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Ab initio modeling of CaTiO; (110) polar surfaces
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The TiO, Ca, asymmetric A-type O-terminated and symmetric B-type O-terminated surfaces have been
constructed for CaTiOsz (110) surface. The cleavage and surface energies, surface grand potential, surface
relaxation, and surface electronic structure have been calculated for these polar terminations by using ab initio
plane waves ultrasoft pseudopotential method based on generalized gradient approximation. The results show
that the favorable CaTiO3 (110) and (001) surfaces are CaO-terminated (001) surface, A-type O-terminated
(110) surface, and TiO,-terminated (001) surface successively, in view of the surface energy minimization. The
Ca termination is stable in O- and Ca-rich environments, however, its complementary TiO termination is stable
in O- and Ca-poor conditions. The A-type O termination shows a stability domain in moderate O and Ca
environments. In the range of accessible values of Aug, only Ca and A-type O-terminated surfaces are likely
to be observed. Moreover, a large surface rumpling s of 12.10% a is found for the TiO-terminated surface due
to inward movement of Ti ion and outward movement of O ion. The surface band gaps for the relaxed TiO and
A-type O terminations are larger than the bulk band gap; however, the values for Ca and B-type O terminations

are smaller.
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I. INTRODUCTION

Ferroelectric ABO;5 perovskite compounds constitute an
important class of multifunctional materials and have been
used extensively in various technological fields, such as
high-capacity memory cells, catalysis, optical waveguides,
integrated optics applications, and high-T, cuprate supercon-
ductor growth.!~!9 The ferroelectricity in this class of com-
pounds arises from a delicate balance between short-range
forces favoring the undistorted cubic paraelectric structure,
on the one hand, and long-range Coulomb interactions favor-
ing a ferroelectric distortion, on the other hand.>®

ABO; perovskite ferroelectric films are important for
many applications. Compared with the bulk materials, the
thin films have relatively larger surface and interface. There-
fore, investigating how the physical properties are affected
by the surface or interface is of primary importance. Re-
cently, several ab initio theoretical studies were published for
the surfaces of BaTiO5; and SrTiO; crystals with fairly good
agreement with experimental observations.!!=2°

CaTiO; is orthorhombic with space group Pbnm below
1380 K, and belongs to another orthorhombic space group
Cmcm between 1380 and 1500 K. At 1500 K, it transforms
into a tetragonal with space group 14/mcm. Above 1580 K,
it becomes cubic with space group Pm-3m. Cubic CaTiO; is
widely used in electronic ceramic materials and as a key
component of synthetic rock used to immobilize nuclear
waste.?! Its critical transition temperature from the cubic
phase to the low temperature phase of 1580 K is much
higher than that of BaTiO; and SrTiO; (393 and 105 K,
respectively), resulting in a different dielectricity and phase
stability. The TiO,-terminated (100) surface is energetically
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preferred over the BaO and SrO-terminated (100) surfaces
for BaTiO5 and SrTiOj3; however, the CaO-terminated (100)
surface is preferred over the TiO,-terminated (100) surface
for CaTiO; since the Ca?* is the smallest +2 cation in these
titanates.?

Only the (100) surfaces of CaTiO; have been studied
from theoretical views;*>?? the (110) terminations are much
less known, which is likely due to the polar character of the
(110) orientation. The sequence of atomic layers of O, and
CaTiO stoichiometry imply a monotonic raised microscopic
electric field, which has to be compensated through either a
modification of the surface composition or an anomalous fill-
ing of the surface electronic states. The former method will
lead to nonstoichiometric terminations, while the latter im-
plies crucial variations of the electronic structure of the sur-
faces that should be detected by experiments.

This paper is organized as follows. Some details of the
calculation method and the structure of four different termi-
nation surfaces are given in Sec. II. The calculated cleavage
and surface energies, surface grand potential, surface relax-
ation, and surface electronic structure of CaTiO; (110) sur-
faces are given in Sec. III. The conclusions of this work are
summarized in Sec. IV.

II. METHOD

All calculations were performed within the framework of
density functional theory using a basis set consisting of plane
waves, as implemented in the Cambridge Serial Total Energy
Package (CASTEP).>* The electron-ion interactions were de-
scribed by ultrasoft pseudopotentials, and electron exchange
and correlation energies were calculated with the Perdew-
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FIG. 1. Two terminations of the (110) surface: CaTiO and
0,.

