UDC 537.226.4; PACS 77.84.Fa, 77.80.Bh, 81.40.Vw

HYDROSTATIC PRESSURE INFLUENCE ON PHASE TRANSITION AND PHYSICAL PROPERTIES OF KD_2P O_4-TYPE

FERROELECTRICS

I.V.Stasyuk, R.R.Levitskii, I.R.Zachek, A.P.Moina, A.S.Duda

Institute for Condensed Matter Physics Ukrainian National Academy of Sciences 1 Svientsitskii St., UA–290011 Lviv–11, Ukraine

Received March 29, 1996

On the basis of proposed earlier model the effects of applied hydrostatic pressure on the physical properties of DKDP type crystals are studied. Within the cluster approximation for proton model the dielectric, thermal and elastic characteristics of considered crystals are calculated. Detailed numerical analysis of obtained results is performed. It is shown that under the proper choice of the theory parameters, a satisfactory description of experimental results for the pressure dependencies of spontaneous polarization, static dielectric permittivities and transition temperature is obtained. To explain the experimental determined behaviour of elastic constants the anharmonic effects must be taken into account.

1. Introduction

The ferroelectric properties of a potassium dihydrogen phosphate (KDP) were discovered about sixty years ago, but despite decades of intensive studies the mechanism of a phase transition in it remains a problem.

This compound is known as a typical substance of hydrogen bonded crystals, which undergo ferroelectric structural phase transitions. The main feature of phase transitions in crystals of this family is a remarkable isotope effect at transition temperature. It is strongly affected by deuteration, increasing from 123K in KDP to 220K in its deuterated isomorph KD_2P O_4 (DKDP). To account for this large isotopic effect the tunnelling proton model was introduced and has become the established basis for models of phase transitions of this kind (see [1, 2] and references therein).

In accordance with this model, the phase transition is triggered by proton ordering; the latter makes heavy atoms shift along the polar axis from their paraelectric positions, hence a spontaneous polarization arises. In high temperature phase H-atoms are disordered over two possible sites on a hydrogen bond and order onto one of those sites below T_c. It was assumed that protons, moving in the double well potential, tunnel between its two minima. The isotope effect is explained in terms of differences in tunnelling matrix elements, arising from the mass difference between H and D atoms: tunnelling prevents ordering; thus the larger tunnelling frequency

cfl I.V.Stasyuk, R.R.Levitskii, I.R.Zachek, A.P.Moina, A.S.Duda, 1996

ISSN 0452{9910. Condensed Matter Physics 1996 No 8 (129{156) 129

130 I.V.Stasyuk et al

(the lighter a particle), the lower transition temperature. In completaly deuterated DKDP crystal tunnelling effects are practically negligible, so the model reduces to the regular order-disorder one.

As far as the static dielectric and thermal properties are concerned, the tunnelling model provides a satisfactory quantitative fit to experimental data. It should be mentioned, that short range correlations between hydrogen atoms play an essential if not crucial role in the phase transition. Therefore, any result obtained in a way when these correlations are not taken into account adequately (e.g. in the mean field approximation) is subject to doubt. The four particle cluster approximation, used, for instance, in [3–5] seems to be appropriate here. It has been shown that one can find a set of fitting parameters, which yields a good quantitative description of the isotope effect on T_c, Curie constant, as well as on the temperature behaviour of entropy and spontaneous polarization [5]. Tunneling was found to be effectively supressed by short-range correlations. Based on this statement calculations were performed in the [6, 7], where the order-disorder model was used in the whole range of deuteron concentrations. The sets of free parameters, allowing one to describe the temperature and concentration dependencies of all static dielectric (including transverse and longitudinal permittivities) and thermal properties, were found. The number of theory parameters was much less than that of characteristics described.

While the static properties were considered, heavy atoms were assumed to follow hydrogen motions instantaneously, and the polarization was directly determined by the level of H-ordering. Yet when the dynamics of the system is considered, this assumption is not appropriate anymore. Then a proton-phonon model with the motion of protons in the H-bonds coupled to the motion of heavy ions, especially to the optic mode along the polar axis, was proposed. Two modes appear in the system if the interaction of protons with only one optic mode is assumed; the instability of the crystal against the lower of them (the soft mode ω_−) leads to a phase transition. Both modes were detected in experiments on Raman scattering in KDP in x(yx)y geometry. It was found out that, first, the soft mode is heavily overdamped in the whole temperature region, but can be made underdamped by application of high pressure [9]. Second, in this geometry the corresponding mode in DKDP crystal is absent [10]. Both facts are quantitatively accounted for by the soft mode model, giving a strong experimental evidence for it.

However, there do exist some experimental facts that do not accord with tunnelling (proton-phonon) picture (an excellent review of them is given in [11]).

In particular, the experiments on light scattering in the low frequency region, carried out in z(yx)z̄ geometry have revealed [12] that, in contrast to the x(yx)y spectrum, the peak corresponding the soft mode in DKDP does exist. Furthermore, its frequency is larger than that in the KDP crystal, whereas the reverse was expected. In Raman spectra of internal modes region [13] there have been found some peaks (ν_3 and ν_4) which are forbidden, if P O_4 groups are of S_4 symmetry above T_c, but must appear in the case of C_2 symmetry. Besides, it is stated that no evidence for P O_4 groups of C_1 symmetry (”lateral” configurations) had been found.

The very recent experiments on Raman scattering under high pressure asserted [14, 15], that the soft mode frequency ω_− in forward z(yx)z̄ + δ scattering was larger than that in 90deg x(yx)y scattering. Hence, ω_− was found to decrease when the scattering vector increases, although it was supposed to increase, as a frequency of a usual ferroelectric soft mode at Γ point. This result was claimed as that which suggests a breakdown of

Hydrostatic pressure influence 131

the coupled proton-phonon model, since it predicts an unreasonable ω − ⃗q relation of the soft mode.

Another model was proposed in order to explain the facts which seem to be inconsistent with tunnelling picture [16, 17]. Within this model, P O_4 groups are assumed to be of C_2 symmetry both below and above T_c; the phase transition originates from ordering of distorted P O_4 tetrahedrons. The low-lying overdamped peak, which was thought to correspond to the soft mode, is assigned to a libration mode of P O_4 groups now.

Yet it should be mentioned that the order-disorder model of P O_4 dipoles meets some difficulties as well. The first, and the most important one is that it doesn’t account for the isotope effects. Usually, the increase in transition temperature is explained in terms of the so-called geometric isotope effect (see below), but the speculations here are rather qualitative, and no quantitative explanation has been developed yet. Besides, there arise some complications, concerning the ice rule constraint (two hydrogens near each P O_4 group and one hydrogen on a bond).

So, now we are in a situation when after the years of investigations, there were developed two different approaches to the problem, and the experimental evidence for and against both of them hase been found. The question of how and why the ferroelectric phase transition in KDP crystal occurs in fact, still remains the issue of the day.

Perhaps, an external hydrostatic pressure may become a probe which is able to shed some light on this long-pending problem. External pressure essentially influences physical properties of the crystal [18–24]. In modifying the geometrical parameters of internal crystal structure, we change molecular potentials of the system and thereby significantly change its characteristics. Among the most striking pressure effects is the decrease of the transition temperature and ultimate vanishing of the ordered phase. At p of about 17kbar the transition temperature of KDP crystal falls to zero with an indefinite slope in accordance with the third law of thermodynamics.

Pressure reduces the magnitude of the static dielectric constant and shifts the whole ε_c(T ) curve to the lower temperatures. In the paraelectric phase ε_c obeys the Curie-Weiss law in a wide temperature range, showing a marked discontinuous change at the transition point, so

ε_c = ε_∞ + C T − T_0 , at T > T_c. Here T_0 is the Curie-Weiss temperature, which is, for KDP, the same as T_c to within 0.1K . At ambient pressure the Curie constant C decreases with pressure linearly with d ln C/dp = −6.6 ± 0.2%GP a^{−1} in KDP and −14.3 ± 1.0%GP a^{−1} in 82% DKDP [21].

Hydrostatic pressure can induce a transition from the ferroelectric to the paraelectric phase. At a constant temperature ε_c(p) obeys ”the Curie-Weiss law” with respect to p:

ε_c = C^∗ p − p_0 , (1.1)

p_0 is strongly temperature dependent, whereas C^∗ is not so.

The spontaneous polarization P_s decreases with the increase of pressure linearly with ∂ ln P_s/∂p = −23.5 ± 1.5GP a^{−1} in KDP at 76 K and −8.7 ± 1.0%GP a^{−1} at 190 K in 94%DKDP [21]. The pressure influence on P_s arises from the intrinsic changes in P_s due to the changes in the density of dipoles and in dipole momentum as well as from the shift of the whole P_s(T ) curve to lower temperatures due to the lowering of T_c. It is clear that the shift in T_c does not affect P_s at temperatures far from the transition point.

132 I.V.Stasyuk et al

The pressure dependencies of all the studied characteristics are found to be strongly dependent on the deuteration level. It is interesting that in KDP crystal ∂ ln P_s/∂p is much larger than ∂ ln C/∂p, and in DKDP the reverse is true. ( [18, 21]).

Pressure dependence of the elastic constants C_{ij} of paraelectric KDPtype crystals have been reported in [25]. It was found that in all studied compounds (KDP, DKDP, ADP, DADP) C_{44} and C_{66} constants exhibited an anomalous non-linear (appr. parabolic) behaviour, whereas the others (C_{11} and C_{33}) increased linearly with increasing pressure. One should expect that at points where the constants C_{44} and C_{66} extrapolate to zero the pressure-induced phase transitions take place, although the corresponding pressures (appr. 100kbar) are well beyond the limits of the apparatus used.

