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The results of atomic structure calculations, with a focus on the surface relaxation and polarization, are
presented for the LaMnO3 (110) O-terminated polar surface. We compare results of the classical shell model
calculations for four possible terminations, including (1  2) (110) surface reconstruction, and demonstrate that
the latter has the lowest surface energy. The surface energy is saturated only when six to eight near-surface
atomic planes are relaxed which is accompanied by the considerable dipole moments perpendicular to the
surface. Results are compared with those for iso-structural BaTiO3 (110) surfaces.

I. Introduction
Thin ABO3 perovskite ﬁlms are important for many technological applications, including ferroelectric memories, catalysis,
chemical sensors, microelectronics, substrates for growth of
high Tc superconductors etc.1,2 In particular, LaMnO3 is of
great interest as a cathode material for fuel cell applications
(see, e.g.3) as well as a magnetoresistive device material, due
to the CMR eﬀect.4 Several ab initio quantum mechanical5–14
and classical shell model (SM)15–20 theoretical studies were
published recently for the (100) surfaces of BaTiO3 and SrTiO3
crystals. As far as transition-metal perovskites are concerned,
we are familiar with only two calculations of the (100) surfaces:
CaMnO3 and La0.5Ca0.5MnO3 , with a focus on their magnetic
properties.21 To our knowledge, there exist no calculations for
the LaMnO3 surfaces. Unlike the above-mentioned perovskites, the LaMnO3 (100) surface is unstable since it consists
of a sequence of alternating charged planes (LaO, MnO2)
which produces an inﬁnite dipole moment perpendicular to
the surface.22 This should result in a reconstruction of a ﬂat
surface involving formation of steps, kinks etc. Another, ﬂat
LaMnO3 surface is the (110) O-terminated surface which is
iso-structural to the SrTiO3 and BaTiO3 (110) surfaces. Only
a few semi-empirical quantum mechanical calculations23,24
have been performed for the perovskite (SrTiO3) (110) surfaces. We also performed recently SM calculations on the
atomic relaxation for the polar (110) surfaces of SrTiO3 ,
BaTiO320,25 and KNbO3 .26 We present the results of the ﬁrst
calculations of the atomic structure of the ﬂat LaMnO3 (110)
surface.

II. Methods and surface models
Keeping in mind the fuel cell applications, we restrict ourselves
to simulations of LaMnO3 in its cubic crystalline phase stable
at high temperatures (T  800 K). This is why one can neglect
the Jahn–Teller and other delicate eﬀects, well studied for the
LaMnO3 bulk at low temperatures,27,28 and focus on the surface relaxation. The SM model and its parameterization are
described in detail in refs. 20, 29–31. Note here only that
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in the SM the interatomic interactions are described by the
core-core, core-shell amd shell-shell pair potentials. In this
approach, each ion has a charged core and the electronic
shell. The sum of the core and shell charges gives the formal
charge of the corresponding ion. The spring k connects the
core and the shell of the same ion. The core-shell separation
is a measure of the atomic polarization. The interactions
between cores and shells of diﬀerent ions are Coulombic
whereas the interactions between the shells of diﬀerent ions
contain also the short-range potentials accounting for the
eﬀects of the exchange repulsion and the van-der-Waals attraction. The Buckingham potentials with three parameters per
pair of atoms are widely used for the short-range interactions
(see below). To study the surface relaxation, we optimize the
atomic positions in several (varied from one to 16) near-surface planes, placed into the electrostatic ﬁeld of the substrate.
The latter is simulated by a number of additional planes whose
atoms are ﬁxed in the perfect lattice sites. The number of this
planes was chosen to reach a convergency of the crystalline
ﬁeld in the surface planes. 2D Ewald summation of the
Coulombic interactions is applied.
Use of this model permits us to ﬁnd the atomic relaxation
for several hundreds of atoms, surface energies, along with
the surface polarization, characterized by dipole moments perpendicular and parallel to the surface. This information is of
great importance for analysis of ferroelectric properties of thin
ferroelectric ﬁlms and their reactivity. We allow atoms in a
given number of near-surface planes to relax to the minimum
of total energy, and then analyze, how the major properties are
aﬀected by a number of relaxed planes. This is important since
in time-consuming ab initio calculations only two to three
near-surface planes are typically allowed to relax. Calculations
are performed using the MARVINS computer code.32 This
code has been widely and successfully used for the atomistic
modelling of complex ionic surfaces in the framework of the
slabs inﬁnite in two dimensions.
The well-known problem of modelling the (110) polar surface arises from the fact that it consists of charged planes. If
the (110) surface were to be modelled exactly as one would
expect after crystal cleavage, it would have an inﬁnite dipole
moment perpendicular to the surface, which makes such a
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surface unstable.1,22 (This was mentioned already with respect to
the LaMnO3 (100) surface.) To avoid this problem, in our calculations we removed half the O atoms from the O-terminated
surface. As a result, we obtain the (110) surface with charged
planes but a zero dipole moment (before atomic relaxation).
The relevant surface cells are built from neutral ﬁve-atom elements from three successive planes which are shown as bold
encircled dashed ellipses in Fig. 1. It should be noted here that,
in principle, the polar surface could be also stabilized due to
the charge transfer between near-surface planes. However,
CNDO calculations23 indicate and ab initio calculations33
conﬁrm that the surface energy of such the SrTiO3 (110) exceeds considerably the surface energies of the above-mentioned
terminations with removed atoms and is thus energetically
unfavourable. The initial atomic conﬁguration for the O-terminated surface, where every second surface O atom is
removed and others occupy the same sites as in the bulk structure, we call asymmetrical (A in Fig. 1). Since such a removal
of half of O atoms disturb the balance of interatomic forces
along the surface, we also studied another, symmetrical initial
surface conﬁguration B in which the O2 atom is placed in the
middle of the distance between two equivalent O atoms in the
bulk. The A-type surface reveals considerable atomic displacements not only perpendicular to the surface, but also parallel
to the surface. The results for the A and B cases for SrTiO3
and BaTiO3 have been discussed in ref. 20. Recently,25 we suggested and studied for SrTiO3 and BaTiO3 another possible
conﬁguration C which corresponds to the (1  2) surface
reconstruction where O atoms are removed in pairs of nearest
surface cells in a ‘‘ zig-zag ’’ way (the remaining O2 and O3 are

