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Abstract—The dynamic Born charges and the frequency spectra of lattice oscillations in the crystals of ordered
and disordered PbSc/,Ta;,05 (PST) and PbSc,,,Nb;,,05 (PSN) solid solutions have been calculated within the
framework of the generalized Gordon—Kim model with allowance for the dipole and quadrupole polarizabili-
ties. The phonon spectra of both compounds contain ferroelectric soft modes. The influence of various interac-
tions on the magnitude of dynamic charges and ferroelectric instability in PSN and PST solid solutions has been
studied and it is shown that both these charges and the ferroelectric instability are determined by the competi-
tion between long-range dipole—dipole interactions and short-range dipole—charge interactions, the determining
role played by the interaction of Nb (Ta) cations and oxygen anions in the Nb—O (Ta—O) bond direction.
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1. INTRODUCTION

Among numerous ferroelectric materials, of special
interest are lead scandium tantalate PbSc,,Ta;,0;
(PST) and lead scandium niobate PbSc,,,Nb, ,0; (PSN)
solid solutions possessing perovskite structures in a
fully disordered phase. The physical properties and the
character of phase transitions in these compounds
depend on the degree of ordering of scandium and tan-
talum (niobium) ions. Disordered compounds exhibit a
smeared ferroelectric phase transition with a relaxor
character that depends on the degree of ordering, while
the ordered PST (Pb,ScTaO4) and PSN (Pb,ScNbOy)
behave as usual ferroelectric compounds (see [1-4] and
references therein).

The high-temperature phases of disordered PSN and
PST solid solutions have a Pm3m symmetry (represent-
ing the structure of perovskites with the general chem-
ical formula ABO;), while the ordered solid solutions
exhibit an Fm3m symmetry (elpasolite structure). As
the temperature decreases, both ordered and disordered
solid solutions exhibit a ferroelectric phase transition to
a rhombohedral phase. The symmetry of the low-tem-
perature phase of PSN is R3m, while the symmetry of
the low-temperature phase of PST has not yet been
fully established [4-6].

Most of the experimental investigations were
devoted to the structure and physical properties of PSN
and PST solid solutions in the region of the ferroelectric
phase transition. It was shown [7-9] that disordered
phases of these solid solutions contain ordered nan-
odomains, the existence of which is confirmed by the

results of experimental investigations of the crystal lat-
tice dynamics, in particular, using the method of Raman
scattering spectroscopy [8, 9]. Indeed, although
Raman-active modes are symmetry-forbidden in the
high-temperature phases of disordered solid solutions,
the Raman spectra of ordered and disordered samples
are nearly identical. The presence of such ordered nan-
odomains results in a more complicated pattern of crys-
tal lattice distortions during the ferroelectric phase tran-
sition as compared to that in the ordered PSN and PST
solid solutions. As was noted [7, 10], an important role
in this phase transition is played both by the ferroelec-
tric soft mode and by the antiferroelectric soft mode
(in PSN) and the soft mode related to the rotation of
oxygen octahedra (in PST). To the authors’ knowledge,
no theoretical calculations of the lattice dynamics of
ordered and disordered PSN and PST solid solutions
have been reported until now.

This paper presents the results of investigation of the
lattice dynamics of the ordered and disordered PSN and
PST solid solutions within the framework of the gener-
alized Gordon—Kim model. Possible factors responsi-
ble for the ferroelectric instability in these compounds
are discussed.

2. RESULTS AND DISCUSSION

We have calculated the frequency spectra of lattice
oscillations, the dynamic Born charges, and the elastic
moduli of the ordered and disordered PSN and PST
solid solutions within the framework of the generalized
Gordon—Kim model of an ionic crystal with allowance

617



618

Table 1. Lattice parameters (a,) and elastic moduli (C,j) of
disordered and ordered PSN and PST solid solutions

