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We propose a pseudospin model for proton glasses of the Rb;_,(NH4),H2PO4(Rb1_,(ND4),D2PO4) type,
which takes into account the energy levels of hydrogens (deuterons) around the PO4 group, long-range inter-
actions between the hydrogen bonds, and an internal random deformational field. Within the framework of a
cluster approximation and a mean field approximation over the long-range interactions, we derive a system
of equations for the state parameters for the regions which are in the ferroelectric and antiferroelectric states,
as well as in the proton glass state. Within the Glauber dynamics approach, we obtain a system of equations
for the frequency-dependent linear responses of polarization and the proton glass order parameter. We ob-
tain a qualitative description of the temperature behavior of dielectric permittivities of the K;_;(ND4);D2PO4
and Rb;_;(NH4)zH2AsO4 compounds at different frequencies. The origin of low-temperature peak in the
imaginary part of dielectric permittivity in proton glasses is discussed.
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1. Introduction

A notion of structural glasses (now called proton glasses) was introduced by E. Courtens in [1]
during investigations of the temperature behavior of transverse and longitudinal permittivities (at
v =w/2r=1 kHz) of the Rby_,(NHy),H2POy4 system (7.=147.8 K for RbHyPOy4, Ty = 148 K for
NH4H2POy4) at z < 0.35. At 2 > 0.2 the studies of the real part of dielectric permittivity €}, (w, T)
revealed that with temperature lowering, the system first undergoes a transition to a mixed state
at a certain temperature Ty(w) (a deviation from the Curie-Weiss law is observed) and then, after
reaching a plateau-like maximum (at Tmax(w)), to a structural glass state at temperature T, (w)
(when 17 (w,T) starts to decrease). In [2] by analyzing an expression for dielectric susceptibility
X33(w,T) a rectangular approximation for distribution function of relaxation times g(7,7T) was
proposed. A maximal relaxation time 7,, at x = 0.35 is well described by the Vogel-Fulcher law
(T,(w — 0) — To)

x33(w, T') = xo(T) - /dlnT . M

1 —iwr’

E
Tm = To - €XP (T CTO) , To =8.74 K.
0

Later, on the basis of dielectric [2-8], optical [9], and X-ray scattering [6,7,10] measurements
a phase diagram of the Rby_,(NH4),HaPO4 was constructed, in which the concentration range
of about 0.20 < = < 0.75 corresponds to the proton glass state. Ferroelectric and antiferroelectric
phase transitions were detected at lower and higher concentrations, respectively.

In [11] it was shown for Rbgs53(NHy)o.47H2POy that the spectrum of distribution function
g(7,T) between 55 K and 35 K consists of two wide lines, and with temperature decreasing, a fast
crossover of intensity from one band to the other takes place (a peak is observed at Tmax ~ 107° s
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at T = 55 K and at 7pmax ~ 102 s for T = 35 K). To explain this, the authors use a model of
dynamically correlated domains (DCD), for which distribution functions of the domain number
and of relaxation frequencies on the domain size are introduced. At freezing temperature some of
the domains form an infinite percolation cluster, and the system goes to a non-ergodic state.

In [12], the studies of relaxation times of the 8"Rb NMR spectra for Rbg s58(NDy)o.42D2PO4
and Rbg 5(NHy)o 5HoPOy4 revealed that at low temperatures T < 25 K for Rbg 5(NHy)p 5 HoPOy
one should take into account the relaxation time related to phonon-activated tunneling 7. Plateau
of 8"Rb relaxation time in a pure RbHoPOy, which at these temperatures is in the ferroelectric
ordering state, turned out to be 10* times higher than for the proton glass Rbg 5(NHy)o 5sHoPOj.
This indicates strong differences in the relaxation mechanisms in pure systems with hydrogen bonds
and in their mixtures.

Various mixed hydrogen bonded ferroelectrics of this type have been studied: Ky _,(NHy),HoPOy
(Te = 122.5 K for KHoPOy, Ty &~ 148 K for NH4H2POy), Rby_,(NHy),HaAsOy (T, = 110 K for
RbH3AsOy, Ty = 216 K for NH4;H3AsOy) as well as their deuterated analogues K;_,(NDy),D2POy
(T, ~ 220 K for KD3POy, TN =~ 242 K for ND4D3POy4), Rby_;(NDy4),D2AsOy (T. =~ 174 K for
RbDQASO4, TN ~ 304 K for ND4D2ASO4).

In this work we shall explore dielectric properties of Rbi_,(ND4),D2POy4 and
Rbi_;(NHy),HyAsOy ferroelectrics. In the first one, a rather high value of T; ~ 60 K is ob-
served; also in deuterated compounds one can neglect tunneling effects. In contrast to a symmetric
behaviour over x phase diagram of Rby_,(NDy4),D2POy, the diagram of a Rby_,(NHy),HaAsOy
mixture (T; ~ 30 K) is strongly asymmetric. For Rb;_;(NHy4),H2AsO4 we can find out how
important it is to take tunneling into account in calculations of dielectric characteristics.

Investigations of the state of proton glasses in Rb;_,(NDy),D2POy4 started in [13] for 2 = 0.55
and [14] for = 0.44 using the NMR method. It was shown [14] that a satisfactory description of
temperature dependence of Edwards-Anderson parameter gga (7') is possible within the framework
of a model which takes into account fluctuations of interactions between hydrogen bonds and
chaotic deformational field (the random-field random-bond Sherrington-Kirkpatrick Ising model).

In [15] the Edwards-Anderson gga (T') parameter was studied using the NMR method for z =
0.22,0.44,0.78 at different orientations of external magnetic field with respect to the ¢ axis of the
crystal.

Temperature and frequency curves of transverse €}, (w, T, €/; (w, T') and longitudinal €45 (w, T'),
els(w, T') permittivities of Rbi_5([N(H1—yDy)als(Hi—y Dy)2PO4 (0.25< & <0.75, 0< y <1.0) were
measured at 4.2 K< T <300 K, 1 kHz< v < 1 GHz in [16]. It was shown that the experimental
data for the permittivities are well described by the distribution function of relaxation times g(7, T)
calculated from phenomenological relation between 7 and Gaussian distribution w (E, E, O'E) of
the activation energy E

r=mnexp[E/(T -Ty)], w(E E, ox)= \/%UE exp{—%%}-

In [17] a phase diagram was presented; it was also shown that the system dynamics on the
proton glass state (x = 0.5, 0.7) is thermally activated, in contrast to a soft mode behavior in the
regions with predominantly ferroelectric and antiferroelectric orderings.

In [18] the transverse static £11(7") and low-frequency dynamic €/, (w,T) permittivities of the
Rb1_»(ND4),D2PO4 mixture at different compositions (z = 0.15 — 0.70) were measured. For
the distribution function of relaxation times g(7,7T) a linear approximation with respect to the
z = lnw,7T parameter was proposed. A maximal relaxation time 7, diverges with temperature
according to the Vogel-Fulcher law. Interpretation of separation lines T (z) between EPG (Ergodic
Proton Glass) and EF (Ergodic Ferromagnetic) phases and T (x) between EPG and EAF (Ergodic
Antiferromagnetic) phases, as well as the freezing lines Ty(z) ~ 33 K£0.5 K between EPG and
NPG (Nonergodic Proton Glass) were performed using a random-field random-bond Ising model.
Here the freezing line Ty = Tp(z) is interpreted as an Almeida-Thoulesse instability line, below
which the replica-symmetric (RS) solutions are incorrect. This work did not contain a theoretical
description of €11(T), €11 (w, T) temperature curves.
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In [19] the permittivities €], (w,T), € (w,T) of Rbg.6(NDy4)g.4D2PO4 were measured in a wide
frequency range (v=1 mHz-1 MHz) at temperatures T € [25 K-100 K]. Using the inverse inte-
gral transformation, a distribution function g(7,T) was constructed, and three first moments (7),
<7'2>Cum, <T3>Cum were calculated. The average value of (1) is a satisfactory approximation by the
Vogel-Fulcher law with T5(0.4) ~ 16.5 K+1.2 K.