A comprehensive analysis of pressure influence on crystal structure of paraelectric KDP-type crystals has been performed by R.J.Nelmes (see [26– 32]).

The crystal structure of KDP-type crystals is known to be tetragonal (space group I¯42d) in paraelectric phase and orthorhombic (space group F dd2) in the ferroelectric one. The lattice is composed of the P O_4 tetrahedra, an upper and a lower oxygen atom from different P O_4 groups being connected by hydrogen bonds. O...O bonds and lines joining H-sites lie almost in the xy-plane; their inclinations to this plane are about 5.5^o and 0.56^o (in KDP at room temperature) respectively.

The cell-volume compressibility for KDP depends on pressure in a nonlinear way. The isothermal pressure derivative Δa/ΔP is 40% lower in the high pressure range than at 1bar, while Δc/ΔP is not perceptibly changed. At low pressure Δa/ΔP and Δc/ΔP are almost equal and slightly altered by temperature and deuteration. The size and the shape of the P O_4 groups remain practically unaltered in the paraelectric phase. They rotate in a direction in which the angle of their orientation around ¯4-axis increases and, hence, the bond length 2R is barely altered. (2R is reduced by only 40% of the fractional changes in a.) The K-K, K-P and P -P distances simply scale with a and c [26, 28].

It is known that the deuteration significantly changes geometrical parameters of a hydrogen bond; an increase of T_c is accompanied by a corresponding increase in H-bond length 2R and the H-site separation δ. This fact invites the question, whether the isotope effect on T_c may be completely or partially attributable to the changes in the H-bond geometry (so called ”geometrical isotopic effect” [33]) without explicit invoking tunnelling motions. In order to answer this question, an experiment with an application of external pressure can be extremely useful, since hydrostatic pressure influences the H-bond structure in the same way as going from the deuterated to undeuterated crystals does.

It has been found [26,28] that the bond parameters δ (H-site separation) and 2R vary linearly with temperature at a constant pressure and linearly with pressure at a constant temperature, so

δ(p, T ) = δ(p_0, T_0) + c_1(T − T_0) + c_2(p − p_0) + c_3(p − p_0)(T − T_0),

and the same is true for 2R. It enables one to extrapolate to the critical values δ_c and 2R_c, appearing at the pressure when the ordered phase vanishes. It turns out that T_c tends to 0K at the same non-zero δ_c of approximately 0.2Åin all the studied compounds, independently of their crystal structure and dimensionality of H-bond framework (1D for P bH_2P O_4, 2D for the squaric acid H_2C_4O_4 and 3D for KDP or DKDP). Moreover, at the same

Hydrostatic pressure influence 133

value of δ (within 0.01Å) both KDP and DKDP have the same transition temperature! It means that deuteration effects are almost completely suppressed when δ is kept constant [30–32].

A comprehensive microscopic theory of high pressure effects in the crystals considered above is not yet developed. Usually, the pressure dependence of ferroelectricity in KDP family crystal is qualitatively accounted for in the framework of tunnelling or coupled proton-phonon models, assuming that the proton tunnelling frequency Ω increases and the dipolar proton-proton interaction J (enhanced by the proton-lattice interaction in the case of the coupled proton-phonon model) decreases with pressure [18,21]. Within the mean-field approximation the transition temperature is given by the equation 4Ω/J = tanh(Ω/kT_c).

The equation has solutions (a finite T_c does exist) only if 4Ω < J. If 4Ω becomes larger than J at some sufficiently high pressure, the ordered phase must vanish. In the same way the pressure dependencies of the Curie constant and spontaneous polarization are described.

A more appropriate four-particle cluster approximation (FPCA) for the tunnelling model was used in [34]. Effects of both deuteration and external pressure are explained in a consistent way with a quite conservative number of fitting parameters. The free energy calculated numerically from the theory is analysed in terms of Landau expansions in the polarization. It is assumed that energies of non-ionized and singly ionized groups ε and w are in the lowest order proportional to the squared distance δ between Hsites, these parameters being dependent on pressure and deuteration only through their dependence on δ. The pressure dependence of the parameter γ, introduced to describe the long-range dipolar interactions, is governed by δ and by the constant Q^L_h (this constant specifies the contribution to the volume electrostriction due to explicit dependence of the free energy on the lattice constants). Proper choice of δ and Q^L_h gives acceptable agreement with experiment for the logarithmic pressure derivatives of Curie-Weiss temperature, saturation polarization and the Curie-Weiss constant.

In [35] the model of coupled anharmonic oscillators was used to investigate the effects of pressure on the ferroelectric phase transition. It is assumed that the model parameters depend on distance between ions of the lattice according to some power laws. Expressions are obtained for the pressure dependence of the transition temperature within MFA, the theoretical results being in good agreement with the observed experimental findings both for KDP and DKDP.

A rather simple model of a one-dimensional hydrogen bond with a double Morse potential, analogous to that developed in [36] was studied by E.Matsushita and T.Matsubara in [37]. An empirical relation between bond length 2R and H-site distance δ was explained. Within this theory, the geometric isotope effect is entirely caused by the tunnelling motion of hydrogen and cannot be a reason, apart from tunnelling, for the shift of T_c with deuteration.

In [38] the dependence of the tunnelling frequency and exchange integral on the H-bond length and pressure with the same potential was examined. It appears that this dependence does not coincide with that assumed in the phenomenological theories. The pressure dependence of the transition temperature calculated within MFA is found to be in good qualitative agreement with experiment.

The purpose of this paper is to reexamine the usefulness of an proton model for a DKDP crystal in describing the behaviour of a crystal under

134 I.V.Stasyuk et al

high hydrostatic pressure. It opens up the series of publications where we study the influence of external hydrostatic and uniaxial of different geometries stresses on the phase transition in crystals of KH_2P O_4 family. Our calculations are based on the model of the strained crystals of this type, proposed in [39, 40].

The structure of this paper is the following. In Section 2 the Hamiltonian of the system under consideration is formulated and the equation for the transition temperature as a function of external pressure is derived. In Section 3 and 4 the influence of pressure on elastic constants and piezoelectric modules and on thermal properties of a crystal is studied. Expressions for the longitudinal and transverse components of static dielectric susceptibility tensor are derived in Section 5. Section 6 contains a discussion on the obtained results.

2. Cluster approach

We consider a system of deuterons moving on O-D. . . O bonds in a crystal of KD_2P O_4 type. The unit cell of Bravais lattice of such a crystal is composed of two neighbouring P O_4 tetrahedra together with four hydrogen bonds attached to one of them (”A”type tetrahedra). Hydrogen bonds going to another (”B” type) tetrahedron belong to the four nearest structural elements surrounding it 1

e e e e

e e e u

u u u u

u u

6

               -_a

b 1 2 2 1

1 2 3j

2j 1j

4j 2 1

Z} æ>

Figure 1. The unit cell of DKDP crystal. Here 1,2 denote Hsites, and 1,2,3,4 in circles stand for the hydrogen bonds numbers.

The Hamiltonian of the system at presence of hydrostatic pressure −p = σ_1 = σ_2 = σ_3 and an external electric field E_i (i = 1, 2, 3) along the crystallographic axes a, b, c has the following form [39]:

H_i = v̄N 2 ∑ ij c^{(0)}_{ij} ε_iε_j − ∑ q_j f_j 2μF^i_{fj} ⟨σ_{fj} (R_{qj} )⟩ 2 + + ∑ q1 ,q2q3,q4 { δ_{Rq1 ,Rq2} δ_{Rq1 ,Rq3} δ_{Rq1 ,Rq4} + δ_{Rq1 +r2,Rq2} δ_{Rq1 +r3,Rq3} δ_{Rq1 +r4,Rq4} } ×

Hydrostatic pressure influence 135

× 1 2 ∑ f_i f_j V_{fifj} σ_{fi} (R_{qi} ) 2 σ_{fj} (R_{qj} ) 2 + Φ σ_1(R_{qj} ) 2 σ_2(R_{qj} ) 2 σ_3(R_{qj} ) 2 σ_4(R_{qj} ) 2 + − ∑ q_j f_j [ 2μF^i_{fj} σ_{fj} (R_{qj} ) 2 + μ_{fj i}E_i σ_{fj} (R_{qj} ) 2 ] . (2.1)

The Hamiltonian (2.1) describes the short-range configurational interactions between deuterons near tetrahedra of ”A” and ”B” type; r_{fj} is a relative position vector of a deuteron on a hydrogen bond. Two eigenvalues of Ising spin σ_{fi} (R_{qi} ) = ±1 are assigned to two equilibrium positions of a deuteron on the f_i-th bond in the q_i-th unit cell. c^{(0)}_{ij} are the ”seed” elastic constants; ε_i are the components of the deformations tensor; v̄ = v/k_B, v is the unit cell volume; k_B is the Boltzmann constant. F^i_{fj} are internal fields, created by, first, effective long-range forces, including as well an indirect interaction between deuterons through lattice vibrations, and, second, by a hydrostatic pressure p. They read: [39, 40]

2μF^i_1 = 2η^{(1)}_1 [ J_{11} 4 + ∑ i ψ_{1i}ε_i ] + 2η^{(1)}_2 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + +2η^{(1)}_3 [ J_{13} 4 + ∑ i ψ_{3i}ε_i ] + 2η^{(1)}_4 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] , 2μF^i_2 = 2η^{(1)}_1 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + 2η^{(1)}_2 [ J_{11} 4 + ∑ i ψ_{1i}ε_i ] + +2η^{(1)}_3 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + 2η^{(1)}_4 [ J_{13} 4 + ∑ i ψ_{3i}ε_i ] , 2μF^i_3 = 2η^{(1)}_1 [ J_{13} 4 + ∑ i ψ_{3i}ε_i ] + 2η^{(1)}_2 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + +2η^{(1)}_3 [ J_{11} 4 + ∑ i ψ_{1i}ε_i ] + 2η^{(1)}_4 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] , 2μF^i_4 = 2η^{(1)}_1 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + 2η^{(1)}_2 [ J_{11} 4 + ∑ i ψ_{1i}ε_i ] + +2η^{(1)}_3 [ J_{12} 4 + ∑ i ψ_{2i}ε_i ] + 2η^{(1)}_4 [ J_{13} 4 + ∑ i ψ_{3i}ε_i ] ,

(2.2)

where η^{(1)}_{fi} = ⟨σ_{fi} (R_{qj} )⟩; J_{fi fj} is a long-range dipole-dipole interaction between deuterons; ψ_{1i}, ψ_{2i}, ψ_{3i} are the so-called deformation potentials; μ = eδ is the dipole moment of a hydrogen bond; δ is a distance between two H-sites on a hydrogen bond.