alternating in the nearest surface cells as shown in Fig. 1). In
this case, in contrast to case A, there is no dipole moment parallel to the surface. Lastly, one more possible termination
corresponds to O2 surface ions sitting atop Mn3+ ions
(conﬁguration D in Fig. 1) which seems intuitively to be
energetically favourable.
We analyzed recently13,14 atomic displacements in the (100)
outermost SrTiO3 planes, obtained by means of various
ab initio methods as well as SM calculations. In all calculations
of the (100) surface, the energy corresponding to the SrO termination is only slightly smaller than for the TiO2 termination,
both of the order of 1.2 eV per surface unit cell. Thus, both
(100) surfaces can co-exist, in agreement with experimental
observations.13 The SM results were in very good agreement
with ab initio calculations.
Several SM calculations were performed on the bulk defects
in LaMnO329–31 using diﬀerent parameterizations. We used
here the latest parameters4 given in Table 1 which reproduce
successfully the main LaMnO3 bulk properties (lattice constant, dielectric properties, three distinctive low frequency
TO phonons) and polarons therein (Table 2) (see discussion).4
Note here only that La and Mn atoms, unlike O atoms, have
no electron shells and thus their polarization is neglected.

Fig. 1 The top and front view of the (110) LaMnO3 surfaces. A to D
are four possible conﬁgurations of the O-terminated surface, the outermost surface plane contains only O2 and O3 atoms whereas O1 atoms
lie in the sub-surface plane. As one can see, in the conﬁguration A
atoms O2 sit above O1 , in the conﬁguration C atoms O2 and O3 are
above O1 of the second plane, and in the conﬁguration D atoms O2
sit above the Mn atoms. Dashed ellipses containing ﬁve atoms from
three nearest planes show neutral fragments from which the surface
unit cells are built. The numbers in brackets on the right hand side
of planes give the corresponding eﬀective charges.

Table 1 Parameters A, r and C of Buckingham pair potentials, O
shell charge Y and and the core-shell spring constant k (ref. 4) used
in our LaMnO3 surface calculations

