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ABSTRACT

We computed, at the ab initio level, BaZrO3, CaTiO3, SrTiO3 as well as WO3 and ReO3 (001) surfaces and analyzed systematic tendencies
therein. As obtained by our ab initio hybrid DFT-HF computations, at BO2-terminated (001) surfaces of investigated ABO3 perovskites as
well as WO3 and ReO3 oxides, all top-layer ions shift in the direction of the crystal bulk. The single-deviation from this tendency is upward
shift of the WO2-terminated WO3 (001) surface top layer O ion by the magnitude of +0.42% of the bulk lattice constant a0. In contrary, all
second layer ions, with the single exception of ReO2-terminated ReO3 (001) surface O ion, shifts upwards. Our computed BO2-terminated
SrTiO3, CaTiO3, BaZrO3, WO3 and ReO3 (001) surface Γ–Γ band gaps always are smaller than their respective bulk Γ–Γ band gaps.
The B–O ion chemical bond populations in the SrTiO3, CaTiO3 and BaZrO3 perovskite bulk are always smaller than at their nearby
BO2-terminated (001) surfaces. On the contrary, the W–O and Re–O ion chemical bond populations in the WO3 (0.142e) and ReO3

(0.212e) bulk are slightly larger than at nearby the WO2- and ReO2-terminated WO3 and ReO3 (001) surfaces (0.108e and 0.170e).
Nonetheless, the W–O and Re–O chemical bond populations between the W and Re ions located in the upper layer and the O ions located
in the second layer of the WO2- and ReO2-terminated (001) surfaces (0.278e and 0.262e) are the absolutely largest bond populations in the
WO3 and ReO3 crystals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0014024

1. INTRODUCTION

Surface phenomena, taking place in the ABO3 perovskites as
well as WO3 and ReO3 oxides, are crucial questions in present-day
physics.1–11 The SrTiO3, CaTiO3, BaZrO3, WO3, and ReO3 (001)
surfaces have numerous technological applications.12–15 For all
these applications the (001) surface structure and quality are of the
key importance. For example, it is possible to prepare the SrTiO3

coating on the TiO2 substrate in order to achieve the photocatalytic
antibacterial properties.16 Recently the SrTiO3 material containing
the surface oxygen vacancies was synthesized by means of carbon
reduction under high temperature.17 This material was applied
with great success for photocatalytic overall water splitting.17

Tungsten oxide WO3 is a technologically important material.18

Thin films based upon WO3 can be used forinstance, as photoano-
des for water splitting and as antimicrobial materials in medicine.18

Finally, the CaTiO3 exhibits activity in coliform disinfection.
Namely, CaTiO3 is utilized in the formation of the antibacterial

ceramic.19 The predictive ability of ab initio computations permits
the theoretical design of novel materials for high energy batteries.
A great example is the theoretical projection of the 4 V battery
cathodes from ab initio computations by Ceder et al.20,21

Nevertheless, we recently demonstrated, based on our ab initio
computations, that also a high energy 5 V battery is possible
employing the novel battery cathode material Li2CoMn3O8.

22–24

The SrTiO3, CaTiO3, and BaZrO3 matrixes are so-called
ABO3 perovskites.25–28 In order to save the computer time, we
carried out all our bulk and (001) surface ab initio computations of
ABO3 perovskites in its high symmetry cubic phase. The SrTiO3,
CaTiO3 as well as BaZrO3 cubic unit cells hold 5 atoms.29–31 The
atom A (A = Sr, Ca or Ba) has the coordinates (0, 0, 0). It is placed
at the corner position of the ABO3 cube. The Ti atom is placed in
the body center position of the cube. It has the following coordi-
nates (½, ½, ½). Finally, three O atoms are placed in the face
center positions of the cube. They have the coordinates (½, ½, 0),
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(½, 0, ½) and (0, ½, ½). The cubic phase of the SrTiO3, CaTiO3,
and BaZrO3 perovskite matrixes have the Pm3m space group. They
all have the space group number 221. It is worth to note that at
very low temperatures SrTiO3 demonstrates piezoelectric and
superconducting properties.32 SrTiO3 also has a huge dielectric
constant.33

