process (pyrolysis) at 300 ºC, which means that thicker films were subject 

to heat-treatment for a long period, although the temperature was below that of the considerable 

crystallization process of the PLZT thin films [217].  

 

4.2.1. Microstructure and Morphologic Analysis of PLZT thin film 

Figure 26 below depict top view SEM micrographs of PLZT thin films thermally treated 

at 400, 500, 600, and 700 ºC for 1 h. The SEM images show the surface and illustrate the 

differing microstructure evolution of the films. A porous microstructure with a certain degree 

of order and periodicity was observed to depend on the thermal treatment used in these films.  

 

Figure 26: SEM micrographs exhibiting the typical morphology of mesoporous PLZT thin films after thermal 

treatment at 400, 500, 600 and 700 ºC, respectively. As the temperature of the thermal treatment increases, the 

porosity order is increased, pores become interconnected and dense areas increase as well. A well-defined grain 

pattern with annealing temperature characterizes the crystallized PLZT thin film. 

 

Figure 26b presents a SEM micrograph of the film treated at 400 ºC and we observe no 

crystallized grain with the formation of pores at nanometre size. As we increase the 

crystallization temperature, there is a formation of grains that are interconnected and, 

consequently, the degree of order is increased. At 700 ºC, the morphology of the film surface 
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illustrates a full crystallization of the grains and a higher degree of order of the porosity was 

verified, when compared to the films thermally treated with lower temperatures. 

Cage-like uniform mesopores were observed in the entire area of the film and connected 

each other. The SEM micrograph at 700 ºC of PLZT film exhibited the presence of uniformly 

sized mesopores (average ~150 nm). The mesopores features observed in our film were rather 

similar to mesoporous gold (Au) films reported by Li et al (2015) prepared by electrochemical 

synthesis [218]. The pore ordering results from the self-assembly of micelles of the amphiphilic 

block copolymer, followed by condensation of the inorganics around an ordered arrangement 

of micelles. During the thermal decomposition of the block-copolymer, voids are created and 

this takes place at 300 ºC (pyrolysis temperature) [219, 220]. 

As the temperature of the heat treatment increases, the microstructure of the mesoporous 

films varies, from a disorganized pore arrangement to an interconnected porosity. The films 

heat-treated at temperatures lower than 700 ºC were partially or entirely amorphous. Only at 

700 ºC, dense films crystallize and a well-defined grain pattern can be observed. The growth of 

the grains is evident in films annealed at 700 ºC. XRD patterns of PLZT thin films as we 

presented in the previous chapter an analyse of the crystallization process at various 

temperatures. 

 

Figure 27: SEM images of the PLZT thin film in (a) a wide surface and (b) an area displaying the material and 

the bottom electrode (Pt) in which we can see several cracks over the film surface. In (c) is possible to observe 

another area illustrating the boundary between the bottom electrode and two different morphology layers of the 

film. In (d) an approached image of the thin film shows the remaining grains that are stuck on the substrate. 

SEM top view of PLZT revealing the interfaces between some individual crystallization steps is shown in (e) 

and a SEM side view of the crystallized grains through the film can be seen in (f). 

 

Figure 27 shows SEM micrographs of particular areas in order to verify some 

characteristics of the interfaces between the PLZT thin film and substrate. Figure 27a presents 

a wide area of the film surface. Clearly, we can see a contrast between the film and the circular 

gold top electrodes (Au). Several attempts to perform dielectric measurements on these top 
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electrodes have led to many scratches on the surface, suggesting that the material possesses 

soft-like features. Before the application of any mechanical polishing on surface film to obtain 

cross-sectional investigations, SEM image of an area displaying the microstructures of the 

interfaces between film and bottom electrodes were performed and it can be seen in Figure 27b. 

An inhomogeneous pattern of cracks is observed over the film surface, indicating the possible 

existence of a strain resulted from thermal treatment. Another important point to notice is the 

difference observed in porosity between one layer and another in our PLZT thin film.  

The very first layer deposited during the thin film process seems to be rather denser that 

the last layers, as we can see in Figure 27c. Probably, this effect can be due to the additional 

thermal treatment during the pyrolysis process, resulting in the increasing of the pore 

connectivity and simultaneously the relative area of dense zones. These dense zones correspond 

to film densification promoted by the heat treatment [219]. The film thicknesses used in this 

work are 240, 350, 430, and 540 nm. As we have already described, the thin film thicknesses 

was achieved by incremental depositions of the polymeric resin. To obtain the desired 

thickness, we have deposited 2, 4, 6, and 8 layers, respectively. Therefore, it is important to 

notice that the film thickness does not increase in proportion to the number of deposited layers. 

It is possible that during the first stages of thermal treatment, the pores of the first deposited 

layers can be partly filled with a subsequently deposited layer, resulting in a more densification 

of layers that are near the substrate. Figure 27e also shows some crystallization layers of the 

thin film with a slightly different degree of order of the porosity as well as the degree of 

densification. The porosity is increased as the layers experience less heat treatment during the 

process. Figure 27d and Figure 27f illustrate SEM side views of a non-flat cross-section of the 

thin film in different places. Despite the morphology of grains appear quite similar, the pore 

connectivity seems to be slightly different through the film. 

SEM observation of a specimen cross section can provide important information about 

the samples. In many cases, surface observation alone can not compare to the cross-sectional 

image of granular materials, layered materials, fibrous materials, and metallic coatings, etc. In 

order to obtain a cross-sectional analysis we made an attempt to perform a cross-section using 

mechanical means, like conventional mechanical polishing methods. The sample was 

embedded in a holder and polished to achieve a flat cross section. Regardless the mechanical 

techniques, our PLZT film has presented as a soft-like material and it was not possible to 

achieve a flat cross section by mechanical polishing [221]. 

Instead of using mechanical techniques, it was possible to perform a flat cross section 

in our film using a Focused Ion Beam (FIB) System with high precision. However, the size of 
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the resulting cross section is rather limited and possibly be damaged by heavy atoms [221]. A 

precision argon (Ar) ion beam cross section polisher was used to prepare truly representative 

cross sections of our samples free of artifacts and distortions.  

 

Figure 28: (a) SEM image of the PLZT thin film surface pointing the top electrodes and the (inset) irradiated 

area used to mill the sample by FIB method. SEM micrograph revealing the morphology of the cross-section of 

the film is shown in (b). 

 

Figure 28a presents a region in which has been irradiated with a broad argon ion beam 

with an accelerating voltage of 5 kV. During milling, the specimen stage was automatically 

rotated ± 52º related to the Ar beam in order to prevent beam striations and ensure uniform 

etching. Figure 28b present different magnifications of the flat cross section in our film. In these 

images is possible to observe the morphology on the surface and on the cross section, especially 

at the interface between the film and the substrate. According to the SEM images, the denser 

part of the film has about 200 nm in thickness while the film has shown in the cross section a 

thickness of 500 nm approximately.  
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4.2.2. Ferroelectric Properties of PLZT thin films 

The macroscopic ferroelectric properties of PLZT thin films were investigated as a 

function of frequency and temperature, as can be seen in Figure 29a and Figure 29b, 

respectively. Figure 29a shows the P-E hysteresis loops at 183 K in the frequency range from 

50 Hz to 5 kHz, while the hysteresis loops at 1 kHz at temperatures in the range 183-293 K are 

shown in Figure 29b. Clearly, we can observe a small change in the saturation polarization of 

both temperature and frequency dependence. Small changes in remnant polarization and 

coercivity were also observed.  

