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The ferroelectricity of single-domain ultrathin PbTiOs3 films sandwiched between metallic Pt
electrodes has been studied using ab initio density-functional theory (DFT) calculations within the
local-density approximation. For stress-free PbTiO3 films with an in-plane lattice constant of the
tetragonal bulk phase we find that the films lose ferroelectricity below a critical thickness of about 4
and 6 unit cells (~16 A and 24 A) for PbO— and TiO2-terminated films, respectively. This result is in
contradiction to a recent DFT study by Sai, Kolpak and Rappe [Phys. Rev. B 72, R020101 (2005)],
in which the persistence of ferroelectricity for Pt/PbTiO3/Pt films down to one unit cell (4 A) has
been reported. Careful tests with different types of pseudopotentials and density-functionals reveal
that this discrepancy is due to insufficiencies of the widely used generalized-gradient approximations
PWO91 and PBE, which have been employed by Sai et al. for describing perovskite compounds.

PACS numbers: 77.80.-e, 77.84.Dy, 77.22.Ej, 31.15.Ar

Ultrathin ferroelectric (FE) perovskite films, epitaxi-
ally grown on perovskite substrates, have attracted con-
siderable attention in the past years owing to their
prospective application for non-volatile FE random ac-
cess memory (FERAM) devices. Much effort has been
contributed both in experiment and theory to study the
FE properties of such ultrathin films'. An issue of partic-
ular importance is the question how thin perovskite films
can be made before the ferroelectricity vanishes due to
intrinsic finite size effects. Based on early experiments?
it was assumed that ferroelectricity in thin films becomes
suppressed below a critical thickness of about 10nm.
More recent studies showed, however, that stable FE
phases exist for films as thin as a few nanometers® ™.
Theoretical investigations even suggested that a FE po-
larization perpendicular to the surface can exist in films
with a thickness of m=3 unit cells (~12A), if the de-
polarization field is removed by ideal electrodes®?. Real
metallic electrodes, however, have only a limited screen-
ing capability, and it has to be investigated if real elec-
trodes are able to suppress the depolarization field well
enough that ultrathin films are indeed in a FE state. For
a chosen combination of electrode metal and perovskite
material, the FE properties will be furthermore affected
by the specific atomic relaxations, chemical interactions,
and elastic stresses at the metal-oxide interface.

A first study to elucidate the existence of a minimum
thickness for ferroelectricity in ultrathin perovskite films
between realistic electrodes was carried out by Junquera
and Ghosez®. Using ab initio density-functional the-
ory (DFT) calculations within the local-density approx-
imation (LDA) they found that ultrathin single-domain
BaTiOg films in a capacitor geometry between conduct-
ing SrRuOs3 electrodes, epitaxially grown on a SrTiOg
substrate which determines the lateral lattice parame-
ter, lose their ferroelectricity below a thickness of about
m=6 unit cells (~24 A), thus suggesting that indeed a
critical thickness exists for realistic FE films. In a more

recent communication, however, Sai, Kolpak and Rappe®
reported that ultrathin PbTiOg films between Pt and
SrRuOg electrodes maintain their FE polarization nor-
mal to the interfaces even for film thicknesses of m=1
and m=2 unit cells (less than 10 A), concluding that the
behavior of BaTiOs3 is not universal for all FE thin films.
In contrast to Junquera and Ghosez®, Sai et al.® used
the generalized gradient approximation (GGA) in their
DFT study, and the in-plane lattice parameter of the thin
films was set to the experimental lattice constant of the
tetragonal bulk phase of PbTiO3.

In previous investigations it was shown!®!! that the
commonly used GGA functionals such as PW91'2 and
PBE!? give rather poor results for the equilibrium struc-
tural parameters of bulk PbTiOg3 in the tetragonal phase.
The c¢/a-ratio and the FE displacements of the atoms
are much overestimated compared to experimental re-
sults. In the present paper we demonstrate that this
poor performance of the PW91 and PBE functionals
for the PbTiOg bulk phase furthermore leads to a sub-
stantial overestimation of the ferroelectricity in ultra-
thin PbTiOs films. Instead, traditional LDA!%'5 calcu-
lations tend to give more reliable results. An estimate of
the critical thickness for ferroelectricity in single-domain
Pt/PbTiO3 /Pt films appearing in a LDA setup will be
given. This critical thickness depends strongly on the in-
plane lattice parameter a, imposed by epitaxial growth
of the films on a substrate!®!”, and the dependence of
the ferroelectricity of the PbTiOg films on this parame-
ter will be illustrated.

