IIpenpunTu IacTuryry disuku KougeHcoBanux cucrem HAH VYkpainu
PO3IOBCIO/IZKYIOThCS CepeJl HAyKOBUX Ta iHdopMariitaux ycranosB. Bonn
TaKOXK JIOCTYIIHI 110 eJIEKTPOHHIN KoMIT oTepHiit mepexxi Ha WW W-cep-
Bepi iHcTUTyTY 32 agpecoio http://www.icmp.lviv.ua/

The preprints of the Institute for Condensed Matter Physics of the Na-
tional Academy of Sciences of Ukraine are distributed to scientific and
informational institutions. They also are available by computer network
from Institute’s WWW server (http://www.icmp.lviv.ua/)

Poman Pomanosuy JleBunbkmuii
Cepriit IBanosua Copokon

Irop PomanoBua 3auex

Amngnpiit Crenanosu4 Biosuu
Ayuta Iununisaa Moina

Jleonin MuxkosaitoBua Koporkos
Ounexkciit Iroposua Bouapos

PoJIb II’€30EJIEKTPUYHOIO 3B’SI3KY B IOBEIHLI ®I3UYHUX
XAPAKTEPUCTHUK PEIYJ/ISAPHUX I HEBIIOPSIJIKOBAHUX
CETHETOAKTHBHUX CIIOJNYK CIM'T KH>POy

Pobory orpumano 19 rpymua 2011 p.

SarsepmKeno 10 apyKy Buenoro pagoro IPKC HAH Vkpaiuu

PexomenioBano 1o apyky ceminapom BiJUILTY Teopil MOAETbHIX
CITIHOBUX CHCTEM

Burorossieno nipu IOKC HAH Ykpaiuu
(© Vci npaBa 3acTeperkeHi

HamionaabHa akajeMmia HayK Y KpalHHI

IHCTUTYT

PIZNKU
KOHAEHCOBAHUX
CUCTEM

4 N

ICMP-11-13E

R.R.Levitskii, S.I.Sorokov, I.R.Zachek} A.S.Vdovych, A.P.Moina,
L.M.Korotkov! A.I.Bocharov’

ROLE OF PIEZOELECTRIC COUPLING IN BEHAVIOR
OF THE PHYSICAL CHARACTERISTICS
OF REGULAR AND DISORDERED
FERROELECTRIC COMPOUNDS

OF THE KH,PO4 FAMILY

\ /

*Lviv National Polytechnic University, 79013 Lviv, 12 Bandera Street
TVoronezh State Technical University, Moskovsky Pr. 14, 394026 Voronezh,
Russia

JIbBIB



VIK: 537.226.83,.86, 538.91
PACS: 77.84.-s, 64.60.Cn, 77.22.-d, 77.80.-e, 77.80.Bh, 77.65.Bn

PoJsib m’€30€JIEKTPUYHOTO 3B’ 3Ky B MOBEJiHIN DIi3MIHUX Xapa-
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Amnoranisi. TlpenacraBieHo Orjisiyi pe3y/ibTaTiB TEOPETUYHUX Ta €KCIIe-
pPUMEHTAJbHUX POOIT mist marepiaimis Tumy Rbi_,(NHy),HoPOy4. Io-
Ka3aHO, IO pe3yJIbTaTh PO3PAXyHKY (DIBUIHUX XapPaKTEPUCTUK IIMX
MaTepiaJiiB HA& OCHOBI 3aIIPOTIOHOBAHOI TeOPil 3aJI0BLJIBHO y3TO/KYIO-
ThCA 3 EKCIHEPUMEHTAJbHUMHU JAaHUMH, 338 BHUHATKOM o0jacti daso-
Boro mnepexoiy. lIpescraBieHO TaKOXK pe3yJbTATH PO3PaxyHKy di3u-
9HAX XapakTepucTuk peryispamx crnoayk cim’i KHyPOy4 3 Bpaxysan-
HsIM I1'€30€JIEKTPUIHOTO 3B’s13Ky. BKa3aHO Ha HEOOXIMHICTH BpaxyBaHHS
IT'€30€JIEKTPUIHOTO 3B’SI3Ky B 3MIIIAHAX MaTepiajax.

Role of piezoelectric coupling in behavior of the physical char-
acteristics of regular and disordered ferroelectric compounds
of the KH,PO, family

R.R.Levitskii, S.I.Sorokov, I.R.Zachek, A.S.Vdovych, A.P.Moina,
L.M.Korotkov, A.I.Bocharov

Abstract. The review of theoretical and experimental papers for
Rbi_,(NHy),.HoPO4 type materials are presented. It is shown, that re-
sults of calculation of physical characteristics of these materials within
proposed theory satisfactorily agree with experimental data, with the
exception of phase transition region. The results of calculation of phys-
ical characteristics of regular KHoPO, family compounds with taking
into account of piezoelectric coupling are also presented. We have point-
ed on necessity of taking into account of piezoelectric coupling in mixed
crystals.
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1. Introduction

1.1. Experimental studies of the Rb;_,(NH,),H;PO, type
compounds

The hydrogen bonded compounds of the Rbj_,(NHy),HoPOy type,
which at certain compositions have a proton glass phase, have been
intensively studied for more than 25 years. In order to describe pos-
sible proton configurations in the mixed Rb;_,(NHy),HoPO4 type com-
pounds, let us consider first the structure of the pure RDP - RbHsPOy4
and ADP - NH,HsPOy4 crystals. In figure Il a unit cell of the KDP -
KH>PO, crystal, which is isomorphic to RDP, is shown. A primitive cell

Figure 1. A unit cell (four formula units) of the KDP - KHyPOy crystal.

of the RbH2POy4 type compounds contains one POy tetrahedron of the
“A” type and one POy tetrahedron of the “B” type, two Rb atoms and
four protons on four hydrogen bonds attached to the “A” type tetrahe-
dron. In the ferroelectric phase the net dipole moment of the primitive
cell, associated with displacements of heavy ions and deformations of the
PO, groups, is directed along the ¢ axis. A triggering mechanism of the
ionic displacements in these crystals is the proton ordering (their posi-
tions are described by pseudospin operators Sy = £1, f =1,2,3,4) in
double potential wells on the hydrogen bonds. The bond dipole moments
lie almost in the ab plane; the total dipole moment of protons in the cell
of the RDP type crystals is zero. Thus,

ﬁla = (/1427070)7 ﬁ?)a = (_Mgaouo)a ﬁ2oz = (07 _Mguo)u ﬁ4o¢ — (07M’g¢70)7
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where jif, are the dipole moments of the f-th hydrogen bond; o = +
forx =0, and « = — for z = 1.

The composition range in these compounds can be divided into three
regions of z, which we shall call the glass phase region, the ferroelectric
phase region, and the antiferroelectric phase region. The glass phase re-
gion exists in the Rb;_, (NHy),HoPOy system at  ~ 0.22 — 0.75, in the
Rbl_m(ND4)mD2PO4 at x ~0.23— 0.65, in the Rbl_m(NH4)mH2ASO4 at
2~ 0.2—0.45, and in the K;_,(NHy),HoPOy system at x ~ 0.23 —0.67.
The ferroelectric phase region lies between z = 0 and the glass phase
region; the antiferroelectric phase region lies between x = 1 and the glass
phase region. An important characteristics of the Rb;_,(NHy),HoPOy
type compounds is the Edwards-Anderson parameter g4, which is the
averaged over configurations square of the averaged over the Gibbs en-
semble Sy-operator. It is different from zero at 0 < x < 1 at all temper-
atures.

Glass phase composition region. In the proton glass phase the
net spontaneous polarization is absent, but the unit cell polarization is
different from zero. It means that the average over the sample square of
the cell dipole moment (proportional to the Edwards-Anderson param-
eter) is different from zero.

Experimental measurements of the dielectric permittivity
of Rbl_m(NH4)$H2PO4 [1*8], Rbl_m(ND4)mD2PO4 [7], [9*14],
Rbl_m(NH4)mH2ASO4 [15*18], and Kl_m(NH4)mH2PO4 [19*23] in
the glass phase composition region have shown that the temperature
curves of the longitudinal e33(T,v) and transverse e11(7,v) permit-
tivities are qualitatively similar. At high temperatures the real parts
of the permittivities are roughly described by the Curie-Weiss law.
Below a certain temperature 7%, a deviation from the Curie-Weiss law
is observed. Then e55(7, v) and £}, (7T, ) have maxima at temperature
T, and slowly decrease after that. Below a certain temperature T, (the
inflection points) e55(7T,v) and €}, (T, v) rapidly fall to their minimal
values. The imaginary parts of the permittivities e45(T, v) and &/, (T, v)
have peaks at T, and fall nearly to zero at other temperatures. It should
be noted that the temperatures Ty, T,,, and T,(v) determined from
ehs(T,v) are somewhat different from those determined from &, (T, v).

The temperature T,(v) decreases with decreasing frequency v, at
which the permittivity is measured. The temperature of the transition
to the glass phase is Ty, where Ty(v) — Ty at v — 0. Character of the
temperature curves of e45(T,v) and &%, (T, v) indicates that this transi-
tion is strongly smeared out (it starts near Ty and finishes at Tj).

The temperature T, in the vicinity of which the proton freezing
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begins, is estimated by different methods. The EPR studies on param-
agnetic T1?T impurity ions [24H26], whose spectrum is sensitive to struc-
tural transformations, in the RADP crystals show that the energy levels
of these ions are gradually split by local fields with lowering tempera-
ture. This confirms the existence of a significant static random field in
Rbi_,(NHy),H2POy.

The chaotic static electric fields governed by the piezoelectric inter-
actions and static elastic strains are believed [27] to be formed by chaotic
substitutional disorder of ions of different radii. It has been shown that
these fields act, mainly, on the lattice polarization along the c-axis and
on the configurations with two protons near the “upper” or “lower” (with
respect to the c—axis) oxygen atoms. It is shown that in addition to
these chaotic fields and pseudospin-pseudospin interactions with a ran-
dom sign, a chaotic local anisotropy should be taken into account. The
difference in the symmetry of “upper” or “lower” and lateral proton con-
figurations and peculiarities of the proton-lattice interactions can lead
to coexistence of the long-range order with the glass state or paraelectric
state.

The temperature dependence of the spin-lattice relaxation time for
protons of NHy ionic groups in Rbg g5(NHy)g.35HoPO4 was studied by
the NMR method in [28]. In these compounds such a dependence has a
minimum at ~ 180K, associated with the start of proton freezing and
with formation of the hydrogen bonds between the NH4 and PO4 groups.
In [29] the relaxation time of 3'P in Rb;_,(NDy4),D2POy for different
compositions was measured; a similar minimum in its temperature de-
pendence was obtained near 170K.

The X-ray structural studies revealed [30] a deviation of the lattice
constants in Rby_,(NH4),HoPO, from the Debye approximation below
a certain temperature Ty(z) ~ 90K; these deviations increase with in-
creasing ammonium concentration. Despite the changes in the lattice
constants, these compounds remain tetragonal. Below T (x) in the pro-
ton glass state a diffuse X-ray scattering increases [30H32]. It is parti-
cularly notable near the boundary between the ferroelectric and glass
phases [32]. Possibly, it is related to formation of some heterogeneous
structure, that is, to coexistence of two phases.

In the obtained in [33,/34] Raman spectra of Rb;_,(NDy4),D2POy4
(x=0.5 and 0.25) some lines split below Ty ~ 200K, because of the non-
equivalency of POy groups (some of them are surrounded by Rb™, while
the others by NDJ ). In the Raman spectra of Rbg 3(NHy4)o.7HaPO, the
orientational vibrations of NHJ ions are revealed [35], indicating for-
mation of the PO, — NHJ bonds and of the proton glass. The tem-
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perature dependence of the position of the peak, corresponding to the
vo vibrations of the POy tetrahedra, has a characteristic break near
Ty ~ 100K. This break is related to the start of the proton freezing
and their attaching to the POy tetrahedra. A similar break was re-
vealed in [36] for K;_,(NH,),HoPOy4 (x = 0.32,0.53) and in [37] for
Rbl_m(NH4)mH2ASO4 (LL' = 035)

The Edwards-Anderson parameter, which at moderately low temper-
atures is approximately proportional to the widths of various spectral
lines, gradually increases with lowering temperature. This indicates that
the transition to the proton glass state is smeared out. Thus, the NMR
spectral line for Rb;_,(NDy),D2POy4 at different « [38[39] and the NQR
line for .5(NHy)o.5HoPOy4 [41] widens at lowering temperature, and the
intensity of elastic neutron scattering from Rbg 35(NDy)g.62D2POy4 in-
creases [42].

Below Ty the system becomes non-ergodic. The temperature Tg is
estimated by approximation of the experimental data for the dielectric
permittivities at low temperatures. In [I1] using the results of dielectric
measurements and the following phenomenological expression for the
longitudinal dielectric susceptibility

)
X(Thw) = /d l—um'
0

the distribution function of relaxation times g(7,7T) was analyzed. In
the time range 7 & |19, 7| the function g(7,T) was qualitatively approx-
imated by a rectangular distribution with the critical relaxation time ..
The best fit to the experimental data for x=0.35 was obtained using the
Vogel-Fulcher law

E.
Te = To €Xp (T—Tg> ; To =8.74K, E.= 268K,

vo =1/2n79 = 3.49 - 102 H 2.

At T = Ty the maximal relaxation time becomes infinite. In [I0] using
the measured dielectric permittivities of Rbg 5(IN D4)o.5D2PO4 the value
of Ty ~ 32K was obtained.

In [43] it has been shown that for Rbg s53(N Dy)g.47D2PO4 the spec-
trum of the distribution function g(7,T') consists of two wide lines; with
decreasing temperature from 55K down to 35K a fast intensity redistri-
bution from smaller times to larger ones takes place. These results are
interpreted within a model of dynamically correlated domains [44}[45],
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which form a system of classical dipoles. At the freezing temperature
part of them form an infinite percolation cluster. In this model Ty = 0K
(the Arrhenius law).

At low temperatures an essential role is, most likely, played by proton
tunneling. This is indicated by the maximum on the temperature curve of
the dielectric losses tangent in Rbg 25 (NHy)o.75H2POy [8] at T &~ 0.2K,
as well as by splitting of NMR, spectral lines of Rbg 56(NDy)g.44D2PO4
[46]. This means that deuteron motion is not completely frozen out.
Tunneling lowers down Tj.

Polarization relaxation and non-ergodic processes in proton glasses
M;_,(NWy), W2AO, (M=Rb, K; W=H, D; A=P, As) were explored by
the Monte-Carlo method in [47]. The following interactions were tak-
en into account: 1) between protons in the “upper” or “lower”, lateral
(W2AOy), and Takagi (WAO, and W3AQO,) configurations; 2) between
protons via NHy ions, which in pure ammonium compounds render the
state with lateral configurations the ground state; 3) proton-lattice in-
teractions, arising as a displacement field, if one of the nearest neighbors
is the alkali ion, whereas the other is the ammonium ion; 4) interactions
with an external electric field. At a given temperature the average value
of polarization was calculated; the total number of proton jumps was
up to 107 for each temperature. The temperature variation of polari-
zation at heating in zero external field (Pzppy with the initial value of
Pzru(T =0) = P; ) and at heating in non-zero field (Ppy with the ini-
tial Prg (T = 0) = 0) were approximated by the following dependences

Pzry = P; - exp [— (T/Te)q ; Prp = Py (1 — exp [— (T/TE)WD :

At small fields T, ~ Tsjater0.53, v = 6, where the non-ergodicity tem-
perature T, is introduced.

Little attention has been paid to investigation of the temperature
dependence of specific heat of these systems in the glass phase region.
We are aware of a single paper [48], where it has been shown that the
molar specific heat C(T) of Rb;_,(NHy),HoPOy at 2=0.7 and 2=0.74
increases monotonically with temperature. Near 60K the curve C(T) is
somewhat convex upwards. This convexity is most likely related to the
protonic contribution to the specific heat, which is difficult to separate
from the lattice contribution.

The ferroelectric phase composition region. In this region at
high temperatures the gz 4 parameter obtained from the NQR linewidths
in Rb;_,(NHy),HAsO4 with 2=0.01, 0.02 [49] and NMR linewidths
in Rb1_,(ND4),D2PO,4 [39] with x=0.22 is different from zero. This
indicates a partial proton freezing at high temperatures.
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With lowering temperature, the transition to the ferroelectric phase
takes place at T,(x); in this phase a spontaneous polarization Ps exists.
Unfortunately, the experimental data for P and gg 4 are very limited, ex-
cept for the case of z = 0. At x = 0 Ps has a jump at T,.(x). The temper-
ature T.(x) is maximal at = 0 and decreases with increasing z, where-
as the jump in P, disappears (as observed in Rby_,(NHy),HoAsOy4 at
2 = 0.08 [18]), and the phase transition is smeared out. The temperature
T.(x) can be also determined from the NMR data. Thus, in [50] by the
NMR method it has been established that the temperature dependence
of the spin-lattice relaxation time of 3’Rb ions in Rb;_,(ND4),D2POy
has a minimum at T.(z).

The transverse dielectric  permittivity ¢},(T,v) of the
Rb1_,(NHy4),H2PO,4 type compounds in the ferroelectric phase
composition region is somewhat smaller that in the glass phase region.
It gradually increases at lowering temperature, then has a rounded max-
imum at T.(z), and rapidly decreases to a certain constant value below
T.(z). At even lower temperature T () (inflection point), the permittivi-
ty €1 (T,v) decreases to a minimal value. At the same time e (T, v) has
two maxima at T.(z) and T,(z). The same behavior was experimentally
detected also for &7,(7,v) and &7, (T,v) in Rb;_,(NH4),HoPO4 [51],
Rblfx(ND4)zD2PO4 [12], Rblfx(NH4)xH2ASO4 [16, 18, 52, 53], and
K;_,(NHy),HaPO4 [54].

The longitudinal permittivity e44(T,v) of the Rb;_,(NHy),HoPOy
type compounds in the ferroelectric phase composition region also has
a rounded peak at T.(x), but its height is by two orders of magni-
tude larger than that of ,(T,v) and larger than in the glass phase
composition region. It becomes larger and sharper with lowering .
Such a behavior of e45(T,v) was observed in Rb;_,(NHy),HaPO4 [3],
Rbl_m(NH4)mH2ASO4 [17], and Kl_m(NH4)IH2PO4 [22,23,55,56].

Smearing of the transition to the ferroelectric phase is associated
with fluctuations of ammonium concentration. In samples with smaller
x the transition to the ferroelectric phase takes place at higher tem-
peratures than in samples with higher z. Such an explanation is confi-
rmed by the data of [57], where in the neutron diffraction patterns of
Rbp.g(NDy4)o.1D2AsO, the intensity maxima characteristic for the para-
electric and for the ferroelectric phase were shown to coexist in a certain
temperature range (7-10K). This fact indicates coexistence of the two
phases.

Presence of the low-temperature peaks of ¢/, (T,v) and e45(T,v) at
Ty(x) in the ferroelectric phase composition region is related to coexi-
stence of the ferroelectric and glass phases. Such a coexistence was re-
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vealed by measurements of ¢/, (T, v) in Rb;_,(NHy),HaPOy at 2=0.15
and 0.17 [51], Rbl_m(NH4)IH2ASO4 [16, 18,52,58], Kl_m(NH4)mH2PO4
[54], Rbo.96(NDy4)o.04D2AsO4 [54,[59). It is believed that in the ferro-
electric phase composition region the samples have small inclusions, in
which the concentration of NHy is characteristic for the glass phase
composition region. These inclusions at the temperature T, (z) undergo
a transition to the proton glass state. With lowering x the temperature
Ty(x) decreases. This is associated with a decrease of the dimensions and
correlation length of the clusters, where the transition to the glass state
takes place; as a result, at low = the system dynamics is faster than at
x close to the glass phase composition region.

In [58] the imaginary part of the permittivity €/, (T, v) and the Cole-
Cole curves were measured at different frequencies for low concentrations
z=0; 0.01; 0.05; 0.1 in Rby_,(NHy4),HoAsO4 and Rby_,(ND4),D2AsOy.
At £=0.05; 0.1 a coexistence of the low-temperature proton glass phase
and non-uniform ferroelectric phase has been detected below Ty(v, x).
From the Cole-Cole curves a presence of the relaxation time distribution
below T, (v, z) is evident.

In [18] the temperature dependences of spontaneous polarization of
Rblfz(NH4)zH2ASO4 and Rblfz(ND4)xD2ASO4 (at IZOO, 008), as
well as transverse permittivities e/, (1kHz,T) (for £=0.0; 0.08; 0.4 in
Rbl_m(NH4)IH2ASO4 and JJ:0.0; 0.08; 0.28 in Rbl_m(ND4)mD2ASO4)
were measured. It has been shown that at £=0.08 in the temperature
range between Ty(x) and T,(x) the sample polarization is proportional
to the contribution of the so-called lost dielectric response

Ps (T):P Agle (T)

oL A (T)=¢€! (T, 2=0.4)—¢' (T,2z=0.08).
EZI(T,ZC:OZL) Eal( ) Ea( z=0 ) Ea( T 008)

Antiferroelectric phase composition region. In this region
the high-temperature proton glass phase exists at high temperatures,
since the gpa parameter obtained from the NMR linewidths in the
Rb1_,(NDy4),D2POy system is different from zero and increases with
decreasing temperature [39,[60].

At lowering temperature a phase transition to the antiferroelectric
phase takes place at Ty (z). The transition temperature T () is maxi-
mal at x=1, decreases with lowering =, and vanishes at a certain critical
value of x, where the glass phase composition region begins. The ob-
tained in [35] temperature dependence of the Raman scattering line, cor-
responding to vy vibrations of POy tetrahedra in Rby_,(NHy),HaPOy
crystals at x=0.8, has two bends at 130K and 65K. The first bend corre-
sponds to T¢(z) and to the start of the proton freezing on the O-H...O
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bonds, just like in the glass phase composition region. The second bend
corresponds to the transition to the antiferroelectric phase at T (), be-
cause below Ty (x) the frequency vo increases due to formation of the
NH4-POy clusters. In [35] the two bends are observed also in the ferro-
electric phase composition region at =0.2: the first one at Ty(x), the
second one at T.(z).

Using the experimental data for the transverse dielectric per-
mltthIty of Rblfz(NH4)zH2PO4 [3, 4], Rblfz(ND4)xD2PO4 [12],
Rblfx(NH4)xH2ASO4 [17], and Klfx(NH4)zH2PO4 [19, 22,61] it has
been established that €7, (7, v) in the antiferroelectric phase compositi-
on region at T > Tx(z), just like in the glass and ferroelectric phase
composition region, increases with lowering temperature, but the value
of €11(T,v) here is somewhat larger. At T < Tn(z) &};(T,v) is much
smaller than at 7" > Ty and slightly decreases with decreasing temper-
ature. Near Ty (z) a fast drop of €/, (T, v) takes place, which at x — 1
transforms into a break. At z close to the glass phase composition region
this decrease slows down, whereas the maximum of &, (T,v) at Ty (x)
becomes rounded, that is, the phase transition is smeared out. In [3] the
observed €1, (T, v) of Rb;_,(NHy4),HoPO4 with =0.75 has a rapid drop
at a certain temperature Ty(v).

As has been shown in [61], e33(7, v) in K1_,(NHy),H2PO4 at 2=0.8
and 0.9 is qualitatively similar to £11(T,v), but twice smaller. This is
the only experimental measurement of e33(7, ) in the antiferroelectric
phase composition region, except for the case z=1.

In the antiferroelectric part of the phase diagram, the coexistence of
deuteron glass and antiferroelectric phases in Rbi_,(ND4),D2AsO4 at
(2=0.39, 0.55, 0.69) was revealed [62] using the measured temperature
and frequency dependences of 11 (7, v). This coexistence is indicated by
a weak frequency dispersion of the temperature dependence of permit-
tivity at T < 100K (it is by two orders of magnitude smaller that in the
region with the deuteron glass phase only at £=0.28).

In [63] by the example of the Rby_,(NHy),HAsO4 system a possi-
bility of phase coexistence (of PE - dynamically disordered paraelectric
phase, PG- structurally disordered proton glass state, FE - ferroelec-
tric, and AFE - antiferroelectric phases) in this type of compounds is
explored. Experimental evidence for this coexistence at different x is
presented.

The temperature dependence of specific heat in the antiferroelectric
phase composition region, as shown in [48] for Rby_,(NHy),HoPOy at
x=0.79 and 0.89, has two peaks: at Ty and a much lower one at a few
degrees below T. The second peak remains unexplained. Considering

ICMP-11-13E 9

the facts that i) the obtained results were not explained by their authors,
and that ii) a too high peak of the specific heat for these values of z was
obtained, we can assume that these data are possibly unreliable.

Unfortunately, for all compositions and for both dielectric permit-
tivities the experimental data obtained in different papers are in a poor
agreement. Let us consider here examples of such discrepancies. It should
be noted that 11 (T, v) and e33(T, v) were measured at different frequen-
cies. However, these frequencies are low enough, so the the dielectric
permittivity hardly varies with frequency in this temperature range.

In Rby_,(NHy),HoPOy at = 0.25 (ferroelectric phase), T = 60K
ehs(T,v) ~ 340 as measured in [2] at v=1 kHz and e45(T,v) =~ 250
as measured in [3] at =300 Hz. In [2] and [7] at T = 60K and close
compositions in the proton glass phase z = 0.4 and 0.4 and frequencies
v=1 kHz and 12 kHz, respectively, it was obtained that e4(T,v) ~ 140
and e44(T, v) = 65, respectively, that is a nearly two-fold difference. The
measured in [2](1 kHz) and [6](50 kHz) &},(T,v) for z = 0.5 is about
40% higher than measured in [3] (10 kHz); for # = 0.7 the measured
in [2](1 kHz) &11(T,v) is about 30% larger than measured in [3] (10
kHz) and [4](70 kHz); whereas €}, (T, v) at x = 0.43 [7](12 kHz) is about
80% smaller than found in [2](1 kHz) at a very close composition z = 0.4.
In the system Rb;_,(ND,4),D2PO4 with z = 0.4 (proton glass phase)
e}1(T,v) obtained in [7](12 kHz) is about twice smaller than in [14](116
Hz).

In Rb;_,(NHy4),H2As04 €} (T,v) found in [I8] (1 kHz) for z = 0.4
is about 20% smaller, whereas that found in [I7](10 kHz) for = 0.44 is
about 10% smaller than measured in [15](30 kHz) for = 0.35; in [17]
e}1(T,v) decreases with decreasing z. In K; _, (NHy),HoPOy at = 0.39
ehs (T, v) measured in [21](20 Hz) is about twice larger than measured at
2 =0.32 in [20] (0.1 Hz), even though e55(7, v) in [20] strongly increases
with lowering x.

There are available lots of other experimental data, which disagree
within 10%. Such discrepancies can be explained by errors in mea-
surements of €11(7T,v) and e35(7T,v), as well as by an incorrect de-
termination of x. For example, the concentration of ammonium zx in
K;_.(NH4),HoPO,4 depends non-linearly on its concentration in a solu-
tion during the sample growth [36].

The temperatures Ty(x), corresponding to the maximum of e/, (T, v)
and to the rapid drop of €|, (T, v), obtained in different experiments are
also different. Thus, for Rbg 5(NDy)o.5D2PO4 Ty=59K [12] at v=1 kHz
and T,=53K [J] at v=10kHz, and both in [I2] and [9] T,(z) increases
with frequency.
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The data for the temperatures T, in the ferroelectric phase compo-
sition region are also contradictory. Thus, Ti. of Rb;_,(NHy4),HaAsOy
determined from the maximum of €44(T,v) in [I7] are about by 10 K
larger than T, determined from the maximum of €}, (7, v) in [16]. This
means that the value of x is either overestimated in [17] or underesti-
mated in [16].

The experimental data for £i;(7T,v) in the antiferroelectric phase
composition region are also in a poor agreement. The values of €/ (T, v)
for Rb1_,(NHy),HoPOy at 2=0.9 measured in [4] at cooling are by 20%
larger than at heating and by about 10% larger than that obtained in [3].
The value of £}, (T, v) measured in [61] for K;_,(NH4),HoPOy at 2=0.8
is almost three times smaller than that found in [19].