 

Figure 29: P-E hysteresis loops in PLZT thin film: (a) at 183 K at a frequency range from 50 Hz to 5 kHz and 

(b) at 1 kHz frequency at temperatures in the range 183-293 K. Temperature dependence of the differences (c) 

∆P𝑟 = P𝑟
+ − P𝑟

− and (d) ∆Ec = E𝑟
 + − E𝑟

 −at 1 kHz frequency. Lines in (c) and (d) are drawn as a guide to the 

eye. 

 

To investigate the temperature dependence of the P-E hysteresis loops, the differences 

in the remnant polarization ΔPr = Pr
 + − Pr

 − and coercive field ΔEc = Ec
 + − Ec

 − were plotted in 

Figure 29c and Figure 29d as a function of temperature, respectively. We observe that both ΔPr 

and ΔEc decrease with temperature decreasing indicating a more symmetrical hysteresis loops 

at lower temperatures. This effect can be due to the coexistence of both relaxor glass-like and 

FE dominated regions at low temperatures. At low temperatures slow conversion from the 

glassy RE state to the microdomain FE state takes place under cooling [54], decreasing the 

asymmetries observed in the P-E hysteresis loops. Therefore, the decrease in both ΔPr and ΔEc 
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tends to vanish at low temperatures, suggesting an increasing in the long-range FE order and 

minimizing the effect of built-in electric fields on the dynamic of PNRs in the RE phase. 

 

Figure 30: Frequency dependence of the (a) remnant polarization at 273, 223, and 183 K and (b) coercive field 

at 273, 223 and 183 K of temperature. Temperature dependence of the (c) remnant polarization and (d) coercive 

field at 1, 3 and 5 kHz frequencies. The real and imaginary impedances as a function of the frequency is shown 

as inset in (b). (Lines are drawn as a guide to the eye). 

 

Figure 30 shows the frequency and temperature dependence of the remnant polarization 

and coercive field. The remnant polarization decreases with frequency within the frequency 

range while the coercive field decreases at first, and then increase after reaching the minimum 

value at 500 Hz. The coercive field, spontaneous and remnant polarization, and shape of the 

loops may be affected by many factors including the thickness of the sample, the presence of 

charged defects, mechanical stresses, preparation conditions, and thermal treatment [222]. The 

shape of the hysteresis loops can also experience changes depending on the conditions the 

system is undergoing. The most relevant shape modifications of hysteresis loops are represented 

by pinched loops (constricted P-E loops in the region E≈0, remnant polarization approaching 

to zero), asymmetric loops (imprint effect) and polarization gaps (relaxation of the remnant 

polarization at E = 0), which have been found in different ferroelectric systems (polycrystalline 

or single crystal) [223]. As we discussed above, it is generally accepted that these characteristics 

can be caused by the development of an internal bias field whose magnitude and the distribution 

depend on both composition/microstructure and on the thermal /electrical history of the system 

[223].  
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The increase of the frequency of external field entails a decrease of the remnant 

polarization, as we can observe in Figure 30a. This effect can be explained in terms of domain 

motion. Most of the domain directions are reversible by the external electric field but some 

domains cannot follow it during the switching process. We have noticed experimentally that 

the coercitivity also increases for frequencies higher than 500 Hz, being necessary an 

application of higher voltages in order to cause a polarization switching in such domains. The 

pinning of domain walls is one of the possible mechanisms responsible for the remnant 

polarization reduction since pinned domains cannot be switched. This pinning effect is due to 

the entrapment of space charges at the electrode or domain interfaces, typically causing 

ferroelectric fatigue. Moreover, oxygen defects can contribute to the ferroelectric fatigue and 

cause an increasing in the domain pinning, acting as real trapping sites for electrons injected 

into the ferroelectric film [224].  

Since it was reported by Genenko et al. [225] that PLZT ceramics seem to be fatigue-

free for frequencies in the kHz regime, it is not clear if the fatigue effect is the main reason for 

both the decrease of the remnant polarization and its concurrent increase in coercivity. Other 

possible reason consists in assuming a difference in domain wall switching dynamics arising 

from a difference in domain structure. It is possible that the nucleation and growth process in 

two film orientations is different [224]. If the degree of 180 º and non-180º switching is different 

in the two cases, or if the polarization vector in (001)-oriented film rotates somehow first to 

switching, then the conditions required to develop non-switching “blocked” regions may differ 

for the two orientations [226].  

For the reversal of the polarization, the coercive electric field necessary to provoke a 

switching follows a power law to explain its dependence on frequency, given by 

Ec( f )Bf
  d /α

 (39) 

where d is the dimensionality of domains and α is a frequency coefficient that is temperature 

dependent [30, 227, 228]. Then, the frequency behavior of the coercive field can be interpreted 

in terms of the increase of resistance of the domain wall motion during switching [62]. The 

behavior of the coercive field with frequency has been experimentally observed in PZT systems 

in 90º domain wall relaxation studies [229]. Though the domain wall motion can be used to 

explain the increasing of the coercive field with increasing frequency, the observed increasing 

for lower frequencies (below 500 Hz) is not fully understood. For thin films, Dawber et al. 

[230] have shown the importance of incomplete charge compensation at the ferroelectric 

electrode interface and the resulting depolarization fields, leading to the distinction between the 

measured and the true coercive fields. It was observed that rapid increase of the impedance 
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takes place at 500 Hz (inset Figure 30b), suggesting a relationship with the increasing resistance 

of the electrical current with coercivity at lower frequencies. Further investigations are needed 

to better understand the frequency dependence of the coercive field in our films, despite the 

results indicate an influence of defects and motion of domain walls [231]. 

Figure 30c and Figure 30d show the remnant polarization and coercive field as a 

function of temperature at three different frequencies. As the PLZT thin film is under cooling, 

the remnant polarization initially increases and then decreases after reaching a maximum at 243 

K regardless the frequency. The coercive field, on the other hand, decreases almost linearly 

with temperature for all frequencies. These behaviors suggest the occurrence of a re-entrant 

dipole glass or an activated electric field effect in the studied PLZT thin film, which is 

characterized by the loss of ability to field induce polar ordering to large random dipolar 

interaction at a low enough temperatures [232].  

The existence of an equilibrium phase transition into a low-temperature glassy phase is 

one of the most interesting characteristics in relaxors [98]. The nonergodic relaxor (NR) state 

existing below freezing temperature can be irreversibly transformed into a ferroelectric (FE) 

state if a sufficient external field is applied in canonical relaxors. The similarity between 

relaxors and dipolar glass materials can be considered only for the nonergodicity feature, but 

not for a transition into FE state. Nevertheless, using an analogy with spin-glass theory, the 

basic features of relaxors could be explained [20] if considered that the transition from weak-

FE state to NE dipole-glass state is a possible explanation for the re-entrant dipole-glass 

behavior observed in the 0.95BaTiO3–0.05BiScO3 [233], Ba0.9Bi0.067(Ti1−xZrx)O3 solid solution 

[21], and 0.99BaTiO3–0.01AgNbO3 [234] systems. The re-entrant relaxor behavior observed in 

these ferroelectric systems is called analogously to re-entrant magnetic spin glass systems 

[235].  

The re-entrant phenomena are featured by a transition from a more ordered state first 

developed at higher temperatures before going back to a more disordered state at low 

temperatures [171]. The remnant polarization first increases as the temperature is lowered, but 

drops down on further cooling essentially vanishing at low temperature [235]. In Figure 30c, 

the PLZT film presents firstly an increasing of the remnant polarization and then decreases after 

the temperature drop more than 240 K and the maximum observed suggests a re-entrant 

phenomenon in our films. The re-entrant behavior found in (1-x)BaTiO3–xBiScO3 (0.10 < x < 

0.45) system is assumed to be due to a competitive dipole interaction between local ferroelectric 

and antiferroelectric (AFE) order and/or local stress [235]. Local PFM investigations have 

shown that disordered states with the presence of PNRs grow within normally ordered 
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ferroelectric phase, suggesting that polar conglomerates develop from a ferroelectric state and 

re-enter the frozen disordered phase, instead of emerging directly from a paraelectric state as in 

most other RE ferroelectrics [233].  