According to [26,28], δ is a linear function both of pressure and temperature, so:

δ = δ(p_0, T_0) + c_1(T − T_0) + c_2(p − p_0) + c_3(p − p_0)(T − T_0) = δ_0 + δ_1p,

with δ(p_0, T_0) = 0.387Å, c_1 = −5·10^{−5}Å/K, c_2 = −3.8·10^{−4}Å/kbar, c_3 = 4·10^{−6}Å/K/kbar, p_0 = 16.5kbar, T =295K [26]; δ_0 > 0 and δ_1 < 0.

136 I.V.Stasyuk et al

Taking into account the fact that J_{fifj} = μ^2J̄_{fifj} we can write:

J_{fifj} = J^{(0)}_{fifj} [1 + 2 δ_1 δ_0 p] (2.3)

2 δ_1 δ_0

=-1.77·10^{−2}kbar^{−1} at 250K and slightly decreases with lowering temperature.

The static and dynamic properties of deuterated orthophosphates will be considered in the four-particle cluster approximation. In terms of density matrices [41] it reads:

ρ_0 = e^{−βHi} Spe^{−βHi} = e^{−βHiA4} Spe^{−βHiA}4 e^{−βHiB4} Spe^{−βHiB}4 , β = 1 T , (2.4)

where H^{iA}_4 , H^{iB}_4 are the four-particle cluster Hamiltonians, which describe behaviour of deuterons near ”A” and ”B” tetrahedra. Since the equilibrium distribution functions of deuterons around ”A” and ”B” tetrahedra are equal within the cluster approximation, then we can consider the static and dynamic properties of the KD_2P O_4 crystal on the basis of H^{iA}_4 solely.

H^{iA}_4 = V [ σ_1 2 σ_2 2 + σ_2 2 σ_3 2 + σ_3 2 σ_4 2 + σ_4 2 σ_1 2 ] + U [ σ_1 2 σ_3 2 + σ_2 2 σ_4 2 ] + +Φ σ_1 2 σ_2 2 σ_3 2 σ_4 2 − ∑ f_j z^i_{fj} β σ_{fj} 2 . (2.5)

Here V = − w_1 2 , U = −ε + w_1 2 , Φ = 4ε − 8w + 2w_1. For the sake of clarity we omitted the index (R_{qj} ) near the spin operators.

Within the proposed model the energies of deuteron configurations ε, w, and w_1 are assumed to be linear functions of deformations ε_i: T < T_c T > T_c ε = ε^0 + δ^−_{11}ε_1 + δ^−_{12}ε_2 + δ^−_{13}ε_3, ε = ε^0 + δ^+_{11}(ε_1 + ε_2) + δ^+_{13}ε_3, w = w^0 + δ^−_{21}ε_1 + δ^−_{22}ε_2 + δ^−_{23}ε_3, w = w^0 + δ^+_{21}(ε_1 + ε_2) + δ^+_{23}ε_3, w_1 = w^0_1 + δ^−_{31}ε_1 + δ^−_{32}ε_2 + δ^−_{33}ε_3, w_1 = w^0_1 + δ^+_{31}(ε_1 + ε_2) + δ^+_{33}ε_3.

(2.6)

The effective fields z^i_{fj} have the following symmetry:

z^z = β{−Δ_3 + 2νη^{(1)z} + μ_3E_3}, z^x_1 = β{−Δ_1 + 2ν_1η^{(1)x}_1 + 2ν_3η^{(1)x}_3 + 4ν_2η^{(1)x}_{24} + μ_1E_1]} z^x_3 = β{−Δ_3 + 2ν_3η^{(1)x}_1 + 2ν_1η^{(1)x}_3 + 4ν_2η^{(1)x}_{24} − μ_1E_1}, z^x_{24} ≡ z^x_2 = z^x_4 = β{−Δ_{24} + 2ν_2[η^{(1)x}_1 + η^{(1)x}_3 ] + 2[ν_1 + ν_3]η^{(1)x}_{24} },(2.7) z^y_{13} ≡ z^y_1 = z^x_3 = β{−Δ_{13} + 2[ν_1 + ν_3]η^{(1)y}_{13} + 2ν_2[η^{(1)y}_2 + η^{(1)y}_4 ]}, z^y_2 = β{−Δ_2 + 4ν_2η^{(1)y}_{13} + 2ν_1η^{(1)y}_2 + 2ν_3η^{(1)y}_4 + μ_2E_2]} z^y_4 = β{−Δ_4 + 4ν_2η^{(1)y}_{13} + 2ν_3η^{(1)y}_2 + 2ν_1η^{(1)y}_4 − μ_2E_2]},

Hydrostatic pressure influence 137

where ν = ν_c(0) 4 [1 + 2 δ_1 δ_0 p] + ∑ i ψ_{ci}ε_i, ν_j = ν_{1j} (0) 4 [1 + 2 δ_1 δ_0 p] + ∑ i ψ_{ji}ε_i (2.8) are the functions both of pressure p and deformations ε_i (j = 1, 2, 3). We took into account, that have taken

η^{(1)z} = η^{(1)z}_1 = η^{(1)z}_2 = η^{(1)z}_3 = η^{(1)z}_4 , η^{(1)x}_{24} = η^{(1)x}_2 = η^{(1)x}_4 ; η^{(1)y}_{13} = η^{(1)y}_1 = η^{(1)y}_3 , ν^{(0)}_c = J^{(0)}_{11} + 2J^{(0)}_{12} + J^{(0)}_{13} ; ψ_{ci} = ψ_{1i} + 2ψ_{2i} + ψ_{3i}; μ_3 = μ_{13} = μ_{23} = μ_{33} = μ_{43}, μ_1 = μ_{11} = −μ_{31}, μ_{21} = μ_{41} = 0, μ_2 = μ_{22} = −μ_{42}, μ_{12} = μ_{32} = 0. (2.9) In (2.7) and (2.8) Δ_1, . . ., Δ_4 are effective fields, resulting from an interaction with neighbouring quasispins outside a cluster. They can be determined from the condition of equality of the mean values of ⟨σ_{fj} (R_{qj} )⟩ calculated with four- and single-particle Gibbs’ distributions with the Hamiltonian (2.5) and with H^i_{fj} (R_{qj} ) = − z̄^i β σ_{fj} (R_{qj} ) 2 . (2.10)

Expressions for z̄^z, . . ., z̄^y_4 can be obtained from (2.7) and (2.8) by replacing Δ_1, . . ., Δ_4 with 2Δ_1, . . ., 2Δ_4; obviously, their symmetry coincides with that of z^z , . . ., z^y_4 . The calculation of the mean values

⟨σ_{fj} (R_{qj} )⟩ = Sp { σ_{fj} (R_{qj} ) exp (−βH^{iA}_4 (R_{qj} )) } Sp exp (−βH^{iA}_4 (R_{qj} )) =

= Sp { σ_{fj} (R_{qj} ) exp (−βH^i_{fj} (R_{qj} )) } Sp exp (−βH^i_{fj} (R_{qj} ))

is straightforward; the obtained expressions are rather cumbersome and therefore omitted here. After Δ_1, . . ., Δ_4 had been excluded from (2.7) and (2.8) the quantities z^z, . . ., z^y_4 read:

z^z = 1 2 ln 1 + η^{(1)z} 1 − η^{(1)z}

+ βνη^{(1)z} + βμ_3E_3 2 , z^x_1 = 1 2 ln 1 + η^{(1)x}_1 1 − η^{(1)x}_1 + β [ ν_1η^{(1)x}_1 + ν_3η^{(1)x}_3 + 2ν_2η^{(1)x}_{24} + μ_1E_1 2 ] , z^x_3 = 1 2 ln 1 + η^{(1)x}_3 1 − η^{(1)x}_3 + β [ ν_3η^{(1)x}_1 + ν_1η^{(1)x}_3 + 2ν_2η^{(1)x}_{24} − μ_1E_1 2 ] , z^x_{24} = 1 2 ln 1 + η^{(1)x}_{24} 1 − η^{(1)x}_{24} + β [ ν_2[η^{(1)x}_1 + η^{(1)x}_3 ] + [ν_1 + ν_3]η^{(1)x}_{24} ] , (2.11)

z^y_{13} = 1 2 ln 1 + η^{(1)y}_{13} 1 − η^{(1)y}_{13} + β [ ν_2[η^{(1)y}_2 + η^{(1)y}_4 ] + [ν_1 + ν_3]η^{(1)y}_{13} ] ,