Unfortunately, the experimentalists who measured the components
of the dielectric permittivity tensors did not comment on the discrepan-
cies between their results and the previous measurements. We think that
the major origin of these discrepancies is the difficulty of growing iden-
tical samples for a given x, because in these samples there are regions
with different x. In spite of the quantitative differences, the qualita-
tive behavior of the experimental curves of dielectric permittivities of
the Rby_,(NH4),HoPOy4 type compounds is approximately the same.
Therefore, very important are theoretical studies of these compounds.

1.2. Theoretical studies of the Rb;_,(NH,),H>PO, compounds

From the point of view of a theoretical description, the
Rbi_,(NHy),.HoPO, type compounds, which in a certain compo-
sition region can undergo a transition to the proton glass state, are
quite similar to the magnetic compounds with a spin glass phase.
Therefore, we can use the theoretical methods developed for the spin
glass models. A detailed description of the proton glasses, however, is
not possible within the spin glass models, since these models do not
take into account the random electric fields and real crystal structure of
proton glasses.

In [641[65] the Ising model in a transverse field with proton tunneling
was explored. In [64] the interaction constants J;; = +J were taken to
be different from zero only for the nearest neighbors. In [65], as in the
Sherrington-Kirkpatrick model [66], J;; are long-range ones and fluctuate
with the Gaussian distribution. Calculations performed therein in the
mean field approximation have shown that in both cases tunneling lowers
down the temperatures of the transitions between the paraelectric and
glass phases Ty, as well as between the paraelectric and ferroelectric
phase T, or antiferroelectric phase T .
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In [46L67,[68] the Ising model in a transverse field ; also with a
random internal longitudinal field h;

H:—%ZJiijSj—ZQiSf—Z(E+hi)Sf, (1.1)
7,7 i

i

was explored, where E is a uniform external field. Gaussian dis-
tributions are used for the random infinite range interactions with
(<Ji2j>c = z(1 — x) - const(i — j)) and random deformational field h;
((hi) =0,(h?) ~ x(1 — )). In [67] within the replica symmetric ap-
proach a system of equations for unknown p, ¢, r

p= (St 4= (SaS3), i v =((82)°) — Lm0,

(where «, [ are the replica numbers), as well as as expressions for the
free energy, susceptibility x, instability line of the replica symmetric so-
lution (Almeida-Thouless line) are obtained and explored. It is shown
that the temperature of the transition to the glass phase T}, exists only
at <h12>c = 0 and corresponds to the peak on the temperature curve of

X(T). The random internal field (<hf>c # 0) leads to existence of the pro-
ton glass state at any temperature above Ty (gga > 0, ¢ra i 0) and
—00

smoothes the peak in the temperature curve of x (7). The distribution
function of the local fields P(h) = (§(h — h; — > J;;S;)) was calculated

at ; = 0. Its shape at high temperatures is clése to the Gaussian one,
whereas at lowering temperature or increasing <h12>c it transforms into
a two-peak curve with a minimum at h = 0. Such a shape of P(h) quali-
tatively agrees with the experimentally observed shape of EPR [24] and
NMR [69] spectral lines. The temperature dependence of gg4 calculated
within the model [67] well agrees with the second moment of the distribu-
tion function of the EPR [24] and NMR [39[69] spectral lines. In [25[70]
for the model with Hamiltonian (1.1) at Q; = 0, using the Glauber equa-
tion, a shape of the EPR line was calculated (a single-peak one at high
temperatures and a two-peak one at low temperatures) that agrees well
with the experiment in a wide temperature range (7' = [10K, 150K]).
For this model, as shown in [46], gga — 1 at Q; = 0, T — 0. In presence
of tunneling (Q; # 0) gea < 1 at all temperatures, which means an
incomplete freezing.

In [68] the order parameter m and the parameter qg4 for the mod-
el with Hamiltonian (1.1) are calculated by the replica method, and
the phase diagrams at different values of the transverse field and of the
random field dispersion are constructed. Since in presence of random
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fields gga > 0 at all T, the temperature of the transition to the glass
phase T, (z) here is introduced as a temperature below which the replica-
symmetry solution is instable, that is, the replica symmetry is broken,
and the system is in non-ergodic state. It is established that the random
fields decrease the temperatures T,, 1., and T and widen the glass
phase region. It has been shown that between the glass and ferroelectric
phases there exists a region where m # 0, and the replica symmetric so-
lution is unstable; this region is called the region of coexistence of glass
and ferroelectric phases.

If in (1.1) the distribution function of the fields h; consists of two
Gaussians, then a critical point appears on the phase boundary between
the ferroelectric and paraelectric phases, whereas the transition between
the ferroelectric and paraelectric phases becomes the first order one [71].

In [72] a dynamic generalization of the static approach of [67] has been
presented. The Rb;_,(NDy4),DoPOy4, Rb;_,(NDy4),D2AsO4 compounds
described by the Hamiltonian

1 z z z T
H= —E;Jijsisj —;(E—i—hi)si —g>_ (be+bt,)Sr, (12

ik

<Jij>/\/N=JO= (1-2a)J; (J

are considered. Here an interaction of the pseudospins with the phonon
thermostat is introduced into the Ising model Hamiltonian. This leads
to the Debye-type relaxation [72]

— (th? (Bh
e(w)= 1+4€T1 <t1 +(Zw(§))>§; M(E) =0 27\ Ja+ 450 T+ Jop,

where polarization and the Edwards-Anderson parameter p, ¢ obey the
following system of equations

/ e (+5) misnee / X e (-5) i e

For the relaxation time a phenomenological Arrhenius-like expression is
assumed

2),/N=A=da-(1-2)J% (h),=An.

T / dt [((£)b(0)) + (b(O)B(1))] ~ 7t - e~ /T E ~ 100K,

— 00
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A quantitative comparison of the obtained results with experiment was
performed for the temperature behavior of the ¢”(v) peak only. It yielded

el o (wp) = 0.027T — 0.10;

E (wp) = 0.04T — 0.57 (Rbo 7(ND4) 3D2ASO) X

exp

acxp(wp) =0.11T — 3.411 (Rbo 6(ND4)0 4D2PO4)

It is claimed that the proposed simple approach can be useful for descrip-
tion of dielectric properties of deuteron glasses. However, the based on
this model relaxation theory of deuterated mixtures [72] does not yield
a correct frequency dependence of the dielectric permittivity.

The drawback of the described above calculations based on the Ising
model with transverse field and random longitudinal field is that they
do not take into account the real structure of the Rbi_,(NHy),HoPOy
type compounds. Also, the considered there interactions are long-range
ones (of the Sherrington-Kirkpatrick type), whereas in the real systems
the major role is played by the nearest neighbors interactions.

The first theory of the Rby_,(NHy),HsPO4 mixtures that takes in-
to account its real structure has been proposed in [73]. A pseudospin
Hamiltonian was used to describe the energy levels of protons near the
PO, groups; the critical lines T,.(x), Tn(z) (an expansion over the order

N
parameter 1/N Z (5i)) and Ty(z) (an expansion over 1/N 3~ ({S SN?)
were found in the cluster approach. A qualitative deSCl“lpthIi olf the ex-
perimentally observed phase diagram was obtained.

Later the cluster approach was used in [74[75]. Thus, in [74] for de-
scription of the Rby_,(NHy),H2PO4 a pseudospin model was proposed
that takes into account the configurational energy of the cluster of hy-
drogen bonds near a PO, group and a long-range interaction W

Vv U
Hy = 1 (5152 + S2S55 + S35, + S451) + . (5153 + 5254) —

4
=3 (pers + W (S) Si.

i=1

Here . ; are the cluster fields that take into account the interactions of
i-th hydrogen bond with protons of the neighboring tetrahedra and are
determined from the condition of the extremum of the free energy for
the mixture of different phases. The Hamiltonian parameters U, V are
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related to the two lowest levels of the hydrogen cluster in RDP(g(,e})
and ADP (eg,e1) as

1 1 1
U:a’1/2,V:Z(56+2a’1); U:§(€o+€1)1,V:Z(€o+2€1).

The free energy is presented as a sum of the energies of three phases
F=piF(eo <0,W =0)+poF(e0 =0,W =0)+p_F(eo >0,W #£0)

with the probabilities p; for the ferroelectric phase, p_ for the antifer-
roelectric phase, and pg for the neutral phase.

It is believed that the state of each tetrahedron is formed by the six
ionic positions (Rb or N Hy). Two of these six positions are the closest;
therefore, the ferroelectric (antiferroelectric) state of the tetrahedron is
formed if they are occupied with Rb (N Hy). In other situations a neutral
state is formed. From the analysis of the free energy expansion over the
parameters (S1) + (Ss) ; (S1) — (S3) the regions of ferroelectric (0 < x <
0.2 at T = 0) and antiferroelectric (0.75 < z < 1 at T' = 0) phases on
the phase diagram are found that are close to experimental.

This model was used to describe the diagram of the state in the
proton glass region (0.2 < z < 0.75 at T'= 0) in [75]. Here the replica
symmetric approximation was used in averaging the system free energy
with a parameter, being an analog of the Edwards-Anderson parameter
q = (SraSsp) (o, B are the replica numbers). Analytical expressions for
the partition function L(n,q) and temperature of the glass transition
Ty(n) (when ¢ = 0) are found for the number of replicas n=2, 3, 4. For
T,(n) an expression is found for an arbitrary n. From here an expression
T, was obtained

KL\ 1 14 20m(-2E@)/kTy) p
(<h2>> 8 (14 2exp(—{e(@))/kTy))* Ty = Jim To(n).

Hence, no consistent approach to description of all states of these
compounds has been presented in [T4}[75].

An original approach to description of thermodynamical properties
of proton glasses has been proposed in [f6H78]. The model Hamiltoni-
an contains terms responsible for the ferroelectric ordering along the Z
axis (S%-components of the classical spin) and for the antiferroelectric
ordering (S*-components). Restricting consideration by the quadratic
in the Hamiltonian terms at averaging the system free energy over the
concentrations by the replica method, in the replica symmetric approx-
imation, a system of equations for the parameters of the ferroelectric p
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and antiferroelectric £ ordering, as well as parameters of the short-range
ordering g, g, (correlation between the nearest dipole moments)

p= ({87 = (52N € = (S5, = — (5B,
9= = ((S190)) 9o = ({57155

was obtained. Here 1, 2 are the sublattices of the site ¢; (...). means

configurational averaging.

The constructed phase diagram for Rb,,(NHy);_,HoAsO4 qualitati-
vely agrees with experiment. At high temperatures (7' > 210K) p = 0,
& =0, whereas for g, 1, g,1 there exist single solutions that correspond
to the paraelectric region. The proton glass region is associated with
appearance of additional solutions for g¢,, g, at p = 0, £ = 0 (at low
temperatures the maximal number of solutions is equal to 5). Fluctua-
tions of the dipole moments are described by the averages of the dipole
moments of the nearest spins g, g,. The self-correlations of the dipole
moments of the ((S7 57 )). type, measured in EPR or NMR experiments
as the Edwards-Anderson parameter, are not taken into account in this
approach. We think that such correlations are more important than the
correlations between the neighboring tetrahedra. Fluctuations of the de-
formational internal field, that can be estimated from the temperature
dependence of the Edwards-Anderson parameter, are not taken into ac-
count in this approach either.

Hence, a theoretical description of thermodynamic and dielectric
properties of hydrogen bonded compounds of the Rb;_,(NHy),HoPOy
type which can undergo a transition into the proton glass state, that
would take into account the structural peculiarities and different types
of interactions, is still a complicated and unsolved problem of the stati-
stical physics. Particularly it concerns a microscopic description of the
dynamical properties of these mixtures. The temperature curves of the
real and imaginary parts of the longitudinal and transverse dielectric
permittivities at different frequencies have to be described. Particular-
ly interesting is to explore the low-temperature curves of the imaginary
parts of the dielectric permittivity at low frequencies.

In [T9-82] a theory of static characteristics of model proton glasses
with an arbitrary range of competing interactions has been proposed.
In [83H88] a cluster theory of the thermodynamick and dynamic char-
acteristics of the Rby_,(NHy),H2POy type system has been proposed.
It has been shown that at the proper choice of the model parameters
this theory yields a satisfactory quantitative description of experimental
data for these systems. Inconsistency of different experimental data was
also revealed.
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In the paraelectric phase the ferroelectric compounds of the MD2XO4
type (M = K, Rb, NDy; X = P, As) crystallize in the 4-m class of tetrag-
onal syngony (the space group I42d with non-centrosymmetric point
group Dsg). These crystals are piezoelectric in both phases (paraelectric
and ferroelectric or paraelectric and antiferroelectric), which essentially
affects the behavior of their physical characteristics.

Description of the dielectric properties of the MD>XO4 type ferro-
electrics within the framework of the conventional proton ordering model
(see [89H05]) was restricted to the static limit and to the high-frequency
relaxation. The Attempts to explore the piezoelectric resonance phe-
nomenon within a model that does not take into account the piezoelec-
tric coupling are pointless. The conventional proton ordering model does
not distinguish free and clamped crystals and is not able to reproduce
the effect of crystal clamping by high-frequency electric field. This leads
to an incorrect description of the temperature behavior of the calculated
polarization relaxation time and dynamic dielectric permittivitiy of the
MD3XO4 type ferroelectrics in the phase transition region.

Application of electric fields and shear stresses of certain symmetries
allows one to explore the role of the piezoelectric coupling in the phase
transition, as well as their influence on the physical characteristics of
these crystals.

Studies of the influence of the piezoelectric coupling on the physi-
cal characteristics of the KH3PO,4 type ferrroelectric has been started
in [96], where the Slater theory [97] has been modified by taking into
account the splitting of the lowest ferroelectric level of the proton sys-
tem caused by the strain 5. More extensive results for the deformed
ferroelectrics of the KHyPOy type were obtained in [984107] . In [981[99]
a consistent microscopic formulation of the way with the strains of the
different symmetries should be included into the proton ordering model
has been made. In [98/[99] the model of a deformed KD3POy4 type crystals
was used for description of the effects of a symmetrized stress o7 — os.
That model took into account a splitting of the lateral configurations
level. Later [I00HIO3| all possible splittings of the proton configurati-
on levels by the strains e were taken into account. In [I00] the phase
transition in a deformed K(Hg 12Dg g5)2PO4 crystal has been explored
for the first time. The thermodynamic, longitudinal dielectric, piezo-
electric, and elastic characteristics of the crystal were calculated; their
dependence on the stress og was studied. A thorough investigation of
the thermodynamic and longitudinal dielectric, piezoelectric, and elas-
tic characteristocs of the K(Hy_,D,.)2POy ferroelectrics was performed
in [I01]. The thermodynamic and longitudinal physical characteristcs of

ICMP-11-13E 17

KH>PO, ferroelectrics with taking into account tunneling were studied
in [T02,[103]. A good quantitative description of the available experi-
mental data for KHyPO, type ferroelectrics and NH,H2PO4 type an-
tiferroelectrics in the paraelectric phase was obtained. In [I05HI07] the
influence of the longitudinal electric field on the physical characteristics
of K(Hp12Do,s3)2P04 and KHyPO, was studied; a satisfactory quanti-
tative description of available experimental was obtained.

The mechanism of spontaneous strain €¢ in the KHyPOy4 type ferro-
electrics and the influence of proton coupling with acoustic lattice vibra-
tions on this strain were explored in [108].

In [I04] a generalization of the proton ordering model for the KHoPOy
type ferroelectrics was proposed, in order to explore the piezoelectric, di-
electric, and elastic characteristics associated with the strains €4 and e5.
The expressions for the transverse physical characteristics of these crys-
tals in the paraelectric phase have been obtained and explored within the
four-particle cluster approximation. By the proper choice of the model
parameters, a good agreement between the theory and experiment for
KH>PO, and NH4H>PO4. A thorough investigation of transverse and
longitudinal characteristics of the NH4H;PO,4 and ND4D,PO4 antifer-
roelectric has been performed in [109].

In |[TO0HI04[109] the dynamic properties of the KHoPOy4 type ferro-
electrics have not been explored. Such studie, however, are very impor-
tant. Due to the established in [ITTOHIT2] effect of tunneling suppression
in the KHoPOy type ferroelectics and principal difficulties, arising in cal-
culations of the dynamic characteristics of these crystals when tunneling
is taken into account, this problem should be solved with neglecting
tunneling. The relaxation phenomena in the KHoPO, type ferroelectrics
and NH,H>PO, type antiferroelectrics were explored within the modifi-
ed proton ordering model in [TT3|[114] and NH,H>POy, respectively. The
ultrasound velocity and attenuation were calculated. The experimentally
observed phenomena of crystal clamping by the high-frequency electric
field, piezoelectric resonance, and microwave dispersion were described
explicitly.

In [2I] a possibility of piezoelectric coupling in the
Rby_,(NHy4),HPO, type systems was suggested. Unfortunately,
this coupling was neglected in [83H8S].

In the present paper we shall consider in detail the obtained in
[83-88] results for the thermodynamic and dynamic characteristics of
the Rby_,(NHy),HaPOy systems; we shall also discuss the discrepanci-
es between the obtained therein theoretical results and the corresponding
exprimental data. We shall also present a review of the results obtained
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within the modified proton ordering model for the associated with the
strains ¢ and ¢4 longitudinal and transverse static dielectric, piezoelec-
tric, elastic, and dynamic characeristics of the M(H;_,D, )2XO4 crystals
in the paraelectric and ferroelectric phases.

Bearing in mind [21I], we shall discuss in this paper a possi-
ble role of piezoelectric coupling in disordered compounds of the
Rby1_,(NHy),H2POy type as well as ways of its experimental confir-
mation.

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

It is well known, that for description of thermodynamic characteristics
and dielectric properties (in a certain frequency range) of these crystals
within the pseudospin-phonon model, the ionic variables can be exclud-
ed in the static approximation ( [95,[116]). The system description is
then performed within the framework of a pseudospin model with renor-

malized moments of hydrogen bonds Jﬂa (o = + for RDP, a = — for
ADP)
d1o=(d%,0,d?%), dsa=(—d%,0,d?), daa=(0,—d¥,d?), dsa=(0,d",d>);
A
BB = N dp ot D5 P = (850 (2.1)
feA(B)

Here we introduced an effective dipole moment of a tetrahedron ﬁa;
(....) is the conventional Gibbs’ thermodynamic 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 tetrahedron polarization can
have two opposite values along the c axis, when two protons are ordered
close to the upper edge of the tetrahedron (ny = 1) and close to the
lower one (n; = —n)

SA(B SA(B
np=n= P =(0,0,2d3n); 0y =-n= PP =(0,0,-2d%7). |
(2.2
For ADP — NH4H;PO, 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 7 A”, 7 B”,
the total cell polarization is zero:

—ni- =M =g =my_ =5 P2 =—P% = (=dZn;+d%n;0)
—nP_=nf_=n_=-nP_=mn PB=-PPF =(-d®n,—d"n,0).

(2.3)
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For an ADP — NH,H>PQO, crystal the change of sign of 77?7(73) at tran-
sition to the 7 A’ ” B'” tetrahedra can be taken into account as (here
7 the RDP primitive cell vector; Eﬁ is the vector at the Brillouin zone
boundary directed along Z)

) = et (2.4)

Hence, in the cases of both ADP and RDP we use a primitive cell with
”A” and ” B” tetrahedra.
Hamiltonian of a mixed Rby_, (N Hy4),H2POy system can be written

H({RY) ==Y ((dog)e - [E+Gal) Sus + Y [Ha(n) + Hp(n)] -
n, f n
_% D> Ina s SupSu s (2:5)
n,f n',f’

Vo
HA(”) = Z (Sn18n2 + Sn2Sn3 + Sn3Sn4 + Sn4Sn1) +

U,
+— (Sn1Sn3 + Sn2Sna) +

P,
4 _65711 Sn2Sn3Sn4-

Here S,y = =1 are spin operators describing position of a proton on

the f = 1,2,3,4 hydrogen bond in the 7 cell at the R tetrahedron; E
is an external uniform electric field; én is an internal random defor-
mational field; Jy s, s is the long-range interaction between protons;
H,y(n), Hg(n) are the configurational energies of the ” A”, ” B” tetrahe-
dra. In this work we take into account two configurational states of a
tetrahedron (o = +, —):

1 1
Va:__w1a7 Uazg

1
5 = (W1a+2eq—4wy), a =+, —.

8
(2.6)
In the state +, the energy states of a tetrahedron are analogous to those
in a pure RDP crystal with the ground state level e,

(wla _250¢) P (I)oz =

E4 = &g+ —Es4y Wy =E14 — &g, Wi4 = Eo4 — Es4- (27)

In the state — (ADP) we use the same relations for V,,, U,, @, but
with different values of €., wq, W1q-

In the case of a mixed Rbi_,(NHy), Ho PO, crystal, ionic positions
are occupied by Rb with the probability ¢, = 1—x and by N H4 with the
probability ¢ = x. Hence the distribution function of a strongly random
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energy parameter ¢, (and similarly for wg,,wi,) can be qualitatively
written as

plo) = (1-2)d(c—ey)+aé(c—e_) =cyd(oc—ey)+c_d(oc—e_). (2.8)

A state of the dipole moment on the bond cf faa, 18 determined by the
states a, ay of two tetrahedra connected by this bond. In the mean field
approximation over the bonds, the averaged over configurations moment

of a tetrahedron <]33> reads

C

(7 >c’“"i<5f>ﬂfv (1) =323 cacodran Ay =57, (29)
a B

F=1

In the present work we consider only two realizations of the sets of
averaged over configurations values of 7 = 7; —ﬁf_ = 772Ef_ = ﬁf_ =
—ﬁf_ = 77, which correspond to ferroelectric and antiferroelectric orderi-
ng. This permits us to use the primitive cell of RDP with 2 tetrahedra
and 4 hydrogen bonds. The mean free energy per primitive cell (F) can
then be written as

—B(F) = — 24: (F) +(FY) +(F) - (2.10)

where k, = 0, for ferroelectric ordering <F}1)> = <F(1)>C, k, =
kz for antiferroelectric ordering —<F1(1)> = <F2(1)> = <F3(1)> =

— <F4(1)> = <F(1)>C. We use the following notations for averages over

different random fields of the single-particle F( ) and cluster Fl[ggio] gen-

erating functions

FO) = (FO))), = (FO (5 + 0+ go + 9y +92)),, 5 =

f [ doR (0,2q) pt(gz)pt(gy)pz(gz)dgxdgydng (0)(Hf+0+gx+gy+gz),
(2.11)

| ‘ /\

(1), = (R, = (e, -
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= /---/HdafR(af,q)p(gz)p(gy)p(gz)dgxdgydgz><
f=1

X (FO (ka1 + 01+ 1l Jwers +oa b aall R)) - (212)
T1,9,

Here we introduce notations for the average values of cluster ¢; and
long-range ¢r, 5 fields, and
tp=hy+ oLy +2055 Ko g =hy+@Ly+op; hy= (<Jf> ' E) )
c
91=0: 92, 92=0:+9y, 93=0:FYa, 92 =9:— gy (2.13)

Averaging is performed over random cluster fields with dispersion ¢ and
over random deformational fields with dispersion (G?).. for tranverse and
longitudinal field components

2

o —

q e %< >
o) = e

The expressions for the single-particle function F JSO) and its deriva-

1
e 2

V2rq’

R(o,q) = (G?). = 42(1 — 2)Qg. (2.14)

tives Ff(") are as follows

F\” =1n[2¢h (8¢p)], F\Y = 0"/0(8¢)"FL”, FIY = th(5¢r), (2.15)

@) _ (1) G _opMp® @ op® )2
Ff —1—(Ff ) F¥ = opWp® p - _oF! [1—3(Ff )}

The cluster function Fl[gggo] and its derivatives Fl[gézwgn“] read

Fl00000 (¢, |&5|¢5]€4]|R) = In[0.5 - L(&1, €2, &3, 4] |Ra)] ;
o™ o 7[0000]

F[n1n2n3n4]

1234 (551) 3(ﬁ§1)"4 1234
Fiy! = PO (¢, ey es14] | R) = 1 — My MY,
Fiy" = FO00 ¢ |y les 4] | R) = Miy" — mfaaf';
Fiy' = FIO0 (¢ |6 |54 | R) = My — Ml
FiyY = PO (g6 |51l | R) = My — MY
Fip = —2FFl Fl = 2F}1f”F}/%
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22 _ _gpla) [p000) _ 30000
P = 2y [yl - mfaf]

1 1000] 0000] 1 0001] 0000]
M[ I= L[1234 /L[1234 ) MAE] L[1234 /L[1234 ’

1,1 2000 0000 [1001 [0000
Ml[l = L[1234]/L[1234] - 1 M14 - 1234]/L1234]7 2 16

0.5LI5%) =0.5L(€1, &2, &, &4l [Ra) = 200ch(BE1 — BEs)ch(BE2— BEs) +

+ch(B81 + B + B3 + BEa) + dach(BE1 — B + BEs — BE4) +

+2bq [ch(BE& + BEs)ch(BE2 — BEa) +ch(BE1 — BEs)ch(BE2 + BE4)] ,  (2.17)
ao = exp(—Peq), ba = exp(—fwy), do = exp(—pfwiy).

Here the partition function 0.5L ({£} || R.) is calculated with the cluster
Hamiltonian

4
Ha({€}; 51, 52, 53, S4||R) = Ha({0}; S1, Sa, S5, Sal|[R) = > &;5;

H4({0}; 51, 52,83, S4l|R) = (2.18)
Va Ua P,
=1 (818248285 + 8354+ 5181) + = (S185+5254)+ 1 5152958

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:
<’/u(k*)>c = (k) chacﬂ’/u a,@
~ A vy (k) + 2 uu,__(k*) + 2 vuoo(k).  (2.19)

For these values of k, the long-range interaction matrix Jy p =
<J £ (E*)> and the unitary transformation matrix U = {u,,;} read
c

1 1 1 1 Ju iz iz Ji2
A 111 1 -1 -1 Jio Ju Jio T
_ ot . | J2 Jun Sz iz |
v=u= 111 1|5 = Jis iz Ju Jiz |
1 -1 -1 1 Ji2 Jiz Jiz Ju
v 0 0 O
I
p=0J0=| o 7 L, (2.20)
0 0 0 oy
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v =Ji+2J1a+ 3 va=vy=J11—J13; v3=J11—2J12+J13.  (2.21)

From the condition of the free energy extremum we find and an ex-
pression for the average 77y = ((Sf)),, reduced Edwards-Anderson pa-
rameter Qg 4, ¢, and an equation for unknown quantities ¢, f, 9, ¢f

:<Ff(1)> i Qeas =qpag — 7f; qEA,f:1—<F}2)> . (2.22)
4

(1)\ _ /g[1000]\ | @)\ _ [2000]\ . - - -

Fyr) =\Fr ) s \F ) =(F ) orLr=_ Jin (ki
h

In absence of external field and for the ferroelectric ordering we obtain
the following expressions for the free energy, for the average 7 = 7y,
reduced Edwards-Anderson parameter Qra = Qra,r and for equations
for 1,0, q

N="0f ©=9f; PL=9Lf; q=4qFf;
—B(Fr), =—4 <F(O)>C +2(Fa), —4B¢L <F(1)>C + 2[3171(6*) <F(1)>2 ;

77=<F(1)>c; QEa=qEa— 1% QEA,f=1—<F(2)> ;

C

() (oo () (50 5= 9

In the case of an antiferroelectric ordering in absence of external
field, the free energy, for the average 7 = —7; = 72, reduced Edwards-
Anderson parameter Qra = Qga, ¢ and equations for ¢, ¢, ¢ read

N=—1(2) =T2(3); P=—P1(4)=P2(3); PL=—PL,1(4)=PL2(3)} I=0f;

g 2
B (Far),=—4(FO) +2(Fa),~48pr (FO) +28us(k2) (FV) 5
0= < <>> :_<F1<1>> C Qpa = qoa— 7% qEij:l_<F(2)> ;

<F(1)> :< 0100]>c; <F(2)>c: <F[Ozoo]>c; &1, = s (k7). (2_;4)

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

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

J‘f’
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_ 377f ~ - _
n}j», = 5Gh) de = Zu#f<d?»>c; 77; = Zu#fu#f/n}f,(225)
(Bhyr) —
I f
Here we used the fact that after the unitary transformation with U,
the matrix of ﬁ;m/ = O, correlators is diagonal for ferroelectric and
antiferroelectric orderings, and

=M1 + Mo + Mg + Tia; s = My + Mo — Mg — Mas
Ty =11 — The + s — s T4 = 1 — 1o — g + s (2.26)

In this work we shall explore temperature and composition depen-
dences of the longitudinal e33(7T) and transverse e11(7T) permittivity of
the system

€aa(T) = Ega + 47X aa(T), Ega =1+ 47TX?zaa (a=1,2,3);

Xaa(T) =~z (@) 71 (T):
XaalT) = = ({@)e)? (D) + (T)) s = 1.2 (227)

In order to find the quantities ﬁL occurring in the expression for
the susceptibility, we differentiate ¢ and eq. [2.22) for @1 ¢, f,qs with
respect to the fields 8%y and obtain equations for 7}, @/, and ¢}

5(6)?7’} . (2.28)

We multiply these equations by the unitary matrix U (Z20) from the
left, rendering all the matrices in egs. (2.28]) diagonal or antidiagonal.

