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Calculations of the atomic structure of the KNbO3 Ž110. surface
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Abstract
The O-terminated KNbO3 Ž110. surface is modeled using a semi-empirical shell model and two different short-range
interatomic potentials. We find this surface to be unstable with respect to a strong reconstruction and K-termination. This
conclusion is confirmed by preliminary calculations using the ab initio linear combination of atomic orbitals ŽLCAO. formalism.
䊚 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

2. Methods and surface model

Thin ABO3 ferroelectric films are important for the
development of high capacity non-volatile memory
components, catalysis, optical waveguides and integrated optics applications. They are also widely used as
substrates for growth of the high Tc cuprate superconductors w1,2x. KNbO3 , in particular, has highly nonlinear optical coefficients which makes it a promising
material for frequency conversion of infrared light into
the visible range. This is why in recent years a series of
experimental studies have been performed on KNbO3
surfaces, focusing mainly on the Ž110. surface w3᎐10x.
However, so far there is no information about its
atomic structure. In this paper, we calculate for the
first time the atomic structure and relaxation of the
KNbO3 Ž110. surface in the cubic Žparaelectric . phase.

In the present study we used a periodic two-dimensional KNbO3 slab. In surface relaxation calculations
we optimized the atomic positions in several Ž1᎐16.
near-surface planes, in the electrostatic field of the slab
Žsimulated by 20 additional planes whose atoms were
fixed in their perfect lattice sites.. The number of these
additional planes was chosen to reach convergence of
the crystalline field in the surface planes. Optimisation
of so many atomic coordinates cannot be done using ab
initio methods, so in this pilot study we used the
semi-empirical shell model ŽSM. w11,12x which has been
widely and successfully used earlier for many oxides.
In the SM approach each ion has a charged core and
electronic shell. The sum of the core and shell charges
is equal to the formal charge on the ion. The use of
integer ionic charges does not imply a restriction to
ionic materials; in fact the short-range potential effectively takes into account covalency and charge-transfer
effects. A harmonic spring constant k connects the
core and the shell of the same ion so that the core᎐shell
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separation serves as a measure of the atom polarization. The interactions between the cores and between
cores and shells of different ions are Coulombic
whereas the interactions between the shells of different
ions contain, besides the Coulombic part, short-range
potentials which account for the effects of exchange
repulsion and van der Waals attraction. The short-range
Buckingham potentials used here are of the usual form
and contain the repulsive parameter A, the hardness
parameter , and van der Waals coefficient C for each
pair of ions.
The first attempt to develop a SM parameterization
for KNbO3 was done by Donnerberg w13x. This model,
which neglected the electron shell on K atoms, gave
reasonable defect formation energies for bulk KNbO3
but had the disadvantage of producing a negative
eigenvalue for the soft Žlowest transverse optical, TO.
phonon mode. Simultaneously, another set of more
refined potentials was developed by Migoni et al. in the
framework of their non-linear oxygen polarizability
model w14x. These potentials are suited for the correct
reproduction of the sequence of energy minima for the
Nb off-center displacements along the Ž100., Ž110. and
Ž111. axes which correspond to the three ferroelectric
transitions which occur when the sample temperature
is decreased. In this study we focus on the properties of
KNbO3 surface in the high-temperature cubic phase
where there is no need for such refined potentials and
therefore we employ Buckingham potentials which are
used in the standard SM codes.
The above-mentioned disadvantage of the potentials
w13x was recently improved w15x by fitting parameters to
the relevant frequency at the ⌫ point of the Brillouin
zone ŽBZ. Žat 710 K when KNbO3 has the cubic structure.. The two potentials developed ᎏ without a shell
on the K ion and with such a shell which makes the K
ion polarizable ᎏ are presented in Tables 1 and 2.
They reproduce well six longitudinal optical ŽLO. and
TO frequencies, elastic constants and permittivities.
The calculated activation energies for the defect diffusion in the bulk are also in good agreement with
quantum chemical calculations and experimental data
w15x. In this paper atomistic surface relaxations are
calculated by means of the MARVIN computer code
w16x. This code permits simulations of complex surface
structures using the SM. It was used successfully in our
recent calculations of the SrTiO3 Ž100. w17x and Ž110.
surfaces w18x.

