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Abstract

The elastic constants and sound velocities as a function of pressure for perovskite materials PbTiO5; (PTO) and PbZrO; (PZO) were
investigated by first principles calculations. Under ambient pressure, the calculated structural parameters were calculated and found to
be in good agreement with known values. To study properties under pressure, PTO and PZO were calculated at several reduced
volumes, each of which corresponds to the system under pressure. The Cy;, Ci, and Cyy elastic constants are all found to increase with
pressure for the pressure range studied. Because the sound velocities are directly derived from the elastic constants, the relationships
between the sound velocities and pressure also follow similar trends. The longitudinal modes are all larger than those of the

transverse modes.
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1. Introduction

PbZrO; (PZO) and PbTiO; (PTO) are the parent
compound materials of the extensively utilized ferroelectric
material Pb(Ti,Zr)O; (PZT). PZT (as well as PZO and
PTO) has perovskite structure and is used in many devices
such as ultrasonic transducers and piezoelectric actuators
[1]. The room temperature phase of PZO and PTO is
orthorhombic and tetragonal structure, respectively [2,3].
Both orthorhombic PZO and tetragonal PTO have only
slight distortion from the perfect cubic perovskite struc-
ture. Their elastic properties have been studied by several
research groups. Liu et al. [4] theoretically studied the
elastic properties of PTO in both cubic and tetragonal
phases. Kalinichev et al. [3] used brillouin light scattering
to obtain the elastic and piezoelectric constants for tetra-
gonal PTO single crystals at room temperature. For PZO,
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Kagimura and Singh [2] studied the elastic properties and
energetics of orthorhombic and rhombohedral phases.

Some effects of hydrostatic pressures on perovskite
materials beside PTO and PZO have been experimentally
and theoretically investigated. To our knowledge, the
elastic properties and sound velocities of PTO and PZO
under pressure have not been reported. For PTO, most of
previous works were performed in order to understand
their ferroelectric properties under ambient pressure. Liu
et al. [4] focused mainly on the calculations of equilibrium
tetragonal to cubic phase transition pressure of PTO. In
this work, the elastic constants and sound velocities under
pressure in cubic perovskite PZO and PTO were studied by
using the density functional theory calculations.

2. Elastic properties of the cubic perovskite crystal

2.1. Elastic constants of the cubic perovskite crystal
Elastic constants of materials can be obtained by

ab-initio calculations using two main approaches [5].

The first approach is based on the analysis of the total
energies of the strained state of the materials which is
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called ‘“‘energy—strain approach” [6]. Another approach is
based on the analysis of the changes in calculated stress
values resulting from the changes in the strain. This
approach is called “‘stress—strain approach” [7].

In this work, the elastic constants (C;) were calculated
by using the stress—strain approach. The stress—strain
relation can be written in the matrix form as

Oxx Cit Cip Ci3 Ciy Cis Cys €xx
Oyy Gy Cy Cy3 Cyy Cos Cog Cyy
(o= Ci1 G Ci3 Gy Css Cye €22
0y | 7| Ca1 Can Cay3 Cus Cys Cue €yz
Oox Csi Csn Cs3 Csy Css Csg €2x
Oxy Ce1 Cea Cg3 Cos Cos Cos €xy

(1)

where ¢;; (i, j=x, y, z) are the stress components, e; (i,
j=x, y, z) are the strain components, and C;, (4, a=1, 2,
3,..., 6) are the elastic constants. For cubic perovkite
structure, the 36 elastic constants in Eq. (1) can be reduced
to three independent elastic constants because of the high
symmetry of the structure. The three independent elastic
constants are denoted by Cj;, Cj» and Cy4. Eq. (1) is
reduced to

Oxx Ci1ChrCpn 0 0 0 Cxx
Oy ChCyiCp 0 0 O Cyy
0z CrChrCh 0 0 0 €2z
gy: | =10 0 0 Cu O O Cyz 2
Ozx 0 0 0 0 CyuO €xx
Oxy 0O 0 0 O 0 Cuy €xy

2.2. Sound velocities of the cubic perovskite crystal

Sound velocities in materials are related to their elastic
constants by a simple relationship:

ve(@) =/ Cr(@)/p ©)

where P indicates the polarization, which can be either L
for longitudinal or 7 for transverse, and ¢is the propaga-
tion direction of the wave. p is the mass density and Ci(§)

Table 1
Sound velocity expressions of each wave
propagation direction for the cubic structure.