We want to stress that WO3 and ReO3 matrixes have precisely
the same crystal structure as SrTiO3, CaTiO3, and BaZrO3 perov-
skites in their cubic phases. Particularly, likewise the WO3 and also
ReO3 have the Pm3m space group with the same space group
number 221. Namely, the W and R atoms possess coordinates
(½, ½, ½). Three O atoms in the WO3 and ReO3 crystals possess
the coordinates (½, ½, 0), (½, 0, ½), and (0, ½, ½). The only
noticeable and crucial distinction between the SrTiO3, CaTiO3,
BaZrO3 perovskite cubic structures and the WO3 and ReO3 cubic
matrixes is the unfilled A cation site for the WO3 and ReO3 crys-
tals. Tungsten oxide (WO3) has a lot of technologically important
applications. For example, WO3 can be chemically doped forming
tungsten bronzes. Some of these compounds are superconduct-
ing.34,35 ReO3 is nonmagnetic and highly metallic. ReO3 also has
the highest conductivity among all oxides.36

It is considerably more easy to compute the SrTiO3, CaTiO3,
and BaZrO3 neutral (001) surfaces than their very complex, polar
as well as charged (011) surfaces, or even more complicated (111)
surfaces.37–52 It is worth to note, that the polar and very complex
WO2- and ReO2-terminated WO3 and ReO3 (001) surfaces are
even less studied theoretically than the ABO3 perovskite neutral
(001) surfaces. Namely, only a few theoretical studies exist, to the
best of our knowledge, dealing with ab initio computations of
WO2- and ReO2-terminated WO3 and ReO3 (001) surfaces.

53–55

On the experimental side, the experimentally identified
SrTiO3 direct bulk Γ–Γ band gap is equal to 3.75 eV56 (Table I).
It is worth noticing, that the bulk SrTiO3 is an incipient ferroelec-
tric. In SrTiO3 quantum fluctuations suppress the low-temperature
phase transition to the ferroelectric ground state, and it always
remains in its cubic phase.57–60 CaTiO3 undergo several phase tran-
sitions as a function of temperature.61,62 Namely, at temperature
(T≤ 1486 K) CaTiO3 has orthorhombic structure Pbnm (Table I).
As temperature increases (1523 K≤ T≤ 1622 K) CaTiO3 has the
tetragonal structure I4/mcm. Finally, at temperatures (T≥ 1647 K)
CaTiO3 has the cubic structure (Table I) with the symmetry group
Pm3m.61,62 In contrast to the CaTiO3 matrix, which undergoes
several phase transitions, BaZrO3 perovskite has a cubic structure
at all temperatures63,64 (Table I).

WO3 undergoes several phase transformations. Namely, at
320 °C a monoclinic to orthorhombic transformation takes place.

The phase transformation from orthorhombic to tetragonal
happens at 720°C.65 Finally, the cubic WO3 structure has not been
yet detected experimentally at high temperatures. Nevertheless, in
many studies, cubic WO3 is considered as a reference structure66–68

(Table I). Nowadays, many excellent reports dealing with theoreti-
cal and experimental studies are devoted to the cubic phase of
WO3

66–68 (Table I). In contrast to WO3, ReO3 has an undistorted
cubic structure even at room temperature. The cubic structure of
ReO3 is stable in the temperature range from liquid helium temper-
atures to its melting point of 673 K69 (Table I). Thereby, ReO3 has
exactly the same cubic ABO3 perovskite structure at all tempera-
tures, but with a vacant A cation site.36,70,71 Some previous theoreti-
cal studies of the electronic and atomic structure of the cubic bulk
ReO3 were performed using the band structure calculations.72–77

Experimental ReO3 bulk lattice constant is equal to 3.747 Å
(Table I).78

The main idea of this contribution is to perform ab initio
computations for the (001) surfaces of two different class of materi-
als. Namely, for WO2- and ReO2-terminated WO3 and ReO3 (001)
surfaces, as well as for BO2-terminated ABO3 perovskite (001) sur-
faces. We analyzed the results of ab initio computations for all 5 of
our calculated (001) surfaces, detected systematic tendencies and
examined them in a way easily understandable for a broad audience
of readers.