Re-entrant-like behaviour has also been reported by Huang et al. [236] in (SrxBa1-

x)Nb2O6 (x = 0.25, 0.5, 0.75) unfilled tungsten bronze ceramics. They suggested that the decline 

of switchable polarization at low temperature in the SBN system is mainly due to the increase 

of the coercive electric field rather than the decrease of the long-range-order interaction of 

structural dipoles on cooling [236]. In terms of kinetics, one knows that the switching of 

domains in ferroelectric materials by an applied field is believed to occur by the formation of 

new domain nuclei with the favored orientation of polarization, which subsequently expand and 

grow at the expense of the existing domains [237, 238, 239, 240, 241]. At low temperature, the 

ferroelectric domains are hindered to be switched because of the low nucleation rate, given by 

the Arrhenius type expression  kTG /exp   , where G  is the Gibbs free energy, T is the 

temperature,   is the frequency related to the correlated fluctuations of the group of atoms 

involved in the formation of nucleus. In this way, a higher electric field is necessary to switch 

the ferroelectric domains, i.e., increasing the coercitivity [240]. Therefore, the low-temperature 

linear response detected in our PLZT thin film may be essentially different from the re-entrant 

relaxor behavior. 

Despite the PLZT system has been intensively investigated in the past due scientific and 

technology reasons, some interesting questions still open to debate. Among a few reports on 

the field dependence of switchable polarization on cooling, the effect of temperature on remnant 

polarization for PLZT compositions exhibits a gradual increase as the temperature decreases 

and no abrupt change of the dielectric permittivity. The effect of temperature on induced phase 

transition in PLZT ceramics with 9/65/35 composition has been studied by Bobnar et al. [242]. 

They concluded that cooling the system with a bias field above Ec an ER to a FE phase transition 

was induced while by cooling below Ec the system undergoes the transition from the ER to NR 

state at a freezing temperature Tf (at which the divergence of the longest relaxation time 

effectively breaks ergodicity). The ER-NR and ER-FE transition lines can be well described by 

a spherical random bond-random field model of RE ferroelectrics [98]. In spite of the 

temperature dependence of the remnant polarization observed in the present work and the above 

considerations, it is not possible to affirm that it is certainly a re-entrant phenomenon. Actually, 

all films and bulk materials can become normal ferroelectric with a high coercive field at low 

temperatures [236].  
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We should be careful when we identify the re-entrant relaxor behavior only by the 

character of a decrease of polarization at low temperature. Further investigations are needed to 

clarify the temperature dependence of remnant polarization under different electric fields. 

Accordingly, only after that is possible to infer about the mechanisms and unravel the true origin 

of this phenomenon observed in this work. 

 

4.2.3. Effects of thickness on structural, grain size and local piezoelectric 

properties of self-polarized PLZT thin films 

In this chapter, we are going to discuss the effects of thickness and grain size on 

structural properties, local piezoelectric properties, and correlation length of polycrystalline 

PLZT thin films prepared by chemical route. The structural properties have already presented 

previously as a function of thickness as well as temperature used in thermal annealing. The 

PFM technique has been used to investigate the piezoelectric properties at the nanoscale. This 

section aims to provide a qualitative relationship between grain size and size of ferroelectric 

nanodomains in our PLZT thin films. 

 

Figure 31: Topography and VPFM piezoresponse images of PLZT thin films for the thicknesses 240, 350, 430 

and 540 nm, respectively. The scan size of the images is 15×15 μm2. 
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The topography and vertical piezoresponse images of PLZT thin films at different 

thickness are shown in Figure 31. As we can see, the topography is very similar to the studied 

films, except for the thicker one. The thicker film (540 nm) exhibited smaller grains as observed 

in Figure 31. Again, here the bright and dark areas in out-of-plain images are related to upward 

and downward polarization vectors, respectively, while intermediate contrasts refer to the weak 

piezoresponse signal. Figure 31 shows that the piezoresponse in these films is quite 

homogeneous. 

The grain size was obtained from topography images, showed in Figure 31. The average 

grain sizes were plotted as a function of film thickness in Figure 32a. We can observe visually 

from topography images a clear difference in grain sizes between films with different 

thicknesses. The film with 350 nm in thickness has exhibited larger grain size (about 738 nm) 

while the thicker one (540 nm in thickness) has shown smaller grain sizes (about 438 nm). To 

obtain the grain size information as a function of thickness, it has been considered that the 

grains were all rounded and spherical, even though some elongated grains has been observed. 

Triangular-shaped grains were also reported in PLZT thin films with 10%-La3+ content grown 

on platinized silicon substrates by RF magnetron sputtering technique and this effect was 

associated with the preferential (111)-orientation in these films [5, 210].  

 

Figure 32: (a) Thickness dependence of average grain size of studied PLZT thin films. (b) Piezoelectric 

histogram distribution of PLZT thin films at different thicknesses. The line in (a) is drawn as a guide to the eye 

while lines in (b) refer to fit curves. 

 

The grain shape is closely related to growth process of the thin films. During the process, 

two growing islands may eventually meet and when they are close enough to interact each other, 

they will begin restructuring to minimize the energy in the system. The atoms diffuse mainly 

along the grain surface forming a grain boundary, thereby trading surface energy in order to 

minimize their chemical potentials. The surface diffusion proceeds to change the grain shape 
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until new grain reaches its equilibrium shape [243]. Excluding the texture effects on the 

morphology of our films, (these should be minimal for the top layer), a large amount per 

deposition of material to be crystallized may lead to spherical grains observed in the present 

work. 

The piezoresponse histograms, or we can also call piezohistograms, were acquired from 

piezoelectric vertical images of PLZT thin films and these are shown in Figure 32b for different 

thicknesses. The importance of the statistical analysis of piezoresponse was already described 

when discussed the piezoelectric properties at nanoscale of SBN thin films. The 

piezohistograms are statistical distributions of the piezoelectric signal related to the domain 

setup in a ferroelectric material [191]. In our case, the piezoelectric properties were obtained in 

out-of-plane polarization direction, resulted from the vertical displacement of the tip due to the 

effective piezoelectric coefficient [244, 28]. The observed peaks in these distributions curves 

are associated with the most probable domain formation while the peak half-width is a measure 

of a number of domain states.  

These piezohistograms distributions in Figure 32b suggest single peaks for films with 

240, 350, 430, and 540 nm. However, the distribution of the piezoresponse for the film with 

350 nm in thickness clearly presents a peak close to 0 V and a “shoulder” around -1 V (Figure 

32b the dot lines are associated with the peak deconvolution in two Gaussian distributions). 

Only one peak for films with 240, 430 and 540 nm in thickness indicates the predominance of 

unimodal domains, and, for this reason, one Gaussian function has been used to fit the 

respective piezohistograms. However, the bimodal distribution of the film with 350 nm thick 

suggests a predominance of domains centered around 0 V with another active piezoregion, or 

“dynamic” polar nanoregions [245, 246], shifted to negative voltages (~1.0 V). Then, two 

Gaussian functions were used to fit this piezohistogram. Despite two Gaussians used in our 

analysis, we considered the width of the main curve around 0 V for the film with 350 nm in 

thickness, since the secondary peak around – 1 V is too small, though the presence of a 

secondary peak affects the linewidth of the main peak. 

Important information can be obtained from curves fitting in Figure 32b. The peak half-

width of piezohistograms is an important parameter to be considered to infer about the 

polarization directions evolution. In polycrystalline thin films randomly oriented, the half-width 

broadening suggests the coexistence of various polarization directions [149]. The thickness 

dependence of the peak half-widths in piezohistograms from Figure 32b is shown in Figure 33. 