In [20] the transverse €} (w,T), €/;(w,T) and longitudinal e45(w,T), €45(w,T) permittivities
of Rbg.6(ND4)p.4D2PO4 were compared.

In [21], the NMR studies of Rbg.22(NDy)g.7sD2 POy showed that proton glass state is formed
due to gradual freezing of deuterons on hydrogen bonds. It also leads to deformation and rotation
of NDy4 groups.

In [22], the dielectric properties of Rbg 5(NDy4)g 5D2PO,4 as well as microwave and millimeter
frequency range were explored. The distribution function of relaxation times g(7,7T) at 120 K<
T <170 K calculated from the experimental data is well described by the theoretical curve calcu-
lated using a Gaussian averaging of phenomelogical relation for 7 with Gaussian distribution for
activation energy E and parameter of the potential well asymmetry.

The most complete experimental data for Rb;_, (NHy), Ha AsOy for the dielectric measurements
in a wide frequency range at low temperatures can be found in [23-29].

In [23], a temperature dependence (T = 5 K-300 K) of longitudinal permittivity e5s(w,T),
eha(w,T) of Rby_,(NHy4),H2As04 in the millimeter frequency range is measured, and the phase
diagram is constructed. In [24], the transverse €}, (w,T), €7, (w,T) and longitudinal e4;(w,T),
els(w, T) permittivities of Rbg g5(NHy)o.35H2AsO, are explored in wide temperature (T' = 5 K-
300 K) and frequency (v = 1 Hz — 30 kHz) ranges.

In [25], by measuring transverse dielectric permittivity of Rby_,(NHy),HzAsOy, the occurrence
of proton glass state was revealed at low temperatures in the regions of ferroelectric phase (small
x) and antiferroelectric phase (large x). Later [27], the proton glass state was detected even at
x =0.01.

Let us now briefly review some theoretical works on the thermodynamic and dielectric properties
of the Rby_,(NHy),HaPOy4 type proton glasses.

To the best of our knowledge, the first theory for the Rby_,(NHy4), HoPO4 mixture was proposed
n [30]. A pseudospin Hamiltonian was used to describe the energy levels of hydrogens around a
POy group; a cluster approximation was used to calculate the transition lines Te(z), Tn(z). A
qualitative description of the phase diagram was obtained.

Later, the cluster approach was used in [31,32]. In [31] to describe the Rb;_,(NHy),HaPOy
mixtures, a pseudospin model was employed which took into account a configurational energy of
proton bonds cluster around POy4 group, as well as the long-range interaction. The free energy was
presented as a sum of the energies of three phases with the probabilities p4(x) for ferroelectric
phase, p_(x) for antiferroelectric phase, and po(z) for neutral phase. By analyzing the coefficients
of free energy expansion in the (S7) + (S3); (S1) — (S3) parameter, the regions of ferroelectric
(0 < x < 0.2 at T = 0) and antiferroelectric (0.75 < = < 1 at T = 0) phases were found, which
were close to experimental data. This model was also used [32] to describe the phase diagram in
the proton glass region (0.2 < x < 0.75 at T'= 0). A RS approximation was employed for averaging
the system free energy; an explicit expression for T (x) was obtained. Thus, in [31,32] not a single
approach for description of all states of this type of compounds was developed.

Experimental data are most often interpreted using the random-field random-bond Ising model
(also with transverse field) within the framework of RS approach [33]. This model does not take
into account a real structure of the crystals. A Gaussian distribution of random interactions with
infinite correlation range (<J12]>C = 2(1 — ) - const(i — j)), Gaussian chaotic deformational field
hi ((hi) = 0,(h?) ~ z(1 — z)), and the RS-approximation are used. It is shown that 7, (proton-
glass transition temperature) exists at <h?>c = 0 only and corresponds to the peak on a temperature
curve of x(T). Internal chaotic field ( <h?>c = 0) gives rise to the occurrence of the proton glass
state at a rather high temperature above T, (¢ > 0, ¢ e 0) and smears out the peak of the

x(T) temperature curve.
This model was successfully used in [34] to describe a TI** EPR spectrum in
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Rbg.52(NHy4)0.4s8HoPOy4. The Edwards-Anderson parameter ¢ is proportional to the second moment
of the EPR distribution function and tends to zero at T' > 200 K. This confirms the occurrence
of significant static random fields in Rby_,(NHy),H2PO,4 compounds. In [35], the peculiarities of
low-temperature (slow motion) dynamics are taken into account within the Glauber approach. The

observed shape of the
1

Iw,m0) = /dp -Wi(p) - I(w, 10, p)

-1

line contains an integral with the distribution function W(p) of local polarization (7o is the re-
laxation time related to the two-well potential). The theoretical curves satisfactorily describe the
shape of the line (a single peak at high temperatures and two peaks at low temperatures) in a wide
temperature range (7' = [10 K,150 K]).

In [36] the random-field random-bond Ising model with phonon thermostat is used to calculate
dielectric permittivity of Rbi_,(NDy4),D2PO4 and Rb;_,(ND4),D2AsOy4. The theory yields De-
bye type relaxation, with the relaxation time considered as a phenomenological parameter taken
according to the Arrhenius law. A quantitative comparison is performed for the temperature de-
pendence of £’ (w) peak; the entire temperature curves of permittivity &'(w,T), ¢”(w,T) are not
described.

In [37,38] a model Hamiltonian is used, the parts of which describe ferroelectric ordering along
the Z axis (S* components of a classical spin) and antiferroelectric ordering (S* component).
Instead of the generally accepted Edwards-Anderson parameter gga, single-site correlators (S7 S%),
(5% S%,) for sublattices 1, 2 are used as an order parameter for the proton glass phase. The phase
diagram for Rb, (NHy4);_,H2AsO,4 constructed within RS approximation qualitatively correctly
describes some experimental phase boundaries.

Hence, a theoretical description of thermodynamic and dielectric properties of the hydrogen
bonded compounds of Rb;_,(NHy),HoPOy type, which can undergo a transition into the proton
glass state, that takes into account structural peculiarities and different types of interactions, is still
an important and unresolved problem of statistical physics. Especially important is a microscopic
description of relaxational properties of this type of mixtures. It is interesting to describe tem-
perature curves of real and imaginary parts of longitudinal and transverse dielectric permittivities
at different frequencies, in particular, the low-temperature portion of the imaginary part of the
permittivity, whose peak indicates a transition to a non-ergodic state.

In [39], on the basis of the cluster expansion method, a single approach is suggested to a theory
of proton ordering in ferroelectrics and antiferroelectrics of the orthophosphate type where the
configuration short-range, dipole long-range interactions are taken into account. In [40,41] a theory
of static properties of model proton glasses with an arbitrary range of competing interactions was
proposed. Thermodynamic properties of the model with essential short-range and weak long-range
interactions were explored within the two-particle cluster approximation. In the present paper, the
approaches developed in [39-41] are used to describe thermodynamic and dielectric properties of
hydrogen bonded K;_,(NDy4),D3PO4 and Rby_,(NHy),H2AsO4 compounds.

2. Thermodynamic properties of the compounds of Rb, _,(NH,).H-PO, type

In order to describe possible configurations in a mixed Rb;_,(NHy),HoPOy crystal, let us first
consider a structure of pure RDP-RbH2PO4 and ADP-NH4H;POy crystals (in figure 1 a unit cell
of the isomorphic to RDP for the KDP-KH3POy crystal is shown).

A primitive cell of RDP-RbHsPO4 contains one tetrahedron of the “A” type and one tetrahe-
dron of the “B” type, two Rb atoms and four protons on four hydrogen bonds. In the ferroelectric
phase, the total dipole moment of the cell, created by displacements of different ions and by defor-
mation of a POy group, is directed along the ¢ axis. A triggering mechanism for ionic displacements
is proton ordering (their positions are described by spin variables Sy = £1, f =1 — 4) on double
potential wells of the hydrogen bonds. The bond dipole moments lie almost within the ab plane;
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the total dipole moment of the protons for RDP is zero

ﬁla = (#270,0)7 ﬁ3a = (711’234;070)3 ,L_’:Qa = (Oa 7#370% ﬁ4a = (07H370)~

Figure 1. A unit cell (four formula units) for the KDP-KH>POy, crystal.

