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A recent experimental study found the phase transition from cubic to tetragonal phase at 17.2 GPa in BaZrOs.
In this paper, we investigate the structural, electronic, elastic, and optical properties of BaZrOs in the cubic
and tetragonal structures under pressure by using first-principle density-functional theory. The main results are
summarized as follows: (1) An indirect band structure is displayed for both cubic and tetragonal phases. The band
gap increases by & 1 €V as a result of the phase transition. (2) The elastic constants C;;’s indicate that the cubic
and tetragonal phases are mechanically stable. The easiest deformation mechanism in both phases is the shear
along the (100) plane. (3) The real and imaginary parts of dielectric function for the cubic and tetragonal phases
shift towards higher energies with pressure. Our results are in agreement with the available experimental and prior

theoretical data.
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1. Introduction

Barium zirconate (BaZrOs) with a cubic perovskite
structure, a classic ABO3 compound, has been a popular
target because it displays a large number of desired phys-
ical properties, such as a high-temperature proton con-
ductor [1], a useful dielectric material for wireless commu-
nications [2], a good substrate in thin-film deposition [3]
and solid oxide fuel cells [4]. The ABOg crystals of cubic
perovskite structure exhibit rich structural phase transi-
tions due to the changes of external conditions, such as
pressure or temperature. For instance, Kohler et al. [5]
predicted theoretically a phase transition from cubic to
tetragonal structure in EuTiOs, and subsequently veri-
fied in experiment that it occurs at T' = 282 K. Recently,
high pressure experimental discoveries have shown that
SrTiO3 and BaZrOs undergo a structural phase transi-
tion from cubic to tetragonal phase, respectively [6, 7].
The phase transformation is generally considered to have
the same driving force from symmetry breaking, i.e., the
phonon mode instability manifested clearly by imaginary
frequency optical modes at the R-point in the phonon
spectrum [8-13].

It is well known that the electronic, elastic, and optical
properties of ABO3 compounds under external pressure
will be altered with the phase transition, because of the
change of the relative positions of atoms and interatomic
distances. Such effects of pressure on the properties of
compounds are not only attractive in physics, but also
intriguing in technology. However, to the best of our
knowledge, there is no systematic research on the elec-
tronic, elastic, and optical properties of BaZrOgs in the
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cubic and tetragonal phases under pressure. In this pa-
per, we explore how high pressure affects the structural,
electronic, elastic, and optical properties of BaZrOj in
the cubic and tetragonal phases by performing extensive
first-principle calculations. Our work provides a com-
prehensive perspective into the pressure effects on the
fundamental properties of BaZrOs.

2. Computational details

The first-principle calculation has been successful in
accurate understanding of the structural stability, the
physical properties of various compounds including per-
ovskite oxide, yttrium orthoaluminate, rhodium silicides,
and carbon dioxide, under external conditions (pressure
or impurity) [14-17]. Our first-principles calculations are
performed using density functional theory (DFT) within
the plane-wave basis available in CASTEP code [18]. We
used the generalized gradient approximation (GGA) in
the scheme of Perdew-Wang 91 (PW91) [19]. The va-
lence electron configurations for Ba, Zr, O atoms are
dealt with 2s22p*, 5525p%6s2 and 4s524p®4d?5s2, respec-
tively. The tolerances of stress, force and self-consistent
field are 0.02 GPa, 0.01 ¢V/A and 5.0 x 10~7 eV /atom,
respectively. Ultrasoft pseudopotentials within a 775 eV
cut-off energy are chosen to optimize structure. The k
mesh is sampled according to a Monkhorst—Pack scheme
with a spacing of 0.04 A. Such parameters have been
tested to be sufficient for convergence (< 1 meV).

The phase transition from cubic to tetragonal phase
was observed at 17.2 GPa in BaZrOs [7]. We use the ex-
perimental lattice constants a = 4.194 A at 0 GPa in the
cubic phase, and a = 5.5074 A, ¢=7.9273 A at 46.4 GPa
in the tetragonal phase [7]. As summarized in Tables I
and II, our optimized lattice parameters as well as in-
ternal atomic positions agree well with the experimental
and other theoretical results.
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TABLE I

The relaxed structure lattice constants [A], elastic
constants, bulk modulus B, shear modulus G and
the Young modulus E [GPa] of BaZrOs in cubic
phase at 0 GPa compared with the experimental
data and prior theoretical results.

