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In order to better understand ferroelectricity in thin films, it is important to explore the atomic-scale structure
and the spatial distribution of polarization near the interfaces. We present sub-Ångstrom-resolution electron
density maps of three ultrathin PbTiO3 films grown epitaxially on SrTiO3 s001d substrates. The maps were
obtained by analysis of synchrotron x-ray scattering measurements of Bragg rod intensities using the recently
developed coherent Bragg rod analysis method. A four- and a nine-unit-cell-thick film were studied at room
temperature, and a nine-unit-cell-thick film was studied at 181 °C. The results show that at room temperature,
the PbTiO3 films are polar, monodomain, and have their polarization oriented away from the substrate. The
four-unit-cell film may be the thinnest monodomain perovskite film found to be in the polar phase. At 181 °C,
the electron density map of the nine-unit-cell film is consistent with the presence of 180° stripe domains. In the
monodomain samples, details of the atomic-scale structure of the PbTiO3/SrTiO3 interface are observed,
which may provide evidence for the nature of the positive charge layer required to stabilize polarization in
monodomain films.
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I. INTRODUCTION

The exceptional materials properties exhibited by ferro-
electric perovskites are being exploited in a variety of thin
film applications, such as nonvolatile memories that rely on
ferroelectric properties1 and microelectromechanical systems
and sensors that utilize their piezoelectric or pyroelectric
properties.2 As devices have become smaller and ferroelec-
tric films thinner, the materials properties of thin films often
deviate from their bulk counterparts, which can be attributed
to the growing influence of interfacial effects.3,4 From gen-
eral theoretical considerations, changes in the ferroelectric
order parameter, polarization, are expected near interfaces.5

In addition, the extent to which the depolarizing field is
screened, by excess charge at the interface and/or by domain
formation, is crucial to determining the stability of the polar
state in ultrathin films. The mechanisms by which screening
occurs, and the extent to which polarization and the corre-
sponding atomic structure vary in the proximity of ferroelec-
tric interfaces, are among the most important unresolved
questions in the physics of ferroelectrics.

Current understanding of paraelectric-ferroelectric and
ferroelectric-ferroelectric interfaces is based primarily on
theory. For films polarized perpendicular to the surface, as
required by most devices,6 an effective-Hamiltonian calcula-
tion found an enhancement of polarization near the surface in
ultrathin PbTiO3 films,7 although a more recentab initio
study found that the enhancement could become a suppres-
sion depending on the direction of polarization.8 In the above

work, an ideal external field was supplied to stabilize the
polar phase by cancelling the depolarizing field arising from
the divergence of the polarization at the film interfaces. Un-
derstanding the degree of depolarizing field cancellation is
important because the remaining field affects the polarization
of the entire film. According to continuum theory9–11 even
metallic electrodes are unable to provide sufficient free
charge density to fully screen the depolarizing field in ultra-
thin ferroelectric films. This concurs withab initio calcula-
tions showing that imperfect screening by electrodes can
produce a minimum thickness for ferroelectricity in mon-
odomain films.12 When sufficient free charge is not available,
the alternative mechanism for reducing the energy of the
depolarizing field is the formation of 180° stripe domains,
consisting of an in-plane periodic lamellar structure in which
the polarization alternates in sign.13 Equilibrium 180° stripe
domains have a period which is proportional to the square
root of film thickness, owing to a trade-off between domain
wall and electric field energy. The presence of such stripe
domains in thin films with no electrodes has been predicted
in phenomenological14 and shell-model15 calculations.

Recent experimental results have confirmed some aspects
of this theoretical picture and raised questions about others.
Formation of equilibrium 180° stripe domains has indeed
been observed in epitaxial PbTiO3 films on SrTiO3
substrates.16,17 The stripes produce satellite peaks in the dif-
fuse x-ray scattering around PbTiO3 Bragg peaks. Although
in this system the stripe domain satellites always form when
the sample is cooled from the nonpolar phase into the polar
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phase, the satellites often disappear at lower temperature
when samples are cooled sufficiently slowly,16 suggesting
that the sample becomes monodomain. This indicates that
screening of depolarizing field by interfacial charge can oc-
cur even when no electrode is presentsi.e., the substrate is
insulatingd, and that monodomain ferroelectricity can be
stable in PbTiO3 films only a few unit cells thick. The nature
of the charge at the interface with the insulating SrTiO3 is
not understood. These results emphasize the need for defini-
tive experimental determination of the variation of polariza-
tion and atomic structure at ferroelectric interfaces.

Measurements of interfacial structure in ultrathin ferro-
electric films have not been made previously due to the dif-
ficulty in growing ultrathin films with the requisite crystal
quality, as well as the lack of a technique providing sufficient
resolution that does not disturb the polarization. In this paper
we present sub-Ångstrom-resolution maps of the atomic po-
sitions in three ultrathin PbTiO3 films grown epitaxially on
SrTiO3 s001d substrates. The electron density maps were ob-
tained using a recently developed x-ray method called coher-
ent Bragg rod analysissCOBRAd.18,19 In this method, appli-
cable to epitaxial thin films, we calculate complex scattering
factors sCSFsd from measured x-ray scattering intensities
along substrate-defined Bragg rods and obtain the three-
dimensional structure by Fourier transforming the CSFs into
real space. Phase information for the CSFs is obtained using
an ansatzunique to the COBRA method, coupled with an
iterative procedure related to those used in other direct meth-
ods for surface structure determination20 and in coherent dif-
fraction x-ray microscopy.21 The COBRA ansatz allows the
structure to be obtained with relatively few iterations.

