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I ntr oduction

Since the 1990-ies, large attention has been paid to
investigations of the Ki. X(NH4)XH2PO4 type

systems, undergoing the phase transtions to the proton
glass phase at low temperatures. Theoretical description
of the thermodynamic and dielectric properties of these
compounds is a complicated and unsolved problem of
dtatistical  physics. Description  of their  dynamic
properties within a microscopic approach is particularly
interesting. Experimental sudies and theoreticd
description of the temperature curves of real and
imaginary parts of the dynamic didectric permittivity
tensor at different frequencies, especially the low-tem-
perature curves of theimaginary parts at low frequencies,
are very important.

In earlier theories of the Rth_X(NH4)XH2PO4

type mixtures either short-range [1] or long-range [2, 3]
interactions were taken into account. However, in these

crystals the PO4(ASO4) tetrahedra and their random

surrounding by the Rb or NH 4 ions play a dominant

role in the formation of the system energy levels and give
riseto arandom internal field. At the sametime, acrucial
rolein formation of the ferroelectric and antiferroeectric
structuresis played by the long-range interactions.

Two types of random interactions for simple Ising
systems with pair interactions have

been taken into account in [4,5] in the cluster
approach. In [6-9] using the four-particle cluster
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approximation a satisfactory quantitative description of
experimental data for the temperature curves of
polarization, Edwards-Anderson parameter, longitudinal
and transverse permittivities of the

Rbl_ X(NH4)X H,PO, type systems has been obtained.

However, in the intermediate composition range, as well
as near the trangtion temperatures some qualitative and
guantitative discrepancies between the theory and
experiment do take place.

Theferroelectric crystals of the KD,PO, family are

piezodlectric in both phases, which essentially affects the
behavior of their physical characteristics. Description of

the dielectric properties of the MD,PO, type ferro-

electrics within the framework of the conventional proton
ordering model (see [10, 11]) was restricted to the static
limit and to the high-frequency relaxation. Attempts to
explore the piezoe ectric resonance phenomenon within a
model that does not take into account the piezodectric
coupling are pointless.

In [12, 13] within the framework of the modified
proton ordering model with piezodlectric coupling, the
gtatic and dynamic dielectric, piezoelectric, and dastic

characteristics of the KH AR family crystals were cal-

culated. A numera analysis of the obtained results was
performed; optimum sets of the model parameters were
found, providing a good quantitative description of
experimental data.

The Ki. X(NH4)X H,PO, type crystals, according
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to [14], are of the KH,PO, type and have a tetragonal

structure (1 42d ) at room temperature.

They are a great example of structural glasses. In
these solid solutions a dipole glass state (DG) exists at
low temperature and at certain compositions. The T-x
phase diagram of these compounds was explored in [15-
17] . It isknown that the FE or AFE phase trangtions are
present in systems with ammonium content 0.0<x<0.2
and 0.7<x<1.0, respectively. At 0.2<x<0.7 the glass-
like behavior is observed at low temperatures. At
boundary compositions, the ferroelectric, paraglectric,
and dipole glass state coexist in awide temperature range
[16].

Even though mixed crystals
Ky x(NH4)xH5PO, well  studied, their

electromechanical properties are practically not explored.
In [18, 19] a possible role of the piezoeectric coupling

for the Kl_X(NH4)XH2PO4 systems has been

reported. Later, in [20] a necessity for a thorough
investigation of the effects caused by the piezodectric
coupling in these systems was underlined. In [21 - 23] a
detailed experimenta study of the dielectric,
piezoelectric, and elastic properties characteristics of
these materialsisreported.

In the present paper, using the results of the
thermodynamic theory and experimental data, we
caculate the didlectric, piezodectirc, and €eastic

characterigtics of the Ki. X(NH4)XH2PO4 systems at
x> 0.32.

the
are

I. Model Hamiltonian of the NH,H,PO,
crystals

We shall consider a system of protons moving on the
O-H...O bonds in NH 4H PO, (ADP) crydds. The
primitive cdl of the Bravais lattice of these crystals
consists of two neighboring tetrahedra PO 4 along with
four hydrogen bonds attached to one of them (the "A"
type tetrahedron). The hydrogen bonds attached to the
other tetrahedron ("B" type) belong to four surrounding it
structural elements (fig. 1).

