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Abstract

In all dielectrics, electric polarization is induced by an external electric field, but polar crystals also exhibit intrinsic polarity,
forming non-centrosymmetric polar and polar-neutral structures of pyroelectrics and piezoelectrics. It is postulated that intrinsic
polarity in crystal structures arising due to the different electronegativities of neighboring ions. The emergence of intrinsic
polarity is facilitated by high ionic charge, large Lorentz factor and high anharmonicity of ions vibrations that are the
characteristic of mixed covalent-ionic bonds. Polar crystal structures are characterized by reduced symmetry and the ability to
electrically respond to mechanical, thermal, optical, and other nonelectrical stimuli. The paper examines the causes of polarity
and antipolarity in crystals, assuming that the dynamics of polar cluster formation corresponds to the concept of configurational

entropy. Experimental data and explanations for many manifestations of intrinsic polarity in crystals are presented.
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1. Introduction

Polar materials include non-centrosymmetric crystals, po-
larized ceramics, thin films, liquid crystals, and other objects
[1, 2]. Among polar crystals, most notable are piezoelectrics,
pyroelectrics, ferroelectrics and some other ferroics, whose
distinctive feature is the pronounced polarity of their intera-
tomic bonds [3, 4]. The unusualness of polar crystals mani-
fests itself in various aspects, for instance, intrinsic polarity is
somehow related to the energy spectrum of electrons: polar
semiconductors have a direct band gap, while nonpolar semi-
conductors have an indirect band gap. In addition, intrinsic po-
larity can influence others electronic properties of crystals,
such as electric conductivity [5]. Besides, it is seen structural

similarity between piezoelectrics and pyroelectrics: they can
interconvert: for example, the piezoelectric structure of sphal-
erite can transform into the pyroelectric structure of wurtzite,
and they even coexist, as in zinc blende crystals. Other trans-
formations are also possible, such as reversible transition from
ferroelectric to antiferroelectric when temperature changes or
under the influence of an applied electric field [1]. Sometimes
polarity can manifest itself only in the thin layers of materials
being absent in bulk crystals [6]. Another fact that may be sur-
prising is a weak but reliably observed polar properties in sim-
ple cubic covalent semiconductors Ge and Si [7].
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Thus, the physical nature of intrinsic polarity in crystals re-
mains largely unclear, which explains the interest in this prob-
lem.

1.1. Polar Crystals Unusual Properties

The article examines the singularities of polar crystals.
Most of the following properties of polar crystals differ sig-
nificantly from those of non-polar crystals:

1) the density of polar crystals decreases during crystalliza-
tion compared to their melt and density of ferroelectrics
also decreases when transition to polar phase from non-
polar one;

2) the chemical properties of polar crystals depend on crys-
tal’s orientation, for example, when chemical etching of
crystal surfaces;

3) the resistance to heat transfer of polar crystals exceeds
ones of non-polar crystals;

4) the volumetric thermal expansion coefficient in polar
crystals shows minimum near temperature ~ 0.1 gD;

5) the microwave energy absorption of polar crystals ex-
ceeds that of non-polar crystals;

6) . the optical properties of polar crystals are characterized
by second harmonic generation, double refraction and
dichroism;.

7) the electro-thermal properties of polar crystals demon-
strate the pyroelectric and electrocaloric effects;

8) the conductivity in some polar crystals can change thou-
sands of times even at small change in temperature or
under the influence of electric field;

9) the mutual transformation of mechanical, electrical and
thermal energy is characteristic of polar crystals;

10) the electrical parameters of polar crystals depend sig-
nificantly on their mechanical and thermal conditions,
as well as their elastic and thermal parameters noticea-
bly depend on polar crystals electrical conditions.

1.2. Anti-polar Crystals Special Properties

Since this work focuses on the physical causes of intrinsic
crystal polarity, the antipolarity of some crystals is also highly
informative. This rather hidden property has been most stud-
ied in ferroelectric materials, where the transition from an an-
tipolar to a polar crystal occurs when the crystal's temperature
changes or an electric field is applied. Antipolar crystals are
then compared with polar ones based on the following prop-
erties:

1) the maximum of permittivity is seen in the antiferroelec-
trics at phase transition from their paraelectric phase in
which Curie-Weiss law is fulfilled (like in ferroelectrics);

2) the density of the antiferroelectric phase increases at
phase transitions from their paraelectric phase (in con-
trast to the polar phase of ferroelectrics);

3) the coefficient of thermal expansion in the antiferroelec-
trics at phase transition has a maximum (on the contrary
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to ferroelectrics which show deep minimum);

4) the heat capacity in antiferroelectric at the Curie point
shows minimum while in the ferroelectric it has a maxi-
mum;

5) the thermal diffusivity of antiferroelectrics at the Curie
point demonstrates maximum due to optical phonons
participation of in the heat transfer while ferroelectrics
thermal diffusivity shows minimum;

6) the hydrostatic pressure shifts the antiferroelectric phase
transition toward higher temperatures, while the ferroe-
lectric phase transition, on the contrary, shifts toward
lower temperatures;

7) the microwave energy absorption of intipolar crystals is
no different from ordinary ionic crystals (unlike polar
crystals, where this absorption is hundreds of times
greater);

8) the electro-mechanical properties of antipolar crystals
manifest itself only in the electrostriction: the piezoelec-
tric effects in them are absent;

9) the electro-thermal properties of antipolar crystals not
show pyroelectric or electrocaloric effects;

10) during electrically induced reversible antiferroelec-
tric/ferroelectric phase transition, a giant electrocaloric
effect is observed due to the large change in structure.

When discussing the above and other unique physical phe-

nomena in polar crystals, three key points should be consid-
ered. First, the conventional concept of spontaneous polariza-
tion, which arose from the formal comparison of ferroelectric-
ity with ferromagnetism, is inapplicable to pyroelectrics [8].
Second, the cause of internal polarity in crystals with mixed
covalent-ionic bonds is the different electronegativity of
neighboring ions. Third, most of the unique properties of polar
crystals are determined by the dynamics of polar clusters,
which is described by configurational entropy.

A more detailed explanation of these points is given below.

1) Unlike spontaneous magnetization, which exists stably
because magnetic charges are absent in nature, the ap-
plicability of spontaneous polarization concept to pyro-
electrics is questionable, as the ubiquitous free electric
charges make the existence of a stable polarized state im-
possible. Moreover, magnetization is described by an ax-
ial vector being generated by moving electric charges, as
opposed to polar vector of polarization created by sta-
tionary electric charges. So the analogy between polari-
zation and magnetization is only formal [5].

2) In dielectrics, their molecular, covalent, or ionic bonds
are formed due to the distribution of electron density be-
tween structural elements. It is generally believed that
electrons belonging to the outer (valence) electron shells
of atoms play a primary role in the formation of chemical
bonds, since their impact usually significantly exceeds
the influence of deeper electrons of atoms or ions. These
concepts are sufficient for understanding the basic prop-
erties of non-polar dielectrics, but to explain the exist-
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ence of intrinsic polarity in some ionic crystals it is nec-
essary to consider the action of abyssal electron shells of
ions on crystal structure formation—that is, the concept
of different electronegativity of neighboring ions, which
plays an important role in the formation of a polar crystal
structure.

3) Some thermal, mechanical, and electrical properties of
polar crystals are so unusual that they can only be ex-
plained by the assumption that thermal motion in these
crystals leads to the self-organization of polar bonds into
dynamic clusters. As is well known, the entropy of a
thermodynamic system—a crystal—is defined as a
measure of the system's disorder, determined by the
number of states that individual particles can occupy.
However, entropy is also influenced by the number of
bound states in the system; that is, the dynamics of self-
organization of microgroups consisting of several com-
bined particles. This is precisely what leads to configu-
rational entropy, which is part of the overall entropy of
the system, being determined by the arrangement of its
constituent particles, and not by their motion [9]. Thus,
configurational entropy is determined by positional dis-
order, while vibrational (or "kinetic") entropy is due to
the disorder of moving particles [10].

