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The polar surfaces of ferroelectric LiNbO3 have been in-
vestigated by an ab initio thermodynamical approach.
Basing on density functional theory total energy calcula-
tions, we discuss the relative stability of a series of can-
didate surface structures with varying stoichiometry and
surface reconstruction in dependence on the chemical
environment. We determine the equilibrium geometry
for the positively and negatively polarised surfaces and
then discuss the influence of different stabilising mech-
anisms on the preferred terminations. Positive and neg-
ative surfaces are found to have different structure, stoi-
chiometry and ionisation energy. The positive surface is
found to contain more oxygen than the negative surface
at similar conditions. Different stabilisation mechanisms
like stoichiometry modification and reconstruction con-
tribute to stabilise the polar surfaces.

Space-fill model of the reconstructed LiNbO3 (0001) positive
surface. White atoms are Nb, gray atoms Li and small gray
atoms O.

1 Introduction Lithium niobate (LiNbO3, LN) is a
human-made dielectric material which does not exist in na-
ture. Its unusual and favourable optical, piezoelectric, py-
roelectric, electro-optic, elastic, photoelastic and photore-
fractive properties make LN one of the most used materi-
als for acoustic and opto-electronic applications [1]. While
traditional applications mainly exploit LN bulk properties,
more recently the surfaces and interfaces have become im-
portant [2,3]. Periodically poled structures of LN [4] and
substrate assisted self-assembly of nanostructures [5] are
examples of the emerging applications which require the
precise control of ferroelectric domains. Detailed knowl-
edge of the polarisation and charge distribution of the sur-
face is necessary to control the local electronic structure
and chemical reactivity. Unfortunately, only few experi-
mental [6–8] and theoretical studies [9] of the LN (0001)

surface have been reported in the literature, not least be-
cause of the difficulties related to the investigation of the
system. LN is a complex bimetallic oxide with sponta-
neous ferroelectric polarisation directed along the [0001]
direction. Cutting the material perpendicularly to this di-
rection will result in the creation of two differently po-
larised (0001) surfaces, which show peculiar properties
like macroscopic polarisation charge. Surface polarisation
charges are usually screened by the formation of a com-
pensating charge-layer (internal screening) and by the ad-
sorption of charged molecules (external screening). More-
over, other stabilization mechanisms like surface recon-
struction and changes in the surface stoichiometry and
electronic structure may contribute to lower the surface en-
ergy. Thus, the physical and chemical surface properties of
ferroelectrics like LN are controlled by the direction of the
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spontaneous polarisation and by the stabilisation mecha-
nisms [10,11]. Furthermore, the surface structure and sto-
ichiometry will strongly depend on the growth conditions
(temperature and constituents partial pressures) of the ma-
terial. The subtle balance between the ionic and covalent
character of the metal-oxygen bonds can in fact be affected
by the smallest temperature changes during the growth, re-
sulting in an inversion of the polarisation direction [12].

To determine the electronic and structural character-
istics of the LN (0001) surfaces and better understand
the stabilisation mechanisms, we investigate the relative
thermodynamical stability of different candidate structures
with varying stoichiometry and surface reconstruction in
dependence on the chemical environment. We find that
both a change of the surface structure and stoichiometry
contribute to reach an energetically stable state and that the
spontaneous polarisation direction strongly influences the
surface stoichiometry.

2 Methods The density functional theory (DFT)
within the generalised gradient approximation (GGA) as
implemented in the VASP simulation packages [13] has
been used to simulate the bulk phases of LN, Li2O, Nb2O5,
Li and Nb, the oxygen dimer and the LN slabs modelling
the different surfaces. This approach was recently shown
to yield reliable structures and energies for bulk LN both
in its paraelectric and ferroelectric phase [14].

