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Abstract
We present a brief review of the role of interfacial physics in ferroelectric oxides, with an
emphasis on the importance of boundary conditions that determine the properties of very thin
ferroelectric films and superlattices. As well as discussing the screening problem, and the role
of strain and electrostatics in ferroelectrics, we highlight some of the possibilities in fine period
superlattices where the high density of interfaces can lead to new and potentially useful
phenomena.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The physics of thin film ferroelectric oxides has been a topic
of intense and growing interest in recent years. A number
of reviews [1, 2] and books [3] have recently been published
which build upon the standard texts on ferroelectric materials
and applications [4–6] and give a broad overview of the field
and the enormous progress recently achieved. The purpose of
this article is to focus specifically on recent insights into the
problem of interfaces and how they influence the behaviour
of very thin ferroelectrics. As with many physical systems
with reduced dimensions, the essential physics can often have
as much to do with the boundary conditions as with the bulk
properties of the material. In this paper we will examine the
role of electrostatics and strain, which are the ‘traditional’
boundary conditions of interest for ferroelectrics, but also
look at other important effects related to surface and interface
reconstructions.

2. Screening at ferroelectric metal interfaces

The electrostatic boundary conditions on a ferroelectric can
be easily understood on the basis of continuity of electric
displacement. A ferroelectric material possesses a spontaneous
polarization. If the material has infinite extent then this
polarization can be aligned in the same direction throughout
the material, with a uniform electric displacement equal to the

polarization. If, however, the material has an interface, some
form of charge distribution must arise at this interface to screen
this electric displacement, or alternatively the polarization
must be arranged within the material in such a way as to reduce
the electric displacement at the interface to zero. This question
of how efficiently electric displacement can be screened or
minimized by the formation of domains is at the core of the
problem of the critical thickness for ferroelectricity, currently
a highly active research topic. Just how important this is is
highlighted theoretically by the finding that when sufficient
image charges are present ferroelectricity can persist in a
thin film down to a thickness of three unit cells [7] and
indeed experimentally ferroelectricity has been seen down to
a thickness of two monolayers in ferroelectric co-polymer
PVDF films [8]. ‘Real’ electrodes, by which we mean those
with a finite charge density, do a significantly worse job of
screening than perfectly placed image charges even in the case
where they exist only in first principles calculations and are
thus somewhat more perfect than most actual experimental
electrodes [9].

Simple models based on the Thomas–Fermi approach
[10, 11] can give a fairly good description of the observed
behaviour, accounting for the suppression of polarization [12]
and the changes in coercive field [13] as the thickness of a
film is decreased. The main idea of this model is depicted
in figure 1; briefly the charge distributions in the electrodes
mean that there is also potential dropped there, giving rise to
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Figure 1. A schematic of (a) a short-circuited electrode–ferroelectric
structure with the spontaneous polarization displayed
(M = metal, FE = ferroelectric); (b) its charge distribution in the
presence of perfect electrodes; its (c) charge distribution, (d) voltage
and (e) field profiles in the presence of realistic electrodes. Here the
film is taken to be a perfect insulator. Reproduced figure with
permission from [13]. Copyright 2003 IOP Publishing.

a potential in the film under short-circuit boundary conditions.
The potential drop in the film is independent of film thickness,
which means that the field, antiparallel to the polarization and
thus termed the depolarization field, becomes very large in very
thin films. There are, however, some clear signs that this is not
a sufficiently complete model of the interface. For example,
first principles simulations have shown that the charge carrier
density in the metal is not the only relevant parameter in
evaluating its ability to screen polarization [14–16]; metal
states can penetrate into the bandgap [17, 14] and equally there
seems to be some evidence that oxide metal electrodes can
be partially polarized over a small distance, though on this
point there seems to be some disagreement between the first
principles simulations of Gerra et al [15] and those of Stengel
and Spaldin [16]. Also, an interesting new first principles study
from Aguado-Puente and Junquera [18] suggests that ionic
displacements in the first SrO layer of SrRuO3 electrodes can
promote the formation of domains, adding yet another layer of
complexity.

Beyond the first principle results some experimental
results also point to the existence of much more efficient
screening than can be provided by the electron density in
the electrode. Take, for example, the results obtained in
Belfast [19] where a rather original approach of producing a
BaTiO3 thin film using a focused ion beam (FIB) (starting from
a single crystal and reducing it to a thickness of 100 nm) has
been developed. The surprise is that in such samples bulk-
like dielectric behaviour was observed, including dielectric
constants well above 10 000, implying a remarkably short
screening length for the gold electrodes used (<0.05 Å). This
result thus suggests that there must be some alternative method
by which polarization can be screened in this system, perhaps
internally by space charge.

