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ABSTRACT

We investigate effects that an H impurity produces upon the geometry and the electronic structure in the BaTiO; and
CaTiO; crystals considering several lattices of these materials. In order to study the H-doped barium and calcium titanates
we use a quantum-chemical method based on the Hartree-Fock formalism and a periodic large unit cell (LUC) model. As a
result, the interstitial H is found to bind to one of the O atoms forming the so-called OH group. In equilibrium, O-H distance
is found to be 0.89 and 0.91 A for BaTiO; cubic and tetragonal lattices, respectively. These results thus predict reduction of
the O-H bond-length compared to a free radical, obviously due to rather compact crystalline lattice. In the case of the
CaTiO; crystals, the O-H distance is found to be 0.89 and 1.04 A for cubic and orthorhombic phases, respectively. We also
study the impurity effect upon the lattice distortion and analyze the ferroelectric polarization in the tetragonal BaTiO;. A
qualitative study shows that the absolute values of the effective charges decrease while the Ti-O bond-lengths increase
considerably in the defective region. Combining these two effects we obtain that the bulk ferroelectric polarization increases
1.27 times. Therefore, one can conclude that the ferroelectric degradation is not a bulk effect. This could also provide an
explanation for the oxygen loss in the ferroelectric films near the surface under thermal annealing in hydrogen atmosphere.
Diffusion of the hydrogen in the BaTiO; cubic lattice is also studied in the present work considering different types of
trajectories. The diffusion path that gives the lowest potential energy barrier for the hydrogen motion is found to be of a
parabolic form.
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1. INTRODUCTION

An important class of ceramic materials known as perovskites is of great scientific and technological interest due to their
unusual properties. Ferroelectric and piezoelectric perovskite-type titanates, BaTiO; and CaTiOs, are of a special interest.
BaTiO; presents a large electro-optic coefficient and high photorefractive sensitivity and is a promising material for self-
pumped phase conjugation holographic storage and inexpensive diode lasers.'” CaTiOs is one of the important constituents
for the disposal of high level radioactive waste materials and is also utilized in the construction of field devices and sensors.*
It is known that titanates are strongly influenced by presence of point defects and although different properties of BaTiO;
and CaTiO; crystals originated due to the defects are not studied sufficiently.

In the present work we study the effects that an H impurity produces upon the geometry and electronic structure of the
BaTiO; cubic and tetragonal lattices as well as CaTiO; cubic and orthorhombic crystallographic lattices. Atomic
displacements and relaxation energies are comparatively analyzed for each crystal.

2. METHOD

In the present research we use the Hartree-Fock method based on the molecular orbital (MO) theory and the periodic LUC
model. The periodicity condition and a careful treatment of the exchange interaction make to this approach very reliable in
study of the electronic band structure and calculation of the total energy for a given system. Although the main
computational equations and the fundamentals for the total energy calculations have been described extensively
elsewhere,™® it is useful to point out the basic idea of the LUC formalism, the so-called k = 0 approximation. The self-
consistency of the Fock matrix elements in this approach is achieved by obtaining the density matrix elements in the
following manner:



Pl = ﬁz P (K) exp(ikR, ) 1)

Here, the summation is carried out over all K values in the reduced Brillouin zone (BZ) of the LUC. The information
obtained corresponds only to the point k = 0 of the density matrix, Ppq(K). Nevertheless, it has been proven that this is
equivalent to a band structure calculation at those k points, which transform to the reduced BZ center after the extension of
the primitive unit cell. Usually eight-fold or even four-fold-symmetric extension proves to be sufficient’"’ to reproduce
correctly the electronic band structure and the geometry of a given crystal. In our case, the eight-fold (2x2x2) extended LUC
consisting of 40 atoms was exploited to study H impurity in the cubic and tetragonal phases of BaTiO; crystal and CaTiOs
cubic phase while for studies of CaTiO; orthorhombic phase 80 atom LUC was used. We can state that the current method
has been applied successfully to study different titanates. Some examples include calculation of hole self-trapping in
BaTiO;''"" and SrTiO;'" crystals, impurity doping in BaTiO;,"*"® SrTi0;,'*"** CaTi0;,>"* and PbTiO;** materials and
another studies.

3. RESULTS AND DISCUSSION
3.1. O-H bonding in BaTiOs; crystals
In order to find the energy-minimum configuration, we have investigated a number of possible sites for the H intercalation.