Sound velocity Expression

v.([100]) (Cn//))l’/’2

v7([100]) (Caalp)'? ‘
o([110]) [(Cri+Cia+2Ca)/20]'
v7([110]) [(C1i—C1o)/p]"? ,
v ([111]) [(Ciy +2C12+4C44)/3F{]1’2
vr([111]) [(C11— Cra+ Cag)/3p]'"?

is the combination of elastic constants. The expression on
the right hand side of Eq. (3) for three propagation
directions of the cubic perovskite structure are summarized
in Table 1.

3. Computational method

The computational approach employed was based on
first principles density functional theory [8,9] with the
plane wave pseudo-potential as implemented in Vienna
Ab-initio Simulation Package (VASP) code [10]. For the
exchange correlation terms, both local density approxima-
tion (LDA) [11,12] and generalized gradient approxima-
tion (GGA) [13] were used. The ultrasoft version of the
pseudo-potential implemented in the VASP code allows a
low cut off energies for the plane wave expansion of only
500 eV. We used a 8 x 8 x 8 Monkhrost—Pack scheme [14]
k-point sampling.

A cubic perovskite structure has the space group
Pm3m(#221) with the Wychoff positions: Pb 1a (0,0,0),
Ti (or Zr) 1b (0.5,0.5,0.5) and O 3c (0,0.5,0.5), (0.5,0.5,0)
and (0.5,0.0.5) as illustrated in Fig. 1.

The total energies (E) of a unit cell of the crystal at
several slightly different volumes (V) were calculated and
fitted into the equation of states [15] to obtain the bulk
modulus (By) and its pressure derivative (B') of the crystal.
In order to study the crystal properties under pressures, the
elastic constants and sound velocities were calculated at
several reduced volumes, following the approach described
in Ref. [16]. The reduced crystal volume can be translated
into the corresponding pressure following pressure—volume
(P-V) relationship in the Birch-Murnaghan’s equation of

state [17] written as
2/3
(¥}
V

"
4)

where V) is the equilibrium volume.
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Fig. 1. Schematic illustration of a cubic perovskite unit cell. The dark
gray spheres represent Pb atoms, blue sphere: Ti or Zr atom and red
spheres: O atoms. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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4. Results and discussions
4.1. Structural and elastic properties at zero pressure

The calculated equilibrium lattice constants as well as
the corresponding volumes of both PTO and PZO based
on both LDA and GGA exchange correlation functional
are compared to other computation and experimental
results in Table 2. Our values are consistent with other
calculated results. In comparison with the experimental
values, LDA tends to give slightly too small lattice
constants while GGA tends to give slightly too large
values. This is consistent with what have been observed
in other materials.

The bulk modulus (B), its pressure derivative (B') and
the elastic constants at zero pressure of both PTO and
PZO are also shown in Table 2. Because LDA gives
smaller lattice constants compared to GGA, the bulk
moduli and all elastic constants computed using LDA
are consistently higher than those corresponding ones
computed using GGA. PTO has been previously studied
by Piskunov et al. [18] and Liu et al. [4]. Liu et al. values
calculated based on LDA are very similar to ours. How-
ever, Piskunov et al. LDA results are consistently higher

Table 2

than ours while their GGA results are quite similar. To our
knowledge, there is no computation result available for
PZO. The sound velocities, shown in the bottom section of
Table 2, can be derived from the elastic constants using the
expressions shown in Table 1.

4.2. Elastic properties under pressure

To study the elastic constants and sound velocities under
hydrostatic pressures, the calculations were performed at
several reduced volumes, each of which corresponds to the
system under a different pressure. The pressure can be
determined from the pressure—volume relation shown by
Eq. (1). Sound velocities of PTO and PZO under pressure
can be obtained from the corresponding elastic constants
using the expressions given in Table 1.

