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ABSTRACT

By means of the B3LYP and B3PW hybrid exchange-correlation functionals, as it is included in the CRYSTAL computer code, we per-
formed ab initio computations for BaSnO3 and BaZrO3 perovskite (001) surfaces. For BaSnO3 and BaZrO3 perovskite (001) surfaces, with a
few exceptions, all atoms of the upper surface layer relax inwards, all atoms of the second surface layer relax outwards, and all third layer
atoms, again, relax inwards. The relaxation of BaSnO3 and BaZrO3 (001) surface metal atoms for upper two surface layers, for both BaO
and BO2-terminations, as a rule, are considerably larger than the relaxation of relevant oxygen atoms. The BaO (1.30 eV) and ZrO2-termi-
nated (1.31 eV) BaZrO3 (001) surface energies are almost equal. The BaZrO3 perovskite BaO (4.82 eV) and ZrO2-terminated (4.48 eV) (001)
surface Г-Г band gaps are reduced regarding the respective bulk Г-Г band gap value (4.93 eV). The B–O chemical bond populations in
BaSnO3 and BaZrO3 perovskite bulk always are smaller than near their SnO2 and ZrO2-terminated (001) surfaces, respectively.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0028638

1. INTRODUCTION

Surface and (001) interface phenomena, happening in the
ABO3 perovskites, are crucial topics in the present-day physics.1–15

The BaSnO3 (BSO) and BaZrO3 (BZO) perovskites are the
members of ABO3-class perovskite oxides. They carry a colossal
quantity of technologically important applications, such as actua-
tors, charge storage devices, capacitors and many others.16–22 For
that reason, in the last 25 years, BaZrO3 and BaSnO3 (001) surfaces
were worldwide explored both experimentally as well as
theoretically.23–41 Nevertheless, for ab initio calculations of BSO
and BZO (001) surfaces, mostly the density functional theory
(DFT)-based methods were used, which very strongly underesti-
mate the BSO and BZO experimental Γ-Γ band gaps.

According to the X-ray diffraction analysis (XRD) measure-
ment results obtained by Janifer et al.,42 barium stannate (BSO) is
the single-phase cubic perovskite.42,43 Moreover, BSO has the wide

optical band gap equal to 3.1 eV,42,43 and the cubic lattice parame-
ter a indentical to 4.119 Å.42,43 According to Knight,44 the BZO
perovskite is cubic at all measured temperatures inside the tempera-
ture range from 4.2 K till 450 K.44 Namely, BZO always has the
cubic ABO3 perovskite structure with the symmetry group
Pm�3m.44 Thereby, the experimentally measured BZO Γ-Γ band gap
is equal to 5.3 eV in its high-symmetry cubic structure.45

As it is well known, the ab initio Hartree–Fock (HF)
method,46 as a rule, systematically overestimates the band gap of
complex oxide materials. For example, our ab initio HF computed
Γ-Γ band gap for BZO perovskite bulk is equal to 12.96 eV.47 Just
opposite, from another side, the DFT-based methods, as a general
rule, strongly underestimate the band gap of solids. To give an
example, our PWGGA computed BZO bulk Γ-Γ band gap is equal
to 3.24 eV.47 The best possible agreement with the experiment,
according to our computations for BZO bulk Γ-Γ band gap, gives
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the hybrid exchange-correlation functional, such as B3PW and
B3LYP. Namely, our B3PW computed BZO bulk Γ-Γ band gap is
equal to 4.93 eV,47 whereas our B3LYP computed BZO bulk Γ-Γ
band gap is equal to 4.79 eV,48 in almost a perfect agreement with
the available experimental data for the bulk Γ-Γ band gap of
5.3 eV.45 In this paper, we carried out most of our BSO and BZO
(001) surface computations utilizing the hybrid exchange-
correlation functionals B3LYP and B3PW, which unify 20% of the
HF and 80% of the density functional Hamiltonian, as it is put into
action in the CRYSTAL code.49

2. COMPUTATION METHOD AS WELL AS (001)
SURFACE MODELS

For our DFT-B3PW or DFT-B3LYP computations, we
engaged the CRYSTAL computer programme.49 The trump card of
the CRYSTAL code49 is its capability to compute confined 2D
(001) SZO and BZO perovskite slabs without imposed periodicity
along the z axis.49 In order to engage the linear combination of
atomic orbitals approach,49 it is mandatory to take advantage of
the optimized basis sets (BS).49 The BS for Sn and Zr we took from
the CRYSTAL code BS library.49 The optimized BS for BTO perov-
skite was developed in Ref. 50. All our BSO and BZO perovskite
bulk as well as (001) surface computations were carried out by
means of the B3PW51,52 or B3LYP53 hybrid exchange-correlation
functionals. We carried out the reciprocal space integration by
checking out the Brillouin zone for the five-atom BSO and BZO
perovskite cubic unit cell by employing the 8 × 8 × 8 times
increased Pack–Monkhorst net54 for the BSO and BZO perovskite

bulk as well as the 8 × 8 × 1 times increased mesh for their (001)
surfaces. The ABO3 perovskite (001) surfaces were illustrated
adopting 2D slabs (Figs. 1 and 2).

