PACS 64.60.Cn

STATISTICAL THEORY FOR DISORDERED QUASI-ONE-DIMENSIONAL FERROELECTRICS WITH HYDROGEN BONDS

R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

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

Received February 5, 1997

Thermodynamics and dynamics of the quasi-one-dimensional disordered ferroelectrics with hydrogen bonds are studied within the framework of disordered Ising model. We obtain thermodynamic potentials, polarization, static and dynamic q-dependent susceptibilities within the two-site cluster approximation for short-range interactions. Theoretical results are compared to dielectric meusurements in pure and partially deuterated ferroelectrics Cs(H_{1−x}D_x)_2P O_4 and P bH(D)P O_4. The model predicts the sort ordering in the former crystal: protons and deuterons tend to occupy the nearest neighbour H-bonds.

1. Introduction

Ferroelectrics of KDP family compels much attention due to their simple structure and interesting properties. Many investigations have been devoted to low-symmetric ferroelectrics, i.e. CsH_2P O_4 (CDP), P bHP O_4 (LHP) and their deuterated isomorphs.

The structure of the cesium dihydrogen phosphate crystal is shown in figure 1. In the high-temperature paraelectric phase CDP crystal and its deuterated isomorph CsD_2P O_4 (DCDP) are monoclinic and belong to space group P 2_1/m [1–3]. The elementary cell has parameters a=7.906Å, b=6.372Å, c=4.883Å, β = 107.73^∘ and contains two formula units. There are hydrogen bonds O − H · · ·O of two types in this crystals [4–6]. The shorter bonds O3 − H1 · · ·O3 (R_{O···O} = 2.48Å) connect P O_4 groups in zigzag chains along the b-axis. The longer bonds O2 − H2 · · ·O2 (R_{O···O} = 2.56Å) are almost parallel to the c-axis and connect b-chains of P O_4 groups in the (b, c)-plane. Between (b, c)-planes of P O_4 groups the Cs^+ ions are situated.

In the paraelectric phase the protons of the shorter H-bonds occupy one of two equilibrium positions with equal probability. The cooling to T_c = 156K brings CDP crystal in the ferroelectric phase [5,6] with the P 2_1 symmetry. In this phase the H1 protons localize in the acentric ordered positions in H-bonds and the P O_4 tetrahedra slightly turn around the P — O2 bonds [7]. Such ordering of the shorter H-bonds also takes place in the antiferroelectric phase of the CDP crystal, that replaces the ferroelectric one

cfl R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov, 1997

ISSN 0452{9910. Condensed Matter Physics 1997 No 10 (67{92) 67

68 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Figure 1. The structure of the CsH_2P O_4 crystal.

under hydrostatic pressure (P ≥ 330MP a). The protons H2 of the longer H-bonds are ordered at any temperature and hydrostatic pressure. An important role of protons in the phase transition is justified by the isotopic effect: Curie temperature in the deuterated CDP raises to 268K [3,4].

It is possible to achieve the perfect (b, c)-plane chips of this crystal that shows a weakness of the interplane forces. Since during the phase transition into the ferroelectric phase the ordering of protons takes place only on the shorter H-bonds with the appearence of the polarization along chains, the CDP-type crystals are described as the quasi-one-dimensional in contrast to the three-dimensional tetragonal crystals of the KH_2P O_4 group.

P bHP O_4 (LHP) and P bDP O_4 (DLHP) are also monoclinic crystals, which posess the ferroelectic phase transition of the second kind at temperatures 310K and 452K, respectively [8]. At room temperature they belong to the space group P c, whereas in the paraelectric phase their symmetry is P 2/c. Both LHP and DLHP contain two formula units in the elementary cell. These crystals have only short hydrogen bonds O − H · · ·O (R_{O···O} = 2.52Å), which connect P O_4 groups in the chains along the caxis. The hydrogen bonds direction in this crystals is almost parallel to the direction of the spontaneous polarization [8]. The papers [9–12] show that protons (deuterons) in the LHP (DLHP) hydrogen bonds move in the double-well potential and their behaviour is similar to that of the protons in the shorter H-bonds of CDP. The large change of T_c with deuteration shows that the phase transitions in these crystals are also closely related to the proton or deuteron ordering.

Thus at this moment the notion has been established about the quasione-dimensional character of proton (deuteron) ordering in CDP and LHP crystals with strong intrachain and weak interchain interactions. It brings the idea to desribe the phase transition in these crystals on the basis of

Statistical theory for disordered quasi-1D ferroelectrics 69

Figure 2. The structure of the P bHP O_4 crystal in projection on the (a, c) plane. Two formula units in the primitive cell are related by the symmetry with respect to c-glide plane perpendicular to b-axis. Parameters of the elementary cell are a = 4.688Å, b = 6.649Å, c = 5.781Å, β = 97.11^∘. In P bDP O_4 a = 4.6855Å, b = 6.6911Å, c = 5.7867Å, β = 97.10^∘.

the quasi-one-dimensional Ising model. This idea was realized in the papers [5,9,13–23] (CDP) and [9,24,25] (LHP) where the phase transition, static and dynamic properties of the mentioned ferroelectrics was discussed in the framework of the microscopic theories [13,23,24,26,27]) based on the quasione-dimensional Ising model. It has been shown that this model provide a good description of polarization, dielectric permittivity, specific heat and dynamic susceptibility of CDP and LHP crystals as well as of their deuterated analogs.

Some authors [15,16,28,29] came to the conclusion that Ising model can not describe the isotopic effect in CDP. They experienced the following problems.

According to Ising model, the dielectric permittivity in paraelectric phase is

ε = 1 + A θ exp(−2K/θ) − J , (1.1)

where θ = k_BT , k_B is a Boltzman constant, K and J are the nearest neighbour coupling and q = 0 Fourier-transform of long-range interaction, respectively. Authors of the papers [9,15] found values of the parameters A, K and J that gave the best fit of the permittivity (1.1) to their experimental data. They got that the Curie constant A = 4πnμ^2 (n is a number of quasispins in the unit volume, μ being a dipole moment of the quasispin along the ferroelectric axis) is less in the deuterated crystal than in the ordinary CDP (see table 1.). Then Ising model suggests that saturated value of the spontaneous polarization P^s = μn lowers with deuteration. The experiment instead shows that P^s increases. Weakening of the long-range interaction J also contradicts to the P^s rise, because the main contribution to J is given by the dipole-dipole interaction, which is proportional to μ^2.

These inconsistencies are weakened within the transverse field Ising

70 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Table 1. Parameters of Ising model that describe the experimental data on CDP/DCDP. CDP parameter is in the nominator, denominator contains DCDP parameter.

[9] [25] [15] [30] K/k_B, K 305/682.5 350/540 265.5/611 300/491 J/k_B, K 3.6/0.8 1.76/4.79 6/2.1 6/6 A, K 4650/2361 4825/7326 6780/2980 6597/6469 Ω/k_B, K 0/0 0/0 0/0 105/83.5

model. The papers [30,31] attribute the isotopic effect to changes in a tunnelling parameter Ω instead of changes in K and J. Nevertheless inconsistency related to Curie constant remains.

The authors of the papers [30,31] have also shown that if the tunnelling frequency is small (2Ω ≪ K) then the dynamic susceptibility of the transverse field Ising model is of the relaxational type and model describes the dynamic dielectric permittivity of CDP and DCDP. But recently Sorokov and Levitskii [32] have displayed the incorrectness of the approximations used in [30,31] for the temperatures θ > Ω. On the basis of an improved approximation they show that this model does not describe the high-frequency behaviour of ε(ω) in CDP and can not describe Debye-type relaxation at all.

In order to remove the Curie constant inconsistency Kojyo and Onodera [28,29] suggested quasispin model which attaches dipole moment to the P O_4 groups. In this model H-bonds, since they are oriented almost perpendicularly to the ferroelectric axis, induce polarization indirectly, influencing deformation of the P O_4 tetrahedra. Parameters of this model suggested by the authors are free of the mentioned above inconsistencies, but the advantages of the model remain doubtful, because the Curie constant found from the permittivity data is one and half times larger than that obtained from P^s.

