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PZ – PbZrO3; 

PZN – Pb(Zn1/3Nb2/3)O3 

RF – relaxor ferroelectric; 

RP – relaxor state; 

SNR – signal to noise ratio; 

SRBRF – Spherical Random Bond Random Field model; 

TEM – transition electron microscopy; 

TO – transverse optical; 

VF – Vogel – Fulcher; 

ZFC – zero-field cooling; 

ZFH – zero-field heating. 

 

 

 

 



10 

 

INTRODUCTION 

Research of relaxor ferroelectrics is an attractive field. These materials 

are known to be among the best piezoelectrics for application reasons. 

However, this work is dedicated for a fundamental research of relaxor 

ferroelectrics. It is mainly focused on a research of macroscopic properties of 

Pb(Mg1/3Nb2/3)O3 based relaxor ferroelectrics. Pb(Mg1/3Nb2/3)O3 is named as 

the canonical relaxor ferroelectric by many authors. However, it happened 

historically, because it was one of the first relaxor ferroelectrics found. Since 

the beginning of the research of Pb(Mg1/3Nb2/3)O3 there were many debates if it 

has a phase transition or not. It does show anomalies in temperature 

dependence of refraction index, dielectric permittivity, velocity of sound, etc. 

However, clear structural changes of lattice were not observed, by microscopic 

research techniques, as the structure remains averagely cubic in broad 

temperature range. Furthermore, since the beginning of research of relaxor 

ferroelectrics, there were attempts to apply Landou-Ginzburg-Devonshire 

phenomenological theory of phase transitions on temperature behavior of 

Pb(Mg1/3Nb2/3)O3. As well, there were attempts to write different theoretical 

models onto the unique behavior of relaxor ferroelectrics. It is widely accepted, 

that polar nano regions are responsible for the unique behavior of relaxor 

ferroelectrics. Those are regions of tens of nanometers of size, which depends 

on temperature, pressure and various additions in the crystal. Within one 

region all dipoles tends to orient the same direction, so sometimes polar nano 

regions are interpreted as superdipoles or dipole clusters, that may have 

flipping, breathing or both dynamical properties in electric field and non-zero 

temperature. Polar nano regions appear in the relaxor ferroelectrics due to an 

internal disordered charge distribution. However, universal theoretical model 

of relaxor ferroelectrics is still not found and after each attempt many debates 

and rhetorical questions remain. 

This work contributes to the knowledge of Pb(Mg1/3Nb2/3)O3 based 

relaxor ferroelectrics. It confirms that enhancing chemically ordered regions do 
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not weaken relaxor behavior or promote a spontaneous phase transition. In 

order to find out more about relaxor ferroelectrics in general and to analyze 

them from a different perspective a non-linear susceptometer was built. The 

measurement method allows to measure temperature behavior of higher order 

susceptibilities of material without influencing internal electric fields of the 

sample. That method may give useful data on phase transitions occurring in the 

material. As well, it is more sensitive to changes of dipolar dynamics of the 

sample. Thanks to this unique measurement technique a phase transition was 

found in 0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3 single crystal. As well, it opened 

new perspective of observation of dipolar dynamics of Mn-doped 

0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 ceramics. PbTiO3 is normal ferroelectric 

material and many authors try to find occurrence of phase transition threshold 

of relaxor – normal ferroelectric solid solutions, that is called morphotropic 

phase boundary. This region of phase diagram is important for application 

reasons, as solid solutions of this specific mixture has best piezoelectric and 

tunability properties. 

Finally, this work definitely gives contribution to fundamental knowledge 

of Pb(Mg1/3Nb2/3)O3 based relaxor ferroelectrics. Furthermore, it opens doors 

to a different perspective to these materials, by introducing a variant of non-

linear susceptometer and various application examples of it. 

 

2.1 GOALS AND TASKS OF THE WORK 

The main goal of the work is to improve current fundamental knowledge 

of Pb(Mg1/3Nb2/3)O3 – based relaxor ferroelectrics, which can be branched into 

following tasks: 

1. Perform linear dielectric spectroscopy of 0.98Pb(Mg1/3Nb2/3)O3 – 

0.02La(Mg2/3Nb1/3)O3 single crystal and compare it with properties of 

pure Pb(Mg1/3Nb2/3)O3 single crystal. Perform calculations of 

distributions of relaxation times of both crystals that help to find 

correlation between behavior of polar nano regions and La-doping. 
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2. Create a computer controlled non-linear susceptometer. That is unique 

and new measurement method. Based on non-linear susceptibility 

response useful data on phase behavior and collective behavior of 

dipoles of material may be derived. 

3. Find out, if there is a phase transition in 0.83Pb(Mg1/3Nb2/3)O3 – 

0.17PbTiO3 single crystal. 

4. Find out the influence of Mn-doping on 0.9Pb(Mg1/3Nb2/3)O3 – 

0.1PbTiO3 ceramics. 

 

2.2 STATEMENTS OF THE DOCTORAL THESIS 

1. It is necessary to calibrate a phase shift between current and voltage 

caused by measurement equipment, in order to obtain precise results 

in higher frequencies of non-linear susceptometer. 

2. There is an occurrence of phase transition in 0.83Pb(Mg1/3Nb2/3)O3 – 

0.17PbTiO3 single crystal from relaxor to normal ferroelectric phase. 

3. Mn-doping of 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 ceramics causes 

pinning of polar nano regions. 

4. Significant increase of chemically ordered regions in 

Pb(Mg1/3Nb2/3)O3 single crystal, due to La-doping, does not reduce 

relaxor ferroelectric behavior and does not lead to an occurrence of 

spontaneous phase transition. 

 

2.3 SCIENTIFIC NOVELTY 

Dielectric spectra in frequencies higher than 1 MHz in broad temperature 

range of 0.98Pb(Mg1/3Nb2/3)O3 – 0.02La(Mg2/3Nb1/3)O3 was presented for the 

first time. Distribution of relaxation times of 0.98Pb(Mg1/3Nb2/3)O3 – 

0.02La(Mg2/3Nb1/3)O3 was presented for the first time. Obtained results on 

comparison of Pb(Mg1/3Nb2/3)O3 and 0.98Pb(Mg1/3Nb2/3)O3 – 

0.02La(Mg2/3Nb1/3)O3 single crystals led to confirmation that increase of size 

of chemically ordered regions does not promote a phase transition. 
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Non-linear susceptometer is great tool for characterizing phase transitions 

in materials. It helps to unambiguously recognize the order of a phase 

transition. Furthermore, non-linear response of the material is more sensitive to 

changes in motions of dipoles. Overall, all the features of the non-linear 

susceptometer makes it a valuable tool in investigations of relaxor 

ferroelectrics – materials that have anomalies in physical parameters, due to 

complex dipolar evolution, which provoke scientific discussions about the 

occurrence of the spontaneous phase transitions. Hence, the unique variant of 

non-linear susceptometer was constructed. The unique software was 

programmed. Innovative phase shift calibration procedure was included into 

the system. Furthermore, this susceptometer uses the digital data acquisition 

module for a signal generation and data acquisition, while other authors use a 

separate signal generator. It is worth to mention, that non-linear susceptometers 

are not available commercially. 

Non-linear dielectric spectroscopy on poled and non-poled samples of 

0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3 was performed for the first time. Non-

linear susceptometer helped to distinguish a phase transition in 

0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3. Non-linear dielectric spectroscopy on 

Mn-doped 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 ceramics was performed for the 

first time. Pinning of polar nano regions due to Mn addition was reported. 
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OVERVIEW 

3.1 PHYSICAL PHENOMENA OF RELAXOR 

FERROELECTRICS 

A definition of relaxor ferroelectric (RF) is rather vague. It is 

conventional to use a series of physical characteristics in order to define this 

family of materials. Hence, RF is a material that has [1]: 

1) Anomalously high and broad peak of dielectric 

permittivity. In earlier literature it is called „diffused“; 

2) The peak of dielectric permittivity shifts towards higher 

temperatures with increase of frequency. Such behavior is caused by 

wide distribution of relaxation times; 

3) The anomaly in temperature dependence of dielectric 

permittivity is not related to any structural phase transition. 

Furthermore, the average structure of RFs remains the same throughout 

the wide temperature range, within which the anomaly is observed. 

The responsibility for such behavior is credited to polar nano regions 

(PNRs) – regions of sizes of tens of nanometers that consist of many strongly 

correlated dipoles. PNRs are often interpreted as large dipoles. It is believed, 

that PNRs appear in temperatures below characteristic temperature TB – Burns 

temperature. TB is much higher than the temperature Tm that corresponds to 

anomaly of dielectric permittivity [2]. For this reason, it is usual to use 

definition of relaxor state (RP) that is different from the paraelectric phase 

(PE), however the average structure of lattice remains the same [1]. 

Throughout this work only perovskite structure RFs are considered, however 

there are other structure materials that show behavior similar to RFs, e.g. 

tetragonal tungsten bronze structure (SrxBa1-xNb2O6 [3], CaxBa1-xNb2O6 [4], 

etc.). 
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Figure 3.1.1 The indices of refraction at 6328 Å (o) and at 4880 Å (*). Pd – is the local 

polarization, Pr – is the reversible spontaneous polarization [5]. 

 

Figure 3.1.2 Rhombohedral structure of the locally polar nanoregions at 5 K [6]. The 

atomic shifts consists of Pb and Mg/Nb antiparallel shifts against the oxygen atoms along a 

[111]. 

The canonical RF is considered to be PbMg1/3Nb2/3O3 (PMN). In early 

works of Burns et al. [2,5] the so called Burns temperature TB of PMN was 

determined by measuring temperature dependence of refraction coefficient 

n(T). At this characteristic temperature (which is much higher than the 

temperature of maximum of dielectric permittivity Tm) n(T) starts to deviate 

away from the linear dependence on temperature (Figure 3.1.1). In ordinary 

perovskite ferroelectric materials n(T) variation becomes proportional to the 
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square of spontaneous polarization below a phase transition temperature TC [2]. 

Similar result was observed in PMN below TB. This result led to conclusion 

that TB indicates the appearance of PNRs, which supposed to be responsible for 

specific behavior of RF materials. “These results can be explained by the 

appearance of small regions of crystal having polarization. This polarization 

would exist on the scale of several unit cells rather than macroscopic 

dimensions. The local fields in the small volume due to the particular 

arrangement of atoms and defects cause the local distortion of the atoms and 

determine the volume of distortion and the direction of polarization” [2]. “Just 

below TB, polarization develops in local regions, of the order of several unit 

cells in size that are richer in Nb
5+

 ions than the average chemical formulae. As 

the temperature is lowered these regions can grow and other regions, less rich 

in Nb
5+

 ions can also develop a polarization.” [5]. 

The X-ray and neutron diffraction experiment showed that at the 

temperature of 5 K the orthorhombic symmetry is as probable as rhombohedral 

symmetry in PMN perovskite structure. As well, it showed two sources of 

polarity, i.e. the atomic shifts and polar phase existence. The atomic shifts 

consists of Pb and Mg/Nb antiparallel shifts against the oxygen atoms along a 

[111] (or a [110]) axis [6] (Figure 3.1.2). These atomic shifts contribute to 

polarity of the crystal, but that is not the only contribution to polarity. 

Additionally, polar phase was determined within a crystal. The length of polar 

correlation was found to be ≈ 100 Å, and a definition of PNRs introduced, i.e. 

zones within the crystal of ≈ 100 Å, in which the average polarization is 

different from zero. Polarization intensity may vary in PNRs and the polar 

direction may differ from one PNR to another. However, the observed 

phenomena are valid for two models [6]: 

1) The crystal is made of islands of polar ordered nano 

domains (first phase) immersed inside a disordered paraelectric host 

lattice (second phase). 
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2) The crystal is made of a pavement of polar nano domains 

(first phase). Taking into account that the interdomain regions may be 

more important than the domain size, the interdomain volume cannot be 

neglected (second phase). 

Hence, finding the correct model of RF remains an open question. 

Transmission electron microscopy (TEM) experiment at room 

temperature conducted by Z. Xu et al. [7] on PbTiO3 (PT) doped PMN, showed 

the clear existence of polar nano structures within the sample, that supposed to 

be PNRs. Furthermore, it was shown that it is possible to control the size and 

distribution of these polar structures with variation of concentration of dopant. 

In this case, 0.9PMN-0.1PT shows existence of PNRs of average size of 50 Å, 

while in sample of 0.8PMN-0.2PT had PNRs of sizes up to 100 – 150 Å at 

room temperature [7]. Still, there might be structural difference of polar nano 

structures and surrounding matrix. Hence, it is worth analyzing the local 

structure of RFs. 

 

Figure 3.1.3 The F-centered ordering of B-site cations in Pb(B‟1/2B”1/2)O2 [8]. 

PMN belongs to ABO3 perovskite family branch of complex lead based 

perovskites. In a cubic perovskite structure, the A-cations occupy the corner 

positions of the cube, the B-cations occupy the body center position, and the 
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oxygen anions are situated at the face-centered positions [8]. Lead based 

perovskite means, that A-site is occupied solely by Pb
2+

-cations. Complex 

perovskite means, that B-site is occupied by one of two cations 

interchangeably. General formula of such compounds may be written as 

Pb(B‟xB”1-x)O3 (Figure 3.1.3). There are two cases of x distinguished. In case 

of x = 1/2 the structure is called stoichiometric, because B-site order results in 

average valence of +4, and the case of PMN, where x = 1/3, is called non-

stoichiometric, because average valence is less than +4 [8,9]. According to 

TEM studies, complex lead perovskites were classified to groups according the 

scale of the ordering of B-site cations. Group I – perovskites possessing no 

detectable order (< 2 nm); group II – ordered with long coherency (≥ 100 nm); 

III – ordered, but on a nanoscale or short coherency (2 – 5 nm). The cations are 

said to be ordered when nearest neighbors on the B-sublattice are unlike and 

next nearest neighbors are similar [8]. However, clear explanation on why 

short coherency in B site of PMN gives RF behavior is required. 

Mehmet A. Akbas et al., conducted X-ray diffraction and TEM 

experiments on as sintered and annealed pure Pb(Mg1/3Ta2/3)O3 (PMT) and 

PbZrO3 (PZ) doped PMT ceramics. Dark field TEM images of pure PMT in 

the as-sintered form (1225° C, 1 h) confirmed that the microstructure is similar 

to the PMN-type systems and contains 2 – 3 nm ordered domains that are 

dispersed in a disordered matrix [10,11]. After a heat treatment at 1325° C for 

45 h, it was observed that domain size increased significantly to ≈ 10 nm and 

the sample was at least 70 % ordered. Multiple annealing attempts to get larger 

ordered domain sizes on pure PMT proved to give no better results. In contrast, 

0.95PMT-0.05PZ after normal sintering (1225° C) had ≈ 20 % of sample 

volume ordered in very small, ≈ 2 – 3 nm domains. However, after high-

temperature annealing (1325 °C, 48 h), ≈ 95 % of the sample was ordered in 

domains that approach 100 nm. Because the RF effect is related to the degree 

of cation order, the structure changes that are induced by high-temperature heat 

treatments might be expected to modify the dielectric response of the PMT-PZ 
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solid solutions. Although, dielectric data of annealed PMT-PZ showed small 

reduction of the magnitude (≈ 13 %) and shift of 7° C of permittivity 

maximum. This result clearly showed that nano level ordering and 

compositional segregation are not necessary requirements for relaxor behavior 

in the PMN type perovskites [10]. RF characteristics of PMT-PZ and other 

PMN-type systems are directly attributable to the random distribution of the 

magnesium and tantalum cations (and zirconium) on the B‟ positions of the 1:1 

ordered structure. In case of PMN, the perovskite structure is Pb(B‟1/2B”1/2)O3, 

where B” position is solely occupied by Nb
5+

-cation and B‟ position is 

occupied by random distribution of 2:1 of Mg
2+

 and Nb
5+

. The final structure 

can be written as Pb[(Mg
2+

2/3Nb
5+

1/3)1/2(Nb
5+

)1/2]O3. And so the “random site” 

model for structure of RFs was born. 

So far, it is agreed that, PMN has PNRs, which appear at TB, because of 

structural disorder. The relaxor behavior, as well as PNRs, remains down to 

temperatures of 5 K, despite the volume fraction of induced by annealing 

ordered regions within the sample. This brings us to the discussion of 

temperature evolution of PNRs. 

Xu et al., performed a high resolution diffuse neutron scattering on PMN 

single crystal [12]. Their experiment took part in wide temperature range, i.e. 

10 K – 650 K. It allowed them to observe measurable diffuse scattering 

intensity at 400 K. Temperature dependence of the real-space correlation 

length ξ, which is a direct measure of the length scale of the static PNRs, 

allowed to observe, that the PNRs are small when they first appear at high 

temperatures, with average size of 15 Å. At low temperatures the length scale 

of the PNRs reaches ≈ 65 Å. Furthermore, below 300 K small PNRs merge 

together forming large clusters of PNRs. Previous experiments of Wakimoto et 

al. [13] showed that the transverse optic (TO) mode phonon become over 

damped near the zone center at temperature of 600 K, which is roughly the 

temperature at which PNRs start to appear. Conclusion follows that the PNRs 

may originate from the condensation of the soft TO mode. However, the soft 
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mode extends to much lower temperatures than Tm in PMN [13]. The phase 

below Tm is believed to be recently discovered phase X [14,15], which exhibits 

an average cubic structure. However, unlike conventional ferroelectric phase 

transition, no macroscopic lattice distortion has been observed. Diffuse neutron 

scattering experiment led to interpretation that at Burns temperature TB, the soft 

TO phonon mode becomes over damped near the zone center and formation of 

PNRs starts. PNRs form with polarization along <111> directions. The number 

and size of PNRs increases with cooling. At Tm, a large scale overall „freezing“ 

of PNRs occurs. Small PNRs start to merge into larger ones and total volume 

of PNRs increasing. The soft-mode lifetime increases below Tm and the over 

damping near the zone center disappears. A macroscopic polar phase without 

lattice distortion establishes. Below Tm PNRs grow slowly with cooling. 

However, if the coupling between the PNRs and surrounding lattice is not 

sufficiently strong, as is the case of pure PMN, then the energy barrier created 

by the uniform phase shift would prevent the PNRs merging further and 

forming macroscopic lattice distortions. The resulting phase have average 

cubic structure, but with embedded (rhombohedrally) polarized PNRs 

[12,13,16–18]. 

The PMN RF temperature behavior picture was improved by Dkhil et al. 

The team performed acoustic emission radiation experiments on PMN and 

other RFs [19]. He found an anomaly at temperature T* ≈ 500 K, which 

surprisingly was observed in various lead based RFs. Additionally, they 

performed XRD experiment and obtained a temperature dependence of lattice 

parameter. Two distinct changes were detected on the lattice parameter above 

400K: TB was found out to be associated with a weak change in slope and the 

most interestingly – the appearance of a plateau below T* was observed. 

Experiments with various RF compounds revealed, that despite the difference 

of TB, T* remains the same. Furthermore, it was found out, that TB and T* are 

independent on the B-site cation ordering, as well as independent on amount of 

dopant PT in PMN crystal. Authors claim, that temperature T* should be 
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associated with lead cations and/or oxygen network. Lead is known to be 

responsible for the main polarization in lead-based relaxors [20]. Hence, at T* 

polar nanoclusters become static and marks beginning of static correlation of 

nanoclusters, that leads to anomalous behavior of RFs [19]. 

 

Figure 3.1.4 Temperature variation of power law light-scattering spectrum in PMN. 

The open circles that are connected by lines represent the spectra recorded by a tandem FP 

(Brillouin spectra), and the solid lines are the spectra recorded by a triple diffraction 

monochromator. The temperatures of the Brillouin and Raman spectra (indicated as B- and 

R-, respectively, in the legend) are not exactly the same, and differ by as much as 10% [21]. 

Very interesting observation was published by Koreeda et al. The 

scientists performed a light-scattering spectroscopy experiment on PMN single 

crystals. The frequency range of their experiment covered the Rayleigh, 

Brillouin, and Raman scattering regimes [21]. They found out, that intensity 

spectrum starts to show a power law component in temperatures < 623 K (in 

log-log scale) in frequency range < 1 THz, which spans more than 3 decades. 

The tilting of the spectrum increases with decrease of temperature. At 

temperatures < 200 K slope of intensity spectrum remains constant (Figure 

3.1.4) The emergence of the power-law spectra suggests that there is a wide 
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distribution of relaxation times and the spectrum can be expressed as 

superposition of many Lorentzians. The conclusion was derived that the 

existence of a power-law distribution of relaxation times, directly suggests that 

there is a structural self-similarity [22], which is commonly known as fractal. 

J. Hlinka stressed certain contrast to the widely accepted RF behavior. He 

made an observation that the very basic and famous concepts like PNRs or 

morphotropic phase boundary are vividly debated in the scientific community 

and their precise meaning is still questioned [23]. Other authors expressed 

worries about the meaning of the Burns temperature [24] and about the very 

existence of PNRs as static entities [25]. J. Hlinka remarks three most 

important properties of PMN RF. Firstly, symmetry remains cubic even below 

the freezing temperature (TF ≈ 220 K), unless it is cooled in relatively strong 

external electric field (over 2 – 3 kV/cm) [26]. Secondly, the occurrence of the 

shift of dielectric permittivity maximum towards the higher temperatures with 

increase of measurement frequency. This change is rather well described by the 

Vogel – Fulcher law and indicates some kind of polarization fluctuations 

undergoing a glass-like freezing [19]. Thirdly, anomalous temperature 

dependence of refractive index at Burns temperature (TB ≈ 630 K of PMN) [5]. 

He suggests an explanation of behavior of PMN without using the concept of 

PNRs. The quadric deviation from the paraelectric reference of the refraction 

index may be caused by enhancement of the amplitude of the soft mode 

fluctuations, which typically occur in THz range. The occurrence of shift of 

dielectric maximum, alternatively, may be caused by the dynamics of a dense 

system ferroelectric domain walls. However, one has to assume that the 

domains are of nanometric size or domain walls are fractal with dimensions at 

the nano scale. Such distribution of domains, may prevent the macroscopic 

change of the structure, as it may provoke laminate structure with planar 

ferroelastic twin walls extending over macroscopic dimensions [23]. These 

observations truly highlight the fundamental interest of RFs and give a request 

for further scientific work on physics of the material family. 
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3.2 MACROSCOPIC PROPERTIES OF RELAXOR 

FERROELECTRICS 

Above is reviewed the variety of experiments performed on RFs in order 

to find out the origins of their unique behavior. No less important are 

experiments of dielectric spectroscopy on RFs. Moreover, this work is the 

mostly concentrated on dielectric response of PMN based RFs. Hence, below 

are briefly overviewed interesting works on research of macroscopic properties 

of RFs. 

 

Figure 3.2.1 Temperature dependence of the linear birefringence in the (001) plane of 

PMN induced by an electric field E = 3.3 kV/cm along [110] [26] 

Optical experiments conducted by Westphal et al. [26] showed interesting 

results. They measured temperature dependence of linear birefringence (LB) of 

PMN crystal in three different regimes: 1) field heating after zero-field cooling 

(ZFC/FH) with E = 3.3 kV/cm in temperature range of 5 to 300 K; 2) field-

cooling (FC) down to 5 K with E = 3.3 kV/cm; 3) subsequent ZFH again up to 

300 K (Figure 3.1.1). At T ≤ 160 K the system appears completely frozen. Zero 

LB in ZFC/FH curve indicates a random distribution of spontaneously 

polarized domains and their complete immobility. On the other hand, nearly 

perfect coincidence of the large induced LB upon FC and subsequent ZFH 

shows the thermal stability of the polarized state once frozen in. As well, 

authors performed time dependence measurements of LB, which allowed them 



29 

 

to suppose, that the temporal behavior of the LB describes growth of a 

percolating paraelectric cluster within the homogeneously polarized single 

domain, which is stochastically pinned to the RF distribution. Very probably 

the paraelectric cluster is fractal as its growth is described by power law. 

Authors claim, that the most convincing piece of evidence for the ferroelectric 

nature of PMN is the observation of an extra peak in the dielectric permittivity 

when applying an ordering field to the domain state (Figure 3.2.2). The clear 

difference can be observed between ZFC an FH curves. Very clearly the field 

of 4 kV/cm induces net, albeit broadened, peaks at temperature of ≈ 212 K. 

They are superimposed on the usual broad background. This is a consequence 

of partial poling of the network of nonpercolating ferroelectric clusters, that 

supposed to appear at TB [5]. 

 

Figure 3.2.2 Dielectric permittivity measured at 10
3
 Hz upon zero-field cooling and 

successive field heating with E = 4 kV/cm as indicated by arrows [26] 
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Figure 3.2.3 Temperature dependence of dielectric permittivity of PMN single crystal 

[27] 

V. Bovtun et al. investigated dielectric properties of PMN single crystal 

in wide temperature and frequency range [27]. The obtained results show 

typical RF behavior (Figure 3.2.3), i.e. low-frequency dielectric permittivity ε* 

is very high and diffused ε‟(T) is observed at Tm, i.e. the peaks of ε‟(T) and 

ε”(T) move towards higher temperatures on increasing frequency. The nearly 

temperature independent (below 300 K) value ε‟ = 175 at 420 GHz proves that 

phonon contribution is much lower than the low-frequency maximum ε‟(Tm). 

Dielectric dispersion takes place in the whole investigated frequency range and 

in a broad temperature region both below and above Tm [27]. 

 

Figure 3.2.4 Frequency dependence of dielectric permittivity of PMN single crystal. 

Thick lines correspond to the experimental data, thin lines are guides for eye [27] 

Authors obtained the relaxational dielectric dispersion clearly of non-

Debye type and it could be characterized by a wide distribution of the 

relaxation times (Figure 3.2.4). The distribution is very wide below 200 K and 
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becoming narrower on increasing temperature. By means of spectroscopy in 

Terahertz range authors found one of the components of the central mode (that 

supposed to split below the Burns Temperature and further split into two 

components at the room temperature) at 30 cm
-1

 (≈1 THz) for all temperatures 

below room temperature. The mode was assigned to a transverse acoustic 

phonon absorption induced by the presence of the polar nano-clusters, 

enhanced by the doubling of unit-cell volume of the local cluster structure. 

Second component of the central mode is observed in the frequency range 100 

Hz – 1.8 GHz. It broadens anomalously on cooling and two overlapping 

dispersion regions can further be distinguished between 210 K and 290 K 

(hence asymmetric ε”(f) dispersion). The higher frequency component 

dominates below 200 K, where it develops into a frequency-independent loss. 

The lower-frequency component exhibits such temperature dependence, that its 

mean relaxation time obeys Vogel-Fulcher law with freezing temperature Tf ≈ 

200 K [27]. 

The authors claim, that obtained results support a concept of polar 

nanoclusters within RFs. The concept tells that the dominant mechanism of this 

dynamics is reversal (flipping) of polar clusters and fluctuations of polar-

cluster volume (breathing). Presumably, the microwave dispersion close to TB 

is due to the cluster dipole flipping. The interactions among polar clusters 

cause freezing of the local dipole moments when approaching Tf , preventing 

any cluster flipping in weak fields below Tf . Consequently, only the breathing 

mechanism contributes to dielectric response below Tf, and is responsible for 

the frequency-independent dielectric loss. The broad distribution of relaxation 

times stems from structural inhomogeneities (Mg
2+

 and Nb
5+

) in the perovskite 

B-sites, which cause random fields and broad distribution of activation 

energies for highly anharmonic hopping of Pb atoms. The distribution width 

should be comparable with the mean barrier height [27]. 
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Figure 3.2.5 Relaxation time distribution function of PMN for different temperatures 

[28] 

In the framework of the general scheme described above, two observed 

relaxational contributions to the central mode can be assigned to the cluster 

breathing mechanism (low-temperature dispersion characterized by frequency 

independent loss) and to the cluster flipping mechanism (high temperature 

relaxation). Results show tendency of all central-mode contributions 

(relaxational and the THz component) to merge into the TO1 soft mode upon 

heating at TB [27]. 