The aim of the work is to come closer to explaining the
causes and patterns that contribute to the emergence of polar
structure in some crystals, as well as to explain their unusual
features using simplified modeling and the mentioned con-
cepts.

2. Simplified Concepts of Internal
Polarity

The structure of polar crystals can vary greatly, making it
difficult to explain the nature of their internal polarity using a
single physical mechanism. Therefore, each specific type of
polar crystal merits a detailed study of its structural features
and physicochemical properties. Nevertheless, some common
features can be identified that explain the physical basis for
the formation of polar structures.

2.1. Interatomic Bonds in Polar Crystals

The interatomic bonds that ensure the stable spatial struc-
ture of a crystal are formed through the restructuring of atoms
electron shells. The formation of stable interatomic bonds is
always accompanied by a decrease in the total energy of the
crystal. At that, the electrons belonging to the outer shells of
atoms play a key role in the formation of chemical bonds, as
their contribution to the energy of crystal significantly exceeds
that of electrons belong to deeper-shells of atoms.

83

- - - - >
-« <« -« <« <«

(A)

©

Figure 1. Modeling of interatomic bonds in dielectrics.

(A) - covalent crystal; (B) - ionic crystal in which Coulomb ions at-
traction is balanced by overlapping of electronic shells; (C) - polar-
sensitive bonding, where above more simple bonding are mixed
(black diffused circles denote atomic cores surrounded by regions
with gradually decreasing electronic density).

Figure 1 shows, in a highly simplified form, the three main
models of electron density distribution capable of generating
polarity in dielectrics: covalent, ionic, and mixed bonds. In
covalent crystals, the electron density is distributed only be-
tween adjacent atoms, creating a strictly directional bond, Fig-
ure 1A. In ionic crystals, the attraction of cations and anions
is compensated by the repulsion of partially overlapping elec-
tron shells, Figure 1B. Mixed covalent-ionic bonding, shown
schematically in Figure 1C, is a distinctive feature of polar
crystals and manifests itself in two ways: (1) the ionic nature
of this bond determines the crystal's increased susceptibility
to external influences; (2) the contribution of the covalent na-
ture to the mixed polar bond is manifested in its strict direc-
tionality, which contributes to the asymmetry in the distribu-
tion of electron density along this bond.

Polar bonds are energetically supported by substantial dif-
ference in the electronegativity of adjacent ions. Indeed, in the
nonpolar monatomic covalent crystals, the electronegativity
of adjacent atoms is identical; in the nonpolar ionic crystals
the difference in electronegativity between adjacent ions is
comparatively small, but in the polar crystals, it is precisely
this big difference that determines their unique properties.

In connection with the above, it is worth noting that some
manifestations of internal polarity can also be observed in the
non-ionic crystals, where atoms are linked only by the covalent
bonds. Two cases can be distinguished: when covalent crystals
can be diatomic (or polyatomic), so the likely cause of their po-
larity may also be the difference in electronegativity between
different atoms. Second, internal polarity can also be noticeable
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in the monatomic covalent crystals (the reason for the existence
of polarity in these crystals will be explained later.

Thus, polar bonds arise as a structural compensation for the
different electronegativity of neighboring ions, which play a
decisive role in the formation of polar bonds. Below, we will
demonstrate that long-range interactions between the resulting
polar bonds facilitate the formation of polar clusters, which is
crucial for the manifestation of the crystal's intrinsic polarity.
To understand this interaction and explain the dynamics of po-
lar clusters in a polar crystal, it is necessary to introduce the
concept of configurational entropy.

2.2. Polar Crystals Lattice Dynamics
Peculiarities

One of the theoretical methods used in solid-state physics
to study various phenomena is crystal lattice dynamics based
on the phonon model. The fundamental energy characteristics
of solids are considered to be the Debye energy /iwp and the
Boltzmann energy ksT. The Debye temperature is 0p = iop/ks
and the Debye frequency is @wp = 2mvp; they are related by
two fundamental constants: the Planck constant / and Boltz-
mann's constant kz. When describing the applicability of pho-
non theory to describing particle motion in solids, as well as
many other properties of crystals, the degrees of freedom of
particles can be divided into three cases.

First, if the particles interaction energy Ujy, is small compared
to the thermal motion energy kzT, i.e., Uin < kgT, then the cor-
responding degrees of freedom behave like a "nearly ideal gas"
of phonons, which is typical of ordinary non-polar dielectrics.
Possible nanoscale fluctuations in such a structure, including
polarons, are unstable and suppressed by chaotic thermal mo-
tion. The phonon model is quite applicable to describing the
thermal and electrical properties of non-polar crystals.

Second, in the opposite case, when U, > kT, the corre-
sponding degrees of freedom are usually sufficiently ordered,
so the particle motion can also be described by the phonon
model, but this time taking into account the possible interac-
tion of acoustic and optical phonons with noticeable anhar-
monicity of the crystal lattice vibrations. Most polar dielec-
trics (piezoelectrics and pyroelectrics) fall into this category
because their intrinsic polarity is sufficiently stable, and there-
fore the application of the phonon concept to them can be con-
sidered justified.

Third, a much more complex case can arise, when the inter-
action energy is U; ~ kgT. In this case, the theoretical descrip-
tion of polar structures becomes very complex, especially
when analyzing phase transitions in them, at which a non-po-
lar phase transforms into a polar or antipolar one. In this case,
the traditional phonon concept inadequately describes the ex-
perimental situation. This is due to the unique nature of inter-
atomic interactions, when the probability of collective particle
motion is greater than the probability of their individual mo-
tions. Furthermore, in this situation, a real possibility arises
for polar clusters formation which dynamically respond to the
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changes in external influences on a crystal.

Important factors in the emergence of internal polarity

To model the oscillation dynamics of a one-dimensional
ionic crystal, oscillations in a long chain of ions are considered.
The energy U(x), which characterizes the oscillations of a
given ion, can be expanded in a series in terms of the magni-
tude of the ion's displacement x from its equilibrium state:

Ukx) =Y ex?+ Vabx*+ ... (D)
where ¢ characterizes elasticity and b characterizes non-line-
arity of oscillations. When describing the dynamics of electric
polarization, induced by an external electric field in a conven-
tional ("linear") dielectric, a good approximation is to consider
only the first term of expansion (1): U(x) = % cx?, where c is
the elastic stiffness. This case corresponds to a non-polar crys-
tal of centrosymmetric structure.

The role of anharmonicity (important for understanding the
nature of intrinsic polarity) also can be determined from ex-
pression (1), in which, in addition to the first (harmonic) term
Yacx?, it is necessary to take into account the second term of
the series Ysbx* with an anharmonicity coefficient 5 > 0. at the
same time, in the absence of subsequent terms of series (1),
the resulting two-terms equation is obtained in which anhar-
monicity coefficient must be certainly positive (b > 0) to en-
sure the stability of studied anharmonic ionic lattice model
(even in the case of large fluctuations in the ions vibrations).
As for the elastic stiffness, it can, in principle, be either posi-
tive: ¢ > 0, Figure 2A and C, or negative: ¢ <0, Figure 2A and
D. In the second case, the lattice stability is provided by the
positive coefficient b.

(A) ®)
UA UA
| Xg X X
© D)

Figure 2. Dependence of energy U(x) change on displacement x from
ion equilibrium position in one-dimensional model.

(A) - at ¢ > 0 with moderate anharmonicity;

(B) - at ¢ < 0 with high anharmonicity (inclined line characterizes the
additional energy from applied electric field);

(C) and (D) - show resulting displacement xs
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In Figure 2A and 2B the U(x) dependences for the two lim-
iting cases ¢ > 0 and ¢ < 0 are compared in a one-dimensional
model: both structures are centrosymmetric, but under the in-
fluence of an applied electric field (the energy contribution of
which is shown by the inclined line), the energy minimum cor-
responding to the new equilibrium (polarized) state shifts by
an amount xs. In a three-dimensional structure, there can be
six such local minima—as, for example, in barium titanate
when a titanium ion is displaced within an oxygen octahedron.
It is also relevant to note that such a shift can also occur with-
out the application of an external field in the case of signifi-
cantly different electronegativity values of neighboring ions
forming a polar bond.

