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Introduction

Interest of the study

Experimental and theoretical studies of different physical properties of
chalchogenide crystals which have bulk and layered structure and present
spontaneous polarization, are important for the study of physical principles and for
the creation of a technology for manufacturing low-dimensional ferroics for
integration into heterostructures with graphene-like materials that can be applied in
essentially new bistable functional elements for electronics with ultra-high density

and high-speed.

In Sn,P,S¢ ferroelectric semiconductor, the structural phase transition (PT) is
accompanied by a restructure of the chemical bonds. For chalcogenide materials
which belongs to the group of (Pb,Sn),P»(Se,S)e crystals, the substitution of atoms in
cation and anion sublaticces can significantly change the nature of chemical bonds
and determine the presence and features of the structural PT [1, 2]. The established
changes in chemical bonds in ferroelectric crystals (Pb,Sn) ,P»(Se,S)s as well as in
solid solutions with germanium dopant allow possible modifications of ferroelectric

and semiconducting properties for these phosphorus chalcogenides.

Over the past years, there was a special interest among different scientific groups
in layered two-dimensional materials of the CulnP,Ss family of crystals which are
narrow-band semiconductors with ionic conductivity and numerous ferroic properties
[3]. In such materials, the phenomena of superconductivity, magnetism and
ferroelectricity may be manifested [4, 5, 6]. These properties greatly enrich the
number of functional 2D materials, especially when the phase transition occurs at
temperatures close to room temperature. Also, such two-dimensional layered
materials combined with their van der Waals heterostructures may be promising for

advanced highly-integrated low-power-consumption logic devices [7].
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The current interest of the topic of the dissertation is determined by the need to
obtain new knowledge about physical and thermodynamic properties, which in turn
have a fundamental value, allowing to obtain information on internal electron-phonon
and phonon-phonon processes to describe the phenomenon of heat propagation in

these ferroelectric crystals.

Relationship with academic programs, plans, themes

This PhD thesis has been performed within the frame of a special cotutelle PhD
agreement between Spain (The University of the Basque Country, Bilbao) and
Ukraine (Uzhhorod National University, Uzhhorod). The financial support for the
research in Bilbao has been provided by a grant provided by the European Union,
through the ERASMUS MUNDUS ACTIVE programme (September 2016 - July
2017) as well as a grant provided by The University of the Basque Country (January
— October 2018). The research study has also been supported by the Spanish funding
programme UPV/EHU (GIU16/93).

Purpose and objectives of the study
Object: The family of two dimensional layered M'"M*"[P,X¢]* multiferroics
and three dimensional (Pb,Sn;.,).P>(Se,S1.,)s chalchogenides.

Subject: A study on the thermal properties and ultralow thermal conductivity in
layered phosphorus compounds, as well as the critical behavior of anomalies of
thermal diffusivity in the vicinity of the structural phase transitions for solid solutions

of Sn(Pb)szs(Se)6.

Purpose: To study the temperature evolution of the thermal properties of
MM [P, X6]* and  (Pb,Sn;.):P2(Se,Si,)s chalchogenides, covering a wide
temperature range and study the critical behavior of the second order phase transitions
in the phase diagram, mainly focusing on the study of the influence of Sn by Pb

substitution in (Pb,Sni.,),P2(Se,S1.,)s solid solutions. To investigate the influence of
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germanium doping on the ferroelectric and thermal properties of the uniaxial Sn,P,Se

crystal, studying possible changes in the critical behavior.

Methods: In order to study the thermodynamic properties of crystals, high
resolution ac photopyroelectric calorimetry (PPE) has been used. The analysis of the
critical anomalies has been carried out by means of the theoretical predictions of the
Landau classical theory and the Modern theory, which takes into account the
influence of the order parameter fluctuations in the close vicinity of phase transitions

(PT).

Scientific novelty of the results

1. It is shown that the thermal conductivity of the layered Cu,Ag "In,Bi**Py(S,Se)s
compounds strongly depends on the cation sublattice. Significant anisotropy of
thermal diffusivity and thermal conductivity in these crystals is found, where heat
flows more efficiently along the layers than perpendicular to them. Different
mechanisms of the anharmonicity of the crystalline lattice (strong phonon-
phonon interaction, relaxation of the lone electron pair, the second order Jahn-
Teller effect) and their influence on the thermodynamical properties are
described. It was found that the studied crystals have very low thermal
conductivity in comparison with other ferroelectric crystals, the lowest value is
about 0.2 W m' K in disordered high-temperature phase obtained for a
CuBiP,Ses crystal.

2. The phase transition crossover for (Pb,Sn;.,),P2(Sep2Sos)s crystals with a
concentration of lead in cation sublattice at concentration of lead higher than x =
0.2 was experimentally confirmed. The results of the critical behavior studies in
(Pb,Sn;,)2P2(Se2Sos8)s crystals have confirmed the predictions for the Blume-
Emery-Griffith model, taking into account the random field defects. It is shown
that the critical behavior for Sn,P»,Ss can be described as a crossover between

Ising and 3D-XY universality classes.
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3. Based on the results of thermal diffusivty studies and on available data of the
thermodynamic and dynamic properties of ferroelectric crystals (Pb,Sn),P,(Se,S)s
the 7' - x - y phase diagram was built. Such diagram contains tricritical points and
Lifshitz points lines which meet at tricritical Lifshitz point. The topology of this
diagram is compared with the calculated phase diagram within the combined
BEG-ANNNI model: Ising model with spin S = 1, taking into account the

interaction between the first and second nearest neighbors.

4. The introduction of germanium in the cation sublattice induces the dipole glass
state in (Pb0_7sno,25G60_05)2P286 and (Pb0_7Sno,25G60,05)2P2866 mixed crystals in the
region of quantum fluctuations (at 7’ < 50 K).

Practical interest of the study
1. The obtained ultra-low thermal conductivity in (Cu,Ag)(In,B1)P,(S,Se)s layered
crystals and the established mechanisms of lattice anharmonicity can be important

for the design and production of promising thermoelectric materials.

2. The results on thermal diffusivity in (Pb,Sni.,)2P2(Se,Si.+)s solid solutions can be
used in different phenomenological and microscopic models in order to describe

the structural phase transitions in the vicinity of polycritical points.

Contribution of the PhD candidate

All thermal measurements have been performed by the PhD student personally
at the laboratories of the Department of Applied Physics at the University of Basque
Country, UPV/EHU (Bilbao, Spain), as well as completed the analysis of the research
results. The author was directly involved in the preparation of samples for research,
interpretation and discussion of all the results of experimental studies, has performed
a complete theoretical analysis of the critical anomalies, has formulated the

conclusions of the work and scientific novelty of the thesis.
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Publications and contribution to the conferences

Publications in scientific journals:

. Anisotropic thermal properties and ferroelectric phase transitions in layered
CulnP,S¢ and CulnP,Se¢ crystals / V. Liubachko, V. Shvalya, A. Oleaga, A.
Salazar, A. Kohutych, A. Pogodin and Yu. M. Vysochanskii // Journal of Physics
and Chemistry of Solids —2017. - V. 111. — P. 324-327.

. Thermal diffusivity and thermal conductivity in layered ferrielectric materials
M"M3*Py(S,Se)s (M = Cu, Ag; M*" = In, Bi) / V. Liubachko, A. Oleaga, A.
Salazar, A. Kohutych, K. Glukhov, A. Pogodin and Yu. Vysochanskii // Phase
Transitions — 2019. — V.92, No.5. — P. 494-499.

. Inducing a Tricritical point in Sn,P»(Se,S1.,)s ferroelectrics by Pb addition / A.
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R. Yevych, A. Kohutych, Yu. Vysochanskii // Physical Review B. — 2020. — V.
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. Quantum paraelectric state and critical behavior in Sn(Pb),P,S(Se)e ferroelectrics
/ 1. Zamaraite, V. Liubachko, R. Yevych, A. Oleaga, A. Salazar, A. Dziaugys, J.
Banys, Yu. Vysochanskii // Under review at Journal of Applied Physics. — 2020.
[https://arxiv.org/abs/2003.09966].
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Contribution to the conferences and seminares:
. Influence of dopants and vacancies of chalcogenide atoms on possible deviation
from Lifshitz behavior of SnyP2(So72S€028)s crystal. / A. Oleaga, V. Shvalya, A.
Salazar, V. Liubacko, A. Kohutych, I. Stoika, M. Danko, Yu. Vysochanskii. //
7% Seminar “Properties of ferroelectric and superionic systems”. Uzhhorod

(Ukraine), April 24 2017.

. Anisotropic thermal properties and ferrielectric phase transitions in layered Cul

nP,Se and CulnP,Se¢ crystals. / V. Liubachko, V. Shvalya, A. Oleaga, A.
Salazar, A. Kohutych, A. Pogodin, Yu. M. Vysochanskii. // 19th International
Conference on Photoacoustic and Photothermal Phenomena in Bilbao (Spain),

16-20 July 2017.

. Ferroelectric phase transitions and anisotropic thermal properties in layered
CulnP,(S,Se)s crystals. / V. Liubachko, A. Oleaga, V. Shvalya, A. Kohutych, A.
Pogodin, A. Salazar, Yu. M. Vysochanskii // Seminar ‘“New multiferroics and
superionic conductors for acustoelectronics and solid state ionics”, Vilnius,

(Lithuania), 10 October 2017.

. Thermal diffusivity and thermal conductivity in layered ferroelectric materials
M"M3*Py(S,Se)s (M!*= Cu, Ag; M**= In, Bi) / V. Liubachko, A. Oleaga, A.
Salazar, A. Kohutych, K. Glukhov, A.Pogodin, Yu. Vysochanskii//V
Ukrainian-Polish-Lithuanian ~ Meeting on  Physics of  Ferroelectrics

in Uzhhorod (Ukraine), 18-20 September 2018.

. Cation role in the thermal and electric properties of layered ferrielectric materials
MPM3Py(S,Se)s (M'"= Cu, Ag; M*'= In, Bi) / V. Liubachko, A. Oleaga, A.
Salazar, A. Kohutych, K. Glukhov, A. Pogodin,
Yu. Vysochanskii // International Meeting on Clusters and Nanomaterials

(CNM’5-2018) in Uzhhorod (Ukraine), 22-26 October 2018.

. Ultralow thermal conductivity in layered phosphorus chalcogenides M *M?>"Pj(S,
Se)s (M'" = Cu, Ag; M*" = In, Bi) / V. Liubachko, A.Oleaga, A. Salazar,
A. Kohutych, K. Glukhov, A. Pogodin, Yu. Vysochanskii / The conference of
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young scientist “Lashkaryov’s readings — 2019” in Kyiv (Ukraine), 3-5 April
2019.

7. The effect of Pb doping on the critical behavior in (Pb,Sn;.)2P2(Se02S05)s
ferroelectrics / V. Liubachko, A.Oleaga, A. Salazar, Yu. Vysochanskii //

Conference of Young Scientists and Post-graduate Students IEP-2019 in
Uzhhorod (Ukraine), 21-24 May 2019.

8. Thermal diffusivity and phase transitions in (Pb,Sn;.).P»(Se,Si.)s crystal /
V. Liubachko, A. Oleaga, A. Salazar, Yu. Vysochanskii // School-conference of
young scientists «Modern material science: physics, chemistry, technology»

(MMSPCT-2019), in Uzhhorod (Ukraine), 27 - 31 May 2019.

9. Phonon spectrum and heat transport of [Cu,Ag]""[In,Bi]*"P2(Se,S)s metal thio-
and senenophosphates / V. Liubachko, A. Oleaga, A. Salazar, A. Kohutych,
K. Glukhov, A.Pogodin, Yu. Vysochanskii// XXIV Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules and Crystals” (XXIV
ISSSMC), in Odesa (Ukraine), 25 - 30 August 2019.

10. Investigation of thermal transport in 2D layered [Cu, Ag]'[In, Bi]**P,[(Se,
S)s]* crystals / V. Liubachko, A. Oleaga, A. Salazar, K. Glukhov, A. Kohutych,
Yu, Vysochanskii, A. Pogodin // VIII International seminar ‘“Properties of
ferroelectric and superionic systems”, in Uzhhorod (Ukraine), 29-30 October
2019.

11. Phase diagram of ferroelectrics with tricritical Lifshitz point: paraelectric -
modulated critical line end point and chaotic behavior / V. Liubachko, R.
Yevych, A. Oleaga, A. Salazar, A. Kohutych, Yu. Vysochanskii // VIII
International seminar "Properties of ferroelectric and superionic systems, in

Uzhhorod (Ukraine), 29-30 October 2019.

Structure of the thesis
The PhD thesis includes an introduction, nine chapters, general conclusions,
bibliography, where 251 references are listed and a summary is written in Spanish.

The total volume is 230 pages; the thesis contains 126 figures and 9 tables.
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In the first chapter, the phenomenon of heat transfer and thermal properties of
solids have been considered, in particular the main mechanisms of heat transfer:
conduction, convection and radiation. Also, a brief description of four essential
thermophysical properties which characterize the material: heat capacity, thermal
diffusivity, thermal conductivity and thermal effusivity is given. After that the
description of heat transfer by different carriers in semiconductor materials is
considered. It has been explained how heat is transmitted in homogeneous, isotropic
and anisotropic materials. Finally, the mathematical description of the heat

propagation is shown through the parabolic and hyperbolic heat diffusion equations.

The second chapter contains a detailed description of the technique which was
directly used in order to study the thermal properties of solids (ac photopyroelectric
calorimetry (PPE) in the back-detection configuration). In order to better understand
the nature of the phenomena which are the basis of this technique, the basic theory of
pyroelectricity is considered. In the second part of the chapter the experimental
techniques were considered, which allowed us to perform the thermal diffusivity
measurements of the investigated ferroelectric crystals. Descriptions of the cryostats

used are also presented in this chapter.

In the third chapter, the critical behavior and phase transition (PT) theory
applied to the particular case of ferroelectrics, namely the classical Landau theory for
ferroelectrics as well as the modern theory in the framework of the renormalization
group theory is presented. Different mechanisms which can provoke a deviation from
the mean-field behavior were considered in detail. For the ferroelectrics and magnets
for which the classical Landau theory does not work properly we have presented a
renormalization group theory development and have given information about the
different universality classes which can appear while studying (PbxSn;_)>P2(SeySi.y)s
crystals. The second part of this chapter is devoted to the critical behavior studies of

(PbsSni«)2P2(Se,S1.y)s uniaxial ferroelectrics prior to this work.

The peculiarities of the crystalline structure, the influence on the physical
properties on the substitution of atoms in the cation and anion sublattices in 2D thio-

and selenophosphates were considered in chapter four. The second part of this
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chapter is devoted to the description on the physical properties in two-dimensional
layered crystals, namely dielectric, piezoelectric and ultrasonic as well as thermal

properties.

In the fifth chapter a brief review of the literature on physical properties
(thermal, optical, elastic, acoustic and dielectric) of solid solutions of the family of
(Pb,Sn),P»(Se,S)s, crystals has been made, which allows us to describe their complex
temperature-concentration phase diagram. For a better understanding of the evolution
of the nature of the PT at the substitution of chemical elements in the cation and anion
sublattices, we have considered separately three diagrams Sn,P»(Se,Si.y)e,
(Pb,Sn;),P»Se and (Pb,Sn;,),P2Ses. Special attention was paid to the multicritical
points that appear on the phase diagram, depending on the change in the chemical
composition or on compression. Here we consider the influence of lead atoms on the
phase transition temperature position and on the critical anomalies shape in the
Sn,P,S¢ and SnyP>Ses crystals. Lastly, we present the physical properties studies of
Sn,P,S¢ compounds doped with Ge.

The next four chapters are fully devoted to the interpretation of the data obtained
in this work. Thus, in chapter six the effect on physical properties of the substitution
of atoms in the cation and anion sublattices has been studied, and a significant
anisotropy of the thermal properties in these layered crystals has been distinguished.
Also, the phase transitions (PT) in detail in crystals where they took place were
considered. In this chapter we have presented the results of theoretical calculations of
phonon spectra for each investigated crystal, a method for calculating the phonon
spectrum using the theory of functional density is described, whose analysis allows
us to completely understand the nature of low thermal conductivity. Also, the Debye
temperatures, mean free paths and the average phonons group velocity have been
calculated. Finally, the data obtained on the basis of experimental studies and
theoretical calculations allow us to explain how the substitution of chemical elements

in cation and anion sublattices affects the thermophysical properties.

In chapter seven, experimentally, the thermal diffusivity for (Pb,Sn;.
x)sz(SCo_zSo_g)6 with x = 01, 02, 0.3 and for (Pbo_ossno_gs)zpz(seys1_y)6 with y= 04,



15

0.5 crystals have been studied. In order to obtain a tricritical point on the phase
diagram the effect of lead by tin substitution is considered. The obtained critical
exponents were compared with the theoretically predicted ones for this class of
ferroelectrics. The approaching of the value of the critical exponent to the Mean Field
model instead of the tricritical universality class has been explained on the basis of
the Blume-Emery-Griffiths model (BEG model) with the influence of random field
defects.

Chapter eight is devoted to the critical behavior study in Sn,P,S which can be
described as a crossover between Ising and XY universality classes, what is expected
near bicritical points with coupled polar and antipolar order parameters and
competing instabilities in q — space. An enhanced, 7 — x — y phase diagram for
Sn(Pb),P,S(Se)s ferroelectrics is proposed, which combines a Lifshitz point line,
tricritical point line as well as a tricritical Lifshitz point. Such complex phase diagram
can be described in a combined BEG — ANNNI model. Here the “chaotic” state
accompanied by the coexistence of ferroelectric, metastable paraelectric and

modulated phases can be expected.

Finally, chapter nine is devoted to the comparison of thermal and dielectric
properties of (Pb,Sni,),P2(Se,S)s crystals with germanium impurity. Here the
temperature dependences of thermal diffusivity for (SngosGeo.os)2P2(Se€02S025)s,
(Sn0.95G€0.05)2P2(S€0.4S0.6)5, (Sn0.95G€0.05)2P2(S€0.5S0.5)5, (Pbo.7Sn025Geo.05)2P2Ss  and
(Pbo.7Sng25Geoos)2P2Ses  crystals are presented. The analysis of temperature
dependences of the dielectric susceptibility, together with calorimetric data have
shown the presence of a quantum paraelectric state in Pb,P,S¢ type crystals. The
temperature dependences of thermal conductivity for the crystals which contain

germanium was also studied and compared with the pure crystals.

Key words: ferroics, ferroelectric crystals, phase transitions, photopyroelectric
calorimetry, thermal diffusivity, thermal conductivity, critical behavior,

anharmonicity.
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Chapter 1. The phenomenon of heat transfer and thermal properties

of solids

All matter consists of molecules and atoms. These atoms are always in different
types of motion (vibrational, rotational or translational). The motion of atoms and
molecules creates thermal energy (heat). All matter has this thermal energy. The more

motion the atoms or molecules have, the more heat or thermal energy they will have.

Thermodynamics is the study of the relationship between heat and other forms
of energy. Thermodynamics is applicable to systems that are in thermal equilibrium.
The phenomenon of heat transfer deals with systems that are not in thermal
equilibrium.

Heat transfer is based on the following fundamental laws:
o Law of conservation of mass-energy;
« Newton's laws of motion;

o Laws of Thermodynamics.

In this chapter we will focus on the heat transfer mechanisms in solids. Special
attention will be paid to the main thermophysical properties (heat capacity, thermal

conductivity, thermal diffusivity and thermal effusivity).

1.1. Mechanisms of heat transfer: conduction, convection and radiation
In a medium or between bodies heat can transferred from one place to another
in three ways: conduction is the transfer of heat between substances that are in direct
contact with each other, convection is the transfer of heat from hot places to cold
places by means of an intermediate fluid and radiation is a heat transfer that does not
rely upon any contact between the heat source and the heated object. Both conduction
and convection are significantly different from radiation transfer at macroscales and

require matter to transfer heat. At atomic levels they have similar equations based on
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statistical thermodynamics. In all cases there is a quantitative relation between the

—

heat flow 9 and the temperature gradient VT,

For heat conduction in an isotropic and homogeneous material with temperature
distribution 7" and constant thermal conductivity «, the energy equation is derived by

applying the macroscopic empirical Fourier’s conduction law in any direction

dT

qcond:_K%’ (11)

where «a is the direction of the heat flow.

If heat is produced within the solid, equation (1.1) must be modified. For an
elementary cube within a solid as depicted in figure 1.1, the time-dependent energy

change in cubical element dV due to a volumetric heat source term 4 is

pc%—f@V +V(KVT)dV = AdV, (1.2)

¥ SOLID MATERIAL

2
¥ —K z[a—T+a—dededz

z

Fig. 1.1. Energy conduction for a volume element in a solid

where & is partial differentiation. For a homogenous stationary system, only the heat
conduction in and out of all the faces of the cubic element needs to be considered,

which yields Laplace’s equation governing the heat conduction within the material:
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A 0T oT T

=t ——t—.
Kk ox° oy 07

(1.3)

Equation 1.3 is written for a medium with uniform thermal conductivity [8].

Convection is the form of heat transfer, by real movement of matter, which
mainly takes place in fluids whose molecules move freely from one place to another,

such as liquids and gases.

The heat flow between a body surface Turpuce and a fluid T with a boundary

layer of thickness 9 (fig.1.2) has the next form

r, -T . AT
fluid surface
=K =—K—. 1.4
1 o o (1.4)

As ¢ cannot be estimated independently we combine it with x to give
u * *
q:—g AT =—-h*AT, (1.5)

where 4 is the heat transfer coefficient [9].

T,

surface

Fig. 1.2. Heat transfer by convection

Radiation occurs from all objects, at temperature higher than 0 K. In radiation,
energy is transmitted between separated bodies without the need of a medium
between the bodies. Radiation energy exchange between two surfaces depends on the
geometry, shape, area, orientation, and effusivity of the two surfaces. In addition, it
depends on the absorptivity a of each surface. Absorptivity is a surface property
defined as the fraction of radiation energy incident on a surface which is absorbed by
the surface. Although the determination of the net heat exchange rate by radiation

between two surfaces, Q;,, can be complex, the analysis is simplified for an ideal
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model for which the absorptivity a is equal to the effusivity €. Such an ideal surface
is called a gray surface. For the special case of a gray surface which is completely
enclosed by a much larger surface, Q;> is given by Stefan-Boltzmann radiation law

O, =&0A(T' -T}), (1.6)
where g; is the emissivity of the small surface, 4, its area, T} its absolute temperature,
and T is the absolute temperature of the surrounding surface, o =5,6710"°Wm K™

is the Stefan-Boltzmann’s constant. It is worth noting that for this special case neither
the area of the large surface nor its emissivity &, affects the result [9]. The mechanism

of heat transfer by radiation is depicted in fig. 1.3.

q,
T,

q,
BRI

Fig. 1.3. Heat transfer by radiation

1.2. Determination of the thermal properties of materials
There are four essential thermal properties to characterize a material: heat

capacity, thermal diffusivity, thermal conductivity and thermal effusivity.

Heat capacity (J K™ mol™) as a basic thermal property is one of the main
parameters for evaluation, calculation and design of thermal system. Heat capacity
expresses the ability of a material to store heat. In its equation form, heat capacity C
1s

C=mc,, (1.7)

)4

where m is mass and ¢, is specific heat. Heat capacity is closely related to the concept
of specific heat. The specific heat is the amount of heat per unit mass required to raise
the temperature by one degree Celsius. At constant pressure the specific heat can be
higher than at constant volume, because additional energy is required to bring about

a volume change against external pressure. The equation for heat transfer Q is
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O=mc,AT. (1.8)

Thermal conductivity (W m™ K) is one of the most important intrinsic
parameters to exhibit the potential of heat transfer in materials. Thermal conductivity
is the property which indicates the capacity of a material to conduct heat. Different
materials conduct heat at different rates. The general conduction equation for thermal

conductivity for an isotropic and homogeneous material has the next form
q=-kVT, (1.9)

where 4 is the heat flow takin place in the material. Thermal conductivity measures
the heat that flows in unit time through a unit area of a layer of the material of unit

thickness with unit temperature difference between its faces.

Thermal diffusivity D (m? s™!) is the property that determines how fast heat is
propagated through the medium. It measures the temperature change created in the
unit volume of a material produced by a heat flow transported through a unit area per
unit time, in a material with unit thickness, whose opposite surfaces have the
temperature gradient equal to 1 K. Thermal diffusivity is an important parameter to
be taken into account; a high value does not necessarily mean that heat is better
dissipated, since it is the ratio between the thermal conductivity and the volumetric
heat capacity at constant pressure. It provides information about the competition
between heat conduction and storing, and both can be useful to keep temperature as

low as possible:
D= —, (1.10)

Where Dis the thermal diffusivity, ¥ is the thermal conductivity, pis density,

and ¢, is the heat capacity.

For a homogenous and isotropic medium with temperature-independent thermal
properties and no heat generation inside it, the differential equation of heat

conduction is [10]
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The relationship between thermal conductivities and thermal diffusivities in

(1.11)

condensed matters and gases is depicted in fig. 1.4.

ETm LR IR Ty
10° b +
= Condensed E
— o matter _:
e 10
Z10F E
o l[}ﬂé‘ ~;|
F 7 Gases 3
107 | ¢ .
z . ]
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D (mm’s ™)

Fig. 1.4. Thermal conductivity compared with thermal diffusivity in solids
and gases. Closed circles represent metals, squares - ceramics, triangles -

glasses, open squares - polymers and open circles - liquids [11]

Thermal effusivity (W s> m2K™!) tells us about the behavior of the heat storing

or dissipating capability of materials. Thermal effusivity can be found as

ezﬂlpcpl('zx/%zpcp\/g. (1.12)

Thermal effusivity is used to outline heat transfer behavior between two bodies
(solids or fluids), when the two bodies are in contact with each other. When the two
materials have the same thermal effusivity, the heat transfer behavior will equal to a

unique object as if there were no junction between the two objects.

Table 1.1 contains the measured values of the specific heat, thermal

conductivity, thermal diffusivity and thermal effusivity for some selected materials

[11].
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Table 1.1
Thermophysical properties of some materials [11]
PCps K, D, e,
Material
(x10°° Im>K™)| (Wm'K™) | (x10°m? s71)| (Jm2K's1?)
Diamond 1.78 2300 1290 64040
Glass 1.98 1.11 0.56 1480
Air 0.0012 0.026 22 5.5
He 0.0011 0.15 137 12.8
Water 4.16 0.6 0.144 1580
AISI 304 3.62 14.5 4 7250
PC 1.33 0.2 0,15 515
Cu 3.45 400 116 37140
Ni 3.95 91 23 19400
K 0.65 102 158 8150
Pb 1.52 35 23 7300
Co 4.05 102 24.6 20150

1.3. Electrons and phonons as heat carriers in semiconductor materials

Heat energy is the result of the microscopic motions of the various electronic
carriers (electrons and holes, lattice waves, heat transport due to excitons,
electromagnetic waves, spin waves, or other excitations) at finite temperature, which
induces a thermal distribution of the energies of the particles [12]. The motion of
atoms in the sites in the solid bodies forms lattice oscillations - phonons, which
transfer heat. Electron energies are also broadened by heat and give an electronic
thermal conductivity. In metals, the thermal conductivity is mainly governed by the

electrons, while in semiconductors and insulators it is mainly due to the phonons.
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Lattice thermal conductivity is dominant for semiconductors. There are acoustic
phonons and optical phonons in a crystal. The acoustic phonons are low frequency
acoustic branches in which atoms are in phase. Unlike the acoustic phonons the
optical phonons are high frequency branches with atoms out of phase. Nevertheless,
the optical phonons turn out to be ineffective as heat carriers due to their low group
velocities. But, they interact with the acoustic phonons which are the main

contributors to the thermal conductivity.

The thermal conductivity is expressed as
1
K‘ZECPVA, (1.13)

where ¢, 1s the specific heat per volume, v is the phonons velocity in the crystal,

A 1s the phonon mean free path.

As the phonon mean free path depends strongly on temperature, let’s consider
the dependence of thermal conductivity on temperature. The phonon mean free path
is the average distance travelled by the phonons between two sequential clashes.

Hence A depends on the next significant mechanisms:
1. Phonon — phonon interaction;
2. Phonon — impurity interaction;
3. Phonon — external boundaries of the sample.

Foremost phonon — phonon interaction is dominant at high temperatures, at
which the atomic displacements are large. Therefore at high temperature, A is
inversely proportional to temperature and more phonons take part in the interaction
at high temperatures reducing mean free path and hence conductivity. When there is
a greater number of impurities, the phonon scattering increases and, therefore, the
phonon mean free path is shorter. At low temperatures, phonon — phonon and phonon
— impurity interactions become ineffective. On the contrary, the primary scattering
mechanism is the external boundary of the crystal due to the comparable size of the

crystal and the wavelength of the excited phonon. Therefore, A is nearly equal to the
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diameter of the crystal and is independent of temperature. According to the above the

dependence of mean free path with temperature is as follows:

1. At low temperatures, the optical branch phonons have energies higher than
ksT, as consequence, optical branch waves are not excited. At temperatures close to
0 K the phonon mean free path is a constant (equal to the size of the crystal) and does
not depend on temperature. Here the thermal conductivity is determined by specific

heat as ~ T°.

2. At low temperatures (7' <6,, ) the Debye approximation is best suited

ebay

because almost all excited phonons belong to the long-wavelength waves in the

acoustic branches and the crystal behaves like a continuum.

3. In the high temperature region, the phonon mean free path decreases with the
inverse of temperature as 1/7.
Figure 1.5 represents the temperature dependence of the phonon thermal

conduction.

ﬂ
@
—

Thermal conductivity

Temperature, K

Fig. 1.5. Dependence of the phonon thermal conductivity on temperature

Let’s consider the mechanism of the phonon-phonon interactions. In quantum
mechanics perturbation theory, the crystal potential is expanded as a power of

displacement and the Hamiltonian can be written as:

H=H,+aH,+o’H,+a’H, +..=Y H,+a'H,,
= : (1.14)
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where H) is the harmonic Hamiltonian and H;, Hy, Hs,..., H, are the perturbation terms
involving three, four, five ..., n interacting phonons, < is a dimensionless parameter
[13].

Figure 1.6 represents the interactions of four phonons in solid materials. In such
interactions, one phonon splits into three; or two phonons form two new phonons; or
three phonons combine into one. These quantum-mechanical phenomena are related

to the effects of heat conduction in solid materials [14].

q1 qz q1 2
qs
q a3 q
q+q1+9:=q3
qz
q1
% q q3 .R ........ . r-ﬁ%

q=q1+q2+tq3+R q+q1=9;+tq3+R q+q,+q;=q3 +R

Fig. 1.6. The diagrams of four-phonon interactions in condensed matters [14]

Considering the electrons as the heat carriers, in semiconductors the electronic
contribution to the thermal conductivity is much smaller than the contribution of
phonons. Nevertheless heat transport in semiconductors is more complex than in

dielectrics or metals and the electron component is quite important for them. In cases

when the number of the free electrons or holes is quite large (~10” cm™), K,

lectrons

could be as important as x°,

honons *

Accordingly, the thermal conduction caused by the free electrons and holes can
be found as a function of the temperature of a material and its electronic conductivity

[15]:

2 2 *
sz—z (§+a]+(5+2a+§G] Betle by 5 | (1.15)
ol e |\2 kT ) (nu, +n,u,)
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where & 1s an electric conductivity, ¢ is the width of the energy gap, n. and x, are

the mobilities of electrons and holes respectively.

1.4. Heat propagation in isotropic and anisotropic materials
In isotropic materials the thermal conductivity is not dependent on the direction.
As opposed to isotropic system, the thermal conductivity in an anisotropic case has
two important differences. The first one is that the thermal conductivity of anisotropic
materials 1s different in different directions, it is a tensor. The second one is that the
magnitude of heat transfer rate of an anisotropic material in one direction not only
depends on the temperature gradient in this direction, but also on the temperature

gradient which is normal to the direction [16].

Isotropic thermal conductivity specifies that the heat flux ¢g;depends linearly and

isotropically on the gradient of the temperature field

oT
g =—K——. (1.16)

For a homogeneous isotropic solid heat fluxes ¢. ¢, and ¢. the equation of

conduction of heat may be expressed as

o'T 0T o*T 10T
+ + =——
o’ 5)/2 oz D ot (1.17)

where D is the thermal diffusivity.

For an anisotropic case the heat flux will depend on the direction

oT oT 8T)
qx:_ Kxx_+Kx _+sz_ 5
ox Y Ox ox
g = w0, Lri, Lype T (1.18)
y Y- ay yy ay Bz ay
oT oT 6Tj
qz:_ sz——i-l('z —+KZZ— .
Oz " Oz Oz

The differential equation of conduction heat for an anisotropic solid has the next

form
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c 8_T_K 62T+K a2T+K 82_T+2K _82T + 2K 82T+2K _82T 1.19
Pl gy Tt o For Yowdy  “oxdz " oyoz (1.19)

provided that the medium is homogeneous and that heat is not produced in it [10].

1.4.1 Conductivity matrix for crystal systems
Thermal conductivity and thermal diffusivity are second rank tensors. Second
rank tensor can be written as 3x3 matrix. Let’s consider all the possible crystal

systems for solids.

Cubic crystal system (a=b=c, a=B=y=90°) has one independent

component: x =x, =x_,-

zz

k. 0 0
k=0 «, 0] (1.20)
0 0

zz

Tetragonal (a=b+#c, a ==y =90°), trigonal (a=b=c, a= =y #90")
and hexagonal (a=b=c, o = 3=90" y =120°) have two independent components:
Ko =Ky K

k. 0
k= 0 « 0 | (1.21)
0

Yy

0

For orthorhombic (a=b+=c, a= =y =90°) all components are different
K. .#* K'yy K, -

k. 0
k= 0 « 0 |. (1.22)
0

Yy

0

zz

Monoclinic (a#b#c,a=y=90"# ) has four independent components

Kxx i Kyy i KZZ and KXZ = KZX
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Kxx O zX
k=l 0 x. 0| (1.23)
KXZ

Yy

0

zz

Triclinic is the system with a lowest symmetry (a=b=c, & # [ #¥), hence

all nine components of x,, can be nonzero, the number of independent components

SIX. Kox * Kyy * K.» ny = ny’ sz = Kyz and sz = sz :

Kxx ny sz
K=K, kK, k.| (1.24)
zx zy 2z

All the above is also applicable to the thermal diffusivity tensor.

1.5. Temperature field in a medium. Thermal wave physics

As we have already discussed above, conducted heat in semiconductors is
mainly transported by lattice vibrations - phonons and free electrons or holes. We can
describe these vibrations as highly damped waves, which we are commonly called
thermal waves. Many photothermal techniques such as thermal wave interferometry
(TWI), piezoelectric  optothermal window (POW), photopyroelectric
(PPE) calorimetry are based on the diffusion of thermal energy in heated matter by a
periodically modulated light beam (PPE techniques will be discussed in more detail
in chapter 2) [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Thermal waves inside the

matter are generated by means of a periodically varying heat source.

Although the diffusion of thermal energy in a periodically heated material is
well described in terms of thermal waves, the latter do not transport energy. Thermal
waves cannot be considered as real travelling waves because they do not show wave
fronts [28, 29]. However, temperature oscillations inside the sample have the same
mathematical expression as highly damped waves, the so-called thermal waves,

which will be shown in detail in the next section.
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1.5.1. Parabolic and hyperbolic heat diffusion equation

From the classical Fourier’s law (1.1) whenever there is a temperature gradient
VT in a material and a heat flow g , the law of energy conservation leads to the

parabolic heat diffusion equation, which in the absence of internal heat sources takes

the form (1.11).

Let’s consider an opaque and semi-infinite solid whose surface is uniformly
illuminated by a periodically modulated light beam with intensity
I, (1 +e )

2

I, (1+cos(wt))=Re

1= 3 , where [ is the source intensity of the beam

and w=2xf is the angular modulation frequency [30]. Fig. 1.7 exhibits the
geometry of the solid whose surface is uniformly illuminated.
The temperature at any point can be found as
T(x,t)=T,+T,.(x)+T,-(x,1), (1.25)
where 7. 1s the temperature of the environment, 7,. is a time-independent

temperature rise above 7). and T . is a periodic temperature oscillation with the same

frequency as the illumination which has the next form:

Fig. 1.7. An opaque, semi-infinite solid illuminated by a modulated light

beam

T o(x,t)=T,-(x)e™. (1.26)

Substituting (1.26) into (1.11), the spatial component of 7,. satisfies

Helmholtz’s equation.
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dzTAC(x)

70" T,.(x)=0, (1.27)
X
where o =+iw/D . Hence, the general solution of (1.23) can be written as

T, o(x)=Ae ™+ Be™, (1.28)
where 4 and B are constants. When x—co, T(x) is finite, therefore B = (. Constant 4

can be found by applying the flux continuity boundary conditions, when x = 0

dT,. _ 1

—k—2¢ =kxode”"| ==L, 1.29
dx |_, =02 (129)

I, :
Hence, 4= 3 and the time-dependent component of the temperature has the

KO
next form
I ‘ I, - (x m

T, (x,t)=—"-e7e“"=—"L—¢ “cos| ——wt +— |. 1.30
AC( ) 2K0 2gJ5 ( Y7, 4) ( )

Here the thermal effusivity of the material £ can be written as ¢ =« / JD and
the thermal diffusion length (the distance at which the propagated wave amplitude
decays e times its value atx =0)is u=+2D/w .

The disadvantage of the parabolic heat diffusion equation is its inability to
consider heat transport with a propagation speed. To solve this issue a hyperbolic

heat diffusion equation which includes a delay 7 between the temperature gradient

VT and the heat flow g has been proposed in [31]:

VT - LOTED T TG0
D & D o

0. (1.31)

Following the same process to obtain the time-dependent component of the
temperature for the hyperbolic heat diffusion equation as described above for

parabolic case, we obtain
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TI‘;C(X’Z‘):RG|: ] I\/7 1+ COT —x\/;m

2Kq’ 2¢ (wr)’

xcos[x‘/%\/,/1+(a)r)z - ot a)r%(a)z-)+7z/4},

(1+iwt)e e "”t}
(1.32)

where o' =, |————

o 10 za)(
D D

1+ior).

We can distinguish two frequency regions:

1. If @7 K1, therefore we have that (1.32) becomes (1.30). Hence, solutions for

the parabolic and the hyperbolic cases coincide.

2. If @z>>1, equation (1.32) has the next form:

1o )

T (x,0) = (1.33)

This means that this hyperbolic description does not depend on the time scale.

1.5.2. Reflection and refraction of thermal waves
As other kinds of waves (electromagnetic or acoustic) the thermal waves can
also be reflected and refracted. Thermal waves propagate across the surface of two
media with different thermal effusivity, giving rise to the same interference
phenomena as electromagnetic, acoustic or mechanical waves do. Figure 1.8 shows a
time-periodic heat wave 40 which encounters the interface between two media at
point O and separates in two waves: a reflected OB with the angle of reflection ¢ and
a transmitted OC with the angle of transmission €. According to the reflection law,
the angle of incidence is equal to the angle of reflection. Therefore the expression for
these three waves can be written in the form [32]
T = A oreoso-ousinption
]jr _ AR Ccoso—o ysing0+ia)t,

T = ATe—O'zxcosﬁ—azysinQHwt
t - .

(1.34)
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where A4 is the amplitude of the incident wave, R and T are the reflection and

transmission coefficients at x = 0 and y = 0 respectively, @ = Vo /2D  Given the
continuity of temperature at the interface the values of these coefficients can be

determined:
A e—alysin(p+ AR e—alysin(p — ATe—UzySi”‘g . (1 35)

xiA(0,x,)

.}!

A(0,x,)

Fig. 1.8. Geometry of the model of reflection and refraction of the thermal

waves in two media

Applying the Snell’s law: o, sin(¢)= o, sin(@)and in the case of continuity of
flow at x = 0, by differentiating the equation (1.35) we will obtain the coefficients R

and 7

R cos(@) —bcos(8) T 2cos(6)
- cos(¢) + bcos(0) _and - cos(6) + bcos(0) , (1.36)

NP XN : .
where, p=2% _NAGOR _& pcic is the thermal effusivity.

K0, I ZISLS &

For a normal incidence beam ¢ =0, hence, the equations (1.36) are reduced to

Rzl—bzgl—g2 7o 2 _ 2
1+b £%& and 1+b &+é, (1.37)

As seen above the coefficients R and 7' depend on the thermal effusivity &. Let’s

consider two possible situations: steady (fig.1.9 (1, 2)) and non-steady (fig.1.9 (3, 4))
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in which the thermal effusivities and conductivities are very different. For an steady
situation when ¢, > ¢,, T >T, and k, > k, nearly no heat will be transferred from
medium 1 to medium 2. At ¢ <« ¢,, I, >T, and k, <k, heat will be efficiently

transferred to medium 2.

In a non-steady situation when ¢, >¢,, T, > 7T, and x, >k, we have b ~ 0, R ~

1 and T ~ 2. Introducing these R and 7 in equation (1.34) gives that 7, =0

ransmitted

meaning that the thermal wave propagates into the medium. In the case of ¢ « ¢,,
I,>T, and x, < k,, b ~ oo that, in turn, modifies the reflection and transmission

coefficients R ~ 1, T~ 0. Substituting these values into equation (1.34) gives Tyansmised
~ 0, which means that the thermal wave does not propagate along medium 2 [33]. In
this case the thermal mirror effect is observed, when the phase of the reflected wave

is shifted 180° with respect to the incident one.

STEADY SITUATION
medium 1 | medium 2 medium 1 | medium 2
(metal) (air) (air) (metal)
K >> K, K<<K,
T>T, T,>T,
Heat does not Heat
propagate in a propagates in a
(1) X=0 medium 2 ?2) X= medium 2
NON-STEADY SITUATION
medium 1 | medium 2 medium 1 | medium 2
(metal) (air) (air) (metal)
T £ >> ) T gl<< €,
incidence incidence
Tlr:msmilted T1> T2 T1> T2
Treﬂected Treﬂected
Thermal wave Thermal wave
propagates in a propagates in a
X=0 medium 2 X=0 medium 2
3) )

Fig. 1.9. Thermal wave propagation through the two media

Both of them, steady and non-steady situation, must be taken into
consideration. In the steady case thermal conductivity tells us what will happen. In

the second case, thermal effusivity governs what happens in the interface. This is
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related to the fact that thermal waves lack an important wave-like feature: they do not
transport energy, as already mentioned in the previous section. This is why both

thermal magnitudes have equal importance when considering thermal physics.
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Chapter 2. Photopyroelectric calorimetry in solids

2.1. Basic theory of pyroelectricity

Pyroelectric effects appear only in crystals that are characterized by spontaneous
polarization P and can only be in solids which do not have more than one axis of
symmetry and there is not a center of symmetry. As a consequence, all pyroelectrics
are also piezoelectrics. Pyroelectricity implies that the polarization of a material is a
function of temperature. The pyroelectric coefficient is equal to the negative
derivative of spontaneous polarization with respect to the temperature. The equation
for pyroelectric coefficient p has the next form:

~dP

dr

p 2.1)

where p is pyroelectric coefficient, P - spontaneous polarization.

As a whole, the pyroelectric coefficient of a free sample consists of three

components:

1. The real coefficient which depends on the derivative of spontaneous

polarization with respect to the temperature (see eq. (2.1.)).

2. The second one is derived from the temperature expansion and can be

calculated based on mechanical parameters.

3. The third component is related to the piezoelectric effect and is due to the
temperature gradient that exists along the polar axis of the crystal. In cases when the

specimen is relatively small the third coefficient can be neglected.

The measured pyroelectric coefficient is the sum of the first coefficient p-*

and the second one, which depends on the piezoelectric constant d,, the thermal

expansion coefficient al.f and the elastic compliance coefficient Sf [34]:
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p=p (2.2)

The nature of the pyroelectricity can be explained as follows. Pyroelectric
crystals have special axes, where the properties of such crystals are different in the
positive and negative directions. As a result of temperature changes, minor alterations
occur in the position of atoms within the crystals, hence, the polarization of the crystal
changes. This creates a voltage across the crystal. Nevertheless, the voltage that
develops across the crystal is not stable and when the temperature change stops, the
voltage gradually disappears due to leakage of current. This may be due to the
movement of electrons in the crystals. On heating, one part is charged positively
while the other one is negatively due to the thermal expansion, therefore charge
compensation is violated (fig. 2.1). The appearance of charges on the surface of the
pyroelectrics is due to the additional displacement of dipoles along the electric axis
under the influence of temperature.

Positive charge

1+ + + LTt
+ i++ + ++ v /
| .
| < HEAT
P \\

Negative charge

Fig. 2.1. Polarized pyroelectric crystal

The most known pyroelectrics are ferroelectrics: triglycine sulfate, niobium
and lithium tantalate (polarized by the bias current when the crystal is growing), thin
films of potassium nitrate in the ferroelectric phase, as well as ceramic lead titanate
and lead zirconate-titanate with various impurities. To provide and increase

pyroelectric properties, ferroelectric ceramics are subjected to the following
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procedure: the sample is electrically poled by heating above T¢ and then slowly
cooled down to room temperature under some electric field applied (about 1 kV/cm)

along the x-direction.

Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaQj3) possess a
combination of unique electro-optical, acoustic, pyroelectric, piezoelectric and non-
linear optical properties making it an appropriate material for applications in acoustic,
electro-optical and non-linear optical devices, etc. As seen from table 1.1 these two
materials have similar physical properties but, in the application as photopyroelectric
sensors, lithium tantalate 1s more desirable due to a higher pyroelectric coefficient
[34, 36].

Table 1.1

Physical properties of lithium tantalate (LiTaO3) and lithium niobate (LiNbO3) [34,
36]

Material LiNbOs LiTaO3
Chemical formula weight 147.8 235.9
Cell parameters Trigonal Trigonal
Space group R3c R3c
a(A) 5.148 5.154
b () 5.148 5.154
c(A) 13.863 13.783
a(°) 90.000 90.000
V (A% 318.2 317.1
Z 6 6
€ 30 47
tg o <0.01 0.01
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Density, g/cm? 4.65 7.46
¢p (106 J m= K1) 3.2 3.2
Curie temperature
1410 620
°O)
Melting temperature (°C) 1257 1650
Pyroelectric coefficient
71 230

(10° C m? K

2.2. Photopyroelectric calorimetry. Back-detection configuration BPPE

The photothermal techniques are based on the generation of a temperature field
in the specimen, as a consequence of the absorption of electromagnetic radiation; this
process depends on the specimen optical and thermal properties. Photopyroelectric
(PPE) calorimetry is a high resolution ac technique which allows to determine
thermal properties such as thermal diffusivity (D), specific heat (c,), thermal
effusivity (e) and thermal conductivity (x) with a high temperature resolution, both in
a wide temperature range as well as close to the phase transitions in solid, gas, and

fluid materials.

For the last years different techniques have evolved to study the behavior of the
system in the vicinity of phase transitions with the highest accuracy. Among them,
the most used are: Differential Scanning Calorimetry (Adiabatic Scanning
Calorimetry [20], Nonadiabatic Scanning Calorimetry [21]), and several ac-
Calorimetry (ACC) configurations [23, 24, 25, 37]. Not all of these techniques permit
to obtain a high signal-to-noise ratio in the detector because not all of them induce
small temperature gradients in the material or can be applied in a wide temperature
region hence the thermal parameters cannot be studied with great detail in the close
vicinity of the phase transition (PT). Some of the ac PPE calorimetry techniques can

fulfill these requirements and show very high efficiency in the study of PT [26, 27].
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In order to perform this kind of studies, an ac PPE calorimetry technique must
fulfill the next requirements:

the possibility to work in a broad temperature range;

sub-millikelvin temperature resolution;

the small sample size;

measuring enthalpy changes near phase transitions.

These PPE techniques can be divided in two large groups depending on the
signal detection:

1. Back-detection configuration (BPPE) if the sample is illuminated.
2. Front-detection configuration (FPPE) if the sensor is illuminated.

All the calorimetric measurements of this work are based on BPPE-

configuration ac PPE calorimetry so let’s consider it in detail.

As depicted on fig. 2.2 back-detection multilayer system consists of: a gas at
the front (f), an opaque sample (s), thermal grease (used to improve the thermal
contact between the pyroelectric sensor and the sample) (g), the pyroelectric detector
(p) and a backing environment (b). A solid sample is illuminated by a monochromatic
modulated light beam with an angular frequency w, intensity f, (W/m?) and
wavelength 4. All thicknesses are taken into account.

LASER
BEAM

FRONT GAS

/’I BACKING ENVIRONMENT

Fig. 2.2. Scheme of the PPE in back detection configuration with opaque

sample
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The light absorbed by the sample transforms into heat. Then this heat wave
propagates from the sample to the pyroelectric sensor and creates a temperature field
distribution in the sensor:

>_ 1 r—(Is+lg+lp)

o) =1, L_,,)

» T, (x) dx. (2.3)

A potential difference Ap between the sensor surfaces is produced by this
temperature field and has the next form [38]:

_ ia)z'gplp <T >e”"’
— .\, )

Ce(l+ i0T,) @4

where 7, 1s the electrical time constant, p the pyroelectric coefficient and ¢ =¢¢,
the dielectric constant of the pyroelectric.

As seen from figure 2.2. the system consists of five component: f— front gas, s
— sample, g — thermal grease, p — pyroelectric detector, b — backing environment. An
important requirement for this technique is the use of opaque samples. In case the
sample is (semi)transparent, its surface is coated with carbon paint. As the thickness
of the carbon covering is extremely small (less than 10 um) we will not take into
account its effect on the system. To find the solution for the whole system we need
to apply to each component using the heat diffusion equation [38]:

oT_ 1ot

- 2.
ox’ D ot 22)

where D; is thermal diffusivity (i = f, s, g, p or b). Therefore the general solution for
this system has the next form [33]:

- front gas: Ty= Ae 1" ; x20.

- sample: T,= Be%* + Ce™%* ; - <x< 0;

~( +l)<xs<,

- grease: T, =D e%%+s) + [ e=0g(x+ls) ; (2.6)

- detector: T, =F eorxtlstly) o G o=op(x+lstly) . 4] +] )<x < -(I,+1,);



41
- backing environment: T, = H e (+listlgtl), v < 4] +1).
A,B,C,D, E, F, G, Hare constants which can be found after taking into account

the boundary conditions of temperature continuity and heat flux between layers. The

boundary conditions of temperature continuity are written in the form:

I

x=0 T

x=0? 7—; x=—1, 4

I, :Tg

x=—

g x:*(l.ﬂng) - P x:*(lerlg) ’ P x:7(1s+lg+1p) - T;) xz_(lf+lg+lp) ’ (2.7)
and for the heat flux

1 oT, _@rT. oT, B o7, -

tK,—| =K, ; K, Ky~ ;
2 ox | _, ox |, ox |,__ ox | _,

oT oT oT T
K,—= =K,— : K,—* =Kk, —~ (2.8)

ox | ox | ox | ox |

x=—(Is+lg) x=—(Is+lg) x=—(Is+lg+Ip) x=—(Is+lg+lp)

The expression for the temperature distribution can be found by substituting
(2.6) and (2.7) into (2.3)

/

r)- A1,(1-R)b, 1 1 & +R e —(1+R,,)
’ 2kl, o0, (1+b,)(1+b, )(1+b,)| € A+R ™S

., (2.9)

where R, =(b,—-1)/(b,+1), and b, =¢ /e, are the thermal effusivities ratio of

layers, 1, 2=/, s, g, p, b; R,1s the reflection coefficient of the sample. The constants
A and X are defined as

Y ~0ulp osly Tplp ~plp —Ogly
Y| —(e +R,R, e )e +R R 7"+ R, e e **, (2.10)

— Tplp —0ulp orly Tplp —0ulp —Ogl, .
E=R, (" + R,R, &) e (R, ™" + R )

Now we are able to find the signal U produced in the photopyroelectric sensor

which has the next form:

U= iot,pl, 41, (1—Rs)bs_/- 1 1 {ea”l” +Rbpe_0”l” —(1+Rbp)

d 2kl, 00, (1+b,)(1+b,)(1+b,)| e A+R e } (2.11)
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In order to avoid the electronic influence in the final result, a normalization procedure
is proposed, which consists of dividing the signal obtained by equation (2.11) by the

signal of a bare pyroelectric. In order to do this, it is necessary to find out the

temperature field in the sensor without the sample <T » >bm . When a sensor is directly

illuminated, we have e”" ~e ™ ~1. Therefore, the denominator in the square
brackets of the equation (2.8) 1s reduced, hence we have

<T > = 4, (1 B Rp )bpf 1 1 " Rbpe_gplp B (1 + Rbp )
P/ bare 21 o0, (1+bpg)(1 +b,,)(1+b,,) A+R, X

]. (2.12)

The photopyroelectric signal in this case is

/

_iwr,pl, 4, (I—Rp)bpf 1 1 e +Rye " —(1+th)
e g 2,1,  o,0,(1+b,)(1+b,)(1+b,) A+R, X

}. (2.13)

By dividing (2.11) over (2.13) the normalized PPE signal will have the following

form

2.2.1 Experimental conditions for experimental setups
Frequency scan at a fixed temperature. In order to apply the theory described
in the previous section to our experimental setups we need to introduce some

additional conditions. As we are going to work with a thermally thick LiTaOs sensor,

ol
we can consider € "=~ 0. Then we will not take into account the thickness of the

thermal grease layer because its thickness is very small hence /,= 0, e T e =1,
Finally, the front gas and the backing environment are going to be the same, so /= b.

Besides, it is well known that the gases possess low effusivity values so we can
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(1+b,,)

consider R, ~R, ~—1 and ———
V/4 Js (1 + bsf')

~e,/e.. Given these approximations and after

some calculations, (2.14) is modified to obtain

U =2—L—e% (2.15)

e +e

§4 s
Consider U, as a function of the illumination frequency for the case study of Ni
as a sample and LiTaOj; as sensor, for which Dy = 22 mm?/s, e;= 19000 Wm~K"'s"”,
e,= 3750 WmK's'”?, [;=1 mm, R,= R,= 0, and let’s represent equation (2.14) as a
function of the square root of the modulation frequency (see fig. 2.3) [33]. Asitisa
complex number, we will represent both the natural logarithmic of the normalized

amplitude and phase.

The natural logarithm of the amplitude and the phase can be extracted to get

1n(Un):ln(2ep /(es +ep))— w f /DI (2.16)
phase, =—\n f/ DI;

In figure 2.3 we can highlight three different frequency regions:

Useless zone. At low frequencies the sample is not thermally thick, and there is

neither linearity nor parallelism.

0
I Phase LINEAR ZONE
-"] -
w “27InU,)
c I
© d,
T -3r
0]
(n'd INTERMEDIATE
& ZONE d,
.5 LUSELESS d
L ZONE d]7d27.<.7d"
_6 L 1 L 1 N L . 1 . L s
0 2 4 6 8 10 12
Vf (HZ%®)

Fig. 2.3. Phase and natural logarithm of the normalized PPE signal as a

function of the square root of the frequency [33]
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Intermediate zone. Here linearity and parallelism are beginning but still
impossible to obtain good enough information about the thermal properties of the
sample.

Linear zone. This region has a fairly good parallelism between amplitude and
phase to retrieve proper information on the sample properties.

As expected from (2.16), in the last zone, the amplitude and the phase are
linearly depending on \/f with the same slope m, where the thermal diffusivity D of

the sample can be obtained

7l
D = m; . (2.17)

Also, one detail should nevertheless be emphasized. Since the presence of the
thermal grease is not taken into account, we only have a sample-sensor configuration.
If we introduce nonzero thickness for grease, the slopes of the curves on figure 2.3
increase and, as a consequence, the thermal diffusivity of the sample will be
underestimated [39]. To solve the issue induced by the coupling grease, the use of a
transparent pyroelectric sensor and transparent thermal grease has been proposed in
combination with a self-normalization procedure [40]. In work [32], possible effects
which might affect the linearity and parallelism of the curves and the value of the
thermal diffusivity as a whole are described, namely electronic noise, possible
influence of a parasitic light, piezoelectric contribution of the sensor and others. It is
worth noting that our experimental setups are designed to work under conditions in

which the influence of these effects can be neglected.

Continuous temperature measurements. Once we have already obtained the
values of diffusivity and effusivity at 7,.,by using a linear fitting of the experimental
data using equations (2.16), we proceed to obtain thermal diffusivity and thermal
effusivity as a function of temperature by using the following equations obtained in

(41, 42]
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D(T){ ! ﬂ] : e(T):ep(T)[H(e”f/e”(z'e")1], (2.18)

Dy LT expl (D)
where A(T)=w(T)-w(T,,) is the normalized phase; A'(T)=InU(T)-InU(T,,) is the
normalized amplitude; A"(T)=A'(T)—A(T). It is also possible to obtain the heat

capacity ¢,(7) and the thermal conductivity x(7) data, using the next interrelations

e(T)
c = , 2.19
(=~ (2.19)
k(T)=e(T)D(T). (2.20)

where p is the density of the sample under study. As seen from these four equations

the thermal diffusivity depends solely on the phase of the PPE signal while the three
other quantities (conductivity, effusivity and specific heat) are obtained by using both
the amplitude and the phase of the pyroelectric signal. This is an important advantage,
because the performance of a continuous temperature run enables to obtain the
temperature evolution of all thermal parameters. In spite of this possibility, at the
same time two undesirable problems can appear. From the experimental point of view
the phase is always more stable in time than the amplitude of the signal due to laser
instabilities or electronic problems; thus, in general, the thermal diffusivity curves are
less noisy than the others. A second problem which sometimes arises has to do with
the use of equations (2.19 and 2.20) to extract the thermal parameters of a phase
transition of a particular material, around a critical point. It might happen that the
combination of amplitude and phase to obtain specific heat and thermal conductivity

gives some artifacts in the shape of these last variables in the critical region, making

it impossible to retrieve reliable curves of e(T), ¢,(T), x(T). In these cases, the

physics of the transition is more complicated than the model used and, so far, there is

no theory developed to cover those cases.
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2.3. Description of experimental setups
In this section we consider the experimental setups which have been used in this

work.

2.3.1. At room temperature as a function of frequency
In order to perform the measurement of the sample under study as a function of
the modulation frequency in the back-detection configuration, the following has been
done. We have used a thermally thick lithium tantalate slab with metallic electrodes
Ni-Cr as a pyroelectric sensor which could be connected to a lock-in amplifier. The
thermal contact between the sample and the sensor has been provided by a silicon

thermal grease a few microns thick. The setup is depicted on fig. 2.4 schematically.

Faraday’s Cage

Lock-in Amplifier

EG:6 WISTRUREINTS 7265 pov Losc it avriires

Fig. 2.4. Working scheme of frequency measurements in BPPE
configuration at room temperature. Lock-in Amplifier: 7265 Dual Phase

DSP

An opaque and thermally thick sample is illuminated by an about SmW low
power modulated diode laser beam at a wavelength A = 632nm. In that way the

thermal energy deposited on the sample is small and also the induced temperature
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gradient. This will help to quickly achieve thermal equilibrium when the temperature
is changed and be able to do very slow temperature runs with a high signal to noise
ratio. This is because the temperature oscillations in the sample are of the order of 1

mK, while the dc contribution is estimated at about 2 mK [49].

The photopyroelectric signal was processed by a lock-in amplifier in the current
mode. The lock-in amplifier performs two very important functions. It modulates the
illumination frequency of the laser; at the same time, it amplifies and processes the
signal from the pyroelectric sensor whose frequency is the same as the modulation of
the laser. The working principle of the amplifier is based on a bandpass filter
synchronized with the frequency of the PPE signal. This line will make the
frequencies outside the bandwidth automatically filtered. Moreover, it provides gain,
amplifying the received signal [44].

In order to avoid unwanted disturbance in an electrical signal of the same
frequency as the one of the collected signal, the /ock-in also has a variable integration
time. A Faraday’s cage connected to the earth can be used to prevent external
electronic noise of the environment. The lock-in amplifier sends the PPE signal to a
computer for further analysis. To avoid possible parasitic light effects (which appear
when some amount of radiation falls on the pyroelectric surface), a matte black mask

with a hole smaller than the sample size has been used [33].

In fig. 2.5 we present a frequency scan at room temperature for a layered
AglnP,Se¢ crystal with the surface parallel to the layers. Three different regions can
be distinguished: the first one is the useless zone without linearity and parallelism,
the second region with linearity in a range about 2-8 Hz where the thermal properties
of sample can be extracted and the last one is the region where the generated
pyroelectric signal also has the contribution of a piezoelectric component. When the
impact of the piezoelectric contribution is very significant and it masks the region
with linearity, a multiparametric fitting must be applied as described in [44] to

retrieve the thermal diffusivity from such kind of curves.
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Fig. 2.5. Frequencies scan at room temperature for 2D layered crystal
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2.3.2. Temperature measurements between 18K and 325K
After the measurements performed at room temperature we increase the
temperature range of the research to perform the measurements as a function of
temperature. In this regard we should use the cryostat in cooling/heating mode.
Depending on the temperature interval we were interested in, two different cryostat
systems have been used: a closed cycle He cryostat for extremely low temperatures

and a liquid N cryostat if we are interested in ranges higher than room temperature.

First of all, we consider the experimental setup which works in 18 - 325 K
temperature range. A modified conventional closed cycle He cryostat with a vertical
configuration by Janis Research Company has been used. Temperature control has

been performed by using of a rhodium/iron temperature sensor RF-100T/U.
The main parts of the cooling system are given below:

— Helium Compressor: provides a supply of high-pressure helium gas to the

cooling head.

— Cooling Head: expands the helium gas to cool the sample holder.
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— Lines for He gas: these lines are connected between the compressor and

cooling head supply and return fitting, and transfer the helium gas between the two

components.

— Internal chamber: which is screwed to the cooling head. It includes an

evacuation valve, safety pressure relief, electrical feedthroughs, and a clamped

vacuum seal for easy access to the sample space.

— External chamber: which is screwed to the cooling head first stage. It is used

to intercept room temperature radiation before it reaches the sample, allowing the

lowest possible sample temperature to be achieved.

— Temperature controller: needful for monitoring and controlling the sample

temperature.
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Fig. 2.6. Scheme of experimental setup for measurements as a function of
temperature in the range 18 - 325 K. Scheme of the Closed cycle He cryostat
in vertical configuration: 1 — optical window; 2 — sample; 3 — pyroelectric

sensor; 4 — sample holder; 5 — internal chamber; 6 — external chamber. Lock-
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in Amplifier: 7265 Dual Phase DSP. Temperature Controller: Lake Shore
332

The cryostat is mounted on a massive table residing on pumped air pillows
which eliminate possible vibration of the system which might introduce a
piezoelectric component in the PPE signal [33]. High vacuum turbomolecular pump
creates a high vacuum (HV) (about 5 * 10 mbar) in the external chamber, isolating
the internal chamber from the external environment. The stable gas condition inside
of the chamber provides a homogeneous distribution of gases and temperature. In
order to attain it we introduce He-gas inside the internal chamber. A triple position
valve provides alternate access to the internal camera. The scheme of experimental
setup for measurements in the temperature range 18 - 325 K is depicted in fig. 2.6.
This experimental setup has an important advantage as there is no refrigerant
consumption because here a closed loop of helium gas is compressed and expanded,
based on the Gifford-McMahon thermodynamic cycle. This system permits to work
with very small changes in temperature. Cooling and heating rates can be down to 2

mK per minute for high resolution runs.

2.3.3. Temperature measurements between 80 K and 350 K
To perform high temperature measurements we have used a liquid nitrogen

cryostat. The working scheme of this setup is presented on fig. 2.7.

Work principle of the N, cryostat can be described as follows. The sample holder
is placed in an internal chamber in a vertical position. The cooling process is
performed through a reservoir placed on top of a central camera and filled by liquid
nitrogen. Liquid nitrogen flows through the capillaries into the sample space and
evaporates on the heat exchanger. The nitrogen gas temperature is controlled by the
electric power of the heat exchanger. During the measurements it is important to
optimize the flow by a controlling valve to obtain a smooth temperature control, for

which the PID (proportional-integral-derivative) of the controller has been optimized.
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Fig. 2.7. Scheme of experimental setup for measurements as a function of
temperature in the range 80 - 350 K. Temperature Controller: Oxford
Instruments Mod ITC 502. Lock-in Amplifier: 7265 Dual Phase DSP.
Cryostat: Oxford Instruments Optistat®™

Thermal contact in the cryostat occurs by means of the gas which surrounds
the sample and acts as a heat exchanger. The minimum temperature possible to
achieve is 78 K, due to the use of liquid nitrogen as a refrigerant. The temperature
ramps are made via the temperature controller with an accuracy of = 0.01 K in
temperature range between 78 K and 200 K and + 0.1 K if we measure between 200
and 400 K. The system permits to work with temperature rates from 100 mK/min
measuring in a wide temperature range and down to 2mK/min for high resolution
runs. The nitrogen hold time is approximately 6-10 hours (depending on the
temperature) before refilling is required, nevertheless the nitrogen can be refilled as
often as desired without the need to return the system to the initial conditions. The air

inside the internal chamber is replaced by the inert gas argon. In order to isolate the
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internal chamber from the environment it is important to make vacuum in the external
chamber which acts as a thermal insulator and promotes the optimization of the
temperature control. In our case, we perform vacuum with a rotary pump, reaching

approximately 107 mbar [33].
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Chapter 3. Phase transitions and critical phenomena in ferroelectrics

This chapter is dedicated to the critical behavior and phase transition (PT) theory
applied to the particular case of ferroelectrics, namely the classical Landau theory for
ferroelectrics as well as the modern theory in the framework of the renormalization

group theory.

3.1. Landau’s classical theory of phase transitions for ferroelectric

transitions

Ferroelectrics are promising materials due to the spontaneous electric
polarization, polarization switching effect, hysteresis loop and polarization absence
for temperatures higher than 7. In order to understand the physical nature of
ferroelectrics, it is interesting to explore the phase transition phenomena in these
materials, the electron-phonon interactions effects and other physical mechanisms
and properties. The phenomenological theory of ferroelectrics and the phase
transition theory have been developed by Landau, Khalatnkov, Ginzburg, Lifshitz,
Levanyuk, Strukov, Devonshire and others [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55].

The order parameter 77 is a quantity characterizing the transition which arises
from symmetry breaking. 7=0 above the critical temperature (the one at which the

PT takes place) and 77 #0 below. In a first order PT the order parameter will change

in an abrupt way while in a second order/continuous PT, it will change in a continuous
way (fig. 3.1). In these transitions, as opposed to the first order ones, there will be no
latent heat and no hysteresis in the variation of the physical variables. As follows

from the Landau theory the order parameter 77 has the same transformation properties

as polarization vector P

Let’s consider a one-component order parameter and expand the thermodynamic
potential density in the vicinity of the phase transition for an isotropic medium or a

crystal with cubic symmetry. It can be written as a standard Taylors series form [56]
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b=4, +§P2 +§P4 + %Pé o +§(§P)2 +§(§P)2 +APX(VPY +...,  (3.1)

where ¢, is the free energy density in the paraelectric phase.

7 (a) !/ (b)
\
I

T, T T T

Fig. 3.1. Order parameter 7 as a function of temperature T: first order PT

(a), second order PT (b)

The thermodynamic potential density for proper uniaxial ferroelectrics

SnyP2(SexSix)s type can be written in the next form [57]
b=g+%p +Bpr L pe (3.2)
2 4 6

where a=y(T-T.), y is related to the Curie-Weiss constant, 7, is the transition
temperature (critical temperature), #, » and § are phenomenological coefficients
which do not depend on temperature and are positive (negative /S is an evidence of a
first order PT). The ferroelectric-paraelectric PT temperature is the so called Curie
temperature; hence, all properties depend on the temperature difference of the crystal
from 7, Some particular values of certain phenomenological coefficients will involve
particular phase transitions. For a tricritical point (tricritical points (TCP) separating
continuous and discontinuous symmetry breaking transitions) &« =0 and =0,
while for a Lifshitz point =0 and 6=0. In ferroelectric materials, a Lifshitz point
splits two regions in the phase diagram: one with a direct second order PT from the
paraelectric to the ferroelectric phase and another one in which there is a second order
PT from the paraelectric phase to an incommensurate one (IC) at 7; and then a first

order PT from the IC phase to the ferroelectric phase at 7.
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The classical theory also includes the possibility of the coupling of the order
parameter to some other variables, such as deformation, which is useful in the case

of uniaxial ferroelectrics, such as [57]
d=4¢ Ep P Yps Lo oy p? 3.3
—HhT 4 6 5 Coplyy T Vil s (3.3)

where c;i 1s the elastic module matrix, u;; 1s the deformation tensor, 7y is the
electrostriction coefficient, and elements of higher order are neglected. This is a short
version of the Landau-Khalatnikov potential which includes even more terms [48,
57].

In order to obtain a measurable quantity such as specific heat, the free energy
must be minimized with respect to the order parameters, in order to obtain the
equilibrium value of the order parameter in the ferroelectric phase, and the isobaric
heat capacity of the body at 7' < T, and taking into account expression (3.3) will have

the next form [57]

0°¢ o o T
C =T —C' ¢ , 3.4
! (GTZ)P P2f J1-44t G4
Tr-T
where C) is the heat capacity above the Curie point, = 7 < is reduced
temperature.
21 yo
B'=p-———and 4=—=. (3.5)
ikl B

So equation which will express the anomalous part of the heat capacity takes the

form

2
ACa T

Y IN YT (36

Unfortunately this approach (with or without couplings) can not be applied for

most of the materials. In a real physical system, when ¢ ends to zero, fluctuations of

the order parameter start to appear which are stronger and stronger as ¢ decreases till
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they dominate the transition. This does not lie within Landau’s theory, where it is
established that the order parameter remains homogeneous within the material, and
is the main cause of the deviations from it [51, 47].

The phenomenological Landau theory is valid in a range of reduced temperature
t out of which the first fluctuational correction can be used and within which a new
approach must be developed. This criterion for the applicability of Landau theory is
often referred to as the Ginzburg criterion £ [51]. In addition, it is very important
to take into account that the range must not be larger than the correlation length &
which shows how far fluctuations of the order parameters are sensed in the material

or, in another way, the size of those fluctuations. Thus, the Ginzburg criterion can be

defined as follows [51]

‘ [ d'rG(r)

(3.7)

where V is taken to be the correlation volume V =&(T)?, G(r) is the two-point

correlation function, d is the dimensionality of the system (d = 1, 2, 3, 4, ...), and

1(r) takes into account that the order parameter is allowed to vary in space 17 =7(r).

Some theoretical works [52, 56] have been used to extend Landau’s theory
including first-order fluctuations of the order parameter, and the dependence of

specific heat can be described as

Ac, ~t". (3.8)

p

But in ferroelectrics, in general, this approach can not be applied. In the case of
uniaxial ferroelectric materials, the spatially inhomogeneous polarization
distributions are closely related to the appearance of a macroscopic electric field,
which can affect on fluctuations [56]. In fact, dipole-dipole interaction decreases
these fluctuations effects and the singularity in specific heat has the next behavior

[52, 56] Ac, ~Int. (3.9)
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This logarithmic correction to the classical Landau theory has proven to be very
useful for various uniaxial ferroelectrics. Also, it is possible to use the combination
of egs. 3.8 and 3.9 when the attenuation of fluctuations is small enough and only a

small logarithmic correction is needed

Ac, ~t™2|Int|’ (3.10)
o 1
with —<b<— [82].
10 3

Defects also could play an essential role in ferroelectric phase transitions which
was confirmed in work [58]. In general, defects introduce a certain rounding of the
anomalies but in [59, 60, 61] have established that in the case of charged defects in
ferroelectrics they may lead to stronger anomalies as they can induce long-range
perturbations of the order parameter. The anomaly of the specific heat will have the

form

Ac, ~ 172, (3.11)

p

For magnetic systems, the Landau classical theory does not work properly,
Landau theory only describes the universal behavior of a system. Thus a modern
theory of critical behavior has been developed, pursuing new ideas and

establishing new approaches.

3.2. Modern Theory of critical behavior. Fluctuations effects
Scaling analysis within the framework of renormalization group theory (RG) has
predicted that the critical behavior of second order phase transitions in the near
vicinity to 7. is characterized by a set of critical exponents associated with different
physical properties, with interrelated values [62]. RG theory is effective in the study

of materials with phase transitions owing to the following advantages [63]:
- It explains the variety of power laws at critical points and near them;

- It explains the values of the leading thermodynamic and correlation

exponents;
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- It clarifies why and how the classical values are not correct;
- It gives the understanding of universality with nontrivial exponents;

- It allows to understand the breakdown of universality and scaling under
certain circumstances.

In this critical region the specific heat often presents a singularity following the

law
c, ~ A", (3.12)

where ¢ is the reduced temperature, 4" and A" are critical amplitudes above and below
T, respectively. The critical amplitudes A™ and A~ are nonuniversal, but their
A+
dimensionless ratio - is universal.
However, ¢, is not the only physical magnitude with such behavior. In magnetic

systems, for instance, the spontaneous magnetization (M), the inverse of initial

magnetic susceptibility (750_1) and the critical isotherm (M(H) at T = T.) fulfill

analogous equations with different critical exponents.

M)~ (T<Ty, (3.13)
%~ (7> T, (3.14)
M(H) ~ H, (T=T)). (3.15)

The following scaling laws give the relations among the critical exponents [56, 64]
a+2B+y=2, (3.16)
o=1+yp. (3.17)
Different sets of values of those exponents correspond to different models called
universality classes which have been theoretically developed taking as a starting point
a particular form of the Hamiltonian describing the physical system. The

renormalization group theory predicts the particular values of these critical exponents

[65, 66, 67].



59

The particular values of the critical exponents and parameters are contained in
table 3.1 for a mean-field model, an isotropic 3-dimensional Heisenberg model, a
planar 3 dimensional XY model and a uniaxial 3-dimensional Ising model, referring
to the ordering of the spins and the number of spin components needed to describe it.
Mean-field model implies long-range order interactions, equivalent to a Landau
approach while Heisenberg, Ising and 3D XY models correspond to short range
interactions. A strong theoretical effort has been developed for magnetic systems (e.g.
Landau theory is not valid for a system whose specific heat diverges to infinity) but

also for many other systems.

Table 3.1
Main universality classes for magnetic systems [65, 66, 67]
Universality class a p y o Ai [utreaction
4 range

Mean-field Model 0 0.5 1.0 3.0 - Long range
3D-Ising 0.11 0.33 1.24 476 | 0.52 | Short range

3D-XY -0.014 | 0.34 1.30 | 4.82 | 1.06 | Short range
3D-Heisenberg -0.134 | 0.36 1.39 4.86 | 1.52 | Short range

Many scientific papers are devoted to universality classes [68, 69, 70, 71, 72,
73, 74, 75, 76, 77, 78, 79]. In particular, for ferroelectric systems, the theoretical
framework of the different universality classes which might appear depending on the
properties of the Hamiltonian has also been developed [69, 70, 80, 81, 82, 83, 84].
Besides ¢, the equivalent magnitudes to study their critical behavior are the

spontaneous polarization Py (eq. 3.18) and the inverse of dielectric susceptibility '

(eq. 3.19). Between the values of these critical exponents there exists a relation
established by scaling theory which is called Rushbrooke’s scaling law and has the
form of eq. 3.16. The values of the universality classes found so far for ferroelectric

systems are listed in table 3.2 [69, 80, 81, 82, 83, 84].
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P(D)~|", (T <T), (3.18)

" (T>T,), (3.19)

7~

Table 3.2

Values of the critical exponents for ferroelectrics. S: usual critical point isotropic
short-range interaction, U with uniaxial dipolar interactions, T tricritical point, L
Lifshitz point. Those exponents with an asterisk * have a logarithmic correction with

exponent x. m is the number of components of the order parameter [69, 80, 81, 82,

83, 84].

Universality class
Mean- field
S U T UT L,m=1 | L, m=2
model

1 1 1 1 1

— %k — — _ —_

a 0 6 0 2" 2 4 3

1 1 1 1 1

P 2 3 2" . P P 3
1 1 1

Y 1 1= 1* 1* 1 15 15

1 1
X ) ) 3 3 ) ) )
L,m=3 |LT, m=1 LT, m=2 UL, m=1 UL, m=2ULT, m=1ULT, m=2

S 9 31 1 1 1, 19

a 12 14 40 6 4 2 48
5| L R T R A R
12 7 80 3 4 4 48
y 1i 1L 1i 1 l 1 l 1%* 1L
12 28 40 6 4 16

1 1

X - - - 10 8
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The ratios of the critical amplitudes ;- for specific heat for ferroelectric systems
are not included because it is very difficult to predict those values within the
framework of the RG theory. However, the analysis of those critical amplitudes [85]
revealed that, for the L class (m = 1) in first-order approximation, it is 0.30 and rises
up to 0.35 in second-order approximation. On the other hand, in the Gaussian
approximation (Gaussian approximation allows fluctuations about the spatially
uniform mean-field, but assumes, in effect, that the fluctuations are distributed
normally about the uniform mean-field; in this approximation, the fluctuations turn
out to be non-interacting i.e. independent random variables [63]), at a Lifshitz point
with long-range interactions this value is 0.25, while if they are neglected, it is

increased to 0.42 [85].

It is worth noting that the particular values for critical exponents within a certain
universality class might be quite different depending on the particular mathematical
methods used to obtain it. For instance, some authors [86, 87, 88] have obtained the

values of critical exponent smaller than the ones given in table 3.2.

In addition, 1t should be mentioned that when the modern treatment of critical
behavior theory is applied, fully taking into account the contribution of fluctuations
till t — 0, both branches of the experimentally measured specific heat anomaly

(paraelectric as well as ferroelectric) should be fitted by the well-known equation
¢, = B+Ct+ A" “ (1+ E*[{") (3.20)

where a, A%, B, C and E* are adjustable parameters. Superscripts * and ~ stand for 7
>T.and T < T, respectively. The linear term represents the background contribution
to the specific heat, while the last term represents the anomalous contribution at the
second order PT. The factor under parenthesis is the correction to scaling that
represents a singular contribution to the leading power as known from theory and
experiments [89, 90] but which must be small and which is not always necessary and
can be neglected. Scaling laws require that there is a unique critical exponent o for

both branches and rigorous application states that constant B needs also be the same
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[91]. These conditions have sometimes been relaxed in literature due to the difficulty
of obtaining good fittings to the experimental data with those constraints, but this
only makes the interpretation of results more complicated. Strict application of

scaling theory must respect these rules.

3.3. Ciritical behavior studies of (Pb.Snix):P2(Se,Si,)s uniaxial

ferroelectrics prior to this work

3.3.1. Sn2P>(SeyS1-)s
In calorimetric investigations of Sn,P»Se and Sn,P,Ses compounds performed by
Vysochanskii and co-workers [92], the first fluctuational correction has been found

of the anomalous part of heat capacity in the paraelectric phase: Ac, ~ 77 which

corresponds to eq. 3.8. The temperature dependence of the dielectric permittivity of
Sn,P,S¢ crystal in the paraelectric phase exhibits a slight deviation from the Curie-
Weiss law [93], which is described by the multiplicative logarithmic correction

2" =7(inz|)"" which is related to eq. 3.10.

Ultrasonic measurements of the hypersound velocity in a ferroelectric phase for
SnyPa(So.72S€028)s compound by Brillouin-scattering and ultrasonic pulse-echo
techniques revealed strong anomalies near the PT. Here the authors observed that the
temperature dependence of the hypersound velocity is well approximated by a

Landau-Khalatnikov approach based on the mean-field model [94].

At the temperature evolution of the optical birefringence measurements,
performed by Vysochanskii et al [95], it was found that the behavior of the heat
capacity in the paraelectric phase can be well described by eq. 3.10 with a small
logarithmic correction (b = 0.1). Sequentially, the value of the critical exponent £ for
polarization has been observed to be close to 0.25. This value is well-coordinated
with the universality class UTL, m = 1 given in table 3.2. A partial substitution of
sulphur atoms by selenium in the anion sublattice in Sn,P»(SeySi.y)s with y =0, 0.15,

0.28 and 0.29 demonstrates a clear evolution of the anomalous part of the
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birefringence in [95]. The analysis of this evolution by the combination of two models
such as those shown in eqgs. 3.8 and 3.11 shows that the amplitude 4 of the
fluctuational contribution significantly increases when substituting S by Se,

indicating a possible crossover of the critical behavior.

The thermal diffusivity measurements (inverse of thermal diffusivity is
proportional to specific heat for such type of crystals [96]) of Sn,P,Se single crystals
by Oleaga et al show that the ferroelectric phase of those compound can be well
described within the framework of the Landau model (eq. 3.6) while this model fails
to describe the temperature dependence of thermal diffusivity in the paraelectric
phase [96]. To describe the critical behavior near the PT in the paraelectric phase, it
is necessary to take into account the superposition of the effect of first-order

fluctuations and the contribution of defects, corresponding to eq. 3.8 and eq. 3.11.

The thermal studies in SnyP»(Se,S1.,)s ferroelectric compounds performed by
Oleaga and co-workers show a deviation from a mean-field model and a crossover to
a more specific Lifshitz one [43]. For pure and lightly doped (y = 0.15, and y = 0.2)
crystals, no meaningful fittings were found, pointing that at those concentrations there
is not a clear dominant effect yet (fluctuations, short or long-range dipolar
interactions, charged defects...). On the other hand, good fittings with meaningful
adjustable parameters were obtained (eq. 3.20) when increasing Se concentration
from 0.2 up to 0.30. Obtained values of critical exponents & and the amplitude ratios
¢ support the universality class L for uniaxial ferroelectrics, indicating that the close
presence of the Lifshitz point is more relevant when explaining critical behavior than

other effects such as charged defects, first-order fluctuations or closeness to a TCP.
L

Moreover, the amplitude ratio ~,- was found to be in the range 0.42 - 0.51. This is

also close to the theoretically estimated value (0.35) for a Lifshitz system without

taking into account strong dipolar interactions. These findings reveal that for

selenium concentrations around the Lifshitz point, long-range dipole interactions do

not play a significant role and that the critical parameters are close to those of the

Lifshitz universality class L [43].
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For the compositions with concentrations exceeding the Lifshitz point y > 0.28,
RG theoretically predicted that the critical behavior of the second order paraelectric
to incommensurate PT should correspond to the 3D-XY universality class. Indeed,
the critical behavior study of Sn,P,Se¢ ferroelectric crystal confirms the applicability
of the 3D-XY universality class. The detailed review on the critical study for this

compound will be considered at the end of the next section [97].

3.3.2. (PbxSnix):2P2(Sei1-S))s
Investigations of the temperature dependence of the birefringence using eq.3.9
and eq.3.12 to study the paraelectric phase showed that a small substitution of Sn
atoms by Pb (0.5% Pb) does not exert a significant influence on the temperature
dependence of the effective value of the critical exponent £ for the order parameter
in the ferroelectric phase. On the other hand, in the same work, there is a strong
influence on the amplitude of the defect contribution to the critical anomaly, whose

value considerably increases [95].

Besides, (Pb,Sn,.,),P,S¢ ferroelectric compounds have been studied by means of
hypersound and ultrasound investigation [2]. The analysis of the temperature
dependencies of the hypersound velocity for concentrations x = 0, 0.2, 0.3, and 0.45
reveal that the anomalies around the second order PT are well described by the
Landau-Khalatnikov model based on the mean-field approach. The same results have
been observed when studying ultrasound velocity. Moreover, from the fitted
parameters, the thermodynamic coefficients in the Landau expansion series (eq. 3.2)
were extracted. These coefficients are slightly reduced when lead concentration is
increased; it is worth noting that all values are positive, indicating a continuous

character in the transition in this concentration range [2].

Critical behavior study of (Pb,Sn;-),P,Ss ferroelectric semiconductors from
thermal diffusivity measurements in [98] shows a crossover from a clear non-mean-
field model at x = 0.1 (where the first-order fluctuations as well as the presence of

defects must be taken into account) to a mean field one at x = 0.3. The sample with x
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= 0.1 has the same critical behavior as Sn,P,S¢ where there are several competing
mechanisms. On the one hand, the closeness to a Lifshitz point enhances the
fluctuations of the order parameter while on the other one, the closeness to a tri-
critical point reduces them. Besides, point defects are responsible for inducing long-
range perturbations of the order parameter. The combination of all of them is needed
to take into account a clear deviation from a mean field model, which has been
discarded by the appropriate fittings. As lead concentration is increased, a crossover
to other universality classes starts, shown by the fact that the critical behavior of the
sample with x = 0.2 can be explained by two models. In the first place, by a similar
combination of mechanisms as for x = 0.1 shown by the fitting of the paraelectric
phase by the superposition of fluctuation effects (eq. 3.9) and the contribution of
defects (eq. 3.12); secondly, the fitting to eq. 3.23 using both the paraelectric and the
ferroelectric phase gave a critical exponent a = -0.07 close to the mean field model 0.
At x = 0.3, the fitting to eq. 3.23 gave a very good fitting, with a = -0.04, very close
to the mean field model, while it was not possible to fit it to any model with had any
relation to the nearness to Lifshitz or tricritical points or the contribution of point
defects. To all effects, x = 0.3 behaves as a common uniaxial ferroelectric. So, we see
a crossover from a non-mean field model to it. x = 0.2 is an intermediate case in which
the predominance of the long-range perturbations is not settled yet as it is in x = 0.3
[98].