2.1 Computational The total energies of the inves-
tigated bulk phases have been calculated using in each case
the primitive cell and a converged Monkhorst-Pack [15] k-
points mesh. The DFT-GGA approach overestimates the
binding energy of the oxygen dimer. We do not correct
for this overestimation, as the correction would not qual-
itatively change any of the conclusions we come to in this
work. Ferroelectric LN can be considered a stapling of Nb-
O3-Li trilayers along the [0001] axis. The slabs for the sim-
ulation of ferroelectric LN (0001) surfaces are hexagonal
supercells consisting of 12 Nb-O3-Li trilayers (60 atoms)
plus a surface termination and a vacuum layer of ≈ 15 Å.
Following the approach described in Ref. [9] we consider
-Nb-Ox-Liy as positive termination and -Oi-Lij as nega-
tive surface termination, whereby x =1, 2, 3, 4, y =0, 1,
2, i =0, 1, 2, 3, j =0, 1. All the possible combinations
have been simulated. Considering the different starting ge-
ometries of each termination more than 80 surfaces have
been investigated. The outer three trilayers (i.e. 9 LN lay-
ers) and all the terminations atoms are allowed to relax in
all directions (force threshold 0.02 eV Å−1), while the re-
maining layers are kept fixed to simulate the bulk of the
material. The dipole correction described in [16,17] has
been used to correct the artificial forces created by the slab
images. This allows the estimation of the ionisation energy
for asymmetric slabs. We do not consider other slabs than
the 1 × 1 surface unit cell. A Γ -centred 2 × 2 × 1 k-point
mesh was used to carry out the integration in the Brillouin

zone, the energy cutoff for the plane wave basis was 400
eV.

2.2 Thermodynamic approach and chemical
potentials We adopt the approach described in Ref. [11]
to discuss the relative stability of surfaces with different
stoichiometry at different growth conditions. The growth
conditions are represented by the chemical potentials of
Li, Nb and O, which are, on turn, linearly dependent and
constrained by the stability of the various phases. Calling
µLi, µNb and µO the deviations of the chemical potentials
of Li, Nb and O from their bulk values, the relationships
between them are given by:

µLi + µNb + 3µO = −∆HLN
f (1)

2µLi + µO = −∆HLi2O
f (2)

2µNb + 5µO = −∆HNb2O5
f (3)

where ∆H i
f is the formation enthalpy of the com-

pound i. These stability criteria can be brought together in
the chemical potential map shown in Fig. 1. At any point
within the triangle ADG the sum of µLi, µNb and µO yields
to the formation enthalpy of LN (Eq. (1)). The region en-
closed within the points B, D and F satisfies Eq. (2), while
the region enclosed between the points A, C, E and G sat-
isfies Eq. (3). The intersection of these regions (the shaded
region in Fig. 1) is the thermodynamically allowable range
of chemical potentials [18]. Values of the chemical poten-
tials outside this region will not lead to the formation of LN
surfaces but to the precipitation of other condensed phases
on the LN surfaces.

3 Results As the chemical potentials are not inde-
pendent, one of them can be expressed in function of the
other two. We chose to express µNb as function of µLi and
µO, as the latter can be better controlled during the growth
or in experiments. Furthermore, with this choice our results
are directly comparable with the data present in the litera-
ture [9]. The calculated phase diagrams of the positive and
negative LN (0001) surfaces in dependence on µLi and µO

are shown in Fig. 2. The outlined area denotes the ther-
modynamically allowed region. It is evident that positive
and negative surfaces have quite different stoichiometries,
showing that the intrinsic polarisation plays an important
role in the surface stabilisation.

The dominating termination for the positive surface is
-Nb-O3-Li2, while for the negative surface the O-Li- ter-
mination is favoured under most condition. Under O-rich
conditions the surface can become O2- or O3- terminated.
In general, the terminations of the positive surface contain
more oxygen than these of the negative surface under the
same conditions.
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Figure 1 Stability range of the chemical potentials of the
LiNbO3 constituents. The region enclosed between B, D, and F
satisfies Eq. (2),while the region enclosed between the points A,C,
E and G satisfies Eq. (3). The shaded region is the intersection be-
tween them and represents the thermodynamically allowed range
of the chemical potentials. All the values in eV.

The relaxed atomic structure of the preferred termi-
nations for the positive and negative surface are shown
in Fig. 3. While the negative surface does not show any
change in the succession of the atomic planes stapled along
the [0001] direction with respect to the bulk, the positive
surface is characterised by the relaxation of one Li into the
lower laying oxygen plane.

4 Discussion After determining the preferred termi-
nations it remains to explain how they stabilise the posi-
tive and negative LN (0001) surface. In an attempt to iden-
tify the dominant stabilisation mechanism (electronic pas-
sivation, stoichiometry changes, reconstruction), we have
calculated the ionisation energy for the unrelaxed termi-
nations (Wideal), the ionisation energy for the relaxed ter-
minations (Wrelaxed) and the surface dipole ∆Φdipole, as
described in [19] and in [20] respectively. Let us concen-
trate for a while on the positive surface. An analysis of
the surface band structure shows the metallic nature of the
stable -Nb-O3-Li2 termination, which means that the elec-
tronic passivation of the surface cannot be the main driv-
ing force for surface stabilisation at the LN (0001). The
values of the ionisation energy of the investigated termina-
tions of the positive surface (without the relaxation effects)
are reported in the second column of Tab. 1. Of all the in-
vestigated stoichiometries, the -Nb-O3-Li2 termination is
the more efficient in reducing the ionisation energy Wideal.
However, if we keep in account the ionic relaxation, other
surfaces show lower Wrelaxed values (see the third column
in Tab. 1). The calculated values of the ionisation energy
for the relaxed positive surface (W+