Several features of the PbTiO3/SrTiO3 system make it
particularly attractive for a COBRA study. A prototypical
perovskite-structure ferroelectric, PbTiO3 exhibits large
spontaneous polarization and correspondingly large atomic
displacements. Furthermore, the compressive epitaxial strain
due to lattice matching of PbTiO3 to SrTiO3 causes polariza-
tion to occur preferentially along the surface normal,22 which
maximizes depolarizing field effects. Finally, as an end mem-
ber of the widely used PbsZrxTi1−xdO3 system, PbTiO3 thin
films have been the subject of many theoretical and experi-
mental investigations.7,8,16,17,22–27 Extensive studies have
been performed usingin situ synchrotron radiation scattering
to characterize the epitaxial growth of PbTiO3 on SrTiO3
s001d by metalorganic chemical vapor deposition
sMOCVDd,28 the PbTiO3 surface structure,27 and the depen-
dence of the ferroelectric phase transition on strain and film
thickness.16,17 A study of epitaxial films in which the x-ray
scattering in the Bragg rods was fit to various models24

showed that one can determine whether the film is mon-
odomain and also the orientation of the polarization in a
monodomain film from the interference between the scatter-
ing from the substrate and the film. In that study, it was
found that the scattering from a 100 Å thick sample at room
temperature was consistent with a simple model—a film of
uniform polarization having the bulk value, with the polar-
ization pointing downsinto the substrated. For reference, we
present a schematic of the PbTiO3 unit cell in Fig. 1sad and a
depiction of coherently strained PbTiO3 films with up and
down polarizations in Fig. 1sbd.

Several questions helped motivate the current study. Not
only are we interested in the domain structure and orientation
in ultrathin films at room temperature, but we would also like
to determine the polarization distribution throughout the film
thickness. Our approach is to obtain high-resolution electron
density maps using COBRA to provide this detailed informa-
tion, namely the positions of all atoms within a column of
unit cells spanning across the film thickness. In addition,
study of a film at higher temperature which contains 180°
stripe domains allows us to explore COBRA analysis of a
sample with coherently diffracting domains.

The paper is organized as follows. In Sec. II, we describe
the sample preparation. The Bragg rod measurements and
results are discussed in Sec. III. In Sec. IV, we briefly explain
the principles of the COBRA method and the specific steps
followed in the present investigation. The structural results
are presented and discussed in Secs. V and VI, and the paper
concludes with a summary in Sec. VII.

II. SAMPLE PREPARATION

All of the samples were grown using a vertical-flow
MOCVD growth chamber mounted on a horizontal-
diffraction-planez-axis goniometer located at the BESSRC
beamline at sector 12 of the Advanced Photon Source
sAPSd.29 The PbTiO3 films were grown epitaxially on SrTiO3
s001d substrates as described previously.28 The typical sub-
strate miscut angle was 0.2°. Prior to growth, the SrTiO3
substrates were etched in buffered HF to produce a surface
with single-unit-cell high steps and TiO2 layer termination.30

For PbTiO3 film growth, tetraethyl lead and either titanium
isopropoxide ssamples 1 and 2d or titanium tertbutoxide
ssample 3d were used as the cation precursors, O2 was the
oxidant, and N2 was the carrier gas. The total system pres-
sure was 10 TorrsPO2

=2.5 Torrd, and growth was carried out

FIG. 1. Diagrams of the PbTiO3 structure.sad PbTiO3 unit cell
with atoms in their centrosymmetric positions.sbd Coherently
strained PbTiO3 films on SrTiO3 s001d substrates with atoms pro-
jected ontos100d demonstrating up and down polarizations. In-
plane and out-of-plane lattice parameters,a andc, respectively, are
shown, here defined using the OII positions.
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at 700 °C. Suitable PbO vapor over-pressure to maintain
stoichiometry28 was supplied while the sample was at high
temperature. The PbTiO3 films remained coherently strained
to the substrates and replicated their high crystalline quality
s0.01° typical mosaicd. Real-time x-ray monitoring of the
Bragg rod intensity during growth allowed control of film
thickness to single-unit-cell accuracy.

Three samples were grown and studied. Samples 1, 2, and
3 had nominal thicknesses of 4, 9, and 9 unit cells, respec-
tively. In order to obtain films without 180° stripe domains,
samples 1 and 2 were both cooled slowly to room tempera-
ture, over a period of 24 hours. They were then taken out of
the growth chamber forex situmeasurements. Sample 3 was
cooled to 181 °C in roughly 5 hours to produce a 180° stripe
domain structure. It was studiedin situ in the growth cham-
ber.