In work [97] the thermal diffusivity of (Pb,Sn;.),P,Ses ferroelectric crystals
with x =0, 0.05, 0.2 and 0.47 has been measured where a second order PT has been
found which corresponds to the paraelectric commensurate to IC phase. The critical
behavior of this transition has been studied for x = 0, 0.05 and it confirms the
theoretical prediction that this kind of PT belongs to the 3D-XY universality class.
The application of eq. 3.22 for the fittings has given the critical parameters o = -0.019

+ 0.008 for x =0 and o =-0.026 £ 0.018 for x = 0.05 (the theoretical value is -0.014).
A+
The ratio of the critical amplitudes ~= gives 1.00 and 1.03 respectively, while the

theoretical value for 3D-XY universality class is 1.06.
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Chapter 4. Structure and physical properties of CulnP,S¢ family of
2D layered crystals

The first part of this chapter focuses on the structure of metalthio- and
selenophosphates, while the second one does on their physical properties. A wide
range of 2D layered crystals of Fe,P,S¢ family has been studied from the 1970s to the
present day. MM [P,Xs]* compounds are promising materials for functional
electronics and piezoelectronics because they exhibit ferro-, ferri-, antiferroelectric,
ferro- or antiferromagetic as well as piezoelectric properties, possess mixed electron-
ionic conductivity and extremely high elastic nonlinearity, own promising optical
properties, show resistive switching characteristics and an important thermal
anisotropy has been observed [99, 100, 101, 102, 103, 104, 105, 106, 107, 108]. These
ferroelectric and multiferroic materials have electronic properties as well as memory
effects which strongly depend on temperature [109, 110]. The substitution of certain
chemical elements allows to obtain new compounds demonstrating a rich variety of

physical properties, photosensitivity etc.

From the structural point of view, all of the members of 2D layered
hexachalcogenohypodiphosphates have a common feature: a common [P,X]* anion
sublattice (where X =S, Se) within each lamella of the layered crystal. On the cation
side, they can accommodate most of group I and group II elements, most of the
transition metals of the fourth period, and some heavier ones, such as Pd, Ag, and Cd,
or a combination thereof. The most interesting ones are compounds with vanadium,
chromium, manganese, iron, nickel, copper, indium and bismuth because of their
magnetic or ferroelectric ordering, electrochemistry and catalysis. A few
compositions with lanthanides and actinides are also known, which may suggest that
more lanthanides will be compatible with this family of 2D layered materials [111,
112]. In table 4.1 some structural information for layered seleno- and thiophosphates

is given.
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Table 4.1

Crystalline lattice parameters of 2D layered compounds [113, 114, 115, 116, 117,

118, 119]
Lattice parameters Cell
p
Compound | Symmetry| g b ¢ °] volume
(Al | Al | [A] [A*]
M1+M3+[ste6]4_
AgCrP,Ses C2/m 6.305(10.917| 6.991 | 107.7 | 458.4
(disordered)
M"M**[P,Ses]*"| CulnP,Ses P3lc 6.392| 6.392 | 13.338 - 472.0
AgInP,Ses |  P3lc | 6.483| 6.483 [ 13.330| - 485.2
CuCrP,Ses C2/m 6.193(10.724| 6.909 | 107.2 | 438.3
CuBiPQSe6 _
P31c 6.541| 6.541 | 13.263 - 491.4
(rt)
CuBiPQSe6 _
R3h 6.553| 6.553 139.762 - 1487.9
(1t2)
CuBiPQSe6 _
R3h 6.559| 6.559 | 79.385 - 2957.7
(It1)
AgBiP,Ses R3h | 6.652] 6.652|39.615| - | 1518.3
MU"M3*[P2S6]*” | CulnP,Ss Cc (lt) 16.096|10.565(13.623|107.10| 838.5
AgInP,S¢ | C2/c (ht) | 6.182] 6.182 [ 12.957| — 428.8
CUCI'P286
C2/c 5.916(10.246| 13.415(107.09| 777.3
(ht)
CUCI'P286
Pc 5.935(10.282]13.368(106.78| 781.0
(It)
M1+M3+[PZS6]4_
AgCrP,Se P2/a 5.892(10.632| 6.745 [105.82| 483.7
(buckled)
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CuM*P,Ss (M** = In, Cr) crystal consists of lamellac defined by a sulfur
framework in which metal cations and P—P pairs occupy the octahedral cages and the

copper, the other cations, and P—P pairs form separate triangular networks within the

layer (fig. 4.1).

Fig. 4.1. Layers of the CulnP,S¢ crystal along [001] axis. Dashed line
surrounds CulnP,Se unit cell, where blue, rose, violet and yellow spheres are

Cu, In, P, and S atoms respectively [120]

4.1. CulnP>(S,Se)s compounds

In CulnP,Xs (X =S, Se) each lamella is chained with another layer by weak van
der Waals bonding, forming a lamellar crystallographic structure with negligible
transverse (along the c-axis) structural and electronic coupling. CulnP,S¢ is the
essential compound of this family, and shows a well defined first-order order—
disorder ferrielectric phase transition (PT) at 7. = 315 K (there is a decrease in the
symmetry group from monoclinic space group C2/c to Cc) as a consequence of the
ordering of the Cu ions in a polar sublattice, together with a small displacement of
the In 1ons, forming a second polar sublattice; both ions are displaced from the layers
plane. As the off centering of the Cu ions is much greater than that of In, the result is
an uncompensated two-dimensional ferrielectric arrangement with total polarization

normal to the layer (along the c-axis). [100, 120].
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As shown from powder diffraction data in CulnP,S¢ by Simon et al. [121] the
Cu!* probability density shows a twofold-symmetric shape relative to the centre of
the octahedral CuS¢ group in the paraelectric phase. This dynamic disorder has been
crystallographically modeled by three types of partially filled copper sites with large
thermal factors: a distinctly off-center and quasi-trigonal Cul, a nearly central or

octahedral Cu2, and a tetrahedral one in the interlayer space Cu3 (fig. 4.2).

Fig. 4.2. (a) The position of three “up” copper positions labeled Cul, Cu2,
Cu3 at paraelectric phase. The corresponding “down” positions are also
shown. (b) An in-plane view of the layers in the ferrielectric state, showing
Cu in the Cul-up position and the In shifted downward. Orange, blue, pink,

and yellow circles represent Cu, In, P and S atoms respectively [4]

The phase transition is triggered by the cooperative freezing of intersite copper
motions. For Cu!* cations there are two possible positions: Cu*” is displaced upwards
from the middle of the layer while Cu®"” is displaced downwards. Below 315 K the
upper site is preferentially occupied. The Cu!® ions are shifted upward from the
midplane of the lamella by = 1.58 A [100]. In [115, 122] it has been shown that a
twofold axis through the octahedral center and in the plane of the layer doubles the
number of positions per CuS¢ unit, the quasitrigonal Cul being mostly occupied in

both CuCrP,S¢ and CuVP,S¢ at room temperature [122].

Figure 4.3 demonstrates how the S atoms lattice and the top and bottom of the
lamella are distorted when the cation order into this arrangement. Although the P-P

bonds are rigid, the sulfur triangles are complacent to ionic displacements and, as a
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consequence, the coupling between the Cu!* and In** displacements occurs in a

simple way through the anion sublattice.

Layer nearest Cu Cc Layer nearest In
(a) (b)
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Fig. 4.3. The distorted close packed sulfur lattice nearest the Cu atoms (a)

and the In atoms (b). S—S distances are reported in Angstroms [4]

At 298 K, 90% of the Cu'" ions occupy a site Cu* shifted upward by 1.58 A
from the center of the layer (figure 4.4). The In** cations are also shifted but in
opposite position and by only 0.2 A from the middle of the layer, forming a second
polar sublattice [100].

Cu3
}| Cut
Cu2

153K 243K 298K 305K 318K

Fig. 4.4. Thermal evolution of the different copper site occupancies and the
corresponding probability density contours in CulnP,S¢. The small crosses
indicate the refined positions, and the dashed lines denote the upper and

lower sulfur planes marking a single lamella [100]
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Because the Cu!" off centering is much greater than that of In**, a pretty large
spontaneous polarization may be expected to appear normal to the layers.
Calorimetric and dielectric permittivity measurements on CulnP,S¢ confirmed it
[121]. Dipole ordering in CuMP,Ss ferroelectric compounds appears by the
availability of two effects: an off-centering instability caused by an electronic
instability in the form of a second order Jahn—Teller effect related to the d'° electronic
configuration of the cations (3d!° Cu!® and 4d'" In’"), and the cations being
constrained by the layered morphology to undergo antiparallel displacements. As a

consequence, in CulnP,Sg crystal, ferrielectric ordering appears [123].

A second order Jahn—Teller coupling, involving the localized d'° states forming
the top of the valence band and the S—P states of the bottom of the conduction band,
is predicted with such instability [124]. This has been showed for the Cu tetrahedral
site in CuCl [125].

Maisonneuve et al. have obtained electronic densities of copper site occupancies
using the Fourier maps which could be calculated to locate the copper atom. The
electron densities gave the evidence of the degree of polarity of the copper sublattice
at several temperatures. In the paraelectric phase, the Cul*” and Cul®"” sites become
equivalent to Cul, i.e., the structure becomes centrosymmetric with the appearance
of a twofold axis through the octahedral center. At 353 K a three-copper-site model
was observed with Cul, Cu2 and Cu3 occupancies of 33%, 12%, 5% respectively.
For T=315 K, the densities were dominated by a maximum around the upper off-
center site Cul”?. At 318 K, density maxima of equal height were detected at the
upper and lower off-center sites, giving hints of a twofold axis through the center of
the CuS¢ octahedral unit, parallel to the b axis [100]. On decreasing the temperature,
a cooperative freezing of the motions of Cu cations takes place. At 298 and 248 K the
Cul*” occupancy increases to 90% and 94% respectively. At 153 K, the Cul*” site
above the middle of the layer is 100% filled, which has also been confirmed by

dielectric measurements in [99].

In CulnP,Se, the ionic conductivity studies along the c-axis and the possibility

for Cu atoms to be in off-centred quasi-trigonal distorted sites even above T, led to
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the discovery of the role of the second order Jahn-Teller effect in that phenomena.
Despite numerous studies, there is still a need to quantify the modifications of the
electronic structure with respect to this polar ordering and its relation to the off-

centred cationic shifts in the crystal [126].

DFT-based ab initio calculations of band structure and density of states of the
CulnP,S¢ crystal (figure 4.5.) by Bercha ef al. confirmed the Jahn-Teller effect and

its ferroelectric ordering [127].
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Fig. 4.5. Band structures and density of states of the CulnP,Ss compound

protostructure and paraelectric phase [127]

Concerning the In sites there was no residual electronic densities indicative of
upshifted In** [100]. The In*" downward displacement decreases from 0.24 A at 153
K to 0.18 A at 305 K and disappears at =315 K.

Compounds of CulnP,Sec are very similar to those of CulnP,Ss which also have

high and low temperature structures (the reduction in symmetry is from P- élc to
P31c but takes place at a much lower temperature (236 vs. 315 K)) [128, 129].
Differences between these two compounds may exist due to increased P—Se bond
distances and Se—P—Se bond angles indicating that selenides are much more
structurally sensitive than sulphides [4]. Diffraction analysis has shown that the
ferroelectric transition in materials containing selenium is also due to an ordering of

the Cu cations but they are displaced only by 1.17 A from the middle of the structure
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layers while it is 1.58 A in the case of CulnP2Ss [100]. As a consequence, the double-
well potential for copper ions in selenide compound will be shallower than for its
sulfide analog, and the structural PT in CulnP,Ses is observed at lower temperature
than for the sulfide one. Furthermore, in the selenide compound, the calculated values
of activation energies were smaller than in the sulphides (E4 = 0.8 eV in the
paraelectric phase and E£4= 0.59 eV in the ferroelectric one for CulnP,Ses and E4 =
0.92 eV in paraphase and £,= 1.16 ¢V in ferrophase for CulnP,Ss compound) which

confirms the shallower potential of Cu!* ions in the selenide compound [130, 131].

Fig. 4.6. Representation of CulnP,Ses lamellas at a) 100 K and b) 293 K
([011] direction). ¢) View ([110] direction) of a single CulnP,Ses layer
showing the arrangement of Cu (blue), In (pink), P (grey) and Se (green).
Atomic displacements of individual atoms of CulnP,Ses at d) 100 K, e) 180
K and f) 250K [132]

In works [104, 130], measurements of DC conductivity have been performed
which showed much higher values for compounds with sulphur (6o = 5.6*10'> S/m

in the ferroelectric phase and 6o = 2.66*107 S/m in the paraelectric one) than for
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selenides (op = 2.35 S/m in the ferroelectric and 6o = 1.21 S/m in the paraelectric
phase, respectively). The higher conductivity in the case of sulphides is most likely
due to the dynamic hopping of the Cu'® cations in the lattice down to low
temperatures [99] while in the selenide the Cu!" cations are almost frozen at the off-
centre positions in the ferroelectric ordering because of the double-well minimum

potential [129].

The structures of CulnP,Ses crystal at 7= 100 K and at room temperature are
depicted in fig. 4.6 (a) and fig. 4.6 (b), respectively. Figure 4.6. (c) shows the single
layer in [110] direction. Figure 4.6. (d, e, f) exhibits the ordering of Cu" cations in

CulnP,Ses at different temperatures.

As in the case of CulnP,S¢ compounds, in selenides the second-order Jahn—
Teller effect is the driving force of the ferroelectric transition. The calculated partial
densities of states of Cu cation (fig. 4.7) have showed that with decreasing 7, low-
energy Cu 3d levels have clearly shifted to higher binding energy (the peak A merges
into the peak B) and the gap has slightly increased [126].

(a) LMTO

6.4 56 48 4 3.2 24 16 08 0
Binding Energy (eV)

Fig. 4.7. (a) The LMTO densities of states obtained at 7'= 298 K (dashed
curve) and 7= 150 K (solid curve); (b) the corresponding UV photoemission
spectra measured at 7= 298 K (dashed curve) and 7= 190 K (solid curve)
[126]
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In figure 4.8 the splitting of peak A into two contributions is exhibited clearly in
the calculated Cu partial densities of states. The new binding energy for the last
occupied states (assumed to be the 3d,2 orbital) is higher, consistent with a second
order Jahn-Teller effect accompanied by a substantial energetic gain (around 0.3 eV).
This is corroborated by the simultaneous increase in the binding energy of the

unoccupied Cu 4s states observed in LMTO calculations for 7 << T..
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Fig. 4.8. The Cu'" partial densities of states at 7= 298 and 150 K compared

with energy diagram, showing the second order Jahn-Teller effect

mechanism in CulnP,Ses compound [126]

4.1.1 Substituting the cation sublattice

In general, it becomes interesting to explore the effect of cation substitution on
ferroic properties. For example, replacing the copper cation by silver vanishes the
ferroelectric phase (AgInP,Ss, AgInP,Ses) [103, 133]. Several materials in the
selenide family with the trivalent cation of bismuth have antiferroelectric ordering
(AgBiP,Ses and CuBiP,Se) [119]. As a starting point in our analysis we consider the
structure and their peculiarities of some of the 2D layered compounds which belong
to M*M3*[P,Se]* and M "M*[P,Ses]* subgroups and which have similar structure,
namely: AgInP,S¢, AgInP,Seq, AgBiP,Se, AgBi1P,Ses and CuBiP,Ses. It worth noting

that the crystal growth processes are quite complicated and it was impossible to obtain
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good samples for our studies in some cases like, for instance, CuBiP,Sg¢, as well as

compounds with chromium; therefore, we will not consider these compounds here.

Fig. 4.9. The unit cell of the AgInP,S¢ crystal structure (a) and topology of
the Ag- and In-centered polyhedrons (b) [134]

The AgInP,S¢ 1s a 2D layered crystal with trigonal symmetry and Pélc space
group at room temperature [114]. The crystal structure of the AgInP,S¢ compound
(fig. 4.9.) is closely related to the Cdl,-type structure. There is no confirmation about
any type of ferroelectric ordering down to 110 K in these compounds [103]. Partial
changing of the chemical elements in the cation sublattice (e.g., Ago.1CugolnP,Se)
reduces the T, by 30 K [99]. This effect is attributed to the larger size of the Ag!*
cation where lower temperatures are needed to stop the static hopping of the system.
The calculated electronic and phonon properties of the AgInP,S¢ crystal structure
[134] have shown big covalence of the bonds between the silver cation and [P,Se]*
anion and thus Ag—S polyhedral is harder. This information tells about the realization

or absence of the second order Jahn-Teller effect mechanism.

The crystal structure of the AglnP,Ses compound (fig. 4.10.) is very similar to
the structure of AgInP,Ss. The selenium atoms form a hexagonal close packed
structure arrangement with the layer sequence ABAB running along c-axis. The cell
parameters for the AgInP,Ses crystal are as follows: a = 6.483 A, b = 6.483 A, c =
1.333 A and the angle B = 90°. At room temperature the crystalline structure of
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AgInP,Ses may be described by the Pél/c space group [118]. Dielectric
measurements in [133] have shown that AgInP,Se¢ crystal does not have any

evidence of phase transitions; moreover, it is not a ferroelectric material.

Fig. 4.10. The layered structure of AglnP,Ses where grey, violet, orange and
purple spheres are silver, indium, phosphorus and selenium atoms,

respectively [135]

AgBiP,S; crystallizes in the triclinic space group Pih with a = 6.3833 A, b =
7.1439 A, ¢ =9.5366 A, a =91.89°, B = 91.45° and y = 94.05° [119]. In work [144]
the temperature dependence of longitudinal relative ultrasonic velocity has shown the

indication of a phase transition near 220 K.

As showed in fig. 4.11, one half of the [P,S¢]* anions lie with their P-P axis
normal to the layer, whereas the other ones are rotated so their P—P bond axis is nearly
parallel to the layer. The P—P distance ranges from 2.212 to 2.225 A, and the P-S
distances range from 1.993 to 2.044 A. The [P,S¢]* anion normal to the layer
coordinates to four silver and two bismuth cations. The anions lying parallel
coordinate to four Bi** and two Ag" cations. Silver cations are instead coordinated by
a highly distorted tetrahedron of S atoms within the same layer and have only weak
Ag-S interactions across the van der Waals gap. The Bi’** cations are coordinated by
six S atoms with bond distances ranging from 2.752 to 3.106 A. This is a highly

distorted coordination environment for Bi, and clearly there is one side of the
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coordination sphere that is devoid of S atoms. This suggests that the inert lone pair
(6s?) of bismuth is strongly stereochemically expressed [119]. The ultrasonic

measurements have found a phase transition near 220 K in layered AgBiP,Se crystals

[136].

Fig. 4.11. View of a single layer of AgBiP,S¢. Blue spheres are silver atoms,

green - bismuth, red - selenium, and black are phosphorus atoms [119]

At room temperature the AgBiP,Ses compound is an anti-ferroelectric
semiconductor, however, there exists an intra-layer ferroelectric ordering as shown
in figure 4.12. The purple and blue arrows represent the polarizations contributed by
the bismuth and silver ions, respectively. The green arrow represents the total

polarization of the monolayer AgBiP,Ses [137].

Fig. 4.12. Schematic side-views of the two distorted ferroelectric phases with

different polarization directions (upper and lower images) and the high
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symmetry paraelectric phase (centre image). The Brown, pink, purple and

blue spheres are Se, P, Bi and Ag atoms, respectively [137]

The positions of the silver cations are distorted from an octahedral environment
by the elongation of three of the Ag—Se bonds displacing the silver cations along the
c-axis away from the center of the layer by 0.4 A. The bismuth cations are shifted
only 0.2 A off the center of the octahedron in the opposite direction along the layer
normal of the silver cations. AgBiP,Ses crystal has a lamellar MPSe; structure type
with weakly interacting layers packed by van der Waals interactions. In each layer,
the cations and P-P bonds fill the octahedral holes defined by the selenium
framework. The [P,Ses]* anions are bridged by an ordered arrangement of alternating
Ag'" and Bi*" metal centers [119, 137]. Figure 4.13 exhibits the structure of a

monolayer in AgBiP,Ses. The lattice parameters obtained by DFT calculations are: a

=b=6.752 A. The AgBiP,Ses compounds crystallize in the space group R3 [137].

Fig. 4.13. Top-view of the structure of monolayer AgBiP,Ses. The Brown,
pink, purple and blue balls represent Se, P, Bi and Ag atoms, respectively.
The red line describes the unit cell [137]

The calculated phonon dispersion of the paraelectric phase (fig. 4.14) for
AgBiP,Ses monolayer shows an imaginary frequency at the I" point, demonstrating
the instability of the paraelectric phase [137]. The unstable mode at the I" point mostly
corresponds to the off-centering displacements of the silver and bismuth cations with

opposite directions, which leads to a lower symmetric, ferroelectric phase.
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Fig. 4.14. The phonon spectra of the ferroelectric (a) and paraelectric (b)
phases of monolayer AgBiP,Ses [137]

Comparing sulphates with selenides, the structural differences between
AgBiP,Ses and its sulphide analogue could have their origins in the size of Bi for the
available Se-based octahedral cage as well as its decreased trend to stereochemically

express its lone pair of electrons.

CuBiP,Ses compounds (fig. 4.15 (A)) have the lamellar CulnP,Se¢ structure

with the same [P,Ses]* anion lattice connected by the metal cations, crystallizing in

the space group R3 with a=6.5532 A and ¢ = 39.762 A. At room temperature, the
[P,Seq]* anions structure of CuBiP,Ses is bridged by an ordered arrangement of
alternating coinage metal and bismuth metal centers [119]. Each [P,Ses]* anion has
three coinage metal ions and three Bi** ions as its nearest metal neighbors (fig. 4.15
(B)). As it was shown by the authors in ref. [119], the structure at three different
temperatures (298, 173, and 97 K) confirmed the ordering in the form of two well-
defined antiferroelectric transitions as the copper cations move and settle off-center
of the octahedral sites. Partial antiferroelectric ordering is observed below 173 K,
with 85% of Cu" cations found in well-defined off-center positions below 97 K. The
increased displacement of the bismuth cations compared to the indium ones may be
an indication of stereoactive lone pair electrons, which could be present in Bi** but

not In**. The same mechanism is observed in AgBiP,Ses crystals at room temperature.
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(B)

Fig. 4.15. (A) The layered structures of CuBiP,Ses at room temperature in
[110] direction. (B) View of a single CuBiP,Ses layer down the c-axis
showing the ordered arrangement of the Bi** and Cu™ ions. Blue spheres are

Cu(Ag), green - Bi, red - Se, and black are atoms P [119]

The information about the ordering in CulnP,S¢-type compounds is listed in table 4.2.

Table 4.2.

Information on availability of phase transitions in M'"M>*[P,X,]* crystals [100, 119,
129, 141]

Compound Order Type Ordering Temperature

CulnP,S¢ Ferrielectric 315K

CulnP,Seq Ferrielectric T.=235.5K and 7;=248.5K

AgInP,Se No PT —
AgInP,Ses No PT —
AgBiP,Se ? 220K
AgBiP,Ses | Antiferroelectric T.<298K

CuBiP,Ses | Antiferroelectric 145K and 220K




82
4.2. Physical properties of M'"M3*[P,Xs]* multiferroics
In this section we consider some physical properties in two-dimensional layered

crystals, namely dielectric, piezoelectric and ultrasonic as well as thermal properties.

4.2.1. Dielectric measurements

The temperature dependence of complex dielectric permittivity is presented as
e = ¢ — ig". According to the dielectric studies in CulnP,S¢ the first order phase
transition was observed at 7 = 315 K [138]. The increasing of the dielectric
permittivity at 1 kHz showed in fig. 4.16 above 330 K is related to the ionic
conductivity of the Cu cations [121]. In the same work [138], the authors have studied
the impact of high hydrostatic pressure on the dielectric properties of CulnP,Se
compound. The pressure behavior of the phase transition temperature confirmed the

order-disorder type of phase transition in these crystals.
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Fig. 4.16. Temperature dependences of CulnP,Se crystals dielectric

permittivity in the heating mode at the measuring field frequencies of 1 kHz

and 1 MHz [138]

As seen from fig. 4.17, substituting copper with silver changes the position of
the ferroelectric phase transition to lower temperatures (from 7= 315 K in CulnP,S¢

to 7'=283 K in Agp.1Cuo9InP,S¢). Such a decrease can be interpreted as follows: the
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size of the silver cations is bigger than for copper ions, hence, lower temperatures are

needed to stop the static hopping motions of the system [139].
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Fig. 4.17. Temperature dependence of real (a) and imaginary (b) part of the

complex dielectric permittivity in Ago1CugoInP,Se crystals [139]

For the pure AgInP,Ss compound, the dielectric permittivity strongly increases
on heating (fig. 4.18), with a similar increase to the case of CulnP,Ses and CulnP,S¢
[133, 138]. As opposed to the case of CulnP,Ss, no anomaly indicating polar phase
transitions have been found in these crystals down to the lowest temperatures
measured. Calculated electrical conductivity data has shown a high enough value of
the conductivity which is also ionic, due to the silver cations. Therefore, the dielectric

properties of these ferroelectrics are mainly caused by a high conductivity [103].
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Fig. 4.18. Temperature dependence of real and imaginary part of the
complex dielectric permittivity in AgCulnP,Se crystals [103]
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Broadband dielectric studies of AgInP,Se¢ (fig. 4.19) show a strong increasing
of the dielectric permittivity on heating, similar to AgInP,Ss, as described in the
previous paragraph. The dielectric properties in AglnP,Ses crystals are also due to a

high conductivity. There is no indication of any ferroelectric phase transition down

to 110 K [133].
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Fig. 4.19. Temperature dependence of the real and imaginary parts of the
complex dielectric permittivity in AgInP,Se¢ crystals [141]
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Fig. 4.20. Temperature dependence of the real (a) and imaginary (b) parts of
the complex dielectric permittivity in CulnP,Ses crystals. Temperature

dependence of 1/¢” is measured on cooling [129]

As it was shown by the authors in ref. [129], in the case of CulnP,Ses compounds
there are two phase transitions: a second-order one at 7; = 248.5 K and a first-order

transition at 7, = 235.5 K, in cooling mode, with incommensurate phase between
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those (fig. 4.20). These two transitions in CulnP,Ses have hysteresis, implying that
these phase transitions are first-order. On the other hand, the hysteretic effects involve
not only an upward shift by = 1.5 K of 7; but, more importantly, a rather large decrease
in the values of the real and imaginary parts of the dielectric permittivity in almost
the entire temperature range during the heating mode. The latter observation indicates
that this PT into the intermediate phase may be second-order [129]. The values of the
calculated Curie constants obtained from the dielectric data indicate an order—
disorder type of the phase transitions [129].

The dielectric measurements of the CulnP,Ses compound by Macutkevic et al.
[140] confirmed only one ferroelectric phase transition at 7, = 225 K. This
discrepancy with [129] may be related to the different preparation conditions of the

CulnP;,Ses compounds.
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Fig. 4.21. Real part of dielectric permittivity of CulnP,(S,Se;-—.)s crystals
measured at several frequences: (a) x =0.1; (b) x =0.25; (¢) x=0.8; (d) x =

0.98 [141]
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Let’s consider a variation of the structural parameters when substituting S by Se
in mixed CulnP,(S,Se;-x)s crystals. Even a small amount of sulphur substitution by
selentum can significantly change properties in these mixed two-dimensional
ferroics. As observed in [141], a small amount of sulfur shifts the transitions to lower
temperatures. For x = 0.02 the PT temperature in mixed crystals decreases from 7 =
225 K in the pure one [140] to 215.7 K, with 5% of Se to 208.2 K and with 10% to
185 K (Fig. 4.21 (a) and Fig. 4.22(a)).
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Fig. 4.22. Imaginary part of dielectric permittivity in CulnPx(S,Se;—)s
compounds measured at several frequences: (a) x =0.1; (b) x =0.25; (¢c) x =

0.8; (d) x = 0.98 [141]

At concentrations x = 0.2 and x = 0.25, these mixed compounds show just one
maximum in the real and imaginary parts of the dielectric permittivity in the
temperature range of 110 and 145 K at a frequency of 10 kHz [101].The temperature
dependences of the complex dielectric permittivity at various frequencies of these

crystals show a typical relaxor behavior, as can be seen in fig. 4.21 (b) and fig. 4.22
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(b). The position of the maximum of dielectric permittivity is strongly frequency
dependent. In CulnP2(SosSeo2)s (fig. 4.21 (c) and fig. 4.22 (¢)), it is easy to see a
broad dispersion of the complex dielectric permittivity starting from 260 K and
extending to the lowest temperatures. The maximum of the real part of the dielectric
permittivity shifts to higher temperatures with an increase in the frequency, together
with the maximum of the imaginary part, and the typical behavior of dipolar glasses
appears. A small amount of Se (x = 0.98) changes dielectric properties of CulnP,Se
crystals significantly: the temperature of the main dielectric anomaly shifts more than

20 degrees: from 315 K to 289 K (fig. 4.21 (d) and fig. 4.22 (d) [141].

In the case of CuBiP,Seg, a first-order antiferroelectric PT was found at 136 K.
From the dielectric permittivity data of the CuBiP,Ses crystal, the measured
temperature region can be divided in three intervals: 1. At higher temperatures
dielectric dispersion occurs due to the high electrical conductivity; 2. A frequency
independent anomaly of &' at 136 K indicates an antiferroelectric PT; 3. At
temperatures lower than 40 K the dielectric dispersion effect can be observed [102].
No dielectric dispersion is observed about the antiferroelectric PT temperature (7 =
136 K), therefore the dielectric permittivity at 2 kHz corresponds to the static one as
depicted in figure 4.23. Moreover, the value of the dielectric permittivity around the
antiferroelectric phase transition temperature is low. Typically, such a low value of
dielectric permittivity has a phononic origin; therefore, the phase transition is a

displacive type and is driven by a resonant soft mode [102].
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Fig. 4.23. Temperature dependence of the real and imaginary parts of the
complex dielectric permittivity in CuBiP,Ses crystals [102]
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As mentioned, the microscopic mechanism of the phase transition is antiparallel
displacements in the copper and bismuth sublattices [119]. However, not all copper
ions are ordered below the antiferroelectric PT temperature. Therefore, the non-

ordered copper ions form a glassy phase at low temperatures [102].

4.2.2. Piezoelectric and ultrasonic measurements

In pure CulnP,S¢ ferroelectric crystals ultrasonic and piezoelectric studies also
confirm the existence of a PT around 315 K. The hysteresis in fig. 4.24 (a) has shown
that a first order character can be attributed to this phase transition. In Fig. 4.24 (b),
the temperature dependencies of the longitudinal ultrasonic attenuation coefficient
are shown for different propagation directions and the longitudinal wave attenuation
peak in direction [001] is more than one order of magnitude larger than in the
direction parallel to the layers what could be explained with the argument that the
electrostriction parameters along the layers are very small in comparison to those

through the layers [142].
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Fig. 4.24 (a) Temperature dependences of ultrasonically detected
piezoelectric signal in CulnP,S¢ c-cut plate in heating (1) and in cooling run
(2). (b) Temperature dependences of longitudinal ultrasonic attenuation

along (1) [001] and normal (2) to [001] [142]

Ultrasonic and piezoelectric studies of the phase transitions in 2D layered

CulnP,S¢ crystals by Samulionis et al. have shown the possibility of tuning-off the
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elastic piezoelectric and electronic properties by manipulations on the composition
[142]. Substituting copper with silver changes the position of PT to lower
temperatures (fig. 4.25 (a)), which is in good agreement with [139].

Similar piezoelectric sensitivity measurements by an ultrasonic method were
carried out and in mixed Agg;CugoInP,Ses and Agy,CugsInP,Ses layered crystals.
Substituting Cu by Ag leads to a decreasing PT from 225 K and 235 K in pure
CulnP;,Ses compound to 215 and 230 K for a sample with 10% of Ag" and 210 and
225 K with 20% of silver respectively. As a consequence, piezoelectricity exists in
these crystals only at comparatively low temperatures (Fig. 4.25 (b)) [143]. Other
piezoelectric and ultrasonic measurements showed that, in polarized CulnP,Ss type
compounds at room temperature, an electromechanical coupling constant as high as
> 50 % could be obtained. In the paraelectric phase, the high electromechanical

coupling can be induced by external DC bias field, because of electrostriction [144].

In pure AgInP,S¢ and AgInP,Ses crystals, no PT was observed in the temperature
range 100-300 K [143].
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heating run (b) [143]
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The temperature dependence of ultrasonically detected piezoelectric signal of
CuBiP,Ses crystal was measured in [136] and the result is shown in fig. 4.26 (a). In
the high temperature region, the signal is absent and it turns out that the crystal has
no piezoelectric sensitivity and it is in the centrosymmetric phase. On cooling, the
onset of piezoelectric signal appeared near 220 K and reached a maximum,;
afterwards, when cooling down, the signal increased and at 150 K the change of slope
was clearly seen in fig. 4.26 (b). It is worth noting that the amplitude of the
piezoelectric signal was small in comparison with pure CulnP,Ss crystal, what was
determined by the difference in the electrical conductivity of the samples as well as
by smaller piezoelectric parameters [142]. The presence of these two anomalies tells
about the possibility of two phases: an antiferroelectric PT at 7= 146 K and
intermediate one at 220 K [136].
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Fig. 4.26. Temperature dependence of the piezoelectric signal ultrasonically
detected in CuBiP,Ses plate (a) and temperature dependence of the relative

longitudinal ultrasonic velocity along c-axis (b) [136]

The piezoelectric sensitivity of AgBiP,S¢ compounds was very small in the
temperature region between 120 and 300 K. As it seen in fig. 4.27 a, only a hint of a
piezoelectric signal was observed at around 220 K, whose origin lies on the large
electrical conductivity of AgBiP,Ss crystals [136]. Ultrasonic frequency dependent
attenuation a = f(w) of both types (fig. 4.27 b) has been obtained by the following

equation:
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2
T
o= Aﬁ R (4 1)
1+t
where 4 is the coefficient proportional to the relaxation strength, 7 - is the Maxwell
relaxation time: 7 = egy/o, 0 = g,on + 0 18 the total ionic—electronic conductivity and

¢ 1s the dielectric constant.
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Fig. 4.27. Temperature dependence of longitudinal relative ultrasonic
velocity measured along c axis in AgBiP,S crystals at 10 MHz frequencies
(a), temperature dependence of the longitudinal attenuation coefficient along

c axis in AgBiP,Se samples (b) [136]

The obtained temperature dependence of the longitudinal attenuation has a large
peak of ultrasonic attenuation below room temperature which is attributed to the

ultrasonic interaction with silver ions [136].

4.2.3. Thermal properties
As shown in figure 4.28, the temperature dependence of the heat capacity C, for
CulnP,S¢ crystal shows two A—shape anomalies, the first one at 309.35 K, signaling
the presence of a first order transition, and the second one at 329.5 K, which has some

retardation into the paraelectric phase [145].
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Fig. 4.28. Temperature dependence of heat capacity in CulnP,S¢ samples
[145]

In the case of CulnP,Ses compound, the dependence of the molar heat capacity

also exhibits a /—shape anomaly. In contradistinction to the sulphide case there is only
one phase transition at 226 K (fig. 4.29) [154].
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Fig. 4.29. Temperature dependence of heat capacity in CulnP,Ses samples
[146]

For the rest compounds, there is no information on thermal measurements in

literature prior to this work.
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Chapter 5. Structure and physical properties of (Pb.Sni.x)2P2(Se;S:-

»)6 chalcogenide crystals

(Pb.Sn.x)2P2(Se,S1.,)s ferroelectric compounds are a broad family of
ferroelectric semiconductors specially interesting due to their promising
photorefractive, acustooptic, and electrooptic properties [147, 148] as well as for the
complexity of their phase diagram, with the presence of a Lifshitz point (LP),
incommensurate phases (IC), first and second order PT [56]. The presence of solid
solutions among Sn,P,Ss, Sn,P,Ses, Pb,P,S¢ and Pb,P,Ses allows to obtain
ferroelectrics-semiconductors with different desirable physical properties. Hence, it
is possible to design materials with different structural and electronic attributes and
characteristics and the ultimate application of these semiconductors in various
electronic devices. Figure 5.1 demonstrates the common model representing a crystal

structure of M [P,X,]* crystal.

Fig. 5.1. Structure of M) [PX,]" phosphorus chalcogenide crystals. Blue,

red and yellow spheres represent M?* (Pb, Sn), P and X (S, Se) atoms
respectively [149]
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This chapter consists of three parts: in the first part the crystalline structure of
this type of materials will be described in detail, in the second one the general shape
of the phase diagram will be comprehensively describe; finally, in the third part there

1s a consideration of some thermal properties of Sn(Pb),P,S(Se)s ferroelectrics.

5.1. Crystalline structure of (Pb,Sn):P2(Se,S)s compounds

5.1.1. $n;P:>S(Se)s compounds

SnyP>S(Se)s crystals, as well as any of the M} [P.X,]"" compounds, are ion-
covalent ferroelectrics with the common [PzS(Se)6]4_ sublattice. In contrast to most

industrially relevant ferroelectrics, which are insulators, Sn,P,S¢ has pronounced
semiconductor features due to its small band gap of 2.3 eV at room temperature [147].

For these specific compounds of the M2*[P,X,]" type, two thirds of the octahedral

centers are occupied by M** cations. The remaining one third are occupied by P—P
bonds which covalently bond to the sulfur atoms, with each P atom having tetrahedral
coordination with three S atoms and one P atom, forming an ethane-like (P,X¢)* unit.
Each S atom is bonded to a single P atom and coordinated by two sites of cation [56].

The crystallographic unit cell of SnyP,Se (SPS) comprises two formula units (Z
= 2). At room temperature the crystalline structure of Sn,P,S(Se)s can be described
by the monoclinic space group Pc [150, 151]. The cell parameters at ambient
conditions for the SPS crystal are as follows: a=9.378 A,b=7.488 A c=6.513 A,
and the angle B = 91.15°. The unit cell volume is 456 A3 [152, 153]. The lengths of
the Sn—S ionic bounds (2.77 - 3.451 A) are considerably larger than for P—S and P—P.
The P—S bonds in the pyramids have different lengths in the range 2.015 - 2.035 A.
Tin atoms are located between the ions inside the polyhedron formed by 7 or 8 sulphur
atoms. Above about 337 K the crystal undergoes a second order paraelectric PT into
another monoclinic phase, possessing the center of inversion space group P2;/c with
““off-center’” Sn displacement playing the role of the order parameter (fig.5.2 (a))
[154].
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Electronic structure studies of SnyP,S¢ confirm that tin in SPS occurs as Sn?*
ions [155, 156]. The spectroscopy data has shown that the Sn ion is in the 2+ state
with very high ionicity (~ 1.6) [157].

In fig. 5.2 (b) the cut is done through three consecutive Sn—S—P atoms, and their
other neighbors almost in, or slightly off, this plane. In work [155], the charge-density
plot has demonstrated a striking contrast between an ionized shape of Sn atoms
(indicated by perfect sphericity of the electron density in its neighborhood) and a
strong covalency along the S—P—P—S chains. One notices, moreover, an electron-
density displacement from phosphorus to sulfur atoms. Away from the P,S¢ groups
and Sn ions docked between them, there is hardly any charge density accumulated

[155].

Fig. 5.2. Structure of SnyP,Se type crystals in paraelectric (P2,/c) phase with

shown shifts of cation atoms in ferroelectric (Pc) phase (a) [158], unit cell with 2
formula units (shown in gray) and some additional S atoms (in white) obtained

by translation to complete the near-neighbor shell of a Sn atom (b) [155]

The tin selenide Sn,P,>Ses (SPSe) metal thiophosphate is similar in its structure
to SPS. The divalent metal cation structures are similar as those represented in figure
5.2. However, differences may exist due to the increased P—Se bond distances and
Se— P-Se bond angles reported for SPSe. At room temperature SPSe has the next cell
parameters: a = 6.815 A, b=7.671 A, ¢ =9.626 A, B = 91.01°. Hence, the unit cell

volume is here increased with a value of 503.2 A3 [159].
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Sn,P,Se¢ exhibits three phases; at room temperature it is paraelectric (P2,/c), at
T:=221 K a second order transition takes place to a modulated incommensurate phase
(IC), and at T, = 193 K the crystal shows a first order transition to the ferroelectric
phase (Pc) [153, 160, 161]. The period of transverse wave modulation of spontaneous
polarization in the IC phase is about 14 unit cells [162]. The Sn** atoms are
surrounded by eight Se atoms forming a bicapped trigonal prism (BTP), which are
depicted on fig. 5.3 a, b at low and room temperature. Octahedra containing a couple
of phosphorus atoms are connected by empty octahedra and form chains along the

[010] and [101] directions.

Fig. 5.3. Association of two Sn,Seg polyhedra along the [010] direction, a:
paraelectric phase (293K), b: ferroelectric phase (150K) [159]

In the paraelectric phase, displacements of Sn?* cations have been detected, two
tin sites being separated by about 0.34 A. The comparison of the two crystal structures
has showed that tin ions are shifted from the disordered state in the high-temperature
phase (paraelectric) to the site appropriate for tin in the low-temperature phase
(ferroelectric). The displacements of tin atoms are about 0.13 A. In general, the
displacement from the average Sn-position in the paraelectric phase to the Sn-position
in the ferroelectric phase is about 0.30 A. A spontaneous polarization of the structure
obviously arises due to these displacements. Moreover, the average direction of these

displacements is perpendicular to the modulation wave vector direction in the IC
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phase, showing the prime importance of such movements on the incommensurate

phase formation [161, 163].

The comparison of the atomic displacement parameters of the tin atom in the
two phases shows that they are not proportional to the temperature [163]. A simple
Debye approximation for the contribution of the acoustic phonon predicts a linear
dependence with temperature. In fig. 5.4 the (equivalent) atomic displacement
parameters of Sn?" cations are plotted at the temperatures of the structure
determinations for SPS and SPSe. The atomic displacement parameters of the tin
atoms of both compounds in the ferroelectric phase are almost the same (dashed)
lines. The atomic displacement parameter of Sn in the paraelectric phase is for both

compounds significantly higher than the extrapolated lines of the ferroelectric phase.
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Fig. 5.4. Isotropic atomic displacement parameters for Sn** cations for

Sn,P,Se (left) and Sn,P,See (right) versus temperature on X-ray data [163]

5.1.2. Pb:P>S(Se)s compounds
At ambient conditions Pb,P,S crystallizes in a monoclinic P2;/c structure and
remains in this centrosymmetric phase till 0 K (fig. 5.5) [164]. The crystal lattice
parameters are: a = 6.612 A, b =7.466 A, ¢ = 11.349 A, p = 124.09°. The unit cell
volume is 462 A3. The difference in volumes for Sn,P,S¢ and Pb,P,Ss compounds is
quite small in view of the difference in the atomic radii of octa-coordinated tin and

lead atoms: 1.58 A and 1.75 A. Thus, the Sn?" ions are in a less “squeezed” state,
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which is reflected in their ferroactivity, suggesting that compounds with Sn?" cation

should possess higher PT temperature [56].

As mentioned above, in the paraelectric phase all of the members of SPS uniaxial
ferroelectric family compounds are characterized by the P2,/c space group. For
Pb,P,Ses crystal Pb?" cations are bonded to ethane-like [P,Ses]* anions [166]. The
only difference between these compounds is due to the difference in the sizes of the
ions which provoke a change in the crystal lattice parameters which are: a=6.910 A,
b=7.660 A, c=11.819 A, B = 124.38°, the unit cell volume is 513 A3 [167, 168].

The structure of these compounds is shown in figure 5.6.
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Fig. 5.5. The crystal structures of Pb,P,S¢ at ambient conditions. (a) General
view [165]; (b) The P—P bonds [149]. Blue, red and yellow spheres represent

Pb, P and S respectively
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Fig. 5.6. Pb,P,Se¢ crystal structure. Each P (pink) is attached to Se (green)
in a distorted tetrahedral arrangement. Polarization arises from asymmetric

displacements of Pb along the [101] direction [166]
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In table 5.1 the main structural parameters which characterize the monoclinic
crystalline lattice of Sn(Pb),P,S(Se)s ferroelectric thiophosphates are given.

Table 5.1

Crystalline lattice parameters of Sn(Pb),P,S(Se)s ferroelectric compounds in

ferroelectric (ferro) and paraelectric (para) phases [152, 153, 159, 164, 168]

Lattice parameters

Compound Symmetry a b ¢ b Cell volume
[°] [A%]
[A] [A] [A]
Sn,P,Se (ferro) Pc 9.378 | 7.488 | 6.513 | 91.15 456
SnyP,Se (para) P2,/c 9.362 | 7.493 | 6.550 | 91.17 457
Sn,P,Ses (ferro) Pc 6.805 | 7.708 | 9.616 | 91.03 504.4

Sn,P>Seq (para) P2,/c 6.815 | 7.671 [ 9.626 | 91.01 503.2

Pb,P,S¢ (para) P2i/c 6.612 | 7.466 |11.349 |124.09 462

Pb,P,Ses (para) P2i/c 6.910 | 7.660 |11.819 |124.38 513

The absorption edge of SPS and its structural analogs has been studied in work

[169]. The energy position of the absorption edge E; =hv, (with a being the

absorption coefficient) for Sn(Pb),P,S(Se)s mixed compounds is shown in Fig. 5.7.
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Fig. 5.7. Concentration dependences of E; (a = 150 cm!) for the solid

solutions based on Sn,P,S¢ at 7=293 K and p = pam [169]
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It is clearly seen that the substitution of sulphur by selenium in the anion sublattice

decreases the £ value, while the substitution tin by lead produces the contrary effect

[169].

5.2. Compositional phase diagram study of the (Pb.Sni-)2P2(Se;S1,)s

system

5.2.1. General shape of the phase diagram of Sn(Pb):P:5(Se)s compounds
Over the last decades various scientific studies on dielectric, thermal, optical,
elastic and acoustic properties of these solid solutions have been conducted, which
makes it possible to comprehensively describe the complex phase diagram of these
solid compounds [2, 43, 94, 95, 96, 97, 98, 170, 171, 172, 173, 174, 175, 176, 177,
178, 179, 180, 181, 182, 183, 184, 185, 186, 187].

Let’s consider the main features of the ‘“temperature-concentration” phase
diagram of (Pb,Sn;.,),P2(Se,S1.,)s ferroelectric compounds by substituting S atoms
by Se in the anion sublattice and Sn by Pb in the cation one (fig. 5.8). Replacing Se
ions instead of S for y < 0.28 leads to a smooth splitting of the second order PT line
(dashed line on fig. 5.8) into a first order (solid curves) and second order (dashed
curves) phase transition lines at y = 0.28. Consequently, in the crystal SPSe two phase
transitions take place: a second-order PT at 7; = 221 K and a first-order one at 7. =
193 K [160, 176]. Substituting Sn by Pb in the (Pb,Sn;.,),P,Ss series sharply reduces
the temperature of the ferroelectric PT which becomes as low at 4.2 K for x = 0.61.

In this case, the PT does not change its character and remains continuous [164].

Tin by led substitution in the cation sublattice in (Pb,Sn;.),P>Ses gives the same
effect as in compounds with sulphur. Pb ions lower the temperatures of the transitions
T; and T.. At the same time, substitution lead by tin increases the width of the IC
phase. For instance, the temperature region where the IC phase exists broadens out;
it is larger than 100 K at x = 0.4. It should be noted that the first-order and second-
order PT lines approach 0 K at x = 0.40 and x = 0.61, respectively [164].
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Fig. 5.8. Phase diagram of Sn(Pb),P,S(Se)s mixed compounds: The dashed
lines show the second-order phase transitions: from the paraelectric phase to
the ferroelectric one in (Pb,Sn;..),P>Se¢ and in Sny,P»(Se,S1.,)s with y < 0.28,
while in Sn,P»(Se,Si.,)s with y > 0.28 and (Pb,Sn;.)P>Ses it demonstrates the
transition to an IC phase. The continuous lines indicate the first order

transition from the IC to the ferroelectric phase [56]

Based on heat capacity and dielectric studies data [187], the evolution of the
character of the PT and the shape of the compositional phase diagram in
Sn(Pb),P,S(Se)s compounds has been determined. When lead and sulphur
simultaneously substitute tin and selenium, respectively, the temperatures 7; and 7,
decrease at the same concentration rates, i.e. the width of the IC phase is nearly

constant (fig. 5.9).
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Fig. 5.9. Phase diagram for Sn(Pb),P,S(Se)s mixed compounds. Dotted lines:
second-order PT. Solid lines: first-order PT [187]

5.2.2. Phase diagram of the Sn:P:(SeyS1.y)s crystals. Lifshitz point on the

state diagram

Considered in its general form (fig. 5.7), the phase diagram can be divided in
three parts: Sn,P»Se - SnyP,Ses, SnyPoSee - PbaPaSes and Pb,yP,Se - SnyPoSe. Foremost,
we consider available data on temperature-concentration phase diagram of the SPS-
SPSe compounds (Sn,P»(Se,Si.)s). X-ray diffraction [162, 172], ultrasound [94,
183], dielectric [173, 184] and calorimetric [43, 96, 176] data are collected on fig.
5.10. On replacing sulphur by selenium ions, a relatively slow reduction of the PT
temperature occurs. It is also clearly seen that the PT line starts to be splitted up at y
~0.28, T'=284 K. This special splitting point is known as a Lifshitz point (LP) which
separates the PT from the paraelectric phase into the ferroelectric or IC phases. The

modulated IC phase is observed with the same space group as the paraelectric one

(P21/C).
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Fig. 5.10. Phase diagram of Sn,P»(S:.,Se,)s crystals. 7Ty at y < 0.28 and 7; at y >
0.28 are the second order paraelectric-ferroelectric and paraelectric-IC
transitions, respectively (dashed line). T is the first-order lock-in IC-ferroelectric

transition at y > 0.28 (solid line) [43, 94, 96, 162, 172, 173, 174, 183]

The position of the LP could also be appreciated from the evolution of the
temperature dependence of the phonon spectra at different concentrations of S and Se
in the cation sublattice. The results, obtained from the treatment of neutron scattering,
revealed a linear interaction of low-energy soft optic and acoustic phonon branches
in SPSe crystal [185]. This interaction was phenomenologically described as a
Lifshitz-type invariant in the thermodynamic potential function for proper uniaxial
ferroelectrics with type II IC phase [185, 186]. Such linear interaction near the LP
results in a softening of acoustic phonons, which have been observed for the

Sn,P>(Se,Si-,)s crystals in Brillouin scattering and ultrasound investigations [94].

The X-ray experiments have shown that there is no variation of the modulation
wave-vector orientation which occurs in the IC phase with the composition variation.
Thus, only the length of the wave-vector depends on the temperature, while its
direction remains almost constant. The rate of the reduction of its value on cooling
increases on approaching the Lifshitz point (fig. 5.11) [162]. In this manner, the
modulation vector on the 7j(y) line is changing asy — yipas g7 ~ (y - y,, ) (fig.5.12).
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Such behavior agrees well with the one predicted within the framework of the mean-

field model for the proximity to the LP [188].
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Fig. 5.11. Temperature behavior of the modulation wave vector for

Sn,P»(Se,S1.,)s crystals in the IC phase [162]
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Fig. 5.12. The concentration dependencies of the IC phase temperature width
T; — T, and modulation wave number for Sn,P»(Se,Si-,)s crystals g;. Lines

denote the fit by relations ¢; ~ (v — yip)*’ and T; — T. ~ (y — y1p)’ [162]

Rushchanskii et al [194] have studied the temperature dependence of the
hypersound velocity by means of Brillouin light scattering. For Sn,P»(Se,Si-,)s
compounds, the temperature dependence of the longitudinal hypersound in [001]
direction is presented in fig. 5.13. The temperature dependencies of the longitudinal

ultrasound velocity show the sharpest shape for y = 0.22, reaching a minimal value
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of about 3100 m/s (fig. 5.13 (d)). For the compound with 30% Se, the anomaly of
ultrasound velocity becomes shallower due to temperature hysteresis of the IC phase

and first-order lock-in transition.
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Fig. 5.13. Temperature dependence of longitudinal hypersound velocity
obtained by Brillouin scattering in Z(X X)-Z geometry for SnoP»(Se,Si-)s
mixed crystals with (a) y =0, (b) y=0.10, (c) y=0.15,(d) y=0.22, (e) y =
0.28, (f) y = 0.30 [183]

Figure 5.14 (a) shows the total amount of collected values of the hypersound
velocity in the paraelectric phase according to data from fig. 5.13. The minimal value

of velocity has been obtained near the expected compositiony,, =0.28. The

ultrasound data for Sn,P2(Se4S06)s (fig. 5.14 (b)) show a temperature hysteresis of
about 0.3 K in cooling and heating modes. Hence, that is a hint of a first-order lock-
in transition at 7,. This hysteresis is comparable with the temperature interval of the
IC phase T; — T. for this composition [183].

At the same work [183] authors have studied dielectric properties of the
Sn,P»(Se,Si-,)s ferroelectric crystals. From these studies it 1s well established that in
the case of a crystal Sn,P,Ses there are two PT (7. ~ 195 K and 7; ~ 223 K) with the
IC phase is ranged in temperature interval 7; — 7, ~ 28 K (fig. 5.15 (e)), and the

presence of a IC phase with temperature width of about 0.6 K for Sn,P2(Seo4So.6)s
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(fig. 5.15 (d)), while for the rest of concentrations only one PT was found (fig. 5.14
(a, b, 0)).
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Fig. 5.14. Temperature dependence of: (a) the concentration behavior of the
hypersound velocity in a paraelectric phase; (b) the longitudinal ultrasound
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Fig. 5.15. Temperature dependencies of dielectric susceptibility for
Sn,P>(Se,Si-,)s crystals measured at 0.005 K/min cooling and heating rate.
(@)y=0;(b)y=0.22;(c)y=0.28;(d) y=0.4; (e) y=1[183]

5.2.3. Phase diagram of (PbxSni.x)2P2Ss crystals
Let’s consider the phase diagram for (Pb,Sn,.,),P>S¢ phosphorous chalcogenide
ferroelectrics. The PT temperatures obtained by dielectric [171] and calorimetric [44]
measurements versus lead concentration are shown in fig. 5.16.
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Fig. 5.16. Phase diagram of (Pb,Sn;.,),P»S¢ crystals. For the compositions
with x = 0.27, 0.61, and 0.66, the positions of the dielectric anomalies are
shown. Red spheres - dielectric data [171], blue stars exhibit thermal
diffusivity data [98]
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Increasing the lead concentration leads to a decrease PT temperature in a linear
dependence with x between x = 0 and x = 0.27. This can be explained as follows: the
ionic radius of the Pb®" ion is larger than that of the Sn** ion, and so the addition of
lead increases the space available for tin ions. But due to the fluctuations in the
concentration of a particular sample the discrepancy takes place after reaching x =
0.3, the line bends showing a slight upward curvature and achieves 4.2 K at
concentrations x = 0.66. It is recognized that the tin ion is mobile; whereas, the lead
ion is not so mobile in the crystal. In the region after x = 0.66 the PT is frozen. Indeed,
in the case of x = 0.8 and x = 1.0, calorimetric measurements have been performed

down to 18 K, confirming the absence of the PT [98].

Rushchanskii ef al. have also performed dielectric measurements for x =0, 0.1,
0.2, 0.3, and 0.45 (fig. 5.17) [2]. At x = 0.2, there might be a crossover phenomena
when the ferroelectric PT changes its character to first order and that tricritical point
(TCP) could be reached at x > 0.2 and that some phase coexistence takes place there,
which can be seen from the transformation of the low-frequency dielectric
susceptibility temperature anomalies (fig. 5.17 (a)). For the sample with x = 0.3, the
anomalies of the dielectric susceptibility curves become broader and have a clear
temperature hysteresis. For these compositions, the temperature behavior of the
anomalies is smeared into the ferroelectric phase. For x = 0.45, the dielectric losses
have the highest value near the first-order PT and their temperature dependence has
a shape of an almost symmetric maximum (fig. 5.17 (b)), and the shape of curve is
also different in heating or cooling runs which could be the evidence of a first-order
PT [2].

The ultrasonic studies performed in the same work [2] show that for the sample
with 30 % of lead the shape of the anomaly differs; there is an additional contribution
on the step of sound velocity (fig. 5.18). Such singularities could be explained as
follows: a first-order PT is already reached for x = 0.3 and phase coexistence produces

those changes and makes the anomaly more complex in shape.
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Fig. 5.17. Temperature dependence of the real part of the dielectric
susceptibility at 10* Hz on cooling (blue lines) and heating (red lines) (a),
reciprocal real part of the dielectric susceptibility on cooling at 10* Hz for

(Pb,Sn;-,),P>Se mixed crystals for different concentrations of lead: (1) 0; (2)
0.1; (3) 0.2; (4) 0.3; (5) 0.45 (b) [2]
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Fig. 5.18. Temperature dependences of ultrasound velocity (a) and
attenuation (b) on cooling (blue solid lines) and heating (red dotted lines) in

close vicinity of PT for a (Pbg3Sng7),P2Se crystal [2]

For (Pbg4sSngss),P>,Se crystal [2], the temperature hysteresis of the sound

velocity is clearly seen (fig. 5.19) which is related to the first-order character of the

ferroelectric PT at about 132 K.
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Fig. 5.19. Temperature dependences of ultrasound velocity (a) and

attenuation (b) on cooling (blue squares) and heating (red dots) in the close

vicinity of PT for a (Pbg4s5Sn s5),P2S¢ crystal [2]

5.2.4. Phase diagram of (PbxSni.x)2P2Ses crystals
In figure 5.20, light transmition [164] and calorimetric [97, 175] data are

collected. As mentioned in the previous section, there are two PT for the Sn,P,Ses

crystal with the width of IC phase of about 28 K between them. Further substitution

of Sn by Pb in (Pb,Sn;.,),P,Se¢ ferroelectrics increases this width to 65 K at x = 0.3

[164].
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Fig. 5.20. Phase diagram for (Pb,Sn,..)>P>Ses mixed crystals [97]. Solid

symbols represent high-temperature Paraelectric-IC PT (second-order) and

empty symbols the lock-in IC-ferroelectric ones, which are first-order. Stars

correspond to data [97], circles to [164] and squares to [175]
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Besides, with increasing Pb content the temperature of the transitions decreases.
Such a decrease can be interpreted as follows: the ionic radius of Pb?* ions is bigger
than for Sn®* ones, hence, the addition of lead increases the space available for tin in
(Pb,Sn;.,)2P2Ses crystals. As a result, the motion of Sn becomes easier and ions can
move with smaller thermal energy which leads to the lowering of the PT temperatures
[175]. Increasing lead to x = 0.47 leads to a stronger smearing of the continuous
transition without hysteresis. In Pb,P,Seg crystal, there was not any evidence of a PT

[97].

5.2.5. TCP and TCLP in Sn(Pb).P:S(Se)s mixed compounds

In previous sections we have considered the complex phase diagram of (Pb,Sn;.
2P2(Se,S1.,)s mixed compounds using concentration (x or y) as a variable, thus we
can distinguish three different phases bounded by first and second order PT lines as
well as the presence of LP. In this section we will consider the possibility of the
appearance of a tricritical point (TCP) and a tricritical Lifshitz point (TCLP) in
Sn(Pb),P,S(Se)s mixed compounds while adding a new variable - pressure p. It is
well known that the SPS crystal is a uniaxial ferroelectric with a three-well local
potential for spontaneous polarization fluctuations [189]. The thermodynamics of
such system could be well described within the framework of the Blue-Emery-
Griftiths (BEG) model which plays an important role in the development of the theory
of multicritical points, where pseudospins can have three different values S; = 0, +1
and —1 [190]. Another important feature of the BEG model is the possible appearance
of a TCP on the phase diagram at which the second-order PT turns into a first-order
type transition. As it is known from work [43], replacing sulphur by selenium causes
random field effects but their influence does not play an essential role, because they
do not provoke any smearing in the critical anomaly. Nevertheless, to properly
describe the case of the BEG model with random field it is necessary to combine it
with ANNNI (axial-next-nearest-neighbor Ising) model [2]. Such model combination
assumes the possible existence of a TCP and also an intermediate IC existence on the

phase diagram of Sn,P»(SeiSy)s at y > y;p Unlike SnyP»(Sei.,S))s, in the
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(Pb,Sn;—,),P2S(Se)s solid solution, the introduction of lead essentially alters the total
electronic orbitals hybridization, which causes, in its turn, the appearance of strong

random-field defects. For this case a diluted BEG model is appropriated [80].

For Sny,P»(S1.,Sey)s a TCP has been theorized to be at y = 0.6 but it is a virtual
point as the Lifshitz point takes precedence. A TCP has been found in SPS applying
pressure. Under the pressure, the temperature of the ferroelectric PT decreases to T,
~ 110 K at p = 1.2 GPa [192]. The observed TCP (p) dependence at linear
extrapolation reaches 0 K at the pressure of about 1.5 GPa. For (Pb,Sn; ,),P>S¢
compounds the paraelectric phase becomes stable till 0 K above x ~ 0.7 [171].
Comparison of TCP (p and x) dependencies (fig. 5.21) demonstrates, that the stability
of the paraelectric state in Pb,P,S¢ compound could be compatible with the behavior

of SPS crystal under compression of 2.2 GPa.
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Fig. 5.21. Temperature-pressure phase diagram for Sn,P,S¢ crystal and
temperature-composition phase diagram for (Pb,Sn;,),P>S¢ mixed crystals.
The TCP are located near 220 K for pressure p = 0.6 GPa [192] or for
concentration x = 0.3 [2]. For Pb,P,S¢ crystal the calculated temperature-
pressure phase diagram is shown. The metastable region in the ground state
(T = 0 K) with possible coexistence of paraelectric and ferroelectric phases

is shaded [158]
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Regarding TCLP on the state diagram, as seen from the theoretical estimations
in fig. 5.22, it could be found for (Pby.12Sn¢ 83)2P2(Se,S1.,)s compound at 7= 225 K, p
= (.28 GPa as well as in (Pby 12Sny 33)P2Se crystal at 7=295 K at atmospheric pressure

[193].
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Fig. 5.22. Concentration and baric “thermodynamic trajectory” in the -

plane for (Pb.Sni.,),P2(Se,Si.,)s mixed compounds [193]

In a critical behavior study of Sn,P»(Se,S;.,)s metal thiophosphates doped with
lead cations by Oleaga et al., a TCLP has been experimentally confirmed for
(Pbo.0sSng 95)P2(Seo28S0.72)6 crystal at 7, = 259.12 K with the critical exponent o =
0.638, fulfilling the predictions of the BEG model with random field for systems with

local three-well potential for the order parameter fluctuations [191].

Special attention should be paid to the optical birefringence measurements for
pure Sn,P>S¢ and SnyP»(Seo28S072)¢ compounds under high hydrostatic pressures,
performed in work [197]. For Sn,P,S¢, it is shown that the critical exponent S
decreases gradually with increasing pressure down to 0.25 £ 0.01 in the pressure
range 4.1 — 4.5 kbar (fig. 5.23(a)). This corresponds to thermodynamic conditions of

the TCP. The critical exponent acquires the values less than 0.25 under the pressures
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above ~ 4.5 kbar. Obviously, pressures higher than the above value should correspond

to thermodynamic conditions under which a first-order PT occurs.
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Fig. 5.23. Dependence of the critical exponent £ on the hydrostatic pressure
for SnyP,S¢ (a) and SnyPi(Se28S072)s (b) crystals. The insert exhibits

dependence of PT temperature 7. on pressure [197]

For SnyP»(Seo25S0.72)s (fig. 5.23(b)) the critical exponent S also decreases with
increasing pressure and becomes less than 0.25. This may be caused by passing, in
the phase space, into the region of first-order PT, as well as by splitting of the
paraelectric—ferroelectric PT [52]. These results might suggest the conclusion that the
pressure point ~ 2.5 kbar corresponds to the thermodynamic coordinate at which the
first-order ferroelectric—paraelectric PT splits into two transitions: the second-order

paraelectric—IC PT and the first-order IC — ferroelectric one.

5.3. Thermal properties
As seen on figure 5.24 (a) the temperature dependence of the heat capacity C,
for Sn,P,S¢ ferroelectric crystal shows a /—shape anomaly at about 7. = 337.25 K,
pointing to the presence of a second order PT from a high symmetry state to a low
symmetry one [178]. With the substitution of S by Se in the anion sublattice, two
anomalies appear at lower temperatures: a ferroelectric commensurate - intermediate

incommensurate (C-IC) lock-in PT at 7, = 193.24 K which has latent heat and,
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therefore, a first-order character; and another one at 7; = 220.27 K characterized by

the absence of latent heat, implying a second order character (fig. 5.24 (b)) [186].
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Fig. 5.24. Heat capacity data for Sn,P,Ss (a) and Sn,P,Ses (b) ferroelectric
crystals. Dashed line represents the vibrational heat capacity at constant

pressure [178]
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Fig. 5.25. Molar heat capacities of Pb,P,Ses. The curves represent the
calculated heat capacities. (1) Optimized Debye term. (2) Optimized Debye
and Einstein terms. The calculated vibrational heat capacities at constant

pressure. (3) Experimental molar heat capacities, open circles [176]

Thermal studies have been performed prior to this work on the thermal
diffusivity of (Pb,Sn),P»(Se,S)s mixed compounds using an ac photopyroelectric
calorimetry technique, focused on the critical behavior of the phase transitions [43,

96, 97, 98, 191, 195]. According to the data depicted on fig. 5.26 (a) the thermal
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diffusivity of SnyP»(Se,S1.,)s solid solutions in the paraelectric phase decreases while

increasing the amount of Se present in the sample [43].

In (Pb,Sn;.)2P2S¢ compounds (fig. 5.26 (b)) the evolution of the critical
behaviour has shown that there is a crossover from a non-mean-field model at x = 0.1
to a mean field one at x = 0.3 [98]. For (Pb,Sn,_),P>Ses mixed ferroelectrics (fig. 5.26
(c)) a second-order PT has been found for x =0, 0.05, 0.2 and 0.47 which corresponds
to the paraelectric C-IC phase and confirms the affiliation to the 3D-XY universality

class for samples with the lead concentration x = 0, 0.05 [97].
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Fig. 5.26. Thermal diffusivity data for Sn,P»(Se,Si.)s (a) [43], (Pb.Sni.
+)2P2S6 (b) and (Pb,Sn;_,),P>Sec (¢c) mixed compounds. The inset shows the
thermal diffusivity curves for Sn,P,>Se + 5% Ge and Pb,P,S¢ + 2% Ge [195]

In order to study the expected anisotropic behavior in the thermal diffusivity
due to the peculiarities of the crystal structure in Sn,P,Se (as it was mentioned in the
first section of this chapter, the structure of this family compounds is characterized
by a monoclinic crystalline lattice), samples in three orientations have been cut

parallel to the unit cell vectors [100], [010] and [001]. In figure 5.27 it is shown, that
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heat transfer is easier in the [100] plane, where polarization vector lies, than in a

direction perpendicular to it [96].

In work [195], thermal conductivity data has been calculated in the full
temperature range through the well known equation x = C D, where D is the measured
thermal diffusivity and C is the heat capacity (fig. 5.28). The regions where there is
any PT have been removed as different techniques have been used to measure D and
C,, so the exact position and width of the transitions do not coincide, hence it would

lead to artifacts in the PT region.
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Fig. 5.27. Thermal diffusivity as a function of temperature for the SPS
samples cut in the directions [100], [010] and [001] [102]

For Pb,P,S¢ and Pb,P,Ses crystals the thermal conductivity decreases on heating

satisfying the Eiken law k=T " in the interval 100-190K with experimental

exponents obtained x =7"" between n = -1.2 and -0.8, confirming the dominant role
of the phonon scattering above the Debye temperature, which is 7p = 85 K for the
sulfide crystal and 7 = 55 K for the selenide compound [176, 178]. Above 27p, the
dependencies are weakly dependent on temperature and deviate to almost constant

values [195].

For the paraelectric phases of SPS and SPSe ferroelectric crystals at T, > 337 K
and at 7; > 221 K, respectively, the x(7) dependencies are also characterized by
constant values (the Debye temperatures for SPS and SPSe are 7p =~ 83 K and 7p =
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74 K respectively) [178, 196]. Inside the ferroelectric phase, at low temperatures, the
thermal conductivity of SPS and SPSe compounds exceed the values of the

corresponding lead containing compounds [195].

Partial substitution of Sn by Pb in (Pb,Sn;.),P»Se¢ and (PbsSn;«),P>Ses solid
solutions strongly changes the temperature dependencies of the thermal conductivity
because the mass fluctuations induce additional phonon scattering, which is clearly
observed at low temperatures (fig. 5.29). At 60 K, in the middle of the concentration
interval, for both sulfide and selenide ferroelectric crystals the thermal conductivity
decreases several times, almost till 0.5 W/m K. At above 250 K, additional phonon
scattering in mixed crystals doesn’t decrease the thermal conductivity. Here evidently
the lattice anharmonicity is so strong that additional scattering by mass fluctuations

doesn’t play an important role [195].

6f-...a 1-Sn,P,S,

Thermal Conductivity (W/m*K)

50 100 150 200 250 300350

Temperature (K)

Fig. 5.28. Log—log scaled temperature dependence of thermal conductivity

for Sl’lszS6, SnzPZSe6, szPzS6, and szPzSC6 crystals [195]

One more important thermodynamic property of solids is the thermal expansion
coefficient ay(T), which gives a hint on the accuracy of the harmonic approximation
for the description of atomic vibrations in a medium. The corresponding coefficients
for different crystallographic directions can be obtained experimentally with
dilatometric studies. For the Sn,P»(Se,Si.))s ferroelectrics with y = 0, 0.10 and 0.20
for the three main directions parallel to the unit cell vectors [100], [010], [001] the
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linear thermal expansion coefficients o, o, and o33 are positive in the paraelectric

phase, and negative in ferroelectric PT signaling clear "negative" anomalies [174].

The temperature dependencies of the volume ay(T) for Sn,P,Ss, Sn,P,Ses and
Pb,P,Ses compounds are depicted in fig. 5.30. For SPS and SPSe compounds the dips
correspond to the PT, while in the case of Pb,P,Ses no anomaly was observed; only

a slight reduction with temperature was found [177, 197].
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Fig. 5.29. Composition dependence of thermal conductivity for (Pb,Sn;-),P>S¢
and (Pb,Sn;,),P>Ses mixed crystals at different temperatures [195]
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Fig. 5.30. Temperature dependence of the volume thermal expansion
coefficient: red squares — Sn,P,S¢, red circles — Sn,P,Seq, blue squares —

szPzSC6 [177, 197]

5.3.1. Influence of Ge on the thermal properties in SPS chalcogenides
The thermal properties of SPS compound doped with Ge have been studied in

the vicinity of the ferroelectric to paraelectric second-order PT by means of an ac
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photopyroelectric calorimetry, measuring thermal diffusivity [198]. Introducing Ge?*
into the cation sublattice (fig. 5.31) increases the transition temperature (336.2 K and
349.2 K for undoped SPS and SPS + 5% Ge, respectively) and the sharpening of the
transition; this is due to the strengthening of the sp? electronic orbitals hybridization.
Both the increase in 7, and in the sharpness of the transitions in the doped compounds
illustrate the fact that the ferroelectric PT is favored with respect to the pure one,
which suggests that the stereoactivity of the cation sublattice has been improved with

the substitution of Sn** by Ge** [198].
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Fig. 5.31. Thermal diffusivity in the [001] direction of SPS doped with Ge:
pure SPS [8]; SPS + 3% Ge; SPS + 5% Ge [198]

Indeed, X-ray photoelectron spectroscopy studies [199] have shown that doping
with Ge improves the stereoactivity in the Sn®* cation sublattice, what leads to the
displacement of the ferroelectric PT to higher temperatures. In work [200] the authors
have studied the possible effect of Ge doping on pyroelectric and piezoelectric
properties. It was suggested that the distribution of the dopants over the sample is
homogeneous and that the induced defects in the crystal lattice cannot be considered
to be defects of a random local field type. Due to the interaction between the defects’
mode (assumed to be of a relaxation type) and the critical lattice vibration, the latter
is softened and causes an increase in 7. One may suggest that Ge can occupy two or
more quasi-equilibrium states in the crystal lattice of SPS in the paraelectric phase.

A transition from one state to another can occur in a thermally activated way [200].
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Finally, according to what has been mentioned above, we can conclude that
germanium plays a role opposite to that of lead when it substitutes tin, the effect of
the latter being a reduction in the stereoactivity of the cation sublattice, lowering the

PT temperature and even frustrating it at high concentrations [56, 98].



122

Chapter 6. Experimental results and discussion on layered

ferroelectric compounds

6.1. Introduction

This chapter is focused on the thermal and electric properties of layered
ferroelectric materials M'"M>"P5(S,Se)s (M'* = Cu, Ag; M** — In, Bi). After chapter
4, it 1s established that the substitution of S by Se atoms in CulnP,(S,Se)s series leads
to a decrease in the temperature of the ferrielectric PT. Partial substitution of Cu by
Ag in (Ag,Cu;.,)InP,(S,Se)s leads to a bigger covalency of the Ag—[P,S¢] bonds [99];
these properties make the silver compounds more stable. Besides, silver ions have a
bigger size which implies that the freezing of the hopping motion of the Cu” ions
which leads to the ordered, ferrielectric phase is much more difficult to happen [119].
All these reasons add up to explain the lowering of the PT temperature with small
amounts of Ag and its full frustration when the substitution is completed. Differences
in thermal properties when substituting In by Bi are due to the lone pair of bismuth
being stereochemically active as opposed to indium. Combining thermal diffusivity
and heat capacity data it is possible to obtain thermal conductivity in the full
temperature range. The analysis of the evolution of the thermal conductivity curves
gives us an insight on how the substitution of the chemical elements changes the
physical properties in these layered compounds. Finally, we explain the very low
values obtained for the thermal conductivity on the basis of the phonon scattering and

different mechanisms of anharmonicity.

6.2. Samples and experimental techniques
Single 2D layered ferroelectric crystals of Cu;.AgInP,(S,Se)s with x = 0, 0.1,
and 1, AgBiPx(8S,Se)s and CuBiP,Ses were grown for thermal studies. Initial purity of
the different elements is as follows: Cu (99.999%), Ag (99.999%), In (99,999%), Bi
(99.9999%), P (99.9999%), S (99.999%), Se (99.9996%). The directed melt
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crystallization method was used because of the congruent melting character of the

compounds and the comparatively low dissociation vapor pressure.

The synthesis regime for Cu;.,Ag,InP,S¢ crystals involved a stepwise heating up
to 673 K (pressure of sulphur vapor 101.325 kPa) at 50 K/hour rate and temperature
stabilization for 24 hours for Cu—In bonding (CulnP,S¢) or Ag—In bonding
(AgInP,S¢) correspondingly with formation of binary, ternary and tetrary
intermediate phases. Further temperature increase for 50 K above melting
temperature (1145 K for CulnP,Se and 1115 K for AgInP,Se crystal) at 50 K/hour rate
and temperature stabilization for 48 hours for melt homogenization, and then decrease
temperature down to room temperature at 50 K/hour rate [201]. CulnP,S¢ 2D layered
chalcogenide crystallizes in a monoclinic Cc system [113]. AgInP,S¢ crystallizes in
a trigonal system [114]. According to the results of the combination of XRF
spectroscopy analysis with the mathematical package EXPO 2014 [202, 203], Cu,.

AgInP,Se (x = 0.1) solid solutions crystallize in the monoclinic Cc system.

In order to grow CulnP,Ses, AgInP,Ses, AgBi1P,Ses and CuBiP,Ses crystals the
temperature of synthesis was raised up to 873 K (pressure of selenium vapor ~
101.325 kPa) at 50 K/hour rate and temperature stabilization for 24 hours for P and
Se bonds formation with Cu and In (CulnP,Ses), Ag and In (AgInP,Ses), and Cu and
Bi (CuBiP,Se¢) with formation of binary, ternary and tetrary intermediate phases,
correspondingly. Then temperature increase for 50 K above melting temperature (970
K for CulnP,Ses, 1000 K for AgInP,Ses, and 860 K for CuBiP,Se6 crystals
respectively) at 50 K/hour rate and temperature stabilization for 48 hours for
homogenization of melt, and then decrease temperature to room temperature at 50
K/hour rate [201]. As a result, CulnP,Ss, AgInP,Ss, CulnP,Ses, AgInP,Seq, and
CuBiP,Se¢ single crystals of 14-16 mm diameter and 40-60 mm length were
obtained. As already mentioned in chapter 4, CuBiP,S¢ crystal was impossible to

grow, this is why it is not present here.

From the single crystal boules, samples were cut and prepared as thin plane
parallel slabs (450-700 um) and polished either parallel to the layers or perpendicular

to them, obtaining two orientations per sample in order to study possible thermal
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anisotropies. A high-resolution ac photopyroelectric calorimeter in the back-detection
configuration has been used to measure thermal diffusivity (D) as a function of
temperature, where it is measured in the direction perpendicular and parallel to the
surface of the sample. For thermal diffusivity measurements both a closed cycle
helium cryostat and a liquid N, cryostat have been used in order to cover a whole
temperature region. The detailed description of the technique as well as of the
experimental setups are well described in chapter 2. The measured temperature range
has been 30-350 K in order to check the possible ferroelectric orderings in a broad
temperature range, seldom used in literature. The phase transitions are generally
signalled in D as dips or jumps superimposed to a monotonic increase as temperature
decreases, typical for thermally insulating materials, where heat is mainly transferred
by phonons. Measurements have been performed in two steps: first there was a quick
run with a rate of 100 mK/min in order to cover a wide temperature range, and a
second step consisted of high-resolution heating/cooling runs when verifying the

possible hysteresis of the transitions, even down to 10 mK/min for particular cases.

The heat capacities of the considered crystals have been calculated through the
evaluation of the phonon spectra using density-functional perturbation theory [204].
The ABINIT software code [205] has been used to estimate specific heat within the
harmonic approximation [206]. The calculation has been performed in generalized
gradients approximation (GGA) [207] for the exchange-correlation part of density
functional with dispersion (DFT-D) correction by Grimme. The latter correction has
been used because of the layered structure of considered crystals. The plane-wave
basis set has been restricted by the cut-off energy of 850 eV which provides
convergence in energy and forces equal to 5:107 eV/atom and 0.01 eV/A,
respectively. Integration over Brillouin zone has been performed at the 3*3*2 mesh
of the special k-points generated by Monkhorst-Pack algorithm [208]. The symmetry
of the system has been totally preserved while geometry optimization. Linear
response, or density functional perturbation theory (DFPT), has been used for ab

initio calculation of lattice dynamics [209]. In this approach, the electronic second
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order energy is minimized and the dynamical matrix for a given wavevector ¢ is then

evaluated from the converged 1st order wavefunctions and densities.

Having calculated the phonon spectra, one can obtain the corresponding density
of phonon states, and then the heat capacity, by means of the well-known expression

[210]:

2
3 o ho [ haw
CV = 3nNkB J.O (%—TJ csch KM]g(a))dw , (6 1)

B

where 7 1s the number of atoms per unit cell, N is the number of unit cells, @, , is the
largest phonon frequency, and the density of phonon states g(@)d® is defined to be
the fractional number of phonon frequencies in the range d in the vicinity of ®.

Finally, thermal conductivity has been calculated by combining the
experimental thermal diffusivity D and the calculated heat capacity C following the

well-known equation

k=C*D, (6.2)

It is worth mentioning, that the regions where there is any PT have been removed
from D as only the background heat capacity has been calculated, hence, the width
and the shape of the transitions could be different, so we would obtain artefacts in the

PT region.

6.3. Experimental results and discussion

6.3.1. Thermal Diffusivity
Thermal  diffusivity curves for 2D  metalthiophosphates  and
metalselenophosphates are presented in a temperature range from 30 K till 350 K in
fig. 6.1 in a log-log scale, which allows a better observation of their features. It is
worth pointing out that, though the uncertainty in the measurement of thermal
diffusivity at a fixed temperature is + 3%, in the continuous measurements as a

function of temperature the thermal diffusivity is obtained from the difference in the
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phase of the pyroelectric signal, which is extremely stable (the phase is obtained with
an uncertainty of £ 0.01), allowing us to present curves with very smooth changes. In
each case, both orientations have been studied, retrieving the thermal diffusivity
along the layers and perpendicular to them. There are common trends shared by all
the samples: At high temperature the values are small, typical for insulating materials,
where heat is mainly transferred by phonons. As the temperature decreases there is a
monotonic increase in the value of D (as the phonon mean free path increases) which
quickly grows at low temperature, starting at very close temperatures among the
samples. This sudden growth should start at temperatures close to the Debye
temperature (calculated afterwards in this discussion) and which coincides well with

the experiment.
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Fig. 6.1. Thermal diffusivity D as a function of temperature for: CulnP,S¢
(a), CuII’lP2866 (b), AgInPZS6 (C), AgInPZSe6 (d), AgBleS6 (C), AgB1P2866 (f)

and CuBiP,Ses (€) 2D layered ferroelectric compounds. Dark colour denotes

that D is measured along the layers while light implies that it is measured

perpendicular to them

Thermal anisotropy is present in all compounds: heat is much more easily

transferred along the layers, as proved by the values of D being between twice and

four times higher along the layers than perpendicular to them. The relevant values of

thermal diffusivity at 50 K as well as at room temperature for all samples are gathered

in table 6.1.

Table 6.1.

Values of thermal diffusivity at 50 K and at room temperature for Cu;_,Ag.InP»(S,Se)s
with x =0, 0.1, and 1, AgBiP,(S,Se)s and CuBiP,Ses compounds. Labels Il for the

thermal diffusivity measured along the layers and as - when it is measured

perpendicular to them

Thermal Diffusivity Thermal Diffusivity
Compound mm?/s Compound mm?/s
295K 50K 295K 50K
CulnP,S¢ 1 0.167 2.93 CulnP,Ses L 0.376 7.93
CulnP,Sg¢ | | 0.695 16.2 CulnP,Ses | | 0.815 15.41
AgInP,Se L 0.236 8.405 AgInP,Seq L 0.214 3.054
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AgInP>Sq | | 0.738 18.612 AgInP>Ses | | 0.427 4.92
AgBiP,Se L 0.17 1.962 AgBiP>Ses L 0,208 2177
AgBiP,Sq | | 0.322 2.455 AgBiP;Ses | | 0.288 2.412
CuBiP,Ses L 0.116 0.567
CuBiP>Ses | | 0.241 1.859

Concerning phase transitions, these are marked on the thermal diffusivity curves
as dips of different sharpness but only in some compounds. The ferrielectric ordering
is signalled as a sharp and narrow dip typical of first order phase transitions for
CulnP,S¢ and a shallow and wider one appears at the ferroelectric ordering of
CulnP,Ses, which we have published in work [108]. The hysteresis for these two
cases is shown in Fig. 6.2. In the case of CulnP,Se there is a clear hysteresis, signalled
not only by the different position of the minimum in heating and cooling rates but

also by the different shape of the transition.
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Fig. 6.2. Hysteresis of the phase transitions at a rate of 50 mK/min in
CulnP,Ss (a) and CulnP,Ses (b), measured in the direction perpendicular to

the layers

On the other hand, in CulnP,Se¢, there is a slight hysteresis on the upper
temperature part of the dip, signalling that it could have a weak first order character

or be composed of two transitions very close to each other with a small
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incommensurate region between of them (less than 10 K); this term 1s used to describe
a transition which appears to be second order but which has a very small latent heat

and hysteresis, not easily shown unless using high resolution techniques.

The substitution of Cu by Ag alters completely this scenario. At low
concentrations the transition is shifted to lower temperatures and it is less sharp and
wider; moreover, from our results it turns out that the character of the PT has changed
to second order for AgCuoolnP,Ss, as it was also observed with ultrasonic
measurements in [143] as opposed to dielectric measurements which supported that
the transition was still first order [99]. At full substitution the transition is frustrated,
there is no hint of any transition down to 30 K. The detailed comparison of the
evolution at the substituting Ag by Cu is given in fig. 6.3a. The reduction of the PT
temperature is not so pronounced in CugoAgo 1InP,Ses but the transition is severely
smeared. At full substitution of Cu by Ag in AglnP,Ses the transition is also
completely frustrated as it happens with sulphide compounds (fig. 6.3 b).
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Fig. 6.3. Thermal diffusivity as a function of temperature for: (1) CulnP,Se,
(2) Ago,lCuo,glans& (3) AgInPQS6 (a) and (1) CuInPZSe6, (2)
Ago.1Cug9InP,Seq, (3) AgInP,Ses (b), measured in the direction parallel to

the layers measured in the direction parallel to the layers

As the PT in CulnPy(S,Se)s 1s explained on the basis of a second order Jahn
Teller (SOJT) effect induced by the local dynamic hopping of Cu" ions [100, 126], it
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is important to establish what happens when Cu is substituted by Ag. The presence
or absence of this SOJT effect is severely dependent on the covalency of the bonds
and the hybridization of the s and d orbitals of the M'* cation. The latter is more
efficient in silver doped compounds in the paraelectric phase, leading to a bigger
covalency of the Ag—[P,S¢] bonds; these properties make the silver compounds more
stable. Besides, silver ions have a bigger size which implies that the freezing of the
hopping motion of the Cu" ions which leads to the ordered, ferrielectric phase is much
more difficult to happen [119]. All these reasons add up to explain the lowering of
the phase transition temperature with small amounts of Ag and its full frustration

when the substitution is completed.