Calculations of the physical characteristics of the
ADP crystals are performed in the four-particle cluster

Fig. 1. A primitive cell of the ADP crystals. The

numbers ‘1, 2/, &, @ indicate the hydrogen bonds:

1, 2 are possible equilibrium positions of the
protons.

approximation for the short-range interactions and in the
mean field approximation for the long-range interactions,

aswell asin presence of external electric field E; along
the crystallographic C axis and mechanical stress
Sg=Sxy- In absence of tunneling the system

Hamiltonian reads

£ 18 gg of 4
g — T ran{l
where N is the total number of primitive cells; S of is
the operator of the z-component of the pseudospin, which
two egenvalues Sqf =+1 correspond to the two

H = NH0+1aJ £a99
2qq¢

equilibrium proton position in the g-th cell on the f-th
bond. The ““seed" energy corresponds to the sublattice of
heavy ions and does not depend explicitly on the
deuteron subsystem configuration. It is expressed in

terms of the strain €g and eectric field Ez and includes
the elagtic, piezoelectric and dieectric contributions

0_UY _EO0.2 e02

H C66 g - U e36‘36 =5 C33 B3,

(2

where U is the primitive cell volume; C66 \ e36, ng

are the “seed" elastic constant, piezodectric coefficient,
and dielectric susceptibility. They determine the
temperature behavior of the corresponding observable
guantities at temperatures far from the phase transition.

The four-particle proton Hamiltonians H( %a read

4 _ @a 1 TSq Sq2 Sq3 Sqad 4 zSq
Hga =Hg X + + - & ©)
! b 2 2 2 27 faAb 2
0&SySqSgs S 4 Sq2 49
HE = (- dggeg - Zdleee)é o 22 23 St %%% %1%3% %%3%*
o0& @
8 1 S 0 B S Sqa4Sq 9
q2 q3 q4 @ e 02°g3 “g4 ¥
+(Va+da6e6)g 5 Py (Va'daaees)g y o Ty o i
2 2
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B8

+Ua§éql

ik? ik?
Xq = b(- Dael " +n(kHh e %)

2 2 2

Zg = b(-D¢ + N (Oh Dz y 66 T rrgEg),

00D =3y - 34,

-ik%(ay-a
JedkD) = & Jg faade A q&, and
-a
% q¢
k? =1U2(b +b, +b3), by, by, by are the vectors of
_ _ ik%ay _
the reciprocal lattice, e =11, yg s the

deformation potential; D5 and D, are the effective
fields exerted by the neighboring hydrogen bonds from
outside the cluster. my isthe effective dipole moment.

DCs is determined from the saf-consistency
condition: the mean values & of fi calculated within the

four-particle and one-particle cluster approximations
should coincide.
In EQ. (4)

V=2t Lw U
=—e¢ — =
a=, oMt

e=eg- €5, W=€ - €g, W =€n- €5, eb=eg- e,

1 1
ZeGr=w, F = 20¢ AW 2
e MeFa e

W= - e, Wf=eq- ey, Where eg, €5, €, €g
are the configurational energies of protons near the PO,
tetrahedra

In absence of the external eectric field or stress, we
have the following equation for

0] S S SBS
Tip, RIRTBTH
2 2 2

2

(4)
2

Dy = at+ 2x + d¢+ 4b&k +1,

1 1@

II. Dielectric, piezoelectric and elastic
characteristics of the NH,H,PO,
crystals

Within the four-particle cluster approximation, we
calculate the thermodynamic potential. From the

equations of state we find equations for the strain € and
polarization B,. From these equations we find analytical

expressions for the
Isotherma dtatic dielectric  susceptibility of a

clamped NH ,H,PO, crystal:
2

e _ 0O m
€333 = C33a +Tb

2%,
D, - 2Kgj 'ai ’

wher kg =a+bx, j g = +bn(0),

1
1. hél)z
isothermal piezod ectric coefficient
0 my - 2kg+fy
= +2—D :
®36a = %36a T, Dy - 24 1
where
fa = ds6a' d162bX;
isothermal eastic constant at constant field

WY = & =& A= qi=-& 0=
a al 92 a3 q4
1
— (2x + 2b), ©)
Da
h 2
E _ E0 A Yghlygkatfa) 4abj o 4 2b o 5 5
C66a ~ “66a " - - ——(d{g4b%k +d Sgat+d 5527 X).