Thus far we have mainly discussed the effect of the
screening properties of the electrode on the film, but the
opposite situation, where the ferroelectric film can be used to
modify the properties of a metallic or semiconducting electrode
can be equally interesting. There is a long history of trying

to use this effect to produce memory devices, but it can
also be used to modify the properties of a superconducting
channel [20, 21]. The field effect [22] can also be used to tune
magnetic properties [23], of particular interest given the recent
attention on multiferroics [24–27].

3. Internal rearrangements; domains and
reconstructions

As discussed above, the screening efficiency determines how
closely the thin film system can be to its ideal configuration
of a uniformly oriented polarization. In many cases ultra-
thin ferroelectric films cannot possibly sustain this uniform
polarization state and thus end up in a polydomain state. A
number of efforts have been made recently to measure and
characterize this state [29, 28, 30], and clear experimental
evidence now exists for very fine period ‘stripe domains’
forming in very thin films. However, it has also become
apparent that changes in external conditions, including those
during the growth of the film, can have a large impact on
the formation of domains. In a study on PbTiO3 films
on La0.67Sr0.33MnO3 (LSMO) electrodes, Lichtensteiger et al
[31] (figure 2) were able to identify three different regimes
depending on the thickness of the film using piezoresponse
atomic force microscopy (AFM). First for the thicker films
the samples were monodomain, for the thinnest, polydomain
and for intermediate thicknesses the films are found to be
in a mixed state, in which some regions were monodomain
and others polydomain, despite the fact that the films were
extremely uniform in thickness. One interesting, and not
yet explained, point in this experiment is that the LSMO
electrodes, counterintuitively, seem not to screen as well as Nb-
doped SrTiO3 electrodes, despite their better metallicity.

Besides domains forming within the bulk of the film there
is also the potential for surface rumpling and reconstructions.
These effects significantly complicate experimental efforts to
study experimentally ferroelectricity in ultra-thin films, as
discussed for instance in [32] where surface ferroelectricity has
been studied using x-ray photoelectron diffraction techniques.
However, besides introducing experimental complications the
symmetry breaking at a ferroelectric surface can allow the
coexistence of distortions that are usually antagonistic to
each other in bulk materials, for example, antiferrodistortive
rotations of the oxygen octahedra dominate in SrTiO3, whereas
in PbTiO3 ferroelectric polar distortions are favoured. In
general these distortions do not couple favourably, but at the
surface of a PbTiO3 film these distortions are found to co-
exist [33, 34], and we will see later that in a superlattice they
can couple and lead to a totally new kind of ferroelectricity.

4. Strain

Of equal importance to the electrostatic boundary conditions
are the mechanical boundary conditions. There is a varying
degree of sensibility to strain amongst ferroelectric oxides,
with the perovskite titanates showing particularly strong
coupling between strain and ferroelectric properties. In the
case where a film is constrained in the plane of the lattice
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Figure 2. Left: tetragonality as a function of film thickness for thin PbTiO3 films grown on a thin layer of La0.67Sr0.33MnO3 on SrTiO3

substrates (black squares). The behaviour observed here is dramatically different from what was obtained in the case of PbTiO3 on Nb–SrTiO3

(open squares). For comparison, the model Hamiltonian prediction with λeff = 0.12 Å is shown as a dotted line (see [12]). The solid line is a
guide to the eyes. Right: for each thickness, the topmost figure shows the piezoresponse signal obtained after alternate +12 and −12 V
voltages were applied between the metallic tip and the conducting La0.67Sr0.33MnO3 layer to polarize nine well-defined stripes over a
10 × 10 μm2 area. The lower figure shows the piezoresponse signal obtained after writing a 10 × 10 μm2 square starting with +12 V from
one side and finishing with −12 V on the other side, decreasing gradually. Data reproduced from [31].