The substitution of In by Bi has the general consequence of making heat transfer
more difficult, as the values of D in all directions are smaller than the corresponding
with In. Starting with CuBiP,Seg, there is a faint first order phase transition at about
140 K, thus altering the ordering which happened in CulnP,Ses. Figure 6.4 exhibits
the detail of this transition and its hysteresis while heating and cooling, confirming
the antiferroelectric transition (see Chapter 4). The origin of this change lies on the
different behaviour of the ions while reducing the temperature. In CuBiP,Se¢, the
copper ions in the paraelectric phase are distributed in a disordered arrangement of
several off-centre positions while in the ordered phase they are settled off-centre the
octahedral sites promoted by a SOJT effect associated with the d-p states
hybridization [119]. The bismuth ions are displaced in the opposite direction, tending
to cancel the intralayer dipole moment and thus creating an antiferroelectric state; this
displacement is driven by the stereochemical expression of its s* lone pair. The main
difference with CulnP,Ses is that indium ions do not present that lone pair and can
only have small displacements to oppose the Cu shifts; therefore, the low temperature

phase is ferroelectric.

AgBiP,Ses is ferroelectric at room temperature and has many structural
similarities with CuBiP,Se¢ in the ordered phase [119], the main difference being that
the lone pair of bismuth is not stereochemically expressed. The origin of the

ferroelectricity is the ordered displacement of the silver ions along the c-axis. In
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agreement with those results, no phase transition has been found in the thermal

properties, not even up to 350K, looking for a potential paraelectric phase.
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Fig. 6.4. Hysteresis of the PT at a rate of 75 mK/min in CuBiP,Ses, measured

in the direction perpendicular to the layers

Finally, AgBiP,S¢ does not show any singularity in the thermal diffusivity
curves, presenting a similar frustration of the ferroelectric ordering as in AgInP,Se.
Interestingly, the crystal structure of AgBiP,Sg is very different from AgBiP,Ses due
to a bunch of reasons: a different coordination environment for Bi, the smaller size of
S compared to Se, a tendency to stereochemically express the lone pair etc. [119]. In
chapter 4 we have considered the ultrasonic velocity data in these compounds [143].
In that work authors have found a small singularity at about 220 K which was
identified as a phase transition. In the detailed and high-resolution measurements

presented here nothing of this sort has been found.

6.3.2. Heat Capacity
As the next step in our analysis, the molar heat capacity has been calculated as
explained in section 6.2 for all samples. Figure 6.5 contains, the calculated phonon
spectrum and phonon density of states as well as the calculated specific heats for

them.
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Fig. 6.5. Calculated phonon spectrum and phonon density of states (left) and
calculated specific heat (right) using density-functional perturbation theory
for CulnP,Ss (a), CulnP,S¢ (b), AgInP,S (c), AgInP,Seq (d), CuBiP,Ses (e),
AgBiP,Ss (f) and AgBiP,Ses (g) crystals.

6.3.3. Thermal Conductivity
Figure 6.6 shows the thermal conductivity for all compounds studied in this
work, calculated using eq. 6.2. There are some qualitative features shared by most of
the compounds. In order to analyse their temperature dependency, the Debye
temperatures for each compound have been calculated from the phonon dispersion

spectra as

, (6.3)

where 7t is the reduced Plank constant, k3 the Boltzmann constant and T the Debye
frequency, for which the lowest optical branch has been taken. In the case of CulnP,S¢
(Tp= 129 K), CulnP,Ses (Tp= 94 K), AgInP,S¢ (Tp= 135K), AgInP,Se¢ (Tp= 80K),
CuBiP,Ses (Tp = 42 K), AgBiP,Ss (Tp = 84 K), and AgBiP,Ses (Tp = 64 K),
compounds, at middle temperature ranges, thermal conductivity decreases on heating

closely following the law x ~ T-!, with exponents in the range 0.8 - 1.4 with the
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exception of AgBiP,Se with the layers parallel to the heat flow which it is clearly

flatter than the rest. This general behaviour confirms the dominant role of phonon

scattering above the Debye temperature, softening the decrease, in general, at about

a value double than that one.

At higher temperatures than Tp, k¥ (T) dependence reflects the temperature

dependence of the sound velocity and heat capacity. This behavior is valid only in the

regime where the phonon mean free path exceeds the interatomic distance. In

CuBiP,Ses compound the lattice thermal conductivity has already reached its lowest

value of approximately 0.20 Wm™'K-! near 100 K, because the phonon mean free path

1s limited to the interatomic distance and cannot decrease further.
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Fig. 6.6. Thermal conductivity x as a function of temperature for: (a)
CulnP,S¢, (b) CulnP,Se¢, (c) AgInP,Se, (d) AgInP,Seq, () AgBiP,Ss, (f)
AgBiP,Ses and (g) CuBiP,Ses 2D layered ferroelectric compounds. Dark
colour denotes that x is measured along the layers while light implies that it

1s measured perpendicular to them

Near the Debye temperature and below, the biggest thermal conductivity is
observed for CulnP,Ss, CulnP,Ses and AgInP,Se crystals. For these compounds, the
biggest anisotropy of heat transport along and normally to the structural layer 1s also
observed (fig. 6.7 (b)). For AglnP,Ses crystal and for all three Bi containing
compounds with smaller thermal conductivity at low temperatures the thermal

transfer anisotropy is also several times smaller.
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Where there are phase transitions in those compounds (CulnPy(S,Se)s,
Ago.1Cup9InP,(S,Se)e), there is a general decrease of the thermal conductivity values
in the paraelectric phase with respect to the feri(ferro)electric one, as the temperature
1s increased. The stark decrease in CulnP,S¢ is related to the fact that, in the
paraelectric phase, the Cu ions occupy three non-equivalent sites [100]: Cul is
quasitrigonal, in off-center positions, Cu2 is octahedral, located in the octahedron
centers, Cu3 is almost tetragonal, penetrating into the interlayer space (fig. 6.8). For
Cul there are two possible positions: Cul*’ is displaced upwards from the middle of
the layer while Cul?"" is displaced downwards. This implies the presence of Cul
dipoles that randomly flip between up and down state, yielding a macroscopically
non polar configuration. At the ferrielectric phase ordering takes place as a
cooperative freezing of these motions, with 90% of the Cul ions occupying the site
Cul“? [99]. This behavior is related to the second order Jahn-Teller effect of Cu'*
cations with 3d' electronic configuration [140]. Heat transfer by phonons is very
efficiently blocked in the disordered, high temperature phase due to the reduction of

the phonon mean free path by these hopping motions.

Cu3
Cu1

Cu2

Fig. 6.8. The occupation of three “up” Cu'* positions labeled Cul, Cu2, Cu3

at paraelectric phase. The corresponding “down” positions are also shown

This scenario is more or less reproduced in the case of CulnP,Ses with the main
difference that the off-center copper site is shifted from the layer midplane by a
smaller distance than its equivalent in CulnP,Ss (1.17 A vs. 1.58 A) [100]. The In**
cations are also shifted but in opposite position and by only 0.2 A from the middle of
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the layer, forming a second polar sublattice. Assuming that order-disorder takes place
due to Cu hopping motions, the corresponding double well potential would be
shallower in the selenide than in the sulphide, which would take the transition to a
lower temperature. In the paraelectric phase, the disorder in the selenide is thus

smaller, leading to a higher thermal conductivity than in the sulphide.

Figure 6.9 a shows the comparison of the thermal conductivities for pure
CulnP,S¢ and AgInP,Ss when figure 6.9 b demonstrates the difference of k between
CulnP,Ses and AgInP,Ses. Comparing figure 6.9 a and figure 6.9 b it is well seen
that, in selenides the cation substitution severely reduces k, while in sulphides « is

slightly higher in the case of AgInP,S¢than in CulnP,Se.
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Fig. 6.9. Thermal conductivities for (1) CulnP,Ss and (2) AgInP,S¢ (a) and
(1) CulnP,Se¢ and (2) AgInP,Ses (b) measured in the direction perpendicular
to the layers

The introduction of Bi has a very interesting consequence as in all three cases
(AgBiP,Ss, AgBiP,Seq, and CuBiP,Se) there is a considerable reduction in the values
of the thermal conductivity with respect to the indium doped counterparts, thus being
candidates for applications where low or ultralow thermal conductivity is needed.
Possibly, the reason is that the substitution of In by Bi affects the phonon mean free
path because although they have a similar coordination environment, Bi** ion is
bigger in size and has double mass. The extreme case is CuBiP,Ses. At room

temperature, though Cu occupies a site with an octahedral coordination environment
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of Se ions, the actual position of the copper ions is thought to be a disordered
arrangement of various off-center positions [119], what would severely increase
phonon scattering. As temperature is reduced from 350 K, thermal conductivity is
more or less constant till the phase transition takes place, meaning that the disorder is
well maintained even if the temperature is lowered; once the compound is in the
ordered phase, its behaviour is similar to the rest, with thermal conductivity fulfilling
the Eiken’s law. Extremely low x at low temperatures indicates that there could be a
strong lattice anharmonicity in this compound. Obviously, the low thermal
conductivity is mainly due to very short phonon free path (MFP) and hence, short

lifetimes.

In order to obtain the values of MFP we used the well-known equations of the

lattice thermal conductivity

1 1
kK, =—CvA =—Cv’r, (6.4)

3 3
where x; is the lattice conductivity, C is volume heat capacity, v is average phonon
velocity, A is phonon free pass and t is phonon life time. Therefore, MFP and phonon

life time can be obtained as

A:2 and 122, (6.5)

2
v 1%

where D is the measured thermal diffusivity. The average phonon velocity can be
calculated by the slopes of three acoustic phonon branches near the I" point (Brillouin
zone) taking into account the elastic modulus. For each direction, the sound velocity
is averaged on the two transverse acoustic modes, (TA; and TA,), and one

longitudinal acoustic mode (LA) by means of the following equation:

R (6.6)

o, Vo,  Vig

Hence, the calculated average sound velocities for our compounds are follows:
CulnP:S6 — v|| = 2750 m/s and v, = 2230 m/s, CulnP2Ses — v|| = 2680 m/s and v, =
2330 m/s, AgInP2Se¢ — v|| = 2360 m/s and vi = 1600 m/s, AgInP2Ses — v|| = 2260 m/s
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and vi = 1910 m/s, CuBiP2Ses — v|| = 2280 m/s and v, = 2140 m/s, AgBiP2S¢ — V||

=2000 m/s and v1 = 1940 m/s and AgBiP2Ses — v|| =2160 m/s and v, = 1830 m/s.

And the result, MFPs and phonon life times as a function of temperature, are
shown in fig. 6.10 and fig. 6.11 respectively.

300 CulnP,S, CulnP,S; |

4 100
100 -

AgBiP,S,

A (nm)

>
. =
AgBIP,Se, =
N 10 é
10 |
" (a) (b) =
2 " PR T T T | L f L L PR S i | L A 7
50 100 300 50 100 300
Temperature (K) Temperature (K)
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Fig. 6.11. Phonon life time t temperature dependence for M’M”P,S(Se)s
layered crystals in the parallel (a) and perpendicular (b) directions to the layers
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In general, we found that at high temperatures the phonon life times of all
materials are very short, roughly ranging from 0.5 to 1.6 ps when heat is transferred
normally the layers (fig. 6.11 a) and two times and two times longer (1 — 3 ps) along
the layers (fig. 6.11 b). Obtained ultrashort phonon lifetimes could be explained of an
essential role of phonon-phonon scattering and anharmonicity leading to outstanding

thermal transport properties of investigated compounds.

In fig. 6.12 a, b, the MFPs at 130 K are compared as a function of 7). In the case
of heat transfer along the layers (fig. 6.12 a) the A(7p) dependence is almost linear.
For the case of heat being transferred along a direction normal to the structural layer
plane (fig. 6.12 b), only for the CulnP,Se crystal the MFP deviates out of the general
linear trend, to a lower value, what is related to an additional contribution to lattice
anharmonicity that follows from second order Jahn — Teller (SOJT) effect inducing
the ferrielectric phase transition. In dimensionless coordinates A/Ap vs T/Tp (Fig.
6.12 c), the dependencies for all compounds coincide, what gives evidence about the
right values of the Debye temperatures to characterize the lattice anharmonicity in

M’M”P,S(Se)s compounds.
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Fig. 6.12. The mean free path of heat transferring phonons at 130 K along
layers (a) and normal to the layers (b) as a function of 7p. Normalized mean

free path A/ Ap vs normalized temperature 7/7p (¢)

In order to estimate the minimal possible thermal conductivity ., the equation
which describes “an amorphous limit of thermal conductivity” for such type of

crystals has been used, which can be written in the next form [211]:
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(6.7)

where Tp is the Debye temperature for each mode and can be found as

1

T,=v,(n/ kB)(67z2n)g , vi is the average sound velocity, n the number of atoms, 7

the reduced Plank constant, and k3 the Boltzmann constant.

The values of the measured thermal conductivities k¥ and the theoretical

minimum thermal conductivities x;, for the different compounds are presented in fig.

6.15.
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Fig. 6.13. Comparison of the measured thermal conductivity temperature
dependence and the calculated minimal value (yellow lines) for
M’M”P,S(Se)s layered crystals: (a) CulnP,Se; (b) CulnP,Se¢; (c) AgInP,Sg;
(d) AgInP,Ses; (e) AgBiP,Se; (f) AgBiP,Ses; (g) CuBiP,Ses. Dark colour
means that the thermal conductivity is measured along the layers while the

light one means that it is measured normally to the structural layers
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Fig. 6.14 Temperature dependence of the difference between the measured
and the calculated values of the thermal conductivity for M’M”P,S(Se)s

layered crystals along the layers (a) and normal to the layers (b)

The difference among these values (fig. 6.14) increases on cooling. When heat

is transferred along the layers, the x - x,;, difference is clearly divided into two
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groups: a high difference is found for CulnP,S¢, CulnP,Ses and AgInP,S crystals
while it is smaller for AgInP,Seqs, AgBiP,Ss, AgBiP,Ses and CuBiP,Ses. For the case
of heat transport in the perpendicular direction to the structural layers, the x - &
difference spreads between the biggest value for CulnP,S¢ and the smallest one for
CuBiP,Seq. In fig. 6.15, the « - x,, difference as a function of 7/7p is shown for all
investigated compounds, while Fig. 6.16 presents a comparison between the

calculated x,,;, and the measured x, both of them at 350K.
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Fig. 6.15. Difference between the measured thermal conductivity x and the
calculated minimal value «,,;, as a function of the dimensionless temperature

T/Tp along the layers (a) and normal to the layers (b)

From the presented data, it follows that phonon Umklapp scattering is
responsible for the low values of thermal conductivity above Tp. Figure 6.16 (a)
demonstrates that for the case of heat transport along the structural layers at 350 K
three compounds (CulnP,Ss, CulnP,Ses and AgInP,Ss) have a measured value of «
about two times bigger than Kmin. For another group (AgBiP,Ss, AgBiP,Ses and
CuBiP,Ses) the measured thermal conductivity is smaller than or equal to the
calculated xmin. Obviously, some additional structural disorder exists in the Bi
containing compounds. The CuBiP,Ses crystal data especially demonstrates the
presence of an additional mechanism of phonon scattering hindering heat transfer.
Besides, AgInP,Se¢ crystal can be considered as an intermediate case between the

more heat conductive and the more resistive groups of compounds, as the x measured
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in this case is a little bigger than x,,;, at 350 K. In the case of x1 (fig. 6.16 b) the
measured thermal conductivity is smaller than or equal to the calculated ki, for all

the compounds except CulnP,Ses,
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Fig. 6.16. Comparison of x and x,,;, at 350 K along the layers (a) and normal
to the layers (b)

The excess in conduction, x(7) - xun(T), at temperatures 7/Tp > 1 is understood
by considering the difference between Umklapp and Normal processes. However, as
the temperature decreases below one half of the Debye temperature 7 (from about
42 K to 130 K), an increasingly greater fraction of thermally excited phonons have
wave vectors shorter than one half of the distance to the Brillouin zone boundary. At
T < Tp/2 most phonon - phonon collisions are non - resistive Normal processes
because the sum of the wave vectors of the interacting phonons fits within the first
Brillouin zone. The number of Umklapp processes decreases with temperature below
Tp/2 so they can no longer limit x(7) to xu(T), leading to additional heat conduction

compared to the case where 7> Tp/2.

We conclude that, due to the extremely high anharmonicity in the studied
layered crystals, the phonon thermal conductivity is limited to its minimum possible
value where the mean free path equals the interatomic distance, by intrinsic phonon-
phonon processes. At this point, it is interesting to understood why such a big

difference exists in the thermal conductivity between the AgInP,S¢ and the AgInP>Ses
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crystals. Obviously, it is a direct consequence of the difference in the nature of the
chemical bonding. In the selenide compound, the relatively low thermal conductivity
arises from this layered crystal lattice vibrations, which create low frequency,
localized optical phonons in the acoustic region and thus enable strong anharmonic

phonon scattering.

13 em! A2u 13 om™! A2g

30 em! Eg(1) 30 em Eg(2)

Fig. 6.17. Eigen vectors of lowest energy A,g, Aa, E, optical modes at BZ
center for AgInP,Se crystal

Fig. 6.17 and fig. 6.18 show atom-projected phonon density of states of
AgInP,Ss and AgInP,Ses layered crystals. Both compounds share the prominent
feature of the presence of low-lying modes, cutting through the acoustic region (fig.
6.6 f, g). For AgInP,Ss, the acoustic modes are attended near 40 cm™! towards the

edge of Brillouin zone, and low-energy (near 13 cm™) A,, and A,, symmetry optical
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phonon modes are found in the acoustic region, both of which are mostly associated
with vibrations of Ag atoms normally to the structural layers planes. At a little higher
frequency (near 30 cm™), doubly degenerated E, symmetry optical modes are also
placed, which involve in-plane motions of silver and indium cations together with
shifts of (P,Se)* anions. These phonon modes with approximately zero group velocity
reflect the locality of vibrations of Ag atoms and confirm the relative weakness of

covalent bonding Ag-S.
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29 cm? A2g 38 em'! Bu

Fig. 6.18. Eigen vectors of lowest energy Aj,, Aa, Eg optical modes at BZ
center for AgInP,Ses crystal

In the case of AgInP,Ses crystal the lowest flat optical branches at BZ center
have frequencies of 21 cm™ for E, modes, 29 cm™ for Ay, mode and 38 cm™ for B,
mode (Fig. 6.18). For the selenium compound, the A, mode frequency increases

(from 13 cm™ in AgInP,S crystal to 29 cm™ in AgInP,Ses) as a result of a bigger
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covalence of the Ag—Se bonds. Conversely, for the degenerate E, modes on
substitution of S by Se, the frequency decreases from 30 cm™! to 21 cm! as a result of

the bigger mass of the (P,Ses)* anions.

In addition to reducing group velocities, the lowest frequency localized optical
modes act as scattering centers for low energy acoustic modes. Such resonant
scattering further reduces the total lattice thermal conductivity and it is obviously
more effective for the selenide crystal, with a bigger polarizability of the heavy
(P»Ses)* anions. In more detail, a larger suppression of x by the lower flat optical
branch energy modes can originate from several reasons. The flat optical branch
exhibits an anticrossing with acoustic phonon modes. This largely reduces the group
velocity of the heat carrying acoustic phonons around the optical mode energy, which
leads to the suppression of k. The lower the frequency of the optical mode, the larger
the effect, because the group velocity of acoustic phonons is larger at lower energy.
The Umklapp scattering that suppresses x can also be stronger with a lower energy of
the optical branch, as lower optical modes must scatter higher acoustic phonons to
create the same final phonons. Because acoustic phonons with higher energy have a

higher density of states, the Umklapp scattering can be stronger.

Peculiarities of chemical bonding, such as the second order Jahn — Teller (SOJT)
effect and a high deformability of the lone-pair electron charge density, can also limit
the thermal conductivity in crystalline materials. It has already been shown [108] that
in CulnP,Ss and CulnP,Ses compounds the relaxational soft modes appeared due to
the SOJT effect with participation of s and d orbitals of Cu" cations and p orbitals of
S(Se)?* anions. The In** cations in these ferrielectrics can also be involved in the SOJT
effect by hybridization of their s and p electronic orbitals with sulfur or selenium
anion p orbitals. But indium atoms in these compounds are strongly enough bounded
by covalent interaction with the surrounding chalcogenide atoms. Related to the SOJT
effect disordering at the transition, heating from the ferrielectric phase into the
paraelectric one strongly suppresses the thermal conductivity, what is nicely seen in

the case of CulnP,S¢ crystal (fig. 6.6 a).
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In the case of AgInP,Ss and AgInP,Ses compounds, the cations Ag!" create
stronger covalent bonds inside the chalcogenide octahedra preventing SOJT effect
and the transition into a polar state when the temperature is lowered [134]. As was
shown above, only for AgInP,Ses the strong phonon—phonon interaction is related to
the crossing of the low energy optical branch with acoustic branches and therefore x
is reduced to the amorphous limit. But in AgBiP,S¢ and AgBiP,Ses compounds the
physical origin of anharmonicity can also be traced to the existence of the
stereochemically active s° lone pair of Bi** cations. The s electron shell of Bi is easily
deformed by lattice vibrations, resulting in a strong anharmonicity due to the
nonlinear terms in the total energy associated with a large electronic response.
Obviously, this electron lone pair is also related to the SOJT effect that may lead to
the observed structural instability in CuBiP,Ses layered crystal [119]. The main idea
behind the relationship between an electron lone pair and low x is that as atoms
approach one another during thermal agitation, the overlapping wave functions of the
lone pair and nearby valence electrons will induce a nonlinear repulsive electrostatic
force causing increased anharmonicity in the lattice. As the lone pair moves away
from the nucleus, anharmonic interactions with adjacent atoms intensify and x
decreases. The highest degree of anharmonicity should thus be achieved when the
electron lone pair is far removed from the nucleus, yet not participating in bonding.
A similar situation was observed for the Sn,P,S¢ crystal where Sn*" 5s° lone pair
disordering induces the transition from the ferroelectric to the paraelectric phase and

effectively suppress thermal conductivity [1, 189].

The electrostatic repulsion between the lone pair electrons and the neighboring
chalcogen anions creates anharmonicity in the lattice, the strength of which is
determined by the morphology of the lone pair orbital that is illustrated in fig. 6.19
for the AgBiP,Ss layered crystal. It is seen that, as a result of Bi s orbitals
stereoactivity, the electron density is presented at the top of the valence band in the
case of AgBiP,S¢ crystal, but In s orbitals electron density is not observed at the top
of AgInP,Se¢ valence band. This comparison gives evidence about the hybridization

of Bi s orbitals with S p orbitals and Bi p orbitals. Such sp’ mixing induces the
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stereoactivity of the Bi s’ lone pair which appears in the electronic charge space
distribution for AgBiP,S¢ crystal, for which Bi s orbitals lay in the range -10.62 +~ —
10.49 eV (fig. 6.20 b). Conversely, the space distribution for In s orbitals lying in the
energetic range -6.44 + —-5.99 eV (fig. 6.20 a) demonstrates their participation in the

formation of In — Se covalence bonds.
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Fig. 6.19. Partial electron density of states for AgInP,Sec (a) and AgBiP,S¢
(b) crystals

Fig. 6.20. Electron density space distribution for orbital laying in the energy
range -6.44 +~—-5.99 eV of AgInP,Se crystal valence band (a), and for orbital
laying in the energy range -10.62 +~ —10.49 eV of AgBiP,S¢ crystal valence
band (b)
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Finally, we would like to discuss the interesting features observed for CuBiP,Ses
layered crystal in the transition on cooling from the disordered phase into the

modulated state, and further to the antiferroelectric phase.
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Fig. 6.21. The (A) 298 K (B) 173 K, and (C) 97 K structures of CuBiP,Seg
viewed down the [110] direction. The direction of the displacement of the
copper atoms has been indicated with an arrow. The copper atoms in the

layers marked with a bracket have not yet ordered [119]

Let’s consider the structure modulation and anisotropy of thermal conductivity.
As follows from [119] (fig. 6.21), at temperatures higher than 173 K in the
paraelectric phase the structure is centrosymmetric, averaged over time and
periodical. However, the bismuth and copper atoms accomplish thermal relaxation
displacements with the large amplitude which significantly dissipates the heat-
bearing phonons (phonon packs) and reduces their mean free path (MFP) to a
minimum. In the intermediate phase between 173 — 97 K, which is perpendicularly

modulated to the structural layers, probably the wave packs are well propagated along
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the layers (in this direction the structure is periodical, the copper and bismuth atoms
in more localized positions are located). Nevertheless, heterogeneity (modulation) of
the structure causes a minimal MFP (1 nm) across the layers. In antiferroelectric
phase (below 97 K), the structure is periodical along and across the layers. Bismuth
and copper are well localized and MFP depends on the phonon-phonon scattering
only which increases at cooling. Therefore, the thermal diffusivity measurements

probably confirm the intermediate structurally modulated phase in CuBiP,Ses.

In Fig. 6.6 (e) it is shown that the thermal conductivity of CuBiP,Ses along the
layers (brown line) on heating decreases till the minimal value near 200 K. Above
this temperature, in the disordered phase, the dependence x(7) demonstrates a glassy
— like behavior. Thermal conductivity normal to the structural layers (orange line),
while heating, reaches the minimal value already near 100 K at the transition from
the antiferroelectric phase to the intermediate modulated phase. The structural
modulation of the intermediate phase is oriented normally to the structural layers. So,
in the modulated phase, heat transport along the layers is similar to heat transfer in
the antiferroelectric phase. Conversely, heat transport normal to the structural layers
across the temperature interval of the modulated phase is similar to the observed heat
conduction in the disordered high temperature phase. Figure 6.22 demonstrates the

modulated phase in CuBiP,Ses crystal.

40

MODULATED
PHASE

AF

50 100 300
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Fig. 6.22. Mean free path as a function of temperature of CuBiP,Ses in a
direction perpendicular (orange) and parallel (brown) to the layers. Letters

AF and P correspond to antiferroelectric and paraelectric phases respectively
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6.4. Conclusions
Thermal diffusivity has been measured on single crystals of the layered
compounds Cu;.,AgInP,(S,Se)s with x =0, 0.1, and 1, AgBiP,(S,Se)s and CuBiP,Ses
in the wide temperature range 30 - 350K, exhibiting important thermal anisotropies,
as well as different phase transitions depending on the particular ions present,
confirming the different role played by them, which has been discussed on the basis
of disorder, electronic hybridization, and the presence or absence of the second order

Jahn Teller effect.

Heat capacity has been calculated through the evaluation of the phonon spectra
using density-functional perturbation theory, and, through the combination of both

variables.

Combining theoretically calculated heat capacity and experimentally measured
thermal diffusivity, the temperature evolution of thermal conductivity has been
analyzed for 2D metalthiophosphates and metalselenophosphates ferroelectrics,
showing that heat is effectively transferred by phonons and that very low values can
be found in several cases due to the enhancement of phonon scattering events,

expressing a strong anharmonic behavior.
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Chapter 7. Experimental results and discussion on (PbxSni-

x)2P2(Se;S1.)6 ferroelectrics

7.1. Introduction

This chapter is focused on the critical behaviour study of the phase transitions
in (Pb,Sny.,)2P2(Se,S1.,)s ferroelectric compounds. Here we consider the influence of
Pb on the ferroelectric phase transitions (PT) and on their critical behaviour, selecting
Se concentrations below and above the Lifshitz Point (y = 0.27). According to chapter
5 of this PhD thesis, it 1s now well understood that Pb frustrates the ferroelectric
transitions in (Pb,Sn;.),P>S¢ and (Pb,Sn;.,),P>2Ses as concentration is increased due
to a weaker hybridization caused by a bigger difference between Pb 6s and S(Se) p
states. The study of the critical behavior of the ferroelectric transitions in (Pb,Sn;.
+)2P2S6 evidenced that there is a crossover from a non-mean field model at x = 0.1 to
a mean-field one at x = 0.3. Besides, the continuous transition in (Pb,Sn;_,),P>Ses (x =
0, 0.05) was found to belong to the 3D-XY universality class, with the PT being
smeared. Therefore, a higher increase of lead in the cation sublattice of (Pb.Sn;.
+)2P2(Se,S1.,)s 1s expected to smear the transitions and frustrate them till, at high

enough concentrations, complete frustration takes place.

A very special case is the addition of Pb to the Lifshitz concentration compound
(Pb,Sn;)2P2(Seo27S0.78)s, Where it has been experimentally proven that there is a
change from a Lifshitz point (LP) to a Tricritical Lifshitz point (TCLP) at a
concentration of 5% Pb and to a first order character transition for higher
concentrations [2, 191], in agreement with the theoretical predictions based on a
Blume-Emery-Griffith (BEG) model with random field effects [80, 212]. After this
model, there is an equivalency between the effects of applying an external pressure
and introducing a chemical “pressure” with dopants (be them Se instead of S or Pb

instead of Sn), and the appearance of a tricritical point (TCP) is predicted when the
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consequence of any of these “pressures” is to reduce the critical temperature to a value

lower than about 220 - 230K.

What is pending is to study the effect that the addition of Pb has on
concentrations close to the Lifshitz point y = 0.27 to check the possibility of new
tricritical points for concentrations y < 0.27 and/or frustration of the transitions for y
> (.27, which is precisely the aim of this study. This would allow, on the one hand,
to contrast the validity of the theoretical models and, on the other, to have a deeper
knowledge of how ferroelectric properties can be tuned with the addition of adequate

dopants.

7.2. Samples, experimental techniques and fitting methods

Single crystals of the following concentrations have been grown by a vapor-
transport method in a quartz tube using Snl, as a transport reagent with the nominal
concentrations of x = 0.1, 0.2, 03 for (Pb,Sn;,),P2(Sep2S0s)s and
(Pbo.0sSno.95)2P2(Se,Si1,)s with y = 0.4, 0.5. All crystals were oriented in the (100)
crystallographic direction and thin plane-parallel slabs (500 - 600 pm) were cut whose
surfaces are perpendicular to that direction. Note that growing procedures were
carried out using high-purity elements Sn (99.99%), Pb (99.99%), P (99.999%), S
(99.99%) in atomic percentage.

A high-resolution ac photopyroelectric calorimeter has been used to measure the
thermal diffusivity D by means of what is known as the back-detection configuration.
The details of the technique and the experimental setup have been already explained
in chapter 2. Thermal diffusivity is measured in the direction perpendicular to the
sample surface which, in this case, is the direction (100). The phase transitions are
signaled as dips on the thermal diffusivity curves and their precise shape has been
provided by a controlled continuous temperature variation, slow enough when

checking possible thermal hysteresis.

For the case of continuous transitions, the critical behavior is studied by means

of the inverse of the thermal diffusivity, which behaves critically as the specific heat
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¢, 1f thermal conductivity x does not present a singularity at the transition (as it

happens in this ferroelectric family [43, 96, 213]), as they follow the equation

1 yols
I 7.1
D K ( )

where p is density.

Therefore, the equation used to perform the fittings of the inverse of the thermal
diffusivity at the second order phase transition has the same mathematical form as the

one presented for specific heat in chapter 3 (Eq. 3.20)
1 I +1,[05
S =B+Civ £ (1+ ) (72)
T-T

T

c

where = is the reduced temperature, 7. the critical temperature and

superscripts + and — stand for 7 > T, and T < T, respectively; the linear term
represents the regular contribution to the inverse of the thermal diffusivity, while the

last term represents the anomalous contribution at the second order PT.

7.3. Experimental results and discussion

The measured thermal diffusivity of (Pb,Sn;.),P2(Seo2Sos)s crystals at room
temperature (295 K) confirms the fact that these ferroelectrics are poor thermal
conductor materials, where heat is mainly transported by phonons. A slight
substitution of tin by lead increases the thermal diffusivity from 0.187 to 0.311 mm?/s
at 20 % lead, while at x = 0.3 thermal diffusivity is 0.285 mm?*/s which could happen
due to the fluctuations in the concentration of a particular sample. This rising of D is
surely due to the difference between the ionic radii of Pb** and Sn** ions, and as a
consequence the bigger size of lead atoms affects the phonon scattering process and

therefore the phonon mean free path is reduced (fig. 7.1).
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Fig. 7.1. Thermal diffusivity of (Pb,Sn;.),P2(Seo2So.5)s mixed ferroelectrics
along (100) crystallographic direction as a function of Pb contents at 7= 295
K. Data for x = 0 has been taken from ref [43]

Figure 7.2 exhibits the thermal diffusivity values of (Pb,Sn;.)2P2(Seo2S0.5)s with
x = 0.1, 0.2, 0.3 in the region where the PT takes place, having included the
corresponding value for x = 0 [43] for the sake of comparison (in all cases the

orientation of the samples is the same).
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Fig. 7.2. Thermal diffusivity as a function of temperature for (Pb,Sn;.
2)2P2(Se02S058)s with x = 0.1, 0.2, 0.3 in the region where the ferroelectric

phase transition takes place. Data for x = 0 has been taken from ref. [43]
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Figure 7.3 shows, in more detail, each PT. On the one hand, the addition of Pb,
as expected, shifts the ferroelectric transition to lower temperatures, from 7, =301 K
forx=0to 7, =275 K forx=0.1,t0o 7.~ 211 K forx =0.2 and to 7. = 157 K for x
= 0.3, with the thermal diffusivity values severely increasing from x = 0.1 to x = 0.2.
Concerning the character of the transitions, measurements have been performed on
heating and on cooling with the result that x = 0, 0.1 are continuous phase transitions
while x = 0.2, 0.3 have changed the character to first order, as they present thermal
hysteresis. In these cases, there is a difference in the position of the PT (47= 0.8 K
forx=0.2,4T=0.3 K for x=0.3) as well as in its shape on heating and cooling (well

seen in fig.7.4).
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Fig. 7.3. Phase transitions in detail for (Pb,Sn;_,),P2(Se2S0.5)s with x = 0.1
(b), 0.2 (¢), 0.3 (d). Data for x = 0 (a) has been taken from ref. [43]
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Fig. 7.4. Thermal diffusivity measured on heating and cooling at 30 mK/min
showing the hysteresis for (Pb,Sn;_,)2P2(Se2S08)s with x = 0.2, 0.3

The results of the fitting for Sn,P2(Sep2Sos)s and (Pbg1Sng9)2P2(Se02S05)s
accompanied with their corresponding deviation plots (the difference between each
experimental and fitted value, divided by the experimental value, in percentage),
where the difference in the width of the transition is clearly observed (an order of

magnitude in reduced temperature)) are shown on fig. 7.5. The fitted parameters of

the critical exponents o, the ratios of the critical amplitude A—+ and the critical
temperatures 7, are collected in table 7.1. In the same table we have also included the
temperature range ¢ fitted and the determination coefficient R?, which represents the
quality of the fits. As seen from the graph both fits are very good, which is also
confirmed by the high determination coefficient R? (R? = 1 the case for ideal fit) and
the deviation plots. There is an evolution of the critical exponent ¢, from the value of
+0.147 £ 0.004 for x = 0 (which does not correspond to any theorized universality
class) to the value of +0.085 £ 0.006 for x = 0.1, with a very small deviation in this
case. This tendency of « to approach zero indicates that a mean field model is the
closest universality class as Pb concentration is increased. As the transition has turned
from second order to first order between x = 0.1 and x = 0.2, a tricritical point is

traversed but the critical exponent neither approaches the corresponding theoretical

1 1
value (5) nor points to any other class such as Lifshitz (Z) or Tricritical Lifshitz (
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a). Besides, as it can be seen from fig.7.3, the transition is smeared instead of being

sharpened, which is a common characteristic feature of a first order character.
Table. 7.1.

Result of the fitting of the inverse of thermal diffusivity 1/D using equation 7.2. The
parameters (a, A'/A, T.) are shown together with the fitted range and the coefficient

of determination R?. Data for Sn,P»(Se2Sos)s has been taken from ref. [43]

Parameters Snz2P2(Se02S08)s | (Pbo.1Sno.9)2P2(Se0.2S0.8)6
o 0.147 £0.004 0.085 £0.006
AT/A 0.66 0.92
T.,K 300.93 275.68
Fitted range [f, 7,< 7 | 8.3°10°—3.1"10 515102 — 55107
Fitted range [t, T.> T | 7.6'10°—3"10° 63102 — 5.8'10"
R? 0.996 0.998

The fact that with x = 0.2 the transition is already first order (and it keeps this
character at x = 0.3) tells us that, indeed, as it was predicted, once the PT falls below
the range 210 - 230 K, tricriticality appears [2]. Let’s analyse in some detail these
theoretical predictions and what has been experimentally found prior to this work.
The observed location of the TCPs at the same temperature level (210 — 240 K) for
different mechanical or chemical impacts (on compression of Sn,P,S¢ and at S — Se
or Sn — Pb substitution [2, 174, 192, 214]) can be explained in the following way:
On substitution of sulfur by selenium, the intercell interaction becomes weaker as a
result of the stronger covalence of the chemical bonds [180, 215] but the
stereoactivity of the Sn?* cations and the form of the local potential remain almost
unchanged. These factors determine the decrease of the transition temperature until
the TCP is reached. For pure Sn,P,S¢ crystal under pressure, the Sn®' cations

stereoactivity decreases, which reduces the depth of the side wells in the local three -
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well potential. Due to this factor, at almost unchanged intercell interaction, the second
order transition temperature goes down until the “tricritical temperature” and a first

order ferroelectric transition line appears in the 7— p diagram.
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Fig. 7.5. Above: Results of the fitting of the inverse of the thermal diffusivity
for (Pb,Sn;)2P2(Sep2S0.8)s with x = 0.1 where the results for x =0 [43] have
been included, for comparison. The points correspond to experimental
measurements, the continuous lines to the fittings to equation 7.2. Below:
Deviation curves for the fittings. Circles correspond to the fitting above the

critical temperature, crosses to the ones below it

When substituting tin by lead, the sublattice of rather strongly stereoactive Sn**
cations is diluted by weakly stereoactive Pb** cations, which also have a bigger ionic
radius. A relatively small stereoactivity of the lead cations has been found according
to GGA calculations [158], as the difference between S 3p orbitals energy and Sn 5s
or Pb 6s orbitals energies increases nearly 1 eV from SnyP»Se to Pb,P»Se. In addition

to the dilution effect, the ionicity of the Sn - S chemical bonds increases [180, 215]
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and the stereoactivity of the remaining Sn*' cations decreases. The combined
influence of the intercell interaction strengthening and the decrease of the
stereoactivity of the two cation sublattices determines the decrease of the second
order ferroelectric transition temperature down to the above mentioned “tricritical

temperature”.

For pure Sn,P,Se lattice compression, the observed 7' — p phase diagram can be
related to the one predicted by the BEG model [190, 216]. With substitution of
sulphur by selenium, the random field defects can appear, but their influence is small:
no smearing of very sharp critical anomalies at the phase transitions was observed in
the Sn,P»(Se,S:-,)s mixed crystals [43]. In the case of the substitution of tin by lead,
strong random field defects appear due to hybridization of different electronic orbitals
around the Sn?" and Pb*" cations. Such a complicated situation can be described by
comparing the experimentally built 7— x diagram with the diagram predicted by the
diluted BEG model [80]. In such model, a segment of the former first order transition
line (just below the TCP in the ideal system) becomes a disorder-induced continuous
transition line. However, with further shift of the PT point down to lower

temperatures, a clear first order transition nature is revealed.

Coming back to the results of this current work, the fact that the critical exponent
points to a mean field model, instead to a tricritical universality class, is surely
associated with randomness in the system, provoking the disappearance of the TCP,
while the real first order nature is revealed when the temperature of the transition is

further lowered.

After the experimental results and fittings, this is the case of (Pb,Sn;.
+)2P2(Se02S0.8)s where randomness provokes the rounding of the transition as well as
the tendency to a mean field model where it should be leading to an exponent
belonging to a Tricritical class. For x = 0.2 and 0.3, as the transition is lowered, the

first order character is manifested.

Concerning the samples (Pbo.osSng 9s)P2(Se,S1.,)s with Se concentration higher

than the one corresponding to the Lifshitz point, figure 7.6 shows the thermal
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diffusivity curves for y = 0.4, 0.5. The measurements have been performed in
cooling/heating modes with different temperature rates (50 — 10 mK/min) in order to
check the character of the PT. Thermal diffusivity curves on heating and cooling for

these crystals are depicted in fig. 7.7.
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Fig. 7.7. Thermal diffusivity as a function of temperature for
(Pbo.0sSno.95)2P2(Se,S1.)s with y = 0.4 (a) and 0.5 (b), measured on heating

and cooling, showing the hysteretic behaviour

According to the phase diagram, in the samples without Pb there must be two
transitions (the continuous one from the paraelectric phase to an incommensurate (IC)
phase and the lower one to a ferroelectric phase, with a first order character). From
the critical behaviour studies of SnyP»(S;-Sey)s ferroelectric compounds [43] it was

seen that, in thermal diffusivity, the two transitions were not clearly separated but for
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very high Se concentrations. In particular, Sn,P2(Seo4So6)s showed a sharp and thin
dip where the two transitions were superimposed and with a first order character. The
dip which appears now with Pb doping is placed at a lower temperature (about 20 K),
it is much wider, rounder, with a clear structure and with hysteresis. The structure
which appears in the dip, with a kink at about 237 K, could be due to the onset of the

clear separation of the three phases induced by the presence of Pb.

In the case of y = 0.5 (see Fig. 7.6) the dip goes to even lower temperature
(another 20 K) and the two transitions are still superimposed but more separated, with
a shoulder on the left and a dip on the right, with a hysteretic behaviour due to the
fact that the two transitions are not well resolved yet (see Fig. 7.7). This means that
the effect of lead is to reduce the critical temperature and better separate the two
transitions, introducing a certain rounding. Hence, in all cases, ferroelectricity is
hindered by the presence of Pb. The physical mechanism responsible for this
behaviour is that Pb weakens the stereoactivity of the samples by obstructing the
hybridization of the s-p electron orbitals (s for Pb or Sn, p for S or Se) which activates
the Sn** 5s? lone pair formation. As explained in the introduction, there is a bigger
difference between Pb 6s and S(Se) p states, as opposed to the difference between Sn
5s and S(Se) p states. Besides, the addition of Pb introduces randomness in the system
which is the origin of the roundness in the transition as it happened in the case of
(Pb,Sn;,)2P2(Se02S0.8)s. It would have been desirable to study the evolution of the PT
in SnyP2(Se4S06)s and SnyPa(SepsSos)s with higher Pb contents but it has not been

possible to grow single crystals of enough quality with these concentrations.

These results complement what was previously found and published concerning
the effect that doping with Ge and Pb has on the Lifshitz point, which exists for
SnyPa(Seo2sS072)s [191]. Both ions affect the stereoactivity of the sample as the
transition temperature is respectively increased or decreased, but only Pb provokes a
significant change in the properties of the ferroelectric PT. In that work, it was found
that the addition of 5% Pb changed the Lifshitz Point to a Tricritical Lifshitz Point,
with further addition changing the character from second order to first order. In this

study we have observed that the addition of Pb to Sn,P»(Se,Si.,)s for Se
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concentrations lower to the one corresponding to the Lifshitz point also has the effect
of turning the character of the transition from second to first order but without the
formal apparition of a tricritical point. On the other hand, for Se concentrations higher
than the Lifshitz point, the effect of Pb doping is to enhance the apparition of the

intermediate, IC phase between the paraelectric and the ferroelectric phases.

7.4. Conclusions

The effect of Pb doping in (Pb,Sni..)>P2(Se,S1.,)s with Se concentrations slightly
below and above the Lifshitz concentration has been studied. The theoretical
prediction says that a tricritical point upon pressure application (chemical doping can
have an equivalent effect to mechanical pressure) appears below 210 - 240 K. As a
general rule, increasing lead concentration in the cation sublattice tends to frustrate
the ferroelectric transition, lowering the critical temperature because it weakens the
electron orbitals hybridization which is at the core of the stereoactivity of these
systems. In the particular case of y = 0.2, the transition changes its character from
second order to first order between x = 0.1 and x = 0.2, fulfilling the predictions of
the diluted Blume-Emery-Griffith model with randomness. This randomness prevents
the apparition of a Tricritical Point and, instead, a mean field model is of application.
In the case of y = 0.4, 0.5, Pb also promotes the separation of the paraelectric-
incommensurate and the incommensurate-ferroelectric transitions in spite of the

introduction of rounding.
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Chapter 8. Phase diagram of (Pb,Sn):P2(Se,S)s ferroelectrics with
multicritical points at coupling between polar and antipolar

fluctuations

8.1. Introduction

Static and dynamic critical behavior of Sn,P,Se type ferroelectrics and (Pb,Sn;.
©2P2(Se,S1.,)s mixed crystals with line of tricritical points and line of Lifshitz points
on the T — x — y phase diagram, which meet at the tricritical Lifshitz point, can be
described in a combined BEG — ANNNI model. Such model considers first and
second neighbor interactions for pseudospins in a local three-well potential. Below
the temperature of tricritical Lifshitz point, the “chaotic” state accompanied by the
coexistence of ferroelectric, metastable paraelectric and modulated phases is
expected. In addition to the frustration of polar fluctuations near the Brillouin zone
center, in Sny,P,S¢ crystal the antipolar fluctuations also strongly develop in the
paraelectric phase at cooling to continuous phase transition temperature 7y. Here,
critical behavior can be described as a crossover between Ising and XY universality
classes, what is expected near bicritical points with coupled polar and antipolar order

parameters and competing instabilities in q — space.

8.2. Phase diagram with tricritical Lifshitz point

In order to build the ¢ - 4 - 1 phase diagram for ferroelectrics in the system
Sn(Pb),P,S(Se)s, we have used the Blume - Capel spin-1 Ising model (which is a
simpler version of BEG model) with competing interactions [212, 217]. Such
combined BC — ANNNI model displays a multicritical behavior such as tricriticality
as well as the possibility of the presence of a LP. The tricritical Lifshitz point (TCLP)
is predicted at the meeting points of TCPs and LPs lines [83, 218, 219]. In the used
model [212] (as for original ANNNI model [220]) the relation between two
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interactions is written in the form A = - J,/J;, where J; 1s the effective first neighbors’
positive interaction and J, is the negative coupling of next nearest neighbors. The

paraelectric - ferroelectric second order transitions line can be found as [212]
A=1-——1 (8.1)

1+0.5et

and from the paraelectric phase into a modulated one continuous transitions line

t

A= - (8.2)

1+0.5et

Here t = T/J;, and 4 = 6/J;. The parameter 9 is related to the single-ion terms [158,
190].

At 4 = 0.25 the paraelectric borders obtained from eq. (1) and eq. (2) meet at
a LP. Considering the above-mentioned conditions, the line of LPs can be found by

means of the following equation

1-2t.p

A =t pln(F2ER), (8.3)

After reaching a value 4 = 0.231... the paraelectric borders begin to split and there

tLp

1s no LP anymore. Near this 4 value the LPs line coincides with the TCPs line [220].
The calculated ¢ - 4 - 4 phase diagram is depicted in Fig. 8.1.
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Fig. 8.1. Front (left) and side (right) view on calculated ¢ - 4 - 4 diagram. Solid
lines show paraelectric - ferroelectric (orange) and paraelectric - modulated

(blue) borders, Lifshitz points line (red circles), tricritical points line (green
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squares), end points (EP) line (brown triangles). Thin lines indicate the second
order phase transitions while thick lines the first order ones. Letters F, P and
M correspond to ferroelectric, paraelectric and modulated phases. The
coexistence of ferroelectric and metastable paraelectric (F+P’) and
ferroelectric, metastable paraelectric and commensurate modulated phases

(F+M+P’) below the dashed lines are also shown

Let’s compare the just obtained theoretical phase diagram with the
experimentally determined temperature-concentration phase diagram for (Pb,Sn;.
+)2P2(Se,S1.,)s ferroelectric mixed crystals [56]. In order to do it we need to translate
it into ¢t - 4 - A coordinates. The experimentally observed TCLP for
(Pbo.05Sn0.95)2P2(S€0.2850.72)6 at Trerp = 259 K [191], in ¢ - A4 - A coordinates will
correspond to the next position: # = 0.15825, 4 = 0.23105, A = 0.5. The LP with the
composition SnyP»(Seo28S0.72)s at temperature 7, =~ 284 K [180] will lie on the line
of LPs obtained from eq. 8.3 at ¢t = 0.17345, 4 = 0.22997, 4 = 0.5. For mixed
Sn,P>(Se,S1.,)s crystals in the framework of the ANNNI model, a linear variation of
the 4 parameter with composition x was assumed with the values 0.23, 0.25 and 0.30
for Sn,yP,Se, SnyP2(Sep258S0.72)6 and SnyP2Ses, respectively [56]. At the constant value
A4 =10.22997, the coordinates for these concentrations on the 7 - 4 - A diagram are the
following: #,=0.20582, 4 = 0.23 for Sn,P,S¢ with 7)=337 K; .= 0.13436, A.= 0.30,
and #,= 0.11799, 4;= 0.30 for Sn,P,Ses with 7.= 220 K, 7;= 193 K [101].

At tin by lead substitution the shape of local three-well potential changes, and
the coordinates of the TCP in the (Pb,..Sn,),P»S¢ mixed crystals in mean- field
approximation of BEG model [221] can be determined at condition of linear
variation of 4 in dependence of y, at unchanged intercell interactions. According to
the earlier performed analysis for (Pb;..Sn,),P>Se mixed crystals [158], the calculated
t — A diagram (at 4 = 0.23) is shown on Fig. 8.2. It was found that the TCP has
coordinates 1 = 0.13436, 4 = 0.23577, A = 0.23.

As the inter-site interaction J; is an almost unchanged quantity [158], we

assume that, on increasing the lead concentration in (Pb,Sn;_,),P>Ses mixed crystals
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(with A = 0.3), the value of 4 will change in the same way as in (Pb,Sn;_,),P>Ss solid
solutions. Accordingly, the experimental phase diagram in ¢ - 4 - 4 coordinates is

presented in Fig. 8.3.

020k
0.16} Sn,P,Sg ~«

gl
0.08}

0.04+

0.00

0231 0234 0237 0240
A

Fig. 8.2. Dependence of phase transition temperature on the single —ion term
in dimensionless 7 - 4 coordinates calculated in the mean-field approximation
on the BEG model [158, 221]. Dashed and solid lines indicate second and

first order transitions, respectively, that meet at the tricritical point
337+

253

169 -

Temperature (K)

(o]
n
T

0 014 036 057 079
4

Fig. 8.3. Experimental phase diagram for (Pb,Sn;.,),P2(Se,S1.,)s ferroelectrics in ¢
- A - 4 coordinates (left) and front view of both experimental and calculated phase
diagrams in temperature - concentration 7'— x - y coordinates (right). Dashed and
solid lines denote second order and first order phase transitions, respectively.
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From the calculated ¢ - 4 - 1 diagram, it follows that the LPs line terminates at
TCLP, and this multicritical point can be considered as a “Lifshitz end point”. The
Lifshitz points line in TCLP splits into the tricritical points line and the end points
(EP) line. At big 4 parameter, the paraelectric - modulated critical line ends at the
end point.

For high lead concentrations (x > 0.2), at low temperatures a “chaotic” state can
be observed [212]. This state presents a mixture of paraelectric, ferroelectric and
modulated phases. Such peculiarity can be seen on the excess heat capacity 4C, and
anomalous temperature dependencies of dielectric susceptibility € in (Pb,Sn;.
x)2P2Se¢ crystals, according to recent investigations [175, 223, 224, 225]. For small
lead concentrations, there are clear anomalies of 4C,(7) and ¢’(T) at paraelectric —
incommensurate (7;) and incommensurate — ferroelectric (T.) phase transitions (Fig.
8.4 and 8.5). However, for y > 0.2 the 4C,(T) and ¢’(T) anomalies in the vicinity of
the lock—in transition (7;) are strongly smeared. Such chaotization can be related to
a synergy of frustration effects and nonlinearity of the system with the three—well

local potential.
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Therefore, the ANNNI model with two structural sublattices reflects the main

properties of ferroelectrics that are related to the LP and IC phase on their phase

diagram. For the description of a presence of a TCP on the phase diagram of Sn,P,Se

family ferroelectrics, two structural sublattices were also considered in the frame of

BEG model [190]. This three — state model is based on two order parameters —

dipolar and quadrupolar (B, and A, symmetry variables in the case of Sn,P»S¢) [1,

189]. Therefore, in addition to dipole—dipole inter-site coupling, the quadrupole —

quadrupole interaction can also be important. In the case of two sublattices, taking

into account the quadrupole — quadrupole interactions can complicate the topology

of the temperature - pressure (composition) phase diagram. On such diagram, beside

a TCP, another multicritical points might appear, such as a triple point, a critical end

point, a bicritical point, and a tetracritical point.
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(according to data [175]) in the region of the phase transitions for (Pb,Sn;.
x)2P2Ses crystals

8.3. Polar and antipolar fluctuations coupling

The above mentioned examples of possible complications of experimentally
observed phase diagrams for objects with complex local potential for spontaneous
polarization fluctuations demonstrate the proximity of the phase transitions to higher
order multicritical points, like a tetracritical point, and give evidence of the
importance of higher order invariants in the thermodynamic potential of the
investigated ferroelectric crystals. Such possibility was earlier demonstrated [226,
227] when the incommensurate phase properties near lock — in transition into the
ferroelectric phase in Sn,P,Ses crystals were theoretically explained.

For Sn,P,S¢ ferroelectrics, the experimental data of neutron scattering,
dielectric susceptibility and hysteresis loops investigations present rich information
about the complex character of the phase transitions. The neutron scattering data
[185] show the presence of a flat lowest-energy transverse optical branch along qy
direction at 440 K in the paraelectric phase (Fig. 8.6 a). This phonon branch is
polarized near [100] direction and softens at cooling. The polar soft optical mode,
according to the submillimeter spectroscopy data near 10'> Hz [228], contributes

only Ae’ = 107 to the dielectric susceptibility maximum near 7 = 337 K (Fig. 8.6 b).

At frequency lowering till 107 Hz, the dielectric susceptibility near T} rises to 10% -
10° (Fig. 8.6 ¢) [229], and at lower frequency obeys the Curie — Weiss law ¢’ = C(T
— Ty with C=0.6 10° K.

On cooling in the paraelectric phase of Sn,P,S¢ crystal, not only long wave
polarization fluctuations are developed near the Brillouin zone center, which are
proportional to the reciprocal of the polar soft optical mode (with B, symmetry at q
< 0) frequency square. Near the Brillouin zone edge, at q, =n /b, also critical growth
occurs for fluctuations of atomic motions that are related to the eigenvector of short

length phonons from the soft optical branch B(qy). The development of the
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aforementioned fluctuations was observed directly (Fig. 8.6 d) [230] by inelastic X

— ray scattering at T+ 2 K.
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Fig. 8.6. Determined by neutron scattering at 440 K transverse soft optical
TO(X), acoustic longitudinal LA(XX) and transverse TA(XY) phonon
branches along q, direction of Sn,P»S¢ crystal monoclinic Brillouin zone
[185] (a); temperature dependence of the dielectric susceptibility and his
reciprocal from submillimeter soft optical mode contribution near the phase
transition in SnyP,S¢ crystal [228] (b); comparison of the inverse of the
dielectric susceptibility temperature dependence in Sn,P,Ss for 20 MHz (1),
4 GHz (2), 27 GHz (3) and submillimeter soft optical mode contribution (4)
[229] (¢); diffuse X — ray scattering at 7y + 2 K in the paraelectric phase of
Sn,P,Se crystal in the plane (0 K L) of Brillouin zone [230] (d)

The high value of the low frequency dielectric susceptibility on cooling to Ty

is obviously related to crystal lattice anharmonicities. It was earlier supposed [1,

189] that the local three — well potential follows from a nonlinear interaction of polar

B, modes with fully symmetrical A, modes (like A B> + A,°B,?) at the Brillouin
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zone center. But on the matter of the soft optical mode flatness in qy direction [232],
the nonlinear phonon — phonon interaction can be obviously realized with the
involvement of phonons from different points of the Brillouin zone. In the simplest
approach, such possibility can be incorporated in QAO model [158, 231, 232, 233]
that is based on a three — well on — site potential involving first and second neighbors
inter-site interactions. Here we consider nonlocal interactions in qy direction (instead
of above considered frustration of J; and J, inter-site interactions that are related to
the incommensurate phase appearance with modulation wave vector q,). The phase
diagram calculated with such model contains a tetracritical point at which two
second order transitions lines (from paraelectric into ferroelectric phase and between
paraelectric and antipolar phases) intersect. It was found [231] that for Sn,P,S¢
crystals below T coexistence of antipolar and ferroelectric phases can be presented.

The assumption that in Sn,P,Se crystals the phase transition at 7 =~ 337 K is

placed near the tetracritical point agrees with the previous discussion based on the
BEG model, for which the phase diagram with a TCP can be complicated by the
presence of bicritical or tetracritical points [236]. Thus, the critical behavior of

Sn,P,Se crystals near 7)) = 337 requires special attention.

According to previous investigations on thermal diffusivity [96], which is
proportional to the reciprocal of heat capacity, the critical behavior of Sn,P,S¢ can
be fitted with a good quality in the paraelectric phase to a model which considers the
influence of both fluctuations and defects (combination of egs. 3.8 and 3.11). On the
other hand, below T} the best fittings were found using a mean field Landau model
(eq. 3.6). Such asymmetry is very strange, especially when it has been possible to
describe the critical behavior of mixed crystals based on Sn,P,S¢ using a single
model for both phases. For Sn,P»(Se,Si.,)s solutions with increasing selenium
concentration and approaching the LP (y = 0.28), the critical anomalies are nicely
described by exponents and ratios of critical amplitudes that belong to the Lifshitz
universality class [43]. At tin by lead substitution in (Pb,..Sn,),P>Ss mixed crystals,
the critical behavior is also satisfactorily described above and below 7 as a

crossover from a clear non-mean field model at x = 0.1 to a mean field one at x = 0.3
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[98]. For Sn,P,Se¢ crystals, at the paraelectric to incommensurate second order phase
transition the critical anomaly above and below 7;agrees with the predictions of the
renormalization group theory for 3D — XY universality class [175]. At simultaneous
substitution of chemical elements in cation and anion sublattices in (Pb;.Sn,),P»
(Se,Si.,)s mixed crystals a TCLP has been found for x = 0.05 and y = 0.28 at 7. =
259.12 K [191]. Here the tricritical Lifshitz universality class has been assigned by
the obtained critical exponent a = 0.64 which is equal to the theoretical predicted
one [69].

Why a critical behavior of Sn,P,S¢ crystals can’t be described satisfactorily in
both temperature sides of 7)? As was mentioned above, for pure Sn,P,S¢ crystals
below Ty the coexistence of antipolar (antiferroelectric like) and ferroelectric states
is possible. This is manifested by the observation of double hysteresis loops and
usual ferroelectric loops [231]. Considering the possibility of the coexistence of
antipolar and ferroelectric phases below 7), we reexamine previous experimental
data [96] to check the contributions into a critical anomaly from two coexisting
phases. We have used for the fittings equation 7.2. Fig. 8.7 (b) demonstrates the
fittings together with the deviation plots (¢) (difference between each experimental
and fitted value, divided by the experimental value, in percentage). Fig. 8.7 (a) shows
the comparison of the shapes of the anomalies in Sn,P,Ss, (Pbg2Sngs).P>Se and
SnuP2(Se02S0.8)6.

The results of the fittings (Fig. 8.7 (b, ¢)) in SnyP,Se have shown a XY like
behavior with the critical exponent a = - 0.0092 £+ 0.0008 below T and Ising like
one with a = 0.1049 £ 0.0066 above T). Such value of the critical exponents, smaller
than ausing 1n the paraelectric phase and a little bigger than axy below Ty, can be
interpreted as a possible crossover in the critical behavior which earlier was
predicted [234] for systems with two competing order parameters near a bicritical
point on the phase diagram. The bicritical point can be originated instead of a
tetracritical point if there is a strong enough coupling of two order parameters [235].

to the fitting below the critical temperature, red to the ones above it.
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In any case, good fittings of thermal diffusivity in Sn,P,S¢ crystal below T
with negative value of critical index demonstrate its “cups” shape that is a
characteristic of the antiferroelectric — like ordering and coincides with observed

double hysteresis loops in Sn,P,S¢ crystal below Tj [231].
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Fig. 8.7. Dependence of the inverse of thermal diffusivity measured in the
[100] crystallographic direction in the vicinity of continuous phase transition
in SnyP,Se, (Pbo2Sngs)2P2Se and SnyPa(Sep2Sos)s crystals [43, 96, 98] (a);
results of the fittings of the inverse of thermal diffusivity (b), deviation
curves for the fittings (c). The points correspond to experimental
measurements, the continuous lines to the fittings to Eq. (4). Blue color
corresponds to the fitting below the critical temperature, red to the ones

above it. 7 is reduced temperature

8.4. Conclusions
Static and dynamic critical behavior of Sn,P,S¢ type ferroelectrics and (Pb,Sn;.
+)2P2Se,S1.,)s mixed crystals are governed by multicritical point presence on their
phase diagram. At hydrostatic compression of Sn,P,S¢ crystal or at tin by lead
substitution in (Pb,Sn;..),P>Ss mixed crystals the TCP can be reached, what is
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described by the BEG model for a system with three-well local potential for
pseudospins fluctuations. At sulfur by selenium replacement in SnoP»(Se,Si.y)s solid
solutions the LP is induced, what is explained by first and second neighbors short
range interaction ratio changing in pseudospin ANNNI model. At simultaneous
variation of chemical composition in cationic and anionic sublattices the lines of
TCPs and LPs on T — x — y phase diagram meet at the TCLP, and this higher order
multicritical point can be described in a combined BEG — ANNNI model [212].
Below the temperature of TCLP, which can be considered as the Lifshitz line end
point, the “chaotic” state with coexisting ferroelectric and metastable paraelectric
and modulated phases is possible. This expectation agrees with the concentration
evolution of heat capacity [175] and dielectric susceptibility [225] temperature
dependence in (Pb,Sn;.,),P,Ses mixed crystals, which demonstrates a gradual lock—
in transition smearing with growth of lead concentration.

In addition to the frustration of polar fluctuations near the center of the Brillouin
zone, in SnyP,Se crystal the antipolar fluctuations also strongly develop in the
paraelectric phase on cooling to the continuous phase transition temperature Ty. At
this transition, the critical behavior according to the thermal diffusivity data [96] can
be described as a crossover between Ising and XY universality classes, what is

expected near a bicritical point with coupled polar and antipolar order parameters.
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Chapter 9. Ferroelectricity induced by germanium dopants in

quantum paraelectrics Sn(Pb):P2S(Se)s

9.1. Introduction

In this chapter, we will consider how the introduction of germanium in the
cation sublattice has an effect on the general shape of the phase diagram and on the
possible responsibility to change the location and the ferroelectric properties of the
transition. The dipole ordering in Sn(Pb),P,S(Se)s materials may be tuned by
chemical substitution realizing a ferroelectric quantum phase transition and quantum
glassy or relaxor type phenomena on different parts of the phase diagram. The
introduction of Ge impurity increases the temperature of the phase transitions and
enhances the stereoactivity of the cation subsystem [191, 198].

At low temperatures, a quantum critical behavior in Pb,P,S¢ crystal can be
established by the nonlinear coupling between polar and antipolar fluctuations. In
this chapter we will consider the influence on dielectric and thermal properties

induced by Ge impurity.

9.2. Samples and experimental techniques

Single crystals of (SngosGeoos)2P2(S€02S08)s, (Sno.95G€0.05)2P2(Se€0.4S0.6)s,
(Sno.95Ge0.05)2P2(S€0.550.5)s, (Pbo.7Sn0 25Ge0 05)2P2S6 and (Pbg 7Sng 25Geo 05)2P2Ses were
obtained by a chemical gas transport reaction with a small amount of carrier gas of
.. High-purity elements Sn (99.99%), Pb (99.99%), P (99.999%), S (99.99%), Se
(99.99%), and Ge (99.999%) in atomic percentage in required proportion were
placed into the quartz tube. Thin slabs with their faces in monoclinic symmetry plane
perpendicular to the (001) direction with the thickness of 500 — 550 um were cut for
the thermal diffusivity measurements. The thermal diffusivity measurements have
been performed using a high-resolution ac photopyroelectric calorimeter in the

standard back detection configuration using a closed cycle helium cryostat. In order
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to study the anomalies of the thermal diffusivity curves and to check possible
temperature hysteresis, the rate of change of the temperature varied in the range of
100 - 10 mK / min. A detailed description of the experimental setups used during
these investigations can be found in chapter 2.

In addition to the calorimetric measurements for Pb,P,Se, (Pbo.9sGeo.02)2P2Ss,
(Pb7Sng25Geo0s)2P2Se and  (Pbg7Sng2sGeos)2P2Ses  crystals  the  dielectric
measurements data have also been used [242]. In this case, monocrystal plates with
a thickness of about 2 mm and plane parallel faces around 15 mm? with silver paste

electrodes on polar (100) phases were prepared. The complex dielectric permittivity

¢ =& +ig” was measured by a capacitance bridge HP4284A in the frequency range
10 kHz — 1 MHz. In order to study the temperature dependence of dielectric
susceptibility the sample was placed in the He cryostat between the two copper

conductors (contacts).

9.3. Thermal diffusivity anomalies in (Pb.Sn1.x):P2(Se;S1.)s chalcogenides

with Ge impurity
In Sn,P,(Seo2S03)6 the substitution of Ge 5% increases the critical temperature
from 300.93 K to 307.13 K (fig. 9.1 a) as well as makes the anomaly slightly broader
and brings some rounding. For the Lifshitz point composition SnyP»(Sep258S0.72)s, the
critical index a = 0.34 and the critical amplitudes ratio 4/4~ = 0.42 were observed
[43]. The introduction of Ge increases the critical temperature from 281.3 K to 284
K (Fig. 9.1 b) but changes neither the character of the transition nor the universality
class, as it is uniaxial Lifshitz class with critical exponent o~ 0.25 and 47/4" =~ 0.49
[191]. Such values agree with the theoretical ones estimated for a Lifshitz system
without considering strong dipolar interactions. In the case of the Lifshitz point in
uniaxial ferroelectrics only small multiplicative corrections to mean field behavior
are expected [69] in the critical region. Hence, both the critical exponent and the
amplitude ratio values observed for the SnyP»(Sep258S0.72)s mixed crystal lead to the
conclusion that long-range interactions do not have a strong influence on the critical

behavior in this system. This can be related to the partial screening of the dipole -
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dipole interaction by charge carriers in the Sn,P»(Se,Si.,)s ferroelectric

semiconductors.
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Fig. 9.1. Thermal diffusivity as a function of temperature for Sn,P2(Seo2S0:3)6
[43] and (SngosGeoos)2P2(Se02Sos)s (a), SnaPa(Seo2sS072)s [43] and
(Sno.05Ge0.05)2P2(Se0.28S0.72)s (b))  [191],  SnaP2(SepsSos)s [43] and
(Snp.95Ge0.05)2P2(S€0.4S06)s (), (SngosGeoos)2P2 (SeosSos)s (d). Number 1

shows the samples without Ge while 2 demonstrates the crystals with Ge 5%

As already shown in Chapter 7, the introduction of Pb leads to a more obvious
separation of the paraelectric and the ferroelectric phases. In the case of germanium,
as we can see in Fig. 9.1 (c, d) this does not happen, although, as in the case of lead,
the introduction of germanium leads to some rounding of anomalies. Unfortunately,
the quality of SnyP»(SeosSos)s crystal, where the separation may be more apparent,
was quite bad, preventing it from being included in the fig. 9.1 d. Obviously, it would

also be interesting to study the crystals with y = 0.6, 0.8 selenium concentration.

190 200 210 220 230
Temperature (K)

Fig. 9.2. Thermal diffusivity as a function of temperature for Sn,P,Se¢ (1)
and (Sng.9sGeo.05)2P2Ses (2). Data for Sn,P,Ses is taken from [43]
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For (SnposGeoos)2P2Ses crystal, the position of the transitions is almost
unchanged, which can be interpreted as the fact that the amount of germanium is less

than necessary (Fig. 9.2).

Overall, the results of the thermal diffusivity studies may indicate that
germanium inhibits the splitting of the paraelectric and ferroelectric phases for the

samples with a selenium concentration above y;p.

9.4. Quantum paraelectric state and critical behavior in Sn(Pb):P.S(Se)s
ferroelectrics
For Pb,P,Se crystal the €(T) dependence [242] shows monotonic rise on cooling
till 20 K with some flattening below 50 K (Fig. 9.3 a). At lead by germanium
substitution (about 2%), a clear maximum of €"(7) near 30 K (at 1 MHz frequency)
is observed (Fig. 9.3 b). In order to describe the temperature dependencies of the
dielectric susceptibility of quantum paraelectrics, the authors of work [242] have used

Barrett‘s equation:

Ce . 9.1)

(T
2 2T

where Ccw is the Curie-Weiss constant, 7. is the classical paraelectric Curie

e'(T)=

temperature, g is a temperature independent constant and 77 is the dividing point
between the low temperatures where quantum effects are important so g(7) deviates
from Curie-Weiss law, and the high temperature region where a classical

approximation and Curie-Weiss law are valid [238].

In many cases, 7. <0 K, and the material does not undergo a ferroelectric phase
transition at any finite temperature. When 7, is finite and 7. < 7}, the quantum
fluctuations break the long range ferroelectric order and stabilize the quantum
paraelectric state in the sample. Probable ferroelectric transition occurs at 7, [239].
According to dielectric data [216] of Pb,P,S¢ (Fig. 9.3 a) deviation from Barrett's

equation starts around 75 K. The obtained parameter values (7;= 190 K and T, = -
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370 K) for Pb,P,S¢ crystal demonstrate that the material does not undergo a

ferroelectric phase transition at any finite temperature.

As was mentioned in previous chapters, when lead substitutes tin in Sn,P,Se type
crystals, the hybridization of anion and cation sublattices electron orbitals becomes
weaker, reducing the phase transition temperature. On the other hand, Ge dopant
plays an opposite role: it enhances the total stereoactivity of the cation sublattice in
the crystal. Small amount of impurities in quantum paraelectrics could induce
ferroelectricity [240, 241]. So, it is possible that germanium impurities can affect
quantum paraelectric state of Pb,P,Se. Fig. 9.3 b shows the temperature dependence
of the real part of dielectric susceptibility for (PbgsGeo2)2P2Se crystal and confirms
a non-classical 77 behavior of the inverse dielectric susceptibility. For this, the
temperature dependence of the real part of dielectric susceptibility for crystal doped
by germanium is fitted by the Barret’s equation 9.1 giving temperatures 7; = 207 K
and 7. = 40 K [242]. Since T.< T; for (Pbg9sGe.02)2P2Se, it could be concluded that
the long-range ferroelectric order in the sample doped by Ge is broken due to quantum
fluctuations below 207 K, and a probable ferroelectric transition occurs in the
temperature region between 40 K and 80 K (Fig. 9.4). Doping with germanium
obviously induces some disordering and decreases the real part of susceptibility

below 80 K deviating from Barrett's fit (Fig. 9.3 b).
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Fig. 9.3. Temperature dependence of the real part of the dielectric susceptibility
for szPzS6 crystal at 100kHz (a) and (Pbo,9gGCo,02)2P286 at 10 kHz (b) [242] The

inset shows the ¢(T) ~ T? behavior. Orange lines are the fitting of equation 9.1
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The peak of the real part of the dielectric susceptibility is broad. Moreover, there
are two peaks of the imaginary part of the dielectric susceptibility with a frequency
dispersive behavior, and the temperatures of the loss peaks are around 50 K and 100
K at 100 kHz (Fig. 9.4). Obviously, this is related to compositional fluctuations in
(Pbo.9sGeo.02)2P2S6 crystal. Also, a fast-enough dynamics of local dipoles, and slower
dynamics of noninteracting ones, or weakly interacting nanoclusters, can determine
the broadness of the phase transition induced by Ge impurity with related frequency
—temperature anomalous behavior of dielectric susceptibility that is similar to the one
observed in the case of a crossover between dipole glass and ferroelectric relaxor

[240, 241].
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Fig. 9.4. Temperature dependence of dielectric susceptibility real ¢’ (blue
squares) and imaginary &" (red circles) parts at 100 kHz for
(Pbo_98G60_02)2P286 crystal

As was already found in [171], for (Pb,Sn;.),P»S¢ mixed crystals with
compositions x = 0.61 and x = 0.66, which are close to the transition at zero
temperature from a polar phase (x < 0.7) to a paraelectric one (x > 0.7), the dielectric
susceptibility demonstrates the quantum critical behavior with 7, = 35 K and 20 K,
respectively. Therefore, the study of crystals with higher concentrations of lead was
necessary. The influence of Ge dopants on the quantum paraelectric state of Pb,P,Se

type compounds by studying (Pbg7Sng25Geoos)2P2Se and (Pbg7Sng25Geo os)2P2Ses
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samples has been investigated. In these crystals the Sn** sites were codoped with two
different impurities (Pb*" and Ge*") which have very different influences on the phase
transitions. It is important to realize that Sn substitution has the strongest effect
because the ferroelectric phase transition is induced by the stereoactivity of the Sn**

cation 5s? electron lone pair.

The temperature dependence of the real part of the dielectric susceptibility for
(Pbo7Sn925Ge0.05)2P2Ss and (Pbg7Sng25Geo os)2P2Ses crystals [242] is shown in Fig.
9.5. Susceptibility €' increases continuously with decreasing temperature from room
temperature till 20 K. The dielectric losses have a maximum at low temperature,
around 50 K at a frequency of 100 kHz. The inverse dielectric permittivity 1/&(7)
exhibits the expected non-classical 77 temperature dependence not only in the case of
doped (PbgosGeo.02).P2Ss sample (Fig. 9.3), but it is also observed in mixed crystals
(Pbo.7Sn¢25Ge0.05)2P2S6 and (Pbg 7Sng 25Geo.05)2P2Ses (Fig. 9.5). From this follows that
the ferroelectric quantum critical behavior is relatively insensitive to quenched

disorder in doped samples and mixed crystals.
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Fig. 9.5. Temperature dependence of dielectric susceptibility real part of
(Pbo.7Sng25Ge0.05)2P2S6 (a) and (Pbg 7Sng25Geo.0s)2P2Ses (b) at 10 kHz [242];
orange solid curve is the fitting according to the Barret's equation (1). The
inset shows the reciprocal dielectric susceptibility as a function of the

squared temperature
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By fitting the experimental data [242] of Fig. 9.5 a to Barrett's equation (1) the
next parameters were determined: 7; = 70 K, 7.~ - 4 K, and Ccw = 30670 K. The
observed temperature behavior of the dielectric susceptibility demonstrates that
(Pbo.7Sng25Geo0s)2P2Se crystal obviously undergoes some inhomogeneous polar

ordering at very low temperatures.

Similarly, the temperature dependence of the dielectric susceptibility €'(7T) for
the (Pby 7Sng 25Geo 0s)2P2Ses [242] crystal is shown in Fig. 9.5 b. On cooling from 300
till 20 K both €' and €" increase, their frequency dispersion appears below 70 K [242].
By fitting to the Barret's equation 9.1 (Fig. 9.5 b) it was found that 7, = 55 K, 7.~ -
6 K, and Ccp = 34260 K [242]. It is seen that in the selenide mixed crystal
(Pbo.7Sng 3),P2Ses the germanium impurity induces inhomogeneous polar ordering at

lower temperatures similarly to the case of the sulfide analogue.

As a whole, according to the results of the dielectric investigations, it can be
concluded that Pb,P,Sg crystals exhibit a quantum paraelectric state. The introduction
of small amounts of germanium dopant provokes the appearance of the ferroelectric
phase. In mixed crystals a very inhomogeneous polar ordering (like dipole glassy or

relaxor state) appears below approximately 70 K.

From the data obtained by the fittings we can see that the €'(7) dependence of
Eq. 9.1, considering quantum fluctuations for Pb,P,S¢c compound, predicts the value
of T. in accordance with 7(y) dependence for (Pb,Sn;.,)>P>S¢ mixed crystals (Fig. 1).
At this, the value of 7} is strongly suppressed in mixed crystals — from 190 K in
Pb,P,Se and 207 K in the case of (Pbg.osGeo.02)2P2S6 to 77 = 70 K in the solution with
x = 0.7. Such decrease of the crossover temperature 7; from classic to quantum
fluctuations behavior can be interpreted as the manifestation of quantum coherence
destruction for the electronic component of spontaneous polarization fluctuations,
that are determined by phosphorous cations P* + P* « P¥ + P> charge
disproportionation. The electronic contribution to spontaneous polarization is
connected to the coherent state of polaronic excitons — small hole polarons in SnPS;
structural groups are coupled with small electronic polarons in nearest SnPS;

structural groups [158, 243]. Obviously such polaronic excitons are strongly bounded
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by defects in mixed crystals what preserves the development of quantum fluctuations

when lowering the temperature.

In Fig. 9.6 the temperature dependencies of real and imaginary parts of dielectric
susceptibility are compared for (Pbg7Sng25Geoos)2P2Ss, (PboosGeon2)2P2Ss and
Pb,P,S¢ crystals [242] in comparison with data [171] for (PbgesSng34)2P2Se and
(Pbo.61Sng39)2P2S¢ mixed crystals. We can see that the dielectric anomalies induced
by the germanium impurity are smeared similarly to the observed anomalies in the
case of (Pb,Sn;.),P,S¢ solid solutions with lead concentration near the threshold
value x, = 0.7. In all three samples a complex thermal evolution of the provoked

inhomogeneous polarization occurs on cooling below 70 K.
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Fig. 9.6. Temperature dielectric susceptibility real (a) and imaginary (b)
parts for crystals Pb,P»Ss, (Pbo,ggGGo,oz)szS@ (Pbo,7sn0,25Geo,05)2st6 [242].
Data [171] for (Pb.61Sno39)2P2Se and (Pbge6Sng34)2P2Ss mixed crystals are

also shown for comparison

In fig. 9.7 (a) we present the experimental thermal diffusivity data for
(Pbo.7Sng25Ge0.05)2P2S6 Ta (Pbo.7Sng25Geo.0s)2P2Ses crystals. Thermal conductivity x
has been retrieved by eq. 6.2. In order to do it we have used the calculated heat
capacities for (Sn,Pb),P,S¢ crystals and the experimental heat capacity from [175]. In
the case of (Pbg7Sng25Geoos)2P2Se mixed crystals the thermal conductivity
temperature behavior (Fig. 9.7 b) is similar to the one observed in case of glassy

materials, what demonstrates an effective phonon scattering in solid solutions with
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sublattice of mixed tin and lead cations. The addition of germanium impurity induces
the dipole glass state. Only a small contribution to thermal conductivity by
germanium addition is observed in the temperature range from 50 K to 120 K. This
has also been confirmed by additional studies of the temperature dependence of the
real and imaginary parts of dielectric susceptibility at different frequencies (Fig. 9.8)
of solid solutions with germanium [237]. Similar behavior is also observed for

(Pbo.7Sng25Geo 05)2P2Ses selenide solid solution.

With the introduction of germanium into the lattice of Pb,P,Se crystal, the
temperature dependence of the thermal conductivity in a wide temperature range
coincides with Eiken’s law, i.e. it is proportional to the inverse of temperature (Fig.
9.7 d). Such dependency gives evidence about the dominant role of three — phonon
scattering processes in the thermal resistivity. In the case of Sn,P,S¢ ferroelectric
phase, the introduction of Ge impurity also improves x ~ T"/ temperature dependence

for the thermal conductivity.
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dependence of thermal conductivity x for Pb,P2Se (1) (Pbo.osGeo.02)2P2S6 (2),

(Sng.95Geo 05)2P2Se (3) and SnyP,S¢ (4) in normal (c) and logarithmic (d)

coordinates. Inset: their x(7*/) dependence. Grey dashed curve shows x ~ T*!
behavior. Data for D is taken from [43, 96, 191]
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susceptibility at different frequencies for: (Pbg7Sng25Geo.0s).P2Se (a, b) and
(Pb()_7Sn0,25G60,05)2P2866 (C, d) crystals

For (Pbg.osGeo.n2)2P2Se crystal the thermal conductivity at low temperatures is
bigger than in the case of pure Pb,P,Ss crystal (Fig. 9.7 ¢, d). This is related to the
induction of polar clusters of the ferroelectric phase when doping with Ge. The
dielectric susceptibility of such clusters is smaller than the susceptibility of the
paraelectric phase and the frequency of the lowest energy soft polar optic mode near
the Brillouin zone center is elevated. The growth of the soft optical mode frequency
diminishes the probability of the optical phonon resonance scattering by acoustic

phonons [244, 245]. At low temperatures heat is transferred by acoustic and lowest

frequency optical phonons. Acoustic phonons with small wave numbers are involved
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mostly in normal scattering (N — process) that doesn’t contribute to thermal
resistivity. The phonons from the optical branch near the BZ center also participate
in Umklapp scattering (U — process) by lattice imperfections, which provide an
effective thermal resistivity. So, the hardening of the optical branch lowers the
population of the optical phonons and increases the thermal conductivity of

(Pbo.9sGeo 02)2P2Se crystal at very low temperatures (Fig. 9.7 c, d).

The explanation given above agrees with the comparison of the changes in the
temperature dependencies of dielectric susceptibility and thermal conductivity
induced by germanium (Fig. 9.9). On cooling below 100 K, the difference in thermal
conductivity between (PbgosGeon2).P2S¢ and Pb,P,S¢ crystals rapidly rises, and
oppositely — dielectric susceptibility of (PbgosGeo2)2P2S¢ crystal quickly lowers
relatively to Pb,P,S¢ crystal susceptibility. Such low temperature evolution of the
dielectric susceptibility induced by germanium impurity reflects the hardening

(frequency increase) of the lowest polar optic mode near the BZ center.
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Fig. 9.9. Temperature dependence of thermal conductivity and dielectric
susceptibility [242] difference for (PbgosGeo 02)2P2S¢ and Pb,P,Se crystals.
Data for D is taken from [191]

As has already been told in chapter 8, in order to build a 7 - 4 diagram for
(Pb,Sn;,),P>Ss crystals, the parameter 4 depends on the change in the difference

between the central and side minimum in the local potential, which occurs at the
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change in tin/lead concentration in the cation. Thus, the quantum anharmonic
oscillator model [158] can be used to determine the coordinate of the virtual
“Ge,P2Se”, which allows us to determine the shape of the local potential. In this
model, the real crystal lattice is represented as a system of one-dimensional

interacting quantum anharmonic oscillators.

The local potentials of quantum anharmonic for Pb,P,Ss, Sn,P,S¢ and virtual
“Ge,P,Se” crystals, which were determined by a methodology described earlier [158],

are shown in Fig. 9.10 a. They are characterized by the below listed frequency o,

hao, .

temperature 7, and values of zero-point energy k, = >

szPzS6Z o ~ 47 Cl’l’l'l, T.=72 K, Ey=0.003 CV;
SnyP»>Se: g = 60 Cl’l’l'l, T.~ 86 K, E)=0.004 CV;
GeyPrSe. g = 80 cm‘l, T.=115 K, Ey=0.005¢eV.

The shape of the local potential favors an off - center displacement of Sn?*
cations in Sn,P,S¢ or Pb** cations in Pb,P,Se crystal lattice that induces a local electric
dipole. The local dipoles at a given inter-cell interaction J cannot be ordered down to
the lowest temperatures in the case of Pb,P,S¢ crystal, but here the ferroelectric
ground states may be reached via chemical substitution of lead cations by tin or

germanium cations.
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Fig. 9.10. The QAO local potentials at 7= 0 K and their lowest energy levels
for crystals Pb,P,S¢ (1), Sn,P2Se (2) and for virtual crystal “Ge,P,S¢” (3) ().