In our ab initio DFT calculations we used a very
similar setup as Sai et al® in their study. The com-
putations were performed using the mixed-basis pseu-
dopotential (MBPP) code!'® employing norm-conserving
pseudopotentials'® and a mixed basis set?° 23 of plane
waves (with a cutoff energy of 20Ry = 272eV) and lo-
calized basis functions (for more details see Ref. 24).
The pseudopotential approximation was carefully tested



TABLE I: Calculated equilibrium structural parameters of cubic and tetragonal bulk PbTiO3 employing different computational
methodologies and density-functionals. The optimized lattice parameter a (in A), the tetragonal distortion ¢/a of the unit cell,
and the internal coordinates w. (in fraction of the lattice constant c¢) of the Ti, O; and O3 atom are listed. The position of the
Pb atom is fixed to u.(Pb)=0. Egap is the band gap in eV, and AE is the energy difference between tetragonal FE and cubic

PE phase in eV per unit cell.

cubic phase tetragonal phase

a Egap a c/a uz(Ti)  6z(01)  uz(03) Feap AE
LDA, MBPP 3.880  1.55 3.853 1.050 0.5312  0.0923  0.6012 1.62  —0.053
LDA, PAW 3.804 148 3.867 1.043 0.5334  0.0883  0.6018 —0.056
LDA! 3.894 3.858  1.051
PW91, MBPP 3.957  1.69 3.827  1.247  0.5571  0.1938  0.6670  2.04  —0.196
PW91, PAW 3.969  1.61 3.841 1.233  0.5559  0.1859  0.6660 —0.192
PBE, MBPP 3.962  1.69 3.836  1.244  0.5579  0.1949  0.6675  2.05  —0.208
PBE'® 3.971 3.857  1.230
Exp.(298 K)3%:33 3.969 3.905  1.064  0.539 0.114 0.617 3.5

by repeating sets of calculations employing ultrasoft
pseudopotentials (USPP)?% and the projector augmented
wave (PAW) method?% as implemented in the Vienna Ab
Initio Simulation Package VASP2728., The USPP and
PAW projectors provided by the VASP package were used
together with a plane-wave cutoff energy of 500eV. The
Brillouin-zone integrations were carried out with 6x6x6
and 6x6x1 Monkhorst-Pack?® k-point meshes together
with a 0.2eV Gaussian broadening®® for the calculations
of bulk and thin-film PbTiOj3, respectively.

The ultrathin (001)-oriented PbTiO3 films between
Pt electrodes were represented by electrode-perovskite-
electrode multilayer models of the form Pt3/TiO2-(PbO-
TiO2):m/Pts and Pt3/PbO-(TiO2-PbO),,/Pts for the
two possible (001)-surface terminations of the perovskite
structure, where m is the number of perovskite unit cells
in the PbTiOg film (the same notation as in Ref. 9 is used,
see Fig. 1 therein). Instead of the electrode/perovskite
superlattice geometry as in Ref. 9, which requires a strain
relaxation along the surface normal direction, we in-
cluded a vacuum region in our supercell models to sepa-
rate the three Pt—layer thick top and bottom metal elec-
trodes of the perovskite films. It was demonstrated re-
cently by Kolpak et al.3! that both supercell models give
equivalent electrical short-circuit conditions.

The cubic paraelectric (PE) state of bulk PbTiOg and
the thin films was obtained by a full atomic relaxation of
the corresponding supercells with imposed centrosymme-
try. To determine the FE state, a soft-mode distortion
of the atoms was superimposed to the PE configuration,
similar as in Ref.®, followed by a full relaxation of all
atomic positions normal to the interfaces. The configu-
rations were considered as relaxed when the maximum
force on the atoms was less than 0.01eV/A.