III. BRAGG ROD INTENSITY MEASUREMENTS AND
RESULTS

The room temperature x-ray studies of samples 1 and 2
were performed at the MHATT beamline at sector 7 and the
PNC beamline at sector 20 of the APS. The experimental
setup has been described in Ref. 18. Measurements were
made at an x-ray energy of 10 keV on Bragg rods withH and
K from 0 to 3, over anL range that varied from rod to rod
stypically 0.5 to 3.1d, whereH, K, andL are Miller indices
given in the reciprocal lattice units of cubic SrTiO3 slattice
parameter 3.905 Åd. Nine of the 10 symmetry-independent
Bragg rods within this range were measured, the exception
being the 33L.

Sample 3 was studied at 181 °C in the MOCVD chamber
at APS sector 12 described above. A moderately high energy
s24 keVd was used to penetrate the 2-mm-thick quartz walls
of the chamber, and a grazing-incidence geometry was used
at fixed incidence angle of 1 degree.31 For this sample only
three Bragg rods were measured, 22L, 30L, and 31L. These
rods were along azimuths that allowed the splitting of the
Bragg rods caused by substrate miscut to be integrated by the
resolution function. The higher x-ray energy and geometry of
the chamber walls allowedL to be sampled from 0.2 to 4.2.
At every L value, aK scan was performed and the back-
ground under the peak was subtracted.

Since it is conceivable that absorption of x rays could
affect the polarization behavior of the film, studies were car-
ried out to search for signs of x-ray interaction with sample
structure. The PbTiO3 films were subjected to various doses
of 24 keV x rays with no discernible effect on the x-ray
diffraction intensities.

All the intensities shown and used in the analysis have
been corrected for optical polarization and geometrical
factors.32 A typical example of the intensity along a Bragg
rod for each of the samples is shown in Fig. 2.

IV. COHERENT BRAGG ROD ANALYSIS (COBRA)

The COBRA method has been discussed in detail in Ref.
18. The goal is to obtain the unknown phases of the complex
structure factorssCSFsd corresponding to the measured scat-

tering intensities along the Bragg rods, in order to be able to
determine the electron density distribution using a Fourier
transform. An iterative procedure is used, as shown in Fig. 3.
We begin with an initial reference structure, which is an
approximate model of the structure of the sample, including
the substrate. The total electron densitysEDd of the sample
can be decomposed into the sum of the ED of the reference
structure and an unknown difference ED. Similarly, the total
CSFs of the sample are sums of CSFs from the reference

FIG. 2. Comparison of measured intensitiesspointsd and
COBRA-calculated intensitiesssolid curvesd along representative
Bragg rods for each sample,sad 00L of sample 1,sbd 00L of sample
2, scd 22L of sample 3. The total number of rods used in the CO-
BRA analysis was 9, 9, and 3 for samples 1, 2, and 3, respectively.

FIG. 3. Flow diagram of the COBRA data analysis
procedure.
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structure and the unknown difference. Using the experimen-
tally measured intensities and the calculated reference CSFs,
an ansatzis used to obtain the unknown difference CSFs.
Theansatzis based on the assumption that the unknown CSF
varies more slowly along the Bragg rod than the reference
CSF. The error associated with this assumption is diminished
by taking advantage of the fact that the known part of the
sample and the unknown part are spatially separate, and the
error decreases with each iteration as the unknown CSFs
become progressively smaller.18,19 The total CSFs are then
Fourier transformed into real space, yielding a trial solution
for the three-dimensional real space ED of the sample.sA
Gaussian window function is applied prior to Fourier trans-
forming to reduce truncation artifacts.d To be an acceptable
ED, this function must be positive everywhere, zero outside
the sample, and approach the known structure deep within
the substrate. In general, however, the trial solution obtained
will be in violation of these requirements, and so these con-
straints are imposed on the solution. From the resulting ED
function, we calculate scattered intensities and compare them
with the measured intensities. If the agreement is unsatisfac-
tory, the newly obtained ED is used to construct a new ref-
erence structure, and the whole procedure is iterated. Two
methods are used to build the new reference structure. In the
first methodsthe small iterationd, we simply use the new ED
as the reference structure. With the second methodsthe large
iterationd, we parametrize the distortions observed in the
COBRA-obtained ED relative to the reference ED. These
parameters are refined to obtain the best fit with the mea-
sured intensities using a standard least-squares-fitting proce-
dure, and the resulting structure is used as the new reference
structure.

For the present analysis, the initial reference structure
used has all atoms in their centrosymmetric positions, with
the film having the nominal number of unit cells and an
out-of-plane lattice parameter chosen to give a rough agree-
ment with the data. The electron density was constrained to
the known SrTiO3 structure at distances greater than 8 unit
cells from the interface. We found that it was necessary to
use both methods for building the new reference structure to
obtain convergence, i.e., after each large iteration, two or
three small iterations are performed. The nature of the dis-
placements found in the small iterations give guidance on
which parameters to choosesand their initial valuesd for per-
forming the large iteration.