The phase transition temperature as a function of 4, calculated in the mean -
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field approximation on the BEG model [158] (b). Solid line denotes first
order and dashed one second order phase transitions. Blue triangle shows

tricritical point, orange star shows quantum point

At low temperatures for ferroelectrics the quantum fluctuating electrical dipoles
are coupled to the elastic steps of freedom. The quantum critical phase in three
dimensional space d is evident by the fact that the dielectric susceptibility depends on
both the static and dynamic (frequency dependent) properties of the system, which
results for multiaxial ferroelectrics, like perovskite SrTiOs, in a unity rise of effective
dimension — dess=d + 1 =4 [246, 247]. In the uniaxial ferroelectrics apart from short
range interactions, the long range anisotropic electrical dipole interactions provide a

further unity increase in the effective dimension to degr=d + 2 = 5 [248, 249].

For SrTiOs; below 25 K a nonmonotonic temperature dependence of the
dielectric susceptibility arises from optic and acoustic phonon coupling
(electrostriction) [250]. The upturn in the inverse susceptibly occurs when T is less
than 10% of T, where T is the temperature associated with the soft transverse optical
phonon frequency ® at the Brillouin zone (BZ) center in the zero-temperature limit.
This means that the fit of the dielectric susceptibility data to a quantum criticality
model without taking into account the electrostrictive coupling is appropriate only for

T> 0.1*T\. This condition is fulfilled for Pb,P,S¢ crystal where 0.1 7, = 7 K.

In Fig. 9.11 the measured dielectric susceptibility 1/e'(T) over the range 27 — 80
K for Pb,P,S¢ crystal in different temperature scales is shown. From the comparison
of Fig. 9.11 a and Fig. 9.11 b, it is seen that 1/¢’ varies as T” in the region 27 - 80 K
and doesn’t satisfy the 7° quantum critical behavior. Above 80 K this crystal exhibits
classical Curie-Weiss behavior (Fig. 9.11 c, d). We emphasize that for Pb,P,Se crystal
the critical exponent is close to y = 2.0, that is calculated and observed for multiaxial
quantum critical systems like SrTiO; [246, 247], and does not follow the theoretically
predicted for uniaxial ferroelectrics value y = 3.0 [248, 249] which have been

experimentally found in the case of BaFe 2019 and SrFe ;09 crystals [248].
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The 1/77 low temperature variation found for the dielectric susceptibility of
Pb,P,S¢ close to the quantum critical point instead of the expected uniaxial behavior
of 1/T° can be explained at first glance by a screening phenomenon in semiconductor
materials of the Sn(Pb),P.S(Se)s system which weakens the electric dipole
interaction. Such explanation is seen as appropriate for the above discussed critical
behavior near the Lifshitz point in SnyP2(Sep 25S0.72)s mixed crystal, which agrees with
the theoretically predicted for systems with short — range interactions [43, 191]. But,
for Pb,P,S¢ crystals at low temperatures, the electric conductivity is very small (below
10" Om™! ecm™ [251]) and screening effects can’t be effective with a low

concentration of the free charge carriers.
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Fig. 9.11. Reciprocal dielectric susceptibility of Pb,P,S¢ crystal as a

function of temperature in different scales

As was already shown for Sn,P,S¢ crystal in fig. 8.6 a, for Pb,P,S¢ crystal (Fig.
9.12) the soft optic branch in the paraelectric phase is also flat: soft phonons
frequency slightly changes with the increase of wave number and moves from the BZ
center to the edge, where the crossing with acoustic phonon branches occurs [185].
On cooling to the continuous phase transition temperature 7y = 337 K for Sn,P»Se
crystal, in addition to the development of polar fluctuations near the BZ center, the
antipolar fluctuations also strongly develop in the paraelectric phase. In the previous
chapter we have shown that here the critical behavior can be described as a crossover
between Ising and XY universality classes, what 1s expected near bicritical points
with coupled polar and antipolar order parameters and competing instabilities in the

reciprocal wave vectors space. A similar situation obviously exists in the quantum
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paraelectric phase of Pb,P,S¢ crystal, where on cooling down to 0 K the flat optic
phonon branch softens across wide reciprocal space in Brillouin zone. Besides, the
long wavelength polar fluctuations grow together with a development of short
wavelength antipolar fluctuations and, therefore, their nonlinear coupling can modify

the quantum critical behavior.

o (THz)

Qb
Fig. 9.12. Acoustic and soft optic phonon branches, calculated by GGA
approach of DFT for Pb,P,S¢ [158]
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Fig. 9.13. T — x — y — z phase diagram for mixed crystals in Sn(Pb),P,S(Se)s system
[56]. Dashed lines show the second order PTs, solid lines demonstrate the first order
PTs. Blue spheres show the phase transitions in crystals with germanium according
to data [191, 198] and own experimental data presented above. For crystals with
quantum paraelectric state determined by equation 9.1 values of 7, (brown spheres)

and 7, (violet triangles) are shown. Black rhombs denote quantum point (QP) and
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quantum critical point (QCP). Paraelectric (P), ferroelectric (F) and incommensurate

(IC) phases are also shown.

In Fig. 9.13 the T— x — y — z diagram for Sn(Pb),P,S(Se)s compounds is shown.
Such diagram contains the information about the crystals with germanium. It is well
seen that an increase in the Ge impurity decreases the width of the incommensurate
phase. Our experimental data on (Sng 9sGeo 05)2P2(S€0.5S0 5)s crystal probably confirms
it as at this concentration of selenium there is no any phase separation. In the cation
sublattice germanium can only be introduced up to a certain quantity which
corresponds to a solubility limit [200]. Thus, it is impossible to check it

experimentally.

9.5. Conclusions

The dipole ordering temperature of Sn(Pb),P,S(Se)s materials may be tuned
by chemical substitution realizing a ferroelectric quantum phase transition and
quantum glassy or relaxor type phenomena in different parts of the phase diagram.
The introduction of Ge impurity initiates several important phenomena: it increases
the temperature of the phase transitions and improves the spontaneous polarization
in the crystal; it doesn’t shift the coordinate of the Lifshitz point yrp in SnoP2(Se,Si.
»)s mixed crystals; it initiates a more pronounced critical anomaly in Sn,P,Se
crystals; it induces the appearance of a phase transition in the quantum paraelectric
Pb,P,Ss and inhomogeneous polar ordering in (Pbg7Sng3),P2S(Se)s crystals. The
quantum fluctuations are destroyed in the mixed crystals, what follows from the
comparison of the low temperature behavior of the thermal diffusivity and the

complex dielectric susceptibility at different frequencies.



195

Conclusions

In what follows, the most important results obtained in the study of the thermal
properties and the critical behavior of the continuous second order PTs of
MM'P,(S,Se)s (M, M' = Cu, Ag, In, Bi, Sn, Pb) phosphorus chalcogenides by means

of ac photopyroelectric calorimetry are presented:

1. It is found that in phosphorous layered crystals (Cu,Ag)"(In,Bi)**Py(Se,S)s, at
temperatures higher than the Debye temperature the thermal conductivity reaches
extremely low values (= 0.2 W m! K!) due to a strong anharmonicity of the
crystal lattice caused by the relaxation of the lone electron pairs of stereoactive
M?** cations, the strong interaction between the soft optical and acoustic phonon
branches, and the presence of a second order Jahn-Teller effect for copper cations.
Significant thermal anisotropy was detected in the investigated layered ferroics,
where the heat is transferred up to six times better along the structural layers than
across them.

2. The thermal diffusivity data in CuBiP,Se¢ crystal confirm the presence of an
intermediate structure-modulated phase between the low temperature
antiferroelectric phase and the high temperature disordered one.

3. The substitution of copper by silver 10% in CulnP,S¢ changes the character of the
PT from first order to second order. Such substitution also reduces the PT
temperature by 30 K and frustrates the anomaly of thermal diffusivity, making it
broader and shallower.

4. The results on the experimental research of thermal diffusivity for solids (Sn;.
Pby)2P2(S,Sei.,)s with lead concentration x = 0.1, 0.2, 0.3 and selenium y = 0.2
indicate that the partial substitution of tin by lead (between x = 0.1 and 0.2) has
the consequence of changing the second-order PT line to a first-order PT line,

which agrees with the theoretical predictions for the Blume-Emery-Griffiths



196
model, which describes the temperature-concentration (pressure) phase diagram
for three-well potentials with spontaneous polarization fluctuations.

. The obtained value of the critical exponent a = 0.085 for
(Sno9Pbg.1)2P2(Seo2Seos)s crystal indicates that the introduction of lead in the
cationic sublattice leads to the appearance of strong random field defects which
provoke the disappearance of the TCP; at decreasing the transition temperature to
Trcp, the nature of the first order PT is manifested. As a result, the critical behavior
cannot be considered within the Tricritical universality class, and a Mean Field
model is instead of application.

. The topology of T'— x — y phase diagram in the vicinity of tricritical Lifshitz point
for (Pb,Sni.,),P2(Se,Si.c)s solid solutions is established. Such diagram can be
described with the combination of Blume-Emery-Griffiths model, which explains
the TCP appearance at substitution of tin by lead in cationic sublattice, and the
ANNNI model, which explains the appearance of Lifshitz point as well as the
incommensurate phase at substitution of sulphur by selenium in anionic
sublattice.

. It is shown that the critical behavior of the anomaly of the inverse thermal
diffusivity near the continuous PT in Sn,P,Se crystal is well described as a
crossover between Ising and XY universality classes, which is expected near a
bicritical point with coupled polar and antipolar order parameters with the values:
axy = - 0.0092 £ 0.0008 below T and a;sivg = 0.1049 + 0.0066 above Ty.

. A substitution of the stereoactive tin cations by the more stereoactive germanium
cations in (Sn Pb),P,(S,Se)s compounds increases their thermal conductivity due
to the increase of frequency of the lowest polar optic mode near BZ center which
in turn diminishes the probability of the optical phonons resonance scattering by
acoustic phonons. In (Pbg7Sng25Geo.05)2P2S(Se)s and (Pbg 7Sng 25Geo.05)2P2S(Se)s
solid solutions germanium induces the dipole glass state in the temperature region

of quantum fluctuations (at 7' < 50 K).
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Summary in Spanish / Resumen en Castellano

“Transporte térmico y transiciones de fase en calcogenuros
fosforosos MM'P2(S,Se)s (M, M' = Cu, Ag, In, Bi, Sn, Pb)”

Esta tesis doctoral se ha realizado en el marco de un acuerdo de cotutela
internacional entre la Uzhgorod National University, Uzhgorod, Ucrania y la
Universidad del Pais Vasco-Euskal Herriko Unibertsitatea, habiendo realizado el
estudiante Vitalii Liubachko una estancia en la UPV/EHU de un total de 19 meses,
en dos fases separadas en el tiempo (10 meses mas otros 9) con el soporte econdémico
de la Unién Europea a través del programa ERASMUS MUNDUS ACTIVE (primer
periodo de estancia) y de la UPV/EHU a través de una beca del programa de
cotutelas internacionales (segundo periodo de estancia). El resto del tiempo el
trabajo se ha desarrollado en Ucrania.

Los materiales objeto de estudio son dos familias de calcogenuros fosforosos,
una de multiferroicos que se disponen en capas bidimensionales M "M¥* [P, Xs]* (M!*
= Cu, Ag; M*" =1In, Bi; X =S, Se) y otra de calcogenuros tridimensionales (Pb,Sn.
+)2P2(Se,S1.)s. En el caso de los materiales en capas, el objetivo principal es estudiar
sus propiedades térmicas en funcion de la temperatura (de 20 a 350 K) focalizando la
atencion sobre la posibilidad de obtener conductividades térmicas ultrabajas. En el
caso de los tridimensionales, estudiar también la evolucion de las propiedades
térmicas para, en este caso, analizar el comportamiento critico de las transiciones de
fase ferroeléctricas y su evolucion con las sustituciones de Sn por Pb. También se ha
analizado este comportamiento si se afiaden ligeros dopajes de Ge.

El interés del estudio tanto experimental como tedrico de las propiedades fisicas
de cristales calcogenuros con estructura bulk o en capas y que presentan polarizacion
espontanea tiene importancia, en primer lugar, desde el punto de vista del avance en

la Fisica de la Materia Condensada y, en segundo, por sus posibles aplicaciones en
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la creacion de una tecnologia de fabricacion de materiales ferroicos de baja
dimensionalidad para integrarlos en heteroestructuras con materiales tipo grafeno que
puedan ser utilizados esencialmente en nuevos elementos funcionales biestables para
eléctronica de ultra-alta densidad y alta velocidad.

Los dos primeros capitulos de la memoria son capitulos que contextualizan el
trabajo experimental que se describe en los capitulos 6 al 9. El capitulo uno contiene
una descripcion general de los procesos de transferencia de calor, introduciendo las
definiciones de las variables térmicas que se van a manejar en la memoria. El
capitulo dos describe con todo detalle las técnicas experimentales utilizadas y su
fundamento teorico. La técnica basica utilizada ha sido calorimetria fotopiroeléctrica
ac y en todos los casos se han utilizado monocristales de alta calidad para los
estudios.

El capitulo tres desarrolla la teoria del comportamiento critico de transiciones
de fase continuas (segundo orden), empezando por la teoria clésica de Landau y las
correcciones aplicadas a la misma con el fin de considerar fendmenos tales como
fluctuaciones del parametro de orden, presencia de interacciones dipolares fuertes,
contribucidn anadida de defectos cargados, etc. Se describen los limites de esta
teoria clasica y se pasa a describir la teoria moderna del comportamiento critico,
basada en el desarrollo de los hamiltonianos que incluyan las interacciones
relevantes en la transicion y la obtencidn por diferentes métodos (el mas relevante
de los cuales es la teoria de grupos de renormalizacion) del comportamiento singular
de diferentes variables fisicas, como el calor especifico o la difusividad térmica. Se
obtienen asi las diferentes clases de universalidad, donde cada una tiene un conjunto
particular de exponentes criticos, susceptibles de ser evaluados experimentalmente.
Asi, una vez que obtengamos las curvas experimentales, las ajustaremos a los
diferentes modelos tedricos con el fin de extraer conclusiones sobre los mecanismos
fisicos relevantes en la transicion. La magnitud experimental utilizada para dichos
ajustes ha sido en todos los casos el inverso de la difusividad térmica, cuyo

comportamiento critico es andlogo al del calor especifico en estos materiales. Se



227
plantea también en este capitulo el estado del arte del comportamiento critico de la
familia (Pb.Sni.,),P2(Se,S1.))s.

Las peculiaridades de la estructura cristalina, la influencia en las propiedades
fisicas de la sustitucion de atomos en las redes catidonica y anionica de los tio y
selenofosfatos bidimensionales M'"M>**[P,X;]* han sido considerados en el capitulo
cuatro. La segunda parte de este capitulo estd dedicada a la descripcion de las
propiedades fisicas de cristales en capas bidimensionales, a saber dieléctricas,
piezoeléctricas, ultrasonicas y térmicas.

El capitulo cinco contiene una breve revision de las propiedades fisicas
(térmicass, Opticas, elasticas, acusticas y dielétricas) de las soluciones solidas
cristalinas (Pb,Sn),P»(Se,S)s, lo que permite describir el muy complejo diagrama de
fases temperatura-concentracion. Con el fin de entender mejor la evolucidén del
caracter de la transicion de fase al sustituir elementos quimicos en las subredes
anidnica y catidnica, se hean considerado tres diagramas de fase independientes para
Sn,P>(Se,Si.)s, (PbeSni—)2P2S¢ and (Pb.Sn;-.),P>»Ses. Se ha prestado especial
atencion a los puntos multicriticos que aparecen en el diagrama de fases,
dependiendo del cambio, bien en la composicion quimica, bien en la presion. Se ha
considerado la influencia del Pb en la posicion de la temperatura de la transicion
ferroeléctrica asi como en la forma de lass anomalias criticas en los cristales Sn,P»Se
y Sn,P,Ses. Por ultimo, se han presentado los estudios sobre propiedades fisicas en
Sn,P,Se dopado con Ge.

Los restantes cuatro capitulos estan dedicados a la presentacion de resultados y
a la interpretacion de los mismos. Asi, el capitulo seis esta dedicado a los materiales
bidimensionales en capas M "M*'[P,Xs]*, donde se ha estudiado el efecto en sus
propiedades térmicas de la sustitucidon de atomos en las subredes anidnica y
cationica, encontrando ademds una anisotropia muy significativa en dichas
propiedades, sean medidas sobre las capas bidimensionales o perpendiculares a
cllas. Ademas, se han estudiado con detalle las transiciones de fase ferroeléctricas
en las composiciones que las presentan. Se han desarrollado calculos tedricos de

espectros de fonones para cada cristal estudiado, utilizando teoria de densidad
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functional (functional density theory), obteniendo la capacidad calorifica que,
combinada con la difusividad térmica medida, nos ha permitido extraer la
conductividad térmica desde baja temperatura hasta por encima de temperatura
ambiente en todos los casos, obteniendo valores ultrabajos que han sido justificados
por la presencia de una fuerte anarmonicidad de la red cristalina creada por la
relajacion de los pares de electrones aislados de los cationes estereoactivos M>*, la
fuerte interaccion entre las ramas de fonones Opticas y acusticas y por la presencia
de un efecto Jahn-Teller secundario de los cationes de cobre,

En el caso particular de CuBiP,Ses, los datos de difusividad térmica confirman
la presencia de una fase intermedia modulada entre la fase antiferroeléctrica de baja
temperatura y la fase desordenada a alta temperatura. También se ha observado que
la sustitucion de cobre por plata en un 10% en CulnP,Se cambia el caracter de la
transicion de fase de primer orden a segundo orden, reduciendo la temperatura critica
en 30 K y frustrando la anomalia critica en la difusividad térmica, haciéndola mas
ancha y menos picuda.

En el capitulo siete se presentan, en primer lugar, las curvas de difusividad
térmica en funcion de la temperatura para (Pb,Sn;.)2P2(Se€02S05)s con x = 0.1, 0.2,
0.3 y para (Pbg0sSno.0s)2P2(Se,Si.,)s con y = 0.4, 0.5. Se ha considerado la sustitucion
de estafio por plomo con el fin de intentar obtener un punto tricritico. Los exponentes
criticos obtenidos tras el ajuste de las curvas se han comparado con las diferentes
clases de universalidad aplicables a ferroeléctricos. Al incrementar la concentracion
de Pb en (Pb,Sn;.,)2P2(Se2S035)s se ha comprobado una tendencia al cambio desde
la clase de universalidad Lifshitz hacia el modelo de Campo Medio en lugar de a
una clase de universalidad tricritica, lo que ha sido explicado sobre la base del
modelo Blume-Emery-Griffiths model (modelo BEG) con influencia de defectos de
campo aleatorio. Dicho modelo describe el diagrama de fases temperatura-
concentracion-presion para el caso de potenciales de tres pozos con fluctuaciones de
la polarizacion espontanea.

El capitulo ocho esta dedicaddo al comportamiento critico de SnyP»Se, que

puede ser descrito como un “crossover” entre las clases de universalidad Ising y XY,
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lo que es esperable cerca de puntos bicriticos con parametros de orden polar y
antipolar acoplados e inestabilidades que compiten en el espacio g. Se ha propuesto
un diagrama de fases mejorado 7' — x — y para los ferroeléctricos Sn(Pb),P,S(Se)s
que combina una linea de puntos de Lifshitz, una linea de puntos tricriticos y un
punto de Lifshitz tricritico. Este complejo diagrama de fases puede ser descrito en
un modelo BEG-ANNNI combinado. Aqui es esperable la presencia de un estado
“caodtico” acompafiado de la coexistencia de una fase ferroeléctrica, otra
paraeléctrica metastable y una tercera modulada.

Por ultimo, el capitulo nueve estd dedicado a las propiedades térmicas y
dieléctricas de cristales (Pb,Sni,),P2(Se,S)s dopados con Ge. Se presenta la
dependencia de la difusividad térmica con la temperatura para
(Sn0.95G60.05)2P2(S60.230.8)6, (Sn0.95Geo.05)2P2(S60.430.6)6, (Sn0.95G60.05)2P2(SCO.5So.5)6,
(Pbo7Sng25Ge005)2P2Ss vy (Pbo7Sng25Geoos).P2Ses. La dependencia de las
susceptibilidades dieléctricas con la temperatura ha sido analizada usando el modelo
de Barrett, mostrando la presencia de un estado paraeléctrico cuantico en Pb,P,Ss.
También se ha obtenido la conductividad térmica para los cristales con Ge y se ha
comparado con la de las mismas muestras sin dopar. La presencia de germanio
incrementa la conductividad térmica debido al incremento de la frecuencia del
menor modo optico polar cerca del centro de la zona de Brillouin lo que, a su vez,
reduce la probabilidad de que haya scattering resonante de los modos 6pticos por los
acusticos. En el caso de (Pby7Sn25Geo05)2P2S(Se)s y (Pbo.7Sn25Geo05)2P2S(Se)s se
ha demostrado que la presencia de Ge induce un estado vitreo dipolar, de acuerdo
con los datos de susceptibilidad dieléctrica.

La memoria finaliza con la exposicion de las conclusiones principales
derivadas del estudio completo, resumiendo, recogiendo y relacionando las
conclusiones planteadas al final de lass discusiones dessarrolladas en cada uno de
los cuatro capitulos (seis a nueve) que contienen el trabajo de investigacion
realizado.

Todo este trabajo ha dado lugar a 5 publicaciones en revistas del Journal

Scitation Index y una mas esta ya enviada (en el momento de redactar esta memoria)
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y en proceso de revision. Ademas, se han presentado siete comunicaciones en

congresos internacionales y otras cinco en nacionales.
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Huceprariiiina poOoTa TpPHUCBSIYEHA KOMIUIEKCHOMY JOCTIIPKEHHIO BIUIHBY
KaTIOHHOT'O Ta aHIOHHOTO 3aMILICHHsS] aTOMIB Ha TEPMOJMHAMIYHI BJIacTUBOCTI 2D
(Cu,Ag)"(In,Bi)**Px(Se,S)s Ta 3D Sn(Pb),P,S(Se)s  dhochopoBMicHUX
XaJIbKOTeHITHUX KPUCTAIB y IIMPOKIN TeMmepaTypHiil 001acTi Ta, 30KpeMa, B OKOJI1
CTPYKTYpPHHX dazoBux TIepexo/IiB 13 3aCTOCYBaHHSAM METOJUKH
dbotomipoenekTpuyHoi kamopumetrpii (PIIEK) y xoudiryparii 3BOpOTHOTO

JACTCKTYBAaHHS.

Y mepmomy po3aisli po3risHyTI OCHOBHI TEIUIOBI BJIACTHUBOCTI MaTepiaiB:
TeryoBa nudy3is, TeII0Ba 1HEPIIis, TETIOEMHICTh Ta TEIJIONPOBIAHICTE. [IpuBeneHo
JETAIbHUN OMHMC METOAMKH, sika Oe3MocepeIHb0 Oyila BUKOpUCTaHA JJIsi BUBUEHHS
teroBux BiactuBocted TBepaux Tu1 (DIIEK y koHpiryparii 3BOpOTHOTO
JNETeKTyBaHHs). Y JpYrid 4YacTUHI PO3AUTYy PO3MNISIHYTI €KCIepUMEHTaIbHI
YCTaHOBKH, Ha SIKWX TIPOBOJIMIIUCS BUMIPIOBaHHS TETUIOBOI MU(DY3ii TOCHTIIKYBaHUX

CErHETOEJIEKTPUYHHUX KPUCTAIB.

JApyruii  po3misi  TpUCBSIYEHUN  JOCTI/DKEHHSAM  TeIUIoBOi  audys3ii  Ta
TEIUIONPOBIAHOCTI IBOMIpHMX MIapyBaTHX XanbkKoreHimiB M!"M*'P,(Se,S)s (M!'" =
Cu, Ag; M*" = In, Bi). Po3risHyTi 0COOIMBOCTI KPUCTAIIYHOI CTPYKTYPH, BILIUB
3aMIIlEHHs] aTOMIB y KaTiOHHIM Ta aHIOHHINW MiArpaTkax Ha (i3U4YHI BIACTHBOCTI,
BiJ[3HAYEHO CYTTEBY aHI3OTPOMII0 TEIJIOBHX BJIACTUBOCTEH y IMX IIapyBaTHX

Kpuctayiax. Takox AeTanbHO po3rsiHYTI (ha3oBi nepexoau (PII) y kpucranax, y skux



BOHU MaJId Miclie. Y IbOMY O3/l ONMMCaHa METOIUKA PO3paXyHKY (DOHOHHOTO
CIIEKTpa 3 BHKOPUCTAaHHSM Teopii ¢yHKI[IOHATa TYCTUHM Ta TNpeACTaBJeHI
pe3yNbTaTd TEOPETUYHHUX PO3PAXYHKIB GOHOHHUX CHEKTPIB Ui  KOXKHOTO
JOCJTIIKYBaHOTO KpUCTaja, aHalli3 SKUX JI03BOJISE Y TTIOBHIM Mipi 3p03yMITH IPUUUHU
HU3bKOI TeruionposinHocTi. [IpoBeneno pospaxyHok TtemmepaTyp JeOasi, 1OBKUH
BUJIBHOTO MPOOIry Ta CEpeaHIO0 T'PYyMOBY IIBUIKICTh TEIJIOHECYYHUX AKyCTHUHUX
dbononiB. JlaHi, OTpUMaHI Ha OCHOBI EKCIHEPUMEHTAJIbHUX JOCIIKeHb Ta
TEOPETUYHUX PO3PAXYHKIB JO3BOJISIIOTH TMOSCHUTH SIK CaM€ 3aMiHa XIMIYHHX
€JIEMEHTIB Y KaTIOHHIM Ta aHIOHHIM MiJIpaTKax BIUIMBAE HA 3MiHY TEIJIO(MI3UIHUX
BJIACTUBOCTEM.

Y TperboMy Ppo31iJi MPUBENCHO KOPOTKUI TEOPETUYHUHN OIS (HiI3UIHHX
BJIACTUBOCTEN (TEIJIOBUX, ONTUYHUX, €IACTUYHUX, aKYCTUYHUX Ta J1EJIEKTPUUHHUX )
TBEpIUX PO34MHIB cimeicTBa kpuctaiiB (Pb,Sn),P,(Se,S)s, mo mo3Bomsie onucatu
ixHIO (a30By jiarpaMmy TeMIlepaTypa-KOHUEHTpauid. s Kpamoro po3yMiHHS
eBontomii xapaktepy DIl mpu 3aMilleHHI XIMIYHMX €JEMEHTIB y KaTIiOHHIA Ta
aHIOHHIN MATpaTKax OKPEeMO pO3MISIHYTO Tpu miarpamu  SnpPa(SecSi)s,
(Pb,Sn;-,),P»Se Ta (Pb,Sn;-,),P>Ses. OcobnuBy yBary npuaiieHO MyIbTUKPUTHYHUM
TOUKaM, Kl 3 SBISIOTHCA Ha (Da3oBiil Aiarpami B 3aJ€KHOCTI BiJ 3MIHH XIMIYHOTO
Ckiaay abo CTUCHEHHs. PO3risiHyTI OCHOBHI Teopii, fIKI OMUCYIOTh KPUTHUHY
MOBEJIIHKY, a caMe KiacudHa Teopis Jlanmay, sika 0Oa3yeTbcsi Ha HaOMMKEHHI
CEpPeNHBOrO TIOJISI Ta JESKI BIIXWICHHS BiJ Hei, M0 MOXYTh BHUHHUKATH B
JOCIIIJIKYBAaHUX CETHETOEIEKTPUYHUX KPHUCTANaX, 1 BPaXOBYIOTb MOJIMBY IOSIBY
p13HUX GIYKTyalllMHUX €(EeKTiB Ta BIUIMBU JAE(EKTIB, SIKI MOXKYTh CIIPUUYMHUTH TaKe
BiaxuieHHs. OCHOBHOI yBaru 3aciiyrOBy€ Cy4yacHa TE€Opisli KpUTHUHOI MOBEIIHKH B
paMKax Teopii peHOPMIPYIL, sika OyJia creriaabHO po3po0iieHa A TUX BUMTAIKIB, 1JIS
AKUX KJacHMyHa Teopis He TMpalloe HaJIeKHUM YWHOM. ExcnepuMeHTaIbHO
nociijpkeHa Ternaosa augysisa kpucrtanis (Pb,Sni.,)2P2(Seo2S08)s 3y =0.1, 0.2, 0.3 Ta
1151 (PboosSng9s)2P2(SexS14)s 3 x = 0.4, 0.5. Po3risiHyTO BIUIMB 3MIIIEHHS OJIOBA
cBuHeM s oTpumanHa TpukputudyHoi Touku (TKT) Ha ¢asosiit miarpami.

OTpuMaHi KPUTHUYHI 1HIAEKCH MOPIBHIOBAIUCA 3 TEOPETUUYHO MepeadadYeHUMU s
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JTAHOTO KJIACy CerHeTOeNeKTpUKiB. HabmKeHHs 3HaueHHS KpUTUYHOTO THAEKCY o 10
MOJIEJl CEpPEelIHbOTO TMOJsl HATOMICTh TPHUKPUTUYHOTO KJacy YHIBEpCAIbHOCTI
nosicieHe Ha ocHoBl mojen bmome-Emepi-I'pibditca (momeni BEI') 3 BrumBom
neeKTiB TUITYy «BUIAIKOBE MOJIE).

YerBepTHii PO3AlJI NPUCBIYCHUN BUBYEHHIO CTATUYHOI Ta JIUHAMIYHOI
KPUTHYHOI NoOBeNIHKM KpucTaniB (Pb.Sni.):P2(Se,Si,)s y pamkax xomMOiHOBaHOI
moaeini BEI' — ANNNI 3 tpuktputnaaoro Toukoro (TKT) ta Toukoro Jlidmms (TJI).
VY pamkax Takoi 00’€JHaHOT MOJEJIl TOSICHEHE OTPUMAHHS MYJIBTUKPUTHYHOI TOYKU
BUIIIOTO TOPSIAKY - TpUKpUTHUHOI Touku Jlipmmis (TKTJI), ska BuHHMKae mpu
OJTHOYACHOMY 3aMiIlIEHH1 XIMIYHUX €JIEMEHTIB y KaTIOHHIN Ta aHIOHHIN MiATpaTKax.
[Tokazano, mo Hwkue Temneparypu TKTJI, sika Moxke po3risiiaTUCh SK KiHIIEBa
Touka JiHii Jipmuis cTae MOXKIMBUM YyTBOPEHHS TaK 3BaHOTO XaOTHYHOTO CTaHY, Y
SKOMY  MOXIIMBE  CIHIBICHYBaHHS  CETHETOCJNEKTPUYHOI,  METacTaOUIbHOI
napaejeKTpUUHOI Ta MOy Ib0BaHOi (pa3. OcoOauBYy yBary mpuaijIeHO A0CIIIKEHHIO
KPUTHUYHOT TOBEAIHKH KpucTtamy SnoP»S¢. PosrmsnHyTi B KOMIUIEKCl gaHi 3
pO3CitoBaHHS HEWUTPOHIB, AUQY31MHOTO PEHTTeHIBCHKOTO PO3CIIOBaHHSA, a TaKOX
JENEKTPUYHHUX BJIIACTUBOCTEH Ta METEIb TICTEPE3UCY Pa3oM 13 KaTIOPUMETPUUHUMHU
JAHUMH JTO3BOJIMJIM 3pOOUTH TPUITYIIEHHS MIOAO0 OJIM3BKOCTI LBOTO MEPEXOAY A0
TETPAKPUTUYHOI TOYKH, fAKA 3'SIBISETHCS BHACIIJOK B3a€EMOAII MK JBOMA
napaMeTpamu HOpSAIKY, OB'SI3aHUMU 3 TOJISIPHUMHU (IYKTyaIisiMu 01151 HEHTPY 30HU
bpuntoena Ta a"THUnOMSIpHUMHU  (IyKTyalisiMd O HOTro Kpar, sKa MOXKe
€BOJIIOIIIOHYBATH 10 OIKPUTHUYHOI TOYKHW MPU JOCUTH CUJIbHIN B3a€MOJIIi 3rajaHux
napaMeTpiB HOPSAAKY.

Jlpyra dyacTuHa IHOTO PO3JAUIY MPHUCBAYEHA BIUIMBY 3aMIlIEHHS OJIOBA
repMaHieM Ha TEIJIOBI Ta J1€JEeKTPUUHI BiIacTuBOCTI kpuctainiB (Pb,Sn;.,).P2(Se,S)s.
TyTr mnpuBeneHi TeMIepaTypHi 3alleHOCTI TEIUIOBOI AUQyY3ii s KpUCTaliB
(Sn0.95Geo.05)2P2(S60.230.8)6, (Sn0.95Geo.05)2P2(S60.430.6)6, (Sn0.95G60.05)2P2(SCO.5So.5)6,
(Pbo.7Sn0.25G€0.05)2P2S6,  (Pbo.7Sno25Ge005)2P2Ses Ta  (Sno.osGeoos)aPaSes.  Anamis
TEMIIEpATypHUX  3aJEKHOCTEH  JIENeKTPUYHOI CHPUMHATIMBOCTI, pa3oM 13

KaJIOpUMCTPUIHUMHU JTaHUMH I110Ka3aJIn HasIBHICTH KBaHTOBOTO NapacjaCKTPUIHOTO



craHy y kpuctranax tuny Pb,P,Se. IlpoBeaene mocmimkeHHS TEIIONPOBITHOCTI

KPHUCTAJIIB 13 BMICTOM r'epMaHiio Ta iXHe MOPIBHIHHS 3 KpHCTajgamMu 0e3 Horo BMICTY.

KirouoBi cioBa: ¢Gepoiku, cerHeTOeNeKTPUYHI KpUCTalu, (Pa3oBi mepexoau,
doromipoenekTpuyHa KaJOpUMETpis, TerioBa audy3is, TEIIONPOBIIHICTS,

KPUTHYHA NIOBEIIHKA, AaHTAPMOHI3M.



ABSTRACT

LIUBACHKO V. Yu. Thermal transport and phase transitions in MM'P,(S,Se)s
(M, M' =Cu, Ag, In, Bi, Sn, Pb) phosphorus chalcogenides. — Manuscript copyright.

Thesis for the Candidate of Physics and Mathematics Sciences Degree (Doctor
of Philosophy), specialty 01.04.10 — physics of semiconductors and dielectrics. State
Higher Institution “Uzhhorod national university”, Uzhhorod, 2020.

The thesis is devoted to the comprehensive study of the influence of cationic and
anionic atoms substitution on the thermodynamic properties of 2D and 3D
(Cu,Ag)"(In,Bi)**P,(Se,S)s and Sn(Pb),P,S(Se)s phosphorus chalcogenide crystals in
a wide temperature range, and, especially in the vicinity of the structural phase

transitions by means of ac photopyroelectric calorimetry technique.

In the first chapter, four essential thermophysical properties which characterize
the material are considered: heat capacity, thermal diffusivity, thermal conductivity
and thermal effusivity. A detailed description of the technique which was directly
used in order to study the thermal properties of solids (photopyroelectric calorimetry
(PPE) in the back-detection configuration) is given. In the second part of the chapter
the experimental techniques were considered, the thermal diffusivity measurements

of the investigated ferroelectric crystals were carried out.

The second chapter is devoted to thermal diffusivity and thermal conductivity
studies in two-dimensional layered chalcogenides of type M!"M>**P,(Se,S)s (M!* =
Cu, Ag; M** = In, Bi). The peculiarities of the crystalline structure, the influence on
the physical properties of the substitution of atoms in the cation and anion sublattices
were considered, and a significant anisotropy of the thermal properties in these
layered crystals has been distinguished. Also, the phase transitions (PT) had been
considered in great detail if the last were presented. In this chapter a method for
calculating the phonon spectrum using the theory of functional density is described,
the results of the theoretical calculations of the phonon spectra for each investigated
crystal are presented, whose analysis allows us completely understand the nature of

low thermal conductivity. Also, the Debye temperatures, mean free paths and the
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average phonons group velocities have been calculated. Finally, the data obtained on
the basis of experimental studies and theoretical calculations allow us to explain how
the substitution of chemical elements in the cation and anion sublattices affects the
thermo-physical properties.

In the third chapter a brief review of the literature on physical properties
(thermal, optical, elastic, acoustic and dielectric) of solid solutions of the family of
(Pb,Sn),P»(Se,S)s, crystals has been made, which allows us to describe their complex
temperature-concentration phase diagram. For a better understanding of the evolution
of the nature of the PT at the substitution of chemical elements in the cation and anion
sublattices, we have considered separately three diagrams Sn,P»(Se,Si.y)s,
(Pb,Sn;-,)2P»S¢ and (Pb,Sn;-,),P»Ses. Special attention was paid to the multicritical
points that appear on the phase diagram, depending on the change in the chemical
composition or on compression. In order to study the critical behavior in the studied
crystals, the classical Landau theory was considered, which is based on the mean field
approximation. Some deviations from the classical Landau theory, which may occur
in ferroelectric crystals, have also been considered, taking into account the appearance
of various possible fluctuation effects and the effect of charged defects that may cause
such a deviation. Also, in this chapter, within the framework of the renormalization
group theory, a modern theory of critical behavior was considered, which was
developed specifically for the cases for which the classical theory does not work
properly. Experimentally, the thermal diffusivity for (Pb,Sni.,)2P2(Se02S08)s with y =
0.1, 0.2, 0.3 and for (PbgosSnoos)2P2(Se S1.x)s with x = 0.4, 0.5 crystals has been
studied. In order to obtain a tricritical point on the phase diagram the effect of lead by
tin substitution is considered. The obtained critical exponents were compared with the
theoretically predicted ones for this class of ferroelectrics. The approaching of the
value of the critical exponent to a Mean Field model instead of the tricritical
universality class has been explained on the basis of the Blume-Emery-Griffiths

model (BEG model) with the influence of random field defects.



Finally, the fourth chapter is devoted to the study of the static and dynamic
critical behavior of (Pb,Sn;..)>P>(Se,S1,)s crystals in the framework of a combined
BEG - ANNNI model with a tricritical point (TCP) and a Lifshitz point (LP). Such a
combined model explains the existence of a higher order multicritical point, the
tricritical Lifshitz point (TCLP), which occurs with the simultaneous substitution of
chemical elements in the cationic and anionic sublattices. It is shown that below the
temperature of TCLP, which can be considered as the Lifshitz line end point, the
“chaotic” state with the coexistence of the ferroelectric, metastable paraelectric and
modulated phases is possible. Special attention is paid to study the critical behavior
of the Sn,P,S¢ crystal. Considered the complex data on neutron scattering, dielectric
data, diffuse x-ray scattering, as well as hysteresis loops together with calorimetric
data allowed to make assumptions about the closeness of this transition to the
tetracritical point, which appears due to the interaction between two order parameters
related to polar fluctuation near the Brillouin zone center and to antipolar fluctuations
near its edge, which can evolve to a bicritical point at strong enough coupling of the

mentioned order parameters.

The second part of this chapter is devoted to the analysis of thermal and dielectric
properties in (Pb,Sni.,)2P2(Se,S)s crystals with germanium impurity. Here the
temperature dependences of thermal diffusivity for (SngosGeoos)2P2(Se€02S05)s.
(Sno.95Ge0.05)2P2(S€0.4S0.6)s, (SngoesGeo.os)2P2(Se05S05)s, (Pbo7Sng25Geoos)2P2S¢  and
(Pbo.7Sng25Geo.0s)2P2Ses crystals are presented. The temperature dependences of the
dielectric susceptibility together with calorimetric data have shown the presence of a
quantum paraelectric state in Pb,P,Se type crystals. The temperature dependences of
thermal conductivity for the crystals which contain germanium was also studied and

compared with the pure crystals.

Key words: ferroics, ferroelectric crystals, phase transitions, photopyroelectric
calorimetry, thermal diffusivity, thermal conductivity, critical behavior,

anharmonicity.
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BCTYII

AKTYyaJIbHICTh TEMH

ExcnepyMeHTanpHi Ta TEOPETUYHI AOCHIDKEHHS (I3UYHUX BIACTUBOCTEU
XaJIbKOTEHITHUX KpHUCTaATIB (PEepoiKiB, skl MalOTh 00’ €MHY 1 IIapyBaTy CTPYKTYpy Ta
1HTEerpaii y reTepocTpykTypu 3 rpadeHonoaiOHMMu MaTepiajlaMH, sIKI MOXYTh
3HAWTH 3aCTOCYBaHHs IIPU BUTOTOBJIEHHI 01CTa01IbHUX (DYHKI[IOHAJTBHUX €JIEMECHTIB

CJICKTPOHIKH 3 HaJIBUCOKUMH IIUIHHICTIO Ta MIBUAKOIIEIO.

Jns XanbKOTEHITHUX KpUCTAIIYHMX MatepiamB cuctemu (Pb,Sn),P»(Se,S)s
3aMiHa aTOMIB y KaTIOHHIM Ta aHIOHHIM MiATpaTKax iCTOTHO BIUIMBA€E HA XapakTep
XIMIYHHMX 3B’SI3KIB Ta BH3HAYA€ HASBHICTh Ta OCOOJIMBOCTI CTPYKTYpHHX (pa3zoBHUX
nepexoxiB [18, 19]. V cerneroenekTpukax-HamBIpoBigHuKax SnyP>Se Ta SnyPaSes
CTPYKTYpH1 (pa30Bi IEPEXOAH CYNMPOBOIKYIOTHCS 3HAYHOIO MEPEOYI0BOIO XIMIYHUX
3B’S13KIB. 3MiHa XIMIYHOTO CKJIany TBepaux po3uuHiB (Pb,Sni,)Pa(Se Siy)s Ta
BBEJICHHS JIOMIIIKKA T€PMaHIIO J03BOJISIOTh MOAM(PIKYBATH CETHETOETIEKTPUYHI Ta

HaIIBIIPOBIIHUKOBI BIACTUBOCTI ITUX (POCHOPBMICHUX XaIbKOT€HI/IIB.

Mapysati kpuctanu cimeiictBa CulnP,S¢ € HamiBmpoBiZHUKaMU 3 10HHOIO
OPOBIAHICTIO  Ta  CETHETHENEKTPUYHMM,  AHTHUCETHETOCNEKTPUYHUM  Ta
aHTH(epoMarHiTHUM ynopsakyBaHasam [20, 21, 22, 23]. V ixHiX TBepAUX PO3UUHAX
HasIBHI CTaHU JIUIIOJIBHOTO Ta CIIIHOBOTO CKJIA, a TAKOK MPOSBIISIOTHCS 11KaBl €PEKTH
MAarHiTOCJICKTPUYHOT B3aeMOJii. Y Takux BaH Jep BaalbCOBUX MaTepianax
CIIOCTEPITa€ThCSl CETHETOCNEKTPUYHE YMOPSAKYBAaHHS HPU 3MEHIICHHI TOBIIWHU
JTOCIIKYBaHUX 3pa3KiB JI0 JCKUIbKOX KpucTamiuHux mapi [21]. i BmacTuBoCTI
3HAYHO 30arayyroTh CHEKTp QpyHKIIOHAIBHUX 2D MartepialiB, 0COOJUBO Y BUMIAJKY,
KoM (pa3oBHii mepexis BiAOYBAa€ThCSA MPU TEMIlEpaTrypax, OJU3bKUX 0 KIMHATHOI.
Taki JBOMIpHI IIapyBaTi MaTepiajii y MOEJHAHHI 3 TETEPOCTPYKTypaMU BaH Jiep
Baansca MOXyThb OyTH MEpPCHEKTUBHUMH JJsi 3aCTOCYBaHHS Yy TEpPEIOBUX

BHUCOKOIHTETPOBAHUX JIOTTYHUX MPUCTPOSX 13 HU3BKUM €HEPrOCIOKMBAaHHAM [24].
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AKTyalbpHICTh TEMHU JUCEPTAIlIMHOI pPOOOTH BU3HAYAETHCS HEOOXIIHICTIO
OTPUMAaHHSI JIaHUX PO TePMOJMHAMIYHI BIacTUBOCTI KpucTaimiB MM'Py(S,Se)s (M,
M’ — Cu, Ag, In, Bi, Sn, Pb), ixHi (OoHOHHI CIEKTpH, aHTAPMOHI3M KPHUCTAJIIYHO1
IPaTKu Ta €JIEKTPOH-(DOHOHHY B3AEMOJIII0 JIA OMHCY MPUPOAN IXHIX (pa3oBHUX
nepexoiB, TOMmojorii (a30BUX Jiarpam, MPOIEeCiB TEIUIOMPOBIAHOCTI, IO BaXKJIMBO
NP BHU3HAYECHHI XIMIYHMX CKJIQJIIB MaTepiajliB 3 ONTUMAIbHUMHU (PiI3UIHUMU

XapaKTEPUCTUKAMHU.

3B's130k  po0dOTM 3 HAYKOBMMH MpOrpamMamMi, IJIAaHAMH, TeMaMMH.
Hucepraniitna poboTa BUKOHYBajacsi Ha Kadenapl (pi3UKH HaIliBIPOBIAHHUKIB 1 B
IHCTUTYTI (PI3MKA 1 XiMil TBEPJIOro TUIa YKIOPOJCHKOTO HAIIOHAIHHOTO
yHIBEpCcUTETY y pamkax jaepxOromkeTHux tem J[b-860 “Ilpomecu B matepianax 3
KEPOBAHOIO JIMHAMIKOIO CTPYKTYpPH MAJisi MPHUCTPOIB 3 HAIIIBUAKOI OOPOOKOIO
nanux” (Ne nepxkaBHoi peectparii 0116U004786) ta JIb-892 “HamiBrpoBiTHUKOBI
depoikn  pochopBMICHHX XaNBKOTEHIMIB IS HAAMIIBHUX Ta HAAIMIBUIAKUAX
enemeHnTiB mam’saTi” (Ne nmepskaBHoi peectpamii 0119U100235), a Takox 3a
niaTpuMkn 00’eqHanoi PhD-nporpamu mix Ykpainoro (IBH3 «Yxropoacekuii
HaIllOHATBHUIN YHIBepcUTET», M. Ykropoa) Ta Icmanieto (YuiBepcuter Kpainu

backis (UPV/EHU), M. binb6ao).
Merta i 3aBIaHHA JOCTiKEHHA

06'exToM nociimkenns € 2D mapysari kpuctamu M "M>"Py(S,Se)s (M= Cu,
Ag; M* = In, Bi) ta 3D kpucramu cimeiictBa Sn(Pb),P>S(Se)s, ki BOIOMIIOTH
CETHETOCIICKTPUYHUMH, CETHETUEICKTPUIHUMH Ta aHTHCETHETOCTICKTPHUYHUMU

(ha30BUMHU MEpEXOqaMHU.

IIpeamerom nociaigeHHsI € BUBUCHHS TEIUIOBUX BIACTUBOCTEH Ta MPOSBIB
HU3BKO1 TEIJIOMPOBITHOCTI y IIapyBaTUX BaH Jep BaadbCcoBUX (HOCHOPBMICHUX
depoikax, a TakoK KPUTUYHOI MOBEAIHKU TEIJIOBOI AUQY31i B OKOJII CTPYKTYPHHUX

dazoBux nepexoiB ajs kpuctaii Sn(Pb),P,S(Se)s.

MeTo10 qucepTaniiiHOI POOOTH € KOMITJIEKCHE JOCIIDKEHHS TeII0(13nIHUX

BJacTUBOCTEN (POCHOPBMICHUX XaNIbKOTEHIIHUX CETHETOCTIEKTPUYHUX CHOIYK Yy
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HIMPOKOMY TeMIepaTypHOMy aiana3oHi. [ns mocsrHeHHS mMeTH, OyJid MOCTaBJIeHI

HACTYIIHI 3aBJIaHHS:

1.IlpoBectu TeMmepaTtypHi JOCHIDKEHHS Ta IIpoaHali3yBaTH TeMIepaTypHi
3aJIeKHOCTI TeIJI0BOiI AU]y3ii (TeMIepaTypOonpoBiIHOCT) Ta TEILIONPOBIAHOCTI
mapysatux (ochopsmicHux Kpuctamis tumy M!"M3*P,(S,Se)s (M'" = Cu, Ag;
M* =1In, Bi).

2.IlpoananizyBaTu KpUTUYHY TTOBEJIIHKY aHOMAaJii 00epHEeHO1 TeroBoi audy3ii, B
OKOJIl HenepepBHUX (Da30BUX NEPEXONIB i TBepAux posuuHiB (Pb,Sn;.
1»)2P2(SexSi.4)s 3 MeToro HIATBEPIKEHHsS HaNBaKJIMBIIIUX BHUCHOBKIB MO
birome-Emepi-I'pibditca (BEG) mono o60B'I3k0BOi 3MiHU pOAYy HEPEXOay 3
JIPYyroro Ha mepmuid (TOOTO HEOOXITHICTIO TOSBUA TPUKPUTHYHOI TOYKUA Ha
¢a3oBiii miarpami CTaHiB).

3.JlocniIuTH BILIMB 3aMiIlICHHS 0JI0BA F'eépMaHieM y KaTIOHHIHM MiArpaTiii Ha TEIJI0B1
BrnactuBocTi  kpuctamiB  (Pb,Sn),P»(Se,S)¢ 3a mgomomoror BUMIPIOBaHb
TEeMIIEPATYPHOI 3aJIEKHOCTI TETUIOBOI T ]y3ii.

4.Jlocnmiguty TomoJorito (¢a3zoBoi aiarpamMu Ui TBepAMX po3umHIB (Pb,Sn;.
1)2P2(Se.Si.4)s 3 ypaxyBaHHSM paHillle OTPUMAHUX JAaHUX Ta JOMOBHMBILU iX

HOBHUMH, OJIEP>KaHUMHU Y JTaH1id pOOOTI.

Metoau gochaimkennsi. Jljig TOCHIKEHHST TEPMOJMHAMIYHUX BIACTUBOCTEN
KPUCTAJIIB BUKOPHCTaHA METOAMKA (POTOIMIPOETEKTPUYHOI KaJTOPUMETPil 3MIHHOTO
ctpymy (®IIEK) 3 BHCOKMM pO3AUICHHSIM MO TeMIeparypi. AHami3 KPUTHUHUX
aHOMaJIiil IPOBEJICHHI 3 BUKOPUCTAHHSAM TE€OPii peHOPMOBAHUX T'PYII, SIKa BPaXOBY€E
BIUIUB PO3BHMHEHUX B3a€MO/I1I0UMX QIIYKTyallli mapameTpa MmopsaKy B oKoi (hazoBUxX

Nepexo/IiB.
HaykoBa HOBHM3HA pe3yJbTaTiB

VY pe3ynbTaTi NpoBeACHUX €KCIIEPUMEHTATIBHUX AOCIKEHb Ta IXHBOTO aHAITI3Y

BIIEpIIIE BCTAHOBJIEH] HACTYITHI 3aKOHOMIPHOCTI:

1. ITokazaHo, 110 TEMJIONPOBIAHICTH JBOMIPDHUX IIApyBaTUX  KPHUCTAJIB

(Cu,Ag)(In,Bi1)P,(S,Se)s cruitbHO 3a1eKUTh Bl KaTIOHHOT MiicucTeMu. BusiBieHO
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3HAQYHY aHI30TPOMII0 TEIUIOBUX BJACTUBOCTEH — TemioBoi audysii Ta
TEIUIOMPOBITHOCTI: TEIUIO MOIMIUPIOETHCS 10 MIECTH Pa3iB e(PEeKTUBHIILIE B3TOBK
apiB, HK NEPHEHANKYIAPHO A0 HUX. OnUcaHi pi3HI MEXaHI3MU aHTapMOHI3MY
KpUCTAIIYHOI TpaTku (cuiabHa (POHOH-(POHOHHA B3AEMOJIS, peJaKcarlis
HETO/IJICHO1 eNIEKTPOHHOI TapH, peatizallis MexaHi3My BTOPUHHOTO edekTy SHa-
Tennepa) Ta iXHIM BIUIMB Ha TEPMOJWHAMIYHI BJIACTUBOCTI IIapyBaTHX
dbochopBMICHUX XaIBKOTEHINIIB. BCTaHOBIEHO, IO JOCTIIKEHI KPUCTAIH
BOJIOMIIOTh HU3BKOKO TEIUIONMPOBITHICTIO, HAWHW)KYE 3HAYCHHS OTPHMAHE s
kpucrany CuBiP,Ses cranosuts 6mmspko 0.2 Br m! Ky posynopsakosaniii
BHUCOKOTEMITepaTypHii (dasi.

. HocnimkeHHsamMu  TeruioBoi  audy3ii s TBepaux  po3umHiB - (Pb,Snj.
1)2P2(S€02508)s €KCIEPUMEHTAIILHO M1 ITBEPIKEHO 3MIHY pony
CETHETOCNIEKTPUYHOTO (pa30BOro IMEpexoay 3 JpYyroro Ha MEpIIMd IMpu
KOHIIEHTpaIlii cBUHIIO Okl Bix y =~ 0.2. Kputnuna moseaiHka oOepHEHOT
TEIUI0BOT AUQY3ii, M0 BiAOOpa)ka€ aHOMATIIO TEIUIOEMHOCTI, Y3TOMKYEThCS 3
nependoadeHHssMu mojaen biatome-Emepi-I'pidpditca nns ¢gazoBux mepexoiis B
OKOJIl TPUKPUTUYHOT TOUKH 3 YpaxyBaHHSIM J1€(DEKTIB TUITy «BUIIAIKOBE MOJEY.
[TokxazaHo, 1110 KpUTHYHA MOBEIHKA JJIsi OOEPHEHO1 TeIioBoi Audy3ii B OKOJI
HeTepepBHOro (a3oBOro mepexoay y kpucraii Sn,P,S¢ Moxke OyTu onucaHa siK
KPOCOBEp MK KJlacaMU YHIBEpPCAJIbHOCTI MOjeli [3uHra Ta JBOKOMITOHEHTHOI
mozeni ['eitzendepra.

. Ha ocHOBI pe3ynbTaTiB IOCTIIKEHb TEIIOBOI Au]y3ii Ta HaSIBHUX JaHUX IMPO
TEPMOJMHAMIUHI Ta JWHAMIYHI BJIACTHBOCTI CETHETOEIEKTPUYHUX KpPUCTAJIB
(Pb,Sn),P»(Se,S)s mobynoBana 7' — x — y da3oBa aiarpama, Ha SKIA JIiHI
TPUKPUTUYHUX TOYOK Ta TOYOK Jlipmuisd cXomsTbcs y TPUKPUTUUHIM TOYI
Jlibmuna. Tomororis 1i€l miarpaMu CIHIBCTAaBJICHA 3 PO3PAaxOBaHOIO (Ha30BOIO
niarpamoro y pamkax komoOinoBanoi mozaeni BEG — ANNNI: moneni [3unra 3i
cniHoM S = 1, sika BpaxoBye€ 3MiHYy CIIIBBIJIHOIICHHS B3a€MOJIN mepimux Ta

JIPYTUX HAUOIMKIUX CYCIIB.



19

4. Tloka3aHo, IO BBEJAEHHA TE€pPMaHiIl0 y KaTIOHHY MIATPAaTKy KpHUCTaJiB
(Sn,Pb),P,(Se,S), mixBuinye temmeparypy ¢ha3oBoro mepexomy, 3yMOBIIOE

MOSIBY CETHETOENEKTPUUHOTO (ha30BOr0 NMEPEXOY Y KBAHTOBOMY MaPaCIEKTPUKY
szPzS6. Y 3MILIAHUX Kpucrtajiax (Pbo,7sno,25Geo,05)2PQS6 Ta
(Pbo.7Sng25Geo0s)2P2Ses  yTBOprOEThCSI CTaH AUIOJIBHOTO CKJIa B 00JacTi
kBaHTOBUX (puryktyariit (mpu T < 50 K).

IIpakTU4He 3HAYEHHS OJIeP:KAHUX Pe3yJIbTATIB

1. BusiBnieHa HHM3bKa TEIUIOMPOBIIHICTh JJIA IIApyBAaTUX KPHUCTANB CUCTEMHU
(Cu,Ag)(In,B1)P,(S,Se)s Ta BcTaHOBJIEHI MEXaHI3MHU IPATKOBOTO aHTAPMOHI3ZMY
MOXYTh OYyTH BUKOPUCTaH1 MPHU PO3pOOI MEPCIEKTUBHUX TEPMOEIEKTPUUHUX
MaTtepiaiB.

2. PesynpTaTi NOCHIKEHb KPUTUYHMX aHOMAJiN TeroBoi nudysii y TBepaux
posunHax (Pb,Sny.,),P>2(Se,Si.x)s MOKYTb OyTH BUKOPHUCTaH1 IPU BJAOCKOHAJIEHH]
(hEHOMEHOJIOTTYHUX Ta MIKPOCKOMIYHUX MOJEICH [JIsi OMHCY CTPYKTYpPHHUX
(ha30BHX MEPEXOIiB B OKOJII MOJIKPUTUYHUX TOUYOK.

Oco0ucruii BHeCOK 3100yBaya

PesynbTatu, 1m0 npeactapieHi Ta ommy0JiKOBaH1 y CIIIBaBTOPCTBI, OTPUMaHi U
oesrmocepenHiii  ydacTi aBTopa poOoTu. JlucepTaHT OCOOMCTO ITPOBOJMB
BUMIPIOBAaHHSA TeIUIOBOi AuQy3ii, BHUKOHAB OOpPOOKy Ta aHaji3 pe3yJbTaTiB
JOCHIKeHb. ABTOp OpaB y4acTh y MiATOTOBIII 3pa3KiB JIJIsl JOCIIPKEHb, TOCTAHOBIII
3a/1a4, IHTepIpeTalii Ta OOTOBOPEHHI BCIX pE3yJbTaTiB EKCIEPUMEHTATLHUX
JOCTIIKE€Hb, HAIIMCAHHI CTaTel Ta ONMPHIIIOJHEHH] X Ha ceMiHapax 1 KOH(pEpeHIisX,
BUKOHAB MMOBHUW TEOPETUYHHMI aHaJ3 KPUTHYHUX aHOMaJiil Ta (a30BHX miarpam,

chopMyIIFOBaB BUCHOBKHM POOOTH Ta HAYKOBY HOBU3HY JIUCEPTAIIii.
Anpobauis pe3yJbTaTiB qUCepTALil

OCHOBHI pe3yJIbTaTH Ta MOJOKEHHS JUCEPTAIIHHOI poOOTH OYyJIH MpeICTaBIICHI

Ha BITYM3HSIHUX Ta MDKHAPOJIHUX CEMIHapax 1 KOH(PEpeHLIAX:

e VII International seminar "Properties of ferroelectric and superionic systems"

(Uzhhorod Ukraine, 2017);
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19th International Conference on Photoacoustic and Photothermal Phenomena
(Bilbao, Spain, 2017);

Seminar “New multiferroics and superionic conductors for acustoelectronics and
solid state ionics” (Vilnius, Lithuania, 2017);

International Meeting on Clusters and Nanomaterials (CNM’5-2018) (Uzhhorod,
Ukraine, 2018);

V Ukrainian-Polish-Lithuanian Meeting on Physics of Ferroelectrics (Uzhhorod,
Vodograj, Ukraine, 2018);

The conference of young scientist “Lashkaryov’s readings — 2019” (Kyiv,
Ukraine, 2019);

International Conference of Young Scientists and Post-graduate Students IEP-
2019 (Uzhhorod, Ukraine, 2019);

School-conference of young scientists «Modern material science: physics,
chemistry, technology» (Uzhhorod, Ukraine, 2019);

XXIV Galyna Puchkovska International School-Seminar “Spectroscopy of
Molecules and Crystals” (Odesa, Ukraine, 2019);

VIII International seminar "Properties of ferroelectric and superionic systems"

(Uzhhorod Ukraine, 2019);

Ha MIOPIYHUX MiJCYMKOBHX HAyKOBHX KOH(EPEHINSAX BHUKIAJAadiB 1 HAYKOBHUX

cniBpoOiTHUKIB ¢i3uuHoro ¢akynabrery [ABH3 «VYkropoacbkuili HamioHanbHUM

yHiBepcuTeT» npotsarom 2015 — 2020 p.

Iyo6aikamii

3a marepianamu auceprtanii omy0aikoBaHo 17 poOiT: 6 crarelt y ¢daxoBuUx

HayKoBHUX BUAaHHAX [1-6] Ta 11 Te3 nomosiaeit [7-17].

O0’eM i cTpykTypa quceprauii

PobGoTa cknagaeTrbes 31 BCTYIy, YOTHPHOX PO3ALIIB, BUCHOBKIB Ta CIHUCKY

BUKOpUCTaHUX Jkepen 13 230 naiimenyBanb. [luceprtarisi BukiageHa Ha 171

CTOpIHII, MICTUTh 76 pucyHKiB Ta 10 TaOau1Ib.



21

PO311J 1. 3ATAJIbHA METOJIUKA TA OCHOBHI METOIH
JOCJIJI)KEHHS TEILIO®I3UYHUX BJACTUBOCTEHN TBEPJIUX TLI

1.1. BusHayeHHsI TeIUIOBUX BJIACTUBOCTEH TBEPAMX TiJl

Jlist BU3HAYEHHS TEIIO(I3MYHUX BIACTUBOCTEH TBEPIWX TIJ MOXKHA BHIILTATH
YOTHPH, B3AEMOMOB'SI3aHI MDK COOOI0 TEIJIOBI BJIACTUBOCTI: TEIJIOEMHICTH,
TEIIONPOBIIHICTh, TETUIOBY TU(]Y3it0 Ta TEIIOBY 1HEPIIIIO.

Mounspaa temnoemuicts C (Jx K! moms!) sx ocHoBHA TepMoauHaMiuHa
BeJIMYMHA y KAJOPUMETPHUYHUX JOCIIHDKCHHAX € OJHHM 3 OCHOBHUX IapameTpiB
OIIIHKH, PO3PAXyHKY Ta MPOEKTYBAHHS TEIUIOBOI CHUCTEMH. TeIIOEMHICTh BHUpaXKa€e
3/IaTHICTh MaTepially HaKOMW4YyBaTh Terwio. Y (opmi piBHSHHS TemioeMHicTh C
BUPAKAETHCS SIK:

C=mc,, (1.1)

Jie m Maca, ¢, MUTOMAa TEIUIOEMHICTh. TEeIUIOEMHICTh TICHO IOB'Si3aHa 3 MOHATTIM
MUTOMOI TEIMJIOEMHOCTI. [IuTOMa TEMIOEMHICTh — 1€ KUTBKICTh TEIUIa Ha OJIMHUIIIO
MacH, HeoOXiJHa JJid MiABUILECHHS TeMmreparypu Ha oauH KenbpiH. [Ipu ctanmomy
THUCKY, TUTOMA TEIUIOEMHICTh MOK€ OyTH BHUIIIOI0, HIXK TP CTAIOMY 00’ €Mi, TOMY IO
pu crajioMy 00'emi J0JaTKOBa po0OTa MPHU PO3LIMPEHHI Tija MPU HarpiBaHHI He
BUKOHY€ETbCS, TOMY JJIsi HarpiBaHHs Ha ojauH KenbBiH mpu LUX yMOBax MOTPiIOHO
MEHIIIE TeIJia, HDK MPHU CTaJOMYy THUCKY, KOJHM Ti0 MOXe po3mupsaTucs. KiipkicTb
0JIEp>KaHOro T1IOM Teruia ) npu HarpiBaHHl Ha A7

Q=mc AT. (1.2)

Temnonposignicts x (Bt m! K!) — omgumn i3 HaiiBaIMBiIMX BHYTpiIIHIX
napaMeTpiB, SAKUWA JEMOHCTPYE TIOTEHIIa]l TEIJIOOOMIHY y  Marepialax.
TenmonpoBiAHICTh — II€ BJIACTUBICTD, sIKa BKa3y€ Ha 3J]aTHICTh MaTepialy MMPOBOAUTH
Teruio. Pi3Hi MaTepianu MpoBOASATH TEILIO 3 PI3HOIO MIBUAKICTIO. 3arajibHE PiBHSIHHS

JUISL TETJIOTPOBIAHOCTI JIJIsi TOMOT€HHOTO 130TPOITHOTO MaTepiainy Mae (popMmy:

—

q=—-«VT, (1.3)
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e q _ IIe TEIUIOBMH MOTIK. TerIonpoBiAHICT, BH3HAYAE KUIBKICTh TEIUIA, SKE
IPOTIKAE 32 OTMHUIIIO YaCy Yepe3 OAMHHUIIO TUIOII MaTepiady OJUHUYHOIO TOBIIHHOIO
nipu pizHuIl Temmeparyp 1 K mix fioro rpansmu.

Bapto 3a3HauuTH, 1m0 B 130TPONMHUX MaTepiajaX TEIUIONPOBIIHICT HE
3MIHIOETHCS B 3aJICKHOCTI B1J] HAIIPSIMKY MOLITMPEHHS, @ B aHI30TPOITHOMY MaTtepia y
PI3HOMY HANpsSMKy BOHA pi3Ha, TOOTO € TEH30PHOI BEIMYMHOK. TakoX BelnyuHa
IIBUIKOCTI TEIJIONEpeiayl B aHI30TPOITHOMY MaTepiai B OTHOMY HAMPSMKY 3aJI€KHUTh
HE TUIbKW BiJ] TEMIIEPATypPHOTO IpaJi€HTa y IIbOMY HANpsSMKY, ajie 1 BiJ HampsMKy,
NEPIEHIUKYIIPHOMY 0 HalpsAMKY IpajJieHTa TeMneparypu [25].

TemnoBa audysis (Temneparyponposignicts) D (M? ¢!) — 1ie BracTuBicTh, sSka
BU3HAUa€ IMIBUJIKICTh TIONIMPEHHS TeIla y wMarepiaini. BoHa Bu3Hadae 3MiHY
TEMIIEPATYPH, sIKa CTBOPIOETHCS B OIUHULIL 00'eMy MaTepiaiy, CIPUYMHEHY TEIJIOBUM
MOTOKOM, SIKUW MEPEHOCUTHCS Yepe3 OJIMHULIIO TUIONI B OAUHUILIO Yacy y MaTepiaii 3
OJIMHUYHOIO TOBIIMHOI, MPOTUJICKHI IMOBEPXHI SAKOT0 MAalOTh TEMIIEpaTypHUM
rpagient y 1 K. TemnoBa audy3sis € BaXJIUBUM MapaMETpOM, KU HEOOX1THO
BpPaxOBYBaTH. [ MOKHA BU3HAYUTH 32 HACTYITHUM CITiBBiHOIIECHHSIM:

D =", (1.4)

PC,
ne D — TtermoBa 1udysid, Kk — TEIUIONPOBIIHICT, p — TYCTHHA, 1 Cp,— MHUTOMa
TEIUIOEMHICTh.  J[JI1  TOMOTE€HHOro  130TPONMHOTO  MaTepiaqy 3  TEIUIOBUMH
BJIACTUBOCTSIMH, Kl HE 3aJIe’KaTh Bl TeMIIepaTypH 1 BIACYTHICTIO TeHeparlii Teria
BCEPE/IMHI HBOTO, AudEpeHIliadbHe PIBHSIHHA TEIUIOBOI Iudy3ii Mae HaCTymHUMN

Burisig [26]:

VT -0 (1.5)

D ot
Sk 1 TenmnompoBigHICTH, TemioBa IuU(y3is € TEH30pOM JAPYroro paHry.

B3aeMO03B’5130K MK TEIJIONPOBIAHICTIO 1 TEMJIOBOKO IU(DY3i€l0 y pPi3HOMAHITHUX

MaTtepiajiax HaBeJeHo Ha puc. 1.1.
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Puc. 1.1. IlopiBHSHHS TEIJIONPOBIAHOCTI 1 TEIoBOI audy3ii y TBepAuX

TiJaX, piinHAax i ra3ax. @ - Mmetayu, M - KepaMika, O - piIMHH, 00 - TTOJTIMEPH,

A - CTeKia, x -rasm [27].

Temnosa inepuis & (Bt ¢®° m? K!') BusHauae Temnosuii omip matepiany. Bona
TOBOPHUTH MPO TMOBEIIHKY MaTepiany 30epiratu abo po3citoBaTu Temio. Tersoa

1Hep1is Moke OyTH BU3HAUEHA SIK:

¢ = /pcpK:\/%ZpCp\/B. (1.6)

[ndopmariss po TEMIOBY 1HEPIIIO HEOOXigHA [JIi BU3HAYECHHS IMOBEIIHKH
TEMJI000MIHY MK JBOMa MarepiajaMu (TBEpJll peUuOBHMHU ab0O PiIWHU), KOJU BOHU
KOHTaKTYIOTh OJIMH 3 oJHMM. Komm oOuaBa Marepiaau MarOTh OJHAKOBY TEILIOBY
1Hep11iI0, TeMJI000MiH MK HUMH Oy/ie TaKuM, HIOM 3'€THAHHS MK HUMU BIJICYTHE.

VYV Tabmumi 1.1 3i0paHi 3HA4YEHHS TEMJIOEMHOCTI, TETUIOMPOBITHOCTI TEIJIOBOT

nudy3ii, 1 TernaoBol iHepIli I JeIKUX MaTepiaiB.
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Taomu 1.1.
Tennodi3uyH1 BIaCTUBOCTI Y AKX Matepianax [27]
Marepiaa pe © b ¥
(x10° Tk M3 K1) | (Br MK ) | (x10°m? ¢ | (JIx M2 Kt ¢0)
Aama3s 1.78 2300 1290 64040
Cxui0 1.98 1.11 0.56 1480
IoBiTpsn 0.0012 0.026 22 5.5
Teiii 0.0011 0.15 137 12.8
Bona 4.16 0.6 0.144 1580
AISI 304 3.62 14.5 4 7250
IMoaikap6onat 1.33 0.2 0.15 515
Minb 3.45 400 116 37140
Hikeasn 3.95 91 23 19400
Kauiii 0.65 102 158 8150
CeuHenb 1.52 35 23 7300
KobGaabt 4.05 102 24.6 20150

1.2. MeToanka (poTonipoeeKTPUYHOI KaJopuMeTpii y KoHpirypauii 3B0poTHOr0o
NeTeKTYBAHHS

®oTOTENIOBI METOAM BHMIPIOBaHHS TPYHTYIOTHCS Ha TEHEPAIisiX TETUIOBOTO
TIOJISL y 3pa3Ky, 1 SIK HACIIITOK TOTJIMHAHHS €JIEKTPOMArHiTHOTO BUMPOMiHIOBaHHS. []eit
IpoIeC  3aJeKUTh Bl ONTHYHUX Ta TEIJIOBHX  BIACTHBOCTEH  3paska.
dotomipoenektpuuna kagopumetpis (PITEK) — e Texnika, sika 103B0JISIE BA3BHAYUTH
3 BUCOKOO TEMIIEPATYPHOIO PO3IIILHOIO 3/IaTHICTIO TETUIOBI BIACTUBOCTI MaTepiaiB,
Taki, K TeruioBa aAudy3is, MOJISpPHA TEIUIOEMHICTh, TEIJIOMPOBIAHICTh Ta TEIJIOBA
1Hep1is.

Haiinomupenimmmu nipoenekTpuKamu, siki BUKOpuctoBytoTecsi y OIIEK € Taki
CEHETOCNIEKTPUKHU: TPUTTIIIUHCYIb(aT, HI00aT JITII0 1 TAHTAJAT JIITiO (MOJISIPU30BaH1

CTPyMOM 3MILICHHS TPU PpOCTI KpHUCTaldy), TOHKI IUIBKM HITpaTy Kamiio y
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CerHeTOeJEKTPUYHIN (ha3i, a TAKOXK KepaMiuHl TUTAHAT CBUHITIO Ta TUTAHAT IIUHKY 13
PI3HOMAaHITHUMH JOMIIIKAMH.

HiobGar mitito Ta TaHTanaT JiTIIO BOJOMIIOTH TMOEJHAHHAM YHIKaJIbHUX
CIICKTPOONTHUYHHNX,  AKyCTHYHHMX,  MIPOCICKTPUYHHUX, I €30€JIEeKTPUYHUX 1
HEJNIHIMHOONTUYHUX BJIACTUBOCTEH, K1 pOOJATH iX HallbakaHIIMMHM MaTepiaiaMu
JUIS  3aCTOCYBaHHS B aKyCTHYHHX, €JIEKTPOONTHYHUX 1 HETIHIHHOONTHYHUX
npucTposix. Sk BumHo 3 Tabmmmi 1.2 oOuaBa Marepiaad BOJOIIIOTH MOMAIOHUMHU
XapaKTepUCTUKAMH, ajie 3aCTOCYBaHHS TaHTAJIATY JITIIO y SIKOCTI MIPOEICKTPUYHOTO
JaTyuKa € OUTbII TPUHHATHUM 3aBJISIKH BUIIIOMY MIPOEIECKTPUUHOMY KoedilieHTy [28,
29].

Taomurg 1.2.
[TopiBusHHS (i3uyHMX BiactuBocTed TaHTajary mitiio (LiTaOs;) Ta HiobaTy miTiio

(LiNbOs) [28, 29].

Marepian LiNbO3 LiTaO3
MoJsipaa maca 147.8 2359
Cumertpist Tpuronansna Tpuronansna
IIpocropoBa rpyna R3c R3c
a (A) 5.148 5.154
b () 5.148 5.154
c(A) 13.863 13.783
a(®) 90.000 90.000
V (A3 318.2 317.1
Z 6 6
€ 30 47
tg o <0.01 0.01
I'ycruna, r/cem’ 4.65 7.46
cp (10% Ik M K1) 3.2 3.2
Temnepatypa Kropi (°C) 1410 620
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Temneparypa
HJIaB.]IeI-II)Hﬂ};I:C) 1257 1650
IlipoenexkTpuuHuUii
Koe(imieHT 71 230
(10° Ka m2 K1)

Bnpogorx ocTaHHIX POKIB BJOCKOHATIOBAIKCH Pi3HI TEXHIKH Ta METOJHMKH, SIKi
JO3BOJISIIOTH 3 BUCOKOIO TOYHICTIO BUBYATH MOBEIIHKY CHCTEM Yy 0€3M0CepeIHbOMY
okomi no DII. Cepen HHMX, HaWmoOmMpEeHIIMMU €: JUdeEpeHiiiiHa CKaHyr4a
kasmopumeTpisi( agiabarndHa ckanyoda kamopumetpis [30], HeamiabaTuyHa CKaHyr04Ya
KasiopuMeTpis [31]) Ta aesiki 1HII TUITH METOJIUK, sIKI 0a3YIOThCS Ha 3MIHHOMY CTPYMI
(ac-Kamopumertpist) [32, 33, 34, 35]. Ha »xanp, HEe BCl 3 MUX METOJUK JTO3BOJISIOTH
OTpUMAaTH BHUCOKUM KOE(DII[IEHT CHUTHAJ/IIYM JaTyuka, TOMY IO HE BCI 3 HHUX
IHIYKYIOTh ~ Majll  TeMIepaTypHi TpaJleHTH Yy wmaTepiadi abdo  MOXYTh
BUKOPHCTOBYBAaTUCh Yy IIMPOKIN TemrepaTypHili 001acTi, a TaKoX SKIIO TEIUIOBI
napaMeTpu He MOXYTh OyTH BHMBYEHI 3 BHCOKOIO PO3ILHOIO 3JaTHICTIO B
oe3nocepennii 6musbkocti Big PII. Jleski OIIEK meTonuku 3a70BOJIBHSIOTE YCIM
UM yMOBaM, MOKa3yK4u BUCOKY €(EKTHUBHICTh NMPU BUBYCHHI (pa30BUX IMEPEXOJIiB
[36, 37].

Y namomy Bunaaky, @PIIEK meroauka nmoBuHHA 3a10BOJIBHATA TAKUM YMOBAM:

- MOXJIMBICTh IIPAIfOBATH B MIUPOKIM TeMIepaTypHiil 00JacTi;

- MaTH BHCOKY TeMIIEpaTypHY PO3ALIbHY 3/1aTHICTh;

- MOXJIMBICTbH MPAIIOBATH 31 3pa3KaMH HEBEITUKUX T€OMETPUUHHUX PO3MIpIB;
- MOXJIMBICTh BUSIBJIEHHA eHTambii OII.

VY cBow uepry, 3arasiom, ®IIEK Meroanku, MoKHA PO3IIINTH HA JIBI BEJIMKI
IpyIH, Y 3aJIEKHOCTI, SIK caMe JETEKTYEThCSl CUTHAI, a CaMe:

1. ®IIEK y koHdirypamii mnpsMOro JIETEKTyBaHHS, KOJU OIPOMIHIOETHCS

HipOETIEKTPUYHUHN TaTUHK.

2. ®IIEK y xoH@irypaliii 3BOPOTHOTO JICTEKTYBAaHHS, KOJH OIPOMIHIOETHCS

663HOC€peI[HBO 3pa30K.
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VYci  kajlopuMETpUuYHI BUMIPIOBAHHS B JaHId poOOTI TPOBOAMIIUCS 3
BUKOPUCTAaHHAM cuCcTeMH, sika Oasyerbcs Ha DIIEK y koH(iryparii 3BopoTHOTO
JETEKTYBaHHS, TOX PO3TJIIHEMO TaKy CUCTEMY OUIbII JeTalbHO. SIK MOKa3aHO HA PUC.
1.2 cucrema cKiamaeThcs 3 M SATH MmIapiB: razy (f), Hempos3oporo 3paska (s),
TEIUIONPOBIIHOI MACTH, HEOOX1THOT JIsI KPAl[OTo TEIIOBOTO KOHTAKTY MIX 3pa3KoM i
JaTYUKOM, a TakoX s (ikcamii Ha HbOMY 3pa3ka (g), HEmpo30poro
MIPOETIEKTPUYHOTO JaTurKa (p) Ta OTOUYyIUOro cepefosuiia (b). Y BUMAAKY, SIKIIO
3pa3ok OyB MPO30pUM (HAIIBIPO30PUM), MOTO TMOBEPXHS IMOKPUBAJIACS YOPHOIO
rpadiTHOIO macTor. OCKUIBKY TOBITUHA I'PadiTHOTO MOKPUTTS € HAI3BUYANHO MaJIOIO
(menma 10 MKM), BIUIMB OCTaHHBOI HAa CUCTEMY JI0 yBaru He OpaBcs. Bci ToBmmHU

mapiB OyJiM B3sIT1 O YBaru.

Jlazepuuii
MTPOMIHb

-1+,

[MTipoenekTpuuHUi TaTIYUK

N e TemnonpogiaHa
N , Otouyroue cepenoBHILE nacra

Puc. 1.2. Cxema O®IIEK y xkoHdirypailii 3BOPOTHOrO JAETEKTYBaHHS 3

HETIPO30pUM 3Pa3KOM.

CBiTIO, TOTIIMHYTE 3pa3KoOM IMEPETBOPIOETHCS y TEIUIO, 30ypIOOYM TEIIOBI
xBuyi. Taka TermoBa XBUIISI IOMUPIOETHCA Bl 3pa3Ka JI0 MIPOCIIEKTPUIHOTO JaTINKa

1 CTBOPIOE MPOCTOPOBO YCEPEAHEHE TEMIIEPATYPHE MOJIE Y HHOMY:

(T,) :i _—(Eis:l;g)ﬂp) T, (x) dx. (1.7)

Mix NOBEpXHSMU JaTUYMKa BUHUKAE PIHUI TMOTEHIANiB A@, CIpUYMHEHA ITUM

TEMIIEpaTypPHUM IOJIEM:
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%<Tp>em (1.8)

p= ,
s(l+iwt,

ie w=2xf — KyToBa 4acToTa MOAYJSUIl, 7, — CJEKTPUYHA YacoBa CTaja, p —

HIpOEJIEKTPUYHHUI KOeQIlieHT, & =& E — NleNeKTpUYHA IPOHUKHICTD MIPOEIEKTPHUKa
[38].
Jlyis Toro, o0 3HANTH pO3B’SA30K I yCi€l cucTeMu, HeOOX1HO 3aCTOCYBATH 10
KOXKHOTO mapy audepeHIiialibHe pIBHSIHHS JJIs 3HaXOHKEHHS Ter1oBoi qudy3ii [38]:
o1 _ 1oL,
o' Do

(1.9)

ne D; — ternoBa nqudysis (i = f, s, g, p ado b). Takum 9rHOM, 3arajabHUN PO3B’SI30K

JU1s1 BCi€l cucteMu HabyBae HACTYHOTO BUTTIsALY [39]:

-Ta3: Tp=Ae™°r%; x20;
- 3pazox: T,= Be%* + Ce™%%; -1, <x<0;
- Tepmonacma: T, =D e%9*+ls) + F g=0g(¥+ls), —(,+1)<x<—L; (1.10)

- Ilipooamuux: T,=F eor(xtlstly) 4 G @=0r(x+istly). -(lHlg+ 1)< x < -(I+1y),;

- Omouyroue cepedosume: Ty, = H e%f(¥+lstlgtlp),  X¥= —U+l 1)

ne o=+io/D .

A, B, C, D, E, F, G, H— KOHCTaHTH, SIKI MOXHa 3HAWTH, B3SBIIM JO YBaru

IpaHUYHI YMOBH HETIEPEPBHOCTI AJIsl TEMIIEPATypPH MK LIapaMu:

Tf x=0 — x=0 > T; x=—I - Tg =1’
= : =7 ; (1.11
8 lx=—(l,+1,) Ply=—(i,+1,)’ Ply=—(t,+1,+1,) b|x:f(ls+lg+l,,) > ( )
Ta JJI TEIIOBOTO IIOTOKY:
i+l{ an — aTs . aTs — K aTg
! s ’ s g ’
2 ax 0 ax x=0 ax x=—I; ax x==I
oT oT oT oT,
K,—= =Kk, —2£ ; Kk —= =Kk, —2 (1.12)
£ ox P ox P ox " ox
x=—(l;+l,) x==(l;+l,) x=—(lHy +,) x=—(l,+H+,)
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[TigcraBuBmm (1.11) ta (1.12) y (1.7) maemo:

<Tp> _ 41, (I_Rs)bsf 1 1 ¢ +Rbpe_0plp _(1+Rbﬂ) (1.13)

oxlx _Gsls ?
k1, 00, (14D, )(1+b,)(1+b,)|  e"A+R e
ne R, =(b,—1)/ (b, +1),Ta b, = & / &, BIIHOWEHHs TEIJIOBOI iHEPLIi 1715 WAPIB, /,

2=1s, g p,b; RyxoedimieHT BinOnBanHs 3pazka. Koncrant 4 1 2 BU3HA4aIOTHCS

SIK:
A=(e""" +R R e 7" )" +R (R """ +R e 7" )e
bp~ " pg gs rg bp 2 (1 1 4)
— Tplp ~plp orly Tplp ~plp —Ogly .
T=R, (" + R, R, &) + (R, + R, e )
Tenep moxna 3HaiiTH curHan U, 1HIyKOBaHUM y (HOTOMIPOETEKTPUIHOMY
ATYUKY
. oplp —0ply _( )
U = la)Téplp 4]0(1_Rs)b.sf 1 1 e +Rbpe 1-i_lebp (1 15)

g 2KSIP 0.0, (1+bpg)(1+bgs)(l+bsf) easlsAJrRﬁefaszxz

HaCTyrIHI/IM KPOKOM IJIs1 OTpUMAHHA TCIIJIOBHUX BJIACTUBOCTEHU I[OCJ'IiI[}KYBaHOFO

3pa3ka, HEOOXITHO BIJOKPEMHUTH CKJIQJIOBY JaT4MKa BiJl OTPUMAHOTO CHUTHAIY 3

piBHsAHHA (1.15). 1Ilo6 3pobutH 1€, HEOOXINHO 3HANTH <T p> JaTynka 0e3 3paska
<Tp>bm. [Ipu Oe3nmocepeHLOMY OMPOMIHEHHI J1aTyUMKa, e~ ~1, a omke,

3HAMCHHHUK B KBaAPATHUX AYIKKaX JACIIO CIIPOITYEThCA:

<T > - 4z, (1 ~R, )bpf 1 1 e 4 Rbpe_ﬂ”l” — (1 +R,, )
? [ bare 2k 1, 0,0, (1+bpg)(1+bgp)(1+bpf) A+R, X

]. (1.16)

PiBHSIHHS [7151 3HAXO/KEHHSI (POTOIMIPOEIEKTPUYHOTO CUTHATY Y IIbOMY BUIIAIKY

HaOyBa€ BUTIISY:

/

~ ia)z'éplp 41, (1—Rp)bpf 1 1 o +Rbpe—”pp _(1+Rbp) (1 17)
A+R, X o

[MomginuBmm piBHsHHA (1.15) Ha (1.17), orpumaemo HopMmamizoBanuii DIIE

bare 4 2Kplp 6,0, (1+bpg)(1+bgp)(l+bpf)

CHUI'HAJI:
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- U _ (1-R) (148, )(1+b, )]  4+R,Z
n Upbare (I—Rp) (1+bgs)(l+bsf) easlsA_,_Rﬁe*oslsZ‘

(1.18)

Jns Toro, moO 3acTOCyBaTH BUILE HamMcaHe Oe3MoCepeHbO O HalluX
eKCIIEpUMEHTAIbHUX YCTAaHOBOK, HaM HE0OX1/IHO BBECTH €Ki 0AaTKOBI yMOBH. Tak,
AK MU 30UpaeMoch mpaioBatd 3 TepMidyHO ToBcTUM LiTaOs; mipogatumkom, Mu

!