Specifically, in order to compute BSO and BZO perovskite
(001) surfaces, we studied slabs formed of nine alternating BO2 and
BaO layers (Figs. 1 and 2). The mirror symmetries of the slabs were
detained with regard to their center. Our B3LYP and B3PW com-
puted containing 23-atom BSO and BZO slabs with
BO2-terminated surfaces as well as the 22-atom slab with
BaO-terminated surfaces are illustrated in Figs. 1 and 2, respec-
tively. They have unit-cell equations A4B5O14 and A5B4O13, respec-
tively. The definitions of the interplane separations Δd12, Δd23 and
the surface rumpling s are illustrated in Fig. 1.

The first step for the BSO and BZO perovskite (001) surface
energy computations is to compute the relevant cleavage energies.
Our B3LYP or B3PW computed BSO or BZO cleavage energies are
equally distributed between the created (001) surfaces. In our
carried out BSO and BZO perovskite (001) surface cleavage energy
computations, nine-layers BaO and BO2-terminated (001) slabs
accommodate together 45 atoms, which corresponds to nine ABO3

perovskite unit cells:

Eunr
surf (AOþ BO2) ¼ 1

4
Eunr
slab(AO)þ Eunr

slab(BO2)–9Ebulk
� �

, (1)

where Eunr
slab(AO) and Eunr

slab(BO2) are the unrelaxed AO and
BO2-terminated (001) surface ABO3 perovskite nine-layer slab total
energies; Ebulk denotes the total energy for the BSO or BZO perov-
skite bulk unit cell, which contains five atoms. In the next step, the
AO as well as BO2-terminated nine-layer (001) slab relaxation

FIG. 2. Outline of the AO-terminated (001) surface of ABO3-type perovskite
enclosing nine atomic layers.

FIG. 1. Outline of the BO2-terminated (001) surface of ABO3-type perovskite
enclosing nine atomic layers.
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energies were computed:

Erel(λ) ¼ 1
2

Erel
slab(λ)–E

unr
slab(λ)

� �
, (2)

where λ is BaO or BO2; Erel
slab(λ) is the computed total energy for

both sides relaxed BaO or BO2-terminated BSO or BZO (001) slab;
Eunr
slab(λ) is the computed total energy for unrelaxed BaO or

BO2-terminated BSO or BZO perovskite (001) slab. In the end, the
BaO or BO2-terminated ABO3 perovskite (001) surface energy
should be computed by means of the following equation:

Esurf (λ) ¼ Eunr
surf (AOþ BO2)þ Erel(λ): (3)

3. MAIN RESULTS FOR BSO AND BZO PEROVSKITE
BULK AND (001) SURFACES

3.1. BSO and BZO bulk results

As the takeoff of our B3PW, B3LYP, HF, and PWGGA com-
putations, we computed the theoretical bulk lattice constants for
BSO and BZO perovskites32,47,48,55,56 (Table I). We coordinated
our computation results with the existing experimental data55,56

(Table I). We carried out the theoretical bulk lattice constant
computations also using the ab initio Hartree–Fock (HF)
method.46 For ab initio DFT bulk lattice constant calculations, we
selected the generalized gradient approximation suggested by
Perdew and Wang (PWGGA).50 As we can see from Table I, our
B3LYP (4.107 Å) and PWGGA (4.107 Å) computed BSO bulk
lattice constants are in the best possible agreement with the
experimentally measured BSO bulk lattice constant equal to
(4.119 Å).55 Our B3LYP (4.234 Å)48 and B3PW (4.234 Å)32 com-
puted BZO bulk lattice constants are equal, and in a much better
agreement with experimental value (4.199 Å)56 that the relevant
PWGGA (4.24 Å)47 and HF (4.25 Å)47 calculated BZO bulk
lattice constants. With aim to characterize the covalency effects,
effective atomic charges as well as chemical bonding for the
ABO3 perovskites bulk, and their (001) surfaces, we used the con-
ventional Mulliken population analysis.57–60

Our effective atomic charges as well as bond populations for
BSO perovskite computed by means of B3LYP hybrid exchange-

correlation functional are listed in Table II. Our B3LYP computed
atomic charges for the BSO bulk are equal to +1.825e for the
Ba, + 2.122e for the Sn atom, and –1.316e for the O atom. Our
computed Sn atom charge in the BSO perovskite (+2.122e) is
only slightly smaller than the Zr atom charge (+2.134e) in the
BZO perovskite. Our B3LYP computed Sn–O chemical bond pop-
ulation (+0.284e) in BSO perovskite is 2.63 times larger than
respective Zr–O bond population (+0.108e) in the BZO
perovskite.