Looking more closely at the curve shapes in Figure 32a and Figure 33 we observe that both 

curves show essentially the same behavior with film thickness. A maximum value of the peak 
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half-width is observed at the film with 350 nm in thickness as well as a minimum at the thicker 

film (540 nm thick). These results suggest an intrinsic relationship between the coexisting 

polarization directions and the grain size. In order words, the coexisting polarization directions 

increase with increasing grain size in the studied films.  

 

Figure 33: Thickness dependence of peak half-width of the piezohistograms. Lines in both curves are drawn as 

a guide to the eye. 

 

Other important information that it is worth mentioning is the thickness dependence of 

crystallite size in our PLZT thin films (Table 3). As the domain orientation can be observed in 

different directions inside the grains, evidently the domain orientation of grains depends on the 

internal crystalline structure. Doubtless, larger grain sizes may host a larger number of smaller 

crystallites, resulting in a more complex internal crystalline structure for these films.  

The asymmetries observed in the piezohistograms of Figure 32b are other points that 

have to be considered. The d33 peaks shift slightly towards negative voltages for films with 240, 

350, and 430 nm in thickness, but the piezohistogram of the thicker film (540 nm thick) is 

almost symmetrical around 0 V (d33 peak ~ 5.7 × 10-3). About these observed asymmetries, we 

need to punctuate some possible reasons. Firstly, we have to consider the instrumental effects 

associated with tip geometry, to electrostatic effects or to piezoelectric interactions due to tip-

sample interactions on the PFM signal. Even though we have used a metallic spherical tip in 

our measurements, it was reported that the magnitude of the piezoelectric coefficient is 

independent of the tip radius, and the PFM profile width is linearly proportional to the tip radius 

[247]. Another effect that has to be considered is the contribution associated with the capacitive 

force or Maxwell force. The system comprising the conducting tip in a contact with the 

dielectric surface represents a capacitor. Therefore, an external voltage applied between the tip 

and the bottom electrode results in an additional force, given by  
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where Wcap = V2C/2 is the energy stored in the capacitor C and z are the vertical distance [47]. 

Thereby, the capacitive contribution of the cantilever to vertical displacement measured by the 

PFM has been demonstrated to be kVac /  and a piezoelectric contribution acVd 33 , where k 

is the spring constant of the cantilever [150]. As we have used stiff cantilevers in our studies, 

the capacitive contribution is expected to me minimal, prevailing the piezoelectric part in the 

PFM signal without injection effect due to the potential barrier between the tip and surface of 

the film. Thus, we expect no direct influence of bottom electrode on the electrostatic effects, as 

well no charge injection effect due to the potential barrier between the tip and film surface. 

Based on these assumptions, we excluded tip geometry or electrostatic effects as mechanisms 

responsible for the asymmetries in the piezohistograms. 

A possible cause for the small asymmetries observed on the distribution of the 

piezosignal, excluding instrumental effects, is the imprint effect [203]. The imprint 

phenomenon, referred sometimes as a self-polarization effect, is often observed in ferroelectric 

thin films. Asymmetries of piezoelectric coefficient versus DC electric field loops are related 

to the self-polarization [248]. These asymmetries on the hysteresis loops are due to the existence 

of a built-in electric field. Considering the distribution of the piezoelectric response signal, self-

polarization can be evaluated by the β factor according to the equation (36). This factor reflects 

the difference between all positive and all negative domain states divided by all domains states 

in the studied range. The behavior of the self-polarization β factor as a function of thickness to 

infer the origin of asymmetries in the histograms is illustrated in Figure 34. 

 

Figure 34: Thickness dependence of self-polarization factor (see text) of PLZT thin films. Lines in both curves 

are drawn as a guide to the eye. 
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The self-polarization factors in Figure 34 slightly shifting to the negative values for 

thinner films suggest a predominance of “negative” domains over the oppositely oriented 

“positive” domains, indicating a polarization directed towards the bulk of the film. For the 

thicker film, the self-polarization factor is almost zero. The weak self-polarization observed for 

the film with 540 nm in thickness suggests a predominance of “positive” domains, i.e., 

polarization directed towards the free film surface. Asymmetries observed in slim macroscopic 

hysteresis loops of the PLZT film with 540 nm in thickness (shown in Figure 29) reveal that 

the difference between positive and negative remnant polarization is 7.0 

rrr PPP 2cm/C . 

These results, both for local and macroscopic scale, indicate that the net remnant polarization 

)( rP is positive. Despite the different magnitudes, the positive net remnant polarization at 

macroscale agrees with the positive local self-polarization observed in Figure 34 for the thicker 

film. Although macroscale P-E hysteresis loops were not acquired for thinner films, the self-

polarization factor shifting to negative values in Figure 32b for thinner films (larger grain sizes) 

indicates the existence of a built-in electric field towards the bottom film-substrate interface. 

However, for thicker film (smaller grain sizes) a small built-in electric field towards free surface 

of the film is also possible. 

The origin of the self-polarization in FE thin films has been discussed in terms of 

different mechanisms. Among the mechanisms, we can mention the Schottky barrier, acting as 

a built-in field poling the interfacial region of a FE film [189]. When the top and bottom 

electrodes of a metal/ferroelectric/metal configuration are made of different materials, trapped 

charges appear near the bottom ferroelectric-electrode interface leading to a built-in electric 

field responsible for self-polarization. In addition, the n- or p-type conduction by oxygen and 

lead vacancies (or other impurities) are complex defects in Pb-based thin films that may be also 

responsible for the localized built-in electric field in the FE film giving rising to the imprint 

effect [249]. Such defect appears in these materials due to several factors such as PbO loss and 

oxygen pressure during the synthesis or donor/acceptor impurities introduced in the perovskite 

ABO3 structure [9]. The stress induced by film/electrode lattice mismatch or clamping [203] is 

another mechanism responsible for the self-polarization. During the formation temperature of 

the FE phase, due to different thermal expansion coefficients between film and substrate, may 

originate a compressive or tensile stress on cooling after the film crystallization, producing a 

self-polarization state [249]. 

Space-charge field is another point to consider as a possible origin of the built-in electric 

field in our films. It was observed in experiments with PLZT ceramics that the space-charge 
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field increases with decreasing grain size and increasing porosity [102]. Here, the self-

polarization factor shifting to negative values for thinner films suggest the built-in electric field 

increases with increasing grain size. Besides, even though porosity is relatively higher in thin 

films prepared by the polymeric chemical method used in the present work (compared to thin 

films prepared by physical methods such as RF-sputtering or laser ablation) it is practically 

improbable that space charges is the dominant mechanism responsible for the built-in electric 

field in our studied PLZT thin films. Despite different models are used to explain the 

mechanisms of the built-in electric field in FE films [69], the nature of this effect and naturally, 

depends on each particular system studied. 

The randomly oriented PLZT thin film investigated here and the expected low thermal 

expansion coefficient between the film and the substrate, we may exclude strain gradients along 

the film depth and compressive/tensile stress as mechanisms of self-polarization, though 

mechanical stress can result from various phenomena, such as porosity can this effect in the 

films. Therefore, further investigations about the influence of porosity on physical properties 

are extremely important to corroborate this explanation. 

Although recent studies on the thickness dependence of self-polarization in PZT thin 

films [250] prepared by the same chemical method used in this work have excluded Schottky 

barriers and mechanical coupling near the film-substrate interface and assumed that complex 

defects are probable mechanisms responsible by self-polarization [251], the case observed here 

for the PLZT thin films is different. In other words, while the self-polarization occurs in the 

bulk, our results suggest the Schottky barriers closed to the bottom film-substrate interface 

seems to be the dominant mechanism for the self-polarization in our films of PLZT. The 

increase in self-polarization with decreasing film thickness first suggests that the alignment of 

ferroelectric domains may occur near the film-electrode interface. In this case, Schottky barriers 

near the film-substrate are likely responsible for the built-in electric field in the studied PLZT 

films. However, other experiments are needed to clarify the mechanisms of self-polarization in 

PLZT films. 