MOXeMO BBaxkatu, mo e = (0. Takoxk, Mu He OepeMO 10 yBard TOBIIUHY

TEIJIOMPOBITHOT TMACTU MIXK KPHUCTAIOM Ta TMIPOJAaTIYMKOM, a OTXKe, 1, =0,

e 7 ~¢%' = 1. Ha 0CTaHOK, Ta3 Ta OTOUYIOYE CEPENOBMILE € OJHAKOBUMH, TOOTO [ =
b. Ockinbku TemIoBa IHEPUis Tra3iB € JOCHTh HHU3BKOIWO, R, ~R,~ —1 Ta
(1+bm.)/(1+bsf)~gp/gs. 3 ypaxyBaHHsIM 1IMX HaOmmkeHb, piBHSHHS (1.18) HaOyBae
HACTYIHOI (opMHu:
g
-0l
v, =2—-t—e %, (1.19)
£, +E&,
Ockinbku BenuauHa U,py € KOMIIIEKCHORO, 11 MOXKHA PO3AUINTH Ha CKJIAJOBI, a
caMe, Ha HaTypajbHUM JjorapudM HOpMaIi30BaHOI aMILTITYIM Ta HOpMaJsi3oBaHy a3y
doromnipoenektpuyHoro ctpymy [39]. Harypanbsauii norapudm ammiuitynu ta dasu

MOKYTh OyTH 3aHCcaHi K:

In(U,,,)=In| 2—22— |- %L,
&, +¢& D (1.20)
nf
¢a3aHOPM - Fls 2

Je f — 9acToTa MOJYJISAIIT 3aCBITKHU.

Hanucane Bulle € OCHOBHUM €TaroM y OTPUMaHH1 TEIJIOBUX XapaKTEPUCTHK
TBEpAUX TUI pu (ikcoBaHii TemMnepaTypi.

BumipoBanns, sik ¢yHkuis Temmneparypu. Ilicis oTpuMaHHS 3HAYCHHS
TerioBoi audys3ii npu QikcoBaHiN TeMmepaTypi, MOXKHA MEPEUTH 10 BUMIPIOBAHHS

TeMIepaTypHOI 3aJIeKHOCTI TEII0BO1 1uy3ii mpu pikcoBaH1it 4acTOT1, 3SHAUCHHS SIKOT
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JICKUTh Y MEXKax JIHINHOT 001aCTi, BAKOPUCTOBYIOUH PIBHSIHHS, sIKE OYJIO OTPUMAHO
B[40, 41]:

-2

1 AT)
\/Dref ls\/”f

ne A(T) =y (T)—w(T,,) HOpMali3oBaHa (a3a K (QyHKLIsS TEMIEPATypH.

D(T) = , (1.21)

BaxnmnBoro mepeBaroro JaHOi METOAMKH € MOXKJIUBICTh OTPUMAaHHS 1H(pOpMaIii
PO TeMIIEpaTypHY €BOJIIOIIIO 1 IHIIINX TEIJIOBUX MapaMeTpiB. TermioBa iHEPIis MOXKe

OyTtu 3HaieHa sk [40, 41]:

1 /e (T
&(T)=¢,(T) +(8’i 15 )y, (122)

Ie A'(T)=InU(T) —InU (T, ) HOPMAIi30BaHa aMILTITy/1a K QYHKILisl TEMIIEPATyPH,
A"(T)=A(T) - A(T).
3naroun D(T) ta &(T), MOXEMO 3HAUTH TEMIIEPATypHY 3aJIeKHICTh MUTOMOT

TEIUIOEMHOCTI ¢,(7) Ta TennonposiaHocTi k(1)

gm:f%%, (1.23)
K(T):E(T) D(T). (1.24)

ne pryctuHa 3paska. 3 piBHgHb (1.21 — 1.24) moOpe BumHO, 10 TermaoBa audy3is
3aJIeKUTh BUKITIOYHO Bif (hasu PIIE curnaty, y Toil yac, KoJiv 3HaXOIKEHHS TETIOBOT
1HepIlli, MUTOMOI TEIMJIOEMHOCTI Ta TEIUIONPOBIIHOCTI BUMarae sk ¢a3y Tak 1
aMILTITY Y.

He3Bakaroun Ha TaKy MOXJIMBICTb, MOXKYTh BUHUKHYTH JIB1 HeOaxxaH1 MPOOIEeMHU.
I3 gocBimy mpoBeneHUX EKCIEPUMEHTAIBbHUX BUMIPIOBAaHb J00pe BijoMo, 1o (dasza
3aBKIM € Oulbll CTa0UIbHOI y 4Yaci, HDK amIUliTyJa CHUTHaldy BHACHIIOK

HeCTaOUTBPHOCTEH Jla3zepa a0o 1HIIMX ENEKTPOHHUX BIUIMBIB. /[pyra mpobiema Moxe

1HKOJIM BUHUKATH y MOsIB1 iesikuX apredaktiB Ha kKpuBux &(T), cp(T), K (T ) B okou1i DI
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npu noeaHaHHl piBHAHb 1.23 1 1.24. ¥V Takux Bumaakax (izuka nepexoay €
CKJIQJHIIIIOK0, 1 HE MOXE PO3TIISAATHCH 3a JOIIOMOTOIO I1€1 METONKHY.
1.3. EKcnepuMeHTA/IbHI YCTAHOBKM Ta METOJAUWKA BHUMIPIOBAHHSI TeEIUIOBOI

au@y3ii TBepaAMX TiJ

1.3.1. YacToTHe cKaHyBaHHs npu QikcoBaHiii TeMneparTypi

J151a BU3HAUYEeHHS TETI0BOI MU y3ii 3pa3ka mpu ¢pikcoBaHiii TeMIeparTypi, y SKOCTI
MIPOEJIEKTPUYHOrO JaTyrka OyJa0 BUKOPUCTAHO TEPMIYHO TOBCTY IUIACTUHKY
TaHTAJIaTy JITIIO, 3 METAJEBUMH HIXPOMOBUMHU €JIEKTPOJAMH, O€3MOCEepPEIHbO
i’ € JTHAHUMH 70 CUHXPOHHOTO MiJICKIoBava. TOBIIMHA MIACTMHKHM ckiagana 350
MKM. TemnaoBui KOHTAKT MIXK 3pa3KoM 1 MipoAaTIYMKOM 3a0€31eUyBaBCsl CUIIIKOHOBOIO
tepmoniactoro  Dow Corning 340, TOBIIMHOIO [AeKidbka MIKpoH. CxemaTudHe

300pakeHHs YCTaHOBKH HaBejleHe Ha puc. 1.3.

———
=~

-

Expan ®apanes

CHHXpOHHHMH MiACHIIIOBAY

EGeG WISTRUMENTS 7265 psv Losk-u

Puc. 1.3. Cxema ekclIepMMEHTaJbHOI YCTaHOBKM I YaCTOTHOTO
ckanyBanHs OIIE curHany y 3BOpOTHIM KoOHGIrypauii npu KiMHATHIN

TeMITepaTypi.
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Hemnpo3opuii 1 ONTUYHO TOBCTUW 3pa30K OMPOMIHIOBABCS MOJYJIbOBAHUM
TIOMHUM Ja3epoM Maioi motyxHocTi (5 mMBT), moBxuHOO xBuii 632 M. Takum
YHUHOM, TE€TJIOBA €HEprisi, OTpUMaHa 3pa3KoM € JOCUTh MaJIol0, aje SIKOi JOCTaTHBO IS
CTBOPEHHS TEIJIOBOTO TpajieHTa. Sk 3a3HadyeHo B poOoti [42], BUKOHAHHS
BUII[€3a3HAYEHUX YMOB JO3BOJISI€ MIBUAKO JTOCSTTH TEIUJIOBOI PIBHOBAru 3pas3ka IMpH
3MiHI TeMIEepaTypH, a TaKOX BUKOHYBATH BUMIPIOBAHHS 3 MaJMM TEMIEPATyPHUM
KPOKOM, OTPUMYIOUM IpU IbOMY BUCOKHI koedimieHT curHain/mym. DIIE curnan,
00pO0IsETHCA 3a JIOTIOMOIOK) CHHXPOHHOrO miacuioBada Signal Recovery 7265,
AKUA BUKOHYE JBI nayxe BaxiuBi ¢yHkiii. [lo mepiie, BIH perysroe 4YacToTy
3acBiUyBaHHS Jlazepa. 3 1HIIOro OOKy, BiH 0OpoOisie CHUTHaja, OTpUMaHUI 3
MipoAaTYMKa, YacToTa SIKOTO € TaKOIO K, sIK 1 yacToTa MOAYJALIl ja3zepa. [IpunHiun
po0OTH TaKOTro MiJICKHIIOBaYa 0a3yeTbcs HA BUKOPUCTAHHI CMYTrOBOTO (inbTpa, SAKHii
cUHXpoHi30BaHui 3 yactotoro OIIE curnany. binbiie Toro, BiH miACHIIOE OTPUMAHUN
curHan [43].

Jlnst Toro, mo0 BHWKIIOYUTH HAKJIAQJaHHS BHIIQJKOBOTO IMyMy Ha CHUTHAI,
CUHXPOHHHH IMiICHITIOBAaY TaKOX MO>KE 3MIHIOBaTH yac iHTerpyBanHs. Expan ®apanes
3a3eMITIOETHCS AJI MIHIMI3allii IIyMy BiJ] HABKOJIMIITHBOTO cepenoBuina. OopoOaeHmit
CUTHAJI 13 CHHXPOHHOTO TiICHIIOBayua 3aMMCYETHCS HA KOMIT FOTEP1 JIJIsl TIOJAJIBIIIOTO
aHanizy. Takok BaXJIMBUM € BUKIIOYEHHS MOXJIMBOTO BIUIMBY Mapa3WTHOTO CBITJA
(IKe MOX€ BHUHMKHYTH TpU TOTPAIUISIHHI JIA3€PHOTO0 TMPOMEHIO Ha TIOBEPXHIO
nipoaatyuka). st 1boro BUKOPUCTOBYETHCS HEMPO30pa IMJIACTUKOBAa a00 mamepoBa
TUTACTUHKA YOPHOTO KOJIBOPY 3 OTBOPOM, KU € MEHIIIMM 3a PO3Mip 3pa3Ka.

Ha puc. 1.4 moka3aHuii pe3yJbTaT 4YaCTOTHOTO CKAaHYBaHHS TPH KiMHATHIN
temnepatypi (T, = 295 K) ns mapyBatoro kpuctana AgInP,Seg, y siskoMy TerioBa
nudy3is BAMIPIOETHCS B3J0BXK MIapiB. 3B1ICK MO>KHA BAOKPEMUTH TPU 00JIACTI: TepIia
(I) — menpuaTHa obsacTe Oe3 JTiHIHHOCTI 1 mapanenbHocTi, HacTymHa (1) obmacTs (2
— 8 I't1) 3 10Ope BUpaKEHOIO JIHIMHICTIO, Ta 3 OJITHAKOBUM HAaXWJIOM M1, 3BIJIKM MOXKE

OyTH 3HaiiieHa TeruioBa Audy3is:

_H (1.25)

3paska 2
m
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1 ocranns (III), y skii JIHIAHICTH CIOTBOPIOETHCS BKJIAIOM I1°€30€JICKTPUIHOT
HANpyrHu, MosiBa SIKO1 MOB’s3aHAa 3 TUM (PaKTOM, IO 1 3pa30K 1 MIPOJATUYHK €
I’ €30€NIeKTpUKaMH. Y BHUIAJAKY, KOJH I1'€30€(DeKT € Iy’Ke CHIbHUM, i BIH MOXeE
CYTTEBO BUI03MIHIOBATH THINHY 001acTsb, HEOOX1/THO BUKOHATU

MyJIbTUIIApaMETPHUUHI aripokcumartii [43] 1y1st oTpuMaHHs TOYHOTO 3HAYEHHS TETIOBOT

nudys3ii.

AglnP,Seq
\%‘k\ Iy = 535 MKM

In(UHopm)
s

=

i

o

ey

s | 1l
o

0 1 2 3 4 5 6
Vf (Mu'?)

Puc. 1.4. ®a3a 1 HarypanbuHuii sorapudm ODIIE curnamy sk QyHkmis
KBaJIpaTHOTO KOPEHS YaCTOTHU MOAYJIALIT MPH KIMHATHINA TeMIiepaTypi AJis

mapyBaroro kpucraina AglnP,Ses.

1.3.2. BumiproBaHHSI TeMIIePATYPHOI 3aJI€KHOCTI Tem10BoI Audy3ii

[licns BuKOHAaHHS dYacTOTHOro ckaHyBaHHs OIIE curnamy mnpu KiMHATHIM
TEMIEpaTypl MOXKHA TMEPEXOJAUTH JO HACTYNHOTO €Tally — BHUMIPIOBAHHS
TEMIEPATypHOT 3aJeKHOCTI TEIIoBOi AUdy3ii. s 3MiHH TeMOepaTypu y pexuMmi
OXOJIO/KCHHS/HarpiBaHHsI BUKOPUCTAHO KplocTaT. B 3aieXHOCTI B TeMnepaTypHOi
o0nacTi, fKa HAac MIKaBWJIA, BUKOPUCTAHO MBI Pi3HI CHUCTEMHU: TENI€BUNA KpiOCTatr
3aKPUTOTO IUKITY JJI1 HAIHU3bKUX TEMIIEpaTyp Ta a30THUI KP1OCTaT, y BUNAAKY, SKILO
HEOOX1THO BUKOHATH JOCIIIXKEHHS MPU TeMIIepaTypax, BUIIMX 32 KIMHATHY.

Jlisg mpoBeneHHsS TEMIEpaTypHHUX MAOCHKeHb B miama3zoni 18 — 325 K
BUKOPHUCTOBYBABCS TEJIIEBUI KPIOCTAT Yy BEPTUKAIBHIM KOH(}Irypailii, po3po0sieHuit

komnaniero Janis Research. BaxinBoio mepeBaroro Takoi YCTaHOBKH € BiJICYTHICTb
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BUTPAT XOJOJ0AareHTy, OCKUIbKM MPHUHIIMI pOOOTH TAaKOro KpiocraTa 0a3yeThcsl Ha

TepMoauHaMiuanx 1ukiax Jhxuddopna-Mak-MexoHa, 1€ XOJIOJOAreHT IUPKYIIOE

MDK CTaJ{IsIMU CTUCHEHHS Ta PO3IIMPEHHS, MalOud MPOMDKKOBI CTajii pereHeparii, 1

OXOJIO/IPKEHHS B1IOYBAETHCS Yepe3 BUKOPUCTAHHS BUXJIOMY Ta30MOAI0HOTO Teiio 3

nocTiiHoro 00’eMy. Taka cuctema J03BOJISIE€ MPAIIOBATH 3 YK€ MaJUMH 3MiHAMH

temnepaTypu. IIBUAKICTh OXOJOMKEHHS 1 HarpiBaHHS MOke OyTH 3HIKeHa 110 2 MK
3a XBWIMHY [UIsl BUKOHAHHA BHMIPIOBaHb 3 BHCOKOIO PO3IUIBHOIO 3aTHICTIO.

TemnepaTypHuil KOHTPOJb 3[1ACHIOBABCS 3a JIOMOMOTOI0 POJIIA/3aMi3HOTO JaTurKa

temnepatypu RF-100T/U. OcHOBHI 4aCTHMHU TaKOi CUCTEMH OXOJIOJIKEHHSI HaBeeH1

Ha puc. 1.5:

- TemieBuit kKommpecop: 3a0e3medyye TPaHCIOPTYBaHHS Ta30MOAIOHOTO Teito
BUCOKOI'O TUCKY 10 OXOJOKYI0YO1 TOJOBU JJIs 11 OXOJIOKEHHS.

- Oxono/Kyroua rojioBa: 3a0e3nedye KOHTaKTHE 0XOJI0PKEHHS TpUMaua 3pa3Ka.

- Jlinii gs razy reniro: 3’€AHaHHS MK KOMIIPECOPOM Ta XOJIOJHOIO TOJIOBOIO JIJIS
HEIMepPEepBHOTO OOMIHY TeJIlEM BUCOKOT'O Ta HU3HKOTO THUCKIB.

- BHyTpimHs kKamepa: MOHTYEThCA JO0 XOJOJHOI rojioBu. BoHa Bkiouae y cebe
eBaKyalllifHUIN KJIanaH JJIs CKUJIaHHs TUCKY 1 BaKyyMHI1 MPOXiTHI (IIaHIli 1J1st To1a4l
HaIpyTy Ha HarpiBad.

- 30BHIUIHINA BaKyyMHHMI KOXKYX: HEOOX1THUM IJIs1 130JIS1111 BHYTPIIIHBOI KaMepH Bij
HABKOJIMIIIHBOTO CEPEOBUIIA.

- Konrtponep kepyBaHHs TeMIiepaTyporo (TEPMOKOHTpOJEP): HEOOXIAHMM i
KEepyBaHHS 1 MATPUMKH HEOOX1HOT TEMITEpaTypH 3pa3Ka.

KpiocTaT MOHTY€EThCSI HA MACUBHUMN CTLII, SIKUW PO3TAIIOBYETHCS HA MOBITPSHUX
MOAYIIKAX JJIi YHUKHEHHS MOMUIMBUX BIOpaliid CHUCTEMH, SKI MOXYTh BHOCUTH
’e3oenekTpuuny komroHeHTy y DIIE curnan [39]. TypOomonexkynsapHuii Hacoc
BMCOKOI'O BakyyMy YTBOPIOE€ BakyyM Oam3bko 5 * 10° mbap y 30BHIlIHBOMY
BaKyyMHOMY KOXXYC1, 130JIFO0OYM BHYTPIIIHIO KaMepy BiJl 30BHIIIHBOTO BILUIUBY. [
OJTHOPITHOTO OXOJIO/KEHHS/HArpiBaHHS BCEpEIMHl BHYTPIIIHBOI KaMepHu MOBITPs

3aMIAIOCh Ha Tra3onoiOHui remiid. TpbOXMO3UIIHHUM BEHTWIL 3abe3nedye
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aNIbTEPHATUBHUM TOCTYM JI0 BHYTPIIIHbOI KaMepH JIJIs1 BAKYYMHOTO Hacoca Ta 0ajoHa

3 Ta30I0A10HUM TEIIEM.

Puc. 1.5. Cxema eKCHEpHMMEHTAJIbBHOI YCTAaHOBKM JUIsI BUMIPIOBaHb B
niama3oHi 18 - 325 K. 1 — ontuuHe BiKHO, 2 — 3pa3okK, 3 — MipoJaTyukK, 4 —

TpUMau 3pa3Kka, 5 — BHYTPIIIHA Kamepa, 6 — 30BHIMIHINA BaKyyMHHI KOXKYX.

["0JIOBHUM HEJIOIIKOM JaHOI1 MOJIENI TeliEBOro KpiocTara — HEMOXKIIUBICTh HOTO
BUKOPUCTAHHS JIJII BACOKOTEMIIEPATYPHUX JOCTIIKEHb. Y 3B’SI3KY 3 IIUM, JIJIST TAKUX

tPN xomnanii Oxford Instrument,

BUMIpIOBaHb, OyB BUKOpHCTaHUM KpiocTaT Optista
OPUHLUI POOOTH SAKOTO 0a3yeTbcs Ha BHUKOPUCTaHHI PIAKOrO a30Ty B SIKOCTI
xoJsooareHTy. Po6oua cxema Takoi yCTaHOBKH HaBeJeHa Ha puc. 1.6.

Tpumau 3pa3ka NOMIIIAE€TBCS Yy BHYTPIIIHIO KaMmepy VY BEpPTUKAJIbLHOMY
postamryBanHi. [Ipoliec oxonomKkeHHs 3A1HMCHIOETHCS Yepe3 pe3epByap, pO3MILIECHHIMA

MOBEpPX IIEHTPaJIbHOI KaMepHu 1 3alOBHEHUN PIAKUM a30TOM. B 3aJIe)KHOCTI BiJ

MOJIOKEHHSI TOJIYACTOTO BEHTHJIA MOJayl XOJIOJOAreHTa y BHYTPILIHIO KaMmepy 3
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pe3epByapa 1O Kamuisipy HaAXOAWTh a0o0 ra3omoAiOHuit abo piaKuil a3oT 1

BUIIAPOBYETHCS HA TEIJIOOOMIHHMKY. Temmneparypa BCepeInHl BHYTPIIIHBOT KaMepH

KOHTPOJIIOETHCS MOa4eto Hanpyru Ha Temiooominauk. [Ipu Temmneparypax 80 — 350

K 3pazok

OTOYEHHMH ra3oM a3oTy. Moro moTik peryiroeTbes audepeHinHumM

pEryJIsITOpOM THCKY, SIKMH po3TamioBaHui y wmaHocrtaTi. Kom0OiHOBaHa cucreMa

pEryJoBaHHsl MOTOKY rasy 1 TeMIEepaTypH TEIJIOOOMIHHUKA JT03BOJISIE OTPUMYBATH

BUCOKY TOYHICTh MIATPUMKH TEMIEPATypHU Ta HU3bKI BUTPATU P1IKOTO XOJOJ0areHTa.
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Komm’rorep CHHXpPOHHHUIT ITiICHIIOBAY

1.6. Cxema eKcClIepUMEHTaJIbHOI YCTAaHOBKHM JJI1 BHUMIPIOBAaHb B

mianason1 80 - 350 K.

Tpusanicts

NPOBEJCHHS €KCIIEPUMEHTY BiJ OJIHIET 3aMpaBKH PIAKUM a30TOM MOXKE

caratu 6-10 ronuH (B 3aJ€XKHOCTI BiJ TeMIleparypu), MpPOTe, MPU HEOOX1THOCTI

KplOCTaT MOXKHA IIOMOBHIOBATH PIAKAM a30TOM 0e€3 HEOOXiIHOCTI IMOBEPHEHHS

CHCTEMH N0

nmo4yaTKoBUX YMOB. [10BiTpsI BcepeiiH1 BHYTPIIIHBbOT KAMEPH 3aMIIIy€ThCS
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IHEpTHUM Tra3oM aproHy. /[lnas Toro, moO 130JIF0BaTH BHYTPIIIHIO Kamepy Bij
HABKOJIMIIHBOTO CEPEIOBHUIIA, 3a JOMOMOIOI POTOPHOTO BAaKyyMHOTO Hacoca

CTBOPIOEThCS BakyyM (~ 10~ MOap) y 30BHIIIHEOMY BaKyyMHOMY KOXKYCi.

BucHoBknu 10 po3aiay 1

VY npomy po3aini OyJu pO3TJIsSHYTI OCHOBHI TEIUIOB1 BJIACTUBOCTI TBEPIUX TIJI.
Onucana MeTOAWKAa BUBYCHHS TEIUIOBUX BIACTHBOCTEH MarepialiB 3 BHCOKOIO
TOYHICTIO Ta Yy Oe3nocepenHiii Onu3bkocTi A0 (Ha30BUX TMEpPEexXo[iB, a came
dotomipoenekTpuyHoi  kamopumerpii (PIIEK) y koHdirypaiii 3BOPOTHOTrO
JICTEKTYBaHHS Ta HaBe/I€H1 OCHOBHI 11 IepeBary y MopiBHIHHI 3 IHIIUMU METOJIaMU IS
JOCIIDKCHHSI TEPMOJMHAMIYHUX XapaKTEPUCTUK MaTepiaiiB. 3poOjieHui aHami3
MaTEeMaTHYHOTO OIKCY JAaHOI METOJWKH, SKHH JJO3BOJISIE OJHOYACHO BUBYHTHU
JMHAMIYHI TETJIOB1 BIACTUBOCTI (TEIIOBY NU(]y3it0 Ta TEIIOBY 1HEPLIO) JJIs PI3HUX
matepianiB. [[pyra dYacTMHa [BOTO pO3IiTY TPHUCBAYCHA ACTAILHOMY OITUCY
eKCIIEPUMEHTAJIbHUX YCTAHOBOK, $IKI 0€3MocepeHbO0 BUKOPHUCTOBYBAIMUCS IJIA

TEIJTOBUX TOCIIIKEHb.
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PO3JILJI 2. TEILIOBI BJIACTUBOCTI IHAPYBATHUX KPUCTAJIIB
CIMEMCTBA MM'P:>Xs

[lepmia yacTMHA IIHOTO PO3JLTY MNPUCBAYEHA OMHCY CTPYKTYPH METANITIO- 1
cesneHodocdariB Ta IXHIM (PI3UYHUX BIACTUBOCTSM, IPYTa — TEIUIOBUM BJIACTUBOCTSIM.
[upokuit cnextp 2D mapyBatux kpucraiiB ciMmeiictBa Fe,P,S¢ BuBuaBcs 3 1970-x
pokiB i g0 Hamwmx auiB. Cnoayku M'"M*P,X]* € nepcnektuBHMMM MaTepianaMu
J1s1 (PYHKIIOHAJIBHOI €JIEKTPOHIKHM Ta IM'€30€JIEKTPOHIKH, OCKUJIBKH MarOTh CErHETO-,
CerHeTH-, aHTUCETHETOEJEKTPUUHI, Pepo- a0o aHTHdEepOMarHiTHI Ta IM'€30€IEKTPUIH1
BJIAacTUBOCTI [21, 22, 44, 45, 46, 47], MatOTh 3MillIaHy €IEKTPOHHO-I0HHY MPOBIAHICTD
[48] 1 Hax3BUYAHO BUCOKY €JIaCTUYHY HEJIHINHICTD [49], BOHU BOJIOIIOTH XOPOIITUMU
ONTHYHUMH BiacTUBOCTAMHU [50], a TakoX Yy HHX CIOCTEpIraeTbcst e(eKT
pesuctuBHOrOo Tiepemukanns [51, 52] Tta 3nauna temoBa amizoTpomis [1]. Taki
MyJIbTU(]EpOIuHI Marepiajii MarTh €(EeKTH MnaM'aTi, SKI CHJIBHO 3ajeXaTh BIJ
temriepatypu [53, 54]. 3aMiHa MEBHUX XIMIYHHUX €JIEMEHTIB JI03BOJISIE OTPUMATH HOBI
CTIOJYKH, IO JEMOHCTPYIOTH pI3HOMaHITHI (I3MYHI BJIACTUBOCTI, 30Kpema

(GOTOUyTIMBICTD Ta 1H.

2.1. KpucragiyHa cTpykrypa Ta @Qi3u4Hi BJIACTHBOCTI XaJbKOT€HIIIB
CulnP2(Se,S)s

3 TOYKH 30pYy CTPYKTypH, Bci 2D miapyBaTi rekcaxaiabkoreHorinoaudocdaru
MalOTh CIIJIBHY BIIACTHBICTE: crinbHy [P2X4]* anmionny mimrparky (me X = S, Se) y
KOKHOMY IIapl KpucTaia. Y KaTIOHHY MIAIPATKy MOXYTb BXOAMTHU OiIBIIICTb
enemeHTiB rpynu I Ta I, O1IbIIICTh MEPEXITHUX METANB 3 YETBEPTOIrO IMEPIOay 1,
HaBITh JIESKl OiIBIN BaXkdi, SIK-OT Majiafii, cpibso Ta xkaamii, abo ixHsa KomOiHAIis.
HaiimikaBimuMu € CHOMyKH 13 BaHAIEM, XPOMOM, MapraHIleM, 3aji30oM, HIKeJeM,
MIJIII0, 1HJIEM Ta BICMYTOM 3aBSKH iX MarHiTHOMy a00 CETHETOEIEKTPUUYHOMY
YHOPSAKYBaHHIO, €JIEKTPOXiMii Ta Karamizy. Bimomi Takox Kilibka KOMMO3HUINHN 13
JaHTaHOIgaMM 1 akTuHOimamu [21, 55, 56].

VY tabmumi 2.1 HaBedeHl AaHi 31 CTPYKTypU [AESKHX IIAPyBaTUX CEJICHO- 1
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Tioocdarib.
Tabmuns 2.1.
[TapameTpu KpUCTATIYHOI IPATKH JUIS IIapyBaTUX KpucTaiiB [57, 58, 59, 60, 61, 62,

63]

ITapameTpu rpaTku 00’em
Ckaang |(Cumerpisa| a b c [E] KOMipKH
[A] | [A] | [A] [A%]
MM [P2Ses]* | AgCrP,Ses| C2/m  |6.305[10.917| 6.991 | 107.7 | 458.4
CulnP,Ses P3lc 6.392| 6.392 |13.338| - 472.0
AgInP,Ses P3lc 6.483| 6.483 |13.330| - 485.2
CuCrP,Ses| C2/m  [6.193]10.724| 6.909 | 107.2 | 4383
CuBiP2866 _
P3lc 6.541| 6.541 |13.263| - 491.4
(295K)
CuBiP2866 _
R3h 6.553| 6.553 |39.762| - 1487.9
(197K)
CuBiP2866 _
R3h 6.559| 6.559 |79.385| - 2957.7
(97K)
AgBiP,Seg R3h 6.652| 6.652 |39.615| - 1518.3
MM [P2S6]*™ | CulnP,Se Cc 6.096|10.56513.623(107.10| 838.5
AgInP,Se C2/c  6.182] 6.182 [12.957| - 428.8
CUCI'PQS6
C2/c  15916|10.246(13.415|107.09| 777.3
(295K)
CUCI'PQS6
Pc 5.935(10.282113.368|106.78| 781.0
(20K)
AgCrP,Ss P2/a  |5.892]10.632| 6.745 |105.82| 483.7

Sk BugHO 3 pucyHky 2.1, kpucran CuM>"P,S¢ (M** = In, Bi, Cr) cknagaerscs 3
H1apiB, OTOYEHHUX CIPKOIO, B SIKUX KaTioHW MeTaniB Ta P-P 3B’a3ku 3aiimMaroTh

OKTaeIpUyHI KOMIPKH, a MiJb 3 IHIIUMH KaTioHaMu Ta P—P mapu yTBOpIOIOTH OKpemi
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TpUKYTHI Mepexi B mapi. Y kpucranax CulnP,X¢ (X =S, Se) koxxHuMil map 3B’ a3aHUN
3 IHIIUM CJIa0KUM BaH-/I€P-BaajlbCIBCBKUM 3B’S3KOM, YTBOPIOIOUU ITUTACTHHYACTY
KpuctasiorpadiuyHy CTPYKTYypy 3 HE3HaA4YHUM monepedyHuM (y3JI0BXK OCi C)
CTPYKTYPHUM 1 €eKTpOHHUM 3B's3k0M. CulnP,S¢ € HaliBaXKIMBIIIOI CHOTYKOIO IS
IbOT'O CIMEHCTBA, sIKa MOoKa3ye 100pe Bu3HaueHui ceruetuenekrpuunuii GII nepuioro
pony tuny nan-6e3nan npu 7. = 315 K (croctepiraeTbes mepexij BiJ MOHOKJIIHHOI
npoctopoBoi rpynu C2/c mo Cc) 1, IK HACTIJOK BIOPSAIKYBAHHS 10HIB MiJIl B TTOJISIPHINA
MIJATPaTIl Pa30M 3 HEBEIMKHUM 3MIIICHHSIM 10HIB 1H/I110, YTBOPIOIOUH JIPYTY MOJISIPHY
MIJATpaTKy; 0OMIBa 10HU 3MIIIEH] 3 TUIOMMUHM MmIapiB [45]. OCKUIBKY BIAXUIICHHS BiJl
LEHTPY LIapiB 10HIB MiJl HabaraTo CHIIBHIIIE, HIK B 1HJII0, PE3yJIbTaTOM LBOTO €
HECKOMIIEHCOBAHE JBOBUMIPHE CETHETUEIIEKTPUYHE BIOPSAIKYBAHHS 3 MOJISPU3ALII€IO,

HANPSMJICHOIO MEPIEHAUKYIISIPHO 10 1mapy (Y310BXx oci ¢) [45, 64].

Puc. 2.1. lllapu y xpucrani CulnP,S¢ B3m0Bx oci [001]. HltpuxoBa miHis
NoKa3ye eaeMeHTapHy KoMipKy. CuHi, poxeBi, (10JIeTOBI Ta XKOBTI cepu —

aToMU M/, 1H]110, hocdopy Ta Cipku BiAMOBIIHO [65].

Sx BUIHO 3 AaHUX AOCHIKeHb peHTreHiBchkoi audpaxiii B CulnP,Ss B poboTi
[66], ryctuHa HimosipHocTi Cu'’ mokasye moaBiliHO-cuMeTpHuHy (OPMY BiJHOCHO
neHTpy okrtaeapuyHoi rpymu CuSe y mapaenektpuuniii ¢dazi. Take auHamidHE

PO3yNOpsAIKYBaHHS 0yJI0 KprcTajgorpadiyHO 3MOJIETHOBaHE TPHOMA TUIIAMHU YaCTKOBO
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3alIOBHEHMX IMO3MIIA KaTIOHIB Mial y IIapl 3 BEJIMKHMM TEIUIOBUMHU (HaKTOpaMu:
CWJIBHO 3MIIICHUX BiJ LEHTPIB 1 kBaszirpuroHanbuumu Cul, maiixke y meHTtpi abo
oktaenpuuHumu Cu2, Ta TeTpaepuIHUMU B MXKIapoBomy npoctopi Cu3 (puc. 2.2).
@I BUHMKA€E 3aBISKH KOOMEPATUBHUM 3aMOPOKYBAaHHSAM CTPUOKOBHUX PyXiB Mijl. Y
CBOIO 4epry, s KarioniB Cu'" € nBi MoxmuBi nosuuii: Cu’ — 3MilleHU Bropy Bij

cepeuHM mapis npubnusHo Ha 1.58 A ta Cu®*" — 3mimenuii Buu3 [45].

a
Puc. 2.2. a - mo3wuttii Tprox aromiB miai Cul, Cu2, Cu3 «Bropy» y mapadasi.
Takox moka3aHi BIAMOBIIHI 3MIIICHHS «BHU3», O - CETHETHENEKTPUUHUN
CTaH, KWW Mmokaszye Miab B nmo3uilii Cu’, iHaii 3mimeHuit yuus. OpaHxesi,
CHHI, POXEBI1 Ta KOBTI KPY>KKH MOKa3yIOTh aTOMHU MiJI1, 1H110, (pocdopy Ta

cipku BiamoBigHO [21].

IIpu 298 K, 90 % ionis Cu'" 3aiimarors mosnoxenns Cu (puc. 2.3). Kationu
iH/Ii10 HecyTTeBO 3MilIyloThCs i3 cepemunn mapis (0.2 A), ame y mporunesxHoMy
HanpsaMKy, GOpMyHOYH APYTy nosspHy miarparky. Ockinbku 3mimenns Cu'' 3mauno
Oinbie, Hix In*", MO’KHa O4YiKyBaTH, IO CIIOHTaHHA MOJApH3allid OyJe HanpsMIIeHa
NEePIEeHIUKYIIpHO 10 mapiB. KamopumeTpuyHi Ta AieNeKTpU4HI BUMipIOBaHHS [66],
npoBeneHi st kpuctany CulnP,S¢ migBepemwnmm 110 rimote3y. JlumonbHe
BropsaakyBanHss B CuMP,S¢ BuHMKae 3a HasgBHOCTI ABOX €(EKTIB: €JIIEKTPOHHA
HECTAaOUIbHICTh, CIIpUYMHEHA BTOpUHHUM edekToMm SnHa-Temnepa, ska moB’s3aHa 3
enekTpoHHOI0 KoH(pirypaniero kationis d'° (3d!° Cu'* ta 4d!° In*"), a Takox 3aBusaku
TOMYy, 10 KaTiOHH, OOMEXKeHI MmapyBaTor®  MOP(QOJIOTIEI0,  3a3HAIOThH
aHTHIapanenbHoro 3mimeHHs. Sk Hacmimok, B kpuctami CulnP,S¢ BuHUHKae

CErHETHEJIEKTPUYHE BIOPSAKYBaHHSA [67].
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153K 243K 298K 305K 318K

Puc. 2.3. TemnnoBa eBOMIONIS 3allOBHEHHS PI3HUX pPIBHIB MU0 Ta
BIJIMOBIHI IM KOHTYpPH T'yCTHHHU iMOBipHOCTel y kpucTani CulnP,Se. Mami
XPECTUKU BKa3yIOTh Ha YTOYHEHI MO3UIi, a MyHKTUPHI JiHIT MO3HAYAIOTh

BEPXHIO 1 HUKHIO TpaHuii mapy [45].

BukopuctoBytoun kaptu Dyp’e, 3aBmsSKM SKUM =~ MOKHA ~ BU3HAYUTH
pO3TalIyBaHHS aTOMIB Mifl, y poOoTi [44] Oyiu oTpuMaHi IMOBIPHOCTI 3aCEIEHOCTI
pI3HMX TNO3MIiM KaTioHamu Mimi. B mapadasi mosumii Cul”? ta Cul?" craiors
exBiBasieHTHUMH Cul, TOOTO CTpPyKTypa CTa€ UEHTPOCUMETPUYHOIO 3 TOSBOIO
noABIMHOI oci 4yepe3 okTtaeApuuHuil 1eHTp. [Ipu 353K cnoctepiraerbcss mMojaens 3
TproMa MOAIIMBUMU mo3ullisiMu Mifi Cul — 33%, Cu2 — 12% Ta Cu3 — 5% nopiBHy
3Bepxy Ta 3HmM3y wiapiB. [Ipum 318 K Oynu BusiBneHi piBHOMIPHO pO3MOJLICHI
MaKCUMYMH T'YCTUH Ha BEPXHbOMY 1 HIDKHHOMY PIBHSIX, 1110 TOBOPUTH PO HASIBHICTD
MOJBINHOT OC1, SIKa MPOXOIUTh Yepe3 MeHTp oktaenpy CuSe Ta mapasensHa oci b [45].
3 TOHanmBIIMM  3HIDKCHHSIM  TeMIlepaTypu, 3OUIBIIYETbCS ~ KOOMEpPAaTUBHE
3aMOpPOXKYBaHHSI TaKWX CTpUOKOBUX pyxiB KarioHiB Miml. Ilpum 298 Tta 248 K
3anoBHeHHs piBHIB Cul'” 3poctae Ha 90% Ta 94% BimnmosigHo. [Ipu gocsruenni 153
K piBerp Cul*”” TMOBHICTIO 3alOBHIOETHCS, W0 MIATBEPIKYETHCS  TAKOX
JieeKTpUYHUMHU BuMiptoBaHHsMH [44]. [llomo iHai0, TO BiH HE 3alOBHIOE BEPXHI
T03MI{i, a BiAXuaeHHs BHU3 3MeHmryethes 3 0.24 A npu 153 K 10 0.18 A mpu 305 K i

MOBHICTIO 3HUKAE npu Temnepatypi @II [45].
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Ab initio po3paxyHKH, IPOBEACHI HA OCHOBI METO1y Teopli GyHKITIOHATY TYCTUHH
st kpuctany CulnP,Se (puc. 2.4) miarBepaunu HasBHICTh BTOPUHHOTO ehekTy SHa-

Tennepa Ta KOTO CErHETUENEKTPUYHE BIOPSAKYBaHHs [68].
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Puc. 2.4. 3ouHa cTpykTypa Ta ryctunu ctatiB ajs CulnP,Se [68].

Kpuctanmu CulnP,Ses nysxe nmoaioni 1o kpuctaniB CulnP,Se, siki Tak0X 3MIHIOIOTh

cBoto cumetpito mpu DII (3 P- 510 no P31c), ane npu 3HaAYHO HMXKYIM TeMIeparypi
(236 K) [69, 70]. BimMiHHOCTI MiXX IHMMH JBOMa CIHOJIyKaMH MOXYTh I1CHYBaTH
BHACJIIOK 30UIbIIEHHS po3MipiB 3B's3kiB P—Se Ta kyTiB y 3B’s3kax Se—P—Se, 1mio
BKa3ye Ha Te, 110 CEJICHIIN 3HAYHO OUIBIN CTPYKTYPHO YUYTIWBIi, HIXK Cyabdimm [21].
JudpakiiitHuii aHai3 mokasas, 110 CErHETOCICKTPUYHUN TIepexXi y Marepiaiax, sKi
MICTSTh CEJICH, TaKOXX 3YMOBJICHMM BIOPSJKYBAaHHSIM KaTIOHIB Mijdi, aje BOHH
3MinytoThes e Ha 1.17 A i3 cepeuHu cTpyKTypHHX IIApiB, TOMI K Y BHIAIKY
CulnP,S¢ — 1.58 A [45, 62]. SIx HacmimoK, ABOSMHHII HOTEHI[iaN IS i0HIB Misi y
cesneHial Oyae MUIKIMMM, HDK y Cynbdial, [0 MPU3BOAUTH A0 TMOHUKECHHS
Temriepatypu cTpykrypHoro ®DII. bimeme Toro, po3paxoBaHi 3HA4YEHHS EHEPTIiH
aKTHBAIlll y CeJIeHIAaX MeHIl, HiXK Yy cynbdinax (E,= 0.8 eB y mapadaszi i £4= 0.59
eB B cernerogasi mis CulnP,Ses ta E4 = 0.92 eB y mapadasi 1 Ex = 1.16 eB B
cernerodasi mia CulnP,Se), mo miaTBepKYE MUIKIIITUN TOTEHITIA AJI 10HIB M1l y
Kpuctam cenexiny [71, 72].

VY pobotax [49, 71], BUMiproBaHHS MPOBITHOCTI Ha MOCTIMHOMY CTpyMi IMOKa3aln

HabaraTo Ginbiri 3Ha9eHH 118 cyabdiniB (oo = 5.6 * 102 Cm/M y cernerodasi Ta oy
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=2.66 * 10" Cm/Mm y napadasi), Hix s ceneninis (oo = 2.35 Cm/M y cernerodasi ta
oo = 1.21 Cm/m VYV mapadasi). Buma mpoBinHicTs y cynbdinax IIBUIIIE 32 BCE
3yMOBJIEHA JAMHAMIYHMMH CTPHOKOBMMH pyxamu Kartionis Cu'® B rparui, siki MaroTsh
MiCIle @k 0 HHU3bKHMX Temieparyp [44], koau y cenenini kationn Cu'* mpaktuyno
3aMOpOXKEHI Ha MO3AlCHTPOBUX MO3UIISIX y cerHerodasi uepe3 MUIKIIY (Gopmy
MIHIMyMY JBOSIMHOTO noTeHmiany [70].

Sx 1y Bunaaky kpuctrany CulnP,Se y cenenini epext SAna-Temnepa takox €
PYIIIHHOIO CHJIOK0 CETHETOCJIEKTPUYHOrO Iepexoay. Po3paxoBaHi mapiiiaibHI
TYCTUHU CTaHIB ISl KaTioHiB Miai (puc. 2.5 (a)) mokaszaiu, IO 31 3MEHIICHHSIM
TEeMIEPaTypy, HU3bKOCHEPreTH4H1 piBHI 3d YITKO 3MIIIYBaJUCh 10 PIBHIB 3 BUIIOIO

eHeprieto, (kK A 3muBaeThes 3 mkoM B) 1 po3puB jaenio 36ubiryetbes [73].

sk T>>T, Te<T,
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g L
* 20

A MapuiansHi ryctuHn LMTO DOS
Exepria 3B'askis (eB)

Puc. 2.5. (a) - ryctunu craniB (LMTO), orpumani mpu 7'=298 K (mtpuxosa
minist) Ta 7= 150 K (cyminena minis) (1), Bianosigai Y@ cnektpu hoToemicii
(PES) ipu 7= 298 K (mrrpuxosa minis) Ta 7= 190 K (cyuinbHa mniHis); (0)

— mapuiaibHi rycTMHHA ctaHiB npu 7 = 298 ta 150 K, mopiBHsHI 3
CHEepreTUYHOIO /IiarpaMolo, BKa3yrun Ha MeXaHi3Mm edekty SAna-Temnepa y
kpuctaii CulnP,Ses [73].

Ha puc. 2.5 (0) nokaszane posmemieHHs miky A. HoBa eHepris 3B'sS3Ky s

OCTaHHIX 3alHATUX CTaHIB (NMPUHHATO BBaxatu 3d,2) BHUIIE, sSKa BIANOBLIAE

BTOpUHHOMY edekty SHa-Temnepa, 1 sika CynpOBOKYETbCS 3HAYHUM MPUPOCTOM
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eneprii (6u3pko 0.3 eB). Lle miaTBepKYETHCA OJHOYACHUM 30UIBIICHHSAM €HEepril
3B'SI3KYy HE3aWHATUX CTaHiB 4s, sIKi crocTepiralotbes B po3paxynkax LMTO ms T <<

T.

2.2. BIuIuB KaTiOHHOI MiACHCTEMH HA TEPMOJIMHAMIYHI BJACTHBOCTI IAPYBATHX
xaabkorenigie M"M*P,(Se,S)s

Buie po3risiHyTo BIUTMB 3aMILICHHS CIpKH Ha celieH Ha (i3M4YHI BIACTHBOCTI.
OuyeBHUJIHO, 110 TAKOXK CTA€ I[IKaBUM BIUIMB 3aMiHU XIMIYHUX €JIEMEHTIB Y KaT1OHHIM
MiArpaTii Ha ¢pepoivuHi BIACTUBOCTI KpucTaiiB. Hanmpukiaa, mpu 3aMiHi KaTioHA Mifl
Ha cpibmo y kpucranax AgInP,Ss Ta AgInP,Ses @I noBHicTiO 3HMKAE [48, 74]. Heski
CeJeHIAM 3 TPUBAJECHTHUM KaTIOHOM BICMYTY MalOThb AHTUCETHETOEIEKTPUUHE
BriopsakyBanHsa (AgBiP,Ses Ta CuBiP,Ses) [63]. [l mouaTky po3risiHeMO OCHOBHI
CTPYKTYpHI 1 (Di3UUHI BIACTHUBOCTI JESIKUX JBOXMIPHUX CKIAJiB, SIKI HaJeXaTb 0O
miarpyn MM P,Se]* ta MM3'[P,Ses]*, a came: AgInP,Se, AgInP,Ses, AgBiP,Ss,
AgBiP,Ses Ta CuBiP,Ses. BapTo 3a3HaunTH, M0 TEXHOJOTIT CHHTE3y KPHUCTAIIB €
JIOCUTH CKJIAJIHUMH, 1 HE JIJIs1 BC1X BUMAAKIB OyJI0 MOXKJIMBO OJIEPIKATH XOPOIIIl 3pa3Ku,
Hanpukiag, CuBiP,Se, a Takox kpuctanu i3 BMiCTOM xXxpomy. Tomy Il KpucTtanu
pO3TIIAIaTUCS HE OYTyTh.

Crpykrypa kpucrany AgInP,S¢ cxoxa nmo crpykrypu kpucramiB Cdl, [58].
YacTtroBa 3MmiHa miai Ha cpibio (Ago.1CuyolnP,Se) 3HIKYE TemmepaTypy mepexoay 3
T'=315Ky CulnP,S¢ no 7'= 283 Ky Ago.1CuooInP,S¢ [44]. Takuii edhexT noB'ss3anuit
i3 OinpmmM po3mipom KaTioHa Ag!®, e Hk4i TemmepaTypu € HEOOXiTHOIO YMOBOKO
JUIS 3yNUHEHHSI CTaTHYHUX CTpUOKIB atomiB. Po3paxoBaHi eneKTpoHHI Ta (OHOHHI
BJIACTUBOCTI KpUCTATIYHOI CTPYKTYpHu AgInP,Se [75] mokazanu BeIMKy KOBaJICHTHICTh
3B’A3KIB MiX KaTioHoM cpibma Ta amionom [PSe¢]*, a omke momienp Ag-S €
»opctkimmm. [le Bkasye Ha BiICyTHICTh peanizarlii MmexaHizMmy edekty SAna-Teneppa.

AgInP,Ses nyxe mnomionuii no AglnP,Ss. Atomm ceneny QopMyroTh
TeKCaroHAJIbHY CTPYKTYpy 3 mociimoBHicTio mmapie ABAB B3moexk oci ¢ [21].
JlienekTpuuHi JOCTIKEHHS [74] He BUSBWIN SKUX-HEOyAb M0Ka3iB HasBHOCTI DII;

0TXKe, OYyJIO MOKa3aHOo, IO BIH HE € CETHETOCICKTPHKOM.



47

JlocnimkeHHs yIbTpa3ByKyY y poOOTi [76] j1st KpUCTAIIIB 13 YaCTKOBO 3aMIIIIEHOIO
MI1JI10 Ha cpibIo SIK 1y BUNIAAKY CyJIb(iIiB MOKa3ao, 110 BHECEHHS cpibiia y KaTIOHHY
niarpatky y kpucranax Ago1CugolnP,Ses ta AgooCugsInP,Ses mpuszBoauth 110
samkeHHs temneparypu @I 3 225 K 1 235 K y uncromy CulnP,Ses 10 215 1 230 K
st 10 % cpibna ta 210 1 225 K 3 20% BiamoBigHO.

VY poboti [63] mokazaHo, mo y kpuctaiai AgBiP,S¢ oaHa mojgoBHHA aHIOHIB
[P2S]* pasom i3 P—P 3B’sa3KkaMu JI€XKHTH B3IOBXK LIApiB, KOIM iHIIA — MMOBEPHYTa
napanensHo mapam. AHiOH [P,Sg]* B310BXk MIapy KOOpAMHY€E YOTUPU aTOMHM Cpibna i
JBa aTroMu BicMyTy. HaromicTh, kaTioHHM cpi0ja KOOPAUHYIOTHCS CHIJIBHO
CIIOTBOPEHHUM TETPAEAPOM 3 aTOMiIB S B MeXax OJHOIO LIapy 1 BOHM MAlOTh JIUILE
cnabki Ag—S B3aeMojii uepe3 BaH-JIep-BaallbCiBChKUN 3B’s130K. KaTioHM BicMyTy
KOOPAMHYIOTBCA IIICThMa aToMaMu cipku. lle myxke crmoTBopeHe KOOpAHMHAIiiHE
OTOYEHHS JIJISl BICMYTY, 1 OYEBHUIHO, 1110 TYT € OJIHa CTOpPOHA KOOpAMHALIIHOI chepH,
sika 1o36asieHa atomis cipku. L{e roBOpHTE ITpo Te, 110 HenoineHa napa (6s%) BicMyTy
€ CWJIBHO CTEpEeoaKTHBHA [63].

I[Ipu ximuaTHii Temmeparypi AgBiP,Ses — aHTHCETHETOENEeKTPUUHHUI
HAMIBIPOBIIHUK [78], MpoTe TYT Mae Miclie BHYTPIIIHbOIIAPOBE CETHETOCIEKTPUUHE
BIIOPSAJKYBaHHS, SIK TIOKa3aHO Ha puc. 2.6. DiojgeToBl Ta CHHI CTPUIKH MMOKa3yIOTh
HaIpsSMKU TOJISIpHU3allii, CIIPUYMHEH]1 10HaMH BICMYTY 1 cpiOiia, BIAMOBIAHO. 3ejeHa
CTpUJIKa BKa3y€e Ha HAIMPsIMOK MOBHOI nosisipu3aiii MoHomapy AgBiP,Ses. [lonoxenns
KaTIOHIB Cpi0Jia CIOTBOPIOIOTHCA 3 OKTACAPUYHOTO OTOUEHHS MOAOBXKEHHSIM TPhOX
3B's13KiB Ag—Se, K1 3MINTYIOTh KaTIOHU CpibJia B3JIOBXK OC1 C BiJ IeHTpY Inapy Ha 0.4
A. Kationn BicMyTy 3cyBatothea iume Ha 0.2 A Bim ueHTpy oOKTaempa B
IPOTUJICKHOMY HANpSMKY B3JIOBXK LIapy, MNEPHEHAUKYJISIPHO KaTioHaMm cpiOia.
Kpucran AgBiP,Ses wmae mapyBatmii Tun crtpyktypu MPSe; 31 cnabko
B3a€MOJIIIOYMMH IIapaMu, yIIaKoBaHUMHU cuiiamu Bau-nep-Baanbca. Y koxHOMY mapi
KaTiOHHM 1 3B'I3KK P—P 3amoBHIOIOTH OKTaeApUYHI ITyCTOTH, BU3HAYEH] TOJIOKEHHIMHU

ceneny. Anionn [P,Ses]* mepexpuBarThCA ynopsaKoBaHMM po3MimeHHsaM Ag!t Ta

Bi** [63, 78].
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Puc. 2.6. CxemaTuunuii Bi 300Ky TBOX CIIOTBOPEHUX CETHETOCNEKTPUUHUX
da3 (FE) 3 pi3HuMu HampsMKaMyd TOJSpHU3aIii Ta BHCOKOCHMETPUYHOI
napaenektpuunoi ¢asu (PE) nnsa kpucrany AgBiP,Ses. OpanxeBi, poxesi,
nypiypHi Ta 61akuTHI cepu - atomu ceneny, pocdopy, BicmyTy Ta cpibna

BiANOBIAHO [78].

[Ipu nmopiBusHHI kpuctaniB AgBiP,S¢ Ta AgBiP,Ses, cTpykTypHi BiAMIHHOCTI
MIK HUMHU MOXKYTh MaTH MOXO/DKEHHS y TIOJI0KEHH1 BICMYTY B OKTaepi, yTBOPEHOTO
CEJICHOM Ta TEHCHIIIT /10 3HIKEHHS CTEPEOAKTUBHOCTI HEMOAICHOT Mapy eJIeKTPOHIB
BicMyTY [78].

Kpucran CuBiP,Ses Takox mae mapyBary CTPYKTYpy, /i€ aHIOHHA MiArparka
[P,Ses]* 3’emnyernes i3 kationamu mertanis (puc. 2.7). Sk 6yno nokasano y [63], mis
i€l crmoiyku mpu pi3HuUX Temmeparypax (298, 173 ta 97 K) miaTBepmkeHO
YHOOpSAAKYBaHHS Yy (opMi JBOX UYITKO BHU3HAYEHUX AHTHUCETHETOEICKTPUUYHUX
NIEPEXO/IiB, OCKITLKH KaTIOHH MiJll PyXarOThCs 1 OCIIAI0Th Ha MO3UITISAX, 3MIIIEHUX BiJ
HEHTPY  OKTaeapiB.  YacTKOBE  AHTUCETHETOCJEKTPUYHE  YHOPSIKYBAHHS
criocrepiraersest Hik4ue 173 K, a nmwkue 97 K 85% kationis Cu” po3TaIioByOThCs B
no0pe BHpaXEHUX TO3AIEHTPOBUX TMO3HINISAX. 3O0IIBIICHHS BIIXWUJICHHS KAaTiOHIB
BICMYTY MOPIBHSHO 3 1HJIIEM MOK€E BKa3yBaTH Ha CTEPEOAKTUBHICTh HEMOAICHOT TapH,
ska Moxke MatH Micue B Bi*", ane ne In’". Takuil ke MexaHi3M CIIOCTEPIraeThes B

kpuctaiiax AgBiP,Ses mpu kimHaTHIN TemnepaTypi [63].
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Puc. 2.7. (a) — mapyBara ctpykrypa CuBiP,Ses mpu kiMHaTHIH TemmiepaTypi
y Hanpsmky [110]; (6) — crpykrypa monomapy (Cu,Ag)BiP,Ses, sxa
TMOKa3y€e BIOPAAKOBaHe posranryBaHHs ioHiB Bi*" ta Cu®. Cuni chepu —

aToMu Miji/cpi0ia, 3eJaeHl — BICMYT, YEPBOHI — CEJI€H Ta YOPHI — aTOMU

bocopy [63].

VY rtabnuui 2.2 HaBeneHa iHdopMallis mpo HasBHICTH DI y po3rsiHyTHX BUIIE

CIIOJTyKaXx.
Tabmuus 2.2.
Indopmaris mpo HasgBHICTB Ta THH nepexoxy s M TM3[P,X]* [45, 63, 70, 78]
Cxaan Tun @I Temneparypa ®@II
CulnP,S, CerneTveneKTpUYHMI 315K

CulnP,Se, Cerneruenekrpuunnii | T.=235.5K ta T;=248.5K

AgInP,S, Bincytniit ®I1 -
AgInP,Se, Biacytniit OI1 -
AgBIP,S, Jlani BiaCyTHI 220K
AgBiP,Se, | AnTHCErHTOENEKTpHYHMIA T.<298K

CuBiP,Se; | AurucernroenekTpuyHuii 145K ta 220K
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2.3. AHI30TPONHI TemJOBIi BJACTHBOCTI Ta (a30Bi mepexoam y HmIapyBaTHX
KpucTanax

[e#t mimpo3ain choKycOBaHUN Ha TEIJIOBUX Ta EJIEKTPUYHUX BIACTUBOCTIX
IIAPYyBAaTHX CETHETOENEKTPUUHKX Matepianis M "M>"P,(S,Se)s (M'" — Cu, Ag; M>" —
In, Bi). ¥V nonepennix migpo3aiiax OyJio BCTAHOBJIEHO, IO 3aMiHa aTOMIB CIPKH Ha
cenen 'y kpuctaiax CulnPy(S,Se)s Beae 10 3MEHIIEHHS TeMIIEpaTypu
ceraeruenektpuuyHoro @DII. Yactkoe 3amimenHs wMimi Ha cpidbmo B (AgCu;.
)InP,(S,Se)s Bene o Oubioi koBaneHTHOCTI Ag—[P,2Se] 3B’ s3kiB [44]. 111 B1acTuBOCTI
pOOJISITH CHOJIYKH 31 cpibsioM OuIbIn cTabuibHUMU. KpiM Toro, i0HU cpibia MaroTh
OiNBbIIMI PO3MIp, IO CHOpPHUSE 3aMOPOXKYBAHHIO CTPHOKOBHX pyXiB ioHiB Cu', i
MPU3BOJAUTL JO PO3MHUTTS BIOPSAKOBAHOI cerHetuenekTpuuHoi ¢aszu [63]. Lle
MOSICHIOE TIPUYMHU 3HIDKCHHsS Temrepatypu DIl mmsa kpucrtaniB 3 HEBEITUKOIO
KUIBKICTIO cpibia Ta octatoyHoro 3HuMKHeHHs @Il mpu moBHOMY 3aMmilieHHI.
BigMiHHOCTI y TEMJIOBUX BIACTUBOCTSIX MPU 3aMIIICHHI 1H/1I0 Ha BICMYT 3yMOBJICHI
THUM, 1[0 HETIO/1JIEHA Mapa BICMYTY € CTEPEOXIMIYHO aKTUBHOIO, HAa BIIMIHY BiJ] 1H]IIO
[63]. Tloegnyroun paHi TermioBoi audy3ii Ta TEMIOEMHOCTI, MOXKHAa OTpPUMAaTH
TEIUIONPOBIIHICT, Y TOBHOMY [iama3oHl TemIiepaTyp. AHali3 eBOJIOLIi KPUBUX
TEIJIOMPOBITHOCT J1a€ BIAMOBIAI HA MHTAHHS, SKAM YHHOM 3aMIIICHHS XIMIYHHUX
€JIEMEHTIB 3MiHIOE (DI3UYHI BIACTUBOCTI Y IIUX IIapyBaTHX CHOJyKaX.

JIBomipHi xampkorenimHi kpuctamm Cu;,AgdnP,(S,Se)s 3 x = 0, 0.1, ta 1,
AgBiPy(S,Se)s Ta CuBiP,Ses 3 mouaTkoBOr YHUCTOTOIO XiMIYHUX eneMeHTiB: Cu
(99.999%), Ag (99.999%), In (99,999%), B1 (99.9999%), P (99.9999%), S (99.999%),
Se (99.9996%) Oynu BUpOIIIEHI METOIOM CIPSIMOBAHOI KpUCTai3aIlii po3IjiaBy 4depes
KOHTPYEHTHUW XapakTep IUIaBJICHHS CIOJYK 1 TMOPIBHAHO HM3bKHI THCK MapiB
JUcoLianii.

Pexxum cuntesy mist Cu;. AgInP,Se BkimtouaB y cebe crymingaTuii HarpiB g0 673
K (tuck mapiB cipku ~ 101.325 kIla) 31 mBuakictio 50 K/rog 1 TemmnepaTypHOO
cTabumi3aIie€0 mpoTAroM OaHIEl H00H, sKa HEeoOXimHa i 3B s3yBaHHS (ocdopy,
cipku 3 mijro ta iHgieM (CulnP,Se), 13 cpibiom Ta iHmiem (AgInP,Se), cpibiaom Ta

BicMyTOM (AgBiP,S6) BiAMOBIAHO 3 YTBOPEHHSAM MPOMIKXHUX O1HAPHUX, TEPHAPHUX Ta
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TeTpapHUX MpoMixkHUX (a3. [lonanpiie NiAHATTS TeMiiepaTypu A0 Temieparyp Ha 50
K Bume temneparyp mumasneHHsi cnonyk npu mBuzakocti 50 K/rox (1145 K s
CulnP,Se, 1115 K gna AgInP,S¢ ta 920 K nns AgBiP,Se¢) 3 TemmepaTrypHOro
cTallTi3alli€l0 BIPOJOBXK JABOX A10 JUIsi TOMOTeHi3alli po3miaBy, 1 MOTIM, Pi3KOTO
OXOJIO/IPKEHHS 10 KIMHATHOI Temnepatypu 31 mBuakicTio 50 K/ron. [nst onepxanus
CulnP,Ses, AgInP,Ses, AgBiP,Ses Tta CuBiP,Ses Temmeparypa cunTesy Oyna
nigsumeHa 10 873 K (tuck mapis ceneny ~ 101.325 xIla) 31 mBuakictio 50 K/rox
(TemmepaTypHa crabumzaiis (ogHa Jj00a) — Taka TeMIieparypa HEoOXiaHa s
3B’si3yBaHHs pocdopy 1 ceneny 3 migaro Ta iHgieM (CulnP,Seq); cpibiioM 1 iHI1EM
(AgInP,Ses), Ta cpibnom 1 BicmyToM (AgBiP,Ses) 3 yTBOpeHHSM NPOMIKHHX
OlHApHUX, TEpPHAPHUX Ta TETPaApHUX MNPOMDKHUX a3 BIAMOBIIHO), TOAANIBIIE
HarpiBaHHs 110 Temiiepatyp Ha 50 K Burie TemmnepaTyp MiaBaeHHS CIOTYK (IITBUIKICTh
50 K/ron), (970 K qyst CulnP,Seq, 1000 K mms AgInP,Ses Ta 890 K st AgBiP,Ses (i
yTPUMaHHs JTaHOI TeMIepaTypu MPOTATrOM JABOX 10 JyIsi TOMOTeHi3allli po3IliaBy).
Pexxum cuntesy CuBiP,Ses Bkitouae y cebe MOBUIBHE MIIHATTS TEMIIEpaTypu 3i
mBukicTio 10 K/ron no 860 K. Oxonomxkenns otpumanux kpuctaniB CulnP,Ses,
AgInP,Ses, AgBiP,Ses Ta CuBiP,Ses n0 kimMHaTHOI TemmepaTypu BimOyBaioch 3i
mBuakictio 50 K/ron [79]. ¥V pesynbraTi Oynu onepskani moHokpuctanu CulnP,Se,
AglInP,Se, CulnP,Seq, AgInP,Seq, Ta CuBi1P,Ses niamerpom 14-16 mm 1 moBxkuHOI0O 40-
60 MM.

3 BUPOIICHUX MOHOKPUCTAIIYHMX KPUCTATIB MUWIHAPUYHOI (Gopmu Oynu
MIJTOTOBJICHI TOHKI IJIOCKOMapaliesibHI TIACTUHKH, TOBIIMHOIO 450-700 MKkM 3 100pe
BIJNIOJIIPOBAHUMHU TIOBEPXHSIMH y JBOX OpIEHTALIAX: 3 MIApaMU, PO3MILICHHUMHU
napajieJibHO Ta MEePHEHIUKYISPHO A0 IJIOCKOI MOBEPXHI JJIA MEPEBIPKU MOMIMBOL
TEIJIOBO1 aHI130TPOTTii.

doromnipoenekrpuuna kanopumetpis (OIIEK) 3 Bucokoro po3aiibHOO 34aTHICTIO
y KOH(irypailii 3BOPOTHOTO JETEKTyBaHHS Oyjia BHKOpUCTaHa ISl BUMIPIOBaHHS
TEMIEPATypPHOT 3aJIeKHOCTI TerioBoi qudysii D. Temnosa audysis Oyia BuMipsiHa y

HaIpsIMKY MEpIeHIUKYISIpHOMY Ta TapalielbHOMY JO0 TMOBEpXHI 3pa3ka. Bapro
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3a3HAYUTH, 1[0 JJIs TOro, 1100 TMOKPUTH BECh TEMIIEpaTypHUU iama3zoH OyJio
BUKOPHCTAHO OOUIBA KP1OCTATH.

BumiproBanHs TemioBoi Audyy3ii 1y JOCHIKYBAHUX KPUCTAJIIB IPOBOIUIIOCH B
mIMpoKii TemnepatypHiit oonacti 30 - 350 K qyist BusiBnenns moxxiuBux @Il y vux [1,
3, 4]. 3a3Buuait ®OI1 Ha kpuBiii TeMI0BOI 1M Y311 MAIOTh BUTJIA] MOHOTOHHHX ITPOBAJIIB
a00 pi3Koi 3MiIHM HaxXWIiB. BuUMiproBaHHS MPOBOJUIINCS Y JIBA KPOKU: MEPIIUN KPOK —
mBuake (100 mK/xB) nis Beiel obnacti Temnepatyp, 1 apyruit — 50 - 10 MK/xB s
JIeTAJILHIIIOTO TOCTipKeHH xapakTtepy OII.

Sk Bxe 3a3Havanoch y po3auni 1, okpiMm TemioBoi audysii, meroauka OIIEK
JI03BOJIIE  TAaKOX JOCIIKYBaTH 1 1HII TEIJIOBI BJIACTUBOCTI TBEPAMUX T
(TETIOEMHICTD, TEIUIONMPOBIIHICTh Ta TEIJIoBa 1HepIlisi). OCHOBHOIO YMOBOIO IS
OTPUMaHHS  SKICHMX KPHUBHX [HMX BEJIWYMH € CTaOUIbHICTh  aMIUTITyId
doronipoenekTpuyHoro curHaiay. Ha skamp, I JOCHIKyBaHUX IIapyBaTHX
KpHUCTaJIB, Ha BIAMIHY BiJ TEMIEpaTypHOI 3aJIexHOCTI (a3u PpoTonipoeneKTpuyHoro
CTpyMy TeMIlepaTypHa 3aJIeKHICTh aMIUIITYU BHUSIBUJIACH JOCUTh HECTAOUIBHOIO, a
OT)Ke, HE TMPUAATHOW JUIsl [OJAJIBIIOTO BU3HAYEHHA TEIUIOEMHOCTI  Ta
TETJIONMPOBIAHOCTI. TakuM YWHOM, MOJISIPHI TMUTOMI TEIUIOEMHOCTI JJII KOXHOTO
CKIagay OyNu po3paxoBaHl 3a JOMOMOTOK (POHOHHUX CIEKTPIB 3 BUKOPUCTAHHSIM
teopii ¢yHkumioHanma rtyctuHu [80]. JlIs OIIHKM THMTOMOI TEIJIOEMHOCTI B
rapMOHIYHOMY HaOMKeHHI OyB BukopucTanuii mporpamauii maket ABINIT [81].
Po3paxyHOK BHKOHYBaBCS 3 BpaxyBaHHSM HEOJHOPITHOCTI pealbHOI TyCTHHU
enexkTpoHiB [82]. s uporo ii Oyno po3kiaaeHo 3 BpaxyBaHHAM rpaaieHTy (GGA)
[83] st OOMIHHO-KOPETSAIINHOI YacTHHU (PYHKIIOHATY TYCTHHH Jucrlepcii 3a
nonomoroto kopekuii I'pimme (DFT-D). Taka xopekuis Oyna BUKOpHCTaHa 4epe3
HIapyBaTy CTPYKTYpY PO3TJISHYTUX KpucTaiiB. ba3zoBuit Habip miockoi XBuji OyB
oOMesxeHul moporoBoro eHepriero 850 eB, 1o 3a6e3neuye 301kHICTh B €HEPrii 1 Cuii,
1o gopisuaroe 5-107 eB /atom i 0.01 eB/A BinmosimHo. IaTerparis o 301 bputoena
Oyrna BUKOHAHA Ha CITII 31 cremianbHuX k-To4ok po3mipom 3x3x2, siKi TeHepyIOThCs
anroputMoM MonxopcTta-Ilaka [84]. [Ipu onTuMmizaliii TeOMeTpii CUMETPisl CUCTEMHU

Oyra MoOBHICTIO 30epeKeHa.
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Il ab initio po3paxyHKy JUHAMIKU IPATKU OYJIO BUKOPUCTAHO JIIHIMHUM BIATYK
abo Teopito 30ypenp dyHkmionany rycruau (DFPT) [85]. V mpomy migxomi
CJIEKTPOHHA CHEPTisl APYTOro MOPSIKY 3BOJAUTHCS 10 MIHIMYyMY, a THHAMIYHA MATPHULIS
JUTSI TAHOTO XBUJILOBOTO BEKTOPA ¢ OIIHIOETHCS 31 30IMKEHUX XBWJIBOBUX (PYHKITIH 1
TYCTUH |-ro mopsiiky.

Po3paxyBaBmim (OHOHHI CHEKTpPH, MOXKHAa OTPUMATH BIAMOBIIHY TyCTHHY
(OHOHHUX CTaHIB, 1 3BiICM 00’€MHY TEIUIOEMHICTH, SIKa MOXe OyTH 3HaiijeHa 3a

JIOIIOMOT 010 BUpasy [86]:

2
B o ho [ ho
Cv —3nNkBIO ﬁ CSCh m g(a))da), (21)

B

i€ 71 - YUCJIO aTOMIB Ha OJUHMIIO KOMIPKH, N - KIJIBbKICTh OIMHUYHHUX KOMIPOK, @), -
HalBHIIA YacToTa (JOHOHIB, a TYCTUHA ()OHOHHUX CTaHIB g(w)d® BU3HAYAETHCA SIK

npoOoBe unciio GOHOHHUX YacTOT B JIiana3oHl d@ B OKOJi .

Hacawmkinenp, Oyna po3paxoBaHa TEIJIOMPOBIIHICTD K 3@ JOTIOMOTOIO MO€THAHHS
EKCTIIEPUMEHTAIILHO BUMIPSIHOT TeT10Boi qudy3ii D Ta po3paxoBaHoi TermioeMHoOCTi C,
BUKOpHUCTOBYIOUH piBHSAHHSA (1.4). Bapro nHaromocutu, mo obnacti 3 @Il Oymu
BUJIAJICH], TI03asK OyB PO3paxOBaHMM TIJIBKH PETYJSIPHUN X1JI TETUIOEMHOCTI, KM He
MICTHTH *0aHO1 1HpopmMarlii npo PII, a orke BHAcHIAOK BUKOpUcTaHHs (1.4) y Tux
o0iacTax 3’ IBJsUIUCA apTePaKTH.

Kpugi TeroBoi qudy3ii y sorapudmignomy Maciradi moka3aHi Ha pUCyHKY 2.8.
Tpeba 3azHaumTH, MO Xoua MOXHOKa MPH BHUMIPIOBaHHI TEIUIOBOI audy3ii mpu
¢ikcoBaHill TemmepaTypi CTaHOBUTHh *+ 3%, Mpu HEMepepBHUX BHUMIPIOBAHHSX SK
byHKIT  TemmepaTypu, TemioBa Judy3is  oJepKyeTbcs 3 pi3HUIl a3
HipOEJIEKTPUYHOTO CUTHANY, SIKHH € Haa3BUuYailHO cTaOuIpHUM ((a3a oTpumaHa 3
noxuOkoro = 0.01°), mo 103BoJIsIE€ TPEACTABUTH KPUBI 3 IyKe TJIABHUMU 3MIHAMHA. Y
KOKHOMY BUIIaJIKy OyJiM BHBYEHI OOMJIBI Opi€HTallii, TOOTO TersioBa Audy3is Oyia
BUMIpSIHA B3/I0BXK LIApiB Ta MEPICHIUKYISIPHO A0 HUX. JJIs BCIX TOCHIKEHHUX 3Pa3KiB
€ 3arajibHl TEHJICHIII: MpPH BHUCOKIA Temriepatypi D € MaJuMu, XapakKTepHi I

130JIALIIMHUX MaTepiajiiB, Jie TEIIO B OCHOBHOMY IEpPEHOCHUThCs (poHoHamu. [lpu
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3HUKEHHI TeMIIEpaTypUu CIIOCTEPIraeTbCsi MOHOTOHHE 301IbIIIEHHS 3HaueHHs D (1o
Mipi 301IbIIEHHS BUIBHOTO MpoOIry (OHOHIB), SIKE IIBHJKO 3pOCTa€ MPU HU3BKIN

TemriepaTypi. Take pi3ke 3pOCTaHHs MOYMHAETHCS NMPHU TeMmIeparypax, OJIM3bKUX J10

temneparypu Jlebasi.
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Puc. 2.8. Termnosa mudy3zis D qst: CulnP,Se (a), CulnP,Seq (6), AgInP,Se
(B), AgInP,Ses (1), AgBiP,S¢ (r), AgBiP,Ses (1) ta CuBiP.Ses (e).
TeMHIIIMMU KOJIbOpaMU IMO3HA4YE€Hl KpWBI, BHUMIPSHI B3JIOBX IIapiB,

CBITJIIIMMU — NMEPIEHIUKYIISIPHO 10 HUX.
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TemnmoBa aHi30TpoMiss MPUCYTHS Y BCIX CIOJyKax: TEIJIO Habarato Jeriie
MEPEHOCUTHCS B3JIOBXK MIAPiB (BIJ ABOX /IO MIECTH Pa3iB), HIXK MEPICHAUKYJISIPHO 10
Hux. BignosigHi 3HaueHHs TemioBoi Audy3ii mpu 50 K 1 mpu kiMHATHIN TeMIiepatypi

JUTS BCIX 3pa3kiB 310paHi B Tabmmii 2.3.
Tabmns 2.3.

3nadyenHsa terioBoi audysii mpu 50 K Tta kimHaTHiA Temmepatypi mis Cuj

AgdnPy(S,Se)s 3 x = 0, 0.1, 1, AgBiPx(S,Se)s ta CuBiP,Ses. Ilo3nauenns ||
BIIMOBIAIOTh 3HAYEHHSAM TEIUIOBOiI Audy3ii, BUMIPSAHY B3JOBX IMapiB, L -

NEePHEHANKYJISIPHO I1apam

3pasoxk TennoBa nudy3is, MM /¢
295K 50K
CulnP,S, 0.167 2.93
CulnP,S, I 0.695 16.2
CulnP,Se, . 0.376 7.93
CulnP,Se; || 0.815 15.41
AgInP,S, 0.236 8.405
AgInP,S, I 0.738 18.612
AgInP,Se, 1 0.214 3.054
AglInP,Seg || 0.427 4.92
AgBiP,S, 1 0.17 1.962
AgBIP,S, I 0.322 2.455
AgBiP,Se, 1 0.208 2177
AgBiP,Se, I 0.288 2.412
CuBiP,Se, . 0.116 0.567
CuBiP,Se, I 0.241 1.859

[Ilomo da3zoBux mepexoidiB, HA KPUBHUX TEIUIOBOI aAudYy3ii, BOHU MalOTh BUTJIS

MpoBajiB pi3HOI (OpMHU, ajie TIIBKH B JeskuX crosykax. CerneruenekTpuanuii OI1
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st CulnP,S¢ mae popMy By3bKOi rocTpoi aHOMalii, sika € XxapakTepHa sl (pa3oBUx
MepexodiB MEpImIoro poay, Ta MUIKIMA 1 [UpIIa, SKa BUHUKAE TIPH
CErHeTOeNeKTpUYHOMY BropsinkyBaHH1 y kpuctaii CulnP,Ses. [NicTtepesuc mns mux
JIBOX BUIIAJKIB MOKa3aHuil Ha puc. 2.9. ¥ Bunaaky CulnP,S¢ cioctepiraeTbest 4iTkuii
rictepesuc, KU MPOSBISETHCS HE TIIBKU PI3SHUMH TOJOXKEHHSIMH MIHIMyMIB MpH

HarpiBaHHI/0XOJO/KEHHI, aJie TAaKOXK 1 pi3HOI (OPMOIO TIEPEXOTY.

0.14

308 310 312 314 220 224 228 232 236
TemnepaTtypa (K) Temnepatypa (K)

Puc. 2.9. I'icrepesuc @I npu 50 mK/xB mst CulnP,Se (a) Ta CulnP,Ses (0),

BUMIPSIHUM Y HAIPSIMKY MEPHEHAUKYJISIPHO /10 IIapiB.

3 immoi crtoponu, y kpuctam CulnP,Ses cmocrepiraerbcsi HEBETUKHIA
TeMIepaTypHUM TicTepe3uc, SIKU Moxke CBITUUTH npo ciaabkuiit dII nepmoro pony,
abo 1m0 Taka aHOMAaJisl CKJIAJa€ThCS 3 JBOX NEPEXO[iB, MyKe ONMM3BKUX OJUH 0
OJIHOTO 3 HEBEJIMKOIO HECIIBMIpHOIO (a3oro Mixk Humu (menmre 10 K).

3amiHa MiJl Ha Cpi0J0 TOBHICTIO 3MiHIOE 1€l cieHapii. [lpu wmamux
KOHIIEHTpAIsAX cpibia, mepexiJ 3MIIIY€eThCS 10 HUKYHUX TEMIIepaTyp 1 CTa€ MEHII
BUPA3HUM 1 IIUPIINM; O1IbIe TOro, y kpucTam Ago1CugoInP,Ss 3MidtoeThes pig OIT
3  MEepHIoro Ha Jpyruil. 3MiHA pOJAY CETHETHEJIEKTPUYHOrO MEepexoay TaKoX
criocTepiraiacs y po6oTi [76], HaBIAMIHY BiJ Mi€NEKTPUYHUX JOCTIIHKEeHb [44], sKi
nokasaju, 1o nepexiy 3anumascs OII nepiioro poay.

[Tpu moBHOMY 3aMilleHHI MEpexiJ MOBHICTIO 3HUKAE, OCKUIbKH HAa KpUBUX D
Hemae >komHoi aHomamii ax o 30 K. JleranbHe mMOpiBHSHHA €BOJONIT D mipu

3aMIIleHH] Mial cpibiaom HaBenaeHe Ha puc. 2.10 (a). Hdnsa xpucramy CulnP,Ses
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YaCTKOBE 3aMIIIEHHS Mijli Cp10JIoM, SIK 1 y BUMAJKY CYJIb(iiB, CUILHO po3MuBae DI
Ta 3MIIIye Horo 10 Hk4ux Temmneparyp (puc. 2.10 (0)).

Ockinbku @I y CulnP,(S,Se)s moxke OyTH MOsICHEHUM HA OCHOBI BTOPHHHOIO
ebekty Sna-Temnepa, BHKIMKAHOTO JIOKAJIPHUMH JTUHAMIYHUMH CTPUOKOBUMU
pyxamu katioHie Cu” [45, 73], BaJIMBO BCTAHOBHUTH, IO BiIOYBAETHCS, KOJIU Mib
3aMiIyeThes cpibomM. HasiBHICTE @00 BIJCYTHICTh IILOTO €(EKTY CHIIBHO 3aJIeKUTh
BiJl KOBaJIEHTHOCTI 3B'A3KiB Ta ribpumusanii s i d opOitaneii kariona M'". Ocranns
e(eKTUBHIIIA Yy CIOJyKax, JICTOBaHMX CpI0JOM, y TapaeleKkTpuuHid ¢aszi, 1o
MPU3BOAUTH 10 OUIBIIOI KOBaJEHTHOCTI 3B'sI3KIB Ag—[P2S6]; 111 BIacTUBOCTI poOISITh
CHOJYKH cpibina crabuibHIIKUMU. Kpim Toro, 10HH cpibiia MaroTh OLIBIINN pO3MIp, 110
3aMOpPOXKY€E CTPUOKOBI pyxH i0HIB Cu’, 1110 Y CBOIO YEPry YCKIIAIHIOE BIIOPSIKYBaHHS
cerHetuenekTpuyHoi ¢asu [63]. Bei 1i miacTaBu NOSCHIOIOTH 3HWKEHHS TEMIIEpaTypu
@Il 3 HEeBeNMMKUMM KIIBKOCTSMH CpiOia 1 HOTr0 MOBHE PO3MUTITA MPU MOBHOMY

3aMIIIEHH].

1.0 1.2

D (Mm?/c)
(9/znm) @

0.4

260 280 300 320 340 200 220 240
TemnepaTtypa (K) TemnepaTtypa (K)

Puc. 2.10. Tennoa nudysia sk ¢ynkuisa tremneparypu s CulnP,Se (1),
Ago,1CU.(),9II’1P2$6 (2), AgInPZS6 (3) (a) Ta CuInPZSe6 (1), Ago_1CL1()_9II’1stC6
(2), AgInP,Se¢ (3) (6), BuMipsiHa y HANIPSIMKY, B3/I0B3K IIapiB.

[Ipu 3amilieHH1 1H11F0 Ha BICMYT BUIUIMBAE 3araJIbHUN BUCHOBOK, SIKMH IOJISATAE
y TOMY, 1110 TaKe 3aMIIeHHS YCKIIATHIOE epeaady Teria, OCKUTBKY 3Ha4eHHs D y BCIX
HalpsMKax MEHIEe, HK BUIMOBIIHI Yy Kpuctanax i3 iHaieMm. Y kpuctaiai CuBiP,Ses

criocTepiraeThes ciadkuii pazopuit mepexia nepioro poay 6111 140 K. Pucynok 2.11



58

JEMOHCTpYE 1€l TepexiJg Ta TICTepe3uc NpH HarpiBaHHI 1 OXOJIOKEHHI,
HiATBEPHKYIOUM aHTHUCETHETOCTIEKTPUUHUH niepexia. Taka pi3HULS MOJsrae y pi3Hii
MOBE/IIHIII 10HIB MpHU 3HIKEeHH1 Temmepatypu. Y CuBiP,Ses B mapaenekTpuuHiii ¢asi
10HM MiJll PO3MIIIYIOTECS y MACKITBKOX IMO3alEHTPOBUX TO3MUINIAX, TOAI 5K Y
BIIOPAKOBaHIA (pa3i BOHHM 3aiiMalOTh MO3ALEHTPOBI OKTACIPHUYHI AUISHKH, SKI
cripuuuHeHi edektom fnHa-Tennepa, moB's3aHUM 3 T1IOpUAN3alI€0 d—p cTaHiB [63] .
lorn BicMyTy 3MINIYIOTBCS B  TNPOTHICKHOMY HANPSIMKY, HAMarar4uch
3KOHIICHCYBAaTH BHYTPIIIHBOIIAPOBHUIA JUMOILHUI MOMEHT i THM CaMHUM CTBOPIOIOTH
AHTHUCETHETOCJEKTPUUYHUM CTaH; 1€ 3MIIIEHHd OOYMOBJIEHO CTE€PEOXIMIYHUM
BUPAXKEHHAM Hemoxinenoi mapu s°. OCHOBHA BiAMIHHICTH LBLOTO KpPUCTala Bif
kpuctaniB CulnP,Ses nmossirae B TOMy, 110 10HHM 1HA1I0 HE MalOTh TaKO1 HEMO1JIEHOT
napy 1 MOXKYTb 31HCHIOBATH JIUIIIC HEBEIMKI 3MIMIEHHS JIJIS1 TPOTHUIIT 3MIIIIEHHSIM Mii,

a 0TXKe, HU3bKOTeMITepaTypHa (a3a € CETHETOETIEKTPHYHOIO.
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Puc. 2.11. T'icrepe3uc ®II npu 75 mK/xB mis CuBiP,Ses, Bumipsinuii y

HANPSIMKY MEePHeHIUKYIISIPHO JI0 IIapiB.