The authors of the papers [22,23] insist on the applicability of the Ising model to the description of thermodynamic and dynamic properties of CDP and DCDP. They have found the model parameters which are free of the mentioned above inconsistencies and provide a satisfactory description for a large set of experimental data within the wide range of temperatures and frequencies. In the same papers a good description of the partially deuterated crystals Cs(H_{1−x}D_x)_2P O_4 is achieved on the basis of an assumption that the parameters of Ising model are linear functions of the deuterium concentration x (mean crystal approximation). This latter result is quite strange because in the systems with strong short-range correlations a disorder brought with deuteration should produce more pronounced effects.

In this paper we aim to describe both the thermodynamics and the dynamic properties of disordered Ising model on the basis of the same consistent approach. This approach alows us to study the effect of disorder in quasi-one-dimensional ferroelectrics with hydrogen bonds.

2. The Hamiltonian. Formulation of the problem

Following the ideas of the papers [22,23,25] we try to describe the properties of the quasi-one-dimensional ferroelectrics on the basis of Ising model with strong nearest neighbour interaction in chains K_{ij} and weak long-range interaction J_{ij}

Statistical theory for disordered quasi-1D ferroelectrics 71 H = − ∑ (ij) K_{ij}S_iS_j − 1 2 ∑ ij J_{ij} S_iS_j − ∑ i κ_iS_i. (2.1)

Here S_i = ±1 is an operator of the z-component of quasispin, that corresponds to the two possible equilibrium positions of proton (deuteron) in H-bond; K_{ij} is a coupling between the nearest neighbours in chains; J_{ij} denotes an effective long-range interaction between quasispins that contains indirect interaction of protons (deuterons) via lattice vibrations; κ_i = Ed_i, where E is an external electric field, and d_i is an effective dipole moment that accounts also a contribution of the other elements of the lattice. Partial deuteration brings chaos into the system and requires to consider the disordered Ising model. We assume the interaction parameters to be locally dependent on the sort configuration K_{ij} = ∑ αβ K_{iα,jβ}X_{iα}X_{jβ}; J_{ij} = ∑ αβ J_{iα,jβ}X_{iα}X_{jβ}; κ_i = ∑ α κ_{iα}X_{iα}. (2.2) Operators X_{iα} describe the sort configuration: X_{iα} = 1 if site i contains the quasispin of sort α, otherwise X_{iα} = 0. In the partially deuterated ferroelectric the hydrogen bond may contain proton or deuteron, therefore the sort indices (greek letters) take two values: α = 1(D) or 2(H). A site index is two-component: i =^l_a , in the nominator we write the index of elementary cell (l = 1 . . .N), denominator contains sublattice index (the elementary cells of CDP and LHP contain two quasispins (short H-bonds): a = A, B).

The model can be considered in the two limiting cases. In the case of annealed system the equilibrium sort configuration is realized and the thermodynamic averaging implies going over all spin and sort configurations: ⟨· · ·⟩_{eq} = Z^{−1}Sp_{{S,X}} exp(−H/θ)(· · ·), Z = Sp_{{S,X}} exp(−H/θ). (2.3) In the case of quenched system the sort configuration is fixed, and the thermodynamic averaging ⟨· · ·⟩_H contains a trace over spin configurations ⟨· · ·⟩_H = Sp_{{S}} [ρ_x({S})(· · ·)] (2.4) ρ_x({S}) = Z^{−1}_x exp(−H/θ) (2.5) Z_x = Sp_{{S}} exp(−H/θ) (2.6)

In order to calculate the observable quantities in quenched system one has to perform also an averaging over the sort configurations ⟨· · ·⟩_x = Sp_{{X}}ρ({X})(· · ·), (2.7) where distribution ρ_x({S}) is determined by the conditions of the system freezing. For example, if the system was prepared at very high temperatures and then quickly cooled then there is no correlations in sort distribution

72 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov ⟨X_{iα}X_{jβ}⟩_x = ⟨X_{iα}⟩_x ⟨X_{jβ}⟩_x = c_αc_β, (2.8) where c_α is a fraction of the sort α quasispins in the mixture.

In the case of the equilibrium disorder the properties of the system are affected by the “nonexchange” interaction between quasispins − ∑ (ij) V_{ij} = − ∑ (ij) ∑ αβ V_{iα,jβ}X_{iα}X_{jβ}, − 1 2 ∑ ij I_{ij} = − 1 2 ∑ iα,jβ I_{iα,jβ}X_{iα}X_{jβ}, (2.9) that should be included in the Hamiltonian (V_{ij} denotes the nearest neighbour interaction, I_{ij} is the long-range interaction). In the case of deuterated ferroelectrics such terms in the Hamiltonian may describe the elastic energy of the lattice deformation that appears after the replacement of proton to deuteron.

The annealed model within the grand canonical ensemble is described by the density matrix ρ({S, X}) = Z^{−1} exp(−H/θ); H = H − ∑ α μ_αN̂_α; (2.10) Z = Sp_{{S,X}} exp(−H/θ); N̂_α = ∑ i X_{iα} (2.11)

H = − ∑ (ij) K_{ij}S_iS_j − 1 2 ∑ ij J_{ij} S_iS_j − ∑ i κ_iS_i − ∑ (ij) V_{ij} − 1 2 ∑ ij I_{ij} − ∑ i μ_i (2.12)

μ_i = ∑ α μ_{iα}X_{iα} (2.13)

Chemical potentials have to be found from the conditions

⟨X_{iα}⟩_H = c_α, (2.14)

where ⟨(· · ·)⟩_H = Sp_{{S,X}}[ρ({S, X})(· · ·)]. (2.15) The sort configuration relaxation time in the considered compounds is unknown at this time, therefore we do not know what type of disorder is observed in the dielectric [15,16] and calorimetric [20,21] experiments. This situation requires both types of disorder to be considered theoretically and compared with experimental data.

Ising models with the annealed or quenched disorder compel attention of theoreticians for many years, because they are simple and nontrivial microscopic models for the processes of chemical, ferroelectric or magnetic ordering in alloys of magnets, magnets with nonmagnetic impurities, solid solutions of ferroelectrics, etc. For the one-dimensional model with the

Statistical theory for disordered quasi-1D ferroelectrics 73

nearest-neighbour interactions some exact results are obtained: for both annealed and quenched systems the thermodynamic potentials and correlation functions have been calculated [33] (for quenched system only the zero field results have been found), for the ideal (one-sort) system without field Glauber’s kinetic equation has been solved (dynamic pair correlation function has been calculated [34]). Percolation phenomena and universality problems inspire new Monte-Carlo experiments with the diluted (noninteracting impurities) quenched system. When the couplings K_{iα,jβ} can take values of different signs, one faces the problems of frustration and spin glass, which we do not consider in this paper, because herein we assume K_{iα,jβ} > 0. In the annealed model the coupling between sort and spin ordering is of great interest [35,36]. The model provides also a test for the approximate approaches of statistical physics. For example, the mean field approximation (MFA) does not distinguish between the properties of the annealed and quenched ferroelectrics, does not retrieve percolation phenomena, does not describe the influence of sort ordering on the quasispin alignment [35,37]. The main reason for this result is that MFA neglect fluctuations of the concentration and spin moment. Therefore, the most straightforward way to improve the theory that is based on an effective field can be reached by the account of local spin and sort moments fluctuations within the cluster approach. Different cluster approximations suggested in papers [36,38,39] give qualitatively correct results, which can be systematically improved in the higher order approximations. The papers [38] (AS) and [36] (QS) have presented phase diagrams of the model in some cluster approximations, which are quite close to Monte-Carlo results. An Effective Field Approximation of Kaneyoshi et. al. provides good results for average value of spin, static susceptibility and critical temperature of the diluted quenched system [40]. In this paper we shall use the previously developed cluster approach [41–43], that gives us the analytical expressions for the thermodynamic potentials, q-dependent static and dynamic correlation functions of the model. We shall briefly mention the main points of the method and generalize it on the two-sublattice model appropriate for the CDP-type ferroelectrics.