138 I.V.Stasyuk et al

z^y_2 = 1 2 ln 1 + η^{(1)y}_2 1 − η^{(1)y}_2 + β [ 2ν_2η^{(1)y}_{13} + ν_1η^{(1)y}_2 + ν_3η^{(1)y}_4 + μ_2E_2 2 ] , z^y_4 = 1 2 ln 1 + η^{(1)y}_4 1 − η^{(1)y}_4 + β [ 2ν_2η^{(1)y}_{13} + ν_3η^{(1)y}_2 + ν_1η^{(1)y}_4 − μ_2E_2 2 ] . where D^z = cosh 2z^z + 4b cosh z^z + 2a + d, a = exp (−βε), b = exp (−βw), d = exp (−βw_1). (2.12)

Deformations ε_i and the order parameter η^{(1)z} can be determined from conditions of the thermodynamic equilibrium: 1 v̄ ∂f^z ∂η^{(1)}

= 0; 1 v̄ ∂f^z ∂ε_1 = 1 v̄ ∂f^z ∂ε_2 = 1 v̄ ∂f^z ∂ε_3 = −p. (2.13)

where f^z is the free energy of the crystal:

f^z_− = F_z N = v̄ 2 ∑ ij c^{0−}_{ij} ε_iε_j − 2 ∑ i δ^−_{2i}ε_i + 2ν[η^{(1)z}]^2+

+2T ln 2 − 2T ln(1 − (η^{(1)z})^2) − 2T ln D^z,

(2.14)

The thermodynamic potential is equal to

g^z(η^{(1)z}, T, p) = f^z + v̄p ∑ i ε_i, The set of equations for η^{(1)z} and ε_i, has the following form:

η^{(1)z} = 1 D^z (sinh 2z^z + 2b sinh z^z),

−p = c^{0−}_{11} ε_1 + c^{0−}_{12} ε_2 + c^{0−}_{13} ε_3 − 2 δ^−_{21} v̄ − 2ψ_{c1} v̄ [η^{(1)z}]^2 + 2 v̄ M^−_1 D^z , −p = c^{0−}_{12} ε_1 + c^{0−}_{22} ε_2 + c^{0−}_{23} ε_3 − 2 δ^−_{22} v̄ − 2ψ_{c2} v̄ [η^{(1)z}]^2 + 2 v̄ M^−_2 D^z , (2.15)

−p = c^{0−}_{13} ε_1 + c^{0−}_{23} ε_2 + c^{0−}_{33} ε_3 − 2 δ^−_{23} v̄ − 2ψ_{c3} v̄ [η^{(1)z}]^2 + 2 v̄ M^−_3 D^z , M^−_i = 4bδ^−_{2i} cosh z^z + 2aδ^−_{1i} + dδ^−_{3i}.

In paraelectric phase the free energy is equal to: (ε_1 = ε_2)

f_+ = v̄ 2 { 2(c^{0+}_{11} + c^{0+}_{12} )ε^2_1 + c^{0+}_{33} ε^2_3 + 2c^{0+}_{13} ε_1 } − −2 ∑ i δ^+_{2i}ε_i + 2T ln 2 D_+ , pressure and deformations being connected in the way:

−p = (c^0_{11} + c^0_{12})ε_1 + c^{0+}_{13} ε_3 − 2 δ^+_{21} v̄ + 2 v̄ M^+_1 D_+ , −p = 2c^{0+}_{13} ε_1 + c^{0+}_{33} ε_3 − 2 δ^+_{23} v̄ + 2 v̄ M^+_3 D_+ , (2.16)

Hydrostatic pressure influence 139

where M^+_i = 4bδ^+_{2i} + 2aδ^+_{1i} + dδ^+_{3i}, M_1 = M_2, D_{1+} = 1 + 4b + 2a + d.

As one can see from equations (2.15) and (2.16) to make deformations ε_i equal to zero at zero pressure, one must assume the parameters δ_{2i} to be temperature dependent. For the sake of simplicity and in order to keep δ_{2i} constant we put deformations ε_i to be equal to zero only at the transition point. Thus the parameters δ_{2i} can be determined from the equation:

δ^+_{2i} =

2aδ^+_{1i} 1 + 2a , a is taken at T = T_c. At all other temperatures small residual deformations (≈ 10^{−6}) exist at pressure of 1 bar.

The temperature of the first order phase transition T_c is determined from the criterion that g^z(η^{(1)z}, T_c, p) = g^z(0, T_c, p), (2.17)

the order parameter and deformations obey the system (2.15).

Polarization of the crystal, when the electric field along the z-axis is applied, is equal to P_3 = 2 μ_3 v η^{(1)z}, (2.18)

an effective dipole momentum μ_3 and the unit cell volume v being linear functions of pressure:

μ_3 = μ^{(0)}_3 − k_{μ3} p, v = v^{(0)} − k_vp . (2.19)

Respectively,

P_1 = μ_1 v [η^{(1)x}_1 − η^{(1)x}_3 ], P_2 = μ_2 v [η^{(1)y}_2 − η^{(1)y}_4 ]. (2.20)

3. Elastic and piezoelectric properties Let us study now how the hydrostatic pressure affects the elastic properties of crystals under consideration. Matrix of elastic constants in ferroelectric phase has the following symmetry:

c^{p−}_{11} c^{p−}_{12} c^{p−}_{13} 0 0 0 c^{p−}_{12} c^{p−}_{22} c^{p−}_{23} 0 0 0 c^{p−}_{13} c^{p−}_{23} c^{p−}_{33} 0 0 0 0 0 0 c^{p−}_{44} 0 0 0 0 0 0 c^{p−}_{55} 0 0 0 0 0 0 c^{p−}_{66}

Its elements, altered by hydrostatic pressure, we calculate, taking into account the deuteron ordering. c^{p−}_{ij} = c^{0−}_{ij} − 4η^{(1)} v̄DT [2ψ_{ci}ψ_{cj}η^{(1)}æ + ψ_{ci}t_j + ψ_{cj}t_i]− − 2 v̄DT [4bδ^−_{2i}δ^−_{2j} cosh z + 2aδ^−_{1i}δ^−_{1j} + dδ^−_{3i}δ^−_{3j}] + 2 v̄D^2T M^−_i M^−_j . (3.1)

140 I.V.Stasyuk et al

Here we used the following notations:

æ = [cosh 2z + b cosh z] − η^{(1)}[sinh 2z + 2b sinh z]; t_i = −2bδ^−_{2i} sinh z + η^{(1)}M^−_i ,

In the present approach we cannot determine how the constants c^{p−}_{44} , c^{p−}_{55} , c^{p−}_{66} are changed by external pressure.

In the paraelectric phase the symmetry of elastic constants matrix somewhat changes: c^{p+}_{11} c^{p+}_{12} c^{p+}_{13} 0 0 0 c^{p+}_{12} c^{p+}_{11} c^{p+}_{13} 0 0 0 c^{p+}_{13} c^{p+}_{13} c^{p+}_{33} 0 0 0 0 0 0 c^{p+}_{44} 0 0 0 0 0 0 c^{p+}_{44} 0 0 0 0 0 0 c^{p+}_{66} and in the case w_1 → ∞ (d = 0) we have

c^{p+}_{11} = c^{0+}_{11} − 2 v̄D_+T [4b(δ^+_{21})^2 + 2a(δ^+_{11})^2 + 8ab(δ^+_{11} − δ^+_{21})^2],

c^{p+}_{12} = c^{0+}_{12} − 2 v̄D_+T [4b(δ^+_{21})^2 + 2a(δ^+_{11})^2 + 8ab(δ^+_{11} − δ^+_{21})^2],

c^{p+}_{13} = c^{0+}_{13} − 2 v̄D_+T [4bδ^+_{21}δ^+_{23} + 2aδ^+_{11}δ^+_{13} + 8ab(δ^+_{11} − δ^+_{21})(δ^+_{13} − δ^+_{23})],

c^{p+}_{33} = c^{0+}_{33} − 2 v̄D_+T [4b(δ^+_{23})^2 + 2a(δ^+_{13})^2 + 8ab(δ^+_{13} − δ^+_{23})^2].

Using (2.15) we can calculate the quantities, which characterize the electromechanical properties of a crystal.

In direct piezoelectric effect, coefficients of piezoelectric strain e_{3i} determine a polarization caused by mechanical deformations, and in reverse piezoeffect, a pressure, which, at a given electric field, must be applied to a crystal to maintain it undeformated. They read:

e_{3i} = ( ∂P_3 ∂ε_i ) E3 = μ_3 v 2 T 2ψ_{ci}η^{(1)}æ + t_i D − 2φæ , e_h = e_{31} + e_{32} + e_{33}.

where φ = 1 1 − [η^{(1)}]^2 + βν; At direct piezoeffect, constants of piezoelectric strain give an increase of an electric field, necessary to maintain polarization constant, if this increase is caused by mechanical deformations. At reverse piezoeffect, they give an increase in pressure due to a polarization, which maintains a crystal undeformated.

h_{3i} = − ( ∂E_3 ∂ε_i ) P3 = 2 μ_3D φ(2ψ_{ci}η^{(1)}æ + t_i), h_h = h_{31} + h_{32} + h_{33}.