2. AB INITIO COMPUTATION METHOD AND (001)
SURFACE MODELS

In our ab initio SrTiO3, CaTiO3, BaZrO3, WO3, and ReO3

bulk and (001) surface computations we used the well-known, clas-
sical hybrid exchange-correlation functionals such as B3PW79–81 or
B3LYP.82 Both these hybrid exchange-correlation functionals
B3PW79–81 and B3LYP82 are included in the world-famous
CRYSTAL computational code.83 The computational code
CRYSTAL83 operates a two-dimensional isolated slab model for
(001) surface structure ab initio computations. In our ab initio
computations for WO3, ReO3, SrTiO3, CaTiO3, and BaZrO3, we
carried out the reciprocal space integration.

We sampled the Brillouin zone with an 8 × 8 × 8 enlarged
Pack Monkhorst84 net for the bulk as well with 8 × 8 × 1 extension
for their (001) surfaces. In order to see the performance of non-
identical exchange-correlation functionals, the bulk Γ–Γ band gaps
of SrTiO3, BaZrO3, CaTiO3, CaF2, and MgF2 were computed
(Table II and Fig. 1). Experimental Γ–Γ band gaps85–87 are listed in
Table II for comparison purposes. As we can see from Table II and
Fig. 1, according to our ab initio computations,42,88–91 the Hartree–

TABLE I. Experimental data for SrTiO3, CaTiO3, and BaZrO3 perovskites as well as WO3 and ReO3.

Substance Structure at room temperature (RT) Band gap, eV at RT Transition T to cubic, K Expt. lattice const, Å

SrTiO3 Cubic 3.75 eV (Γ–Γ)56 110 K57 3.89845 Å – 110 K60

CaTiO3 Orthorhombic ∼3.5 eV (Γ–Γ)61 1647 K62 3.8967 Å – 777 K62

BaZrO3 Cubic 5.3 eV (Γ–Γ)63 Cubic at all T 4.199 Å – at RT64

WO3 Monoclinic 3.74 eV (Γ–Γ)66 Unknown 3.71–3.75 Å67

ReO3 Cubic Unknown Cubic from liquid helium T to 673 K 3.747 Å78
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Fock method92 always considerably, even by a factor of two or
three, overestimates the experimental Γ–Γ bulk band gap.42,88–91

For example, our ab initio HF computed SrTiO3 Γ–Γ bulk band
gap is equal to 12.33 eV, but the experimental SrTiO3 Γ–Γ bulk
band gap is equal to 3.75 eV56 (Fig. 1 and Table II). Namely, our
ab initio HF computed SrTiO3 Γ–Γ bulk band gap is 3.288 times
larger than the experimental SrTiO3 Γ–Γ band gap.56 From
another side, our ab initio computations by the Perdew–Wang
PWGGA81 exchange-correlation functional give the SrTiO3 bulk
Γ–Γ band gap 2.31 eV that is 1.62 times smaller than the SrTiO3

experimental bulk Γ–Γ band gap 3.75 eV.56 Also for other our ab
initio computed materials, like, BaZrO3, CaTiO3, CaF2 and MgF2,
the Hartree–Fock method always considerably overestimates the
experimental bulk Γ–Γ band gap (Fig. 1 and Table II), whereas the
Perdew–Wang PWGGA exchange-correlation functional very
strongly underestimates it.

For all five SrTiO3, BaZrO3, CaTiO3, CaF2, and MgF2 materi-
als, our ab initio computed bulk Γ–Γ band gaps by the hybrid

exchange-correlation functionals B3PW and B3LYP are very close,
but nevertheless always slightly different (Table II and Fig. 1). For
example, our by B3PW hybrid exchange-correlation functional cal-
culated SrTiO3 bulk Γ–Γ band gap is equal to 3.96 eV, whereas by
B3LYP hybrid exchange-correlation functional calculated the same
band gap is only by 0.07 eV smaller, namely 3.89 eV. Also for all
other our ab initio computed materials, like, CaTiO3, BaZrO3,
CaF2, and MgF2 the bulk Γ–Γ band gaps, computed by the B3PW
or B3LYP functionals are very close, but never coincide (Table II
and Fig. 1). It is worth to note, that the best possible agreement
between the experiments and our ab initio computations for all five
materials is possible to achieve by means of the hybrid exchange-
correlation functionals B3PW or B3LYP (Table II and Fig. 1).