The COBRA method is generally applicable to systems
that are periodic in two dimensions, aperiodic in the third,
and commensurate with the underlying substrate, although it
can also provide detailed structural information for systems
that are only partially periodic in two dimensions and are
nonuniformly strained or locally incommensurate with the
substrate.18 The result of the COBRA method is an electron
density map of a single column of substrate-defined unit cells
spanning across the film thickness. When the in-plane peri-
odicity of the film is larger than that of the substrate, this ED
represents the folded structure obtained by laterally translat-
ing all the atoms in the system into the column of substrate-
defined unit cells using the substrate in-plane lattice
vectors.18

Because of anomalous scattering corrections to the x-ray
scattering factors, the electron density maps of the atomic

cores reported here correspond in principle to the atomic
scattering factors atQ=0, rather than to true electron densi-
ties. The true and effective numbers of electrons per atom33

at 10 keVsfor samples 1 and 2d and 24 keVsfor sample 3d
are given in Table I. The only significant difference is for Pb
at 10 keV. Since it is difficult to measure scattering cross
sections on an absolute scale to the same high accuracy pos-
sible with a relative intensity measurement, we have used an
overall scale factor to normalize the electron densities ob-
tained for each sample. This scale factor was chosen to give
the correct integrated number of electrons per unit cell aver-
aged over the deepest four displayed SrTiO3 unit cells si.e.,
83.7 for samples 1 and 2 at 10 keV, and 84.3 for sample 3 at
24 keVd.

For samples 1 and 2, the intensity distribution was local-
ized on the Bragg rod and no satellites appeared in the dif-
fuse scatteringfFig. 4sadg, indicating that nanoscale 180°
stripe domains were not present. These films are therefore
either monodomain, or consist of large up and down domains
where the associated diffuse scattering overlaps with the
Bragg rod. In the latter case, the Bragg rod intensity will be
the sum of the intensities from the up and down domains.
The COBRA analysis cannot be applied to an incoherent sum
of intensities, since it assumes a coherent sum of scattering
amplitudes. In order to examine the possibility of a signifi-
cant volume fraction of both up and down domains too large

TABLE I. Effective number of electrons per atom.

Pb Sr Ti O

True electron number 82 38 22 8

Scattering factorsQ=0,10 keVd 77.3 37.3 22.4 8.0

Scattering factorsQ=0,24 keVd 81.3 38.1 22.2 8.0

FIG. 4. In-plane scan through PbTiO3 Bragg peaks showing
absence or presence of satellites from nanoscale 180° stripe do-
mains,sad K-scan through 202 peak in sample 1,sbd K-scan through
304 peak in sample 3.
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to resolve, the measured intensities were fit assuming that
they were equal to the sum of intensities from oppositely
polarized domains. Since we found that the best fit for such a
procedure resulted in unrealistic values of the fitting param-
eters, we believe that samples 1 and 2 are monodomain. In
this case the film is periodic in two dimensions with a period
equal to that of the substrate. We therefore expect that the
COBRA-calculated ED will be that of the actual structure.
We have carried out the COBRA procedure for samples 1
and 2 and obtained convergence after one large iteration fol-
lowed by two small iterations. Figures 2sad and 2sbd show a
comparison between the COBRA calculated and the mea-
sured intensities along the 00L Bragg rod for samples 1 and
2, respectively. The excellent agreement between the two is
typical for all the other Bragg rods and supports our assump-
tion that these samples are in a single domain state.

The analysis of sample 3 differed in two respects. First,
this film consists of 180° stripe domains periodically spaced
along the in-planek100l-type directions and shows the asso-
ciated satellites, as shown in Fig. 4sbd. The satellites are well
separated from the Bragg rod, and the background at the
Bragg rod position due to this diffuse scattering from the
domains was subtracted from the rod intensity prior to CO-
BRA analysis. Thus the measured intensity on the rod arises
from the coherent sum of the amplitudes from the domains,
and the COBRA-calculated ED is expected to be that of the
folded structure of the two types of domains. Second, for this
sample the scattered intensities were measured only along
three Bragg rods. This information can be sufficient to deter-
mine the full structure provided the system has no in-plane
displacements except for simple thermal broadening. As dis-
cussed below, analysis of the data for samples 1 and 2 shows
that there are no in-plane displacements, and we assume that
this is also true for sample 3. In this case the CSF at any
point L along a rod is a linear combination of the CSFs
contributed by atoms along three lines in real space perpen-
dicular to the surface, one going through the Pb and Sr at-
oms, the second through the Ti and OI atoms, and the third
going through the OII atomsssee Fig. 1d. For eachL, there
are three unknown atomic line CSFs and three measured in-
tensities that are equal to the absolute value squared of the
linear combination of the three atomic line CSFs. These
equations cannot be solved directly for the line CSFs. How-
ever, using COBRA we can obtain the CSFs along each
Bragg rod from the intensities measured along it. This results
in three linear equations that can now be solved for the three
atomic line CSFs. The line CSFs are then used to calculate
the CSFs of all other Bragg rods, and we can continue with
the COBRA procedure as before. For sample 3, we obtained
convergence after two large iterations each followed by two
or three small iterations. A comparison between the COBRA-
calculated and measured intensity along the 22L Bragg rod
fFig. 2scdg again shows excellent agreement and is typical of
the other two Bragg rods.