Afterwards, the geometry optimization, including the automated geometry optimization procedure using the downbhill
simplex method in multidimensions, was applied. As a result, the obtained H-equilibrium position is shown in Fig. 1.
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Fig. 1. A schematic diagram describing the H equilibrium position in the BaTiO; crystals. White and gray spheres indicate O atoms
located in the middle of vertical and horizontal planes, respectively. The impurity atom is located just above the plane formed by O(2),
0(3), O(4) and O(5) atoms and forms an angle a with this plane. a = 4.00° and 8.76° for the cubic and tetragonal lattices, respectively.

The calculated distance of the O-H bond-length is found to be equal to 0.89 A and 0.91 A in the cubic and tetragonal phases,
respectively. Thus one can notice that the obtained bond-length magnitudes are smaller than the bond length of a free OH
group, 0.97 A. We justify the shorter bond-length for the OH™ complex within the crystalline structure due to rather compact
crystalline packing in the BaTiOj; crystals.

3.2. Lattice response to the H-impurity in BaTiO;

The crystalline lattice is perturbed by the impurity presence, and as a result the defect-closest atoms move to their new
equilibrium sites. The change in atomic positions in the cubic structure of the BaTiOs is shown in Fig. 2. The two Ti atoms
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Fig. 2. Lattice relaxation in the BaTiOj; cubic phase. The arrows show defect-outward displacements of the atoms in the defective region.
The H atom is not shown in the figure due to the simplicity reason but it forms the chemical bond with the O(1) atom and is situated along
the positive x direction.

closest to the O-H group move away from the O-H complex by about 0.1 A, The four Ba atoms exhibit the same pattern in
their displacements. These atoms displace themselves by approximately 0.04 A. Displacements of the positively charged
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Fig. 3. Lattice relaxation in the tetragonal BaTiO; phase. The arrows show defect-outward displacements of the atoms in the defective
region. The component of atomic displacements along the vertical z-axis is considerably larger compared to the same variable in the cubic

phase.

defect-surrounding atoms are understood if one considers that the H atom is charged positively and thus due to the Coulomb
interaction the Ba and Ti atoms have repulsion with it and move outwards. Additionally, the insertion of the H impurity is
also accompanied by a creation of the chemical bond between the hydrogen and one of the O atoms, O(1). Thus the



chemical bonds between the O(1) and its surrounding Ti and Ba atoms are weakened leading to the outward displacements
of these atoms.

As one can observe the lattice relaxation in the tetragonal structure of the BaTiO; crystal shows a similar pattern (Fig. 3),
but we obtain somewhat larger component of the displacements along the z-axis, especially for the Ti(1) and Ba(2) atoms
(see Fig. 3). We can also mention that the atomic displacements are not radial with respect to geometric center of the
system, O-H group, similarly as in the cubic structure.

3.3. Electronic properties of the BaTiO3:H

The hydrogen impurity is found to be an auto-ionized positively charged ion since its donor level lies above the conduction
band bottom. The utilized Lowdin method for the electron density analysis gives the description shown in Table 1. The
impurity-closest Ba atoms practically do not change their effective charges, except the Ba(1) and Ba(2) atoms in the cubic
structure. However, we observe considerable charge redistribution for the H-nearest Ti and O atoms. As it follows from the
outcome, the Ti atoms tend to become less positive while the O atoms become less negative. This electron density
redistribution suggests that the chemical bonding in the vicinity of the H impurity becomes more covalent. This effect is
especially obvious in the tetragonal phase of the crystal (see Table 1).

Table 1. Charges on atoms in the defective region of the cubic and tetragonal BaTiOj; crystals: perfect crystal (Q1), doped crystal without
the lattice relaxation (Q2), and the equilibrium configuration of doped crystal (Q3). Atomic numeration corresponds to the one given in
Figs. 2 and 3 for the cubic and tetragonal phases, respectively.