R. Grigalaitis et al. performed a dielectric spectroscopy of PMN single 

crystal in frequency range of 20 Hz to 3 GHz and wide temperature range [28]. 

Obtained dielectric data allowed deriving distributions of relaxation times 

(Figure 3.2.5). The idea was that relaxation process in PMN is the ensemble of 

independent Debye-like processes. The distribution of relaxation times 

broadens and shifts to the region of longest relaxation times with decrease of 

temperature to 290 K. Below 290 K the distribution becomes asymmetrical 

what indicate that contribution of the polar nanoregions to the total dielectric 

permittivity of PMN increases significantly. Here we can distinguish between 

dynamics of polar nanoregions and surrounding glassy matrix which contribute 

mainly to the shortest edge of the relaxation time distribution function and is 

nearly temperature independent. 
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Figure 3.2.6 Schematic of the three-dimensional diffuse-scattering distribution from 

PZN. Plotted in the three-dimensional reciprocal space around (100), (110), (111), (010) and 

(011) reciprocal lattice points for a, E = 0, and b, E along [111]. In b, the diffuse rods along 

the [110], [101] and [011] directions are enhanced [29]. 

G. Xu et al. performed a X-ray diffraction experiment on 

Pb(Zn1/3Nb2/3)O3 (PZN) single crystal in 0 and 20 kV/cm (along [111]) 

external electric field. The observed differences are shown in (Figure 3.2.6). 

The interesting phenomenon observed is that diffuse scattering from PNRs 

with polarizations perpendicular to the external electric field has been 

enhanced, in contrast to conventional expectations to have local dipole 

moments aligned along the external electric field [29]. Authors suggest that the 

electric field affects the PNRs indirectly, through „poling‟ the lattice 

environment the PNRs live in. In the paraelectric cubic phase above TC, all the 

<110> directions are equivalent so that PNRs will be populated equally among 

all <110> polarizations. In the ferroelectric phase below TC, domains of 

rhombohedral symmetry develop with polarizations along the <111> 

directions. The cubic symmetry is broken in each of these <111> domains, so 

that PNRs with different <110> polarizations are no longer equally favored in 

these environments. However, this preference cannot be observed in the 

macroscopic level without an external electric field because one always can 

observe only the average effect of all ferroelectric domains with different 



34 

 

<111> polarizations. An external field along [111] can help increase the 

volume of the lattice environment (ferroelectric domains) polarized along the 

[111] direction or even induce a single domain state, and introduce a clean 

scheme to understand the configuration of PNRs in a polarized environment. 

The results indicate that the PNRs are favored to grow in polarizations 

perpendicular to that of the surrounding lattice [29]. 

Dielectric measurements of poled sample in 20 kV/cm electric field 

highlighted the following features: 1) The almost non-dispersive permittivity in 

low-temperature range. 2) The dielectric anomaly associated with the diffuse 

ferroelectric phase transition at TC ≈ 375 K is more pronounced. 3) The typical 

relaxor behavior persists in the temperature range above the transition. These 

results indicate that electric field does enhance the ferroelectric order in the 

low-temperature phase. However, this is not achieved by realigning the PNRs 

to be along the field. Instead, macroscopic ferroelectric domains with 

polarizations along [111] develop and are enhanced by the electric field, 

whereas the PNRs persist in these domains [29]. 

The authors conclude that their findings uncover the preference of PNRs 

to have polarizations orthogonal to that of the lattice environment they reside 

in. That may be a key factor preventing them from dissolving into the 

ferroelectric phase. This is an extremely interesting and rare situation where a 

stable short-range (polar) order persists in a long-range ferroelectric order with 

the polarizations of the two orders being perpendicular to each other. This 

situation may be general in all perovskite relaxor systems [29]. 

X. Zhao et al. performed dielectric spectroscopy of PMN single crystals 

of [111], [110] and [100] cuts with constant bias electric field. Upon FC with 

electric field applied along the <111> direction, a sharp dielectric anomaly was 

detected at 222 K under E = 3 kV/cm, indicating a first-order phase transition. 

With the field increased to 5 kV/cm, the dielectric anomaly occurred at a 

higher temperature, 238 K, and became broader. At a still higher field of 7.5 

kV/cm, the dielectric anomaly immersed into the broad dielectric peak around 
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Tm [30]. When the field was applied along the <110> direction, much weaker 

dielectric anomalies were detected at 197 K under 3.0 kV/cm and 222 K under 

5.0 kV/cm. At the field level of 7.5 kV/cm, a dielectric anomaly can be barely 

detected at 232 K. For the [100] crystal platelet, no apparent anomaly was 

observed on the relative permittivity vs. T curves under 3.0, 5.0, or 7.5 kV/cm. 

However, anomalies did appear on the tg(δ) vs T curves at 204 K under 5.0 

kV/cm, and 215 K under 7.5 kV/cm [30]. 

Field-heating tests were conducted under the same field levels. For the 

[111] crystal, an anomaly associated with the ferroelectric to relaxor transition 

upon heating occurred at 230 K under 3.0 kV/cm and 242 K under 5.0 kV/cm, 

and immerses into the dielectric peak under 7.5 kV/cm. For the [110] platelet, 

the transition occurred at 222 K under 3.0 kV/cm, 230 K under 5.0 kV/cm, and 

238 K under 7.5 kV/cm. For the [100] platelet, the phase transition can barely 

be detected from the dielectric loss curve at 218 K under 3.0 kV/cm, but is 

clearly observed at 226 K under 5.0 kV/cm and at 229 K under 7.5 kV/cm [30]. 

 

Figure 3.2.7 The E-T phase diagrams of PMN single crystal [30]. 
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Along with polarization hysteresis measurements, authors derived a U-

shaped phase diagram (Figure 3.2.7). The Curie temperature TC (the upper 

boundary of the U-shaped region) and the lower boundary of the U-shaped 

region are shifted to lower temperatures in the crystal under field directions in 

the sequence of <111>, <110>, and <100>. The electric field along the <111> 

and <100> directions trigger only the relaxor cubic to ferroelectric 

rhombohedral phase transition. Fields along the <110> direction with a 

magnitude around 20 kV/cm trigger a further ferroelectric rhombohedral to 

ferroelectric orthorhombic transition after the initial relaxor cubic to 

ferroelectric rhombohedral transition [30]. Authors suggest that the 

mechanisms of the field-induced transformation to the ferroelectric phase from 

the glassy nonergodic relaxor phase and from the ergodic relaxor phase are 

different. In the former case the motions of the boundaries between polar 

nanoregions are the main origin. In the latter case the flipping of the dipole 

moments of the polar nanoregions are involved. The behavior is explained in 

terms of the two-stage kinetic model of the first-order phase transitions in 

compositionally disordered crystals [30,31]. 

R. Pirc and R. Blinc attempted to describe nonlinear dielectric response in 

framework of Spherical Random Bond Random Field model (SRBRF) [32]. In 

a system with average cubic symmetry the phenomenological relation between 

the applied electric field Eμ (μ = 1, 2, 3) and polarization Pμ can be written, 

assuming small amplitudes, as a power series 
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Here χ1 is the linear susceptibility and χ122, χ111, etc. the third-order 

nonlinear susceptibilities. For a field E||[111] and P1 = P2 = P3 = P equations 

(3.2.1) and (3.2.2) simplify to: 

    ...3
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where χ3 = 2χ122 + χ111 and 

     
4
1

3
0

3
3




a     (3.2.6) 

The same relations formally hold for an isotropic system. 

Experimentally, χ3 can be determined, for example, by measuring the 

third-harmonic non-linear response to an oscillating external field in zero-bias. 

The scaled non-linear response a3 is obtained with an assumption, that one has 

also determined the linear response χ1 in zero bias. If nonzero-bias field E is 

applied, one measures the modified field-dependent linear and third-harmonic 

non-linear responses. 

The expression for the linear susceptibility χ1(E) is this [32]: 

    
 

   PEDqJ

q
E

,11

1

0

1








    (3.2.7) 

Here D = 0, if E = 0 and D has to be taken into account, if E ≠ 0; q – is 

Edwards – Anderson parameter, β = 1/kT. 

In experiments, χ1 is s typically measured at some finite frequency ω. 

Thus a comparison with the predictions of a static theory is not straightforward 

in view of the strong frequency dispersion observed in relaxor ferroelectrics. 

Clearly, the results of a static theory are applicable only in the temperature 

region where frequency dispersion is negligible, namely, at sufficiently high 

temperatures. A dynamic version of the SRBRF model has not yet been 

worked out by the authors. The frequency dispersion also plays a role in the 

temperature dependence of the third-order nonlinear susceptibility χ3. The 

scaled non-linear response a3 is a suitable quantity to be compared with the 



38 

 

static theory. By SRBRF model it is expected to observe divergence of a3 at 

freezing temperature Tf in RFs. The divergence should disappear under bias 

field [32]. 

A. E. Glazounov and A. K. Tagantsev developed a phenomenological 

model of a dynamic nonlinear response of RFs, in order to fill the gap between 

theory and experiment [33]. It aims at describing the frequency dependence of 

the third harmonics of the polarization, in order to expand the temperature 

interval, necessary to study freezing phenomena in RFs, towards freezing 

temperature Tf. The model employs a series expansion of the free energy of the 

material in terms of macroscopic polarization: G1 = αP
2
 + βP

4
 + …,where α 

and β are temperature dependent coefficients. This expansion describes 

macroscopically centrosymmetrical cubic material, which is the case of most 

of the RFs, including the “classical” example PMN. The expansion (and the 

following formulas) is written in the scalar form, which corresponds to the case 

of either a single crystal, where a field and a polarization are directed along the 

<100> crystal axis, or ceramics with a random orientation of the grains. The 

term βP
4
 in this expansion controls the nonlinear dielectric properties of the 

material, and higher order non-linear terms are omitted. This assumption may 

be the case of experiment, where the amplitudes of polarization harmonics, 

satisfy P1 >> P3 >> P5…, which was observed in PMN [34]. 

For the system, where the dynamic response is controlled by a single 

relaxation time, such as “normal” ferroelectrics, the equation of motion 

corresponding to the above expansion can be written as E = αP + βP
3
 + ηdP/dt, 

or in following form: 

     3
0 PEP

dt

dP
S      (3.2.8) 

where relaxation time, τ = η/α, and static linear permittivity, εS = ε0/α. The 

nonlinear component of the polarization can be found by using response 

function, fp(t) = exp(-t/τ)/τ, and iterating the following integral equation: 



39 

 

            


t

pS dttPtEttftP '''' 3
0    (3.2.9) 

This method can also be applied to relaxors, if one takes into account 

their broad spectrum of relaxation times [33]. With a generalized response 

function, the nonlinear component of the polarization can still be found by 

iterating (3.2.9) [33]. 

If an alternating field, E(t) = Emsin(ωt), is applied to the cubic material, 

the induced polarization is given as a sum of odd frequency harmonics. Since 

in the model being considered the nonlinear properties are given by the term 

βP
3
 in  (3.2.8), we limit ourselves to the first and third harmonics:                 

P(t) = P1‟sin(ωt) + P1”cos(ωt) + P3‟sin(3ωt) + P3”cos(3ωt), where the 

amplitudes of their real, P1‟, P3‟, and imaginary, P1”, P3”, parts satisfy the 

inequality: P3‟,P3” << P1‟,P1”. The first iteration of (3.2.9) gives well-known 

expressions for the real and imaginary parts of linear permittivity: 
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which are defined from the amplitudes of the first harmonics as             

P1‟ = εl‟ε0Em and P1” = -εl”ε0Em, respectively. The second iteration yields the 

amplitudes of the third harmonic as: 
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Note that in these equations, β, the permittivity, and the third harmonic 

also depend upon temperature T [33]. 

If the model is correct, the nonlinear coefficient β should be frequency 

independent. However, if the dispersion is present in the experimental results, 

two possible reasons can be indicated: either this is a true dispersion of β itself, 

or the dispersion comes from higher order harmonics (i.e. 4th, 5th, etc.). After 
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performing non-linear polarization measurements on PMN, authors claim, that 

to the larger part, β(T) agreed with the SRBRF model, but it did not exhibit the 

maximum at the freezing temperature, which is predicted by the model [33]. 

Two concepts were consistent with the key feature of RFs. One concept 

described RFs as analogues of dipolar glasses [32], the second claimed that the 

freezing is considered as a transition into a ferroelectric state broken into 

nanodomains due to quenched random fields [26,35]. In order to find out more 

relevant model, J. Dec et al. performed measurements of temperature 

dependence of scaled third order susceptibility χ3 in the vicinity of the static 

freezing temperature, Tf ≈ 220 K [35]. The measurements of PMN single 

crystal were performed in the limit of weak ac fields, instead of exploiting the 

dc nonlinear effect [36], in order to avoid a possibly induced phase transition 

into a long range ordered ferroelectric phase transition [35]. The obtained 

result is shown in Figure 3.2.8. The positive sign of χ3 may confuse into 

thinking, that it indicates the second order phase transition, in which case the χ3 

is positive only below TC. However, authors claim that such behavior 

originates from quasi-static precursor polarization, which in case of RFs are 

PNRs [35]. For explanation reasons an expression of the Gibbs free energy is 

given: 

     642
00

6

1

4

1

2

1
CPBPPTTAGG    (3.2.13) 

where G0 stands for the free energy at P = 0 and A, B, C and T0 are 

constants. In the ferroelectric phase the polarization P yields the spontaneous 

one, PS, as an order parameter. In case of continuous phase transition B > 0 and 

C = 0. Successive differentiations of G in respect of P give a relationship 

between E and P and finally the susceptibilities [35,37]: 
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In a normal ferroelectric PS vanishes at T = TC, hence χ2(T ≥ TC) ≡ 0 and         

χ3 = - ε
3
0 B χ

4
1 < 0 as measured in systems displaying continuous phase 

transitions [38,39]. Below TC, however, where P
2

S = (A/B)(TC - T) and             

χ1 = (2ε0A(TC - T))
-1

 one obtains χ3 = 8ε
3

0 B χ
4

1 > 0 as evidenced experimentally 

[38,39]. Contrastingly, in case of a discontinuous phase transition, where B < 0 

and C > 0, a similar calculation [37] yields χ3 > 0 at all temperatures, in 

particular also above TC, where χ3 = - ε
3

0 B χ
4

1 > 0. Despite the χ3 > 0 in case of 

PMN, it does not undergo neither continuous nor discontinuous phase 

transition accompanied by macroscopic symmetry breaking at Tm. 

 

Figure 3.2.8 Temperature dependences of the real parts of the linear (a), second-order 

(b), and third-order (c) dielectric susceptibilities of a PMN single crystal recorded along the 

[100] direction and the calculated scaled non-linear susceptibility a3 (d) [35] 
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In case of PMN (Figure 3.2.8) the positive sign of χ3 may result from a 

positive term 18ε
4

0B
2
P

2
0χ

5
1 exceeding the negative one, -ε

3
0Bχ

4
1. Note that the 

positive term is sensitive to square of polarization. Hence, it may contribute to 

χ3 since P
2
 does not average out to zero, while P is expected to do so. 

However, χ2 being (sensitive to P) not zero hints at an incomplete averaging 

out to zero of the average polarization of the PNR subsystem. Both χ1 and χ3 do 

not display any anomalies at Tf, also the scaled non-linear susceptibility a3 does 

not exhibit any maximum (a3 = χ3 / (ε
3

0χ
4
1) ) as predicted by the SRBRF model. 

Thus, the obtained result does not support the dipolar glass model for PMN-

type RFs. On the other hand, the pyroelectric response of PMN allowed the 

authors to claim that PMN may be considered as system displaying silent (or 

diluted) ferroelectricity [35]. 

 

Figure 3.2.9 The temperature dependence of the third-order nonlinear susceptibility at 

100 kHz. Inset shows the magnified view near the temperature, where the sign of the real part 

of the non-linear susceptibility changes [40] 

Quite a contrasting result was published by Iwata et al. [40], where is 

shown temperature dependence of the third order nonlinear dielectric 

permittivity of 0.92Pb(Zn1/3Nb2/3)O3-0.08PbTiO3 (PZN-0.08PT) solid solution 

single crystal (Figure 3.2.9). Authors claim, that their obtained result indicates 

the occurrence of the first-order phase transition under zero electric field bias 

in 0.92PZN-0.08PT [40]. 
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The two works discussed above clearly shows the benefits of use of non-

linear dielectric permittivity measurements in fundamental research of RF. 

Overall, throughout the years there were obtained loads of scientific data onto 

physics of RFs and still, time and time again it proves to be interesting and 

curiosity driving family of materials, especially in case of fundamental physics. 

This work provides insight on influence of different dopants to properties of 

PMN. Namely, La and Mn doping, at first glance, give similar effect onto the 

properties of PMN, i.e. decrease of dielectric permittivity value. However, this 

work explains that the mechanism, due to which occurs the reduction of 

dielectric permittivity, is quite different. Furthermore, a phase behavior of solid 

solution of 0.83 relaxor PMN and 0.17 ferroelectric PT is analyzed. 
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EXPERIMENTAL 

Dielectric permittivity measurements in frequency range of 10 Hz – 10 

MHz were performed with an impedance analyzer HP-4284A. The sample is 

placed in a cryostat as a dielectric between two parallel capacitor plates. Then, 

capacity and loss tangent of the system is measured. Complex dielectric 

permittivity of the material under test may be extracted using the following 

relationships: 
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Here Cm and tg(δm) – capacity and loss tangent of the system with the 

sample inside, C0 and tg(δ0) – capacity and loss tangent of the empty system, S 

– area of the sample touching the parallel capacitor plates, d – thickness of the 

sample or the distance between capacitor plates, ε0 – dielectric permittivity of 

free space. 

Dielectric permittivity measurements in frequency range of 1 MHz – 3 

GHz were performed with a vector analyzer Agilent 8714 ET. The sample is 

placed into cryostat formed onto the end of a coaxial waveguide as a capacitive 

load. The reflectance from the end of the coaxial waveguide, which intersects 

with a calibration plane, is measured. Coaxial waveguide or coaxial line is 

broadband, i.e. it has short wavelength (high frequency) limit condition: 

     outin rr       (4.3) 

Here rin – a diameter of an internal conductor of the coaxial line, rout – a 

diameter of an outer conductor of the coaxial line, λ – a wavelength of an 

electromagnetic wave. The reflectance of this system can be expressed as: 
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Here ZB – an impedance of the load, in our case it is capacitive load, Z0 – 

an impedance of the coaxial line (usually it is the same as an impedance of a 
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port of the vector analyzer and it is ≈ 50 Ω). The capacitive load impedance is 

well known: 

    
*

* 1

B

B
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Z
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      (4.5) 

Complex capacitance can be related with a complex dielectric 

permittivity with the following relationship: 
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Then combining relationships (4.4), (4.5) and (4.6) real and imaginary 

parts of complex dielectric permittivity can be expressed: 
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Here R – is the absolute value of the complex reflectance, φ – is the phase 

of the complex reflectance.  

These expressions of the complex dielectric permittivity are valid only 

when a condition of quasi-static electromagnetic field within the sample is 

fulfilled, i.e. the distribution of electromagnetic field within the sample is 

homogeneous. Hence, the geometric size of the sample has to be much smaller 

than the length of wave propagating through it. When the frequency is high, 

the field distribution within the sample is not homogeneous and for disk shaped 

sample can be expressed as in [41]: 

    
'

0


kr
AJE       (4.9) 

Here A – is a constant, which is related with the geometry of the sample, r 

– radius of the disk shaped sample, J0 – a Bessel function of the first kind and 

0th degree, k – is the wavenumber. An assumption can be made, that the radius 

of the sample is ≈ 10 times smaller than the first root of J0, then the field within 

the sample is approximately quasi homogeneous (with 2% error). Then the 

limit for the radius of disk shaped sample can be expressed as: 
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Another matter, which has to be considered for this measurement method, 

is the calibration of the equipment. The physical connections and the lines are 

not ideal and they give distortions to the reflectance response. Hence, three 

loads of known impedance have to be measured in order to obtain the scatter 

matrix parameters. For this reason the reflectance of open ended line (R = 1, φ 

= 0°), shorted end line (R = 1, φ = 180°) and standard load (R = 0) are 

measured. Obtained scatter matrix parameters are used to correct the 

reflectance of the actual sample. 

Dielectric permittivity measurements in frequencies of 35 GHz and 48 

GHz were performed using rectangular waveguides. Thin, needle like sample 

is placed into the special frame, which is shaped as a cross section of the 

waveguide. So the sample stays perpendicular to the wide walls of the 

rectangular waveguide in the center. Hence, the inhomogeneity of matter is 

made in the space, where the electric field of the main mode TE10 is the 

strongest. The electromagnetic wave is generated by a microwave generator. 

The measurement of a complex transmission T* and a reflectance R* are 

performed with the analyzer Elmika R2400. Complex magnitudes T* and R* 

are dependent on width of the waveguide a, frequency of the generator f, 

complex dielectric permittivity of the sample ε* and the radius of the needle 

shaped sample r. The complex dielectric permittivity of the sample ε*(f) can be 

obtained by solving nonlinear complex equation ε* = f(R*) or ε* = f(T, R). The 

sample reflects all the energy of the electromagnetic wave TE01, if the sample 

has no loss and the frequency is: 

    
r

c
f

2
0       (4.11) 

The accuracy of the method decreases with the increase of the loss of the 

sample, especially if f > f0, because the extreme of ε‟ dependence of the 

transmission and the reflectance absolute values (T(ε‟), R(ε‟)) becomes more 

shallow with a limit of horizontal line through wide range of ε‟ values. 
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Non-linear susceptibility measurements were performed using a custom 

made non-linear susceptometer. More details about the susceptometer is given 

in section 4. Sample is placed between the flat capacitor plates. The 

measurements are carried out in frequency range of 100 Hz – 5 kHz. The 

amplitude of sweep signal is between 0 – 10 V. The field strength then depends 

on the thickness of the sample. The non-linear susceptibility is obtained as 

published by Miga et al. [42]. A dielectric material is exposed to the harmonic 

alternating electric field E(t) at the angular frequency ω: 

       tEtE sin0     (4.12) 

Then the polarization P of the sample can be written in general form: 
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Here χ is the scalar susceptibility of the sample. 

In this power series both odd and even terms are presented. Usually this 

series are truncated at the third term (n = 3). Our susceptometer takes into 

account 5 terms, so this leads to the following expression: 
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It can be seen here, that the polarization of the non-linear material follows 

not only the fundamental frequency ω of the driving field, but also contains 

terms of higher harmonics. As a result, the displacement current I, related to 

the polarization, is given by: 
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where D = ε0E + P and S is the surface of the electrode. Based on (4.14), 

(4.15), one obtains the current as: 
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As seen in (4.16) the displacement current contains many harmonic 

terms. Since each term is linearly dependent on susceptibility χi (where i = 1, 2, 

3, 4, 5 in our case) one obtains a system of five equations enabling the 

computation of higher order susceptibilities. After solving this system of 

equations one obtains: 

  1
1

531

00

1 







 III

U

d

S
  

 42

2

00

2 2
1

II
U

d

S












  


















 53

3

00

3 4
3

41
II

U

d

S
  

 4

4

00

4 2
1

I
U

d

S












  

    















 5

5

00

5
5

161
I

U

d

S
    (4.17) 

with E0 = U0/d, where U0 – is the amplitude of the driving voltage and d – 

is the thickness of the sample. Hence, relationships (4.17) enable the 

calculation of the linear and higher order susceptibilities from measurable 

physical quantities, i.e. the amplitude of the driving electric field and the 

amplitudes of the displacement current harmonics. However, above equations 

are written for nondisipative and nonconductive dielectrics. In order to 

generalize the equations for lossy and/or weakly conductive dielectrics, one 

has to replace the existing amplitudes by their complex counterparts thus 

involving a phase shift of the displacement current harmonics relatively to the 
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driving voltage. Consequently, the complex linear and non-linear 

susceptibilities can be calculated. It must be highlighted, that the odd harmonic 

components of the displacement current Ii for an ideal dielectric (zero loss and 

nonconductive) are phase shifted by 90° with the driving field while the even 

components are in phase. If one designates the complex quantities in (4.17) by 

Ψi*, then the components χi‟ and χi” of the linear and nonlinear susceptibilities 

with odd subscripts (in our case i = 1, 3, 5), may be calculated as: 

      ** Re",Im' iiii       (4.18) 

while for even subscripts (in our case i = 2, 4) one should use the 

relations: 

      ** Im",Re' iiii       (4.19) 

Our susceptometer gathers the sample response current as the voltage 

data in time scale. Then, the fast Fourier transformation (FFT) is used in order 

to carry out the harmonic analysis of the measured current. However, this 

spectrum contains additional phase shift, which originates from the equipment. 

In order to remove this equipment caused phase shift, we perform a phase shift 

calibration. For this reason we use Solartron 12961 reference capacitance 

module, that contains a set of four (9.31 pF, 102 pF, 0.999 nF, 10.04 nF) nearly 

ideal capacitors (linear, no loss), that allows calibrating the whole possible to 

measure capacitance range. If the calibration capacitor C is driven by the 

harmonic signal U* = Ue
jωt

, it gives the current: 
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here Δφ – is the phase shift caused by the equipment. If there was no 

phase shift caused by the equipment, then the ideal current would be: 
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knowing this, it is possible to calculate the calibration coefficient: 
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If a sample is measured, a current response is obtained, which can be 

expressed as: 
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here φb – is the phase shift caused by the sample, Cb – is the capacitance 

of the sample. However, we can see, that Δφ remains here and spoils the 

response of the sample. In order to obtain a correct data, we perform a 

correction with use of the calibration coefficient K*: 
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We can see that Δφ disappears from the response after the calibration 

correction. The calibration coefficients are calculated and stored for each 

harmonic before the beginning of the measurement procedure. 

Temperature measurements in all experiments were performed using 

multimeter Keithley Integra 2700. Platinum thermo resistor PT100 was used as 

a temperature sensor for the dielectric spectroscopy in 10 Hz – 1 MHz 

frequency range and the non-linear susceptibility measurements. Thermo 

couple of T-type was used for the dielectric spectroscopy with the coaxial line 

and rectangular waveguides. Wire heater was used for an electrical heating of 

the cryostats and for the cooling reasons a liquid nitrogen purge was used for 

all experiments. 