Our B3LYP (3.65 eV) and B3PW (3.68 eV) computed bulk
Γ-Γ band gaps for BSO perovskite are in much more acceptable
agreement with the experimental result of 3.1 eV42,43 than our HF
(12.11 eV) or PWGGA (1.71 eV) computation results (Table III).
Experimental BZO bulk Γ-Γ band gap is equal to 5.3 eV.45 Our
PWGGA computed BZO bulk Γ-Γ band gap is very small, equal to
only 3.24 eV47 (Table III). Just opposite, exactly four times larger is
our HF computed BZO bulk Γ-Γ band gap (12.96 eV)47 (Table III).
Again, almost equal, and in a fair agreement with the experiment
(5.3 eV), are our B3LYP (4.79 eV)48 and B3PW (4.93 eV)47 (Fig. 3)
computed bulk Γ-Γ band gaps.

3.2. Computation results for BSO and BZO (001)
surfaces

Our B3LYP or B3PW computation results for the upper three-
layer atomic relaxations of BO2 or BaO-terminated BSO and BZO
perovskite (001) surfaces are given in Tables IV and V. As it possi-
ble to see from Tables IV and V, in most cases the BSO and BZO
perovskite BO2 and BaO-terminated (001) surface upper layer

TABLE I. B3LYP, B3PW, PWGGA, and HF computed bulk lattice constants (in Å)
for the BSO and BZO perovskite bulk. The experimental data (in Å) are listed for
comparison .

Perovskite Functional Computed Experimental

BSO B3LYP 4.107 4.11955

B3PW 4.087
PWGGA 4.107

HF 4.078
BZO B3LYP 4.23448 4.19956

B3PW 4.23432

PWGGA 4.2447

HF 4.2547

TABLE II. Our B3LYP or B3PW computed effective atomic charges Q (in e) as well
as bond populations P (in e) in BSO and BZO perovskites.

Bulk material BSO BZO

Ion Property B3LYP B3PW

A
Q +1.825 +1.815
P –0.030 –0.012

O
Q –1.316 –1.316
P +0.284 +0.108

B Q +2.122 +2.134

TABLE III. B3LYP, B3PW, PWGGA, and HF computed bulk Γ-Γ band gaps (in eV)
for BSO and BZO perovskites42,43,45,47,48. Experimental BSO and BZO bulk Γ-Γ
band gaps are listed for comparison purpose (in eV)42,43,45

Perovskite Method Γ-Γ band gap, bulk Experiment

BSO B3LYP 3.65 3.142,43

B3PW 3.68
PWGGA 1.71

HF 12.11
BZO B3LYP 4.7948 5.345

B3PW 4.9347

PWGGA 3.2447

HF 12.9647
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atoms relax inwards, the second surface layer atoms relax outwards,
whereas the third surface layer atoms, again, relax inwards. For
BaO and BO2-terminated BSO and BZO perovskite (001) surface
upper two layers, the metal atom relaxation magnitudes always are
considerably larger than the respective oxygen atom relaxation
magnitudes.

The largest relaxation magnitude between all upper and
second layer metal atoms exhibit the BaO-terminated BZO (001)
surface upper layer Ba atom equal to –4.30% of a0.

Additionally, we also computed and listed in Table VI the
surface rumpling s and the changes in the interlayer distances Δd12
and Δd23 for completely relaxed BSO and BZO perovskite (001)
surfaces (Tables IV and V).

According to our B3PW computations, the BaO-terminated
BZO (001) surface rumpling (3.07% of a0) is more than two times
larger than the BaO-terminated BSO (001) surface rumpling
(1.36% of a0). Just opposite, the SnO2-terminated BSO (001)
surface rumpling (+0.70% of a0) is almost eight times larger than
the respective ZrO2-terminated BZO (001) surface rumpling
(+0.09% of a0) (Table VI). The systematic trend for both BSO and
BZO perovskite BaO and BO2-terminated (001) surfaces is contrac-
tion of the interlayer distance (Δd12) and expansion of the inter-
layer distance (Δd23) (Table VI).