Source | a Ch1 | Ci2| Caa B G E
ours |4.223| 295 | 82 | 85 153 93 | 260
expt. |4.192| - — | — |189+269 | 1035 | 2438
GGA® [ 4.207322.5| 79 | 70 157 91 | 229
LDA? |4.154| 336 | 95 [89.5| 175.3 | 102 | 256
@Ref. [7], BRef. [20], “Ref. [21], “Ref. [22].

TABLE II

Lattice constants [A] and atom positions in tetragonal
phase of BaZrO3; at 46.4 GPa, computational and exper-
imental (Ref. [7]) data.

Source

a c

Ba

Zr

o)

0(2)

ours
expt.

5.521(8.027
5.507(7.927

(0,0.5,0.25)
(0,0.5,0.25)

(0,0,0)

(0,0,0)

(0,0,0.25)

(0,0,0.25)

(0.2988,0.7988,0)
(0.2181,0.7131,0)

3. Results and discussion
8.1. Structural properties

The experimental studies confirmed that a phase tran-
sition from cubic (Pm3m) to tetragonal (I4/mem) phase
takes place in BaZrOj3 under compression. The similar
transition behavior was observed in the other cubic per-
ovskites, such as SrTiOz and EuTiO3 [5, 6]. It is sug-
gested that the cubic-tetragonal phase transition resulted
from the phonon mode instability with the rotation of
oxygen octahedra around [001] under high pressure [8-
13].  As shown in Fig. 1, our calculation presents the
pressure dependence of ZrOg octahedra rotation angle in
BaZrO3. The oxygen octahedra rotates by 6.396° (corre-
sponding to a Zr-O-Zr angle of 167.2°) as a result of the
cubic-tetragonal phase transition at 17.2 GPa. The octa-
hedral rotation angle 6 increases with increasing pressure,
and the extremely similar dependence of ¢/a on pressure
can be found. The change rate of rotation angle and
¢/a decreases abruptly at 28 GPa, which implies that a
displacive phase transition comes up at this pressure ac-
cording to the elastic properties shown in Fig. 5. Our
optimized tetragonal structure with ZrOg octahedra tilt-
ing is only due to the rotations of ZrOg octahedra along
the ¢ direction, without any tilting along the a and b
directions, which is in agreement with the experimental
observation [7].

3.2. FElectronic properties

The energy band structure and projected density of
states near the Fermi energy for the cubic and tetragonal
phases of BaZrO3z at 6 GPa and 35 GPa are shown in
Figs. 2 and 3. The overall band profiles at other pres-
sure for the two phases are found to be similar to Figs. 2
and 3. The Brillouin zone shape of the cubic phase dif-
fers from that of the tetragonal phase, hence the selected
high symmetry points along the transverse axis in Fig. 2
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Fig. 1. Pressure dependence of the unit cell volume in

the cubic phase, ¢/a and octahedral rotation degree 6 in
the tetragonal phase of BaZrOs. The acceptable differ-
ence between the theoretical and experimental volumes
in the cubic phase is due to the slightly exaggerated
lattice constant as a result of GGA method.

distinguish from those in Fig. 3. For both the phases,
the top of the valence band mostly consists of O 2p and
Zr 4d electronic states, while Zr 4d states mainly domi-
nate the bottom of the conduction band. The energy gap
for the cubic phase is indirect along the R — I" direction.
For the tetragonal phase, the minimum of the conduction
band is at I', and the maximum of the valence band is at
the high symmetry point (0,0.20,0) along the X (0,0.5,0)
to I" direction. The energy at the point (0,0.20,0) is only
0.045 eV higher than that at I', indicated by the arrow
in Fig. 3.
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Fig. 2. Electronic band structure (left part) and pro-
jected density of states (right part) for the cubic phase
of BaZrO3 under 6 GPa.
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Fig. 3. Electronic band structure (left part) and pro-
jected density of states (right part) for the tetragonal
phase of BaZrO3z under 35 GPa.