3. Thermodynamics and correlation functions of the model

As well as by the density matrices (2.5) and (2.10) the complete statistical description of a system is provided by the generating functions

QS : F ({κ}) = ⟨ln Z_x⟩_x , (3.1) AS : F({κ, μ}) = ln Z. Nonuniform fields κ_{iα}, μ_{iα} allow us to calculate the correlation functions of the model with the use of the differentiation of the generating functions QS : ⟨⟨S_{i1α1} · · · S_{inαn} ⟩^c_H ⟩_x = θ^n ∂ ∂κ_{i1α1} · · · ∂ ∂κ_{inαn} F ({κ}) (3.2) AS : ⟨X_{i1α1} · · · X_{inαn} S_{j1β1} · · · S_{jlβl} ⟩^c = (3.3) θ^{n+l} ∂ ∂μ_{i1α1} · · · ∂ ∂μ_{inαn} · ∂ ∂κ_{j1β1} · · · ∂ ∂κ_{jlβl} F({κ, μ}), were the superscript c denotes the cumulant averaging, and S_{iα} = S_iX_{iα}. Let us introduce the short notations for these correlation functions

74 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

QS : m^{(n)}_{i1α1···in αn} = ⟨⟨S_{i1α1} · · ·S_{inαn} ⟩^c_H ⟩_x , (3.4) AS : M^{(n)}_{i1α1···inαn} = ⟨S_{i1α1} · · · S_{inαn} ⟩^c_H , (3.5) sort index in the case of AS takes three values: S_{iα} = { S_{iα}, α = 1, 2 X_{i1}, α = 3 (3.6)

In the final expressions one should account the translational invariance of the system in uniform field (UF) and assume the fields and chemical potentials to be independent of elementary cell index: κ l_{a α}^{UF}= κ_{a α}, μ l_{a α}^{UF}= μ_{a α}. Having found the generating functions, one obtains the free energy (QS) F = −θF ({κ}) and the grand thermodynamic potential (AS) G = −θF({κ, μ}).

For long-range interactions the mean filed approximation yield satisfactory results. Therefore we adopt MFA for interactions V_{iα,jβ}, I_{iα,jβ} and the problem reduces to the calculation of the thermodynamic potentials of the model with short-range interactions in some self-consistent field [41] (the reference system). The static and dynamic correlation functions of the model can be analytically expressed via the corresponding values for the reference system. For the system with short-range interactions the approach of cluster expansions is natural [43]. Having performed the cluster expansion [44] of the free energy (two-site cluster) and restricting that expansion to the first therm [41,43] one obtains the result of the first order cluster approximation. Thus obtained generating functions contain only one- and two-site contributions QS : F ({κ}) = −z^′ ∑ i⟨F_i⟩_x + ∑ (ij)⟨Fij⟩x, (3.7) AS : F({κ, μ}) = −z^′ ∑ i F_i + ∑ (ij) Fij, (3.8) where z^′ = z − 1, z is the first coordination number, ∑ (ij) denotes the sum

over pairs of the nearest neighbour sites. The one-site contributions

F_i = ln Z_i, Z_i = Sp_{Si} e^{−Hi/θ}, H_i = −κ̄_iS_i, (3.9)

κ̄_i = κ_i + ∑ j jφ̄_i; F_i = ln Z_i, Z_i = Sp_{SiXi} e^{−Hi/θ}, H_i = −κ̄_iS_i − μ̄_i, (3.10)

μ̄_i = μ_i + ∑ j jψ̄_i;

and the two-site ones F_{ij} = ln Z_{ij} , Z_{ij} = Sp_{SiSj} e^{−Hij /θ}, H_{ij} = −_jκ̄_iS_i −_iκ̄_j S_i − K_{ij}S_iS_j, (3.11)

Statistical theory for disordered quasi-1D ferroelectrics 75

jκ̄_i = κ_i + ∑ r≠j rφ̄_i; F_{ij} = ln Z_{ij}, Z_{ij} = Sp_{SiXi Sj Xj} e^{−Hij /θ}, H_{ij} = −_jκ̄_iS_i −_iκ̄_j S_j − K_{ij}S_iS_j −_jμ̄_i −_iμ̄_j − V_{ij}, (3.12) jμ̄_i = μ_i + ∑ r≠j rψ̄_i

contain effective fields_jφ̄_i,_jψ̄_i, that describe the influence of the site j on its nearest neighbour i. We assume these fields to be locally sort dependent

jφ̄_i = ∑ α jφ̄_{iα}X_{iα},_jψ̄_i = ∑ α jψ̄_{iα}X_{iα}. (3.13) In the uniform field limit they lose their dependence on the elementary cell index i a φ̄ l_{b α}^{UF}= φ̄_{b α}, i_a ψ̄ l_{b α}^{UF}= ψ̄_{b α}. (3.14)

The quantities φ̄ and ψ̄ are variational parameters that must provide extremum of the generating functions

QS : ∂F ({κ}) ∂_rφ̄_{iα} = 0; (3.15) AS : ∂F({κ, μ}) ∂_rφ̄_{iα} = 0, ∂F({κ, μ}) ∂_rψ̄_{iα} = 0. (3.16)

These conditions lead to the following expressions for the first moments

QS : m^{(1)}_{iα} = ⟨ ⟨S_{iα}⟩_{Hi} ⟩ x = ⟨ ⟨S_{iα}⟩_{Hij} ⟩ x , (3.17) ρ_i = Z^{−1}_i e^{−Hi /θ}; ρ_{ij} = Z^{−1}_{ij} e^{−Hij /θ}, AS : M^{(1)}_{iα} = ⟨S_{iα}⟩_{Hi} = ⟨S_{iα}⟩_{Hij} , (3.18) ρ_i = Z^{−1}_i e^{−Hi /θ}; ρ_{ij} = Z^{−1}_{ij} e^{−Hij /θ} The equations (3.17) and (3.18) for the fields φ̄, ψ̄ give the selfconsistency conditions, that require equality of the first moments found with the onesite ρ_i and cluster ρ_{ij} density matrices. In the case of the simple lattice and uniform field we obtain the generally known results of the Bethe approximation and the first-order cluster variation method [37,39]. Nonuniform fields allows us to obtain the correlation functions by the differentiation of the generating functions, and it is the advantage of our approach. For example, after differentiation of the equation (3.17) with respect to κ_{jβ} we obtain the Ornstein-Zernike type equation for the pair correlation function. This equation can be written in the matrix form

QS : Û_{ii}m̂^{(2)}_{ij} = δ_{ij} + ∑ r Ĝ_{ir}m̂^{(2)}_{rj} , (3.19)

where

76 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Û_{ii} = −z^′(F̂^{(2)}_i )^{−1} − ∑ r [ F̂^{(11)}_{ir} (F̂^{(20)}_{ri} )^{−1}F̂^{(11)}_{ri} − F̂^{(20)}_{ir} ]_{−1} , G_{ir} = [ F̂^{(20)}_{ri} (F̂^{(11)}_{ir} )^{−1}F̂^{(20)}_{ir} − F̂^{(11)}_{ri} ]_{−1} , (3.20)

r is the nearest neighbour of the site i (and therefore belong to the other sublattice), matrices F are the one-site and intracluster correlation functions (F̂^{(20)}_{ij} )_{αβ} = ⟨⟨S_{iα}S_{iβ}⟩^c_{Hij} ⟩_x, (F̂^{(11)}_{ij} )_{αβ} = ⟨⟨S_{iα}S_{jβ}⟩^c_{Hij} ⟩_x, (3.21) (F̂^{(2)}_i )_{αβ} = ⟨⟨S_{iα}S_{iβ}⟩^c_{Hi} ⟩_x.