V. FILM STRUCTURE: RESULTS AND DISCUSSION

Two-dimensional slices through the COBRA-calculated
electron densities of samples 1, 2, and 3 are shown in Figs. 5,

6, and 7, respectively. Several duplicate columns of unit cells
are shown for clarity. Two different planes normal to the
surface are shown. Insad, we show as110d plane cutting
through the Sr, Pb, Ti, and OI atoms, while insbd we show a
s100d plane through the Ti, OI, and OII atoms. All the atoms,
including oxygen, are clearly visible as peaks in the electron
density. The widths of the peaks are determined by the reso-
lution of the x-ray data, which extend to only about four
reciprocal lattice units, rather than the true atomic sizes.

Examination of the EDs on planes parallel to the surface
showed no measurable in-plane atomic displacements in
samples 1 and 2. We found no signature of the counter-
rotated oxygen octahedra in the uppermost TiO2 layer ob-
served in the high-temperature surface reconstruction,27

probably because it is difficult to discern such small in-plane
displacements in the presence of surface roughness. In what
follows, we focus solely on out-of-planeszd displacements.

In Fig. 8 we present the electron density along three lines
parallel to the surface normal. One line goes through the Pb
and Sr atoms, the second goes through Ti and OI atoms, and
the third goes through the OII atoms. The apparent negative
electron density values, and the nonzero electron densities
outside the sample, visible in Fig. 8 are an indication of the
uncertainties in determination of the electron density. For
samples 1 and 2, the negative parts are small and present
only along the Sr/Pb line. The ED outside the film is also
small. For sample 3, the negative parts of the ED are larger,
as is the ED outside the film. We attribute this difference to
the smaller dataset used for sample 3. Although three Bragg
rods contain all the structural information, we believe that
having nine Bragg rods leads to a better cancellation of sys-
tematic and stochastic errors. The contributions to the true
ED of all Bragg rods add coherently, whereas the errors sum
incoherently.

For all three samples, the atoms in the SrTiO3 substrate
far away from the interfacesleft-hand side of figuresd all
occupy their centrosymmetric positions. However, one can
see evidence of polarization in the PbTiO3 films. For samples
1 and 2, the Pb atoms in Figs. 5sad and 6sad are displaced
relative to the Ti atoms in the outward direction, away from
the SrTiO3 substrate. Similarly, the Ti atoms in Figs. 5sbd and
6sbd are displaced relative to the OII atoms in the same di-
rection. In contrast, for sample 3, the Pb and Ti peaks in the
film appear close to their centrosymmetric positions. How-
ever, the Pb electron density peaks are significantly broader
in the z direction than the Sr peaks, and they have smaller
peak intensities than the Pb peaks in samples 1 and 2. The Ti
peaks also decrease in magnitude and broaden towards the
surface. The broad, centered peaks suggest that the COBRA-
derived electron density map consists of a folding of the
oppositely polarized domains in a 180° stripe domain struc-
ture with nearly equal up and down cation displacements.

The electron densities in Figs. 5–7 were analyzed by fit-
ting each atomic peak to a three-dimensional Gaussian func-
tion. The center of this fit gives the atomic position, and the
integrated electron density gives the total number of elec-
trons of the atom at that site. For sample 3, the Pb and Ti
peaks were fit using the sum of two identical Gaussians
equally displaced inz on each side of the center, as described
below.
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FIG. 5. sColord The electron density of sample 1 with four
PbTiO3 unit cells at room temperature.sad s110d plane through the
Sr, Pb, Ti, and OI atoms.sbd s100d plane through the Ti, OI, and OII

atoms. Redder hues indicate higher intensities; intensity scale is
expanded insbd compared tosad.

FIG. 6. sColord The electron density of sample 2 with nine
PbTiO3 unit cells at room temperature, plotted as in Fig. 5.

FIG. 7. sColord The electron density of sample 3 with nine
PbTiO3 unit cells measured at 181 °C, plotted as in Fig. 5.

FIG. 8. sColord Electron densities as function ofz for samples 1
sad, 2 sbd, and 3scd. Blue lines are along the Sr/Pb atoms, green
lines along Ti and OI atoms, and red lines along the OII atoms. The
top-most eight unit cells of the SrTiO3 substrate are on the left-hand
side, and the surface of the PbTiO3 film is on the right-hand side.
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A. Atomic positions, samples 1 and 2

Figures 9 and 10 summarize our results for samples 1 and
2, respectively. In graphsad, we show the number of elec-
trons per atom for each of the four crystallographic sites, as
a function of unit cell position in the sample. The layer num-
ber was chosen so that the Sr site atz<28 Å corresponds to
layer 8. The relative values for the different atoms agree
quite well with the expected values given above. The number
of electrons on the Sr/Pb site varies as expected between the
substrate and film, while the numbers of electrons on the Ti
and O sites remain relatively constant. The Sr/Pb curves
indicate that the transition region between the substrate and
film is approximately two unit cells thick in both samples.
This could include contributions from both interface rough-
ness and intermixing. At the surface, the transition region
corresponds to a surface roughness of one to two unit cells in
both samples. The Sr/Pb curves are consistent with PbTiO3
film thicknesses of four and nine unit cells, respectively, for
samples 1 and 2.