65

Table 1
Two sets of parameters for the shell model for KNbO 3 w15x, using the
Buckingham potentials AexpŽyrr . y C r r 6
Interaction
A. No shells on K ions
O shell᎐O shell
O shell᎐K core
O shell᎐Nb shell
B. With shells on K ions
O shell᎐O shell
O shell᎐K shell
O shell᎐Nb shell

A, eV

˚
, A

˚6
C, eVA

22746.3
600.3
1332.1

0.1499
0.36198
0.36404

27.88
0.0
0.0

22746.3
640.0
1334.8

0.1499
0.36198
0.36404

27.88
0.0
0.0

A problem with the O-terminated Ž110. surface in
KNbO3 , which is shown schematically in Fig. 1a,b is
that it consists of charged planes. As discussed by
Tasker w19x, simplest stable crystalline surfaces are
electrically neutral with equal numbers of anions and
cations on each plane Žtype-1 surfaces .. Crystalline
surfaces can also be charged but having no dipole
moment perpendicular to the surface due to symmetrical stacking sequence Žtype-2 surfaces .. Lastly, the
type-3 surfaces are both charged and have dipole
moment in the repeat unit cell perpendicular to the
surface. The lattice sums in the electrostatic energy for
such surfaces diverge and the calculated surface energy
is infinite, which means that surfaces are unstable. If
the Ž110. KNbO3 surface would be modelled directly as
it appears after the crystal’s cut, it has an infinite dipole
moment perpendicular to the surface. To avoid this
problem, in our calculations we removed half of O
atoms from the O-terminated surface, as we did before
for SrTiO3 w18x. Consequently, the surface unit cell is
built up of an integer number of neutral fragments
which are included in the ellipses shown in Fig. 1c,d. As
a result, we obtain the type-II surface having no dipole
moment. This is the simplest atomistic model for this
kind of at surfaces. In the future we plan to study more
complicated models with steps and reconstruction.
We start calculations with the reference geometry A
ŽFig. 1c. and then study its relaxation for the two types
of interatomic potentials Žwhich results in two final
geometries A1 and A2, respectively.. When doing so,
all atoms in 16 near-surface planes are allowed to move
along the y and z axes parallel and perpendicular to
the surface, respectively, during minimization of the
total energy ŽFig. 1e,f.. Since simple removal of half of
O atoms from the surface upsets the balance of intera-

Table 2
Core and shell charges and core᎐shell spring constants k w15x used in KNbO 3 calculation with an electron shell on the Kq ion
Ion type

Effective charge, e core

Shell

˚ y2
k, eVA

O
K
Nb

0.811
3.76
9.496

y2.811
y2.76
y4.496

103.07
100.00
2100.0
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core pseudopotentials were used for K and Nb atoms.
For this purpose, the Crystal-98 computer code was
used w21x with the Perdew᎐Wang᎐GGA electron correlation corrections to the total energy were included a
posteriori w22x.
3. Results and discussion

Fig. 1. Ža. Sketch of the KNbO3 cubic structure with a shaded
O-terminated Ž110. surface. Žb. The top-view, direction of the O
displacements along the surface are shown by arrows. In our model
we remove oxygen atoms O 2 from the surface, and study atomic
relaxations when O3 atoms are placed initially in the positions either
A or B, respectively. Atoms Nb, K and O 1 lie in the second plane
below the surface. Žc,d. The side-views of the first six planes for
O-terminated surface with the starting atomic configurations A and
B shown in Žb.. Dashed ellipses containing five atoms from the three
nearest planes show neutral fragments from which the surface unit
cell is built whereas numbers in brackets on the right hand side of
planes give the corresponding effective charges. Že᎐h. The relevant
final atomic geometries.

tomic interactions, we studied another initial O termination geometry B ŽFig. 1b,d., where O atoms are
placed more symmetrically, at positions at the mid-point
of the distance between the two bulk crystalline O
sites, in the vertical plane with K atoms. Therefore, we
studied the effect for the O-terminated surface relaxation for the two initial geometries A and B, and for
two potential sets Žwithout and with an electron shell
on K atoms.. As a result, we obtained four relaxation
patterns called A1, A2 and B1 and B2, respectively.
To check our semi-empirical findings, ab initio
Hartree᎐Fock calculations based on the linear combination of atomic orbitals ŽLCAO. basis set were performed for four above mentioned SM geometries. In
these calculations we used an isolated two-dimension
slab containing 15 planes and 35 atoms per surface cell.
The basis set was taken from w20x, Hay᎐Wadt small

