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Solid solutions of oxides with the general formula
ABO3 have been extensively studied for several
decades. Recently, the interest in these compounds
has increased due to the new possibilities of their prac�
tical applications owing to their unusual phase dia�
grams and properties [1]. The lead�containing

 (B' = Sc, Ga, In, Lu; B'' = Nb, Ta) solid
solutions exhibit interesting properties. The high�tem�
perature phase of  compounds disor�
dered in cations B has a perovskite structure, whereas
the high�temperature phase of the ordered solid solu�
tions has an elpasolite structure (Fm3m). As the tem�
perature decreases, the compounds, depending on the
chemical composition and the degree of ordering of
cations B' and B'', undergo either ferroelectric or anti�
ferroelectric phase transitions. The solid solutions in
which B' = Sc, such as PbSc1/2Nb1/2O3 (PSN) and
PbSc1/2Ta1/2O3 (PST), have been studied most exten�
sively. Both solid solutions undergo a ferroelectric
phase transition to the rhombohedral phase with sym�
metry R3. In completely ordered Pb2ScNbO6 and
Pb2ScTaO6, this transition is a sharp ferroelectric tran�
sition; as Sc and Nb(Ta) are disordered, the transition
becomes diffuse and the compounds begin to manifest
relaxor properties. The data on other compounds are
much less available in the literature; for the most part,
these are studies of  (PIN and PIT) and
PbLu1/2In1/2O3 (PLN) [2–8]. There are experimental
data which show that these compounds, unlike ferro�
electrics PSN and PST, undergo an antiferroelectric
transition and that transitions between the antiferro�

PbB1/2' B1/2'' O3

PbB1/2' B1/2'' O3

PbIn1/2B1/2'' O3

electric and ferroelectric phases are possible [2, 9].
The mechanism of these transitions is not completely
understood from both the experimental and theoreti�
cal standpoints.

The aim of this work is to calculate the lattice vibra�
tion spectrum, the ferroelectric phase transition tem�
perature, and the spontaneous polarization for a num�
ber of ordered Pb2B 'B ''O6 (B ' = Sc, Ga, In, Lu; B '' =
Nb, Ta) solid solutions. The lattice dynamics and the
ferroelectric phase transition for ordered scandium
solid solutions were calculated in [10, 11]. Here, some
results of the calculations are presented for complete�
ness of the pattern of the properties of the compound
series under study. For all disordered solid solutions,
the lattice dynamics and the ferroelectric phase transi�
tion were calculated in [12].

In the framework of the generalized Gordon–Kim
model with inclusion of the dipole and quadrupole
polarizabilities of ions [13], the lattice dynamics was
calculated for the ordered solid solutions with the
elpasolite structure. In the elpasolite structure, the O⎯2

ions have a free coordinate related to displacements of
the oxygen ions along the Ta(Nb)–O bond. The posi�
tions of the oxygen ions in the cubic phase were found
from the minimum of the total energy. In all the com�
pounds under consideration, the oxygen octahedron is
displaced to the Ta(Nb) ion by approximately 0.08 Å.
The unit cell parameters were also found by minimiza�
tion of the total energy of the crystals; they are listed in
Table 1 along with the known experimental values.
The calculated unit cell parameters are less than
experimental values by 1–3%. The calculations of the
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lattice dynamics and energies of low�symmetric
phases were performed based on the experimental val�
ues of the lattice parameters, because it is known that

the ferroelectric instability is very sensitive to the unit
cell volume. For the crystals with B ' = Ga and
PbLu1/2Ta1/2O3, for which we did not find the experi�
mental values of the unit cell parameter, the calcula�
tion was performed using the parameters equal to 8.14
and 8.26 Å, respectively.

In terms of this model, the rf permittivity,
dynamic Born charges, and frequency spectra of the
crystal lattice vibrations were calculated for the
ordered solid solutions such as PbGa1/2Nb1/2O3

(PGN), PbGa1/2Ta1/2O3 (PGT), PIN, PIT, PLN, and
PLT. It is seen from Table 2 that the dynamic charges
of 〈B〉 and O|| ions decrease as the atomic number of
the 〈B〉 ion increases, as was also noted in [10, 12] for
the disordered solid solutions. Figure 1 depicts the

Table 1. Experimental aexp and calculated amin equilibrium
unit cell parameters (Å)

Com�
pound amin aexp

Com�
pound amin aexp

PSN 7.84 8.14 [14] PST 7.98 8.14 [15]