Let us explore the symmetry of the matrices in these equations in the
case of the antiferroelectric ordering (in the case of ferroelectric ordering
all minus signs are changed to plus signs), as well as the form of the
matrices after the unitary transformation

. . 2a(2n) N N N
(FEY = (FCY T B =0T (FE) U= (FCY) . (2.29)
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1 0 0 O
A(2n+1)y  _ /p(2nt1) 0 -1 0 0 |
<F >C <F >C 0 0 _1 0 )
0 O 0 1
0 0 0 1
~ (2n+1) 0 01 0
_ (2n+1)
<F >C O 1 O O )
1 0 0 O
P11 P2 Pz P ¢ 0 0 0
- 74 74 ) ) XA 0 / 0 0
oo B e | Ggpp| O e 00,
P13 Y14 P ¥r2 0 0 '3 9
5 Pla Pi3 P2 P 5 0 0 0 ¢y
@1 =@+ Pla+ @iz + Phas ©'o = 1+ Pro — Prs — P
@'s = @11 — Pa + Pz — Pra; ¥4 = P11 — Pla — P13 + Plas
(2.30)
qgl —Q§2 —qgg q§4 0 0 0 4
o Q}z _Q}l _Q}4 Q}s . q:’ — 0 9 3 0
Q}s —‘J}4 —Q}1 Q}z 9 g 0 0
d14 —¢13 Y912 4911 ¢¢ 0 0 0
Ay LY Y / = r
Czll = ql11 Q/12 q/13 + Q/14a Czlz = ql11 Q/12 + q/13 q/147
43 = qu11 + Q12 — G13 — Q14> 94 = 11 T Q12 T @13 T Ga-
(2.31)

The averaged matrices of the second derivatives (F [y ; (F (22] . for
the antiferroelectric phase are of the same symmetry as the matrix QZ/,
and the eigenvalues of these matrices F}}”;FEQ] are written as linear
combinations similar to ¢’,. Symmetry of the matrix (F2!]), is the same
as of ¢'; after the unitary transformation it becomes analogous to the an-
tidiagonal matrix (i’ with the corresponding elements Fl[fl]. The matrix

(F12), is transposed to (F' [2}])0.~ After the unitary transformation and
exclusion of the parameters ¢, ¢/, we obtain expressions for the corre-
lators ﬁL, entering the expression for the system susceptibility.

11
ﬁIL = |:DH/BM - ﬁﬂll (O)} P_r)otonGlassState

_ {2/13#[11] _ (1 - <F(1)>C)_1 _ [317#(6)} 71, (2.32)
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D, = [2<F<2>>c _ pﬂ[n]} [2<F<4)>c _ pﬂm]} _

- [2(F®). - £1¥) [20P). - £,

B, = F@ . F [o(F®), - F2] 4
2
2 [12] (21 3 (11
+(F@) FIAFER o [<F< M Fl,

In the «case of the ferroelectric ordering the matrices
!l Al ~f

n,go,q,<ﬁ'[""/]> have the same symmetry. As a result, we ob-
c

tain the same expression for ﬁ;, except that for the eigenvalues }7}[}2] we

have to use the linear combination like for ¢’ u

Let us note that dynamic susceptibility Xqq(v,T) of the system is
expressed via the dynamic eigenvalues 7j;,(v) as in the static case (2.27)
after the replacement 7, — 7, (). The expressions for 7, (v) are derived
in [83].

3. Relaxational dynamics of the Rb;_,(NH,), H,PO,
type mixtures

Dynamics of the mixed system Rby_.(NHy),H2PO, will be described
on the basis of Glauber equations for the n-th order correlation functi-
ons:

<i v+ 8/8t> Mo (t) =
j=1

> v (1.8, FO (hy(t) + @1 ;(t) + @7 + @j))p(t) ;
J
M2.n(t) = (51..50) yy s Vi = /70,55 @L,i(t) = 32 Jjy (k) (1)

J

(3.1)
Here we introduce operator fields cpj, ¢; exerted on the bond j by the
two tetrahedral connected by this bond

@j:_vj/él(sjz'i_sjﬁ)_ Uj/4Sj3_ (I)j/16 Sj2Sj38j4§ 3.9
R 7 g g Ui/, s D $.5.,§ (3:2)
G; =—Yi/4Sj+S)— Y /48— ¥i/16 SiySiSs;

The seed relaxation time 7y ; can be expressed via correlation functions
of an ionic subsystem. Within the given below cluster approximation,
the bonds 7,j belong to the same tetrahedron (as an example we use
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the ” B” tetrahedron with indices f, f' = 1+ 4). Averaging over config-
urations will also be performed for each tetrahedron with its hydrogen
bonds independently. Therefore in our equations the primitive cell index
is absent.

We shall explain the approximation by the example of an equation
for a single-particle correlator. In the mean field approximation we make
a replacement cﬁj[ — ;(t) and obtain an equation

1 +0/0t) - m(t) = v1 - FY (ka(1)); m1(t) = ha(t) + 201(t) + @ (t)-

(3.3)

Within the cluster approximation such a replacement is performed
for a field ¢ — ¢y only

[br +9/0t] - m(t) =v1 - FO (Iicl’l(t) + gof) ;

Kei,1(t) = ha(t) + ¢1(t) + pra(t);

vi - FD (ki (t) + @F ) = L+ Py ms(t) + Q1 (m2(t) + ma(t)) +
+N1n2a(t) + M (n23(t) + m34(t)) + Rimzza(t). (3.4)

The expansion coefficients are found from the relations

1% 1%
Li(t) = gl Z Y Pit) = gl Z RS

2,3,4 2,3,4
14 14 14
Q1(t) = gl S SR = gl ST S FY; Ny(t) = gl > 88 FY;
2,3,4 2,3,4 2,3,4
1% 1%
My (t) = gl 3 885V = 51 > S8 Y, (3.5)
2,34 2,34
14
Ri(t) = gl > 85858,
2,3,4

In equations (B3), (4) the t-dependent distribution functions n¢(t),
Ntg(t), Negr(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

A(usyi{Ly, Pr,Qp, Ny, My, Ry} ;0/00) - if(t) =
:é({Lf7Pf7Qf7Nf7Mf7Rf})' (3'6)

Here we introduce notations for the column vectors

7(t) = (11323 135 Ma|M235 M345 Ma1; 7125 M243 M13|M2345 M3413 4123 M123) 5




28 IIpenpunT

~C({Ly, Pr,Qf,Ng, My, Ry }) = (Lu; Lo; L3; La|Q2 + Q33 Q3 + Qu;
Q1+ Q1; Q1 + Q25 Po+ Py Py + P3| My + My + Na;
My + M3 + Ny; My + My + Ny; My + M3 + Na). (3.7)

The matrix contains the 0/0t 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

hf(t) = hf + 5hf(t); Hf(t) =Kf + 5/%]’(15); Hclﬁf(t) = Rel, f + 5I€Clﬁf(t);

g ' Okg(t , )
(1) = 5;7;(&)); W () = #((t)) () = 52’; ((tt)) (3.8)

Expanding ([33)) in powers of dx¢(t) and differentiating the dynamic
part with respect to dhy (t), we obtain expressions for the static ny and
dynamic n’ff/(w) (after the Fourier transformation ¢t — w) parts

1
:F;)(”.f)? =hy+205+ > Jpp (kg
3

Mppw) = FP @) - Kyp (@) PP () = vy F2 (5p) ) (vg + iw);

Rp(w) =0pp 42055 (w) + Y Tp (0) - 5, o (w). (3.9)
fi=1

Static solutions of the cluster equation ([B.6]), apparently, have the
form

o= (Ao Qs 0150)) Go(4):
Ao (s} 13:0) = 4 ({Vf} ALy, Pr,Qp, Ny, My, Beby 1y, ?0) ?
60 ({}) = é ({Lfv va va va va Rf}hf(t):hf) : (3'10)

Linear dynamic response can be expressed via the static solutions 7y
as

o7(w) = (Ao (s} {15i)))  [6C (1) = 8A ({5 {33 w)) - 7] -
(3.11)
Expanding the linear responses 6C ({}),5A ({v¢};{};iw)) in powers of
dker,f(iw) and differentiating with respect to dhs(w), we obtain an ex-
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pression for 7y ; (w)

77ff’ Z Qpp (w cl,flf’(w); (3.12)
fi=1

Ky g5 (@) = 8pp + (W) + > Tpp (0) - 5, g (w);

fi=1
14 14
_ Z 1 0 (OO) Z —1 9 (Ao)i,j
) = i=1 (AO )jz 8’%11" _ijzl (AO )fl kel fr o

After averaging over configurations with taking into account the
Gaussian fluctuations, we obtain from [B.9) and (312

Mpp (@) = (@), = <F}3) (W)>cq/ff’(w) +

4
+(FPW) |01+ 2800 + 32 T @) )|

fi=1
4 —
My (@ Z Q@) 8p 5@ p @)+ D Traga(0) -, (@) | +
1=1 fa=1
- 1
+ 2 (W), 30 @), (3.13)
fi=1

Here we introduce the notations

cum 3fo/(w)
(on - @) = )2 (), = (L)
(3.14)
Equating the mean values of correlators 77'f 2 (w) calculated within

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

(o)~} 3+ o ) - i) 0 -
- [— <F(2)(w)>c + <Q(w)>c] : [1 +J (6) ﬁf(w)} . (3.15)
Equating the mean values of correlators <Q}f,(w)>c =

-2 <7707 f-n}f,(w)> calculated within the single-particle and clus-

ter approximations, we obtain the second matrix equation for unknown
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matrices ¢’ (w), ¢ (w)

Here we introduce matrix notations

Qa7 (@), = (=200, - Q@) 5 (@), = <M> '

OKel, fr
. (3.17)
From equations (3150, 316) we derive expressions for ¢'(w), ¢’ (w)
used to find 7}, (w) B.I3). For the sake of simplicity, in what follows we
shall use an effective relaxation time 7y
1 5 1 5 1 1
— = (v ~cyg— 4+ — 4 2¢cpc-—. 3.18
To e T4 70,— 70,0 (3.18)
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)

() =(e)

()

c

Ut <F<2">(w)> UE<F<2H)(OJ)> . (3.19)

c c

1 0 0 0
~(2n " 0 -1 0 0
<F(2 +1)(w)>c: <F(2 +1)(w)>C 0 0 10 :
0 0 0 1
0 0 0 1
~ " 0 0 1 0
<F(2n+1)(w)>c = <F(2 +1)(m>C 010 0 : (3.20)
1 0 0 O

P11 P12 P13 Pus
(W) = P12 P11 Pia ¥i13
Y13 P14 P11 P12
Pl P13 P2 P
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g 0 0 0

I 0 @ 0 0
/ — .

0 0 0 &
~/ =/ =/ =/ =/ . ~/ Y =/ =/ =/ .
P1(w) = @11 + @lo + P13+ Pla; Phr(w) = @11 + Plo — P13 — Plas
G3(w) = @1y — Pra + Pl3 — Pla; Palw) = @11 — Pra — P13 + Bl

(3.21)

ﬁ\b
£
Il

qél _Q:12 _qi13 q§4
> _ Q/12 _q/ll _Q/14 Q/13
Q/13 _Q}4 _qlu ql12
d14 —d13 —q12 411
0 0 0 ¢
P N - 0 0 ¢ O
/ — / — 3
(w)=U¢(w)U = 0 @ 0 0 (3.22)
gg 0 0 0
a1 — Qo — Gz + Qe (W) =g¢
Gw) =d + a2 — i3 — q1a, Gw) =4

11— Q12 + di3 — Q4
1+ a + dis + q

The symmetry of <Q(w)> , <Q’Q(w)> matrices in the antiferroelec-

tric phase is the same as of @'(w), and their eigenvalues Q,,(w), §) o)
can be written as linear combinations similar to @’ u(w). Symmetry of

the <Q’(w)> , <QQ(w)> matrices coincides with the symmetry of a
(& C
matrix transposed to ¢'(w); after the unitary transformation its form

is analogous to the transposed ¢/(w) matrix with the corresponding
QL(w), Qo u(w) elements. After the unitary transformation, the ma-
trix equation ([BI5) becomes diagonal, and equation ([B.I6) becomes an-
tidiagonal. In order to have in transformed equation (B.I6]) products
with the same indices p, t~hat is, Qg (w) - @ (w), Q’Q#(w) ¢y (w) (in-
stead of Qg 4(w) - $1(w), 2 4(w) - ¢1(w)), one should change numberi-
ng of the Qg (W), Q’Qu(w) matrices eigenvalues to the opposite one
((1,2,3,4) — (4,3,2,1)). Then, when the parameters ¢, (w), g, (w) are
found and substituted to the expression for ﬁ;(w) (diagonalized first
equation of ([BI3))), we obtain

/

~ 7,0) = [Du(@)/Bu(w) ~ @) (3.23)
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Dy(w) = [2 FOW), - 0uw)] [2(FOW), - Fouw)] -
{2 <F N(w)) - Qlu( )} [2 <F(3) (w)>c — QQ,H(w)}

By(w) = <F<2>< @), - @) [2(FD (@), - Vo u(w)] +

+(FOW)), - Qo) - Vuw) = 2 [(FOW),]° 2u(w).

_ In the case of ferroelectric ordering in (3.23)), (3.24)) the eigenvalues of
Qu(w), Qg,u(w), 2, (w), O, (w) matrices are constructed on the matrix

elements (77:(w)),.. (Qq,177@)),r (Y, (w)>c (2%, ff,(w)>c, similarly

as the matrix cfal(w) (3.2T). In the case of antiferroelectric ordering, in
these expressions the eigenvalues of €, (w), Q¢ ,(w) matrices are con-
structed on the matrix elements (Qs (w)),; (Qq,rs(w)),, similarly to

the matrix ¢ (w) @2I), and of the QL(w), Qb#(w) matrices are con-
structed on the matrix elements <Q'ff/(w)>c; <QIQ’ff/(w)>c similarly to

(3.24)

the matrix ¢/(w) B22). Let us note that in the case of a pure system
the expression for 7, (w) is analogous to (3.23)) in the proton glass re-
gion, except that it does not contain the configurational averaging, and
coincides with the expression given in [117].

In this work we shall explore temperature and composition depen-
dences of the complex permittivity of the system

faa(w,T) =% +4mxaa(w,T), €%, =1+47x%,, (a=1,2,3). (3.25)

Dynamic susceptibility yaq(w,T)of the system is expressed via dy-
namic eigenvalues ﬁ; (w) B23) as in the static case ([2.27)) after the re-

placement ﬁ; — ﬁ; (w).

4. Discussion

4.1. Optimal sets of model parameters

Using the obtained in previous Sections expressions, let us evaluate the
dielectric and thermal characteristics of the Rby_,(NH4),HoPOy type
compounds and compare them with the corresponding experimental da-
ta. Values of the theory parameters should provide the best possible fit
to the experiment.

The found sets of the model parameters for the Rby_, (NHy),HaPO4
mixtures (Te(zx = 0) = 476K, Tn(z = 1) = 148K),
Rb1_»(NDy4),DoPOs4 (Te(x = 0) = 235K, Ty(x = 1) = 242K),
Rbl_m(NH4)mH2ASO4 (TC(SC = 0) = 110K, TN(SC = 1) = 216K),
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Table 1. Parameters for Rby_, (NHy),H2POy

tetrahedron]| e, [ wa [V1,00(0)[ V2,00 (k%) V2,0a(0)
state K| K K K K
T(Ferro) |80[600] 1433 | 50 10
0(Glass) |—|— | -34 -2 -65
-(Antiferro)[-60[500] 10 46.8 -35
tetrahedron|dZ (G), 10~ [z (F), 10 |2 (G), 10 |2 (F), 10
state esu-cm esu-cm esu-cm esu-cm
T (Ferro) 0.93 0.73 2.7 2.7
0(Glass) 1.05 0.7 3.25 0.8
-(Antiferro) 1.18 1.18 2.9 0.85
tetrahedron| x9; | x%; Ve \/<92>a T6.00 S|T0.ar S
state 10~2'em| K |10716|10716
+(Ferr0) 0.55|1.25| 0.209 — 100 —
0(Glass) |290]23] — | 141 | 005 ] —
-(Antiferro)[0.23] 0.7 | 0.211 — 40 —

Table 2. Parameters for Rby_,(ND4),D2POy
tetrahedron| €, | wa [¥1,0a(0)[72,00 (k%) ]V2,00(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|dZ (G), 10~ ®[dZ (F), 10~ ®]d% (G), 10~ B]d% (F), 10~ 18
state esu-cm esu-cm esu-cm esu-cm
+(Ferro) 0.95 0.95 3.25 3.25
0(Glass) 1.7 0.9 3.55 1.0
-(Antiferro) 1.65 1.65 3.15 1.0
tetrahedron| x9; | x%; Ve \/<92>7 T6.00 S|T0.a S
state 10~2'em| K [10~14]10~ 14
+(Ferro) [0.8]0.8| 0.209 — 2.0 3
0(Glass) [0.6]0.7 — 24.5 | 0.55 6
-(Antiferro)[0.34]0.58| 0.211 — 6.0 3

K;_»(NHy),HoPOy (To(x = 0) = 122K, Ty(z = 1) =148K) are pre-
sented in Tables 1-4, respectively. The dashes in the tables means that
the given tetrahedron is averaged over two states only (without the neu-
tral state 0 (Glass)).
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Table 3. Parameters for Rby_, (NHy),Ha AsOy

tetrahedron| £, [wa [11,0a(0)]V2,0a (k%) [V2,0a(0)
state K| K K K K
T (Ferro) | 60 [500] 9.83 5 5
0(Glass) | — | — | -15 22 -25
-(Antiferro)[-100[470] -80 75.19 5
tetrahedron|dz (G), 10 | a2 (F), 10 B|d2(G), 10- B[ &2 (F),10°
state esu-cm esu-cm esu-cm esu-cm
T (Ferro) 0.88 0.59 .55 2.55
0(Glass) 1.2 0.59 3.2 3.2
-(Antiferro) 1.35 1.35 3.15 1.0
tetrahedron| x9; | x%; Ve (92), To.00 S|T0.as S
state 10~2em| K |10714|10° M
F(Ferro) |05(0.7] 02236 | — | 60 | 7
0(Glass) [0.45]1.1 — 10 60 7
-(Antiferro)| 0.3 [0.7] 0.2275 — 60 7

Table 4. Parameters for Ky _,(NHy),H2POy

tetrahedron] 4 [ wa [1,0a(0)[ V2,00 (k%) V2,0a (0)
state K| K K K K
T(Ferro) |65 [450] 13.54 | 70 760
0(Glass) | —| — | -28 5 -50
-(Antiferro)[-60[500] 10 46.8 -35
tetrahedron|dz (G), 10~ |z (F), 10 |42 (G), 10- B |2 (F), 10~
state esu-cm esu-cm esu-cm esu-cm
+(Ferro) 0.84 0.73 2.75 2.75
0(Glass) 0.85 0.73 2.95 1.75
-(Antiferro) 1.18 1.18 2.9 0.85
tetrahedron| x9%; | x9; | ve (92|76 000 8|76 s 8
state 10~2lem| K |10714|107 M
T(Ferro) [0.85] 08 0.1946 | — | — | —
0(Class) [055]0.75] (N R
-(Antiferro)[0.23 0.7 | 0.2110 | — — —

4.2. Spontaneous polarization

The calculated temperature curves of spontaneous polarization
for Rblfm(NH4)mH2PO4, Rblfm(ND4)zD2PO4, Rblfz(NH4)zH2ASO4,
K;_.(NHy),HoPOy compounds along with the available experimental
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P_, 1072C/m? P_, 1072C/m?
7 . . . . . . 72 :
6} 6l
x=0.0 (1)
5k — 5t 0.1(2) 1
0.2(3) 2
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Figure 2. Temperature behavior of spontaneous polarization of a tetra-
hedron P? = P? /v, in the ferroelectric region of the phase diagram for
Rby_,(NHy4),HaPO4 (a) at x: 0.0 — 1, 1’ [95], A [II8]; 0.1 — 2; 0.15
— 3; for Rb1_,(NDy4),D2POy4 (b) at z: 0.0 — 1; 0.1 — 2; 0.2 — 3; for
Rby_,(NHy),H2As04 (c) at 2: 0.0 -1, ¢ [I8], o [119], x [120]; 0.08 —
2;0.13 - 3; for Ky, (NHy),HoPOy (d) at 2: 0.0-1, o - [121], o [122],
a [123]; 0.12 - 2; 0.17 - 3.

data are shown in fig.

The calculated dependences Ps(T) well describe the experimental
data at z=0. With increasing = the theory predicts a decrease of spon-
taneous polarization, until it completely vanishes at the concentration
corresponding to the transition into the glass phase composition regi-
on. The temperatures, at which the spontaneous polarization arises in
the ferroelectric phase, or the spontaneous sublattice polarization arises
in the antiferroelectric phase, at different x yield the T.(z) or Tn(z)
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dependences, respectively.

Let us note that at small x the saturation polarization is almost inde-
pendent of z (curves 1 and 2 for all compounds), even though the order
parameter 7j(z,T) at small T' decreases with z. As seen from Eq. (23]
the polarization is determined by the product (d*), 7. For all explored
compounds the following relation is obeyed d? (F)) > dZ(F), and the
average (d®) increases with x, whereas the low-temperature polarization
of a tetrahedron is almost independent of x. With increasing x the pa-
rameter 77 rapidly decreases at low 7', which leads to a rapid decrease of
saturation polarization. The calculated curves for Rby_,(NHy),HoPOy
in the composition range indicate a certain increase of the saturation
polarization with increasing x. In the discussed model the spontaneous
polarization is given by the product . The parameter weakly decreas-
es with increasing at small ammonium concentrations. However, rapidly
tends to zero, when , which leads to disappearance of polarization. Besi-
des, the component of the dipole moment increases monotonically with
increasing , which follows from (2) and from the analysis of experimental
data: esu cm, esu cm, esu cm.

The calculated temperature curves of spontaneous polarization for
the Kq_,(NHy),HoPOy4 compounds well describe the experimental data
at 0.0 and 0.19. However, the calculated saturation polarizations at 0.0;
0.04; 0.09 are close each to other but at 0.04; 0.09 is by 20higher than
the experimental data. In our opinion, the spontaneous polarization for
experimental samples with 0.4; 0.9 did not reached its saturation value,
because samples could contain domains with opposite polarizations.

4.3. Molar specific heat

The experimental points for the proton contribution AC, to the specif-
ic heat of the considered systems should be determined by subtracti-
ng the lattice contribution from the measured specific heat; the lat-
tice contribution in the phase transition region is approximated by a
linear dependence. The proposed theory, as seen in figs. BHGl proper-
ly describes the temperature dependence of proton contribution to the
molar specific heat of the Rb;_,(NHy),HoPOy4, Rb1_,(ND4),D2POy,
Rby_,(NHy),HaAsOy, Ky, (NHy),HoPO4 compounds at =0 and z=1.
At compositions other than =0 or =1 the theory predicts a decrease
of the jump of specific heat at T, and T and its vanishing at x in the
proton glass composition region. To answer the question about the va-
lidity of the proposed theory for the Rby_,(NHy),H2POy4 type systems,
further experimental investigation of the temperature dependences of
specific heat of these crystals in a wide composition range are required.
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Figure 3. Temperature behavior of the proton contribution AC), into the
specific heat of Rby_,(NHy),HoPOy in the ferroelectric (a) region of the
phase diagram at x: 0.0 — 1, 1’ [95], o [124], o [125]; 0.1 — 2; 0.15 — 3;
0.3 — 4 and in the antiferroelectric region at z: 1.0 — 1, 1’ [95], o [126];
0.9-2 0.8~ 3;0.7—4; 0.74 — o [45).
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Figure 4. Temperature behavior of the proton contribution AC), into
the specific heat of Rb;_,(NDy),D2POy, in the ferroelectric (a) region
of the phase diagram at x: 0.0 — 1; 0.1 — 2; 0.2 — 3; 0.24 — 4 and in the
antiferroelectric region at x: 1.0 — 1, o [126], 1’ [95]; 0.85 — 2; 0.7 — 3;
0.62 — 4.
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Figure 5. Temperature behavior of the proton contribution AC), into the
specific heat of Rby_,(NHy),H3AsOy4 in the ferroelectric (a) region of
the phase diagram at z: 0.0 — 1, o [119], ¢ [120]; 0.08 — 2; 0.13 — 3; 0.2
— 4 and in the antiferroelectric region at x: 1.0 — 1, o [127]; 0.75 — 2; 0.6
-3;0.45 — 4.
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Figure 6. Temperature behavior of the proton contribution AC), into the
specific heat of K;_,(NHy4),HoPOy in the ferroelectric (a) region of the
phase diagram at z: 0.0 — 1, o [128], v [129], o [130]; 0.12 - 2; 0.17 —
3; 0.32 — 4 and in the antiferroelectric region at z: 1.0 — 1, o [126]; 0.85
-2;0.75 - 3; 0.67 — 4.

4.4. The Edwards-Anderson parameter

The cumulant Edwards-Anderson parameter Qga(T) of the
Rbi_,(NHy),.HoPOy4 type compounds is different from zero at all
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Figure 7. The temperature dependence of the Edwards-Anderson param-
eter Qga for Rby_,(NHy),HoPOy (a) at 2: 0.1 - 1; 0.15—-2; 0.3 - 3; 0.5
—4;0.7-5;0.8-6;0.9 - 7; for Rby_,(ND,4),D2PO, at different z: 0.1
S 150220223, 4 [39);044 -4, o [39], v [69]; 0.62 — 5; 0.7 -
6; 0.85 — 7; for Rb1_,(NHy4),HaAsOy at different x: 0.08 — 1; 0.13 — 2;
0.35 - 3; 0.6 — 4; for K;_,(NH,),HPOy, at different x: 0.12 — 1; 0.17 —
2:0.32  3: 0.5 4: 0.67 -~ 5; 0.75 - 6.

temperatures and concentrations x, except for x = 0 and « = 1 (fig. [1).
This is attributed to the internal random deformational fields, which
arise due to different properties of NH4+ and K+, Rb+ ions. Let us
note that the temperature and composition dependences of Qga(T)
are similar for all compounds. The parameter Qg4 (T) has a rounded
peak at the transition from the high-temperature paraelectric phase
to the ferroelectric phase. This indicates a large local fluctuation of
proton ordering parameter ( is the unit cell vector) at T < T.(z) ,
especially at compositions close to the boundary of the ferroelectric
phase. It can be explained by existence of microdomains with different




40 IIpenpunT

polarization (up and down proton configuration) and microregions with
antiferroelectric ordering of proton on bonds (lateral proton configura-
tion). The parameter Qg4 (T) rapidly falls to zero at the transition to
the antiferroelectric phase. This indicates, mainly, the lateral proton
configuration ordering at or 7' < Tn(z) . The parameter Qpa(T) is
the largest in the proton glass composition region and increases with
decreasing temperature. The parameter Qpa(T) (curves 3, 4, 5 for
Rbi_,(NHy),.HoPOy, Rby_;(NDy),D2POy, Ki_,(NHy),.HaPOy, 3 for
Rby_,(NHy),HaAsOy,) increases quickly from about 0.05-0.1 , which
corresponds approximately to the upper inflection points of the £44(7T",0)
and €7, (T,0) dependences at the transition from the high-temperature
to the low-temperature region of the paraelectric phase (here Qra(T)
= 0.3-0.4), lying below the temperature maximum of &45(7,0) and
€11(T,0) dependences. For Rb;_,(ND4),D2PO4 at & = 0.22 the
theoretical curve 3 (fig. [[ (b)) satisfactorily describes the experimental
data of [39]. At the same time, at 2 = 0.44 our calculations agree with
the data of [69] but the obtained values are lower than those of [39],
both for z = 0.44 and x = 0.22. We think that this can be explained by
an incorrectly determined composition = of the samples in [39].