In order to display the atomic positions in an easily un-
derstood manner, in graphsbd we plot the out-of-plane dis-

placements of the atoms relative to the corresponding posi-
tions in an ideal SrTiO3 crystal, as if the substrate were
extended into the region of the film, to obtain a “substrate
relative displacement”sSRDd profile. To illustrate how to
interpret the SRD profiles, calculated profiles from some ide-
alized models are shown in Fig. 11, which depict films po-
larized upsad, sbd and downscd, sdd. The first plane in the
film to exhibit atomic displacements away from the cen-
trosymmetric positions is either TiO2 sad, scd or PbOsbd, sdd.
In these examples, we have assumed a nine-unit-cell-thick
PbTiO3 film of uniform polarization, with the fractional unit
cell coordinates of the atoms given by the bulk values at
room temperature shown in Table II, and the calculated epi-
taxially strained lattice parameter from Table III. The values
in Table III are obtained from Landau-Ginzburg-Devonshire
theory22 for coherently strained PbTiO3 on SrTiO3. An addi-
tional parameter in these simple models is the spacing be-
tween the layers at the interface. Here we have chosen to
keep the cation-defined lattice parameter equal to that on the
film side.

The slope of the SRD profile for a given atomic site indi-
cates the deviation of the unit cell size from the SrTiO3 lat-

FIG. 9. sColor onlined Summary of COBRA-determined elec-
tron numbers and atomic positions in sample 1.

FIG. 10. sColor onlined Summary of COBRA-determined elec-
tron numbers and atomic positions in sample 2.
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tice parameter. In these idealized examples, the slopes of the
SRD profiles for the various sites in the film are all constant
and identical. In the actual data, the slopes vary with depth in
the film, and differ depending upon which site is used to
define the unit cell. The vertical distance between SRD pro-
files for different sites gives the relative atomic displace-
ments referenced to centrosymmetric positions. In particular,
it is easy to tell the polarization direction from the position of
the SRD profiles of the cations relative to those of the an-
ions. The nature of the displacements at the interface can
also be discerned from the SRD profile.

The experimentally determined SRD plots are shown in
Figs. 9sbd and 10sbd. The unit cell sizes determined from the
slopes of the SRD profiles are shown in graphsscd, and the
Pb, Ti, and OI displacements with respect to centrosymmetric
positions in an OII-defined unit cell are shown in graphssdd.

One can clearly see that the PbTiO3 films in both samples
are in the noncentrosymmetricsferroelectricd phase, with a
polarization oriented away from the surfacesupd—that is, on
average the cations are displaced away from the substrate
relative to the anions. Based on the Pb sublattice, the average
c lattice parameters of the four- and nine-unit-cell-thick films
are 4.127±0.013 Å and 4.150±0.015 Å, respectively. The
value for the nine-unit-cell-thick film agrees very well with
that expected for an epitaxially strained film at 25 °CsTable
III d, indicating that the polarization in this ultrathin film is
almost the same as in a thick film. The slightly smaller lattice
parameter of the four-unit-cell-thick film is consistent with a

slightly smaller polarization. This suggests that for both
samples, significant free charge to screen the depolarizing
field s,0.7 C/m2 or ,0.7 electrons per unit cell aread must
be present near the interfaces, positive at the substrate and
negative at the surface. The four-unit-cell-thick film is one of
the thinnest perovskite films yet demonstrated to be in the
polar phase.17 Interestingly, the average Pb and Ti displace-
ments with respect to the OII unit cell of the nine-unit-cell-
thick film are larger than those expected for a thick epitaxial
film s0.480 Å and 0.320 Å, respectivelyd. The Pb-OII and Ti-
OII displacements of the four-unit-cell-thick film are in better
agreement with these values.

Several details of the interface structure which were hith-
erto inaccessible can be observed in the data. In both
samples, the Pb sublattice expands immediately to its maxi-
mum size as the interface is crossed, whereas the Ti and OII
sublattices expand one or two unit cells into the PbTiO3 film,
respectively. If the Ti and OII atoms were to acquire their full
displacement relative to Pb immediately at the interface, then
the OII-OII and Ti-Ti distances across the interface would be
compressed, relative to those in SrTiO3. Apparently this is
energetically unfavorable. The positions of the OI atoms
have a larger uncertainty than the other atoms. A typical error
bar for the OI positionss±0.14 Åd is shown in Figs. 9sbd and
10sbd; the corresponding error bars for the other sites
s±0.04 Å, ±0.05 Å, and ±0.10 Å, respectively, for Sr/Pb, Ti,
and OIId are smaller than the symbols. This larger uncertainty
stems from the fitting of the OI peak in the electron density,
which is close to the Ti peak. Nevertheless, the OI atoms
show an unusual behavior near the interface in both samples.
While the OII displacements are zero or negative with respect
to the cations throughout the heterostructure, consistent with
the positive film polarization, the OI displacements are posi-

FIG. 11. sColor onlined Calculated ideal SRD profiles for a film
with up sad, sbd and downscd, sdd polarization, for each choice of
first displaced layer.

TABLE II. Literature values for parameters.