In the uniform field the pair correlation function become invariant with respect to the translation on a lattice vector

m^{(2)}_{ia α} j_{b β} = m^{(2)}_{a α b β} (R_i, R_j)^{UF}= m^{(2)}_{a α b β} (R_i − R_j), (3.22) and the equation (3.19) can be solved in the Fourier representation

m^{(2)}_{a α b β}(R_i − R_j ) = V_e (2π)^3 ∫ d^3q e^{−iq(Ri−Rj )}m^{(2)}_{a α b β} (q), (3.23)

where V_e is a volume of the elementary cell, R_i is a cordinate of the ith elementary cell.

The solution has the form ( m̂^{(2)}_{AA}(q) m̂^{(2)}_{AB}(q) m̂^{(2)}_{BA}(q) m̂^{(2)}_{BB} (q) ) = ( Û_{AA} Ŷ_q Ŷ ∗_q Û_{BB} )_{−1} (3.24)

where

Û_{AA} = −(F̂^{(2)}_A )^{−1} − Ê_{AB} − Ê_{BA}; Û_{BB} = −(F̂^{(2)}_B )^{−1} − Ê_{AB} − Ê_{BA} Ŷ_q = −Ĝ_{AB} e^{iqR}f − Ĝ_{BA}e^{−iqR}f (3.25) Ê_{AB} = (F̂^{(11)}_{AB} (F̂^{(20)}_{BA} )^{−1}F̂^{(11)}_{BA} − F̂^{(20)}_{AB} )^{−1} Ĝ_{AB} = (F̂^{(20)}_{BA} (F̂^{(11)}_{AB} )^{−1}F̂^{(20)}_{AB} − F̂^{(11)}_{BA} )^{−1},

R_f is a base vector of the elementary cell along the chain. We have expressed the correlation functions ( m̂^{(2)}_{ab} (q) ) αβ = m^{(2)}_{a α b β} (q) (3.26)

via the one-site and intacluster correlation functions

Statistical theory for disordered quasi-1D ferroelectrics 77

( F̂^{(20)}_{AB} ) αβ = ⟨ ⟨ S i_{A α}S i_{A β} ⟩_c H_{iA iB} ⟩ x ; ( F̂^{(11)}_{AB} ) αβ = ⟨ ⟨ S i_{A α}S i_{B β} ⟩_c H_{iA iB} ⟩ x ; (3.27) ( F̂^{(2)}_A ) αβ = ⟨ ⟨ S i_{A α}S i_{A β} ⟩_c H_{iA} ⟩ x . This “partial” correlation functions contain trace over small number of spin and sort configurations and can be easily calculated. We can go on with the differentiation procedure and obtain the three-site and higher correlation functions [41,43]. The same can be done for the annealed system. We come to the similar form ( M̂^{(2)}_{AA}(q) M̂^{(2)}_{AB} (q) M̂^{(2)}_{BA}(q) M̂^{(2)}_{BB} (q) ) = ( Û_{AA} Ŷ_q Ŷ ∗_q Û_{BB} )_{−1} (3.28)

where M̂^{(2)}_{ab} (q) are 3×3 matrices whose elements are the Fourier-transforms of the pair correlation functions

M^{(2)}_{ia α} j_{b β} = V_e (2π)^3 ∫ d^3q e^{−iq(Ri−Rj )} ( M̂^{(2)}_{ab} (q) ) αβ . (3.29)

Again our approach has expressed the model correlation functions via the “partial” ones ( F̂^{(20)}_{AB} ) αβ = ⟨ S i_{A α}S i_{A β} ⟩_c H_{iA iB} , ( F̂^{(11)}_{AB} ) αβ = ⟨ S i_{A α}S i_{B β} ⟩_c H_{iA iB} , (3.30) ( F̂^{(2)}_A ) αβ = ⟨ S i_{A α}S i_{A β} ⟩_c H_{iA} . 4. Dynamic properties

The cluster approach of the previous sections can be applied to the description of the system’s dynamics. Within the master equation approach the density matrix ρ({S}, t) is governed by the equation that describes some stationary Markov process d dt ρ({S}, t) = ∑ {S}^0 Ŵ ρ({S}, t) (4.1)

Kinetics of the system is determined by the transition matrix Ŵ . Within the Glauber’s [45] approach the spin system interacts with a heat bath which induces spin flips (S_i → −S_i). The state of the heat bath is assumed to be constant, therefore a probability of the spin flip per unit time W_i({S})

78 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

depends only on the spin configuration and is independent of time. Thus the master equation takes the form d dt ρ_x({S}, t) = ∑ i W_i(. . . − S_i . . .)ρ_x(. . . − S_i . . . , t) − ∑ i W_i(. . . S_i . . .)ρ_x(. . .S_i . . . , t) (4.2) A detail balance condition for the equilibrium density matrix of the system leads to the following relations for the transition matrix W_i(. . .S_i . . .) W_i(. . . − S_i . . .) = ρ_x(. . . − S_i . . .) ρ_x(. . .S_i . . .) = exp(−ε_iS_i/θ) exp(ε_iS_i/θ) = 1 − S_i tanh ε_i/θ 1 + S_i tanh ε_i/θ , (4.3) where ε_i is a local field acting on the ith spin

ε_i = κ_i + ∑ j K_{ij}S_j. (4.4)

Suzuki and Kubo [34] suggested the following form of the transition probability, which is compatible with (4.3) W_i(. . .S_i . . .) = 1 2τ_i (1 − S_i tanh ε_i/θ), (4.5)

where τ_i is a constant which characterize an interaction of the ith spin with the heat bath and define the time scale of the relaxation processes.

Expressions (4.2) and (4.5) lead to the following equation for an average value of spin D_{i,t} ⟨S_i⟩_{H,t} = ⟨tanh ε_i/θ⟩_{H,t} , (4.6) where ⟨(· · ·)⟩_{H,t} = Sp_{{S}}ρ({S}, t)(· · ·); D_{i,t} = 1 + τ_i d dt . (4.7)

This equation can also be derived more rigirously from the Liouville equation with spin-phonon Hamiltonian. Nonequilibrium statistical operator method with an assumption that the phonon-phonon correlation functions are independent of frequency near ω ≈ 1/τ_i [47] gives the same results as the Glauber’s approach yields and provides microscopic expressions for the phenomenological constant τ_i. The same can be done within the perturbation theory [46] on the basis of the quantum equation of motion for the spin moment.

In the case of the equilibrium disorder the sort configuration changes as well as the spin configuration during the observation time, thus in this case one should consider the sort kinetics also. This kinetics can also be formulated in terms of spin operators: σ_i = X_{i1} −X_{i2} (σ_i = ±1), but the equation of Glauber type is invalid in this case, because the spin flip (σ_i → −σ_i), which is the basic process of equation (4.2), means the transformation of H ion to D ion (and vice versa) at ith hydrogen bond. It is obvious that the sort configuration changes due to another processes. For the annealed

Statistical theory for disordered quasi-1D ferroelectrics 79

system the Kawasaki equation [48,49] is relevant, which considers elementary processes {· · ·σ_i · · ·σ_j · · ·} → {· · · σ_j · · ·σ_i · · ·} (an exchange between the nearest neighbour sites).

We shall consider the dynamics of model near the frequencies of the ferroelectric dispersion. It seems obvious that the sort configuration can not change during the time 10^{−6}s. This implies that the sort distribution is frozen with respect to quick changes of the external field (but can feel the slow changes of temperature and the quasistatic changes of the field). Therefore in the frequency region ν > 1MHz the spin kinetics of both annealed and quenched models is governed by the equations (4.2), (4.6). Their dynamic correlation functions, however, differ due to the differences in the sort distribution.