It is well known that in order to describe the thermodynamic characteristics and dielectric
properties (in a certain frequency range) of these crystals within the pseudospin-phonon model,
the ionic variables can be excluded in the static approximation. The system description is then
performed within the framework of a pseudospin model with renormalized moments of hydrogen
bonds dﬁfﬁa (v = + for RDP, ao = — for ADP)

(ila = (dgaoadé)a JBa = (7d2a07d2)a d;a = (Oa 7dZadZ)7 d_;1a = (OadgadZ),

5AB)

7 A(B A(B A(B
B = dpanyPs ot = (8504 (1)

Here, we introduced an effective dipole moment of a tetrahedron ﬁa; (...) stand for a thermody-
namic average; summation f = A(B) is carried out over the bonds, on which the protons order
close to the given tetrahedron A(B). For RDP, the tetraderon polarization can have two opposite
values along the ¢ axis, when two protons are ordered close to the upper edge of the tetrahedron
(ny =mn) and close to the lower one (n; = —n)

SA(B z SA(B 2z
ny =n= PP =(0,0,2d% ), ny = —n= PP = (0,0, -2d%n). (2)

For ADP-NH4H5POy, the primitive cell is twice as large as for RDP, and in addition to “A”,
“B” tetrahedra, it contains “A’”, “B"” tetrahedra. Since their polarizations are opposite to those
of “A”, “B”, the total cell polarization is zero:

=g =g == PA= —PY = (—d%n; +d¥n;0),

= =uf =-yP_ =n PP =-P = (~d%n,—d"n0). 3)

For an ADP-NH4H>PO, crystal the change of sign of n?(_B) at transition to the “A’”, “B"

tetrahedra can be taken into account as (here 7 is the RDP primitive cell vector; Ef is the vector
at the Brillouin zone boundary directed along Z)

A(B ink? A(B
) = o ) (4)

Hence, in the cases of both ADP and RDP we use a primitive cell with “A” and “B” tetrahedra.
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Hamiltonian of a mixed Rby_,(NHy4),HoPOy4 system can be written as

H() = =3 (o - [B+Go)) Sup + 3 1HaG) + Ho@)] — 530 3 JuperSusSurpe
n,f n n,f n',f’
Va

Uy, P,
HA(”) = I (SnISnQ + Sn25n3 + Sn3Sn4 + Sn4Sn1)+T (Sn15n3 + Sn25n4)+ﬁsnlsn25n3sn4 .
(5)

Here S,y = =£1 are spin operators describing the position of a proton on the f = 1,2,3,4
hydrogen bond in the 7 cell at a R tetrahedron; E is an external uniform electric field; G is
an internal random deformational field; J, ¢,/ is the long-range interaction between protons;
Ha(n), Hg(n) are the configurational energies of the “A”, “B” tetrahedra. In this work we take
into account two configurational states of a tetrahedron (o = +, —)

1 1 1
Va = 7§w1a7 Ua = g (wla - 25&)7 (I)Of = g (wla + 2504 - 4w0¢) ’ Q= +’ T (6)

In the state +, the energy states of a tetrahedron are analogous to those in a pure RDP crystal
with the ground level e,

€4+ = €at — Est,s Wi = €14 — Es4, W14 = €0t — Esy - (7)

In the state — (ADP) we use the same relations for V,, U,, @, but with different values of ¢,
Wqoy, Wia-

In the case of a mixed Rby_,(NHy),HaPOy, crystal, ionic positions are occupied by Rb with
probability ¢, = 1 — 2z and by NHy with probability ¢ = x. Hence, the distribution function of a
strongly random energy parameter €, (and similarly for w,,w14) can be qualitatively written as

plo)=(1—-xz)d(c—er)+azd(c—e_)=ci6(c —e4) +c_d(c —e_). (8)

A state of a dipole moment on the bond dﬁfyaa ; is determined by the states a,ay of two
tetrahedra connected by this bond. In the mean field approximation over the bonds, the average

on configuration moment of a tetrahedron <IBB > reads
C

<ﬁB>C“i<Jf>ﬁf’ (@) =S cacodran, 7y = (S, (9)
o B

In the present work we consider only two realizations of the sets of the averaged over config-
urations values of 7}y = 7; 7771377 = 7723’7 = 7‘73’37 = 71757 = 7, which correspond to ferroelectric
and antiferroelectric ordering. This permits to use the primitive cell of RDP with 2 tetrahedra and
4 hydrogen bonds. Then the mean free energy per primitive cell (F) can be written as follows:

5E) = = 3 (F) (P () - S s (R,
=1,

,EA f=1,€A
1 = 1 1
tg 2 (@) (#7) (F7). (10)
f,f'=1,eA

where E* = 6* for ferroelectric ordering <FJS1)> = <F(1)>C, E* = Ef for antiferroelectric ordering
- <F1(1)> = <F2(1)> = <F3(1)> = - <F4fl)> = <F(1)>C. We use the following notations for
° ‘ . ¥ [0000]
234

averages over different random fields of the single-particle F }0) and cluster Fj
functions

(), = (000, (oo

generating

a,9

/' ' '/d"R (0,2q) pt(92)pe(9y)p=(9:)dgedgydge-FO (ks + 0 + go + gy + g2, (11)
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(P9 ~(Fi) ~(Fo gl < .. [ [ dos R (o7, la2)0(0, (5 Mgl
F=1

X <F[OOOO] (Ke1+01 +9z*9x|ﬂc1,2+02+gz+gy|ﬂcl,3+03+gz+gz|Iic1,4+02+9z*9y||R)>{a},§,R-
(12)

Here, we introduce notations for the average values of cluster ¢y and long-range ¢ ; fields,
and

kf=hg+oLs+2pr,  Kag=hgt+oLst+or b= (<Jf> R E) : (13)

Averaging is performed over random cluster fields with dispersion g and over random deforma-
tional fields with dispersion (G?).

e ;UQ} p<a>=ﬁexp{—§&}, (@), = 421 - 1)@
(14)

R(Ua Q) =

The expressions for the single-particle function FJEO) and its derivatives F;n) are as follows:
FY = 2k ()], FpY=0m/0(0g) ), FY = th(5g)
FO = 1- (FJS”)Q ;PP = arWE® W = op® [ -3 (F}”)Q] . (15)
The cluster function Fl[ggi Iand its derivatives Fl[géfngm] read
FOO0 (€& 8s[4l| R) = I [0.5 - L(£1, €2, &3, &l [Ra)]
Bl = g ey P
iyt = FRO | Glgleal [R) = 1 - My,
iy = FUY @ gl&lal R) = Miy" - m{Tag,
Fig = FRN @el&lal R) = Miy " - w{Taggl,
Py = PR @elgslal R) = Mgy - a{Tarl,
T N O S Y e
F}Qﬁ] = —2r [yl - mfl)
=i g = L LY,
Y Sy 1o
05Li5 = O05L(E1,E & &llRa) = 20 - ch(561 — BEs)ch(0E — B)

+ ch(B&1 + B& + P&z + &) + do - ch(BE — B2 + BEs — B4)
+ 204, [ch(BE1 + BE3)ch(BE2 — B€4) + ch(BE1 — BE3)ch(BE2 + B44)],  (17)

ao = exp(—fca), ba=exp(—fws), do=exp(—Pwia).
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Here the partition function 0.5L ({£} || Ry) is calculated with the cluster Hamiltonian

4
Ha({&}; 51,52, 53, 8al|R) = Ha({0}; 51,2, S5, Sul|R) = > &sSy,
f=1
Va
H({0};51,852,53,8]|R) = il (5152 + S2S55 + 5354 + S4571)
U, d,
+ (5183 + S584) + T 5152555 (18)

We shall use the same model dependence of the average eigenvalues of the long-range interaction
matrix as for the dipole moment of a hydrogen bond:

<”“(E*)>c = 7,(8) = 303 cacauap(Fe) ~E Tt () + A B (k) + 2¢4c_p00(F). (19)
a B

For these values of k, the long-range interaction matrix .J = <J 1o (E*)> and the unitary
C

transformation matrix U = {u,y} read

1 1 1 1 Ju Jiz s Jio
1111 -1 -1 Jig Jii Ji2 J
TR | ) _ fio Jun Jiz iz |
U=U"= 211 -1 1 -1 |’ ) Jis Jiz Jun iz |7
1 -1 -1 1 Jiz Jiz Jio Ju
v 0 0 O
o 0 om0 oo
v=UJU=1 0o o 5 o | (20)
0 0 0 1y
o=Ji+ 2012+ Ji3; De=vy=Ju —Jiz; 3 =Ji — 2J12 + Jis. (21)

From the condition of the free energy extremum we find an expression for the average 7y =
({(Sns))., reduced Edwards-Anderson parameter Qga,; and an equation for unknown quantities

PL.f+Pf>df
f1 Qeay = — 772 1 2
nf <F( )> ’ f QEA,f f QEA,f <Ff( )>a

(F0Y = (RO (Y (R =S T @2)
f1

In the absence of external field and for the ferroelectric ordering we obtain the following expressi-
ons for the free energy, for the average 7 = 7, reduced Edwards-Anderson parameter Qga = Qra, f
and for equations for @, @, q

n o= 1y, Y =or, PL = PL,f; q=qy,
. 2
~B(Fr) = —4(FO)+2(Fa) — 451 (FO) + 200(8,) (FD)",
] <F(1)>7 Qra = qra — 77, QEA,f:1_<F(2)>a

<F(1)> _ <F[1000]>’ <F<2)> _ <F[2000]>7 o1 = i1(0,)7. (23)

In the case of an antiferroelectric ordering in the absence of external field the free energy, for
the average 7 = —71 = 72, reduced Edwards-Anderson parameter Qra = Qra,s and equations for
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@La 953 q read
N = —Nig) = N23), P = —P1(4) = P2(3), PL = —PL,1(4) = PL,2(3):d = qf
- 2
B (Fap) = —4 <F<0>> +2(F4) — 4@, <F<1>> + 2w (B7) <F<1>> :
n = <F(1)>:*<F1(1)>7 QEA = qEA — 17 QEA,f:1*<F(2)>7

(PO = (F0w0), (RO = () gy 21)

As numerical calculations for the free energy show, the antiferroelectric state is realized in the
region close to the z = 1 —c¢ — 1 limit, the ferroelectric state is realized in the region 1 —z = ¢ — 1,
and a proton glass state (¢ = ¢, = 0,¢ > 0) takes place at intermediate compositions.

The static susceptibility of the system reads (v is the cell volume)

]. Ja 3b _ ]. = = ~/
Xab =~ D didy g = = Y dady -7,
T, Y T, m
T = 20 & q, = 7, 25
Ui Dowurdfy = gy (25)
7 ¥

Here we used the fact that after the unitary transformation with U, the matrix of ﬁ; = 5##’7:7;
correlators is diagonal for ferroelectric and antiferroelectric orderings, and

_ _ _ _ ~/ _ _ _ _
m = G +Me+Ms+Ta 2=+ T — T3 — T4
~/ _

My = M1 —Tho+ihs = Ma s =711 — o — g + Ma- (26)
We shall be interested in the longitudinal 33 and transverse X, susceptibilities of the system

1
T,

1
T,

xos = —A=— ()7 Xea ==z (A (T4 71), a=12 (27)

3. Relaxational dynamics of the Rb,__(NH,).H>-PO, type mixtures

Dynamics of the mixed system Rby_,(NHy),HoPOy4 will be described on the basis of Glauber
equations for the n-th order correlation functions:

Z Vi + 8/8t 7712“‘n(t) = Z Vj <Sl ce SnF(l)(h](t) + @L,j(t) + 95; + @j)>
J

j=1

Man(t) = (St Sadyys  vi=1Tog  @rg(t) =D Ty (k)m(b). (28)
i

p(t)’

Here we introduce operator fields go;-', ¢; exerted on the bond j by the two tetrahedra connected
by this bond

o = = Vilg (S +8i)— Yi/y S — ®i/16 55,555,
— Vi) g (S +8y) = Uiy Sy — i /16 55,5 (29)

2
The seed relaxation time 7p ; can be expressed via correlation functions of an ionic subsystem.
Within the cluster approximation given below, the bonds 7, j belong to the same tetrahedron (as an
example we use the “B” tetrahedron with indices f, f' = 1 +4). The averaging over configurations

will also be performed for each tetrahedron with its hydrogen bonds independently. Therefore, in
our equations there is no primitive cell index.
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We shall explain the approximation using the example of an equation for a single-particle
correlator. In the mean field approximation we make a replacement <,27ji — ;(t) and obtain an
equation

1 +0/0t] - m(t) =vi - FU (r1(8)), ma(t) = ha(t) + 21() + L (D). (30)
Within the cluster approximation such a replacement is performed for a field ¢y — @y only
1 +0/0t] - (t) = v - FY (ki (t) + 97 ), Ke1(t) = ha(t) + @1(t) + @r,1(t),

v - FO (ke 1(t) + 1) = L1+ Py - m3(t) + Q1 (n2(t) + ma(t)) + Ninoa(t)
+ M (m23(t) + 134(t)) + Rim234(t). (31)

The expansion coefficients are found from the relations

1% 1%
Ll(t)zglefl), Pl(t):§1253Ff1)7
234 234

1551 1 1551 1 V1 1
Q=5 SoFM) = = SeF Ny (1) = = So8, Y,

2,3,4 2,3,4 2,34
v v 1%
M) =2 Y S8 F =2 Y SiSsF, Rit) =g Y S:SSFY. (32)
2,34 2,34 2,34

In equations (30), (31) the t-dependent distribution functions ns(t), nsq(t), nrgr(t) and random
dynamic cluster field ¢¢(t) are unknown. In the cluster approximation we need to write down a
system of 14 closed equations for 14 unknown correlation functions. In the matrix form

Ay s (L, ProQy Np My Ry} /gy ) iilt) = C ({Lg, P Qg Ny My, Ry} . (33)

Here we introduce notations for the column vectors

-,

7(t) = (13 m2; M35 Ma|0235 1345 Na1; M2; N24s; 713112345 M341; Na12; N123) 5
—C ({Ly,Pr,Qy, Ny, My, Ry}) = (L1; Lo; L3; Ly|Q2 + Q3: Q3 + Qu4: Q1 + Qa4 Q1 + Q2
Py + Py; Py + Ps| Moy + My + Ns; My + Ms + Ny; Mo + My + Nq; My + Ms + Na). (34)

The matrix contains the 9/t operators only in its diagonal elements. It is too cumbersome to be
presented here.

In the present work we are interested in the linear response of the system to a frequency-
dependent field

hp(t) = hy +0hs(t),  wp(t) =rp+0ks(t),  Kef(t) = ke + dkcrf(t),

/ o 577f (t) ’ _ 5/{f(t) ’ . 5(,0f(t)
ﬂff/()*ma ”ff/(t)* 5hf/(t)’ @ff/(t)* (Shf’(t).