The systematic trend, as it is possible to see from Table VII, is
the increase in the B–O chemical bond covalency near the
BO2-terminated BSO and BZO (001) surfaces in comparison with
the bulk values. For example, the B3LYP computed B–O chemical
bond covalency in the BSO bulk is already very large (0.284e) and
is increased till 0.298e near the SnO2-terminated BSO (001)
surface. Just opposite, the BZO bulk B–O chemical bond covalency
is much smaller than in the BSO perovskite, only +0.108e. Also,
the BZO perovskite B–O chemical bond covalency is increased
near the ZrO2-terminated BZO (001) surface (0.132e), in compari-
son with bulk value (+0.108e) (Table VII).

As can be seen from Table VIII, our B3PW computed
ZrO2-terminated BZO (001) surface energy is 1.31 eV. It is almost
identical with our B3PW computed BaO-terminated BZO (001)
surface energy equal to 1.30 eV.

FIG. 3. Our B3PW computed electronic band structure for BZO bulk.

TABLE IV. Our B3LYP or B3PW computed atomic relaxation (% of a0) for
BO2-terminated BSO and BZO (001) surfaces.

Bulk material BSO BZO

Termination for (001) surface SnO2 ZrO2

Layer Ion B3LYP B3PW

1 B –0.97 –1.79
O –0.27 –1.70

2 Ba +0.93 +1.94
O –0.04 +0.85

3 B –0.11 –0.03
O +0.03 0.00

TABLE V. Our B3LYP or B3PW computed atomic relaxation (% of a0) for
BaO-terminated BSO and BZO (001) surfaces.

Bulk material BSO BZO

Termination for (001) surface BaO BaO

Layer Ion B3LYP B3PW

1 Ba –1.75 –4.30
O –0.39 –1.23

2 B +0.39 +0.47
O –0.07 +0.18

3 Ba –0.20 –0.01
O +0.02 –0.14

TABLE VI. Our B3LYP or B3PW computed surface rumpling s and relative displace-
ments Δdij (% of a0) for the three near-surface planes.

Material Method

BaO-terminated
(001) surface

BO2-terminated
(001) surface

s Δd12 Δd23 s Δd12 Δd23

BSO B3LYP +1.36 –2.14 +0.59 +0.70 –1.90 +1.04
BZO B3PW +3.07 –4.77 +0.48 +0.09 –3.73 +1.97

TABLE VII. B3LYP and B3PW computed B–O chemical bond populations in BSO
and BZO perovskite bulk and on their BO2-terminated (001) surfaces (in e) .

Perovskite Functional

B–O chemical bond population

ABO3 bulk BO2-term. (001)

BSO B3LYP 0.284 0.298
BZO B3PW 0.108 0.132

TABLE VIII. B3PW computed surface energies (in eV) for ZrO2 and
BaO-terminated BZO (001) surfaces.

Termination (001) surface energy

ZrO2 1.31
BaO 1.30

Low Temperature
Physics

ARTICLE pubs.aip.org/aip/ltp

Low Temp. Phys. 50, 905 (2024); doi: 10.1063/10.0028638 50, 908

Published under an exclusive license by AIP Publishing

 03 O
ctober 2024 12:36:48

https://pubs.aip.org/aip/ltp


As it is possible to see from Figs. 4 and 5 as well as Table IX,
the B3PW computed BZO bulk Γ-Γ band gap is 4.93 eV. This BZO
bulk Γ-Γ band gap is reduced near the BaO-terminated BZO (001)
(4.82 eV) (Fig. 4) as well as near the ZrO2-terminated BZO (001)
surface (4.48 eV) (Fig. 5).

4. CONCLUSIONS

We performed ab initio computations for BSO and BZO
perovskite (001) surfaces using the B3PW and B3LYP hybrid
exchange-correlation functionals. For our computed BSO and BZO
perovskite (001) surfaces, with only a few exceptions, all atoms of
the upper surface layer relax inwards, whereas all atoms of the
second surface layer relax outwards, and, again, all third layer
atoms relax inwards. The relaxation of BSO and BZO (001) surface
metal atoms for upper two surface layers, for both BaO and
BO2-terminations, generally are remarkably larger than the relaxa-
tion of relevant oxygen atoms. The BaO (1.30 eV) and
ZrO2-terminated (1.31 eV) BZO (001) surface energies are nearly
equal. It means, that both BaO and ZrO2-terminated BZO (001)
surfaces can co-exist in BZO perovskite. The BZO perovskite BaO
(4.82 eV) and ZrO2-terminated (4.48 eV) (001) surface Γ-Γ band
gaps are decreased with respect to the respective bulk Γ-Γ band gap
value equal to 4.93 eV. The B–O chemical bond populations in
BSO and BZO perovskite bulk (0.284e and 0.108e) always are
smaller than near their SnO2 and ZrO2-terminated (001) surfaces
(0.298e and 0.132e), respectively.
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