For K;_,(NH4),HoPO, for the temperatures above the inflection
points the experimental data for Qg4 (T) calculated from the dielectric
data [40], lie below the theoretical curves. However, for the deuterat-
ed system Rbj_,(ND4),D2POy4 the data of our calculations [83] and
NMR measurements [39,69] coincide. So one can assume that the dif-
ferent temperature behavior of Qga(T) for K;_,(NHy),HoPO4 and
Rb1_,(NDy4),D2PO4 may be caused either by tunneling not taken into
account in our calculations or by different methods of determination of
Qra(T) dependences from different experimental data.

Unfortunately, no experimental data for Qg4 (T) in other compounds
of this type were available.

4.5. Longitudinal dielectric permittivity

In fig. BHITl we show the temperature cures of the longitudinal static
permittivity of e54(7T,0) (e54(T,0) = €33(T")) of the Rb;_,(NH4),HoPO4
type compounds at different = along with the experimental data for
e43(T,w) at low frequencies.

An essential difference between these quantities arises only in the
proton glass composition region and at temperatures below the maxi-
mum of e45(T,v). Here e45(T,v) even at small v always tends to £9,,
whereas the theoretical static permittivity e44(T,0) at T'— 0 tends to a
certain finite value, larger than £3;. At high temperatures the static and
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Figure 8. The temperature dependence of the longitudinal permittivity
eha(T,0) of Rby_,(NHy),HaPOy at different x: 0.0 — 1, 17 [95], ¢ [131],
¢ [132);0.15-2, 0 [3];025-3,0 [2], m [3];0.5-4, e [2] (1kHz);
0.7-5 e [2[;08-6;09-7;1.0-8,8 [95], o [133], x [134], v [I33].

dynamic permittivities practically coincide; this permits us to talk about
qualitative agreement or disagreement between the theoretical curves for
ehs(T,0) and experimental points for e45(7T, v # 0).

In figure [l we plot the temperature dependences of the longitudinal
permittivity e44(T,0) for Rb;_,(NHy),HoPOy at different 2. The com-
positions with £=0.0 (curves 1, 1’ and the experimental points), 0.15
(2) correspond to the transition to the ferroelectric phase, z=0.25 (3),
0.5 (4), 0.7 (5) correspond to the transition to the proton glass phase,
whereas ©=0.8 (6), 0.9 (7), 1.0 (8, 8) correspond to the transition to the
antiferroelectric phase (experimental data are available for =1.0 only).
In the regions with the transition to the ferroelectric phase the calcu-
lated curves of 45(7, 0) qualitatively correctly describe the temperature
behavior of experimental data, but their values in the vicinity of the
peak are much larger than experimental. This peak can be smeared out
and lowered down, if we take into account macroscopic fluctuations of
concentration x as well as the piezoelectric effect. In the regions where
the transition to the low-temperature proton glass takes place, the the-
ory and experiment coincide quantitatively at temperatures above the
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Figure 9. The temperature dependence of the longitudinal permittivity
eha(T,v) of Rby_4(NDy),D2POy at different x: 0.0 — 1; 0.1 — 2; 0.2 —
3; 0.5 -4, o [9] (10 kHz), o [I0] (10 GHz); 0.7 — 5; 0.85 — 6; 1.0 — 7,
7 195], < [135].

peak of e44(T,w). At x=0.0, 1.0, considering the dispersion of experi-
ment points, we can talk about a quantitative agreement of theoretical
results with experimental points. For these compositions we also present
the theoretical results [95] (dashed lines 1’, 8, respectively), obtained
with somewhat different values of the model parameters. Note that the
changes in these values, as compared to those of [95], did not perceptibly
change &44(T,0).

In figure @ we show the temperature dependence of the longitudinal
permittivity e45(T,v) of Rby_;(NDy4),D2PO, at different z. At x=0.0
(1), 0.1 (2), 0.2 (3) (ferroelectric composition region) no experimental da-
ta were available. The experimental points for 2=0.5 [9] (10 kHz), A [10]
(10 GHz) correspond to the glass phase composition region (static curve
4). At 2=0.7 (5), x=0.85 (6), z=1.0 (7) we have the antiferroelectric
ordering region. Let us note that for x=1.0 the agreement with experi-
ment for e33(T) (curve 7’) would be slightly better if a different set of
the model parameter values was used [95].

In figure the calculated longitudinal static permittivity e33(7T)
for Rby_5;(NH4),H2AsO, is compared with the experimental data for
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Figure 10. The temperature dependence of the longitudinal permittivity
ehs(T,v) of Rby_,(NHy ), HoAsOy at different 2: 0.0 -1, a [I31], > [136];
0.08 -2, o [I7] (1 MHz); 0.13 - 3, = [I7] (1 MHz); 0.35 — 4, o [15] (1
Hz, 30 KHz); 0.75 - 5; 1.0 — 6, v [137]. The dashed lines correspond to
the theoretical curves for z=0.35, =1 Hz, 30 kHz.

ehs(T,v # 0) for different compositions x at low frequencies v. In the
ferroelectric phase composition region (x=0; 0.08; 0.13) the static theory
correctly describes parts of the curves above Te.(x) as well as the position
of the maximum of e535(T", v — 0), but their values in the vicinity of the
peak are much larger than experimental. This peak can be smeared out
and lowered down, if we take into account macroscopic fluctuations of
concentration x as well as the piezoelectric effect. In the proton glass
composition region the theory and experiment coincide quantitatively
at temperatures above the peak of 45(7T,v). At z=0.0, 1.0, considering
the dispersion of experiment points, we can talk about a quantitative
agreement of theoretical results with experimental points.

In figure [[I] we plot the temperature curve of the longitudinal per-
mittivity e44(T,w) for Ky_,(NHy),HoPOy at different x. Like for other
systems, in the ferroelectric region the calculated values of e33(7T") in the
vicinity of the peak are too high. The best agreement with experiment is
obtained in regions of the so-called “pure” phases, that is, xt — 0, z — 1,
and x in the middle of the glass phase composition range.
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Figure 11. The temperature dependence of the longitudinal permittivity
ehq(T,0) of K1_(NHy),HoPOy in the ferroelectric region of the phase
diagram at different z: 0.0 - 1, o [22] (100 kHz), x [I38], < [121]; 0.12
-2, a [55] (175 Hz); 0.17 - 3, o [22] (100 kHz); 0.25 — 4, o [22] (100
kHz); 0.32 -5, ¢ [19] (1x+u), ¢ [20] (0.1 Hz); 0.5 -6; 0.75-7; 1.0 —
8, > [133], o - [134], v - [139)].

At low temperatures the experimental e55(7,v) rapidly decreases,
because it is measured at non-zero frequencies. This decrease is quali-
tatively correctly described by the calculated real part of the dynamic
permittivity e45(7,v) in the glass phase composition region, as shown
in fig. [2 for Rby_,(ND4),D2PO4 at 2=0.5 and in fig. [0 (dashed lines)
for Rby_,(NHy),HaAsO4 2=0.35 (at v=1 Hz, 30 kHz).

In the glass phase composition region the maximum of e%5(7,v)
(approximately coincides with the low-temperature inflection point of
ehs(T,v)) corresponds to the temperature, at which the relaxation time
is close to the field period. For Rb;_,(NDy),D2PO4 at 2=0.5 the cal-
culated real and imaginary parts of e33(T,v) at different frequencies
satisfactorily describe the experimental data. The theory yields a faster
decrease than the experiment for e44(7, v) and a more narrow and high
peak for e44(T,v). We attribute this drawback to the imperfect pro-
cedure of configurational averaging of the susceptibility. In the case of
Rby_,(NHy),H2AsOy4 the calculated imaginary part of e33(T,v) has a
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Figure 12. The temperature dependences of real e55(T,v) (a)
and imaginary e45(7T,v) (b) parts of longitudinal permittivity for
Rb1_,(ND4),D2POy4 at 2=0.5 and at different frequencies: 6 MHz —
1, o [P: 1GHz 2,2, e [9]: 8 GHz - 3, 3", x [10]; 10 GHz — 4, 4,
A [I0]; 36 GHz - 5,5, o [10]; 52 GHz — 6, 6’, a [10]; 150 GHz — 7,
7, v [10];

very narrow and high peak. This discrepancy can be possibly caused by
the tunneling effects, essential in undeuterated compounds, which are
not taken into account in our calculations performed within the Glauber
dynamics approach.

At high temperatures the frequency dependence of the complex per-
mittivity (7T, v) is close to the Debye type (fig. [3). At low temperatures
the Debye-type behavior disappears. In the imaginary part of the permit-
tivity a clear two-peak structure of the dielectric spectrum is observed.
In the antiferroelectric phase the low-frequency peak is less pronounced.

We also calculated ¢/, (T,v), €/ (T,v) (a = 1,3) in the regions of
ferroelectric and antiferroelectric ordering. At low frequencies and at
temperatures near and above T.(z) &}, (T, v) practically coincides with
the static permittivity €,4(7"). At low temperatures €45(7, v) has a peak
(correspondingly, e54(T, v) has a bend ) (see fig. [4] for z = 0.2).

With lowering x the temperature position of this peak in &/, (T, v)
practically does not change, but its height rapidly decreases. We failed
to find this peak numerically at = < 0.15. A similar peak is detected in
the antiferroelectric phase region at 0.65 < < 0.70. Let us note that for
the same frequency €7, (T,v) < €45(T,v) for all concentrations z, what
agrees with the experimental data.

This sharp peak can be smeared out if we put w # 0 and perform
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Figure 13. The frequency dependence of real e44(7,v) and imagine
elhs (T, v) parts of longitudinal permittivity (a) for Rby_,(NDy4);D2POy
at x=0.5 at different temperatures: 40K, 62.9K o [9], 87K O [9], 150K,
250K, and also the Cole-Cole curves (b) for these temperatures.

Figure 14. The temperature dependence of longitudinal &}, (7, v) and
transverse permittivities e44(T,v) for Rb;_,(NDy),D2POy4 compound
for x=0.2 at 1 MHz.

an additional averaging over macroscopic fluctuations of concentration.
For x = 0.35 the theory yields a faster decrease than experiment for
ehq(T,w), as well as a very narrow and sharp peak of £45(T,w).

In the case of undeuterated compounds of the Rby_,(NHy),HoPOy
type a certain role in the low-temperature dynamics can be played by
tunneling of protons on hydrogen bonds. To describe it we need to go
beyond the scope of the method of Glauber kinetic equations. At the
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same time, the proposed here approach can be used for a qualitative
evaluation of the behavior of the dynamic characteristics in this type of
compounds.

It should be noted that both for the transverse and longitudinal per-
mittivities the best description of experimental data is obtained in the
regions of the so-called “pure” phases, that is x — 0, x — 1, and the glass
phase region at & ~ 0.5 for Rby_,(NHy),HoPOy4, Rb1_,(NDy4),D2POy,
Klfz(NH4)xH2PO4 and x ~ 0.35 for Rblfx(NH4)xH2ASO4.

The proposed here approach can be used to describe of the dynam-
ic characteristics of Rbj_,(NDy),DoPO4 compounds and to evaluate
the qualitative behavior of the permittivities of Rby_,(NHy),HaPOy,
Rbl_m(NH4)IH2ASO4, Kl_m(NH4)IH2PO4.

4.6. Transverse dielectric permittivity

In figures we present the calculated temperature dependences
of static transverse permittivity &7, (7,0) (¢11(T,0) = e11(T)) of the
Rb;_,(NHy),H2POy type compounds as well as experimental data for
€}1(T,w) at low frequencies. The transverse permittivity, in contrast
to the longitudinal one, is finite at all compositions. At temperatures
above T,.(z) and Tn(x) €11(T") monotonically increases with increasing
x, whereas e33(7") monotonically decreases. Just like for £45(7,0), an
essential difference between &7,(T,0) and &}, (T,w # 0) exists only in
the composition range of the glass phase and at temperatures below
the maximum of &/, (T,w). Here &}, (T,w) always tends to £{;, whereas
the theoretical static permittivity €},(7,0) at T — 0 tends to a cer-
tain finite value larger than €9, (). However, at high temperatures, like
the longitudinal permittivity, the dynamic and static curves of the trans-
verse permittivity practically coincide. This fact enables us to talk about
qualitative agreement or disagreement between the theoretical curves for
€11(T,0) and the experimental points for €}, (T, w # 0).

In figure [I5]l we show the temperature behavior of the transverse per-
mittivity &7, (7,0) of Rb;_,(NHy),HaPOy4 at different x. In the ferro-
electric (curves 1, 1’, 2) and antiferroelectric (curves 6, 7, 7’) phase com-
position ranges the temperature curves of £/, (T, 0) have jumps at T,(x)
and Ty (z), respectively. The curves 3, 4, 5 correspond to the glass phase
composition range. A similar temperature dependence of €1 (7, 0) is ob-
served also for the other compounds of the Rb;_,(NHy),HoPOy4 type.
Overall the theoretical results satisfactorily agree with the experimental
data. However, at z=0.8 (the antiferroelectric phase composition range)
the theory yields a lower peak and a faster decrease of permittivity at
the Neel temperature, than it is experimentally observed. In the ferro-
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Figure 15. The temperature dependences of transverse permittivity
€11(T,0) of Rby_,(NHy),HoPOy at different 2: 0.0 - 1, 1’ [95], v [140];
0.1-2;,03-3,05-4, e [2];07-5, 0 [2];08 -6, > (cool) [],
» (heat) [4]; 1.0 -7, 7 |95, x [141], o [142], ¢ [22].

electric phase the experimental data are available only for £=0.0. The
curves 1’ for x=0 and 7’ for x=1 in fig.[IHlare the theoretical calculations
of [95], where a certain relation was used, being a partial case of (2.27)
at =0; 1. However, in that paper a somewhat different values of the
model parameters is used. The found here sets of the model parameters
permit us to describe the thermodynamic and dielectric characteristics
at all compositions z = [0, 1].

In figure the theoretical static transverse permittivity e}, (7T,0)
of Rb;_,(NDy4),D2POy is compared with experimental data, including
the data for the real part of the transverse permittivity &7, (7T, w # 0)
at low frequencies w [9[T1L[12,135,[14T]. For z=0.0 (curve 1), 2=0.1 (2),
2=0.2 (3) only the theoretical results are shown. As one can see, for
x=0.24 (4), 0.50 (5), 0.62 (6) the theoretical calculations well agree
with experimental data. At x=0.50 the presented experimental values
for €1, (T,v = 10kH z) of [9] are larger than the values of €/, (T, 0) ob-
tained in [I2] even at high temperatures. This can indicate an unreliable
estimation of concentration z=0.50 in either of these papers or an uncer-
tainty of the experimental data for €/, (T, 0). At z=0.7 (7) the calculated
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Figure 16. The temperature dependences of transverse permittivity
€11(T,0) of Rby_,(NDy4),D2PO4 at different z: 0.0 — 1; 0.1 — 2; 0.2
—-3;0.24 -4, o [12] (stat); 0.5 -5, = [I2] (stat), o [9] (10 kHz); 0.62
- 6, o [11] (300 Hz); 0.7 - 7, m [12] (1k+1u); 0.85 — 8; 1.0 — 9, 9’ [95],
o [I41], < [135].

curve of €1,(T,0) lies below the experimental points of [12] for 1 kHz.
The most essential deviation from the experimental data is obtained
at compositions close to £ ~0.2 and = ~0.65, which are the transition
regions between the ferroelectric and glass phases and between the an-
tiferroelectric and glass phases. In these composition ranges we need to
taken into account a possible coexistence of different phases. This will
be a subject of a separate study.

In figure [I7 the theoretical transverse permittivity &f;(T,w) of
Rby_,(NHy),H2AsO, is compared with available experimental data at
low frequencies. The phase diagram is strongly asymmetric, and the
proton glass state exists in the region x = [0.2;0.45]. As seen, a good
agreement with experiment takes place in the regions far from the phase
boundaries (curves 1,2 for the ferroelectric state and 5, 6 for the antifer-
roelectric state). The value of =0.15 corresponds to the intermediate
region between the ferroelectric and proton glass phases. The rounded
maximum in the experimental curve, most likely, is related to coexis-
tence of ferroelectric and glass phases. Below the permittivity maximum




50 IIpenpunT
€ d
1 o x=0.00 (1)
140 . 0.08(2) |
o 0.15 (3)
o 0.35 (4)

120 0.75(5) -

1.00 (6)

100
80 \\
Q [e]
60 x‘\ © o
\'\.\N.\
40t TT———
4
2012, 3 o 3 .
0 .

0 50 100 150 200 250 T,K

Figure 17. The temperature dependences of transverse permittivity
e11(T,w) of Rby_,(NH4),HaAsOy at different 2: 0.0 — 1, o [I6]; 0.08 —
2, o [18] (1 kHz); 0.15 - 3, e [16] (1+u, 30 kHz); 0.35 - 4, o [I5] (1
Hz, 30 kHz); 0.75 - 5, o [17] (1 MHz); 1.0 -6, v [137], o [I43].

a similar to the described above for the glass phase deviation of the static
theoretical curve from the experimental points at w # 0 takes place.

There is a lot of experimental data for the transverse permittivity
of the K;_,(NHy),HoPO,4 mixture (see fig. I8) for the compositions
from the ferroelectric (z=0.0; 0.047; 0.166) and antiferroelectric (x=0.75;
0.85; 0.85; 1.0) regions. Just like in the above discussed compounds,
the most prominent discrepancy between the theory and experiment is
observed for the compositions of the transition regions (curves 3 and 7).
Unfortunately, the experimental data for K;_,(NHy),HoPOy at  ~ 0.5
are very limited. Most likely, this is caused by difficulties in growing
these crystals at x ~ 0.5, since x in the obtained samples depends on z
in the solution in a non-linear manner [36].

Let us consider now the dynamic permittivity €11 (7, w) in the proton
glass phase (z=0.5) for Rby_,(ND4),DaPOy4. In figure[Id along with the
available experimental data we plot the calculated temperature depen-
dences of the real ¢/, (T, w) and imaginary &, (T, w) parts of the permit-
tivity at different frequencies. The maximum of &7, (T,w) corresponds
to the inflection point of the €{;(T,w) curve. A large dispersion of the
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Figure 18. The temperature dependences of transverse permittivity
€11(T,0) of Ky_,(NHy),HoPOy at different : 0.0 - 1, o [54] (10 kHz),
< [139], > [144]; 0.047 — 2, e [54] (10 kHz); 0.166 — 3, e [54] (10 kHz);
0.25 — 4; 0.5 — 5; 0.67 — 6, o [19] (1 kHz); 0.75 - 7, ¢ [19] (1 kHz);
0.8-8, ¢ [19) (1 kHz); 0.85-9, o [22] (100 kHz); 1.0 - 10, a [I41],
x [142], = [22] (100 kHz).

experimental data takes place. For €11 (7T, w) the data of [9] (in the region
of the low-temperature decrease) approximately correspond to the data
of [12] for essentially lower frequencies. The points for v=10 kHz [12] |
in the decrease region are shifted to higher temperatures as compared
to the points of [9] for »=10 kHz. The latters are very close to the data
for v=1 Hz [12]. Then the points of [9] for 44(T,w) at v=10 MHz are
shifted to lower temperatures as compared to the points of [12] at v=1
MHz. Our theoretical curves for v=10 kHz (curve 2), 10 MHz(3), 1 GHz
(4) qualitatively well describe the experimental temperature behavior
of &}1(T,w) and &7, (T,w) obtained in [9]. However, the theory yields a
larger shift of the curves at changing frequency and a sharper shape and
larger values of the imaginary part of the permittivity.

For Rby_,(NH,),HaAsOy (see fig. 7)) at © = 0.35 (approximately
the center of the glass phase) we also compared the theoretical results
with the experimental data of [16] at frequencies v=1 Hz, 30 kHz. The
theory also yields a faster, as compared to experimental, decrease of
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Figure 19. The temperature dependences of transverse permittivity
€11(T,w) of Rb1_,(ND,),D2PO4 at 2=0.5 and different frequencies 0
Hz -1;1Hz—- o [12]; 1 kHz — = [12]; 10 kHz — 2, o [9]; 1 MHz —
= [12]; 10 MHz -3, e [9]; 1 GHz -4, o [9].

¢11(T,w) with lowering temperature and a sharper shape and larger val-
ues of the imaginary part of the permittivity (dashed lines in fig. [I7).
This can be associated with an imperfect procedure of configurational
averaging, as well as to neglected proton tunneling on hydrogen bonds
in Rbl_m(NH4)IH2ASO4.

4.7. Phase diagrams

The phase diagrams of the Rby_,(NHy4), HoPOy system are constructed,
using the calculated physical characteristics of the crystals. The following
regions are present in these diagrams: HP (high-temperature region of
paraelectric phase), LP (low-temperature region of paraelectric phase),
F ( ferroelectric phase), AF (antiferroelectric phase) (figs. 2TH22]).
Typical peculiarities of the phase diagrams of the considered com-
pounds will be discussed by the example of Rb;_,(NDy),DoPOy ( fig.11
). At high temperatures the system is in paraelectric phase. It region
is designated like the HP, because here the reduce Edwards-Anderson
parameter Qg4 is small but different from zero and decreases with in-
creasing temperature. For z < 0.2 and x > 0.65 a spontaneous polar-
ization or sublattice spontaneous polarization arise at T < T.(x) and
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Figure 20. The phase diagram of the Rb;_,(NHy),HoPO, mixture con-
structed using various physical characteristics (v —[2], ¢ , ¢ , ¢ —[32],
o,m,n —[35,a,a, a + x—-[145], o, e, @ — [146]). The
solid lines are the T¢, T, and T, transitions obtained from the maxima
of e55(T, 0).

T < Tn(z), respectively. As a result, the system goes to the ferroelectric
or antiferroelectric state. Here the reduce Edwards-Anderson parameter
QEa can be significant ( fig.5) in vicinities of T,(x), T (z) and in ferro-
electric phase for z close to glass phase composition region. In the central
composition region we designate the low-temperature region of paraelec-
tric phase. This region lies below the maxima of the static permittivities
e11(T) and e33(T") ( the solid lines in fig.11, fig.12 ) and attributes large
value of Q4. The dashed lines (T 11(x,v) and T 33(x,v)) correspond
to the low-temperature peaks of €/, (T, v) and €55 (7T, v) at v = 1 MHz for
Rbi_(ND4),DoPOy (the so-called freezing lines).These lines continue
in the regions x < 0.2 and z > 0.65, where the paraelectric (or the proton
glass) phase possibly coexists with ferroelectric or antiferroelectric phas-
es, respectively. Numerical calculations show that T 11(z,v) — 0 and
Ty33(x,v) — 0 at v — 0, so within the frame of our theory the aver-
aged relaxation times for longitudinal and transverse permittivity have
an Arrhenius-like temperature behavior that is Top = 0 (Vogel-Fulcher
temperature). It should to note the approximation for averaged relax-
ation times on the basic of the experimental datum ( [I0]) gives value
Ty ~32K for x=0.5. The presented in this phase diagram experimental
points of [50] were obtained by NMR studies.
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Figure 21. The phase diagram of the Rb;_,(NDy4),DoPO4 mixture. <
— [, o - @], o — [12], > [13], o— [50]. The solid lines are the T, T,
and T, transitions obtained from the maxima of e33(T") and €11(T"). The
dashed lines are the T, lines obtained from the maxima of e44(7, v) and
e!1(T,v) at frequency 1MHz.

The phase diagram of Rb;_,(NHy),HoAsOy is strongly asymmetric
(fig.22)), and the proton glass composition region exists at = (0.2;0.45).
The freezing lines T, 11(x,v) and T, 33(z,v) (dashed lines) correspond
to the maxima of £/, (v = 30 kHz,T) and &45(v = 30 kHz,T). The ap-
proximation on the basic of the experimental datum ( [I7]) gives val-
ue Ty ~=30K for x=0.36. According to the experimental data [I8[147]
Ty 11(x,v) is observed in the ferroelectric phase down to 2=0.01. Also
Ty11(x,v) — 0 with decreasing x. The calculations yield the freezing
line down to x ~0.15. Overall, the calculated phase diagram correctly
describes the available experimental lines, even though some discrepan-
cies are present. Thus, at the accepted values of the theory parameters
the glass phase composition region is somewhat wider = ~ [0.18;0.46]
than the experimental one x ~ [0.22;0.42]. This difference can be related
with an incorrectly determined concentration x in experimental samples.

In the phase diagram of Rb;_,(NHy),HyPO, (fig. B0O) the
temperatures of the phase transitions are lower than those of
Rb1_,(NDy4),D2POy, whereas the glass phase region is wider. This is
caused by influence of proton tunneling. The experimental points are
obtained from dielectric permittivity measurements [21[145[146], Raman
scattering [35] and X-ray diffraction [32].
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Figure 22. The phase diagram of the Rb;_, (NHy),HaAsO4 mixture. o ,
w ,>- [I7], o— [18]; o - [147], o , o - [I48]. The solid lines are the T,
Ty, and T, transitions obtained from the maxima of e33(7) and e11(T).
The dashed lines are the T}, lines obtained from the maxima of £45(7, v)
and €71 (T, v) at frequency 30kHz.
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Figure 23. The phase diagram of the K;_,(NH,),HoPOy. ¢ - [19], o
—[22], o— [54], & - [55].The solid lines are the T¢, T, and Ty transitions
obtained from the maxima of e54(7,0) and &1, (T, 0).
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The phase diagram of K;j_,(NHy),HoPOy (fig. 23) is qualitative-
ly similar to that of Rby_,(NH4),HoPOy. Its experimental points are
obtained from the data for the maximum of the real part of trans-
verse [19122/[54] and longitudinal [19,22,[55] dielectric permittivities. By
the circles at low temperatures in the ferroelectric phase we show the
temperatures of the maximum of &/, (T, w).

It should be noted that both for the transverse and longitudinal per-
mittivities the best description of experimental data is obtained in the
regions of the so-called “pure” phases, that is x — 0, z — 1, and the glass
phase region at x ~ 0.5 for Rby_,(NH4),HoPOy4, Rb1_,(ND4),D2POy,
Kl_m(NH4)mH2PO4 and z ~ 0.35 for Rbl_m(NH4)IH2ASO4.

5. Modified proton ordering model for the KD,PO,
type crystals

We consider a system of deuterons moving on O-D-...-O bonds in
deuterated crystals of the KDoPOy type. Axes of the reference system
(x,y,2) coincide with the the tetragonal (142d) crystallographic axes. The
primitive cell of such a crystal is composed of two neighbouring POy
tetrahedra together with four hydrogen bonds attached to one of them
(" A” type tetrahedra). Hydrogen bonds going to another (”B” type)
tetrahedron belong to four nearest structural elements surrounding it

(see fig. 24).

Figure 24. The primitive cell of the KDyPOy4 crystal. One of possible
ferroelectric proton configurations is shown.