Figure 4 indicates the pressure-induced band gap vari-
ation for BaZrOj3. Our calculated band gap at equilib-
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Fig. 4. Band gap of the cubic and tetragonal phases of
BaZrOs3 as a function of pressure.

rium is 3.164 eV, which can be compared to the the-
oretical value of 3.23 ¢V [21]. The theoretical values
using GGA method are underestimated with respect to
the experimental value of 5.33 eV [23]. Moreover, GGA
usually agrees with the more time-consuming Heyd-
Scuseria-Ernzerhof (HSE06) on pressure coefficients of
band gap [24-26]. Also, the different exchange correla-
tion functionals appear not to change the trends in the
dependence of the band gap on pressure. Thus, pressure
coeflicients of the band gap computed using DFT could
be observed in experiment. As shown in Fig. 4, the band
gap energy increases by =~ 1 eV while phase transition
from cubic to tetragonal occurring at 17.2 GPa, because
of the decrease of conduction band width. In both the
phases, the pressure results in the linear increase of the
band gap. This pressure effect is very similar to that of
SrTiOs in Ref. [27]. The change rate of the band gap
for the tetragonal phase drops gradually with increase
of pressure. We note that while compression increases
from 17.2 GPa (0 GPa) to 46.4 GPa (17.2 GPa) in the
tetragonal (cubic) phase, the band gap increases only by
4.8% (6.3%).

3.3. FElastic properties

The elastic constants describe the nature character of
the forces operating in solids and provide information
on the stiffness and stability of materials. Based on the
fully structure relaxation under pressure in the cubic and
tetragonal phases, the elastic tensor Cj; is calculated
by using the “volume-conserving technique”. We define
the bulk modulus and shear modulus by the Reuss the-
ory (Br, Ggr) and the Voigt theory (By, Gy ) respec-
tively [28]. In the commonly used Voigt approximation,

1
By = 9 [(C11 + Ca2 + C33) + 2(Cr2 + Caz + C31)]
(1)
1
Gy = 15 [(C11 + Ca2 + C33) — (Ci2 + Co3 + Cs1)

+3 (Cya + Cs5 + Ces)] - (2)
On the other hand, according to the Reuss approxima-
tion,

1
== (S11 + Sog + S33) 4+ 2(S12 + Saz + S31),  (3)
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15
G~ 4 (511 + Sa2 + S33) — 4 (S12 + Sa23 + S31)
+3 (544 + S55 + 566) , (4)

where Cj; and S;; describe the elastic stiffness and the
elastic compliance, respectively. In addition, the so-
called Hill theory [28] gives

B = (By + Bg) /2, ()

G = (Gy +GRr) /2. (6)
the Young modulus (E) and the Poisson ratio () are
obtained by the relation

E =9BG/(3B+ G), (7)

v=(3B—-2G)/[2(3B+G)]. (8)
The elasticity of a cubic crystal is characterized by three
independent modulus parameters: Cpy, Cio and Cyy.
The symmetry of the tetragonal phase is below that of
the cubic phase, hence the independent elastic constants
increase to Cy1, Cia, Ci3, Cs3, Cyq and Cgg. The cal-
culated elastic constants of BaZrOj3 at equilibrium are
represented in Table I. Our results at zero pressure are
in good agreement with previous calculations and exper-
imental data. Figure 5 shows the pressure effects on the
elastic constants in the cubic and tetragonal phases. The
cubic phase within 0-17.2 GPa and the tetragonal phase
within 17.2-46.4 GPa are mechanically stable, because
the C;; matrix satisfies the well-known Born stability cri-
teria [29]. For cubic phase, they are