Compound ng lOgl(l}’Pa lOgl(Q}’Pa lOgéé’Pa

Disordered

PbSc,,Nb;,,04 394 1.58 0.72 0.82

PbSc,Ta; 505 4.03| 2.09 0.74 0.75
Experiment

PbSc,,Ta;,05 [21] 1.84 0.64 0.58
Ordered

Pb,ScNbOg 7.88| 1.64 0.74 0.86

Pb,ScTaOgq 8.04| 2.12 0.73 0.77

for the deformability and the dipole and quadrupole
distortions of the electron density on ions [11]. In the
case of disordered solid solutions, calculations were
performed using the virtual crystal approximation [12].
The electron density on an individual ion and its self-
energy in the Gordon—Kim model were calculated with
allowance for the crystal field potential approximated
by the Watson sphere. The crystal lattice parameters
were determined through minimization of the total
crystal energy. In the elpasolite structure, O~2 ions have
a free coordinate that is related to their displacement
along the Ta—O (Nb-O) bond. The positions of oxygen
ions in the cubic phases of ordered solid solutions were
also determined from the total energy minimum. In
both PST and PSN, the oxygen octahedron is dlsplaced
by 0.08 A toward Ta and Nb, respectively. Table 1 gives
the calculated and experimental lattice parameters of
completely ordered and disordered PSN and PST solid
solutions. As can be seen, the calculated values coin-
cide to within 3.5% with the experimental data. In addi-
tion, Table 1 gives the calculated and experimental val-
ues of elastic constants.

A characteristic feature of many oxides with ABO;
perovskite structures is the anomalously large values of
the dynamic Born charges on cations B and the compo-
nents of the dynamic Born charge on oxygen anion Z,
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along the B—O bond [13]. However, according to the
results of our calculations, the dynamic charges in tan-
talum compounds are rather small in comparison to
those in other oxides (Table 2). In PST, the dynamic
charge on Ta*™ is below the nominal value, while the
dynamic charge on Nb*® in the isomorphous niobate is
close to the charges on cations B in oxides with perovskite
structures. This tendency to a decrease in the dynamic
charge with increasing atomic number of the cation has
been also observed in pure ABO; perovskites [14].

In the model of polarizable ions [14], the high-fre-
quency dielectric constant and the dynamic charges on
ions in cubic crystals can be expressed as [10, 15]

4w 4 !
€, =1+ ?iaeff(l_ 3—50%&) ) (1)
8 +2
de(l) = eft(l) (2)

where Z{(i) and o are the effective charge and the
effective polarizability of ions in the crystal. These
effective quantities are determined by the short-range
interactions as

o’d

et ij = ;[0 ﬁ"‘OC(YaB"'raB)]_I,

3)

eff(l) - Zlon(l)s(x[}

4 )
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where y Characterizes the difference between the inter-
nal field on the ion and the Lorentz field, describing the
intercell interaction, and the I" and 7" matrices describe
the short-range interactions between the extended
dipoles and the dipoles and charges, respectively.

For the ABO; perovskite structure, the values of

)

non-Lorentzian structural constants y,B for oxygen
ions occupying tetragonal positions are nonzero, being
especially large in the B—O bond direction. These very
components of the y, " tensor account for an increase in
the effective polarizability . of oxygen ions in the

Table 2. Dynamic charges Zg, (in e units) and high-frequency permittivities €, of disordered and ordered PSN and PST solid

solutions
Disordered Zayn(Pb) Zgyn({ScNb(Ta))) Zagn,1(0) Zagn, 1(0) €.
PbSc,,Nb;,03 2.93 5.60 -4.71 -1.90 4.47
PbSc,,Ta; ;05 2.81 4.41 -3.07 -2.07 4.18
Ordered Zdyn(Pb) Zdyn(sc) Zdyn(Nb(Ta)) Zdyn, ||(O) Zdyn, J_(O) €.
Pb,ScNbOg 2.99 4.76 6.44 -4.82 -1.89 3.86
Pb,ScTaOg¢ 2.83 4.03 4.36 -2.70 -2.16 3.56
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 105 No.3 2007
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Table 3. Dynamic charges (in e units) on ion B [Zdyn(B)] and oxygen [Zdyn‘ 1(0O)] in disordered and ordered PSN and PST
solid solutions calculated with allowance for various interactions

Y#0; T#0; T#0
¥=0;T=0;7T=0 ¥#0;T'=0;T=0 Y#0; T#0;T=0 Yy=0; T'#0; T#0 TB—OH_O
ordered 3iesr(;r(i ordered ?jiesr(ég ordered giesr(ér(i ordered giesr(e)zs ordered ((liiesr%rci