The full model Hamitlonian of the deuteron subsystem of the
KD3POy type ferroelectrics with taking into account the short-range
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and long-range interactions in presence of mechanical stresses o6 = 04y,
04 = 0y, and electric fields +3, +; applied along the crystallographic
axes ¢ and a reads

N A A g
H= NUseed + Hlong + Hshort - Z(MflEl + Mf3E3)%fu (41)
af

where N is the number of the primitive cells; o4 is the z-component
pseudospin operator, describing the state of a deuteron in the g-th cell
on the f-th bond. Two eigenvalues of the operator o,; = +1 are assigned
to two equilibrium positions of a deuteron on the bond. Effective dipole
moments p1, i3, as shown in [I49], are sums of the dipole moments of
the tetrahedra and of hydrogen bonds, with

P11 = —p31 = H1COS7Y, 21 = —H41 = fi2 807,
H13 = H23 = K33 = 43 = [43-

The “seed” energy Ugeeq is expressed in terms of the electric fields F4
and E3 and strains €4 and 4. It consists of the elastic, piezoelectric, and
dielectric parts

1 1
Useed = U(icﬁoai + 50&052 — €?4€4E1 — egﬁsﬁEg —
1 1
— X1 Ef — XS E3), (4.2)

2 2
where v is the primitive cell volume, cf?, cE0, €9,, €34, X539, x53 are the

“seed” elastic constants, piezoelectric coefficients, and dielectric suscep-
tibilities. The “seed” characteristics determine the temperature depen-
dences of the corresponding physical characteristics far from the transi-
tion temperature 7.

The Hamiltonian Hlong includes the long-range and indirect lattice-
mediated interactions between deuterons taken into account in the mean
field approximation, as well as the linear over the strains £, and eg
mean field [98,09] induced by the piezoelectric coupling. Hport is the
Hamiltonian of the short-range interactions between the deuterons.

The dielectric, piezoelectric, and elastic characteristics of the
KDyPO, type crystals will be explored using the thermodynamic po-
tential. Taking into accounts the peculiarities of the crystalline struc-
ture of KDoPOy, to find the thermodynamic potential we shall use the
four-particle cluster approximation [90]. In this approximation the ther-
modynamic potential of KD,POy reads

1 {ogf) {og 1)
= NU,pe = (o) af q _ 4.
G =NU. d+2§ Jrad) = ) (4.3)

qq’
fr




58 IIpenpunT

4
1
—§TZZIHZU’ — T21DZ4 — NU(O’4E4 + 0’666),

q f=1 q

(1) X
where 7 ¢ = Spe_Bqu , Ly = Spe_ﬂHf(l4) are the single-particle and four-

1)

particle partition functions. The single-particle H q}» and four-particle

ﬁé4) deuteron Hamiltonians of deformed KD3PQOy4 crystals are given by
the expressions

- ) Tf; 0
A () = 2% (4.4)
Hé4) = (_55656_251656) X (45)

(E@% a1 992 994 gl T43 Og4 @%%)
2 2 22 22 22 2 2 2 2
E@%_@@%)Jr

+2(6“454_51454)(2 2 2 2 2 2

+(Vs + Saee) (T 72 + T8 728) 4

2 2 2 2
0q2 0¢3 Oq4 Oq1
V.6, (LL LL)
+( 6€6) 9 2+ 5 o +
Oq1 0g3 0q2 Oq4 Oql 0g2 0q3 Og4
US(LL LL) o, Jat Ta2 743 Ogd _
+ 2 2 2 2 + 2 2 2 2

4
1 o 1 o o
_1(55656 — 2616€6) Z % - 5(5a454 + 614€4) (%1 - %3) -

In (&4), (@A) we used the following notations

w1y = Bl-A; + 2V§77§1)(j) + 2u:lsn§1)(j) + 21/27751)(3') + 21/2774(11)(]') +

—2tpse6 £ 20464 £ p1 cos YEL + pzEs), (4.6)
za; = Bl= 2 + 20" (7) + 20am$" () + 208" (5) + 2090V () +
—29ge6 = p1 sinyEy + psEs],  j =4,6.

Tpj = —BA + Tyj.
Here 0" (j) = (047);

_Jnn _ Jio _Jis.
vy = , V2= , V3= )

4 4
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Jrp= Y. Jyrp(qq’) is the Fourier transform of the long-range inter-
Rq—Ry
action constants; 14, 1¢ are the so-called deformation potentials;

w1
= Us = 5
PE=¢€q—€s, W=E¢E]—Eg, W, = Eg— € are the so-called Slater energies;
A is the effective cluster field created by the neighboring bonds from
outside the cluster.
If the crystal is free from external electric field and stress, the equa-
tion for the mean pseudospin value 7! is

sh(2z 4 Bdssee) + 2bsh(z — Bd16e6)

—¢g, &, =4 — 8w + 2w,

M _
1T h(2x + Bosses) + dbch(z — Borges) + 2a +d
where
1 1 (1)
v= oI By ® — Byges = 26, ve = vy + 20 + b,
2 1—n®

a=exp P, b=exp P, d=exp P,  f=1/kpT.

6. Dielectric, piezoelectric, and elastic characteristics
of the MD,X0, ferroelectrics

Let us find first the dynamic characteristics of the MD>XQ4 crystals,
namely, the frequency dependent dielectric susceptibilities of mechani-
cally free and clamped crystals; then the expressions for the static di-
electric, piezoelectric, and elastic characteristics at w — 0 will be given.

6.1. Longitudinal dynamic dielectric susceptibility

The dynamic properties of the MD5XO, crystals in presence of the stress
o will be considered using the dynamic model of deuterated ferroelectric
crystals of this type,nd based on the stochastic Glauber model. Using
the procedure developed in [I13}[114], we obtain the following system of
equations for the time dependent deuteron distribution functions

_a%<Ho’qf>:Z <H0'qf |:1—Uqf/tanh%ﬁagf,(t)> . (5.1)
f f

I

where €7 ,,(¢) is the local field acting on the f’th deuteron in the ¢-
th cell that can be determined from the Hamiltonian (£5). Expanding
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tanh % BEZf/ (t) is series over the pseudospin operators entering the cluster
Hamiltonains and taking into account the fact that agf = 1 and the
symmetry of the deuteron distribution functions in the KD3PO, type
crystals in present of the electric field E3

= (0g1) = (042) = (043) = (T qa), (5.2)

= (041042043) = (0q1043044) = (041042044) = (042043044),

<1>Z(6>
©)=(6)
(2)2 6)= — (2)z 6)= _
(6)=(0q2043) =(0q10q4), 15 (6)=(0q1042) =(0q3044),
2
“%m:wﬂ%@:wﬂﬁm
we obtain a closed system of equations for the time-dependent single-
particle, three-particle, and two-particle deuteron distribution functions.
We consider vibrations of a thin square plate of a MD3XOy4 crystal
cut in the (001) plane with sides I, induced by external time-dependent
electric field E3, = Ese™*. The dynamics of the deformational processes
in MD,XO,4 will be described using the classical equation of motions of
an elementary crystal volume, which read

(9211,1' 8oik
= , 5.3
p 8t2 ; 8$k ( )
where p is the crystal volume; u; are the displacements of the elementary

volume along the axis x;; 0;; is the mechanical stress. The sheat strain
€6 is determined by the displacements u; = u1, uy = u,, that is

8u1 + 6’11,2
€6 =Egy = — + —.
CTIW T 9y T o
The dynamic properties of the MD>XOy4 crystals will be studied at
small deviations from equilibrium. Let us present these systems as sums
of the static and dynamic parts. To do so, we write the distribution

functions, effective fields, displacements w1, us, and the strains as sums
of the equilibrium functions and their deviations from equilibrium values

NV (6) =71 (6) + 0t (6), @ (6) =7 (6) + 0" (6),  (5.4)
12 (6) = 72 (6) + 0 (6), (i =1,2,3),
€6 = €6 + €6ty U2 = U2 + U128,
28 = %6+ 260 = —BA + 2Bv,.7 (6) — 2866 —
—BA + 2Bvii " (6) — 28v6Eer + Bus Es.

ICMP-11-13E 61

In the result, we obtain the following system of equations for the
time-dependent parts of the distribution functions

1) (1)
77t(3)(6) €11 Ci2 €13 Ci4 Cis5 nt(3)(6)
al ™ (6) C21 C2 C23 C24 C25 . (6)
dt 7753)(6) =] c31 €32 €33 C3a4 C35 Wg)((i) -
(2) (6) C41 C42 C43 Ca4  C45 (2) (6)
77%5) €51 Cs2 €53 Cs4  C55 77%5)
sy (6) N3¢ (6)

C1 C1 Cis
1 C2 C2 C3s
—=BusEs | cs | +Bvecer| cs | —Pdsscer | cas |+

Cq Cq C2s
Cs Cs C2s
Cla C11
—Cla Ca1
+80a6€6t | C2a | —Bdisst| C31 | - (5.5)
—C2q C41
C3a Cs1

The coefficients ¢i1, ..., &1 are given in [150].
We write the equations for the displacements w14, ug; in the following
form

a%m Deey ontM (6) Puz _ dewr ontM (6)
P ~Ci6 oy +Ca6 oy P=a ~C16 5, +Ca6 o (5.6)

expressions for ¢4, cog given in [I50].

Solving the systems (B, (B), we finally obtained the following
expression for the longitudinal dynamic susceptibility of a mechanically
free KD2POy type crystal [113]:

1 eds(w)
o e 36
= 5.7
X33(w) = x33(w) + Re(@) & (@)’ (5.7)
where ) ) "
=2 tan ==, kg = vvp (5.8)

Ro(w) kel 2

Vs (w)
In (57) the longitudinal dynamic susceptibility of a mechanically
clamped crystal is

€ _ €0 B:ug (1)
X53(w) = X33 + WF (w), (5.9)




62 IIpenpunT

e3s(w) = €36 + (5.10)
+Bts [ Y F W (W) + 0.6 FM () + 01651 (w) — 5a6F¢§1)(W)}7
CGEG( ) = cég + 461% fﬁ + 2D62( 856 M6 + 016 M6 + GasMag)*+(5.11)
+4va6 [-%F(l)(w) + 06 FM (@) + 016F{ Y (w) — 5a6F¢§1)(W)} -
=22 5o PO 0) 4 80D @) + 0165 @) = B FO )] -
26

~oDs [626 cosh(2Z + B0s6E6) + 4bd? 16 cosh(Z — Bd16€6) +

+6262a cosh ﬁéaﬁég} ,

where we use the following notations

(1)) = P (iw)* + p® (iw)?® + p® (iw)® + pM (iw) + p'©) (5.12)
(iw)> + pa(iw)? +p3(zw) +p2(zw) +p1(loJ) +po’

O () = P 0 () pi )2+ pi (i) 4t

s (1w)d + pa(iw)* + pg(zw)3 + p2(iw)2 + p1(iw) + po’

PO () = P 0) ! i (i) o pi) ()2 o+ pil (i) + i

¢ (iw)? + pa(iw)? +p3(w)3 +p2(lw) + p1(iw) +po’

) () = P 97 @)+ 01 (0)? £ i (i) 4]

1 (1w)d + pa(iw)* + pg(zw)3 + p2(iw)2 + p1(iw) + po
Expressions for puy,...,po, p(4), . ,p(o), pg4), . ,pg ), pfz ), . ,pfzo),

p§4)7 e ,p§°) in(GI2) are given in [150].

6.2. Transverse dynamic dielectric susceptibility

Performing analogous calculations for the case of the transverse electric
field E7, applied to the KD2PO, type crystal, we obtain the transverse
dielectric susceptibility of a mechanically free crystal [I14]:

Xh) = X0 () + s (513)

where
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In (513) the transverse dynamic susceptibility of a mechanically clamped
crystal is

(p1 cosy + g siny)? (1)
H .14
Xi1(w) = x5} + 0 02 4T (w) + (5.14)
(prcosy —pasiny)® 1 ¢
—+v ’1)2 EFE )(W)
e14(w) = ey + (5.15)

+ulcos7+u2s1n7 1
v
+ulcosvv o sin 7y 1

{¢4F4 (@) + Gaa Fip) (@) +514F1(i3r(w)] +

[w FM(w) + 5a4F5i)_ (@) + d1aFLy. (W)] ;

24

T (624%1 +62,2:¢") — (5.16)

cia(w) =iy + —— (5a4%f + 014254 —

—2—1/)4i{1/~14[ ( )—I—Fﬁ)(w)]—l—

v
51 [ @)+ F3L )] + 6as [FU @) + P )]} +

4 ~ - -

+—’;T (dasaag + 514;4b){1/)4F4(}r) (w) + 5a4F5i+( )+ 514F1(‘1-)‘r (w)}
4] - y N

+ DT (5 + 514% ){1/)4F4(£) (w) + 5a4F¢£i)7 (w) + 514F1(i)7 (w)}

where we use the following notations

1) (iw)sz) + (iw)mg&) + mgg)
(W)= ———5 : . (5.17)
(iw)? + (iw)?max + (iw)mit + mox
) (iw)*mi2 + (iw)mi?) + m{)
F4:|: (w) = 7= 3 2 5
(iw)? + (iw)?max + (iw)mit + Mo+
2oN2, 0 (2) ; (1) (0)
F(l) ) (w) = (iw)*migy + (iw)migy +mygy
14 (iw)3 + (iw)2mox + (iw)mi+ + Mo+’
. 2 1 0
FO, (w) = (iw)?ms + (iw)miy +m{y

(1w)3 + (iw)2may + (iw)mi+ + mo+

The expressions for mg), . m((l(i)i are given in [I51].
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6.3. Static dielectric, piezoelectric, and elastic characteristics

In the static limit w — 0 in (E9)-(EII), (EI4)-(@I6) we obtain the

isothermic static dielectric susceptibilities of a clamped crystal

2
- 0 _pol 26
= —_——— 5.18
X33 = Xaz TV 55 Do — 2009 (5.18)
. «0 , (micosy+ ppsinng)® B aag + 3"
= — 5.19
X11=Xxnt v 2 D — 2(aag + ) gl + )
Llmcosy—ppsiny)? B g+ aa
v 2D —2(5 + #)pa

where

s = ch(2z6 + Bdsee6) + bch(ze — Bdises) — 77(1)(6)m6,
1
n _
o = ———————— + Bu,;
o 1—(n™M(6))?
1
#" = beh(z — Bbises), ¢l =

m‘i—ﬂya Vg = V1 — V3.

isothermic coefficients of piezoelectric stress

23 Bbs

_ _ 5.20
e36 = €35+ — v Dy — 297 (5.20)

0 pi1 €os Y+ pi2 siny thy(aag + #°) — dqsaa6 — G145
ela=¢ey +p D — 2(aas + )91 +

cosy — pgsiny Ya(zs + ) — 5a4i — 8145
+ﬁu1 Y — p2sIny 6 : 7 (5.21)
v D —2(L +5)pa
where

06 = 235006 + fo,  fo = ds6 ch(226 + Bdsses) —
—2b616 ch(zs — Bo16e6) + N (6)(—056 Mg + da6Mag + 016 Mis);

isothermic elastic constants at constant field

5 8vs  B(—thes + fo) 48¢5 5 (5.22)

66 = 66 + T . Dﬁ — 2g0g%6 B ’UDG(DG — 2906%6) B
20

[626 Ch(226 + 555656) + 5a62a ch 804656 +

+5%64b ch(ze — Bdi6c6)] + —656 M6 + 606 Mas + 616 M16)*.

2
o
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OB B0 _ 21/J4ﬁ[1/)4(aa6 + 5") = basaas — S145"
a4 = Ca D — 2(aag + ) pd

Pa( + ") = daa — Orax
D—=2(3 + )

+ (5.23)

]+

¢4(aa6+%b)—6a4aa6—514%b
D — 2(aag + ) g

490 55 0 4 gty P2l 1)~ duaa O
ad—— 14
ag

4"
+‘Pa

D B(asaas + 514%b) +

+

vD D —2(z- + 5)pad
2
+%ﬁ(6a4%il + 8145%) — 3(524%1 +0745").

where

Mas = 2ash Bou6e6, Mgs = sh(2z6 + Bdsecs),
Mig = 4bSh(26 - 651656)7 %(11 = aag + i

ag
Using the known relations between the elastic, dielectric, and piezo-
electric characteristics, we find the isothermic constants of piezoelectric
stress

€36
h36 = = h14 = 3 (524)
X33 Xi1
isothermic elastic constants at constant polarization

P E . P _ E .
Cos = Coo T €36hse; iy = Cyy + e14h14; (5.25)

isothermic coefficients of piezoelectric strain

€36 €14
d36 - T’ d14 — CT, (526)
Ce6 44

isothermic constants of piezoelectric strain

h h
936 = 1336 v 14 = 1134 ; (5.27)
Ce6 Caa

isothermic dielectric susceptibilities at o = const:

X33 = X33 T e36d36; X171 = X11 + e1adia. (5.28)
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7. Comparison of the results of numerical calculations
with experimental data. Discussion.

Let us analyze the results of numerical calculations of dielectric, piezo-
electlric, and elastic characteristics of the KHoPO, type crystals and
compare them with the corresponding experimental data for these crys-
tals. Let us note that the developed theory is valid, strictly speaking for
the KDoPOy crystals. The experimental data, on the other hand, are for
the K(H1_,D,)2POy4 type crystals at different deuterations .

For numerical calculations of the temperature dependences of the
physical characteristics of the K(H;_,D,)2POy4 type crystals obtained
in the previous section, we need to set the values of the following param-
eters:

- energies of proton and deuteron configurations e(x), w(x), wi(x);
- long-range interaction parameters v.(z), v,(x);
- effective dipole moments pg(x), u1(z);

- deformational potentials g(x), V4(z), ds6(x), das(z), 016(x),
ba4(2), 014(7);

- “seed” dielectric susceptibilities x53, x5%;

- “seed” coefficients of piezoelectric stress e3q(x), €9, (z);

« ” : EO0  EO
- “seed” elastic constants cgg', ¢y -

- parameter « that sets the time scale of the relaxational processes.

The energy wi(z) of proton configurations with four protons and
without any proton is much larger than the energies of ¢ and w. There-
fore, we take w; = oo and d = 0.

The fitting procedure is discussed in details in [95[T0TT50I51]. Thus,
on the first stage, the parameters ¢, w are determined [95] from the
condition of the best fit of experimental data for the temperature curves
of spontaneous polarization and specific heat, and to find the parameter
v. we fit the calculated phase transition temperature to the experimental
values. The values of p3_ are obtained by fitting the theoretical results to
the experimental values of saturation spontaneous polarization, whereas
to obtain us; we use the values of e33(w). On the second stage, with
taking into account the piezoelectric coupling, the optimum values of ¢,
w, M3y, t3e, as well as the deformational potentials g, 14, ds6, das,
016, Oa4, 014 and the parameter v, are found from the condition of the
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best fit for the temperature dependences of polarization, specific heat,
longitudinal and transverse static permittivities of mechanically clamped
crystals, dynamic longitudinal and transverse permittivities of clamped
crystals, piezoelectric coefficients, and elastic constants. Let us note that
taking into account the piezoelectric coupling leads to a small increase
of w and v,, as compared to their values of [95], where the piezoelectric
coupling is not considered. The obtained optimum values of the model
parameters for these crystals are given in Table 1.

To describe properly the temperature dependences of the dielectric
permittivity e77 [144] we should take u1(z) to increase slightly with tem-
perature as ui(z) = pd(z) + ku(T — T.). To describe the temperature
curves of polarization and static dielectric permittivity in the paraelec-
tric phase the values of ;3 must be different, with pg > ps . In [152] the

+

deviation of the ratio z—i from unity is ascribed to existence of under-
3

damped soft mode.

The parameter oy was determined by fitting the theoretically calcu-
lated e35(w) curves to the experimental points. It was assumed that « is
temperature dependent

a=[P+RIAT|]- 107" AT =T -T..

The primitive cell volume of the K(Hy_,D;)2POy4 crystals consisting
of two POy, groups was taken to be equal to v = 0,1936 - 1072! cm? at
2 =0,v=01954-10"2" cm? at 2 = 0,88, v = 0,2090 - 10~2! cm? for
RbHPO4, v = 0,2052- 1072 cm® for KHpAsO4, and v = 0, 2065 - 1021
cm? for KHyAs0y,.

Let us analyze the results of numerical calculations of the physical
characteristics of the K(H;_,D,)2POy4 type crystals and compare them
with the corresponding experimental data for these crystals.

7.1. Static dielectric, piezoelectric, and elastic characteristics

The calculated temperature dependences of isothermic inverse static
dielectric permittivities of free €%3(0,7) and clamped £55(0,7)
K(H;-,D,)2PO4 crystals at different z, as well as of RbHsPOy,
KH3AsOy4, and KD3AsOy crystals along with the experimental data are
given in fig. When approaching the transition temperature T, in
the paraelectric phase, the magnitude of €95 increases according to the
hyperbolic law, reaching very high values at T = T.. With increasing
x the value of €§4"** decreases. Below the transition temperature €9,
drops very fast. At z = 0,88 (¢9;)! obeys the Curie-Weiss law in a
wide temperature range. At x = 0,00 this range is narrower; a notable
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Table 5. Sets of the optimum values of the model parameters for the
K(H;_,.D,)2POy4 type crystals.

w Ve Va

x Te é kB kp kp
X) | K) | (K) | K) | K)
0.00 |122.5]56.00|422.0117.91| 7.00
0.88 {211.0(88.60|815.0{34.90|17.00
RDP [147.6{60.00|440.0|29.13|28.00
KDA | 97.0 |35.50|385.0|17.43|20.00

v s, 1071 sy, 10718 [ 187 10718 K, 1072 | X3 XD
(esu-cm) | (esu-cm) | (esu-cm) | (%)
0.00 1.46 1.71 4.27 5.7 0.7310.80
0.88 1.79 2.05 5.52 4.2 0.39|0.65
RDP 1.50 2.00 3.68 5.7 0.40|1.25
KDA 1.61 1.65 4.85 6.4 0.7010.70
T To [ o | fm | Jn | B | 0w tm
ke | ks | k& | ks | k& | ke | k=

(K) | (K) | (K) | (K) ] (K) |(K)]|(K)
0.00 [-150| 82 [ -500 [-400]124.0]92.0|80.0
0.88 [-140| 50 [-1000-400| 188 | 95 | 300
RDP |-130| 50 | -500 |-300|152.0|80.0| 5.0
KDA |-170 | 130 | -500 |-500370.0|70.0|30.0

r 107197 Y, - 10710 eJs eV,
(dyn/em?) | (dyn/cm?) | (esu/em?) | (esu/ecm?)
0.00 7.10 13.00 1000 500
0.88 6.40 12.85 2000 500
RDP 5.90 10.60 3000 2000
KDA 7.50 10.80 3000 2000

 |P.| R. [P, | Ry | P| R
) | ) [6] ) 6] @)
0.00 |10.35{0.0100(0.43]0.0160{0.46|0.0130
RDP [ 0.55|0.0080]0.93{0.0140|0.56 | 0.0107
KDA |0.47(0.0160|0.610.01903.20|0.0140

nonlinearity of the temperature dependence of (¢3;)~! is observed. The
dielectric permittivity of 33 in KHyPOy calculated without taking into
account the piezoelectric coupling coincides with 45 at AT < 50 K and
is smaller than €§5(7T) at larger values of AT.
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Figure 25. The temperature dependences of inverse static dielectric per-
mittivities of clamped (g55)7! (1) and free (¢%,) 7! (2) K(H1_,D;)2POy4
crystals: =0.0-1,1", o , ® [I39], o [I53], ¢ [154], > [I31], « [I59],
v [I56], o [144], x [157); 2=0.88 - 2,2", o [140], @ ((£3;-1) /4 [I58]-
d%s 158 /sE)an+1; 2=1.0 — 3, 3, &, o [159], o [154], o [LI60];
RbHoPOy — 4, 4 o [140],e ((€5-1)/47 [I58]- d3q [158]/s&;)4m+1,
o [132], A [131]; KHQASO4 - b, 5 o [155]; KDQASO4 - 6, 6’ o
[161],0 [162]. Lines are the theoretical results; dashed lines are the re-
sults of [93] for KHyPOy.

The values of the longitudinal static permittivity increase with re-
placing K — Rb at all temperatures and decrease with P — As.

In figure 26l we depict the temperature curves of €f;(0) in KH2POy,
K(H0,12D0,88)2P04, RbHQPO;L, and KHQASO4.

In the KH2P04, K(H0712D0788)2PO4, RngPO4 crystals the values
of transverse permittivities of mechanically free and clamped crystals
practically coincide. For the case of KHyAsO,4 the curve 4 corresponds
to €7,(0), whereas the curve 4’ to £5;(0). The theory does not reproduce
the dome-shaped curve of the permittivity £];° at small AT. The values
of €{; hardly depend on the deuteron concentration z. At the transition
point €7; has a jump, which increases with x. The calculated difference
e (+) - €71(-) is 3,25 at = 0 and 30,9 at £=0,88, which accords with
the experimental 4,0 and 34,6 [144].

At isomorphic replacement K — Rb the permittivity £7,(0) slight-
ly decreases in the paraelectric phase and increases in the ferroelectric
phase. At replacing P — As the value £,(0) strongly increases in the
paraelectric phase.
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€
120 AL

Figure 26. The temperature dependence of the transverse permittivity
of the ferroelectric crystals: KHoPOy — 1, o [144]; K(Hp.12Do.88)2PO4
~2, e [I44], w [140]; RbH,POy4 — 3, o [140]; KHoAsO4 — 4, & [LI8].
Symbols are experimental points; solid lines are the theoretical values.

In figures and we plot the temperature dependences of the
coeflicients of piezoelectric strain dszg and stress esg of the KHoPOy,
K(H0712D0188)2P04, 1:{bH2PO47 and KHQASO4 CI‘ySt&lS. Using the ex-
perimental points for dss, €45, and c&; (sL), we find esq, also shown in
fig. 28 as the experimental points.

The temperature dependences of the coefficients of piezoelectric
strain di4 and stress ey4 are shown in figs. and along with the
experimental data. It should be mentioned that the piezoelectric coeffi-
cients di4, €14 do not have any anomalies in their temperature behavior.
At T — T, the values of d3g and esg increase. With increasing AT from
0 to 170 K in KHyPO,4 the values d3s decreases by 88 times, whereas
ese by 44,5 times. With increasing the deuteration level x the longitudi-
nal piezoelectric coefficients decrease, whereas the transverse coefficients
decrease.

The calculated temperature dependences of the piezoelectric con-
stants hse and g3 of the M(H;_,D,)2XO4 crystals are given in [I0T],
whereas the dependences of hi4 and gy4 in [I51].

The calculated temperature dependences of the isothermic elastic
constants cfj along with the experimental data are given in fig. 3] for
K(H;_.D,)2POy4 crystals, whereas the temperature curves of cé% and CGPG
of KH2P04, K(H0)12D0)88)2P04, RbH2P04, KHQASO4, and KDQASO4
are shown in fig. At the transition temperature the elastic constant
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d36, esu/dyn

10° T

Figure 27. The temperature dependence of the coeflicient of piezo-
electric strain dszg of KHoPO4 — 1, o [139], v [163], » [164];
K(H0.12D0,88)2P04 - 2, o [140], RbH2P04 - 3, [¢] [140], KHQASO4
-4, o [165]; KD3AsO4 — 5, & [L65]. Lines are the theoretical results;
dashed lines are the theoretical curves of [93] for KH3PO,.

6 2
x 10 € esu/cm

25 T

1 3

250 300 T,K

Figure 28. The temperature dependence of the coefficient of piezoelectric
stress €36 of KH2P04 - 1, u] [139], K(H0.12D0,88)2P04 - 2, [¢] *d36
[140]/86EG [166], RbH2P04 — 3, o *d36 [140]/86EG [166], KHQASO4 - 4, O —
dse /st [165]; KD2AsO4 — 5, & —dse/st; [165]. Lines are the theoretical
results; dashed lines are the theoretical curves of [93] for KH2POy.
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d14' esu/dyn

10°}
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Figure 29. The temperature dependence of the coefficient of piezoelectric
strain d14 of KH2P04 - 1, A [1()7], K(H0712D0788)2P04 - 2, L} [140],
RbHoPO4 - 3, o [140], KH3AsO4 — 4, ¢ [165].