To simulate the vibrations of a polar crystal, an artificial
method is used, because ions lattice needs to be polarized, let's
say, by an electrically induced displacement xs, Figure 2B and
2D. To describe such a situation, to the polynomial (1) must
be added the energy of local electric field F acting on the ion
with the energy -Fgx (the field F is related to the externally
applied electric field £ by the Lorentz relation):

U(x) = Y5 ex? + Vi bx* - Fax, )

As a result, an the original parabola (1) becomes non-cen-
trosymmetric, corresponding to the polar structure. As a result,
a strain xs arises, at which the energy U(x) has a minimum.
Since now the equilibrium state is the polarized ones (with f
minimum at x = xs), a total force acting on the system of
charges in this state equals zero: 0U(x)/0x = 0 which leads to
the equation: cx + bxc® - F = 0. The electric field correspondent
to the energy minimum is Fc = BPs where B is the Lorentz
factor.

Thus, in a one-dimensional model, represented by a polar-
ized chain of ions, the polarization can be expressed as Ps =
ngxs, where n is the ions concentration and g is the ions charge.
By substituting this data into equation (2) a cubic equation can
be obtained

exs+ bxs® — ng*pxs=0, 3)
where term cxs describes the "elasticity" of a system, while
term bxs® characterizes its "anharmonicity". This equation has
three roots:

1= 05 x23 = + [(ng*B - €)/b]'" 4)

When considering the polarized state of interest to us (only
for deformation xS 1 0), the first solution x1 = 0 of equation
(4) is a secondary root of the equation, which is not considered
in this case. An analysis of the other two solutions of the equa-
tion under consideration leads to the following conclusions.

ng*px > cx

(&)

The right-hand side of this inequality corresponds to the elastic
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force that counteracts polar displacement xs (the overlap of elec-

tronic shells of the neighboring ions seeks to return the non-polar
state). The left side of the inequality (5) has also the dimension of
a force, and it is the leading interaction (that leads to the polar
state). Thus, the polarity can occur in such crystals, in which the
leading interaction exceeds the returning interaction. Further
analysis of inequality (5) indicates that the large charge (¢*) of
the displaced ions and the enhanced Lorentz factor f make sig-
nificant contributions to the intrinsic polar state of the crystal.

All the listed factors are in a good agreement with the ex-
perimental data.

In common crystals, the closest neighbouring particles are
considered as the strongly interacting particles (with U(x) ="
cx?), while the interaction of others distant particles might be
neglected (i.e., p — 0). However, in the polar crystals, in con-
trast, the interaction of neighbouring particles can compensate
one another (parameter "c" might be small and even negative).
In the latter case, as seen in Figure 2D, the formation of elec-
tric dipoles is inevitable. At the same time, both directions of
polarity are initially equally probable, which explains the pos-
sibility of polarization switching in the ferroelectrics by an ex-
ternally applied electric field. However, the dipole coupling
can also be quite "rigid," as in the pyroelectrics, and it is rela-
tively long-range (its energy U(r) decreases with distance as
r2). On this background, the interaction of those polar for-
mations, which are several removed, may appear as dominant.
In this case, the probability of collective interactions exceeds
the probability of individual interactions.

The importance of collective interactions is confirmed by
experiments: a polar crystal exhibits increased specific heat
capacity, reduced elastic stiffness, lowered heat transfer, neg-
ative thermal expansion coefficient, increased dielectric per-
mittivity, etc. From the above, it can be concluded that mixed
covalent-ionic bonding is a distinctive feature of polar crystals
and may underlie simple models discussed below, which ap-
proximately explain crystal polarity. Polar bonding is based
on the different electronegativity of adjacent ions and also in-
herits the directional properties of covalent bonds and the
long-range interaction of ionic bonds.

2.3. Elementary Models of Polar Structures

To describe the polar properties of crystals, any elementary
model must, first, lack a center of symmetry and secondly, to
ensure electrical neutrality. Third, the polar model must be ca-
pable of translation, forming a macroscopic polar system
(one-dimensional, two-dimensional, or three-dimensional),
and also describe the polar properties of various polar materi-
als (including micro- and nanostructures). Figures 6-8 present
basic elementary models of intrinsic polarity based on the
asymmetry of the electron density distribution along atomic
bonds. These models describe, in a simplified form, the spatial
orientation of asymmetric hybridized ionic-covalent bonds.
However, the models presented below do not take into account
the hydrogen-bonded and organic polar crystals.
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One-dimensional simplest electrically neutral but polar
configuration of ions is a dipole, Figure 3. This model is ap-
plicable to ten polar classes of crystals possessing pyroelectric
symmetry. Corresponding to dipole type polarity the pyroe-
lectric coefficient y; is a material vector (i.e., a first-rank tensor)
with a spatial distribution of polarity yi(®) = Yimar-cose, where
¢ is the angle between the polar direction and the oblique cut
of the crystal in which the pyroelectric effect is being studied
or applied. The same indicatrix as in Figure 3 describes the
volume piezoelectric effect as an electrical response to hydro-
static pressure (such an effect is impossible in free crystals of
piezoelectrics which are not pyroelectrics).

(A) (B) ©

Figure 3. One-dimensional polar structure is a dipole.

(A) the polar direction is shown by an arrow;

(B) the change in interaction energy with distance U(r) is a power
function;

(C) the indicatrix of the electrical response of the polar bond to an
external influence is represented by two spheres for both possible
orientations of the dipole

It should be noted that studied in this way the pyroelectric
coefficient corresponds only to the primary pyroelectric effect,
which is observed in a clamped crystal which cannot deform
with temperature change. In the case of possible thermal de-
formation of a pyroelectric, the spatial distribution of a pyro-
electric response becomes more complex than shown in Fig-
ure 3 due to the additional secondary pyroelectric effect (in
which supplementary electric response occurs due to thermal
deformation of crystal). The magnitude of intrinsic polarity
can be determined from the pyroelectric coefficient if a polar
crystal undergoes a phase transition to a non-polar phase (and
in ferroelectrics from a hysteresis loop).

(A) ® ©

Figure 4. Two-dimensional model of the polar structure is a hexagon.

(A) the polar directions are shown by arrows;

(B) the decrease in the interaction energy with distance U(r) is shown
by a power function;

(C) the indicatrix of the electrical response to an external stimulus is
represented by six almond-shaped figures.

Two-dimensional simplest configuration of ions might be
the quadrupole, but this centrosymmetric system of ions is not
polar (though note that it provides a basic understanding of the
antipolarity). Therefore, we must choose the polar hexagonal
configuration as a simple polar 2D configuration, Figure 4 (in-
cidentally, this model is suggested by nature itself, as it corre-
sponds to a piezoelectric quartz crystal). This model appears
as three dipoles arranged at an angle of 60° to one another,
while the spatial distribution of the electrical response to a
non-electrical stimulus (for example, in the case of a direct
piezoelectric effect) appears as six almond-shaped surfaces
connected at the center.

Thus, for two-dimensional polar structure the interaction
energy of hexagon model decreases with distance as:

U(r) ~ r (faster than in 1D case). Figure 4 in the polar coor-
dinates describes the internal polarity distribution in the piezo-
electrics of quartz type, where piezoelectric module is the sec-
ond rank tensor: di(B, @) = daxsin®0-cos3¢, where 0 is the azi-
muth angle and o is the in-plane angle. By the radius vector,
directed from a center of shown figure, one can determine the
magnitude of polar-sensitivity response in any slanting cut of
quartz-type crystals. Compensated polarity components can be
measured by partially constraining thermal deformations [5],
which are only possible in the direction of one of the polarities.
This creates an artificial pyroelectric effect, allowing polarity
determination in the case of a crystal transition to a non-polar
phase (for example, in quartz at 300 K, this coefficient is yioo =
2.6 uCm?K!, corresponding to a polarity of 0.16 uC/cm?.