PSN €,=3.23 3.53 €.,=3.24 3.55 e.,=3.80| 447 €,=3.86| 4.47 €.,=3.86| 4.47
Nb/(B) 8.72 7.38 9.67 8.11 12.19 10.71 6.14 5.60 15.47 13.45
O, -3.49 -3.69 -7.83 -8.36 -10.16 | -11.55 -4.32 -4.71 -8.99 -12.57
PST €.,=3.10 341 e.,=3.11 342 €.,=3.56| 4.18 €,=3.56| 4.18 €,=3.56| 4.18
Ta/(B) 8.51 7.22 8.83 7.77 10.19 9.75 4.36 4.41 13.91 12.78
Oy -3.40 -3.61 -7.08 -8.06 -8.50 -10.58 -2.70 -3.07 —7.47 -11.44
PST* €,=343 3.48 €,=345 350 |e,=437| 446 |e.=437 446 |e,=4.37 4.46
Ta*/(B) 9.05 7.30 10.44 8.41 14.88 11.70 5.07 5.20 20.03 14.88
Oy -3.62 -3.65 -8.67 -8.69 -12.53 —12.49 -3.56 -4.01 -11.04 | -13.69

B—0 bond direction and for the appearance of anoma-
lously large values of the dynamic charges [11, 15] in
perovskite structures, including PSN and PST solid
solutions. This is illustrated by the data in Table 3,
which shows contributions to the dynamic charges cal-
culated using Egs. (1)—~(4) for Nb, Ta, and O, ions (for
brevity, contributions to the dynamic charge on lead
and the oxygen charge component Z, are omitted).

Allowance for the long-range dipole—dipole interaction
leads to a still greater anisotropy in G of oxygen ions
and to an increase in the dynamic Born charge (Table 3,
third column 3). At the same time, the short-range inter-
action between extended dipoles and the spherically
distributed charge density significantly decreases the
dynamic charges (Table 3, fourth column). The results
of our calculations showed that this decrease in the
dynamic charges on metal ions at the center of the octa-
hedron and in the oxygen ion charge components in the
B-O bond direction is related predominantly to the
interaction between the extended oxygen ion dipoles
and the spherically distributed charge density on ion B,
while the dielectric constant (1) is independent of this
interaction. Table 3 (fifth column) also shows the
dynamic charges calculated with neglect of only the
short-range interaction between the extended oxygen
ion dipole and the extended charge on Nb and Ta
(Ts_p element of the T matrix). As can be seen from a
comparison of the third and fifth columns in Table 3,
the absence of this single interaction even leads to a
very small increase in the dynamic charge on ion B as
compared to the case of the total absence of short-range
dipole—charge interactions. The results of our calcula-
tions showed that this behavior is related to the fact that
the short-range interaction between the extended
charge on ion B and extended dipoles O, increases the
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dynamic charge on ion B (although this interaction is
much smaller in magnitude).

It should be noted that the dynamic charge is also
influenced by the polarizability of a metal ion. Table 3
shows the values of dynamic Born charges calculated
for a PST* solid solution with excited Ta**° ions, which
possess the outer electron shell configuration
555p%4f*5d'° (instead of 5s25p°4f'* in unexcited Ta*>
ion). Although the polarizability of the excited ion
Ta** is more than three times that of the unexcited one,
the contribution of the short-range part of the charge—
dipole interactions to the effective charge (4) also
exhibits a significant (almost twofold) increase. As a
result, the joint action of these two factors leads to a
quite small increase in the dynamic charge.

Thus, the dynamic charge is determined by the
rather fine balance between the competitive long-range
dipole—dipole interactions and short-range dipole—
charge interactions. A similar balance of these compet-
itive interactions also determined the instability of
oxides with perovskite structures with respect to the
polar transverse mode of crystal lattice oscillations.
Figures 1 and 2 show the total phonon spectra calcu-
lated for the disordered and ordered PSN and PST solid
solutions with the lattice parameters determined in
experiments. Table 4 presents the values of frequencies
at the center of the Brillouin zone and at the point R =

2—75(1 1 1) . As can be seen, the difference between the
ag\2 2 2

frequencies of the crystal lattice oscillations in the
ordered and disordered solid solutions is rather small.
This similarity was also observed in experiments [8, 9].