III. Main results
Atomic relaxations of the ﬁrst three top layers and four possible
terminations (Fig. 1) are given in Table 3. For a comparison
we present also results for BaTiO3 . The top O atoms on the
asymmetrical surface termination A are considerably, by
8.2%, displaced inwards and polarized (the core-shell relative
displacement is as large as 4.8%). The Mn atom in the second
plane is displaced also inwards, by 1.7%. Along with the displacements along the z-axis perpendicular to the surface, all atoms
on this surface reveal also considerable displacements parallel
to the surface, along the y-axis. This produces the relevant
dipole moments py , to be discussed below. Analysis of nearsurface relaxation indicates the tetragonal anti-ferro-distortive
(AFD) type-mode observed in the STO bulk below 105 K (ref.
1). This mode corresponds to the rotation of the MnO6 octahedra in nearest neighbour (NN) cells in the opposite directions.
The rotation [001] axis is parallel to the surface. Results for the
BaTiO3 (Table 3) agree qualitatively with those for the
LaMnO3 ; directions of all atomic displacements are the same.
In contrast to the A-case, atoms on the symmetrical termination B are relaxed mostly along the z axis, due to symmetry
reasons, and reveal much smaller displacements (e.g., the top
O atoms go inwards, by 1.8%, and strongly polarized.) The
only small y-displacements occur for O atoms in the third
plane. Note also that Ba atoms in the second plane of BaTiO3
were strongly displaced outwards the surface, unlike La in
LaMnO3 . This diﬀerence arises due to a combination of diﬀerent eﬀective charges of La3+ and Ba2+, and neglect of the electronic shell on La (see ref. 26 dealing with the cation
polarization eﬀects on the KNbO3 (110) surface).
The displacements of atoms in the top layers on the C-type
surface are quite similar to those on the A-type surface. This
surface also demonstrates the AFD type-mode. However, the

Ions

A/eV

r/Å

C/eV Å6

Y/e

k/eV Å2

La3+–O2
Mn3+–O2
O2–O2

1516.3
1235.9
22764.3

0.3639
0.3152
0.1490

0.0
0.0
20.37

2.48

16.8
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Table 2 Calculated and experimental crystal properties, including the
lattice constant a0/Å cohesive energy, Ecoh/eV, dielectric constants,
and three characteristic TO–phonon frequencies/cm1

expt
theory4

a0

Ecoh

e0

e1

oTO1

oTO2

oTO3

3.89
3.89

140.52

18  2
15.6

4.9
4.9

172
172

360
308

560
513

directions of octahedra rotations are alternating in NN cells
along the rotation axis. (Note that in the A-case all these
MnO6 octahedra are rotated in the same direction.) This is
why due to the symmetry reasons the displacements of the
La (Ba) and O ions in the even layers along the y axis are zero
in Table 3. Lastly, calculations for the termination D demonstrate very strong surface O polarization (core-shell displacement of 7.2%!) and considerable displacement of O atoms in
the second plane.
Table 4 demonstrates considerable diﬀerence in the surface
energies which are calculated allowing only two planes and
all 16 near–surface layers to relax. (The surface energy for
the unrelaxed A terminated surface is as large as 6.8 eV.)
Fig. 2 shows additionally that the (110) surface energy saturates at about 6–8 relaxed layers only. This is in contrast with
many ab initio calculations where only 1–2 layers are relaxed.
Unlike the (100) perovskite surfaces, our four LaMnO3
(110) surface terminations strongly diﬀer in energies. The
(1  2) reconstructed, ‘‘ zig-zag ’’ termination C turns out to
be the lowest in energy (1.95 eV per surface cell). This is
slightly lower than the A termination but about twice smaller
than the symmetrical B termination (4.06 V per cell) and the
more so than the D termination, which turns out to be the
energetically less favourable.
Fig. 3 shows the macroscopic (110) surface polarization,
characterized by the relaxation–induced dipole moments (per
surface unit cells) pz and py perpendicular and parallel to the
surface, respectively. For the asymmetrical termination A the

Fig. 2 Surface energies for four terminations of the LaMnO3 (110)
surfaces (Fig. 1) as a function of the number of relaxed near-surface
planes.

surface polarization pz oscillates around the limiting value of
1 e Å, as the number of relaxed near-surface planes increases
from 2 to 16. This is accompanied by the considerable dipole
moment py ¼ 3.3 e Å parallel to the surface, which also very
slowly saturates. In contrast, the pz dipole moment for the B
termination rapidly saturates at 0.77 e Å, whereas py tends
to zero, with an increase of a number of relaxed layers. Lastly,
for the ‘‘ zig-zag ’’ termination C, pz saturates at 1.1 e Å similarly to the asymmetrical case A but much faster and, by the
symmetry reasons, the dipole moments parallel to the surface
vanish. Lastly, the termination D shows the smallest polarization (but it is the most energetically unfavourable). In other
words, the LaMnO3 surface relaxation produces a considerable polarization perpendicular to the surface which results
from near-surface atomic relaxation. This could aﬀect the
molecular adsorption and reactions on the LaMnO3 surfaces.