Silver paste contacts were used in all experiments. The parallel faces of a 

sample are polished. After polishing, the sample is washed in acetone and in 

isopropanol, in an ultrasonic bath. Once the sample is dried, the silver paste is 

applied onto the one face of the sample. After 10 minutes of drying the silver 

paste is applied onto the other face. After > 30 minutes of drying, the sample is 

put into a furnace and heated up to 600°C. The heating rate from room 

temperature is set to 4 K/min. The sample is kept in the top temperature for ≥ 2 

hours. The furnace is then turned off to cool down to a room temperature.  
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NON-LINEAR DIELECTRIC SUSCEPTOMETER 

Linear dielectric spectroscopy or dielectric susceptibility measurements 

are performed using a small alternating voltage (or electric field) signal. The 

relationship between a polarization P and an external electric field E, is well 

known: 

     EP 10     (5.1) 

where ε0 – electric permittivity of space and χ1 – the linear electric 

susceptibility of a dielectric material. 

Such relationship is valid, if a condition of a small external electric field 

applies. In experiments, where a large electric field is introduced, the P(E) 

relationship is no longer linear and higher order susceptibilities have to be 

taken into account: 

    ...3
3

2
210  EEEP     (5.2) 

here χi – are the non-linear susceptibilities (where i – positive integers). 

These non-linear components show the non-linear contribution to the 

polarization [43]. The measurements of the non-linear dielectric susceptibility 

of polar dielectrics give useful information on phase transitions [44]. Namely, 

it is possible to unambiguously recognize the type of the phase transition. 

Ferroelectric systems, which display a continuous or the second order phase 

transition, have the negative third order susceptibility (χ3) in paraelectric state 

and, with decrease of temperature χ3 changes the sign to positive at the 

temperature of the phase transition. In case of a discontinuous phase transition 

or the first order transition the sign of χ3 is positive and remains unchanged 

throughout the vicinity of the temperature of the phase transition. So is 

explained by the theory of Landau-Ginzburg-Devonshire [45,46] and was 

proved by measurements of Triglycine Sulfate (the second order phase 

transition) and Barium Titanate (the first order phase transition) [47]. As well, 

it proves to be a useful tool to investigate essential differences between RFs 

and dipolar glasses [32,48,49]. A good example are works on PMN [35,50], 
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that helped to derive a more general model than SRBRF model [32] for 

behavior of RFs [51]. This model, the Compressible Spherical Dipolar Glass, 

takes into account the electrical polarization and the fluctuations of the strain 

tensor. 

There are few methods developed, which allow performing the 

measurements of the non-linear susceptibility [37,42,52,53], but none of them 

are available commercially. Here are shortly discussed the three most common 

ones. The first type, has a small voltage bias applied on the sample and 

additional small alternating signal swept through the frequency range. Then, 

the bias is increased and frequencies swept again. The nonlinear response is 

derived from the large amount of obtained data. The drawback of such method 

is that the long periods of time the sample is placed in the external electric field 

may induce a phase transition. The second type is combined with the use of 

lock-in amplifier. The sample is measured with zero biased small alternating 

signal, which is large enough to observe the nonlinear response, but much 

smaller than the coercive field of the material. The drawback of such method is 

that the measurement can be obtained only in one fixed frequency. The third 

type uses the similar zero biased alternating signal generated by the high 

quality harmonic signal generator. Although, low noise current amplifier is 

used instead of lock-in amplifier. It gives the ability to perform the 

measurements in broader frequency range. However, the drawback of such 

method is that the whole system needs a single synchronization source, which 

synchronizes the generation of the voltage signal and data acquisition. 

Furthermore, with increase of frequency phase distortions occur due to RC 

filters used in the amplifier. 
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Figure 5.1 Block diagram of non-linear susceptibility measuring system 

The concept of our susceptometer is based on the equipment presented by 

S. Miga, et al. [42] (the third type). Our system consists of (Figure 5.1): Data 

Translations DT9834 Data Acquisition Module, Stanford Research Systems 

SR570 Low Noise Current Preamplifier with controllable sensitivity, 

Computer, Sample Cell. DT9834 module is used to generate a zero biased 

alternating voltage signal with amplitude, which allows observing the 

nonlinear response of the sample under test, but it is rather small in comparison 

with a coercive field of the material of the sample. The signal drives the 

sample within the sample cell. The current of the sample response is converted 

to a voltage by SR570 current preamplifier. The Analog In channel of DT9834 

module is used to gather the measurement data. As well, a separate Analog In 

channel is used to gather the data of the reference signal, which drives the load 

(sample inside the cell/cryostat). Computer is used to control a sensitivity of 

SR570 and to perform calculations with the data gathered by DT9834. 

The DT9834 does not perform any data analysis. All calculations and 

data analysis are performed in the computer. The measurement signal is 

generated in burst of several periods, which begins and ends at the same phase. 

Such time data allows performing fast Fourier transformation without need to 

use of window functions. After the transformation an array of spectrum 



54 

 

amplitudes is obtained. The number of element of the array, which contains the 

amplitude of the harmonic, is found by the following relation: 

     
S

n
f

Lf
nh


        (5.3) 

Here n – is the number of harmonic, hn – is the number of the array 

element of the spectrum, f – is the main harmonic frequency, L – is the total 

length of spectrum array, fS – is the sampling frequency. 

The equipment allows performing measurements of samples with 

capacitances in a range of 10 pF up to 10 nF. The estimated frequency range of 

an excitation signal is 8 Hz – 10 kHz. The maximum amplitude of the 

alternating signal is ±10 V. As the sample is put in a separate cryostat, it is 

possible to perform measurements in a wide temperature range 100 K – 500 K. 

It is possible to achieve the Signal to Noise Ratio (SNR) of 100 dB (10
5
). The 

specifications and Capabilities of the non-linear susceptometer are summarized 

in Table 5.1. 

Table 5.1 Specifications and capabilities of the non-linear susceptometer 

Specifications 

500 kHz sampling rate 

16 bit DAC/ADC 

30 kHz LP RC filter to minimize the quantization noise of generated signal 

Variable amplification range 

Capabilities 

Capacitance range of the sample 10 pF – 10 nF 

Maximum amplitude of the generated voltage signal ± 10 V 

Wide temperature range (depends on the cryostat used) 

Signal to noise ratio up to 100 dB (10
5
) 

Estimated frequency range or the 1st harmonic 8 Hz – 10 kHz 
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Figure 5.2 Frequency response of a low-pass RC filter. 

The displacement current of the sample response is complex and contains 

a phase shift in respect of the reference signal. This data is used to calculate 

complex linear and non-linear susceptibilities, as explained in [42] and in part 

3. Here, couple of things should be considered: 1) DT9834 Analog In channels 

do not gather data exactly simultaneously, which is unavoidable, because the 

device uses semiconductor processor, which does not support real time parallel 

operations, thus there is an intrinsic delay between any two operations and that 

results in a phase shift between the measurement signal and the reference 

signal gathered in separate Analog In channels; 2) SR570 has limited 

amplification band, i.e. the phase of the amplifier response is flat up to the 

certain frequency. Furthermore, with an increase of frequency the phase shift 

increases. The amplification frequency band is limited by RC circuit. The 

typical frequency response of it is shown in Figure 5.2. As well, the amplifier 

has different sensitivities with different threshold frequencies. Figure 5.3 

shows a temperature dependence of the third order non-linear susceptibility 

χ‟3(T) of a sample under test (the sample material is not specified, because here 

it is not of the primary importance). Data in dots show results after corrections 

of phase distortions caused by the equipment and lines show the not corrected 

data. A better picture of the influence of phase distortions to the data of χ‟3(T) 

is in Figure 5.4. It shows, that data of the highest frequency has the highest 
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relative error, which is consistent with the Figure 5.2, i. e. the equipment 

caused phase shift has more influence to higher frequencies. The jump of 

relative error in the vicinity of 400 K temperature is related with the switch of 

the sensitivity of the current preamplifier, as it has discrete sensitivities, which 

are switched based on the signal level. 
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Figure 5.3 Temperature dependence of the third order non-linear susceptibility of 

sample under test. Dots show data of phase shift calibrated measurement, lines show data of 

measurement without phase shift calibration. Legend shows the frequency of the main 

harmonic 
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Figure 5.4 Relative error caused by phase distortions to the data of temperature 

dependence of the third order non-linear susceptibility (Figure 3.2.3). Legend shows the 

frequency of the main harmonic 
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The error to data caused by the phase distortions is clear. In order to 

acquire correct data at higher frequencies it is imperative to take into account 

the phase shift caused by the equipment. For this reason phase shift calibration 

is a must. The phase distortions of the system are evaluated by measuring 

calibration capacitors. We use Solartron 12961 dielectric reference module, 

which contains four precise linear capacitors of 9.31 pF, 102 pF, 0.999 nF, 

10.04 nF capacitances. As well, the calibration signal is of specific shape, it is 

described by the following: 

        


5

1

2cos
1

i
iift

i
fS     (3.2.4) 

It consists of five harmonics, each harmonic has an amplitude lowered by 

a number of the harmonic in respect of the first harmonic. This is because the 

derivative of such signal would have equal amplitudes at every harmonic. And 

indeed, if we drive the calibration load, which is capacitive, with our voltage 

calibration signal, the resultant current will have the shape of a derivative of 

the original voltage signal. Furthermore, the initial phase of each harmonic is 

chosen such, that the peak/rms ratios of the signal and its derivative would be 

minimum. This helps to have more efficiently used dynamic range of the 

signal, i.e. there are less of sharp peaks in short timespans of the signal and the 

signal is more evenly distributed around the bias. The comparison between the 

signal, which have zero initial phases of each harmonic, and our specific signal 

is shown in Figure 5.5 and Figure 5.6. The phase of each harmonic of the 

calibration signal: φ1 ≈ 0.412, φ2 ≈ 3.443, φ3 ≈ 2.859, φ4 ≈ 3.602, φ5 ≈ 2.922. 

Figure 5.7 shows that in practice the voltage and current signals are of the 

same shape as shown in Figure 5.6. 
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Figure 5.5 Shape of signal of sum of five harmonics and its derivative, where phases of 

each harmonic are equal 

 

Figure 5.6 Shape of signal of sum of five harmonics and its derivative, where phases 

chosen to minimize Peak/RMS ratio of signal and its derivative. The phase of each harmonic: 

φ1 ≈ 0.412, φ2 ≈ 3.443, φ3 ≈ 2.859, φ4 ≈ 3.602, φ5 ≈ 2.922 

It is important to notice that the amplitudes of higher harmonics of the 

non-linear response of the sample are quite low and sensitive to noise (Figure 

5.8). The noise level of the system is rather low, but additionally, to obtain 

even better SNR the sample response averaging algorithm is implemented. 

Thanks to it, we are able to obtain SNR up to 100 dB. Furthermore, it is worth 

to mention, that our excitation signal, as any digitally created signal, tends to 

have a quantization noise, which distorts the amplitude of the signal. Although, 
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our voltage signal is rather linear (DT9834 uses 16 bit DACs and 500 kHz 

sampling frequency), but the small quantized steps in voltage signal, may give 

rather large peaks in a current response, if a capacitive load is driven. In order 

to prevent this uncontrollable phenomenon we use 1st order analog RC low 

pass filter, which has threshold frequency of 30 kHz, which has a sufficient 

attenuation of -20 dB per frequency decade to prevent effects of quantization 

noise of 500 kHz sampling frequency. Moreover, to reduce the quantization 

distortions of the generated signal we have implemented a dithering. The 

features mentioned here makes our system capable to measure a non-linear 

susceptibility of polar dielectrics. 

 

Figure 5.7 Measurement of calibration capacitor of 9.31 pF. The main harmonic frequency is 

1 kHz. The higher graph shows spectrum of absolute amplitudes. The sticks are only a guide 

for eyes to find the five harmonics. The amplitude of each harmonic is the green circle. The 

lower graph shows the voltage signal (green, Ch1) and signal proportional to the current 

flowing in the circuit (blue, Ch0) in time plot. The graphs are taken from the actual program 

of the non-linear susceptometer 
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Figure 5.8 Response of a sample under test measured with the non-linear susceptometer. The 

generated voltage signal frequency is 1 kHz, amplitude 3 V. The higher graph is spectrum of 

absolute amplitudes. The sticks are only a guide for eyes to find the five harmonics, the 

amplitude of each harmonic is the green circle. The lower graph shows the signal 

proportional to the current flowing in the circuit. The generated voltage signal of 1 kHz is 

omitted here. The graphs are taken from the actual program of the non-linear susceptometer 

The performance of the susceptometer is exhibited by an experiment 

performed on 0.4NaBi0.5Ti0.5O3 – 0.45SrTiO3 – 0.15PbTiO3 (0.4NBT-0.45ST-

0.15PT) ceramic sample with silver paste contacts. The sample was heated up 

to a temperature of 460 K. The measurement of a non-linear susceptibility was 

performed on the cooling cycle down to 320 K. The frequencies of the 

generated signal were 80 Hz, 317 Hz, 1262 Hz and 5000 Hz. The amplitude of 

an alternating electric field was 160 V/cm. The sample was not additionally 

polarized in a constant electric field prior to the measurement. 
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Figure 5.9 Temperature dependence of 1st order complex susceptibility of 0.4NBT-0.45ST-

0.15PT ceramic 

 

Figure 5.10 Temperature dependence of real part of 3rd order complex susceptibility of 

0.4NBT-0.45ST-0.15PT ceramic 

The results of the measurement are as follows. A temperature dependence 

of the 1st order complex susceptibility (χ‟1(T)) is shown in Figure 5.9, where a 

specific behavior of the compound is revealed. In the temperature range above 

360 K it behaves as a relaxor ferroelectric. Namely, the maximum of a real part 

of the complex susceptibility shifts towards the higher temperatures with 

increase of a frequency. In the vicinity of 350 K there is a susceptibility drop, 

which can be related to a discontinuous phase transition. Figure 5.10 shows a 

temperature dependence of the real part of 3rd order of complex susceptibility 
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(χ‟3(T)), which has a positive sign. That is a good indication of occurrence of 

the first order phase transition. Similar measurements were published by 

Svirskas et al. [49], only the measurements of the non-linear susceptibility 

presented there are made up to frequency of 1 kHz. Here we have shown, that 

our susceptometer is capable of measuring the non-linear dielectric response in 

frequencies higher than 1 kHz (5 kHz 1st harmonic in this particular case, 

which makes frequency of 15 kHz of the 3rd harmonic), primarily due to the 

additional calibration step, where frequency response of the system is 

evaluated. 

Another example of the performance of our susceptometer was made by 

measuring PMN single crystal. The temperature behavior of χ‟1(T), χ‟3(T) and 

a3(T) are shown in Figure 5.11. χ‟1(T) shows a typical behavior of PMN. Here, 

χ‟3(T) may look as showing the first order phase transition, but it is well 

known, there are no structural phase transitions observed in the vicinity of the 

dielectric anomaly in PMN. Hence, χ‟3(T) shows a typical behavior of RFs, 

being positive in the vicinity of Tm. The obtained result is similar as published 

by Dec et al. [35]. As the authors wrote, so in our result, indeed, it cannot be 

spotted any anomalies in a3(T) in the vicinity of Tf ≈ 220 K, as it was predicted 

by SRBRF glassy model of RFs [32,54,55]. However, it should be remarked, 

that the scaled non-linear susceptibility a3(T) can be considered as a static 

quantity [33] as it shows no sizable frequency dispersion [35]. The behavior of 

a3(T) on pure PMN is consistent with Glazounov-Tagantsev phenomenological 

model of dynamic non-linear response of RFs [33] and corresponds to typical 

RF behavior, that shows a single minimum of a3(T) close to Tm and steep 

increase for all the frequencies with cooling. 
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Figure 5.11 Temperature dependence of 1st order, 3rd order and scaled susceptibilities 

of PMN crystal 
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These two experimental examples confirm that we have constructed a 

powerful characterization setup. It allows characterizing the linear and non-

linear macroscopic response of polar dielectrics simultaneously. High fields are 

not necessary, as in other non-linear experiments (e.g. determination of non-

linearity from induced polarization). Furthermore, it is possible to obtain linear 

and non-linear response of material by a single experiment in wide temperature 

range. This opens a different perspective of analyzing polar dielectrics and 

characterizing phase transitions. Notably, such equipment is not available 

commercially and it exceeds other non-linear susceptometers constructed so far 

with expanded frequency range. 

5.1.1 Summary 

A powerful characterization setup was constructed. It allows measuring 

the linear and non-linear macroscopic response of polar dielectrics 

simultaneously, without requirement of high electric fields. Furthermore, it was 

shown that a phase shift calibration of the non-linear susceptometer allows 

expanding the frequency range of the measurement to the higher frequencies. 

The averaging algorithm helps to improve SNR. Combined with the phase shift 

calibration and proper filtering of the frequencies above the Nyquist limit, 

these improvements may allow measurements with fundamental frequency as 

high as 1/10 of the sampling frequency. 
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EXPERIMENTAL RESULTS 

6.1 NON-LINEAR DIELECTRIC SUSCEPTIBILITY MEASUREMENTS 

OF (1-x)PbMg1/3Nb2/3O3-xPbTiO3 BASED MATERIALS 

A strong piezoelectricity is found in solid solutions that show 

morphotropic phase boundary (MPB). The MPB is the boundary in a 

composition-temperature diagram, where the crystal structure changes abruptly 

[56]. One example of such interesting solid solutions is (1-x)PbMg1/3Nb2/3O3-

xPbTiO3 (PMN-xPT). One compound, i.e. PMN, is a RF and PT is a normal 

ferroelectric. The PMN has a B-site charge disorder in a perovskite lattice, 

which creates random fields and supposed to promote the RF behavior, while 

the increase of PT supposed to decrease the strength of random fields. This is 

because the titanium ion has valence of 4+ and it is compatible in the A
2+

B
4+

O3 

perovskite lattice [31,57]. As well, PT has high TC and combined with PMN 

shifts Tm to higher temperatures. The structural features near MPB of (1-

x)PMN-xPT rise many discussions. At first, it was considered that the MPB 

distinguishes rhombohedral and tetragonal phases and that the material 

undergoes two consequent phase transitions: from cubic to tetragonal and from 

tetragonal to rhombohedral phase [58]. Later on, it was established that there is 

an intermediate monoclinic phase around the MPB [57]. According to what is 

written above, two interesting things can be pointed out. Firstly, it is known 

that from the certain value of PT concentration a spontaneous ferroelectric to 

RF phase transition should occur in the system. Hence, it is interesting to 

determine this concentration. Secondly, the mechanism of crossover from RF 

to ferroelectric is not determined so far. 

Earlier investigations of the 0.83PMN-0.17PT single crystal (the middle 

composition between the PMN and MPB of PMN-xPT) showed that the mean 

relaxation time obtained by the broadband dielectric spectroscopy [59] 

undergoes a critical slowing down. This resembles an order-disorder phase 

transition. The critical slowing down of a central peak was also observed by 

the inelastic light scattering experiments [60,61]. It is worth noting that 
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inelastic light scattering experiments favor the existence of a phase transition 

in some lower content compositions [61–63]. 

It is obvious that the (1-x)PMN-xPT solid solution raises many scientific 

discussions and proves to be a fundamentally interesting solid solution. In 

order to increase the amount of knowledge about the compound non-linear 

dielectric susceptibility measurements were performed on the 0.83PMN-

0.17PT single crystal. It was written above (section 4.1) about the capabilities 

of this powerful research technique for polar dielectrics. 

The 0.83PMN-0.17PT sample was received from prof. S. Kojima from 

Graduate School of Pure and Applied Sciences, University of Tsukuba, Japan. 

The single crystal was grown by the modified Bridgman technique [64]. Raw 

powders of PbO, MgO, Nb2O5 and TiO2 with purity of more than 99.99% were 

used. The powders were mixed and a single crystal grown in a sealed platinum 

crucible to prevent the evaporation of PbO at high temperatures. The PMN 

seed crystal was used. The highest temperature was 1380°C and the 

temperature gradient was about 40-100°C/cm at a solid-liquid interface. The 

furnace temperature was controlled using a proportional integral differential 

(PID) controller. After soaking ≈ 10 h, the crucible was dropped at the rate of 

0.1 to 1 mm/h. At the end of the process, the furnace temperature was cooled at 

the rate of 25°C/h to a room temperature. 
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Figure 6.1.1 Temperature dependence of the first order susceptibility χ‟1(T) and the 

third order susceptibility χ‟3(T), as well as, scaled non-linear susceptibility a3(T) of ZFC 

PMN-0.17PT single crystal 
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Figure 6.1.2 Temperature dependence of the first order susceptibility χ‟1(T) and the 

third order susceptibility χ‟3(T), as well as, scaled non-linear susceptibility a3(T) of ZFH 

PMN-0.17PT single crystal 
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Figure 6.1.3 Temperature dependence of the first order susceptibility χ‟1(T) and the 

third order susceptibility χ‟3(T), as well as, scaled non-linear susceptibility a3(T) of ZFH 

poled PMN-0.17PT single crystal 
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Figure 6.1.4 Temperature dependence of complex dielectric permittivity at different 

frequencies of a PMN-17PT single crystal [59]. 

Temperature dependences of the linear (χ‟1(T)) and the third order non-

linear (χ‟3(T)), as well as, the scaled (a3(T)) susceptibilities are shown in Figure 

6.1.1. The linear part have a shape similar to any RFs, except in the frequency 

range presented the shift of peak towards the higher temperatures with increase 

of frequency is not pronounced. However, the shift is clearly seen in higher 

frequencies as published in [59] (Figure 6.1.4). If compared to pure PMN, the 

PMN-0.17PT has the temperature of maximum of dielectric susceptibility Tm ≈ 

360 K, which is ≈ 100 K higher than in pure PMN (Figure 5.11). The Tm of 

PMN-0.17PT is increased, because of high phase transition temperature of 

ferroelectric PT addition, which is TC = 763 K [65]. The nonlinear part of the 

dielectric susceptibility – χ‟3(T) is positive in the temperature range. Such 

behavior of χ‟3(T) hardly shows a phase transition. The response of χ‟3(T) and 

a3(T) is quite similar to the pure PMN [35] (Figure 3.2.8), hence PMN-0.17PT 

shows a RF behavior. The behavior of a3(T) is consistent with Glazounov-

Tagantsev phenomenological model of dynamic non-linear response of RFs 

[33]. The obtained result shows quite a contrast to PZN-0.08PT [40], which 

has a change of sign in χ‟3(T), indicating occurrence of the 1st order phase 

transition. This structural phase transition was clarified by the powder neutron 

diffraction experiments [66]. 
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Figure 6.1.5 Temperature dependence of third order susceptibility of PMN-0.17PT 

single crystal measured in three different regimes 

Non-linear susceptibility measurements on PMN-0.17PT were performed 

in a zero field cooling (ZFC) and a zero field heating (ZFH) regimes for both 

poled and unpoled sample. Obtained results of ZFH runs are shown in Figure 

6.1.2 and Figure 6.1.3 of poled sample. The ZFC and ZFH curves are 

compared in Figure 6.1.5. It can be seen, that χ‟3(T) of an unpoled sample 

shows a temperature hysteresis. The hysteresis can be observed in the linear 

susceptibility, too. The interesting fact is that the increase of χ‟3 is much 

sharper during the ZFH compared to the ZFC experiment. This might be the 

hint of a slow spontaneous ordering and growth of PNRs to macroscopic 

ferroelectric domains in 300 – 340 K temperature region. As well, the critical 

slowing down was reported to be observable by the broadband dielectric 

spectroscopy in this temperature region [59]. ZFH curve of the poled sample 

shows a sharp peak at around 330 K temperature. This peak clearly indicates 

the 1st order phase transition. Above the phase transition temperature a χ‟3(T) 

shows a behavior similar to RFs (positive broad peak). Finally, in higher 

temperatures the curve converges with the ZFH curve of the unpoled sample. 
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The occurrence of the phase transition to a ferroelectric phase on cooling is 

confirmed by hysteresis loops measurements. 

In closer observation of χ‟1(T) of ZFH measurement of PMN-0.17PT a 

hump can be observed in vicinity of T ≈ 330 K. This hump manifests as a sharp 

peak in χ‟3(T) in the poled sample. This means, that the phase transition occurs 

not only in poled sample, but in unpoled sample, too. In other words, external 

electric field is not necessary for occurrence of the phase transition in PMN-

0.17PT single crystal. Poling of the sample only produces an alignment of 

domains within the sample and promotes higher jump in χ‟3(T ≈ 330 K). 

However, the hump is not observed in the ZFC run. It is quite clear, that PMN-

0.17PT is in RF state in T > 330 K. Maybe, in the ZFC run, PNRs are oriented 

quite chaotically in vicinity of T ≈ 330 K. This gives a RF like response of 

χ‟1(T) and χ‟3(T). However, in lower temperature, motions of PNRs are 

slowing down and they tend to correlate their alignment to the polarization 

direction of domains, similarly as explained by G. Xu et al. [29] (section 3.2, p. 

30). Indirect evidence of this is the dependence of a sharpness of the hump on 

polarization of the sample. Then, upon heating, past the phase transition 

temperature, ferroelectric domains vanishes and only partly correlated motions 

of PNRs remains, that contribute to χ‟1(T, f) (RF like broad maximum is 

observed). 

Another solid solutions measured were PMN-0.1PT ceramics doped with 

0.5% and 1% Mn (PMN-0.1PT:0.005Mn, PMN-0.1PT:0.01Mn). The samples 

were made by R. Katiliūtė supervised by prof. B. Maliĉ in Joţef Stefan 

Institute, Ljublijana, Slovenia. The ceramics were prepared by mechano-

synthesis method [67–70]. Chemicals used were: PbO (99.9%), MgO 

(99.24%), Nb2O5 (99.9%), TiO2 (99.8%), MnO2 (99.01%). Firstly, MgO was 

milled in a planetary mill for 3 hours at 600 rpm rate. Yttrium stabilized 

Zirconium (YSZ) balls of 3 mm size were used. Milling process was 

performed in an isopropanol. Powders were dried in 358 K temperature after 

the milling. Then, all the powders were mixed together and homogenized in the 
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planetary mill for 2 hours at 200 rpm rate. This was performed in an 

isopropanol together with 10 mm sized YSZ balls. The homogenized powder 

was dried in 358 K temperature. After that, the main procedure of the 

mechano-synthesis took part. The homogenized powder was milled for 72 

hours at 300 rpm rate in the planetary mill, in an isopropanol, together with 

Wolfram-Carbide (WC) balls of 20 mm diameter. At the very end, the milling 

rate was increased to 800 rpm and YSZ balls of 3 mm diameter were used. 

Again, the milling took part in an isopropanol. Then, the resultant powder was 

dried. Further on, the powder was pressed with a single-axis press under 50 

MPa of pressure. After that, an isostatic pressure of 300 MPa was used. Lastly, 

the pressed powder was heated in a furnace. The temperature of 1473 K was 

reached, with a heating rate of 2 K/min. The cooling to room temperature took 

part in the same rate after keeping the ceramic sample in temperature of 1473 

K for 2 hours. 

Mn doping of ferroelectric materials supposed to pin down the domains, 

which could be polarized with a strong external electric field, below the 

temperature of the phase transition. This happens due to the acceptor behavior 

of Mn
2+

, generating oxygen vacancies for a charge compensation and resulting 

in defect dipole pairs that pin the domains [71–73]. Pinning of PNRs of RF is 

probable, as well. 
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Figure 6.1.6 Room temperature X-band CW EPR spectrum of (a) PMN-0.1PT:0.005Mn (b) 

PMN-0.1PT:0.01 
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An EPR measurement on Mn-doped PMN-0.1PT (results unpublished) 

was supplied by a colleague M. Šimėnas. According literature, for Mn
2+

 ions 

one expects g > 2, while for Mn
4+

 the g-factor is slightly smaller than 2 [74]. 