2
e esu/cm
10°} \
.
10't 4 .
1) 3
2
10°}F E
1 1 1 1 1 1

1 1
80 100 120 140 160 180 200 220 240 260 280 T,K

Figure 30. The temperature dependence of the coeflicient of piezoelectric
stress eq4 of KH2P04 - 1, A — d14 [1()7]/554 [139], K(H0712D0788)2P04
~ 2, m —dyy [140]/sE, [132], RbHoPOy — 3, o — dyg [140)/s%, [132],
KHyAsOy4 — 4, o — d14/S4E4 [165]

céEG goes to zero in KHoPO, and RbHyPO4 and have some finite val-
ues in other crystals. The temperature dependence of c%; does not have
anomalies at the transition point. With increasing = the values of the
elastic constants slightly decrease.

Hence, the proposed theory, as see in figs. well describes the
experimental data for the static dielectric, piezoelectric, and elastic char-
acteristics of the KHyPOy4 type crystals.
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Figure 31. The temperature dependences of the elastic constants cE of
KH2P04 (1) and K(H0712D0788)2PO4 (2) o [139], o [168], A [169],
o 1/sk [166], « [139], = [166].

10 2
x 10" c.., dyn/cm
8 786 Y T
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80 100 120 140 160 180 200 220 240 260 280 300 320 T, K

Figure 32. The temperature dependence of the elastic constants cgy
of different crystals: KHoPOy4 — 1, o [139], o [I68], o [169];
K(H0.12D0,88)2P04 - 2, [¢] *1/86Eﬁ [166], RbH2P04 - 3, [¢] *1/86Eﬁ [166],
KHyAsOy — 4, ¢ —1/sk; [165]; KD2AsO4 — 5, ¢ —1/sk; [165]. Lines are
the theoretical results; the dashed line is the theoretical curve of [93] for
KH>PO,.

7.2. Dynamic longitudinal and transverse dielectric permittivi-
ties

Let us calculate the longitudinal dynamic characteristics of the me-
chanically free crystals of the KHoPOy type cut as square plates [ x [
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(I =1 mm) in the (0,0,1) plane.
In figures [33H36] we showed the frequency dependences of the real

€3 €
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Figure 33. The frequency dependences of the real and imaginary parts
of the dielectric susceptibilities of free and clamped KHoPOy crystals at
different AT, K: 1 -5,2 - 10, 3 — 50.

and imaginary parts of the dielectric susceptibilities of free and clamped
MH3XOy4 crystals in the paraelectric phase at different temperatures.
In the frequency range 3 - 10°-3 - 108 Hz the susceptibility of MH>XO4
has a resonant dispersion, with numerous peaks at frequencies where
Re(Rg(w)) = 0 or Re(kgl/2) = 7/2(2n + 1). Taking into account the
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Figure 34. The frequency dependences of the real and imaginary parts
of the dielectric susceptibilities of free and clamped KDsPO, crystals at
different AT, K: 1 -5, 2 — 10, 3 — 50.

dispersion law (5.8)), we find an equation for the resonant frequencies

E
wn:w(2n+1) Ciﬁ’
! p

where it has been taken into account that in the frequency range 5 - 10°—
5-10% Hz ¢k (w) is practically frequency independent. The resonant fre-
quencies are inversely proportional to the sample dimensions. The dashed
lines in figs. correspond to the low-frequency limit of the clamped
susceptibility. With increasing frequency and temperature AT the am-
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Figure 35. The frequency dependences of the real and imaginary parts
of the dielectric susceptibilities of free and clamped RbH>PO, crystals
at different AT, K: 1 -5, 2 - 10, 3 — 50.

plitudes of the resonant peaks decrease. With increasing temperature
AT the last resonant peak shifts to higher frequencies. A similar multi-
peak resonant dispersion is observed in the ferroelectric phase. Above
the resonant frequencies the crystal is clamped by the high-frequency
field; the permittivity of a clamped crystal has a relaxational dispersion
above 10 Hz. At w — 0 we get the static dielectric permittivity of a free
crystal.

Let us analyze the calculated temperature and frequency de-
pendences of the dynamic characteristics of mechanically free
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Figure 36. The frequency dependences of the real and imaginary parts
of the dielectric susceptibilities of free and clamped KH2AsO, crystals
at different AT, K: 1 -5, 2 - 10, 3 — 50.

M(H;_,D,)2XO0, crystals cut as square plates with sides I = 1 mm
in the (1, 0, 0) plane.

The frequency dependences of real and imaginary parts of the dielec-
tric permittivity €9, of KHoPOy4, RbHaPOy, and KH2AsO4 at AT =5 K
are shown in fig. BZ In the frequency range 10 — 10 Hz the suscep-
tibility has a resonant dispersion.At w — 0 we get the static dielectric
permittivity of a free crystal. The dashed lines in fig. 7] correspond to
the low-frequency limit of the clamped susceptibility. Above the reso-
nant frequencies the crystal is clamped by the high-frequency field; the
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Figure 37. The frequency dependences of the real and imaginary parts of
the dielectric permittivity of free KHoPOy (1), K(Hg.07Do.93)2PO4 (2),
RbH2PO4 (3), KH2As04 (4) crystals at AT=5K.

permittivity of a clamped crystal has a relaxational dispersion above
10° Hz.
The dashed and solid lines in fig. B8 correspond to the tempera-
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ture dependences of e53(w, T') and 45 (w, T') calculated without and with
taking into account the piezoelectric coupling, respectively. It should be

10° ——
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10"

1
N
L

L L
-20 0 20 40 60 80 AT, K -20 0 20 40 60 80 AT, K

Figure 38. The temperature dependence of 45 and ¢4, of KHoPOy at
different frequencies v (GHz): 9.2 -1, ¢ [I70]; 154.2 - 2, o [I71]; 372
-3, o [I71]; 800 — 4. Symbols are experimental points; the lines are the
theoretical values.

mentioned that when the piezoelectric coupling is taken into account,
the minimal values of e4;(w) at AT = 0 and at different frequencies are
smaller than when the piezoelectric coupling is neglected; it accords with
the experiment.

8. Modified proton ordering model for the ND,D,PO,
type crystals

We consider a system of deuterons moving on O-D-...-O bonds in
deuterated crystals of the ND,DoPO4 type. primitive cell of such a crys-
tal is composed of two neighboring PO, tetrahedra together with four
hydrogen bonds attached to one of them (”A” type tetrahedra). Hy-
drogen bonds going to another (”B” type) tetrahedron belong to four
nearest structural elements surrounding it (see fig. 39). The deuteron
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configuration of the ground state in ND4DsPQOy is shown. The sponta-
neous polarization in these crystals is zero due to antipolar ordering of
dipole moments of hydrogen bonds. If an external electric field is applied
along the crystallographic axes a, b, or ¢, then the different from zero net
polarizations are induced.

@1 Yy
1 2
2 ®=
X
®= 2 ®
2 1 @
1

Figure 39. The primitive cell of the ND4DoPOy: ®, @)7 @)7 (4) are the
bonds numbers; 1,2 are the deuteron equilibrium sites. One of possible
antiferroelectric deuteron configurations is shown..

The model Hamiltonian of the deuteron subsystem of ND4D;POy4
with taking into account the short-range and long-range interactions, in
presence of mechanical stresses o5 = 0, and o4 = 0y, as well as ex-
ternal electric fields F3 and FE7, directed along the crystallographic axes
c and a, consists of the “seed” and pseudospin parts. The “seed” energy
corresponds to the lattice of heavy ions, and it is not explicitly dependent
on the deuteron subsystem configuration. The pseudospin part takes in-
to account the long-range (f[long) and short-range (f[s;wmg) interactions
between the deuterons near the POy tetrahedra and the interaction with
the electric fields F; and F3. Hence,

N A A g
H = NUseed + Hlong + Hshort - Z(,UflEl + ,Uf3E3)%f7 (81)
af

where NN is the number of the primitive cells; o4 is the z-component
pseudospin operator, describing the state of a deuteron in the g-th cell
on the f-th bond. Two eigenvalues of the operator o,y = +1 are assigned
to two equilibrium positions of a deuteron on the bond. Effective dipole
moments of the primitive cell along the crystallographic axes per one
deuteron bond have the following symmetry

13 = K13 = H23 = HU33 = [443, M1 = —p11 = 431, p21 = pa1 = 0.
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The “seed” energy Useeq is expressed in terms of the electric fields
FE{ and FEj3, as well as strains ¢;, €4, and eg. It consists of the elastic,
piezoelectric, and dielectric contributions

1 1
Useed = U(§C4E40€421 + §C6EGOE% — 6?4E4E1 — 63666E3 —
1 1
SN - SXRED), (32)

where v is the primitive cell volume; ¢, ¢f), cff, 94, €96, X35, X3
are the “seed” elastic constants, piezoelectric coefficients, and dielectric
susceptibilities. The “seed” characteristics determine the temperature de-
pendences of the corresponding physical characteristics far from the tran-
sition temperature T .

The dielectric, piezoelectric, and elastic characteristics of the
ND4D2POy4 type crystals will be explored using the thermodynamic po-
tential. Taking into accounts the peculiarities of the crystalline struc-
ture of ND4DsPQy, to find the thermodynamic potential we shall use
the four-particle cluster approximation [90]. In this approximation the

thermodynamic potential of ND4D2POy reads

1 (oqf) (og' 1)
= NU,e, L () af q _ )
G U d+2g,ij(qq) 5 5 (83)
1
1 4
_§T Eq fg_llnzlf -T Eq 1171Z4—N’17(0'4€4+0686),

1) R
where 7 ¢ = Spe_'Bqu , Ly = Spe_BHf§4) are the single-particle and four-

)

particle partition functions. The single-particle flé} and four-particle

]?1154) Hamiltonians of strains ND4DsPOy crystals are given by the ex-
pressions

g _ 1% 1. %4 1 %)
qul’ :Fﬁzzrq 5 :FB 13 5 +ﬁz 5 (84)
w_ 1% 1. % 1%
qu :I:ﬁzzrq 5 :I:Bx24 5 —I—ﬁz 5
A Oad 014 Oq1 0q3
@ — (Qat | 014 (_L L) _
5 <2 +5 e 5 t5 )t (8.5)
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Oq1 0¢q2 Oq4 Oq1 0¢3 Oq4
2 (60 — & ( q LL_LL_)
+2( 14) €4 5 5 9 5 5 +
+ (_556 — 2516) £ X
(E@@ Oq1 9¢2 0¢4 | Tq1 943 Tq4 @@%)Jr

~45 ~4q
2 2 2 2 2 2 2 2 2 2 2 2
943 Ta4

Og1 O¢g2
V. + 6, (LL )
+(Va + dases) 55 T o)t
0q2 0¢3 Oq4 Oq1
V. — 6., (LL %q4 q)
+( 6€6) 5 2+2 ) +
Og1 0g3 2 Og4 0q1 0¢q2 0¢q3 Og4
U(LL %942 q) o, 291 %92 943 Tg4 _
+ 2 2 2 2 )T 2 2 2 2

2 2 2 2

1 Oq1 qu) 1 (qu O'q4)
ﬁ‘m( 2 T2 ) T\ T

1 (O'q1 0q2 0¢3 O'q4)

1 Oq1 0q2 043 Oq4
—Tq

o T T Ty

Here we use the following notations

1 1 1 1
Vo=5e—gun  Ua=gedgun,  Oo=2"—8u'+ 2uy,
g =cs—€q, W =e1—¢€, W =¢e0—cq,

where €4, €4, €1, €9 are the configurational energies of deuterons near a
PO, tetrahedron, whereas €', w', w} are the antiferroelectric energies of
the extended Slater-Takagi model [90];

2 = B(=Dae™ 0 + 20, (k7D 2,
z13 = B(—A13 + 2Va(0)77%)x + 29464 + 1 En),
T4 = B(—Aos + 2Va(0)77§1)w),
z= ﬁ(—Ac + 20(0)n'™)* — 2g6 + pa ),
= _BA eikzaq _’_xq,
T1s :—/BAI% —l—Il’a EZ—ﬂAC—I—Z,
where

4V2(kz) _ Jll(kz) _ JlS(kz)a Jff’ kz Z Jff’ qq kz(aq—aq/)7

aq—a ’

4V2(0) = Jll(O) — J13(0), 41/2(0) = Jll(O) + 2J12(0) + J13(O),
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where k* = 1/2(b; 4+ b2 + bs), by, ba, bs are vectors of the reciprocal
lattice; e @ = +1, 94, g are the deformational potentials; Aq, Aqs,
Aoy, A, are the effective fields created by the neighboring bonds from
outside the cluster.

If the crystal is free from external fields and stresses, then

N = —(01) = (02) = (03) = ~(oa) =

dx

1
5(sh2x+2bsh:c), (8.6)

1 1 (1)
D=a+ch2r+d+4abcha+1, z=clng +"(1) Bra(k*)n'.

a:eiﬁsl, b:efﬁwl, d=e P,

In contrast to the ferroelectric KDo,POy4 type crystals, where the en-
ergy of the up/down configurations ¢ is the lowest configurational en-
ergy of deuterons around a PO, group, in the ND4DsPO4 type crystals
the lowest is the energy of the lateral configurations ¢,. In addition, in
these crystals the character of deuteron ordering and symmetry of their
distribution functions are also different.

9. Dielectric, piezoelectric, and elastic characteristics
of the ND,D,PO, type antiferroelectrics

9.1. Longitudinal dynamic dielectric susceptibility

The procedure that can be used to find the dynamic characteristics of the
ND4D2POy4 type crystals is analogous to the presented above procedure
for the KDoPOy type crystals [I13}[114]. Therefore, here we give only
the find results.

The expression for the longitudinal dynamic susceptibility of a me-
chanically free ND4DoPOy type crystal reads [115]:

1 eds(w)
o 15 36
= —_— . 9.1
X353 (w) = x33(w) + R(@) & () (9.1)
where ) ) "

— = = tan 2, ]%:M,

In (@) longitudinal dynamic susceptibility of a mechanically
clamped crystal is

ﬂ 2
(@) = x58 + 2O (), 9.2)
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ese(w) = €36+

BMB [ 2406 F Y (w )+5s6Fs(1)(W)—5a6F51)(w)+516F1(1)(w)}’ (9-3)
B 5o
ce6(w) = cgs + (9.4)
+461£6 {-WGF(”(C&) + 656 P (w) + 16 Y (w) — 5a6F¢§1)(W)} -
v
7
A5 a0+ 6+ 00 ) 5 )] +
v
+4f$6 fo— % {5 a + 6364 + 624(1 + cosh 22) |,

where we use the following notations

(iw)?r® + (iw)r® 4 70
(iw)? + (iw)?ra + (iw)r1 + 70’
(m)%f’ + (zw)rgl) + 7
(iw)? + (iw)?rz + (iw)r1 + 70’
: @) 4 (1) 4 ,.(0)

F(l)(w) _ ( ) ( ) +7a
(iw)? + (iw)?ry + (iw)r1 + 1o
0
2+ (i)t 1y

FO(w) =

FO(w) =

S

W,y = ()
i) = (iw)3 + ( w)?ry + (iw)r1 + 70’

whereas the expressions for 7, ..., rgo) are given in [I72].

2. Transverse dynamic dielectric susceptibility

The transverse dynamic susceptibility of mechanically free ND4DoPOy
crystal reads [I73]:

—
)
=N
'S
—
&
~

XTi(w) = xi1(w) + (9.6)

=
B
£
o
(NS
£

dx
1 2 kql w\/ﬁ
tanh — k
Ra(w)  kal 27 T B W)

In ([@0) the transverse dynamic susceptibility of a mechanically clamped
crystal is

gha L
X @) =38 + o5 = [P @) + FO W) (9.7)
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ers() = e+ 2 L [FO () + FO @)+ (9.5)
o[ P @) + FUL@)] + 8aa [FEL @) + FGL )]}
i) = B0 20 [t 1) 4 Buay 4 )] + 99)
+{—21_}—2§j‘+ 23"5(71) (154 + b)+8a4(%+1)]} x

x % {0 PO @) + PO )]+
Foua[FLD, @) + FE )] + ua [ @) + F )] } +
$ 2O 5 e 1) 4 o - )]

7 {9 [ FV @) - FO )|+
+514[F1”< ) = FL@)] + o[ FGL (@) = FEL )] | +
%(SM sinh 2243142 sinh a:) -
[Sg4(cosh 27 + 1)+5f42bcoshx} .

+

2
vDT

Here we use the following notations

F(l)(w) _ (iw)4n(4) + (iw)3n(3) + (iw)Qn@) + (iw)n(l) NG
' (iw)? + (iw)*na + (iw)?ng + (iw)*ng + (iw)n1 +no’
F(l)( ) = (iw)Zm(z) + (iw)m(l) + m
— (’Lw)?’ + (iw)2m2 + (%U)ml + mO,

. 4 . 3 . 2 1 1
(iw)'n{y + (iw)*ni?) + (iw)*ni? + (iw)nfy +nfy

(9.10)

Fiih (@) =
L+ (1w)® + (iw)*ng + (iw)3ns + (iw)2n2 + (iw)ny +ng’
. 2 1 0
FO () = (iw)?m? + (iw)m{y) +mY
1= (iw)3 + (iw)2msg + (iw)my + mo’
PO () = (iw)*n® + (iw)*n8) + (iw)2n? + (iw)ny) + n'Y
adt (iw)® + (iw)*nyg + (iw)3ng + (iw)2ne + (iw)ny +ng’
(iw)2mfl2) + (iw)m( )+ m(o)
Foil () = ;

(iw)3 + (iw)2ms + (iw)my1 +mg’

whereas the expressions for n(¥, ..., mq are given in [I73].
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9.3. Static dielectric, piezoelectric, and elastic characteristics

In the static limit w — 0 in (@2)-@4), @7)-(@3), we obtain the isother-
mic static dielectric susceptibility of a mechanically clamped crystals,
piezoelectric coefficient, and elastic constant at constant field in the fol-
lowing form

2
€ €0 H3 26
= = 9.11
X33 = X33 T vﬁD—2%6<pQ’ (9.11)
2 b
e 0, M1 1 2
= — 9.12
Xi = Xu Ve oT [D —2500) D 2%2902(0)} (9:12)
0 B3 , =25 + fo
= 2—fB—"——"= 9.13
€36 €36 + v BD — 2%6(,0707, ( )
w1 P43} — Gas — 0145 Pasey — Saare — 8143
v T D — 25201(0) D — 25004(0) ’
(B oo Ve B(—tors + fo) ABplfs
66— 66 v D — 2300 vD(D — 23507
2
—%(556417 chx + 0%a + 6252 ch® ). (9.15)
2 s — (Bus + s
o, = oo~ Zoatazd = Qoa + D) (9.16)

oI D= 24¢i(0)
. 4p"(0) (8qa + 0145¢") (0qa2e + 014543) 3
oT D[D — 25¢3(0)]
_2_1/34 1/;4%2 - (Sa4% + 514%3)
oT D — 25604 (0)
_ 4903 (O) (5a4 + 514%1))(&14% + 514%3)
ol D[D — 252¢4(0)]

2 - ;
5 |32a(ch 20 4+ 1) 4 53,20b, chx} n

+ (8aa sh 2z + §142bby sh)?,

2
vD2T
»xg =a+bchuz, %11; =1+bchuz,

x* =bchur, f6 = ds¢a — 6162bchx;

s = x+ %3 =ch2x — 77(1) sh2x 4+ bchx — n(1)2bshx,

1 1
?a(0) = ——m3 + 0va(0), ¥l = 1,02 + Bre(0).

1—n
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Using the known relations between the elastic, dielectric, and piezo-
electric characteristics of the ND4D3PO, crystal, we find, just like we
did for KD2POy, the other thermodynamic quantities, such as x93, x7;,

P P
hse, hi4, d3e, d14, 936, 914, Cggs Cas-

10. Comparison of the numerical results with experi-
mental data

Let us analyze the results of numerical calculations of dielectric,
piezoelectric, and elastic characteristics of the NHy;HoPO,4 (ADP) and
ND,D2PO, (DADP) crystals and compare them with the corresponding
experimental data. It should be noted that the developed in the previous
sections theory, strictly speaking, is valid for the DADP crystals only.
But taking into account the effect of tunneling suppression by the short
range correlations, we shall assume that the proposed in the two previous
sections theory is valid for ADP as well.

In order to calculate the temperature dependences of the physical
characteristics of ADP and DADP crystals in the paraelectric phase,
obtained within the developed theory, we need to set the values of the
following parameters:

- energies of proton and deuteron configurations €5}, w'y, €9, w'3;

- long-range interaction parameters v%;(0), v95(0), 12, (0), v2,(0);

- deformational potentials g, dsg, 016, Oa, 0145 Va4, Oad, O14;

- effective dipole moments usg, psp, p1e, H1D;

- “seed” static dielectric susceptibility x53, x59, piezoelectric coeffici-
ents €3, €Y, elastic constants c£?, .

In order to determine the listed above parameters we used [172,173]
the experimental data for the temperature dependences of the calculat-
ed physical characteristics of the ADP and DADP crystals. The fitting
procedure is analogous to that for the KHyPOy4 crystals. The optimum
set of the parameters used in numerical calculations of the physical char-
acteristics of the considered crystals is given in Table 2.

In calculations the primitive cell volume v was taken to be equal to
0,2110-:1072* em3 for ADP [174], and v = 0,213:10~2! cm? for DADP
[175].

Since most of experimental data for the calculated physical character-
istics of the DADP type antiferroelectrics are available only for the para-
electric phase, the numerical calculations will be performed for 7" > Ty
only.
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Table 6. The sets of the optimum model parameters for ADP and DADP

7 7 0 0
T | o | % [ 452 | 75, |, 10718 s, 107715, X805 | X35
KN (K)| (K) | (K) | (K) |(esu-cm)|(esu- cm)
ADP |148] 20 |490,0]-40,00|-10,00] 6,45 210 ]0,70]0.23
DADP|240(78,8|715,4|-54,70|-17.35| 7.29 2,75 10,58(0,34
;/’—; % % 6(1)4,104 cf40~10710
(K)| (K)|(K) |(esu-cm?) | (dyn/cm?)
ADP (120] 94 | 82 250 8.9
DADP(225/100(100| 3000 9.0
(K) | (K) | (K)| (K) | (esu/cm?) | (dyn/cm?)
ADP |-160{1400|100|-300{ 10000 7.9
DADP|-200{2000{200|-100| 28000 7.6

Bong Rlong Ptransv Rtransu
() [ /K] () | (s/k)
ADP | 0,38 0,0090| 0,95 |0,0110
DADP| 6,72]0,0090 5,90 | 0,0032

10.1. Static dielectric, piezoelectric and elastic characteristics

Let us discuss now the results of calculations of the physical charac-
teristics of ADP and DADP crystals within the proposed theory and
compare the obtained results with the corresponding experimental data.
In figure[ @0 along with the available experimental data we plot the calcu-
lated temperature dependences of the transverse and longitudinal static
dielectric permittivities of ADP (a) and DADP (b) antiferroelectrics. It
can be seen, that the calculated €9, and €5, practically coincide (the
difference is less than 0.02%), that agrees with the experimental data.
At the same time €93 is by ~ 18% larger than e§3; this difference does
not depend on temperature.

In figure 1] we plot the temperature dependences of the piezoelectric
coefficients of the ADP and DADP crystals along with the experimental
data. The coefficients dsg and esg are finite at T' = Ty and decrease with
further increase of temperature. It should be noted that with increasing
temperature AT from 0 up to 170 K the coefficient dsg of ADP becomes
2.1 times smaller, whereas esg halves. The values of the piezoelectric
coefficients dy4, €14 of N(H;_;D,)4(H1_2D2)2POy4 are of the same order

100 100 J]
=] &0
80 £0 1 80 11
11
2 0
60 1 60
40 1 40
(e)
(o] €
/ €q o o3
20f@ 1 20
£ e
833 33
0 0
0 50 100 150 AT,K 0 20 40 60 80 AT,K
a b

Figure 40. The temperature dependence of the the transverse and lon-
gitudinal static dielectric permittivities of ADP (a) and DADP (b): x
—I4a; o —-22); v —[142]; o - [133]; o , ¢ —[139]; o , =m , - [135].

X 10'6d”, esu/dyn

x 10%e., esu/cm?
8 1

16
14

12
10
8
6
4
2
06 50 100 150 AT,K 00 50 100 150 AT, K
a b

Figure 41. The temperature dependence of the piezoelectric coefficients
of ADP (1) and DADP (2) crystals: o , m — [I35]; o , @ — [139]; &
— [176].

as these characteristics of K(H1_,D;)2PO4.
The calculated temperature dependences of the elastic constants cﬂp
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and cf” of ADP (a) and DADP (b) along with the available experimen-
tal data are shown in fig.

% 10%° ¢, dynfem?  10'°C., dyn/cm?
0 i 10 i
5 o EP
O] 44
O 0o o, o—c
8 P
Ce6
6[00© O O0—0F;
Ces
4
2
0
0 50 100 AT, K 0 20 40 60 80 AT, K
a b

Figure 42. The temperature dependence of the elastic constants of ADP
(c) and DADP (d) crystals: o , = — [135]; o , @ — [I39]; & - [I76].

As one can see in figs. @042 the proposed theory provides a good
agreement with experiment for the thermodynamic characteristics of
ADP and DADP crystals.

10.2. Dynamic longitudinal and transverse permittivities

Let us analyze now the temperature and frequency dependences of the
calculated dynamic characteristics of mechanically free ADP and DADP
crystals, cut as thin square plates with sides [ = 1 mm in the plane
(0,0,1). Due to the lack of available experimental data, we are not able
to make a quantitative comparison of the theoretical temperature and
frequency dependences of the characteristics of a mechanically free crys-
tal in the piezoelectric resonance region with experiment. Depending on
the relation between the frequency v from the piezoelectric resonance
region and temperature AT, the temperature curves of the real and
imaginary parts of the dielectric permittivity of mechanically free ADP
and DADP crystal, one can observe one, two, or more resonance peaks.

In figure 43| for ADP at AT = 28 K and in figure 4] for DADP at
AT = 64 K we depict the calculated frequency curves of the real and
imaginary parts of the dielectric permittivity ess(w,T’) along with the
experimental data of [177]. At 106 — 10® Hz the permittivity has the
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40 10" 38
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Figure 43. The frequency dependences of the real and imaginary parts of
the dynamic dielectric permittivity of a free and clamped (dashed line)
ADP crystal at AT =28 K; O — [177].
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3OJ

20 |
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10 10° 10° 10" 10"V, Hz 10 10° 10° 10 10", Hz

Figure 44. The frequency dependences of the real and imaginary parts of
the dynamic dielectric permittivity of a free and clamped (dashed line)
DADP crystal at AT = 64 K; A — [I7T7[I7g].

resonance dispersion. At w — 0 we obtain the static dielectric permit-
tivity of a free crystal. The dashed line corresponds to the low-frequency
limit of the clamped permittivity. Above the resonances the permittivity
corresponds to a crystal clamped by the high-frequency field and has a
relaxational dispersion.

Let us analyze now the temperature and frequency dependences of
the calculated dynamic characteristics of mechanically free ADP and
DADP crystals, cut as square plates with sides [ = 1 mm in the plane
(1,0,0).

In figures 5] and (6] we show the frequency dependences of the real
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and imaginary parts of the dynamic dielectric permittivity €11 of ADP
at AT = 35 K and DADP at AT = 62 K. In the frequency range

11

79.7 10> 4
0
79.68 10
-2
79.66 J 10
- -4
79.64 10
-6
79.62 10
-8
79.6 4 6 8 10 12 10 4 6 8 10 12
10" 10° 10®° 10° 10"V, Hz 10" 10° 10° 10° 10"V, Hz

Figure 45. The frequency dependences of the real and imaginary parts
of the dynamic dielectric permittivity 17 of a free and clamped (dashed
line) ADP crystal at AT =35 K, o [I71].

e
712 10° 4
0
70.5 10
107
70
10
69.5 y
10°°
69 4 6 8 10 12 1078 4 6 8 10 12,
10 10° 10° 10 10"V, Hz 10 10° 10° 10 10", Hz

Figure 46. The frequency dependences of the real and imaginary parts
of the dynamic dielectric permittivity 17 of a free and clamped (dashed
line) DADP crystal at AT =62 K, a [I77[178].