At direct piezoeffect, coefficients of piezoelectric deformations g_{3i} characterize an electric voltage in open circuit at a given pressure, and, at the

Hydrostatic pressure influence 141

reverse effect, deformations, caused by polarization. These constants we

find, solving the set of equations: ∑ i c^{p−}_{ij} g_{3j} = h_{3j} ; g_h = g_{31} + g_{32} + g_{33}.

Constants of piezoelectric deformations describe a change in polarization

with pressure at a direct piezoeffect, and a deformation, occuring in a free

crystal, when an electric field is applied, at the reverse effect.

d_{3j} = ∑ i s^{E−}_{ij} e_{3j} ; d_h = d_{31} + d_{32} + d_{33}.

Here s^{E−}_{11} , . . ., s^{E−}_{33} are the elastic constants (constants of elastic compli-

ance):

s^E_{11} = 1 Δ_c | | | | c^E_{22} c^E_{23}

c^E_{23} c^E_{33} | | | | , s^E12 = − 1 Δ_c | | | | c^E_{12} c^E_{23}

c^E_{13} c^E_{33} | | | | , s^E13 = 1 Δ_c | | | | c^E_{12} c^E_{22}

c^E_{13} c^E_{23} | | | | , s^E_{22} = 1 Δ_c | | | | c^E_{11} c^E_{13}

c^E_{13} c^E_{33} | | | | , s^E23 = − 1 Δ_c | | | | c^E_{11} c^E_{13}

c^E_{12} c^E_{23} | | | | , s^E33 = 1 Δ_c | | | | c^E_{11} c^E_{12}

c^E_{12} c^E_{22} | | | | , Δ_c = | | | | | | c^E_{11} c^E_{12} c^E_{13}

c^E_{12} c^E_{22} c^E_{23}

c^E_{13} c^E_{23} c^E_{33} | | | | | | , (3.2)

where c^{E−}_{ij} = c^{P −}_{ij} − h_{3i}e_{3j}; i, j = 1, 2, 3. Piezoelectric and elastic characteristics are connected through the fol-

lowing relations: ∑ i s^{p−}_{ij} h_{3j} = g_{3j}; ∑ i c^{E−}_{ij} d_{3j} = e_{3j};

Let us note that all piezoelectric coefficients, calculated above (i.e. e_{3i},

h_{3i}, g_{3i}, d_{3i}) are equal to zero in paraelectric phase.

4. Thermal properties

Let us consider now the thermal properties of a deuteron subsystem of a

KD_2P O_4 crystal.

In ferroelectric phase the entropy per one mol has the following form:

S^− = ( ∂f_− ∂T ) η(1) ,ε = (4.1) = R ( −2 ln 2 + 2 ln[1 − (η^{(1)})^2] + 2 ln D − − 4 T ν[η^{(1)}]^2 + 2 M D ) , where R is the gas constant, and

M = M^−_0 + β ∑ i ε_iM^−_i , M^−_0 = β(4w^0b cosh z + 2ε^0a + w^0_1d).

142 I.V.Stasyuk et al

In the paraelectric phase

S^+ = R { −2 ln 2 + 2 ln D_+ + 2 D_+ ( M^+_0 + 2βε_1M^+_1 + βε_3M^+_3 ) } . The molar specific heat at constant pressure we calculate, differentiating the entropy (4.1): ΔC^p = RT ( ∂S ∂T ) p . In the result:

ΔC^p = ΔC^ε − RT ∑ i q^P_i α_i, (4.2)

where ΔC^ε is the molar specific heat at constant deformations, and

ΔC^ε = RT (−q^{P ε} − q^εp^P ). (4.3)

Quantities, occuring in (4.2) and (4.3) are the following:

q^P_i = − ( ∂S ∂ε_i ) P,T – heat of deformations at a constant polarization;

q^ε = − ( ∂S ∂P_3 ) ε,T – heat of polarization at constant deformations;

p^P = ( ∂P_3 ∂T ) p – pyroelectric coefficient at a constant pressure

α_i = ( ∂ε_i ∂T ) p – coefficients of the thermal expansion.

q^P_i = − 2 v̄DT { −2 ν T [ 2ψ_{ci}η^{(1)}æ + t_i ] − − 2ψ_{ci}η^{(1)} [ q − η^{(1)}M ] + λ_i − MM^−_i D } , q^ε = v μ_3 2 D φ [ 2 ν T η^{(1)}æ − (q − η^{(1)}M) ] , q^{P,ε} = − 2 DT { 4η^{(1)} ν T [ 2ν T η^{(1)}æ − (q − η^{(1)}M) ] + N − M^2 D } , where the notations were used:

N = 4 ( w T )_2

b cosh z + 2 ( ε T )_2 a + ( w_1 T )_2 d, (4.4)

q = 2 w T b sinh z, λ_i = − 1 T ( 4wbδ_{2i} cosh z + 2εaδ^−_{1i} + w_1dδ^−_{3i} ) . From (2.15) we obtain: p^P = p^ε + ∑ i e_{3i}α_i, where p^ε = − μ_3 v 2 T 2η^{(1)}βνæ − [q − η^{(1)}M] D − 2φæ ,

Hydrostatic pressure influence 143

and the thermal expansion coefficients obey the system of equations: ∑ j c^E_{ij}α_j = −p_i + p^εh_{3i};

α = α_1 + α_2 + α_3, and p_i is a thermal pressure.

p_i = ( ∂p ∂T ) P3 ,ε = q^P_i .

In paraelectric phase

α_{1,2} =

−p^+_1 c^{p+}_{33} + p^+_3 c^{p+}_{13} [c^{p+}_{11} + c^{p+}_{12} ]c^{p+}_{33} − 2[c^{p+}_{13} ]^2

+ α^0_1, α_3 =

2p^+_1 c^{p+}_{11} − p^+_3 [c^{p+}_{11} + c^{p+}_{12} ] [c^{p+}_{11} + c^{p+}_{12} ]c^{p+}_{33} − 2[c^{p+}_{13} ]^2

+ α^0_3, (4.5) The constant terms, which describe contributions of the lattice anharmonicity, have been added to the right-hand sides of (4.5).

5. Dielectric susceptibility Let us determine the static dielectric susceptibility along the z-axis at presence of hydrostatic pressure. Consider, at first, the clamped crystal (ε_i =const). In the ferroelectric phase the expression for χ^{ε−}_3 (0, T, p) reads:

χ^{ε−}_3 (0, T, p) = ( ∂P^−_3 ∂E_3 ) ε,E3=0 = μ^2_3 v 1 T 4æ D − 2φæ . (5.1)

In the paraelectric phase :

χ^{ε+}_3 (0, T, p) = μ^2_3 v 1 T 4(1 + b) 2a + 2b + d − 1 − 2βν_c(1 + b) In the case of a free crystal (p=const), χ^{p−}_3 (0, T, p) = χ^{ε+}_3 (0, T, p) + ∑ i e_{3i}d_{3i}. In the paraelectric phase the longitudinal susceptibilities of clamped and free crystals coincide: χ^{p+}_3 (0, T, p) = χ^{ε+}_3 (0, T, p) Transverse static dielectric susceptibility (along the x-axis) reads:

χ^{ε−}_1 (0, T, p) = 1 2 ( ∂P_1 ∂E_1 ) ε,E1=0 = . (5.2) = μ^2_1 v 1 T 2(a + b cosh z) D − 2(a + b cosh z){[1 − (η^{(1)})^2]^{−1} + β[ν_1 − ν_3]} . In paraelectric phase

χ^{ε+}_1 (0, T, p) = μ^2_1 v 1 T 2(a + b) 1 + 2b + d − 2β[ν_1 − ν_3](a + b) . At presence of hydrostatic pressure the x- and y- directions remain equivalent; therefore, in the paraelectric phase the static dielectric susceptibility still is isotropic in the xy-plane: χ^{ε+}_1 (0, T, p) = χ^{ε+}_2 (0, T, p)

144 I.V.Stasyuk et al

6. Discussion

Before going into the discussion of the proposed in previous sections theory, let us note that, strictly speaking, this theory can be valid for a completely deuterated KD_2P O_4 crystal only, whereas the vast majority of experimental data concern the crystals, deuterated partially. Nevertheless, as the relaxational character of dielectric dispersion in K(H_{1−x}D_x)_2P O_4 crystals implies, tunnelling effects in them are most likely suppressed by the short-range correlations between hydrogens. So at least in the case of high deuteration, we are allowed to neglect tunnelling and apply the theory to K(H_{1−x}D_x)_2P O_4 crystals as well. In [6,7] it has been shown that under the proper choice of free parameters one can get a satisfactory description of a number of thermodynamic characteristics of considered crystals at ambient pressure.

For a numerical estimate of the pressure and temperature dependencies of dielectric, elastic, piezoelectric and thermal characteristics of KD_2P O_4 crystals obtained in previous sections it is necessary to set the values of the cluster parameters ε, w, w_1, long range interaction parameters ν_c(0), dipole moments per unit cell μ_c and μ_a, deformation potentials δ_{ij}, ψ_{cj} and ”seed” elastic constants c^0_{ij}. As the theory parameters for undeformated K(H_{1−x}D_x)_2P O_4 we took those obtained in [6, 7]. The deformation potentials were chosen such that the best agreement with experimental data was attained for the variation of transition temperature T_c, spontaneous polarization P_s and longitudinal static dielectric permittivity ε_3(0, T, p) with pressure (see Table 1).

x T_c ε^0 w^0 ν_c(0)/4 δ^−_{11} δ^−_{12} δ^−_{13} ψ^−_{c1} ψ^−_{c2} ψ^−_{c3} δ^+_{11} δ^+_{13} ψ^+_{c1} ψ^+_{c3} 0.98 218 92.0 830 37.39 -45 -55 885 -105 -95 50 -50 800 -105 50 0.87 210 87.6 785 36.80 -50 800 -95 390 0.84 208 87.0 770 36.63 -50 800 -95 590

Table 1. Parameters of the theory (all in K) at different deuterations.