Kpucran AgBiP,Ses € cerneroenekTpukoM mpu KIMHATHIM TemIiieparypl Ta
CTPYKTYypHO cxoxuit 13 kpuctaiom CuBiP,Ses B ynopsiakosaniit ¢asi [63]. 'onoHa
BigMiHHICTE AgBiP,Ses momsrae y Tomy, [0 HEMOJiIeHa Mapa BICMYTy €
CTepeoxiMiuHO BUpaxeHa. [I0XOMKEeHHSI CerHEeTOETIEKTPUYHOCTI - 1€ BIIOPSAIKOBAHE
3MiILIEHHS 10HIB cpi0yia B3JOBXK OCI C. 3TAHO 3 HAIIMMHU PE3yIbTaTaMU JTOCIIIKCHHS
TeroBoi nudy3ii, miarseppkeHHs HasBHOCTI DI 1 MOTeHIIHOT CeTHETOETEKTPUYHOT

da3u B o6sacTi 30 - 350 K He 3HaliieHO.
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3pemroro, AgBiP,Se Takok He MOKa3aB Ha KPUBUX TEIUIOBOI M Y3ii AKOI-HEOYTh
anoMmadnii. likaBo, mo kpucramiyHa ctpykrypa AgBiP,Se¢ cunbHO Binpi3HA€THCS BiX
AgBiP,Ses BHACTIIOK ACKUIBKOX MPUYHMH: 1HIIIOTO KOOPAWMHAILIMHOTO OTOYEHHS IS
BICMYTY, MEHIIOTO pO3MIpy CIpKM TMOPIBHSHO 13 CEJIEHOM, TEHACHLIi [0
CTEpEeOoXiMIYHOT eKcmpecii HemoAuIeHoi enekTpoHHoi mapu 1 T.a1. [63]. Bapro
3a3HAYUTH, 1[0 JOCTI/DKEHHS YJIbTPa3BYKOBOI IIBHJIKOCTI BHUSBWIO HEBEIUKY
anoMadito 6mu3bko 220 K, sky aBropu BuzHauniu sk ®II [76]. YV npencraBieHux y
11 poOOTI AETaTBHUX BUMIpaX 3 BUCOKOIO PO3JUIBHOIO 3/IaTHICTIO HIYOTO MOAIOHOTO
3HalIeHo He OYJIO.

HactynmauMm eTamom HaImoro JOCIiIKEHHS TETIOBUX BJIACTUBOCTEH IIApyBaTHUX
dbepoikiB OyJ0 BH3HAYCHHS I1XHBOI IUTOMOI TEIUIOEMHOCTI. JleTampHuil omuc
OpoLEAypH pO3PaxXyHKYy (POHOHHMX CHEKTPiB, TyCTHUH (DOHOHHHUX CTaHIB Ta
PO3paxoBaHMUX Ha iXHIN OCHOBI KPUBUX IMUTOMOI TEIJIOEMHOCTI BXK€ PO3IJIsSIaBCS Ha
noyatky 1poro miaposnainy. Ha pucynky 2.12 nmokaszaHi ()OHOHHI CIEKTPU Pa3oM 3
ryCTUHAMH (DOHOHHUX CTaHIB Ta BIAMOBIIHUMH MUTOMHUMHU TEIJIOEMHOCTSMHU IS
kpuctamiB CulnP,Ss, CulnP,S¢, AgInP,Ss, AglnP,Ses, AgBiP,Ss, AgBiP,Ses Ta
CuBiPQSe6.
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Puc. 2.12. Po3paxoBaHi (POHOHI CIEKTPH Ta T'YCTUHU (DOHOHHHUX CTaHIB

(3miBa) Ta po3paxoBaHi muUTOMi TerioeMHOCTI st (a) - CulnP,Se, (0) -
CuIansﬁ, (B) - AgInP286, (F) - AgInP28e6, (r) - AgBlP286, (I[) - AgB1P2866
Ta (e) - CuBiP,Ses.
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2.4. IIpupoaa HAAHU3BLKOI TeNJIONPOBiAHOCTI Y KpucTtagax MM'P:Xe

Ha puc. 2.13 mokaszana temmepatrypHa €BOJIIOIIS TETUIONPOBITHOCTI k(1) 1ist

ABOMIpHUX mapysatux kpuctanis [Ag, Cu]'"[In, Bi]*"Px(S,Se)s.
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Puc. 2.13. TermmonpoBigHICTS k SIK PyHKIIIsI B Temiepatypu jisi: CulnP,Se

(a), CulnP,Ses (6), AgInPQS6 (B), AgInPQSe6 (F), AgBleS6 (r), AgB1P2866 (I[)
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ta CuBiP,Ses (¢). KpuBi mo3HaueHi TEMHUM KOJIBOPOM BKa3ylOTh, IO K
TOMIpsTHa B3/IOBX IAPiB, KOJIH CBITJIMIA KOJIIP — MEPICHANKYJISIPHO IIapaMm.

YepBoHA IITPUXOBA JIiHIA TOKA3y€E 3aNIEKHICTh 1.

Heo0ximHOI0 yMOBOIO TSl TOAQIBIIOTO aHANII3Y TEMIIEPaTYpPHOI 3aJICKHOCTI K
OyJ10 Takok MaTu iHpopmMmariito rpo Temmnepatypy Jedas Tp 17 KOKHOI CIIOTYKH, ajie
y Jiteparypi Ao 1iei podotu 7 6yna go0pe BiIoMOor0 TUIbku a1 kpuctainy CulnP,Seq
[87]. Tomy, Hamu Oynm po3paxoBaHi 7p 711 KOKHOT CIIOJIYKH 13 (QOHOHHUX CTIEKTPIB.
[x MOkHA 3HAITH CKOPHCTABIIKCH HACTYITHOIO (GopMyIoro [4]:

— h a)D
kB

T

D

, (2.2)

ne h — crana Ilmanka, kg — crana bonslimMana, op — ae0aiBChKa YacToTa, Ka OJu3bKa
70 3HAYCHHS YacTOTH HAWMMEHIN EHEePreTHMYHOl OMTWYHOI TUTKHM. Jlms KpucTaiB
CuII’lP286 (TD =129 K), CuInPZSe6 (TD =94 K), AgIl’lP286 (TD = 135K), AgII’lPQSC6 (TD
= 80 K), CuBiP,Ses (Tp =42 K), AgBiP,Se(Tp = 84 K), Ta AgBiP,Sec (Tp =64 K), y
TeMIIepaTypHOMY MPOMIKKY 1p—27p TEMIONPOBIIHICTh 3HUKYETHCA, 33]J0BOJIbHSIIOUH
3aKkoH k ~ T"!, 3 mokasHuKamu B fianasoHi -1.4 —-0.8, 3a BunsATKOM KpHcTany AgBiP,Se
13 mapaMu, PO3MIMIEHUMHU B3J0BX HAMPSAMKY TEIUIOBOTO IMOTOKY. 3arajioM, Taka
MOBE/IIHKA IT1ITBEPKYE JOMIHAHTHY POJIb (POHOHHOTO pO3CitoBaHHS BUIllEe Tp.

[Tpu TemmnepaTypax, BULIUX 3a Tp TeMmepaTypHa 3alexHICTh k(7)) BigoOpaxkae
TEMIIEpaTypHY 3aJCKHICTh IMIBHIKOCTI 3BYKYy Ta TEIUIOEMHOCTI. Taka mOBemiHKa
CIIpaBeIJIMBa JIUIIIE Y PEKUMI, KOJIM BUIbHUHN TTPOOIT (POHOHIB NIEPEBUIIYE MI)KATOMHY
BiacTanb. Y crnonymi CuBiP,Ses TemiompoBimHICTE IPAaTKH BXKE JOCSTia CBOTO
HaliHmK9oro 3HadeHHs npuoamusHo 0.20 Bt m!' K! tpoxu Bume 100 K, ockinbku
BUTbHUI TIPOOIr (POHOHIB OOMEKEHUH MIKATOMHOIO BIJICTAaHHIO 1 HE MOXE Jaii
3MEHIITYBaTUCS.

bins Tp Ta HUxKYe, HaOIbIIE 3HaYEHHS K OTpuMaHo i kpuctaniB CulnP,Se,
CulnP,Ses Tta AgInP,Ss. Jlns 1mux ckimafiB TakoX coocrepiraigacs HaiOlibIna

aH130TPOIIIS K B3JIOBXK Ta NMEPHEHIUKYJISAPHO 10 CTPYKTYpHUX I1apiB (puc. 2.14). s



64

kpuctamiB AgInP,Ses Ta 1 BCIX TPhOX CIOJYK, AKI MICTSATHh BICMYT aHI30TPOMis K
Oynay IeKiibKa pa3iB MEHIIA.

Y kpucramax, y skux HagBH1 (a3oBi nepexoau (CulnP,Ss, CulnP,Ses),
CIIOCTEPITa€ThCS 3arajbHe 3HIKEHHS K B MapaeleKTpUuHIN (a3l Mo BIAHOMICHHIO JI0
CErHETH- CETHETOEeNeKTPUUHOI. Pi3ke 3meHmenns x y kpuctani CulnP,Se mos's3ane 3
MOBEJIIHKOIO KaTiOHIB MiJli. Ha modaTky poro po3auty BxkKe po3risaaaucs CTPYKTYpHI
ocobsmBocTi kpuctairy CulnP,Se, e 6yno mokaszaHo, 1o B mapaeiaekTpuyHii ¢asi ioHu
MiJil 3aiiMaroTh TpU HeekBiBasieHTHI mo3uilii: Cul, Cu2 ta Cu3 (puc. 2.2 a). Y cBorwo
yepry s Cul moxiuBi aBa nojoxeHHs: Cul*’. (3MilIeHHST Bropy BiJ CepeIuHU
mwapy) ta Cul?"" (ignmosimHo 3MimeHHs BHM3). Take po3TanlyBaHHS Hependadac
HasgBHICTh aunoyiiB Cul, sKi BUMAJAKOBO TOBEPHYTI Bropy Ta BHHU3, al04YU
MaKpOCKOIIYHO HeMmossipHy KoHirypaiito. [Ipu cerneruenektpuyHoMy (Ha3oBomy
nepexoi BiJ0yBaeThCsl KOOTIEpaTUBHE 3aMOPOKYBaHHS TAaKHX CTPHUOKOBHUX PYXIB, SIKE
nos's3aHe 3 BropuHHHM edekrtom Sna-Temnepa kariomiB Cu'® 3 enekTpoHHOMO
koudirypamicro 3d’° [88]. IlepenecenHs Temna (GoHOHAMU IyXke €(EKTUBHO
0JIOKY€EThCSI B HEBIOPSIIKOBAHI#M, BUCOKOTEMIIEpaTypHii (a3l 3a paxyHOK 3MEHIIEHHS

BIJILHOTO MPOOITY (POHOHIB BHACIAOK TAKUX CTPUOKOBUX PYXIB.
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Puc. 2.14. AHi30Tpomis TEIIONPOBIIHOCTI: BiHOIIEHHS (a) Ta pi3HUIlA (0)
MK K || Ta K L.

Takuit crienapiii moBeaiHku npuTamanHuii 1 kpuctany CulnP,Ses 3 rosoBHOIO
BIIMIHHICTIO, SIKa MOJIATA€ Y MEHIIOMY 3MIIIIEHHI TTO3UIIIM KaTIOHIB MIJIl 13 CepeANHU

mapiB y HopiBHAHHI i3 cynbgigom (1.17 A ta 1.58 A signosigno [45]). Hpumyckaroun,
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10 TIOPYILIECHHS YHOPSAKYBaHHS BiOYBA€ThCS BHACIHIJIOK CTPUOKOIOIIOHUX PYXiB
M1, BIATIOBIAHUM JBOSIMHHIA TIOTEHITIAN y CEJICHIAl MOBUHEH OYTH MIJKIIIAM, HIXK y
cynbdifl, 10 y CBOIO Yepry NpU3BOAUTH A0 MOHMKeHH Temneparypu PII. Takum
YUHOM Yy TapaenekTpuuHid ¢a3i po3ymopsIKyBaHHS MEHILIE Y CeNeHITl, 1o
IPU3BOJUTH 0 MiABUILEHHS TEIUIONPOBITHOCTI, Y MOPIBHIHHI 13 CYIb(1I0M.

BBeneHHst BicMyTy NMpU3BOIUTH J0 JYKE I1KABOTO HACHIJIKY, OCKUIBKH y BCIX
Tpbox Bumankax (AgBiP,Ss, AgBiP,Ses ta CuBiP,Ses) cmoctepiraerbcs 3HauHe
3HUKEHHS TEIJIONMPOBIAHOCTI y TMOPIBHSAHHI 13 KpUCTAJIaMH 3 1HJIEM, a OTXKE TaKl
KPUCTAJIH € 1JIeaTbHUMU KaHIUaTaMHU s 3aCTOCYBaHHS, KOJIM He00XiHa HU3bKa ab0
HAJHU3bKa TETUIONPOBIAHICTh. MOXIIMBO, MPUYMHOIO I[HOTO € TE, IO 3aMIlCHHS
BICMYTY Ha 1HAI{ BIUIMBA€E Ha BIILHUU IPOOIr (POHOHIB, OCKIJIbKH, X04a BOHU MAaKOTh
CXO’Ke KOOPAMHALiiHe 0TOYeHHs, KaTion Bi*" Mae Oinbiumii po3mip, a Takoxk yaBidi
ounpry Macy. Kpaiinim Bunagkom € CuBiP,Seq. [Ipu xkiMHaTHIN TemnepaTypi, Xxoda
MiJIb 1 3aiiMa€ MO3UIIIi 3 OKTaCAPUYHUM KOOPJWHAIIIMHUM OTOYEHHSM 10HIB CEJIEHY,
BBAXKAETHCS, MO (DAaKTUYHE TOJIOKEHHS 10HIB MiJi € HEBMOPSAKOBaHUM [63], 110
CYTTEBO 301bITye poscitoBaHHs (poHOHIB. [Ipu moHmwxkenHi Temmneparypu 3 350 K,
TETJIONPOBITHICTH MaiKe He 3MIHIOEThLCS 10 TOTO Yacy, MOKH He BinOyneTbes DI, mo
O3HAYae, M0 PO3YIOPSAKYBAHHS TPUMAETHCS HABIThH MPY 3HIKEHHI TEMIIEpaTypH; aje
IOMHO KpHCTal nepedyBae y BIOPSAKOBaHIN ¢asi, Horo mopeAiHKa cTae Moai0HOI0
70 pemTd, 1 k 3am0BoyibHsA€ 3akoH Eilikena. Haa3BuyailHO HU3bKa k NPU HU3BKUX
TeMIlepaTypax BKa3ye€ Ha Te, 10 y I[bOMY KpHUCTajl MOXXE MaTH MIClLE CUJIbHHI
IPATKOBUH aHTapMOHI3M.

Od4eBHAHO, IO Ha HU3bKI 3HAYEHHSA TEIJIONPOBIAHOCTI ICTOTHO BILTUBAE
aQHTaApPMOHI3M KPHUCTATIYHOI TIpaTKH, SKUH MOKe OyTH BUKIMKAHUNA CKJIQJTHOIO
OynoBoro kpucrtamy [89], pemakcariero HemomineHoi mapu [90, 91], cuimbHOIO
B3a€MOJIEI0 MK M’ IKUMU aKyCTUYHUMH Ta ONTHYHUMHU (POHOHHUMHU TijKamu [92, 93],
a TaKOXX BHACJIJOK PO3CIIOBAHHS TEIJIOHECYUHX (DOHOHIB CYTTEBUMHU (PIIYKTyaIlisiMU
MacH, €peKTUBHO MPUIYIITYIOUH IPATKOBY TEILIONPOBIAHICTE [94, 95]. JIis HU3BKOI K
cepeaHii BUIbHUHN MpoOIr (OHOHIB MOBMHEH OYyTH AYy’K€ KOPOTKUM. JIJIsi OTpUMaHHS

3HaY€Hb JOBXWH BUIBHOTO MpoOIry (QOHOHIB OyIM BUKOPHUCTaHI PIBHSHHS IS
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PO3paxyHKy IpaTKOBOI TEIJIOMPOBIAHOCTI. 3araibHa kK y TBEPAOMY Tl € CyMOIO
IPaTKOBOI Ta €JIEKTPOHHOI TPOBITHOCTI, aJie OCKUTBKH y ITUX KPUCTATaX YACIIO BITHHUX
HOCIB 3apsy Ay>K€ HU3bKE, TO K =~ K, 3BIJIKH

1

K, = CTA, (2.3)

ne C — 00’eMHa TETUIOEMHICTh, V — CEPEeIHS MBUIAKICTh (DOHOHIB, A — BUIBHUH IIPOOIT
¢ononiB. Toxi, BinbHUN TPOOIT POHOHIB MOXKHA 3HANTH K

D
A=2L (2.4)
Vv

ne D — rtemoBa mudysis. CepenHsi mBUAKICTH (POHOHIB MOke OyTH 3HalijeHa 3
HaxXWJIiB TPhOX aKyCTUYHUX (DOHOHHMX MIBUAKOCTEH OL1s Touku I (3oHa bpluttoeHa)
Ta Oepy4u 10 yBaru Moy IpyKHOCTI. [[1s1 KOKHOTO HAPSIMKY, MIBUAKICTH 3BYKY
yCepeaHeHa Mo ABOM momnepedHuM akycTuaHuM moaam (TA; ta TA;) ta opnHii

NO370BXHIM akycTuuHii Mol (LA) 3a 1ormoMoro HaCTymHOTO PiBHSHHS [4]

(2.5)

T4, T4, Vig,
VY tabnuni 2.4 HaBe[eH] 3HAYCHHSI pO3pax0BaHUX IIBUIKOCTEH 3BYKY B3JOBX Ta
NEPIIEHIUKYIISPHO 0 CTPYKTYPHHUX IlIapiB
Tabmuus 2.4.
CepenHs MIBHIAKICTh 3BYKY B3JIOBX (||) Ta mepneHAUKYISIpHO (L) 10 CTPYKTYpHHX

mrapiB i kpuctaniB M”M”P,S(Se)s

Ckaaxg | CulnP:S¢ | CulnP:Ses | AgInP:Ss | AgInP2Ses
Vi (M/c) 2745 2684 2358 2265
V1 (m/c) 2229 2328 1595 1913
Cxnapg CuBiP:Ses | AgBiP:Ss | AgBiP2Ses
Vi (M/c) 2279 2003 2160
V1 (Mm/c) 2441 1938 1826

TemmneparypHa 3aJ€XHICTh JIOBXXMHHM BUIBHOTO MPOOIry IS AOCIHIIKYBaHUX

KpPHUCTaJIIB HaBeJeHa Ha puc. 2.15.
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300} CulnP,S; CulnP,S; | |

4100
100 ]

Ay (Hm)
(WH) v

110

! (6)
50 100 " 300 "5 100 300
Temnepatypa (K) Temnepatypa (K)

ER

Puc. 2.15. JlopxuHa BinsHOTrO mpodiry A ams kpucramis M"M3P,(S,Se)s
(M - Cu, Ag; M*" - In, Bi) B310BXk (a) Ta mepneHauKyisapHo (6) 1o

CTPYKTYpPHUX LIapiB.

Ha puc. 2.16 a, 6 HaBeneHa 3aeXHICTh 3HAU€Hb JOBKUH BIJILHOT'O MIPOOITY TIPU
130 K Big Temnepatypu Jlebasi. Y BuUNaAKy, KOJIHM TEIJIO MPOXOIUTH B3I0BXK IIapiB
(puc. 2.16 (a)), A(Tp) 3anexHICTh € MaibKe JIHIHHOW. Y BUNAAKY, KOJIU TEIJIO
MOIIUPIOETHCS MEPIEHANKYIISPHO 10 mapiB (puc. 2.16 (6)), Tiabku kpuctan CulnP,Se
BUIIAJA€ 13 3arajJbHOTO TPEHAY, BIAXWIAIOUKCH 10 HUKUMX 3HAYEHb, 1110 MOB’SI3aHO 3
JI0JTATKOBUM BHECKOM Y IPaTKOBHI aHTapMOHI3M, SKHH CIiIy€ i3 BTOPpUHHOTO eekTa

Sna-Teiepa, CipuurHIOAYM cerHeThEneKTpuuHun OI1.

20 p

20+ (a) Aglr‘l;)zss . (6) ,:\gn—n(:;zs6 | (B)
CulnP,Sg 15
B CulnP,Se; = CulnP;Se, 2
S10F S AgInP,Se, - B
<§ AgInP,Seq <°;’ 5 0 Culr(l)F’QS6
AgBiP,Se; o AgBIP,Ses O 1 5|
O AgBiP,S : gl ase
o 278 CuBiP,Se,
. CuBiP,Se, . . . . a ? . . . . . sl
40 60 80 100 120 140 40 60 80 100 120 140 1 2 3 45 6 7 8
To (K) To (K) L

Puc. 2.16. JloxkuHa BUIBHOTO Mpo0iry TemtoHecyuunx ¢onoHis npu 130K

B3JIOBX (2) Ta NEepHeHAUKYJIApHO (6) A0 1mapiB Sk GyHKIIIS Bl TEMIIEPATYPH
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Jeb6as, HopMmaizoBaHa A/Ap 3aJIeKHICTh Bl HOpMaJIi30BaHOI TeMIIepaTypu

T/TD (B)

VY 6e3po3Mipaux KoopauHatax (puc. 2.16 (B)), A/Ap Bin T/Tp 3anexxHOCTI 11
BCIX CMOJYK HAKJIAJalOThCSA OJIHA HA OJIHY, IO CBIAYUTH MPO MPABUIHLHO BU3HAYEHI
3HaueHHs1 Temrepatyp [lebas, ski XapaKTepu3yrTh TIPATKOBHU aHTapMOHI3M Y
kpuctaiax MM'P,S(Se)s.

Jy1st TorO, TII00 OIIHUTH MIHIMAJTBLHO MOKJIMBE 3HAUYCHHS TETUIOTPOBITHOCTI Kimin,
3aCTOCYEMO PIBHSHHS, SIK€ OMUCYE «aMOP(GHUM JTIMIT TETUIONPOBIIHOCTI» JIJIsI TAKOTO
TUIy KpucTanis [96]:

1 In

5 2 2 T 3 x
7T )3 = T x e dx
Kmm=(g) kpn*) | ¢, A [—=| (2.6)

0 (ex — 1)2

ne Tp — temmepatypa Jlebas muisi KOKHOI Monau, 1 sika MOKe OyTH 3HaiifieHa SK

1
T,=v,(n/ kB)(67r2n)3, V; — CepeIHs IBUIKICTh 3BYKY, # — YHCJIO aTOMiB, /i — cTana

HJ'IaHKa, kB — CTaJia BOJIBHMaHa. 3Ha4YeHHS CKCIICPUMCHTAJIbHO BI/IMipﬂHI/IX K Ta

OI[IHEHUX TEOPETHYHO K, HABENICHI Ha puc. 2.17.

(6)-12
{1107
18 ¥
_6 g|
la &
_— 12
50 100 150 200 250 300 350 50 100 150 200 250 300 350

TemnepaTtypa (K) Temnepatypa (K)
12

10t (B) (r) 14

k (BT MK
(|_~>| L,W -LS) A

e ——

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temnepatypa (K) Temnepatypa (K)
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(r) (a)
S 12 A
'¥‘|_0 a
- —
p= g
@ 1=
« f—
/—f
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temnepatypa (K) Temnepatypa (K)
(e)
8
4
=10
|_
=f
05

50 100 150 200 250 300 350
Temnepatypa (K)

Puc. 2.17. IlopiBHSIHHS TeMIIEpaTypHUX 3aJI€KHOCTEHN TEMIOMPOBIAHOCTI Ta
po3paxoBaHi MiHIMaJdbHI 3Ha4YeHHs (YEpBOHI JIHII) 71 IIapyBaTHUX
kpuctaiaie M’M”P,S(Se)s: CulnP,S¢ (a), CulnP,Ses (6), AgInP,S¢ (B),
AgInP,Ses (1), AgBiP,Se (1), AgBiP,Ses (1) Ta CuBiP,Ses (). Temuumu
KOJIbOpaMH TO3HAu€H1 KPUB1 TEIUIOMPOBIAHOCTI, BUMIPSHI B3JOBXK IIapiB,

CBITJIMMH — MEPIEHANKYJISPHO J0 HIapiB.

3 puc. 2.17 nobpe BUAHO, IO PI3HULISI MK €KCIIEPUMEHTAILHO BUMIPSHUMHU K Ta
OLIIHEHUMU TEOPETHYHO Ky, 30UIBIIYyETbCA TpH oxosomkeHHl. Komu Ttemmo
MIEPEHOCUTHCS B3/IOBXK IIapiB, BEJIUKA PI3HUIIS K - Ky CTIOCTEPITATIACS JIJISI KPUCTAJIIB
CulnP,S, CulnP,Ses Ta AgInP,S¢ Ta Mmenma nns AglnP>Ses, AgBiP,Se, AgBiP,Se¢ Ta
CuBiP,Ses. /[lns Bumaaky, KOJTM TEIUIO TOMIUPIOETHCS TMEPHIEHAUKYISPHO 0
CTPYKTYPHUX IIApiB, PI3HULSA K - Ky HaWOUIbIIA PI3HUI CIIOCTepiraigacs Mix
Hano1pIM 3HaYeHHAM 111 CulnP,S¢ Ta HalimenmmMm st CuBiP,Ses.

Ha puc. 2.18 mnoka3zana pi3HULS K - Kmiy K GyHKUIS Big 7/Tp ais Beix

JOCTIKYBAaHUX CIOJYK, a puc. 2.19 moka3ye NOpiBHAHHSA M1 PO3PAXOBAHUMH Ky T

nomipssHuMu k tipu 350K.
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121 CulnP,S, CulnP,S,, Jls
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TIMTy T/T,

Puc. 2.18. Pi3HULIA M1 BUMIPSIHOIO TEIUIOMPOBIIHICTIO K Ta pO3PaXOBaHOIO
MIHIMAJIBHOIO Ky, K (YHKINS Oe3po3MipHOi Temnepatypu 7/Tp B3IOBXK

mapiB (a) Ta NEPIEHAUKYJIISIPHO 110 1mapiB (0).

[3 oTpuMaHuX JaHUX BUILIMBAE, 110 Mpoliec nepekuaanus (U-npoiiec GOHOHHOTO
PO3CiIOBaHHs) BIANOBIAA€ 32 HU3bK1 3HAUEHHS TEILJIONPOBIAHOCTI BUIIE TEMIIEpaTypH
Hebas. Puc. 2.19 (a) nmokasye, 1m0 JJIsl BUMAAKY, KOJIM TEIUIO MPOXOJIUTH B3IOBXK
ctpykrypHux mapis npu 350 K, y Tprox cnonykax (CulnP,Se, CulnP,Ses Ta AgInP,Se)
BUMIpSIHE 3HAYCHHS K Maike BIIBiUl OUTBINE, HIK Kmin. 1 1001 rpynu (AgBiP,Se,
AgBiP,Ses Ta CuBiP,Ses) BuMipsiHe 3HaUeHHSI MEHIIE a00 PiBHE, HIK pPO3paxoBaHe
Kmin. OYEBUIHO, MO B CIIOJYyKaX, SIKI MICTSATh BICMYT ICHY€E JESKE J0JIaTKOBE
CTpYKTypHE posynopsakyBaHHs. Otpumani gani no kpuctrany CuBiP;Ses uitko
JEMOHCTPYIOTh HAsSBHICTh JOJAATKOBOTO MEXaHI3My pO3CitOoBaHHS (DOHOHIB, SIKe
nepemkokae reriooominy. Kpim toro, kpucran AglnP,Ses Moxke posrasaarucs sik
NPOMIKHMIM BHMMAJO0K MDK TEIUIONPOBIAHUMHU Ta PE3UCTUBHUMH TPYMAMH CIOIYK,
OCKUIBKU X, BUMIPSHUNA y IIbOMY BHUIAJKY, TPOXH OUIBIINE, HIXK Ky, npu 350 K. YV
Bunaaky . (puc. 2.19 (6) BuMipsHa TEIUIONPOBIAHICT, MeHIIa abo piBHA
PO3Pax0OBAHOMY Ky IJIS BCIX CIONYK, 32 BUHATKOM CulnP,Seg.

Hannumok y npoBitHOCTI K(T) - Kmin(T), ipu TeMniepaTypax 7/Tp > 1 po3yMitOTh,
BPaxOBYIOUM PI3HULIO MK HOPMAJIbHUM IPOLIECOM Ta MPOLECOM IEPEKUIAHHS.
OpHak, OCKUTBKM TeMIIepaTrypa 3HWKYEThCS HUXKYE MOJIOBUHM TemriepaTypu Jlebas
(mpubnuzuo Big 42 K go 135 K), nenani Ouibina yactka 30yIkKeHUX (POHOHIB Mae

XBWJIbOBI BEKTOPH, JIOBKHHOIO, KOPOTILOK TIOJOBUHU BIACTaHI J0 MEXI 30HH
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bpimntoena. Ilpu 7<7p/2 6inbiricte GOHOH-(DOHOHHUX 31TKHEHb € HEPE3UCTUBHUMU
HOPMAJIbHUMH TIPOIIECAMH, OCKUIBKHM CyMa XBHJIBOBHUX BEKTOPIB B3a€MOIIIOUUX
(hOHOHIB BIUCYEThCS B Mepiry 30HY bpimmoena. KiibKicTh MpolieciB MepeKuIaHHs
3MEHIIY€EThCS 3 TEMIepaTyporo, Huxkue 1p/2, TOMy BOHH OUIbIIE HE MOXYTb
obmexxyBatu x(1) 1O Kmin(T), MO TPU3BOAUTH IO JOMATKOBOI TEIIOMPOBITHOCTI Y
MOPIBHSIHHI 3 BUTIAJIKOM, Koy 1> Tp/2.

1.2

T LI L L I EI('6)I T T T T 'E 06
- (a ; : E
N (a) ; 3 j05
— : © . AginPSe, o] &
o« - NOBRSe T CulnPSes] 04 =
N3 [ 1Y @
s 08 F CuBiPSe,  AginPSeo 1 &
[ E 3 [ (<] e
o 3 E ] AgBiPS, © ] g
— I AgInRS, 1 C 76 CulnRS; 103 @
g 06F ° [ ] -
0 E ] ]
£ F  AgBiRS; ° CulnP,Seg] ] 2,
J Fo © AgInP,Se, 3 ] ~,
t CuBiP,Se; CuIn‘PS - 402
E 2% ] ]
0.4 | AgBiP,Se, 7
[ o ]
0.4 0.6 0.8 1 12 0.2 03 04 05 06
A1 Ay
K350k, (Brm K) KSSOKL(BTM KY)

Puc. 2.19. IlopiBHAHHS K Ta Ky, B3AOBXK (2) Ta MeprneHIUKYIIpHO (0) 10

CTpyKTypHuX mapis npu 350K.

Mo>kHa 3poOUTH BHUCHOBOK, IO Yepe3 HaJ3BUYAWHO BHUCOKY aHTapMOHIUHICThH
JOCTIPKYBAaHUX IIAPYBAaTUX KPHUCTAJIB, TEIUIONPOBITHICTH (DOHOHIB OOMEXKYETHCS
MIHIMAJbHO MOKJIMBUM 3HAY€HHSIM, JIe CEPE/IHI BIIbHUN MOOIT pIBHUM MIXKaTOMHIN
BIACTaHI  3aBASKM  BJIAacHUM  (POHOH-QOHOHHMM TmpouecaM. TyT  miKaBo
3pO3yMITH, YOMY € TaKa BeJHMKa DPI3HUI B TEIUIOMPOBIAHOCTI MK KpHUCTalaMu
AgInP,Se Ta AgInP,Ses. MoxHa mpumycTyTH, 110 11€ MPSIMHUN HACTIIOK BIJIMIHHOCTI B
IPUPOJII XIMIYHUX 3B'A3KIB. Y CelIeH11 BIIHOCHO HU3bKa TEIJIOMPOBIIHICTh BUHUKAE
BHACIIIJIOK KOJHMBAHb KPUCTAJIYHOI TpPaTKH, SKi CTBOPIOIOTh HHU3bKOYACTOTHI
JIOKaJI130BaH1 ONTHUYHI (POHOHM B aKyCTHUYHIN 00JIacTi 1 TUM caMHM 3a0€3MeuyIoTh
CHJIbHE aHrapMoOHIYHe po3citoBaHHs ¢oHoHIB. Ha puc. 2.20 Ta puc. 2.21 nmokasani
BJlacH1 BekTopu st kpuctamiB AgInP,S¢ Tta AgInP,Ses, orpumani 3 anHamizy
HU3bKOYACTOTHUX TUISTHOK (JOHOHHHMX CHEKTPIB, BIAMOBIAHO. OOMABI CIIOIYKH MalOTh

XapaKTepHy OCOOJMBICTh HASBHOCTI HU3bKO JIEKAYMX MOJI, MPOPI3YyIOUYH aKyCTUUHY
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o6macts (puc. 2.12, B 1). J{nsa AgInP,S¢ akyctrani Moau nexats 01t 40 cm™! 1o kparo
30HU bpimtroena, a B akyCTU4HIM 007acTi pO3TAlIOBYIOTHCSI ONTUYHI (POHOHHI MOAM
A2,1 A2, 3 Hu3bKOIO eHepriero (0u3bko 13 M), 06uBI 3 AKKMX EPEBAXKHO TTOB'A3aHi
13 KOJIMBaHHSIMHU aTOMIB Cpi0jia MEPIEHAUKYIISIPHO 10 TUIONINH CTPYKTYPHHX IIapiB.
Ha tpoxu Ginbmiii yactoTi (01m36K0 30 cM™') Takok po3MilleHi OABIMHO BUPOIKEH]
onTuyH1 Mou Eg, K1 BKIIIOUAIOTh pyX KaTIOHIB cpibiia Ta 1H/I1F0 pa30M 31 3MIIIEHHAMHU
anioHiB (P2S¢)* y mnommni. 1{i ¢poHOHHI MOAM 3 TPUOIU3HO HYIBOBOK TPYIIOBOIO
IIBUJIKICTIO B1JIOOpaXkaroTh JIOKAJIBHICTh KOJMBAaHb aTOMIB CpiOia 1 MATBEPIKYIOTh

BIJIHOCHY CJIA0KICTh KOBAJIEHTHOIO 3B'A3KYy Ag—S.

13em 1 A2u

9

30 Ml Eg(1)

30 el Eg(2)

Puc. 2.20. BrnacHi BEKTOpY HU3bKOEHEPTETUYHUX ONTUYHUX (DOHOHHUX MOJI

Ayg, Ay, E, y nentpi 30nu bpimmoena s AgInP,Se.
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21 emt Eg(1)

21 em! Eg(2)

29 cm! A2g o Q-I-@ b 38 em’! Bu

Puc. 2.21. BrnacHi BeKTOpH HU3BKOCHEPTETUYHUX ONTUYHUX (DOHOHHUX MOJI

Ajg, Ay, E, y nentpi 3081 bpimmoena misa AgInP,Ses.

KpiMm 3HUXEHHS TpynmoBHX MIBUAKOCTEH, JIOKAJII30BaHI ONTHUYHI MOJIU 3
HAWMEHIIIOI0 YaCTOTOIO MIIOTh SK IIEHTPU PO3CIIOBAHHS JJII HU3BKO €HEPTeTUIHUX
aKyCTHYHUX MOJ. Take pe3oHaHCHE pO3CIIOBaHHS JOJATKOBO 3HIDKYE 3arajbHy
TEIUIONPOBITHICTh I'PATKH 1, OYEBUIHO, € €(DEKTUBHIIIUM JJISI KpUCTaia CEJICHIy 3
OLIBIIOK MOJApU30BaHicTIO Baxkkux (P,Seq)* amionis. CuibHIiNIE IPHAYLIEHHS K
HU3BKOCHEPTeTUYHUMH CHEPTeTUYHUMH ONTUYHUMH MOJIaMU MOXKE€ BUHHUKATH 3
JEKUTbKOX TpruurH. [110cka onTuyHa rijika JEMOHCTPYE aHTUKPOCHUHT 3 aKyCTUIYHUMH
dboHOHHMME Moaamu. lle 3HA4YHO 3MEHIy€e TPYMOBY IMBUIKICTh TEIJIOHECYIUX
aKyCTUYHMX (OHOHIB HABKOJO €HEprii ONTHYHOI MO, IO MPU3BOJIUTH JI0

npuaymeHHss x. UMM MeHIIa 4acToTa ONTHYHOI MOJU, TUM CHJIBHIIIUK eQexT,
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OCKUIBKH TPyHoOBa MIBUAKICTh aKyCTUYHUX (DOHOHIB Olibllla MPU MEHININ eHeprii.
Po3citoBanHs mpu mporieci MepeKuAaHHs, SKEe MPUTHIYYE K, TaKOX MoOxe OyTH
CUJIBHIIIE 3 MEHII E€HEePreTUYHOI ONTHUYHOI T1JIKH, OCKIJIBKU HIKYl ONTHYHI MOIU
MOBHHHI PO3CIIOBATH BHUILI aKyCTU4HI ()OHOHH, IIOO CTBOPUTH Ti K KIHIIEBI (POHOHHU.
OCK1JIbKY aKyCTUYH1 (POHOHHM 3 BUIIOIO EHEPTIEI0 MAIOTh BUILLYy TYCTUHY CTaHiB, TAKUN
THUIT PO3CIFOBaHHS MOXE OyTH CHUIIBHIIINM.

Oco0MBOCTI XIMIYHOTO 3B'AI3KYy, SIK-OT BTOpHUHHMU edekT Sna-Temnepa Ta
BHUCOKa J1e()OPMOBAHICTh TYCTHHU 3apsily HEMOJIJIECHOI Mapu EJIEKTPOHIB, TaKOXK
MOXYTh OOMEXYBAaTH TEIUIONPOBIIHICTh KPUCTATIYHUX MaTepiamiB. SIK HaMu BxKe
oyno mokazano [1], y cnomykax CulnP,S¢ ta CulnP,Ses pemakcariiini M'aki Moau
3'SIBIISIFOTHCSL 3@ PaxyHOK BTOpUHHOTO edekty Sna-Temmepa 3a ydactio s Ta d
opGiraneit xarionis Cu® Ta p-opOirameii amiomis S(Se)*. Kariomn In** y mux
CETHETUENICKTPUKAX TAaKOXX MOXYThb OyTH 3ajdydyeHl 0 JaHOro e(eKTy IUIIXOM
ceJieHy. AJie aTOMU 1HAII0 y WX CHOJyKax JTOCUTh CHUIBHO OOMEXKEH1 KOBAJICHTHOIO
B3a€EMOMIEI0 3  OTOYYIOUMMH atoMamMu  xanmbkoreHifmiB. Illo  crocyerbes
HEBIOPSAIKOBAHOTO BTOpUHHOTO edekty SAna-Temnepa mpu PII, HarpiBaHHS Bix
CETHETUENEKTPUYHOI 0  MapaeleKTpu4Hoi  (asu  CWIBHO  TPUTHIYYE
TEIUIONPOBIIHICTD, 110 J0Ope BUAHO y BUMaAKy Kpucrtaia CulnP,Se (puc. 2.13 (a)).

V sunagky AgInP,S¢ ta AgInP,Ses karionn Ag'" cTBOpOIOTH CHIbHIII
KOBAJICHTHI 3B'sI3KH BCEPENIMHI OKTaepa, 110 MePEIIKoKae BTOpUHHOTO edekTy SHa-
Tennepa Ta nepexoay B MOJISIPHHUM CTaH IpH 3HIKEHHI Temreparypu [75]. Sk Oyino
noKa3aHo BHILE, TUTbKH Uit AgInP,Ses cunbaa hoHoH-hOHOHHA B3aeMOis TOB'A3aHA
3 MEPETHHOM HU3bKOCHEPTEeTUYHO! ONITUYHOI T'JIKH 3 aKyCTHYHUMU TUTKaMH, 1 TOMY K
3BOJUTHCS 10 amop¢Horo mimity. Ane y cnonykax AgBiP,S¢ Ta AgBiP,Ses diznune
MOXOJ/KEHHSI aHTapMOHI3MY TaKOX MOXKHA MOSCHUTU ICHYBaHHSIM CTEPEOXIMIYHO
AKTUBHOI HEMOJiIBHOI mapy s° katioHiB Bi*". EnexTponna 060I0OHKa BiCMyTy JIETKO
nedopMyeTbcs  MiJ  KOJMBAHHAMM TIPaTKH, [0 MNPU3BOAUTH IO  CHIBHOI
AHTaAPMOHIYHOCTI Yepe3 HasBHICTh HEJIIHIMHUX YICHIB y MOBHIN €HEprii, MOB'sI3aHKX 3

BEJIMKUM €JEKTPOHHUM BiAryKoM. O4eBUAHO, L0 I HEMOALIEHA Mapa eIeKTPOHIB
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TaKOX MOB'si3aHa 3 BTOpUHHUM edexToMm SHa-Temnepa, sikuid MOXe MPU3BECTU 10
CIIOCTEPEIKYBAHOI CTPYKTYpHOI HecTaOlIpHOCTI B miapyBaToMy Kpuctam CuBiP;Seg
[63]. OcHOBHA i/1e51 B3a€MO3B'I3KY MDXK €JIEKTPOHHOIO IMapOI0 Ta HU3bKOIO K MOJIATAE B
TOMY, IIO KOJIM aTOMHU HAOJIMXKAIOThCS OJUH 10 OJHOTO IiJ Yac TEIUIOBOTO PyXY,
NEPEeKPUTTS XBUIBOBUX (YHKLIA HEMOAUIEHOI NHapu Ta CYCIOHIX BaJICHTHUX
CJICKTPOHIB 1HJIYKY€ HEHIMHY BIAMITOBXYIOUY €JICKTPOCTATUUHY CUITY, sIKa BUKJIUKAE
NiABUIICHUN aHrapMoHI3M rpaTku. [lpu BigmaneHHI HENOMIEHOI Mapu BiJ sAapa
AQHTapMOHIYHI B3a€MOJIIi 13 CYCIJHIMM aTOMaMU TOCHIIIOIOTHCS, a K 3MEHIIYEThCS.
TakuM YWHOM, BHINA CTYIIHb AHTAPMOHI3MY IOBMHHA OYyTH [OCSTHYTa, KOJH
€JICKTPOHHA Iapa BiJlajeHa BiJ A/pa, ajne He Oepe yyacTb y 3B'a3yBaHHI. AHAJOrIYHA
CUTYyalllsl criocTepiranacs 1 s kpuctana SnyP,Se, 1€ po3ynopsiikoBaHa HEMmoiIeHa
napa 5s’ Sn** cnpuuMHsE MEpeXi/ Bl CErHETOENEKTPUYHOT 10 APAEIEKTPHUYHOI (hasu
1 eeKTUBHO MPUTHIUYE TEIJIONPOBiAHICTD [18, 97].

Po3paxyHku mapiiiaJibHUX TYCTUH €JIeKTpOHHUX cTaHiB (pDOS) mis kpucTtaiib

AglInP,Ses Ta AgBiP,S¢ HaBeneni na puc. 2.13.
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Puc. 2.22. IlapmiansHa TycTHHA €JIEKTPOHHUX cTaHiB st AgInP,Se (a) Ta

AgBiP,Ss (6).
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EnextpoctaTuuHe BIAIITOBXYBaHHS MK HEMOAIJICHUMU MapamMu €JEKTPOHIB Ta
CYCIJIHIMU aHIOHAMU CTBOPIOE aHTAPMOHIUHICTD Y I'PATIIi, MIITHICTh KO BUBHAYAETHCS
MopdoIoriero opoiTani HEMOAICHOT MapH, 10 MOKa3aHo Ha puc. 2.22 i mapyBaTUX
kpuctaniB AgBiP,S¢. Buano, 1110 B pe3ynbTaTi CTepe0akTUBHOCTI § OpOiTaneit BiIcMyTy
eJICKTPOHHA TYCTUHA 30CEPEIKY€ThCS Yy BEPXHIM YacTHHI BAJICHTHOI 30HU IS
kpuctaiia AgBiP,S¢, asie enexkTpoHHa rycTrHa s opOiTaje 1H11F0 He CIIOCTEPIraeThCs
y BepxHiil yacTuHi BasieHTHOI 30HU ansi AgInP,Seq. Lle mopiBHSHHS CBIAYUTH MPO
riopuamsaiio s opOitanei BICMyTy 3 p OpOITalsiMH CIpKH Ta BICMyTy. Take
3MiIyBaHHS sp° BUKIMKAE CTEPEOAKTUBHICTh HEMOALIEHOT mapu s° Bi, ska BUHUKAC B
pO3MOAUII TPOCTOPOBOTO 3apsiaHy mis kpucraina AgBiP,Se, mms sikoro op6Gitami
BICMYyTYy JiekaTh B miamazoni -10,62 — -10,49 eB (puc. 2.23 (6)). Hammaku,

IPOCTOPOBHM pO3MOALT Ui S opOiTanelt 1HAil0 B obsacTi eHepriit -6,44 — -5,99 eB

(puc. 2.23 (a)) cBIAUUTH PO IXHIO y4acTh y (hOpMyBaHHI KOBaJIEHTHHUX 3B'13KiB In—Se.

Puc. 2.23. Po3noain enekTpoHHOT TyCTHHU JJisi OpOiTaneil s KpucTary

AgInP,Ses (a) Ta AgBiP,S6 (0).

HeoOximHO po3risHyTH 1IiKaBI OCOOJHMBOCTI, $KI CHOCTEPITAINCH IS
mapyBatoro kpucraia CuBiP,Ses mpu mepexonai Bif po3ymnopsiakoBaHoOi ¢aszu y
MOJIyJIbOBaHUM CTaH, a Jaji 1 IpU OXOJIOMKEHHI 10 aHTHCETHETOCICKTPUYHOI (a3,
Jljig mo4aTKy po3riIstHEMO MOAYJISILIIO CTPYKTYPH Ta aHI30TPOIIIIO0 TETIONPOBIAHOCTI.
Sk BUAHO 3 pe3yJIbTaTiB CTPYKTYPHHUX JOCIIKEHbB €T CIIONYKH Y po0oTi [63], nmpu

temriepatypax, Bumux 173 K (puc. 2.24 (a)) y mapaenexkTpudHiii ¢asi CTpyKTypa €
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[EHTPOCUMETPUYHOIO, YCEPEIHEHOI0 M0 Yacy Ta mepioguunoro. [Ipore, kaTioHm
BICMYTY Ta Mi/Jli 31MCHIOIOTh TEIUIOBI pelaKcalliiiHi 3MilEeHHS 3HAYHOI aMILTITy 1, 110
y CBOIO 4Eepry CYTTEBO PO3Cito€ TerioHecydl poHoHM (makeTu (OHOHIB) 1 3MEHIIIYE

iXHIO JOBXKUHY BUTIBHOTO MPOOIry O MiHIMaJIbHUX 3HAYEHb.
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Puc. 2.24. Crpyxkrypa kpucrainy CuBiP,Ses B3gosx HanpsiMky [110] mpu
298 K (a), 173 K (0), ta 97 K (B). Hanpsimox 3MillleHHSI aTOMIB Mi/ii
NMoKa3zaHu  cTpiaikamu. HeymopsiakoBaHi  atoMM  Miji  ITOKa3aHi

KBaJIPaTHUMH Ty>KKamu [63]

B npomixkosit ¢azi (puc. 2.24 (6))mix 173 Ta 97 K, moaynboBaHiit
NEPIEHIUKYISAPHO A0 CTPYKTYpHUX MIapiB, XBHJIbOBI MakeTH WMOBIPHO A00pe
MOIIUPIOIOTHCS B3JI0BXK MIAPiB (Y IIbOMY HaNPAMKY CTPYKTypa MepiogudHa, aToMU Mifl
Ta BICMyTy TIepeOyBatOTh y OLIBI JOKATI30BaHUX Mo3uIisx). OaHaK mornepek mapis
HEOJTHOPIHICTH (MOJTYJIALIS) CTPYKTYPH 3yMOBIIIO€ MiHIMaIbHY (017151 1 HM) AOBXKUHY
BUIBHOTO MpoOiry. B anTucenetoenekTpuuHii ¢gasi (puc. 2.24 (B)), Hmwkue 97 K,

CTPYKTypa MepiogudHa B3JIOBXK Ta MOIMEPEK MIapiB, KATIOHU Mifl Ta BICMYTY JOCHTH
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n00pe JoKai3oBaHi, 1 JOBXHWHA BUIBHOTO MPOOITY 3pOCTaE MPU OXOJOJKEHHI 1
BU3HAYAETHCSI B OCHOBHOMY JiHiIe (POHOH-(POHOHHUM PO3CIIOBaHHSIM. TakuM YHHOM,
JlaH1 TeII0Bo1 1udy3ii KMOBIPHO MIATBEPKYIOTh HASIBHICTh MPOMIKHOI CTPYKTYPHO
monynboBaHoi ga3u B CuBiP,Seg.

Ha puc. 2.13 (e) nmokazano, mo temronpoBiaHicTh CuBiP,Ses B3moBxk) mmI1api
(Kopu4HEBa JIiHIS) IPU HArpiBaHHI 3MEHITYETHCS A0 MIHIMAJIBLHOT'O 3HAYEHHS OJIM3bKO
200 K. Bume uiei TemmepaTypu, y HEymnopsakoBaHid dasi, 3anexHicTs x(7)
JEMOHCTPYE  CKJIONMOJIOHY  MOBEAIHKY.  TeIUIONpOBIIHICTE Yy  HAMNpsSMKY
NEPIEeHIUKYJISIPHO 10 CTPYKTYpHHMX IIapiB (IIOMapaHueBa JiHIS) IPU HarpiBaHH1
Jocsrae MIiHIMaTbHOTO 3HadyeHHs Bxe Omm3pko 100 K — mpum mepexoni Bix
AHTHCETHETOCTCKTPpUYHOI (ha3u 10 TMPOMIKHOI MOIyJThoBaHOi ¢a3zu. CTpyKTypHa
MOJTYJISALISI MPOMDKHOT (ha3u OpiEHTOBaHA MEPIIEHIUKYIISAPHO 10 CTPYKTYPHHUX IIAPIB.
OTxe, Temuonepeaaya y MOAYJIbOBaHIA (a3l B3AOBXK MmIApiB MOAIOHA 10
Terionepeaayi B aHTHCETHETOCNEKTpUYHiM ¢a3l. HaBmaku, mnepeHeceHHs Teria
NEPHEHANKYJISIPHO JI0 CTPYKTYpPHHX IIapiB  4epe3 TeMIlepaTypHUU I1HTEpBal
MOJyJIbOBaHOT  (a3W  aHAJOTIYHUKA  TEIUIOMPOBIAHOCTI Yy  HEYNOPSAKOBaHIN
BHUCOKOTEMITepaTypHii ¢a3zi. Ha puc. 2.25 nokazana reMrepaTypHa MoBeIiHKa JOBXUH

BUIIbHOTO Mpo0iry y kpucrtam CuBiP,Ses.

MogyneoBaHa
daza

MNapacpaza

AHTUCErHeTOENEKTPMYHA

2 haza .

50 100 300
Temnepatypa (K)

Puc. 2.25. JloxkuHa BUIBHOTO MpoOIry AK (yHKLIA TemrepaTypu IS
kpuctairy CuBiP,Ses B3moBX (KOpHUHEBa KpHBa) Ta NEPIECHIUKYISIPHO

(momapaH4eBa KpHUBa) 10 CTPYKTYPHUX IIIapiB.
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BucHoBku 10 po3aiiay 2

Jlnst mapyBatux monokpuctaniB Cu;AgInPy(S,Se)s 3 x = 0, 0.1, Ta 1,
AgBiPy(S,Se)s Ta CuBiP,Ses nocnimxena rerioba qudy3is y MIMPOKiM TeMIiepaTypHii
obnacti 30 — 350 K. BusiBieHo iCTOTHY TEMJOBY aHI30TPOIMII0 y BCIX MIApyBaTUX
KpHUCTaJlaX, a TaKoXK (Pa3oBl MEPEXoAH y IESKUX CIIONyKax, M0 MIATBEPKYE PI3HUMA
BIUIUB Ha CHUCTEMY IPU 3aMIIIEHHI aTOMIB Yy KaTIOHHIA YW aHIOHHIN MiJrpaTKax.
Busnauena MoussipHa TEIJIOEMHICTH 3 €BOJIOLII (POHOHHHMX CHEKTPIB AJII KOXKHOTO
KpUCTaly, MOEAHABIIM SIKY 3 €KCHEPUMEHTAIbHO OTPUMAHUMHU JaHUMHU TEIJIOBOi
nudy3ii, OTpUMaHO TeMIepaTypHy €BOJIIOIII0 TEIJIONPOBIIHOCTI, sIKa MOKa3aa, 1110
TeIU10 e(EeKTUBHO MEPEHOCUTHCS (OHOHAMU. BiMOBIAHO A0 OTPUMAHUX PE3yJIbTaTiB
PO3TJISIHYTI PI3HOMAHITHI MEXaH13MHU, SIKi BUHUKAJIA Y KpUCTajaxX Ta BIJMOBIIAJIbHI 32
HU3bKI 3HAUYEHHS TEIUIONPOBIIHOCTI SIK-OT CHJBHMHM aHTapMOHI3M  IPaTKH,
pPO3yNOPSAIKYBaHHS,  CTEPEOAKTUBHICT,  HEMOJAUICHOT  Tapw,  ridpuausariis
€JIEKTPOHHUX OpOiTaNei, a TaKoX HasBHICTb a00 BIJCYTHICTh BTOPUHHOTO €(EKTY

Sna-Temnepa.
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PO311JI 3. TEIVIOBA IM® Y3151 B CETHETOEJIEKTPUYHUX TBEP/INX
PO3UNHAX (Pb.Sni-x)2P2(Se;S1.)s

3.1. ®a3oBa aiarpama cerneroenekTpukis (Pb,Sn):P2(Se,S)s

Cerneroenexktpuuni crnonyku (Pb,Sn),P»(Se,S)s € oco0nmBo 1ikaBUMH IS
JOCTIDKEHHST 3aBASIKH TOMY, IO BOHH BOJIOJIIOTH YHIKaJbHUM TIO€IHAHHIM
doTtopedpakTUBHUX, AKYCTOONTHUYHUX Ta €JIEKTPOONTUYHUX BIacTUBOCTEH [98, 99],
a TaKOX 3aBISKH MOXJIMBOCTI YTBOPEHHS Ha iXHIM OCHOBI TBEpPAMX PO3UUHIB 13
JIOCTAaTHbO CKJIaaHOIO (Da30BO0 Jiarpamoro, HasBHICTIO Touku Jlipmmis (TJI),
HecniBMipHOi ¢azu (HD), a Takox cTpykrypHux ¢azoBux nepexois (PII) nepmoro i
npyroro poxis [100]. HasBHicTs TBepaux po3uuHiB cepen SnyPaSe, SnaPaSeq, PbaPaSe
ta Pb,P,Ses n0o3BOMsIE OTpUMAaTH CErHETOENEKTPUKU-HAMIBIPOBITHUKY 3 OaKaHUMHU
¢b13nuHUME BIacTUBOCTAMU. OTXKe, CTa€ MOXKJIMBHUM OJIEp>KaHHS MaTepialliB 3 pI3HUMU
CTPYKTypHUMH Ta €IEKTPOHHUMHU XapaKTePUCTUKAMH [JISl IXHBOTO IIIHPOKOTO
3aCTOCYBAHHS B PI3HHUX €JIEKTPOHHHUX MPUCTPOsX. PucyHok 3.1 neMoHCTpye 3aranbHy

MOJIeb, SKa 300paxkae KpPUCTAIIUYHY CTPYKTYpy  KpHUCTalliB, CIMEHCTBa

MZT[PX]" [101].

e se P snPb s¢ P

Puc. 3.1. Crpykrypa GocpopBMICHHX XaJbKOTCHIJIHUX KPHUCTAJIB
M [PX P 1" Tomny6i, 4epBOHi Ta KOBTI KyIbKHU Bignosinarots M>" (Pb,

Sn), P ra X (S, Se) aromam BigmosigHo [101].
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3yNUHUMOCH JeTalIbHIIlIEe HA OCHOBHUX OCOOJUBOCTSX KPUCTAIIYHOI CTPYKTYPH
X cnosyk. HamiBnpoBsinaukoBi kpuctanu Pb(Sn),P,S(Se)s € i0HHO-KOBaNIEeHTHIMH
4- . . .
CErHETOCJICKTPUKaMU 3 0JIHaKOBOIO [P2S(Se)s]™ anionnoro miarpymnoto. /[Bi TpeTrHU
. o . . 2+ o - Py .
LEHTPIB OKTaeapa 3aWHATI karioHamu M-, Pemry 3aiimarote P—P 3B’d43ku, ki
KOBAJIGHTHO 3B’ SI3YIOThCSI 3 aTOMAaMH CIPKH (CENIeHY ), MPUIOMY KOKeH aToM dhochopy
Ma€e TeTpaelpuyHy KOOPJIMHAII0 3 TPphOMa aTOMaMH CIpKH (CEJIeHy) Ta OIHUM
atomoM Qochopy [100]. ¥V tabmumi 3.1 3i0paHi OCHOBHI MapaMeTpH, sKi

XapaKTepU3yI0Th MOHOKJIIHHY KpUCTaliuHy rpatky TiopocdariB Sn(Pb),P,S(Se)s.
Taomur 3.1.

[TapameTpu KpuCTaIIYHOI IPATKU Y CErHETOENEKTpUUYHUX KpucTanax Sn(Pb),P,S(Se)s

[100, 102, 103, 104, 105]

IlapameTpu rpaTku 006’em
B eJIeMEeHTAPHOI
Craan (Cumertpist| a b c
i i i [°] KOMIPKH
Al | 4] | [A] A
Sn,P»Se
Pc 9.378 |17.488 |6.513 | 91.15 456
(cernerodasa)
Sn,P»Se
P2,/c  19.362 |7.493 [6.550 | 91.17 457
(mapadasa)
Sn,P>Ses
Pc 6.805 |7.708 {9.616 | 91.03 504.4
(cernerodasa)
Sn,P>Ses
P2,/c  16.815 [7.671 [9.626 | 91.01 503.2
(mapadasza)
Pb:P2Se
P2,/c [6.612 |7.466 |11.349(124.09 462
(mapadasa)
Pb,P,Ses
P2,/c  16.910 [7.660 [11.819]124.38 513
(mapadasza)
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s kpuctaniB Sn,P,Se ToBKHMHA 10HHUX 3B S13K1B SNn—S Bapit0€ThCs B J1amma3oHi
2.77 —3.451 A i € 3HauHO GinbmON0, HiXk NOBXKHA P—S Ta P—P 3B’s13kiB. 3B’ 513KH P—S
y ABOX TPUTOHAIBHUX MipamMifnax PSs;, siki 3’eqayroThcsi P—P 3B’s13kaMu Takok MaroTh
pisni gomxuuu (2.015 - 2.035 A). AToMu 070Ba pO3TalIOBYIOTbCS BCEpENMHI
noienpona, copmoBanoro 7 abo 8 atomamu cipku [106]. Hmwxuae 337 K kpucran
3a3Hae mnapaenekrpuuHoro ®II apyroro poay B MOHOKJIIHHY (a3y, 31 3MIIICHHSIM
KaTiOHIB 0JIOBA BiJ LIEHTPOCUMETPUYHOTO TMOJIOKEHHS, KU Ipa€e pojib MmapameTpy

nopsaky [106].

BigminHOCTI y KpucTamiuHii CTpyKTypi MixK SnyP,Se Ta Sn,P,Seq monsaratots y
301IbIIeHH] T0BXHHM Ta KyTiB P—Se 3B’s13kiB [104]. Kpucrtan Sn,P,Seq nemoHcTpye
TpH (a3u: Mpu KIMHATHIN TemrepaTypl BiH € napaenekrpukom (P2/c), mpu T; = 221
K wmae micie @IT npyroro poay 10 MOAyILOBAaHOT HECTIBMIPHOI (ha3u, a TAKOX MpHU
T.~= 193 K xpucrain 3a3nae ®II nepiioro poay B cernetoenektpuuny daszy (Pc) [103,
107, 108]. Ilepiox momepedHOi MOIYJIbOBAHOI XBWJI CIIOHTAHHOI MOJspU3allii B

HECHiBMIpHIi# (a3l ckianae npudan3Ho 14 enemeHTapHUX KOMIpok [93].

Artomu Sn’* 0TOYYIOTBCS BicbMOMa aTOMaMu Se, yTBOPIOKOYM OiTPHIOHAIIBHY
npu3My, 300pakeHy Ha puc. 3.2 npu HM3bKIH (0) Ta KIMHATHIN Temmepartypi (a).
OxkTaeapu, siKi BMILIYIOTh Tapy aToMiB (ocdopy, 3'€eqHaH] MOPOKHIMHU OKTACAPAMH 1

YTBOPIOIOTH 3B’ S13KU B3710BXK HarpsMkiB [010] ta [101] [104].

B napaenextpuuHiii (a3l BUSBICHO 3MIIICHHA KaTIOHIB OJI0OBa MPUOIM3HO HA
0.34 A. TTopiBHAHHS KpHCTAJIIYHUX CTPYKTYp Y JBOX (pazax MoKas3aio, IO KaTiOHH
Sn** 3MilIyIOTBCS 3 PO3YIOPSAKOBAHOTO CTaHy Yy BHCOKOTEMIIEpATypHid (asi 1o
pO3TalIyBaHHs OJIOBA B HU3LKOTEMIIEPATypHili cerneToenekTpuuHiii ¢asi na 0.13 A
[110]. CnoHTanHa moOJsApH3aIlsd CTPYKTYpPH OYEBHJHO 3pPOCTA€ 3aBISIKU UM
3MinIeHHs M. J[o Toro K, cepelHiil HampsSMOK [UX 3MIIICHb MEPIEHIUKYIISPHUNA 110
HanpsIMKy BEKTOpa MOJYJbOBAaHOI XBWUJI B HECHIBMIpHIA ¢a3i, [MOKa3ylouu
nepIiovyeproBe 3HaAYeHHS TakuX pyxiB Ha (opMyBaHHs HecmiBMipHOi (da3u [108,

110].
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Puc. 3.2. 3’eqnanns nBox nosieapiB SnySeg B3aoBxk HanpsaMky [010] B: (a) -

napaenexktpuuHiid $azi (293 K) ta (6) — ceraeroenexkrpuyniii (150 K) [32].

[TopiBHSHHS MTapaMeTpiB 3MIIIEHb ATOMIB 0JIOBA y IBOX (Da3ax BKa3ye, 1110 BOHU
He mnponopiiiHi Temmepatypi [110]. Ilpocte HaGmmxenHs Jlebas s BHECKY
aKycTUYHNX (POHOHIB Tiepeadavae JiHIAHY TeMIlepaTypHy 3ayiexHicTb. Ha puc.3.3
(exBiBaJIEHTHI) MMapaMeTpH aTOMHOIO 3MilIEHHA KaTioHiB Sn*' moOymosani mpum
TEMIEpaTypax CTPYKTYPHUX NEPETBOPEHD JJIs KpucTaiiB SnoP»Se (a) Ta SnyPaSes (0).
[TapameTpu aTOMHUX 3MIIIEHb aTOMIB 0JIOBa B CETHETOENEKTPUUHINA (pa3i € maiike
OJIHAaKOBHMMH JIJI1 000X CIOJIYK (IITpUXOBi JiHi1). [lapameTpu aTOMHHUX 3MillleHb Sn B
napaesieKTpuuHii ¢asi 1y 000X CHOJYK ICTOTHO BHINA, HIXK €KCTPAINOJIbOBaHI JIHIT

CErHeTOeNEKTPUYHOI (a3u.

00T T — 600 T T 1
Sn(1)®
Sn,P,S Sn,P,Seq
500 ] 500 - ]
% 400} 7 400 |- .
=) Sn(av) @
—~ 300f A B T
g Snsl)‘ 300 Sn(11) o
5 200 e 200 T
L sn2) Sn(1)g -2 Sn(12)
1ofp 7 7 100 _Si2) 7
’:;,"”‘ TU ,(r_""’/ TE Ti
0 I R R R R B 1 0 S
0 100 200 300 400 0 100 200 300 400
Temneparypa (K) Temneparypa (K)

Puc. 3.3. [30TponHi mapaMeTpu aTOMHOTO 3MillleHHs AJs KaTioHiB Sn®" mys

Sn,P,S¢ (a) Ta Sn,P2Ses (6), 3r11HO 3 peHTreHiBChbKuM JgocipkeHHsM [110].
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[Ipu kiMHaTHUX yMmoBax Kpucrtai Pb,P,S¢ mepeOyBae y mneHTpocuMeTpu4Hii
dasi, y ki 3anumaetses ax 10 0 K. Pi3uns B 00’eMi eleMEeHTapHUX KOMIPOK €
JIOCUTh MaJIOK0 3 OIVISIIY Ha PI3HUIIO PO3MIPIB 10HIB 0JI0BA 1 CBUHITIO: 1.58 Ail.75
A Binnosigno. Takum urHOM, i0HU Sn”* IepebyBarOTh y MEHII «CTUCHYTOMY» CTaHi,
0 BiJOOpa)KaeThCs IXHBOIO CErHETOAKTUBHICTIO, a II€ O3Hayae€, M0 CHOJIYKH 3

karionoM Sn** nosuHHi Maty Buiy Temneparypy OII [100].

Jns cionyku Pb,P,Ses enunoro BiaminHICTIO Bij PboP)Se € pizHuils B po3mipax
10HIB, sIKa MPOBOKYE 3MiHY MapaMeTpiB KPUCTAJI4yHOI IpaTKH, 1 BJIacHe 00’ eMy
enemeHTapHoi komipku [111, 112].

[TpoTsiroM ocTaHHIX AECATHIITH OyJM 3M1HCHEH1 JOCIIIHKEHHS JI1eIeKTPUIHUX,
TEIJIOBUX, ONTUYHUX, €TACTUYHUX Ta aKyCTUYHUX BIACTHBOCTEH TBEPAUX PO3UHHIB
cimeiictBa kpuctaiiB Sn(Pb),P,S(Se)s, siki poOasSATh MOXKIMBUM BCEOIYHO OMHUCATH
ixato dazoBy miarpamy [19,42, 113,114, 115,116,117, 118, 119, 120, 121, 122, 123,
124, 125,126, 127, 128, 129, 130, 131, 132, 133]. Po3ristHeMo 0CHOBH1 OCOOJIMBOCTI
¢$a30Boi JiarpaMu «TeMIiepaTypa-KOHIICHTPAIlisD» I CETHETOCICKTPUYHUX CITOTYK
(Pb,Sni.,)2P2(SeSi.+)s, 3aMiHIOIOUM aTOMU CIPKH Ha CEJIEH 1 0JIOBa Ha CBUHELb (pHUC.
3.4).

(Pb,Sn, ),P,Se  Sn,P,S,,8e);  (Pb,Sn,.),P,Se;

350 . — 350
mn A P A ENT EKTPIMWYHA |
J
300 |- ) o Al3z A 1300
L %I -
o 250 F / 1 250
g , '
200 |- . 1 200
e / HC ]
o
© 150 | . . PASA T ik
c \
s b Y
~ 100 ! * 1100
d \
_ ‘ . ]
50 | :’ \ +450
_ ‘CEMHETOENEKTPU \ |
0 L I.I q)ASAI l‘A 0

Pb,P,S; 05 Sn,P,S, 05 SnP,Se; 0.5 Pb,P,Se,

KoHueHTpauis

Puc. 3.4. ®a3zoBa miarpama cerHetoenekTpukiB  Sn(Pb),P>S(Se)s:

NYHKTUPHOIO JiiHI€l no3HadeHo GII agpyroro poay 3 nmapaeneKTpuyHOi 10
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cerueroeniekTpuuHoi (asu B (Pb,Sni.,)2P2Se Ta B SnaPa(SeSi.)s 3y < 0.28,
kosu B SnoPx(Se.Si.v)s 3y > 0.28 1 (Pb,Sny,)P,Ses BoHa mo3Hauae nepexin
1o HecrniBmipHoi ¢azu (HC). CyminsHoro miHiero no3Haueno OIT nepioro

ponay 3 HC B cerneroenextpuuny ¢azy [100].

3amina kaTioHiB S** Ha Se?* mua x < 0.28 Besie 10 IIABHOTO PO3ILEIUICHHS JIiHii
@Il npyroro poay (myHKTHpHa JiHig Ha puc. 3.4) Ha minito @Il mepmioro pomy
(cyuinbHi Jinil) mpu y = 0.28. I1pu 1noBHI# 3aMiHI CIPKHM Ha CEJICH MalOTh MiCIIe JIBa
®II: ®II gpyroro poxy npu 7; = 221 K ta ®II nepmoro poxy npu 7. = 193 K [107,
120]. 3amina onoBa cBuHueM B (Pb,Sni,).P»S¢ pizko 3HmMKye Temmeparypy
ceraetoenekTpuuHoro ®@II ax go 4.2 K gnsa y = 0.61. V upomy Bunaaky ®PII He

3MIHIOE CBIM XapakTep 1 3auIIacThcs HenepepBHUM [105].

T, K

.
—

200

100

PhPSK PoosnPSe,

Pb 2P2836

Puc. 3.5. ®azoma pgiarpama 3mimanux KpuctaiaiB Sn(Pb),P>S(Se)s.
[TynkTupHUMU JiHISIME TIo3HaveHi JiiHii OII apyroro poay, CyluiibHUMU —

@II nepmoro poay [133].
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3aMiHa 0JI0OBa CBMHILIEM Yy KaTioHHiM migrparui B (PbySni.,).P>Ses nae takuii
camMuii e(eKT, K 1 y CIOJIyKax 13 CIpKor0. [OHM CBHHITIO TTOHIKYIOTh TEMIIEPATypPy
nepexoniB 7; ta T.. Y To# ke 4ac, 30UIbIIEHHSI KOHIICHTpAI[li CBUHIIO 301IbIIYE
MIMPUHY HecniBMipHOT (a3u. [l npuknany, remieparypHa oomacts y skiil icaye HC
¢daza posmuproerses. Bona cranoButs nmonaa 100 K mpu y = 0.4. Takox Bapto
3a3HaunTH, 1o JiHii GII nepmoro Ta apyroro poaiB gocsrarots 0 K mpu y = 0.40 ta

y=0.61 BignmosiaHo [105].

Ha ocHOBI JocChipkeHb MOJIIPHOI TEIJIOEMHOCTI Ta JICJICKTPUUYHUX
BuMipioBanHax [133], Oyna Bu3HaueHa eBomouis xapakrepy @Il Ta Burmsg
KoMmo3uliiHoi ¢azoBoi miarpamu B Sn(Pb),P,S(Se)s. Ilpu onHouacHiit 3amiHi
CBUHIIIO Ta CIPKU OJIOBOM Ta CEJICHOM BIJIMOBIAHO, TeMnepatypu 1; Ta T, 3HUKYIOThCS

3 0JIHaKOBUM TemnoM, To0To mupuHa HC ¢asu € maiixe He3miHHOIO (puc. 3.5).

3.1.1. ®a3oBa giarpama Sn2P2(SexS1x)s. Touka Jlipmmus Ha giarpami crany

PosrnsnyTta panime 3aranbHa (popma (a3zoBoi aiarpamMu CTaHIB MOXKE OyTH
nojiiJieHa Ha Tpu yacTuHu: SnpP>Se — SnyP2Ses, SnaPaSes — PboP2Ses ta PbyPaSe —
Sn,P,Se. [lepi 3a Bce, po3riistHEMO HasIBHI y JIiTEpaTypi AaH1 1o Gpa3oBUM aiarpamMam
TeMITepaTypa-KOHIIEHTpaIlis st cnoidyk Sn,Pa(Se,S;.)e. JlaHi i3 peHTreHiBchbKOl
mudpakmii [109, 115], ynerpasBykoBux [127, 129], nienextpuunux [116, 130] Ta
KasiopuMeTpuuHux [42, 119, 125] nocaimxens 310pani Ha puc. 3.6. [Ipu 3amimieHH1
10HIB CIpKH Ha CEJICH, BiI0YBa€ThCS BITHOCHO MOBUIbHE 3HIDKEHHS Temnepatypu OII.
Takos ctae 9iTko BHIIHO, 110 JiHig DI mounHae po3meIuIIOBaTHCh MPH JOCATHEHHI
KoHIleHTpalli ceneny x ~ 0.28, 7' = 284 K. Touka, npu sKiii BiJOYBa€ThCA TaKe
posmieruieHHs (a3 HazuBaeThes Toukoro Jlihmmmgs (TJI), ska posnuise DIT i3
napaejekTpuuHoi ¢a3u y cerueroenekrpuuny dazy ado necniemipay (HC) dazu. ¥V
monynboBaHii HC ¢asi kpucTan onucyeThest TAKOIO 3K TOUKOBOIO FPYIOI0 CUMETPIi,
AK 1y nmapaenexktpuuHii ¢asi — (P2,/c).

[Tonoxxennss TJI Moxe OyTH TakoX OIIIHEHE 3 EBOJIIOII TeMIlepaTypHOl

3aJIe)KHOCTI (DOHOHHUX CIEKTPIB MPU PI3HUX KOHLEHTPALISIX CIPKU Ta CEJICHY Yy
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KaTIOHHIA miarpaTii. 3a pesyjabTaTaMH, OTPUMAHUMM 3 JaHUX HEUTPOHHOTO
pO3CIIOBaHHS, BHSBJICHO JIIHIHHY B3a€EMOJII0 HHU3bKOCHEPTreTUYHUX M SKHX
ONTUYHUX Ta AKYCTUYHUX (POHOHHUX T'JIOK y KpucTani SnoPrSeq [131]. Lst B3aemois
Oyna ommcaHa (EHOMEHONOrYHO AK 1HBapianT Jlibmmms y  QyHKmil
TEPMOJIMHAMIYHOTO TIOTEHITiaNa JJi OJHOBICHUX cerHeroenekTpukiB 3 HC ¢a3zoro
[131, 132]. Taka minifina B3aemoxis moOnu3zy TJI BumiIMBae 3 MOM’SKIICHHSIM
aKyCTUYHUX (POHOHIB, SKI CHOCTEpITANIHMCh IS KpuctamB SnpPo(Se S )¢ mpu
yABTPA3BYKOBUX JOCIIDKEHHSAX Ta aHam3l ManaenbiTaM-bpuiioeHIBChbKOTro

pO3CitOBaHHS CBITJIA Y JaHUX Kpuctanax [127].

340
1‘(\ @ Penrrenincska qudpakmis, Ty, T,
320 S . HapaeHeKTp n4yHa (1) a3a & Peurreniscpka nmudpaxiist, T,
N N A Viprpassykosa mBHakicts, Ty, T;
300 7\ \!\ V VieTpa3sBykoBa mBHAKICTE, T,
—~ TO \‘ TlienekTpudna CIPARHATINBICTD, Ty, T
% 280 R*\ B [lienexrpruyna crpHiiHATINBICTD, T,
8—4 ~ MonspHa TemnoeMuicts, T, T;
E\ 260 NS Ti @ Monspna Temoemsicrs, T,
8.4 *  Terosa nudysis, Ty, T;
g 240 ? Termnosa mudysis, T,
=
ﬁ
220
200
) S — —
0.0 0.2 04 0.6 0.8 1.0
X
Sn,P,Ss Sn,P,Se,

Puc. 3.6. ®azoBa giarpama kpuctaiiB Sn,Po(Se,Si)s. To mpu x < 0.28 Ta T;
opu x> 028 € mnapaeneKTPUYHHUI-CErHETOCIIEKTPUYHUN  Ta
napaenektpuuauii-HC ®II agpyroro poay BiamoBigHO (IITpuxoBa JdiHis). T
e HC-cerneroenexktpuunum ®II mepmoro poxay npu x > 0.28 (cyriapHa

minis) [42, 109, 115, 116, 117, 125, 127, 129, 130].

ExcnepumenTu 3 peHTreHiBcbkoi audpakii [ 109] mokasanu, 1o npu 3aMimieHH1
aTOMIB Y aHIOHHIN MIAIPAaTLI € JUIIEe OJUH BapilaHT OpI€HTAII] XBUJIHOBOTO BEKTOpa
monysiii y HC ¢asi. OTxe, MOKHA PUITYCTUTH, IO TUTHKU JOBKUHA XBUIIBOBOTO

BEKTOpa 3aJIeKUTh BiJ TEMIEpPATypH, KOJM HAMPSAMOK 3aJHUIIAETbCS Maike
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KOHCTaHTOIO. LIIBUIKICTh 3HNKEHHSI HOTO 3HAYECHHS IPU OXOJIOPKEHH1 30UTBIITY€ThCS
npu HabmkenH1 1o TJI (puc.3.7.) [109]. Takum ynHOM, BEKTOP MOIYJIALIT Ha JiHIT
. 2 .
T(x) 3MIHIOEThCA SIK ¢; ~ (x — xLP) (puc. 3.8). Taka noBejiHKa 100pe Y3rOJKYETHCS

3 MOBEIIHKOI0, sIKa Mepe10avaeThest I MOJIeNl y HaOIuKEHH1 CepeHbOTO MOJIS MPU

omm3pkocti g0 TJI [134].

{7,
Ly,
[E x=]
i
- ¥
1.4 Ly
x=0.8
! E v
=2t g fg
i £
PR '
=2 L T
L.op x=06 3
(3
i
08}
I i
200 220

Temueparypa, K
Puc. 3.7. TemmeparypHa mHOBEIHKa XBHJIHLOBOTO BEKTOpa MOJIYJIAIII B

kpuctanax Sn,P»(Se,Si-,)s B HC ¢a31 [109].

0.5 1

q; (102 A™)

0.0

0‘.2 0.4 0.6 08 1.0
X (KOHILICHTpallis CCIICHY)

Puc. 3.8. KonmentpariitHi 3ajeXHOCTI XBUIbOBOro umcma (1) Ta

temneparyproi mupuau HC ¢asu (2) B kpuctanax SnaPa(Se Si-x)s [109].

JlochimkeHHs TeMIepaTypHOi 3aJIeKHOCTI MO3J0BXKHBOT IIBUKOCTI TIEP3BYKY
3a JIOMOMOTOI0 criekTpockomnii Manaensimtam-bpunmoena B [129] mis kpuctaiis

SnyPx(Se,S1-1)¢ y Hampsimky [001] waBeneni Ha puc. 3.9. Jlng x = 0.22, anHomais
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rinep3ByKy Mae HaldiTkimy ¢opMy Ta Jocsrae

MiHIMaJIbHOTO 3Ha4eHHs Onm3bko 3100 m/c (puc. 3.9 (r)). Hms xpuctamy i3 30%

CeJICHy, aHOMaJlisl IIBUJIKOCTI TIMEP3BYKY CTa€ MUIKIIIOW dYepe3 TeMIlepaTypHHUi

rictepesuc HC dasu ta nepexoay nepiioro pomy.

T v T T T
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Temnepatypa, K

150 225 300 375

Temmepatypa, K

375 75

Puc. 3.9. TemneparypHa 3ajIeXKHICTh MO30BXHbOI IMIBUAKOCTI TIIEP3BYKY
1151 kpuctaiiB SnpPa(Se, Sy )s: (a) x =0, (6) x =0.10, (B) x = 0.15, (r) x =
0.22, (r) x=0.28, (x) x = 0.30 [129].

Puc. 3.10 (a) neMoHCTpy€ KOHIIEHTpAI[liiHY OBEIIHKY IIBUIKOCTI TNEP3BYKY B

napaenekTpuuHii ¢asi, sxa Oyna BU3HAUYEHA 3T1HO 3 JaHUMHU, OTPUMAHUMH Ha pUC.

3.9. MinimanipHe 3Ha4€HHs NIBUJKOCTI MaB 3pa30K 13 KOHLEHTpaLI€l x,, = 0.28.

3900
a
@ “m (6) 3400 -
\
37150 a 1
N !
e o - & 32001
~ 3600 - S ' =
> \ =
3450 - 30004
0.0 0.2 0.4

259 260
Temneparypa, K

258 261

X (KOHIIEHTpAIIiSA CEICHY)

Puc. 3.10. TemmepaTypHa 3aJeXHICTh: (a) - KOHIEHTPAI[IHHOT MMOBEIIHKU
IIBUJIKOCTI TINEP3BYKYy B TapaeieKTpuuHiil ¢asi; (0) — MNo370BKHS

MIBUJKICTH YABTPa3BYKy y Kpuctam SnoPa(Sep4So6)s [129].
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JlaHi MBUAKOCTI ynbTPa3BYKy y kpucTami SnyPa(SepsSos)s (puc. 3.10 (6))
BKa3ylOTh Ha HAasBHICTh TemmepaTypHoro rictepesucy ~ 0.3 K B pexumi
oxoJo/pKkeHHs/HarpiBanHs  [129]. lleit ricrepe3suc MoOKHAa  TOPIBHATH 3

temmnepatypauM iHTepBagoM HC da3u asa naHoro ckiamy.
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Puc. 3.11. TemnepatypHi 3a1€KHOCTI AIEIEKTPUYHOT CIPUUHATIMBOCTI JIJIS

kpuctamB  SnpP»(Se,Si )¢ y pexuMi HarpiBaHHS/OXOJOMKEHHS 31

mBukicTio 0.005 K/xB: (a) x =0; (0) x =0.22; (B) x =0.28; (r) x =0.4; (1) x

=1[129].
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VY Tiii camiii pob6oti [129] aBTOpM BHBYAIM JIEJIEKTPUYHI BJIIACTUBOCTI Yy
kpuctagax SnpP»(Se Si)s. Y 1HMX AOCTIIHKEHSX BCTAHOBJICHO, IO y BUMAAKY
kpuctaia Sn,P,Ses uitTko BuaH1 ABa OII (7. ~ 195 K ta T; ~ 223 K) 13 HC dazoro
mupuHoto 7; —T. ~ 28 K (puc. 3.11 (1)), Ta HasBHicTh HC dazu mmpunorw ~ 0.6 K

1151 SnaPo(Se04So6)s (puc. 3.11 (T)), KoM IJ1s 1HIIUX KOHILIEHTPAIM CroCTepiraBcs

tineku oguH OII (puc.3.11 (a, 6, B)).

3.1.2. ®a3oBa aiarpama (Pb,Sni.;)2P2Se
Posrnmssuemo  QazoBy  miarpamy  QocopBMICHHUX ~ XaJbKOT€HITHUX
cerHeroeneKTpuyHux kpuctais (Pb,Sn;,),P>Se. TemnepatypHi 3anexxnocti OII Big

KOHIIEHTpalli, oTpumani 3 pierexkTpuuHux [114] Ta xanopumerpuunux [135]

BUMIPIOBaHb.
350
ol @ JlienexTpHYHA CTIPHHHATIHBICTD
300 - # & Tennosa qudysis
—_
5 250 *
g
£200 1 .
S [lapaenekTpuuna
§ 150 1 dasa
= %
= 100
504 Cerneroenexrpuyuna @ '
aza ) 3
0 T T T T T T T T T T
0.0 02 0.4 0.6 0.8 1.0
Sn,P,S, y Pb,P,S,

Puc. 3.12. ®a3oBa aiarpama kpucramnis (Pb,Sn;,),P»S¢. [ns cknanis 3 y =
0.27, 0.61 Tta 0.66 moka3aHi MOJIOKEHHS JIICIEKTPUIHUX aHOMaii. UepBoHI
KPY>KKH — JJaH1 3 JIENeKTPUIHUX A0CTiKeHb [ 1 14], cuHi 31pouku — JaHi 1o

BUMIPIOBaHHIO TeTuioBoi nudysii [135].

JlienekTpuyHi BUMIpIOBaHHS, MpoBeneHi Pymancekum Ta cmiBaBTopamu [19]
s kpuctami: y = 0, 0.1, 0.2, 0.3, ta 0.45 (puc. 3.13) nmokazanu, 1o aJs
KOHIIeHTpauii cBuHLIO y = 0.2 MOXXe MpOSBIATHCA SIBHUILE KpPOCOBEPY, KOJHU

cerneroenektpuunuid @I 3miHIOE CBiM Xapakrep Ha mnepmuil pig (mosiBa
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tpukputraHoi Touku (TKT)), 1 mpu y > 0.2 Moke MaTtu Miclie JesKe CIBICHYBaHHS
¢a3, sxke MoxHa MoOayuTH 13 TpaHchopmalli HU3bKOYACTOTHUX TEMIIepaTypHUX
aHOMaJiN AieNeKTpUYHOi1 crpuitHATIuBOCTI (puc.3.13 (a)). Hmns 3pasky 13 y = 0.3,
aHOMaJiil KPUBHUX IICJEKTPUYHOI CHPUMHATIMBOCTI CTAIOTh HIMPUIMMH 1 MAaroTh
YITKUH TeMIepaTypHUil ricTepesuc.

TemmnepatrypHi aHOMaJlli y CErHETOCNCKTPUYHINA (a3l s 1UX CKIIAJIB JICIIO
po3muBatoThes. s y = 0.45 mienekTpuyHi BTpaTH MarOTh HaWBHILE 3HAUYCHHS B
okomi @II, ii TemmepaTypHa 3aleXHICTh Mae (GopMy Mal)Ke CUMETPUUHOTO
MakcuMyMy (puc. 3.13 (0) xkpuBa 5). Takox npu 0XOJIO)KEHHI/HarpiBaHHI BUJIHO

YITKUH TeMIlepaTypHHUii TicTepe3uc, o Moxe cBiauuti rnpo ®II nepioro poxy [19].

fgz_ (6) "
o%]

100 200 300 400 140 210 280 350
Temmneparypa (K) Temmeparypa (K)

Puc. 3.13. (a) — TemneparypHa 3a1€KHICTh TIMCHOI YACTUHU J1CICKTPUIHOT
crpuitaaTiIBocTi npu 10* 'y mpu oxonoakeHHi (CHHI KpUBi) Ta HarpiBaHHI
(uepBoHi), (0) — oOepHEHa JificHA YaCTHHA JIICTIEKTPUIHOT CIPUIHHSATIIHBOCTI
IpU 0X0JI0/KEeHHI 1 KpuctaniB (Pb,Sni.,)2P2Se. (1) - 0; (2) - 0,1; (3) - 0.2;
(4)-0.3T1a(5)-0.45[19].