When one expands tanh ε_i/θ in a power serie, he obtains moments ⟨S_{i1} · · · S_{in} ⟩_{H,t} in the right-hand side of (4.6), where sites i_1 · · · i_n are the nearest neighbours of the site i. Expressions (4.2) – (4.6) yield an equation for these moments that in turn involves the second coordination sphere, therefore equation (4.6) is accurately solvable only for the one-dimensional models in zero field (ideal chain [45,34,50], chain with impurity on one site [51]). For models with field or chaos or in the lattice of higher dimensions the closures are used, which express the higher moments via lower. For example, the random phase approximation ⟨S_{i1} · · · S_{in} ⟩_{H,t} ≈ ⟨S_{i1} ⟩_{H,t} · · · ⟨S_{in} ⟩_{H,t} provides a closure to equation (4.6) and lead to the results of MFA in statics. We can not restrict our consideration to MFA, because, as we mention before, it yield some qualitatively incorrect results for the disordered system with short-range interactions. The better results can be achieved in the two-site cluster approximation. This approximation with the long-range interactions accounted in MFA provides good agreement between the theory and the experimental data on the crystals CsD_2P O_4, CsH_2P O_4 [23,22] and P bDP O_4, P bHP O_4 [25] for spontaneous polarization, specific heat, static and dynamic permittivity.

In our previous papers [41,42,52] the two-site cluster approximation was developed for disordered Ising model and improved in order to obtain the q-dependent dynamic pair correlation function of the model. The exact results for one-dimensional lattice (dynamic pair correlator of ideal chain without field [34], static correlation functions (3.24)) are partial cases of the obtained formula. In this paper we apply the same method for the twosublattice model, which are appropriate for the CDP-type ferroelectrics.

We construct the self-consistency equation,similar to the equation(3.17). Within a one-site approximation we replace in ε_i the contributions of all spins by the effective fields

ε_i → ε^{[1]}_i = ∑ r rφ̄_{it} + κ_{it} ≡ κ̄_{it}, (4.8) whereas in a two-site approximation the contribution of the one spin is considered explicitly

ε_i → ε^{[2]}_i = ∑ r≠j rφ̄_{it} + K_{ij}S_j + κ_{it} ≡_jκ̄_{it} + K_{ij}S_j . (4.9)

In the case of the ideal system no more assumptions are needed in order to obtain the closed set of kinetic equations:

D_{it}⟨S_i⟩_{H,t} = ⟨tanh ε^{[1]}_i /θ⟩_{H,t} = tanh ε^{[1]}_i /θ, (4.10)

80 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov D_{it}⟨S_i⟩_{H,t} = ⟨tanh ε^{[2]}_i /θ⟩_{H,t} = P_{it}⟨S_i⟩_{H,t} + L_{it}, where

P_{it} = 1 2 [ tanh(_jκ̄_{it} + K_{ij})/θ − tanh(_jκ̄_{it} − K_{ij})/θ ] (4.11) L_{it} = 1 2 [ tanh(_jκ̄_{it} + K_{ij})/θ + tanh(_jκ̄_{it} − K_{ij})/θ ] . For the disordered system one should point out the dependence of the effective fields_rφ̄_{it} on the sort configuration. We shall consider the fields_rφ̄_{it} to be different in the one-site and two-site approximations until the sort averaging is carried out. For the sort averaging procedure both the “one-site” and “two-site” fields will be assumed to be locally sort-dependent rφ̄_{it} = ∑ α rφ̄_{iα,t}X_{iα}. (4.12) We also consider the relaxation times τ_i to be different for deuteron and proton

τ_i = ∑ i τ^0_αX_{iα}. (4.13)

The technique, similar to those used in the static case, yields us the dynamic pair correlation function of the model, as a response of the spin moment to weak perturbation of external field with the frequency ω and wavevector q:

m^{(2)}_{a α b β}(q, ω) = θ δm^{(1)}_{a α}(q, ω) δκ_{b β} (q, ω) . (4.14)

We obtain ( m̂^{(2)}_{AA}(q, ω) m̂^{(2)}_{AB}(q, ω) m̂^{(2)}_{BA}(q, ω) m̂^{(2)}_{BB} (q, ω) ) = ( Û_{AA}(q, ω) Ŷ_{q,ω} Ŷ ∗_{q,ω} Û_{BB} (q, ω) )_{−1} , (4.15)

where the matrices Û, Ŷ have the form (3.20) with the ω-dependent cluster correlators in place of the matrices F̂ . This correlators depend on the lowest moments of sort distribution ⟨X_{iα}⟩_x = c_α and ⟨X_{iα}X_{jβ}⟩_x = w_{iα,jβ}. The former is the fraction of the sort α quasispins, the latter is a probability to find the quasispins of sorts α and β at sites i, j respectively. c_α is defined by the chemical content of the sample; in the quenched system w_{iα,jβ} is a constant defined by the conditions of the sample freezing, in the case of the annealed system w_{iα,jβ} can be found from the static theory w_{iα,jβ} = ⟨X_{iα}X_{jβ}⟩_{Hij} (4.16) and depends on the temperature and static external field.

Statistical theory for disordered quasi-1D ferroelectrics 81

Figure 3. Temperature dependence of the spontaneous polarization in LHP and DLHP crystals. Lines present theoretical results for concentrations 0, 0.5, 1 with parameters K_{HH} = 500K, K_{DD} = 785.3K, K_{HD} = √ K_{HH} K_{DD}, J_{HH} = 12.3K, J_{DD} = 14K, J_{HD} = √ J_{HH} J_{DD}, μ_H = 0.573D, μ_D = 0.55D, τ^0_H = τ^0_D = 2.4 ∗ 10^{−15}s. Symbols show experimental data [8].

5. Comparison with the experiment

The theory developed above provides the analytic expressions for such observable quantities as the specific heat, polarization P = 1 V ∑ iα d_α⟨S_{iα}⟩ (5.1) (here ⟨· · ·⟩ denotes the averaging that corresponds to the type of disorder), static susceptibility

χ(q) = N k_BT · 1 V ∑ αβ ab d_αd_β⟨S_{iα}S_{jβ}⟩^c e^{iq(Ri−Rj )}, (5.2)

QS= N k_BT · 1 V ∑ αβ ab d_αd_β exp(iq(r_a − r_b))m^{(2)}_{a α, b β}(q), (5.3)

AS= 1 k_BT · 1 V ∑ αβ ij d_αd_β exp(iq(r_a − r_b))M^{(2)}_{a α, b β}(q), (5.4)

dynamic susceptibility (AS: ω > 1MHz, QS: any ω)

82 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Figure 4. Inverse dielectric permittivity and relaxation time of the crystals LHP and DLHP. Lines present the theory, symbols are experimental data [17]. There is no good fit for deuterated crystal near T_c due to smearing of the phase transition in DLHP. The reason for such smearing out may be defects of crystal. Small spontaneous polarization in DLHP (see figure 3) is the evidence of these defects.

χ(q, ω) = N k_BT · 1 V ∑ αβ ab d_αd_β exp(iq(r_a − r_b))m^{(2)}_{a α, b β}(q, ω), (5.5)

where r_a is a position of the quasispin that belong to sublattice a in the elementary cell, d_α is a dipole moment of the sort α quasispins along the ferroelectric axis.

The dielectric permittivity of a ferroelectric crystal is ε = ε^∞+4πχ, ε^∞ is greater than 1 due to the contribution of the electron and other subsystems of the crystal. It does not depend on temperature or frequency in the region of the ferroelectric dispersion and can be easy estimated from the experimental data ε^∞ = ε(∞).

It should be noted that in the annealed model formulae (5.2) and (5.5) yield different results for the static susceptibility in the ferroelectric phase: χ(q) ≠ χ(q, 0). The reason for this is that in the dynamic theory we suppose sort configuration to be frozen with respect to the changes of the field. Doing

Statistical theory for disordered quasi-1D ferroelectrics 83

Figure 5. The dependence of the ferroelectric transition temperature T_c on the degree of deuteration for CDP crystal (parameters are given in table 2). The line 1 corresponds to the quenched system with the complete sort chaos. The lines for the annealed system and the quenched system with ordering almost coincide and are denoted by number 2.

so, we exclude from χ(q, ω) the corresponding contribution. This is correct at the frequencies of ferroelectric dispersion, but wrong at ω → 0.