μ^−_c = 3.625·10^{−18}esu, μ^+_c = 2.931·10^{−18}esu, μ^−_a = 2.837·10^{−18}esu, w_1 → ∞. Further experimental study of transverse dielectric, piezoelectric, elastic and thermal characteristics as functions of hydrostatic pressure is required to define the values of deformation potentials more precisely.

It should be mentioned that amount of deuteration is difficult to determine exactly: the discrepancies in T_c(x) dependence reported by different authors reach 10%. In this work we used the data by E.N.Volkova (see [6] and references therein).

The experimental values of the elastic constants are available for the K(H_{1−x}D_x)_2P O_4 crystals only with x = 0 x = 0.89 above T_c [43]. Nevertheless, we can estimate the values of c^+_{ij} at x = 0.98, 0.87, 0.84, assuming their linear dependence on deuteration. Those data were taken as the ”seed” elastic constants c^{0+}_{ij} . Since the values of elastic constants of ferroelectric DKDP were not available at all, we carried out calculations of T_c, ε_i and other characteristics at different pressures and different trial values of c^{0−}_{ij} close to c^{0+}_{ij} . The set of c^{0−}_{ij} , providing the best fit to experimental data is given in Table 2.

Hydrostatic pressure influence 145

We met some difficulties, trying to solve the system of equations (2.15) by Newton-Raphson method directly. Instead, we had to minimize the thermodynamical potential g(η^{(1)z}, T, p) with respect to the order parameter η^{(1)z} and determine the deformations ε_i from the three latter equations of (2.15). The transition point was found from the (2.17) criterion.

x c^{0+}_{11} c^{0+}_{12} c^{0+}_{13} c^{0+}_{33} c^{0−}_{11} c^{0−}_{12} c^{0−}_{13} c^{0−}_{22} c^{0−}_{23} c^{0−}_{23} 0.98 6.14 -0.71 1.05 4.82 6.24 -0.71 1.05 6.0 1.0 4.82 0.87 6.93 -0.78 1.22 5.45

Table 2. The ”seed” elastic constants c^0_{ij} (units of 10^{11}dyn/cm^2) for K(H_{1−x}D_x)_2P O_4 crystals at different deuterations.

In figure 2 the calculated pressure dependence of the transition temperature on of K(H_{1−x}D_x)_2P O_4 crystal for x = 0.98, 0.87, and 0.84 is shown along with experimental data [21, 24]. Up to 25kbar, T_c decreases with pressure linearly as T_c(p) = T_c − k_T p, k_T (0.98) = 2.02 K/kbar, k_T (0.87) = 2.67 K/kbar, k_T (0.84) = 3.02 K/kbar. The further raising of pressure leads to the deviation of T_c(p) dependence from linearity, and the slope |∂T_c/∂p| significantly increases. Calculations show that at p ≈ 65 kbar the transition temperature falls to zero, so the ordered phase disappears.

T_c, K

p, kbar Figure 2. The transition temperature of K(H_{1−x}D_x)_2P O_4 crystals as a function of pressure at different deuteration levels x: 1, ffi [24] – 0.98; 2 – 0.87; 3, 2 [21] – 0.84

146 I.V.Stasyuk et al

In figures 3 the variation of deformations ε_i with pressure at T = 190 K and x = 0.98 is depicted. The absolute values of ε_i increase with pressure linearly do not perceptibly change with temperature except for the abrupt jumps at the transition point. Our calculations give the linear decrease in the unit cell volume with the hydrostatic pressure:

v = (0.3892 − k_vp)·10^{−21} cm^3, k_v=0.0017 cm^3/kbar, v̄ = v/k_B = (2.82 − k_{v̄}p) K/kbar, k_{v̄}=0.0095 K/kbar^2, what agrees with the experimental result of [28] k_v=0.0013 cm^3/kbar). q ”_i

p, kbar

Figure 3. The deformations ε_i of a K(H_{0.02}D_{0.98})_2P O_4 crystal as functions of pressure at 190K: 1 – ε_1; 2 – ε_2; 3 – ε_3.

Pressure reduces the values of cluster parameters ε, w, as well as of the long-range interaction parameter ν. Analytically, these dependencies are expressed as follows:

ε = ε^0 − k_εp, w = w^0 − k_wp, ν = ν_c(0)/4 − k_νp

with

x \T (K) 100 200 230 300 k_ε (K/kbar) 0.98 0.985 1.005 0.955 0.958 0.84 0.835 0.916 k_w (K/kbar) 0.98 0.562 0.572 0.550 0.553 0.84 0.481 0.483 k_ν (K/kbar) 0.98 0.455 0.411 0.416 0.382 0.84 1.034 1.007

The energy of a non-ionized group ε decreases with pressure much more rapidly than does the energy of a single-ionized group w. At x = 0.98

Hydrostatic pressure influence 147

∂ ln ε/∂p=-1.09%/kbar and ∂ ln w/∂p=-0.069%/kbar at T < T_c; ∂ ln ε/∂p=-1.04%/kbar and ∂ ln w/∂p=-0.066%/kbar at T > T_c;

(compare with the result of [34] ∂ ln ε/∂p = ∂ ln w/∂p=-1.9%/kbar in both phases).

Influence of hydrostatic pressure on the spontaneous polarization P_s vs temperature curves of K(H_{1−x}D_x)_2P O_4 was studied by G.A.Samara in [21], where the data for P_s(T ) for x = 0.94 and T_c = 220 K at p =0, 2.07 and 4.14 kbar are presented. According to table I of this paper the value of P_s(T ) at 190 K is 6.15 ± 0.10 μC/cm^2. However, in [42] (also by G.A.Samara) it is asserted that at nearly the same transition temperature of 219.8 ± 0.1K deuteration is x = 0.98 with a saturation polarization of 6.21±0.07 μC/cm^2. Furthermore, at all temperatures P_s(T ) at x = 0.94 [21] is greater than P_s(T ) at x = 0.98 [42], whereas the reverse is expected. Since the dependence of T_c on deuteration x obtained in [42] is in agreement with the independent data of E.N.Volkova (see [6]), we assumed that in [21] x had been merely understated – its more precise value should be about 1.0.

The calculated dependencies of spontaneous polarization P_s on temperature at different pressures and on pressure at different temperatures along with experimental points of [21] are plotted in figs.4 and 5. A good description of experimental data is obtained at μ^−_c = μ̄^−_c − k^−_μ p, with k_μ = 0.051 · 10^{−18}esu·cm/kbar, (or, d ln μ^−_c /dp = −1.07%/kbar (compare with d ln μ^−_c /dp = −1.2%/kbar of Samara [21]). As one can see, an increase in pressure leads to a decrease in P_s saturation value, while the jump of P_s at the transition point hardly depends on pressure. The strength of the first-order transition increases with pressure.

In figs.6-9 the temperature dependencies of piezoelectric coefficients e_{3i}, d_{3i} h_{3i} and g_{3i} of K(H_{0.02}D_{0.98})_2P O_4 crystal at different pressures are depicted. In the paraelectric phase all piezocoefficients are equal to zero. When the temperature tends to T_c the magnitudes of e_{3i} and d_{3i} sharply increase, and abrupt jumps of them are found at the transition point. Pressure reduces the size of the jumps. The temperature range ΔT where e_{3i} and d_{3i} differ from zero, decreases with pressure.

Coefficients h_{3i} and g_{3i} increase slightly with temperature and fall to zero with a discontinuity at T = T_c; the size of the discontinuity increases with pressure. The values of e_{31}, e_{32}, . . . d_{31}, d_{32} are negative, and those of e_{33}, e_h, . . . d_{33}, d_h are positive. This fact is consistent with the statement that the sign of resultant piezoelectric coefficients e_h, . . . d_h determines the direction of the transition temperature shift with pressure.

148 I.V.Stasyuk et al

P_s, μC/cm^2

T , K Figure 4. The spontaneous polarization of a KD_2P O_4 crystal as a function of temperature at different pressures p(kbar): 1, – 0.001; 2, – 2.07; 3, – 4.14; 4, – 7.6; 5 – 15.0; 6 – 20.0. Experimental data are taken from [21].

P_s, μC/cm^2

p,kbar

Figure 5. The spontaneous polarization of a KD_2P O_4 crystal as a function of pressure at different temperatures T (K): 1, – 170; 2, – 190; 3, – 200; 4, – 210. Experimental data are taken from [21].

Hydrostatic pressure influence 149

e_{3i} ·10^{−5}, esu/cm^2

T , K

Figure 6. The coefficients of piezoelectric strain e_{3i} and e_h of a K(H_{0.02}D_{0.98})_2P O_4 crystal as functions of temperature at different pressures p(kbar): a – 0.001; b – 7.6; c – 15; 1 – e_{31}; 2 – e_{32}; 3 – e_{33}; 4 – e_h.

h_{3i} ·10^{−4}, esu/cm^2

T , K Figure 7. The constants of piezoelectric strain h_{3i} and h_h of a K(H_{0.02}D_{0.98})_2P O_4 crystal as functions of temperature at different pressures p(kbar): a – 0.001; b – 7.6; c – 15; 1 – h_{31}; 2 – h_{32}; 3 – h_{33}; 4 – h_h.