EPR spectra of PMN-0.1PT:0.005Mn and PMN-0.1PT:0.01 (Figure 6.1.6) 

consist of broad line at the electron g-factor g = 1.999(1) with poorly resolved 

hyperfine splittings of about 240 MHz. Thus, it is difficult to unambiguously 

determine the charge of the Mn ions from the current experimental data. 

Hence, results hint about appearance of Mn
4+

 and Mn
2+

 in Mn-doped PMN-

0.1PT. 

According to the defect chemistry of the perovskite structure, the 

introduction of charged impurities can change the concentration of oxygen or 

lead vacancies. Doping ions prefer to substitute the ions with equal valence and 

similar radii according to crystal chemistry principle. The radius of Mn
2+

 is 

close to that of Mg
2+

, Nb
5+

 or Ti
4+

 [73]. So Mn
2+

 can be incorporated onto B 

sites, and oxygen vacancies are created for the charge compensation, resulting 

in defect dipole pairs [73].  

The comparison of χ‟1(T), χ‟3(T) and a3(T) of PMN-0.1PT, PMN-

0.1PT:0.005Mn, PMN-0.1PT:0.01Mn is shown in Figure 6.1.10, Figure 6.1.11 

and Figure 6.1.12, accordingly. PMN-0.1PT shows a strong RFs behavior with 

a clear shift of maximum towards the higher temperatures with the increase of 

a frequency, in χ1(T) plot (Figure 6.1.10). It is more difficult to spot the shift of 

the maximum of Mn-doped samples (Figure 6.1.11, Figure 6.1.12) or there is 

no shift of the maximum in the frequency range observed. However, the shift 

of the maximum is clearly visible in higher frequencies [67] (Figure 6.1.7). On 

the other hand, a clear decrease of maximum value of χ‟1(T) with the increase 

of Mn dopant concentration can be observed. As well, the maximum of χ‟1(T) 

shifts towards the higher temperatures with the increase of Mn dopant 

concentration (Figure 6.1.7). The behavior similar to that of the pure PMN 

single crystal [35] can be observed in χ‟3(T) of PMN-0.1PT, i.e. χ3(T) shows 
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positive values in the temperature range observed with the frequency 

dispersion. 

 

Figure 6.1.7 Broadband frequency dependence of dielectric permittivity of PMN-0.1PT (top), 

PMN-0.1PT:0.005Mn (middle) and PMN-0.1PT:0.01Mn (bottom) ceramics, showing a shift 

of maximum towards the higher temperatures with increase of frequency. 

PMN-0.1PT:0.005Mn and PMN-0.1PT:0.01Mn shows a significant 

decrease of maximum of χ3(T). Before discussing the temperature behavior of 

the scaled non-linear susceptibility a3(T), it should be remarked, that a3(T) can 

be considered as a static quantity [33] as it shows no sizable frequency 

dispersion [35]. The behavior of a3(T) of PMN-0.1PT:xMn can be compared 

with the one published by Dec et al. [35] on the pure PMN, which corresponds 

to a typical RF behavior, i.e. a3(T) shows small values in T > Tm and it shows a 

rapid increase in T < Tm. Such behavior is consistent with Glazounov-

Tagantsev phenomenological model of dynamic non-linear response of RFs 

[33]. However, in this case, it can be clearly observed, that the angle of the 

a3(T) curve in temperatures T < 300 K becomes more shallow with increase of 

Mn dopant concentration. Such behavior of a3(T) can be explained so, that the 

decrease of maximum of χ1(T) is relatively much smaller, than the decrease of 
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maximum of χ3(T), i.e. the decrease of χ1(T) maximum in PMN-

0.1PT:0.005Mn is ≈ 52%, if compared to the undoped PMN-0.1PT. The 

decrease of χ3(T) maximum in PMN-0.1PT:0.01Mn ≈ 97%, if compared to the 

undoped PMN-0.1PT. The reason, why there is such a significant decrease in 

non-linear component of PMN-0.1PT:xMn with increase of Mn dopant 

concentration is the most interesting. It is believed that higher order 

susceptibilities are more sensitive to dipolar order than the linear one [75,76]. 

Having this in mind, it seems that PMN-0.1PT doping with Mn indeed pins 

down PNRs, which are responsible for a huge susceptibility value of RFs. 
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Figure 6.1.8 Curie-Weiss law (6.1.3) approximation above TC on temperature dependence of 

inverse dielectric permittivity of PMN-0.1PT:0.01Mn ceramic 

In order to find an explanation for the Mn impact on PMN-0.1PT 

behavior a temperature dependence of Edwards – Anderson parameter q(T) 

was calculated. This parameter describes the tendency of nearby dipoles (in 

dielectric material) to have the similar orientation. 

It is known that χ1(T) is related with q(T) with the following relation [32], 

in zero bias field: 

     
  
  TqTT

TqC
T

C 




1

1
1    (6.1.1) 

Here TC – is Curie temperature, C – is a constant. Given relationship 

allows deriving of expression of q(T): 
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In order to find out the values of TC and C, Curie-Weiss (CW) law (6.1.3)  

[77] approximations were applied on all three compositions of PMN-

0.1PT:xMn. Figure 6.1.8 shows the CW (6.1.3) approximation made on a 

temperature dependence of the inverse dielectric permittivity of PMN-

0.1PT:0.01Mn ceramic. 
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This relationship is valid in temperatures above TC. For approximation reasons, 

the inverse of the law was used, which allows linear approximation and easy 

expressions of C and TC: 
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Here k – is a slope coefficient and b – is an intercept of the linear function. The 

values of TC and C are shown in Table 6.1.1. Equation  (6.1.5) represents the 

physical meaning of the parameter q. 
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Table 6.1.1 CW approximation above TC parameters of PMN-0.1PT:xMn 

 PMN-0.1PT PMN-0.1PT:0.005Mn PMN0.1-PT:0.01Mn 

TC /K 337 ± 1 327 ± 1 341 ± 1 

C/10
3
K 415 ± 10 525 ± 10 318 ± 10 

 

The expression (6.1.5) says, that q of axis μ (where μ – is the axis in x, y, 

z three dimensional space) is equal to the average of a mean square of a 

dimensionless dipolar orientation S along the axis μ. N – is the number of 

PNRs. If all dipoles within the single dynamic PNR are oriented the same 
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direction (maximum correlation of the orientation) then q = 1. If none of the 

dipoles within the single PNR are oriented the same direction (orientations are 

not correlated), then q = 0. Assuming that surroundings of PNRs are non-polar, 

it is possible to talk about the overall correlation of orientation of dipoles 

within the crystal. To make this clearer, let‟s consider two publications 

discussed in the overview (section 3.1). Xu et al. [12] come up with the idea 

that PNRs grow and/or smaller PNRs merge to larger ones with the decrease of 

temperature. Koreeda et al. [19] observed a fractal formation and percolation 

of PNRs with the decrease of temperature. This means, that just below TB in 

charge disordered regions (because remaining regions are non-polar) of RF 

correlation of orientation of dipoles starts, with a very short radius of 

correlation. These dipole systems of correlated dipoles are PNRs. With 

decrease of temperature, the correlation radius increases. It should look like 

growth of PNRs. Now looking to Figure 6.1.9, it is possible to observe the 

increase of Edwards – Anderson parameter q(T) with the decrease of 

temperature in PMN-0.1PT ceramics. This result is consistent with the 

assumption of growth of PNRs, i.e. the increase of radius of correlation of 

orientation of dipoles. This is, as well, consistent with χ‟1(T) (Figure 6.1.10), 

particularly with the shift of maximum of χ‟1(T) of PMN-0.1PT with the 

increase of frequency. The smaller PNRs are quick to flip and/or breath, hence 

they give contribution to high frequency curve of χ‟1(T). However, with the 

decrease of temperature PNRs grow and become more sluggish, i.e. larger 

ensemble of correlated dipoles require more time to flip. The frequency of 

flipping of PNRs become smaller, hence the contribution to χ‟1(T) of higher 

frequency starts to decrease. However, these slower PNRs are larger, hence 

they produce a larger peak of χ‟1(T) in lower frequency. Now looking again to 

Figure 6.1.9, the q(T) of PMN-0.1PT:0.01Mn behaves the same, but it is 

shifted towards the higher temperatures, i.e. the q(T) of PMN-0.1PT:0.01Mn 

has a higher value than undoped PMN-0.1PT at the same temperature. Firstly, 

let‟s discuss the behavior of χ‟1(T) of PMN-0.1PT:0.01Mn, which is presented 
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in Figure 6.1.12. The very first thing to notice, the maximum value of PMN-

0.1PT:0.01Mn is smaller than in undoped ceramic, as well the maximum 

temperature is shifted towards the higher temperatures, if we compare to the 

undoped sample. However, the most important thing to observe is the absence 

of clearly visible shift of χ‟1(T) with increase of frequency. Broadband 

dielectric spectroscopy of PMN-0.1PT:0.01Mn showed the appearance of the 

clear shift the χ‟1(T) only in higher frequencies [67] (Figure 6.1.7). Considering 

earlier discussed relationship between the shift of maximum of χ‟1(T) with the 

increase of frequency and growth of PNRs, it seems that PMN-0.1PT:0.01Mn 

has a limit of length of correlation radius. The fact that the shift of maximum 

of χ‟1(T) is observed in higher frequencies [67] shows, that there is a growth of 

PNRs with decrease of temperature, but limited. At a certain frequency, the 

shift of maximum of χ‟1(T) vanishes and the maximum of χ‟1(T) of every lower 

frequency curve resides in the same temperature in PMN-0.1PT:0.01Mn. That 

means, the fixed size PNRs are flipping fast enough to give contribution to the 

lower frequency. It is known from literature, that Mn
2+

 pins down domains of a 

material [71–73]. It is possible, that dopant of Mn in PMN-0.1PT:0.01Mn pins 

some of dipoles, that otherwise could participate in collective motion. 

Furthermore, it is possible, that pinned static dipoles are spreading the 

correlation of orientation to other dipoles. Such behavior may be a reason, why 

there is a limit of growth of PNRs in PMN-0.1PT:0.01Mn ceramics. The 

explanation to q(T) being higher than in undoped sample, then is quite simple, 

the volume of dynamic PNRs are limited by static surroundings, due to Mn-

doping and in smaller PNRs dipoles orient easier. Furthermore, it is quite 

possible, that there is no percolation of PNRs in PMN-0.1PT:0.01Mn ceramics 

contrastingly to result published by Koreeda et al. [19]. 

The huge decrease of non-linear susceptibility χ‟3(T) of PMN-0.1PT:xMn 

with increase of Mn, can be explained using idea presented above. The 

expansions of PNRs are restricted in Mn doped compositions, i.e. the 

correlation of orientation of dipoles cannot spread to the PNRs that are pinned. 
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It means, that motions of dipoles within PNRs give contribution to the linear 

susceptibility χ‟1(T), while contribution to the non-linear susceptibility comes 

from the electric field driven spreading of PNRs. 
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Figure 6.1.9 Temperature dependence of Edwards – Anderson parameter of PMN-0.1PT:xMn 

above TC 

6.1.1 Summary 

It was shown, that in PMN-0.17PT single crystal the phase transition of 

1st order is observed, once performing non-linear dielectric spectroscopy on 

poled sample. It manifests as a sharp peak in χ3(T) at T ≈ 330 K. 

PMN-0.1PT doping with Mn gives strong decrease of χ1(T), as well as, 

χ3(T). It is believed, that Mn
2+

 generates oxygen vacancies for a charge 

compensation [71–73] and results in pinning of otherwise dynamic PNRs. 

Hence, contribution to χ1(T) is decreased. 



81 

 

0

5

10

15

20

25

30

0

1

2

3

150 200 250 300 350 400 450
10-3

10-2

10-1

100

101

 

 


' 1

 x
 1

0
3

 133 Hz

 270 Hz

 1 kHz

 5 kHz

 

 


' 3

/ 
m

2
/V

2
 x

 1
0

-6

 133 Hz

 270 Hz

 1 kHz

 5 kHz

 

 

PMN-0.1PT

 133 Hz

 270 Hz

 1 kHz

 5 kHz

a
3
/ 

m
5
V

/C
3
 x

 -
1
0

-1
1

T/K

 

Figure 6.1.10 Temperature dependence of 1
st
 order, 3
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 order and scaled susceptibilities of 

PMN-0.1PT ceramic 
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Figure 6.1.11 Temperature dependence of 1
st
 order, 3

rd
 order and scaled susceptibilities of 

0.5% Mn-doped PMN-0.1PT ceramic 
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Figure 6.1.12 Temperature dependence of 1
st
 order, 3

rd
 order and scaled susceptibilities of 1% 

Mn-doped PMN-0.1PT ceramic 
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6.2 LINEAR DIELECTRIC SPECTROSCOPY OF PURE AND 2% La
3+

-

DOPED Pb(Mg1/3Nb2/3O)3 SINGLE CRYSTAL 

There are published works stating that the average size of the chemically 

ordered regions (regions, where Mg/Nb distribution in lattice is periodical – 

CORs) in pure PMN is smaller than 5 nm [78,79]. A-site La
3+

 doping can 

increase the size of the CORs [80–83]. Doping with 2% La
3+

 increases the size 

of the CORs in the PMN single crystal up to 100 nm [84]. The difference of 

physical properties of various relaxor ferroelectrics with enhanced B-site 

cation ordering has been widely studied [85–88]. Neutron and synchrotron 

radiation scattering analysis of pure and La
3+

-doped PMN single crystal led to 

conclusion that the PNRs, which are in the CORs remain static, while those, 

which are in disordered matrix, tend to be dynamic [89]. Dielectric studies of 

X. Long et al. revealed that 2% La
3+

 doped PMN single crystal preserves 

Typical RF behavior [84]. Similar conclusion was drawn from subterrahertz 

relaxation results derived from Brillouin scattering measurements [90]. In 

comparison with the pure PMN, a La
3+

 doped crystal has lower dielectric 

constant maximum, which is slightly shifted towards lower temperatures 

[84,86,91]. In previous works, the Vogel-Fulcher fits for relaxation time, τ(T), 

revealed close values of relaxation parameters for PMN and Pb(Mg1/3Nb2/3)O3 

– 0.02La(Mg2/3Nb1/3)O3 (PLMN) crystals. Attempt time τ0 was found to be in 

the order of 10
-13

 s for both crystals. Activation energy of pure PMN Ea = (0.07 

± 0.005) eV, PLMN Ea = (0.093 ± 0.008) eV. Freezing temperature of PMN 

TVF = (213 ± 2) K, PLMN TVF = (192 ± 8) K [84,92]. However, the dielectric 

response from which was determined the above data was studied at 

comparatively low frequencies, up to 1 MHz. With these data, the behavior of 

relaxation time and other parameters of relaxation spectrum can be determined 

only at comparatively low temperatures, where PNRs are comparatively large. 

Further is shown the dielectric response with the additional high-frequency 

dielectric data of PMN and PLMN single crystals that allow analyzing the 

response of PNRs at early stages of their development. As well, it allows 

calculating a distribution of relaxation times. 
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Figure 6.2.1 Temperature dependence of complex dielectric permittivity of PMN and 

PLMN single crystals 

PMN and PLMN single crystals were grown from a high-temperature 

solution by the top-seeded solution growth (TSSG) method using a home-made 

tube furnace with a controlled temperature gradient field [84]. The samples 

were received from prof. Z.-G. Ye, from Department of Chemistry and 4D 

LABS, Simon Fraser University, Burnaby, Canada. The La dopant was 

incorporated through the solid solution and the charge neutrality was 

maintained by adjusting the Mg
2+

 and Nb
5+

 ration on the B-site. A mixture of 

PbO and B2O3 was used as a flux. The starting chemicals: PbO (99.99%), 

La2O3 (99.99%), MgO (99.9%), Nb2O5 (99.9%) and B2O3 (99.9%). The 

chemicals were weighted according to the stoichiometric composition of the 

PLMN and the flux to solute molar ration of 80:20. The chemicals were mixed 

and loaded into a platinum crucible, which was placed in a vertical furnace. A 

small PMN single crystal was used as a seed. The saturation temperature (a 

temperature, at which the seed crystal can retain and effectively grow from the 

solution) was found to be 1148°C for the PLMN-Pb/B2O3 flux system. The 

crystal growth took place upon cooling from 1150°C to 1080°C at a cooling 
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rate of 0.1°C/h. At the end of the slow cooling process, the grown crystal was 

pulled out of the melt surface and cooled down to room temperature at a rate of 

15°C/h. 

 

Figure 6.2.2 Frequency dependences of complex dielectric permittivity of PMN and 

PLMN single crystals. Lines show Cole – Cole fits 

The temperature dependences of complex dielectric permittivity ε*(T) of 

PMN and PLMN single crystals are shown in Figure 6.2.1 for selected 

frequencies. Both dependences demonstrate typical behavior of relaxor 

ferroelectrics, i.e., the peak of the real part of the permittivity (ε‟) decreases 

and shifts towards the higher temperatures with the increase of frequency. An 

obvious difference between both crystals is the twice smaller peak of ε‟(T) in 

the PLMN crystal, which is ≈13 000 at the frequency of 129 Hz while for PMN 

it is ≈26 000 at the same frequency. The ε‟(T) peak of PLMN is not only lower 

in magnitude but also resides at 17 K lower temperature, i.e., at 129 Hz Tm = 

250 K in PLMN and Tm = 267 K in PMN. At T < 220K the dielectric loss, 

ε”(T), of both crystals decreases monotonically and becomes almost frequency 

independent, while at T > 400K the loss increases (this can be most clearly 

seen at 129 Hz frequency). This increase and related dispersion of ε‟ can be 
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tentatively related to the contribution of mobile charge carriers [92] and/or 

Maxwell – Wagner polarization. The temperature region where this process is 

clearly visible is too narrow to make a more detailed analysis of this 

phenomenon. 

The frequency dependences of complex dielectric permittivity ε*(f) are 

shown in Figure 6.2.2 for PMN and PLMN crystals for selected temperatures. 

Both dependences display the narrowing of dispersion with the increase of 

temperature. An attempt was made to fit the data to Cole – Cole relation: 
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The approximation curves in the temperature range of 270 K – 340 K are 

shown as lines in Figure 6.2.2. As we can see, the Cole – Cole relation is a 

reasonably good approximation at least in the frequency region of dipolar 

relaxation phenomenon. 

 

Figure 6.2.3 Temperature dependences of Cole – Cole parameters (a) Δε, (b) α, (c) τ of 

PMN and PLMN single crystals. In (c) lines show the Vogel – Fulcher approximations 

The temperature dependences of the best-fit Cole – Cole parameters are 

shown in Figure 6.2.3. The parameter α(T), which characterizes the width of 
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distribution of relaxation times, behaves very similarly for both single crystals, 

i.e. decreases monotonously with the increase of temperature. The same 

behavior is observed for the relaxation strength Δε(T) that is the difference 

between static dielectric permittivity and the permittivity at an infinitely high 

frequency (which may be temperature dependent in general case). This 

temperature behavior of the relaxation strength is associated with the shift of 

Tm and the narrowing of ε*(f) dispersion with an increasing temperature. 

Temperature dependences of mean relaxation time (τ) are shown in 

Figure 6.2.3 (c). For both crystals τ(T) grows with the decrease of temperature 

in the whole temperature range of 260 K – 350 K available for the analysis. 

This behavior can be interpreted as slowing down of the dipolar dynamics of 

the system. The τ(T) dependences were fitted to the Vogel-Fulcher relation: 
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The obtained parameter values are presented in Table 6.2.1. It reveals 

clear differences between temperatures TVF of critical slowing down of dipolar 

dynamics (214 K for PMN and 180 K for PLMN, respectively). The similarity 

of activation energy, Ea, and attempt time, τ0, suggests that the origin of the 

dynamics of PNRs in both crystals is the same. The relaxation parameters of 

PLMN obtained in this work are close to the values published earlier based on 

the analysis of low-frequency/low-temperature part of the spectrum [84]. Slight 

differences can be related to difference in La
3+

 concentration, which is difficult 

to control during crystal growth procedure. 

Table 6.2.1 Vogel – Fulcher parameters of PMN and PLMN single crystals 

Crystal τ0/s Ea/eV TVF/K 

PMN 5.9 × 10
-14

 0.061 ± 0.009 214 ± 6 

PLMN 6.3 × 10
-14

 0.071 ± 0.007 180 ± 4 

 

The dielectric permittivity data of pure PMN crystal was obtained in 

frequency range of 100 Hz – 1.6 GHz with additional data points at 37 GHz – 
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39 GHz range. Our results are comparable with the previously reported 

dielectric spectra of PMN crystal obtained in an extremely broad band of 

frequencies [93,94]. Namely, previously reported Ea ≈ 0.069 eV and TVF ≈ 200 

K are a good match to the values obtained in this work (Table 6.2.1). 

To obtain a better description of relaxation processes in these materials, 

distributions of relaxation times were calculated by adopting Tikhonov 

regularization method [95,96]. The obtained distributions are shown in Figure 

6.2.4 (a) for PLMN and (b) for PMN. The distributions of relaxation times of 

both crystals demonstrate a similar behavior, i.e. they broaden with the 

decrease of temperature, which is consistent with the expanding of the ε*(f) 

dispersion. In closer examination, one can notice that at all temperatures the 

edge of the distribution corresponding to the shortest relaxation time is located 

around 10
-13

 s and remains almost unchanged. With the decrease of 

temperature the distribution broadens only because of the increase of the 

longest relaxation time. The peak value of the distribution shifts towards longer 

times as well, i.e. mean relaxation time increases with the decrease of 

temperature, but not so rapidly. Besides the main maximum, additional 

anomalies appear in the low-frequency part of the spectrum at temperatures 

lower than about 300 K, both in PMN and PLMN. These anomalies suggest the 

development at low temperatures of additional relaxation processes which have 

not been resolved based on the analysis of ε*(f) spectra. Such a behavior may 

signify that at comparatively low temperatures the PNRs with slower dynamics 

appear, and an increase of amount of PNRs with slower dynamics causes an 

increase of the distribution function at higher time values. The edge of the 

distribution at the time value of 10
-13

 s remains intact, showing that a certain 

amount of relaxators with fast dynamics remains at low temperatures. This 

results agrees well with the fractal dynamics of PNRs as reported in [19]. 
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Figure 6.2.4 Distribution of relaxation times of (a) PLMN and (b) PMN single crystals 

The distribution of relaxation times of PMN crystal has also been 

obtained in another research [28] (Figure 3.2.5) with few differences. Namely, 

in this work the maxima of ε“(f) are slightly shifted towards higher 

frequencies. We believe this is because the previously measured crystal was 

grown using different method, i.e. flux technique [97]. Besides, in this work 

the range of calculations of relaxation times distribution was chosen just a little 

wider than the experimental results cover, leaving minimum range for 

extrapolation. 

Earlier X-ray and electron diffraction studies of PLMN crystal showed 

that the doping with La
3+

 increases the size of chemically ordered regions [84]. 

As a result, we observed a twice smaller peak of ε„(T) in PLMN showing that 

the amount of dynamic PNRs is smaller than in PMN. Besides, the TVF in 

PLMN is lower and the peak of ε„(T) is observed at slightly lower temperature, 

too. Nevertheless, the distribution of relaxation times in both crystals 

demonstrates similar behavior, which is consistent with the concept that the 

PNRs are growing and freezing with the decrease of temperature and percolate 

at some point. 
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Figure 6.2.5 Temperature dependence of Edwards – Anderson parameter of PMN and 

PLMN single crystals 

Therefore, the relaxation behaviour of PMN and PLMN is qualitatively 

the same in spite of the fact that chemical ordering is very different. Note that 

in perovskite relaxors with the Pb(B'1/2B''1/2)O3 structure, in which the number 

of orderable cations, B' and B", is the same, and complete translational 

symmetry is possible in the ordered state, the chemical ordering leads to 

vanishing of relaxor behavior and emergence of a macroscopic ferroelectric or 

antiferroelectric phase transition [8,98]. In PMN and other known 

Pb(B'1/3B''2/3)O3 perovskite relaxors another type of chemical ordering is 

observed inside CORs, as discussed in the introduction. This ordering cannot 

lead to complete translational symmetry and does not influence significantly 

the relaxor behavior. This was shown previously in [84,99] for the low-

frequency (1 Hz – 1 MHz) part of the dielectric spectrum and for subterrahertz 

relaxation derived from Brillouin scattering [90] and confirmed in this work 

for intermediate frequencies. 

Table 6.2.2 CW approximation above TC parameters of PMN and PLMN single crystals 

 PMN PLMN 

TC /K 334 ± 1 311 ± 1 

C/10
3
K 191 ± 10 232 ± 10 
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Additionally, the temperature dependence of Edwards – Anderson 

parameter q(T) (6.1.2) was found for PMN and PLMN single crystals (Figure 

6.2.5). Same procedure for extracting q(T) is applied here as for PMN-

0.1PT:xMn ceramics (part 6.1) and it provides Curie – Weiss approximation 

parameters (6.1.3) in Table 6.2.2. The increase of q(T) with decrease of 

temperature is observed for both crystals. The discussion on the temperature 

behavior of q(T) of PMN-0.1PT (part 6.1) applies here, as well. The increase of 

q(T) with decrease of temperature shows the increase of orientation correlation 

of dipoles within PNRs. However, q(T) of PLMN crystal is smaller than q(T) 

of PMN crystal at the same temperature, e.g. 360 K. It appears, that 

enhancement of chemically ordered regions of PLMN crystal prevents ordering 

of dipoles within a PNR. It is believed that local charge disorder is responsible 

for RF behavior. However, addition of La
3+

 reduces the local charge disorder, 

omitting part of the contribution of PNR to dielectric permittivity. That is the 

reason, why we observe lower values of ε‟(T) of PLMN. It is quite possible, 

that enhanced chemically ordered regions increases the percolation difficulty 

for PNRs. Hence, it is more difficult to spread the orientation correlation 

between dipoles and this gives decrease of q(T) value. As well, this can be 

observed in ε‟(T) (Figure 6.2.1). There is quite strong shift towards higher 

temperatures of maximum of ε‟(T) with increase of frequency in both crystals. 

This means, that there is a wide distribution of sizes of PNRs in both crystals 

(as mentioned in 6.1 – larger PNRs give contribution to lower frequency value 

of ε‟(T)). However, La
3+

 containing sites of PNRs give no contribution to 

polarization and to ε‟(T), because it has no charge disorder. 
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Figure 6.2.6 Temperature dependence of ε‟ at 1 kHz of PMN and PLMN single crystals 

illustrating the shift of maximum in La
3+

 doped material 

La-doped PMN is quite a contrast to Mn-doped PMN-0.1PT. Both, La 

and Mn doping produces decrease of ε‟(T). On the other hand, La-doping 

produces a shift of maximum of ε‟(T) towards lower temperatures if compared 

to the undoped crystal (Figure 6.2.6), while Mn-doping produces shift of ε‟(T) 

maximum towards higher temperatures. The most interestingly, La-doped 

PMN crystal does have clearly visible RF like shift of maximum of ε‟(T) 

towards higher temperatures with increase of frequency (Figure 6.2.1), which 

witnesses the similar to pure PMN evolution of PNRs within the crystal and 

possible percolation of orientation of dipoles. Contrastingly, Mn-doped PMN-

0.1PT ceramic does not show clearly visible RF like shift of maximum of ε‟(T) 

towards higher temperatures with increase of frequency, which witnesses a size 

limit of PNRs within the ceramic that contribute to ε‟(T), as dipoles are pinned. 