Ci1 > O,Cll > 0127044 > 0. (9)
For tetragonal phase, they are

Cy1 > 0, C33 > 0, Cyq > 0, Cesg > 0, Cy1 > 012,

Ci1 + C33 —2C13 > 0,

2(011 + 012> + Cs33 +4C13 > 0. (10)
The cubic elastic coefficients Ci;, C12 and the tetrago-
nal coefficients C'11, C1o, C13, C33 increase with pressure,
while the cubic Cy4 and the tetragonal Cyy, Cge do not
vary much with pressure. The curves of cubic Cy1, C1o
and tetragonal Cy1, Ci2, Ci3, C33 show a leap at about
12 GPa and 28 GPa respectively, which indicates that a
displacive phase transition occurs at these pressures. The
similar feature has been observed in the pressure effects
of the elastic constants of SrTiO3 in Ref. [30]. The Cy4
constant is almost unchanged in both cubic and tetrago-
nal phases, implying that the shear along the (100) plane
is the easiest and does not depend on the phase. The
tetragonal C7; is much smaller than Cs3, which means
that @ and b axes in this phase are easier to be com-
pressed than in the cubic one.

Based on the obtained elastic coefficients of BaZrOs,
we further predict its noteworthy elastic properties in the
cubic and tetragonal phases, such as bulk modulus, shear
modulus, the Young modulus, the Poisson ratio, and
anisotropy factor. The calculated results are summarized
in Tables IIT and IV. It can be seen that the three mod-
uli increase as pressure increases, and the Young modulus
E is always largest, shear modulus G smallest. It is well
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TABLE III

Bulk modulus B, shear molulus G, the Young modulus
E, (|GPal), the Poisson ratio 7, and anisotropy factor
AU of BaZrOs in cubic phase at several pressures.

P B G E B/G v AV

0 153 | 93 | 260 | 1.645 | 0.217 | 0.063

3 165 | 98 | 282 | 1.684 | 0.214 | 0.102

6 187 | 102 | 308 | 1.833 | 0.225 | 0.145

9 203 | 107 | 331 | 1.897 | 0.228 | 0.187

12 | 197 | 111 | 346 | 1.775 | 0.207 | 0.231

15 | 208 | 115 | 368 | 1.809 | 0.206 | 0.278
17.2 | 227 | 118 | 386 | 1.924 | 0.216 | 0.308

TABLE IV

Bulk modulus B, shear molulus G, the Young modulus
E, (|GPal), the Poisson ratio 7, and anisotropy factor
AU of BaZrOs in tetragonal phase at several pressures.

P B G E B/G ~ AY
17.2 | 223 | 115 | 294 | 1.939 | 0.280 | 0.212
20 | 234 | 118 | 303 | 1.983 | 0.284 | 0.234
22.5 | 243 | 120 | 309 | 2.025 | 0.288 | 0.263
25 | 251 | 120 | 310 | 2.092 | 0.294 | 0.2344
30 | 265 | 118 | 308 | 2.246 | 0.306 | 0.2556
35 | 287 | 124 | 325 | 2.315 | 0.311 | 0.297
40 | 305 | 126 | 332 | 2.420 | 0.318 | 0.321
46.4 | 326 | 128 | 340 | 2.547 | 0.326 | 0.357

known that the Young modulus is a crucial parameter for
selecting materials in engineering design. The material
is stiffer for the larger the Young modulus. Our calcu-
lations indicate that stiffness of BaZrO3 becomes higher
and higher with increase of pressure for both the cubic
and tetragonal phases. the Poisson ratio v can describe
the characteristic of the bonding forces to some extent.
v = 0.5 is the lower limit for central-force solids and 0.5
is the upper limit, which corresponds to infinite elastic
anisotropy [31]. The obtained values of the cubic phase
within the whole range of 0-17.2 GPa are below 0.25,
however, the values of the tetragonal phase are above
0.25 up to 46.4 GPa. This indicates that the interatomic
forces of BaZrQOj are non-central for the cubic phase, but
central for the tetragonal phase. In order to evaluate the
ductile/brittle nature of materials, Pugh [32] proposed a
criterion. When the ratio of bulk to shear modulus B/G
is bigger (less) than 1.75, the material is considered duc-
tile (brittle). From the predicted values of B/G, it can
be judged that BaZrOg in the cubic phase is brittle below
6 GPa, ductile above 6 GPa. The ductility of BaZrOj3 in
the tetragonal phase is more and more significant with
increase of pressure.