Three-dimensional model shown in Figure 5 can be selected
using the same principle. This model represents an octupole,
which, incidentally, corresponds to the actual crystal structure
of sphalerite. The spatial distribution of interionic electron
density in this model can be conditionally described by four
dipoles, the three-fold polar axes of which are positioned at an
angle of 104° to each other (the direction of these imaginary
dipoles is shown in the model by arrows).

Figure 5. Three-dimensional model of the polar structure is an octu-
pole; the polar directions are shown by arrows, the decrease in en-
ergy with distance U(r) is characterized by a power function, the in-
dicatrix of the electrical response to an external stimulus is repre-
sented by eight-vertex pear-shaped figures for all possible orienta-
tions of the polar axes.

The 3D model shown in Figure 5 is adapted to the piezoe-
lectrics-semiconductors of a gallium arsenide type, where one
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of possible electric responses is the piezoelectric modulus be-
ing a third-rank tensor: is djx = duex sinf-sin2p-cos2@. It is ap-
propriate to note that same octupole-type orientation of polar
bonds takes place in many others polar crystals.

Figures 4 and 5 show a simulation of intrinsic (or "latent"
or "hidden") polarity, describing the ability of a low-symmetry
crystal to respond to dynamic (time-varying) heterogeneous
external stimuli, such as a temperature gradient (vector) or
mechanical stress (second-rank tensor). Unlike dipole struc-
tures (pyroelectric type, as in Figure 3), which respond to any
external stimuli, including scalar ones, the structures shown in
the models in Figures 4 and 5 are polar-neutral and do not re-
spond to scalar stimuli. The fact is that the one-dimensional
polar structure shown in Figure 3 is characterized by a single
polar axis, which corresponds to the main structural motif of
10 classes of pyroelectric crystals; of course, piezoelectricity
is also observed in them.

In total, all 21 classes of non-centrosymmetric structures are
polar crystals: 10 of them are pyroelectrics corresponding
model in Figure 3, while the models presented in Figures 4 and
5 are applicable to 10 polar classes of piezoelectric crystals that
are not pyroelectric. In such crystals, scalar effects (uniform
changes in temperature or hydrostatic pressure) do not cause an
electrical response, which is fully compensated in both planar
and bulk structures. Therefore, in contrast to the "special" polar
axis characteristic of pyroelectrics (model in Figure 3), double
and triple polar axes (model in Figures 4 and 5) can be consid-
ered "polar-neutral." Accordingly, the 10 classes of crystals
with pyroelectric symmetry can be called "true polar," and the
remaining 10 classes of crystals with piezoelectric symmetry
are "polar-neutral." The compensated polarity components can
be measured by partially limiting the thermal deformation [5].
For example, the artificial pyroelectric effect observed in such
case in gallium arsenide has a quasi-pyroelectric coefficient 1
=1.8 uC:m 2K"! (comparable in value to the pyroelectric coef-
ficient of tourmaline: y=4 pC-m=2K™"). Thus, a semiconductor
with a sphalerite structure acquires pyroelectric properties that
can find application in integrated thermal sensors [11].

However, there are 21 classes of noncentrosymmetric crys-
tals, and it would be interesting to determine whether the hid-
den polarity of this single, unaccounted-for symmetry class is
somehow manifested. In fact, in this symmetry class, an odd
(though nonlinear) inverse piezoelectric effect is observed in
a strong electric field E; i.e., the nonlinear component of the
odd inverse piezoelectric effect is proportional to £ (but not
E?, as in the case of the even electrostrictive effect). Thus, in
terms of their response to an electric field, all noncentrosym-
metric dielectrics exhibit an odd electromechanical effect (but
in one class, this effect is nonlinear).

It is important to note that described above models can be
jointly used to explain properties of various polar crystals. For
example, piezoelectricity and pyroelectricity can be observed
in the same crystal (these symmetries can even coexist in pol-
ymorphic forms); this is observed for crystals with sphalerite
and wurtzite structures.
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[117)
(A) (B)

Figure 6. Internal polarity in two polar cubic crystals (only positive
directions of the [111] type polar axes are shown).

(A) - spatial distribution of piezoelectric sensitivity in a polar-neutral
crystal;

(B) - appearance of an additional dipole component, which indicates
a pyroelectric structure

Figure 6 shows how simple polarity models can describe this
situation. These models can also be applied to explain the coex-
istence of the polar-neutral sphalerite structure (Figure 6A) with
the polar wurtzite structure (Figure 6B), which is seen in the
zinc blende-type crystals of ZnS or GaN. In the figure, the polar
moment Mj; represents a "dipole type polarization" along the
single threefold polar axis. Thus, in sphalerite, one of the polar-
neutral axes becomes a "special polar" axis characterizing
wurtzite, while the other three axes remain "polar-neutral." It
should be noted that similar distribution of polarity as in Figure
6B exists in the ferroelectrics of LiNbOs.type. These crystals
contain not only a pyroelectric polar axis but also three polar-
neutral axes. In the crystal sections cut perpendicular to these
axes, the limiting thermal deformation leads to an artificial py-
roelectric effect with a coefficient of y = 40 uC-m2-K~!, which
is only slightly inferior to the usual value of the coefficient of
the pyroelectric effect of LiNbO3, equal to y = 50 pC-m=2-K-'.

In conclusion, we note that shown above polar models may
coexist in the different combinations in accordance with 20
classes of the piezoelectric symmetry crystals.

3. Heat Capacity and Heat Transfer in
Polar Crystals

The special thermal properties of polar crystals include,
firstly, heat capacity maximum observed near the phase transi-
tion from the non-polar state to polar phase. Secondly, an in-
crease in the volume of crystal polar phase compared to its non-
polar phase. Thirdly, the decreased thermal conductivity, which
is dozens of times lower than in non-polar crystals. Fourthly, a
negative coefficient of volumetric thermal expansion, which is
observed not only in the region of ferroelectric phase transition
but in all polar crystals in a temperature range near ~ 0.1 Op.

3.1. Specific Heat Capacity

Above the Debye temperature, the specific heat capacity of
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crystals, C(7), is a very conservative parameter, increasing
only gradually with increasing temperature. The heat capacity
is determined primarily by the number of thermally excited
phonons, so any change in the specific heat capacity from its
steady-state value is extremely unusual. However, this phe-
nomenon is still observed in ferromagnets, where magnons
dynamics significantly contribute to conventional phonon heat
capacity (but this effect disappears above Curie point).

Similar to ferromagnetics, the heat capacity in the polar
phase of ferroelectrics increases significantly compared to its
normal level due to the dynamic mechanism of polar clusters
self-organization. This effect is most pronounced immediately
below the phase transition temperature, where an additional
contribution to the heat capacity can be even greater than the
base average value.

Temi)erature °C)

Figure 7. Specific heat temperature dependence for TGS crystal
(NH:CH>(COOH)3-H2S04) in accordance with [12, 13].

As an example, the ferroelectric triglycine sulfate (TGS) is
considered, which is nonpolar above the Curie point 7¢ and
becomes polar below it. The underlying part of the heat capac-
ity is shown in Figure 7 by the dotted line at the base of C(7)
peak. The maximum heat capacity in the TGS crystal reaches
~50% of its base value (in some ferroelectrics, it can be even
many times greater). This maximum is due to the nature of the
phase transition, and corresponds to the latent heat released
during the phase transition. The C(7) anomaly discussed here
manifests itself over a broad range of excess heat capacity.
Above the Curie point, in a disordered phase, the heat capacity
anomaly is absent, whereas below the phase transition point it
gradually decreases with the decrease of temperature, because
the polar bonds become more ordered (condensed). Therefore,
as in the case of magnons in a ferromagnet, the asymmetric
maximum in the heat capacity observed below the phase-tran-
sition temperature indicates a dynamic process of the segrega-
tion and disintegration of polar clusters, consistent with the
concept of configurational entropy. In connection with the
subsequent discussion of this phenomenon, which is important
for understanding the nature of electrical polarity in crystals,
it is appropriate to note that a minimum heat capacity is ob-
served at the temperature of antiferroelectric phase transition
that fits into same concept.