(35)

Expanding (30) in powers of dx ¢(t) and differentiating the dynamic part with respect to h (),
we obtain expressions for the static 7y and dynamic 7}, (w) (after the Fourier transformation
t — w) parts

1 = =N -
np=F (k). mp=hy+ 200+ Jrn (F)ig,
f1
2 2 2 .
Mrp(w) = FP W) wppw),  FP W) = v F (k) (vg +iw),
4
Rip (W) =05 + 205 1 (w) + > T, (0) - 75, (w). (36)
fi=1
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Static solutions of the cluster equation (33), apparently, have the form

o= (Aolivs):0:0) -Go()),

Ao({rs}:i{3;0) = A ({Vf} ALg, Py, Qs Ny, My, Ry}, i, ;0> ,
Co(h) = C({Ls,Pr Qs Ny My, Beby o, ) (37)
Linear dynamic response can be expressed via the static solutions 7jy as
N . -1 = n . —
o7(w) = (Ao (s} (1)) [6C€ (1) = 04 ({wg} s {}3iw)) - 7o (38)

Expanding the linear responses 6C ({}), A ({v¢};{};iw)) in powers of dke f(iw) and differenti-
ating with respect to 6h'f (w), we obtain an expression for 77} f, (w)

4 4
77},” (w) = Z Qs (w)“:ﬂ,flf' (w), H:ﬂ,ff' (w)=0dpp + ‘P}f' (w) + Z jfﬁ (6) 'ﬁ}lf' (W),
fi=1 fi=1
14 14
—_ 8(00) _ 8(140)- j
oy = AZYy Tl A-YY ) 39
r1(w) ; ( 0 )ﬁz OKel, f i]zz:l ( 0 )fﬂ kit s 70,j (39)

After averaging over configurations and taking into account the Gaussian fluctuations, we obtain
from (36) and (39)

@) = (p@), = (FP@) |0 +280 @)+ Y Trn @) -, pw)
fi=1

4 4
Trpw) = D Qn @) |0ns +Php @)+ Y, T p0) - 0 (w)
fi=1 fa=1
T Z 72 (@))e 2qf1f/( w). (40)
fi=1
Here we introduce the notations
cum aQ /(W)
(ot g " = g2 (@), = (D) ()
cl, c

Equating the mean values of correlators 77} f/ (w) calculated within the single-particle and cluster

approximations, we obtain the first matrix equation for unknown matrices ¢’ (w), §'(w)

o), = (86} - #1004 (), - (1) ]
= [ (FO W) +{0w) | [1+7 (0) 7). (42)

Equating the mean values of correlators <Q}f,(w)>c = -2 <7707f Mg (w)>C calculated within

the single-particle and cluster approximations, we obtain the second matrix equation for unknown
matrices ¢’ (w), ¢'(w)
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Here we introduce matrix notations

Qa5 W) = (=2m0,5 - L (W))es  (QgppW)), = <%ﬁw)> : (44)

From equations (42), (43) we derive expressions for ¢'(w), ¢(w) used to find 0} (w) (40). For
the sake of simplicity, in what follows we shall use an effective relaxation time 7

1 , 1,1 1
- (vp), = c] o + c* — + 2c4c — (45)

Let us consider the symmetry of matrices, entering these equations in the case of antiferroelectric
ordering (in the case of ferroelectric ordering all minus signs should be replaced by plus signs), as
well as the form of the matrices after a unitary transformation (for the sake of simplicity we omit
the argument of w in the matrix elements)

<F(2n)(w)> :<F(2n)(w)> e <F%)> :U*~<F(2")(w)> .U;<F(2")(w)> ., (46)

C C C C C

1 0 0 0
~ 0 -1 0 0
Fr2nt1) > _ <F(2n+1) > A7
< @), @) loo =1 0] (47)
0 0 0 1
0 0 0 1
~ 0 0 1 0
Fent1) > _ <F(2n+1) > 7
< @), @)1lo1 0o
1 0 0 O
P11 P2 Pz Pua 1 0 0 0
2 Yo P Pl Pz ?/E/) U A/( )U 0 @5 0
w = ; w pry w pry - N
7 w) <P/13 ©la P Pla 4 7 0 0 90/3 0 48
G Ps P Ph 0 0 0 ¢ (48)
S%; (w) = Szn + @12 + Q?ilB + Szmi %12(“) = Szn + S?iw - Q?ilB - ‘?345
P5(w) = P11 — Pra + P13 — Pla;  Pilw) = P11 — Pla — Pls + Plas
a1~ *q/13 Q14 0 0 0 g
N ! A _ Ao /( — R ~ 0 0 ~/ 0
dw = g gt et | d@=tr@i=| ¢ o F g |
di3 d14 a1 q12 . qs (49)
Ga —q13 G2 dn @1 0 0 0
(W) =aq11 —di2 — i3 + Qe B(W) = q11 — G2 + 13 — Qas
~/ ! !
=d11

G3(w) =qu + s — 13 — 14y G(w) + q1a + q13 + Q14

The symmetry of <Q(w)> , <Q’Q (w)> matrices in the antiferroelectric phase is the same as of
C C
¢'(w), and their eigenvalues Q,(w), {2 ,(w) can be written as linear combinations similar to ), (w).
Symmetry of the <Q’ (w)> , <QQ (w)> matrices coincides with the symmetry of a matrix transposed
C C
to ¢'(w); after the unitary transformation, its form is analogous to the transposed ¢'(w) matrix with
the corresponding (2} (w), 2q,,(w) elements. After the unitary transformation, the matrix equation
(42) becomes diagonal, and equation (43) becomes antidiagonal. In order to have products with the
same indices y, that is, Qg . (w) @), (w), Qg (W) ¢ (w) (instead of Qg 4 (w~)~g5’1 (w), (~2’Q74(w)ozj’1 (w)) in
the transformed equation (43), one should change the numbering of the Qg ,(w), €2 ,(w) matrices
eigenvalues to the opposite one ((1,2,3,4) — (4,3,2,1)). Then, when the parameters ), (w), g, (w)
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are found and substituted to the expression for f_];(w) (diagonalized first equation of (40)), we
obtain

i) = [Dutra@) - 0] o [0 - (- (@) ) @)

pGSte o
Duw) = [2(FPW) -] [2(FPw) - Po.uw)]
— [2(FP@) @) 2(FP @) —Gouw)].
Buw) = (FOW) 2w [2(FYw) - Vouw)]
H{FOW) fue) T -2 [(FOW) | Q). 1)

In the case of ferroelectric ordering in (50), (51) the eigenvalues of Q,(w), Qg .(w), QL(w),
Q'Q’“(w) matrices are constructed on the matrix elements (Qfp (w))., (g, r7(w))., <Q'ff/(w)>
C

<Q’Q f f/(w)> , similarly to the matrix &' (w) (48). In the case of antiferroelectric ordering, in these
’ c

expressions the eigenvalues of Q# (w), QQ,#(w) matrices are constructed on the matrix elements

(Qrr () (Q,rf(w)),, similarly to the matrix @' (w) (48), and the eigenvalues of the Q'H(w),
Q’Q,H(u}) matrices are constructed on the matrix elements <Q’ff, (w)>c; <Q’Q’ff, (cu)>C similarly to
the matrix ¢'(w) (49). Let us note that in the case of a pure system the expression for i, (w) is
analogous to (50) in the proton glass region, except that it does not contain the configurational
averaging, and coincides with the expression given in [42].

In this work we shall explore temperature and composition dependences of the complex per-
mittivity of the system

Eaa(w,T) = &2, + 47X aa(w, T), €9 =1+44mx°,, (a=1,2,3). (52)

Dynamic susceptibility xaq(w,T) of the system is expressed via dynamic eigenvalues ﬁ:t (w) (50)
like in the static case (27) after the replacement 7:7; — 7:7; (w).

4. Discussion

In this section we analyze temperature dependencies of the Edwards-Anderson parameter
Qea(T) and transverse e11(w,T’) permittivities for different compositions, as well as phase di-
agrams of Rb;_,(NDy4),D2POy and Rby_,(NHy),H2AsO4 compounds. It should be noted that
the choice of the model parameters proposed below provides a good agreement with experimental
data for specific heat, sublattice polarization, transverse and longitudinal permittivities for pure
ND4D3;PO,4 and RbHyAsOy4, NH,;H2AsOy4 [42] crystals in wide temperature and frequency ranges.

For the Rby_,;(ND4),D3PO4 mixture (Tnx(z = 1) = 242 K) the set of the model parameters
is in table 1 (we use everywhere wi, = 00). Dashes in table mean, that the given parameter is
averaged over two states only (excluding the neutral state of the tetrahedron 0 (Glass)). We take
into account the difference between dZ(G) (effective dipole moment of bond in proton glass phase)
and dZ (F) (effective dipole moment of bond in phases with microscopic polarization).