It is known, that the RF like shift of maxima of PMN-0.1PT:xMn is observed 

in higher frequencies, however [67] (Figure 6.1.7). From the first perspective, 

both dopants decrease the value of ε‟(T), however the influence on temperature 

evolution of PNRs seems to be quite different. 

6.2.1 Summary 

In this work the dielectric properties of PMN and PLMN crystals were 

measured and compared. Being combined with the results of previous works 
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[84,90,99] our results show unambiguously that the relaxation dynamics and, 

therefore, the dipolar nanostructure are not influenced significantly by the size 

of chemically ordered regions. This experimental result is in sharp contrast 

with the conclusions of some theoretical works [8,100], which suggest a close 

relation between the scale of CORs and the relaxor behavior in PMN and other 

RFs. Furthermore, the same conclusion was obtained by analysis of Edwards – 

Anderson order parameter calculations. As well, the analysis provided 

interesting insights on temperature evolution of PNRs regarding different 

dopants on RFs. Namely, La-doping produces aggravation of correlation of 

dipolar orientation, while Mn-doping produces pinning of dipoles and prevents 

percolation of correlation of dipolar orientation, omitting their contribution to 

ε‟(T). 
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CONCLUSIONS 

1. A non-linear dielectric susceptometer was constructed. Original 

software to control it was programmed. A calibration of a phase shift 

caused by equipment was implemented. It resulted in expanding the 

frequency range of the measurement to the higher frequencies, as high 

as 1/10 of the sampling frequency. 

2. Poled PMN-0.17PT single crystal does show a 1st order phase 

transition from relaxor to ferroelectric phase. The phase transition 

manifests as a sharp peak in χ3(T) at T ≈ 330 K. 

3. Mn-doping of PMN-0.1PT ceramics reduces the response of χ3(T) 

significantly. This is an indication, that Mn-doping promotes 

appearance of defects, due to which the motionless dipoles are created 

and motions of PNRs are partially suspended. 

4. The relaxation dynamics and, therefore, the dipolar nanostructure are 

not influenced significantly by the size of chemically ordered regions. 

Significantly increased size of chemically ordered regions by 2% La-

doping of PMN single crystal did not quench relaxor behavior or 

promoted a spontaneous phase transition. 

5. Calculations of Edwards – Anderson parameter show, that La and Mn 

doping produces different mechanisms for lowering the dielectric 

permittivity of relaxor materials. La-doping aggravates the growth of 

PNRs, while Mn-doping produces motionless dipoles. 
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APPENDIX 

9.1 PROGRAM FLOWCHART OF NON-LINEAR DIELECTRIC 
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SANTRAUKA 

Sutrumpinimai: 

CV – Kiuri – Veiso; 

CTS – chemiškai tvarki sritis; 

FR – feroelektrinis relaksorius; 

KR – kaitinimo reţimas; 

MFS – morfotropinė fazių sandūra; 

PKR – poliarizavus bandinį kaitimo reţimas; 

PLMN – Pb(Mg1/3Nb2/3)O3 – 0.02La(Mg2/3Nb1/3)O3; 

PMN – Pb(Mg1/3Nb2/3)O3; 

PMN-xPT – (1-x)PbMg1/3Nb2/3O3-xPbTiO3; 

PNS – polinė nano sritis; 

PT – PbTiO3; 

VR – vėsinimo reţimas; 

PZN – Pb(Zn1/3Nb2/3)O3 
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10.1 ĮVADAS 

Feroelektrinių relaksorių (FR) tyrimai yra patraukli sritis. Taikymams 

šios medţiagos ţinomos kaip vieni geriausių pjezoelektrikų. Taĉiau, šis darbas 

skirtas FR fundamentiniams tyrimams. Koncentruojantis į Pb(Mg1/3Nb2/3)O3 

(PMN) pagrindo FR makroskopinių savybių tyrimus. PMN yra daugelio 

autorių laikomas kanoniniu FR. Šitai susiklostė istoriškai, nes pirmasis 

pagamintas FR buvo PMN. Nuo pat PMN tyrimų pradţios buvo ginĉijamasi ar 

ši medţiaga turi fazinį virsmą, nes buvo pastebėtos anomalijos daugelio 

fizikinių parametrų temperatūrinėse priklausomybės, pvz.: lūţio rodiklio, 

dielektrinės skvarbos, garso greiĉio ir kt. Taĉiau, neaptikta aiškių gardelės 

struktūrinių pakitimų, kuriuos būtų galima susieti su makroskopinių parametrų 

anomalijomis – medţiagos vidutinė struktūra išlieka kūbinė plaĉiame 

temperatūrų diapazone. Dar daugiau, nuo pat FR tyrimų pradţios, PMN 

temperatūrinei elgsenai bandyta pritaikyti fenomenologinę Landau-Ginzburgo-

Devonšyro fazinių virsmų teoriją. Taip pat, buvo bandymų sukurti atskirą 

unikalios FR elgsenos teoriją. Plaĉiai priimta idėja, jog FR unikalią elgseną 

sukuria polinės nano sritys (PNS), t.y. dešimĉių nanometrų dydţio polinės 

sritys, kurių dydis bei elgsena priklauso nuo temperatūros, slėgio ir įvairių 

priemaišų kristale. Yra laikoma, kad vienoje PNS visi dipoliai orientuoti ta 

paĉia kryptimi, todėl neretai PNS vadinamos superdipoliais arba dipoliniu 

spieĉiumi (klasteriu), kurie gali vartytis ir/arba kvėpuoti, esant nenuliniam 

elektriniam laukui ir temperatūrai. PNS atsiranda dėl netvarkingai 

pasiskirsĉiusio vidinio krūvio medţiagoje. Kaip bebūtų, universalus teorinis 

modelis, galintis aprašyti FR nėra atrastas ir kiekvienas naujo modelio 

siūlymas sukelia daugybę diskusijų ir retorinių klausimų. 

Šis darbas yra indėlis į FR medţiagų PMN pagrindu fizikinias ţinias. 

Gauti rezultatai patvirtina, kad chemiškai tvarkių sriĉių praplėtimas 

nesusilpnina FR elgsenos ir nesukuria savaiminio fazinio virsmo. Taip, pat 

buvo sukonstruotas netiesinio dielektrinio jautrio tyrimo stendas, su tikslu 

išgauti daugiau informacijos apie FR ir paţvelgti į šias medţiagas iš kitokios 
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perspektyvos. Šis tyrimo metodas leidţia stebėti netiesinio dielektrinio jautrio 

temperatūrinę elgseną nedarant įtakos medţiagos vidiniams laukams. Taip pat, 

netiesinio dielektrinio jautrio tyrimai gali suteikti įdomios informacijos apie 

fazinius virsmus vykstanĉius medţiagoje. Yra ţinoma, kad aukštesnės eilės 

dielektrinis jautris yra jautresnis medţiagos dipoliniam judesiui, nei įprasti 

tiesinio dielektrinio jautrio tyrimai. Šios unikalios medţiagų tyrimo technikos 

dėka buvo aptiktas fazinis virsmas 0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3 

kristale. Taip pat, metodas atvėrė galimybę stebėti dipolių elgseną Mn 

praturtintose 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 keramikose. PbTiO3 yra 

įprastas feroelektrikas, jį maišant su PMN, gaminami relaksoriaus – 

feroelektriko kietieji tirpalai. Daugelis mokslininkų bando atrasti ribinę 

relaksoriaus – feroelektriko kietojo tirpalo koncentraciją, kurią pasiekus 

stebimas fazinis virsmas. Tokia riba fazinėje diagramoje vadinama 

morfotropine fazių sandūra. Ji idomi tuo, jog tokios koncentracijos kietasis 

tirpalas turi geriausias piezoelektrines bei poliarizacines (eng. tunability) 

savybes. 

Apibendrinant, šis darbas duoda indėlį į fundamentines ţinias apie 

medţiagas PMN pagrindu. Taip pat, atveria galimybę kitaip tyrinėti šias 

medţiagas panaudojant unikalų netiesinio dielektrinio jautrio tyrimo metodą. 

10.2 DISERTACIJOS TIKSLAI IR UŢDAVINIAI 

Šio darbo pagrindinis tikslas yra gilinti fundamentines ţinias apie 

medţiagas PMN pagrindu, kuris gali būti išskirstytas į šias uţduotis: 

1. Atlikti tiesinius 0.98Pb(Mg1/3Nb2/3)O3 – 0.02La(Mg2/3Nb1/3)O3 

monokristalo dielektrinius tyrimus ir palyginti jo fizikines savybes su 

gryno Pb(Mg1/3Nb2/3)O3 kristalo fizikinėmis savybėmis. Atlikti abiejų 

monokristalų relaksacijos trukmių pasiskirstymo skaiĉiavimus, tuo 

būdu įvertinant La įtaką polinių nano sriĉių elgsenai. 

2. Sukonstruoti kompiuteriu valdomą netiesinio dielektrinio jautrio 

matuoklį. Tai yra unikalus ir naujoviškas tyrimų metodas, kuris 
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matuoja medţiagos netiesinį atsaką ir suteikia įdomios informacijos 

apie fazės bei kolektyvinę dipolių elgseną. 

3. Išsiaiškinti ar 0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3 monokristale yra 

fazinis virsmas. 

4. Išsiaiškinti Mn įtaką 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 keramikų 

elgsenai. 

10.3 GINAMIEJI TEIGINIAI 

1. Netiesinio dielektrinio jautrio matavimo rezultatų tikslumui uţtikrinti 

didėjant daţniui, reikalingas fazės skirtumo, tarp srovės ir įtampos, 

kalibravimas. 

2. 0.83Pb(Mg1/3Nb2/3)O3 – 0.17PbTiO3 kristale yra fazinis virsmas iš 

feroelektrinio relaksoriaus į normalaus feroelektriko fazę. 

3. 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 keramikų praturtinimas Mn kuria 

nejudrias polines nano sritis. 

4. La praturtinimo dėka ţymiai praplėstos chemiškai tvarkios sritys 

Pb(Mg1/3Nb2/3)O3 kristale nesusilpnina feroelektrinio relaksoriaus 

elgsenos ir nesukuria savaiminio fazinio virsmo. 

10.4 DARBO NAUJUMAS IR AKTUALUMAS 

Pirmą kartą ištirtas 0.98Pb(Mg1/3Nb2/3)O3 – 0.02La(Mg2/3Nb1/3)O3 

monokristalo dielektrinės skvarbos spektras daţnių diapazone > 1 MHz ir 

įvertintas relaksacijos trukmių pasiskirstymas. Rezultatai gauti tiriant 

Pb(Mg1/3Nb2/3)O3 ir 0.98Pb(Mg1/3Nb2/3)O3 – 0.02La(Mg2/3Nb1/3)O3 

monokristalus patvirtino faktą, jog chemiškai tvarkių sriĉių praplėtimas 

nesukuria spontaninio fazinio virsmo. 

Sukurtas unikalus netiesinio dielektrinio jautrio matuoklis. 

Suprogramuota programa matuoklio valdymui. Fazės kalibravimo procedūra 

nebuvo paskelbta anksĉiau. 
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Pirmą kartą atlikti poliarizuoto ir nepoliarizuoto 0.83Pb(Mg1/3Nb2/3)O3 – 

0.17PbTiO3 monokristalo netiesinio dielektrinio jautrio tyrimai. Tai padėjo 

atpaţinti savaiminį fazinį virsmą monokristale.  

Pirmą kartą atlikti Mn praturtintų 0.9Pb(Mg1/3Nb2/3)O3 – 0.1PbTiO3 

keramikų netiesinio dielektrinio jautrio tyrimai. Atrastas stiprus PNS judėjimo 

apribojimas dėl Mn įmaišymo. 

10.5 AUTORIAUS INDĖLIS 

Atlikta Pb(Mg1/3Nb2/3)O3 ir 0.98Pb(Mg1/3Nb2/3)O3 – 

0.02La(Mg2/3Nb1/3)O3 monokristalų plaĉiajuostė dielektrinė spektroskopija, 

dielektrinių spektrų analizė ir relaksacijos trukmių pasiskirstymo skaiĉiavimai. 

Sukonstruotas netiesinio dielektrinio jautrio matavimo stendas. Įrangai 

valdyti parašyta programa konsultuojantis su doc. M. Ivanov. Atlikti įvairių 

medţiagų netiesinio dielektrinio jautrio matavimai. 

Verta paminėti, jog autorius yra skysĉių dielektrinės spektroskopijos 

bendraaše linija įrangos kūrėjas, kuri buvo sukonstruota pagal dr. S. Lapinsko 

daugiamodį matematinį modelį. Įraga panaudota birių bei skystų medţiagų 

matavimamas. 

10.6 EKSPERIMENTINĖ METODIKA 

Dielektrinės skvarbos tyrimai 10 Hz – 10 MHz atlikti impedanso 

analizatoriumi HP-4284A. Bandinys patalpintas kriostate, kaip dielektrikas 

tarp dviejų lygiagreĉių plokšĉiojo kondensatoriaus plokštelių. Matuojama 

sistemos talpa ir nuostolių tangentas. Suskaiĉiuojama bandinio kompleksinė 

dielektrinė skvarba atimant sistemos įtaką į talpą. 

Dielektrinės skvarbos tyrimai 1 MHz – 3 GHz atlikti vektoriniu 

analizatoriumi Agilent 8714 ET. Bandinys talpinamas į kriostatą suformuotą 

ant bendraašės linijos galo, kaip talpinė apkrova. Matuojamas atspindţio 

koeficientas nuo bendraašės linijos galo, kuris sutampa su kalibracine 

plokštuma. Bandinio kompleksinė dielektrinė skvarba apskaiĉiuojama iš 

kompleksinio atspindţio koeficiento. Reikia pridurti, jog didėjant daţniui 
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elektromagnetinio lauko pasiskirstymas bandinyje tampa nehomogeniškas ir 

norint gauti teisingus rezultatus, elektromagnetinio lauko pasiskirstymą 

bandinyje reikia įskaiĉiuoti. 

Dielektrinės skvarbos tyrimai 35 Ghz ir 48 GHz daţniuose atlikti 

staĉiakampiuose bangolaidţiuose. Adatos formos bandinys talpinamas į 

bangolaidţio centrą, kur yra didţiausias pagrindinės modos elektrinio lauko 

stipris, statmenai ilgosioms sienelėms. Mikrobangų generatoriumi kuriama 

elektromagnetinė banga. Kompleksiniai praėjusios ir atsispindėjusios bangos 

koeficientai matuojami analizatoriumi Elmika R2400. Bandinio kompleksinė 

dielektrinė skvarba apskaiĉiuojama sprendţiant netiesines lygtis ε* = f(R*) 

arba ε* = f(T, R), kur R – atspindţio koeficientas, T – praėjimo koeficientas, ε* 

– kompleksinė dielektrinė skvarba. 

Netiesinio dielektrinio jautrio tyrimai atlikti savadarbiu stendu. Jo 

ypatybės apţvelgots skyrelyje 10.7. Bandinys talpinamas į kriostatą tarp dviejų 

lygiagreĉių kondensatoriaus plokštelių. Matavimai atliekami 100 Hz – 5 kHz 

daţnių diapazone. Signalo amplitudė parenkama nuo 0 V iki 10 V. Elektrinio 

lauko stipris, tuomet, priklauso nuo parenkamos signalo amplitudės ir bandinio 

storio. Netiesinis dielektrinis jautris suskaiĉiuojamas taip, kaip aiškina Miga et 

al. [42]. Bandinys patalpinamas į harmoniškai kintantį kampiniu daţniu ω 

elektrinį lauką E(t): 

    
  tEtE sin0

      (10.6.1) 

Tuomet, bandinio poliarizacija bendruoju atveju bus: 

         
 

n

i

n

i

ii
i

i
i tEtEtP

1 1
000 sin 

  
  (10.6.2) 

Ĉia χ yra bandinio skaliarinis dielektrinis jautris. Šioje eilutėje yra 

lyginiai ir nelyginiai nariai. Paprastai eilutė skleidţiama iki nario n = 3. Mūsų 

matuoklis įskaito 5 narius, tuomet poliarizacija uţrašoma taip: 
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Ĉia galima pastebėti, kad netiesiniai dielektrinio jautrio nariai gauna 

indelį iš aukštesniųjų narių. Slinkties srovė gaunama iš poliarizacijos pokyĉių: 

     
 
t

tD
SI






    
  (10.6.4) 

kur D = ε0E + P ir S yra elektrodo plotas. Atsiţvelgus į (10.6.3) ir 

(10.6.4), srovė uţrašoma taip: 
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Ĉia galima pastebėti, kad slinkties srovė turi daug harmoninių narių. 

Kiekvienas jų tiesiškai priklauso nuo atitinkamos eilės dielektrinio jautrio χi. 

Jas išsprendus gaunama: 
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ĉia E0 = U0/d, kur U0 – signalo amplitudė ir d – bandinio storis. Tokiu 

būdu, sąryšis (10.6.6) leidţia suskaiĉiuoti tiesinį ir aukštesnių eilių 

dielektrinius jautrius iš pamatuojamų fizikinių dydţių, t.y. įtampos amplitudės 

ir srovės amplitudės. Taĉiau, aukšĉiau pateikti sąryšiai galioja dielektrikams be 

nuostolių. Norint gauti išraišką dielektrikui su nuostoliais ar maţai laidţiam, 

reikia amplitudes pakeisti kompleksinėmis, įskaitant slinkties srovės fazės 

pokytį įtampos atţvilgiu. Reikia paminėti, jog slinkties srovės nelyginių 

harmonikų komponentės idealiame dielektrike (be nuostolių, nelaidus) yra 

paslinktos 90° įtampos atţvilgiu, o lyginės komponentės yra tos paĉios fazės, 

kaip ir įtampa. Tuomet, (10.6.6) išraiškos kairiuosius narius paţymėsime Ψi*, 

tada nelyginės (mūsų atveju i = 1, 3, 5)) kompleksinio jautrio komponentės χi‟ 

ir χi” yra apskaiĉiuojamos taip: 

    
   ** Re",Im' iiii  

   
  (10.6.7) 

o lyginės komponentės (mūsų atveju i = 2, 4) apskaiĉiuojamos taip: 

       ** Im",Re' iiii  
   

  (10.6.8) 

Šis dielektrinio jautrio matuoklis gauna bandinio srovės laikinį atsaką 

išreikštą įtampa srovės priešstiprintuvio SR570 pagalba. Tuomet vykdoma 

greitoji Furje transformacija su gautais duomenimis. Daţninis vaizdas leidţia 

atlikti harmonikų analizę. Taĉiau, toks spektras turi ir įrangos fazės postūmio 

dedamąją, kurią reikia atimti, norint gauti tikslius rezultatus. Dėl šios 

prieţasties yra vykdomas fazės kalibravimas. Kalibraciniams koeficientams 

gauti naudojamas kondensatorių modulis Solartron 12961, kuriame sumontuoti 

9.31 pF, 102 pF, 0.999 nF, 10.04 nF talpų, aukštos kokybės (tiesiniai, be 

nuostolių) kondensatoriai. Šie keturi kalibraciniai kondesatoriai apima visą 

matuoklio pamatuojamų talpų diapazoną. Taigi, jei kalibracinį kondensatorių C 

veikia harmoninis įtampos signalas U* = Ue
jωt

, gaunama srovė: 
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ĉia Δφ – įrangos sukurtas fazės pokytis. Srovė idealiu atvėju, kai įranga 

nesukelia parazitinio fazės postūmio, atrodytų taip: 
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ţinant šitai, dabar galima apskaĉiuoti kalibracinį koeficientą: 
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 (10.6.11) 

Matuojant bandinį gaunama srovė atrodo taip: 
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 (10.6.12) 

ĉia φb – bandinio sukeltas srovės fazes pokytis (lyginant su įtampa), Cb – 

bandinio talpa. Galima pastebėti, kad ĉia lieka Δφ ir gadina matavimo 

rezultatus. Todėl, norint gauti teisingus rezultatus vykdoma fazės pataisa: 
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 (10.6.13) 

Tokiu būdu pašalinami įrangos sukelti fazės iškraipymai. Kalibraciniai 

koeficientai suskaiĉiuojami visoms harmonikoms vieną kartą prieš matavimą ir 

saugomi. 

Visuose eksperimentuose temperatūra matuota multimetru Keithley 

Integra 2700. Platininis termorezistorius PT100 naudotas matavimuose 10 Hz – 

1 MHz daţnių diapazone, bei netiesinio dielektrinio jautrio matavimuose. T-

tipo termopora naudota aukštesnių daţnių matavimuose, t.y. bendraaše linija ir 

bangolaidţiais. Visų matavimo metodų kriostatuose yra įtaisyta kaitinimo 

viela, kuri šildoma valdomos galios įtampos šaltiniu. Šaldymui naudotas skysto 

azoto garų putimas. 

Visiems eksperimentams atlikti buvo formuojami sidabro pastos 

kontaktai ant lygiagreĉiųjų bandinio paviršių (išskyrus matavimus 

bangolaidţiais, kur bandinys daromas adatos pavidalo). Iš pradţių, bandinio 

paviršiai, ant kurių palnuojama suformuoti elektrinius kontaktus, šlifuojami. 
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Tuomet, bandinys nuplaunamas acetonu ir izopropanoliu ultragarsinėje 

vonelėje. Bandiniui išdţiūvus yra tepama sidabro pasta, ant vieno iš paviršių, 

plonu teptuku ir paliekama dţiūti 10 minuĉių. Tuomet, bandinys apverĉiamas 

ir sidabro pasta tepama ant kito paviršiaus, lygiagretaus pirmąjam. Po > 30 

min. dţiūvimo, bandinys dedamas į krosnelę ir kaitinamas iki 600°C, 4 K/min 

greiĉiu. Aukšĉiausioje temperatūroje bandinys palaikomas ≥ 2 valandas ir 

krosnelė išjungiama, kad atvėstų iki kambario temperatūros. Tada įvertinama 

susiformavusių kontaktų kokybė. Nustaĉius, jog kontaktai suformuoti gerai, 

bandinys naudojamas eksperimentams. 

10.7 NETIESINIO DIELEKTRINIO JAUTRIO MATUOKLIS 

Tiesiniai dielektrinio jautrio tyrimai atliekami maţu kintanĉios įtampos 

signalu. Sąryšis tarp medţiagos poliarizacijos P ir išorinio elektrinio lauko E 

yra gerai ţinomas: 

     
EP 10

    
  (10.7.1) 

ĉia ε0 – laisvosios erdvės elektrinė skvarba, χ1 –dielektrinės medţiagos 

tiesinis dielektrinis jautris. Šis sąryšis nebegalioja stipresniuose elektriniuose 

laukuose. Tokiu atveju reikia įskaityti aukštesnės eilės narius: 

   
 ...3

3
2

210  EEEP 
   

  (10.7.2) 

ĉia χi – yra netiesiniai dielektriniai jautriai (kur i – teigiami sveikieji 

skaiĉiai). Šios netiesinės komponentės rodo netiesinį indėlį į poliarizaciją [43]. 

Atsiţvelgus į treĉiosiosios eilės netiesinio dielektrinio jautrio χ3 elgseną, 

galima vienareikšmiškai nustatyti fazinio virsmo rūšį. Feroelektrinėse 

sistemose, kuriose stebimas antrosios eilės fazinis virsmas, paraelektrinėje 

fazėje χ3 yra neigiamas ir maţėjant temperatūrai, perėjus į feroelektrinę fazę, χ3 

šuoliškai keiĉia ţenklą į teigiamą. Pirmosios rūšies fazinio virsmo atveju 

fazinio virsmo aplinkoje χ3 išlieka teigiamas. Šitaip aiškina Landau-Ginzburgo-

Devonšyro fenomenologinė fazinių virsmų teorija [45,46] bei buvo įrodyta 

tiraint triglicino sulfatą (antrosios eilės fazinis virsmas) ir bario titanatą 

(pirmosios eilės fazinis virsmas) [47]. Netiesinio dielektrinio jautrio tyrimai 
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atliekami siekiant išsisaiškinti esminius skirtumus tarp FR bei dipolinių stiklų 

[32,48,49]. 

 

Paveikslas 10.7.1 Netiesinio dielektrinio jautrio matavaimo stendo blokinė schema 

Netiesinio dielektrinio jautrio mokslinė vertė, tiriant fazinius virsmus 

įvairios medţiagose, yra pakankamai aiški. Ţinomi keli sukurti metodai, 

leidţiantys atlikti tokius matavimus [37,42,52,53], taĉiau nė vienas jų nėra 

gaminami komerciškai, todėl mums teko sukonstruoti savo variantą. 

Mūsų netiesinio dielektrinio jautrio matavimo stendas sukonstuoruotas 

pagal S. Miga et al. [42] pateiktą variantą. Sistema susideda iš (Paveikslas 

10.7.1): Data Translatios DT9834 skaitmeninio duomenų surinkimo modulio, 

Stanford Research Systems SR570 maţatriukšmio srovės priešstiprintuvio su 

valdomu jautriu, kompiuterio, bandinio kriostato. Bandinio matavimas 

atliekamas kintanĉios įtampos signalu be nuolatinės dedamosios. Signalo 

amplitudė yra pakankama stebėti medţiagos netiesinį dielektrinį jautri, taĉiau 

ţymiai maţesnė uţ medţiagos koercinį lauką. DT9834 naudojamas įtampos 

signalui generuoti ir bandinio atsakui matuoti. Priešstiptintuvis SR570 srovę, 

tekanĉią bandiniu, verĉia įtampa, kurią gali matuoti modulis DT9834 kanalu 

„Analog In 0“. Kompiuteris vykdo programą, kuri valdo prietaisus, apdoroja 

duomenis ir įrašo į kietąjį diską. Kompiuterio programa – savadarbė. Su šia 

įranga galima matuoti bandinius, kurių talpa nuo 10 pF iki 10 nF. Matavimus 
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galima atlikti 8 Hz – 10 kHz daţnių diapazone. Maksimali signalo amplitudė 

±10 V. Temperatūrų diapazoną apsprendţia kriostatas, kuriame talpinamas 

bandinys. Signalo-triukšmo santykis pasiekiamas iki 100 dB (10
5
). 