constant of the substrate the ferroelectric properties can be
significantly modified. Compressive strain favours out-of-
plane ferroelectricity, while tensile strain favours in-plane
ferroelectricity, but even in the case where the substrate does
not impose a strain on the film, the lack of freedom in the
in-plane direction can change the nature of the ferroelectric
phase transition. For example, the first-order bulk phase
transition of PbTiO3 becomes second-order when it is grown
as a thin film on SrTiO3 [29]. Some particularly impressive
demonstrations of the power of strain engineering have been
made recently, enabled by the development of new scandate
substrates, in particular the ferroelectric polarization and
transition temperatures of BaTiO3 [35] have been considerably
raised and ferroelectric behaviour at room temperature has
been induced in SrTiO3 [36]. The Landau theory framework
presented by Pertsev [37, 38] presents useful guidelines
for predicting the relationship between epitaxial strain and
ferroelectric properties. Naturally, due to its phenomenological
nature, it has limitations, and some recent first principles
results, combined with experiment, suggest that in some
of the ferroelectric materials, in particular lead zirconate
titanate (PZT), the potential for increasing polarization through
the application of epitaxial strain is limited [39]. Similarly
Gariglio et al [40], found in PZT films grown on SrTiO3 that
the transition temperature was quite independent of the strain
state of the film. A point well worth making is that we should
not expect all ferroelectrics to radically change their behaviour
with epitaxial strain, for example in BiFeO3 with its lone
pair driven mechanism for ferroelectricity a large dependence
of the polarization on epitaxial strain is neither expected
on the basis of first principles calculations [41] nor seen in
experiment [42]. Despite these caveats, strain engineering
remains one of the most appealing paths to enhanced properties
in several ferroelectric materials, and this is especially true
in superlattices since in many materials it is much easier to

maintain the structure under a coherent strain state (determined
by the substrate) for a large thickness in a multilayer structure
than in a single thick layer.

5. Superlattices

Having seen that the interfaces of ferroelectric thin films
can drastically affect their properties we can expect them
to be even more important in systems entirely composed
of multiple interfaces. Indeed, ferroelectric–dielectric
superlattices emerge as potential model systems where the
role of electrostatics and strain can be clearly demonstrated,
and where the polar distortions that are governed by these
considerations can be forced to interact with non-polar
distortions enabled by the symmetry breaking at an interface.

The electrostatic problem in superlattices is related to
the screening problem in thin films. Suppose one takes a
ferroelectric layer and puts it into intimate contact with a non-
ferroelectric material. Provided there is no free charge at the
interface then the electric displacement must be continuous in
the two materials. This does not of itself guarantee that the
polarization is continuous, the system can achieve continuity
of displacement even if the polarization is not continuous, but
doing so will result in the development of electric fields, and a
corresponding electrostatic energy cost.

The electrostatic energy (Eelec) of a given layer in a
ferroelectric–dielectric superlattice, of thickness lF or lD, in
the presence of a finite electric field E , to leading order in the
field, is Eelec = −lEP0. The electric field in the ferroelectric
layer, EF, and the dielectric layer, ED, are determined by the
polarizations in the layers, P0

F and P0
D, respectively, through the

condition of continuity of the normal component of the electric
displacement field at the interfaces:

P0
F + ε0EF = P0

D + ε0ED. (1)
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Figure 3. (a) Polarization measured using a PUND technique as a function of PbTiO3 volume fraction, the solid line shows the prediction
from Landau theory, (b) tetragonality of both types of samples, those for which polarization was measured (growth temperature 510 ◦C) and
the samples in [44] (growth temperature 460 ◦C) plotted against PbTiO3 volume fraction. The solid line shows the prediction from Landau
theory and the dotted line denoted ‘paraelectric limit’ indicates the expected tetragonality when the system is paraelectric, (c) transition
temperature determined from x-ray diffraction plotted as a function of PbTiO3 volume fraction. The solid line shows the theoretical prediction
from Landau theory. Data reproduced from [46].

For a system under short-circuit boundary conditions, the
potential drop along the structure must vanish and

lFEF = −lDED. (2)

Combining the last two conditions and summing the
electrostatic energies of the ferroelectric and dielectric layers
gives

Eelec(P0
F , P0

D) = lFlD

ε0(lF + lD)
(P0

D − P0
F )2. (3)

For superlattices of PbTiO3 or BaTiO3 with SrTiO3 this
term is large compared to the other terms in the equation, and
forces the polarization in the system to be practically uniform,
which is seen to be the case in a number of first principles
calculations [43–45]. In the case of a PbTiO3/SrTiO3

superlattice (in moving to this specific case we now denote
PF = Pp and PD = Ps) we can write the total energy of the
system as