The one-dimensional model without a long-range interaction does not posess a phase transition. With the interchain interaction being accounted this model predicts the ferroelectric phase transition of the second kind. In the case of annealed system the sort ordering or segregation transition also appears. Description of the ordered or segregated phase does not introduce significant difficulties into the theory, but we restrict our consideration to the uniform mixture.

Having accounted the symmetry of the CDP and LHP crystals, one obtains that the nearest neighbour interactions K_{iα,jβ}, V_{iα,jβ} do not depend on position in chain, q = 0 Fourier-transforms of the long-range interactions do not depend on the sublattice indices ( ∑ j J_{iα,jβ} = J_{αβ}, ∑ j I_{iα,jβ} = I_{αβ}) therefore without the transverse electric field sublattices A and B are equivalent and constitute one simple lattice. In this case the correlation functions do not depend on the sublattice indices, final expressions become much simpler, and we present them below. The free energy of the system takes the form

QS : F/N = θz^′ ∑ α c_α ln Z_α − θ z 2 ∑ αβ w_{αβ} ln Z_{αβ} + 1 2 ∑ αβ J_{αβ}m^{(1)}_α m^{(1)}_β ;

Z_{αβ} = 2 exp(K_{αβ} + V_{αβ})/θ [ cosh(κ̄^′_α + κ̄^′_β ) + a_{αβ} cosh(κ̄^′_α − κ̄^′_β) ] ;

84 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Table 2. The model parameters that describe experimental data on Cs(H_{1−x}D_x)_2P O_4: the nearest neighbour coupling K_{αβ}; the long-range interaction J_{αβ} ; the effective dipole moment of proton (deuteron) on a hydrogen bond d_α; the parameter of kinetic equation — relaxation time of noninteracting proton (deuteron) τ^0_α. The parameters Ṽ = V_{DD} + V_{HH} − 2V_{HD} , I_{αβ} describe nonexchange interaction of quasispins.

AS QS w_{HD} = c_H c_D w_{HD} = min(c_H , c_D) K_{HD}/k_B, K 500 500 500 J_{HD} /k_B, K 1.6 3.2 1.6 Ṽ /k_B, K -1000 — — I_{αβ}/k_B, K 0 — — K_{DD}/k_B, K 610 K_{HH} /k_B, K 390 J_{DD}/k_B, K 2.85 J_{HH} /k_B, K 1.05 d_D, e.s.u. 2.18×10^{−18} d_H , e.s.u. 1.87×10^{−18} τ^0_D, s 3×10^{−14} τ^0_H , s 6.2×10^{−15}

Z_α = 2 ( 1 − ( m^{(1)}_α /c_α )_{−2}) , a_{αβ} = exp(−2K_{αβ}/θ), κ̄^′_α = κ_α/θ + ∑ β J_{αβ}m^{(1)}_β /θ + z^′ ln c_α + m^{(1)}_α

c_α − m^{(1)}α /z; (5.6)

AS : F/N = θz^′ ln Z_2 c_2 − θ z 2 ln ( RZ_{22} 2c_1c_2x [ R 2c_2 + 1 ])

+ 1 2 ∑ αβ J_{αβ}m^{(1)}_α m^{(1)}_β − 1 2 ∑ αβ I_{αβ}c_αc_β; (5.7) x = Z_{11}Z_{22} Z^2_{12} , R = α + √ α^2 + x(1 − α^2), α = c_1 − c_2.

Spin moments m^{(1)}_α = ⟨S_{iα}⟩ should be found by minimization of the free energy. The cluster dynamic correlation functions read ( F̂^{(2)}(ω) ) αβ = δ_{αβ}c_α 1 − ( m^{(1)}_α /c_α

)_2 D_α , ( F̂^{(20)}(ω) ) αβ = δ_{αβ} ∑ γ w_{αγ} R_{αγ}D_γ D_αD_γ − P_{αγ} P_{γα} , (5.8) ( F̂^{(11)}(ω) ) αβ = w_{αβ} R_{βα}P_{αβ} D_αD_β − P_{αβ}P_{βα} ,

Statistical theory for disordered quasi-1D ferroelectrics 85

Figure 6. The dynamic dielectric permittivity ε = ε^′ − iε^{′′} of the crystal CsD_2P O_4 at the frequencies ν = 5.1, 72.4, 251, 423, 730, 1044, 2000, 1150 MHz: theoretical lines correspond to the model parameters of the table 2, symbols present the experimental data [9,16,22]. and D_α = 1 + iωτ^0_α; P_{αβ} = 1 2 [tanh(κ̄^′_α + K_{αβ}) � tanh(κ̄^′_α � K_{αβ})] (5.9) R_{αβ} = 2a_{αβ} 2a_{αβ}(1 + cosh 2κ̄^′_α cosh 2κ̄^′_β) + (1 + a^2_{αβ})(cosh 2κ̄^′_α + cosh 2κ̄^′_β) [ cosh(κ̄^′_α + κ̄^′_β) + a_{αβ} cosh(κ̄^′_α + κ̄^′_β)

]_2 (1 + a^2_{αβ} + 2a_{αβ} cosh 2κ̄^′_α)

Parameters of the theory are: the short-range interaction in chains K_{DD}, K_{DH} = K_{HD}, K_{HH} ; the q = 0 Fourier-transform of the long-range interaction J_{DD}, J_{DH} = J_{HD} , J_{HH} ; the effective dipole moments of deuteron and proton in hydrogen bond d_D, d_H ; the relaxation times of noninteracting proton and deuteron τ^0_D, τ^0_H . In the case of quenched disorder the probability w_{DH} to find proton and deuteron at the nearest neighbour H-bonds is another parameter, for the annealed system the parameter is a quantity Ṽ = V_{DD} + V_{HH} − 2V_{DH} that defines energetical advantage (Ṽ < 0) or dis-

86 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Figure 7. The dynamic dielectric permittivity of the crystal CsH_2P O_4. Lines present theoretical results (parameters in table. 2), symbols show experimental data [16].

advantage (Ṽ > 0) of the sort configurations, when the nearest neighbour H-bonds contain proton and deuteron.

The figures 3, 4 and 6, 7 show that the theory provides good description for the crystals without chaos: CDP, LHP and their completely deuterated analogs (model parameters are given in table 2). For the better description of the permittivity and relaxation time in the ferroelectric phase one should take somewhat different values for the quasispin dipole moment d_α and the bare relaxation time τ^0_α as it was in the papers [22,23,25].

For CDP there exist also dielectric measurements of partially deuterated crystals [15,16]. It should be noted that deuteron concentration x has not been measured in this experiments and dependence of the Curie temperature T_c on the degree of deuteration is unknown. Such information is highly desirable, because it raises requirements to the model parameters. Theoretical T_c(x) dependence for CDP is shown in the figure 5. Another drawback of the mentioned above experiments is that permittivity and relaxation time were not measured in the ferroelectric phase, where multidispersive relaxation and greater differences between annealed and quenched systems may take place.

Statistical theory for disordered quasi-1D ferroelectrics 87

Figure 8. Comparison of the experiment (see also caption to figure 9) and the model with the nonequilibrium disorder. Thick lines show theoretical results for quenched model with parameters given in table 2. In the case of the complete sort chaos: w_{αβ} = c_αc_β (lines 1, 2’, 3’, 4’, 5 correspond to concentrations x = 0, 0.12, 0.47, 0.83, 1) there is no satisfactory agreement between the theoretical and experimental values of 1/ε_0. Good fit to experimental data can be reached, if we suppose that deuterons and protons tend to occupy the nearest H-bonds: w_{12} = min(c_1, c_2) > c_1c_2 (the lines 1–5 describe concentrations x = 0, 0.2, 0.53, 0.88, 1).