PGN 7.96 8.18 PGT 8.08 8.18

PIN 8.08 8.22 [16] PIT 8.14 8.16 [16]

PLN 8.18 8.3 [1] PLT 8.24 8.26

Table 2. Calculated values of the rf permittivity ε∞, dynamic Born charges Zdyn (in units of e), and frequencies of the soft
ferroelectric mode ωs (cm–1)

Compound ε∞ ωs

PSN 3.5 2.70 4.2 5.96 –4.15 –1.82 –95

PGN 3.31 2.67 3.48 5.73 –3.3 –1.90 –62

PIN 3.1 2.70 3.25 6.1 –3.6 –1.95 –57

PLN 2.84 2.65 2.8 5.91 –2.8 –2.16 –61

PST 3.34 2.67 3.94 4.21 –2.68 –2.04 –62

PGT 3.2 2.65 3.3 4.2 –2.25 –2.08 –61

PIT 2.93 2.66 3.2 4.6 –2.22 –2.17 –65

PLT 3.09 2.63 2.55 4.32 –2.22 –1.62 –67

ZPb
dyn

ZB '
dyn

ZB ''
dyn ZO||

dyn
ZO⊥

dyn

Table 3. Vibration frequencies (cm–1) at q = 0 for the ordered  solid solutions (the mode degeneration is indi�
cated in parentheses, and the soft modes are represented by the negative values)

PSN PGN PIN PLN PST PGT PIT PLT

–95.8(2) –61.7(2) –57.3(2) –60.3(2) –89.5(3) –92.2(3) –125.4(3) –137.6(3)

–51.4(3) –50.6(3) –48.1(3) –49.8(3) –62.1(2) –61.4(2) –65.5(2) –67.1(2)

69.0(3) 77.0(3) 43.5(3) 58.0(3) –57.4(3) –57.7(3) –58.4(3) –58.9(3)

78.5 90.3 96.6 90.4 106.6 106.6 103.5 99.6

120.0(2) 178.1(2) 185.8(2) 157.2(2) 183.7(3) 185.2(3) 176.2(3) 171.5(2)

202.8(3) 208.0(3) 207.7(3) 182.8 234.8(2) 222.1(2) 197.1(2) 173.8(3)

256.3(3) 242.0 215.2 213.6(3) 240.6 230.7 214.3 189.9

268.7 263.0(3) 269.3(3) 279.5(3) 246.2(2) 250.0(2) 254.7(2) 256.9(2)

296.0(2) 309.0(2) 315.8(2) 321.0(2) 251.6(3) 256.1(3) 259.5(3) 264.0(3)

309.2(2) 335.6(2) 358.5 368.8 361.4 352.0 348.2 358.8

339.3 345.2 427.5(2) 421.1(2) 475.1(2) 489.7(2) 533.6(2) 541.6(2)

375.3(2) 390.7(2) 432.2(2) 439.0(2) 529.6(2) 540.3(2) 567.0(2) 574.0(2)

510.3 515.3 550.9 534.2 578.0 577.0 597.5 593.3

PbB1/2' B1/2'' O3
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Fig. 1. Calculated phonon spectra of the ordered (a) PIT and (b) PLT solid solutions. The imaginary frequencies are represented
by negative values.
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Fig. 2. Dependences of the difference between the total energies of the distorted and undistorted Pb2B 'B ''O6 solid solutions on
the amplitude of ionic displacements along the eigenvector of the ferroelectric mode in the [111] direction.

total phonon spectra calculated for the PIT and PLT
compounds; the calculations show that the spectra are
qualitatively similar for all the compounds (the spectra
for PSN and PST are presented in [10]); because of
this we do not show the spectra for all the compounds
to save room. It is seen from Table 3, in which the
vibration frequencies in the Brillouin zone center are
given, that all the Pb2B 'B ''O6 compounds have a soft
vibrational mode with symmetry Γ15 corresponding to
the ferroelectric instability of the lattice. The calcu�
lated eigenvectors of these unstable ferroelectric
modes of the compounds under consideration are
listed in Table 4. As seen, the Pb and O⊥ ions have the
largest displacements which are assumed to be related
to the ferroelectric instability in the lead�containing
crystals. These displacements are practically the same
for all the compounds. It was detected as well that the

frequencies of the ferroelectric modes for whole series
of the ordered solid solutions are very close to each
other. The vibration spectra of the crystal lattice
obtained are little different in the cases of the ordered
and disordered solid solutions [10].