It should be noted that crystal structure of Rb(Hl_yDy)gPO4 is isomorphic to structure of
KHoPOy4 only at y < 0.90. Thus, our results for crystal RbDoPOy are purely theoretical and can
differ from experimental data.

In figure 2 we show the temperature curves of the Qga (T") parameter for different compositions.

At z = 0.22, the theoretical curve 3 well describes the experimental data of [15]. At the same
time, at = 0.44, our results accord with the data of [14], but are lower than the values of [15].
We think that the reason for this is an incorrect determination of composition in [15].
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Table 1. Parameters for the Rbi—;(NDy4);D2PO4 compound.

Tetrahedron | e, We, 1,00(0)| 2,00 (k) | v2,0a(0)

state K K K K K

+ (Ferro) 160 1100 | 22.76 | 25 20

0 (Glass) — — 44 40 60

— (Antiferro) | =140 | 750 | —40 67.44 —20
Tetrahedron | d%(G)1071% | dZ(F)107 18 | x9; | ve VQa, | T4
state esu - cm esll - cm 1072t em | K 1075
+ (Ferro) | 6.5 6.5 0.8 | 0200 | 3
0 (Glass) | 7.1 2.0 07 | — 245 6
— (Antiferro) | 6.3 2.0 0.58 | 0.211 — 3

0.45-

0.41

0.351

031

0.251

0.2f

0.151

0.1F

0.051

Figure 2. Temperature dependence of reduced Edwards-Anderson parameter Qga of
Rb1-2(ND4);D2PO4 compounds at different z: 0.1 — 1; 0.2 — 2; 0.22 — 3, A [15]; 0.44 — 4,
A [15], v [14]; 0.62 — 5; 0.7 — 6; 0.85 — 7.

Figure 3 contains a comparison of calculations of the transverse static permittivity e11(T)
(€11(T) = €1 (w = 0,T)) with experimental data for the real part of the permittivity €}, (w # 0,T)
at low frequencies w [18,16,2,43,44]. In the cases of x = 0.24; 0.5, the experimental points for e11(7")
from [18] are shown. A principal difference between static and dynamic results is observed in the
proton glass region. While €11 (7") has a plateau at temperature lowering, ¢{;(w # 0,T) sharply
falls to zero, the peak position shifting to higher temperatures with w increasing. However, at
temperatures above the peak, the dynamic and static permittivities practically coincide. This fact
enables us to talk about qualitative agreement or disagreement between the theoretical curves for
€11(T) and experimental data for €, (w # 0,T). For compositions z = 0.0 (curve 1); z = 0.1
(2); x = 0.2 (3) the theoretical results only are shown. For z = 0.24 (4), x = 0.50 (5), x = 0.62
(6) the theoretical data correlate well with experiment. At @ = 0.50 the experimental values of
el; (v = 10 kHz, T) [16] are higher than the values of £11(T) [18] even at high 7. This could
indicate an incorrect determination of the composition in one of these experiments. At 2=0.7 (7)
the calculated values are lower than experimental data of [18] for 1 kHz, while at x = 1 (9) the
calculated values are slightly higher than the experimental ones and than those calculated in [42]
(97). In the latter paper, a relation is used, which is a partial case of (22), (23) and (49), (50) at
x = 0,1, but a different set of the model parameters is used. Our corrected values of the model
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parameters permit us to describe thermodynamic and dielectric characteristics in the total range of
compositions z = [0, 1]. The worst agreement with experiment is observed at concentrations close
to  ~ 0.2 and x ~ 0.65, which are the transition regions between the pure phases (ferroelectric
ordering, glass, antiferroelectric ordering), which we do not take into account in this work.

4

140

120

801
100

80 60

v=0Hz (1)
10kHz (2)
10MHz (3)

&0 1GHz  (4) i

401
40

201
20

. . . . . 0 L ' r .
0 50 100 150 200 250 300 T.K 0 50 100 150 200 T,K

Figure 3. Temperature dependence of trans- Figure 4. Temperature dependence of trans-
verse dielectric permittivity e;(2mv,T) of verse dielectric permittivity &7,(2mv,T) of
Rbi1-2(NDy4)zD2PO4 compounds at different Rbi1-2(ND4)zD2PO4 compounds for z = 0.5
2:00—-1;01-2;02-3;024 -4, o [1§] at different freauencies: 0 Hz — 1: 1 Hz — o
(stat); 0.5 — 5, m [18] (stat), o [16] (10 kHz); [18]; 1 kHz — = [18]; 10 kHz — 2, o [16];
0.62 — 6, ¢ [2] (300 Hz); 0.7 — 7, m [18] 1 MHz - = [18]; 10 MHz - 3, @ [16]; 1 GHz
(1 kHz); 0.85 — 8; 1.0 — 9, 9 [42], » [43], < [44]. ~4, o [16].

Solid lines are our calculations at v = 0.

Figure 4 illustrates the temperature dependences of the real €}, (w,T') and imaginary ¢, (w,T)
parts of the permittivity at different frequencies for the proton-glass phase at x = 0.5. The tem-
perature peak of €/, (w,T') corresponds to the inflection point of the €}, (w,T’) curve. Calculations
are performed at v=0 Hz (curve 1); 10 kHz (2); 10 MHz (3); 1 GHz (4). Experimental data for
el1(w,T) [18] at v=1 Hz; 10 kHz; 1 MHz and for €}, (w,T), ; (w,T) [16] at »=10 kHz; 10 MHz;
1 GHz are also shown. An essential dispersion of the presented experimental data should be noted.
For ¢, (w,T) the data of [16] in the region of low-temperature decrease approximately correspond
to the data of [18] for essentially lower frequencies. The points for v = 10 kHz [18] in the decrease
region are shifted to higher temperatures as compared to the points for v = 10 kHz [16]. The
latter are very close to the data for v = 1 Hz [18]. Then the points for v = 10 MHz &}, (w, T) [16]
are shifted to lower temperatures as compared to the points for v = 1 MHz [18]. Our theoretical
curves for v = 10 kHz (curve 2); 10 MHz (3); 1 GHz (4) qualitatively well describe the experimental
temperature behavior of €Y, (w,T), €};(w,T) obtained in [16]. However, the theory yields a wider
shift curves at frequency changing and a sharper and higher shape of the imaginary part.

We also calculated &), (w,T), €, (w,T) in the regions of ferroelectric and antiferroelectric or-
dering. At low frequencies the real parts of dynamic permittivity £}, (w, T) in the high-temperature
range (near and above T¢, T ) practically coincide with the static permittivities 11 (7). At low tem-
peratures, however, €/, (w,T') have peaks (inflection points of €}, (w,T")), which correspond to the
freezing line and indicate a possible occurrence of the proton glass phase at these values of . On
lowering x, positions of the low-temperature peak of £/, (w, T') practically do not change, but their
maximal values fastly decrease. We failed to find this peak numerically at = < 0.15. A similar peak
is detected in the antiferroelectric phase region at 0.65 < z < 0.70. At the phase diagram, the
freezing lines in the ferroelectric and antiferroelectric phases are continuations of the freezing lines
of the proton glass region (figure 5, dashed lines).

The phase diagram of Rb;_,(NDy),D2POy4 contains four regions. At high temperatures the
system is in the ergodic proton glass state (EPG- ergodic proton phase). In this state the Edwards-
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® ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ aQ
DRADP

2501 2 0.2 x=0.08 (1)

0.13 (2)

0.35 (3)

200l 0.2t 0.60 (4)

150 0.151

10 IF 01l
50r i 0.05¢
9 01 02 03 04 05 06 07 08 09 x %o 40 60 80 100 20 TK
Figure 5. Phase diagram of Figure 6. Temperature dependence of
Rbi—-~(NDy4);D2POs compounds. ¢ - Edwards-Anderson  parameter Qgra  of
[17], o - [18], o — [16], > — [45], < — [20]. Rbi_(NH4)-H2AsO4 compounds at different

2:0.08 — 1; 0.13 — 2; 0.35 — 3; 0.6 — 4.