With the goal to compute the TiO2-terminated SrTiO3, and
CaTiO3 as well as ZrO2-terminated BaZrO3 (001) surfaces, we make
use of nine-layer symmetrical slabs. These slabs consisted of alternat-
ing and neutral TiO2 (ZrO2) or AO layers (Fig. 2). They are located
perpendicular to the z axis. Our build up 9 layer slab, operating in
ABO3 perovskite (001) surface computations, was terminated from
both sides by the TiO2 (ZrO2) planes (Fig. 2). Consequently, our
(001) surface model for the BO2-terminated ABO3 perovskites con-
sisted of a 23 atom supercell. Our computed (001) slab was non-
stoichiometric with the chemical formula A4B5O14 (Fig. 2).

In contrast to neutral SrTiO3, CaTiO3, BaZrO3 (001) surfaces,
which consist of neutral BO2 or AO layers, WO2- and
ReO2-terminated WO3 and ReO3 polar (001) surfaces subsist from
charged WO2 (ReO2) or O layers (Fig. 3). It is more problematic to

TABLE II. SrTiO3, CaTiO3, BaZrO3, CaF2, and MgF2 bulk band gaps (in eV) com-
puted by non-identical exchange-correlation functionals. Experimental data for Γ–Γ
band gaps are cited for comparison.56,63,85–87

Method SrTiO3 BaZrO3 CaTiO3 CaF2 MgF2

Experiment 3.7556 5.363
No data for
cubic phase 12.185

12.486;
13.0087

HF 12.33 12.96 12.63 20.77 19.65
B3PW 3.96 4.93 4.18 10.96 9.48
B3LYP 3.89 4.79 4.20 10.85 9.42
PWGGA 2.31 3.24 2.34 8.51 6.94

FIG. 1. Ab initio computed bulk band gaps using different exchange-correlation
functionals and their experimentally detected values for SrTiO3, BaZrO3,
CaTiO3, CaF2, and MgF2 materials : PWGGA (1), B3LYP(2), B3PW (3),
Experiment (4), HF (5).

FIG. 2. Side view of the nine-layer BO2-terminated ABO3 perovskite (001)
surface.
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compute the polar WO2- and ReO2-terminated WO3 and ReO3

(001) surfaces than the ABO3 perovskite neutral BO2-terminated
(001) surfaces.47,49,51,54,93 In our ab initio computations, for
example, the WO2-terminated polar WO3 (001) surface contained
9 alternating WO2 and O layers (Fig. 3). This surface consisted of
19 atoms with the empirical unit cell equation W5O14 (Fig. 3). We
employed the atomic basis sets for the neutral W atom94 as well as
for the neutral Re83 and neutral O atoms.88 Therefore, we got in
our ab initio computations, the WO2- and ReO2-terminated WO3

and ReO3 (001) surfaces with a total slab charge equal to zero. We
employed the well-known Mulliken population analysis for the
explanation of WO3, ReO3, BaZrO3, CaTiO3, and SrTiO3 effective
atomic charges q as well as their bond populations P.95–98

3. AB INITIO COMPUTATION RESULTS FOR WO3, REO3,
SRTIO3, CATIO3, AND BAZRO3 BULK

As a first step of our ab initio computations, using the B3PW
or B3LYP hybrid exchange-correlation functionals, we computed
the WO3, ReO3, BaZrO3, CaTiO3, and SrTiO3 theoretical bulk
lattice constants.53–55,99–101 It is worth noting that we used the

B3LYP hybrid exchange-correlation functional for all our ab initio
computations dealing with WO3 and ReO3 bulk and (001) surface
matrixes. Just opposite, for our ab initio computations dealing with
BaZrO3, CaTiO3, and SrTiO3 bulk as well as (001) surface matrixes,
we always used the B3PW hybrid exchange-correlation functional.
Our ab initio computed bulk lattice constants for WO3 (3.775 Å),
ReO3 (3.758 Å), BaZrO3 (4.234 Å), CaTiO3 (3.851 Å), and SrTiO3