88 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

Figure 9. Spontaneous polarization P , inverse dielectric permittivity 1/ε_0 and inverse relaxation time 1/τ of the ferroelectric Cs(H_{1−x}D_x)_2P O_4 at different degrees of deuteration. Squares correspond to experimental data [15], thin lines in the lower picture connect experimental points from the paper [16]. Thick lines, denoted by numbers 1–5 are theoretical results for equilibrium model with parameters given in table 2 for concentrations x = 0, 0.2, 0.54, 0.88, 1.

Statistical theory for disordered quasi-1D ferroelectrics 89

On the other hand, comparison of q-dependent static and dynamic correlation functions with experimental data (e.g. neutron scattering experiments) might also be very interesting.

At given parameters the theory predicts almost monodispersive relaxation in paraphase for all x. Such behaviour actually takes place in the experiment for Cs(H_{1−x}D_x)_2P O_4. Figure 8 shows, that in the case of the quenched disorder with complete sort chaos (w_{αβ} = c_αc_β ) the static permittivity differs from that of Cs(H_{1−x}D_x)_2P O_4. The annealed model with Ṽ = 0 does not describe experiment also. Therefore we have rejected these (quite artificial) restrictions and obtained good fit to experiment within both annealed (figure 9) and quenched models (figure 8). Both models predict sort ordering in the system: great values of w_{12} signify that hydrogens and deuterons tend to situate at the nearest neighbour H-bonds. It means that the following ordering of H and D ions in chains takes place: DHDDDHDDHDHD at c_H < c_D (protons never meet together), HDHHDHHHHDHDH at c_H > c_D (deuterons never situate at neighbouring hydrogen bonds) and DHDHDH at c_H = c_D =^1_2 .

6. Conclusions

On the basis of disordered Ising model we develop the statistical theory for ferroelectric properties of pseudo-one-dimensional H-bonded ferroelectrics Cs(H_{1−x}D_x)_2P O_4 and P bH_{1−x}D_xP O_4. We consider short-range intrachain interactions within two-site cluster approximation, long-range interactions are taken into account within mean field approximation. Dynamics of the system is considered on the basis of master equation approach. Thermodynamic potentials, order parameters, static and dynamic correlation functions of the model are calculated. We develop the theories for quenched and annealed systems and compare their predictions to experimental data. The model provides good description of dielectric measurements in the crystals of CsH_2P O_4, P bHP O_4 and their deuterated isomorphs. We have not determined a type of disorder in Cs(H_{1−x}D_x)_2P O_4, because both quenched and annealed theories match with available experimental data. The experimental determination of T_c(x), dielectric measurements in the ferroelectric phase and the measurements, related with q-dependent correlation functions, are desirable in this respect. The theory predicts a sort ordering in Cs(H_{1−x}D_x)_2P O_4 crystals. This prediction as well as theoretical T_c on x dependence are the most interesting features for experimental verification.

References

[1] Uesu Y., Kobayashi J. Crystal structure and ferroelectricity of cesium dihydrogen phosphate CsH_2P O_4. // Phys. Stat. Sol. (a), 1976, vol. 34, p. 475-481.

[2] Matsunaga H., Itoh K., Nakamura E. X-ray structural study of cesium dihydrogen phosphate at room temperature. // J. Phys. Soc. Jpn., 1980, vol. 48, p. 2011-2014.

[3] Itoh K., Hagivara T., Nakamura E. Order-disorder type phase transition in ferroelectric CsD_2P O_4 studied by X-ray structure analysis. // J. Phys. Soc. Jpn., 1983, vol. 52, p. 2626-2629.

[4] Semmingsen D., Ellenson W.D., Frazer B.C., Shirane G. Neutron-scattering study of the ferroelectric phase transition in CsD_2P O_4. // Phys. Rev. Lett., 1977, vol. 38, p. 1299-1302.

90 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

[5] Frazer B.C., Semmingsen D., Ellenson W.D., Shirane G. One-dimensional ordering in ferroelectric CsD_2P O_4 and CsH_2P O_4 studied with neutron scattering. // Phys. Rev. B, 1979, vol. 20, p. 2745-2754.

[6] Ivata Y., Koyano N., Shibuya I. A neutron diffraction study of the ferroelectric transition in CsH_2P O_4. // J. Phys. Soc. Jpn., 1980, vol. 49, p. 304-307.

[7] Schuele P.J., Thomas R. A structural study of the high-pressure antiferroelectric phase of CsH_2P O_4. // Japan J. Appl. Phys., 1985, vol. 24, p. 935-937.

[8] Negran T.Y., Glass A.M., Brickenkamp C.S., Rosenstein R.D., Osterheld R.K., Susott R. Ferroelectricity in lead monohydrogen phosphate P bHP O_4 and the deuterated form P bDP O_4. // Ferroelectrics, 1974, vol. 6, p. 179-182.

[9] Blinc R., Arend H., Kanduser A. Vibrational spectra, hydrogen bonding and ferroelectricity in the P bHP O_4 family. // Phys. Stat. Sol. b, 1976, vol. 74, p. 425-435.

[10] Lavrencic B.B., Copic M., Zgonik M., Petzelt J. Brillouin and Raman study of the ferroelectric phase transition in P bHP O_4. // Ferroelectrics, 1978, vol. 21, p. 325-327.

[11] Seliger J., Zagar V., Blinc R. NQR study of the ferroelectric phase transition in P bHP O_4. // Phys. Lett., 1983, vol. 93A, p. 149-151.

[12] Kroupa J., Petzelt J., Kozlov G.V., Volkov A.A. Far infrared and submillimetre dielectric dispersion in ferroelectric P bHP O_4 and P bHAsO_4. // Ferroelectrics, 1978, vol. 21, p. 387-389.

[13] Kanda E., Tamaki A., Fujimura T. Critical slowing down in the one-dimensi-onal ferroelectric CsH_2P O_4. // J. Phys. C, 1982, vol. 15, p. 3401-3410.

[14] Deguchi K., Okaue E., Nakamura E. Static and dynamic critical properties of dielectric constant in ferroelectric CsH_2P O_4 and CsD_2P O_4. // J. Phys. Soc. Jpn., 1982, vol. 51, p. 349-350.

[15] Deguchi K., Okaue E., Nakamura E. Effect of deuteration on the dielectric properties of ferroelectric CsH_2P O_4. I. Static dielectric properties. // J. Phys. Soc. Jpn., 1982, vol. 51, p. 3575-3582.

[16] Deguchi K., Nakamura E., Okaue E., Aramaki N. Effect of deuteration on the dielectric properties of ferroelectric CsH_2P O_4. II. Dynamic dielectric properties. // J. Phys. Soc. Jpn., 1982, vol. 51, p. 3583-3590.

[17] Deguchi K., Nakamura E., Okaue E. Isotope effect on the activation energy of dielectric relaxation in ferroelectric CsH_{2(1−x)}D_{2x}P O_4. // J. Phys. Soc. Jpn., 1984, vol. 53, p. 1160-1163.

[18] Deguchi K., Nakamura E. Dielectric critical slowing-down in hydrogen-bonded ferroelectrics: P bHP O_4 and P bDP O_4. // J. Phys. Soc. Jpn., 1988, vol. 57, p. 413-416.

[19] Levstik A., Zeks B., Levstik I., Unruh H.G., Luther G., Roemer H. Dielectric relaxation in pseudo-one-dimensional ferroelectric CsD_2P O_4. // Phys. Rev. B, 1983, vol. 27, p. 5706-5711.

[20] Kanda E., Yoshizava M., Yamakami T., Fujimura T. Specific heat study of ferroelectric CsH_2P O_4 and CsD_2P O_4. // J. Phys. C, 1982, vol. 15, p. 6823- 6831.

[21] Imai K. Anomalous behaviour in the heat capacities of pseudo one-dimensional ferroelectrics CsH_2P O_4 and CsD_2P O_4. // J. Phys. Soc. Jpn., 1983, vol. 52, p. 3960-3965.