As the crystal is distorted by the obtained eigenvec�
tor of the soft ferroelectric mode, the ion displace�
ments along the space diagonals of the cubic unit cell
(the [111] direction) are more energetically prefera�
ble, which corresponds to the rhombohedral phase
symmetry. Figure 2 shows the dependences of the
crystal energy counted from the energy of the undis�
torted cubic crystal (E – Ecub) on the amplitude of the
ionic displacements along the eigenvector of the soft
ferroelectric mode in the [111] direction. As seen from
Fig. 2, the depth of the energetic minimum increases
with increasing atomic number of the B ' ion and is



360

PHYSICS OF THE SOLID STATE  Vol. 52  No. 2  2010

ZHANDUN et al.

shifted to larger amplitudes of the ion displacements
from the equilibrium position in the cubic phase; the
depth for the niobium compounds is larger than that
for the tantalum compounds (the inverse situation is in
the disordered compounds [12]).

The ferroelectric phase transition temperatures
were calculated by the method of a model Hamilto�
nian in the local�mode approximation [11, 17, 18],

where the three�component local mode Sα =

 (u is the amplitude of ionic displacements,

and ξkα is the eigenvector of the mode from Table 4)
was centered on the Pb ions undergoing the largest dis�
placement and placed in the sites of the face�centered
cubic lattice. The model Hamiltonian included the
energies of the short�range interactions within the
limits of the two coordination shells (Eshort) and long�
range dipole–dipole interactions of the local modes
(Edip), and also the energy of the single�site anharmo�
nicity (Eanharm):

(1)

The explicit expressions for the model Hamiltonian
are presented in [11, 17]. The distorted structures used
in calculations of the parameters of the effective
Hamiltonian for the ordered solid solutions and the
procedure of determination of the parameters of the
Hamiltonian from the set of energies of the distorted
structures are presented in [11]. The calculated

u
α

ξiαi∑

Etot Eanharm Si{ }( ) Eshort Si{ } Sj{ },( )+=

+ Edip Si{ } Sj{ },( ).

Table 4. Eigenvectors of the soft ferroelectric mode Γ15

Compound Pb B' B'' O⊥ O||

PSN 0.48 0.4 0.09 –0.31 –0.01

PST 0.54 0.14 0.04 –0.26 –0.21

PGN 0.55 0.17 0.04 –0.3 –0.06

PGT 0.55 0.09 0.04 –0.31 –0.003

PIN 0.56 0.11 0.02 –0.3 –0.02

PIT 0.56 0.08 0.02 –0.3 –0.001

PLN 0.57 0.09 0.01 –0.29 –0.01

PLT 0.55 0.08 0.02 –0.31 –0.015
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Fig. 3. Temperature dependences of the local mode amplitude for the ordered Pb2B 'B ''O6 solid solutions.
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parameters of the model Hamiltonian for all solid
solutions are listed in Table 5.

The temperature behavior of the system with the
model Hamiltonian (1) was calculated by the Monte
Carlo method using the parameters from Table 5. The
Monte Carlo procedure is described in [11], where the
ferroelectric transition was calculated in the PSN and
PST compounds. The results of the Monte Carlo cal�
culations for all the compounds under discussion are
presented in Figs. 3–5 and in Table 5. Figure 3 shows
the temperature dependence of three components of
the transition parameter. According to the Monte
Carlo calculation, the ordered solid solutions undergo
the phase transition to the rhombohedral ferroelectric
phase with the almost equal nonzero values of the
three components of the local mode. In this case, in
some solid solutions (e.g., PSN [11] and PLT), the
Monte Carlo procedure demonstrates a narrow tem�
perature intermediate region of existence of the ferro�
electric phase with two nonzero and equal compo�
nents of the local mode. It should be noted that it is
fairly difficult to determine the transition temperature
(Tc) from the temperature dependences of the order
parameter according to the Monte Carlo data; and
because of this the phase transition temperatures were