(3.904 Å) are in a fair agreement with the available experimental
data (Table III). For example, our ab initio B3LYP computed bulk
lattice constant for WO3 (3.775 Å) is several percent higher than
the experimentally measured bulk lattice constant for WO3 (3.71–
3.75 Å67 (Table III). In contrast, our ab initio B3LYP computed
bulk lattice constant for ReO3 matrix (3.758 Å) is in almost perfect
agreement with the experimentally measured ReO3 bulk lattice
constant (3.747 Å).78 Also, our ab initio B3PW computed SrTiO3

bulk lattice constant (3.904 Å) is in an outstanding agreement with
the SrTiO3 experimental bulk lattice constant (3.89845 Å).60

Finally, our ab initio B3PW computed CaTiO3 (3.851 Å) and
BaZrO3 (4.234 Å) bulk lattice constants are in a fair agreement
with the experimentally measured CaTiO3 (3.8967)62 and BaZrO3

(4.199 Å)64 bulk lattice constants (Table III).
Our computed effective atomic charges in the WO3 matrix are

equal to +3.095e for the W atom and –1.032e for the O atom. The
chemical bond populations between the W and O atoms in the
WO3 matrix is equal to +0.142e (Table IV). Our computed effective
atomic charges for the ReO3 matrix atoms are smaller than for the
WO3 matrix respective atoms. Namely, the Re atom effective
charge is +2.382e, whereas the O atom effective charge is equal to –
0.794e, indicating a larger chemical bond covalency in the ReO3

matrix in comparison to the WO3 material. The larger chemical
bond covalency in ReO3 is confirmed with larger chemical bond
population between the Re and O atoms (+0.212e), than it was
between the W and O atoms in the WO3 matrix (+0.142e)
(Table IV). Table IV shows our computed BaZrO3, CaTiO3, and

TABLE III. WO3, ReO3, BaZrO3, CaTiO3, and SrTiO3 bulk lattice constants computed by non-identical exchange-correlation functionals B3LYP or B3PW. Experimental lattice
constants are listed for comparison purposes.

Material WO3 ReO3 BaZrO3 CaTiO3 SrTiO3

Functional B3LYP B3LYP B3PW B3PW B3PW
Theory 3.775 Å 3.758 Å 4.234 Å 3.851 Å 3.904 Å
Experiment 3.71–3.75 Å67 3.747 Å78 4.199 Å64 3.8967 Å62 3.89845 Å60

FIG. 3. Side view of the nine-layer WO2-terminated WO3 (001) surface.

TABLE IV. WO3, ReO3, BaZrO3, CaTiO3, and SrTiO3 bulk effective charges Q
(in e) and bond populations P (in e) computed by non-identical exchange-correlation
functionals B3PW and B3LYP.

Material WO3 ReO3 BaZrO3 CaTiO3 SrTiO3

Atom Property B3LYP B3LYP B3PW B3PW B3PW

A Q – – +1.815 +1.782 +1.871
P – – –0.012 +0.006 –0.010

O Q –1.032 –0.794 –1.316 –1.371 –1.407
P +0.142 +0.212 +0.108 +0.084 +0.088

B Q +3.095 +2.382 +2.134 +2.330 +2.351
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SrTiO3 effective charges. It is worth noting, that the absolute value
of O charges in BaZrO3, CaTiO3, and SrTiO3 perovskites (–1.316e;
–1.371e; –1.407e, respectively) always are considerably larger than
the respective absolute O values in WO3 and ReO3 crystals
(–1.032e and –0.794e) (Table IV). Just opposite, the chemical bond
populations between the B and O atoms in the BaZrO3, CaTiO3,
and SrTiO3 perovskite bulk (+0.108e; +0.084e; +0.088e), always are
considerably smaller than the respective B–O chemical bond popu-
lations in the WO3 and ReO3 crystal bulk (+0.142e and +0.212e)
(Table IV and Fig. 4).