A comparison of the data presented in Tables 2 and
4 shows that, despite the difference in the dynamic
charges of pentavalent metal cations in PSN and PST
Vol. 105
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Fig. 1. Phonon spectra calculated for the ordered PSN and
PST solid solutions (negative values refer to imaginary fre-
quencies).

solid solutions, both ordered and disordered com-
pounds are unstable with respect to the ferroelectric
oscillation mode. Let us consider the case of disordered
compounds (i.e., the perovskite structure) in more
detail. Apparently, the most commonly accepted mech-
anism of the ferroelectric instability in oxides with the
perovskite structure is the dipolar mechanism, which is
based on the concept of long-range dipole—dipole inter-
actions. This mechanism has been repeatedly discussed
both within the framework of various empirical models
of ionic crystals with polarizable ions (see, e.g., review
[15] and references therein) and in quantum-mechani-
cal calculations of the properties of oxides with perovs-
kite structures [11, 13, 16—18]. Note, however, that an
alternative mechanism of instability in the cubic per-
ovskite structure has been also considered, which is
based on the notion of several equiprobable equilibrium
positions for ion B in the cubic ABO; phase [19]. The
ab initio (first principles) calculations of Kvyatkovskii
[16-18] have confirmed that the intercell long-range
dipole—dipole interaction decreases the frequencies of
the polar modes of lattice oscillations and may cause
instability of the crystal. In particular, the quantum-
mechanical cluster calculations of the contributions
from long-range dipole—dipole interactions and short-
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Fig. 2. Phonon spectra calculated for the disordered PSN
and PST solid solutions (negative values refer to imaginary
frequencies).

range dipole—charge interactions to the diagonal ele-
ments of the force matrix of perovskite compounds
showed that (i) the former contribution in oxides is
anomalously large as compared to those in normal
dielectrics and (ii) the minimum energy in the cubic
phase calculated with neglect of this long-range inter-
action corresponds to the central position of ion B [18].

The long-range dipole—dipole contribution to the
diagonal elements of the force matrix of cubic perovs-
kites can be written as [18]

dme’ Zan(i)
Q e +2°

ii
kgg = —

&)

Table 5 presents the long-range dipole—dipole contribu-
tions (kifd) calculated using this formula in comparison

to the short-range contributions (ki-; ). The latter values

were determined by subtracting kﬁ,id from the total diag-

onal element of the force matrix calculated within the
framework of the adopted approach. The first two col-
umns in Table 5 show the low-energy (soft) polar mode
determined with allowance for all interactions in the
crystal and with neglect of the long-range dipole—

dipole interaction (kgd), respectively. For comparison,

this table also gives the aforementioned values for some
other oxides with the perovskite structure. As can be
seen from these data, the polarized dipole—dipole inter-
actions determine the ferroelectric instability of the
cubic phase in perovskite oxides: in the absence of this
interaction, all compounds become stable with respect
to the polar mode (third column in Table 5). These data
also well agree with the results of ab initio calculations
Vol. 105

No. 3 2007
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Table 4. Lattice oscillation frequencies (cm™) for ordered (at g =0) and disordered (at ¢ = 0 and g = R) PSN and PST solid
solutions (figures in parentheses indicate mode degeneracy)

Disordered (perovskite structure) Ordered (elpasolite structure)
PSN PST PSN PST e e
q=0 q=0
T,,2)TO 80.2i 56.9i T,,2)TO 83.0i 69.3i
T,,(1)LO 80.9 107.9 T,(1)LO 86.3 110.1
1,,3) 182.3 173.6 1,,3) 200.1 185.7
T,,2)TO 186.2 232.9 T,,2)TO 160.2 245.4
T,,(1)LO 312.1 313.8 T,(1)LO 281.0 258.2
T,,2)TO 326.7 4994 T,,2)TO 389.1 558.1
T,,(1)LO 483.8 560.2 T,(1)LO 524.5 605.7
g=R q=R
R5(3) 65.1i 62.6i T5,(3) 55.8i 64.7i 50
R»5(3) 574 67.3i T1,(3) 66.5 86.7i
R5(3) 228.5 228.4 T5,(3) 247.7 244.7 370
Ry5:(3) 305.4 5568 T,,(2) TO 309.6 264.1
T,,(1)LO 334.8 365.3
R»(2) 283.7 460.8 E,(2) 336.3 509.5 500
Ry(1) 585.9 602.8 A1) 616.9 643.5 740