Burke-Ernzerhof formulation of the generalized gradient ap-
proximation (GGA).? The structure was optimized with the
Broyden-Fletcher-Goldfarb-Shanno method,?® and the forces
on each ion were converged to less than 0.01 eV/A. The
pseudopotentials used for bulk and slab were constructed by
the electron configurations such as Ca 3523p6452 states,
Ti 3523p%3d%4s? states, and O 2s22p* states. The kinetic en-
ergy cutoff (400 eV) of the plane wave basis was used
throughout, and the Brillouin zone was sampled with special
k points of an 8 X8 X8 grid for cubic structure and a
6 X5 X1 grid for slab structure, respectively, as proposed by
Monkhorst and Pack.?’” The energy tolerance was
5.0X 107° eV/atom, the force tolerance was 0.01 eV/ A, and
the displacement tolerance was 5.0 X 10~* A. The calculated
values were obtained at 0 K.

Before the surface calculations, the bulk lattice constant a
is calculated first, and the result of 3.874 A is slightly
smaller than the experimental value of 3.895 A28 The theo-
retical lattice constant is used in following surface calcula-
tions.

Different from the (001) surface which consists of two
types of neutral termination (CaO and TiO,), the CaTiO;
(110) surface (displayed in Fig. 1) consists of two charged
planes (CaTiO and O,). If the modeling slab consists of even
number of (110) planes, that is, one termination is CaTiO
with positive charge and the other is O, with negative
charge, a nonzero macroscopic dipole moment perpendicular
to the surface is obtained. If the modeling slab consists of
odd number of (110) planes, that is, both terminations are
identical CaTiO [Fig. 2(a)] or O, [Fig. 2(d)], a nonzero
charged slab is obtained. The previous study showed that the
two types of slab are unstable.?’

To avoid this problem, as is shown in Fig. 2, viewed along
the X direction in Fig. 1, we construct the other four modified
polar slabs with neither dipole moment nor net charge. They
are obtained by removing the Ca atoms from the CaTiO-
terminated surface [Fig. 2(b)], the Ti and O atoms from the
CaTiO-terminated surface [Fig. 2(c)], and half the O atoms
from the O,-terminated surface [Figs. 2(e) and 2(f)], respec-
tively. If alternate columns of O atoms are removed from the
O,-terminated surface, as is shown in Fig. 2(e), the mirror

symmetry about (110) plane (dashed line) will be broken and
an asymmetric A-type configuration (missing column) is ob-
tained. To maintain the symmetry, we move the remaining

columns of the surface O atom along the [110] direction to
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FIG. 2. Six initial atomic configurations of the CaTiO5 (110)
surface.

the middle of the distance between two equivalent O atoms
in the bulk and a symmetric B-type configuration is obtained
[Fig. 2(f)].

Four different (110) polar terminations of (1X 1) super-
cell slab models and periodic boundary conditions are used
in the repeated slab model calculations. For the considered
four possible terminations, the slabs with nine atoms layer
thickness are separated by a 12 A vacuum region. During the
surface structure optimization, all atoms are fully relaxed.

III. RESULTS AND DISCUSSIONS
A. Cleavage and surface energies

It is noted that the two nine layer TiO- and Ca-terminated
(1X 1) slabs represent together eight bulk unit cells, whereas
the nine layer O-terminated (1 X 1) slab represents, by itself,
four bulk unit cells. So we say that TiO- and Ca-terminated
surfaces are complementary mutually, but each type of
O-terminated surfaces is self-complementary.

The cleavage energy of the former E.(a) («=TiO or Ca)
can be obtained from the total energies computed for the
unrelaxed slabs through the following equation:

1
Eoa) = C[EG(Ti0) + Eif(Ca) = nEyyd, (1)
where E“"(TiO) and E%’¢(Ca) are the energies of unre-
laxed TiO-terminated and Ca-terminated slabs, respectively.
E}u 1s the bulk energy per formula unit in the cubic struc-
ture, n is the total number of bulk formula units in the two
slabs, and 1/4 means that totally four surfaces are created
upon the crystal cleavage.
When both sides of the slab are allowed to relax, the
relaxation energies for each of the surfaces can be obtained
by the equation
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TABLE 1. Calculated cleavage, relaxation, and surface energies of four different (110) terminations and two different (001) terminations
of CaTiO3, and the surface energies of SrTiO3 and BaTiOsz (110) and (001) surfaces are also listed for comparison. All values listed below