As a next step, we computed the BaZrO3, CaTiO3, and SrTiO3

bulk Γ–Γ band gaps using the B3PW hybrid exchange-correlation
functional (Table V). Our ab initio B3PW computed BaZrO3,
CaTiO3, and SrTiO3 bulk Γ–Γ band gaps are equal to 4.93, 4.18,
and 3.96 eV, respectively (Table V and Fig. 5). They are in a fair
agreement with the available experimental data for the BaZrO3

(5.3 eV)63 and SrTiO3 (3.75 eV) bulk Γ–Γ band gaps.56 For
example, our ab initio B3PW computed SrTiO3 bulk band gap at
the Γ point (3.96 eV) only by 0.21 eV exceeds the respective experi-
mental value of 3.75 eV (Table V). There are no experimental data
available for the CaTiO3 Γ–Γ bulk band gap in its cubic phase.
Nevertheless, the experimentally measured CaTiO3 Γ–Γ bulk band
gap in its orthorhombic phase is around 3.5 eV,61 which is rather

close to our B3PW computed CaTiO3 Γ–Γ band gap in the cubic
phase, namely, 4.18 eV. Finally, our ab initio B3LYP computed
WO3 bulk band gap at the Γ point by 1.21 eV exceeds the
respective experimental value for the WO3 bulk Γ–Γ band gap
(3.74 eV)66 (Table V).

4. AB INITIO COMPUTATION RESULTS FOR
BO2-TERMINATED WO3, REO3, SRTIO3, CATIO3, AND
BAZRO3 (001) SURFACES

For the WO2- and ReO2-terminated WO3 and ReO3 as well as
BO2-terminated BaZrO3, CaTiO3, and SrTiO3 (001) surfaces, as
follows from our ab initio B3LYP and B3PW computations,53–55,99–101

all uppermost layer surface ions relax inwards, namely towards the
bulk (Table VI). The single exception from this systematic tendency is
the out-ward shift of the WO2-terminated WO3 (001) surface top
layer O ion by (0.42% of a0) (Table VI). In contrast, all existing
second layer ions for the WO2- and ReO2-terminated WO3 and ReO3

as well as BO2-terminated BaZrO3, CaTiO3, and SrTiO3 (001) surfaces
relax outwards (Table VI). Again, there is only one exception to this
systematic tendency. Namely, the ReO2-terminated ReO3 (001) surface
second layer O ion relax inwards by (0.32% of a0) (Table VI). It is
noteworthy, that according to our ab initio computations, for all
BO2-terminated BaZrO3, CaTiO3, and SrTiO3 perovskite (001) sur-
faces, the second layer metal ion upward displacement magnitudes are
always larger than the upper layer metal ion inward displacement
magnitudes. Just opposite, for the WO2- and ReO2-terminated WO3

and ReO3 (001) surfaces, the upper layer O atom displacement magni-
tudes are at least two times larger than the second layer O atom dis-
placement magnitudes.

As we can see from Table VII, the surface rumplings s
computed by Padilla et al. (+1.8% of a0)

102 and Cheng et al.

FIG. 4. Our ab initio computed bulk (1) and WO2, ReO2, ZrO2, TiO2-terminated
(001) surface (2) B–O chemical bond populations for WO3, ReO3, BaZrO3,
CaTiO3, and SrTiO3 crystals (in e).

TABLE V. Ab initio computed and experimentally measured WO3, ReO3, BaZrO3,
CaTiO3, and SrTiO3 bulk Γ–Γ band gaps (in eV).

Material WO3 ReO3 BaZrO3 CaTiO3 SrTiO3

Method B3LYP B3LYP B3PW B3PW B3PW

Our ab initio comp.
Experiment

4.95

3.7466

5.76
No
data

4.93

5.363

4.18
No data
for cubic

3.96

3.7556

FIG. 5. Our ab initio computed Γ–Γ band gaps for WO3, ReO3, BaZrO3,
CaTiO3, and SrTiO3 bulk (3) and their BO2-terminated (001) surfaces (1).
Available experimental data for bulk are listed for comparison purposes (2).
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(+1.5% of a0)
103 are in fair agreement with the available RHEED

(+2.6% of a0)
104 and LEED (+2.1 ± 2% of a0)

105 experiments. Our
by B3PW functional ab initio computed SrTiO3 (001) surface rum-
pling s (+2.12% of a0) (Table VII) is in a perfect agreement with
the LEED experiment (+2.1 ± 2% of a0)

105 and in a good agree-
ment with the RHEED experiment (+2.6% of a0).