JlaH1 JOCHIPKEHHS YIbTPa3BYyKy, OTPUMaHI 3 Ti€i x podotu [19] cBigyaTh npo
Te, mo 13 30% cBuHIO dopma aHOMali CyTTe€BO BiApi3HsAeThes (puc. 3.14). Taka
aHoMaJTisi MOke OyTH MOSICHeHa HAaCcTymHUM duHOM: Jutst y = 0.3 ®II nepiroro pomy

BXK€ JOCSATHYTHH 1 BHACJIJOK CIIBICHyBaHHS (a3 aHoMalisi HaOyBa€e CKJIAIHINION

dbopmu [19].
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Puc. 3.14. TemmeparypHa 3aJIeKHICTh HIBUJIKOCTI YyJIbTPa3ByKy (a) Ta
yJIBTPa3BYKOBI 3aTyXxaHHs (0) MpU 0XOJIO/IKEHH] (CUHS KpHBa) Ta HarpiBaHHI

(uepBOHA MyHKTUPHA JIiHIs) 17151 KpucTany (PbsgSnsg).P2Se [19].

3.1.3. ®a3oBa giarpama kpucrauais (Pb,Sni,):P2Ses
Jani 31 ciTinonponyckanus [105] ta 3 xamopuMeTpudHUX AOCHiKeHb [118,

136] 310pani Ha pucyHky 3.15.
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Puc. 3.15. ®aszoBa niarpama ans TBepaux po3uuHiB (Pb,Sni.),P>Se.

Kpyxku Bignosinarots [105], kBaapatu - [118] Ta 3ipouku - [136].

Sk 3a3HaUaIOCh y OMEPeIHBOMY MIAPO3LTi, KpucTan Sn,P,Ses mae na @II 3
MoxaysiboBaHoto HC ¢azoro mixk Humu, mupuHoro 6ym3bko 28 K. [lomanbia 3amina
0JIOBa CBUHIIEM 30umbITye mupuHy 1€l dazu 10 65 K npu y = 0.3 [105]. [Topsix 13

1IUM, 31 30UIBIIIEHHSIM KOHIIEHTpaIlii cBUHIO Temmeparypa ®II smenmyerncs. Take



94

3MEHIIIECHHS MOe OyTH MOsSCHEHE HACTYIIHMM YMHOM: i0HHMH paniyc ioHiB Pb*" e
GinbmmM 3a Sn**, a omKe 30UIBIIEHHS KiUIBKOCTI CBHHINIO 30iIbLIye MPOCTIp It
onoBa. B pesynbTari, pyx oJoBa cTae JIermuM, i HOro i0HM MOXYTh PyXaTHCh 3
MEHIIOIO TEIJIOBOIO €HEPTI€I0, 10 Y CBOIO YEPTry BEJAE 10 3MEHIICHHS TeMIepaTypu
®IT [118]. Tloganbiie 301IbIIEHAS KOHIIEHTPAIli CBUHITIO PO3MUBAE HENIEPEPBHUMA

nepexia. Y kpucraii Pb,P,Ses @I1 nmoBHicTiO BiAcyTHIiM [136].

3.1.4. TpukpuTHYHA TOYKA TAa TPUKPUTHYHA TOUKA Jlipumist

Y momepenHix miapo3aigax MU po3risaand (a3oBy AiarpaMmy KpHUCTaiB
(Pb,Sni.,)2P2(SeSi.+)s, BAKOPUCTOBYIOUH Yy SKOCTI 3MIHHOI KOHLIEHTpaIlito (x abo y).
TakuM YWHOM, MM MOXEMO BUAUIMTH TpU pi3HI (a3u, oOMexeHi miHismu OII
MIEPIIIOTO Ta APYTOro POIB, a TAKOXK HASABHICTH TOUKH Jlidmuiisa. Y oMy miapos3 i
MU PO3TJISTHEMO MOXJIUBICTh MosiBU TpUKpuTUYHOI Touku (TKT) ta TpukputHuHOi
touku Jlibmuus (TKTJI) y kpucranax Sn(Pb),P,S(Se)s 13 1ogaBaHHsIM HOBO1 3MIHHO1
— THCKY p. JloOpe Bimomo, mo Kpucrtamu ciMmerictBa Sn,P,S¢ —  ogHOBICHI
CErHETOENEKTPUKH 13 HASIBHUM TPUSAMHHUM MOTEHIIIaI0M JIJIsl PIIyKTyalii CliOHTaHHOT
nossipu3anii [97]. TepmonuHamika Takoi CHCTEMHU MMOBUHHA PO3IIIAIATUCH B paMKax
mozeni bimome-Emepi-I'piddirca (BET), sika rpae Bu3HaYaIbHy pojib IpU po3po0Ii
TEOpii MyJbTUKPUTUYHUX TOUOK, JI€ TICEBJOCIIH MOKE MaTH TPU Pi3HI 3HAUCHHS S; =
0, +1 ta —1 [137]. [amoro xapakrepHoto 03Hakor0 Mozen bEI' € MOXIHUBICTh MOSBH
TKT na miarpami cTaHiB, y sIKiii BiIOyBa€TbCs 3MiHa pojy mepexoay, Tooto DI
npyroro poay 3miHweThes Ha DI nepmioro poxy. Ak Bimomo 13 podotu [42], 3amiHa
CIPKU Ha CEJICH CIIPUUUHSE MOSIBY 1e()EKTIB THUITY BUIIAIKOBE IOJIE, aje TXH1{ BILJIUB
HE BIJIIFPA€ CYTTEBOT POJIi, TOMY 110 BOHU HE CIIPUYUHSIOTH IKOT0-HEOYTh PO3MUTTS
KpuTH4HO1 anomautii. [IpoTte, ast npaBuibHOTrO onucy moaeni BET 13 BimuBom Takux
nedekTiB € HeoOximHuMm momoBHUTH i1 momemwmro ANNNI (axial-next-nearest-
neighbor-Ising), sika Ha BiaMiHy Big Mmojem BEI, BpaxoBye TakoX 0OCOOJIMBOCTI
MDKKOMIpKOBHX B3aemomii [19]. Taka xomOinamis mpumyckae icHyBanHs TKT, a
takox npomi>kHoi HC dazu Ha da3zosiit qiarpami Sn,Po(Se;..Sy)e mpu x > x.p[19]. Ha

BinmMiHY Bimx SnyP»(Se;.Sy)s, BBEICHHS CBUHINIO Y KaTIOHHY MIATPATKy y TBEPAHUX
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posunHax (Pb,Sn;-),P,S(Se)s 1cTOTHO BHIO3MIHIOE 3arajibHy TiOpUAM3ALIIO
eJIEKTPOHHUX OpOiTanei, sika BUKIMKAE, Y CBOIO UEPTy, MOSIBY CHIIBHUX Je(EKTiB
TUITy BUIAJKOBE moJje. Js Takux BunaakiB HeoOxinHo 3actocoByBatd BEI" Monenb
13 BpaxyBaHHsIM Takux nedektis [138].

Hexinpka poOiT [19, 139, 140] mpucssueno mnomyky TKT y kpucramax
Sn(Pb),P,S(Se)s. PentreniBebki qociipkeHHss y Kpuctaii Sn,P,Se pu CTUCHEHHI
BUSIBWIM aHOMAaJIbHY TOYKY 13 koopauHatamu 7 = 296 K npu p = 0.18 I'Tla, sxy
aBTopu iHTeprnpetryBaiu Ak MoxJuBy TKT [139]. ¥V po6oTi [140] BcTaHOBIICHO, 1110
st SnpP2Se, TKT nmocsiraetsest ipu Trep = 220 K, prep = 0.6 T'lla. [lpu niniitHIN
excrpanossii TKT nocsarana 0 K mpu tucky 6mussko 1.5 I'Tla (puc. 3.16) [140]. dus
(Pb,Sn;-,),P»S¢ mapaenexkrpuuna ¢asza crae crabdbinpHoro 6111 0 K mpu x ~ 0.7 [2].
[lopiBHsiHHS ~OapUYHHUX Ta KOHILIGHTPAIIMHMX 3aleKHOCTEH MOKa3ye, IO
CTallIBHICTh MapaeieKTPUYHOIO CTaHy y Kpuctaii Pb,P,S¢ MoxkHa mopiBHIOBaTH 3

MOBEIIHKOI0 KpucTana Sn,P,Se mia tuckom y 2.2 I'Tla [140].

SnPS, — | T
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»

(3) edAredsuna n

Puc. 3.16. ®a3oBa giarpama TeMieparypa-TUCK s Kpuctaia SnyP,Se Ta
¢dazoBa mgiarpama Temmeparypa-ckian s (PbySni.,),P2Se [140]. TKT
posramoByeTbest O6mu3pko 220 K mns p = 0.6 I'Tla [140] abo mis

KoHIeHTpari y = 0.3 [2].

[omo moxuBoi HasBHOCTI TKTJI Ha miarpami ctaHiB, sk BUAHO 3 puc. 3.17, 1i
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nosiBy MokHa pocsarty npu 7'=225 K1 p = 0.28 I'Tla nns (Pbo.12Sng 83)2P2(Se,Si)s, @
takox nipu 7 =295 K 1 3a atmocdepHoro tTucky y kpuctaii (Pbg 12Sng ss)P2Se [141].

Y poGoti [142], excnepumentanbHo 3HaiaeHa TKTJI y kpucrami
(Pb.0sSng.95)P2(Se28S0.72)6 iput T = 259.12 K 31 3HaUCHHSIM KPUTUYHOTO 1HJIEKCY
= (.638, sxa LUIKOM 3a/10BOJIbHAE nepeadayeHHs st Moaeni BED 13 BpaxyBaHHsIM
ne(eKTIB TUINy «BUIAJIKOBE TMOJE» ISl CUCTEM 3 JOKAIbHUM TPbOXSIMHUM
HOTEHI1aJIoOM Ui (DIyKTyaliil mapaMeTpy HOpSIKY.

Takoxx 0coONMBY yBary HEOOXIJIHO MNPUIUIATA JOCTIIKEHHSIM ONTHYHOTO
JIBOITPOMEHE3aIOMIICHHS JJIsl KpucTaiiB SnyP2Se Ta SnpPa(Se028S0.72)6 T BUCOKUM
rigpoctatTuyauM cTUcHeHHsM [143]. Jlns Sn,P,S¢, mokazano, mo 3HaYeHHS
KPUTHYHOTO 1HACKCY f ocTynoBo 3MeHInyeTbest 10 0.25 + 0.01 B o61acTi TuCKiB 4.1
— 4.5 x6ap (puc. 3.18 (a)). lle BiamoBimae TepMOAMHAMIYHUM YMOBaM
TpUKpUTUYHOCTI. KpuTHUHUH 1HAEKC Nocsrae 3Ha4eHHs, MeHmioro 3a 0.25 mpu ~ 4.5
kOap. OueBuAHO, 1O MNPU BHUIIOMY THUCKY 3HAYCHHS TIOBUHHI BIJAMNOBIAATH

TEPMOJMHAMIYHUM yMOBaM, IIpu sIKuX Bi0yBaeThcs OII nepioro poxy.

39 & Touka Nigpwuya
1| ¢ BipmyaneHa TKT
2 L = ‘(Pbo,wsno o):P;S,
g Sn,P,S,
8 Snzpz(su.eseow)a
p
I T [
-4 8 12
**] b, (ma)
p (rMa) "
0.3 b . 037
25 )
0ry
-3 0.1
i 02 01 0.0 01 0:2-4’
[ Sn2P28e6 -4 v X,y (monb%) X

Puc. 3.17. KonnenrpartiitHa 1 6apyiHa «TepMOJUHAMIYHA TPAEKTOPIS» Y

wionyHi 0-f 1 (PbySni)2Pa(SeSiy)e [141].

Jst SnaP2(Seo28S0.72)6 (puic.3.18 (0)) 3HAUEHHS KPUTUYHOTO 1HACKCY S TaKOK
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3MEHINYEThCSA 31 30UIBIICHHAM THUCKY 1 crtae meHmuM 3a 0.25. Ile moxe Oytu
3YMOBJIEHO PO3IIEILIEHHSM MapaejeKTpuIHoro-cerueroesnektpuunoro ®II [143].
OTxe, 3TIAHO 3 LIMMU pe3yJbTaTaMH MOXHA IPUNTH 10 BUCHOBKY, 10 TOYKa p ~ 2.5
kOap BIANOBIAA€ TEPMOIMHAMIYHIN KOOpAMHATI, MPU SIKIH CETHETOENEKTPUUHUM-
napaenektpuuanii  PII  mepmoro poxy po3LIEIUIAETBCS HA JBAa  MEPEXOIM:

napaenexktpuuanii-HC apyroro poay ta HC-cerneroenekTpuyHuii NEPIIOTO POaYy.

o 0341 oaf , « 026} kel R
L] l_ [ °

E 032} % 280 °n°% E 024l % 3 240 o
%0-30' T 2,(6334 5 %0.22- 3 M55
5 028} Y P, oo c p. kBap
g0 % 0.20}
Q
s 0% 3 018
T 024 z % %
= i} = 016}
= 022} (a = (6)
e @ So014]

020 1 L 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 0 1 2 3 4
p, kbap p, kbap

Puc. 3.18. 3ajieXHICTh KPUTUYHOTO I1HAEKCY f BiJA TiAPOCTATUYHOIO

ctucHeHHs 11 SnyP,Se (a) Ta SnyPa(Se28S0.72)s (0). Ha BeTaBIi mokasana

3aJIeKHICTh KPUTUYHOI TEMIIEpaTypH BiJ cTUCHEHHs [143].

3.2. Kinacu4Ha Ta cyyacHa Teopii ¢a30BHX NepexoiB Il CerHeTOeIeKTPHUKIB
Jns Toro, mo6 kpamie po3yMiTh (GI3UYHY NPHUPOJY CETHETOCIEKTPHUKIB,
HEOOX1THUM € BUBUCHHs ()a30BUX IMEPEXOaiB Y HUX. 3yCHIUISIMU 0araTbOX BUEHUX
Oyna po3pobneHa (peHoOMEeHOoTIYHa Teopis CErHeTOeNeKTpUUHOCTI [ 144, 145, 146,
147, 148, 149, 150, 151, 152, 153, 154]. HaiiGinemoi yBaru 3aciyroBye

¢dbenomenonoriuna Teopis (azoBux nepexoxiB Jlannay [144, 145, 146, 147]. Jlannay
OyB MEpIIMM, XTO BBIB MOHATTS NapaMeTpy MOPSIKY 77, K€ SIKICHO XapaKTEpHU3ye
TIepexil, 10 BUHUKAE 3 MOpYyIeHHS cuMeTpil. 77 =0 BuIe KPUTHYHOI TeMIlepaTypu
(Temnepatypa, npu sikiii mae micie @II) i 7#0 mmwkue. [Ipu @I mepmoro pomy
napaMmeTp MOPAIKY 3MIHIOEThCS cTprOKOmoaioHo, Tol gk mpu PII agpyroro poay —
HeMepepBHO. Y Takux Tepexojax, Ha BiamiHy Big @Il mepiioro poay BiACYTHiM
TEMIEPATyPHUHN TICTEPE3NC NPHU 3MiHI (PI3UYHUX BETHUUH.

PosrnsiHeMo OJHOKOMIOHEHTHHH MapaMeTp MOPSAAKY 1 TepMOIUHAMIYHUUN
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MOTEHIIIAJI B OKOJI1 (pa30BOr0 MEPEXOTy JJIS 130TPOMHOTO CEpPeOBUIIA a00 KpUcTasa
13 KyOi4uHOIO CHUMETpi€l0 A Hboro. Moro Mo)kHa MpEeACTaBUTU Yy BUIJISAL PSIIy
Teinopa [100]

b=d, Jrgp2 +§P4 +%P6 +...+§(§P)2 +§(§P)2 + AP*(VP) +..., (3.1)

1e ¢, - TyCTHHA BUIBHOI eHeprii y napadasi.
['ycTHA TepMOIMHAMIYHOTO TIOTEHIIIAMy ISl OJHOBICHUX CETHETOCIEKTPHKIB

SnyPx(Se,S1.x)s MOke OyTH 3anucana y HacTymHik Gopmi [155]:
Ay P ops Y ops
=4 5 4 p (3.2)

ne a=y(T-T.), y — noB’s3aHa 13 koHcTaHToo Kiopi-Beiica, T, — Temneparypa OI1
(kpuTHYHa TemIeparypa), f ta y — peHoMeHOoIoriuHI KoeDIilieHTH, AKi HE 3aIeXkKaTh
BiJl TemrepaTypu Ta € momatHuMu (Binm'emHa [ Bkaszye Ha @Il mepmioro pomy).

KonkpeTHi 3HaueHHs AeSIKUX (DEHOMEHOJOTTYHMX KOE(QIIIEHTIB OMUCYBATHUMYTh

okxpemi OI1. Hanpuknaz, ans tpukputuyHoi Touku (TKT) o =0 ta p=0, a a514 TOUKH
Jipmmumg (TJ) — a=0 1a y=0. KnacuuHa Teopis TakoX BKIIOYA€ MOKIHMBICTDH
MIPUB’A3yBaTH J0 NTapaMeTpa MOPsJIKY 1 IEsIKi 1HII BeTUYUHU, IK-0T Jepopmariis, 1o

€ KOPUCHUM Y BUMAAKY TOCIIPKEHb OJTHOBICHUX CETHETOENEKTPUKIB [155]

[k Lo

P =4, +%P2+§P4+%P6+%c. w?+r, u.P (3.3)

N€ Cijiy — MAaTpUL MPYKHUX MOJIYJIB, U; — TEH30p AedopMallli, 7jn — KoedilieHT
CJICKTPOCTPUKIIIT, YJICHHU 1HIIHUX MOPSIAKIB MOKHA He Opatu 710 yBaru. PiBHsHHS 3.3 €
CKOPOYEHOIO Bepciero noteHmiany Jlanaay-XanaTHikoBa, Ikl BKIIIO4Yae y cebe 1e
O1TBITY KUIBKICTh KOMITIOHEHT [147, 155].

Jiga Toro, mo0 OTpUMATH BHUMIPIOBaHY BEJIMYMHY, TaKy SK MUTOMA
TEIUIOEMHICTh, HEOOX1THO, 100 BUIbHA €Hepris OyJjia MiHIMI30BaHa MO BITHOLIECHHIO
710 TTapaMeTpy MOPAIKY, 00 OTpUMATH PIBHOBaKHE 3HAUCHHS IMapameTpa MOPSIKY
B CETHETOENEKTpUUHIN (a3i. TakuM 4MHOM, 3 ypaxyBaHHAM PiBHSAHHS 3.3 1300apHa

TEIUIOEMHICTh KpucTaja rpu 7' < T, Moxke OyTu 3HaiieHa sik [155]
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0’ o a T
C =-T —| =C, + , 3.4
! or* ), 7 2p'\1-44r G4)
CO . . — T B T;
ne C, —rennoemuicts Bunie Touku Kropi, 7= —T — OpUBEJICHA TEMIIEpaTypa.
2r. a
ﬂr:ﬂ_ 2zjkl Ta A= ) (35)

"2
Cijki B
O1xe, aHOMaJTbHA YaCTHHA TETUIOEMHOCTI Ma€ HaCTyIHY (opMy:
c a> T
p - .
2B'NJ1-44r

Opnak, TakMid MiAX1g Ha JKaldb HE MOXE 3aCTOCOBYBAaTHCh A0 OUIBIIOCTI

(3.6)

MaTtepialliB, OCKIJIbKH, KOJHM Y peadbHId (PI3UYHIA cucTeMi 7 OpsMye 0 HYII,
MOYMHAIOTH 3 ABIATUCS (PIIyKTyallii mapaMeTpy MOpsAIKY, K1 IPU 3MEHILIEHH] 7 CTal0Th
Jie1ali CHIIbHIIIUME, CTalouu JOMIHAaHTHUMH Tpu nepexoni. Lle He nepenbayaeTbes
KJIAaCUYHOIO Teopiero Jlanmay, e BCTaHOBJICHO, IO TapaMeTp MOPSIKY 3aTUIIAETHCS
OJIHOPITHUM MO BChbOMY Matepiany [145, 146].

deHnoMeHosI0TIYHA Teopis JlaHmay 3acTOCOBYEThCS B 00JacTi MPUBEICHHUX
TeMIeparTyp, /e Moke OyTH BUKOpHUCTaHa Iepiina GiayKTyaliiiHa onpaBka, B paMKax
AKO1 IOBUHEH OyTH po3poOieHuit HoBU miaxia. Takuil kpuTepiit 1j1s1 3aCTOCOBHOCTI
Teopii Jlanmay yacto HazuBaeThes KputepieM ['iH30ypra Erg [150]. Takox, He0OX11HO
B3SITH JI0 yBaru Tou (axT, 1110 Taka 00JacTb HE MOXe OyTH OUTBIION0 32 KOPEALiiHY
JTOBKUHY ( siKa TIOKasy€ HACKiIbKK Janeko (IyKTyarii napamerpa MHOPSIKY
BI/IUYBAIOTHCS y MaTepiaiii, ab0 THIIUMHU CIOBaMHU, po3Mip Takux (uykryariii. Tomy,

E1 ¢ moxe Oytu Bu3HadueHuit sik [150]

‘ [ a'rGar)

(3.7)

ne V=C(T) - 06°em xopensuiit, G(r) — nBoTOUKOBa Kopensuiiina QyHKuis, d —
posmipHicTh cuctemu (d =1, 2, 3, 4, ...), Tan(r) BpaxoBye, 10 MapaMeTp MOPSIKY

MOX€e 3MIHIOBATHCS B TIpocTOopl 17 =1(7).
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Hesxi teopetnyni podbotu [100, 151] Oynu HampaBieH! Ha PO3MIUPEHHS TEOPii
Jlannay, BKJIIOYAIOYM BpaxyBaHHs Tmepmioi ¢uiykryariiiHoi mompaBku. Tomi
3aJIe)KHICTh aHOMAJIBHOT YaCTUHU MUTOMOT TEIIIOEMHOCTI, MOYKHA OIHCATH SIK

Ac, ~1 " (3.8)

p

Auste st OUIBIIOCTI CETHETOCJIEKTPUKIB TaKUM MIIX1J B3araji 3aCTOCYBaTH HE
MokHa. II[o cToCy€eThCS OTHOBICHHX CETHETOCTIEKTPUYHUX MaTepiaiiB, MPOCTOPOBO-
HEOHOPITHUI PO3MOJILIT MOJIIpU3allii TICHO MOB'SI3aHUM 3 MOSBOK MaKPOCKOMIYHOTO
eJIEKTPUYHOTO TOJIs, siIke MOXe BIMBaTH Ha (ayktyamii [100]. JliificHO, HasBHICTb
JIATIONb-AUIIOJIBHOT B3a€EMOJIIT MOXE CHJIBHO 3MiHIOBaTH (IyKTyaliiiHl edeKTu,
aHOMaJIisl MUTOMOI TEIUIOEMHOCTI MPpU 1IbOMY HaOyBae HacTymHOI moBemiHku [100,

151]
Ac, ~Inz. (3.9

BpaxyBanna Takoi jorapudmivuHOi MONpaBKM 10 KiIacu4yHoi Teopii Jlanmay
BUSIBUWIOCH HAJ3BHYAHO YCHIIIHUM JUJIsl PI3HUX OJHOBICHUX CETHETOENEKTPHUKIB.
Takoxx € MOKJIMBUM BHKOPUCTaHHsS KOMOiHawii piBHSIHb 3.8 Ta 3.9 Konu 3aracaHHs
¢uykryaliii JocuTh Maji, 1 HEOOXITHO BpaxyBaTH TUIbKH HEBEIHKY JIOTapUPMIUHY

KOPEKIII10

Ac, ~7 " |Inz| (3.10)

p
1 1
3 —<b<—[156].
10 3

JlehekTH TakoK MOXKYTh MaTH BaXKIMBUH BIUIMB Ha CETHETOCICKTPHYHI (Da30Bi
nepexoau, M0 MATBEpKEHO B poboti [155]. 3aramom, aedekTrn pO3MHUBAIOTH
aHomautii, aire B [158, 159, 160] BcTaHOBIIEHO, IO Y CETHETOEIEKTPUKAX HASIBHICTH
3apspHKEHUX Je(EeKTIB MOXKE MPU3BECTH 1O CUJIBHINIMX aHOMAail, OCKIIbKU BOHU
MO’KYTh BUKIIMKATHU JaNeKo1t04l 30ypeHHs napameTpa nopsaky. [Ipu BpaxyBaHHi iux

YUHHUKIB aHOMaJI1S TEIIOEMHOCTI MAaTUME BUTJISI

Ac, ~17"2. (3.11)

p
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HagiTh 3 ypaxyBaHHSAM P13HOMaHITHUX MONPABOK MPHU AOCIIKEHHI MarHITHUX Ta
NESKNX CETHETOCJICKTPUYHUX MaTepiamiB, KiacuyHa Teopis Jlanmay He mparroe
HaJeKHUM YMHOM, BOHA OIKCY€ JIMIIE YHIBEpPCAIbHY IMOBEIIHKY CUCTEMHU. Takum
YHHOM, 3’ SIBUJIACh HEOOX1IHICTh PO3POOKHU CYy4acHOT Teopii KpUTHUHOI MOBEAIHKH, KA
peai3ye HOBI iJ1e Ta BCTAHOBIIOE HOBI TT1IXO/TH.

AHanmiz macmTaOyBaHHs (CKEWIIHT aHaji3) B paMKax Teopli peHOpMIpymnu
nependavae, 110 KpUTHUYHA TOBEAIHKAa aHoManliid y OesmnocepeaHbomy oxousi DIT
JIPYroro pojay XapakTepU3yeThbCs HAOOPOM KpPUTUYHUX I1HJIEKCIB, IOB’A3aHUX 3
pI3HUMH (DI3UYHUMH BJIACTUBOCTAMM 13 B3a€MOIIOB'SI3aHUMHU 3HaueHHsIMU [161].
Teopis peHopmrpynu € edeKTHBHOIO TTPU BUBYCHHI MaTepialiB, y sakux HasBHI OII
JPYroro poay Ta BOJIOJAI€ HACTYITHUMHM nepeBaramu [162]:

- IOSICHIOE  PI3HOMAHITHICTh (YHKIIOHATBHOI 3aJIeKHOCTI MK (PI3UUYHUMHU
BETMYMHAMU Yy KPUTHYHUX TOYKAX 1 TOOIU3Y HUX;

- MOSICHIOE 3HAYE€HHS OCHOBHHMX TEPMOJAMHAMIYHUX Ta KOPEJSIIIHHUX TOKA3HUKIB;

-3'ICOBy€e, 4YOMYy 1 SK KJaCHMYHI 3HAYEHHS KPUTUYHUX TIOKA3HHWKIB HE
BIJIMOBIJIAI0Th €KCIIEPUMEHTAIBHUMU JIAHUM;

- 1a€ PO3YMIHHS PO3MOITY YHIBEPCATHHOCTI Ta MacIITaOyBaHHS.

VY kputuuHii 001acTi TEIUIOEMHICTh YacTO SBJSE€ COOOI0 aHOMANiIo, sKa

OIUCY€ETHCS 3aKOHOM
c, ~Ai|z'|7a, (3.12)

1e T - mpuBeeHa TeMmeparypa, A" ta A" — KpUTHYHI aMIUTITYAH BUIE i HIKYe T
BianoBigHo. Kputuuni ammiitynn A" Ta A € HEyHIBEepCaIbHUMHU, alie IXHE
0e3po3MipHE CIIBBIJHOILICHHS € YHIBEPCAIbHUM.

[IpoTe He TUIBKU TEIJIOEMHICTH JT03BOJISIE BUBYATH KpUTHUHY mMoBeninky PII
npyroro poxy. Hampukmanm, mjisi MarHiTHUX CHCTEM, CIIOHTaHHA HaMarHi4yBaHICTh

(M), obepHEHa MarHiTHA COPUMHATIMBICTS ( y;') Ta KpUTHYHI 130TepMu (M(H) npu T
= T.) 3aJI0BOJILHAIOTH AHAJIOTTYHUM PIBHSIHHSM 3 PI3HUMHU KPUTUYHUMH 1HIEKCAMU:

M (T)~l, (T< Ty, (3.13)
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-1

2~ (T>Ty, (3.14)

1

M(H)~H?¢, (T=T,). (3.15)

B3aeMO3B’s130Kk MK~ KPUTHYHHMH  1HAEKCAMH  OMHCYEThCS ~ TaKUMHU
criBBigHOmEHHSIMU [100]

a+20+y=2, (3.16)

o=1+ypP. (3.17)

Pi3n1 HAbOpH KPUTUIHKX 1HAEKCIB BIMOBIAAIOTH PI3HUM TEOPETUYHUM MOJIEISM,

TaKk 3BaHUM ‘‘KJlacaM YHIBEpCAJIbHOCTI”, sIKi OyJH TEOPETUYHO PO3POOJIEHI JJIst

OKpEeMOIr'o BHUpa3ly TaMUJIbTOHIaHA, SIKUM omnucye (i3uuHy cucremy. Teopist

peHOpMIpynu mependavae MEeBHI 3HAYEHHS KPUTHUYHUX 1HAEKCIB [163, 164, 165].

KonkpeTHi 3Ha4YeHHS KPUTUYHUX EKCIIOHEHT Ta CHiBBIJIHOIICHHS KPUTHYHUX

aMIUTITY1 HaBeaeH1 y Tabmuri 3.2.

Tabmuus 3.2.
OCHOBHI KJIacH YHIBEPCAJIBHOCTI JJIs1 MarHITHUX cucteM [163, 164, 165]
Kaac Ve Oonacmo
a ﬂ Y o -
yHiBepcaJbHOCTI A 63aemo0ii
HabnuxeHHs JATbHBOTO
0 0.5 1.0 3.0 —
CepeTHBOTO OIS TOPSIIKY
KOPOTKOTO
3D-I3unr 0.11 0.33 1.24 4.76 0.53
MOPSIKY
KOPOTKOTO
3D-XY -0.014| 0.34 | 1.30 4.82 1.06
TOPSIIKY
KOPOTKOTO
3D-T'eiizenbepr -0.134| 0.36 | 1.39 4.86 1.52
TOPSIKY

bararo HaykoBHMX mpallb NPHCBSAYCHI BUBYEHHIO KJIACiB yHIBepcalbHOCTI [166,
167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177]. 3okpema, mis
CETHETOCNIEKTPUYHUX KPUCTAIIB OyJIM TEOPETUYHO OTPHUMaH1 KJIaCH YHIBEpPCAIbHOCTI,

K1 MOXYTh BHUHHMKATH B 3aJIe)KHOCTI BIJ BJIACTUBOCTEM TaMiJbTOHIaHA, IIO
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BUKOPHUCTOBYIOTHCS JIJISI OMKUCY CUCTEMH, 1 SIK HACHIAOK (PI3UYHUX MEXaHI3MIB, IO
BXOJTh y HhOrO [138, 166, 168, 178, 179, 180, 181]. Kpim muTOMO1 TETIIOEMHOCTI,
CKBIBAJICHTHUMH BEJIMYMHAMU JJII BUBUCHHS iX KPUTHYHOI TOBEIIHKHA € CIIOHTaHHA

nossipu3anis P; (3.18) Ta o6epHeHa nieneKkTpruuHa COpURHATINBICTE 5~ (3.19).

Mix 3HaYeHHSMH [HUX KPUTHYHHX TOKA3HUKIB ICHY€E CIIBBIIHOIIICHHS,
BCTAHOBJICHE TEOPi€I0 MacTaOyBaHHS, SIKE HA3MBAETHCS 3aKOHOM MAacCIITa0yBaHHS
PamGpyxka 1 mae popmy (3.16) ta (3.17). 3HaueHHS KJ1aciB YHIBEpPCaIbHOCTI, 3HAMACH1
JUTSI CETHETOCIEKTPUYHHUX CUCTEM, HaBeieH1 B Tabymmi 3.3 [167, 179, 180, 181].

R(T)~Tﬁa (T<TC)9 (318)

", (T>T,), (3.19)

7~
A+
3HaueHHS CIHIBBIAHOMICHHS KPUTHYHUX aMIUTITYH ; Ui TETUIOEMHOCTI HE
HaBEJCHI, TOMY IO y LIbOMY BHIIQJKy Iy>K€ BaXKKO IMEpen0auyuTd iXHI 3HAYCHHS B
paMKkax Teopii peHopMmrpynu. IIpore, aHami3 KpUTHYHUX aMIUNITYyA y poboTi [182]
BUSIBHB, IO AJIS KJ1acy yHiBepcasibHOCTI L (m = 1) y nepumomy HaOIMKeHH1, 3HaYCHHS
A+

—=03
e

1 3poctae a0 0.35 y apyromy HaOmmKeHHI. 3 1HIIOI CTOPOHHU, TMPHU

HaOmmkenHi ['ayca (mabmmkenns ["ayca gomyckae (irykTyariii HaBKOJIO MPOCTOPOBO
OJIHOPIJTHOT'O CEPEIHBHOTO TIOJISI, aJI€ MPUITYCKAE, IO CYTi, 1m0 (PIyKTYyaIlii po3noaiieH1
HOpPMAaJIbHO 1O PIBHOMIPHOMY CEpeIHBOMY IOJII; Y IIbOMY HaOIMXeHH1 (QaykTyartii
BUSIBJSIIOTHCS HEB3a€EMOIIOUMMHU, TOOTO HE3AJIC)KHUMH BUTAKOBUMH BEIMYMHAMHU
[162]), y TJI 3 nmanmekoairo4uMu B3a€EMOJISIMHU 1€ 3HA4YE€HHS CTaHOBUTH (.25, sKe
3pocTtae 110 0.42, SKIo 1i€ro B3aeEMoIiero 3HexTyBatu [ 182].

BapTo Bim3HauWTH, 10 3HAYCHHS KPUTHYHUX IMOKAa3HHWKIB y TIEBHOMY KJaci
YHIBEPCAJIBHOCTI 1HOJ1 JOCUTh CYTTEBO PIZHATHCS MDK COOOI0 B 3JIEKHOCTI BiJl
KOHKPETHUX MaTEMaTUYHUX METOIB, SKi BUKOPUCTOBYIOTHCSA ISl X OTpUMAaHHS.
Hanpuxman, neski aBTOpu OTpUMaIM 3HAYEHHS JJIs KPUTHYHUX IHIEKCIB 3HAYHO

HUKY1 32 3HaYeHHs, HaBeeH1 y Tabmui 3.3 [183, 184].
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Tabnuusg 3.3.
3HaueHHs! KPUTHUYHUX 1HJEKCIB JJIi CETHETOCNEKTPUYHUX CHCTEM. S — 3BUYaiiHA
KpUTHYHA TOYKa, 130TPOIHI B3aeMOJIi 3 MaiuM paaiycoMm aii, U — 3 OJHOBICHOIO
JTUTIONBHOI0 B3aemojieto, T — TpukpuTtuuHa Touka, L — Touka Jlipmmunsg. Kputnuni
1HJEKCH MMOMIY€HI 31POYKOI0 * BpaxOBYIOTb JIOTapU(MIYHY MOMPABKY 3 TOKA3HUKOM X;

m — I1€ YUCIIO0 KOMIIOHEHT napamMmeTpa nopsaky [167, 179, 180, 181]

Kunac yniBepcajabHOCTI
Habanxkenns
S U T UT L, m=1 | L, m=2
CcepeIHbOr0 MoJIf
1 1 1 1 1
_ %k % _ _ _
* 0 6 0 2 2 4 3
1 1 1 1 1 1
_ _ % % _ _ _
ﬂ 2 3 2 4 4 4 6
1 1 1
1— * * 1— 1—
Y 1 o 1 1 1 1 3
1 1
* - - 3 3 - - -
LT, | LT, UL, UL, ULT, ULT,
L, m=3
m=1 | m=2 | m=1 m=2 m=1 m=2
5 9 31 1 1 1 19
a — — — - - —* —
12 14 40 6 4 2 48
p T [ T U R TR
12 7 80 3 4 4 48
) S NN E R TR I P
12 28 40 6 4 16
1 1
X 10 8

Takoxx BapTO 3a3HAUMTH, L0 MPHU 3aCTOCYBAHHI Cy4YacCHOi TeOpli KPUTHUUHOI

MOBE/IIHKH, ITOBHICTIO OEPYUH J10 yBaru BHECOK (pirykTyariiit axx 10 ¢ — 0, 00u1B1 T'JIKK
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aHoMajii TEeIIOeEMHOCTI (mapaejeKTpUuyHa Ta CETHETOEJNEKTPUYHA) TTOBHHHI

MATaHSITUCH PIBHSIHHSIM:
¢, =B+Cr+a*[e “(1+ E*[¢[), (3.20)

ne a, A%, B, C ta E* - perynboBani napameTpu. Haapsakosi 3Haku © Ta ~ 11 o0macTeit
T > T, ta T < T, BianoBigHo. JliHiIiMHUN ujeH Bka3zye Ha ()OHOBHM BHECOK Y
TEIJIOEMHICTh, KOJIM OCTaHHIU sBJIsi€ c00010 aHoManbHuM BHECOK Y DI apyroro pomy.
Bupas y kpyrmx ay’Kax sSBJsi€ cOOO0 MOIpaBKy MaciiTaOyBaHHs, KOH(IIFOCHTHUIMA
YJIeH KO BXOJUTH JIO CTEINEHEBOTO PO3MOALTY, SIK BIIOMO 3 TEOPii Ta eKCIIEPUMEHTIB
[185, 186], ane 3Ha4eHHsS SKOi MOBMHHO OYTH JOCHUTHh MMM 1 1HKOJIH MOXE HE
Opatuch 10 yBaru. Takox, BIJIMOBIAHO O 3aKOHIB MacIITa0yBaHHS, SIK 1 KPUTHUHHM

1HJIEKC a, mapamMeTp B moBuHEeH OyTH 0JHAKOBUM it 000X BiTok DII [187].

3.3. Kputnuni anomautii terioBoi audysii y xajabkoredigax (Pb,Sni;)2P2(SexSi-x)s.
Tpukpuruyna touka Ha ¢a3oBiil giarpami 3i 30UIbIIEHHAM KOHUEHTPAaLil
CBHUHIIIO

Y upoMy MiIPO3ALI1I TMPUBEACHO PE3YJIbTAaTH JOCTIIHKEHb TEMIIEpaTypHOT
3aJIeKHOCTI TETUI0BOiI Mu(y3ii y kpuctanax SnyP»(Se Si.v)s 13 BBEICHHSIM CBHHIIIO y
KaTIOHHY MIATPATKy, a TAaKOX MPOBEACHO aHAI3 KPUTUYHOI MTOBEIIHKYA aHOMAJII | TIPU
®II ans qocmiKEHHS TEIUIOBUX BIACTUBOCTEHN Y IIMPOKOMY JAlana3oHl TeMIIepaTyp.

Mouoxkpucranu (Pb,Sni.,),P>(Se.Si.)s, BUPOLIEHI METOAOM I'a30TPaHCHOPTHUX
peakuiii 3 HOMIHaJIbHOW0 KoHLeHTpalieto y = 0.1, 0.2, 0.3 nns (Pb,Sni.,)2P2(Se2S0:8)6
Ta (PbgosSngos)2P2(SexSix)s 3 x = 0.4, 0.5. [Insg mpoBeneHHS EKCIEPUMEHTY 13
KpUCTIIB Oyl MIATOTOBJIEHI IJIOCKOIMApaeabHl TUIACTUHKH, TOBIMHOW 500-600
MKM, TTIOBEPXHI SIKUX MEPICHIUKYIISIPHI 10 KpucTajgorpadiunoro Hanpsamky [100] [3].
®oromipoenektpuyna kamopumerpis (PIIEK) y koudirypamii 3BOpoTHOTO
JIETEKTyBaHHs Oyja BUKOpUCTaHa [JIs BUMIpIOBaHHA TeruioBoi audysii. Temosa
nudysis BUMIpIOBalach y HampsMKY, NMEPHEHAMKYJISIPHOMY IO TOBEpPXHI 3paska,
to0T0 y HampsimMky [100]. Ha kpuBux TemnoBoi audysii ¢a3oBi mepexoan MaroTh

dbopmy BIaauH, a iXHs TOUHA opMa 3a0e3MeuyeThCS KOHTPOILOBAHOIO HEIEPEPBHOIO
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3MIHOIO TeMIepaTypH, IMIBUIKICTh SKOI MOXe YIOBUIbHIOBATHUCH 10 2 MK/XB mnpu
nepeBipLl MOKIUBOTO TEIJIOBOTO T1CTEPE3UCY.

Jns Bunanky "HenepepBHux PII, aHami3 KpUTUYHOI MOBEAIHKM ITPOBOJAMBCS Ha
IHBEPCHUX KPHUBHUX TerIoBOi audy3ii, MOBEAIHKAa SKOI Taka X SK 1 y MHTOMOI
TEIUVIOEMHOCTI ~ Cp, OCKUIBKM  TEIUIONPOBIAHICTH K Y JIaHOMY  CIMEMHCTBI
CETHETOEJIEKTPUKIB He Mae cuHryisipHocti npu DI [42, 125, 188], 1 moxe OyTtu

3HaljIeHa, SIK

1 _rs 3.21
5= (3.21)

e p — TyCTUHA.
OTxe, piBHAHHS, SIKE BAKOPHCTOBY€ETHCS JJIS OTUCY €KCIIEPUMEHTAIbHUX KPUBUX
oOepnenoi TemnoBoi audysii npu PII gpyroro poay, mae Taky X MaTeMaTUYHY

bopmy, sk 1 piBHsIHHS 3.20
=B Crr A (14 E*Je]). (3.22)
D
Hu3spki 3HaueHHs TemoBoi qudysii y kpuctanax (Pb,Sni,):P2(Sep2Sos)s mpu

KiMHaTHIM Temnepatypi (295 K) miarBepakye Toi pakt, 1110 Taki CETHETOCIEKTPUKHU €

IIOraHuMHN TeHJ'IOHI)OBiI[HI/IMI/I MaTepianaMH, A€ TCIJIO B OCHOBHOMY TPAaHCIIOPTYETHCA

dboHOHAMH.
o
0.30 |
@
)
=
H 0.25 | .
0 e
020}
?. N 1 M 1 M 1
0.0 0.1 0.2 0.3

y
Puc. 3.19. 3anexsicte TemnoBoi audysii g (Pb,Sni):Pa(Seo2Sos)s

TBEPJIUX PO3YMHIB B3JOBXK KpucTajorpadiunoro HampsMmky [100] Bix
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KoHieHTparttii ceuHIro npu T =295 K. lani qyis y = 0 B34T1 3 [42].

Hes3naune 3aMillieHHsl 0JI0Ba CBUHIIEM 30UIblIye TerioBy nudysiro 3 0.187 mo
0.311 mm?/c ipu 20% cBunLIo, a pu y = 0.3 — 0.285 MM*/c, 0 MOKE CBITYUTH PO
neBH1 QUIyKTyallii Macu KOHKPETHOTO 3pa3Kka. Take 3pocTaHHsI MOXe OyTH MOsICHEHE
PI3HUIIEIO MiX IOHHMMH pajiycamu ioHiB Pb?" ta Sn**, To6T0, Ginbmnii po3mip aToMiB
CBUHIIIO BITUBAE HA MPOIEC pO3CiIOBaHH: (POHOHIB, a TOMY BUIBHUN MPOOIT (POHOHIB
3MeHIyeThes (puc. 3.19).

Ha pucynky 3.20 HaBeneH1 kpuBi TerioBoi audysii s (Pb,Sni.,)2P2(Seo2S0.8)s
3y=0.1,0.2, 0.3 y 6imu3pkomy okoui ®I1, Bkirodaroun BiAnoBiAHY KpuBy 3 y = 0 [42]

JU1s1 TOP1BHSHHSA (Y BCIX BUIIaJIKax opieHTairist oqHakosa — [100]).

0.35
y=0.2
030 =03
5 |
5
B 0.25 |
0
0.20 | y=0.1
0.15 |- y=0
150 180 210 240 270 300

TemnepaTtypa (K)
Puc. 3.20. TemnoBa mudysis sk ¢yHkuis temneparypu g (Pb,Sni.
1)2P2(Se€02S08)s 3y =0.1, 0.2, 0.3 B 00nacTi, ne mae micue OII. ani st y =
0 B3sTi 3 [42].

Pucynoxk 3.21 nokasye koxkeH @I netanpHimie. 3 0JHOT0 O0KY, SIK 1 O4IKYBaJIOCh,
301IbIIEHHST KOHIIEHTpallli CBUHIIO 3cyBae cerHetoenekTpuunuii @I g0 Hmkumx
temnepatyp, 3 1. =301 Kmmay=0m0 7. =275 K qnsay=0.1, no 7. =211 K qnsi y =
0.2 Ta no T, = 157 K ansa y = 0.3, 31 3Ha4YCHHIMHU TEIJIOBOI aAUQY3ii, Kl CyTTEBO
3poctaroth Big y = 0.1 mo y = 0.2. J[ng BU3HAUEHHSA XapakTepy LHUX MEPEeXOJiB,

BUMIPIOBAHHS TPOBOJMIIMCA B PEXKUMI HArpiBaHHS/OXOJOMKEHHS. Y BHUMAJAKY



108

kpuctaii 3 y =0, 0.1, cnocrepiraerscst HenepepsHuit @II gpyroro poxy, Koiau s y
= 0.2, 0.3 — xapakTep 3MIHIOETHCS HA IEPUINH PiJl, TPO L0 CBITYUTH TEMIIEPATYPHHIA
rictepe3uc. Y 1UX BUMNAJKaX, € pi3HUL y 1ojaoxkeHH X OII (A7 = 0.8 K nna y = 0.2,
AT =0.3 K gns y = 0.3), a hpopma aHoMaii BIIPI3HAETHCSA MIXK c00010 (100pe BUTHO
Ha puc. 3.22).

PesynpraTu miaronok mais SnyPa(Seo2Sos)s Ta (Pbo.1Sngo)2P2(Se02S0s)s pazom 3
BIIMOBIMHUMH TpadikaMu BITHOCHOTO BIIXWICHHS (PI3HHUIT MK KOXHHM
eKCIIEPUMEHTAJILHUM 1 OTPUMAHUM Y PE3yJIbTaTi MiITOHKK 3HAYEHHSAM, MOJALICHA Ha

eKCTIepUMEHTaJIbHE 3HAaYeHHS, ¥ B1JICOTKaX ), HaBejeH1 Ha puc.3.23.

0.22} //‘— 10.24
0.20} f ‘ﬁ_"
L o ! ; {022 ©
s 018} : u <
0.16} ) 7 i3
e \ |} {0.20
0.14} :
y=0 ¥ y=0.1
297 300 303 306 250 260 270 280 290 300
Temnepartypa (K) Temnepartypa (K)
0.38
0.36}
S 1032 g
o~ —
So034f 5:’
(] 2,
']
0.32f i 10.30
y=0.2 j y=0.3
190 200 210 220 230 140 150 160 170 180
Temnepatypa (K) Temnepatypa (K)

Puc. 3.21. ®a3o0Bi nepexoau aus (Pb,Sni.,)2P2(Seo2S08)s 3y = 0.1, 0.2, 0.3.
Hani nst y = 0 B3sT1 3 [42].
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0.310

0.34 - (a) /

0.305

0.300

D (mm?/c)
(o7,Am) @

0.32
0.295

Il 1 1 1 1 | 1 —0_290
204 207 210 213 216 153 156 159 162

Temnepatypa (K) TemnepaTtypa (K)
Puc. 3.22. TennoBa nudy3sis npu HarpiBaHHi/oxonomkeHH] pu 30 MK/xB

1t kpuctanmis (PbySni)2P2(Sep2S05)s 3y =10.2 (a) Ta 0.3 (0)

OTpuMaHi mapaMeTpu KPUTHYHUX TOKA3HHKIB @, CHIBBIIHOIIEHHS KPUTHYHUX

: A" : : : ” :
aMIUTITY]] —— Ta KpUTUYHUX Temneparyp 7. 310pani B Tabmnuui 3.4. YV miil Tabmauii

BKJIFOYEH] 00J1aCTi IPUBEIEHUX TEMIIEPATYP T, & TAKOXK KoedilienT Kopensiii R?, skuii

nokasye TouHicTh migronku (R? = 1 114 i1eanbHOi MiATOHKH).
Tabmans 3.4.

Pe3ynbTaTi miaroHok iHBepCcHOi TermaoBoi audysii 1/D, oTpuMaHux 3 BUKOPUCTAHHIM

piBHsiHHS 3.26. Jlani aiis SnaPa(Se2S0.8)s B3ATI 3 [42]

IapameTpu Sn2P2(Se02S08)s | (Pbo.1Sno.s)2P2(Seo.2S0.8)6

a 0.147 + 0.004 0.085 +0.006
AT/A 0.66 0.92
I, K 300.93 275.68

\z|mpu T.<T | 8.3°10°—3.1"10* 517102 - 5°10°
\z|npu I.>T | 7.6°10°—3°10° 6.3°10% - 5.8°10*
R? 0.996 0.998

Ak BugHO 3 Tabmuil 3.4, CIOCTEPIracThCs HE3HAYHA EBOJIIOIISI KPUTUYHOTO
iHaekey «, 31 3HadeHHs +0.147 £ 0.004 mns y = 0 (ske HE BIAMOBITAE KOTHOMY
TEOPETUYHO NependayeHoMYy yHIBepcaibHOMY Kiacy) 1o +0.085 £ 0.006 nns y = 0.1.
TenaenItis HaOMMKEHHS @ 10 HyJIsl TIpH 301IBIIIEHH] KOHIIGHTpPAIlii CBUHITIO BKa3ye Ha

Te, 10 MOJACIb y HAOMMKEHHI CEePeAHBOTO TOJSA € HAUOMMKIUM KIAcoM
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yHIBepCaTbHOCTI. OCKIIBKH 3 MOJATBIITAM 301IbIIIEHHSIM BMICTY CBUHIIIO Y KaTIOHHIN
niarpati (Mix y = 0.1 ta y = 0.2) nepexig 3MiHIOE CBiif Xapaktep 3 HenepepBHoro DI1
JPYTOro pojy Ha MEPIINid, 1€ TOBUHHO CBITYUTH PO MOSBY TPUKPUTUYIHOI TOUKH, ajie

3HAYEHHS KPUTUYHOTO IHJEKCY HE HAOMMKA€ThCA HI 10 BIAMOBIAHOI TEOPETHUHO

nependayeHoi BETUYNHU (5) Hi 710 OyIp-SKOTO 1HIIOTO KJIAcy, HAMPUKIAI KJacy

1 9
Jidmmans (TJT) (Z) gy TpukputrndHoro Jlidmmis (TKTJI) (ﬁ)' 3o0kpemMa, SIK BUJTHO 3

puc. 3.21, nepexia ctae OUIbILI PO3MHUTHM I1IO € 3arajlbHOI0 XapakTepHOIO 03HaKo0 DI

NEPILOTO POLY.

(a) =0 (6)
75
& .
= =
= O
&) S
Q 6.0 =
o =
I N
45} e

-0.008 -0.004 0.000 0.004 0.008 -0.04 -002 000 0.02 0.04

4+ y:O y=01

9 1" @
2 b

x
® pa#"“‘*:‘w . =
z W RE
o O %WO L
g d e T
X =
b R

o
m (B) (r) {12

1
-y

107 0" 107 107 1.0-2

MNpueegeHa Temnepartypa ||
Puc. 3.23. Pesynbraté (PiTHHTIB 11 1HBEPCHOI TETuioBOi nudy3ii s
SnyPa(Sep2S0s8)s (a) [42] Ta (Pbo.1Sngo).P2(Sep2Sos)s (0). Cipi kpuBi
BIJINIOBIIAI0Th EKCTIEPUMEHTAILHUM BUMIpaM, HeTIEpEpBHI JiHIT — MATOHKH,
OTPUMaHi 3a JI0TIOMOT OO0 piBHSHHSA 3.22. KpuBi BiTHOCHOTO BIAXUICHHS JJIS
y=0(B) tay=0.1(r). YepBoH1 KpyKKH BIJOBI1at0Th 0b6sacti 7 > T, cUHI

xpectuku — 111 T < T..
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Te, mo 13 xoHneHTpamiero y = 0.2 mepexin crae ®II mepmoro poxy (xapakrep
30epiraerbest 1 st y = 0.3) CBIQUUTH TIPO T€, 110, MIMNCHO, AK 1 OyJo mepeadbaydeHo,
moitHO mepexin aoxoauTh a0 210 - 230 K, 3’saBiaserbcss TpUKPUTHYHICTH [19].
CrnpobyeMo neTanbHO MpoaHaTi3yBaTH TEOPETUYHO TMepeadadeHi gaHi 1 Ti, siki Oynu
OTPUMaHI €KCIEPUMEHTAIBHO. SIK BUIUIMBAE 3 NEPILIONPUHIMITHUX PO3PAXyHKIB JJis
kpuctamB Sn,P,S¢ [97], cnoHTaHHa moJispu3allisi BU3HAYAETHCS TPHOXSIMHHUM
noTeHuiagoM st QuiykTyamiii mapamerpa mnopsanky. Hemepepsai ®II mMoxyTh
ONUCYBAaTUCH K epekT Sna-Tennepa, skuii MOB's13aHUM 31 CTEPEOAKTUBHICTIO KaTiOHIB
Sn**, sKi po3MillyIOThCS Beepeaui noiienpa ionis cipku [18, 97]. TiOpuausaiis 5s
opOiTtaseit ojoBa 1 3p opOiTaneil Cipku € TOJIOBHOI PYIIIMHOIO CHUJIOK Y MEXaHI3Mi
MOSIBM  CETHETOEJEKTPUYHOCTI. Sk Bke 3a3Hauajgocs y migpozaum  3.1.4,
TEPMOJMHAMIKa TaKOT0 MepexXoay MOXxe OyTH onucaHa 3a JI0oMororo mojeni biarome-
Emepi-I'pibditca (BEI') [137] 3 gunonbHUM Ta KBaAPYIOJILHUUM IapameTpamMu
HOPSAIKY Ta TPhOMa MOKJIMBUMH 3HAUEHHS TceBaocmina: -1, 0, +1.

HaiiBaxuuBimoro xapakrepuctukoro Mozaeni BEIT € MoxnuBiCTH i1CHYyBaHHS
TPUKPUTUYHOI TOUKH Ha Jiarpami ctaHi [137, 189], a came 3meHITyt0un TeMnepaTypy
@Il 3a paxyHOK CTHCHEHHs ab0 JIeryBaHHSM TBEpJUX PO34YUHIB, mepexin crae DII
nepioro poay. JiicHo, npu crtucHeHHl Bumie 0.6 I'Tla 1 HWKYE «TPUKPUTUYHOT
temriepatypu» Onu3zbko 220 - 240 K, cerneroenektpuuHuil mepexii y SnpP>Se
esorortionye y ®II mepmoro poay [139, 190]. Takox mpu 3amiHi 0JI0Ba CBUHIIEM Y
3Mimanux kpuctanax (Pb,Sni_,),P>Se, nnst y > 0.3 1 Hikue 220 K BuHMKae ricrepesuc,
AKUM TOB'I3aHMW 3 MapaeNeKTPUYHUM Ta CETHETOENEKTPUYHUM  (Pa30BUM
CHIBICHYBaHHSM 1 SIKHH CBIAYUTH MPO MepepuBYacTUil (quckpetHuid) xapaktep DII
[19]. dns tBepaux po3uuHiB Sn,P,(Se,S;.)s Takoxk Oyna nepembadeHa BipTyaibHa
TPUKPUTHYHA TOYKA (BcepeAauHi HecmiBMipHOT ¢a3u) npu y = 0.6 1 T = 240 K [124,
191].

Cnocrepexxene nojoxxkenHss TKT npu oJlHaKOBOMY TeMIIEpaTypHOMY PiBHI IS
PI3HHX MEXaHIYHHMX 1 XIMIYHUX BIUIMBaxX (CTUCHeHHs Sn,P,S¢ mpw 3amiHi Cipku Ha

CeJIeH 1 0JIOBA HA CBUHEIIb) MOKE Oy TH MOSICHEHE HACTYITHUM YuHOM. [Ipu 3amiHi cipku
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Ha CeJieH, MDKIPAaTKOBa B3a€EMOJIS CTa€ cCialIiow, 1 B pe3ysbTaTl CHIIBHIMIOT
KOBAJICHTHOCTI XiMigHuUX 3B’s3KiB [192, 193], ane crepeoakTuBHicTh KaTioHiB Sn**
3MEHIITY€THCSA, SIKA Y CBOIO Yepry 3MEHIIye MTHOWHY SIMU B TPUSIMHOMY JIOKQITBHOMY
noteHuiani. BHacnigok 1mporo, mpu Maibke HEe HE3MIHHIA MIKIPATKOBIA B3aeMOAII,
temriepatypa @I1 1pyroro poay omyCKaeThCs HUKIE «TPUKPUTHIHOI TEMITEPATYPH» 1
Ha Jiarpami TeMIieparypa — TUCK 3’ siBJisieTbest JiHis OII nepiroro poxny.

[Tpu 3amiHi 010Ba Ha CBUHEIIb, MIAIPATKA, a00 MIBUIIIE CHIIBHO CTEPEOAKTHBHI
KaTioHn Sn** po3piKyIOThCs CIa0KO CTEPEOaKTUBHUMM KaTioHamu Pb%*) gxi Takox
MarTh OUTBIINKM 10HHUN pajaiyc. BiIHOCHO Maia CTEpeOaKTUBHICTh KaTiOHIB CBUHIIIO
panime Oyina 3HaieHa 3riqHo 3 GGA po3paxyHkamu [140] — pi3HULS MK €HEPTi€l0
opOitasieit S 3p 1 eHepriamu opOitaneir Sn Js abo Pb 6s 3pocrae Ha ~ 1 eB mpu
nepexoai Bix SnpP>S¢ mo Pb,P.Se. Ha momauy no edexra pospimkeHHS, 10HHICTH
XiMiYHUX 3B’s3KiB Sn—S 3pocrtae [192, 193] i crepeoakTuBHIiCTH KarTioHiB Sn**
3MeHIyeThesa. KoMOiHOBaHUM BIUIMB Ha MIKIPATKOBY B3a€EMOJIII0 CTA€ CHIIBHIIINM 1
3MEHIIICHHS] CTEPEOAKTUBHOCTI JBOX KATIOHHUX MIATPATOK BU3HAYAE 3MEHIICHHS
TeMrepatypu ceraeroenekrpuunoro @Il  pgpyroro pomy m0 BuUIIE3ragaHoi
(TPUKPUTUYHOT TEMIICPATYPH.

[Tpu rpaTkoBOMY cTHCHEHHI YucTOTO Sn,P»S¢, crioctepexysana (a3zosa miarpama
TeMmrepaTypa — TUCK Moke OyTH IMoB’si3aHa 3 (a30BOIO JiarpaMmoro, rnepeadadyeHoro
monemto BED [137, 189]. Ilpu 3amiHi Cipku Ha CEJNEH MOXYTh BUHHUKATH JIe()EKTH
TUITY «BUMAIKOBE IOJIE», ajle iXHil BIUIMB ACIIO 3TIaKEHUN: Y 3MIllIaHUX KpUCTallaxX
Sn,P>(Se,Si-,)s BIACYTHE pO3MUTTS KpUTUUHUX aHoManid npu PII [42]. V Bunanky
3aMIiHU OJIOBA CBHUHIIEM 3 SBIISIFOTHCS CHIJIbHI €(EKTH BUMAIKOBOTO TIOJS BHACIIIOK
ribpuam3anii pisHUX eJEKTPOHHUX opOiTanell HaBKONO KaTioHiB Sn’" i Pb*'. Taxka
CKJIaJHa CHUTyaliss Moxe OyTH oOmucaHa TMOPIBHAHHSAM EKCIIEPUMEHTAIBHO
nobynoBanoi 7 — y miarpamu 3 aiarpamoro, nepembaudeHoro s moneni BED i3
BpaxyBaHHsIM Takux JaedektiB [138]. V takiit Mojeni yacTUHA KOJUIIHBOI JiHIT DI
nepmoro poxay (B imeanbHId cuctemi — Tpoxu Hwkde TKT) crae xaotwdHo-
1HAYKOBaHOIO JIIHI€I0 HEMEepepBHOTO nepexoay. [IpoTe, 3 moganbmuM 3CyBOM TOUYKU

®II BHM3 10 HIDKYMX TEMIEpATyp BUABIICHO 4iTKY npupoay PII nepiroro pony.
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[ToBepTatounuce A0 OTpPUMAHUX pE3yJbTaTIB HAIIOI poOOTH, TON GakT, IO
3HAYEHHS KPUTUIHOTO 1HJIEKCY HAOJIMIKAETHCS 10 MOJIET CEPEIHBOTO MOl HATOMICTh
TPUKPUTUYHOTO KJIACY YHIBEPCAIbHOCTI MOB'A3aHE 3 BUIAJKOBOCTAMH Y CHUCTEMI,
npoBokyrourn 3HuUKHeHHS TKT, komm mnpu TOHWKEHHI TeMIepaTypu Mepexoiy
BUsBIsieTbesl mpupoma DII mepmioro poxy. 3TiHO 3  e€KCIEPUMEHTAIBHUMHU
pe3ynbTaTaMu Ta NIATOHKaMU 1€ camMe Tpamwisierbes y Bumaaky (Pb,Snj.
1)2P2(Se02S08)s, A€ Taki ne(eKTH BUKIMKAIOTh PO3MUTTS IEpPEXoly, a TaKOX
TEHJICHIII}0 HAOJIMKEHHS 0 MOJENl CepeIHbOro IMOJsS HATOMICTh HAONMKEHHS /0
KJacy TpukpuTudHoCcTi. Ockinbku Temmneparypa I 3umwxkyerbes 1 asg y = 0.2 ta 0.3
— xapaxrep PII nmepmoro poay € O4eBUAHUM.

Ha pucynky 3.24 HaBeneni KkpuBi TerioBoi audys3ii s 3pas3KiB
(Pbo.0sSng 95)2P2(Se,S1.x)s 13 KoHIIeHTparttieto ceneny x = 0.4, 0.5, BUIo0 HIX Ta, sKa
BinmoBigae  touri  Jlibmmisg.  BumiproBaHHS — OPOBOAWINCH B PEXKHUMI
HarpiBaHHI/OXOJOMKEHHSI 3 PI3HUMHU TeMIleparypHuMH ImBuAkocTaMu (50 — 10
MK/xB) nnst Toro, mo6 BusHauutu Xxapaktep PII. Temmeparypuumii rictrepesuc mjis

JAHUX CKJIQJIIB TIOKa3aHWUW Ha PUCYHKY 3.25.

r'\

220 230 240 250 260 200 210 220 230 240 250
Temnepartypa (K) TemnepaTtypa (K)

Puc. 3.24. TemmoBa nudysis sKk GQyHKIIS TeMmIepaTtypu s

(Pbo,ossno,gs)sz(SexS1_x)6 3x=04 (a) Ta 0.5 (6)

3rigHo 3 ¢a3oBoro giarpamoro (puc. 3.4), y 3pa3kax, sKi HE MICTATb CBHUHEIIb,
MOBUHHI OyTH JBa Tmiepexoau (HENepepBHUU BiJ MapaeleKTpu4Hoi ¢da3u 0
nHecrniBmipaoi (HC) das3u ta 3 HC g0 cerneroenektpuunoi ¢a3u, mepuioro poay). 3

pobOTH TO BHUBYEHHIO KPUTUYHOI  TMOBEAIHKM  TeIioBOoi  audysii  mms
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CETHETOCIEKTPUUHUX KpUcTalliB SnyPa(S;-Sey)s [42], BUIHO, 110 TepeX0au pO3aAiIeH]
HE YIiTKO. 30KpeMa, it KpucTtamy SnaPa(Sep4So6)s (puc. 3.25 (a)) dopma mepexony €
PI3KOIO Ta BY3bKOIO, JI€ JIBa IIEPEX0 11 HAKJIaIat0ThCsl OIMH Ha 1HIIHH. [1pu 3011bIIeHH1
KOHIIEHTpAIli CBUHLIIO MEepeXiJl, SKU BUHUKAE, 3MIITY€ETHCS 0 HUKYOI TEMIIEpaTypu
(mpubnm3no Ha 20 K), a cama anoMmaris ctae Habarato MUPIIO0, OUIBII PO3MUTOIO, 3
YITKOIO CTPYKTYpOro Ta rictepesucoM (puc. 3.25 (6)). TyT crmoctepiraeTbest AesKui
neperuH npu Temmeparypi 6au3bko 237 K, mo Moxke CBiAYUTH MPO HASIBHICTH TPHOX

dbas.

0.20
(a) “:‘/’ 0.300

0.30

0.275

D (mm%/c)
D (Mm%/c)
D (Mm%/c)

0.250

010 0.225 |- 0.21

256 260 264 234 236 238 240 242 217 218 219 220 221 222

Temnepartypa (K) Temnepartypa (K) Temnepartypa (K)
Puc. 3.25. TemneparypHuii ricrepe3uc TemioBoi Audy3ii  JIs:
SnyPy(Sep4Sos)s (@)  [42],  (PboosSnoos)Pa(SeosSos)s  (0) T2
(Pbo.05S10.95)2P2(S€0.550.5)s (B).

VY Bunaaky x = 0.5 (puc. 3.25 (B)) Temmeparypa Mepexoay CTae€ Ie HUKYOK
(6muzpko 20 K) 1 posmieHHst crae mie uiTkimumM. lle o3nadae, mo edekt BiAg
301IbIIEHHSI BMICTY CBHMHLIO TIOJSITa€ y 3HIDKEHHI KPUTUYHOI TEMIIEpaTypu Ta
YITKIIIOMY PO3A1JICHH] IBOX MIEPEXO/I1B, SIKE TAKOXX MPU3BOJAUTH JI0 JACSKOTO PO3ZMUTTS
camoi anomami. OTxe, TpH HAIBHOCTI CBUHIIIO y BCIX  BHIaJaKax
CETHETOCNIEKTPUYHICTh TalIbMy€eThcsl. DI3MUHUN MeXaHi3M, KU BIANOBITAE 32 TaKy
MOBEJIIHKY, TOJISITA€ B TOMY, 1110 CBUHEI[h MTOCIA0II0E CTEPEOAKTUBHICTh HEIO1JIEHOT
CJICKTPOHHOT TMapu Yy KpHUCTalax, MEePENIKOHKAIoYN TiOpuau3arii eJIeKTPOHHUX
opOitasieit s-p (s JjIs CBUHINIO a00 OJioBa, p JUIs CIPKM abo0 CeJieHY), 10 aKTHUBYE
yTBOpeHHs map Sn’* 5s%. Sk OyIo Bxke CKa3aHo, TyT € Ginbiua pisHuns Mixk Pb 651 S

(Se) p-cranamm, HiX pizHUALS MiX Sn Js 1 S (Se) p-cranamu. Kpim Toro, 3011bIIeHAS
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KOHIICHTpAIlii CBUHIIO MPU3BOJIUTH IO TMOSBH BUIIAJKOBOCTEH TOJS B CHCTEMI, SKi
IOYMHAIOTh PO3MMBATU Hepexin, fK ue Oyno y Bumaiaky (Pb,Sni.,)2P2(Sep2S0s)s.
OuyeBHIHO, 10 TaKOX Oyyno 6 OGakaHo BUBYMTH eBosoliio PII y kpucramax i3 e
BUIIUM BMICTOM CBHHITIO: SnyP2(Sep4So6)s Ta SnaPa(SeosSos)s, ane Ha xamb Oyio
HEMO>KJIMBO OTPUMATH SIKICHI MOHOKPHUCTAJIU I1€1 KOHIIEHTpAIIii.

[{i pe3yibTaTH AOMOBHIOKOTH PaHillle OMyOJIiKOBaH1 POOOTH PO BILJIUB JIOMIIIOK
repMaHito Ta CBUHINIO Ha Touky Jlidmmis, ska icHye mis SnoPa(Seo285072)6 [142].
OOugBa 10HM BIUIMBAIOTh HA CTEPEOAKTHUBHICTH CIONYK, OCKIIBKA TeMIleparypa
nepexo1y BiNoBiAHO 30uIbIIyeThes (Ge) abo 3menIyerhes (Pb), ane TiIbKK CBUHEIh
MIPOBOKY€E 3HAYHY 3MIHY BIACTHUBOCTEH IMEPEXOJliB y CETHETOCNEKTPUKY. Takox y
po6oTi [142] BcTaHOBIIEHO, 1110 J0AaBaHHSA 5% CBUHIIO 3MIHWIO TOuKy Jlidmuis Ha
TPUKPUTUIHY TOUKy Jlidmutis, 3 momaneiioro 3MiHo0 xapaktepy DI 3 apyroro pomy
Ha nepmuid. B Hamomy AOCHIIKEHHI MU CIIOCTEpIraiu, 10 BHECEHHS CBHUHLIO Y
kpuctam SnyPa(Se,Si.x)s 11 KOHIIGHTpAIlN celleHy, HUKYUX PIBHS, SKUW BIATOBIIA€E
toull Jlipmmiis, Takox Mae eheKT 3MiHU XapakTepy Nepexory 3 APYyroro Ha MepuImii
pia, ane 6e3 QopMalbHOI MOSIBU TPUKPUTHUYHOI TOYKH. 3 1HIIOrO OOKy, s
KOHIIEHTpAIlli CeJleHy, Ki MepeBUIyI0OTh TOUKy Jlidimmuis, epekT BBeeHHS CBUHIIO
y KaTIOHHY HIATpaTKy Mojsrae y odeBuiaHimii mnossi npomikaoi HC ¢a3u mix

NapaeIeKTPUYHOIO T CErHETOETIEKTPUYHOIO (pa3aMH.

BucHoBku 10 po3ainy 3

JloCPKEHO BIUIMB BBEACHHS CBUHIIO Y KaTIOHHY MIATPaTKy y KpHCTajlax
(Pb,Sni.,)2P2(SeSi.+)s 13 KOHLUEHTpALIsIMU CEJIEHY HMXYMX Ta BUIIMX KOHIEHTpALii
Jlipumns. Teopernune nepeadadyeHHs CBIAYUTH NPO TE, IO IPH 3aCTOCYBaHHI
CTUCHEHHS (XIMIYHE JIETYBaHHS MOXKE€ MaTH €KBIBAICHTHY [0 O MEXaHIYHOTO
CTUCHEHHS) TPUKPUTHYHA TOYKa 3 sABIsA€ThCAa B oOmacti 210 - 240 K. 3a3Buuaii,
MIJBUIICHHS KOHILEHTpAIlll CBUHIIO Y KaTIOHHIM MiArparii Mae TEHACHIII J10
PYWHYBaHHS CETHETOCTICKTPUIHOTO TEPEXOy, 3HIKCHHIO KPUTUYHOI TEMIIEPaTypH,
OCKUJIBKM BOHO TMOCJIa0JI0€ TIOpUAM3AIiIo0 €IEKTPOHHUX OpOiTaliel, Kl JeXaTh B

OCHOBI CTEPEOaKTHBHOCTI IIMX cucTeM. Y Bumaaky x = 0.2, mepexia 3MiHIOE CBIid
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XapakTep 3 JAPYroro pojy Ha mepmui y KoHmeHTpamisx mix y = 0.1 1 y = 0.2,
BUKOHYIOuM nependauenHs st moxaeni  BEDT 3 ypaxyBanHsM nedekTiB Tumy
«BUIAKOBE M0JIe». Takl BUMIAAKOBOCTI NMEPEIIKO/HKAIOTh MOSAB1 TPUKPUTUUYHOT TOUKU
1 HaTOMICTh HEi 3aCTOCOBYETHCS MOJENb Y HaOMMKEHHI CEpeIHbOrO MOJsS, YUM 1
MOSICHIOIOTBCSL OTPUMAaH1 3HAYEHHsS KPUTHUYHUX 1HIEKCIB. Y Bumanky x = 0.4, 0.5,
CBHUHEI[b TAKOXX CIIPHUSE UITKIIIOMY PO3UICHHIO MapaejJeKTPUUHOiI, HECTIIBMIPHOI Ta

CETHETOCNIEKTPUYHOT (a3, He3BaXKAI0UH Ha MOSIBY IEBHOTO PO3MUTTS aHOMAJII1.

PO3/11 4. PA3OBA JIATPAMA CETHETOEJIEKTPHUKIB (Pb,Sn):P2(Se,S)s
3 MYJIbTUKPUTUYHAMHU TOUKAMM TA ii TPAHC®OPMALIIA 13
BBEJEHHSIM T'EPMAHIIO

Sk BKe 3a3HAYaNOCh y MOMEPEAHBOMY PO3JUII Yy CErHETOCNEKTPUKAX THUITY
Sn,P>,S¢ Ta TBepaux po3unHax Ha ocHOBl (Pb,Sni,),P>(Se.Si..)s cTatnuna Ta
JMHAMIYHA KPUTUYHA MOBEIIHKA 3 JIHISIMU TPUKPUTUYHUX TOUOK Ta TOUOK Jlidrmiis
Ha T — x — y ;iarpami, iK1 3yCTpi4aroThCsl y TPUKpUTHUHIN Toulll Jlidimisg moxe OyTu
onucaHa B paMmkax noenHa"Hsa mozener bEI' ta ANNNI. Taka moxens posrisgae
B3a€MOJIII0 MDXK MEPIIMMU Ta HACTYMHUMH CYCITHIMHU B3a€MOISIMHU TICEBIOCIIHIB Y
TPHOXSIMHOMY JIOKasibHOMY TmoTeHmiam [137, 194]. IlosBa HecmiBmipHOi (azu B
SnyP2(SexSix)s Moke OyTH TOsICHEHA 3a IOMTOMOTOI0 UCKPETHOI OJHOBICHOI MO
I3unra — mogemi ANNNI [195, 196], y sxiif po3riis1aroTbesi KOPOTKOI110U1 B3a€MOIT
J;r > 0 Mk HaOmmwkuuMH cycigamu Ta B3aemonaii J, < 0 MDK HacTyIHUMH
HaWOMKYUMU CyciaMu. BiqHOIIEHHS WX TBOX B3aEMOIIN A = - J»/J; ipu 3aMiTieHH]
cipku cenieHoM 3MiHeThes Bia 0.23 misgs x = 0 1o 0.3 g x = 1, a ipu 4 = 0.25

3’sBnserses TJI [100].

4.1. ®azoBa T — x — y pgiarpama cerHeroenekrpukiB (Pb,Sn):;P:(Se,S)s 3

MYJbTUKPUTHYHUMH TOYKAMH 3 YpaxyBaHHAM MMOJSAPHHUX Ta AHTHIOJAPHHUX

daykryamii
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4.1.1. t — 4 — 4 niarpama 3 TPUKPUTUYHOIO TOYKOKO Jlipuuist

g Toro, mo0 nobyaysatu ¢ — A — A niarpamy [S] MH BUKOPHCTaId MOJEIb
bmrome-Kanens (bK) (aemo cnpormena Bepcis moaeni BED) [196, 197]. Tloennannas
moneni BK 13 momemmo ANNNI mokasye MyJIbTUKPpUTHYHY TOBEAIHKY TaKy SK
TPUKPUTUYHICTb, @ TaK0XK MOkJUBICTh nosiBu TJI. ITpu 3yctpiui miniit TKT ta TJI Tyt
TakoX rnependaueHa TpukputuuHa touka Jlipmmg (TKTJI) [156, 198, 199]. Takum
YUHOM JIIH1 CETHETOETEKTPUUHOTO — napaenekrpuunoro ®I1 moxxe OyTu 3HalieHa K

[196]

t

A=1-— . 4.1)
T

1+0.5e
TaIﬁHBIHapaCHCKTquHOFO——MOHyHLOBaHOFO(DII

oy (4.2)

t

1=

1+0.5e

ne t = T/J; ta A = 0/J;. llapameTp 0 MOB'sI3aHMIA 3 BHECKOM OJHOIOHHMX KOMITOHEHT
[137, 140].

IIpu 4 = 0.25 napaenexTpuyHi rpaHuill OoTpuMaHi 3 piBHSHHSI 4.1 Ta 4.2
3nuBaThesa y Touky Jligmmuis. BpaxoBytoun Buiie3azHaueHi ymoBH, JiHis TJI moxe

OyTH OTpUMaHa 3 PiBHSIHHS

A - tLpln(l_ZtLP

)- (4.3)

[Ticnsa mocsrHeHHst 3HaveHHs 4 = 0.231... rpanuimi mnapaenekTpudHoi (a3u

tLp

no4ynHawTh posmermioBatuck 1 TJI 3uukae. binsg uporo 3HaueHHs A miHig TJI

3nmuBaeThes 3 miHie TKT [195]. Po3paxoBana ¢ — 4 — 4 aiarpama rnokasana Ha puc. 4.1.
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1 0.5
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TK | oo ““Tn4o3
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) / - 0.1
| \ \ O\ 0k >
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A

Puc. 4.1. Po3paxoBana ¢t — A — 4 niarpama: (ppoHTadIbHUM BUJ (JIIBOPYY) Ta
BUJ 300Ky (mpaBopyd). JKupHUMHU CYLUTFHUMU JIIHISIMH [TOKa3aH1 TPAHHULI
napaeaeKTPUYHOI-CeTHETOSTIEKTPUYHO1 dha3 (opanxeBi) Ta
napaejaeKTpUIHOI-MOyJIbOBaHO1 (CHH1), JiHIA TouokK Jlimmis (depBoHi
KPY’KKH), JIIHIS TPUKPUTUYHUX TOYOK (3€JeH1 KBaApaTH), JiHis KIHIEBUX
TOYOK (KopuuHeBl TpukyTHHKH). Jlitepam C, Il Ta M mno3HaueHi
CETHETOCJICKTPUYHA, MapacIeKTpUUHa Ta MOJyJIbOBaHa (pa3u BIAMOBITHO.
CriBiCHYBaHHSI CETHETOCIEKTPUYHOI Ta METAacTabUIbHOI MapaeaeKTPUIHOI
(C+IT’) Ta CErHeTOCNIEKTPUYHOI, METacTablIbHOI IapaeaeKTPUIHOI

CHiBMIpHOi MOAYJIbOoBaHOi a3 (C+M’+I1”) mokazaHe ITPUXOBUMH JIIHISIMH.

CrpoOyeMo TOpIBHATH IMOMHO OTpUMaHy Jiarpamy 3 eKCIIEpUMEHTAIBHO
OTPUMAHOIO JlarpamMor0 TeMIepaTypa-KOHIEHTpaIlisl s 3MIlIaHuX CEerHeTo-
esleKTpuuHuX kpuctatis (PbySni,)2Pa(Se Si-)s [100]. s Toro, mob ne 3podutu, Ham
HE0OX1/THO TepeBecTH ii y ¢t — A — 4 koopauHatu. Ekcnepumentansao orpumana TKTJI
st kpuctainy (PboosSnoos)2P2(Se02880.72)s iput Trxrr = 259 K [142], y t — 4 — 4
KoopauHaTax Oyne posmimryBatuchk B : ¢t = 0.15825, A = 0.25, 4 = 0.23105. Tl y
Kkpuctaii Sn,Pa(Seo2850.72)6 ipu Trr = 284 K [124] nexxuts Ha minil TJI, orpuManoi 3
piBHsAHHSA 4.3 1 Mae HacTynHI koopauHartu at ¢ = 0.17345, 1 = 0.25, 4 = 0.22997. [{na
3MmimaHux KpuctamiB SnoPa(Se S iy)s y pamkax mozeni ANNNI, nependadaeThes

JiHIHA 3MiHA TapaMeTpa A 31 3MiHO0 x 31 3HaueHHsaMu 0.23, 0.25 ta 0.30 gyt Sny P> Se,
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SnyPa(Sep28S0.72)s Ta SnyP2Ses Bimmosimuo [100]. Ilpu moctiiHOMY 3HadeHHI A4 =
0.22997, koopauHATH I WX KOHIIEHTpAIii € HacTymHuME: ¢y = 0.20582, 4 = 0.23
s SnoP>S¢ 3 Tp=337K; 1.=0.13436, A.=0.30, Ta ;= 0.11799, A4;= 0.30 m1s Sn,P,Ses
3 T.=220K, 7;= 193 K [100].

[Tpu 3amiHi 0I0Ba HAa CBUHEIb (opMa JIOKATHHOIO MOTEHIllana 3MIHIOETHCS, 1
koopauHatd TKT B pamkax cepeaHbornonboBoro HaommwkeHHs mozeni BEIT [200]
MOKYTh BHU3HAUAaTUCh IMPH yMOBaxX JHIAHOI 3MiHM 4 B 3aJIeXHOCTI Bif y, MpH
HE3MIHHMX MIKKOMIPKOBHUX B3a€MOJIIAX. 3TIAHO 3 paHIllIe MPOBEACHUM aHaIi30M
kpuctaiis (Pbi.,Sny),P>S¢[140], po3paxoBana ¢ — 4 niarpama (npu 4 = 0.23) nokaszana
Ha puc. 4.2. Tyt Oynu 3naiaeni HacTynHi koopauHatu 1jst TKT: A =0.23, 1= 0.13436,
A=0.23577.

OCKUTbKM MDKKOMIPDKOBA B3aeMoOJisi Maixe He 3MiHIeTbes [140], wmm
IPUITyCKAa€EMO, L0 31 30UIbIIEHHSM KOHLEHTpauii cBuHIIO B Kpucranax (Pb,Sni.
1)2P2Ses (4 = 0.3), 3HaueHHs 4 OyJie 3MIHIOBAaTUCh TaK CaMo, SIK 1y BUIAJIKy KPUCTAJIB
(Pb,Sny.,),P>Se. BinnosinHo, excnepumeHTanbHa ¢a3zoBa giarpama y t — A — A4

KOOpJIMHATax MoKa3aHa Ha puc. 4.3.

0.20 *
\ -~
~
0.16F Sn,P,Ss ™
~ TKT

012t
0.08F

0.04}

0.00

0.231 0.234 0237 0.240
A

Puc. 4.2. 3anexnicte Temnepatypu ¢ OI1 Big napamerpa 4 y 6€3p0o3MipHUX
t — 4 KoOpauHaTaX, PO3PaX0OBaHi y CEPEIHHONOILOBOMY HAOIMKEHHI MO
BET" [140, 200]. ITpuxoBa Ta CylijibHA JIIHIT BKa3yIOTh IEPEXOAH MEPIIOTO

Ta Apyroro ponis 3ycrpiuatorbes B TKT.
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337 -

253 F

CHMT

84

0 014 036 057 079 1.00
X

Puc. 4.3. ExcnepumMenTanbHa (a3oBa jaiarpama AJisi CETHETOCNEKTPUUHUX
kpuctains (Pb,Sni, ) P2(SeSi)s y t — 4 — 4 kKoopauHaTtax (J1BOpyY) Ta
dpoHTaNbHUN BUJ €KCIIEPUMEHTAIIBHOI Ta po3paxoBaHoi (a30BUX JiarpaMm
y T'—x —y xoopauHatax (mpasopyd). LltpuxoBumu ninissmMu no3HaueHi OI1
JPYroro Ta TEpIIOr0 POJiB BIAMOBIAHO. 3€JeHI Ta YEPBOHI KPYKKH

BinnosigatoTh JiHisiM TKT Ta TJI, romy0i — KamopuMeTpudHUM JaHuM |3,

42,125, 135, 136, 142, 201]

3 po3paxoBaHoi f — A — 4 niarpamu ciaiaye, o JiHis TJI 3akinuyerses y TKTIL 1
Taka TOYKa MOXe posrjisgaTtuch sk kiHneBa Touka Jlidbmmus (KTJI). Jlinis TJI
posmieruisierbess Ha JiHIIO TKT Ta miniro kianeBux Touok (KT). Ilpu Benmmkomy
3HauYeHH1 napaMeTpa A JiHisS napaeaeKTpUIHOro — MoAyIboBaHoro PI1 3akiHUyeTHCS
B KT.