A quantitative analysis of the nanodomain structure of the PLZT films was investigated. 

The existence of a correlated polarization could be easily verified by an autocorrelation analysis 

[252]. Autocorrelation images were obtained by applying the transformation  

 

C(𝑟1, 𝑟2) = ∑ 𝐷(𝑥, 𝑦)𝐷(𝑥 + 𝑟1, 𝑦 + 𝑟2)𝑥,𝑦 , (41) 
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on the piezoresponse images. D(x, y) is the value of the piezoresponse signal at a point in the 

image and D(x + r1, y + r2) is the PFM phase signal at a point translated by (r1, r2) from the 

original reference point. The shape of the autocorrelation function provides information about 

the symmetry and regularity of the polarization distribution. The correlation function technique 

has been used firstly for topographic analysis [253]. The value of D(x, y) taken from the 

piezoresponse image is proportional to the local polarization value. So, its autocorrelation 

function C(r1, r2) is equivalent to a “polarization-polarization” correlation function [56].  

 

Figure 35: Autocorrelation images (scan area 15×15 μm2) of PLZT 9/65/35 thin films for film (a) with 240 nm, 

(b) 350 nm, (c) 430 nm, and (d) 540 nm in thickness. (e) The autocorrelation function <C(r)> average overall 

in-plane directions for PLZT thin films with 240, 350, 430, and 540 nm in thickness, respectively. 

 

The 2D images of C(r) for different film thickness are shown in Figure 35(a-d). The 

bright contrast represents areas with correlated polarization, and dark contrasts correspond to 

negative values of the correlation. In the sense of polarization-polarization correlation analysis, 

this means that bright contrast implies a probability to find a parallel polarization direction, 

while dark contrasts indicate the probability to find an antiparallel polarization of the FE domain 

over all out-of-plane directions.  

Clear anisotropy could be related to the existence of the preferable directions of 

alternating regions with opposite contrast. These directions are thought to be closely associated 

with specific crystallographic axes of the perovskite structure in PLZT films. However, since 

the investigated PLZT thin films in the present work were prepared randomly oriented (i.e. with 

no preferential orientation) it is difficult to identify the crystallographic axes in the 

autocorrelation function analysis. 

As we can observe in Figure 35a and Figure 35b, the autocorrelation images referred to 

thinner (240 nm) and thicker (540 nm) PLZT film show a strong difference. In the thinner film, 

there is clearly a probability of finding an antiparallel domain configuration periodically in a 
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short-range, while in the thicker film (Figure 35b) overall in-plane directions the probability to 

find a negative correlation is very small in the studied range. In particular, the width of the 

central peak in the two-dimensional C(r1, r2) map is a measure of the polarization correlation 

radius and its width can be used as a measure of the mean size of piezoactive regions [202]. In 

other words, autocorrelation analysis of the PFM data provided quantitative insight into the 

polarization distribution and nanodomain structure. This type of analysis was used to estimate 

the size of the PNRs [182]. The autocorrelation function can be represented as a sum of two 

contributions, as follows 

 

〈𝐶(𝑟)〉 = 𝜎2 exp [− (
𝑟

〈𝜉〉
)

2ℎ

] + (1 − 𝜎2) exp [−
𝑟

𝑟𝑐
] cos (

𝜋𝑟

𝑎
). (42) 

 

The first and second terms correspond, respectively, to short- and long-range 

correlation. Only a short-range correlation length term was taken into account for our thin films 

with uniform morphology, which was useful for the estimation of the characteristic parameters 

of the nanodomains. In this case, to obtain a measure of the short-range polar order, 

autocorrelation function was average overall in-plane directions and then approached by the 

first term of the Equation (42), that is the function represented by 

 

〈𝐶(𝑟)〉 = 𝜎2 exp [− (
𝑟

〈𝜉〉
)

2ℎ

]. (43) 

 

Here, the variable r is the distance from the central peak, < ξ > is the average correlation 

radius, σ is a pre-exponential factor, and the h (0 ≤ h ≤ 1) is a measure of the “roughness” of 

the polarization interface [182]. Based on the autocorrelation images, the autocorrelation C(r) 

at small r were recorded for PLZT thin films with different thickness and plotted in Figure 35e 

with its best fits. 

The thickness dependence of the average correlation length < ξ > obtained from fits is 

shown in Figure 36. The larger < ξ > in the present work and its maximum value observed for 

the film with 350 nm in thickness are two aspects to punctuate. The correlation lengths obtained 

are about 2-3 times larger than those reported in literature for PLZT ceramics at the same 

composition [56, 254] and comparable to larger values observed for Ba(Zr,Ti)O3-(Ba,Ca)TiO3 

(BZT-BCT) thin films [255]. Typical correlation lengths observed for relaxor thin films are ~80 

nm [252]. Although it remains unclear the relation between the correlation length and its real 
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value at the macro scale, we assume that < ξ > is directly related to the average size of PNRs in 

relaxors [252, 256] and thus can be used to measure the polarization disorder on the surface of 

the relaxor films. The great similarity between results shown in Figure 32 and Figure 33 suggest 

a correspondence between grain size and correlation length. Based on these results, there was 

smaller correlation length in small grains and higher correlation length for large grains. These 

results agree with the previous report on the grain size effect in PLZT ceramics, which 

demonstrated larger correlation length for larger grain size [255]. 

 

 

Figure 36: Thickness dependence of correlation length of PLZT films. Lines in (a) are best fits of <C(r)> while 

in (b) lines are drawn as a guide to the eye 

 

Large correlation lengths obtained here suggest larger PNRs in the investigated PLZT 

thin films. The large size of PNRs (ξ~151 nm) reported in BZT-0.5BCT/LNO thin films is due 

to stronger polar correlation in thin films with a LNO seed layer grown on the film-substrate 

interface such that the interface induced by the LNO seed layer is more conducive to nucleation 

and coalescence for larger nanodomains [255]. In our films of PLZT, the large values of the 

PNRs sizes are certainly due to other mechanisms. Chemical substitution, as introduction of 

La3+ ions, and lattice defects introduce extra charges or dipolar entities in mixed ABO3 

perovskites. At very high temperatures, the dipole moment present in the relaxor state is not so 

well-defined due to large thermal fluctuation. However, on cooling, the dipolar moments 

manifests itself as small PNRs below the so-called Burns Temperature [26].  

The feature of the nanodomains at room temperature depends on the thermal history. 

On cooling in the absence of biasing field, the domains can either become largely enough to 

produce macrodomains that permeate the whole sample or leading to a freezing in nanodomains 

with random orientation. The first assumption leads to a cooperative FE state while the second 
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one leads to a RE state with randomly oriented nanodomains. In a presence of a biasing electric 

field during the cooling process, it is expected an alignment of domains followed by an increase 

in their correlation length, leading to a nano-to-macrodomain transition in PLZT [26]. The 

increase observed in the correlation length with increasing the self-polarization factor for 

thinner films (correspondent to larger grains) is a strong evidence of the built-in electric field 

effects on the alignment of macrodomains in the grains.  