104

Our B3PW ab initio computed interlayer enlargement
between the 2 and 3 layer planes (Table VII) (+3.55% of a0) for the
TiO2-terminated SrTiO3 (100) surface is in a fair correspondence
with all other available ab initio102,103 computations. It is important
to stress that our ab initio B3PW computed interlayer expansion
Δd23 (+3.55% of a0) agrees qualitatively well with respect to
the sign with RHEED experiment (+1.3% of a0),

104 but has the
opposite sign that the LEED experiment (–1 ± 1% of a0).

105

Nevertheless, since the RHEED104 and LEED105 experiments have
the opposite signs (+1.3 and –1 ± 1), we can not rely too strongly
on these two RHEED and LEED experiments (Table VII) for the
interlayer distance Δd23 between the SrTiO3 second and third
planes.

From Table VIII we can see that for the BaZrO3, CaTiO3, and
SrTiO3 perovskites, their B–O chemical bond populations in the
bulk, according to our performed ab initio B3PW computations

(+0.108e, +0.084e, and +0.088e, respectively), are considerably
smaller than near their BO2- terminated (001) surfaces (+0.132e,
+0.114e, +0.118e, respectively) (Fig. 4). Just opposite situation is for
the WO3 and ReO3 matrixes. Namely, the W–O and Re–O chemi-
cal bond populations, according to our B3LYP ab initio computa-
tions (Fig. 4), near their WO2- and ReO2-terminated WO3 and
ReO3 (001) surfaces are considerably smaller (+0.108e and +0.170e,
respectively) than in their bulk (+0.142e and +0.212e, respectively)
(Table VIII). It is worth noting, that nevertheless the chemical
bond populations in the WO3 and ReO3 matrixes for WO2- and
ReO2-terminated (001) surfaces between the upper surface layer W
and Re atoms and the second layer O atoms, namely W(I)–O(II)
and Re(I)–O(II) (0.278e and 0.262e, respectively) are the absolutely
largest chemical bond populations the WO3 and ReO3 materials.

Our ab initio B3LYP computed WO3 bulk band gap (4.95 eV)
at the Γ point is in fair agreement with the experimentally mea-
sured WO3 bulk band gap at the Γ point 3.74 eV66 (Table IX). Also
for BaZrO3 and SrTiO3 perovskites, our ab initio B3PW computed
bulk band gaps at the Γ point (4.93 and 3.96 eV, respectively) are
in general agreement with the experimentally detected respective
BaZrO3 and SrTiO3 band gaps (5.3 eV63 and 3.75 eV56 (Fig. 5). It
is worth to note, that for all five our calculated materials, their bulk
band gaps are always reduced near their BO2-terminated (001) sur-
faces (Table IX and Fig. 5).

TABLE VI. WO2- and ReO2-terminated WO3 and ReO3 as well as BO2-terminated
BaZrO3, CaTiO3, and SrTiO3 (001) surface upper layer ion shifts (in % of the bulk
lattice constant a0).

Material WO3 ReO3 BaZrO3 CaTiO3 SrTiO3

Layer Ion WO2-ter. ReO2-ter. ZrO2-ter. TiO2-ter. TiO2-ter.

1 B
O

–2.07
+0.42

–3.19
–1.17

–1.79
–1.70

–1.71
–0.10

–2.25
–0.13

2 A
O

No atom
+0.11

No atom
–0.32

+1.94
+0.85

+2.75
+1.05

+3.55
+0.57

3 B
O

–0.01
0.00

–0.17
–0.11

–0.03
0.00

–
–

–
–

TABLE VII. Ab initio computed surface rumplings s and relative displacements Δdij
(% of a0) for the upper 3 surface planes for the WO2- and ReO2-terminated WO3

and ReO3 as well as BO2-terminated BaZrO3, CaTiO3, and SrTiO3 (001) surfaces.