A very important issue is the proper choice of the in-
plane lattice constant a to be used for the thin film ge-
ometries. An artificial compression of the in-plane lattice
constant will cause an increase of the ¢/a-ratio, which in
turn will enhance the preference of the FE state. Exper-
imentally, SrTiO3 and the tetragonal phase of PbTiOg3
have almost the same lattice constant of a=3.905 A. This

is why SrTiOg is often used as a substrate to grow stress-
free FE PbTiOg3 films. In the LDA, the equilibrium lat-
tice constant for SrTiOs is found?* to be a=3.845 A,
which is very close to the LDA result for tetragonal
PbTiO3 (see Table I). Therefore we think that a=3.845 A
is the appropriate in-plane lattice constant in LDA cal-
culations to simulate stress-free PbTiO3 thin films. How-
ever, neither for a=3.845 A nor for a=3.905 A we found
a FE state in our LDA calculations for m=2 thin films
as reported by Sai et al.®. To make sure that we do not
miss the FE configuration in our structural relaxation we
applied the following procedure: we reduced the lattice
parameter a until a FE configuration was obtained. Then
we increased a step-by-step and re-relaxed all atoms until
the FE state became higher in energy than the PE state.

In Table I we show the equilibrium structural parame-
ters of bulk PbTiO3 in the cubic and tetragonal phase as
calculated with our different methodologies using LDA
and GGA functionals. No significant differences be-
tween the two methodologies (i.e. PAW vs. MBPP) were
found. The excellent agreement with previously pub-
lished values!? (as well as with the results from Refs. 11
and 34 which are not included in the table) confirms the
validity of our calculations. The lattice parameter a is
fairly well reproduced by both LDA and GGA within 1%
deviation from the experimental value. In contrast, the
tetragonal distortion ¢/a obtained by the GGA function-
als is considerably larger, while the LDA result agrees
very well with experiment. The FE displacements of
the atoms again are much larger in the GGA than in
the LDA, as is the energy difference AFE between the
tetragonal FE and cubic PE state. Overall, these re-
sults demonstrate that LDA clearly gives more realistic
results for the structural parameters of tetragonal bulk
phase of PbTiO3 compared to experiment, whereas the
GGAs substantially overestimate the FE distortions and
favor by a great amount the stability of the FE state
(with almost a factor 4 for the energy difference between
the FE and PE state).

It is typical for DFT calculations to underestimate
band gaps with respect to experiment (see Table I). The
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FIG. 1: (color online) Energy difference AE per perovskite
unit cell between the FE and PE state for PbTiO3 films
with a thickness of m=2 as a function of the in-plane lat-
tice parameter a. Filled and open symbols are for TiO2—
and PbO-terminated films, respectively (solid lines: MBPP,
dashed with squares: USPP, dashed with triangles: PAW).
The curves on the right are PW91, the two curves on the left
are LDA calculations.

minor improvement of the band gaps in GGA compared
to LDA is mainly due to the larger equilibrium volume.
To make sure that the underestimated band gaps do not
lead to unphysical artefacts for the Pt/PbTiOj3 interfaces
due to a positioning of the Fermi energy into the conduc-
tion band, i.e. a negative Schottky barrier for electrons,
we have analyzed the alignment of the valence and con-
duction band edges of PbTiO3 with respect to the Fermi
level by inspecting the local density of states at an O
atom in the central layer of the PbTiO3 films. For the cu-
bic Pt/PbTiO3/Pt films and an in-plane lattice constant
of a=3.845 A we find within the MBPP-LDA setup that
the valance band edge is 0.66eV and 1.31eV below and
the conduction band edge is 0.76eV and 0.33eV above
the Fermi energy for the PbO— and the TiOs—terminated
films, respectively. These values change slightly with the
in-plane lattice constant a, but the Fermi energy remains
located well inside the PbTiO3 band gap.