Site Pb/Sr Ti OI OII Reference

PbTiO3 fractional coordinateDz/c s25 °Cd 0.117 0.078 0.003 0.000 34

PbTiO3 180° domain wall splittingsS/DzPb s0 Kd 1.401 0.725 0.628 0.387 25

PbTiO3 Born effective chargess0 Kd 3.92 6.71 −5.51 −2.56 35

SrTiO3 Born effective chargess0 Kd 2.54 7.12 −5.66 −2.00 35

TABLE III. Landau-Ginzburg-Devonshire theory values for epi-
taxially strained PbTiO3 on SrTiO3 at zero field.

Temperatures°Cd 25 181

c lattice parametersÅd 4.149 4.130

PolarizationsC/m2d 0.745 0.694

Unit cell coordinateDzPb sÅd 0.480 0.445

Unit cell coordinateDzTi sÅd 0.320 0.297

Unit cell coordinateDzOI
sÅd 0.013 0.012

180° domain wall splittingSPb sÅd 0.673 0.623

180° domain wall splittingSTi sÅd 0.348 0.323

180° domain wall splittingSOI
sÅd 0.301 0.280

180° domain wall splittingSOII
sÅd 0.186 0.172
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tive with respect to the cations near the interface and for
several unit cells into the SrTiO3. The OI atoms are the only
ones to show significant displacements on the SrTiO3 side of
the interface. This behavior of the OI atoms at the interface
will be discussed further below in the context of interfacial
charges.

B. Atomic positions, sample 3

The in-plane 180° stripe domain structure of sample 3
makes interpretation of the electron density maps more chal-
lenging. We expect the COBRA-determined ED to be a su-
perposition of the EDs from up and down domains in a given
layer. This folding of the up and down domain structures, as
well as the expected in-plane nonuniformities within the
stripe domains due to electric field components at the inter-
faces, will tend to obscure fine details of the structure. To
determine the splitting between the Pb-Pb and Ti-Ti positions
in the up and down domains, we fit the Pb and Ti electron
density peaks to a composite peak shape. Based on the be-
havior of samples 1 and 2, we assumed that the widths of the
individual Pb and Ti atomic electron densities were the same
as those of the Sr and Ti in the substrate, respectively. When
the PbsTid peaks were significantly broader than the single
atom peaks in the substrate, they were fit to a sum of two
Gaussians with equal magnitudes, with equal widths fixed to
that of the substrate SrsTid peak, with theirz positions and
magnitude allowed to vary.

Figure 12 summarizes our results for sample 3. The num-
bers of electrons per atom are shown in graphsad. For Pb and
Ti in the film, these are the sum of the integrals of the two
Gaussians. In the SrTiO3 substrate, the relative values for the
different sites agree with the expected values given above.
However, the number of electrons for the Pb site in the film
are generally lower than the expected value of 81.3. The
values for the Pb and Ti sites decrease progressively towards
the surface, while the OII values increase. We believe that
these deviations in total electron number are artifacts due to
the errors in the experiments, the COBRA data analysis, and
the fitting to two Gaussians. The interface thickness is ap-
proximately one unit cell.

The Pb and Ti positions shown in Figs. 12sbd–12sdd are
the average of the up and down positions, while Fig. 12sed
shows the splitting between the Pb-Pb and Ti-Ti positions in
the up and down domains for the positions where two Gaus-
sians were fit. The electron densities around the oxygens are
too small for a similar analysis to be meaningful. The aver-
age unit cell in sample 3 is 4.043±0.005 Å. This is signifi-
cantly smaller than the expected value of 4.130 Å from LGD
theory for a monodomain film shown in Table III, consistent
with a smaller average polarization in each domain. In Fig.
12sdd, we see that within the uncertainties, the average
atomic positions of the Pb and Ti atoms are nearly at the
centrosymmetric positions relative to OII. The slight positive
displacement of the Pb curve may indicate the presence of
more up than down domains. The average OI positions devi-
ate significantly in the upper part of the film.

The average splitting between the Pb atoms is 0.4±0.1 Å.
Additionally, in the top half of the film, the Ti atoms are also

split by approximately 0.4 Å. The minimum discernible split-
ting is about 0.2 Å. This is in rough agreement withab initio
results for 180° domain walls in PbTiO3 sRef. 25d given in
Table II, which shows offsets of the various sites at 0 K,
normalized to the Pb displacement with respect to the OII
unit cell. In Table III these have been multiplied by the LGD
theory results for the Pb displacement to give 0.623 and
0.323 Å, respectively, for the Pb and Ti splittings expected at

FIG. 12. sColor onlined Summary of COBRA-determined elec-
tron numbers and atomic positions in sample 3.
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181 °C. This large splitting of the atomic peaks due to the
180° stripe domains causes the near cancellation of the
PbTiO3 304 Bragg peak seen in Fig. 4sbd.31

VI. INTERPRETATION AS A POLARIZATION
DISTRIBUTION

It is interesting to interpret the atomic displacements de-
termined by the COBRA analysis for the monodomain
samples in terms of the polarization distributions in the films.
Two methods can be used to relate the atomic positions to
the polarization. According to LGD theory for coherently
strained epitaxial films, the equilibrium polarization is re-
lated to the lattice parameterc by22

P = S x3 − s2s12/ss11 + s12ddxm

Q11 − s2s12/ss11 + s12ddQ12
D1/2

, s1d

wheresij andQij are material constants, and the out-of-plane
and in-plane strainsx3 andxm are defined from the respective
lattice parametersc and a using the extrapolated lattice pa-
rameterb of the cubic paraelectric phase byx3=sc−bd /b,
xm=sa−bd /b. Figure 13 shows the polarization distribution
in samples 1 and 2 calculated with parameter values for epi-
taxially strained PbTiO3 on SrTiO3 using thec lattice param-
eter of the PbTiO3 film obtained from the Pb-defined unit
cells. Since the measuredc lattice parameters are similar to
that expected from LGD theory, the calculated polarizations
are also similarssee Table IIId.