are in J/m?.
(110)-terminated surfaces (001)-terminated surfaces
ATO; (A=Ca,Sr,Ba) TiO A A-type O B-type O AO TiO,
CaTiO; E, 3.501 3.501 2.771 3.914 1.266 1.266
E,.. -1.321 —1.830 -1.933 —0.840 -0.442 -0.245
Egury 2.180 1.671 0.837 3.074 0.824 1.021
SITiO5 Equy 2.10 (HF) 2.97 (HF) 1.40 (HF) 3.08 (HF) 1.19 (LDA) 1.23 (LDA)
2.21 (SM) 3.04 (SM) 1.54 (SM) 3.13 (SM) 1.18 (B3PW) 1.22 (B3PW)
BaTiO Equy 2.04 (B3PW) 324 (B3PW)  1.72 (B3PW) 1.19 (B3PW)  1.07 (B3PW)
2.35 (SM) 4.14 (SM) 1.81 (SM) 1.45 (SM) 1.40 (SM)

4References 14 and 15.
PReferences 16 and 17.

1
Erel(a) = 2_S[E:Zib(a) - E?l’gbe[(a)]’ (2)

where E™! (@) (@=TiO or Ca) is the slab energy after the
relaxation. Now when the cleavage and relaxation energies
are calculated, the surface energy is just a sum of them,

Esurf(a) = Ecl(a) + Erel(a) . (3)

Since either A-type or B-type O-terminated surfaces are
self-complementary, their cleavage energy E,(O), relaxation
energy E,,(O), and surface energy E,,,(O) can be calculated
by the following equations:

1

E,(0) = E[E?ngl(()) =n'Epel, 4)
1
Eo0) = 5 [ E7(0) ~ Ef(O)], (5)

1
Esurf(o) = ECI(O) + Erel(o) = g[E;%b(O) - n,Ebulk]’ (6)

where n' is the total number of bulk formula units in each
slab, and E’,(O) and E“"(O) are the energies of the
O-terminated slab with and without relaxation, respectively.

Our ab initio calculated results of the cleavage, relaxation,
and surface energies of the four different (110) terminations
are listed in Table I. It is noted that the A-type O termination
corresponds to the lowest cleavage and surface energies
(2.771 and 0.837 J/m?) among the four terminations,
whereas the B-type O termination possesses of the highest
ones (3.914 and 3.074 J/m?). It can be predicted by the val-
ues of surface energies that the favorable (110) surfaces of
CaTiO; are A-type O-, Ca-, and TiO-terminated surfaces and
B-type O-terminated surface successively. In order to com-
pare with the (001) surface, the cleavage, relaxation, and
surface energies have also been calculated for CaO- and
TiO,-terminated (001) surfaces, and the results are also listed
in Table 1. From surface energy minimization, we can con-
clude that in CaTiO5 (001) and (110) surfaces, the three fa-

vorable surfaces are the CaO-terminated (001) surface,
A-type O-terminated (110) surface, and TiO,-terminated
(001) surface successively.

The surface energies calculated by Heifets et al.'*~!7 for
SrTiO; and BaTiO; (110) and (001) surfaces are also listed
in Table I. We can see that the A-type O-terminated (110)
surface is the most stable for SrTiO; and BaTiO5 (110) sur-
faces, in line with the present study for CaTO;5 (110) surface.
For SrTiO5 and BaTiO;, however, the surface energies of the
two types of (001) surfaces are consistently lower than those
of the A-type O-terminated surfaces, which is different from
our result that the surface energy of the A-type O-terminated
(110) surface is a little higher than that of the
TiO,-terminated (001) surface for CaTiO;.

B. Surface grand potential

Although the values of E,,, are used generally as an in-
dication of the stability of the split crystal in vacuum, they
give no information about which termination is the most
stable in practical environment conditions. In experiments,
for example, one of the standard control parameters is the
oxygen pressure in the vacuum chamber. In order to compare
the relative stability, the surface grand potential, which im-
plies a contact with matter reservoirs, has been calculated for
four constructed terminations with the equation3®3!

1 re
Wa) = ﬁ[Eshib(a) + PV =TS = ncafca = Nikbri = Mool

()

where Q(a) (a=TiO, Ca, or O) is the surface grand potential
per unit area of « termination, the uc,, pr;, and ug are the
chemical potentials of the Ca, Ti, and O atomic species, and
Nces Nis and ng are the number of Ca, Ti, and O atoms in the
slab, respectively. For typical pressure P and temperature 7,
the PV and —TS terms can be neglected with respect to other
contributions. Since CaTiOj; is a ternary oxide, the chemical
potential McaTio, of the cubic phase is written as a sum of
three terms representing the chemical potential of each spe-
cies within the crystal:
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FIG. 3. Stability diagram of the CaTiO5 (110) surface. The most stable termination is represented on the left as a function of the excess
O and Ca chemical potentials Aug and Auc,. On the right, the surface grand potentials are represented as a function of Aug (for a particular

value of the Ca chemical potential Auc,=0 eV).