The evaluation of elastic anisotropy in material is of
great significance to understand the mechanical prop-
erties of crystal. An appropriate measure to quantify
the degree of anisotropy is necessary. Ranganathan and
Ostoja-Starzewski [33] developed a universal anisotropy
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index AV to estimate the anisotropic characteristic,
which is as follows:

5Gy By
AV ="+ — —6. 11
Gr | Br (11)
For an isotropic crystal, AY = 0. The departure of

AU from zero defines the degree of elastic anisotropy.
The calculated results of AV in Tables III and IV devi-
ate slightly from 0, indicating the relatively small elas-
tic anisotropy characteristic of BaZrOg in the cubic and
tetragonal phases. It is notable that the increasing pres-
sure leads to more and more heavy extent of anisotropy
for both cubic and tetragonal phases, except for the leap
at about 25 GPa in the tetragonal phase.
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Fig. 5. Elastic constants of the cubic and tetragonal

phases of BaZrOs as a function of pressure.

3.4. Optical properties

The dielectric function e(w) can be used to describe
the linear response of the system to electromagnetic ra-
diation, which is connected with the interaction between
photons and electrons [34]. The imaginary part es(w)
can be calculated from the momentum matrix elements
between the occupied and unoccupied electronic states
within selection rules, and the real part £1(w) is linked
with e3(w) by the Kramer—Kronig relations. The other
linear optical parameters, such as refractive index and
electron energy-loss coefficient, can be evaluated on the
basis of £1(w) and e3(w). To check the calculation relia-
bility with using GGA-PWO91 and ultrasoft pseudopoten-
tial scheme, we also calculated €1 (w) and e3(w) of the cu-
bic SrTiO3 with perovskite structure similar to BaZrOs,
which agree well with the experimental data, as shown in
Fig. 6. In our calculations of optical spectra, a sufficiently
dense k-mesh is applied by the separation of optical k-
points 0.02 1/A.

The real and imaginary parts of dielectric function of
BaZrOg3 in the cubic and tetragonal phases under pres-
sure are displayed in Figs. 7 and 8. Since the tetragonal
phase of BaZrQOg is optically anisotropic, components of
e1(w) and ez(w) corresponding to the polarization vec-
tors perpendicular (ELc) and parallel (E || ¢) to the
crystallographic ¢ axis have been considered. Figures 7
and 8 only shows the curves with E | ¢, because the curve
structures of Elc and F || ¢ are similar to each other.
The whole €1 (w) and e3(w) curves for two phases shift
towards higher energies with increase of pressure, show-
ing blueshift compared to the equilibrium state. The first
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peak of e9(w) originates from the transfer of the highest
valence electrons (O p states) to the lowest conduction
bands (Zr d states). The shift of the first peak implies the
enlargement of the band gap resulted by pressure, which
is consistent with Fig. 4. In terms of the low-frequency
behavior of the dielectric function, the static dielectric
constant £1(0) and zero frequency refractive index n(0)
are of interest in experiment.

As displayed in Figs. 9 and 10, the transition from
cubic to tetragonal phase reduces the values of static di-
electric constant €1(0) and refractive index n(0). The
pressure effects lead to the decrease (increase) of £1(0)
and n(0) for the cubic (tetragonal) phase, however, the
drop (raise) is rather small compared to the initial value.
It is worthwhile to note that the n(0) of the ordinary po-
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Fig. 8. Real and imaginary parts of dielectric function
€(w) of the tetragonal phase of BaZrOgs as a function of
pressure.
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larization is smaller than that of the extraordinary po-
larization for the tetragonal phase (right part of Fig. 10),
and BaZrOs compound is positive uniaxial crystal.

4. Conclusions

In this paper, we present comprehensive first-principle
calculation results about the pressure effects on the fun-
damental properties of BaZrOs in the cubic and tetrag-
onal structures for the first time. The band gap for the
cubic and tetragonal phases is indirect, and it increases
by ~ 1 €V while the phase transition occurs. The elas-
tic constants Cj;’s indicate that the cubic and tetragonal
phases are stable. The easiest deformation mechanism in
both phases is the shear along the (100) plane. The real
and imaginary parts of dielectric function for the cubic
and tetragonal phases shift towards higher energies with
pressure. The pressure effects on the other elastic and
optical parameters, including bulk modulus, shear mod-
ulus, the Young modulus and refractive index are also
presented.
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