To confirm above arguments on the role of dynamic self-
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ordering of polar regions in the polar phase, an additional ex-
periments were carried out [12]. Firstly, during the measure-
ments the special condition was created when mechanical
strain of crystal was limited; in this case, the maximum in C(7)
dependence was largely suppressed. Secondly, when heat ca-
pacity measuring, the DC electrical bias field was applied to a
crystal, which also led to the decrease of C(T) maximum, but
without shifting C(7) maximum on the temperature scale.

The hear capacity has a significant impact on such im-
portant thermal properties of crystals as the thermal conduc-
tivity and the thermal expansion.

3.2. Heat Transfer in Polar Crystals

Thermal energy in dielectrics is transferred primarily by the
short-wavelength acoustic waves ("thermal phonons"), whose
propagation velocity is significantly lower than that of long-
wavelength "sound phonons." Two parameters are used to
heat transfer describe: thermal conductivity (1) and thermal
diffusivity (§). The first parameter is important for assessing
the technical properties of the material, while the second pa-
rameter is more important for physical mechanisms analyzing.
For example, the thermal diffusivity §(7) shows a minimum
during the ferroelectric phase transition, but, conversely, dur-
ing the antiferroelectric phase transition, it exhibits (7)) max-
imum. This and many other reasons are sufficient grounds for
discussing heat transfer in polar crystals.

In covalent dielectrics, the thermal conductivity is relatively
high: L = 100-200 W/(m-K) and is caused mainly by acoustic
phonons. In ionic dielectrics, due to adding acousto-optic in-
teraction, the thermal conductivity is lower: A 10-20
W/(m-K). In polar crystals with mixed ionic-covalent bonding,
the thermal conductivity is even lower: A = 1-10 W/(m-K).
Near the phase transitions of ferroelectrics, the thermal con-
ductivity can be further reduced to < 0.1 W/(m-K); however,
it should be noted that in ferroelectrics a bias electric field can
significantly control the heat transfer, which could be of tech-
nical interest.

According to kinetic theory, thermal conductivity depends
on the specific heat capacity C of the crystal, the mean free

path of phonons </>, and the average velocity <v> of phonons:
A = (1/3)-v1 = (1/3)C-?t, where 7 is the mean time of free
path determined by the anharmonicity coefficient. Conse-
quently, the thermal conductivity is related to the coefficient
of thermal expansion, which is also determined by the anhar-
monicity coefficient.

The thermal diffusivity & is defined as the thermal conduc-
tivity divided by the density of substance p and its specific
heat capacity C, at constant pressure: & = A/(C,-p). Like ther-
mal conductivity, the thermal diffusivity in anisotropic mate-
rials can be different in different crystallographic directions.
In essence, it characterizes the rate at which a crystal transfers
the heat from crystal hot side to its cold side, in other words,
the thermal diffusivity is a measure of thermal inertia, since
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the heat moves faster through a substance with increased ther-
mal diffusivity. When temperature increases, the thermal dif-
fusivity decreases because the probability of phonon colli-
sions becomes greater, being determined by the anharmonic-
ity of lattice vibrations, which is measured by the Griineisen
parameter yg. The average free path of phonons is </> ~
al(a-ye-T), where a is the lattice constant and a is the thermal
expansion coefficient. In the temperature interval discussed
here (when temperature 7 > 0p) the decrease of §(7) follows
the Aiken law: §(T) ~ T~1.

The thermal diffusion coefficient is a criterion for heat
transfer mechanisms: it characterizes not the overall heat flow,
but the kinetic properties of the energy carriers. For example,
in a non-polar silicon crystal (Si) and a polar quartz crystal
(Si0»), the speed of sound (determined by long-wavelength
phonons) is approximately the same: ~5000 m/s. In fact, long
sound waves propagate in crystals without significant scatter-
ing, since their wavelength significantly exceeds the size of
microscopic structural defects.

However, the speed of short-wave thermal phonons in non-
polar (Si) and polar (SiO;) crystals of these crystals differs
sharply: at a temperature of 300 K in silicon it is £ = 88 mm?/s,
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and in quartz it is £ = 1.4 mm?%/s. In nonpolar crystals, only
dislocations and atomic defects somewhat impede the propa-
gation of short thermal waves. In polar crystals, however, po-
lar clusters with sizes comparable to the wavelengths of these
thermal waves are also present and, owing to the piezoelectric
effect, are acoustically active. Therefore, polar crystals, which
have high transparency for long elastic waves, exhibit strong
diffuse scattering for short elastic waves. At the same time,
the propagation velocity of short thermal waves decreases,
making polar crystals an effectively turbid medium for these
waves, despite the high velocity and low attenuation of long-
wavelength acoustic waves. Nevertheless, this phenomenon
allows the thermal resistance of such a medium to be con-
trolled using an electric bias field [4]. Applying an electric
field leads to the ordering of dipole clusters, which dissipate
thermal phonons.

The analysis of thermal diffusivity provides more insight
into the physical mechanisms of heat transfer than the analysis
of thermal conductivity. A comparison between thermal dif-
fusivity and thermal conductivity is presented in Figure 8 us-
ing KDP-type crystals as an example.
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Figure 8. Heat transfer near ferroelectric phase transitions.

(A) - thermal conductivity of KH2PO4 (Curve 1), KH2AsOs (Curve 2), KD2PO4 (Curve 3);
(B) - thermal diffusivity of KH2PO4 (Curve 1), KD2POs (Curve 3) in comparison with antiferroelectric (NH3)H2PO4 (Curve 2) [14].

The obvious difference between these temperature depend-
ences of thermal conductivity in the phase transition region is
characterized only by a bend, followed by a gradual increase
below the Curie point due to increased polar bond ordering
(Figure 8A). In contrast, the temperature dependence of the
thermal diffusion in KDP group crystals is characterized by a
pronounced minimum (Figure 8B), indicating a decrease in
the phonon wavelength, which is especially noticeable in the
phase transition region.

The difference between the temperature dependences of
thermal conductivity and thermal diffusion is due to the fact
that the decrease in the phonon wavelength in the case of ther-
mal conductivity is compensated by a maximum in the spe-
cific heat capacity. It is especially noteworthy that at the Curie
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point of the antiferroelectric ammonium dihydrogen phos-
phate ADP = (NH4)H,POys, a sharp maximum of thermal dif-
fusion is observed (Figure 8B), rather than the deep minimum
typical of ferroelectrics [8]. This critical dependence of ther-
mal diffusion indicates that the optical phonons participate in
the heat transfer mechanism near the phase transition.

Both above and below the Curie temperature, acoustic pho-
nons in polar crystals are partially mixed with the optical pho-
nons. Consequently, optical phonons also contribute to heat
transfer. Heat transfer is enabled by the spatial dispersion of
optical modes. The interaction of acoustic phonons with the
soft transverse optical mode, characteristic of ferroelectrics,
reduces the mean free path of phonons, which reaches its min-
imum at the phase-transition temperature.
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Thus, a distinctive feature of polar crystals, all of which are
piezoelectric, is the interaction between acoustic and optical
phonons. If the optical phonons exhibit significant spatial dis-
persion, they can contribute directly to heat transfer. In most
cases, however, this contribution is relatively weak, and optical
phonons primarily increase phonon scattering, thereby substan-
tially reducing the thermal conductivity. Therefore, in studies of
heat transfer near phase transitions, thermal diffusivity is a quite
informative parameter, since it provides a deep insight into the
role of thermal phonons in the heat-transfer process.