relaxed = 6.5 eV) and
of for the relaxed negative surfaces (W−

relaxed = 4.9 eV)
are in good agreement with the values measured by UV-
photoelectron emission microscopy (W+ ≥ 6.2 eV and
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Figure 2 Phase diagram of the positive (a) and negative (b)
LN (0001) surface. The unlabeled region corresponds to the Nb-
terminated bulk cut. The highlighted region is the stability range
of the LN surfaces.

W− = 4.6 eV [7]). In the last column of Tab. 1 we re-
port the surface dipole calculated for each termination with
respect to the ideal Li terminated LN cleavage cut. This
has been calculated as the variation of the potential differ-
ence from the vacuum region through the interface into the
bulk. As one would expect, the stable -Nb-O3-Li2 termina-
tion introduces a surface dipole directed against the spon-
taneous polarisation, thus reducing the total polarisation.
In this way the polarisation surface charge is reduced and
the surface stabilised. However, other terminations would
be even more effective in reducing the polarisation surface
charge by introducing a surface dipole against the sponta-
neous polarisation, so that we have to conclude, that the
preferred surface is not determined by only one dominant
relaxation mechanism, but rather by the interplay of many
of them. Levchenko and Rappe, whose simulations well
agree with our findings, proposed recently a theoretical
model to explain the stability of the preferred terminations
by passivation of surface charges with ions [9].
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In our investigation we have not considered other re-
constructions than the 1 × 1. However, it is possible that
reconstructions on a larger scale are stable. In fact in our
simulations we only considered terminations with integer
numbers of the atomic species (i.e. 0 or 1 Nb atom per
unit cell), but intermediate coverages could also be stable.
Nevertheless, we think that the trends we have pointed out
with our simulation, like the differences in the stoichiom-
etry of differently polarised surfaces and the propensity of
the positive surface to be more oxygen rich than the neg-
ative surface, will not be affected by other possible stable
terminations.

5 Conclusions We have used an ab initio thermo-
dynamic approach to investigate the polar LN (0001) sur-
faces and gain some insight concerning the mechanisms
which stabilise the preferred terminations. The phase di-
agrams of the positive and negative surfaces have been

a) Positive surface b) Negative surface

Figure 3 Space-fill models of the stable positive (-Nb-O3-Li2
terminated) and negative (-Li-O terminated) LN (0001) surface at
growth conditions. White atoms are Nb, gray atoms Li and small
gray atoms O. The rhombus shows the surface unit cell.

Table 1 Ionisation energy and surface induced dipole for the in-
vestigated terminations of the positive surface. A negative dipole
means that the dipol is directed against the spontaneous LN po-
larisation. All the values are in eV.

Termination Wideal Wrelaxed ∆Φdip

-Nb-O 6.9 9.7 +1.8
-Nb-O2 10.3 9.9 +2.3
-Nb-O3 11.1 10.3 +2.5
-Nb-O4 10.8 8.8 +1.2
-Nb-O-Li 5.7 5.6 -2.3
-Nb-O2-Li 5.5 5.7 -2.0
-Nb-O3-Li 7.8 7.5 -0.1
-Nb-O4-Li 10.1 7.6 -0.3
-Nb-O-Li2 6.0 5.9 -1.6
-Nb-O2-Li2 5.6 5.5 -1.5
-Nb-O3-Li2 3.4 6.5 -1.4
-Nb-O4-Li2 9.2 10.4 +2.1

calculated, finding that the two surfaces under the same
temperature and pressure conditions are characterised by
a different stoichiometry. In general the positive surface is
more oxygen rich than the negative surface. Many different
stabilisation mechanisms, including surface relaxation and
stoichiometry changes, are shown to contribute to the sur-
face stability. The stable surfaces introduce a surface dipole
directed against the spontaneous polarisation of the mate-
rial. Finally, the calculated ionisation energy for the two
surfaces differ by ≈ 1.5, showing that the ionisation en-
ergy of the LN surfaces is polarisation dependent.
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