Atom (cubic) Ql (e) Q2 (e) Q3 (e) Atom (tetragonal) Ql (e) Q2 (e) Q3 (e)

Ba(1) 1.88 1.87 1.81 Ba(1) 1.88 1.87 1.87
Ba(2) 1.88 1.87 1.81 Ba(2) 1.88 1.87 1.86
Ba(3) 1.88 1.88 1.88 Ba(3) 1.88 1.88 1.88
Ba(4) 1.88 1.88 1.88 Ba(4) 1.88 1.88 1.88
Ti(1) 2.25 1.90 2.16 Ti(1) 2.02 1.84 1.85
Ti(2) 2.25 1.91 1.70 Ti(2) 2.02 1.52 1.54
o(1) -1.38 -1.35 -1.25 o(1) -1.30 -1.30 122
0(4) -1.38 -1.41 -1.25 0(4) -1.30 -1.33 -1.30
0(5) -1.38 -1.36 137 0(8) -1.31 -0.85 -0.83
H(1) 0 0.53 0.50 0(9) 131 127 -1.29

0 0 O 0 H(1) 0 0.55 0.47

3.4. Hydrogen effect upon ferroelectric polarization in BaTiO;

An important issue concerning impurities and defects in ferroelectric crystals is their effect on the ferroelectric polarization.
The BaTiO; crystal exhibits the ferroelectricity in its tetragonal phase and that is why we investigated possible bulk
ferroelectricity changes due to the H insertion. Our qualitative study shows that the absolute values of the effective charges
reduce while the Ti-O bond-lengths increase considerably in the defective region. The first effect tries to reduce while the
second effect augments the ferroelectric dipole momentum. A simple calculation shows that the second effect, i.e., the
increase of the Ti-O bond-lengths is stronger 1.27 times. This indicates that the direction of the new dipole is favorably
aligned with the host polarization. Therefore, one can see augmentation of the ferroelectric polarization in the BaTiO;
crystal due to the H impurity. The well-known loss of ferroelectricity by hydrogen contamination thus is not a bulk effect.
The primary damage should be localized at the electrode-ferroelectric interface.

3.5. Diffusion of the H atom in the cubic BaTiO; crystal

The diffusion is very important physical process but it is rather difficult to study. We investigated the diffusion in the
crystal taking into consideration a number of different trajectories. The trajectory with smaller potential energy barrier was
found to be a three-dimensional trajectory having a parabolic form.

3.6. H atom in the cubic CaTiO; crystal

The analysis of obtained results for the H-doped CaTiO; crystals shows that the interstitial H is found to tie to one of the O
atoms forming the O-H group, similarly as in the above-discussed BaTiO; crystals. At equilibrium, the O-H distance is
found to be equal to 0.89 and 1.04 A for the cubic and orthorhombic lattices, respectively.



Different kinds of atomic relaxations, which included both symmetric and asymmetric atomic displacements, were used to
obtain the energy-minimum configuration. The obtained total relaxation energy was found to be 1.1 eV. As a result it was
found that the two H-neighboring O atoms located in the parallel plane to the O-H bond (z-axis), move towards the impurity
by 0.07 A (Fig. 4). Thus one can note a shortening of the initial inter-atomic distance, equal to 2.58 A. This particular
relaxation gives about 70.4% of the total relaxation energy. The others H-neighboring O atoms located in the parallel plane
to y-axis move towards the H atom by about 0.09 and 0.19 A along the <111> and <101> directions, respectively. The two
H-closest Ti atoms move outwards from the impurity by 0.07 A, which corresponds to increase of the initial inter-atomic
distance between the H and Ti atoms, equal to 1.88 A. The contribution into the total relaxation energy of the latter is about
12.32%. Finally, the movements of the two nearest Ca atoms were considered. These Ca atoms are located in the same plane
with the binding O atom and are situated initially at 2.14 A from the H impurity. The atomic displacements of the Ca atoms
were found to be of 0.1 A, which contributes with an 8.02% into the total relaxation energy. The detailed information on
atomic movements is given in Table 2 and Fig. 4.

Table 2. Displacements of atoms, d, and charges on atoms in the defective region of the cubic CaTiOs crystal: perfect crystal (Q1), doped
crystal without the lattice relaxation (Q2), and the equilibrium configuration of doped crystal (Q3). Atomic numeration corresponds to
the one given in Fig. 4.