 

4.2.4.  Piezoelectric Hysteresis Loops and Local Polarization Relaxation in 

PLZT thin films by Switching Spectroscopy PFM 

The application of FE materials for electronic devices necessarily needs a deep 

quantitative analysis of the local switching behavior, including imprint effect, coercitivity, 

remnant and saturation responses, and work of switching [152]. The SS-PFM technique 

(already described in this work) was used as a tool for investigation of the switching properties 

at nanoscale of PLZT thin films. The study includes the analysis of switching domains as a 

function of thickness film, pulse duration, and magnitude of the DC external applied field. 

 

Figure 37: Hysteresis loops measured for PLZT thin films at a different thickness as a function of applied 

voltage using 1 s of the pulse duration of the DC external bias (b) and the saturated piezoresponse as a function 

of thin film thickness. 

 

 

The SS-PFM mode was implemented on a commercial AFM (Ntegra Aura, NTMDT, 

Russia) using both conventional polarization imaging, time and voltage spectroscopy methods 

to study the local switching properties of the films. During the PFM measurements, the probing 

AC (amplitude 1 V, frequency 50 kHz) was applied between a conduction tip (Budget sensor 

Multi75E-G: Si cantilever covered by Pt, spring constant 3N/m, resonance frequency 75 kHz) 

and the bottom electrode. The PFM response was detected via external lock-in amplifier system 

(SR830, Stanford Research, USA).  
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Measurements of local hysteresis loops are of great importance in polycrystalline 

ferroelectrics because they can quantify polarization switching on a very small scale [257]. 

Thus, in order to determine the thickness effect of the switching and electromechanical 

properties on the nanoscale, measurements were carried out by positioning the conductive tip 

at the center of grains possessing intermediate contrast in the PFM images. Ten local 

piezoresponse hysteresis loops were acquired for each sample. Figure 37a and Figure 37b show 

representative local hysteresis loops PLZT film for 240 nm, 350 nm, and 540 nm in thickness 

and the saturated piezoresponse as a function of thin film thickness, respectively. 

The hysteresis loops are clearly different in shape depending on the film thickness. As 

a first observation, the loops become slimmer as the thickness is increased. The average 

coercive electric fields obtained from the experiments resulted in Ec = 60 kV/cm, 20 kV/cm and 

6 kV/cm for the films with the thickness of 240 nm, 350 nm, and 540 nm, respectively. Here, 

Ec is defined as (E𝑐
 + − E𝑐

 −)/2. The evolution of Ec in our films is quite different from one 

reported in (111)-oriented PLZT thin films with 10%-La content [5], in which the results 

showed an increasing of Ec with film thickness. In the latter case, Ferri et al. [5] have suggested 

the influence of space charges localized at the film/electrode or film/tip interfaces. In the case 

of trapped charges localized in the interfaces, it may depend on thickness film, increasing the 

coercitivity as it decreases the film thickness. Also, thin films of 0.7Pb(Mg1/3Nb2/3)O3–

0.3PbTiO3 (PMN–PT70/30) have exhibited no significantly effect on the average coercive field 

for films thicker than 200 nm [258].  

Size effects of 0.8SrBi2Ta2O9–0.2Bi3TiNbO9 thin films were investigated by Zhu et al 

[259] and they reported a specific thickness dependence of the coercitivity with the existence 

of a critical thickness. In these results, for films thinner than a critical value, the coercitivity 

increased with thickness increasing, while for thicker ones the coercitivity decreases with film 

thickness increasing. The thickness dependence of the coercive electric field in FE thin films 

was numerically simulated based on the Potts model with nearest-neighbor interactions between 

dipole moments by Hu et al. [260]. They reported that for large thickness, experimental results 

where Ec decreases with thickness increasing could be reproduced from Monte-Carlo 

simulation*. Otherwise, for thinner films, simulations have obtained an increasing of Ec with 

thickness by polarization switching mechanisms.  

                                                           
* This simulation uses random sampling and statistical modelling to estimate mathematical functions and mimic 

the operations of complex systems [273]. 
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The thickness dependence of the coercitivity in our PLZT thin films seems to agree with 

the simulations reported by Hu et al [260] for film thickness larger than the critical value, in 

which the Ec decreases with thickness increasing. When the thickness of the film is considerably 

small, the film is basically single-domain [261] and as the thickness increases, there will be 

more dipole moments inside the same domain structure, being necessary more energy to flip all 

dipoles simultaneously. However, for films larger than the critical value the sample becomes 

multi-domains and the switching is essentially through the domain wall motion, decreasing 

consequently the coercitivity with the film thickness of our PLZT thin films.  

The piezoresponse hysteresis loops presented in Figure 37a are systematically shifted to 

positive voltage values, stressing the imprint behavior of the local switching, generally defined 

as a tendency of one polarization state to become more stable than the opposite one [262]. The 

shift S (defined as E𝑐
 + + E𝑐

 −) clearly becomes more positive as long we increase the thickness. 

This shift may arise from the experimental setup through the asymmetry of the tip/film/bottom 

electrode configuration [5]. Gruverman et al. [263] reported that compressive stress also 

resulted in complete switching into the positive polarization state. As we already have described 

previously, the refinement of the XRD of our PLZT thin films has shown that the microstrain 

increases with the thickness linearly. This microstrain effect could be contributing to the imprint 

phenomena observed in our films, mainly because the shift of the piezoresponse loops becomes 

more positive as the thickness increases. Also, we should consider that the imprint effect may 

originate from space charges at film/electrode or at film/tip interfaces. Some band gap states 

can exist near the surface or near the bottom electrode, and these bands can be filled by charges. 

In this way, electrons could be trapped in these band gap states, leading to the building of a 

negative space charge near the film surface and screening the positive applied voltage, causing 

the deviation of the piezoloops. In the presence of a local electric field generated by space 

charges or by the Schottky barrier heights, the double-well thermodynamic potential of each 

FE domain is modified in an asymmetric manner, favoring in one specific direction and then 

presenting a shifting in the piezoloops [7]. 

Macroscopically, the switching of FE domains occurs via the nucleation and growth of 

a large number of reverse domains in the situation in which the applied electric field is uniform, 

reflecting the switching average over the entire sample under the electrode. However, in the 

piezoresponse hysteresis loops, the electric field applied is strongly localized and 

inhomogeneous. Therefore, the switching onset starts with the nucleation of a single domain 

under the conductive tip [264]. In all hysteresis loops observed in Figure 37a, the piezoresponse 
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achieves a maximum value before the voltage achieve its maximum, and this maximum is called 

as a saturation of the piezoresponse.  

The behavior of the piezoresponse saturated as a function of the film thickness is shown 

in Figure 37b. This indicates that the nucleation and the growth of reversed domains have 

reached the maximum and it is thickness dependent. The saturated piezoresponse increases with 

film thickness reaching a piezoresponse of maximum near thickness around 350 nm and then 

decreases. Worthy to notice that the behavior of the grain size of PLZT thin films with film 

thickness has shown similar behavior when compared with the remnant piezoresponse. This 

result also suggests an intrinsic relationship between grain size and saturated piezoelectric 

response in our films. The explanation for this behavior may be the same of that to explain the 

behavior of the FWHM as a function of the thickness. In the film with 350 nm in thickness, we 

obtained the larger grain size and, consequently, a more complex structure of the crystallite 

orientation is possible, resulting in an increasing of polar state reorientation along the external 

field and, consequently, increasing the saturated piezoresponse. 

 

Figure 38: Hysteresis loops measured at different pulse durations for PLZT thin films with a) 240 nm, b) 350 

nm and c) 540 nm of thickness.  

 

In order to determine the pulse duration dependence at different PLZT thin film 

thicknesses of the switching and electromechanical properties at nanoscale, measurements have 

been performed by placing the probing tip at the centre of the grains in these film thicknesses. 