 

Paveikslas 10.7.2 RC grandinės tipinė daţninė charakteristika 

Medţiagos kompleksiniam nietiesiniam dielektriniam jautriui gauti, 

matuojama per bandinį tekanti srovė, kuri yra kompleksinė (ţr. [42] arba 

skyrių 10.6). Norint gauti tikslius rezultatus, yra svarbu tiksliai matuoti fazės 

pokytį tarp generuojamo įtampos signalo ir bandiniu tekanĉios srovės. Taĉiau 

sistemoje yra keli fazės iškraipymų šaltiniai: 1) DT9834 „Analog In“ kanalai 

surenka duomenis nevisai lygiagreĉiai, tai yra neišvengiama, nes DT9834 

modulis naudoja įprastą processorių, kuris nepalaiko tikro relaus laiko 

lygiagretaus duomenų surinkimo, dėl to tarp „Analog In“ ir „Analog In 

Reference“ atsiranda uţlaikymas, sąlygojantis fazės iškraipymus; 2) SR570 

turi riboto daţnio diskreĉius stiprinimo diapazonus (diapazonai išskirstyti pagal 

signalo srovės stiprį), t.y. daţnių diapazonas apribotas RC grandinėmis. Yra 

ţinoma, kad RC grandinė, veikinti kaip daţnių filtras, kartu ir pasuka fazę tarp 

signalo įtampos ir srovės (Paveikslas 10.7.2). Paveikslas 10.7.3 rodo tam tikro 

bandinio (ĉia medţiaga nekonkretizuojama, nes tai nėra esminė informacija) 

treĉiosios eilės netiesinio dielektrinio jautrio priklausomybę nuo temperatūros 

χ3(T). Taškais pateikti rezultatai yra matavimo, kuriame atlikta fazės poslinkio, 

tarp įtampos ir srovės, korekcija. Linija rodo rezultatus matavimo, kur fazės 
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korekcija neatlikta. Matavimai buvo atlikti vienu metu ir stebimas akivaizdus 

skirtumas. Paveikslas 10.7.4 leidţia aiškiau pastebėti įrangos sukurto fazės 

iškraipymo įtaką χ3(T) matavimo rezultatams. Galima pastebėti, jog 

aukšĉiausio daţnio rezultatams sukuriama didţiausios vertės paklaida. Tai 

sutampa su RC filtro fazės priklausomybe nuo daţnio (Paveikslas 10.7.2), kur 

matoma, jog didėjant daţniui, RC filtro sukurtas fazės poslinkis didėja. Trūkis 

ties 400 K gali būti siejamas su srovės preišstiprintuvio stiprinimo koeficiento 

perjungimu. Srovės priešstiprintuvis SR570 turi diskreĉias perjungiamas 

stiprinimo grandines. 

Fazę iškraipanĉių šaltinių įtaka pašalinama atliekant kalibracinį matavimą 

(kaip aptarta skyriuje 10.6). Tam tikslui naudojamas Solartron 12961 talpinių 

apkrovų modulis, sudarytas iš keturių labai aukštos kokybės (tiesinių, su 

maţais nuostoliais) kondensatorių – 9.31 pF, 102 pF, 0.999 nF, 10.04 nF talpų. 

Kalibraciniams koeficientamas gauti naudojamas ypatingos formos signalas, 

kurį galima aprašyti taip: 
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  (10.7.3) 
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Paveikslas 10.7.3 Tam tikro bandinio treĉiosios eilės netiesinio dielektrinio jautrio 

priklausomybė nuo temperatūros. Taškai rodo kalibruoto matavimo rezultatus, linijos rodo 

rezultatus, kur fazes poslinkis nekalibruotas. Legenda rodo pagrindinės harmonikos daţnį 
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Paveikslas 10.7.4 Treĉiosios eilės netiesinio dielektrinio jautrio priklausomybės nuo 

temperatūros (Paveikslas 10.7.3) santykinė paklaida, atsiradusi dėl matavimo įrangos sukurto 

fazės, tarp įtampos ir srovės, iškraipymo. Legenda rodo pagrindinės harmonikos daţnį 

Signalas S susideda iš penkių harmonikų. Kiekvienos harmonikos 

amplitudė sumaţinta harmonikos numerio skaiĉiu kartų. Tokiu būdu, signalo 

išvestinėje gaunamos vienodos amplitudės harmonikos. Tai svarbu todėl, kad 

bandiniu tekanti srovė yra proporcinga įtampos signalo išvestinei. Dar daugiau, 

kalibracinio signalo harmonikų pradinės fazės yra parenkamos taip, kad būtų 

efektyviai išnaudojamas tiek įtampos, tiek srovės signalo dinaminis 

diapazonas, t.y. rastas toks harmonikų pradinių fazių rinkinys, kad įtampos 

signalo, bei įtampos signalo išvestinės pagal laiką signalų RMS/pikinės vertės 

santykis būtų minimalus. Signalų palyginimas pateiktas aukšĉiau (Paveikslas 

2.2.3 ir Paveikslas 2.2.4). Galima pastebėti, kad parinkus pradines įtampos 

signalo fazes išvengiama trumpų, aukštų įtampos šuolių bei signalas pasiskirsto 

vienodţiau nulio atţvilgiu. 
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Paveikslas 10.7.5 Penkių harmonikų signalas ir jo išvestinė, kai pradinės įtampos fazės 

yra lygios 

 

Paveikslas 10.7.6 Penkių harmonikų signalas ir jo išvestinė, kai pradinės įtampos fazės 

parinktos taip, kad būtų minimizuotas signalo ir jo išvestinės RMS/pikinės vertės santykis. 

Harmonikų fazes φ1 ≈ 0.412, φ2 ≈ 3.443, φ3 ≈ 2.859, φ4 ≈ 3.602, φ5 ≈ 2.922 

Verta paminėti, kad netiesinio dielektrinio jautrio matavimo stendo 

programoje yra įdiegtas signalo vidurkinimo algoritmas, kuris padeda pasiekti 

100 dB signalo/triukšmo santykį. Kitas svarbus aspektas – įtampos signalas yra 

generuojamas DT9834 moduliu, kuris yra skaitmeninis įtaisas. Nors ir prietaiso 

skiriamoji geba gan didelė (16 bit skaiĉius-analogas konverteris, 500kHz 

diskretizacijos daţnis), kvantuoti ţingsneliai įtampos signale gali sukelti 

didelius per bandinį tekanĉios srovės šuolius. Dėl šios prieţasties yra 
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naudojamas papildomas 30 kHz analoginis RC filtras DT9834 generuojamo 

signalo išėjime. 30 kHz atkirtos daţnis turėtų būti pakankamas, kad nuslopinti 

500 kHz diskretizacijos daţnio sukeltus srovės šuolius.  

Visos aukšĉiau paminėtos netiesinio dielektrinio jautrio matavimo 

sistemos savybės leidţia patikimai atlikti įvairių medţiagų netiesinio 

dielektrinio jautrio matavimus. Deka sistemos fazės iškraipymų kalibravimo, 

matavimo signalo pagrindinės harmonikos daţnio diapazonas praplėstas iki 

1/10 diskretizacijos daţnio. 

10.8 (1-x)PbMg1/3Nb2/3O3-xPbTiO3 PAGRINDO MEDŢIAGŲ NETIESINIO 

DIELEKTRINIO JAUTRIO TYRIMAI 

(1-x)PbMg1/3Nb2/3O3-xPbTiO3 (PMN-xPT) yra kietas tirpalas, kur PMN 

yra FR, o PT yra normalus feroelektrikas. Tokie kietieji tirpalai įdomūs tuo, 

jog parinkus tam tikrą tirpalo dedamųjų koncentraciją galima gauti 

morfotropinės fazių sandūros (MFS) būseną reikiamoje temperatūroje. MFS 

yra riba fazinėje kompozicijos-temperatūros diagramoje, kurioje kristalo 

struktūra staigiai keiĉiasi. Medţiagos arti MFS turi stiprų pjezoelektrinį efektą. 

Yra ţinoma, kad FR maišant su normaliu feroelektriku, pasiekus tam tikrą 

koncentraciją yra stebimas fazinis virsmas. Taĉiau, nevisada lengva nustatyti, 

kurioje koncentracijoje fazinis virsmas jau vyksta. Taip pat, įdomu išsiaiškinti, 

kas vyksta junginyje maišant FR su normaliu feroelektriku. 

0.83PMN-0.17PT monokristalas yra viduryje tarp PMN ir MFS. 

Ankstesni kitų mokslininkų tyrimai parodė poţymius, bylojanĉių apie fazės 

kitimą šioje koncentracijoje [59,61]. Todėl įdomu išsiaiškinti ar tikrai 

0.83PMN-0.17PT turi fazinį virsmą ir kokio tipo jis gali būti. Tuo tikslu atlikti 

kristalo netiesinio dielektrinio jautrio tyrimai. Tyrimams naudotas 0.83PMN-

0.17PT (100) krypties monokristalas, uţaugintas modifikuotu Bridţmano 

metodu [64]. 
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Paveikslas 10.8.1 PMN-0.17PT monokristalo tiesinio dielektrinio jautrio χ‟1(T), 

treĉiosios eilės netiesinio dielektrinio jautrio χ‟3(T), santykinio dielektrinio jautrio koeficiento 

a3(T) priklausomybės nuo temperatūros, matuojant (iš kairės) vėsinant, kaitinant, kaitinant 

poliarizavus bandinį 

Netiesinio dielektrinio jautrio matavimai atlikti trimis reţimais: 1) 

vėsinimo reţimu (VR) – bandinys uţkaitinamas iki aukštos temperatūros, tada 

matavimas atliekamas bandiniui vėstant pastoviu greiĉiu; 2) kaitinimo reţimu 

(KR) – bandinys atšaldomas iki ţemos temperatūros ir matavimai atliekami 

bandinį kaitinant iki aukštos temperatūros pastoviu greiĉiu; 3) poliarizuoto 

bandinio KR (PKR) – bandinys poliarizuojamas kambario temperatūroje, 

aukštesniame nei koercinis, elektriniame lauke, ir matavimai atliekami 

kaitinant iki aukštos temperatūros pastoviu greiĉiu. Paveikslas 10.8.1 rodo visų 

trijų matavimo reţimų palyginimą. Ţvelgiant į VR, tiesinio dielektrinio jautrio 

priklausomybėje nuo temperatūros (χ‟1(T)) nėra aiškiai matomas viršūnės 

slinkimas aukštesnių temperatūrų link, didėjant daţniui. Taĉiau, aukštesniuose 

daţniuose ši elgsena yra stebima [59]. Treĉiosios eilės dielektrinis jautris yra 

teigiamas visame temperatūrų diapazone (χ‟3(T)) ir, kartu su santykiniu 

netiesinio dielektrinio jautrio koeficientu (a3(T)), primena gryno PMN kristalo 

elgseną [35]. Taip pat, a3(T) atitinka Glazounovo-Tagantsevo FR 

VR KR PKR 
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fenomenologinį dinaminio netiesinio atsako modelį [16]. Dėl paminėtų 

savybių, galima teigti, jog stebima įprasto FR elgsena. Gautas rezultatas yra 

gan kontrastingas panašiam kietąjam tirpalui PZN-0.08PT, kur stebimas 

pirmosios rūšies fazinis virsmas, taĉiau χ‟3(T) keiĉia ţenklą [40]. Fazinio 

virsmo buvimas patvirtintas neutronų sklaidos eksperimentu [66]. 

Ţvelgiant į KR matavimo rezultatus, stebima temperatūrinė χ‟1(T) 

histerezė. Taip pat, kupra ties 330 K temperatūra, kuri matoma ir χ‟3(T). 

Staigesnis χ‟1(T) augimas kylant temperatūrai KR atveju, gali byloti apie lėtą 

spontaninį tvarkimąsį arba PNS augimą į makroskopinius feroelektrinius 

domenus. Įdomu tai, jog PKR reţime, kupra virsta aštriu teigiamu šuoliu χ‟3(T) 

330 K temperatūroje, kuris gali būti siejamas su pirmosios rūšies faziniu 

virsmu. Temperatūrų diapazone virš šio aštraus šuolio stebima FR elgsena. 

Kita ištirta medţiaga yra PMN-0.1PT kietasis tirpalas praturtintas 0.5% ir 

1% Mn (PMN-0.1PT:0.005Mn, PMN-0.1PT:0.01Mn). Šios keramikos buvo 

pagamintos mechano syntezės metodu [67–70]. 
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Paveikslas 10.8.2 (iš kairės) PMN-0.1PT, PMN-0.1PT:0.005Mn, PMN-0.1PT:0.01Mn 

keramikų tiesinio dielektrinio jautrio χ‟1(T), treĉiosios eilės netiesinio dielektrinio jautrio 

χ‟3(T), santykinio dielektrinio jautrio koeficiento a3(T) priklausomybės nuo temperatūros 
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Feroelektrinių medţiagų praturtinimas Mn (kur Mn įgauna +2 oksidacijos 

laipsnį) maţina domenų reakiciją į išorinį elektrinį lauką (domenai tampa 

neperorientuojami išoriniu elektriniu lauku). Taip atsitinka dėl akceptorinės 

Mn
2+

 elgsenos. Mn
2+

 patenka į B poziciją ABO3 perovskitinėje struktūroje ir 

sukuria deguonies vakansijas kompensuoti krūviui, dėl kurių atsiranda 

stacionarios defekto dipolio poros [71–73]. Tikėtina, kad tokiu pat būdu gali 

būti sukuriamos nejudrios PNS. 

Paveikslas 10.8.2 rodo PMN-0.1PT, PMN-0.1PT:0.005Mn, PMN-

0.1PT:0.01Mn keramikų χ‟1(T), χ‟3(T) ir a3(T) temperatūrines priklausomybes. 

PMN-0.1PT rodo aiškią FR elgseną. χ‟1(T) maksimumas slenka aukštesnių 

temperatūrų link, didėjant daţniui. χ‟3(T) yra teigiamas visame temperatūrų 

diapazone, o a3(T) atitinka Glazounovo-Tagantsevo FR fenomenologinį 

dinaminio netiesinio atsako modelį [16]. Mn praturtintose keramikose, 

pateiktame daţnių diapazone, sunkiau stebimas χ‟1(T) maksimumo poslinkis 

didėjant daţniui, taĉiau jis išryškėja aukštesniuose daţniuose [67]. Kitas 

svarbus aspektas yra tas, kad Mn praturtintose keramikose stebima sumaţėjusi 

χ‟1(T) maksimumo vertė ir maksimumas paslinktas aukštesnių temperatūrų 

link. Labai įdomu tai, jog stebimas ţymus χ‟3(T) sumaţėjimas. χ‟3(T) PMN-

0.1PT:0.005Mn keramikoje sumaţėjo ≈ 52%, o PMN-0.1PT:0.01Mn net ≈ 

97%, lyginant su keramika be Mn. Ĉia svarbu paminėti, jog aukštesnės eilės 

dielektrinis jautris yra jautresnis dipolių elgsenos pokyĉiams [75,76] nei 

tiesinis. Toks ţymus χ‟3(T) sumaţėjimas padarė įtaką a3(T), taĉiau net ir Mn 

praturtintose keramikose a3(T) atitinka Glazounovo-Tagantsevo FR 

fenomenologinį dinaminio netiesinio atsako modelį [16]. Verta paminėti, jog 

pasak Glazounovo-Tagantsevo [16], a3(T) yra bedispersinė ir, jei joje ir 

stebima dispersija, ji greiĉiausiai yra tikra a3(T) dispersija arba atsirado dėl to, 

jog χ‟3(T) skaiĉiavimui yra naudotas ribotas aukštesnės dielektrinio jautrio 

komponenĉių skaiĉius. 
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Paveikslas 10.8.3 PMN-0.1PT:0.01Mn keramikos atvirkštinės dielektrinės skvarbos 

priklausomybės nuo temperatūros CV (2.3.3) aproksimavimas 

Norint išsiaiškinti Mn įtaką PMN-0.1PT elgsenai, buvo suskaiĉiuota 

Edvardso – Andersono parametro priklausomybė nuo temperatūros q(T). 

Atvėju, kai nėra pastovaus išorinio elektrinio lauko, χ‟1(T) susietas su q(T) 

tokiu sąryšiu,: 

    

 
  
  TqTT

TqC
T

C 




1

1
1

   

  (10.8.1) 

Ĉia TC – Kiuri temperature, C – konstanta. Tuomet q(T) galima išreikšti 

taip: 

    

 
 
 TTC

TT
Tq

C 1

11







   

  (10.8.2) 

Norint surasti TC ir C vertes, buvo panaudota Kiuri-Veiso (CV) 

aproksimacija (10.8.3) visoms PMN-0.1PT:xMn kompozicijoms. Vieną iš 

aproksimacijos CV pavyzdţių rodo Paveikslas 10.8.3. 

     

 
CTT

C
T


1

   

  (10.8.3) 

Šis sąryšis galioja temperatūrų diapazone > TC. Aproksimacijos tikslams 

naudota atvirkšĉia sąryšio forma, kuri leidţia daryti tiesinę aproksimaciją ir 

nesudėtingai suskaiĉiuti TC ir C: 
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Ĉia k – yra tiesės krypties koeficientas ir b – konstanta. Gautas TC ir C 

vertes rodo Lentelė 10.8.1. 

Lentelė 10.8.1 PMN-0.1PT, PMN-0.1PT:0.005Mn, PMN-0.1PT:0.01Mn keramikų 

χ„(T) CV aproksimacijos virš TC parametrai 

 PMN-0.1PT PMN-0.1PT:0.005Mn PMN0.1-PT:0.01Mn 

TC /K 337 ± 1 327 ± 1 341 ± 1 

C/10
3
K 415 ± 10 525 ± 10 318 ± 10 
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Paveikslas 10.8.4 PMN-0.1PT, PMN-0.1PT:0.005Mn ir PMN-0.1PT:0.01Mn keramikų 

Edvardso – Andersono parametro priklausomybė nuo temperatūros 

Parametras q susijęs su dipolių orientacijos koreliacija PNSe. Vienoje 

PNS visi dipoliai orientuoti ta paĉia kryptimi (dipolių orientacija koreliuota), 

jei q = 1. Dipoliai orientuoti atsitiktinai (dipolių orientacija nekoreliuota), jei q 

= 0. Padarius prielaidą, kad PNS aplinka yra nepolinė, galima kalbėti apie 

bendrą visų dipolių orientaciją. Ĉia reikia paminėti dvi publikacijas. Xu et al. 

[28] aiškina, kad maţėjant temperatūrai, PNS auga ir/arba susilieja į didesnes 

PNS. Koreeda et al. [29] pastebėjo, kad maţėjant temperatūrai PNS formuoja 

fraktalines struktūras ir perkoliuoja. Tai reiškia, kad TB (PMN TB ≈ 600 K) 

temperatūroje atsiranda trumpas dipolių orientacijos koreliacijos radiusas. Šios 

korialiuotų dipolių sistemos yra PNS. Maţėjant temperatūrai koreliacijos 
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radiusas ilgėja, todėl stebimas PNS augimas. Paveikslas 10.8.4 rodo PMN-

0.1PT Edvardso-Andersono parametro priklausomybę nuo temperatūros. 

Galime ĉia pastebėti, kad q(T) auga maţėjant temperatūrai. Šis rezultatas 

sutampa su PNS augimo prielaida. Taip pat, tai padeda paaiškinti, kodėl 

stebimas χ‟1(T) viršūnės poslinkis didėjant daţniui. Maţesnės PNS 

persiorientavimo trukmė trumpesnė (maţesnis dipolių ansamblis), todėl 

aukštame daţnyje jos duoda indelį į χ‟1(T). Maţėjant temperatūrai, PNS auga ir 

persiorientavimas tampa ilgiau trunkanĉiu procesu (didėja dipolių ansamblis). 

Didesnės PNS nespėdamos persiorientuoti per aukšto daţnio signalo periodo 

trukmę, indelio į χ‟1(T) neduoda – jis stebimas ţemesniame daţnyje ir 

maksimumas gaunamas ţemesnėje temperatūroje. Paveikslas 10.8.4 rodo, kad 

PMN-0.1PT:0.01Mn q(T) elgiasi taip pat, taĉiau yra paslinktas aukštesnių 

temperatūrų link, t.y. toje paĉioje temperatūroje PMN-0.1PT:0.01Mn q(T) yra 

didesnis, nei PMN-0.1PT. Reiškia, PMN-0.1PT:0.01Mn dipoliai toje paĉioje 

temperatūroje yra labiau koreliuoti nei PMN-0.1PT atveju. Norint išsiaiškinti 

to prieţastis, panagrinėsime PMN-0.1PT:0.01Mn χ‟1(T) (Paveikslas 10.8.2). 

Ĉia svarbiausias poţymis yra tas, kad šiuose ţemuose daţniuose PMN-

0.1PT:0.01Mn χ‟1(T) neturi aiškaus maksimumo poslinkio aukštesnių 

temperatūrų link, didėjant daţniui, skirtingai nei PMN-0.1PT. Reiškia, PNS 

augimas PMN-0.1PT:0.01Mn yra suvarţytas. Panašu, kad Mn veikia PNS 

panašiai kaip ir domenus, t.y. dėl praturtinimo Mn, dalis dipolių tampa 

nejudrūs. Įmanoma, kad maţėjant temperatūrai nejudrių dipolių orientacijos 

koreliacija perduodama šalia esantiems dipoliams. Todėl, lieka maţesnės 

judrių PNS „salos“, kurios duoda įtaką χ‟1(T). Taigi, maţesnis judrių dipolių 

ansamblis – greiĉiau auga orientacijos kereliacijos vektorius, todėl q(T) 

didesnis nei gryname PMN-0.1PT. Taip pat, įmanoma, kad praturtinimas Mn 

uţkerta kelia PNS perkoliacijai, nes PNS saloms uţkertamas kelias susilieti dėl 

išplitusių stacionarių dipolių sriĉių. 

Stiprus χ‟3(T) sumaţėjimas didinant Mn koncentarciją PMN-0.1PT:xMn 

gali būti aiškinamas remiantis aukšĉiau pateiktomis prielaidomis. PNS 
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plėtimasis yra apribotas dėl praturtinimo Mn, t.y. įkaltų dipolių orientacija nėra 

koreliuota su judrių PNS. Reiškia, judrios PNS duoda indėlį į χ‟1(T), o χ‟3(T) 

gauna indėlį dėl PNS išsiplėtimo dėl išorinio elektrinio lauko poveikio. 

Apibendrinant, netiesinio dielektrinio jautrio matavimai PMN-0.17PT 

padėjo aptikti fazinį virsmą 330K temperatūroje. PMN-0.1PT praturtinimas 

Mn sukuria nejudrių dipolių sritis, kurių orientacija nekoreliuota su judrių 

PNS. Dėl to, sumaţėja χ‟1(T), stipriai sumaţėja χ‟3(T) ir dingsta χ‟1(T) 

maksimumo poslinkis ţemuose daţniuose. 

10.9 GRYNO IR 2% La
3+

 PRATURTINTO Pb(Mg1/3Nb2/3)O3 KRISTALŲ 

TIESINĖ DIELEKTRINĖ SPEKTROSKOPIJA 

 

Paveikslas 10.9.1 PMN ir PLMN monokristalų kompleskinės dielektrinės skvarbos 

priklausomybė nuo temperatūros 

Vidutinis chemiškai tvarkių sriĉių (sritys, kur Mg/Nb pasiskirstymas 

gardelėje yra periodiškas – CTS) dydis PMN monokristale yra maţesnis nei 5 

nm [78,79]. PMN praturtinimas La
3+

, kuris nukeliauja į A poziciją perovskito 

ABO3 gardelėje, praplėĉia chemiškai tvarkias sritis iki 100 nm [84]. Neutronų 

ir rentgeno spindulių sklaidos eksperimentai parodė, kad CTS yra statinės, o 
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dinaminės yra tik netvarkioje matricoje esanĉios PNS [89]. Toliau yra pateikta 

gryno PMN ir 2% La praturtinto monokristalų dielektrinės (Pb(Mg1/3Nb2/3)O3–

0.02La(Mg2/3Nb1/3)O3 – PLMN) spektroskopijos rezultatai, kurie papildo 

anksĉiau publikuotus ţemesnių daţnių rezultatus [84] ir leido suskaiĉiuoti 

relaksacijos trukmių pasiskirstymus. 

 

Paveikslas 10.9.2 PMN ir PLMN monokristalų kompleksinės dielektrinės skvarbos 

priklausomybė nuo daţnio. Linijos rodo Koulo – Koulo aproksimacijas 

PMN ir PLMN monokristalai uţauginti iš aukštos temperatūros tirpalo 

panaudojant kristalą – sėklą. Paveikslas 10.9.1 rodo jų kompleksinės 

dielektrinės skvarbos priklausomybę nuo temperatūros (ε*(T)). Ţinoma, kad 

PMN yra laikomas kanoniniu FR, taĉiau panašu, jog PLMN, nors ir su 

praplėstomis CTS, vistiek rodo aiškią FR elgseną. Stebimas, ε„(T) maksimumo 

poslinkis aukštesnių temperatūrų link, didėjant daţniui. Taĉiau, PLMN to paĉio 

daţnio maksimumas yra pasislinkęs į 17 K ţemesnę temperatūrą ir yra apie 2 

kartus maţesnės vertės, nei gryno PMN. Paveikslas 10.9.2 rodo PMN ir PLMN 

kristalų kompleksinės dielektrinės skvarbos priklausomybę nuo daţnio ε*(f). 

Abiejuose kristaluose stebimas dispersijos siaurėjimas didėjant temperatūrai. 
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Galima pastebėti, kad abiejų kristalų ε*(f) neblogai aproksimuojama Koulo – 

Koulo lygtimi: 

     
  

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  (2.4.1) 

Paveikslas 10.9.3 rodo PMN ir PLMN kristalų ε*(f) Koulo – Koulo 

aproksimacijos parametrų priklausomybes nuo temperatūros. Parametras α(T) 

– charakterizuoja relaksacijos trukmių pasiskirstymo plotį ir rodo panašią 

elgseną abiejuose kristaluose. Panašią elgseną rodo ir relaksacijos stipris Δε(T) 

– tai yra skirtumas tarp statinės dielektrinės skvarbos ir dielektrinės skvarbos 

be galo aukštame daţnyje. Abiejų kristalų vidutinės relaksacijos trukmės 

priklausomybė nuo temperatūros τ(T) auga maţėjant temperatūrai ir neblogai 

aproksimuojama Vogelio – Fulĉerio sąryšiu: 
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Paveikslas 10.9.3 PMN ir PLMN monokristalų ε*(f) Koulo – Koulo apriksimacijos 

parametrų priklausomybė nuo temperatūros. (c) linija atitinka Vogelio – Fulĉerio 

aproksimacijas 
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Aproksimacija parodo aiškų kritinio lėtėjimo temperatūrų TVF skirtumą 

abiejuose kristaluose (Lentelė 10.9.1). Aktyvacijos energijos Ea ir dipolio 

persiorientavimo trukmės aukštoje temperatūroje τ0 vertės panašios ir byloja 

apie panašią dipolių elgsenos prigimtį abiejuose kristaluose. Ĉia gautos PMN ir 

PLMN kristalų Vogelio – Fulĉerio aproksimacijos parametrų vertės beveik 

sutampa su anksĉiau kitų mokslininkų publikuotomis [84,93,94]. 

Lentelė 10.9.1 PMN ir PLMN monokristalų τ(T) Vogelio – Fulĉerio aproksimacijos 

parametrai 

Kristalas τ0/s Ea/eV TVF/K 

PMN 5.9 × 10
-14

 0.061 ± 0.009 214 ± 6 

PLMN 6.3 × 10
-14

 0.071 ± 0.007 180 ± 4 

 

Su tikslu gauti geresnį relaksacinių procesų supratimą PMN ir PLMN 

kristaluose buvo apskaiĉiuoti relaksacijos trukmių pasiskirstymai (Paveikslas 

10.9.4). Relaksacijos trukmių pasiskirstymai abiejose medţiagose atrodo 

panašiai – platėja maţėjant temperatūrai. Tai paaiškinama atsiţvelgus į 

dispersijos platėjimą ε*(f). Taĉiau, verta atkreipti dėmesį, kad maţėjant 

temperatūrai, pasiskirstymai plinta tik į ilgesnių trukmių pusę, o trumpiausių 

pasiskirstymo trukmių kraštas ties 10
-13

 s išlieka visose temperatūrose. 