A second method to obtain polarization is by calculating
the dipole moment per unit cell using the atomic positions

Dzi and the Born effective chargesZi
* of each atom, using the

relation

P = o Zi
*Dzi/V0, s2d

whereV0 is the unit cell volume, in our casea2c. The Born
effective charges for cubic SrTiO3 and tetragonal PbTiO3
calculated for bulk materials fromab initio theory35 are
given in Table II. Using these values and the measured
atomic positions for bulk PbTiO3 at room temperature given
in Table II overestimates the polarization by a factor of 1.34.
We have therefore divided the calculated Born effective
charges in Table II by this factor. We used the measured
atomic positions to calculate the polarization profiles for
samples 1 and 2 shown in Fig. 13. These polarization profiles
show an unexpected feature—the region of the SrTiO3 sub-
strate near the film is polarized in the opposite direction than
the film. This would require that the polarization of the
PbTiO3 be overcompensated by free charge at the interface.
It is more likely that the bulk values forZi

* are not valid near
the interface. As seen in Figs. 9sbd and 10sbd, it is the off-
center OI atoms in the SrTiO3 that are producing the appar-
ent negative polarization. These atoms have an unusually
large negativeZ* in bulk SrTiO3. If this were less negative
near the interface it would give a more reasonable polariza-
tion profile and potentially explain the structural origin of the
positive free charge needed for screening. Understanding of
the nature of this charge compensation must occur before we
can quantitatively compare atomic position measurements
with theory. Newab initio calculations for ultrathin PbTiO3
films on SrTiO3 could shed light on the possible role of the
OI atoms in screening the depolarizing field.

At the film surface of the monodomain samples, we find
no unusual OI displacements, implying that a different
mechanism of screening takes place at this interface. How-
ever, since the surface is exposed to ambient air, the nature
of the chemical species present is not as well defined as it is
at the substrate interface.

VII. SUMMARY AND CONCLUSIONS

We have described the x-ray measurements of three
PbTiO3 films grown epitaxially on SrTiO3 s001d substrates
and their structure as determined by the COBRA method.
Samples of four- and nine-unit-cell thickness were cooled
slowly to room temperature forex situmeasurements, while
another nine-unit-cell-thick sample was measuredin situ at
181 °C.

The room temperature results show that both samples are
monodomain and polarized up, away from the substrate.
Within the interface region, the Pb atoms are the first to
assume the new unit cell dimension, while the Ti and oxygen
atoms retain a smaller unit cell for one to two additional unit
cells. This indicates that the minimal OII-OII and Ti-Ti verti-
cal distances are constrained to the corresponding distances
in SrTiO3. The nine-unit-cell-thick film exhibited a larger
unit cell and larger displacements than the four-unit-cell-
thick film. The four-unit-cell-thick film is one of the thinnest
monodomain perovskite films observed to be in the polar
phase.

FIG. 13. Polarization distributions calculated using two meth-
ods. Solid squares, from PbTiO3 film c-axis lattice parameter using
LGD expression. Open circles, from Born effective charges for bulk
materials. Both use unit cells with origin at Pb sites.
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The nine-unit-cell-thick film measured at 181 °C exhibits
a 180° stripe domain structure. COBRA analysis was consis-
tent with Pb and Ti atoms having two folded positions sepa-
rated by about 0.4±0.1 Å, depending on position in the film.
The unit cell size is smaller than in the monodomain films.

The fact that the slowly cooled samples are monodomain
and polarized in a unique way relative to the substrate sug-
gests that the substrate plays an important role in the ferro-
electric behavior. Studies of thicker PbTiO3 films on SrTiO3
substrates24,36have found that the polarity can be either up or
down, suggesting that the sign may depend on film thickness.
For ultrathin films, such as those studied here, there may be
a stronger preference for up polarization. Also in these mon-
odomain samples, we see unusual positions of the OI atoms
near the substrate interface, indicating a potential mechanism
for screening of the depolarizing field. These measurements
of atomic displacements, in the substrate region and through-
out the film, provide the quantitative foundation needed for
ab initio calculations of the charge distribution that stabilizes
the monodomain ferroelectric phase.

In conclusion, thin ferroelectric films grown epitaxially on
paraelectric substrates display a rich variety of structures and
properties. The COBRA method has proven itself to be a
very powerful tool in obtaining sub-Ångstrom resolution im-
ages of such films which reveal details of the film structure.
We believe that this technique can be advantageously used to
investigate a variety of such systems, providing the structural
information necessary to elucidate the mechanisms control-
ling their structure and properties.
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