10% — 108 Hz the resonance dispersion is observed. At w — 0 we ob-
tain the static dielectric permittivity of a free crystal. The dashed line
corresponds to the low-frequency limit of the clamped permittivity. The
resonance peaks of €7, are also very small. Above the resonances, the
crystal clamping by the high-frequency field is observed; the dielectric
permittivity of the clamped crystal has a relaxational dispersion above
10° Hz.
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11. Electromechanical coupling coefficient

In figure 47 we show the temperature dependence of the electromechani-
cal coupling coefficient k3 = (35 — €53)/e3; for different crystals of the
KDP family. k2 has a maximum at the transition point and drops at
moving away from T, especially in the ferroelectric phase. In ADP and
DADP k3 has a maximum at 7' = Ty at decreases slowly with increas-
ing temperature. At AT ~10K the magnitude of k3 in ADP is much
larger than in RDP. The frequency dependence of the real part of the

k2
1
0.81
41 1 3
061
0.4r
0.21

O L n
50 100 150 200 250 300 T,K

Figure 47. The temperature dependence of the electromechanical cou-
pling coefficient k? = (7 — &) /e? of KDP (1), DKDP (2), RDP (3),
KDA (4), DKDA (5), ADP (6), DADP (7) crystals.

electromechanical coupling coefficient k2 (v) = (e%5(v) —€53(v)) /35 (v) of
KDP at AT=5K is shown in fig. @8 At frequencies below the piezoelectric
resonance frequency, where the crystal is mechanically free, k3(v) ~ 0.4,
whereas at frequencies where the crystal is clamped, k3 (v) ~ 0.

To estimate the piezoelectric coefficients and elastic constants of the
KDP family crystals, we calculate the presented in fig. tempera-
ture dependence of the difference £g; — 55 = 4mesedss = 4medg/cly =
drdiscE.

The results of this section indicate that the presence of piezoelec-
tric coupling in the KHoPO, family crystals gives rise to the difference
between the dielectric permittivities of mechanically free and clamped
crystals, non-zero piezoelectric coefficients, and piezoelectric resonance.
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Figure 48. The frequency dependence of the real part of the electrome-
chanical coupling coefficient k% = (¢(w) — £5(w))/e%(w) of KDP at
AT=5K.

e e e —
80 100 120 140 160 180 200 220 240 260 T, K

Figure 49. Temperature dependence of the difference €7 — ¢ of KDP
(1), DKDP (2), RDP (3), KDA (4), DKDA (5), ADP (6), DADP (7)
crystals.
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Unfortunately, there was no similar theoretical or experimental studies
carried out for the disordered compounds of the Rby_,(NHy),HoPOy
type. Principally important is to explore the permittivities e45(vT') and
e (vT) in wide temperature and frequency ranges, in order to estimate
the electromechanical coupling coefficient and the difference between the
permittivities of free and clamped crystals, which would indicate that the
piezoelectric coefficients in these systems are different from zero.

The measurements of dielectric, piezoelectric, and elastic characteri-
stics of the compounds of this type were carried out (by L.M. Korotkov
and his group). Below we give some of the obtained results for the lon-
gitudinal dielectric permittivity (fig. B0) and coefficients of piezoelectric
strain (fig. [B1)) dsg of the Ky, (NHy),H2PO,4 compounds. The obtained

10

10

107

10°F

10 ‘ ‘ ‘ ‘ ‘ ‘ ‘
60 80 100 120 140 160 180 200 220T,K

Figure 50. The temperature dependence of the dielectric permittivity of
clamped (e53) (curves 1,5) and free €5 (17,2°,3°,4",5”) K1, (NHy4),H2PO4
crystals at different z: 0.0 - 1, 17, o , [I39], ¢ , [Koporkos] 1’, A [139];
0.09 — 2, ¢ , [Koporkos|; 0.12 — 3’, ¢ , [Koporkos|; 0.24 — 4’, ¢ ,
[Koporxkos|; 1.0 — 5, e [139], 5°, o [139], o [I33].

results along with the available structural data confirm our assumption
about non-centrosymmetric structure of the K1-x(NH4)xH2PO4 type
systems. They form a basis for development of a consistent statistical
theory of the K1-x(NH4)xH2PO4 type systems that takes into account
the piezoelectric coupling.
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Figure 51. The temperature dependence of the coefficient of piezoelectric
strain dsg of KDP — 1, o [139], v [163], > [I64]; ADP — 2, o, [139).
O, 4 — [Koporkos].

12. Conclusions

In the framework of the four-particle cluster approximation for the short-
range interactions and the mean field approximation for the long-range
interactions, we explored the free energy, a system of equations for
variation parameters, expression for spontaneous polarization, Edwards-
Anderson parameter, molar specific heat, longitudinal and transverse
dielectric permittivities of the Rb;_,(NHy),HoPO,4 type compounds for
all compositions x. The theoretical results are compared with experi-
mental data.

In the ferroelectric phase composition region the spontaneous polar-
ization decreases with increasing x and vanishes at the transition to the
glass phase region. The molar specific heat of the Rb;_,(NHy),HoPOy
type compounds in the regions of the ferroelectric and antiferroelectric
phases has jumps, which vanish at the transition to the glass phase. The
Edwards-Anderson parameter is different from zero at all compositions
0 < x < 1 and temperatures, which is explained by the internal random
deformational fields

For the Rby_,(ND4),D2PO,4 mixture the proposed theory satisfacto-
rily describes the temperature curves of the real and imaginary parts of
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the longitudinal and transverse permittivities in the regions of “pure”
phases (x ~ 1, 0.5, 0). At the same time, for Rb;_,(NHy),HoPOy,
Rby_,(NHy),H2AsOy4, K;_,(NH,),HaPO, at low temperatures in the
glass phase composition region the theory incorrectly describes the shape
of the imaginary part of the permittivity curves €/ (T,v) (the theo-
retical peak is too narrow and too high). This is partially caused by
the neglected within the Glauber approach tunneling of protons, which
plays an essential role in the dynamic processes in these systems at low
temperatures. It is established that in this model the dynamics in the
proton glass composition region is of the Debye relaxation type only at
high temperatures. In our model the temperature curves of the aver-
aged relaxation times for longitudinal and transverse permittivities for
proton-glass composition region at 7' — 0 are close to the Arrhenius law.
The phase diagrams constructed using the calculated dielectric charac-
teristics are close to the experimental ones.

Absence of reliable experimental data for the physical characteristics
of the Rby_,(NHy),H2POy4 type proton glasses in a wide composition
range creates large difficulties for verifying the validity of the proposed
theory. Possible further improvement of the theory of proton glasses
also requires reliable experimental data for the temperature dependences
of all calculated characteristics of these crystals in a wide composition
range.

Using the proposed modified proton ordering model with taking into
account linear over the €6 and &4 strains contributions into the ener-
gy of the proton system but without tunneling, within the framework of
the four-particle cluster approximation we calculate the dielectric, piezo-
electric, elastic, and dynamic characteristics of the KHoPOy4 type ferro-
electrics and NH,H>PO, type antiferroelectrics. A thorough numerical
analysis of the dependences of the calculated physical characteristics of
the crystals on the values of the model parameters is carried out. The op-
timal sets of the values of these parameters are found for the considered
crystals; it allowed us to properly describe the available experimental
data. The physical characteristics of partially deuterated crystals is per-
formed within the mean crystal approximation.

With taking into account the piezoelectric coupling we obtained the
expressions for the susceptibilities of mechanically free and clamped crys-
tals, piezoelectric coefficients, and elastic constants. The calculations of
the temperature dependences of these characteristics confirm the ex-
perimentally obtained significant difference between the values of €45
and €55 in the K(H;_,D;)2POy4 type crystal and the very small differ-
ence between these quantities for ADP and DADP. On the other hand,
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the values of €, and €3 in the ferroelectric compounds of the KH2PO4
family almost coincide.

It has been shown that the minimal value of e45(w) at different
frequencies is larger when the piezoelectric coupling is taken into ac-
count than when it is neglected, which is consistent with experiment.
The dispersion frequency of e33(w) in the ferroelectric compoundsof the
KH3PO, family increases with incrasing . The phenomena of crys-
tal clamping and piezoelectric resonance in the considered crystals have
been described for the first time.

It has been established [I0THIO3|[I79] that taking into account
the piezoelectric coupling weakly affects the spontaneous polarizati-
on and molar specific heat of partially deuterated ferroelectrics of the
K(H;-.D,)2POy4 type. It should be noted that tunneling hardly influ-
ences the dielectric, piezoelectric, and elastic characteristics of the consi-
dered crystals, but essentially changes the difference between the Curie
and Curie-Weiss temperatures of a free crystal.

13. Acknowledgement

The authors acknowledge support from the State Foundation for Funda-
mental Studies of Ukraine, Project “The phase transitions and physical
properties of the KHyPO4-NH4H5PO, systems with competing ferro-
electric and antiferroelectric interactions” No. F40.2,/099.

References

1. Courtens E. Competing structural ordering and transitions to glass
in mixed crystals of Rby_,(NHy4),H2POy4. //J. Phys. (Paris) Lett.—
1982.— Vol. 43.— 1.199.

2. Nagata T., Iwata M., Orihara H., Ishibashi Y., Miura Y., Mamiya
T., Terauchi H. Measurement of Nonlinear Dielectric Constant in
Rb;_,(NHy),HaPOy4 Mixed Crystals. // J. Phys. Soc. Jpn. — 1997.
— Vol. 66, N 5. — P. 1503-1507.

3. Takashige M., Terauchi H., Miura Y., Hoshino S., Nakamura T. Di-
electric Dispersion of Rb; ., (NHy),HoPOy. // Jap. J. Appl. Phys.—
1985.— 24 Suppl. 24-2— P. 947-949.

4. Tida S., Terauchi H. Dipole-Glass Phase in Random Mixture of Fer-
roelectric and Antiferroelectric Rby—,(NHy),HoPOy. // J. Phys.
Soc. Jpn. — 1983. — Vol. 52. — P. 4044-4047.

5. Courtens E..Scaling dielectric data on Rb;_,(NHy),HoPOy struc-

ICMP-11-13E 99

10.

11.

12.

13.

14.

15.

16.

17.

tural glasses and their deuterated isomorph// Phys.Rev. B.— 1986.—
Vol. 33,N4.— P. 2975-2978.

Samara G.A., Terauchi H. Pressure-Induced Suppression of the
Proton-Glass Phase and Isotope Effects in Rby_,(NHy),HoPOy4 at
High Pressure. // Phys. Rev. Lett. — 1987. — Vol. 59, N 3. — P.
347-350.

Ko J.H., Kim B.G., Kim J.J., Fujimori H., Miyajima S. Anisotropic
glass freezing in rubidium/ammonium dihydrogen phosphate mixed
crystal and its deuterated analogue // J. Phys.: Condens. Matter.
—1995. — Vol. 14. — P. 4403-4410.

Miura Y., Takashige M., Terauchi H., Takano Y., Ishimoto H.,
Ogawa S. Dielectric Constant of Rbg o5(NHy).75 H2POy4 below 1K
// Jap. J. Appl. Phys. — 1985. — Vol. 24, Suppl. 24-2, P.950-951.
He P. Dielectric Dispersion in Rby_[N(Hi_yDy)4]s(Hi—yDy)2PO4
Mixed Crystal System. // J. Phys. Soc. Jpn. — 1991. — Vol. 60, N
1. - P. 313-323.

Banys J., Kajokas A., Lapinskas S., Brillingas A., Grigas J., Petzelt
J., Kamba S. Microwave and millimetre-wave dielectric response of
Rb1_,(NDy4),D2POy4 dipolar glass. // J.Phys.B. — 2002. — Vol. 14.
— P. 3725 -3733.

Courtens E., Vogt H. Observation of Freezing in a Structural Glass
over an Exceptionally Broad Range of Frequencies.// Z.Phys.B.—
1986.— Vol. 62.— P. 143-151.

Kutnjak Z., Pirc R., Levstik A., Levstik 1., Filipic C., Blinc R.
Observation of the freezing line in a deuteron glass. //Phys.Rev. —
1994. — Vol. 50, N 17. — P. 12421-12428.

Levstik A., Filipic C., Kutnjak Z., Levstik I., Pirc R., Tadic B., Bli-
nc R. Field-Cooled and Zero-Field-Cooled Dielectric Susceptibility
in Deuteron Glasses // Phys. Rev. Lett. — 1991. — Vol. 66, N 18. —
P. 2368-2371.

Kim B.G., Kim J.J. Relaxation-time distribution function of
deuterated dipole glass in the low frequency region. // Phys.Rev.B.
—1997. — Vol. 55, N 9. — P. 5558-5561.

Trybula Z., Schmidt V.H., Drumheller J.E., He D., Li.Z. Dielectric
measurements of proton-glass state in Rbg ¢5(NHy)o.35H2AsOy //
Phys. Rev. B. — 1989. — Vol. 40, No.7. — P.5289-5291.

Trybula Z., Schmidt V.H. Drumbheller E.J. Coexistence of proton-
glass and ferroelectric order in Rby_,(NHy),H2AsO4. // Phys.
Rev. — 1991. — Vol. 43, No. 1. — P. 1287-1289.

Kim S., Kwun S. Proton-glassy behavior in Rb;_,(NHy),HaAsO4
mixed crystal. // Phys. Rev. B. — 1990. — Vol. 42, No.1. — P. 638-




100

IIpenpunT

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

642.

Pinto J., Schmidt V.H. Spontaneous polarization in the deuterat-
ed and undeuterated proton glass Rb_,(NHy),HaAsOy // Ferro-
electrics. — 1993. — Vol. 141. P.207-213.

Gridnev S.A., Korotkov L.N., Shuvalov L.A., Rogova S.P.,Fedosyuk
R.M. Dielectric properties and x — T phase diagram of mixed
K;_,(NHy),HPOy crystals // Ferroelectrics Lett. — 1991. — Vol.
13. - P. 67-72.

Gridnev S.A. Dipolar glasses // Soros Educational Journal — 1998.
- No. 8. — P. 95-101. (in Russian)

Tu C.S., Schmidt V.H., Saleh A.A. Dielectric relaxation
and piezoelectric coupling in the mixed proton-glass crystall
K0,61 (NH4)0,39H2PO4 // PhyS. Rev. B. - 1993. — Vol. 48, No 17. —
P. 12483-12487.

Ono Y., Hikita T., Tkeda T. Phase transitions in mixed crystal
system Ky _,(NHy),H3POy4 // J. Phys. Soc. Jpn. — 1987. — Vol. 56,
No. 2. — P. 577-588.

Kwon O.J., Kim J.J. Proton glass behavior and phase diagram of
the Kq_,(NHy),HoPOy4 system. //Phys.Rev B. — 1993. — Vol. 48,
No. 9. — P. 6639-6642.

Cevc P., Zalar B., and Blinc R. EPR study of random field smearing
of the proton glass transition in TI** doped Rb;_,(NHy4),HaPOy.
// Solid state Comm. — 1989. — Vol. 70, N 4. — P. 461-464.

Kind R., Blinc R., Dolinsek J., Korner N., Zalar B., Cevc P., Dalal
N., DeLooze J. TI?* EPR study of the dynamics of the proton-
glass transition in Rby_,(NH4),HoPOy4. //Phys.Rev.B. — 1991. —
Vol. 43, No. 4. — P. 2511-2518.

Grinberg E.S., Izotov V.V., Efimov V.N. TI?T EPR with electric
field application study of ferro- and antiferroelectrics parts of mi-
xed Rby_,(NHy),HaPO4 system phase diagram // Ferroelectrics
Letters. — 1993. — Vol. 15, P. 61-68.

Smolyaninov I., Glinchuk M.D. The peculiarities of glass state for-
mation and the role of random elastic field in mixed crystal of the
KH5PO, family. // J.Phys.: Condens.Matter. — 1994. — Vol. 6. — P.
2869-2880.

Slak J., Kind R., Blinc R., Courtens E., Zumer S. NMR relaxation
study of the H-bonded glass Rby_,(NH4),HoPOy4 // Phys. Rev. B.
—1984. — Vol. 30, No.1. — P. 85-92.

Chen S., Ailion D.C., Laicher G. 3'P NMR spin-lattice relaxation:
Structural glass dynamics in Rb;_,(NDy4),D2PO4 // Phys. Rev.
B. - 1993. — Vol. Vol. 47, No.6, P. 3047-3052.

ICMP-11-13E 101

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Terauchi H. Dipole-glass phase in Rby_,(NHy),HoPOy4 // Ferro-
electrics. — 1985. — Vol. 64. — P. 87-96.

Cowley R.A., Ryan T., Courtens E. The structure of the glass phase
in Rby_,(NHy),HaPOy4 // J. Phys. C: Solid State Phys. — 1985. —
Vol. 18. — P. 2793-2798.

Hayase S., Sakashita H., Terauchi H. Temperature and concentra-
tion dependence of x-ray diffuse scattering in a random mixture
Rby_,(NHy),.HoPOy. // Ferroelectrics. — 1987. — Vol. 72. — P. 245-
256.

Yuzyuk Yu.l., Gregora 1., Vorlicek V., Pokorny J., Petzelt J. Raman
spectra of DRADP-50 dipolar glass // J. Phys.: Condens. Matter.
—1995. — Vol. 7. — 683-695.

Yuzyuk Yu.l., Gregora I., Vorlicek V., Petzelt J. Raman spectra of
DRADP-25 dipolar glass: evidence for the mixed ferroelectric-glass
phase // J. Phys.: Condens. Matter. — 1996. — Vol. 8. — P. 619-629.
Hattori T., Araki H., Nakashima S., Mitsuishi A., Terauchi H.
Temperature Dependence of the v, Band of PO, tetrahedrons in
Rb;_,(NHy),H2PO4 Mixed Crystals. // J. Phys. Soc. Jpn. — 1988.—
Vol. 57, No. 3.— P. 1127-1135.

Popkov Yu.A., Vankevych A.V., Shuvalov L.A., Fedosyuk R.M.
Phase states in mixed crystals K;_,(NHy4),HoPOy. Behaviour of
fully symmetric v; — oscillation mode of tetrahedra PO, // Low
Temperature Physics. — 1993. — Vol. 19, No. 2, C. 195-200. (in Rus-
sian)

Kim J.J., Shin HK. Raman study of Rby_,(NH4),HoP1_,As,O4
mixed crystal: order parameters in competing and frustrated inter-
actions // Ferroelectrics. — 1992. — Vol. 135. — P. 319-332.

Blinc R., Dolinsek J., Schmidt V.H., Ailion D.C. ND4
Deuteron NMR and the Smearing of the Glass Transition in
Rb1_,(NDy4),D2POy4 // Europhys. Lett. — 1988. — Vol. 6, No. 1.
— P. 55-60.

Chen S., Ailion D.C. NMR determination of the Edwards-
Anderson order parameter in the deuterated pseudo-spin-glass
Rb1_;(ND4),D2POy: Anisotropy and concentration dependence of
the NDJ deuteron second moment // Phys.Rev.B. — 1990. — Vol.
42, N 10. — P. 5945-5952.

Gridnev S.A., Korotkov L.N., Fedosyuk R.M. Edwards-Anderson
order parameter in proton glass of KDP-ADP system // Ferro-
electrics. — 1995. — Vol. 167. P. 15-19.

Seliger J., Zagar V., Blinc R. 17O NQR study of glass order in
Rbo.5(NHy)o5HoPOy4 // Phys. Rev. B. — 1995. — Vol. 52, No.17. —




102

IIpenpunT

42.

43.

44.

45.

46.

47.

48.

49.

50.

ol.

52.

93.

54.

12519-12521.

Grimm H., Parlinski K., Schweika W., Courtens E., Arend H. Neu-
tron scattering study of freezing in Rby_,(ND4),D2POy4 // Phys.
Rev. B. — 1986. — Vol. 33, No.7, P. 4969-4976.

Choi Y.S., Kim J.J. Coexistence of two universal relaxations in the
glassy freezing of a deuteron dipole glass. // Eur.Lett. — 2004. —
Vol. 65, No. 1. — P. 55-60.

Chamberlin R.V. and Haines D.N. Percolation model for relaxation
in random systems [dilute systems| // Phys.Rev.Lett. — 1990. — Vol.
65, N 17. — P. 2197-2200.

Chamberlin R.V. Non-Arrhenius response of glass-forming liquids.
// Phys.Rev.B. — 1993. — Vol. 48, No. 21. — P. 15638-15645.

Blinc R., Dolinsek J., Zalar B. Low temperature properties of pro-
ton and deuteron glasses // Z. Phys. B. — 1997. — Vol. 104. P.
629-634.

Sinitskii A., Schmidt V.H. Monte-Carlo stochastic-dynamic study
of dielectric response and nonergodicity in proton glass. //
Phys.Rev.B. — 1996. — Vol. 54, No.2. — P.842-848.

Moriya K., Matsuo T., Suga H., Terauchi H. Heat Capacities and
Phase Transitions of the (NHy),Rb;_,HoPO, System. // Jap. J.
Appl. Phys. — 1985. — 24 Suppl. 24-2. — P. 955-957.
Papantopoulos G., Papavassiliou G., Milia F., Schmidt V.H.,
Drumbheller J.E., Pinto N.J., Blinc R. Zalar B. "®As Nucle-
ar Quadrupole Resonance in Weakly Substitutionally Disordered
Rby_,(NHy),.H2AsO4 // Phys. Rev. Lett. — 1994. — Vol. 73, No.2.
- P. 276-279.

Korner N., Pfammatter Ch., Kind R. Soft mode, "Relaxor”, and
glassy-type dynamics in the solid solution Rby_,(NDy4),D2POy. //
Phys. Rev. Lett. — 1993. — Vol. 70, N 9. — P. 1283-1286.

Noh K.H., Kwun S., Yoon J.G. Study of the anisotropic dielectric
behavior of Rb; _,(NHy),HoPOy4 (2=0.15 and 0.17) mixed crystals.
// Phys. Rev. B. — 2000. — Vol. 62, P. 223.

Trybula Z. and Kaszynski J. Phase coexistence of hydrogen-bonded
mixed ferroelectric and antiferroelectric crystal. // Ferroelectrics.
—2004. — Vol. 298. — P. 347-351.

Eom J., Yoon J., Kwun S. Proton glass with remaining ferroelectric
order in Rb;_,(NHy),HoAsO4 mixed crystals // Phys. Rev. B. —
1991. — Vol. 44, No.6, P. 2826-2829.

Trybula Z. and Kaszynski J., Maluszynska H. Phase coexistence
of hydrogen-bonds K;_,(NHy),HoPOy crystal.// Ferroelectrics. —
2005. — Vol. 316. — P. 125-129.

ICMP-11-13E 103

95.

56.

o7.

o8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Korotkov L.N., Shuvalov L.A., Dielectric Relaxation in Mixed
Ferro-Glassy State in Solid Solutions of K;_,(NHy),H2PO,4 Type
// Ferroelectrics. — 2003. — Vol. 285. — P. 67-74.

Kaszynski J., Trybula Z., Maluszynska H. Dielectric Properties of
K;i_5(NHy),H2POy (x = 0:095) Crystal // Acta Physica Polonica
A. —2005. — Vol. 108, No. 1. — P. 103-106.

Lanceros-Mendez S., Schmidt V.H., and Shapiro S.A. Phase Co-
existence in the Deuteron Glass Rbg.9(NDy4)p.1D2AsO4 Proven by
Neutron Diffraction // Ferroelectrics. — 1999. — Vol. 223. — P. 203-
210.

Howell F.L., Pinto N.J., Schmidt V.H. Complex permittivity of the
deuterated and undeuterated proton glass Rby_,(NHy),HoAsOy
// Phys.Rev.B. — 1992. — Vol. 16, No.21. — P. 13762-13766.
Trybula Z. and Kaszynski J., Los Sz., Mielcarek S., and Trybula
M. Two relaxation processes in the inhomogeneous deuterated fer-
roelectric Rbg.96(ND4)g.04D2AsOy4. //Phys.Stat.Sol.(b). — 2004. —
Vol. 241, N 2. — P. 447-452.

Gregorovic A., Zalar B., Blinc R., Ailion D.C. '*N NMR study
of the role of N-D...O bonds in the deuteron glass transition //
Phys.Rev.B. — 1999. — Vol. 60, N 1. — P. 76-79.

Schmidt V.H., Lanceros-Menndez S., Meschia S.C., Pin-
to N.J. Anomalous and normal protonic conductivi-
ty in CSl_m(NH4)IH2PO4, CSl_m(ND4)ID2PO4 and
K;_,»(NHy),HoPOy // Solid State Ionics. — 1999. — Vol. 125.
— P. 147-157.

Tu C.S., Schmidt V.H. Phases in Antiferroelectrics-side
Rbi_;(NDy4),D2AsOy4 crystals studied by complex permittivity //
Ferroelectrics. — 1999. — Vol. 227. — P.141-151.

Schmidt V.H. Phase Coexistence in Proton Glass // J.Korean
Phys.Soc. — 1998. — Vol. 32. P.S803-S806.

Dobrosavljevic V., Stratt R.M. Mean-field theory of the proton
glass // Phys. Rev. B. — 1987. — Vol. 36, No.16. — P. 8484-8496.
Tadic B., Pirc R., Blinc R. Isotope effect and pressure dependence
of the freezing temperature in proton glasses // Phys. Rev. B. —
1988. — Vol. 37, No.1. — P. 679-682.

Sherrington D., Kirkpatrick S. Solvable Model of Spin Glass. //
Phys.Rev. Lett. — 1975.-Vol. 35. — P. 1792-1796.

Pirc R., Tadic B., and Blinc R. Random-Field Smearing of the
Proton-Glass Transition. // Phys.Rev.B. — 1987. — Vol. 36, N 16. —
P. 8607-8615.

Kim D.H., Kim J.J. Replica Symmetric Solution of Random Field




104

IIpenpunT

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Tunneling Model for Proton Glasses. // Ferroelectrics. — 2002. —
Vol. 268. — P. 263-268.

Blinc R., Dolinsek J., Pirc R., Tadic B., Zalar B., Kind R., Liechti
O. Local-polarization Distribution in Deuteron Glasses. // Phys.
Rev. Lett. — 1989. — Vol. 63, N 20. — P. 2248-2251.

Pirc R., Tadic B., Blinc R., Kind R. Dynamic approach to local-
polarization distribution and NMR line shape in deuteron glasses.
// Phys. Rev. B. — 1991. — Vol. 43, No.4. — P. 2501-2510.
Crokidakis N., Nobre F.D. Ising spin glass under continuous-
distribution random magnetic fields: Tricritical points and insta-
bility lines // Phys. Rev. E. — 2008. — Vol. 77. — P. 041124 (9).
Banerjee V., Dattagupta S. Dielectric relaxation in a deuteron glass.
// Phys.Rev B. — 2003. — Vol. 68. — P. 054202.

Prelovcek P.; Blinc R. Spin glass phase in mixed ferroelectric-
antiferroelectric hydrogen bonded systems. // J. Phys. C.: Solid
State Phys. — 1982. — Vol. 15. — P. 1.985-1.990.

Matsushita E., Matsubara T. Theory of Phase Transition in Mixed
Crystals Rby_,(NHy),H2POy. //Prog.Theor.Phys. - 1984. - Vol.
71, N 2. - P. 235-241.

Matsushita E., Matsubara T. Matsubara: Cluster Theory of Glass
in Rb;_,(NHy),HoPOy. // J.Phys.Soc.Jap. — 1985. — Vol. 54, N 3.
- P. 1161-1167.

Korynevskii N.A.,; Solovyan V.B. On the Phase Transitions in
Ferroelectric-Antiferroelectric Mixed Systems. // Ferroelectrics. —
2005. — Vol. 317. — P. 19-24.

Korynevskii N.A., Solovyan V.B. Investigation of ferroelectric-
antiferroelectric mixed compound of RADA type. //Phase Tran-
sition. — 2007. — Vol. 80, N 1-2. — P. 55-61.