150 I.V.Stasyuk et al

g_{3i} ·10^{−6}, cm^2/esu

T , K Figure 8. The coefficients of piezoelectric deformations g_{3i} and g_h of a K(H_{0.02}D_{0.98})_2P O_4 crystal as functions of temperature at different pressures p(kbar): a – 0.001; b – 7.6; c – 15; 1 – g_{31}; 2– g_{32}; 3 – g_{33}; 4 – g_h.

d_{3i} ·10^6, cm^2/esu

T , K Figure 9. The constants of piezoelectric deformations d_{3i} and d_h of a K(H_{0.02}D_{0.98})_2P O_4 crystal as functions of temperature at different pressures p(kbar):a – 0.001; b – 7.6; c – 15; 1 – d_{31}; 2– d_{32}; 3 – d_{33}; 4 – d_h.

Hydrostatic pressure influence 151

In figure 10 we plotted the variation of the attributed to the deuteron ordering part of specific heat of K(H_{1−x}D_x)_2P O_4 crystals with temperature at different pressures and the experimental points of [44]. As can be seen, at p=1bar a good agreement with experimental data is obtained. In the ferroelectric phase ΔC^p increases sharply with temperature and decreases with a discontinuity at T = T_c. The peak values of ΔC^p in the high pressure range are smaller than those at 1bar. In the paraelectric phase the specific heat hardly depends on either pressure or temperature.

C^p, J/mol K

T, K Figure 10. The specific heat of K(H_{1−x}D_x)_2P O_4 crystal as a function of temperature at different pressures p(kbar):

1, ffi [44] – 0.001 (x = 1.00); 2 – 0.001 (x = 0.98); 3 –

4.14; 4 – 7.6.

The influence of hydrostatic pressure on the temperature dependence of dielectric permittivity of K(H_{1−x}D_x)_2P O_4 crystals was studied in [21–24]. The measurements were carried out on crystals with x = 0, 0.35 and 0.82 [21], with x = 0 and 0.82 in [22], with x = 0 in [23], and with x = 0, 0.35 and 1.0 in [24]. Unfortunately, in [24] data at ambient pressure are absent. Extrapolation of the linear ε^{−1}_3 vs pressure dependence, derived from [24] data gives the values of ε^{−1}_3 (0, T, p) at 1bar, which are, however, 25-30% higher than those given in [45–47]. Choosing the values of deformation potentials δ_{ij} and ψ_{cj}, we tried to get the best fit to the experimental data at 1 bar and to describe ε^{−1}_3 (0, T, p) vs temperature curves at all other nonzero pressures with approximately equal errors.

In figure 11 the temperature dependence of inverse longitudinal dielectric permittivity of 0.98% KD_2P O_4 crystal at different pressures along with the experimental points of [21, 42, 48] is shown. As can be seen, in the paraelectric phase the Curie-Weiss law is obeyed in a wide temperature range at different pressures. A good agreement with experimental data is obtained if f^+_c = (μ^+_c )^2/v_k=155, μ^+_c = (2.931 − k^+_μ p)·10^{−18} esu·cm and

152 I.V.Stasyuk et al

ε^{−1}_3 (0, T, p)

T , K Figure 11. The inverse longitudinal dielectric permittivity of the K(H_{0.02}D_{0.98})_2P O_4 crystal as a function of temperature at different pressures p(kbar): 1 – 0.001; 2 – 3.6; 3 – 4.7; 4 – 7.6. The experimental points are taken from [46] – △ , [48] – ffl and from [21] –ffi.

k^+_μ = 5·10^{−3} esu·cm/kbar (d ln μ^+_c /dp = −0.17%/kbar). It should be noted that the slope of the ε^{−1}_3 (0, T, p) curves does not depend on the values of the deformation potentials.

In the ferroelectric phase ε^{−1}_3 (0, T, p) depends on pressure in a non-linear way. We took f^−_c = (μ^−_c )^2/v_k = 244.7−k_fp, with k_f = 5.99kbar^{−1}. Calculations predict a much more rapid increase in ε^{−1}_3 (0, T, p) than that observed experimentally in [24]. We may explain the discrepancies between theory and experiment in the ferroelectric phase, assuming that in the measurements the crystal was probably not converted into a single domain.

The data of [21] are rather contradictory. The slopes of ε^{−1}_3 (0, T, p) vs T lines at 1bar and at 4.14kbar for x = 0.82 (figure 2 from [21]) are smaller than those at p =1.8, 5.0, 10.0, 15.0, 20.0, 25.0 kbar, calculated on the basis of figure 7 from [21]. The magnitude of ε^{−1}_3 (0, T, p) at p =1.8kbar is greater than that at p =4.18kbar. The dependence ε^{−1}_3 (0, T, p) on pressure at T = 204K, calculated on the basis of the expression (1.1), taken from [21], also does not agree with the picture presented in figure 7 of [21].

The temperature dependence of the inverse longitudinal dielectric permittivity of K(H_{0.16}D_{0.84})_2P O_4 crystal at different pressures is shown in figure 12 along with the experimental points of [21]. It should be noted that in [21] it is stated that the transition temperature of T_c =208 K corresponds to x = 0.82. However, on the basis of E.N.Volkova (see [6]) data, we take for the deuteration x = 0.84.

Hydrostatic pressure influence 153

ε^{−1}_3 (0, T, p)

T , K

Figure 12. The inverse longitudinal dielectric permittivity of K(H_{0.16}D_{84})_2P O_4 crystal as a function of temperature at different pressures p(kbar): 1 – 0.001; 2 – 1.8; 3 – 4.14; 4 – 5.0; 5 – 10.0; 6 – 15.0. The experimental points are taken from [21].

Concluding remarks

On the basis of the previously proposed model of a strained crystal of DKDP type [39, 40], we study the influence of hydrostatic pressure on the phase transition, thermodynamic, elastic, piezoelectric and dielectric properties of these crystals. Both short-range and long-range interactions between hydrogens are taken into account. Theoretical results are compared with available experimental data. It is shown that under the proper choice of fitting parameters the theory provides a satisfactory description of variation of studied characteristics with pressure. Unfortunately, the experimental data mainly concern spontaneous polarization and longitudinal dielectric constant, whereas any information about the pressure dependence of, say, transverse permittivity or specific heat is absent. To determine the theory parameters more precisely, a detailed experimental study of DKDP crystal responses as functions of pressure is needed.

We hope, that the present and following works will draw attention to this problem. Such investigations would give us one more chance to understand finally the origin of the phase transition in these crystals.

Acknowledgements

We would like to thank Prof. I.R.Yukhnovskii and Prof. N.M.Plakida for useful discussions and valuable remarks. This work was supported by the Ukrainian State Committee for Science and Technology, project N2/702

154 I.V.Stasyuk et al

and by the Western Scientific Center of the National Ukrainian Academy of Sciences.

References

[1] Tokunaga M., Matsubara T. Review on tunnelling model for KH_2P O_4. // Ferroelectrics, 1987, vol. 72, p. 175-191.

[2] Matsubara T. 50 years of KH_2P O_4. A case history of the theory of phase transitions in KDP-type crystals. // Jap.J.Appl.Phys., 1985, vol. 24, Suppl.24- 2, p. 1-5.

[3] Blinc R., Svetina S. Cluster approximation for order-disorder type hydrogenbonded ferroelectrics. I.Small cluster.. // Phys.Rev., 1966, vol. 147, No2, p. 423-429.

[4] Blinc R., Svetina S. Cluster approximation for order-disorder type hydrogenbonded ferroelectrics. II. Application to KH_2P O_4. // Phys.Rev., 1966, vol. 147, No2, p. 430-438.

[5] Vaks V.G., Zein N.E., Strukov B.A. On the theory of ferroelectrics of KH_2P O_4–KDP type. // Phys.Stat.Solidi(a), 1975, vol. 30, p. 801-819.

[6] Levitskii R.R., Zachek I.R., Mitz I.Ye. Thermodynamics and longitudinal relaxation of ferroelectrics K(H_{1−x}D_x)_2P O_4. / Preprint, ITP-87-114R, Kiev, 1987, 48 p (in Russian).

[7] Levitskii R.R., Zachek I.R., Mitz I.Ye. Transverse relaxation in K(H_{1−x}D_x)_2P O_4 type ferroelectrics. / Preprint, ITP-87-115R, Kiev, 1987, 48 p (in Russian).

[8] Tokunaga M. Order-disorder model of P O_4 dipoles for KH_2P O_4 type ferroelectrics phase transitions. // Progr.Theor.Phys.Suppl., 1984, vol. 80, p. 156-162.

[9] Peercy R.S. Measurement of the ”soft” mode and coupled modes in the paraelectric and ferroelectric phases of KH_2P O_4 at high pressure. // Phys.Rev.B., 1975, vol. 12, No 7, p. 2725-2740.

[10] Blinc R., Zeks B. Soft modes in ferroelectrics and antiferroelectrics. New York, Elsevier, 1974.

[11] Tokunaga M., Tatsuzaki I. Light scattering spectra of polarization fluctuations in KDP type ferroelectrics. // Phase Trans., 1984, vol. 4, p. 97-156.

[12] Tominaga Y., Kasahara M., Urabe H., Tatsuzaki I. Raman spectra of lowlying longitudinal mode of KH_2P O_4 and KD_2P O_4 in ferroelectric phase. // Sol.St.Comm., 1983, vol. 47, No10, p. 835-837.