Relaksacijos trukmių pasiskirstymo augimas ilgesnių trukmių link, gali būti 

susijęs su PNS augimu ir jų persiorientavimo lėtėjimu maţėjant temperatūrai. 

Taĉiau tai, jog pasiskirstymas rodo nenulines vertes trumpų trukmių diapazone, 

net ir ţemesnėse temperatūrose, gali būti siejamas su anksĉiau minėta 

fraktaline PNS struktūra [29], t.y. ţemesnėse temperatūrose, nors ir PNS 

susilieja augdamos, taĉiau lieka sparĉiau virpanĉios atšakos. 
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Paveikslas 10.9.4 (a) PLMN ir (b) PMN kristalų relaksacijos trukmių pasiskirstymas 

Papildomai suskaiĉiuota PMN ir PLMN mono kristalų Edvardso – 

Andersono parametro q(T) priklausomybe nuo temperatūros (Paveikslas 

10.9.5) pagal (10.8.2). Tam pasiekti, atlikta CV aproksimacija (10.8.4), kurios 

deka gaunami parametrai TC ir C (Lentelė 10.9.2). Diskusija apie q(T) elgseną, 

pateikta dalyje 10.8 apie PMN-0.1PT:xMn, galioja ir ĉia. Esminis skirtumas 

pastebėtas ĉia, yra tas, kad PLMN q(T) vertė, toje paĉioje temperatūroje, yra 

maţesnė nei gryno PMN (pvz.: 360 K). Abu kristalai, PMN ir PLMN, rodo 

stiprią FR elgseną, taĉiau PLMN turi beveik 2 kartus maţesnę ε„(T) 

maksimumo vertę, kuris yra apie 17 K ţemesnėje temperatūroje, nei gryname 

kristale. Tokie elgsenos skirtumai stebimi todėl, kad didesnės CTS PLMN 

kristale apsunkina PNS perkoliaciją maţėjant temperatūrai, t.y. PNS dipolių 

orientacijos koreliacija apribota platesnėmis CTS salomis. CTSe esantys 

dipoliai yra statiški, todėl ilgesnis orientacijos koreliacijos radiusas nei PMN 

reikalingas PLMN, norint PNS augti, maţėjant temperatūrai. 

 

Lentelė 10.9.2 PMN ir PLMN ε„(T) CV aproksimacijos virš TC parametrai 

 PMN PLMN 

TC /K 334 ± 1 311 ± 1 

C/10
3
K 191 ± 10 232 ± 10 
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Paveikslas 10.9.5 PMN ir PLMN kristalų Edvardso – Andersono parametro 

priklausomybė nuo temperatūros 

PMN praturtinimas La daro kitokią įtaką medţiagos elgsenai, nei PLMN-

0.1PT praturtinimas Mn. Abi medţiagos yra FR. Abiejose medţiagose yra 

sumaţinama ε‟(T), taĉiau dėl skirting prieţasĉių. La PMN kristale prapleĉia 

chemiškai tvarkias sritis, todėl PNS orientacijos perkoliacija apsunkinama, 

taĉiau ji vyksta ir stebima aiški FR elgsena. Mn PMN-0.1PT keramikoje 

sukuria defektus, dėl kurių yra įkalami dipoliai ir uţkertamas kelias PNS 

perkoliacijai. Taip pat, ribojamas PNS dydis ir ţemesniuose daţniuose 

nestebimas FR būdingas ε‟(T) maksimumo poslinkis. 

10.10 DISERTACIJOS IŠVADOS 

1. Sukonstruotas netiesinio dielektrinio jautrio matuoklis. Parašyta jį 

valdanti programa. Įdiegtas įrangos sukelto fazės poslinkio 

kalibravimas, kurio deka praplėstas pagrindinės harmonikos daţnių 

diapazonas iki 1/10 diskretizacijos daţnio. 

2. Poliarizuotame PMN-0.17PT monokristale pastebėtas pirmosios 

rūšies fazinis virsmas iš relaksoriaus į normalų feroelektriką. Fazinis 

virsmas pasireiškia kaip aštrus pikas χ3(T) T ≈ 330 K temperatūroje. 

3. PMN-0.1PT keramikų praturtinimas Mn ţenkliai sumaţina χ3(T). Tai 

parodo, kad Mn sukurti defektai sumaţina PNS judėjimą 
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4. FR elgsena nėra labai susilpninama, ţenkliai praplėtus chemiškai 

tvarkias sritis. PMN kristale, praturtintame 2% La, neuţgniauţta FR 

elgsena ir nestebemas spontaninis fazinis virsmas. 

5. Edvardso – Andersono parametrų skaiĉiavimai parodė, kad FR 

praturtinimas La ir Mn sukuria skirtingus dielektrinės skvarbos 

sumaţėjimo mechanizmus. Praturtinimas La apsunkina PNS augimą, 

o praturtinimas Mn sukuria nejudrius dipolius. 
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PbMg1/3Nb2/3O3 (PMN) is a well known ferroelectric relaxor. PMN crystal doped with La3þ has

greatly enlarged chemically ordered regions (CORs) in the structure. It is interesting to know how the

development of CORs influences physical properties of PMN crystal. In this work, dielectric properties

and distribution of relaxation times of PMN and 0.98Pb(Mg1/3Nb2/3)O3–0.02La(Mg2/3Nb1/3)O3

(PLMN) crystals are studied. The experiment was performed in 120–500 K temperature range and

wide frequency range—up to 46 GHz. The results demonstrate that the relaxor behaviour of PMN and

PLMN is qualitatively the same in spite of the fact that chemical ordering is very different. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932656]

Lead magnesium niobate, PbMg1/3Nb2/3O3 (PMN), is a

well known and widely studied relaxor ferroelectric (RF).

RFs are characterized by a broad peak and a strong

frequency dispersion of dielectric permittivity as a function

of temperature.1 In contrast to ordinary ferroelectrics, the

dielectric anomaly is not connected with any macroscopic

structural changes and PMN remains macroscopically cubic

down to cryogenic temperatures.2 It is believed that the main

cause of this peculiar behaviour in dielectric permittivity of

PMN is the appearance of polar nano regions (PNRs)—small

nanometer size regions with correlated dipole moments em-

bedded in disordered matrix. They start to form at Burns

temperature (TB), which is well above the temperature range

of maximum of dielectric permittivity (Tm). PNRs are re-

sponsible for the relaxor behavior of PMN.3,4 PMN has per-

ovskite ABO3 structure, where A site is occupied by Pb2þ

and B site has a distribution of Mg2þ and Nb5þ ions. It is

widely accepted to use the random site model5–7 to describe

the distribution of B site ions, according to which PMN struc-

ture can be written as Pb(b01/2b001/2)O3, where b00 is occupied

solely by Nb5þ and b0 is occupied by 2:1 random distribution

of Mg2þ and Nb5þ. Such a configuration in chemically or-

dered regions (CORs) is characterized by periodical distribu-

tion of ions in B site, so the ordered domain is overall electro-

neutral, and can be generally formulated as Pb[(Mg2þ
2/3

Nb5þ
1/3)1/2 Nb5þ

1/2]O3. These CORs are embedded in disor-

dered matrix, in which ions in B site are distributed randomly

without any periodicity.5

Neutron elastic diffuse scattering study of PMN sug-

gested that at Burns temperature, TB, the soft TO phonon

mode becomes overdamped near Brillouin zone centre and

starts to condense into PNRs. The regions become polarized

along (111) direction. With the decrease of temperature, the

number and size of PNRs in the system increase and small

PNRs merge into larger ones. The result of this behavior is

the increase in the total volume of PNRs in the system. The

related ferroelectric soft-mode lifetime increases below Tm,

and overdamping near the Brillouin zone centre disappears.

The temperature range of Tm is not related to a phase

transition. At temperatures much lower than Tm, a large scale

overall “freezing” occurs. Further increase in the volume of

PNRs is prevented, because ferroelectric coupling between

PNRs and surrounding lattices is not sufficiently strong. The

resulting phase will have a polar lattice of average cubic

structure, but with embedded (rhomohedrally) polarized

PNRs.8 Recently, it has been found that at temperatures

around 240 K percolation transition of PNRs occur.

Furthermore, PNRs form a fractal in the single crystal. The

fractal dimension at low temperatures was estimated9 to be

2.61. It was suggested that the temperature behavior of PMN

could be broadly interpreted in terms of only two tempera-

ture scales. A high temperature scale (TB� 420 K), which is

characterized by the appearance of static polar correlations

and the minimum in the soft mode energy, and a lower tem-

perature scale (TC� 210 K), where domains form and a long-

range ordered ferroelectric phase can be induced through the

application of a sufficiently strong electric field.10

Although a lot of information has been accumulated

about relaxors, their properties are being investigated inten-

sively in order to find out the origin of their unique behavior.

It was found that the average size of the CORs in pure PMN

is smaller than 5 nm.11,12 A-site La3þ doping can increase

the size of the CORs.13–16 Doping with 2% La3þ increases

the size of the CORs in the PMN single crystal up to

100 nm.17 The difference of physical properties of various

relaxor ferroelectrics with enhanced B-site cation ordering

has been widely studied.4,5,18–21 After neutron and synchro-

tron radiation scattering analysis of pure PMN and La3þ

doped PMN crystals, it was proposed that the PNRs which

are in the CORs are static, while those, which are in disor-

dered matrix, are dynamic.22 The dielectric studies revealed

that 2% La3þ doped PMN single crystal preserves typical

relaxor ferroelectric behavior.17 Similar conclusion was

drawn from subterrahertz relaxation results derived from

Brillouin scattering measurements.23 In comparison with

pure PMN, a La3þ doped crystal has lower dielectric con-

stant maximum, which is slightly shifted towards lower tem-

peratures.17,19,24 The Vogel-Fulcher fits for relaxation time,
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s(T), revealed close values of relaxation parameters for PMN

and Pb(Mg1/3Nb2/3)O3–0.02La(Mg2/3Nb1/3)O3 (PLMN) crys-

tals. Attempt time s0 is in the order of 10�13 s for both crys-

tals. Activation energy of pure PMN Ea¼ (0.07 6 0.005) eV,

PLMN Ea¼ (0.093 6 0.008) eV. Freezing temperature of

PMN TVF¼ (213 6 2) K, PLMN TVF¼ (192 6 8) K.17,25

However, the dielectric response of PLMN has been studied

only at comparatively low frequencies up to 1 MHz. With

these data, the behavior of relaxation time and other parame-

ters of relaxation spectrum can be determined only at compa-

ratively low temperatures, where PNRs are comparatively

large. To analyze the response of PNRs at early stages of

their development, the high-frequency dielectric data are

needed. The aim of this work is to study the differences of

dielectric properties of pure PMN and 2% La3þ doped PMN

single crystals in the wide frequency range.

Single crystals of PMN and PLMN were grown from

high-temperature solution by the top-seeded solution growth

method as described in Ref. 17. Dielectric measurements

were performed in 120–500 K temperature range. Three dif-

ferent methods for different frequency ranges were used. In

the range from 20 Hz to 1 MHz, measurements were per-

formed using a HP-4284A impedance analyzer. The crystal

sample of direction (100) with silver paste contacts was

mounted in a capacitor inside the cryostat and the capacity

and loss tangent were measured. For temperature measure-

ment the Pt100 RTD was used. In frequency range from

1 MHz to 1.6 GHz dielectric measurements were performed

with the vector analyzer Agilent 8714ET. The same crystal-

lographic direction crystal sample with silver paste contacts

was mounted on the end of coaxial line, acting as a capaci-

tive load. Then the complex reflectance was measured. In

order to avoid the inhomogeneity of electromagnetic field

inside the sample, specifically sized samples were used

in specific ranges of frequency, dividing the measurement

procedure into three separate intervals: 1 MHz–400 MHz,

400 MHz–1 GHz, and >1 GHz, respectively. For temperature

measurement, the type T thermocouple was used.

For dielectric measurements at higher frequencies two

sets of waveguides were used. The rod-like sample was

mounted into a special frame, so that it was parallel to the

electric field and located in the center of the cross-section of

the waveguide, where the intensity of the electric field is the

highest. For temperature measurement the type T thermocou-

ple was used, as well. Readings of temperature were per-

formed using Keithley multimeter.

The temperature dependences of complex dielectric per-

mittivity e*(T) of PMN and PLMN single crystals are shown

in Fig. 1 for selected frequencies. Both dependences demon-

strate typical behavior of relaxor ferroelectrics, i.e., the peak

of the real part of the permittivity (e0) decreases and shifts

towards higher temperatures with the increase of frequency.

An obvious difference between both crystals is the twice

smaller peak of e0(T) in the PLMN crystal, which is �13 000

at the frequency of 129 Hz while for PMN it is �26 000 at

the same frequency. The e0(T) peak of PLMN is not only

lower in magnitude but also resides at 17 K lower tempera-

ture, i.e., at 129 Hz Tm¼ 250 K in PLMN and Tm¼ 267 K in

PMN. At T< 220 K the dielectric loss, e00(T), of both crystals

decreases monotonically and becomes almost frequency-

independent, while at T> 400 K the loss increases (this can

be most clearly seen at 129 Hz frequency). This increase

and related dispersion of e0 can be tentatively related to the

contribution of mobile charge carriers25 and/or Maxwell-

Wagner polarization. The temperature region where this pro-

cess is clearly visible is too narrow to make a more detailed

analysis of this phenomenon.

The frequency dependences of complex dielectric per-

mittivity e*(f) are shown in Fig. 2 for PMN and PLMN crys-

tals for selected temperatures. Both dependences display the

narrowing of dispersion with the increase of temperature. An

attempt was made to fit the data to Cole–Cole relation

e� xð Þ ¼ e1 þ
De

1þ ixsð Þ1�a : (1)

The fitting curves in the temperature range of 270 K–

340 K are shown as lines in Fig. 2. As we can see, the

Cole–Cole relation is a reasonably good approximation at

least in the frequency region of dipolar relaxation.

The temperature dependences of the best-fit Cole–Cole

parameters are shown in Fig. 3. The parameter a(T), which

characterizes the width of distribution of relaxation times,

behaves very similarly for both single crystals, i.e., decreases

FIG. 1. Temperature dependences of complex dielectric permittivity of the

PMN and PLMN crystals.

FIG. 2. Frequency dependences of complex dielectric permittivity of the

PMN and PLMN crystals. Lines show Cole–Cole fits.
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monotonously with the increase of temperature. The same

behavior is observed for relaxation strength De(T) that is the

difference between static dielectric permittivity and the per-

mittivity at infinitely high frequency (which generally

changes with temperature). This temperature behavior of

relaxation strength is associated with the shift of Tm and the

narrowing of e*(f) dispersion with increasing temperature.

Temperature dependences of mean relaxation time (s)

are shown in Fig. 3(c). For both crystals, s(T) grows with the

decrease of temperature in the whole temperature range of

260 K–350 K available for the analysis. This behavior can be

interpreted as slowing down of the dipolar dynamics of the

system. The s(T) dependences were fitted to the Vogel-

Fulcher relation characteristic of relaxors

s ¼ s0 exp
Ea

kB T � TVFð Þ

� �
: (2)

The obtained parameter values are presented in Table I.

It reveals clear differences between temperatures TVF of crit-

ical slowing down of dipolar dynamics (214 K for PMN and

180 K for PLMN, respectively). The similarity of activation

energy, Ea, and attempt time, s0, suggests that the origin of

the PNRs dynamics in both crystals is the same. The relaxa-

tion parameters of PLMN obtained in this work are close to

the values published earlier based on the analysis of low-fre-

quency/low-temperature part of the spectrum.17 Slight differ-

ences can be related to the difference in La3þ concentration,

which is hardly controlled during crystal growth procedure.

The data of our dielectric measurements of pure PMN

crystals were obtained in the frequency range of 100 Hz up

to 1.6 GHz and few data points at 37 GHz–39 GHz were

obtained besides. Our results are comparable with the previ-

ously reported dielectric spectra of PMN crystal obtained in

an extremely broad band of frequencies.26,27 Namely, previ-

ously reported Ea� 0.069 eV and TVF� 200 K are a good

match to the values obtained in this work (Table l).

To obtain a better description of relaxation processes in

these materials, distributions of relaxation times were calcu-

lated by adopting Tikhonov regularization method.28,29 The

obtained distributions are shown in Fig. 4(a) for PLMN and

(b) for PMN. The distributions of relaxation times of both

crystals demonstrate similar behavior, i.e., they broaden with

the decrease of temperature, which is consistent with the

expanding of the e*(f) dispersion. In closer examination, one

can notice that at all temperatures the edge of the distribution

corresponding to the shortest relaxation time is located around

10�13 s and remains almost unchanged. With the decrease of

temperature, the distribution broadens only because of the

increase in the longest relaxation time. The peak value of the

distribution shifts towards longer times as well, i.e., mean

relaxation time increases with the decrease of temperature,

but not so rapidly. Besides the main maximum, additional

anomalies appear in the low-frequency part of the spectrum at

temperatures lower than about 300 K, both in PMN and

PLMN. These anomalies suggest the development at low tem-

peratures of additional relaxation processes which have not

been resolved based on the analysis of e*(f) spectra. Such a

behavior may signify that at comparatively low temperatures

the PNRs with slower dynamics appear, and an increase in the

amount of PNRs with slower dynamics causes an increase in

the distribution function at higher time values. The edge of

the distribution at the time value of 10�13 s remains intact,

showing that a certain amount of relaxators with fast dynam-

ics remains at low temperatures.

The distribution of relaxation times of PMN crystal has

also been obtained in another research30 with few differen-

ces. Namely, in this work the maxima of e00(f) are slightly

shifted towards higher frequencies. We believe this is

because the previously measured crystal was grown using

different method, i.e., flux technique.31 Besides, in this work

the range of calculations of relaxation times distribution was

chosen just a little wider than the experimental results cover,

leaving minimum range for extrapolation.

Earlier X-ray and electron diffraction studies of PLMN

crystal investigated here showed that the doping with La3þ

FIG. 3. Temperature dependences of Cole–Cole parameters (a) De, (b) a, (c)

s of the PMN and PLMN crystals. In (c) lines show the Vogel–Fulcher fits.

TABLE I. Vogel–Fulcher parameters of the PMN and PLMN crystals.

Crystal s0/s Ea/eV TVF/K

PMN 5.9� 10�14 0.061 6 0.009 214 6 6

PLMN 6.3� 10�14 0.071 6 0.007 180 6 4
FIG. 4. Distribution of relaxation times of (a) PLMN and (b) PMN crystals.
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increases the size of chemically ordered regions.17 As a

result, we observed a twice smaller peak of e0(T) in PLMN

showing that the amount of dynamic PNRs is smaller than

in PMN. Besides, the TVF in PLMN is lower and the peak

of e0(T) is observed at slightly lower temperature, too.

Nevertheless, the distribution of relaxation times in both

crystals demonstrates similar behavior, which is consistent

with the concept that the PNRs are growing and freezing

with the decrease of temperature and percolate at some

point.

Therefore, the relaxation behaviour of PMN and

PLMN is qualitatively the same in spite of the fact that

chemical ordering is very different. Note that in perovskite

relaxors with the Pb(B01/2B001/2)O3 structure in which the

number of orderable cations, B0 and B00, is the same, and

complete translational symmetry is possible in the ordered

state, the chemical ordering leads to vanishing of relaxor

behavior and emergence of a macroscopic ferroelectric or

antiferroelectric phase transition.4,32,33 In PMN and other

known Pb(B01/3B002/3)O3 perovskite relaxors, another type

of chemical ordering is observed inside CORs, as discussed

in the introduction. This ordering cannot lead to complete

translational symmetry and does not influence significantly

the relaxor behavior. This was shown previously in Refs.

17 and 34 for the low-frequency (1 Hz–1 MHz) part of the

dielectric spectrum and for subterrahertz relaxation derived

from Brillouin scattering23 and confirmed in this work for

intermediate frequencies.

In this work, the dielectric properties of PMN and

PLMN crystals were measured and compared. Being com-

bined with the results of previous works,17,23,34 our results

show unambiguously that the relaxation dynamics, and

therefore, the dipolar nanostructure are not influenced signif-

icantly by the size of chemically ordered regions. This exper-

imental result is in sharp contrast with the conclusions of

some theoretical models4,35 which suggest a close relation

between the scale of CORs and the relaxor behavior in PMN

and other relaxors.
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ABSTRACT
Non-linear susceptibility measurements of ferroelectrics and related
materials allows to unambiguously recognize the type of the phase
transition. Although, such devices are not available commercially. We
present here a non-linear susceptomer with few improvements, that
allow to expand the frequency range of measurement to higher
frequencies. Namely, this susceptometer is implemented with phase
shift calibration procedure. Improvements described here may allow
measurements with fundamental frequency as high as 1/10 of the
sampling frequency.

Introduction

The relationship between polarization P and external electric field E, is well known:

P D e0x1E; (1)

where e0 – electric permittivity of the free space and x1 – the linear electric susceptibility of a
dielectric material. Such relationship is valid, if condition of small external electric field
applies. In experiments, where large electric field is introduced, the P(E) relationship is no
longer linear and higher order susceptibilities have to be taken into account:

P D e0 x1E C x2E
2 C x3E

3 C . . .
� �

; (2)

here xi – are non-linear susceptibilities (where i – positive integers). These non-linear components
show the non-linear contribution to the polarization [1]. The measurements of the non-linear
dielectric susceptibility of polar dielectrics give useful information on phase transitions [2].
Namely, it is possible to unambiguously recognize the type of the phase transition. Ferroelectric
systems, which display continuous or second order phase transition, have negative third order
susceptibility (x3) in paraelectric state and, with decrease of temperature, x3 changes sign to posi-
tive at the temperature of the phase transition. In case of a discontinuous phase transition or a first
order transition the sign of x3 is positive and remains unchanged throughout the vicinity of tem-
perature of the phase transition. So is explained by the theory of Landau-Ginzburg-Devonshire
[3, 4] and was proved by measurements of Triglycine Sulfate and Barium Titanate [5]. As well, it
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proves to be a useful tool to investigate essential differences between relaxor ferroelectrics and
dipolar glasses [6–8]. A good example are works on PMN [9, 10], that helped to derive a more
general model than Spherical Random Bond Random Field model [6] for behavior of relaxor fer-
roelectrics [11]. Thismodel, the Compressible Spherical Dipolar Glass, takes into account the elec-
trical polarization and the fluctuations of the strain tensor.

The usefulness of measurements of non-linear susceptibility in characterizing phase
transitions of polar dielectrics is clear. There are a few methods developed, which allow to
perform the measurements of non-linear susceptibility [12–15], but none of them are avail-
able commercially. Thus we present one, which we implemented ourselves.

Susceptometer

The concept of our susceptometer is based on equipment presented by S. Miga, et al. [14].
Our system consists of (Fig. 1): Data Translations DT9834 Data Acquisition Module, Stan-
ford Research Systems SR570 Low Noise Current Preamplifier with controllable sensitivity,
Computer, Sample Cell. DT9834 module is used to generate zero biased alternating voltage
signal with amplitude, which allows to observe nonlinear response of the sample under test,
but is rather small in comparison with coercive field of material of the sample. The signal
drives the sample within the sample cell. The current of the sample response is converted to
voltage by SR570 current preamplifier. And the Analog In channel of DT9834 module is
used to gather the measurement data. As well, a separate Analog In channel is used to gather
the data of the reference signal which drives the load (sample inside the cell/cryostat). Com-
puter is used to control sensitivity of SR570 and to perform calculations with the data gath-
ered with DT9834. Our equipment allows us to perform measurements of samples with
capacitances in range of 10 pF up to 10 nF. Estimated frequency range of excitation signal is
8 Hz – 10 kHz. The maximum amplitude of the alternating signal is §10 V. As the sample is
put in separate cryostat, it is possible to perform measurements in wide temperature range
100 K – 500 K. We are able to achieve Signal to Noise Ratio (SNR) of 100 dB (105).

Data extraction

The displacement current of the sample response is complex and contains phase shift
in respect of the reference signal. This data is used to calculate complex linear and

Figure 1. Block diagram of non-linear susceptibility measuring system.
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non-linear susceptibilities, as explained in [14]. Here, couple of things should be con-
sidered: 1) DT9834 Analog In channels does not gather data exactly simultaneously,
which is unavoidable, because the device uses semiconductor processor, which does not
support real time parallel operations, thus there is an intrinsic delay between any two
operations and that results in phase shift between measurement signal and reference
signal gathered with separate Analog In channels; 2) SR570 has limited amplification
band, i.e. the amplifier response is flat up to certain frequency. Furthermore with
increase of frequency the phase shift increases. The amplification frequency band is
limited by RC circuit. The frequency response of it is shown in Fig. 2. As well, the
device has different sensitivities with different threshold frequencies. In order to acquire
correct data at higher frequencies the phase shift caused by the equipment has to be
taken into account. For this reason we perform phase calibration. The phase distortions
of the system is gathered by measuring calibration capacitors. We use Solartron 12961
dielectric reference module, which contains four calibrated linear capacitors of 9.31 pF,
102 pF, 0.999 nF, 10.04 nF capacitances. As well, the calibration signal is of specific
shape, it is described by [3]:

S fð ÞD
X5

iD 1

1
i
cos 2piftCfið Þ: (3)

It consist of five harmonics, each harmonic has amplitude lowered by a number of har-
monic in respect of the first harmonic. This is because the derivative of such signal would
have equal amplitudes at every harmonic. And indeed, if we drive the calibration load, which
is capacitive, with our voltage calibration signal, the resultant current will have the shape of a
derivative of the original voltage signal. Furthermore, the phase of each harmonic is chosen
such, that the peak/rms ratios of the signal and its derivative would be minimum. This helps
to have the dynamic range of the signal symmetric in respect of 0. The comparison between
signal, which have zero phases of each harmonic, and our specific signal is shown in Figures 3
and 4. The phase of each harmonic of the calibration signal: ’1 � 0.412, ’2 � 3.443, ’3 �
2.859, ’4 � 3.602, ’5 � 2.922

It is important to notice that the amplitudes of higher harmonics of non-linear response
of the sample are quite low and sensitive to noise. The noise level of the system is rather low,
but additionally to obtain even better SNR the sample response averaging algorithm is

Figure 2. Frequency response of low-pass RC filter.
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implemented. Thanks to it, we are able to obtain signal to noise ratio up to 100 dB. Further-
more, it is worth to mention, that our excitation signal, as any digitally created signal tends
to have quantization noise, which distorts the amplitude of the signal. Although, our voltage
signal is rather linear (DT9834 uses 16bit DACs and 500 kHz sampling frequency), but the
small quantized steps in voltage signal, may give rather large peaks in current response if
capacitive load is driven. In order to prevent this uncontrollable phenomenon we use 1st
order analog RC low pass filter, which has threshold frequency of 30 kHz, which is sufficient
to prevent effects of quantization noise of 500 kHz sampling frequency. Moreover, to reduce
the quantization distortions of generated signal we have implemented dithering. The features
mentioned here makes our system capable to measure non-linear susceptibility of polar
dielectrics.