U Da- 2y 4

Using the known relations between elatic, dielectric,
and piezoelectric characteristics, we find isothermal

eastic constants a constant polarization
c6p6 = ch + e§6/c§3; isothermal piezoelectric
coefficient  dgg = 63—Ef3; isothermal ~~ dielectric
C
66

- Nn
ubg(Dg - 2k4j a)

ubDg

susceptibilities of a mechanically free crysta
2
d

s _ e _ e 36

€33~ C33* 36036 = C33+ E -
66
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[11.Experimental measurements of the
ther modynamic characteristics

To find the éagtic constants and piezodectric
coefficients one should induce crystal vibrations of as
smple form as possible and measure the resonant
frequencies ( f,) of a metallized plate of the 45° Z-cut,

the antiresonant frequencies ( ;) of a non-metallized

plate, as well as the crystal capacity at low frequencies.
The coefficient of eectromechanical coupling represent
part of the eectric energy transferred to the crystal at
zero frequency, which is transformed to the mechanical
energy, and is determined by the frequencies f, and f,:

2 - fs - frz_
36 fr2
The resonant frequency f, is given by the
expression [24]:
=5,
20 \r
where 1 is the crysa density, and
52E2 :%(SGEG +811 + Sy, +25)5), where

S11+S33t 2513 are the eastic compliances, calculated
in [24]. Using expressions (5.2) and (5.3) we find the
dastic fidd Sk

compliance at  constant

E _ 1
6= 2.2 (S17 *+Spp *+28)5)-
r

Respectively, the agtic constant at constant field is

_ 1
(2027 (Sp1 +Sp0 *255)
r
The compliance a constant polarization is
P _ E 2
Se6 = Se6(1~ K3p)-
The dagtic compliances and densties for

Ki. y(NH4)xH,PO, are calculated in the mean
crystal approximation Sij (x)=sinDP(1- X)+S|jADPX'

r()=rgpp@- x)+r ADPX
The experimental values

of SijkDP SijADP " KDP'" ADP aretaken from [24].

The didectric susceptibility of a mechanically free
crystal is determined from the measured capacity at low
0.113h

frequency e§3 = C, where h is the digance

between the electrodes;, S, is the electrode area. The

dielectric permittivity of mechanically clamped crystal is
e __S 2

The temperature dependences of the measured
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Fig. 2. The temperature dependences of the measured
resonance frequencies fr multiplied by the sample
length | for different X.

resonance frequencies f. multiplied by the sample
length | for different X, via which one can determine

the eastic constant C6E6 and piezoelectric coefficient
dsg, are presented in fig. 2.

IVV.Comparison of the numerical results
to experimental data. Discussion

Let us anadyze the results of the numerical
calculations of the didectric, piezodectric, elastic
characteristics of the ADP crystals and compare them
with the corresponding experimental data. It should be
noted that the developed in the previous sections theory,
gtrictly speaking, is valid for the DADP crystals only. In
view of the suppression of tunneling by the short-range
interactions [67-69], we shall assume that the presented
in the previous sections results are valid for ADP as well.

For these cal cul ations we use the values of the model
parameters, which were found in [60] by fitting the
theory to the experimental temperature dependences of
the physical characterigtics of ADP. The used optimum
set of the model parametersis given in Table 1.

The energy W, of two proton configurations with

four or zero protons near the given oxygen tetrahedron
should be much higher than € and W. Therefore we

take Wf =¥ (d(=0).

The primitive cell volume, containing two PO,
groups is taken to be equal u =0.2110X10 21 cm® for
ADP.

In figure 2 we show the temperature dependences of
the calculated isothermal static dielectric permittivities
e§3 of afree ADP crystal, along with the experimental
data [24,25], as wel as the obtained temperature
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Tablel
The optimum sets of the model parameters for ADP
‘0 ‘0 0
e w n ) Yo | dss | das | dis ]
Ty | = Ne 1018 cle J6 Js6 | Ha6 | 16 0 4o 10
Kg Kg B s 33 Kg kg kg kg Ceo
K) | (K) (K) (K) (esu-cm) (K) (K) (K) ) | (dyniem?)
148 20 490 -10,0 2,10 0,23 -160 1400 100 -300 7.9
-6
80 €33 4 x 10 dae' esu/dyn
35
60 3
25 Y82
* %hm
2
AT - !
20 -::,{1;,";';’-» ST 1.5
. 1 4% 0000
o = 1 0.5
50 100 150 200 250 T, K "50 100 150 200 250 300 T, K

a

b

Fig. 3. The temperature dependences of the dielectric permittivity e§3 and coefficient of piezoelectric strain dgg

of the mixed Kl— X(NH4)X H2PO4 crystals a the following values of X: 1,00- 1; 0,75 - 2; 0,67 - 3; 0,32 -4.
The data marked as 1-4 and 1'-4' correspond to the permittivities of fee and clamped samples, respectively. Solid

line: thetheory. Symboals. experimental datataken from [24] (o) and [ 25]

0
0.12 (egs-855)

0.1
0.08
0.06
0.04

0.02

¢}
50 100 200

T, K
a

,x10° 1/(dggd o)

100

150
b

200 T, K

Fig. 4. The temperature dependences of 1/(€3 - e§3) and 1/(dsg - dge) of themixed Ky, (NH 4)xH,PO,
crystals at thefollowing valuesof X: 1,00- 1; 0,75- 2; 0,67 - 3; 0,32 - 4. Solid line: the theory. Symbols:
experimental data taken from [24] (o) and [ 25] (o)

dependences of the static dielectric permittivities e§3 of
free mixed Ki. X(NH4)XH2PO4 crystals at large X,
and the temperature dependences of the piezodectric
coefficient dsg alsoat large X .