McaTioq = Mca + Ui + 3 Mo- (8)

As long as the surface is in equilibrium with the bulk
CaTiOs, we have ucyrio, = Epu- Substituting Eq. (8) into Eq.
(7), we can eliminate the wr; variable in the surface grand
potential:

1
Qa) = g[E;lib(a’) = niEp = po(ng — 3nt)

- lu'Ca(nCa - nTi)] . (9)

If the minimum and maximum values of the O and Ca
chemical potentials are known, we can deduce the range of
the accessible values of Q(a) for each termination according
to Eq. (9).

Introducing the variations of the chemical potentials with
respect to the reference phases (Aug= /.LO—E’SZ] /2 and

Aprcy= pca—E2™), we can obtain from Eq. (9) the following:

Q) = $la) - %[Aﬂo(”o ~ 3nm) — Al - nm)].

(10)

l re 1 mo
¢(a) = 5{ an(@) = 1 = EEozl(no — 3ny)

- Elggk(”Ca - nTi):| . (11)

¢(a) expresses the stability of the surface with respect to
bulk CaTiO3;, molecular oxygen, and metallic Ca, while
(no—3ny;) represents the excess (if positive) or the defi-
ciency (if negative) in the number of oxygen atoms of the
terminations.

In order to estimate the surface grand potential («), we
plot the stability diagram of CaTiO5 (110) surfaces in an O
and Ca external environment and we also plot ()(a) as a
function of A,uoz,uO—E’o";’l/Z. Small values of Auy and
Apc, correspond to O-poor and Ca-poor conditions, while

large values are associated with high oxygen and high cal-
cium conditions, respectively.

First of all, according to Fig. 3 (left panel), our calcula-
tions predict that only three out of the four possible termina-
tions can be formed. Indeed, the B-type O termination cannot
be stabilized, even in very O-rich chemical environment. The
Ca termination is the most stable one in O- and Ca-rich en-
vironments, however, its complementary TiO termination is
stable in O- and Ca-poor conditions. The A-type O termina-
tion shows a stability domain in moderate O and Ca environ-
ments. In the right figure, the surface grand potentials are
represented as a function of Aug (for a particular value of
the Ca chemical potential Auc,=0 eV). We can see that in
the range of accessible values of Aug, only the Ca termina-
tion and the A-type O termination are likely to be observed.
Furthermore, the Ca termination is the dominant of the two
likely terminations in the range of accessible values of A .

C. Surface relaxation

The relaxed structures of the four different terminations of
the CaTiO; (110) surface have been calculated by allowing
all nine layers to relax fully until the minimum of the sys-
tem’s energy is reached. The results are presented in Table II.
The displacements of the ion on the ith layer from the sur-
face are expressed as Ay, and Az;:

Ay;= (i = yipala X 100 %, (12)

Az = (2= 2 )@ X 100 % . (13)

Here, y; and z; are the y and z coordinates of Ca, Ti, and/or O
in the ith layer after relaxation, and y; ;,; and z; ;. are the
unrelaxed y and z coordinates determined from the theoreti-
cal lattice constant a of cubic CaTiOs3. Az;<<0 indicates the
direction inward the surface; on the contrary, Az;>0 means
the direction outward the surface. The amplitudes of the sur-
face rumpling s (the relative displacement of oxygen with
respect to the metal atom in the surface layer) and the
changes in interlayer distances between the first and second

115426-4



AB INITIO MODELING OF CaTiOj3 (110)...

PHYSICAL REVIEW B 76, 115426 (2007)

TABLE II. Relaxation of the uppermost four layers in the TiO-, Ca-, and O-terminated CaTiO5 (110) surfaces (as a percentage of the bulk

crystal lattice parameter a=3.874 A).

O terminated

TiO terminated Ca terminated A B

Az Az Ay Az Az

Layer Ton (%) Layer Ton (%) Layer Ton (%) (%) (%)
1 Ti -4.95 1 Ca -15.37 (0] -7.90 -11.54 -7.03
O 7.15 2 O 2.52 2 Ca -2.37 1.07 6.61
O -0.90 3 Ca -3.29 Ti -4.53 0.44 -2.12

3 Ca -3.09 Ti 0.89 O 8.06 6.35 5.99
Ti 0.28 O -2.15 3 (0] -10.94 -6.78 -0.84
O -4.04 4 O 0.35 Ca -2.68 -5.29 -2.73

4 O 0.19 Ti -0.01 1.63 0.46
(0] 1.72 -0.27 -1.08

crystal layers (Ad,,) and between the second and third crys-
tal layers (Ad,;) are presented in Table III.