Performance

The performance of the susceptometer is exhibited by an experiment performed on
0.4NaBi0.5Ti0.5O3 – 0.45SrTiO3 – 0.15PbTiO3 (0.4NBT-0.45ST-0.15PT) ceramic sample with
silver paste contacts. The sample was heated up to temperature of 460 K. The measurement

Figure 4. Shape of signal of sum of five harmonics and its derivative, where phases chosen to minimize
Peak/RMS ratio of signal and its derivative. The phase of each harmonic: ’1 � 0.412, ’2 � 3.443, ’3 �
2.859, ’4 � 3.602, ’5 � 2.922.

Figure 3. Shape of signal of sum of five harmonics and its derivative, where phases of each harmonic are
equal.
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of non-linear susceptibility was performed on cooling cycle down to 320 K. The frequencies
of generated signal were 80 Hz, 317 Hz, 1262 Hz and 5000 Hz. The amplitude of alternating
electric field was 160 V/cm. The sample was not additionally polarized in constant electric
field prior to the measurement.

The results of the measurement are as follows. A temperature dependence of the 1st order
complex susceptibility is shown in Fig. 5, where a specific behavior of the compound is
revealed. In the temperature range above 360 K it behaves as relaxor ferroelectric. Namely,
the maximum of real part of complex susceptibility shifts towards higher temperatures with
increase of frequency. In the vicinity of 350 K there is a susceptibility drop, which can be
related to a discontinuous phase transition. Figure 6 shows a temperature dependence of the
real part of 3rd order of complex susceptibility, which has a positive sign. That is a good
indication of occurrence of the first order phase transition. Similar measurements were pub-
lished by Svirskas et al. [8], only the measurements of non-linear susceptibility presented
there are made up to frequency of 1 kHz. Here we have shown, that our susceptometer is
capable of measuring non-linear dielectric response in frequencies higher than 1 kHz (5 kHz
1st harmonic in this particular case, which makes frequency of 15 kHz of 3rd harmonic),

Figure 6. Temperature dependence of real part of 3rd order complex susceptibility of 0.4NBT-0.45ST-
0.15PT ceramic.

Figure 5. Temperature dependence of 1st order complex susceptibility of 0.4NBT-0.45ST-0.15PT ceramic.
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primarily due to the additional calibration step, where frequency response of the system is
evaluated.

Conclusions

In this work we have shown, that a phase shift calibration of the non-linear susceptometer
allows to expand the frequency range of the measurement to the higher frequencies. The
averaging algorithm helps to improve SNR. Combined with the phase shift calibration and
proper filtering of the signals above the Nyquist limit, these improvements may allow meas-
urements with fundamental frequency as high as 1/10 of the sampling frequency.
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a b s t r a c t

The macroscopic response of 0.83PbMg1/3Nb2/3O3-0.17PbTiO3 (PMN-17PT) single crystals has been
investigated in order to resolve existing controversy about the structural phase transition in the
rhombohedral side of (1-x)PbMg1/3Nb2/3O3-xPbTiO3 phase diagram. The combination of nonlinear
dielectric spectroscopy, temperature dependant polarization and strain hysteresis loop measurements
and ultrasonic spectroscopy revealed that ferroelectric phase occurs spontaneously in PMN-17PT single
crystals. The experimental techniques applied in this work probe the bulk of the sample and can
unambigously determine the existence of a spontaneous ferroelectric phase.

The experiments showed that zero-field cooled sample has a normal ferroelectric hysteresis loop at
room temperature. The electric-field dependence of induced polarization revealed that at a certain
electric field the sample undergoes transformation from polydomain to monodomain-like states. The
1 s t order phase transition at 330 K was evidenced by the third order nonlinear dielectric susceptibility
for monodomain sample. The nonlinear dielectric response of an unpoled sample does not show such
abrupt jump and is more similar to the response of canonical relaxor PbMg1/3Nb2/3O3.

Zero-field heating and zero-field cooling experiments also revealed very slow domain formation
processes appearing at 300e320 K temperature. They are affected by the experimental conditions. There
are evidences that on cooling the domains tend to grow in the sample.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Lead magnessium niobate-lead titanate, (1-x)PbMg1/3Nb2/3O3-
xPbTiO3 (PMN-xPT), is a solid solution systemwhere one of the end
members of phase diagram is relaxor ferroelectric and the other e
normal ferroelectric. These compounds have a B-site charge dis-
order in the perovskite lattice. The charge disorder promotes the
random fields which are the cornerstone of the relaxor phenome-
non [1,2]. The strength of random fields can be altered by chemical
substitution of ions in the perovskite lattice. In the case of PMN-xPT,
the increase of PT concentration suppose to decrease the strength
of random fields. This is due to the fact that titanium ion has a
valence of 4þ and is electrostatically compatible in the A2þB4þO3
perovskite lattice. This manifests as a crossover from relaxor to a
rskas), dziugas.jablonskas@ff.
. Samulionis), kojima@ims.

s).
classical ferroelectric [3,4] behaviour in the phase diagram of PMN-
xPT. This crossover and its peculiarities makes the PMN-xPT one of
the most intriguing phase diagrams in the solid state physics.

The most important feature of relaxor-ferroelectric solid solu-
tions is the occurrence of the so called morphotropic phase
boundary (MPB) in the phase diagram. The MPB is the boundary in
a composition-temperature diagram where the crystal structure
changes abruptly [5]. In the case of lead-based relaxor-ferroelectric
solid solutions, the MPB is between rhombohedral (pseudocubic)
and tetragonal symmetry [6]. There are a lot of discussions in the
literature about the structural features of MPB region in PMN-xPT
system. Firstly, it was considered that the MPB distinguishes
rhombohedral and tetragonal phases and that the material un-
dergoes two consequent phase transitions: from cubic to tetragonal
and from tetragonal to rhombohedral phase [6]. Later on it was
established that there is an intermediate monoclinic phase around
the MPB [3]. The intermediate phase was found in other relaxor-
ferroelectric solid solutions like PZN-xPT [8] as well.

The primary interest of MPB is closely related to the superior
electromechanical and dielectric properties of these compositions.
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Thus the compositions in the vicinity of the MPB are the main focus
of the investigation. The various data onMPB compositions of PMN-
xPT such as dielectric [9], ferroelectric [10], structural [3,11] can be
found in the literature. The rhombohedral side of the phase diagram
in PMN-xPT is less thoroughly studied. The knowledge about these
compositions is important in order to understand the perovskite
oxides with intermediary strength of random fields. The unique
feature of this region is that from a certain value of PTconcentration
a spontaneous ferroelectric-to-relaxor phase transition should
occur in the system. The most controversial question is the mech-
anismof this crossover from relaxor to ferroelectric phase. The value
where a rhombohedral phase appears is not well determined and
there are many debates in the literature which needs to be
addressed. Lead magnessium niobate (PMN) is macroscopically
cubic down to the low temperatures [12]. There aremany evidences
that the addition of lead titanate to PMN leads to enhancement of
rhombohedral phase which should persist up to the MPB concen-
trations. The high resolution synchrotron x-ray diffraction experi-
ments by Ye et al. showed that the rhombohedral phase appears in
PMN-xPT for concentrations as low as 5mol. % [4]. Neutron
diffraction experiments, on the other hand, could not detect the
macroscopic rhombohedral structure for a composition x¼ 0.2
down to 50 K [13]. There are further discrepancies concerning
composition x¼ 0.1. X-ray diffraction showed the appearance of a
ferroelectric phase [14], while neutron data revealed that the
rhombohedral phase appears only at the surface of the sample [15].
Xu et al. suggested that the phasewhich is observed at x< 20% is not
rhombohedral. There are even experiments showing that the com-
positions well below the MPB exhibit the monoclinic structure [16].

There are a lot of research devoted to the lattice dynamics of
relaxor ferroelectrics. The canonical relaxors does not show a
classical ferroelectric soft mode. The broad dielectric dispersion is
due to the central mode which expands 15 orders of magnitude in
frequencies [17,18]. This relaxation exhibits a glassy freezing phe-
nomenon on cooling [19e21]. Such freezing can be observed in the
broadband dielectric spectroscopy experiments. Some character-
istic relaxation time undergoes slowing down and diverges at the
freezing temperature Tf. The dielectric spectrum below the freezing
temperature becomes infinitely broad. This is so called constant
loss regime (dielectric loss is independent of frequency) [17,22].
Relaxors and dipolar glassess share the freezing phenomenon but
the relaxational dynamics in the relaxors are much more compli-
cated [23,24].

Earlier investigations of PMN-17PT single crystal (the middle
composition between the PMN and MPB of PMN-xPT) showed that
the mean relaxation time obtained by the broadband dielectric
spectroscopy [25] undergoes critical slowing down. This resembles
an order-disorder phase transition. The critical slowing down of a
central peak was also observed by the inelastic light scattering ex-
periments [26,27]. It is worth noting that inelastic light scattering
experiments favours the existence of phase transition in some lower
content compositions (i. e. PMN-10PT [28,29] and PMN-17PT [27]).

In this work we present our investigation on dielectric non-
linearities, polarization/strain hysteresis loops and ultrasonic
properties of PMN-17PT. These experiments allow us to probe the
macroscopic response of PMN-17PT single crystal and obtain the
information from the bulk of the crystal. It should identify the
ferroelectric phase transition (especially polarization switching
experiments which are mandatory property for ferroelectrics [30])
unambigously.

2. Experimental

0.83Pb(Mg1/3Nb2/3)O3-0.17PbTiO3 (PMN-17PT) single crystals
were grown by a modified Bridgeman technique [31]. The
pseudocubic [001] plate was used for the measurements. The same
single crystal was also used in our previous dielectric spectroscopy
studies [25].

The linear and third order nonlinear susceptibilities were
measured simultaneously with custom made susceptometer ac-
cording to the methodology reported by Miga et al. [32]. We used
our improved version susceptometer [33]. Our system consists of
Data Translations DT9834 data acquisition module, Standford
Research SR570 low noise current amplifier and computer. Tem-
perature measurements performed using 4W-RTD PT100 temper-
ature sensor connected to Keithley Integra 2700 multimeter.
Sample with painted silver electrodes was used. The measurement
was performed in a 120 V/cm alternating electric field. Such
strength of electric field is well below coercive field strength, but it
is enough to observe the non-linear response. Experiments were
performed in 200 Ke450 K temperature range and in 133Hz,
270Hz and 1 kHz frequencies.

Ferroelectric and strain hysteresis loops were measured with
aixaCCT TF2000 analyzer. The measurements of displacement and
polarization were carried out simultaneously by applying 10Hz
triangular wave pulses. The displacement was measurement with a
help of a single beam interferometer. Unipolar triangular pulses
were used for the measurement of displacement and polarization
in order to determine the piezoelectric and electrostrictive
coefficients.

The pyroelectric measurements were performed both on poled
and unpoled samples. First the sample was heated up to 500 K and
after it was cooled down to the lowest temperature the pyrocurrent
was measured either on poled or unpoled sample. The heating rate
was 10 K/min. The pyrocurrent was measured with the same aix-
aCCT TF2000 system. The temperature dependences of polarization
was obtained by integrating the pyrocurrent [34].

The time of flight ultrasonic technique was used to measure
longitudinal ultrasonic velocity at 10MHz frequency. The custom
made system with a z-cut LiNbO3 transducers as a transmitter and
receiver of ultrasonic waves were used. The wavevector of the ul-
trasonic wave was parallel to the [001] direction during the ex-
periments. The sample was placed between two aluminum buffers.
The temperature was measured with Keithley Integra 2700 multi-
meter. The T-type thermocouple was used as a sensor. The detailed
description of the time of flight experimental configuration can be
found in Ref. [35].

3. Results and discussion

3.1. Nonlinear dielectric susceptibility

Fig. 1 represents the temperature dependences of linear and
third order nonlinear susceptibilities. The linear dielectric data is
consistent with the previously published one for this crystal [25].
The temperature evolution of the susceptibilities possess similar
features as a relaxor ferroelectric lead magnessium niobate
[36,37]. The third order susceptibility is positive as is in the most
relaxor ferroelectrics. The only difference is that the susceptibility
does not exhibit well pronounced shift of permittivity maximum
at different frequencies. Broadband dielectric spectroscopy
revealed that the shift occurs only at microwave frequencies in
PMN-17PT [25]. The 3rd order dielectric susceptibility is sensitive
to the order of the phase transition. 1st and 2nd order ferroelectric
phase transitions have a very distinct response [36,37]. The 1 s t
order phase transition manifests as an abrupt jump in c3 (refer to
the results of barium titanate [38] as an example of 1st order
phase transition). The 1st order phase transition was evidenced
from the third order nonlinear dielectric susceptibility in a relaxor
ferroelectric PZN-8PT [39] (in this case the structural phase



Fig. 1. Temperature dependence of the first order dielectric susceptibility (a) and the
third order dielectric susceptibility (b).

Fig. 2. Temperature dependence of the third order dielectric susceptibility.
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transition was clarified by the powder neutron diffraction exper-
iments as well [40]). It is evident from the Fig. 1 that such kind of
jump is not observed in our case. Nonlinear susceptibility does not
show spontaneous 1st order phase transition and supports the
data obtained by the neutron scattering experiments. It seems that
the polar nano regions (PNRs) are responsible for the dielectric
anomaly. Although Kutnjak et al. reported the temperature-field-
composition phase diagram of PMN-xPT (the samples with con-
centrations x¼ 0; 0.1; 0.25 and 0.295 were investigated) where
they showed that the 1st order phase transitions are terminated
by the line of critical end points [41]. They concluded that the
giant electromechanical response is closely related to this critical
phenomenon. In the case of PMN-17PT (which lies between x¼ 0.1
and 0.25) the same conclusions should be applied as stated in the
paper by Kutnjak et al. [41]. Kim et al. reported the temperature
dependences of the dielectric permittivity under DC bias [26]
which clearly shows a 1st order phase transition on the field-
cooling and the zero-field cooling (ZFC).

The measurements of nonlinear susceptibility were performed
in a zero field heating (ZFH) regime for both poled (we assume it is
a monodomain state) and unpoled sample (Fig. 2). The poled
sample clearly exhibit a sharp peak at around 330 K temperature
indicating a 1st order phase transition. Above the phase transition
temperature a diffuse decrease of c3 characteristic to relaxor phase
is observed. It eventually converges to a ZFH curve of the unpoled
sample at higher temperatures. The ZFC and ZFH curves of an
unpoled sample show quite large hysteresis. The hysteresis can be
observed in linear susceptibility as well. The most interesting fact is
that the increase of c3 is much sharper during ZFH compared to a
ZFC experiment. This might be the hint of slow spontaneous
ordering and growth of PNRs to macroscopic ferroelectric domains
in 300e340 K temperature region. This is the region where the
critical slowing down is observed by the broadband dielectric
spectroscopy [25].
3.2. Piezoelectric, ferroelectric and pyroelectric characterization

The nonlinear dielectric susceptibility experiments do not affect
the structure of domains or PNRs since the probing electric field is
much smaller than the coercive field of material under investiga-
tion. The most important feature of ferroelectrics is the possibility
to switch the polarization. Thus, the investigation of polarization
and strain hysteresis is mandatory to identify the ferroelectricity in
the material. Fig. 3 represents hysteresis loops of PMN-17 PTat
different temperatures. The sample was heated above the Burns
temperature (600 K) and cooled down. The measurements were
performed on heating cycle after ZFC. The ferroelectric hysteresis
loop is observed at room temperature (the black curve represents
the very first measurement after ZFC). This indicates that the
ferroelectric phase in PMN-17PT condenses spontaneously on ZFC.
The room temperature phase is non-cubic. One can argue that the
ferroelectric phase is being induced by an external electric field.
This phenomenon is well-known in the relaxor ferroelectrics. Our
case does not show an electric field induced phase transition at
room temperature. Only a single switching peak in the current-
voltage characteristics is observed. In the case of electric field
induced phase transition two peaks in current vs. voltage charac-
teristics exist. The loop itself has a different shape (for example,
compare hysteresis loops in PMN [42]). Furthermore, the strain vs.
electric field has a piezoelectric character. The piezoelectricity
cannot manifest in the cubic crystal so it is another justification of a
non-centrosymmetric phase, since canonical relaxor ferroelectrics
have an electrostrictive character at temperatures where the phase
transition can be induced by an external electric field.

The temperature region in the vicinity of a permittivity
maximum has rather slim polarization hysteresis loops. This in-
terval also shows characteristic relaxor ferroelectric hysteresis
loops where two peaks in voltamperic characteristics are observed.
The electromechanical properties in this region show large hys-
teretic behaviour which is characteristic to an electric field induced
phase transitions in relaxors. It also resembles electrostrictive
behaviour. The highest temperature region shows the paraelectric
behaviour in both polarization and strain hysteresis. The clear
electrostrictive character is observed in the strain vs. field plot. This
is usual behaviour for the cubic perovskite oxides.

Further investigations of polarization and strain hysteresis of
the ZFC sample were carried out by applying unipolar electric field



Fig. 3. Electric field dependence of polarization (a) and strain (b).
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with a different amplitude in order to clarify the non-existence of
an electric field induced phase transition. Fig. 4 represents the
electric field dependence of polarization in PMN-17PT single crystal
at 295 K. For the low electric field regime, the induced polarization
Fig. 4. Electric field dependence of polarization in PMN-17PT single crystal at 295 K
temperature. Four consequent measurements were performed by increasing the
amplitude of triangular pulse.
should change linearly with the increase of an electric field. That
was observed for the lowest amplitude curve, (initial and second
curve after ZFC i. e.black and red curves). When the electric field of
1.5 kV/cm strength was applied, a nonlinear behaviour and an
abrupt increase in maximum polarization was observed (see green
curve in Fig. 4). The final curve (i. e. the largest amplitude, blue
curve) again showed a nearly linear behaviour of polarization.

The change of induced polarization is steeper for the lower
fields (i. e. below 1 kV/cm) compared to the highest field curve (� 2
kV/cm, blue curve). It might be related to the reversible (nano-)
domain wall movement. The unpoled sample has many (nano-)
domains and domain walls. These walls are very sensitive to an
external electric field and thus can be moved easily. These kind of
movements give a larger contribution to the induced polarization.
Above the certain value of the electric field (> 1.5 kV/cm) the
sample switches to a different kind of domain state. The field value
of 1.5 kV/cm corresponds to the field value reported by Helal et al.
where the single LA mode splits into two peaks [27]. They also
reported another transition to macroscopic monodomain structure
at higher fields, but it was not observed in our polarization exper-
iment.We believe that the field of 1.5 kV/cm is sufficient for driving
the sample to a single domain state. In this case the concentration
of domain walls decreases drastically (or disappears completely).
The absence of domain walls explains the change of slope of the
induced polarization curve for monodomain sample. The contri-
bution to the induced polarization solely comes from the lattice.
This experimental result is a strong evidence that the phase tran-
sition is not being induced by the field but rather the field drives the
sample to a single domain state.

Field dependence of electromechanical behaviour was investi-
gated for a single domain sample. Fig. 5 represents the ratio of
maximum strain to electric field amplitude. This ratio roughly
represents the value of piezoelectric coefficient d33 (wewill call this
ratio as effective d33) for certain amplitude of electric field Emax in a
monodomain ferroelectric phase (black and blue curves in Fig. 5).
The electric field dependence of effective d33 shows weak depen-
dence on the electric field. This shows that there are no additional
contributions to the strain and we can conclude that the poled
sample is fully monodomain.

The electric field dependence of effective d33 becomes much
more complicated above the 330 K. The function appears to have a
maximum. This maximum is closely related to the electric field
inducible phase transition. The long range ferroelectric order is lost
above 330 K but still can be induced by an electric field. This is the
true E-field inducible phase transition region in PMN-17PT and it
Fig. 5. Electric field dependence of effective d33 coefficient at different temperatures.



Fig. 7. Temperature dependence of remanent polarization and pyroelectric coefficient.
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only appears above the 330 K. The strain vs. electric field has a
different physical nature below and above this maximum. The
strain at low field regime is due to the electrostriction. Above the
maximum (after inducing ferroelectric phase), the electrome-
chanical response can be considered as a piezoelectric effect. The
convergence of the ratio Smax/Emax to the room temperature value
(i. e. black curve) hints the same physical origin of the strain. The
quadratic field dependence of strain at low fields (at low fields
P ~ E) is evidenced in Fig. 6. The inset of Fig. 6 shows the linear
behaviour of strain vs. square of polarization and unambiguously
identifies the electrostrictive behaviour at the lowest field. The
change of the slope can be observed at higher values of polariza-
tion. This is related to the electric field inducible phase transition
and indicates the change of electromechanical response. Surpris-
ingly, the dependence of strain is nearly linear at the highest fields.
The strain at 340e400 K temperature interval can be described by
two distinct electrostriction coefficients Q11. One coefficient de-
scribes the region below E-field inducible phase transition and the
other e above. The Q11 of high field region is larger by roughly 20%
compared to the low field region. This is quite confusing result
bearing in mind that ratio Smax/Emax at higher fields mimics the
same behaviour as in a monodomain ferroelectric state. The strain
vs. P2 dependence suggests that the strain can be described by
electrostrictive type behaviour in an E-field induced phase. The
temperature dependence of small signal d33 and electrostriction
coefficient Q11 is presented in the SUPPLEMENTARY MATERIAL
(Fig. S1).

Temperature dependences of pyroelectric coefficient and
remanent polarization are depicted in Fig. 7. The data which was
obtained from the ferroelectric hysteresis loops (i. e. Fig. 2(a)) are
consistent with the ones determined by the pyroelectric mea-
surements. The poled PMN-17PT undergoes a first order phase
transition. The abrupt polarization drop is observed at the tem-
peratures which correlated with the permittivity maximum at low
temperatures (see Fig. 1 (a)). Unfortunately, this temperature does
not correlate with a critical slowing down temperature which was
obtained from the dielectric spectra [25]. Furthermore, the phase
transition peak of poled sample detected by the third order
nonlinear susceptibility (Fig. 1 (c)) does not coincide with the pyro-
coefficient peak (and the minima observed in longitudinal ultra-
sonic velocity e Fig. 8).

There was also an attempt to perform pyroelectric measure-
ments for unpoled sample. The comparison of detected pyrocurrent
Fig. 6. Electric field dependence of strain at 360 K. The inset represents strain vs. the
square of polarization curves.
for both cases are represented in SUPPLEMENTARY MATERIAL
(Fig. S2). Even in the unpoled sample the peak can be detected at
the same temperatures as for the poled sample. Pyrocurrent mea-
surements are very sensitive for the structural changes and the data
on the unpoled sample supports the idea that the structural phase
transition exists in PMN-17PT.

Above the 350 K temperature pyroelectric data show non-zero
remanent polarization indicating that there are static PNRs which
contribute to the pyrocurrent. The small remanent polarization
above the permittivity peak maximum was observed in pure PMN
[19] as well.

3.3. Ultrasonic properties

The temperature dependence of longitudinal ultrasonic velocity
along pseudocubic [001] direction is depicted in Fig. 8. The mini-
mum in the velocity indicates the presence of phase transition. The
10MHz data correlates with the inelastic light scattering experi-
ments. The minimum in both experiments are nearly at the same
temperature [26]. Surprisingly, this result is nearly in agreement
with the critical slowing down temperature which we obtained
previously in these single crystals [25].

If we considered the phenomenological Landau theory, the ul-
trasonic data indicates that PMN-17PT single crystals have a linear
Fig. 8. Temperature dependence of longitudinal ultrasonic velocity on cooling and
heating cycles.
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coupling between order parameter and strain [43]. It is a significant
indication of proper ferroelectric phase transition in this system. A
very interesting feature can be observed on heating and cooling
cycles of ultrasonic experiment. There is a significant thermal
hysteresis associated to this anomaly. It is important to note that
there is a time dependence of longitudinal velocity in the vicinity of
theminimum. The cooling curve tends to relax to the heating curve.
When the sample is cooled downway below the room temperature
and then heated up, the initial temperature dependence is repro-
duced. If the sample is kept at room temperature, it slowly relaxes
to the value corresponding to the heating curve. This is clearly
related to some kind of slow kinetics of polar nano clusters under
random fields. It hints that at room temperature the ferroelectric
phase develops and PNRs might be nucleating to the larger sized
domains. These larger domains persists at room temperature and
can only be destroyed by heating the sample once again. This result
is in agreement with the measurements of third order nonlinear
susceptibility.

3.4. Peculiarities and the role of PNRs

Many experimental data were accumulated on the PMN-17PT
single crystal. The dielectric data favours the relaxor picture since
no well pronounced jump in temperature dependences of suscep-
tibility can be observed. This means that the PNRs are still the key
ingredient in the explanation of this anomaly. The role of PNRs in
PMN-17PT above the maximum temperature Tm is probably the
same as in pure PMN. Most of the experimental results are in
agreement with this fact. Below the Tm, some mesoscale ordering
takes place which stabilizes the ferroelectric phase. The PNRs
become more correlated and thus sensitive to an external electric
field. That is probably the reason why the normal hysteresis loops
are observed at room temperature after ZFC. The time of flight ul-
trasonic experiments along with Brillouin scattering [26,27] hint
that the ordering takes place at the mesoscale. Inelastic neutron
scattering experiments also revealed anomalies in transverse
acoustic phonon branches for PMN-20PT single crystals [44]. When
themesoscale order is broken, only pure relaxor properties persists.
It might be the case that below ~330 K (the temperature below
which the normal hysteresis can be observed) the coercive field of
ferroelectric sublattice and the field required to induce ferroelectric
order in relaxor sublattice coincide. We do not observe any double
hysteresis loops. This means the PNRs and ferroelectric domains
coexist below 330 K. PNRs can nucleate to normal domains with
time and/or with the decrease of temperature.

4. Conclusions

The investigation of macroscopic properties in PMN-17PT single
crystals were carried out. These experiments allowed us to obtain
the information about the bulk of the sample. The presented data
favours the idea that there is a spontaneous ferroelectric phase
transition in PMN-17PT. The detailed investigation of electric field
dependence of polarization and strain showed that the changes in
the response of PMN-17PT single crystals are related to the nano-
domain wall motion which can be switched off from the certain
values of electric field (i. e. the sample becomes monodomain-like).
The electric field dependence of effective d33 at room temperature
(in poled sample) also supports the idea of a monodomain state.

Different experimental data revealed different temperatures
which might be related to the phase transition. The investigation of
a poled PMN-17PT single crystal revealed that the temperature
around 330 K is related to the loss of a monodomain state (i. e.
depolarization). This temperature is closely related to the critical
slowing down identified by the broadband dielectric spectroscopy.
From the order-disorder ferroelectric perspective, this might sug-
gest that our system consists of different pseudospins which have a
different length (probably can expand several unit cells). The spins
(discrete polarization vectors of the PNRs/nanodomains) in the
unpoled sample are randomly distributed and at least some of them
are easily manipulated by an external electric field. They are
responsible for the ferroelectricity in PMN-17PT.

These experiments also revealed a very slow growth of ferro-
electric order after ZFC experiment. Further cooling far below the
dielectric peak temperature enhances a ferroelectric phase which
after heating persists at room temperature and can only be
destroyed by a ZFH experiment at least up to 500 K. So, for the point
of view of order-disorder phase transitions, it seems that the
ordering in PMN-17PT is a very slow process.
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