Material Functional

WO2-, ReO2-, BO2-terminated
(001) surfaces

s Δd12 Δd23

WO3 B3LYP +2.49 – –
ReO3 B3LYP +2.02 – –
BaZrO3 B3PW +0.09 –3.73 +1.97
CaTiO3 B3PW +1.61 –4.46 +2.75
SrTiO3 B3PW +2.12 –5.79 +3.55
SrTiO3 LDA102 +1.8 –5.9 +3.2

LDA103 +1.5 –6.4 +4.9
RHEED104 +2.6 +1.8 +1.3
LEED105 +2.1 ± 2 +1 ± 1 –1 ± 1

TABLE VIII. Ab initio computed W–O, Re–O and B–O chemical bond populations
(in e) for the WO3, ReO3, BaZrO3, CaTiO3 and SrTiO3 crystal bulk as well as their
WO2-, ReO2- and BO2- terminated (001) surfaces.

Material Functional

W–O, Re–O and B–O bond
populations (in e)

Bulk
WO2-, ReO2-, BO2-term.

(001) surfaces

WO3 B3LYP +0.142 +0.108
ReO3 B3LYP +0.212 +0.170
BaZrO3 B3PW +0.108 +0.132
CaTiO3 B3PW +0.084 +0.114
SrTiO3 B3PW +0.088 +0.118

TABLE IX. Ab initio computed band gaps at the Γ point (in eV) for the WO3, ReO3,
BaZrO3, CaTiO3, and SrTiO3 material bulk as well as their WO2-, ReO2- or
BO2-terminated (001) surfaces. Experimental data for the bulk band gaps at the Γ
point (in eV) are listed for the comparison purpose in parentheses.56,63,66.

Material Functional

Our computed Γ–Γ band gap (in eV)

Bulk (Experiment)

WO2-, ReO2-,
BO2-term.

(001) surface

WO3 B3LYP 4.95 (3.74)66 1.16
ReO3 B3LYP 5.76 (not available) 0.22
BaZrO3 B3PW 4.93 (5.3)63 4.48
CaTiO3 B3PW 4.18 (not available) 3.30
SrTiO3 B3PW 3.96 (3.75)56 3.95
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5. CONCLUSIONS

According to our ab initio computations for the WO2- and
ReO2-terminated WO3 and ReO3 (001) as well as BO2- terminated
BaZrO3, CaTiO3, and SrTiO3 (001) surfaces, all upper layer ions
relax inwards, towards the crystal bulk, whereas all second layer
ions relax upwards. The only two exceptions from this systematic
tendency are top layer O ion upwards relaxation for the
WO2-terminated WO3 (001) surface as well as the second layer O
ion inwards relaxation for the ReO2-terminated ReO3 (001) surface.

Our ab initio computed SrTiO3 (001) surface rumpling s
(+2.12% of a0) is in a fair agreement with RHEED (+2.6% of a0)
and LEED (+2.1 ± 2% of a0) experimental results. Our ab initio
computed surface rumplings s for WO2 and ReO2-terminated WO3

and ReO3 as well as BO2-terminated BaZrO3, CaTiO3, and SrTiO3

(001) surfaces are in a range from (+0.09% of a0) for the
ZrO2-terminated BaZrO3 (001) surface till (+2.49% of a0) for the
WO2-terminated WO3 (001) surface.

From our ab initio computations follow, that the Γ–Γ band
gaps near the WO2 and ReO2-terminated WO3 and ReO3 (001)
surfaces as well as near the BO2-terminated BaZrO3, CaTiO3, and
SrTiO3 (001) surfaces always are reduced regarding their respective
bulk Γ–Γ band gap values.

For our ab initio B3PW computed BO2-terminated BaZrO3,
CaTiO3, and SrTiO3 (001) surfaces, the chemical bond covalency
between the B–O ions is larger than in the bulk. Just opposite situa-
tion is for WO2- and ReO2-terminated WO3 and ReO3 (001) sur-
faces, where the W–O and Re–O chemical bond populations are
smaller than in the bulk. Nevertheless, it is worth to note, that the
absolutely largest chemical bond populations in the WO3 and ReO3

crystals are between the upper layer W atom and the second layer
O atom (0.278e) as well as between the upper layer Re atom and
the second layer O atom (0.262e).
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