Figure 38 shows representative piezoelectric response hysteretic loops of the 240 nm, 350 nm, 

and 540 nm thick films for different DC pulse durations, tp. In a first moment, the loops are 

methodically shifted towards both positive and negative voltage values depending on the 

thickness of the PLZT sample is observed as the DC pulse duration increases from 500 ms to 

1000-1500 ms. The coercive electric field shows different behavior with DC pulse durations in 

all PLZT thickness.  

From piezoresponse hysteresis loops, we obtained valuable information about the 

switching and electromechanical properties. The remnant polarization (positive and negative) 
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and the average remnant polarization, given by 𝑑33,r = (Pr
+ − Pr

−)/2, the imprint effect 

(Ec
+ + Ec

−) and the coercive electric field (Ec
+ − Ec

−)/2 were obtained both as a function of the 

film thickness as a function of the pulse duration and are shown in Figure 39. 

Figure 39a presents the d33 remnant piezoresponse (d33,r) as a function of the film 

thickness. We clearly observe a thickness dependence of d33,r for pulse durations with 500 ms 

and 100 ms, respectively. All the values of d33,r in the thicker film are considerably small and 

positives. The asymmetry observed in 240 nm and 350 nm thin films between the positive and 

negative values of d33,r is an indicative of an imprint effect and it is probably due to the presence 

of an internal (built-in) electric field [149].  

Figure 39b shows that d33,r of the thinner (240 nm) and the thicker (540 nm) films 

remains approximately constant as the pulse duration changes from 100 ms to 1000 ms and 

from 500 ms to 1500 ms, respectively. A significant variation of d33,r is observed in 350 nm in 

thickness as we can see in Figure 39c as a function of film thickness for different pulse duration. 

Its value decreases from ~4.0 to ~2.5 in the pulse duration from 500 to 1000 ms.  

 

Figure 39: (a) Positive and negative 𝑑33,r remnant piezoresponse signal as a function of thin film thickness for 

different DC pulse durations. Average remnant piezoresponse 𝑑33,r = (Pr
+ − Pr

−)/2 as (b) a function of the DC 

pulse duration for different thin film thicknesses and (c) as a function of the film thickness for different DC 

pulse durations. The DC pulse duration dependence on imprint effect (Ec
+ + Ec

−) is shown in (d) and the coercive 

electric field (Ec) dependence with thickness and pulse duration are illustrated in (e) and (f), respectively. The 

lines are just guides to the eyes.  

 

Worthy to notice the similarity between the thickness dependence of the d33,r (Figure 

39c) and the thickness dependence of the grain size in our PLZT thin films (Figure 32). Kim et 

al. [265] have observed the same behavior and have attributed this effect to the coupling 
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between local strain and polarization. The d33,r of small grains is significant reduced, because 

the mechanical strain from interaction between the surrounding grains is relatively large on 

small grains. As we have observed, the increasing of the DC pulse duration in films with small 

grains does not change significantly as in larger grains. We suggest that the considerable 

decrease of d33,r in our film with 350 nm in thickness with increment of the DC pulse duration 

could be mostly attributed to the reduction of non-180º FE domains. This reduction may 

originate from trapped charges released from surrounding grains due to a longer time of the DC 

pulse applied into the grain. These spaces charges can significantly influence the non-180º 

domain wall motion, decreasing consequently the contribution of 180º domains in the local d33,r 

due to the increasing of the mechanical clamping. 

The imprint effect is illustrated in Figure 39d as a function of the pulse duration. We 

can observe a decreasing as the pulse duration is increased. In the 350 nm in thickness, we 

observe a faster asymmetry decreasing than the thinner film. The coercive field has also shown 

a decreasing with the film thickness and with the pulse duration as we can observe in Figure 

39(e-f). This effect could be attributed to the increment of the mechanical clamping in the grain 

due to surrounding grains in higher DC pulse durations hindering the self-polarization effect in 

the films. Therefore, this can explain as well the decreasing of the coercive field with pulse 

duration, once the local strain originated by the mechanical clamping could hinder non-180º FE 

domain wall motion and decrease consequently the electric field needed to cause a switching in 

the local polarization. 

While the initial piezoresponse was rather weak for the PLZT thin films a strong 

piezoelectric signal can be induced by application of a DC external voltage. Moreover, the 

polarization direction of the FE domains can be switched to an antiparallel one, as we can 

observe in Figure 37a. At the same time, the induced piezoresponse state of relaxor PLZT thin 

films was studied using SS-PFM in order to investigate the relaxation of these domains as a 

function of time. With a purpose of an investigation, the relaxation was performed at various 

local of the film. The conductive tip was positioned in one specific location and the positive 

and negative induced piezoresponse was measured as a function of time after applying DC 

pulses of different magnitudes Vdc and pulse durations tp. The magnitude of Vdc was chosen to 

be larger than the coercive voltage estimated from the piezoresponse loops presented in Figure 

37. 

The time dependences of the PFM signal measured after the DC poling voltage that had 

been switched off are shown in Figure 40 for DC pulses of +10 V and -10V with 1 second of 
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duration. One can see that the positive and negative induced piezoresponse decay relatively fast 

within seconds for all thicknesses of the PLZT samples. The relaxation of the induced 

piezoresponse was better described by the Kolrausch-William-Watts (KWW) type dependence: 

    
/exp~33 td

eff
 where t is the time, and τ and β are the fitting parameters.  

 

Figure 40: Time dependences of the positive and negative induced piezoresponse measured after applying a 

voltage pulse of Vdc = 10 V and pulse duration tp = 1s for PLZT thin films with (a) 240 nm, (b) 350 nm, and (c) 

540 nm of thickness.  

 

All the fitting curves have shown that β is almost constant (~0.5-0.6) in the electric field 

range of 100-600 kV/cm. The KWW dependence is generally applied to describe a thermally 

activated relaxation in systems with a distribution of relaxation times [153]. The dc pulses 

applied locally were 5 V, 10 V, and 15 V, respectively. Nevertheless, in spite of the external 

voltage were exactly the same in all film thickness, the local electric field felt under the tip and 

through the film is different depending on the thickness. Thus, the behavior of the relaxation 

times as a function of the external electric field felt by the film thickness, using E = V/L where 

E is the electric field, V is the DC applied voltage, and L is the film thickness, is shown in Figure 

41a.  

 

Figure 41: (a) Effective relaxation times (s) as a function of the magnitude of the applied electric field for the 

PLZT thin films in different thickness and (b) electric field of maximum characteristic time as a function of the 

PLZT thin film thickness. 

 



122 

 

Different film thicknesses exhibit a distinct distribution of relaxation times as a function 

of the electric field. Our results are in agreement with other reports where the onset of the polar 

state has been completely reversible less than some seconds [266]. Except for the film with 350 

nm of thickness, the relaxation of the induced piezoresponse exhibits a wide peak in the electric 

field dependence of the relaxation time τ observed in the PLZT with 240 nm and 540 nm of 

thickness. If in our measurements we had applied an external electric field higher than 600 

kV/cm in the film with 350 nm in thickness, we would also expect a maximum of relaxation 

time. Therefore, fitting the data points using a Gaussian function, given by 

  22

0 2/exp  mEE   where τ0 is a fitting parameter, E is the electric field, Em is the electric 

field of maximum relaxation time, and σ2 is the statistical parameter (variance), we have 

obtained by extrapolation the peak of the possible maximum relaxation time for the film with 

350 nm of thickness.  

In order to understand the thickness effect of the peak shift of the maximum of the 

relaxation time, we have plotted in Figure 41b the electric field of maximum relaxation time as 

a function of the film thickness. The electric field of τmax increases with thickness until reaches 

350 nm in thickness, and then, decreasing considerably the relaxation time with thickness. In 

other words, the induced piezoelectric domains in which its decay is as long as possible with 

electric field dependence achieves a maximum in the film with 350 nm in thickness. 