Since in a thin film geometry the c¢/a—ratio and the
FE distortions normal to the surfaces are not constrained
and are allowed to relax freely, we can expect that the
GGAs will artificially overestimate the preference of fer-
roelectricity in ultrathin layers. Even in the presence of
a residual depolarization field due to incomplete screen-
ing by the electrodes, the strong energy gain in the GGA
can be sufficient to stabilize the FE state, whereas in the
LDA the FE state remains suppressed. Such a behav-
ior is clearly present in Fig. 1, where we plotted the en-
ergy difference per perovskite unit cell AE between the
FE and PE state for the m=2 thin films as a function
of the in-plane lattice parameter a. Again, our differ-
ent methodologies, MBPP, PAW and USPP, give very
consistent results. As expected, AFE strongly increases
as a function of a, until it finally becomes positive. A
pronounced difference in the stability of the FE state
depending on the chemical nature of the metal-oxide in-
terface is found. For the PbO-terminated films ferroelec-
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FIG. 2: (color online) Ferroelectric stability AE per per-

ovskite unit cell of PbTiO3 layers for different film thick-
nesses m as a function of the in-plane lattice constant a. The
solid lines are fits to DFT-LDA data (circles: m=2, trian-
gles: m=4, pluses: m=00). The short dashed, long dashed
and dotted-dashed lines are extrapolated data for m=4, m=6
and m=8, respectively (see text).

tricity is supported up to a larger lattice constant a than
for the TiOs—terminated layers.

Our GGA results are in excellent agreement with data
from Sai et al.?, who obtained an energy difference of
AFE=—-0.05eV and AE=-0.19¢V for the TiOo— and
PbO-terminated m=2 films at the experimental lattice
constant a=3.905 A of tetragonal bulk PbTiO3%°. How-
ever, the GGAs and LDA give significantly different
quantitative results for the stability of the FE states of
the films. The GGAs predict a FE ground state even for
lattice parameters above the theoretical and experimen-
tal values of a, whereas in LDA a strong lateral compres-
sion of the films would be required to obtain a stable FE
state. In view of our results for the FE structure and sta-
bility of the PbTiO3 bulk phase as shown in Table I, the
LDA results can be considered to be much more reliable
than the GGA calculations. The substantial overestima-
tion of ferroelectricity in PbTiO3 seems to be a general
property of the PW91- and PBE-GGA functionals'®!!,
However, Wu and Cohen'! recently proposed a modifi-
cation of the PBE functional, which leads to a greatly



improved description of ferroelectricity in bulk PbTiOg
and which promises to be more accurate than the LDA.

Finally, we determined the critical thickness of the
PbTiOg3 films which is required within the LDA to stabi-
lize a FE ground state. Figure 2 shows the result for AE
per perovskite unit cell versus a for different film thick-
nesses m as calculated with the MBPP method. Ad-
ditionally, the limit for m=oc is plotted, which is ob-
tained from bulk calculations imposing the respective
value of a. At the theoretical equilibrium lattice constant
of SrTiO3 of a=3.845A we find that the m=4 PbO-
terminated films have become ferroelectric. The m=4
TiOs—terminated films stay paraelectric unless the lat-
tice parameter is compressed to be below 3.815 A. Using
the extrapolation formula

ABey(m=4) = <2AE(m:2) + 2AE(mzoo)> /4 (1)

we calculated an estimate of AE for the m=4 geometry.
The result, plotted by short-dashed lines in Fig. 2, is al-
most identical to the full m=4 DFT calculations. This
indicates that only the outermost unit cell of the per-
ovskite layer is significantly affected by the metal layer,
whereas the inner unit cells already possess the bulk-like
properties. Hence, we can refrain from doing full DFT
calculations for increased film thicknesses and use the
extrapolation scheme instead. Extrapolating correspond-
ingly the AF results for m=4 to m=6 and m=8 we find

4

that at a=3.845 A AFE has become negative for both sur-
face terminations, indicating that the critical thickness
of the TiOs—terminated film is around m=6 or 24 A.

In summary, we have investigated the stability of the
FE state of ultrathin Pt/PbTiO3/Pt films based on ab
initio DFT-LDA calculations. We find that the films
posses a critical thickness below which the FE state be-
comes unstable, which we estimated to be about 16 A and
24 A for PbO- and TiOs—terminated films, respectively.
However, using the GGA functionals PW91 and PBE we
get significantly different results. The films stay ferro-
electric down to a thickness below two unit cells as also
recently reported by Sai et al.® Since PW91 and PBE
have severe deficiency to describe correctly the bulk FE
state of PbTiOs3, this prediction of a much smaller critical
thickness is not stringent.
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