Table 5. Low-energy polar mode frequencies (®, cm™!) and the contributions due to long-range dipole—dipole (kyq) and short-
range (kg,) interactions to the diagonal elements of the force matrix of perovskite compounds (in the units of 47e?/<2)

A B o} 0,
(0] Ogp

kdd ksh kdd ksh kdd ksh kdd ksh

BaTiO, -96 142 | -136 | 375 | -5.05 856 | -477 | 623 | -037 | 186
BaZrO, 25 116 | -126 | 3.68 | -497 | 1421 | -3.99 | 1082 | -046 | 161
PbTiO, -77 127 | -122 | 392 | -472 | 849 | -401 | 588 | -042 | 146
PbZrO, —67 96 | -340 | 301 | -480 | 140 | -3.15 | 980 | -060 | 1.54
SrTiO, 68 160 | -1.14 | 331 | =559 | 995 | -476 | 818 | —040 | 1.74
KNbO, 298 113 | -029 | 18 | -8.16 | 879 | -598 | 373 | -023 | 237
KTaO, 129 147 | 030 | 190 | -3.51 | 1943 | -124 | 1436 | -043 | 265
PbSc,,Nb,,0; | —80 76 | -131 | 276 | -486 | 1002 | -340 | 640 | -054 | 1.88
PbSc,,,Ta;,0; | -57 96 | -127 | 276 | -3.12 | 1482 | -1.52 | 1056 | -0.69 | 2.98

for finite clusters [18]. However, a simple comparison
of the short-range and long-range contributions to the
force matrix elements does not allow one to judge the
ferroelectric instability in a particular compound.
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Indeed, for example, these contributions are approxi-
mately equal in BaTiO; and SrTiO;, but the latter com-
pound is not ferroelectric under normal conditions. On
the other hand, the short-range contributions for B and
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Table 6. Square frequencies of the low-energy polar mode
and C,/C, frequencies (in 4me*/Q units)

o, |~Cow/Cia| © | -CyC
BaTiO, 1.08 072 |-031 | -048
BaZrO;, 1.01 0.61 0.034 | 0.028
PbTiO, 0.80 058 |[-023 | -0.31
PbZrO; 0.75 058 |-029 | -0.33
SrTiO; 1.13 0.75 0.16 0.15
KNbO, 0.53 040 |-297 | -3.05
KTaO; 1.04 0.77 0.69 0.55
PbSc,,Nb,,0;| 0.48 040 |-041 | -0.64
PbSc,,,Ta;,0; | 0.62 073 |-025 | -0.27

O, ions in PSN and PST are significantly different, but
both compounds exhibit the ferroelectric phase transi-
tion.

The long-range and short-range contributions to the
low-energy polar mode frequencies cannot be separated
in the general form (in contrast to the case of a diatomic
crystal). These contributions can be separated only in
elements of the dynamic matrix. Information concern-
ing the role of various interactions in the ferroelectric
instability is lost upon numerical diagonalization of the
dynamic matrix. However, the perovskite structure also
admits the analytical diagonalization of the dynamic
(or force) matrix. In this case, triply degenerate (with
neglect of the macroscopic field) frequencies of the
optical polar modes are the roots of the cubic equation

(@) + Cy(@)’ + C,0*+ C, = 0. (6)