The reason is that, in antiferroelectrics, the frequency of optical
vibrations decreases critically not at the center of the Brillouin
zone, as in ferroelectrics, but at its boundary. Consequently, the
optical phonons mix with short-wavelength (thermal) acoustic
phonons, which are responsible for most of the heat transfer. As
aresult, the thermal diffusivity increases sharply at the Curie tem-
perature (Figure 8B). In ferroelectrics, however, this effect is ab-
sent because the critical decrease in the frequency of transverse
optical vibrations occurs in the region of long-wavelength pho-
nons, and they do not mix. Consequently, ferroelectric crystals
exhibit a much larger maximum dielectric permittivity. For ex-
ample, at the Curie temperature and a frequency of 10 GHz, the
maximum dielectric permittivity is about &. = 1000 in KDP,
whereas under the same conditions it is only about & = 90 in
the antiferroelectric crystal ADP [15].

Thus, mixed ionic-covalent polar bonds strongly influence
heat transfer in polar crystals, resulting in significantly lower
thermal conductivity than in purely ionic or purely covalent
crystals. Thermal diffusion anomalies observed near ferroe-
lectric phase transitions can be explained by the transfor-
mation of an ordered polar structure into a disordered nonpo-
lar one. In the ordered phase, the thermal diffusivity increases,
indicating that it is the disordering of polar-sensitive bonds
that impedes heat diffusion.

4. Configurational Entropy

Many of the aforementioned properties of polar crystals can
be explained using the concept of configurational entropy [9,
10]. The entropy of a thermodynamic system is defined as a
measure of its disorder determined by the number of states that
moving particles can occupy. However, entropy is also af-
fected by the number of possible micro-locations in the system,
which depends on the self-organization in the micro-groups
consisting of several aggregated particles. This leads to the
concept of configurational entropy, which represents the frac-
tion of the total entropy of a system that is associated with the
arrangement of its constituent particles rather than with their
motion. This measure of disorder arising from possible con-
figurations is quantified by the positional disorder, while the
vibrational (or "kinetic") entropy characterizes the disorder
arising from every particles motion. Therefore, the configura-
tional entropy, determined by the dynamic change in groups
of constituent particles, is a part of the total thermodynamic
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entropy of the system. In this case, the change in configura-
tional entropy corresponds to the same change in total entropy.

As an example, the possibility of a negative volumetric
thermal expansion coefficient, a, characteristic of polar crys-
tals at sufficiently low temperatures, is examined below. The
Gibbs function G is considered, corresponding to the isobaric-
isothermal thermodynamic potential, characterizing the por-
tion of the system's internal energy available to perform useful
work under the specified conditions: G = U + pV - TS, where
U is the internal energy, p is the pressure, ¥ is the volume and
S is the entropy. The minimum of the Gibbs potential corre-
sponds to the equilibrium state of the system at a given tem-
perature, pressure, and number of particles. In this case, for a
system with a constant number of particles, the differential of
the Gibbs energy is expressed as: dG = - SdT + Vdp, where o
= (dV/dT),/V is determined at constant pressure. The change
in the volume of the system, determined by the Gibbs potential
at a constant temperature, is equal to: V' = (dG/dp)r, which al-
lows us to obtain the following expressions:

aG

_1 2(5), _l(azc)
“v\ or “v\arap
by replacing variables one can have:

= (),

This formula implies that, at constant temperature the coef-
ficient a depends on how entropy depends on pressure. In the
case of ordinary "kinetic" (thermal) entropy, it follows that the
greater the pressure the lower the entropy. Therefore, a crystal
should expand with increasing temperature (o > 0), which is
typically observed in most solids.

However, in polar crystals, which are dynamically self-organ-
izing systems, the coefficient a is negative at relatively low tem-
peratures. This situation in polar crystals corresponds to an in-
crease in the entropy with increasing pressure. This phenomenon
can be explained in terms of configurational entropy, which arises
from the dynamic change of polar clusters—nanoscale configu-
rations of groups of particles. A specific arrangement of particles
characterized by average quantities represents a macrostate,
whereas the individual particle configurations consistent with the
given macrostate represent its microstates.

Thus, the configurational entropy is determined by the set
of different arrangements of certain parts of the system, and
this rule can be applied to all possible system configurations.
As the hydrostatic pressure increases, the potential for partial
ordering of dynamic nanoscale clusters is suppressed, so the
mutual chaos intensifies. Therefore, a distinctive feature of
configurational entropy is its sensitivity to the pressure
changes. The correlation between the coefficient oy of volume

a

thermal expansion (8V = ay07) and the compressibility £y of
a crystal that is (87 = CyOp) is due to the fact that both of these
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phenomena characterize: the volume change of crystal under
the action of uniform scalar quantities (such as the uniformly
varying temperature 87 or hydrostatic pressure dp). The de-
pendence of relative change in volume 6/ of a crystal under
the hydrostatic pressure change is characterized by the com-
pressibility. Scalar parameter Cy is formed as invariant of elas-
tic compliance tensor: Cp=s11 + 522+ 533+ 2(s12+ 513+ 531); In
the cubic crystals and other isotropic solids the compressibil-
ity equals Gy = 3(s11 + 2s12).

It should be noted that compressibility is strongly depend-
ent on the energy of interatomic bonds. Consequently, the cor-
responding response of the crystal when its volume changes
on temperature (67) or on pressure (8p), in both cases is asso-
ciated with the intrinsic elastic properties of the crystal, re-
flecting the characteristics of its atomic bonds. It is therefore
not surprising that when discussing the physical nature of neg-
ative au(7), this property is compared with crystal's compress-
ibility €y, which characterizes the response of the crystal to
hydrostatic compression-tension (i.e., o,y < Cp).

The relationship between entropy and pressure can be under-
stood in terms of Le Chatelier's principle. Because the ordering
of polar bonds decreases the entropy while increasing the sys-
tem volume, an increase in pressure, which reduces the volume,
favors the disordering of polar bonds and, consequently, an in-
crease in entropy. Conversely, a negative change in volume
with increasing temperature indicates the presence of disorder-
ing processes in the system. Therefore, when describing the
properties of polar crystals, the phenomenon of a negative a.(7)
value requires taking into account configurational entropy.

Below the Debye temperature, when it is necessary to take
into account the quantum nature of crystal lattice vibrations,
the spectrum of thermal vibrations expands with increasing
temperature, and the specific heat capacity increases, with the
coefficient of thermal expansion increasing proportionally
an(T) ~ CAT) ~ T°. Such a dependence is indeed observed for
most crystals of chemical elements and simple compounds,
for example, halide salts and oxides. In all these cases, the in-
crease in the ay(7) dependence corresponds to the Griineisen
law [16], which establishes the same temperature dependence
for the specific heat capacity Cy and the coefficient of thermal
expansion: ay = (y¢Cr)/3K. Here y¢ is the Griineisen constant,
which is included in the equation of state of a solid, being a
measure of the anharmonicity of the interatomic forces acting
in the crystal. The bulk modulus of elasticity K is the recipro-
cal value of compressibility Cy. At that, parameter K is defined
as the ratio of the magnitude of mechanical stress to the mag-
nitude of relative compression, and it can be determined
through the components of the elastic stiffness tensor: for ex-
ample, in cubic crystals K = (c11 + 2¢12)/5. In other words, the
bulk modulus of elasticity describes the ability of a material
to resist the changes in solid's volume, i.e., it characterizes the
ability of an object to change its volume under the action of
hydrostatic pressure dp. The relationship oy <> K is due to the
fact that both effects on the crystal (a uniform change in its
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temperature and a comprehensive change in pressure) are sca-
lar effects on the crystal, and therefore, the crystal's re-
sponse—comprehensive deformation—reflects the character-
istics of internal atomic bonds under both types of effects.
Therefore, it is not surprising that, in further discussion of the
nature of the negative coefficient of thermal expansion, it is
appropriate to compare this property with the bulk modulus of
elasticity of the crystal, which characterizes its response to hy-
drostatic compression and tension.