The permittivity €35 of ADP is by ~18% larger than

e§3, and this difference is practicaly temperature

independent.
The temperature depedences of the quantities
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U(eds- egs) ad  Uldgg- dgs) of  mixed
Ki. X(NH4)XH2PO4 crystals at large X are shown in
fig. 4.

The temperature curves of (e§3)' 1 and
U(dag - dog) OF the Ky, (NH4)xH,PO, crystas
obey the Curie-Weiss

0

dss(T) = dge +D/(T - qq) . Here Cow D aethe

laws

and
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o X 10'° cgg dyn/cm® x 10" (SEG_S 26)-1 . dyn/cm?
1 w
25 -
6 W"""" 4
2 2 L 4
13
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4y
1 v
2 3 2
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1
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Fig. 5. The temperature dependences of the elastic constant C&S (a) and 1/(856 - Sge) (6) of the mixed
Ki. x(NH,),H,PO, crystals at the following values of X: 1,00- 1; 0,75- 2; 0,67 - 3; 0,32- 4. Solid
line: thetheory. Symbols. experimenta datataken from [ 24] (0)

corresponding Curie-Weiss constants, and .,y arethe
Curie-Weiss temperatures.
The temperature dependences of C&S of ADP are

shown in fig. 5, (a). The temperature dependence of the
difference

€33~ €33 = Pegszs = 4Pe3gicgs = 4pd3eces  in
ADP isplotted in fig. 5, (b).

The dastic constant C&S of ADP, in contrast to
KDP, is finite a T =Ty and hardly temperature
dependent.

Conclusions

Within the thermodynamic theory and using the
obtained experimental data we calculate the coefficient
of piezodectric coupling, longitudina dielectric
permittivities of free and clamped crystals, piezoe ectric

coefficients g, elastic constant at constant field cf; of
Ki. X(NH4)XH2PO4 mixed crystals. A typical for

piezodlectrics behavior of the mentioned characteristics
isrevealed.

The same characteristics are also calculated for pure
NH4H,PO, within the framework of a microscopic model
that takesinto account the piezod ectric coupling.

The piezodectric properties of these disordered
compounds are shown for thefirg time.
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JIL.M. KOpOTKOBl, J1.B. HiXOBal, P.P. HeBHuKHﬁZ, L.P. 3aqel<3, A.C. BJIOBI/I‘IZ

JieJIeKTpUYHI, eJIEKTPOMeXaHi4YHI I NPy KHi BJaCTHBOCTI MaTepiajis

K1x(NH4)xH2PO4

*Boponesicevruii deporcasnuii mexuuuni ynisepcumem, Mockoscouii np. 14, 394026, Boponeoic, Pocis
2Incmumym izuxu kondencosanux cucmem, eyn. Ceenyiyviozo,1, 79011, Jesis, Yipaina
SHayionanenuii ynisepcumem "Jlvsiecoka nonimexuika”, eyn. Bandepu,12, 79013, /lvsis, Ypaina

OOroBOpIOIOTECS. HASIBHI E©KCIIEPUMEHTANbHI JaHi Ul Ai€NeKTPUYHHX, I'€30€IEeKTPUYHUX Ta MNPYKHUX
XapaKTEPUCTHK cerHeToenekrpuka NH 4H2PO 4 HA OCHOBI 3aIpPONOHOBAaHOI MIKPOCKOIIYHOI Teopii 1bOro
KpHcTaniB. B paMkax TepMOIMHAMIYHOI TeOpil 3 BUKOPUCTAHHSIM OTPUMaHHX EKCIIEPUMEHTAIBHUX PEe3Y/IbTaTiB
PO3PaXOBAHO Ji€NEKTPHUHI, ITE30€/ICKTPHYHI Ta NPYKHI XapaKTepuCTHKH Matepiams Kq_ X(NH 4)X H 2PO 4
npu X > 0.32.

Kitio4oBi cjioBa: cerHeToeNeKTPUKH, KIacTepHE HAONIKSHHS, HieNeKTPHYHA NPOHUKHICTD, IT€30MOIYII,
MIpY>KHA CTaja.
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