E(Pp, Ps) = xUp(Pp) + (1 − x)Us(Ps) + Eelec(Pp, Ps) (4)

where x = np/(ns + np) is the PbTiO3 volume fraction (np

and ns are the number of unit cells of PbTiO3 and SrTiO3 in
each layer) and Up(Pp) and Us(Ps) represent the Helmholtz
free energies of PbTiO3 and SrTiO3 estimated at the bulk
level under appropriate mechanical constraints of fixed in-
plane strain imposed by the substrate and fixed vanishing out-
of-plane stress, in terms of their respective polarizations, Pp

and Ps.
Under the conditions described above the last term in

equation (4) effectively always vanishes: it can be assumed
that Ps = Pp = P and the Eelec term can be dropped
in practice, meaning that the energy of a superlattice of
composition x can be written in terms of the polarization P
as

E(P) = xUp(P) + (1 − x)Us(P). (5)

A variety of potentials could be used for Up and Us,
for example in [44] potentials derived from first principles
were used. A practical approach to look at the evolution
of experimental quantities with temperature is to use Landau

theory, taking parameters obtained from measurements on
bulk materials [37, 38], an approach we took in the case
of our work on PbTiO3/SrTiO3 superlattices [46] where
we compared the theoretical predictions given by Landau
theory with the evolution of three measurable experimental
parameters, namely the polarization, the out-of-plane strain
(related to the material tetragonality c/a) and the transition
temperature. The polarization can be measured electrically,
while the out-of-plane strain and transition temperature can be
experimentally measured using x-ray diffraction. Comparison
of all three measurements with the theory gives remarkably
good agreement (figure 3) for PbTiO3 volume fractions greater
than about 0.4.

The role of the epitaxial strain is also nicely demonstrated
in this work, the polarizations and transition temperatures
are in close agreement with theory, and we note that for
PbTiO3 on SrTiO3 one expects a large upwards change in
the transition temperature from the bulk value, but not a
large increase in the room temperature polarization. This
can be understood by realizing that the transition temperature
is a function only of the leading P2 term in the expansion,
and the effect of the compressive strain on this term is to
raise the transition temperature. At the same time the P4

coefficient, which effects the polarization, but not the transition
temperature, becomes positive due to the fact that the film
is constrained on the substrate, at room temperature the
combination of these competing effects is that the polarization
is not substantially modified from the bulk value. The positive
P4 term also modifies the order of the transition from the first-
order behaviour typical of bulk PbTiO3 to second-order, which
is what we experimentally observe in all our superlattices.

Given the fact that the simple electrostatic model does
a good job of explaining the important properties of the
superlattices with high volume fractions, the recovery of
ferroelectricity seen in all three measurements for low volume
fractions is particularly intriguing. Due to experimental
limitations on the thickness of SrTiO3 in our superlattices the
low volume fraction samples are achieved by making samples
with layer thicknesses of only a few unit cells, suggesting that
some kind of interfacial effect is responsible for the departure
from the expected behaviour.
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Figure 4. (a) Ferroelectric polarization of a 100 nm thick 2/3 PbTiO3/SrTiO3 superlattice as a function of temperature. The line is a fit,
Pz = 0.053 (500 T), (b) tetragonality of a 100 nm thick 2/3 PbTiO3/SrTiO3 superlattice as a function of temperature. The line is a fit,
c/a = 1.014 37 + 2.39 × 10−8(500 − T )2, (c) dielectric constant of a 100 nm thick 2/3 PbTiO3/SrTiO3 superlattice as a function of
temperature. The inset is a close-up of the same data highlighting the step in the dielectric constant at the transition temperature. Data
reproduced from [47].

First-principles simulations of the system allow us
to find out on a microscopic level what is occurring.
A first-principles study was made on a system that is
essentially entirely interfaces, i.e. a 1/1 PbTiO3/SrTiO3

superlattice [47]. When made with a sufficiently large
supercell to allow antiferrodistortive oxygen rotations the
simulations reveal that in addition to ferroelectric instabilities
there are also several kinds of antiferrodistortive oxygen
rotations. Antiferrodistortive rotations of the oxygen octahedra
are not uncommon in perovskite oxide materials, though
they typically frustrate rather than enhance the tendency
towards ferroelectricity [48]. SrTiO3 is particularly interesting
from this point of view, with both pressure and strain
having strong effects on the interplay between the competing
distortions [38, 49, 50]. As mentioned previously, in
PbTiO3 the polar distortion suppresses the tendency towards
antiferrodistortive oxygen rotations, except at surfaces where
the two distortions can co-exist [33, 34]. As an aside, it is
interesting to note that in multiferroic BiFeO3 polar distortions
along [111] are accompanied by rotations of the oxygen
octahedra around this axis which are linked to the magnetic
properties of the material [51].