Table 3 and Fig. 1e᎐h summarize the atomic relaxations found for the two different O termination
geometries A and B. In the ‘symmetric’ B1 case terminating O atoms move strongly inwards, and so do Nb
atoms in the second plane. In contrast, K atoms in the
second plane move up strongly, in the direction outwards from the surface. Atoms in a whole region containing about 10 near-surface planes are strongly displaced from their lattice sites, as shown by the results
for the outermost six planes which are presented in
Table 3. This is in strong contrast to the SrTiO3 Ž100.
surface w17x. ŽDisplacements along the KNbO3 surface
are very small and are not presented.. When we incorporate electronic shells on the K atoms, the largest
change in the final geometry B2 is observed for the K
atoms, which now move inwards. Simultaneously, K
atoms are strongly polarized, the relative core᎐shell
displacement being 2.6%. This results from the strong
Coulomb repulsion of the K electronic shell by O
atoms in the first plane and a strong attraction to them
of K cores. If we compare these results with previous
SrTiO3 Ž110. calculations containing the shells on Sr
atoms, O and Ti atoms were also displaced inwards, but
by only 3᎐5% whereas Sr moved strongly Ž30%. outwards to the surface. These differences in the two
materials are due to the fact that the Sr effective
charge is twice as large as that of K.
For the other ‘asymmetrical’ initial geometry A of a
surface with O termination ŽFig. 1b,c. when electronic
shells are included on K atoms, we found that O atoms
move along the y axis on the surface and stop exactly
above the Nb atoms in the second plane ŽA2 pattern
shown in Fig. 1f.. Then both O and Nb move inwards,
by 11% and 19%, respectively. Simultaneously, K atoms
in the second plane are shifted in the same y direction,
as the terminating O atoms, and also move strongly
outwards from the surface along the z axis, so that they
end up above the O atoms in the second plane, which
are in their turn also displaced outwards from the
surface. As a result, the Nb᎐O distance is reduced by
f 8% as compared to that in the bulk. The K atoms in
the A2 configuration are even more strongly polarized
than in the B2 case Žthe relative core᎐shell separation
being 3.3%.. As a result, K atoms lie above the first
plane of the unrelaxed surface and thus in fact terminate the surface. When K atoms have no shells ŽA1
mode., their outward relaxation is smaller Ž31%. ŽFig.
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Table 3
Atomic displacements Žin per cent of the bulk lattice constant. for atoms in six near-surface planes on the KNbO 3 O-terminated Ž110. surface
Žsee Fig. 1. a
Layer No

Ion

Type

⌬z
B1 ŽB2.

⌬y
A1 ŽA2.

⌬z
A1 ŽA2.

1

O2

2

Nbq5

Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell
Core
Shell

y35.0 Žy29.6.
y34.7 Žy30.0.
y24.6 Žy20.5.
y23.6 Žy19.5.
19.2 Žy6.7.
Žy9.3.
y13.7 Žy13.6.
y14.2 Žy13.9.
y20.5 Žy17.0.
y19.2 Žy15.9.
y18.9 Žy15.7.
Žy15.6.
y14.1 Žy12.6.
y12.9 Žy12.4.
y14.7 Žy13.6.
y14.7 Žy13.6.
y13.9 Žy11.1.
y13.9 Žy11.9.
y13.0 Žy11.3.
y12.9 Žy11.2.
y12.1 Žy10.3.
Žy10.5.
y13.0 Žy11.1.
y13.0 Žy11.1.

18.6 Ž35.1.
19.4 Ž35.1.
y1.1 Žy0.3.
y0.8 Žy0.3.
23.5 Ž70.5.
Ž70.5.
2.4 Žy0.3.
2.2 Žy0.3.
2.1 Ž1.0.
1.9 Ž0.6.
0.0 Žy0.3.
Žy0.3.
y0.5 Žy0.2.
y0.5 Žy0.3.
y0.5 Žy1.5.
0.0 Žy1.1.
y0.9 Žy1.1.
y0.7 Žy1.2.
y0.4 Žy0.2.
y0.4 Žy0.3.
y0.3 Žy0.3.
Žy0.3.
y0.2 Žy0.3.
y0.2 Žy0.3.

y16.3 Žy10.9.
y18.9 Žy13.5.
y21.6 Žy19.4.
y21.8 Žy19.6.
31.5 Ž50.2.
Ž53.5.
y19.3 Žy15.1.
y19.5 Žy15.4.
y15.3 Žy13.6.
y15.6 Žy13.6.
y17.2 Žy16.1.
Žy15.3.
y14.3 Žy11.8.
y14.3 Žy11.9.
y15.9 Žy14.2.
y15.7 Žy14.2.
y13.6 Žy11.4.
y13.7 Žy11.6.
y12.8 Žy11.1.
y12.8 Žy11.1.
y12.3 Žy10.1.
Žy10.3.
y13.0 Žy10.6.
y13.0 Žy10.6.