[Ipn BucOKMX KOHIEHTpalisx cBuHIO (y > 0.2), Moxe crHocrepiraTucs
«XaOTUYHMI» CTaH Ha HHU3bKUX Temmeparypax [196]. Lleli crtaH sBisge cymimn
MapaeIeKTPUYHOI, CETHETOCJEKTPUYHOI Ta MOyJiboBaHOi (pa3. Taka 0coOIMBICTH
Moke OyTM BHMJIHA Ha HAJUIMIIKOBIM TemnoemHocTi AC, Ta TeMmmepaTypHUX
3aJIEKHOCTSIX aHOMAJIbHOT YaCTUHU JIEJIEKTPUYHOI CIIPUNHATIMBOCTI €'y KpUcTaax
(Pb,Sny.,),P>Ses, 3rigHo 3 HemoaaBHiMu gocmipkeHHsamu [118, 202, 203, 204]. dus
Manux KoHUeHTpauiid ceuHuto, anomami AC,(7T) ta y'(T) npu napaeieKTpu4HOMy —

HecmiBMipHOMY (77) Ta HECTIIBMIpHOMY — CErHeToeNeKTpuaHOMY (1) mepexoaax (puc.
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4.4 ta4.5). Ilpote, nis y > 0.2, anomanii AC, (T) ta y '(T) y obnacti lock—in nepexonis

(T,) cuibHO PO3MHUBAIOTHCS. Taka XaoTu3allisi MOXKe OyTH TIOB’Si3aHA 13 CHHEPTIEI0

eexTiB GppycTpallii 1 HETITHIHHICTIO CUCTEMH 3 TPHOXSIMHHUM MOTEHITIAJIOM.
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Puc. 4.4. TemneparypHa 3ajeXHICTb TEIUIOEMHOCTI  3T1IHO 3

eKCcTiepruMeHTaTbHUMU JaHuMHu [118] (iBopyd) Ta BIAMOBIIHI HAAJIUIIIKOBI

TEIIOEMHOCTI (TIpaBopyy) [uid kpucrtaiis (Pb,Sni.,),P>Ses.
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Puc. 4.5. IlopiBHSHHA aHOMaJi HHU3BKOYACTOTHOI JI1EJIEKTPUIHOL
cpuitHATIHBOCTI (3rigHO 3 [202, 203, 204]) Ta HAUTUIIKOBOI TETIOEMHOCTI

(3rizHo 3 [118]) y obnacti @II nns xpucranis (Pb,Sny.,),P,>Ses.

4.1.2. llonsipHi T2 aHTUNOJIAPHI QIyKTYaNil

BumesasHaueHni TMpUKIaad  MOXIMBUX — YCKIQTHEHb EKCIEPUMEHTaIbHUX
¢dazoBux aiarpam ass 00’ €KTiB 31 CKJIaJHUM JIOKAJIbHUM MTOTEHIIATIOM 715 (pIyKTyarii
CTIOHTAHHOI ToJIsIpU3allii JAEMOHCTPYIOTh OJM3BKICTh (ha30BUX TEPEXOJIB [0
0araTOKpUTHYHUX TOUOK BHUIIIOTO OPSIKY, TAKUX SIK TETPAKPUTUIHA TOYKA, 1 CBITYAThH
PO BaXJIMBICTh 1HBAPIAHTIB BUILOTO TMOPSAKY B TEPMOJUHAMIYHOMY IOTEHITial
JOCTIDKYBAaHUX  CETHETOCJICKTPUYHUX  KpHCTaldiB. Taka MOXJIUBICTH Oyla
npoJieMoHCcTpoBana panimie [205, 206], mpu TEOpeTUYHUX MOSICHEHHSIX HECITIBMIPHUX
¢dazoBux BracTuBocTed moOim3y lock-in mepexony y cerHeroeneKTpuuHy Qa3y B
Kkpuctanax SnyP,See.

s cerneroenekTpukiB  Sn,P>S¢ ekcrnepuMeHTanbHI JaHI 3 PO3CIFOBAaHHS
HEUTPOHIB, MIEIEKTPUYHOI CIIPUUHSTIMBOCTI Ta METJI TICTEPE3UCy Jal0Th BEITUKHUI
MacuB iH(dopmalii mpo ckiragHuil Xxapakrep Gpa3zoBux nepexoais. JlaHi 3 po3citoBaHHS
HelTpoHiB [207] moka3yloTh HASBHICTH IUIOCKOI MOMEPEYHOI ONTUYHOI TIIKU 3
HAHM)KUYOI0 €HEpTi€ro B HanpsMKY q, nipu 440 K y napaenexkrpuuniii ¢asi (puc. 4.6
(a)). Ls pononna rinka nonsipuzoBana nmodausy HanpsMky [100] 1 po3m’sKiryeTbes
npu oxoJjoxeHHi. [loaspHa M'ska onTUYHA MOJIa, 3TiAHO 3 JAHUMH CIIEKTPOCKOTMIT y
cyominiMeTpoBomy mianaszoni 6mus3eko 102 ' [208], 10 MakcUMyMy JieJIeKTpUYHOT
crpuitaaTiiBocTi 01 Ty = 337 K BHocuts nume Bknag Ay’ = 10° (puc. 4.6 (0)). Ipu
3HKeHHI yactotu 10 107 T mieekTpruuHa COpUMHATIUBICTE Ol 1) IiJBHIYETHCS
10 10* - 10° (puc. 4.6 (8)) [209], a Ha HuK4IM 9acTOTI 3aK0BONILHAE 3aK0H Kropi-Beiica

xX'= CCW(T'TO)'l 3Ccew=0.6 10° K.
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Puc. 4.6. M’saxa nonepeuna ontuuyHa Mmoja TO(X), HO370BKHS aKyCTHYHA
LA(XX) Ta momepeuna axkyctuuHa TA(XY) (OHOHHI TIIKA B3IOBXK
HanpsMKy y MOHOKJIIHHOI 30HU bplmtoena ais kpucrany Sn,P,Se npu 440
K, 3rigno 3 manumu HeWTpoHHOTO po3scitoBanHs [207] (a), TemmepaTypHa
3QJICKHICTh JICJIEKTPUYHOI CIPUUHSITIMBOCTI Ta 1i 1HBEpCis 3 BKJIAJIOM
M’SKO1 OINTUYHOI MOAM y cyOMmimiMeTpoBoMy niama3oHi B okomi DI
kpuctaimy Sn,P,Se [208] (6), MOpiBHSAHHA TEMIEPATypHOI 3aJIEKHOCTI
1HBEPCHOI J1EEKTPUYHOT CIPUUHATIMBOCTI KpucTany Sn,P,Se nis 20 MI'n

I, 4 TTu — 2, 27 I'Tu — 3 Ta BKIag M’ AKOI ONTHUYHOI MOJU Y
cyoOmimimerpoBomMy mianmazoni — 4 [209], mudysiiiHe peHTreHIBChKE
poscitoBanHs 1ipu 1y + 2 K y mapadaszi B montuni (0 K L) 3onvu bputoena

[210] (r).

[Ipu oxonokeHH1 kpucTtany Sn,P,Se y mapaenekTpuuHiii ¢aszi MaloTh MicIle HE
TIJIBKY JOBrOXBHJIbOBI (DIIYKTYyallli MOIsIpr3allii, ikl BAHUKAIOTh MOOJIN3Y [IEHTPY 30HH
Bbpinntoena, siki mpomnopIiiHi KBaapaTy 4aCTOTH 0OEPHEHO1 MOJISIPHOT M'IKOT ONTUYHOT

monu (13 cumerpiero By, ipu q < 0). [lo6nusy kpato 30uu bpunttoena, npu g, = /b,
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TaKOX CIIOCTEPIraeThCsl KPUTUYHE 3pOCTaHHS (PIIYKTyalllid pyXiB aTOMIB, MOB'SI3aHUX
13 BJIACHUM BEKTOPOM KOPCTKUX (POHOHIB M'sIKO1 onTu4HOI ruiku B(q,). Po3BuHenHs
BUIlIE3ragaHux GIyKTyalid crooctepiraiocs Oesmocepeanbo B [210]  mpm
HEEJIACTUYHOMY PO3CIIOBaHHI PEHTTeHIBChbKHUX poMeHiB mipu 1 + 2 K (puc. 4.6 (T)).

Bucoke 3HaueHHS HHU3BKOYACTOTHOI MIEICKTPUYHOI CHPHUHUHSATIMBOCTI TPHU
OXOJIOJKEHH1 0 Ty OYEBHMJIHO MMOB’S3aHE 3 AHTAPMOHI3ZMOM KPHUCTAJIYHOI IPATKHU.
Panime y poGotax [18, 97] Oyno 3ampomoHOBAaHO, IO JIOKATLHUW TPUSMHHMI
MOTEHIIAJI CIiAye 3 HeNIHIMHOI B3aemMoali NOJSIpHMX MoJa B, 3 TNOBHICTIO
CUMETPUYHUMH MOJAMHU A, (AgBu2 + Anguz) y 1eHTpi 301 bpimmoena. Amne oo
IUIOCKOCTI M'IKO1 ONTMYHOI MOJM B HampsIMKY ¢, [212], HeniHiliHA (OHOH-(POHOHHA
B3a€EMO/IisI MOXE OyTH OYEBHIHO peajlizoBaHa 13 3a1y4eHHSIM (DOHOHIB 3 PI3HUX TOYOK
30HU bpumoena. Y HaiimpocTimomy miaxo/i Taka MOXKJIHBICTh MOXKe OyTH BKITIOUEHA
y MOJeh KBAaHTOBUX aHTapMOHIYHUX ociwistopiB [140, 211, 212, 213], saxa
0a3yeTbCs Ha JIOKAJILHOMY TPUSMHOMY IMOTEHIaM, 110 Mepeadadae B3aEMOIII0 Mixk
NEepIIUM Ta HACTYHNHHUM cycigamMu. TyT MU PO3TJSHEMO HEJIOKallbHI B3a€MOIl Y
HaANpsMKY ¢, (HaTOMICTb BHILE PO3MIIHYTOI (PpycTpalii MIXKKOMIPKOBUX B3a€EMOJIIN J;
Ta J>, SIK1 TIOB'sI3aH1 3 OSIBOIO HECHIBMIPHOI (pa3u 3 XBUJIHLOBUM BEKTOPOM MOJIYJISIIIT
q:). ®a3oBa miarpama, po3paxoBaHa 3a TAKOK MOJEIUTIO, MICTUTh TETPAKPUTUUIHY
TOYKY, B SIKi{ IEPETUHAIOTHCS JIB1 JIIHIT TepeXo1y IPyTroro poay (Bia napaeaeKTpUuIHOi
y CETHETOeNEeKTpUYHy a3y Ta MK MapaclIeKTPUIHOIO Ta aHTUMOJSPHOIO (pazamu).
Bcranoneno [211], mo mms kpuctamB SnoP,S¢ Hmkde 7) MOXKe MaTH MicCIe
CITIBICHYBAaHHS aHTHUIIOJISIPHOT Ta CETHETOCNIEKTPUYHOT (ha3.

[Ipunymienss mpo Te, o B kpuctanax Sn,P»S¢ dhazoBuit nepexin npu 7y = 337 K
po3TamioBaHuil  OUI  TETPAKPUTUUYHOI TOYUKH, Y3TODKYEThCA 3  MONEpPeaHIM
oOroBopenHsiM Ha ocHOBI mojeni BED, mis sikoi dazosa miarpama 3 TKT moxe Oytu
YCKJIaJIHEHA HASBHICTIO OIKpUTHMYHHMX a00 TeTpakpUTUYHUX TO4YOoK [194]. Takum
YUHOM, KpPUTHYHA TMOBEAIHKAa KpucTaiiB Sn,P,S¢ mobmmsy 7) morpedye ocoOauBoOi
yBaru.

3T11HO 3 MOMEePeIHIMHU JOCTIHPKEHHAMH aHOMaJlii TeroBoi qudy3ii [125], ska €

IPOMOPIIHHOI0 00epHEHIN TeIIOEMHOCTI, KpUTHYHA MOBeNiHKa Sn,P,>Se 3 Xopororo
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SKICTIO TIJATOHKHM B TMapaejieKTpu4uHiil ¢a3i MOKe OMHCYBaTHUCh MOJICIUIIO, sKa
BpaxoBy€ BIUIMB SIK (IyKTyalii, Tak 1 gedekriB (komOiHalis BupasiB 3.8 ta 3.11). 3
1HIIOT CTOpOHM, HIK4Ye 7)) Hakkpalia MiAroHka Oyia 3HaijeHa 3a JO0MOMOTOI0
cepenHpo-moboBoi Mozem Jlanmay (Bupa3 3.6). Taka acumerpis TyXe IHUBHA,
0COOJIMBO KOJIM BJAJNOCS OMHMCATH KPUTHYHY MOBEIIHKY 3MIIIAHUX KPUCTATIB Ha
oCHOBI Sn,P,S¢, BUKOpPHUCTOBYIOUM €IMHY MOAEHb sl 000X ¢a3. s po3uuHiB
SnyP2(Se,Si.x)s 31 301IBIIEHASIM KOHIIEHTpAIlil ceneny Ta HabmmwkeHasMm a0 TJI (x =
0.28) «kputuuHi aHoMamii Jo0pe omMcaHl KPUTUYHUMH  IHJEKCAMH  Ta
CITIBBIIHOIIEHHSIMU KPUTHYHUX aMIUIITY[, K1 HaJekaTh JI0 KJIacy YHIBEPCaJIbHOCTI
Jlidmmurs [42]. Ilo cTocyeThest 3aMillIeHHS 0JI0BA 32 CBUHIIEM B 3MIMIAHUX KPUCTAIaX
(Pbi,,Sn,),P>S6, kpuTHUHA MOBEIHKA TaKOXK J0Ope OmMcaHa BUIlE Ta HUWX4e 1) K
KpPOCOBEp UITKOI HecepeaHbO-M0JIboBOI Mozeni mpu y = 0.1 10 ceperHbONOIbOBOT
momeni B y = 0.3 [135]. Jns xpuctramB Sn,P,Ses mpu mapaeneKTpuuHOMY-
HecrmiBMipHoMy @Il gpyroro poay KpuUTHYHA aHOMAaJis BHINE Ta HUXYEe T;
y3TOJUKYEThCS 3 Mepei0aueHsIMU Teopii peHOPMIpYT AJs Kacy yHiBepcaibHoCcTi 3D-
XY [118]. IIpu ogHO"YacHOMY 3aMiIlIeHH1 XIMIYHUX €JIEMEHTIB y KaTIOHHIH Ta aHIOHHIN
niarparkax y kpucranax (Pbi,Sn,),P»(Se.Si..)s BusiBneno TKTJI nnsg x = 0.28 Ta y =
0.05 mpu T, = 259.12 K [142] 13 kputruauM iHAekcoMm o = 0.64, mo BiAmoBimae
TEOPETUYHO Tepe0auyBaHOMY KJIACYy YHIBEPCAJIBHOCTI 3 TPUKPUTUYHOIO TOUKOIO
Jidmuns [167].

Bunukae nuTaHHsS YoMy KPUTHYHY NOBEAIHKY KpuCTaliB Sn,P»S¢ He MoxHa
3a/I0BUIHHO OMMCATH OJHOYACHO y IBOX (hazax? Sk Oyyio cka3aHO BHINE, JJIsl YACTUX
KpuctaiiB Sn,P,S¢ Hux4e 7) MOKIIMBE CIIBICHYBAaHHS aHTUIIOJSIPHUX (TIOMIOHUX 10
aHTU(EPOENEeKTPUKIB) Ta CETHETOCJNEeKTPUYHMX CTaHiB. Ile mposiBiaseTbes
CIIOCTEPEIKEHHSAM TMOABIMHUX METEIh TCTEPE3NCY Ta 3BUYANHUX CETHETOCTEKTPUIHUX
nerenb [211]. Po3rmsigaroun  MOXKIMBICTH  CITIBICHYBaHHS — aHTHIIONSAPHOI  Ta
CErHeToeNeKTpUYHOi Pa3 HuxkYe Ty, MU MEPErisiIaEMo MONEpeIHI eKCIIEpUMEHTAIbHI
nasi [ 125], m1o0 nepeBipuTH BHECOK Y KPUTUYHY aHOMAJIIIO 3 IBOX CHIBICHYIOUHX (a3,
st ogHOYAcHOI MIJATOHKM MMApaejeKTPUYHOI Ta CErHETOeNeKTpUuyHOoi (a3 mu

BuKopuctanu piBHsSHHS 3.22. Ha pucynky 4.7 (6) HaBeneHi pe3yJbTaTH MiATOHOK
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pazoM 3 BIANOBIZHUM TrpadikoM BIIHOCHOTO BIJXWJEHHS IMIJATOHKH  BIJ
eKCIIepuMEeHTanbHuX 3HaueHb (puc. 4.7 (B)). Pucynok 4.7 (a) nmemoHcTpye hopmy
aHomajii obepHeHoi TeroBoi aAudy3ii y kpucragax SnyP>Se, (Pbg2Sngs).P2Se Ta

SnuoP2(Se0.2S0.8)s.
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Puc. 4.7. TemneparypHa 3aJieXKHICTb I1HBEPCHOI TEIUIOBOT AUQy3ii y
kpuctasiorpadiunomy HanpsMky [100] B oxom ®II II poay y kpucranax
SnyP2Se, (Pbo2Sngg)2P2Se Ta SnaPa(Se2Sos)s [42, 125, 135] (a), pe3ynbratu
M1JITOHOK TETUIOBOI udy3ii 11t Kpuctainy SnaP2Se(0), BITHOCHE BiIXUJIEHHS
MIATOHKHA (B): TOYKU BIAMOBIAAIOTH €KCIIEPUMEHTAIBHUM BHMIPIOBAHHSM,
CyHuUTbHI JiHIT miaronkam 3 piBHsHHA 3.22. CuHIM KOJip BiJAMOBiIa€e

MIJITOHIT Y CETHETOCNICKTPUYHIN (ha3i, YepBOHUMN — Yy MMapaeIeKTPUIHI.

[Tinronku (puc. 4.7 (6, B)) y SnyP»Se mokazanu moBeainky, moaiOHy 10 Kiacy
yHiBepcasibHOCTI XY (2D-I'eit3enOepr), 13 KpUTUUHUM TMOKa3HUKOM o = - 0.0092 +
0.0008 Hmwxue Ty Ta a = 0.1049 £ 0.0066 Bume 7) sika BIAMNOBITAE KJacy
yHiBepcanbHOCTI 3D-I3unr. Taki 3HaueHHS KPUTUUHUX [TOKA3HUKIB, MEHIIIE, HIXK QUSING
y mapaejeKkTpuuHii ¢asi 1 Tpoxu Oiblie oxy HUX4YE Ty, MOKHA THTEPIPETYBATU K

MO>KJIMBUI KPOCOBEp KPUTUYHOI MOBEIIHKH, K€ paHille nependauanocs [214] mus
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CUCTEM 3 JIBOMa KOHKYPYIOUHMH TapaMeTpaMu MOPSAAKY Ot OIKpUTUYHOI TOYKU HA
¢dazoBiii miarpami. bikpuTnyHa TOYkKa MOXKE€ BUHUKHYTH HAaTOMICTh TE€TPAKPUTUYHOI
TOYKH, SIKIIO € JOCTaTHHO CHJIbHA B3aEMOJIiS IBOX MapaMeTpiB mopsaky [215].

VY Oyab-sKoMy BUIIAAKY, XOPOIIIl MiATOHKU TETUI0BO1 1udy3ii y kpuctam Sn,P»Se
HIK4Ye 79 3 BII’€MHUM 3HAYEHHSIM KPUTHYHOTO 1HACKCY JIEMOHCTPY€E YaIIONOi0HY
dbopmy, sKa € XapaKTEPUCTUKOI AHTUCETHETOCIEKTPUUHOTO CTaHy 1 30iraerbcs 13
CIIOCTEPEKYBAHUMU MOABIHHUMU TETISIMU TiCTEpe3ucy B Kpuctam Sn,P,Se Huxae 7T)

[211].

4.2. BmiuB TrepMaHil0 Ha CerHeTOCJCKTPUYHI BJACTHBOCTI KBAHTOBHX
napaejgektTpukib (Pb,Sni.,):P2(Se,S)s

[TpotsiromM ocTtanHiXx AecATWwIiTh BuB4Yaiach (7, p, x, y) (a3oBy niarpamy
CIMEWCTBA CETHETOCNEeKTPHUKIB SnyP>S¢ Ta edektn, sKi BHHHKAIOTH BiJ] BBEICHHS
JI0OATKOBOI KOMIIOHEHTH z Ha (a30By aiarpamy. Ha choroaHimiHii 1eHbs BkKe 100pe
BIJIOMO, III0 BBEJICHHS T€PMaHIl0 Y KaTIOHHY MiAIPaTKy MOCHIIIOE CTEPEOAKTUBHICTD
KaTIOHHOT MIATPATKH, IMiJABUILYIOUM KPUTUYHY TeMmIlepaTypy 1 3aroctproe (opmy
anoMmadnii [142,201]. Y upomy po3aisii MU pO3IIITHEMO, SIK BHECEHHS TepPMaH1I0 BIUIUHE
Ha 3arajgpHy Qopmy (a3oBoi Aiarpamu.

JUia oTpUMaHHS CErHETOENEKTpUYHUX MOHOKpucTaiiB (Pb,Ge.Sni.,..):P2(Se.Si.
x)6, OyJIM BHUPOIIEHI 3 Ta30moAiOHO1 (a3 B TepMETUYHHMX KBApIOBUX aMITysax 3
BUKOPUCTAHHSAM HOAY B SKOCTI TPAHCIMOPTHOrO areHta. [[ns oTpumaHHs SIKICHUX
KpucTaiiB Oyiu BUKopucTaHi eneMeHTd Sn (99.99%), Pb (99.99%), P (99.999%), S
(99.99%), Se (99.99%) ta Ge (99.999%). HeoOximHy KUIBKICTh OJIOBA, CBHHIIIO,
dbochopy, Cipkd, CcelleHy Ta TepMaHil0 IOMIIIEHO B KBapIOBY IMPOOIPKY s
nojanbioi romorexizamii npu 650° C mporsrom ogHoro TwxHs. Ilicas uworo,
IOPOTATOM TPHOX J10 BiOyBajacs nepekprcTanti3alis HUIsIXoM TPaHCIIOPTYBaHHS apu
MK rapsiaoro (650° C) Ta xonoaHoro 30Hamu (630° C). Ha HacTynmHOMY eTarli XoJIoaHa
30Ha OYHIIAJAch HArpiBaHHSAM, Micas 4oro ii oxojomxyBamu go 615° C ra
BUTPUMYBAJIM TMpU I[Id TeMmmeparypl A0 TOSBH BI3yallbHO CIIOCTEPEKYBAHOIO

KPUCTAIIYHOTO sApa. 3 LbOTO MOMEHTY IMOYMHAETHCS PICT MOHOKPHUCTAIIB, KU
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TpUBa€e Maibke OAUH Micalb. Ha dYac 3akiHUEHHs NOpOLECYy pOCTy rapsya 30Ha
KBapuoBoi TpyOku Oyna aOCOMIOTHO YHCTOIO, IO CBIAYUTH MPO TIOBHE
MacoOIIePEHECEHHH.

Jlst mocumiKeHb TerioBoi Audy3ii 13 KpucTaiiB Oyyd Bifpi3aHi i MiATOTOBICHI
TOHKI IUIOCKONApajelibHl IJACTMHKH 13 TMOBEPXHSAMH, MEPHEHAUKYIIPHUMHU
kpuctasiorpadiunoMmy Hanpsmky [100] 1 ToBmmHOWO B aiama3oni 500 - 550 mxwm. s
BUBUYEHHS AaHOMaliil KpPUBHUX TEIJIOBOI Au(y3ii Ta AnsS MEepeBIpKU MOKIMBOTO
TEMIEPATYPHOTO TiCTEPE3UCy IIBMJKICTh 3MIHM TEMIEpAaTypu BaplloBajach B
marma3oni 100 - 10 mK/xB.

I[J'I?I KpI/ICTaJIiB szPzS6, (Pbo,ggG@o,oz)szS@ (Pbo,7sno,25Geo,05)2P286 Ta
(Pbo.7Sng25Geo0s)2P2Ses, OKpiM  KaJOPUMETPUYHUX JIOCTIDKEHb, TaKOXK OyiH
BUKOPHUCTAaHI JaHl 1 MO [JIEJeKTPUYHMM BHUMIipIoBaHHsIM [6, 216]. Jns 1mworo
JOCTIKEHHsT OyJu MIATOTOBJIEHI TUIOCKOMapajelbHl MIACTUHKH TOBIIUHOIO 2 MM 3
MOBEPXHAMU  IUIOIIEI0  ONM3bKO 15  MM%,  NEpPIEHAUKYISPHUMH  JIO
kpuctanorpagiusoro HanpsMky [100]. [TapanenbHi moBepxHi MOKPUBAIKUCH TACTOIO 31
cpibia s Kpawmoro €JeKTPUYHOro KOHTakTy. KomiuiekcHa JiesieKTpudHa

CIIPUHHATIUBICTE y = ' +iy" BUMIpsAHA 32 JOMOMOTOK eMHicHOro MocTy HP4284A

B aiama3oHi yactoT 50 kI - 1 MI'u. s gociipkeHHsT TeMIiepaTypHOi 3a1€KHOCTI
JIENEKTPUYHOI MPOHUKHOCTI 3pa30K MOMIIIABCS B TEIIEBUM KpiocTaT MK JBOMA

MI1JIHUMH TIPOBITHUKAMU (KOHTAKTaMH).

4.2.1. TensioBa qudy3is 3mimanux kpucrajiis (Pb,Sni,):P2(SexS1-x)s 3 repmaniem

VY xpucram SnyP»(Sep2Sos)s 3amimieHHss osioBa 5% repMaHilO MiJIBUILYE
kputnuny Temmnepatypy 3 300.93 K go 307.13 K (puc. 4.8 (a)) 1 poOuTh aHOMAJIIIO
mupIIow ta posmuroro. s kornentparii TJI (puc. 4.8 (6)) KpUTUUHUM 1HICKC o =
0.34 [42] 1 3menmyeThesa 10 a = 0.25 [142] ast (Snp.osGeo.os)2P2(S€028S0.72)s. Taki
3HAYEHHSI Y3TO/UKYIOThCA 3 TEOPETUYHUMH, OIIIHEHUMH AJis1 cucteMu Jliunigs, ski He
BPaxOBYIOTh CHJIbHI JUIONBHI B3aemonii. Y Bumaaky TJI B omgHOBICHOMY

CErHETOCTIEKTPUKY OYIKYIOThCS JIUIIE HEBEIWKI MYJIbTHUIUTIKATABHI  KOPEKIIii
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CepeHBONONIBOBOT TOBEMIHKU [167] y kputuuHid oOnacti. OTKe, 3HAYCHHS O,
OTpUMaHe I 3MimaHoro kpuctama SnyPa(Sep23S072)s, BKazye Ha Te, 1m0
JIOBTOXBHJIbOBI B3a€MO/Ii1 HE MAIOTh CHJIBHOTO BIUTMBY Ha KPUTHYHY TIOBEIIHKY Y I
cucteMi. Ile Moxxe OyTH TOB'SI3aHO 3 YACTKOBUM €KpPaHYBaHHSM JIUATIONb-IUATIOIHHOT

B3a€MO/I11 HOCISIMU 3apsily B CETHETOENEKTPUUHUX HaMiBIPOBIAHUKAX SnaPa(Se S x)e.

' 030
) 0.25

Ao.24_ -

Lo} 0.20 0.24

s | 0.20

= 018 F 0.15 0.18

=" 0.18

O o1st 0.10
L (a) (6) 0.12 0.16
1 M 1 " 1 " 1 L 1 M 1 N 1 " 1 L L M L L 1 " 1 L 1
295 300 305 310 275 280 285 290 255 260 265 270 240 250 260

TemnepaTtypa (K) Temnepatypa (K) TemnepaTtypa (K) Temnepatypa (K)
Puc. 4.8. Anomamii TeroBoi qudy3ii B okosi ®IT ais: (a) - SnaPa(Seo2S0.8)s
[42] Ta (SngosGeoos)2P2(Se02Sos)s, (0) - SnaPa(Seo2sS072)s [42] Ta
(SnposGeoos)2P2(Se028S0.72)s  [142], (B) - SnpPa(Se0sSos)s [42] Ta
(Sno.95G€0.05)2P2(S€0.4S0.6)6, (T) - (Sno.9sGe0.05)2P2(Se€0.5S05)s. Lludpa 1 Bkazye
Ha Kpuctaiaum 0e3 BMICTy TepMaHiio, a mudpa 2 — mius kpuctaiiB 3 5%

repMaHiio.

Sk BKe 3a3HAYAIOCh B PO3ALIL 3, KOJIM MU PO3TIIAAANU €(EeKT BBEACHHS CBUHIIIO
y KpUCTalax 3 y > yry, KU MOJSATa€ B OUEBUIHIIIOMY PO3IIJICHHI TapaeaeKTPUIHOT
Ta CErHETOENEKTPUYHOI (a3, y BUNAJKy repMaHilo, SK MOKHa 1mo0ayutu Ha puc. 4.8
(B, T), ILOTO HE BIAOYBAETHCS, XOUa K 1 Y BUMAAKY CBUHIIO, BHECEHHS T'€pMaHIIO
OpU3BOJUTH JO TEBHOIO pO3MUTTS aHomamiii. Ha xamp, sKicTh KpucTana
SnyPy(SepsSos)s, ¥y SKOMY pPO3IIIEHHS MOXE OYTH TMOMITHIIIMM BHSBUJIACH
HEJOCTAaTHBOIO [Tl TOPIBHSAHHS HOT0 13 KPUCTAJIOM 13 BMICTOM TepMaHito. O4eBUIHO,
10 Y MOJAJIBIIIOMY TaKOX 0YJI0 O 1IKaBUM JOCTIIUTHA KPUCTAIH 3 BMICTOM CEJICHY X =
0.6, 0.8. Jns xpuctamy (SngosGeoos).P2Ses 7; maiixe He 3MiHIOEThCA, a 1
niaBuiLyeThes Ha Maibke 3 K (puc. 4.9). Otpumani pe3ynbTati JOCTIIKEHHS TEeTJI0BO1
nudy3ii MOXYTh CBIAYMTH TIpO Te€, IO TepMaHId TrajabMye pPO3IICIJICHHS
napaeaeKTPUUHOI Ta CErHETOCIIEKTPUYHOI (a3 i 3pa3KiB 13 KOHIEHTPALIEIO CEJICHY,

BUIIIe KOHIIeHTpalii JIidrmmis.
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120 200 210 220 230
Temnepatypa (K)
Puc. 4.9. Anomanii TeroBoi nudysii B okomi DI gusa: Sn,P,Ses (1) Ta

(Sno,95G60,05)2P2866 (2) I[aHl JJIs1 Sl’lszSe6 B34TI 3 [42]

4.2.2. KBaHTOBHMiIl mapaejJileKTPUYHUII CTAH Ta KPUTHYHA TOBEeAiHKA B
cerneroenexkTpukax Sn(Pb):P.S(Se)s

Hns  xpucranmy  Pb,P,S¢  TemmeparypHa — 3aliekKHICTh  JIICIEKTPUYHOT
cupuitHsTuBoCTi y'(7T) [216] moka3zye MOHOTOHHHMI picT mpu oxonoxeHHi 10 20 K 3
JeSKUM BiIXWICHHSM Bin JiHiHOCTI HIk4ye 50 K (puc. 4.10 (a)). [Ipu 3amimienHi
CBHUHITIO JIBOMa BIJICOTKAMH TE€PMaHII0 CHOCTepiraerbcs 4iTkuii MakcumyMm y'(7)
om3pko 30 K (mpm gacroti 1 MI'm) (puc. 4.10 (0)). s onucy TemmepatypHUX
3QJIEKHOCTEH JIISIEKTPUYHOI CIIPUMHATIMBOCTI KBAHTOBUX MapacieKTPUKIB y poOOTI

[216] aBTOpHM BUKOpHUCTaIU piBHAHHS bapperrta [217]:

C
— cw
(1) = 2 (4.4)

L 1

— |coth| — |-T.

2 2T
ne Ccow—konctanTa Kropi-Betica, 7. — kiiacnyHa napaenekTpuyuHa Temmneparypa Kropi,
X0 — TEMIIepaTypHO He3aJe)kKHa KOHCTaHTa, 1; — TOYKa MOAUTY MiXK HU3BKHUMH
TEMIEpaTypaMu, JIe BaKJIMBI KBaHTOBI edektH, Tomy (7) BIOAXHIAETHCS Bi 3aKOHY
Kropi-Beiica, Ta o61acTio BUCOKOI TemMIepaTypH, Jie I1I0Th KJIaCHYHEe HAOIMKEHHS 1

3akoH Kropi-Beiica.
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Puc. 4.10. TemneparypHa 3alIeXHICTh NIHCHOI YaCTUHU TEMIEPaTypHOI
CIIpUUHATIMBOCTI 11 Kpuctany Pb,P,S¢ mpu 100 xI'm (a) Ta mus
(Pbo.9sGe0.02)2P2Se mpu 10 It (6) 3rimHo 3 mammmu [216]. BceraBkm

0Ka3yoTh noBeiHKy x(T) ' ~ T?. Oparkesi JIiHii — miAroHKY 3riaHo 3 (4.4).

VY Garathox BUIIaJKaxX TEMIlepaTypa mnepexonay anpokcumyerbes Ha 1. < 0 K, 1
MaTepiall HE 3a3Ha€ CETHETOEJEKTPUYHOro (ha30BOTO Mepexoay Mpu OyIb-sKii
HeHyJb0BIM Temmneparypi. Komu, T, € Hiwkue vyns 1 7, < T;, kBaHTOB1 uryKTyarrii
NOPYIIYIOTh JaJIEKO/II04Y€ CErHETOCNEKTPUYHE BIIOPSIKYBAaHHA 1 CTaOUII3yIOTh
KBAHTOBUW IMIAPACIICKTPUYHUN CTaH y 3pasKy. ﬁMOBipHI/HZ CETHETOCIIEKTPUIHUI
nepexig BiaOyBaeTbes npu 1, [218]. 3rigHOo 3 MICIEKTPUYHUMU JaHUMH [216] s
kpuctany PboP»Se (puc. 4.10 (a)) BimxwieHHs BiJ MOBEIIHKN bapeTTa moYMHAETHCS
omm3bko 75 K. Otpumani 3HaueHHs napametpiB (7; = 190 K ta T, = - 376 K) s
JAaHOTO KpHUCTaJla CBIAYaTh PO Te, 10 MaTepiai He 3a3Ha€ cerneroeneKTpuanoro OI1
npu Oyb-sKii HEHYJIBOBIN TeMIepaTypi.

Sk Bxke OyJIO CKa3aHO B MOMEPEIHIX pO3lIax, IPU 3aMillleHHI 0JI0Ba CBUHIIEM Y
Kpucrtangax Tumy Sn,P,Se, riOpuan3aiiis e1eKTpOHHUX OpOiTaiell aHIOHIB Ta KaTiOHIB
ctae ciadioro, 3MeHIyr4n temneparypy ®II. 3 iHmoro 60Ky, repmaHiid Bijirpae
MPOTHJICKHY POJIb — BiH IMIABHUIIYE 3arajibHy CTEPEOAKTUBHICTh KaTIOHHOT MiATPATKU
B Kpuctaini. HeBenuka KiJbKICTh JOMIIIOK y KBAaHTOBUX IMapaelieKTPHUKaX MOXeE
BUKJIMKATH CETHETOCNEKTPUUHICTD [219, 220]. OTxe, MOXIMBO, 110 TepMaHId MOXKe
BIUIMBAaTH Ha KBAaHTOBHUU mapaenekTpuuHuii ctan B Pb,P,Ss. Pucynox 4.10 (6)

JNEMOHCTPYE  TEeMMEpaTypHY  3aJleXKHICTh  JIMCHOI  YacTUHU  J1€JIEKTPUYHOI
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crpuitaaTIMBocTi s kpuctana (PboosGeo2)2P2Ss 1 minrBepmxye Hekmacuuny 17
MOBENIHKY OOEpPHEHO1 IeTeKTPUYHOI CHPUMHATIMBOCTI. BHKOHaHA mMiAroOHKa
piBHsSHHSIM 4.4 TeMmepaTypHOi 3aJeXHOCTI JIMCHOI 4YacTUHHM J1eJIeKTPUYHOI
COPUMHATIAMBOCTI JUIsi KPUCTadiB, JIETOBAHHUX TepMaHieM, Jaja HaCTYIHI
temriepatypu: 7; =207 K ta T, =40 K [216]. Ockinbku aiist (PbgosGeo.02)2P2S6 T < T,
MO’KHa 3pOOWTH BUCHOBOK, IO JAJICKOJiI0YEe CETHETOCTIEKTPUUHE BIOPSIKYBAHHS Y
3pasKy, 3 TepMaHieM, MOPYUIY€ETHCS BHACTIIOK A1l KBaHTOBUX (DayKTyauiid Hukue 207
K, a MOXJIMBUI CerHeTOEIEKTPUUHUN TEepeXia BiIOYBA€ThCS B 00JacTi TeMIepaTyp
Mk 40 K 1 80 K (puc. 4.11). BBenenns repmanito, HMOBIPHO, BUKJIUKAE JEAKE
PO3YIOPAIKYBaHHSI 1 3MEHIIY€E AIMCHY YacTHHY crnpuiHsATIuBocTi Hikde 80 K,

BIIXWJIAFOYMCH BiJ nmoBeaiHku bapperta (puc. 4.10 (0)).

420 0.30
415 teo 0.25
41.0 I?,
. 0.20
40.5 5 -
— _ y
400 k5 0.15
395 0.10
3
390 F
L . : . 0.05

50 100 150 200 250 300
TemnepaTtypa (K)

Puc. 4.11. TemnepaTypHa 3aJIeKHICTh A1MCHOT (CHHI KBajpaTH) Ta ySBHOL

(4epBOH1 KPY’>KKH) YACTUHU JieJIeKTpuyHOi cipuiiHatiauBocti npu 100 k'

1utst KpucTanny (PbgosGeo.02)2P2Se 3rimuo 3 maammu [216].

[Tix gificHOT YaCTUHU A1€JEKTPUUHOT CIPUHHSATIMBOCTI € IIUPOKUM. TaKOX TYT €
JIBa MIKH YSABHOI YACTHHH A1€IEKTPUYHOT COPUNHATINBOCTI 3 YACTOTHO-AUCIIEPCIHHOIO
MOBEIHKOI0, a TeMIIepaTypH MikiB cTaHOBIATH O0au3pk0 S0 K 1 100 K mpu 100 kI
(puc. 4.11). MoxnuBo, 1€ TOB'S3aHO 3 (QUIYKTyallisMd Macd B KpHCTai
(Pbo.9sGe0.02)2P2S6. KpiM TOrO, MOCHTH MIBHAKA JWHAMIKA JIOKAIBHHUX JHUIONIB 1
MOBUIbHIIIA JUHAMIKa HEB3a€MOII0UMX a00 CIabKO B3a€EMOJIIOYMX HAHOKJIACTEPIB
MOXXYTh BH3HA4YaTH IMUPUHY (Pa30BOTO TEPEXOAy, IHAYKOBAHOTO TE€pMaHieM, 3

BIJIMIOBITHOI0 YaCTOTHO-TEMIIEPATYPHOIO TMOBEIIHKOK aHOMANIM J1eTECKTPUIHOT
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CIIPUHHSITIMBOCTI, TIOAI0HE CIOCTEPITaEThCs Y BUMAAKY KPOCOBEpa MK JUIOJIbHUM
CKJIOM Ta CETHETOEJEKTPUUHUM peiakcopoM [219, 220].

Sk Bxe O0yno nokazano B [118], ms 3mimanux kpuctanis (Pb,Sni_,)2P2Se 3 y =
0.61 ta y = 0.66, OIM3bKHUX 10 MEPEXOAy MpPH HyJIbOBIM TemmepaTypi BiJ MOJSIPHOI
dasu (y < 0.7) mo mapaenektpuunoi (y > 0.7), mienekTpuyHa CIPUHHSATIUBICTDH
JIEMOHCTPY€E KBAaHTOBY KpUTHYHY TOBeIHKY Tipu 1. =~ 35 K 1 20 K BignosigHo. Tomy
JOCTIKEHHSI KPUCTAIIIB 3 BULIOIO KOHIIEHTPAIIIEI0 CBUHITIO OYJI0 BKpail HEOOX1THUM.
Yy KpucTajiaax (Pbo,7SHO_25GCo,05)2PQS6 Ta (Pbo_7SI’10,25GCo_()5)2P2SC6 KaT1OHUA Sl’l2+
OJIHOYACHO 3aMilllyBaJliCh ABOMA Pi3HMMHU aromaMu — Pb** ta Ge?*, saxi MaroTh ayxe
pisHui BB Ha (a3oBl mepexoau. BaxmmBo, mo0 3aMillleHHS OJIoBa Malio
HaWCWIBHIMN  epeKT, OCKUIbKM cerHetoenekTpuunuit  ®OII  iHgykyeTbes
CTEPEOAKTUBHICTIO HEMOIIEHOT apu KaTioHa 5s* Sn**.

TemmepaTypHa 3aJeXHICTh MIMCHOI Ta YABHOI YacTUH JII€JIEKTPUYHOI
cpudinsTimBocTi npu 10 xI'm gna  kpuctamB  (Pbg7Sng2sGeoos)P2Se  Ta
(Pb7Sng25Gepos)2P2Ses [216] (puc. 4.12) mpu  OXOJOKEHHI BiJ KIMHATHOI
temmnepatypu 10 20 K menepeprno 3pocTtae. [Ipu T ~ 50 K nins (Pbg7Sng 25Geo 05)2P2S6
CIIOCTEPIraeThCsl MaKCUMYM JleleKTpuyHuX BTpar npu vyactoTi 100 xI'1 (puc. 4.12
(2)). 3aIeKHICTH 00EPHEHO]T AiENEKTPUYHOI CIIPUAHATIMBOCTI Bij Temmeparypu 77 s
kpuctatiB (Pbg 7Sng 25Geo 05)2P2S6 Ta (Pbg7Sng 25Geo 05).P2Ses ieMOHCTpy€e HEKITacCuUHy
MOBEIHKY SIK 1 y BUMaAKY 13 KpuctaaoMm (PbgosGeon2).P2Se (puc. 4.10). 3 mporo
BUIUIMBAE, 110 CETHETOEJEKTPUYHA KBAHTOBA KPUTHUYHA TMOBEJIHKA € BIJIHOCHO
HEYYTJIMBOIO JI0 3racaiyoro po3ymnopsiAKyBaHHS B JIETOBAaHUX 3pa3Kax Ta 3MiIIaHUX

KpHUcTasax.
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Puc. 4.12. TemmeparypHa 3aleXHICTh JIHCHOT YaCTUHU MiCIEKTPUIHOL
cnpuitHSTIHBOCTI st kpuctanmy  (Pbo7Sng2sGeoos).P2Se (a) Ta ms
(Pbo.7Sng25Geo.05)2P2Ses (06) mpu 10 kI’ 3rigHo 3 manumu [216]. BeTaBku

0Ka3y10Th MOoBeAIHKY y(T)”’ ~ T%. Opamkesi JiHil — miAroHKHU 3rigHo 3 (4.4).

3acTocyBaHHs Bupasy (4.4) 10 eKkciepuMeHTalIbHUX AaHuX [216], 1amo HacTyIHI
napametpu: 7, = 70 K, 7. = - 4 K ta Ce = 30670 K. CnioctepexeHa TemieparypHa
MOBEJIIHKA J1EJIEKTPUYHOI CIPUHUHSTIMBOCTI 1eMOHCTPYE, 1110 (Pbo7Sng25Geo 05)2P2S6
OYEBH/IHO 3a3HAE JIESIKOTO HEOJHOPIAHOrO MOJSPHOrO YHOPSJKYBaHHS TPH JIyXKe
HU3BKUX TeMIIEpaTypax.

AHaJIOT1YHO, TeMIIepaTypHa 3aJeKHICTh JIEIeKTPUIHOI cripuiHATIUBOCTI € (7))
st kpuctana (Pbg7Sng2sGeoos).PaSes [216] mokazana nHa puc. 4.12 (6). Ilpu
oxomnokeHH1 Big 300 go 20 K gactoTHa nucnepcis sk y', Tak 1 y" 3’ sIBISIETbCA HUXKYE
70 K. 3riiHo 3 MAroHKaMu €KCIIEpUMEHTATILHUX KPUBUX PIBHSAHHAM 4.4 BCTAHOBJICHO,
mo 7= 55K, T. = -6 K, Cow= 34260 K [216]. Bugno, 1m0 B 3miniaHOMY KpUCTaTi
(Pbo.7Sng25Geoos).P2Ses  BBeleHHS TrepMaHilo 1HAYKY€ HEOJHOPITHE TOJISIpHE
YHOPSAIKYBAHHS MPU HIKYUX TEMIIEpaTypax aHAJIOTIYHO KpUCTATy CyabQiy.

B ninmomy, 3riHO 3 pe3ynbTaTamMu JieAESKTPUIHUX JOCTIHKEHh MOXKHA 3POOUTH
BHUCHOBOK, 110 Kpuctaiu Pb,P,S¢ neMOHCTpYIOTh KBAaHTOBH MapaeaeKTPUUHUM CTaH.
[Tpu BBeieHHI HEBEMUKOT KUTBKOCTI T€pMaHIiIO 3’ ABIISETHCS CETHETOCNEKTPUYIHA (ha3a.
OueBuaHO, 110 y 3MilaHuX Kpucranax, Hrkue 70 K mposBisieTbest 1yske HEOTHOPIIHE

MOJISIPHE BIOPSJKYBaHHA (SIK Yy JUIIOJIBHOMY CKIIOMOAIOHOMY ab0 pelaKCOpHOMY
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CTaHi).

3 oTpuUMaHHUX pe3yibTaTiB MIATOHOK MOXKHA MOOAYNTH, MO 3aNexHICTh ¢'(T) 3
ypaxyBaHHSAM KBAaHTOBUX (hIyKTyarliil Ay cnoiayku PboP»Se nependauae 3nauenus 7,
BIZITIOBIJTHO J10 3a51€HOCTI T(y) [uid 3Mmimanux kpucranis (Pb,Sni.,),P»Se. [Ipu nipomy
3Ha4YeHHs 7 CUJIbHO MPUTHIUYETHCS B 3MilIaHUX Kpucrtanax - Big 190 Ky Pb,P,Se ta
207 Ky Bunaaxy (Pbg.9sGeo 02)2P2S¢ 1o T; = 70 K y po3uuni 3 y = 0.7. Take 3HIKEHHS
KpOCOBepy TemriiepaTypu 7; BiJ KJIACHYHOI O TMOBEIIHKM KBAaHTOBHUX (IIyKTyarliif
MO>K€ TPAKTYBATHUCS SIK TPOSIB KBAHTOBOI JECTPYKIIT KOT€PEHTHOCTI AJI €EKTPOHHOL
CKJIaioBoi  (IyKTyallli  CHOHTAaHHOI  MOJspHU3allii, AKI  BHU3HAYAIOTHCS
JIUCIIPOIIOPIIIONYBaHHAM 3apsay Kartiomamu docdopy P + PH «— P + P>,
EnexTpoHHUI BHECOK Y CIIOHTAaHHY MOJISIpU3AIli0 MOB'A3aHUH 13 KOT€PEHTHUM CTaHOM
NOJIIPOHHUX EKCUTOHIB — MOJSIPOHU MaluX OIPOK y CTPYKTypHUX Tpymax SnPS;
MO€ETHAHI 3 MAJTMMH €JICKTPOHHUMHU MOJISIPOHAMHU Y HAHOIMKYINX CTPYKTYPHUX TpyTHax
SnPS; [140, 221]. O4eBuaHO, IO TaKi MOJSIPOHHI €KCUTOHU CHJIBHO OOMEXKEHi
nedexTaMu 3MIMIaHUX KPUCTAJIB, 10 MIATPUMY€E PO3BUHEHHS KBAHTOBHUX (PIIyKTYyaIliif
IIPU 3HUKEHH] TEMIIEPATypH.

Ha pucynky 4.13 nopiBHIOETbCS TeMIiepaTypHa 3ajeKHICTh IIACHOI Ta YSBHOI
YaCTMHMU  JleNeKTpuuHoi  copudHsTmMBocTi  ania  (Pbo7Sng25Geg 0s)2P2Se,
(Pbo.9sGe0.02)2P2S6 Ta PbaP2Se [216] pazom 3 (PbgeeSng34)2P2Se Ta (Pbos1Sng39)2P2Se
nocaimxkennumu B [114]. Moxna mob6aunTy, mo AieIeKTpUUH1 aHOMaJli, COpUYUHEH]
reépMaHi€EM, PO3MUBAIOTHCA AHAJIOTIYHO CIOCTEPEKYBAHMM AHOMAJISIM Yy BHUMAJKY
TBepAuX po3uuHiB (Pb,Sni.,)2P>S¢ 13 KOHUEHTpali€r0 CBHUHIIO OUII MOPOTrOBOrO
3HaueHHs ). = 0.7. O4eBuaHO, 10 B YCIX TPHOX 3pa3Kax CKJIaJHa TEIJIOBA €BOJIOIIs
BUSIBJIEHOT HEOTHOP1IHOI MOJIsIpr3aliii Bii0yBaeThCs Mpu 0xojopkeHH1 Huxkde 70 K.

Ha pucynky 4.14 (a) HaBeneHl €KCIIEPUMEHTAIbHO OTPUMAaHI KPUBI TEMJIOBOI
I[I/I(l)yBi'l' JJIs1 KpI/ICTaJ'IiB (Pb0,7Sno.25Geo,05)2P286 Ta (Pbo,7Sno,25Geo,os)szs%,
TennonpoBiAHICTh k JOCHIKYBAaHMX KpHUCTajiB Oyja OTpUMaHa 3a JIOMIOMOIOKO
piBHsiHHS 2.2. Jlns 1OrO BUKOPHCTOBYBAIACh pPO3paxOBaHl TEIUIOEMHOCTI IS
kpuctamB (Sn,Pb),P,S¢ Ta nani ekcnepumMeHTanbHO OTpUMaHOi TeroeMHocTi [118].

Y Bunaaky (Pbg7Sng25Geoos).P2S¢, TOBemiHKa TEIONPOBIMHOCTI MOAIOHA [0



136

CKJIOTIOZIIOHUX MaTepiajiB, 10 JIEMOHCTpy€e€ e(deKTUBHE PO3CitoBaHHS (DOHOHIB Yy
TBEPAUX PO3UMHAX 3 MIAIPATKOIO, sIKA CKJIAJAETHCS 13 CyMillll KaTIOHIB 0JIOBa Ta
CBHHITIO. Jlo1aBaHHS TepMaHiio, IMOBIPHO, 1€ CUJIBHIIIE TJCHUITIOE CTaH JUTIOJIHLHOTO
ckia. Jlumie HeBenMKUIl BHECOK y TEIUIONMPOBIAHICTG MpPH JOJAaBaHHI T'€pPMaHIIO
cnoctepiraerscs B iHTepBaii Temnepatyp Big S0 K 1o 120 K (puc. 4.14 (6)), uro 6yino
M1ITBEPPKEHO TOAATKOBUMH JOCITIKEHHSIMH TEMIIEpaTypHOI 3aJIe’KHOCTI JIIMCHOT Ta
ySIBHOI JIIEJICKTPUYHOI CHPUMHSATIMBOCTI Npu pi3HUX dYacTtoTax (puc. 4.15),
MPOBEJCHUMH JJIi TBEPAMX PO3YMHIB 13 BMICTOM TrepMaHiio [6]. AHajiorigysa

MOBEJIIHKA criocTepiraeThes Takoxk st (Pbg7Sng25Geo os)2P2Ses.

o (Pbgg1SNg 30),P,Ss
(Pbg 65SNg 34)2P,Sg

o (Pbgg1Sng36),P2S6

(Pbg 66SNg 34)2P>S6

(Pbg 708N0 25G€0 05)2P2S¢] & (Pbyg 705M0 25G¢ 05)2P2S6 7]

Pb,P,S; v Pb,P,S, 7]

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temnepatypa (K) TemnepaTtypa (K)

Puc. 4.13. TemneparypHa 3aJIeXHICTh JIACHOI (a) Ta ysBHOi (0) 4acTUHU
TETEKTPUIHOI CIIPUUHATIUBOCTI 1151 KpucTaiiB Pb,P2Se, (PboosGe 02)2P2Se,
(Pbo.7Sng25Ge0.05)2P2Se [216]. Takoxx 1 NMOpIBHSHHS HaBEACH1 AaHl s

(Pbo.61Sn039)2P2S6 Ta (Pbo.66Sng 34)2P2Se [114].

I3 BHECeHHAM repmanito B Pb,P,S¢, TemnepaTypHa 3anexxHiCTh TEIIONPOBIAHOCTI
B IIMPOKOMY TEeMIIEpaTypHOMY IMPOMIXKY 3aJ0BOJIbHA€E 3aKkoH EiikeHa ToOTO BOHa
mporopiiiitna o0epHeHil Temrepatypi (puc. 4.14 (B, r)). Taka 3a1€XHICTh CBITYHUTH
PO IOMIHAHTHY POJIb TPHOX(OHOHHUX MPOLECIB PO3CilOBaHHS. Y BUMAAKY KpHCTajia
Sn,P,S¢  BBEJEHHS TepMaHil0 TAaKOXK MOKpallye 3anexHicte x« ~ I B

CETHETOeNIEKTPUYHIN (ha3i.
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Puc. 4.14. a - TtemmeparypHa 3alieKHICTh TEIUIOBOI audy3ii ais

(Pbo.7Sng25Ge0.05)2P2S6 (1) Ta (Pbg7Sng25Geo 05)2P2Ses (2), (0) TemmepatypHa
3aJIKHICTh TETUIONPOBITHOCTI g KpucTaiiB (Pbg7Sng25Geo.os).P2Se (1) Ta
(Pbo.7Sng25Geo 05)2P2Ses (2), TemnepaTypHa 3aJeXHICTh TEIUIONPOBIAHOCTI
st PbyP2Se (1) (Pbo.osGeo.02)2P2S6 (2), (Sng.osGeo.os)2P2S6 (3) Ta SnaP2Se (4) B
HOpMaJIbHKX (B) Ta norapudmidaux (T) KoopauHarax. Y Bcrasui ixas x(T)
sanexuicts. Cipa MyHKTHPHA JIiHisA OKa3ye MoBeMiHKy x ~ 1. Jlaui mis D

B34Ti 3 [42, 125, 142].

Jlst kpuctana (Pbo.gsGeo 02)2P2Se TEMIOMpoBIAHICTS PU HU3BKUX TEMITEpATypax
Oinbina, HIX y BUmaaky Pb,P,S¢. lle moB's3aHo 3 1HAYKIIEHO MOJISPHUX KIIAcTEpiB
CETHETOENIEKTPUYHOI (ha3u Mpu BBEJEHHI repManito. JlienekTpuyHa CipuitHATINBICTD
TaKUX KJIacTepiB MEHIIA, HIXK CIPUHHATIMBICT MapaeleKTpu4Hoi ¢a3u, 1 4acTtoTa
HaWMEHII EHePreTUYHO M'SIKOT IOJISIPHOT ONTHYHOT MOAM 017151 LIEHTPY 30HU bpiiitoeHa

30UTBIIYETHCS. 3POCTAHHS YACTOTH M'SIKOT ONTHUYHOI MOJM 3MEHIIy€ MMOBIPHICTb
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PE30HAHCHOTO PO3CIFOBaHHS ONTUYHUX (POHOHIB aKyCTHYHUMU (HoHOHaMHU [222, 223].

[Ipn HU3BKUX TemIiepaTypax TEIIo NepeJaeTbCs aKyCTUUHUMU 1 HU3bKOYaCTOTHUMHU

OIITUYHHMH (i)OHOHaMI/I. AKYCTI/ILIHi (1)OHOHI/I 3 MaJIMM XBWJIBOBHUM YHCJIOM

31€0LTBITIOTO 3aTy9Yar0ThCS 10 MPOIIECIB HOPMAITLHOTO PO3CifoBaHHS (N-Tiporiec), mo
HE CIPUSIE TEIJIOBOMY onopy. GOHOHU 3 ONITUYHOI TJIKK 017151 HEHTPY 30HU bpimmtoena
TakoX OepyTh y4acTh y mpoliecax nepekuay (U-nporiec) BHACTIAOK Ae(EKTIB IPATKH,

AK1 3a0e3meuyloTh eQeKTUBHUM TermaoBuil omip. OTxe, 30UIBIICHHS OPCTKOCTI

ONTUYHOI TIJKM 3HWXKYE HACEJNCHICTh ONTUYHUMH (POHOHAMH Ta TIJBHIIYE

TeIIONPOBITHICTh KpucTana (PbgosGep2)2P2S¢ mpu myke HUBBKHUX

TeMIiepaTrypax
(puc. 4.14 (B, 1)).
450 21 A ]
400 10 2 ETY il el
I o oslF iR A 240ky
"= 350 1 "= & o v 480y
L :' TPk ¢ 1My
300 1 al s
250 1 2
[ 1 1 1 0
50 100 150 200 50 100 150 200
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- v 480ty { _ 6 43 v 480kMy -
"= 700 L e My 1 T '{3 + 1My
4+ -_:“-'3 E
600 | ] S % |
(8) (r)
hd , , , : &
50 100 150 200 50 100 150 200
Temnepartypa (K) Temnepatypa (K)
Puc. 4.15.

TeMrmeparypHa 3aleXHICTh INCHOI Ta YSIBHOI YacTUHH
JENEKTPUYHOI CHOPUMHATIUBOCTI MPH PI3HUX YaCTOTaxX MJIsi KPHUCTAJIB
(Pbo.7Sng25Geo.05)2P2S6 (a, 0) Ta (Pbg 7Sng.25Geo 05)2P2Ses (B, T) [6].

BuieBnknazgene  TMOSICHEHHA — Y3TO/KYETbCS 13 TOPIBHSHHSAM — 3MIHU

TEMIIEPATYyPHUX 3aJICKHOCTEH TIeNEKTPUIHOT CIPUMHATINBOCTI Ta TETIONPOBITHOCTI,
iHayKOoBaHOi repmanieM (puc. 4.16). Ilpu oxonomxenni Huxkde 100 K pizHung y

TEIUIONPOBITHOCTI MK KpucTanamu (PbgosGeo 2)2P2Ss Ta Pb,P2S¢ mBHIKo 3pocTae, 1
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HaBMaku — JICJIEKTPUYHA CHPUHHATIUBICTE Kpuctayia (PbgosGep2).P2S¢ mBuaKo
3HUXKY€EThCS BITHOCHO Pb,P,S¢. Taka HU3bKOTEMIIEpaTypHa €BOMIOLIS Ji€IEKTPUIHOT
CIIPUMHSITIMBOCTI, BUKJIMKAaHA TIepMaHieM, BigoOpa)kae KOPCTKICTh (301IbIICHHS

YaCTOTH ) HAWHIKYOT MOJISPHOI ONTUYHOI MOAM OIS 1IeHTpY 30HM bpimmtoeHa.

25 |B

-K
6 Pb,P,Se

« 20 R

-
w

e =
v

K (Pbg esGeg oz)2P
oo’

o
o
—

50 100 150 200 250 300
Temnepartypa (K)

Puc. 4.16. TemneparypHa 3aJ1€XHICTh TEIUIONPOBIIHOCTI Ta JIEJIECKTPUYHOI
cpuitHATIHBOCTI [216] mnst kpuctaniB (PbgosGep02)2P2Ss Ta PboP2Se. Jlani

s D B3sti 3 [135].

Sk BxKe 3a3HAYANIOCH Y MOMEPEIHbOMY MIAPO3/LI, TpH modyAoBl T — A niarpamu
g kpuctranis (Pb,Sni,).P>Se, mapamerp 4 3anexuTh Bl 3MIHM PI3HHLI MK
HEHTPaJbHUM Ta OIYHUM MIHIMyMam# y JIOKaJIbHOMY MOTEHI[iaNi, KU BUHUKAE
BHAC/IIOK 3MIHM KOHIIGHTpAIlii OJOBa/CBUHINIO Yy KaTiOHI. TakuM 4YWHOM, IS
BU3HAUYCHHSI KOOPJIMHATH BipTyasibHOTO “Ge,P2Se” Moke OyTH BUKOpUCTaHA MOJIETh
KBAaHTOBOTO aHTapMOHIYHOTO ocumistopa [140], sika 103BoJiss€e BU3HAYUTUH (POpMY
JIOKQJILHOTO TMOTEHIany. Y Il Mojell peajdbHa KpUCTaJliuHA IpaTKa SBISIE COOOIO
CHUCTEMY OJTHOBUMIPHUX B3a€EMOJIIOYNX KBAHTOBUX aHTAPMOHIYHUX OCITUIISITOPIB.

JlokanpHl moteHmianu qus kpuctams Pb,P,Se, Sn,P>S¢ Ta BipTyamsHOTO
kpuctaia "Ge,P,Se", Ak1 Oynu BU3HAuYEHI 3a paHillle OMUCAHOW MeToaukoro [140],

nokaszadi Ha puc. 4.17 (a). BoHun xapakTepusyrOThCs HACTYITHHUMH YacTOTOIO (o,

TGMHCpaTypOIO Tx Ta B1AITIOBIIHUMU 3HAYCHHAMU HYJIbOBO1 eHeprn E0 = 0.

- szPzS6 — o~ 47 CM'I, T.=72 K, Ey)=0.003 CB;
- SnyPrSe — g = 60 CM'I, T, = 86 K, E)=0.004 CB;
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- GeyPrS¢— wo = 80 CM'I, T.=115 K, E)=0.005 eB.
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Puc. 4.17. a - poszpaxoBani jokanpHi moteHuiamn npu 7 = 0 K 3
BUKOPHCTAHHAM MOJIEJIi KBAaHTOBHX AaHTApPMOHIYHHMX OCIHJIATOPIB ISt
kpuctamiB PboP>Se (1), SnaP2S¢ (2) Tta BipryamsnHoro “GeP>Se” (3).
Temnepatrypa @Il sk QyHkmis mapameTpa 4, po3paxoBaHa B paMKax
cepeaHbononpoBoro HaommkeHHs Mozeni BEI' [140]. YopHa mTpruxoBa jiHis
nokasye @Il I pony, dopna cyuinsHa — ®@II 11 poxy. CuHIM TpUKYTHUKOM

I[NIOKa3aHa TPUKPUTHUYHA TOYKA, 4 KOPUIHEBOIO 3ipO‘IKO}O — KBAaHTOBA TOYKaA.

dopMa JIOKATLHOTO TOTEHINIATy CIPHUSE MO3AICHTPOBOMY 3MIIICHHIO KaTiOHIB
Sn?* B SnyP»S¢ a60o Pb?* B Pb,P»Se, 1110 BUKIIMKAE JOKAIHHUHA €JEKTPUYHUNA JTUTOJIb.
JlokanbHi JUIIONI MPpU 3aJlaHiil MDKKOMIPKOBIA B3aemoaii J; HE MOXyTh OyTu
BIIOPSAIKOBaHI 0 HAWHIKYMX TEMIEpaTyp y BUMAAKy Kpuctaima Pb,P,Se, ame Tyt
CErHETOENIEKTPUYHI OCHOBHI CTaHU MOXYTh OyTH JOCSATHYTI 3a JOMOMOTOIO
3aMINICHHS KaTIOHIB CBUHITIO KaTiOHAMHU 0JIOBAa a00 TepMaHio.

[Ipn HU3BKUX TeMIlepaTypax, IJIsl CETHETOEJEKTPHUKIB KBAHTOBI (hIyKTyalliiHi
CJICKTPUYHI JUMNONI 3’€IHYIOThCS 10 MNPYKHUX CTYMNEHIB BiIbHOCTI. KBaHTOBO-
KpUTHYHA (aza B TPUBUMIPHOMY MpocTopi d MIATBEPUKY€E Te, IO IICICKTPUYHA
CIIPUMHSTIMBICTD 3aJICKHUTH SIK BiJ] CTATUYHUX, TAaK 1 BiJl JUHAMIYHUX (3QJI€KATh BIT
YaCTOTH) BJIACTUBOCTEH CHCTEMH, IO MPHU3BOJIUTH 10 TOTO, IO B 0araTOBICHUX
CETHETOCNIEKTPUKAX, TakuX sK mnepoBckiT SrTi0s, 3pocTae eQexkTuBHA PO3MIPHICTS -
der=d + 1 =4 [224, 225]. B 04HOBICHHX CErHETOCIEKTPUKAX, KPIM KOPOTKOIAIFOUUX

B3a€EMOJIIN, aHI30TPOMHI EJeKTPUYHI IWUIOJbHI B3aeMOJIi Ha BEIWKIA BiACTaHI
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3a0€3MeuyoTh MoAablile 30UIbIIeHHS e(PeKTUBHOT POo3MIpHOCTI 10 der =d +2 =5
[226, 227].

Huns SrTiOs; HEMOHOTOHHAa TeMIepaTypHa 3aJeKHICTh  JIIEJEKTPUYHOT
COPUMHATAMBOCTI Hmk4e 25 K BHUHHMKaE mnpu B3aeMOAIl MK ONTHYHUMHU 1
aKyCTUYHUMHU (HoHOHAMH (eeKTpocTpuKilisi) [225]. Pict o6epHEHO1 JieIeKTPUIHOT
CHPUIHATIAMBOCTI B110yBaeThes TO1, kosu 1 Menie 10% Bin Ty, ne Ty - Temneparypa,
MOB’s13aHA 3 YACTOTOO M'SKO1 MOTIEPEYHOT ONTUYHOI MOJIU ® Y TIEHTP1 30HU bpimmoeHa
B MeXax HyJbOBOi TeMriepaTypu. lle o3Hauae, 1m0 MiAroHKAa JaHUX J1€IEKTPUYHOI
CIIPUUHSTIMBOCTI 10  KBAaHTOBOI  KPUTHYHOI  MoOJeini  0e3  ypaxyBaHHS
eJIEKTPOCTPUKLINHOT B3aemoAil € nouunpHoro jume it 7 > 0.1 7. s ymosa
BUKOHYEThCS JJ1s Kpuctana Pb,P,Se, ne 0.1 7, = 7 K.

Ha pucynky 4.18 HaBemeHa 3alleXHICTh OOEpHEHOT  ICIEKTPUYHOT
cnpuitHsTIIMBOCTI 1/y'(T) B miamazoni 27 - 80 K mnsa kpuctama Pb,P,Se¢ B pizauX
MaciTadax Temreparypu. 3 mopiBHIHHS puc. 4.18 (a) ta puc. 4.18 (6) BugHo, 1m0 1/y”
sMiHIoeThes AK 17 B obmacti 27 - 80 K i He 3aJ0BOJIbHAE KBAHTOBY KPUTHYHY
noseninky 7°. Bume 80 K mei kxpucran neMOHCTpye KIacuuHy noBemiHky Kropi-
Baiica (puc. 4.18 (1)). [Tiakpeciumo, 1o s kpuctana Pb,P,Se kputnanmit mokasHuK
Onmu3pkuil 10 vy = 2.0, 1m0 OOYMCIIOETHCS Ta CHOCTEPIraeThes A OaraTOBICHUX
KBAaHTOBUX KPUTHYHUX cucTeM, Takux sk SrTiOs; [224, 225], 1 He BiAmomigae
TEOPETUYHO MepeadadyBaHOMY JUIsS OTHOBICHUX CETHETOENEKTPUKIB 3HaueHHA ¥ = 3.0
[226, 227], sixi OyiM eKCIIepUMEHTAIBLHO BUSABICH] Y BUNaAKy KpuctaiiB BaFe ;09 Ta
SI'F612019 [226]

Banexuicte 1/77, BusBIEHA 1 AIENEKTPUYHOI CIPUMHATIMBOCTI y KpUCTai
Pb,P,Ss, HaTomicTh ouikyBaHOi OJHOBiCHOI moBeminku 1/7°, Ha mepmmii mormsn
MO>KHA TOSICHUTH SIBUIIIEM €KpaHyBaHHS B HaIIBIPOBITHUKOBUX MaTepiajiaX CHCTEMHU
Sn(Pb),P,S(Se)s, sika mocabaroe enekTpuyHy JTUTIOJIBHY B3a€EMO/Ii10. Take mosiCHEHHS
BBAXKAETHCS JOULIBHUM JIJISl BUILEONUCAHOT KPUTUYHOI MOBEAIHKU MOOIHU3Y TOYKU
Jlibmmnsa B 3mimanoMmy kpuctaim SnaPa(Sep2sS0.72)s, 10 BIAMOBITAE TEOPETUUHO
nepeadoadyBaHiid MOBEIHII JIJII CUCTEM 13 KOPOTKOIFOUYUMHU B3aeMoissMu [42, 142].

Ane nns xpuctaniB Pb,P,S¢ mpu HU3BKHX TemmepaTypax €JIeKTPOIpPOBIIHICTh AyXKe
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mana (mmwkue 1074 Om! em! [229]), i edexTn ekpanyBaHHS, OYEBUIHO, HE MOXKYTh

OyTH e(eKTUBHUMU MPU HU3bKII KOHILIEHTpAllii BUIbHUX HOCIIB 3apsy.

0.040 0.040 0.040 0.050
(a) (6) (B) (r)
__0.039} L 0.039} = 0.039
RS ‘ 0.045}
220038} 0.038} 0.038
0.037{# 0.037 0.037} Q050
00385502000 6000"0*® 200000 400000 -°° 4o 60 80 40 80 120 160 200
T? (K?) T3 (K?) Temnepatypa (K) Temnepartypa (K)

Puc. 4.18. OGepHeHa ieieKTpUuyHa COPUHHATIMBICTS KpUCTaa JIsl KpUCTaia

Pb,P,S¢ y pi3Hux TemneparypHux Macitadbax 3rijiHo 3 JaHUMU [216].

Sk Bxke OyJ0 Moka3aHo, s KpuctaiiB Sn,P,Se (puc. 4.6 (a), aist Pb,P2Se (puc.
4.19) M'sika onTHYHA T'JIKa B MapaeIeKTPUUHIN (ha3i TAKOXK € TIIOCKOI0: YaCTOTa M'SIKUX
(OHOHIB TPOXU 3MIHIOETHCS 31 30UIBIICHHSIM YHCIA XBUJIb 1 PYXa€ThCs BiJl LIEHTPY
30HM bpimtoeHa no kparo, Je BiIOyBaeTbes il MEPETHH 3 aKyCTHYHOI (DOHOHHOIO
rinkoro [207]. Sk Mu Bke 3a3HaYaIM Y TONEPETHBOMY TIAPO3L y KpucTam SnyPrSe
IpU 0XOJIO/DKEHHI 10 TeMiiepaTypu HenepepsHoro ®II 79 = 337 K, kpim po3BHUHEHHS
MOJIIPHUX KOJIMBaHb MOOJIM3Y LEHTPY 30HM bpluumtoeHa, B mapaenekTpudHiid ¢asi
TaKOX CHJILHO PO3BUBAIOTHCS AaHTUIIOJSIPHI DITyKTyarlii. Y 1aHoMy BUTIAJKy KPUTHUHY
MOBEIIHKY MO)XHAa OXapaKTEepH3yBaTH SIK KPOCOBEP MiK KiIacaMH YHiBEpPCaJTbHOCTI

I3unra ta ['eiizenoepra [5].

o

Puc. 4.19. Akyctuyni Ta M’siKi ONTUYHI (POHOHHI TUIKH, pO3paxOBaHl JJis

kpuctainy Pb,P,Se [140].
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Cxoxa curyallisi, 04eBHIHO, ICHY€E Y KBaHTOBII MapaenekTpuuHii (asi kpucrana
Pb,P,Ss, nme mpu oxomomxenni go 0 K mmocka ontuyHa (oHOHHA TiNKA
PO3M’SIKIIIYETHCS Yepe3 MUPOKUl 06epHeHuH npocTip y 30H1 bpiuttoena. Kpim toro,
MOJISIPHI ~ TOBTOXBWJIBOBI  (DIyKTyarii  3pOCTalOTh  pa3oM 13  PO3BHHEHHSAM
KOPOTKOXBUJIbOBUX AHTHMOJSAPHHUX (IIyKTyariii, 1, oTke, iX HeJiHIMHA B3aEMOJIs
MO’K€ 3MIHIOBATH KBaHTOBY KPUTHYHY TIOBEIHKY.

Ha pucynky 4.20 nokazana 7 — x — y — z jaiarpama Ajisi KpUCTajliB CiMeicTBa

Sn(Pb),P,S(Se)s. Bona BpaxoBye iHhopMaIliro Ipo KPUCTAIH 13 BMICTOM I'epMaHiro.

— s /1y
] n 1300

dALedauna |

°
KT

Puc. 4.20. ®da3oBa miarpama Temmneparypa — KOHIEHTpallis A KPUCTaJiB
cuctemu Sn(Pb),P,S(Se)s [100]. da3oBi mepexoau y kpucraiax 3 5%
repMaHilo Toka3zaHi (¢ioseToBuMH cdepamMH 3TIAHO 13 BJIACHUMU
EKCIIEPUMEHTATLHUMU JocmipkeHHsamMu T1a [142, 201]. Jlna kpuctamB i3
KBAaHTOBUM IIapACIICKTPUIHUM CTAaHOM BH3HAYCHI piBHAHHAM (4.4) Takox
noka3aHi 3Ha4eHHs 7, (3eneHl TPUKyTHUKHU) Ta T (KOpUUHEBI TPUKYTHUKH)
3r11HO 3 [216]. YopHi poMOuU 1o3HavaroTh kBaHTOBY TOUKY (KT) Ta KBaHTOBY
kputnuHy Touky (KKT). Jlitepu II, C Ta HC moka3yoTh napaeiekTpUuuHy

CETHETOCNIEKTPUYHY Ta HEMIIBMIpPHY (ha3u BiAMOBITHO.

3 OTO PUCYHKA J00pe BUIHO, 110 31 30UIBIIEHHSAM KOHIIEHTpAIlli repMaHiio y
kaTioHHii  migrparui, wmmpuHa HC  ¢dasm  Oyne  3menmryBatuch.  Harmi

eKCIIEpUMEHTalIbHI  JaHl 1o  KpucTalny (SngosGeoos)2P2(SeosSos)s, HMOBIPHO
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MITBEP/KYIOTh 1€, OCKUIBKHM MPHU TaKik KOHILIEHTpAIlil CeJieHy BIJCYTHE OyIb-siKe
posaineHHs ¢a3. L{ikaBum Takox Oyi0 O HOCHIIUTH KPUCTAIHU 13 OLIBIIMM BMICTOM
repMaHilo, ajie y KaTIOHHIA MiArpaTiii repMaHii MOXKe 3aMICTUTH OJIOBO TIJIBKH JI0

MIEBHOT'O 3HAYCHHSI, IKE€ MMOBIPHO BIAMOBITa€ MeX1 po3unHHOCTI [230].

BucHoBku 10 po3ainy 4

CraTtryHa Ta IUHAMIYHA KPUTHYHA MMOBEIHKA CETHETOCNEKTPUKIB TUITY SnyP»Se
ta 3mimaHux  kpucrtams  (Pb,Sni.,),P2(Se.Siy)s  perymoeTscsi  HasBHICTIO
MYJIBTUKPUTHYHOI TOYKM Ha ix (a3oBii miarpami. Ilokazano, mo ¢da3oBa giarpama
Temmneparypa-koHieHrpamis kpucrtams Sn(Pb),P,S(Se)s moxe Oyrtu ommcana B
pamkax kom6iHoBaHoi Monen BEI' — ANNNI, ska Bximtouae B cede minii TKT Ta TJI,
a TaKOX MYJBTHUKPUTHYHY TOuKy Bumoro nopsaky — TKTJI. Huwxkue temneparypu
TKTJI, ssky MOXHa BBakKaTH KIHIIEBOW To4kow JiHIi Jlidmuisg, MoXIuBHiA
«XaOTUYHUW» CTaH 13 CIIIBICHYBaHHSIM CETHETOCJIICKTPUYHOI Ta METAacTabUIbHUX
napaeaeKTPUYHOI Ta MOIYJIbOBaHOT (a3.

Kpim dpycTpariii mossipHuX KOJMBaHb MOOJU3Y LIEHTPY 30HM bpimitoeHa, B
kpuctaimi SnpP>Ss Takok CHIBHO PO3BUBAIOTHCS AHTUIONSAPHI KOJMBAHHS B
napaenekTpuuHid (a3l mpu oxonomxeHHi Ao temmeparypu PII II pomxy. Oxpim
MO>KJIMBOCTI OJJHOYACHOT'O PO3BUTKY IMOJIAPHUX Ta AHTUNOJISAPHUX (QIyKTyalid y
napaeyiekTpuuHii (a3l mpu  OXOJOMKEHHI a0 7Ty, MOXKIHMBE CIIBICHYBaHHS
AHTUMOJIAPHUX Ta MOJSPHUX QIIYKTYyalii y kpuctanax SnoP,Se nikue 7). [Ipu Takomy
nepexo/ii KpUTUYHY MOBEIIHKY aHOMaJli o0epHeHo1 TeraoBoi audy3ii [125] moxHa
OIKCAaTH SIK KPOCOBEpP MIX KilacaMH yHiBepcanbHOCTI [3unra Ta I'eitzenbepra XY,
SAKAA OYIKYEThCA OUIS OIKPUTHMYHOI TOYKH 3 B3aEMOJIIOYMMHU TOJSAPHUM Ta
AHTUTIOJIIPHUM TTapaMeTPaMH MOPSIAKY .

BBeneHHs repMaHiio BUKIIMKAE KiTbKa BOKIIMBUX SIBUIIL: T1BUIIY€E TEMIIEPATyPy
®II 1 mokpalye CiOHTaHHY TMOJISIPU3ALIi0 B KpUCTa; He 3Miltye koopauHary TJI B
3MmimraHux Kpucraigax SnpPa(Sep28S072)6; BoHa gmemo po3muBae aHomamiio DII;
BukIrkae nospy ®I1 B kBaHTOBOMY napaenekTpuky PboP»>Se Ta HeogHOpigHe nmonsipHe

YHOPAAKYBAHHS B KpHCTAJIAX (Pbo,7SIlo,25Ge(),()5)2PQS6 Ta (Pbojsno,zsGeo,os)zpzse@ Y
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3MIIIAHUX KPUCTajiax KBAaHTOB1 (PIyKTyallli pyHHYIOTHCS, 1110 BUTLIMBAE 13 TTIOPIBHIHHS
HU3bKOTEMIIEPATYPHOT MOBEIIHKHA TEIIOBOT AUPY3ii Ta KOMILJIEKCHOI JieIeKTPUIHOT

CHPUIHATIMBOCTI HA PI3HUX YACTOTAX.
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BUCHOBKH

. TeronpoBiIHICTh dhochopBmicHUX apyBaTUX KpHCTAJIIB
(Cu,Ag)(In,Bi)P,(Se,S)s Bumie temmepatypu Jlebast mocsirae TpaHUYHO HU3BKHX
sgadenb (= 0.2 Br m! K') BHacmizok cHibHOrO aHrapMoHi3My KpHCTaIidHOI
IPAaTKH, BUKIMKAHOTO HASBHICTIO pellakcallii HEMOJIJICHOI eJNeKTPOHHOI Mapu
CTEPEOAKTUBHUX KATIOHIB BICMYTY, CHJIBHOIO B3A€EMOJIEI0 MDK M SKUMHU
ONTUYHUMH Ta AKyCTHYHUMH (DOHOHHMMH TiJIKaMH, HAsSBHICTIO BTOPHUHHOTO
edexty Ana-Temnepa 11 KaTioHIB Miji Ta 1H110. BusiBjieHa cyTTeBa aH130TpOMis
TEIUIOBOTO TPAHCIOPTY — JUIsl AOCTIIKYBaHUX IIAPYBATUX KPUCTANIIB KOS(ILIEHT
TEIUTONPOBITHOCTI B3JIOBX Ta TMOIMEPEK CTPYKTYPHHUX IIApiB B OKPEMHX CIIOTyKax
BIJIPI3HAETHCS JI0 IIECTH Pa3iB.

. OTpuMaHi pe3yJbTaTH NOCHIKEHb TEIIOBOI AUQY3il MIATBEPIKYIOTh, MO Y
kpuctanmi CuBiP,Ses Mixk BHCOKOTEMIIEpaTypHOIO PO3YMOPSIKOBAHOIO —Ta
HU3BKOTEMIIEPATYPHOIO CETHETOETEKTPUYHOIO HAasBHA MPOMIKHA CTPYKTYpPHO-
MOJIyJIbOBaHa (hasa.

.Ilpn 3amimenni mimi Ha cpibno y kpuctam CugoAgo1InP,Ss Temmeparypa
CETHETUENEeKTPUYHOTO (ha30BOro nepexoay 3Hmxkyerbes Ha 30 K 1 3MiHIO€TBCS pin
IILOTO MEPEXOAY 3 EPIIOTO HA JPYTHH.

. B pesynbrari gociikeHb TeruioBoi Audysii s TBepaux po3uuHiB (Pb,Sn;.
1)2P2(S€0.2S0.8)s BUSIBIIEHO 3MIHY POy CETHETOEIEKTPUYHOTO (Pa30BOro MEPEXOY 3
JPYyroro Ha TEpIIMH TpH KOHIEHTpalli CBUHIIO, OuIeimie y = 0.2, 1o
MOTO/KYIOThCS 3 mepeabaueHHsmu  mojeni  bmome-Emepi-I'pipditca 3
ypaxyBaHHSM JIe()eKTiB TUITY «BUITaIKOBE TIOJIEY.

. OTpuMaHe 3HaY€HHS KPUTHYHOTO 1HJEKCY TeruioeMHOCTI a = 0.085 £ 0.006 s
TBepAoro po3uuHy (SngoPbg1)2P2(Sep2Seps)s Bkazye Ha OMM3BKICTh KPUTHIHOL
MOBEIIHKH JI0 OYiKyBaHOI Y HaONMKEHHI CEPeIHBOTO IMOJIS, M0 Y3TOJKYEThCS 3
pO3MHUBaHHAM (Pa30BUX MEPEXOIB OUIA TPUKPUTUUYHOI TOUYKU AedeKTamu, SKi
BUHUKAIOTH MPHU 3aMIIEHH] aTOMIB y KaTIOHHIHN MiATrpaTIIl.

. Bcranosnena Tonosnoris ga3oBoi giarpamu 7 — x — Y B OKOJI TPUKPUTUYHOT TOUKH



147

Jidpmmust st tBepaux posumHiB  (Pb,Sni,),P>(Se.Si.c)s. Taka pgiarpama
OMMCY€eThes Tpu ToegHaHHi mojeni bmome-Emepi-I'piddirca, ska moscHIoe
BUHUKHEHHS TPUKPUTUYHOI TOYKH MPH 3aMillleHH] 0JI0Ba Ha CBUHEIb y KAaTIOHHIN
migrparmi, Ta Moxaeni ANNNI, ska mosicHioe HasBHICTH TOukm Jlidrmmrs 1
BUHUKHEHHS HECHIBMIpHOi (pa3u Hpu 3aMillleHH] CIPKM Ha CeJIeH B aHIOHHIN
TTPaTII.

. Kputnuna mnoBeninka oOepHEHOI TemwioBoi audy3ii B OKOJi HEMEepepBHOTO
dazoBoro mnepexoay y kKpucraii SnyP,S¢ BigoOpaxkae KpocoBep MK KiacaMu
yHiBepcasibHOCTI Moaeni [3unra (ousivg = 0.1049 £ 0.0066) Ta ABOKOMIIOHEHTHOT
mozedni ['eitzendepra (oyy = - 0.0092 + 0.0008), saxuii ouiky€eThCs 017151 OIKPUTHUHOT
TOYKH 13 B3a€MOJIIFOUNMU JUIIOJIBHUM Ta aHTHITOJSIPHUM TIapaMeTPaMH MOPSIKY .
. 3aMillleHHsI KaTiOHIB OJIOBAa OUIBII CTEPEOAKTUBHUMHU KaTiOHAMH TE€pPMaHilo y
kpuctaigax cucremu Sn(Pb),P,S(Se)s mimBumrye dwactory M’SKOi MOISPHOI
ONTUYHOT MOau Oins HEeHTpYy 30HU bpuutoeHa B mapaenekTpuyHii ¢asi, 110
3MEHIIY€ WMOBIPHICTh PpO3CIIOBAaHHS TEIUIOHECYYHX aKyCTHUHUX (DOHOHIB
ONTUYHUMU (DOHOHAMHM 1 CIIPHUSE 3POCTAHHIO TEIJIOMPOBIAHOCTI Y KpUCTalax i3
BMicTOM repMmaHito. Jlns TBepaux posunHiB  (Pbg7Sng25Geoos).P2S(Se)s Ta
(Pbo.7Sn¢.25Ge0.05)2P2S(Se)s Tepmaniii cipusic yTBOPEHHIO CTaHy AWMOIBLHOTO CKJIa

B TeMrepaTypHii o6aacTi kBaHToBUX (uryktyariit (mpu 7 < 50 K).
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