The two most relevant distortions in the present case of
the PbTiO3/SrTiO3 superlattice are ones which involve rotation
of the oxygen octahedra around the 001 direction. In-plane
(in the [100] or [010] directions), nearest neighbour oxygen
octahedra are rotated in the opposite sense to each other. From
one plane to the next (in the [001] direction) nearest neighbour
oxygen octahedra can be rotated in either the same or opposite
sense, and these represent two different unstable modes in the
system. Further, it is found that the product of the two modes
has the same symmetry properties as the polarization mode.
The details of these modes, and their symmetry properties can
be found elsewhere [47]. Here we emphasize how the coupling
of the modes leads to the observed functional behaviour. The
symmetry properties of the rotational modes mean that we
are able to add an energy term to free energy expansion of
the form φ1φ2 P , (where φ1 and φ2 are parameters which
describe the magnitude of the rotational modes, and play the
role of the primary order parameters), which can give rise to an
enhancement of the polarization.

Further studies of superlattices with thicker layers show
clearly that electrostatics does not lose its primacy at this

short length scale, as the polarization always remains uniform
throughout the structure. Rather it is seen that the non-polar
distortions are able to arise at the interfaces, in a way that
enhances the ferroelectric properties throughout the structure,
even though the distortions are larger at the interface than in the
middle of layers. When the layers are thick, the contribution of
these rotational modes is negligible, but as they become thinner
they actually become the driving force for polarization in the
material, which becomes a type of improper ferroelectric.

As discussed elsewhere [52, 53, 5], in the case of
improper ferroelectricity, which is driven by the coupling
of two non-polar order parameters, strikingly different
critical behaviour is expected. Notably the polarization is
expected to have a modified temperature dependence. As
the polarization is produced by the combination of two
mean field order parameters with temperature dependence
(TC − T )0.5 its evolution with temperature is expected to
be linear. In the improper ferroelectric phase there is an
additional but temperature independent contribution to the
dielectric constant, which disappears above the phase transition
temperature without the divergence associated with regular
ferroelectrics. Comparison of measurements of polarization,
dielectric constant and tetragonality between a ‘normal’ 9/3
sample and an ‘unusual’ 2/3 sample show that while the 9/3
sample shows textbook second-order ferroelectric behaviour
the 2/3 sample has characteristics that resemble the behaviour
described above (figure 4), thus confirming the first-principles
results and demonstrating that the interactions between polar
and non-polar modes at the interfaces of the superlattice
dominate the behaviour of the entire sample.

The improper ferroelectricity found at the interfaces of
PbTiO3/SrTiO3 superlattices is one example of the surprises
that can be found in ‘interfacially engineered’ materials.
Interestingly if one replaces PbTiO3 with another insulator,
LaAlO3, the result is not ferroelectricity but rather the
formation of a conducting layer [54], which has recently
been revealed to be in fact superconducting at very low
temperatures [55]. These different behaviours are clearly
driven by quite different mechanisms, in the case of
LaAlO3/SrTiO3 it has been suggested that the conducting layer
is formed because of the polarity mismatch at the interfaces
due to the polar and non-polar nature of the LaAlO3 and SrTiO3
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(001) planes respectively. In PbTiO3/SrTiO3 it is not the charge
of the layers that changes across the interface but rather the
tendency for rotational behaviour in the two materials.

These quite different behaviours, both of which appear
to be purely interfacial effects, highlight the idea that careful
control of oxide interfaces represents a promising approach to
induce multiple functionality in a wide range of materials.

6. Conclusions

In this paper we have looked at what are the most important
factors that impact on the behaviour of very thin ferroelectrics,
and in particular the role that one or many interfaces can
play. In doing so we have especially tried to point to some
areas where things are not fully understood and where we
feel some more attention might be required, from the role of
strain, to the finer details of electrostatic screening. Finally
and, perhaps most importantly, we have tried to stress some
of the possibilities that exist in ferroelectric oxide materials,
in particular in superlattice systems where the interfaces can
become the majority of the material and drive new, unexpected
and fascinating behaviour.
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