Table 3 Atomic relaxation of three top layers (in percent of the lattice constant, a0) for three O-terminations, as shown in Fig. 1 and calulated for
LaMnO3 (this study) and BaTiO3 .20 Electronic shell displacements are given in parentheses, dy, dz are atomic displacements parallel and
perpendicular to the (110) surface
LMO
Layer

Atom

1
2
2
2
3

O
Mn(Ti)
La(Ba)
O
O

1
2
2
2
3

O
Mn(Ti)
La(Ba)
O
O

1
2
2
2
3

O
Mn(Ti)
La(Ba)
O
O

1
2
2
2
3

O
Mn(Ti)
La(Ba)
O
O
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BTO

dz
A-type
8.25
1.74
3.92
3.62
8.44
B-type
1.84
4.46
7.92
4.25
0.70
C-type
6.88
2.13
4.29
1.27
9.89
D-type
5.02
6.51
2.27
14.04
3.95

(13.03)

(2.28)
(9.03)
(6.28)

(2.61)
(0.09)
(11.74)

(0.0)
(10.61)
(2.15)

(15.99)
(3.88)
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dy

dz

9.34 (8.34)
5.03
1.26
3.61 (3.67)
3.53 (3.00)

11.16
1.83
4.84
4.54
6.52

(15.54)
(1.83)
(4.95)
(3.66)
(5.32)

6.70
5.33
2.21
5.90
5.58

0.0
0.0
0.0
0.0
0.5 (2.07)

2.89
6.18
26.45
5.89
2.30

(3.80)
(6.06)
(26.35)
(4.44)
(0.68)

0.0
0.0
0.0
0.0
3.17 (4.91)

8.61 (7.73)
5.26
0.0
0.0
4.08 (3.33)

9.93
3.02
5.45
0.93
7.98

(14.4)
(3.02)
(5.54)
(0.18)
(7.11)

6.18 (2.6)
5.87 (5.77)
0.0
0.0
5.30 (4.93)

0.0
0.0
0.0
0.0
5.60 (4.87)

dy

(2.58)
(5.23)
(2.20)
(5.36)
(5.90)

Table 4 Surface energies for three diﬀerent (110) O-terminations
shown in Fig. 1, as calculated for LaMnO3 , SrTiO3 and BaTiO3 perovskites. SM-2 and SM-16 refer to the number of relaxed near-surface
planes
Termination

SM-2

SM-16

LaMnO3–A-type
B
C
D
SrTiO3–A-type
B
C
TiO
Sr
BaTiO3–A-type
B
C
TiO
Ba

2.59
4.11
2.80
6.70
1.54
3.13
1.63
2.21
3.04
1.58
4.66
1.84
2.11
3.79

2.06
4.06
1.95
6.78
0.92
3.31
0.76
2.36
3.37
1.83
4.84
1.82
2.36
4.16

IV. Conclusions
In conclusion, we found that the energetically most favourable
O-terminated LaMnO3 surface is that with the ‘‘ zig-zag ’’
(1  2) reconstruction. The A conﬁguration is only slightly
higher in energy. In contrast, the symmetrical B conﬁguration
is much higher in energy, whereas the conﬁguration D (O ions
sitting above the Mn3+) is energetically the most unfavourable.
The reconstructed C termination reveals no dipole moment
parallel to the surface, but a considerable dipole moment perpendicular to the surface. Note that this surface contains high
concentration of O vacancies which remove the macroscopic
inﬁnite dipole moment and thus stabilize the surface. The preliminary ab initio calculations of this surface are discussed in
ref. 34. We observe large polarization of the surface O ions,
especially for the case D (O sits atop the Mn ions). In this case
the core–shell separation is close to the limit of the applicability of the harmonic approximation, but we are more interested
in the semi-quantitative understanding of the surface polarizarion rather than in very accurate numbers.

Fig. 3 Surface polarization and dipole moments perpendicular and parallel to the LaMnO3 (110) O-terminated surface.
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The ab initio study estimates the (110) surface relaxation
energy as 2.8 eV, in qualitative agreement with 4 eV obtained
in this SM study, and conﬁrms also a considerable covalency
of the Mn–O bonding. Pattern of atomic displacements for
the LaMnO3 (110) surface is similar to that for iso-structural
BaTiO3 (110) O-termination, the LaMnO3 shows slightly larger surface energies for the A and C terminations than the
BaTiO3 . Lastly, note that the calculated surface relaxation
energies exceed by an order of magnitude those of the Jahn–
Teller energy, and even more so, the magnetic eﬀects relevant
to the magnetoresistance.4
We are well aware of the fact that stability considerations
relevant to real conditions also require taking into account
adsorbate eﬀects as well as vibrational entropy eﬀects.
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