The essence is that the scalar influences, such as uniform
changes in temperature or gyrostatic pressure, possess higher
(spherical) symmetry; this allows for the experimental determi-
nation of the internal symmetry of exactly interatomic bonds of
a crystal. However, other methods for investigating the nature
of these bonds are indirect, as they violate the symmetry of the
response of the object being studied. For example, with a vector
influence on a crystal (such as a temperature gradient, an elec-
tric field, etc.), as well as with a tensor influence on a crystal
(for example, directed mechanical stress), the symmetry of
these influences is superimposed on the internal symmetry of
the crystal. Consequently, the response characteristics may pro-
vide distorted information about the crystal's internal properties.

Many physical phenomena point to the significant role of
the configurational component of entropy in interpreting the
properties of polar substances. A convenient method for this
is to track the role of polarity during the ferroelectric phase
transition. Specific heat capacity anomalies and suppressed
heat transfer in polar crystals have already been discussed;
their volume expansion and negative thermal expansion re-
main to be discussed.

5. Increase in Polar Phase Volume and
Negative Thermal Expansion

Dynamic processes of self-organization of polar clusters,
activated by thermal vibrations of the crystal lattice, explain
not only the above-described anomalies of the thermal prop-
erties of polar crystals, but also many features of their electri-
cal and mechanical properties.

The particularity of polar crystals electrical properties (ex-
cept the piezoelectric and pyroelectric effects) include, firstly,
the anomalously high microwave absorption of a quasi-Debye
type; secondly, the anisotropy of the permittivity in most polar
crystals; thirdly, the gigantic value of the permittivity in the
relaxor ferroelectrics.

The same concept can be applied to explain the unique me-
chanical properties of polar crystals. This applies, for example,
to the reduction in elastic wave velocity in the polar phase of
crystals, as indicated by the minimum elastic stiffness in the
phase transition region. It is also noteworthy that hydrostatic
pressure lowers the temperature of the ferroelectric phase tran-
sition, as if "squeezing out" the ordered polar phase, leading to
its transformation into a disordered phase. Meanwhile, the tem-
perature of the antiferroelectric phase transition increases under
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the influence of hydrostatic pressure, which favors antipolarity.

5.1. Increase in Volume in the Polar State of
Crystals

Numerous experiments demonstrate an increase in the vol-
ume of a polar crystal during its transformation from a non-
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polar (disordered) phase. For example, during a first-order
phase transition, a polar crystal floats in denser melt. The same
effect of decreasing the crystal's density (i.e., increasing its
volume) is also observed during a second-order phase transi-
tion from a non-polar to a polar state. This effect of volume
change is particularly interesting when compared to the anti-
polar crystals, in which, on the contrary, when transition from
initially non-polar phase, the volume of a crystal decreases.
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Figure 9. Temperature expansion in ferroelectric materials.

(A) - unit cell volume in the ferroelectrics BaTiOs (1), PbTiOs (2), antiferroelectrics PbZrOs (3) and NaNbOs (4); (B) - schematically repre-
sented anomalies in volume V(T) and o(T) during phase transitions: 2 = 1 - paraelectric-ferroelectric; 2 = 3 . paraelectric-antiferroelectric.

Designations: 1 - V(T) dependence for polar phase, 2 - V(T) dependence for non-polar phase, 3 - V(T) dependence for antipolar phase, o -

thermal expansion coefficient at ferroelectric phase transition, o.f- same coefficient at anti-ferroelectric phase transition, broad arrows indicate
the direction of phase transition temperature Tc displacement with increasing pressure.

Figure 9A compares the temperature dependence of the vol-
ume in ferroelectric and antiferroelectric crystals, which ex-
hibit opposite thermal expansion anomalies near the phase
transition. In ferroelectrics, the volume of the ordered ferroe-
lectric phase increases compared to the volume of the disor-
dered paraelectric phase. In the ferroelectrics BaTiOs and
PbTiO:s, the nonpolar phase is cubic, whereas the low-temper-
ature polar phase is tetragonal. The unit cell is elongated along
the c-axis and contracted along the two a-axes; nevertheless,
the unit-cell volume increases below the phase-transition tem-
perature in both ferroelectrics. This behavior results from a
redistribution of the crystal's electron density such that the de-
velopment of internal polarity below the phase-transition tem-
perature requires a larger volume. At the same time, the crystal
symmetry is lowered.

The hydrostatic pressure, applied to BaTiO3 below its Curie
point (i.e., in the polar phase), returns this crystal into the
paraelectric non-polar phase, Figure 9B. The temperature of
barium titanate phase transition (shown as 2 = I passage) de-
creases with the rate - 5 K/kbar as the pressure increases [1].
As a result, at the pressure of 30 kbar applied in BaTiOs3 at
room temperature its polar phase already disappears: it is
"squeezed out" by pressure. Similarly, in ferroelectric PbTiOs
the temperature of ferroelectric phase transition under the ac-
tion of gyrostatic pressure decreases, but with a rate of - 8
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K/kbar. Figure 9B explains symbolically this process, which
is completely consistent with the concept of configurational
entropy.

Naturally, that the increase of volume in the polar phase
during ferroelectric phase transition is accompanied by a large
minimum of the thermal expansion coefficient, Figure 11B.
On the contrary, in the case of antiferroelectrics, the volume
of antipolar phase decreases at Curie point 7¢; correspondingly,
in the phase transition, the a(7) dependence shows a big
maximum. The density of antiferroelectric increases, so the
entropy in the antipolar phase decreases also. Accordingly, the
hydrostatic pressure shifts the antiferroelevtric phase transi-
tion temperature towards high temperatures: in the case of
PbZrO; with the rate of + 5.5 K/kbar [1].

Thus, the increase of uniform pressure suppresses the polar
properties of ferroelectric but, on the contrary, stabilizes the
antipolar phase of antiferroelectrics (in agreement with con-
figurational entropy concept).

5.2. Negative Thermal Expansion Coefficient

The coefficient of thermal expansion o; is a second-rank ten-
sor that characterizes the change in the relative dimensions of a
crystal with a change in temperature at a constant pressure p and
is measured in units of [K'']. The thermal expansion of polar
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crystals can be anisotropic, and the tensor components can have
different signs. However, below we will consider a scalar pa-
rameter: the volumetric coefficient of thermal expansion oy,
which characterizes the degree of change in the volume of a
crystal with temperature: oy = (1/V)-(0V/0T),. It can be calcu-
lated from the diagonal components of the thermal expansion
tensor, in particular, for crystals of medium symmetry oy = o
+ oz + a3, so in the crystals of cubic symmetry oy =3a.

Atnormal and elevated temperatures (usually above the De-
bye temperature), the coefficient a(7) gradually increases
with temperature; at the same time, in the ionic and covalent
crystals its value typically does not exceed 10-° K-!. Below the
Debye temperature an exponential temperature dependence of
the thermal expansion coefficient is generally observed: oy ~
T? (similar to the heat capacity). As known, the anharmonic
nature of thermal vibrations of the crystal lattice leads to a
positive sign of the thermal expansion coefficient: a(7T) > 0.
The positive value of this coefficient also follows from other
facts. The parameter ay(7) characterizes the properties of the
internal bonds of atoms, in particular, the energy of these
bonds, which is determined by the melting temperature of the
crystal: T,,~ 0p. The following empirical relationship is well
satisfied in a wide variety of crystals: ay7T,, = const [16], which
means that the smaller the coefficient oy the higher the melt-
ing temperature 7,,. Both of these important thermodynamic
parameters can be expressed in terms of the Debye tempera-
ture Op of the crystal. This is unconditional proof that the total
value of a(7) is expected to be positive.