On the TiO-terminated surface, Ti ions on the first layer
move 4.95% a inward, whereas O ions move 7.15% a out-
ward, which lead to a large surface rumpling s of 12.10% a.
This relaxation is larger than that of the (100) surface calcu-
lated by Wang et al.,’” and the reduction of relative distances
between the first three layers is 5.23% a. On Ca-terminated
surface, Ca ions on the first layer move inward by 15.37% a
and the reduction of relative distances between the first three
layers (11.22% a) is much larger than that of the TiO-
terminated surface. The O ions on the first layer of the
A-type O-terminated surface move not only 11.54% a in-
ward but also 7.90% a along the negative direction of the y
axis due to asymmetry. On the second layer, Ca ions move
2.37% a in the negative y direction and 1.07% a outward the
slab. Ti ions move 4.53% a along the negative y direction
and only 0.44% a outward. O ions move by 6.35% a and
8.06% a in the directions opposite to those on the first layer.
The displacements of the O ions on the third layer are still
large. The larger ionic displacements result in large Ad,, and
Ady; (-11.98% a and 7.72% a, respectively). All ions on the
B-type O-terminated surface move only perpendicular to the
surface, as expected by the symmetry. The O ions on the first
layer and Ti ions on the second layer move by 7.03% a and
2.12% a inward, whereas the second-layer Ca and O ions

TABLE III. Surface rumpling s and relative displacements of
the three near-surface layers for the TiO-, Ca-, and O-terminated
CaTiO; (110) surfaces (as a percentage of the bulk crystal lattice
parameter).

Termination s Ad,, Adys
TiO terminated 12.10 —4.05 -1.18
Ca terminated -12.85 1.63
A-type O terminated -11.98 7.22
B-type O terminated -4.91 -1.28

move outward by 6.61% a and 5.99% a. The displacements
of the O ions on the third layer are very small.

D. Surface electronic structure

We calculated the electronic structure for both bulk and
four terminated surfaces, and the density of states (DOS) for
the Ca, TiO, and O (two types) terminations around the
Fermi level are shown in Fig. 4. The calculated bulk band
gap of 1.877 eV is smaller than the experimental value of
3.5 eV, which is caused by the GGA calculations. The sur-
face band gaps for the relaxed TiO and A-type O termina-

I TiO-terminated

I O-terminated, A

Densities of states (electrons/cV)

Energy (eV)

FIG. 4. Density of states for the TiO, Ca, and O (two types)
terminations around the Fermi level. Solid line, total density of
states; dotted line, p partial density of states; and dashed line, d
partial density of states. The Fermi level is indicated by the dash
dotted line.
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tions are 1.885 and 2.000 eV, slightly larger than the bulk
band gap; however, for Ca and B-type O terminations, the
values reduced to 1.173 and 1.042 eV, respectively. We can
see that the DOS of B-type O termination is much different
from the other three terminations such that the conduction
bands are introduced into the bulk band gap.

IV. CONCLUSIONS

In the present work, the TiO, Ca, asymmetric A-type
O-terminated and symmetric B-type O-terminated surfaces
have been constructed for the CaTiO; (110) surface. The
cleavage and surface energies, surface grand potential, sur-
face relaxation, and surface electronic structure have been
calculated for these polar terminations by using ab initio
plane waves ultrasoft pseudopotential method based on
GGA. The following conclusions are obtained:

(1) In CaTiO5 (001) and (110) surfaces, the three favor-
able surfaces are the CaO-terminated (001) surface, A-type
O-terminated (110) surface, and TiO,-terminated (001) sur-
face successively.

PHYSICAL REVIEW B 76, 115426 (2007)

(2) The Ca termination is stable in O- and Ca-rich envi-
ronments, however, its complementary TiO termination is
stable in O- and Ca-poor conditions. The A-type O termina-
tion shows a stability domain in moderate O and Ca environ-
ments.

(3) In the range of accessible values of Apug, only the Ca
termination and the A-type O termination are likely to be
observed, especially the former.

(4) A large surface rumpling s of 12.10% a is found for
the TiO-terminated surface, caused by the movement inward
of the Ti ion and the movement outward of the O ion.

(5) The surface band gaps for the relaxed TiO and A-type
O terminations are larger than the bulk band gap, however,
the values for Ca and B-type O terminations are smaller.
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