Korynevskii N.A., Solovyan V.B. On the problem of low-
temperature ordering in ferro-antiferroelectric mixed compounds
// Condens. Matter Phys. — 2009. — Vol. 12, No 2. — P. 267-273.
Levitskii R.R., Sorokov S.I., Vdovych A.S. Spin model with different
types of competing interactions. // Ferroelectrics. — 2005. — Vol.
316. — P. 111-119.

Sorokov S.I., Levitskii R.R., Vdovych A.S. Spin-glass model with
essential short-range competing interactions. // Condens. Matter
Phys. — 2005, — Vol. 8, No. 3(43). — P. 603-622.

Sorokov S.I., Vdovych A.S., Levitskii R.R. Relaxation and thermo-
dynamic properties of the proton-glass model with essential short-
range competing interactions // J. Phys. Study. - 2009. - Vol.13, N
1. - 1701 (9p.). (in Ukrainian)

ICMP-11-13E 105

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Sorokov S.I., Vdovych A.S., Levitskii R.R. Thermodynamic and
relaxation dynamics of simple model of proton glass. - Lviv, 2009.
- 34 p. (Prepr. / NAN of Ukraine. Institute for Condensed Matter
Physics; ICMP-09-06U). (in Ukrainian)

Levitskii R.R., Sorokov S.I., Stankowski J., Trybula Z., Vdovych
A.S. Termodynamics and complex dielectric permittivity of mi-
xed crystals of the Rby_,(NHy),HaPOy type. // Condens. Matter
Phys. — 2008. — Vol. 11, No. 3(55). — P. 523-542.

Sorokov S.1., Levitsky R.R., Vdovych A.S. Thermodynamics, dielec-
tric permittivity and phase diagrams of the Rb;_,(NHy),HoPOy
type proton glasses // Condens. Matter Phys. - 2010. - Vol. 13, No
1. - P. 13706: 1-26.

Sorokov S.I., Levitskii R.R., Vdovych A.S., Trybula Z. Termody-
namics and dielectric properties of Rb;_,(NHy4),HaPOy type pro-
ton glasses. — Lviv, 2009. — 62 c. (Prepr. / NAN of Ukraine. Institute
for Condensed Matter Physics; ICMP-09-08U). (in Ukrainian)
Sorokov S.I., Levitskii R.R., Vdovych A.S. Microscopic Theory of
Rby_,(NHy),H2PO4 Type Compounds // Ferroelectrics. — 2009. —
Vol. 379, Issue 1. — P. 101 - 106.

Sorokov S.I., Levitsky R.R., Vdovych A.S., Korotkov L.N. Ther-
modynamic and Dielectric Properties of Ky _,(NH4),HoPO4 Mixed
Crystal // Ferroelectrics. - 2010. - Vol. 397, Issue 1. - P. 43 - 53.
Sorokov S.I. Thermodynamic and Dielectric Properties of
Rby_,(NHy),HoPO4 mixed crystals // Izv. RAN. Ser. Fiz. - 2010
- Vol.74, N9. - P.1268-1272. (in Russian)

Vaks V.G., Introduction into microscopic theory of ferroelectrics. -
M.: Nauka, 1973. - 327 p. (in Russian)

Levitskii R.R., Korynevskii N.A., Stasyuk I.V. Theory of proton
ordering in ferro- and antiferroelectrics of orthophosphate type //
Ukr. J. Phys. - 1974. - Vol.19, Ne8. - P.1289-1297. (in Ukrainian)
Blinc R., Zeks B. Ferroelectrics and antiferroelectrics. Lattice dy-
namics. - M.: Mir, 1975. - 398 p. (in Russian)

Levitskii R.R., Lisnii B.M., Baran O.R. Thermodynamics and di-
electric properties of KHoPO4, RbH2PO,, KH2As04, RbH3As0,
ferroelectrics // Condens. Matter Phys. - 2001. - Vol. 4, Ne3. - P.
523-552.

Levitskii R.R., Lisnii B.M. Thermodynamics and dielektric prop-
erties of the KHoPO, type ferroelectrics with hydrogen bonds in
cluster approximation // J. Phys. Study. - 2002. - T. 6, Nel. - C
91-108. (in Ukrainian)

Levitskii R.R., Lisnii B.M., Baran O.R. Thermodynamics and di-




106

IIpenpunT

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

elektric properties of the NHy;H2 POy type antiferroelectrics // Con-
dens. Matter Phys. - 2002. - Vol. 5, Ne3. - P. 553-577.

Levitskii R.R., Zachek I.R., Vdovych A.S.; Sorokov S.I. Thermody-
namics and dynamical properties of the KHyPOy type ferroelectric
compounds. A unified model // Condens. Matter Phys. — 2009. —
Vol. 12, No 1, pp. 75-119.

Yomosa Sh., Nagamiya T. The phase transition and the piezoelec-
tric effect of KHoPOy. // Progr. Theor. Phys., 1949, v. 4, Ne 3,
p- 263-274.

Slater J.C. Theory of the transition in KHoPOy. // J. Chem. Phys.,
1941, v. 9, Ne 1, p. 16-33.

Stasyuk I.V., Biletskii I.N. Influence of uniform and uniaxial pres-
sure on ferroelectric phase transition in the KH3PO4 type crystals
// Izv. AN SSSR, ser. fiz., 1983, Vol.47, P.705. (in Russian)
Stasyuk I.V., Biletskii I.N., Styagar O.N. Induced by external pres-
sure phase transition in the KDsPOy type crystals // Ukr. J. Phys.
— 1986, Vol. 31, Ne 4, P. 567-571. (in Russian)

Stasyuk I.V., Levitskii R.R., Zachek I.R., Moina A.P. The KDsPO4
ferroelectrics in external fields conjugate to the order parameter:
Shear stress 0. // Phys. Rev. B, 2000, v. 62, Ne. 10, p. 6198-6207.
Levitsky R.R., Zachek I.R., Vdovych A.S., Moina A.P. Longitudinal
dielectric, piezoelectric, elastic, and thermal characteristics of the
KH5PO, type ferroelectrics // J. Phys. Study. - 2010. - Vol. 14, No
1.-P. 1701(17p.)

Levitskii R.R., Lisnii B.M., Theory of piezoelectric, elastic and
dielectric properties of the KHPO, family crystals at strain wug.
Phase transition and piezoeffect in KHoPOy4 crystal // J. Phys.
Study., 2003, Vol. 7, Ne4, c. 431-445. (in Ukrainian)

Levitskii R.R., Lisnii B.M. Theory of related to shear strain wug
physical properties of ferroelectrics and antiferroelectrics of the
KH>PO, family // phys. stat. sol. (b). - 2004. -Vol.241, N6.-P.1350-
1368.

Lisnii B.M., Levitskii R.R. Theory of physical properties of ferro-
and antiferroelectrics of the KHoPO, family related to strains w4
and us // Ukr. J. Phys., 2004, v. 49, Ne7, p.701-709.

Stasyuk I.V., Levitskii R.R., Moina A.P., Lisnii B.M. Longitudi-
nal field influence on phase transition and physical properties of
the KHyPO, family ferroelectrics. // Ferroelectrics, 2001, v. 254,
p. 213-227.

Lisnii B.M., Levitskii R.R., Baran O.R. // Phase Transitions. 2007.
80. N 1-2. 25-30.

ICMP-11-13E 107

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Stasyuk I.V., Levitskii R.R., Moina A.P., Velychko O.V. // Ukr. J.
Phys.: Reviews. 2008. N 1. P. 3-6. (in Ukrainian)

Stasyuk I.V., Kaminska N.M. Theory of spontaneous polarization
and strain of cerneroenekrpukis Tuny KHoPOy4. // YOK, 1974,
™. 19, B. 2, ¢. 237-252. (in Ukrainian)

Levitsky R.R., Zachek I.R., Vdovych A.S. Static dielectric, piezo-
electric and elastic properties of antiferroelectrics NH4HyPO4 and
ND4DoPO, // Physics and chemistry of solid state. - 2009. - Vol.
13, N 2. - P. 635-646. (in Ukrainian)

Stasyuk 1.V., Levitskii R.R., Korinevskii N.A. Collective vibrations
of protons in compounds of KHsPOy-type. The cluster approxima-
tion // Phys. Stat. Sol. (b). - 1979. - Vol. 91,Ne2. - P. 541-550.
Levitskii R.R., Stasyuk I.V., Korinevsky H.A. Dynamics of ferroac-
tive crystals of orthophosphate type // Ferroelectrics. - 1978. - Vol.
21. - P. 481-483.

Korinevskii N.A., Levitskii R.R. Dynamic theory of orthophos-
phates in cluster approximation // Theoretical and Mathematical
Physics. - 1980. - Vol. 42, Ne3. - P. 416-429. (in Russian)

Levitsky R.R., Zachek I.R., Moina A.P., Vdovych A.S. Longitudinal
relaxation of mechanically free KHoPOy type crystals. Piezoelectric
resonance and sound attenuation // Condens. Matter Phys. - 2008.
- Vol. 11, No 3(55). - P. 555-570.

Levitsky R.R., Zachek I.R., Vdovych A.S. Transverse relaxation
in the ferroelectrics with hydrogen bonds of KHyPO,4 family //
Physics and chemistry of solid state. - 2009. - Vol. 10, N 2. - C.
377-388. (in Ukrainian)

Levitsky R.R., Zachek I.R., Moina A.P., Vdovych A.S. Longitudi-
nal relaxation of ND4DsPOy4 type antiferroelectrics. Piezoelectric
resonance and sound attenuation // Condens. Matter Phys. - 2009.
- Vol. 12, No 2. - P. 275-294.

Stasyuk I.V., Levitskii R.R. The role proton-phonon Interaction in
the phase transition of ferroelectrics with hydrogen bonds // Phys.
Stat. Sol.b. — 1970. — Vol. 39, Nol. — P. K35-K38.

Levitsky R.R., Zachek [.R., Vdovych A.S. Thermodynamics and dy-
namical properties of the KHsPO, type ferroelectric compounds.
Unified model. - Lviv, 2008. - 150 p. (Prepr. / NAN of Ukraine. In-
stitute for Condensed Matter Physics; ICMP-08-04U). (in Ukraini-
an)

Gilletta P., Chabin M. Longitudinal and transverse dielectric prop-
erties of KDP type crystals // Phys. Stat. Sol. b. — 1980. — Vol.
100. — P. K77-K82.




108

IIpenpunT

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Fairall C.W., Reese W. Thermodynamic properties of RbHsAsOy4
// Phys. Rev. B. — 1974. — Vol. 10, No. 3. - P. 882-885.
Zolototrubov Yu.S., Strukov B.A., Taraskin S.A., Kamysheva L.N.
Phase transition in crystal RbHzAsO4 // Izv. AN SSSR. Ser. Fiz.
—1975. — Vol. 39, N 4. — C. 782-786. (in Russian)

Lains M., Glass A. ferroelectrics and Related Materials. - M.: Mir,
1981. - 736 p. (in Russian)

Wiseman G.G. Electrocaloric effect on potassium dihydrogen phos-
phate // Iee Transactions on Electron Devices. — 1969. — Vol. ED-
16, No. 6. - P. 588-593.

Strukov B.A., Korzhuev M.A., Baddur A., Koptsik V.A. Sponta-
neous polarization of crystal KHoPOy4 near Curie point // Fiz.
Tverd. Tela. — 1971. — Vol.13, No. 7. — P. 1872-1877. (in Russian)
Amin M., Strukov B.A. Heat capacity of monocrystal RbHo PO,
// Fiz. Tverd. Tela. — 1968. — Vol.10, No. 10. — P. 3158 - 3160. (in
Russian)

Strukov B.A., Baddur A., Zinenko V.N., Mishchenko A.V., Koptsik
V.A. Isotopic effect in crystals RbHoPO,4// Fiz. Tverd. Tela. - 1973.
- T.15, NeG. - C. 1388-1394. (in Russian)

Amin M., Strukov B.A. Influence of deuteration on Heat capacity
of crystals NHyH2POy4 (ADP) // Fiz. Tverd. Tela. — 1970. — T.12,
No. 7. — C. 2035-2038. (in Russian)

Stephenson C.C., Adams H.E. The heat capacity of ammonium
dihydrogen arsenate from 15 to 300 K. The anomaly at the Curie
temperature // J. Am. Chem. Soc. — 1944. — Vol. 66, No.8. — P.
1409-1412.

Strukov B.A., Baddur A., Koptsik V.A., Velichko I.A. Electric and
thermal properties of mixed ferroelectric crystals KHy(;_;)D2,POy4
// Fiz. Tverd. Tela. — 1972. — T.14, No 4. — C. 1034-1039. (in Rus-
sian)

Strukov B.A., Amin M., Kopsik V.A. The specific heat of some
KDP - type crystals // J. Phys. Soc. Japan. — 1970. — Vol. 28,
Suppl. — P. 207-209.

Reese W., May L.F. Critical phenomena in order-disorder ferro-
electrics. I. Calorimetric studies of KHoPOy // Phys. Rev. — 1967.
— Vol. 162, No2. - P. 510-518.

Vasilevskaya A.S., Sonin A.S. Relation of dielectric and electrooptic
properties of ferroelectric crystals of KDP group in paraelectric
phase. // Fiz. Tverd. Tela. — 1971. — Vol.13, Ne6. — C. 1550-1556.
(in Russian)

Pereverzeva L.P. peculiarities of dispersion ¢ in ferroelectrics with

ICMP-11-13E 109

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

order-disorder phase transition // Izv. AN SSSR, Ser. Fiz. - 1971.
- Vol.35, Ne12. - P. 2613-2614. (in Russian)

Matthias B., Merz W., Scherrer P. Das seignetteelektrische Git-
ter vom KHsPO4 -Typus und das Verhalten der NH, - Rotation-
sumwandlung bei (NHy4, T1)HoPO4 -Mischkristallen // Helv. Phys.
Acta. - 1947. - Vol. 20. - P. 273-306.

Mason W.P. The elastic, piezoelectric, and dielectric constants
of potassium dihydro-gen phosphate and ammonium dihydrogen
phosphate // Phys. Rev. - 1946. - Vol. 69, Ne5-6. - P. 173-194.
Mason W.P., Mattias B.T. The piezoelectric, dielectric and elastic
properties at ND4DoPO, (deuterated ADP) // Phys. Rev. - 1952.
- Vol. 88, Ne3. - P. 477-479.

Blinc R., Burgar M., Levstik A. On the order of the phase transition
in KDA type ferroelectric crystals // Sol. Stat Commun. - 1973. -
Vol. 12, No 6. - P. 573-576.

Berdowski J., Opilski A. Crystal Growth of the para- and anti-
ferroelectric phases of deuterium ammonium dihydrogen arsenate
(DADA) // J. Crystal Growth. - 1978. -Vol. 43. - P. 381-384.
Baumgartner H. Untersehied der Dielektrizitats-konstanten zwis-
chen einem freien und einem geklemmten KHoPOy-kristall // Helv.
phys. acta. — 1951. — Vol.24. — P. 326-329.

Mason W. Piezoelectric crystals and its application in ultraacous-
tics. - M.: IL, 1952. - 447 c. (in Russian)

Shuvalov L.A., Zheludev 1.S., Mnatsakanyan A.V., Lupudov Ts.Zh.,
Fiala I. Ferroelectric anomalies of dielectric and piezoelectric prop-
erties of crystals RbHoPO4 and KDyPO4 // Izv. AN SSSR, Ser.
Fiz. - 1967. - Vol.31, Ne11. - P.1919-1922. (in Russian)

Volkova E.N., Izrailenko A.N. Some physical properties of solid mi-
xtures ADP - DADP // Kristallografiya. - 1983. - Lov.28, Ne6. - P.
1217-1219. (in Russian)

Lee K.S., Kim K.T., Kim J.J. KDP impurity effects on antiferro-
electric phase transition of ADP crystal // Jpn. J. of Appl. Phys.
- 1985. - Vol. 24, Suppl. 24-2. - P. 969-971.

Gesi K., Ozawa K. Effect of hydrostatic pressure on the anti-
ferroelectric phase transitions in ammonium dihydrogen arsenate
NH4H2AsO4 and deuterated analogue // J. Phys. Soc. Jpn. - 1984.
- Vol. 53, No. 12. - P. 4405-4412.

Volkova E.N. Physical properties of ferroelectric solid mixtures
K(D,H;_,)2POy4 // Candidate dissertation. Moscow, 1991, 152p.
(in Russian)

Takashige M., Terauchi H., Miura Y., Hoshino S. A Re-Entrant




110

IIpenpunT

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Glasslike Phase in Rby_,(NHy),HoPOy. // J. Phys. Soc. Jpn. —
1985.— Vol. 54, N 9.— P. 3250-3253.

Courtens E. Experimental Studies on Mixed Ferro-Antiferroelectric
Glasses. // Jap. J. Appl. Phys. — 1985.— Vol. 24.— P. 70-74.
Trybula Z., Stankowski J. Coexistence of paraelectric/proton-glass
and ferroelectric (antiferroelectric) orders in Rby_,(NHy),HaAsOy
crystals // Condens. Matter Phys. — 1998. — Vol. 1, No. 3. P. 311-
330.

Trybula Z., Stankowski J., Szczepanska L., Blinc R., Weiss Al.,
Dalal N.S. Proton glass state in Rby_,(NHy4),H2AsOy // Ferro-
electrics. — 1988. — Vol. 79. P.335-338.

Levitskii R.R., Moina A.P., Lisnii B.M. Influence of longitudi-
nal electric field on phase transition and physical properties of
KH>PO, family ferroelectrics. - Lviv, 2000, 36 c¢. (Prepr. / NAN of
Ukraine. Institute for Condensed Matter Physics; ICMP-00-12U)
(in Ukrainian).

Levitskii R.R., Zachek I.R., Vdovych A.S. Longitudinal dielectric,
piezoelectric, elastic, dynamic and thermal properties of KHyPOy4
type ferroelectrics. - Lviv, - 2006. - 116 p. (Prepr. / NAN of
Ukraine. Institute for Condensed Matter Physics; ICMP-06-08U
). (in Ukrainian)

Levitskii R.R., Zachek I.R., Vdovych A.S. Transverse dielectric,
piezoelectric, elastic and dynamic properties of KHoPOy type fer-
roelectrics. - Lviv, 2007. - 80 c. (Prepr. / NAN of Ukraine. Institute
for Condensed Matter Physics; ICMP-07-24U). (in Ukrainian)
Tokunaga M. Two different mechanismus of the Curie-Weiss dielec-
tric susceptibility in dispersive-type ferroelectrics // J. Phys. Soc.
Jpn. - 1987. - Vol. 56. -P. 1653-1656.

Deguchi K., Nakamura E. Deviation from the Curie-Weias law in
KH>POy, // J.Phys.Soc.Japan. -1980. - Vol. 49, Ne5. -P. 1887-1891.
Samara G.A. The effects of deuteration on the static ferroelectric
properties of KHoPO, (KDP) // Ferroelectrics. - 1973. - Vol. 5. -
P. 25-37.

Chabin M., Gilletta F. Polarization and dielectric constant of KDP-
type crystals // Ferroelectrics. - 1977. - Vol. 15. - P. 149-154.
Mayer R.J., Bjorkstam J.L. Dielectric properties of KDoPOy // J.
Phys. Chem. Solids. - 1962. - Vol. 23. - P. 619-620.

Kobayashi J., Uesu Y., Mizutani 1., Enomoto Y. X-ray study on
thermal expansion of ferroelectric KHoPOy. // Phys. stat. sol. (a),
1970, vol. 3, p. 63-69.

Strukov B.A., Baddur A., Velichko I.A. About first order phase

ICMP-11-13E 111

159.

160.

161.

162.

163.

164.
165.
166.

167.

168.

169.

170.

171.

172.

173.

transition in crystals KDoPOy // Fiz. Tverd. Tela. - 1971. - Vol.13,
Ne8. - P. 2484-2485. (in Russian)

Hill R.M., Ichiki S.K. Paraelectric response of KDoPOy // Phys.
Rev. - 1963. - Vol. 130, Nel. - P. 150-151.

Breziria B., Fouskova A., Smutny P. Regular behaviour of solid
solutions of KHy(1_y,)D2,POy4 single crystals // Phys.Stat. Sol. a.
- 1972. - Vol. 11, Ne2. -P. K149-K152.

Fairall C.W., Reese W. Thermodynamic properties of KHyAsOy,
and KD3AsO4 // Phys. Rev. B. -1972. - Vol. 6, Nel. - P. 193-199.
Blinc R., Burgar M., Levstik A. On the order of the phase transition
in KDA type ferroelectric crystals // Sol. Stat Commun. - 1973. -
Vol. 12, Ne6. - P. 573-576.

Bantle W., Caflish C. Der Piezoeffekt des seignette-elektrischen
Kristalls KHoPO,4 // Helv. Phys. Acta. - 1943. - Vol. 16. - P. 235-
250.

Von Arx A., Bantle W. // Helv. Phys. Acta, 1943, vol. 16, p. 211.
Adhav.R.S. // J.Appl.Phys., 1968, v.39, p.4095.

Shuvalov L.A., Mnatsakanyan A.V. The elastic properties of
KDoPO, crystals over a wide temperature range. // Sov. Phys.
Crystall., 1966, vol. 11, Ne2, p. 210-212.

Tona F., Shirane D. Ferroelectric crystals. - M.: Mir, 1965. - 555p.
Brody E.M., Cummins H.Z. // Phys. Rev. Lett., 1968, vol. 21, p.
1263.

Garland C.W., Novotny D.B. Ultrasonic velocity and attenuation
in KHoPOy // Phys. Rev. -1969. - Vol. 177, Ne2. -P. 971-975.
Kaminov I[.P. Microwave dielectric properties of NH4H3POy,
KH3As04 and partially deuterated KHoPOy // Phys. Rev. -1965,
Vol. 138, Ne5A. - p. 1539-1543.

Volkov A.A., Kozlov G.V., Lebedev S.P., Velichko I.A. Dielectric
spectra of mixed crystals KDP-DKDP in submillimetric wave re-
gion // Fiz. Tverd. Tela, - 1979. - Vol.21, Nell. - P. 3304-3309 (in
Russian).

Levitskii R.R., Zachek I.R., Vdovych A.S. Longitudinal static di-
electric, piezoelectric, elastic, electrostrictive and dynamic dielec-
tric properties of ND4DoPQOy4 type antiferroelectrics. - Lviv, 2008.
- 61p. (Prepr. / NAN of Ukraine. Institute for Condensed Matter
Physics; ICMP-08-19U) (in Ukrainian).

Levitskii R.R., Zachek I.R., Vdovych A.S. Transverse static dielec-
tric, piezoelectric, elastic, electrostrictive and dynamic dielectric
properties of ND4D2 POy type antiferroelectrics. - Lviv, 2008. - 46p.
(Prepr. / NAN of Ukraine. Institute for Condensed Matter Physics;




112

IIpenpunT

174.

175.

176.

177.

178.

179.

ICMP-08-20U) (in Ukrainian).

Kentsig V. Ferroelectrics and antiferroelectrics. - M.: IL, 1960. -
234 p. (in Russian).

Fukami T. X-ray Study of crystal structure of ND4D3PO, in the
antiferroelectric phase // J. Phys. Soc. Jpn. - 1988. - Vol. 57, Ne4.
- P. 1287-1290.

Zheludev 1.S. Physics of crystal dielectrics. - M.: Nauka, 1968. -
463p.

Kozlov G.V., Lebedev S.P., Prokhorov A.M., Volkov A.A. Investi-
gation of ferroelectric excitations in hydrogen-bond crystals using
the method of submillimeter spectroscopy // J.Phys.Soc.Japan. -
1980. - Vol. 49, Suppl. - P. 188-190.

Levitskii R.R., Zachek I.R., Mits Ye.V., Volkov. A.A., Ko-
zlov G.V., Lebedev S.P. Longitudinal and transverse relaxation in
ND4D2PO,. - Kyiv, 1982. - 30 p. - (Preprint of the Bogolyubov
Institute for Theoretical Physics; ITP-82-2R). (in Russian).
Stasyuk I.V., Levitskii R.R., Moina A.P., Slivka A.G., Vely-
chko O.V. Field and deformational effects in complex ferroelectric
compounds. — Uzhgorod: Grazhda, 2009. — 392p. (in Ukrainian)

CONDENSED MATTER PHYSICS

The journal Condensed Matter Physics is founded in 1993 and
published by Institute for Condensed Matter Physics of the National
Academy of Sciences of Ukraine.

AIMS AND SCOPE: The journal Condensed Matter Physics con-
tains research and review articles in the field of statistical mechanics
and condensed matter theory. The main attention is paid to physics of
solid, liquid and amorphous systems, phase equilibria and phase tran-
sitions, thermal, structural, electric, magnetic and optical properties of
condensed matter. Condensed Matter Physics is published quarterly.

ABSTRACTED/INDEXED IN:
e Chemical Abstract Service, Current Contents/Physical,
Chemical&Earth Sciences

e ISI Science Citation Index-Expanded, IST Alrting Services
e INSPEC

e Elsevier Bibliographic Databases (EMBASE, EMNursing,
Compendex, GEOBASE, Scopus)

e “Referativnyi Zhurnal”
e “Dzherelo”

EDITOR IN CHIEF: Ihor Yukhnovskii

EDITORIAL BOARD: T. Arimitsu, Tsukuba;, J.-P. Badiali, Paris;
B. Berche, Nancy; T. Bryk, Lviv; J.-M. Caillol, Orsay; C. von Ferber,
Freiburg; R. Folk, Linz; D. Henderson, Provo, F. Hirata, Okazaki,
Yu. Holovatch, Lviv; M. Holovko, Lviv; O. Ivankiv, Lviv; W. Janke,
Lewpzig; M. Korynevskii, Lviv; Yu. Kozitsky, Lublin; M. Kozlovskii, Lviv;
H. Krienke, Regensburg; R. Levitskii, Lviv; V. Morozov, Moscow; I. Mry-
glod, Lviv; O. Patsahan (Assistant Editor), Lviv; N. Plakida, Dubna;
G. Ropke, Rostock; 1. Stasyuk (Associate Editor), Lviv; M. Tokarchuk,
Lviv; 1. Vakarchuk, Lviv; M. Vavrukh, Lviv; A. Zagorodny, Kyiv

CONTACT INFORMATION:

Institute for Condensed Matter Physics

of the National Academy of Sciences of Ukraine

1 Svientsitskii Str., 79011 Lviv, Ukraine

Tel: +38(032)2760908; Fax: +38(032)2761978

E-mail: cmp@icmp.lviv.iua  http://www.icmp.lviv.ua



	Introduction
	Experimental studies of the Rb1 - x(NH4)xH2PO4 type compounds
	Theoretical studies of the Rb1 - x(NH4)xH2PO4 compounds

	Thermodynamic properties of the Rb1-x (NH4)x H2PO4  type compounds
	Relaxational dynamics of the Rb1-x(NH4)x H2PO4 type mixtures
	Discussion
	Optimal sets of model parameters
	Spontaneous polarization
	Molar specific heat
	The Edwards-Anderson parameter
	Longitudinal dielectric permittivity
	Transverse dielectric permittivity
	Phase diagrams

	Modified proton ordering model for the KD2PO4 type crystals
	Dielectric, piezoelectric, and elastic characteristics of the MD2XO4 ferroelectrics
	Longitudinal dynamic dielectric susceptibility
	Transverse dynamic dielectric susceptibility
	Static dielectric, piezoelectric, and elastic characteristics

	Comparison of the results of numerical calculations with experimental data. Discussion.
	Static dielectric, piezoelectric, and elastic characteristics
	Dynamic longitudinal and transverse dielectric permittivities

	Modified proton ordering model for the ND4D2PO4 type crystals
	Dielectric, piezoelectric, and elastic characteristics of the ND4D2PO4 type antiferroelectrics
	Longitudinal dynamic dielectric susceptibility
	Transverse dynamic dielectric susceptibility
	Static dielectric, piezoelectric, and elastic characteristics

	Comparison of the numerical results with experimental data
	Static dielectric, piezoelectric and elastic characteristics
	Dynamic longitudinal and transverse permittivities

	Electromechanical coupling coefficient
	Conclusions
	Acknowledgement