That is why the negative value a(7) looks quite unusual,
however it can be argued that such an anomaly is seen below
the Debye temperature (when not all phonons of the crystal
lattice are activated, so some circumstances can influence this
process). As will be shown below, the phenomenon a(7) <0
is typical only for a certain temperature range, specifically in
the vicinity of about 0.1 6p. Therefore, the negative value of
volume thermal expansion coefficient, seen in the polar crys-
tals, is only an episode in the general a(7) dependence. How-
ever, this peculiarity allows a deeper understanding of the
physical nature of a crystal's own polarity.

Figure 10A shows typical examples of strong "negative ex-
pansion" effect in polar ionic crystals in comparison with a
similar but weakly expressed effect in covalent and layered
crystals, Figure 10B. At the same time, this phenomenon is
usually observed at temperatures close to 0.1 6p and occurs
not only in the polar crystals belonging to 21 non-central sym-
metry classes, but also in some non-polar crystals that never-
theless exhibit a weak manifestation of polarity, for example,
in Ge and Si, where a small minimum of o(7) is noticeable,
as shown in Figure 10B. It is reasonable to assume that, at suf-
ficiently low temperatures, thermal motion becomes weak
enough for the self-organization of even very weak polar
bonds to become significant. This suggests that even cubic co-
valent crystals may possess a certain tendency toward polar
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ordering. Such behavior may originate from a fluctuating po-
lar motif that becomes appreciable only at low temperatures.
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Figure 10. Negative thermal expansion in polar ionic and weakly
polar covalent crystals.

(A) - polar crystals ZnO (1) and HgTe (2); (B) - covalent crystals Ge,
Si, and C-diamond and layered crystal C-graphite [17].

The thermal expansion coefficient o(7) is an extremely sen-
sitive parameter, which can vary by a factor of dozens in solids.
The variability of o(7) depends on the rigidity of interatomic
bonds, including the degree of ordering of polar bonds. The
probable cause of the o(7) negative value in Si and Ge is the
partial ordering of fluctuations in hexagonal (wurtzite) polar
clusters formed by triple bonds of the Si=Si type, sometimes
appearing instead of the usual double bonds Si=Si. This as-
sumption is based on the fact that the polar hexagonal form is
sometimes found in a carbon crystal alongside the more com-
mon m3m diamond structure. Initially, the hexagonal carbon
crystal was discovered in meteorites as "hexagonal diamonds";
later, they were synthesized in the laboratory. However, in di-
amond (Figure 10B), which has an extremely rigid structure
and 0p ~ 1900 K, a negative a(7) value is not observed, since
polar fluctuations are suppressed, while in much less rigid Si
(6p ~ 600 K) and Ge (0p ~ 360 K) crystals weak self-organi-
zation polar effects with a negative o(7) value can occur.

It should also be noted that a hexagonal structure with polar
fluctuations can be realized in graphite and graphene, the cell
plane of which is characterized by negative a1 = a, with a
minimum at a temperature of ~ 200 K, Figure 10B. The ther-
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mal expansion of graphite shows a minimum of o; = o, at ap-
proximately 200 K, since the stronger C=C double bond is
much stronger than the C-C bond, which is responsible for as.
In support of this hypothesis, it should be noted that the tem-
perature minimum of thermal expansion in graphene is even
deeper than in graphite, and ., is also observed in carbon
nanotubes at a temperature of 240 K. There is reason to be-
lieve that the negative value of the a(7) dependence in the
low-temperature region is a common property of crystals with
a low coordination number (i.e., with an open structure),
which are characterized by a tetrahedral arrangement of atoms:
in them, the ordering of polar-sensitive bonds becomes sim-
pler. Conversely, in structures with close particle packing, the
thermal expansion coefficient is usually positive.

Figure 11 illustrates a possible mechanism for "negative
volume expansion" in polar crystals, whose structure exhibits
a tendency toward self-organization of polar bonds under con-
ditions of thermally chaotic crystal motion. At low tempera-
tures, the crystal volume ¥(7) initially increases, as usual, with
increasing temperature (curve / in Figure 11), so the initial
portion of the o(7) dependence is positive, as shown in the
low-temperature portion of curve 4.

However, with further increases in temperature and the inten-
sity of thermal vibrations, the disorder of the polar bond orien-
tation also increases, so that the increment in AV(7T) slows down,
since it cannot follow curve / in Figure 11, which applies only
to the ordered structure. The cessation of the increase in AV(T)
affects its temperature derivative: the parameter a(7) decreases
until it enters the negative region, curve 4 in Figure 11. In a dis-
ordered, more disordered structure, the potential temperature
dependence of the volume increment AV(T) is described by
curve 2'. Subsequently, as the temperature increases further, the
increment in AV(T) changes in accordance with curve 2, and
therefore the usual increase in o(7), proportional to the cube of
the temperature, is observed. Thus, transition region 3 in Figure
11 is formed, which corresponds to negative a(7).

AVA

o

.

T

0

Figure 11. Negative thermal expansion AV(T), 1 - covalent part of
mixed bonding, 2 - ionic part of mixed bonding, 3 - transition region;
4 - thermal expansion coefficient;
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Thus, below the Debye temperature, with a further decrease
in the intensity of thermal motion ("phonon freezing"), in po-
lar-sensitive crystals the possibility of self-organization of po-
lar bonds opens up (region 3 in Figure 11). As a result, as the
temperature decreases, the crystal volume (instead of the usual
decrease in correspondence with curve 2 in Figure 11) in-
creases slightly, but not as sharply as in the case of a ferroe-
lectric phase transition, rather very smoothly. Accordingly, a
minimum in a(7) is observed in polar crystals, although not as
sharply defined as in ferroelectrics.

6. Conclusions

Polar crystals are characterized by their ability to undergo
electrical polarization under the influence of non-electrical
factors: mechanical, thermal, optical, and others. They are
capable of mutually converting mechanical, thermal, and
electrical energy. Modeling and calculations show that the
formation of a polar structure is facilitated by the anharmon-
icity of ion interactions, their increased charge, and large Lo-
rentz factor of structure. The internal polarity of non-centro-
symmetric crystals arises as a structural compensation for
the different electronegativity of neighboring ions. Pro-
nounced anisotropy reduces the coordination number of the
polar crystal lattice and leads to its less dense structure.
Moreover, the polarity of crystals is manifested in a wide
range of their properties, not just in their electrical charac-
teristics. The unique properties of polar and antipolar crys-
tals are analyzed through experiments, modeling, and ther-
modynamics. These crystals have similar structures but ex-
hibit opposite anomalies in both electrical and thermal and
elastic properties due to the specific distribution of electron
density in crystal lattice. This contributes to the formation of
“soft” phonon modes of crystal lattice, the frequency of
which critically decreases at phase transitions either in the
center of Brillouin zone (— creating polarity), or at its
boundary or elsewhere in the zone (— causing antipolarity).

Intrinsic polarity manifests itself as a gentle minimum of
thermal expansion coefficient at a temperature of about 0.1 6p,
but in ferroelectrics the sharp minimum of a(7) corresponds
to the Curie point (in contrast, a sharp o(7) maximum is ob-
served in antiferroelectrics). The increase in the volume of the
polar phase of the crystal is due to a decrease in its symmetry
(in contrast, volume of antiferroelectrics decreases). The heat
capacity increase during the phase transition to the ordered po-
lar phase is explained similar to magnons, i.e., by heat transfer
dynamics of polar clusters (antiferroelectrics show heat capac-
ity minimum in Curie point). The maximum of thermal diffu-
sion at Curie point of antiferroelectric (instead of its minimum
in ferroelectrics) is explained by the participation of optical
phonons and the zeroing of the "soft" phonon mode not at the
beginning (as in a ferroelectric), but in the middle of the Bril-
louin zone.
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ADP  Ammonium Dihydrogen Phosphate
DC Direct Current
KDP  Potassium Dihydrogen Phosphate
NTE Negative Thermal Expansion
TGS  Triglycine Sulfate
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