[13] Tominaga Y., Urabe H., Tokunaga M. Internal modes and local symmetry of P O_4 tetrahedrons in K(H_{1−x}D_x)P O_4 by Raman scattering. // Sol.St.Comm., 1983, vol. 48, No 3, p. 265-267.

[14] Yagi T., Arima M., Sakai A. On the ω � q relation of the soft mode of KDP studied by light scattering under a high pressure. // J.Phys.Soc.Jap., 1990, vol. 59, No 4, p. 1430-1437.

[15] Yagi T. Breakdown of the soft-mode model of KDP – low-frequency Raman spectroscopy under high pressure . // Ferroelectrics, 1994, vol. 152, p. 409-414.

[16] Tokunaga M. Order-disorder model of P O_4 dipoles for KDP an ADP. // Jap.Journ.Appl.Phys., 1985, Suppl.24–2, p. 908-910.

[17] Tokunaga M., Tominaga Y., Tatsuzaki I. Order-disorder model of P O_4 dipoles in KDP based on recent Raman spectroscopic studies . // Ferroelectrics, 1985, vol. 63, p. 171-178.

[18] Samara G.A. Pressure dependence of the static and dynamic properties of KH_2P O_4 and related ferroelectric and antiferroelectric crystals. // Ferroelectrics, 1987, vol. 71, p. 161-182.

[19] Samara G.A. The hydrogen bond in ferroelectricity and the role of high pressure research. // Ferroelectrics, 1978. vol. 20, p. 87-96.

[20] Samara G.A. Pressure dependence of the ferroelectric properties of KD_2P O_4.

// Phys.Lett.A., 1967. vol. 25, No 9, p. 664-666.

Hydrostatic pressure influence 155

[21] Samara G.A. Pressure dependence of the static dielectric properties of K(H_xD_{1−x})P O_4 and RbH_2P O_4. // Ferroelectrics, 1979, vol. 22, p. 925-936.

[22] Samara G.A. Vanishing of the ferroelectricity in displacive and hydrogen-bond ferroelectrics at high pressure. // Ferroelectrics, 1974, vol. 7, p. 221-224.

[23] Samara G.A. Vanishing of the ferroelectric and antiferroelectric states in KH_2P O_4-type crystals at high pressure. // Phys.Rev.Lett., 1971, vol. 27, No 27, p. 103-106.

[24] Zhukov S.G., Kul’bachinskii V.A. , Smirnov P.S., Strukov B.A., Chudinov S.H.

The effects of hydrostatic pressure on phase transitions in K(H_xD_{1−x})P O_4 crystals. // Bull. Ac.Sci.USSR. Phys.Ser., 1985, vol. 49, No 2, p. 40–42.

[25] Fritz I.J. Anomalous acoustic behaviour of KH_2P O_4-type crystals at high pressure. // Phys.Rev.B, 1976, vol. 13, No 2, p. 705-712.

[26] Nelmes R.J. Structural studies of KDP and the KDP-type transition by neutron and X-ray diffraction: 1970–1985. // Ferroelectrics, 1987, vol. 71, p. 87-123.

[27] Nelmes R.J., Tun Z., Kuhs W.F. A compilation of accurate structural parameters for KDP and DKDP, and a users’ guide to their crystal structures. // Ferroelectrics, 1987, vol. 71, p. 125-141.

[28] Tibbals J.E., Nelmes R.J., McIntyre G.J. The crystal structure of tetragonal KH_2P O_4 and KD_2P O_4 as a function of temperature and pressure. // J.Phys.C: Sol.St.Phys., 1982, vol. 15, p. 37-58.

[29] Nelmes R.J., Meyer G.M., Tibbals J.E. The crystal structure of tetragonal KH_2P O_4 and KD_2P O_4 as a function of temperature. // J.Phys.C: Sol.St.Phys. 1982, vol. 15, p. 59-75.

[30] Piltz R.O., McMahon M.I., Nelmes R.J. Neutron-diffraction studies of the geometric isotope effect in H-ordering transitions. // Ferroelectrics, 1990, vol.108, p. 271-276.

[31] McMahon M.I., Piltz R.O., Nelmes R.J. Neutron-diffraction studies of the relationship between T_c and H-bond dimensions in H-ordering transitions. // Ferroelectrics, 1990, vol. 108, p. 277-282.

[32] Nelmes R.J., McMahon M.I., Piltz R.O., Wright N.G. High pressure neutrondiffraction studies of KH_2P O_4-type phase transitions as T_c tends to 0K. // Ferroelectrics, 1991, vol. 124, p. 355-360.

[33] Ichikawa M., Motida K., Yamada N. Negative evidence for a proton-tunnelling mechanism in phase transition. // Phys.Rev.B., 1987, vol. 36, No 1, p. 874- 876.

[34] Torstveit S. Pressure and deuteration effects on the static ferroelectric properties of KH_2P O_4 (KDP) in the four-particle cluster approximation. // Phys.Rev.B, 1979, vol. 20 , No 11, p. 4431-4441.

[35] Braeter H., Plakida N.M., Windsch W. On the pressure dependence of the phase transition temperature in hydrogen-bonded ferroelectrics. // Sol. St. Comm., 1989, vol. 69, p. 289-292.

[36] Robertson G.N., Lawrence M.C. Analysis of proton tunnelling in KDP using a realistic proton potential. // J.Phys.C.: Sol.St.Phys., 1982, vol. 14, p. 4559- 4574.

[37] Matsushita E., Matsubara T. Note on the isotope effect in hydrogen-bonded crystals. // Progr.Theor.Phys., 1982, vol. 67, No 1, p. 1-19.

[38] Konwent H. On the dependence of the phase transition temperature on the hydrogen bond length and on the pressure in ferroelectric hydrogen-bonded crystals. // Act. Phys. Polon., 1990, vol. A77, No 4, p. 507-514.

[39] Stasyuk I.V., Biletskii I.N. Influence of omnidirectional and unaxial stress on the ferroelectric phase transition in crystals of KH_2P O_4 type. // Bull. Ac.Sci.USSR. Phys.Ser., 1983, vol. 4, No 4, p. 79-82.

[40] Stasyuk I.V., Biletskii I.N., Stahar O.N Induced by external pressure phase transition in KD_2P O_4 crystals. // Ukr.Fiz.Zh., 1986, vol. 31, No 4, p. 567- 571. (in Russian) [41] Levitskii R.R., Korynevskii N.A., Stasyuk I.V. Distribution functions and thermodynamical properties of KD_2P O_4 and N D_4D_2P O_4 type crystals. //

156 I.V.Stasyuk et al

Phys.Stat.Sol.(b)– 1978, vol. 88, No 1, p. 51-63.

[42] Samara G.A. The effects of deuteration on the static ferroelectric properties of KH_2P O_4 (KDP). // Ferroelectrics, 1973, vol. 5, p. 25-37.

[43] Shuvalov L.A., Mnatsakanyan A.V. The elastic properties of KD_2P O_4 crystals over a wide temperature range. // Sov.Phys.Crystall., 1966, vol. 11, No 2, p. 210-212.

[44] Reese W., May L.F. Studies of phase transitions in order-disorder ferroelectrics. II. Calorimetric investigations of KD_2P O_4. // Phys.Rev., 1968, vol. 167, 2, p. 504-510.

[45] Lines M.E., Glass A.M. Principles and application of ferroelectric and related materials. Oxford, Clarendon Press, 1977.

[46] Hill R.M., Ichiki S.K. Paraelectric response of KD_2P O_4. // Phys.Rev., 1963, vol. 130, No 1, p. 150-151.

[47] Březina B., Fouskova A., Smutny F. Regular behaviour of solid solutions of KH_{2(1−n)}D_{2n}P O_4 single crystals. // Phys.Stat.Sol.(a)., 1972, vol. 11, No 2, K149-K152.

[48] Litov E., Uehling E.A. Polarization relaxation and susceptibility in ferroelectric transition region of KD_2P O_4. //Phys.Rev.B., 1970, vol. 1, No 9, p. 3713- 3726.

VPLIV G�DROSTATIQNOGO TISKU NA FAZOVI` PEREH�D � F�ZIQN� VLASTIVOST� SEGNETOELEKTRIK�V TIPU KD2P O4

¨.V.Stask, R.R.Levic~kiȷ, ¨.R.Zaqek, A.P.MoÝna, A.S.Duda

Na osnov˛ zaproponovanoÝ ran˛xe model˛ dosl˛dıu‚t~sffl vpliv g˛drostatiqnogo tisku na f˛ziqn˛ vlastivost˛ kristalu tipu KD_2P O_4. V klasternomu nabliıenn˛ rozrahovano d˛- elektriqn˛, pruın˛ ˛ teplov˛ harakteristiki kristalu, wo dosl˛dıu‚t~sffl, provedeno detal~niȷ qisloviȷ anal˛z otrimanih rezul~tat˛v. Pokazano, wo pri naleınomu vibor˛ parametr˛v teor˛Ý ma‚ m˛sce zadov˛l~niȷ opis eksperimental~nih rezul~- tat˛v dlffl bariqnih zaleınosteȷ spontannoÝ polfflrizac˛Ý, pozdovın~oÝ statiqnoÝ d˛elektriqnoÝ proniklivost˛ ta temperaturi fazovogo perehodu. Dlffl pofflsnennffl ekperimental~no viznaqenoÝ poved˛nki pruınih stalih sl˛d vrahovuvati angarmon˛qn˛ efekti.