The elastic constants as a function of pressure for cubic
perovskite PTO and PZO are shown in Fig. 2. Both
materials have similar behavior in the changes of elastic
constants under pressure. In general, we can see that all
three elastic constants, C;;, C;» and Cy4 increase with
pressure. In both PTO and PZO, C;,, which is related to
the longitudinal distortion, rapidly increases with pressure.
On the other hand, Cy, and C,4 are much less sensitive to

Calculated lattice constants (a) in A, volumes (Vo) in A%, bulk modulus (B) in GPa, its pressure derivative (B'), elastic
constants in GPa and sound velocities in km/s of PbTiO3 and PbZrOs in the cubic perovskite structure compared with

literatures.
PbTiO5 PbZrO;
LDA GGA LDA GGA
a Present 3.89 3.97 4.13 4.20
Other calc. 3.88%, 3.93° 3.98%, 3.96° 4.11¢ 4.19¢, 4.18¢
Expt. 3.95° 4.16
Vo Present 58.76 63.32 70.22 74.08
B Present 219 185 181 168
Other calc. 2292, 324° 213° - -
B Present 4.5 3.5 4.6 3.7
Ch Present 380 316 366 322
Other calc. 3848, 450° 325° - -
C» Present 145 130 92 89
Other calc. 1518, 261° 158° - -
Cya Present 103 96 63 62
Other calc. 1208, 113° 107° - -
v7[100] Present 6.66 6.25 6.69 6.42
v7{100] Present 3.46 3.44 2.78 2.82
vz[110] Present 6.53 6.28 5.98 5.86
v7{110] Present 3.70 3.39 4.10 3.86
vr[111] Present 6.48 6.43 5.72 5.65
v{111] Present 3.63 3.55 3.71 3.55

#Calculations by Hosseini et al. [19].
®Calculations by Piskunov et al. [18].
“Calculations by Wang et al. [20].
dCalculations by Baedi et al. [21].
“Measurements by Kuroiwa et al. [22].
"Measurements by Fujiishita et al. [23].
£Calculations by Liu et al. [4].
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Fig. 2. Elastic constants as a function of pressure for cubic perovskite PbTiO; and PbZrOs, obtained from LDA (left) and GGA (right). (a) PbTiO; and

(b) PbZrOs.
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Fig. 3. Sound velocities as a function of pressure for cubic perovskite PbTiO3 and PbZrOs, obtained from LDA (left) and GGA (right). (a) PbTiO; and

(b) PbZrOs.

pressure. Indeed, Cyy, which is related to the transverse
distortion, remains almost flat. The calculated sound
velocities under pressure for both cubic perovskite PTO
and PZO are shown in Fig. 3. Since the sound velocities
are directly derived from the elastic constants, a similar

trend was found. All of the sound velocities, except for the
v7([100]) of PZO, increase with pressure mainly because
they contain C;; which rapidly increases with pressure. In
PZO, v4([100]) slightly decreases under pressure because it
is associated only with C4y which remains almost flat
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with pressure and divided by p which increases with
pressure. As expected, the longitudinal modes are larger
than the transverse modes such that they can be divided
into two groups.

5. Conclusions

The elastic constants and sound velocities of perovskite
PTO and PZO as a function of pressure were calculated by
first principles calculations. Both LDA and GGA exchange
and correlations were used. The calculated zero-pressure
properties are in good agreement with the previous studies
ensuring the validity of the results. LDA gives slightly
smaller lattice constants and larger bulk moduli than GGA
which is consistent with what have been observed in other
materials. The elastic constants and sound velocities under
the pressure range of 0—40 GPa were presented. The elastic
constants are almost linearly increased with pressure. Ci;
rapidly increases with pressure while C;, and C44 are much
less sensitive to pressure. Because the sound velocities are
related to the elastic constants, almost all of them increase
with pressure.
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