Anderson parameter is different from zero and decreases with temperature increasing. At x < 0.22
and z > 0.65 and at lowering temperature, the system goes to inhomogeneous ferroelectric (IF-
inhomogeneous ferroelectrics) or inhomogeneous antiferroelectric (IAF- inhomogeneous antifer-
roelectrics) states at T.(x) and Tx(z), respectively (tetrahedron polarization appears at Tc(z),
Tx(z)). In the central region 0.22 < x < 0.65 below the freezing lines T, ;(z) ~ const (this tem-
perature corresponds to the position of the low-temperature peak of 7, (w,T)) the system goes
to the nonergodic proton glass state (NPG- nonergodic proton phase). This line continues in the
regions x < 0.22, where the proton glass state can coexist with ferroelectric ordering. Let us note
that the experimentally observed regions of phase coexistence in some Rby_,(NHy),H2POy type
mixtures (Rby_,(NHy),HoAsOy, K;_,(NHy),H2POy4) can be much wider, approaching the = 0,
x =1 limits.

In Rb;_,(NHy),HoAsOy4 mixtures (T, (x = 0) = 110 K, Tx(z = 1) = 216 K), an essential role in
the low-temperature dynamics is played by the processes of proton tunneling. To describe them we
need to go beyond the limits of Glauber kinetic equations. However, as we shall see, the proposed
approach can be used for a qualitative description of dynamic phenomena in this compound.

The chosen set of the model parameters for Rb;_, (NHy),HaAsOy is given in table 2.

Table 2. Parameters for Rbi_,(NH4),H2AsOy4 .

Tetrahedron | e, We, V1.0a(0) ¥2,0a(k%) | V2,0a(0)

state K K K K K

+ (Ferro) 60 500 | 9.83 5 5

0 (Glass) — — | -15 22 -25

— (Antiferro) | -100 | 470 | -80 75.19 5
Tetrahedron | dZ%(G)107¥ | d2(F)10718 | x%; | ve VQa, | 16w
state esu - cm esu - cm 1072l em | K 10714, s
t (Ferro) | 5.1 5.1 0.7 | 02236 | 7
0 (Glass) 6.4 6.4 1.1 10 7
— (Antiferro) | 6.3 2.0 0.7 | 0.2275 — 7
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0 50 100 150 200 250 T,K

Figure 7. Temperature dependence of transverse dielectric permittivity &1;(27v,T) of
Rb1—2(NH4)H2As04 compounds at different z: 0.0 — 1, @ [25]; 0.08 — 2, ¢ [29] (1 kHz);
0.15 -3, @ [25] (1 Hz, 30 kHz); 0.35 — 4, 4',4" (dashed lines), o [24] (1 Hz, 30 kHz); 0.75 — 5,
o [28] (1 MHz); 1.0 -6, v [47], & [48]. Solid lines — our calculations at v = 0.

RADA

200+

EPG
150

03 04 05 06 07 08 09 1

Figure 8. Phase diagram of Rb1_(NH4),H2AsO4 compounds. ¢ —[29], o , m , > —[28], 0 —
26], & , & — [23].

In figure 6 we plot the calculated temperature curves of the reduced Edwards-Anderson pa-
rameter Qpa of Rby_;(NHy),HaAsOy at 2 = 0.08 (curve 1); 2 = 0.13 (2); x = 0.35 (3); = 0.6
(4). Unfortunately, no experimental data for this crystal are available.

In figure 7 we compare the calculated static transverse permittivity €11(T) = ¢};(w = 0,T)
with experimental points for the real part of the transverse permittivity };(w # 0,T) at low
frequencies w. The phase diagram is strongly asymmetric, and the proton glass state occurs in the
region x = [0.2;0.45]. As seen, a quantitative or qualitative agreement with experiment takes place
in the regions far from the phase boundaries (curves 1,2 for the ferroelectric state and curves 5, 6 for
the antiferroelectric state). The value of = 0.15 corresponds to the intermediate phases between
the ferroelectric state and the proton glass state. Below the permittivity peak, the theoretical curve
deviates from the experimental points. For = 0.35 (approximately, a center of the proton glass
phase) we compare the theoretical results with experimental data for =1 Hz, 30 kHz of [25]. The
theory yields a much faster decrease of €], (w, T') with temperature and a very high and sharp curve
of e, (w, T). The shape of this line for Rby_, (NHy),HzAsO4 sharper than for Rb;_,(NDy),D2POy
is due to an essential contribution of proton tunneling to the low-temperature dynamics. This effect
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is not taken into account by the proposed theory. However, we think that the present approach
can be used to describe a position of the imaginary part of the permittivity (freezing line).

The phase diagram of Rby_,(NHy),H2AsOy (figure 8), like in the case of Rb;_,(NDy4),D2POy,
contains four regions EPG, NPG, IF, IAF. The freezing line Ty (z) (dashed line) corresponds to
the maximum of e/, (v =1 Hz, T'). According to experimental data [29,26] this line is observed in
the ferroelectric phase region down to z = 0.01. With decreasing z, Ty 1(x) — 0. In calculations
the decreasing line is observed down to x ~ 0.15. Overall, the calculated phase diagram correctly
describes the experimental data, though some disagreement is observed. Thus, the used values of
the model parameters yield a somewhat wider proton glass region = ~ [0.18;0.46] than the one
experimentally observed x ~ [0.22;0.42]. This disagreement can be due to different methods of
identifying the proton glass state. Experimentally, X-ray scattering, NMR, and Raman scattering
data are used to identify the phases.

5. Conclusion

In this work we propose a pseudospin model for the Rby_,(ND4),D2POy4 type proton glasses,
which takes into account the energy levels of hydrogens (deuterons) near PO, groups, long-range
interactions between hydrogen bonds, and an internal chaotic deformational field. Within the
framework of the cluster approximation for short-range interactions and of the mean field ap-
proximation for long-range interactions, we obtain a system of equations for the state parameters
(short-range cluster fields, long-range fields, and cluster field dispersion) and expressions for static
longitudinal and transverse susceptibilities of glasses for the regions of ferroelectric, antiferroelec-
tric, and proton glass states. Within the Glauber dynamics approach and cluster approximation
we obtain a system of equations for time-dependent linear responses of polarization and proton
glass order parameter. For the Rb;_,(NDy4),DoPO4 mixture, the proposed theory satisfactorily
describes a temperature behavior of real and imaginary parts of transverse permittivity at dif-
ferent frequencies in the “pure” phase regions (z ~ 0.0; 0.5; 1.0). At the same time, the theory
incorrectly describes the shape of the curve of an imaginary part of permittivity ¥, (T, w) for the
Rby_,(NHy),H2AsO4 mixture at low temperatures in the glass phase (the theoretical peak is too
narrow and high). This can be due to neglecting the tunneling within the Glauber approach, which
plays a crucial role in the dynamical processes in these compounds at low temperatures. The cal-
culated freezing line slightly depends on concentration in the proton glass phase and continues
down to 5% to the regions of ferroelectric ordering and antiferroelectric ordering. Hence, in our
work the freezing line is determined in the same way as in experimental works. The phase diagrams
for Rb1_,(ND4),D2POy, Rbi_,(NHy),HaAsO4 obtained using dielectric calculations, are close to
those constructed using experimental data.

References

1. Courtens E., J. Phys. (Paris) Lett., 1982, 43 L199.

2. Courtens E., Phys. Rev. B, 1986, 33, No. 4, 2975.

3. Moriya K., Matsuo T., Suga H., Terauchi H., Jpn. J. Appl. Phys., 1985, 24 Suppl. 242, 955.

4. Takashige M., Terauchi H., Miura Y., Hoshino S., Nakamura T., Jpn. J. Appl. Phys., 1985, 24 Suppl.

24-2, 947.