T T T
B KNb 1_“\.TaXO3 I

8
6'w
4
2
0

Fig. 3. Plots of (m) the dynamic charge on average ion, (X)
force matrix element = DE{OH , (0) Cy coefficient, and (®)

square frequency of the low-energy polar mode versus tan-
talum concentration x in KNb; _,Ta, O3 (KNT) solid solu-

tions (in 4eHQ units).
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The quantity ®” can be estimated in the first-order
approximation with respect to C,. In cases where the
coefficient C, at the first-order term in the cubic equa-
tion is positive (which is valid for all compounds listed
in Table 5, except KNbOs;), the square frequency of the
low-energy polar mode is determined by the root of this
equation, for which (in the first order)

o =—C,/C,. (7

The sign of the square frequency is determined by the
sign of Cy, the free term in cubic equation (7), which, in
turn, is determined by a combination of the elements of
the force (or dynamic) matrix Dg»ﬁ (g = 0) calculated

with neglect of the macroscopic field. Our calculations
showed that

Cy = 5(cdf +2cdg + cfg + 2dfg+b(c+f)(d+g)8

()
+(c+2d)(f+2g)j+b(c+2d+f+2g)))
and
b = D;{B’ c = D)/C\X—O”’ d = Dj:x,ola
)

XX

[ = Dgﬁo"’ 8§ = Do, o,

For a negative C, (which corresponds, e.g., to KNbO3),
the square frequency of the low-energy polar mode is
determined by the other root of the cubic sign of the
square frequency and has a more complicated expres-
sion than (7), but the sign of the square frequency is still
determined by the sign of C,,.

Table 6 (fifth and fourth columns) presents the val-
ues of the Cy/C, ratio and the square frequency of the
low-energy polar mode in cubic perovskites. The third
column in this table gives the values of C;, /C, g, cal-
culated with neglect of the long-range dipole—dipole
interactions (in which case the coefficient C, is always
negative), and the second column gives the correspond-
ing square frequencies. When the long-range dipole—
dipole interaction is switched on, some compounds
become ferroelectrically unstable (see the fourth col-
umn) and their coefficients C, become positive.

The magnitude and the sign of the square frequency
of the low-energy polar mode depends nearly on all
interactions in the crystal, but the most important role
determining the existence of the ferroelectric instability
is played by the competition between the long-range
dipole—dipole interactions and the short-range dipole—
charge interaction of ion B with the extended oxygen
dipole along the B—O bond. This situation is clearly
illustrated for KTa,Nb,_,O; (KTN), in which the
dynamic charges and optical spectra of lattice oscilla-
tions were calculated within the framework of the gen-
eralized Gordon—Kim model [11] for various x values
and the experimental lattice parameter a, = 4.0 A. Fig-
ure 3 shows the dependence of the square frequency of
the low-energy polar mode ®” on the tantalum concen-
tration x in KTN. It should be emphasized that the con-

xx .
DB—OLa J =
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Table 7. Eigenvectors of the ferroelectric mode and spontaneous polarizations P, [C/m?] in thombohedral phases of disor-

dered and ordered PSN and PST solid solutions

Disordered (perovskite structure)

Pb (ScNb(Ta)) 0, o} P, (calcd.) P, (exp.)
PbSc;,Nb;,0; 0.76 0.23 -0.42 -0.16 0.21 0.25[23]
PbSc;,Ta;,04 0.75 0.15 -0.47 0.05 0.30 0.21 [22]
Ordered (elpasolite structure)
Pb Nb(Ta) Sc o, (o P, (calcd.) P (exp.)
Pb,ScNbOg 0.53 0.07 0.27 -0.29 -0.11 0.18 0.25
Pb,ScTaOgq 0.54 0.04 0.11 -0.31 0.00 0.17 0.21

centration dependence of the soft mode frequency and
the disappearance of the ferroelectric phase transition
at small tantalum concentrations in KTN solid solu-
tions are only obtained as a result of these calculations
and not observed in experiment. Nevertheless, we
present this result in order to demonstrate the impor-
tance of the B—O interaction in the mechanism of ferro-
electric instability in perovskite oxides. Indeed, as Ta is
added to KNbO;, the most significant change is

observed in the f = DXB’iO" element of the force matrix,

while the other elements are almost independent of the
tantalum content (in the region of small dopant concen-
trations).

Figure 3 also shows the plots of Z;,(B), C, from
expression (8), and the force matrix element versus x.
As can be seen, a change in the B—O interaction with
the addition of tantalum is manifested by the strong
dependence of C, on x, which leads to a sharp initial
change in ®’. At x = 0.12, both C, and ®? change sign
and the KTN solid solution becomes stable with respect
to the ferroelectric oscillation mode. It should be also
noted that the real behavior of KTN with small tanta-
lum concentrations is determined by the presence of the
aforementioned ordered nanodomains. The virtual
crystal approximation used above is evidently inappli-
cable to the description of such domains. Unfortu-
nately, a theory taking into account the existence of
nanodomains has not been developed so far.