Worth stressing here the behavior of the electric field of maximum relaxation time as a 

function of film thickness (Figure 41b) is quite similar to the behavior of the grain size (Figure 

32a). The FE domain relaxation seems to follow the grain size, i.e., for larger grains, the 

relaxation is much slower than smaller grains. The results that we have shown here in this work 

are in agreement with reports of relaxor 0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3 (PMN-PT) films 

investigated by Kholkin et al. [267].  

Our experimental results just revealed a distinct grain size effect in relaxor PLZT thin 

film in the FE properties, i.e., the strength of the local remnant electromechanical coupling 

(Figure 37) and domain relaxation (Figure 41b) are closely related to the grain size in our PLZT 

thin films. It is obvious that the grain boundaries may affect significantly the properties of the 

polar clusters and perturbs the periodicity of domain structure [261]. The reasons for such 

strong relationship between grain size and physical properties at the nanoscale may be 

explained as follows. The influence of surrounding grains that can cause a mechanical clamping 

in a specific grain underneath the tip seems to be dependent on its size. The residual strain after 

strain relaxation due to thermal mismatch have been reported by Choi & Suresh [268] and they 
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suggested to be inversely proportional to the grain size. This way, it is probable that the 

mechanical interaction between the grains leads to a high level of the compressive pressure 

inside small grains [267]. Consequently, the growth and nucleation of polar domains under an 

external electric field may be notably restricted in smaller grains via the strong coupling 

between local strain and polarization. Thus, the piezoresponse is highly reduced in smaller 

grains [46]. In small grains, polar clusters may be completely frozen-in due to high mechanical 

clamping and the signal measured is essentially due to the paraelectric matrix.  

It is believed that grain size effects are equivalent to the local variations of the phase 

transition temperatures that causes additional diffuseness of the dielectric permittivity versus 

temperature dependence. We should also consider that the size effect observed in this work can 

be related to the possible grain size dependence of the mean size of polar clusters inside the 

grains, possibly due to mechanical clamping effect again. Studies on PMN ceramics have 

exhibited a grain size dependence of nanoscale ordered regions using Transmission Electron 

Microscopy (TEM) [269], where the polar nanoscale regions have shown to be smaller in fine-

grained than those of coarse-grained PMN ceramics.  

In summary, we have observed a clear correlation between the values of the 

piezoelectric coefficients, the switching and the relaxation of polar domains with the size of the 

respective grains in relaxor ferroelectric PLZT thin films. Thus, the influence of the grain size 

on the dynamics of polar clusters was confirmed, suggesting that the relaxation of induced 

domains is much slower in large grains, indicating the existence of different relaxation times of 

different grains, probably due to the mean size of polar cluster inside the grains [267]. 

 

4.2.5. Summary 

Thin films of polycrystalline random oriented PLZT with 9%-La content and 65/35 

molar ratio of Ti/Zr were prepared by the polymeric method, using the modified Pechini 

technique. In summary, our films of PLZT have shown a thickness dependence on structural 

properties, as lattice parameters, crystallite size, and microstrain. The macroscopic ferroelectric 

properties have exhibited a frequency and temperature dependences for the PLZT thin film with 

540 nm in thickness. The decreasing of ∆𝑃𝑟 = 𝑃𝑟
+ − 𝑃𝑟

− and ∆𝐸𝑐 = 𝐸𝑐
+ − 𝐸𝑐

− at lower 

temperatures have indicated the coexistence of both relaxor glass-like and ferroelectric state, 

with a slow conversion from relaxor to ferroelectric order with lowering temperature. The 

frequency dependence of the remnant polarization and the coercive field at different 

temperatures has shown many details about domain switching properties, as well the possibility 
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of the observation of either a re-entrant dipole glass behavior or an activated electric field effect 

in our PLZT thin films.  

The microstructure analysis has revealed the spongy features of the samples at different 

thermal treatment and different film thickness. In addition, SEM micrographs have exhibited 

distinct characteristics concerning the degree of porosity of the film thickness, suggesting a 

temperature dependence of the porous development and a more densification of deposited 

layers near the substrate.  

The thickness effect on grain size and local piezoelectric properties were investigated 

and correlated with structural properties. PFM has been used to study the piezoelectric 

properties at nanoscale of the PLZT thin films. Grain size distributions obtained from 

topography images showed to present a maximum around 350 nm in thickness. The results of 

the piezoelectric histograms obtained from PFM images for the PLZT thin films has revealed 

an intrinsic relationship between the coexisting polarization directions and the grain size. The 

complexity of the internal crystalline structure in larger grains seems to influence significantly 

in the piezoresponse distribution in our films. The quantitative analysis of the symmetry and 

periodicity of nanodomains structure were studied using the autocorrelation function. The 

average correlated radius has shown a similar behavior with the grain size, i.e., smaller 

correlation lengths in smaller grains, suggesting a grain size dependence of the size of the polar 

nanoregions.  

The switching properties of the relaxor ferroelectric material PLZT thin film also has 

revealed a strong thickness dependence. The coercitivity in our films has shown to increase 

with decreasing film thickness, being associated with the presence of a multi-domain structure. 

The piezoresponse hysteresis loops presented a shift to positive voltage values stressing the 

imprint behavior of the local switching and they become more accentuated as the film thickness 

increases. The saturated piezoresponse showed a large peak with its maximum around 350 nm 

in thickness and presented similar grain size dependence. The imprint effect and the coercive 

electric field showed a grain size and pulse duration dependences, in which it was attributed the 

mechanical clamping effect inside grains as mainly contribution factor. Also, the relaxation 

times of the induced piezoresponse of the PLZT thin films follows the grain size, i.e., for larger 

grains, the relaxation is much slower than smaller grains, corroborating these results with other 

reports in PMN-Pt films. This can be attributed to the mean size of the polar clusters inside the 

grains, which is also grain size dependent due to mechanical clamping. 
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5. FINAL CONSIDERATIONS 

Ferroelectric relaxor thin films of strontium barium niobate with 75% of Sr/Ba molar 

ratio (SBN) and lead lanthanum zirconate titanate with 9%-La content and 65/35 of Zr/Ti 

composition (PLZT) were prepared by the polymeric method. Physical properties at macro and 

microscale were investigated in these films. In SBN thin film we have confirmed its relaxor 

characteristics through the temperature and frequency dependence of the dielectric coefficient 

dispersion. However, such measurements were not possible in PLZT thin films because in all 

electrodes were in short-circuit. One believes that the high degree of porosity may have 

influenced the gold electrode deposition by RF-sputtering. For future works, thin films of PLZT 

and SBN can be prepared in order to reduce the porosity and possibly obtain the necessary 

dielectric measurements.  

The lowering of temperature of maximum dielectric permittivity at 10 kHz comparing 

with SBN single crystal with same nominal composition needs more detailed investigations to 

better understand the effect. Even though local shifts on stoichiometry have been proposed to 

explain the lowering of temperature, we must obtain more data about the influence of defect 

densities on the structure, in order to really comprehend the shift observed in the dielectric 

measurements.  

Both relaxor systems have shown an intrinsic dependence of the piezoelectric response 

with grain size and the domain states. In PLZT thin films it was possible to observe the effect 

of the grain size on the switching and relaxation properties using SSPFM. Application of several 

voltage magnitudes and pulse duration have indicated the appearance of depolarizing electric 

fields possibly due to charge movements in both SBN and PLZT thin films. 

The possible re-entrant behavior discussed in our PLZT thin film has to be carefully 

investigated. The indication of an increasing of the coercive electric field for lower temperature 

can be explained by the low nucleation rate of new ferroelectric domains as temperature 

decreases, decreasing consequently the remnant polarization for low temperatures. Therefore, 

further experiments have to be performed to clarify this phenomena.  
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