Atom dA) Ql (e) Q2 (e) Q3 (e)

Ca(11) 0.31 1.89 1.88 1.88
Ca(36) 0.18 1.89 1.88 1.88
Ti(2) 0.05 1.55 1.75 1.76
Ti(12) 0.13 1.86 1.80 1.91
0@3) 0.09 -1.32 -1.37 -1.34
o(5) 0.03 -1.32 -1.34 -1.32
0(10) 0.05 -1.32 -1.33 -1.33
0(13) 0.19 -1.34 -1.36 -1.30
0(14) 0 -1.30 -1.24 -1.19
H(41) 0 0 0.44 0.41
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Fig. 4. Lattice relaxation in the cubic phase of CaTiO; crystal. The arrows show atomic displacements in the defective region.

3.7. H atom in the orthorhombic CaTiO; crystal

The atomic relaxation in the orthorhombic phase of H-doped CaTiO; crystal was made in basis of the analysis for different
O positions in the orthorhombic structure, which could participate in the O-H bond creation. In a similar manner as for the
cubic phase different kinds of lattice distortion were considered. As a result the total relaxation energy value obtained for
this phase was found to be equal to 2.1eV. The three H-closest Ca atoms move toward the impurity by 0.09, 0.18 and 0.37A



each one, which is about 0.87%, 1.83% and 3.5% of the corresponding initial distances, equal to 2.63, 2.59 and 2.28 A,
respectively (see Fig. 5). The two H-closest Ti atoms move outward from the impurity by 0.09 and 0.37 A, which represents
the 4.71% and 19.27% of the corresponding initial distances, 1.91 and 1.92 A. These movements are along the <111>
directions. The six H-closest O atoms move toward the defect by about 0.09 A while the H-closest O atom displaces toward
the impurity by 0.37 A. It is worth to be mentioned that the relaxations along both <111> and <101> directions are
according to the Coulomb law. The detailed information on atomic movements is given in Table 3 and Fig. 5.

Table 3. Initial distances, d1, displacements of atoms, d2, and charges on atoms in the defective region of the orthorhombic CaTiO;
crystal: doped crystal without the lattice relaxation (Q1), and the equilibrium configuration of doped crystal (Q2). Atomic numeration
corresponds to the one given in Fig. 5.

Atom d1(A) a2 (A) Q1 (e) Q2 (e)
1 Ca 2.6383 0.0930 1.8738 1.8730
2Ca 2.5919 0.1857 1.8738 1.8683
3Ca 2.2852 0.3721 1.3155 1.7058
1 Ti 1.9193 0.0930 2.2473 2.1114
2 Ti 1.9228 0.3721 2.1072 1.9365
10 2.6734 0.3721 12132 -1.1516
20 2.7275 0.0762 -1.2261 -1.1297
30 2.7133 0.0930 -1.1847 -1.1611
40 2.7643 0.0930 -1.1847 -1.2121
50 2.5928 0.0930 12132 -1.1168
60 2.7278 0.0930 -1.5054 -1.5003
70 2.6781 0.0930 -1.1847 -1.1706
80 - - -1.5054 -1.4333
1H 1.9657 - - 0.4833
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Fig. 5. Lattice relaxation in the orthorhombic CaTiO; phase. The arrows show displacements of atoms in the defective region.

4. CONCLUSIONS

In the present work we have studied H-doping in the cubic and orthorhombic lattices of CaTiO; crystals as well as in the
cubic and tetragonal lattices of BaTiO; crystals using the quantum-chemical method developed for crystal computations.
The obtained O-H bond lengths are found to be equal to 0.89 and 0.91 A in the BaTiO; cubic and tetragonal phases,
respectively. The corresponding values for the cubic and orthorhombic lattices of CaTiOs crystals are 0.89 and 1.04 A. Host
Ti-O bonds are found to be significantly weakened around the hydrogen impurity. Our study shows that the bulk
ferroelectric polarization augments 1.27 times. This may provide an explanation for oxygen loss in ferroelectric films near



the surface under thermal annealing in a hydrogen atmosphere.”> Oxygen loss is enhanced around defective regions and
especially at an interface where the hydroxyl ion can chemically react with the electrode. Damage at the metal/ferroelectric
interface can prevent polarization switching and lead to a reduction of the switching charge of the ferroelectric capacitor. As
a result of our study we can conclude that the degradation is not a bulk effect since H impurity augments the bulk
ferroelectric polarization. Hydrogen diffusion in the cubic BaTiO; lattice is studied considering different types of
trajectories. The trajectory giving the lower potential energy barrier for the H atom movement is found to be of a parabolic

form.
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