Now let us return to the consideration of PST and
PSN solid solutions. In the eigenvectors of the ferro-
electric mode calculated for a series of perovskite com-
pounds (Table 7), the main role is played by the dis-
placements of lead and oxygen ions in the directions
perpendicular to the Ta—O (Nb—O) bond, while the dis-
placements of oxygen along the Ta—O (Nb-O) bond
toward Ta (Nb) ions are insignificant. Experimental
investigations of the structure of ferroelectric phases in
PST and PSN solid solutions show that the maximum
displacements from positions in the high-temperature
phase of both ordered and disordered compositions are
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observed for Pb ions [6, 20]. When these ions are dis-
placed along the eigenvector of the soft ferroelectric
mode in the cubic perovskite phase, the energetically
most favorable structures in both ordered and disor-
dered PST and PSN solid solutions are those with dis-
placements in the (111) directions. The symmetry of
the crystal becomes rhombohedral (for the same num-
ber of atoms per unit cell), which agrees with the exper-
imental situation [6, 20]. Table 7 presents the values of
spontaneous polarization P, calculated for the ions dis-
placed along the eigenvector of the soft ferroelectric
mode in the rhombohedral phase. Our results qualita-
tively agree with experiment [22, 23], although the cal-
culated values are somewhat smaller than the measured
ones.

In addition to the soft ferroelectric mode (7, sym-
metry), both ordered and disordered PST solid solu-
tions exhibit two other types of instability, with T,
(Rys) and T, (R;s) symmetry. The lowest mode is that
of T}, (Rys) symmetry, the eigenvectors of which corre-
spond to rotations of the TaO4 octahedron. As the rota-
tion angle grows, the frequency of the ferroelectric
mode increases, whereas the spontaneous polarization
decreases. Figure 4 shows the dependences of the fer-
roelectric mode frequency and the spontaneous polar-
ization on the small angle of rotation of the octahedron
in the cubic phase. In addition, we have also calculated
the total energy of the crystal and the Coulomb interac-
tion, short-range interaction, and polarization energy
contributions as functions of the octahedron rotation
angle. As can be seen, the rate of growth of the Cou-
lomb energy and the polarization energy exceeds the
rate of the short-range drop in energy; this balance sta-
bilizes the ferroelectric mode. Dmowski et al. [10]
showed that crystal lattice distortions corresponding to
rotations of the octahedron are present, in addition to
ferroelectric distortions, in the rhombohedral phase of
the PST solid solution.

The branch of crystal lattice oscillations related to
rotations of the NbOg octahedron in PSN compounds is
stable, in contrast to the case of PST solid solutions.
2007
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Fig. 4. Plots of (a) the spontaneous polarization, (b) the ferroelectric mode frequency, and (c) the total energy (AE) and contributions
due to various interactions versus angle of rotation (deg) of the oxygen octahedron in the ordered PST solid solution.

Both ordered and disordered PSN solid solutions
exhibit, in addition to ferroelectric instability, an anti-
ferroelectric soft mode (Table 4, Figs. 1 and 2). The
presence of two soft modes at various points of the Bril-
louin zone in disordered PSN solid solutions was
experimentally confirmed [2, 7].

3. CONCLUSIONS

The frequency spectra of lattice oscillations, high-
frequency permittivities, dynamic Born charges, and
elastic moduli of ordered and disordered PSN and PST
solid solutions have been calculated within the frame-
work of the generalized Gordon—-Kim model with
allowance for the dipole and quadrupole polarizabili-
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ties. Both systems exhibit crystal lattice instability of
several types, including ferroelectric instability. The
dynamic charges and the ferroelectric instability in
compounds with perovskite structures are determined
by the competition between long-range dipole—dipole
interactions and short-range dipole—charge interac-
tions. All types of instability in PSN and PST solid
solutions are characterized by close energies, which
probably accounts for the rather complicated pattern of
crystal lattice distortions in the low-temperature phase.
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