5. Takashige M., Terauchi H., Miura Y., Hoshino S., J. Phys. Soc. Jpn., 1985, 54, No. 9, 3250.

6. Terauchi H., Ferroelectrics, 1985, 64, 87.

7. Courtens E., Jpn. J. Appl. Phys, 1985, 24, 70.

8. Hattori T., Araki H., Nakashima S., Mitsuishi A., Terauchi H., J. Phys. Soc. Jpn., 1988, 57, No. 3,
1127.

9. Hayase S., Sakashita H., Terauchi H., Ferroelectrics, 1987, 72, 245.

10. Nagata T., Iwata M., Orihara H., Ishibashi Y., Miura Y., Mamiya T., Terauchi H., J. Phys. Soc. Jpn.,
1997, 66, No. 5, 1503.

11. Choi Y.S., Kim J.J., Eur.Lett., 2004, 65, No. 1, 55-60.

12. Dolinsek J., Arcon D., Zalar B., Pirc R. and Blinc R., Phys.Rev.B, 1996, 54, No. 10, R6811.

540



Thermodynamics and complex dielectric permittivity of mixed crystals

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.

43.
44.
45.

46.
47.
48.

Blinc R., Dolinsek J., Ailion D.C., Gunther D., Zumer S., Phys. Rev. B, 1986, 57, No. 22, 2826.
Blinc R., Dolinsek J., Pirc R., Tadic B., Zalar B., Phys. Rev. Lett., 1989, 63, No. 20, 2248.

Chen S., Ailion D.C., Phys.Rev.B, 1990, 42, No. 10, 5945.

He P., J. Phys. Soc. Jpn., 1991, 60, No. 1, 313.

Korner N.,; Pfammatter Ch., Kind R., Phys. Rev. Lett., 1993, 70, No. 9, 1283.

Kutnjak Z., Pirc R., Levstik A., Levstik I., Filipic C., Blinc R., Phys.Rev., 1994, 50, No. 17, 12421.
Kim B.G., Kim J.J., Phys.Rev.B, 1997, 55, No. 9, 5558.

Ko J.H., Kim B.G., Kim J.J., Fujimori H., Miyajima S., J. Phys.: Condens. Matter., 1995, 14, 4403.
Gregorovic A., Zalar B., Blinc R., Ailion D.C., Phys.Rev.B, 1999, 60, No. 1, 76.

Banys J., Kajokas A., Lapinskas S., Brillingas A., Grigas J., Petzelt J., Kamba S., J. Phys. B, 2002,
14, 3725.

Trybula Z, Stankowski J, Szczepanska L., Blinc R., Weiss Al., Dalal N.S., Ferroelectrics, 1988, 79, 335.
Trybula Z., Schmidt V.H., Drumheller J.E., He D., Li Z., Phys. Rev.B, 1989, 40, No. 7, 5289.
Trybula Z., Schmidt V.H., Drumbheller J.E., Phys. Rev.B, 1991, 43, No. 1, 1287.

Trybula Z, Stankowski J., Condens. Matter Phys., 1998, 1, No. 3(15), 311.

Trybula Z. Kaszynski J., Ferroelectrics, 2004, 298, 347.

Kim S., Kwun S., Phys. Rev. B, 1990, 42, No. 1, 638.

Pinto J., Schmidt V.H., Ferroelectrics, 1993, 141, 207.

Prelovcek P., Blinc R., J. Phys. C.: Solid State Phys., 1982, 15, 1.985.

Matsushita E., Matsubara T., Prog. Theor. Phys., 1984, 71, No. 2, 235.

Matsushita E., Matsubara T., J. Phys. Soc. Jpn., 1985, 54, No. 3, 1161.

Pirc R., Tadic B., Blinc R., Phys. Rev. B, 1987, 36, No. 16, 8607.

Cevc P., Zalar B., Blinc R., Solid State Comm., 1989, 70, No. 4, 451.

Kind R., Blinc R., Dolinsek J., Korner N.; Zalar B., Cevc P., Dalal N., DeLooze J., Phys. Rev. B,
1991, 43, No. 4, 2511.

Banerjee V., Dattagupta S., Phys. Rev B, 2003, 68, 054202.

Korynevskii N.A., Solovyan V.B., Ferroelectrics, 2005, 317, 19.

Korynevskii N.A., Solovyan V.B., Phase Transition, 2007, 80, No. 1-2, 55.

Levitskii R.R., Korinevskii N.A., Stasyuk I.V., Ukr. Phys. J., 1974, 19, No. 8, 1288 (in Russian).
Levitskii R.R., Sorokov S.I., Vdovych A.S., Ferroelectrics, 2005, 316, 111.

Sorokov S.I., Levitskii R.R., Vdovych A.S., Condens. Matter Phys., 2005, 8, No. 3(43), 603.
Levitsky R.R., Zachek L.R., Vdovych A.S. Preprint of the Institute for Condensed Matter Physics,
ICMP-08-04U, Lviv, 2008 (in Ukrainian).

Volkova E.N., Izrailenko A.N.; Kristallografiya, 1983, 28, No. 6, 1217 (in Russian).

Mason W.P., Mattias B.T., Phys. Rev., 1952, 88, No. 3, 477.

Levstik A., Filipic C., Kutnjak Z., Levstik I., Pirc R., Tadic B., Blinc R., Phys. Rev. Lett., 1991, 66,
No. 18, 2368.

Fairall C.W., Reese W., Phys. Rev. B. 1974, 10, No. 3, 882.

Berdowski J., Opilski A., J. Crystal Growth, 1978, 43, 381.

Gesi K., Ozawa K., J. Phys. Soc. Jpn., 1984. 53, No. 12, 4405.

541



R.R.Levitsky et al.

TepmoaguHamMika Ta KOMMJIEKCHA AieNeKTPUYHa MPOHUKHICTb
3miwanux kpuctanis tTuny Rb, _,(NH,).H,PO,

PPesuupkuin', C.l.Copokos', 9.Ctankoscki?, 3.Tpubyna?, A.C.Boosuy’

1 IHCTUTYT di3ukum koHaeHcoBaHux cnctem HAH Ykpainu, YkpaiHa, Jlbsis 79011, Byn. CeeHujubkoro 1
2 IHCTUTYT MonekynsipHoi @i3nkn HAH,MonbLwa, MosHanb 60—179, Byn. CmonyxoBcbkoro 17

OTtpumano 10 yepsHa 2008 p.

3anponoHoBaHa MceBAOCMNiHOBA Mofesb NPOTOHHMX cTekon Tuny Rbq_,(NH4):H2PO4(Rb1—_(ND4)s
D2PQO4), ika BpaxoBye eHepreTnyHi piBHi NPOTOHIB (AenTpoHiB) 6ins TeTpaenpa PO4, AanekocsHy B3a-
€MOJjI0 MiX BOOHEBUMM 3B’A3KaMM | BHYTPILLHE xaoTuyHe aedopmauiiHe none. B pamkax knactepHoro
HaBNMXeEHHS | HaBNNXKXEHHS cepeaHbOro Noss Mo JanekoLiii BUBeAeHa cucTema piBHAHb 15 napamMeTpis
cTaHy ans obnacTen, ki 3HaxoAsATbCs B Gepo-, aHTUdEPOLNEKTPUYHOMY CTaHax, i B CTaHi NPOTOHHOro
ckna. B pamkax rmaybepiBcbKOi AMHAMIK/ BUBEAEHA CUCTEMA PIBHAHb [AJI YACTOTHO3ANIEXHUX NiHINHNX
BiArykiB nonsipisauii i napameTpa NpoToHHOro ckna. OTpMMaHO SIKICHUIA ONMC TeMMepaTypHOi NOBEAIHKM
nienekTpuyHux npoHukHocTten cnonyk Ky, (ND4)zD2POy4 i Rby—4(NH4):H2AsO4 npu pisHux yacToTax.
O6roBOpPIOIOTLCS NMPUYNHN HU3bKOTEMMEPATYPHOrO MiKy YSIBHOI YaCTUHW OieNeKTPUYHMX NPOHUKHOCTEN B
MPOTOHHMX CTEKIax.

Knio4oBi cnoBa: npoToHHe cki10, knacTepHe HabmxeHHs, rnaybepiscbka aAnHamika

PACS: 75.10.Hk, 75.10.Nr, 77.22.Ch, 77.22.Gm, 77.84.Fa
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