Kq1
Oy2
3

Oy2

4

Kq1
Nbq5
Oy2

5

Oy2

6

Nbq5
Kq1
Oy2

a
Positive and negative signs for ⌬ z mean directions outwards from the surface and inwards the surface, respectively. In total, 16 near-surface
planes were allowed to relax. A and B denote the two starting geometries for O atoms in the O-terminated surface ŽFig. 1c,d. whereas 1 and 2
refer to cases when K has not and has an electron shell Žsee Tables 1 and 2..

1e.. In similar SrTiO3 calculations we found w18x that O
atoms go above Ti atoms, and both shift inwards Žby
14% and 2%, respectively. whereas Sr moves slightly
up by 4%.
The lattice relaxation energies found for the four
geometries studied are given in Table 4. The largest
surface relaxation of 7.46 eV occurs for the A2 mode
when O atoms initially occupy every second bulk lattice
site and Kq ions are polarizable. The HF-LCAO ab
initio calculations ŽTable 4. also show that the lowest
total energy corresponds to A2 geometry, which confirms our SM findings. We have checked that this ab
initio result does not depend on a particular choice of
the electron correlation functional available in the
Crystal code; the relevant variation in total energies is
considerably smaller than the relaxation energies under
study.
The effective Žstatic. atomic charges calculated using
the Mulliken analysis show that those for Nb and O in
the middle plane modeling the bulk are q3.0 e and
y1.33 e, respectively, is in contrast to the ionic model
Žq5.0 e and y2.0 e .. This means considerable covalency between Nb and O whereas K is almost completely ionized Žq0.97 e .. In the optimised A2 configuration there is an additional 0.06 e transferred from
surface O atoms to the Nb atoms below them.

The difference in surface geometries from our previous SrTiO3 calculations w18x comes from the fact that K
atoms are smaller in size and have half the effective
charge of Sr atoms, which makes their displacement
easier. Starting with the two different initial termination geometries A and B, we obtained two quite different relaxation patterns. Probably, this arises from
the complex energy surface of the system with an
energy barrier between these two configurations.
In Fig. 2 the values of surface dipole moments perpendicular to the surface are plotted for the four cases
discussed above, as a function of the number of relaxed
layers. Similarly to our earlier observation for the SrTiO3 Ž100. surface, the dipole moments strongly oscillate before reaching saturation as the number of reTable 4
The ab initio LCAO total energies for slabs of four different
geometries found in the shell model calculations and the slab
relaxation energies as found in the shell model Žin eV per the surface
unit cell.. The total energies are given with the reference to the
largest, B1 energy
Energy

B1

B2

A1

A2

⌬ Et o t
Er e l

0.0
y5.76

y13.85
y4.83

y3.34
y6.83

y15.78
y7.46
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Fig. 2. Surface-induced dipole moments perpendicular to the surface as a function of number of near-surface layers allowed to relax on the
O-terminated KNbO3 calculated for the A1, A2, B1 and B2 geometries, shown in Ža᎐d., respectively.

laxed planes reaches approximately 10. This is a critical
bottleneck for ab initio calculations where typically
one᎐two planes are relaxed only. Due to huge atomic
relaxations the calculated values of dipole moments are
about an order of magnitude larger than those found
for the Ž100. surface w17x. There is also a big difference
in the saturated values for A1 and A2 geometries,
which stresses once more the importance of the proper
treatment of K polarizability.
In summary, our calculations have shown that the
stoichiometric O-terminated Ž110. surface in KNbO3 ᎏ
unlike SrTiO3 w18x ᎏ is unstable with respect to strong
relaxation, and even K-termination. This is in line with
an experimental study w23x which demonstrated that the
KNbO3 surface region has a quite complicated chemical composition very different from the bulk material,
which gives rise to an observed anomalous hysteresis
loops. Large surface-induced dipole moments indicate
that ferroelectric properties of thin Ž110. films could be
quite different from those of the bulk perovskite crys-

tal. Another, methodological conclusion is that incorporation of K ion polarizability is very important inperovskite surface modeling. Study of other KNbO3 surface terminations are in progress.
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