[22] Grigas J., Zachek I., Zaitseva N., Levitskii R., Mizeris R., Mits E. Ferroelectric dispersion of CsD_2P O_4 crystals. // Lietuvos Fizikos Rinkinys, 1988, vol. 28, p. 486-498 (in Russian).

[23] Levitskii R.R., Grigas J., Zachek I.R., Mits Ye.V., Paprotny W. Relaxational dynamics of qusi-one-dimensional CsD_2P O_4-type ferroelectrics. // Ferroelectrics, 1986, vol. 67, p. 109-124.

[24] de Carvalho A.V., Salinas S.R. Theory of the phase transition in the quasione-dimensional hydrogen-bonded ferroelectric crystal P bHP O_4. // J. Phys. Soc. Jpn., 1978, vol. 44, p. 238-243.

[25] Mizeris R., Grigas J., Levitskii R.R., Zachek I.R., Sorokov S.I. Relaxational dynamics of hydrogen-bonded ferroelectrics. // Ferroelectrics, 1990, vol. 108,

Statistical theory for disordered quasi-1D ferroelectrics 91

p. 261-266.

[26] Scalapino D.J., Ymry Y., Pincus P. Landau theory of the pseudo-one-dimensional systems. // Phys. Rev. B, 1975, vol. 11, p. 2042-2048.

[27] Zumer S. Pseudo-one-dimensional kinetic Ising model. // Phys. Rev. B, 1980, vol. 21, p. 238-243.

[28] Kojyo N., Onodera Y. Proton tunnelling model for the ferroelectric phase transition in CsH_2P O_4. // J. Phys. Soc. Jpn., 1988, vol. 57, p. 4391-4402.

[29] Kojyo N., Onodera Y. Theory of the ferroelectric phase transition in Cs(H_{1−x}D_x)_2P O_4. // J. Phys. Soc. Jpn., 1989, vol. 58, p. 3212-3218.

[30] Watarai S., Matsubara T. Application of the transverse Ising model to CsH_2P O_4 and CsD_2P O_4. // J. Phys. Soc. Jpn., 1984, vol. 53, p. 3648-3656.

[31] Plascak J.A., Pires A.S.T., Sa Baretto F.C. A dynamic study of the quasi-one-dimensional hydrogen-bonded ferroelectric crystal CsH_2P O_4. // Sol. State Com., 1982, vol. 44, p. 787-789.

[32] Sorokov S.I., Levitskii R.R.. Thermodynamics and longitudinal dynamical properties of the 1D Ising model in a transverse field. // preprint ICMP-94- 3E (Lviv, 1994), 19p.

[33] Balagurov B.Ja., Vaks V.G., Zajtsev R.O. Statistics of one-dimensional model of solid solution. // Fiz. Tver. Tela, 1974, vol. 16, p. 2302-2309 (in Russian).

[34] Suzuki M., Kubo R. Dynamics of the Ising model near the Curie temperature.

// J. Phys. Soc. Jpn., 1968, vol. 24, p. 51-60.

[35] Kawasaki T. Effect of magnetic interactions on phase separation in binary alloys. // Progr. Theor. Phys., 1977, vol. 58, p. 1357-1366.

[36] Sanchez J.M., Lin C.H. Modelling of magnetic and chemical ordering in binary alloys. // Phys. Rev. B, 1984, vol. 30, p. 1448-1453.

[37] Vaks V.G., Zein N.E. On the theory of phase transitions in solid solution. // J. Exp. Teor. Fiz., 1974, vol. 67, p. 1082-1100 (in Russian).

[38] Mano H. A new cluster approximation to the diluted Ising and Heisenberg ferromagnet. // Progr. Theor. Phys., 1977, vol. 57, p. 1848-1861.

[39] Sato H., Arrott A. Remarks on magnetically dilute systems. // J. Phys. Chem.

Solids, 1959, vol. 10, p. 19-34.

[40] Kaneyoshi T., Tamura I., Honmura R. Diluted Ising ferromagnet: Its physical properties. // Phys. Rev. B, 1984, vol. 29, p. 2769-2776.

[41] Levitskii R.R., Sorokov S.I., Sokolovskii R.O. Correlation functions of quenched and annealed Ising systems. // Condensed Matter Physics, 1995, vol. 5, p. 81-104.

[42] Levitskii R.R., Sorokov S.I., Sokolovskii R.O. Relaxational dynamics and thermodynamics of disordered Ising model: two-particle cluster approximation. // JMMM, 1995, vol. 140-144, p. 271-272.

[43] Levitskii R.R., Sorokov S.I., Sokolovskii R.O. Disordered Ising model with quenched disorder in two-site cluster approximation. // Journal of Physical Studies, 1996, vol. 1, p. 70-89 (in Ukrainian).

[44] Kubo R. Generalized cumulant expansion method. // J. Phys. Soc. Jpn., 1962, vol. 17, p. 1100-1120.

[45] Glauber R.J. Time-dependent statistics of the Ising model. // J. Math. Phys., 1963, vol. 4, p. 294-307.

[46] Bolton H.C., Fuller B., Johnson C.H., Lang K.A. A derivation of the time dependence of the cluster of two spins. // J. Phys. A: Math. Gen., 1977, vol. 10, p. 1142-1153.

[47] Levitskii R.R., Zachek I.R., Tokarchuk M.V.. To the theory of relaxational phenomena in quasi-one-dimensional ferroelectrics of order-disorder type. Nonequilibrium statistical operator method. Lviv, 1991, 40p. (Preprint AN USSR. Institute for condensed matter physics, IFKS-91-65R (in Russian).

[48] Dattagupta S., Heine V., Marais S., Salje E. A rate equation for atomic ordering in mean field theory: I. Uniform case. // J. Phys.: Condens. Matter, 1991, vol. 3, p. 2963-2973.

[49] Racz Z., Collins M.F. Vacancy mechanism for Ising critical dynamics. // Phys.

Rev. B, 1975, vol. 11, p. 2564-2570.

92 R.R.Levitskii, R.O.Sokolovskii, S.I.Sorokov

[50] Hilhorst H.J., Suzuki M., Felderhof B.U. Kinetics of the stochastic Ising chain in a two-flip model. // Physica, 1972, vol. 60, p. 199-222.

[51] Calef D.F. Impurity dynamics in a one-dimensional chain. // J. Stat. Phys., 1983, vol. 32, p. 81-94.

[52] Levitskii R.R., Sorokov S.I., Sokolovskii R.O. Relaxation dynamics of disordered Ising model. Two-site cluster approximation. // Condensed Matter Physics, 1996, vol. 7, p. 117-132.

STATISTIQNA TEOR�˚ KVAZ�ODNOVIM�RNIH SEGNETOELEKTRIK�V Z VODNEVIMI ZV’˚ZKAMI

R.R.Levic~kiæ, R.O.Sokolovs~kiæ, S.�.Sorokov

Termodinam˛ka ˛ dinam˛ka kvaz˛odnovim˛rnih nevporffldkovanih segnetoelektrik˛v z vodnevimi zv’fflzkami opisu‚t~sffl na osnov˛ nevporffldkovanoÝ model˛ ¨z˛nga. V nabliıenn˛ dvoqastinkovogo klastera po korotkosfflınih vza‚mod˛fflh rozrahovano termodinam˛qn˛ potenc˛ali, polfflrizac˛, statiqnu ˛ dinam˛qnu q-zaleın˛ spriȷnffltlivost˛. Teoretiqn˛ rezul~tati por˛vnfflno z rezul~tatami d˛elektriqnih vim˛rvan~ u qistih ˛ qastkovo deȷterovanih segnetoelektrikah Cs(H_{1−x}D_x)_2P O_4 ta P bH(D)P O_4. Model~ prognozu‚ nafflvn˛st~ sortovogo vporffldkuvannffl proton˛v ˛ deȷteron˛v u Cs(H_{1−x}D_x)_2P O_4: protoni ˛ deȷteroni mat~ tendenc˛ selitis~ na sus˛dn˛h vodnevih zv’fflzkah.