determined from the temperature dependences of
individual contributions to the total internal energy of
the system (short�range and dipole–dipole energies),
which have marked kinks near the phase transition.
The temperature dependences of the energy and indi�
vidual contributions to it calculated by the Monte
Carlo method for PSN and PST are presented in [11].
Similar dependences are observed also for other com�
pounds of the solid solution under consideration,
because of this we show in Fig. 4 as examples and in
order to save room the results only for PGN and PLT,
where, in the former case, there is only one transition
from the paraelectric to the ferroelectric phase, and, in
the latter case, as mentioned above, there is a narrow
temperature range with two nonzero components of
the order parameter. Table 5 lists the temperatures of
the phase transitions from the cubic phase to the
rhombohedral phase and values of the spontaneous
polarization in this phase obtained by the Monte Carlo
method. Figure 5 depicts the temperature depen�
dences of the spontaneous polarization in the ferro�
electric phase. As seen from the figure, the kinks in the
temperature dependences of the spontaneous polar�
ization approximately agree with the transition tem�
peratures determined from the temperature depen�
dences of the energy (Table 5). Despite the fairly small
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Table 5. Parameters of the model Hamiltonian (eV) (a1–a3, b1, and b2 are the parameters of the short�range interaction; A,
B, and C are the parameters of the single�site anharmonicity); Z is the effective charge of the mode (in units of e), ferroelec�
tric phase transition temperatures Tc, and spontaneous polarizations Ps

Parameter PSN PGN PIN PLN PST PGT PIT PLT

a1 –44.68 –40.16 –34.23 –29.69 –44.68 –34.71 –35.92 –34.00

a2 87.24 74.63 61.09 52.35 87.24 58.76 61.72 59.42

a3 152.17 128.56 102.99 83.70 152.17 111.53 100.73 92.67

b1 14.76 9.98 3.91 –1.56 14.76 3.40 6.08 2.98

b2 –14.52 –5.82 –4.26 –3.71 –14.52 –5.06 –5.21 –5.22

A 180 146.89 121.21 105.76 180 118.32 112.41 104.36

B 5880 8158 9155 9381 5880 9484 8992 9979

C 8411 7751 9337 8290 8411 10652 9949 7464

Z 5.28 5.20 4.40 4.22 7.41 4.33 4.21 4.25

Ferroelectric phase transition temperature Tc, K

Calculation 490 980 760 1480 610 820 930 1060

Experiment 350 [19] – – 300 [19] – –

Spontaneous polarization Ps, C/m2

Calculation 0.24 0.41 0.28 0.44 0.24 0.25 0.33 0.38

Experiment – – – – 0.26 [19] – – –
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Fig. 5. Temperature dependences of the spontaneous
polarization of the Pb2B 'B ''O6 solid solutions.

scatter in the parameters of the model Hamiltonian for
different compositions, as seen from Table 5, the scat�
ter of the transition temperatures is about 1000 K,
namely, from 490 to 1380 K. It should be noted that
the obtained temperatures are higher than the temper�
atures of the ferroelectric phase transition for the dis�
ordered solid solutions calculated in [12]. It is seen
from Table 5 that the ferroelectric transition tempera�
ture increases with increasing atomic number of the B '
ion in both niobium and tantalum compounds (excep�
tion for PGN which drops out of the series). In this
case, the ferroelectric phase of tantalum

 solid solutions is stabilized at higherPbB1/2' Ta1/2O3

temperatures than that in , with the
exception of the PGN and PGT pairs and PLN and
PLT pairs, for which situation is inverse. Similar
behavior is observed also for the spontaneous polariza�
tion. A possible reason for the increase in the transi�
tion temperature with an increase in the atomic mass
of the B' ion was indicated in [12], where this behavior
was attributed to the increase in the energy of the
dipole–dipole interactions, which, in turn, was
assumed to be related to large displacement ampli�
tudes for the compounds with the large atomic number
of the B' ion.

In conclusion, the results obtained in this work can
be briefly summarized as follows.

(1) The calculated lattice vibration spectrum of the
ordered Pb2B 'B ''O6 (B' = Ga, In, Lu; B'' = Nb, Ta)
solid solutions with the elpasolite structure contains
the unstable modes responsible for the instability of
the lattice with respect to the polar vibrations (Γ15

mode). In all the compounds, these modes are close in
frequency. In the eigenvectors of these modes, the lead
ions are mainly displaced.

(2) In the local mode approximation, we deter�
mined the parameters of the effective Hamiltonian
which describes the ferroelectric phase transition and
calculated the transition temperature for all the solid
solutions under consideration. It was found that, in
the compounds containing B ' ions with a large atomic
number, the transition temperature increases. A simi�
lar dependence was obtained for the calculated value
of the spontaneous polarization.

PbB1/2' Nb1/2O3
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