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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-Angstrom-resolution electron
density maps of three ultrathin PbTj@Ims grown epitaxially on SrTi@ (001) 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 PbTiQ 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 RASHOO; 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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[. INTRODUCTION work, an ideal external field was supplied to stabilize the
polar phase by cancelling the depolarizing field arising from

The exceptional materials properties exhibited by ferrothe divergence of the polarization at the film interfaces. Un-
electric perovskites are being exploited in a variety of thinderstanding the degree of depolarizing field cancellation is
film applications, such as nonvolatile memories that rely orimportant because the remaining field affects the polarization
ferroelectric propertidsand microelectromechanical systems of the entire film. According to continuum thedry* even
and sensors that utilize their piezoelectric or pyroelectrianetallic electrodes are unable to provide sufficient free
properties: As devices have become smaller and ferroeleccharge density to fully screen the depolarizing field in ultra-
tric films thinner, the materials properties of thin films often thin ferroelectric films. This concurs witab initio calcula-
deviate from their bulk counterparts, which can be attributedions showing that imperfect screening by electrodes can
to the growing influence of interfacial effect§.From gen- produce a minimum thickness for ferroelectricity in mon-
eral theoretical considerations, changes in the ferroelectriodomain films'2 When sufficient free charge is not available,
order parameter, polarization, are expected near interfaceshe alternative mechanism for reducing the energy of the
In addition, the extent to which the depolarizing field is depolarizing field is the formation of 180° stripe domains,
screened, by excess charge at the interface and/or by domainnsisting of an in-plane periodic lamellar structure in which
formation, is crucial to determining the stability of the polar the polarization alternates in sighEquilibrium 180° stripe
state in ultrathin films. The mechanisms by which screeninglomains have a period which is proportional to the square
occurs, and the extent to which polarization and the correroot of film thickness, owing to a trade-off between domain
sponding atomic structure vary in the proximity of ferroelec-wall and electric field energy. The presence of such stripe
tric interfaces, are among the most important unresolvedlomains in thin films with no electrodes has been predicted
questions in the physics of ferroelectrics. in phenomenologicit and shell-modéP calculations.

Current understanding of paraelectric-ferroelectric and Recent experimental results have confirmed some aspects
ferroelectric-ferroelectric interfaces is based primarily onof this theoretical picture and raised questions about others.
theory. For films polarized perpendicular to the surface, agormation of equilibrium 180° stripe domains has indeed
required by most devicésan effective-Hamiltonian calcula- been observed in epitaxial PbTOfims on SITiQ
tion found an enhancement of polarization near the surface isubstrate$®!’ The stripes produce satellite peaks in the dif-
ultrathin PbTiQ films,” although a more recerdb initio  fuse x-ray scattering around PbTi®ragg peaks. Although
study found that the enhancement could become a suppreisthis system the stripe domain satellites always form when
sion depending on the direction of polarizatfoim the above  the sample is cooled from the nonpolar phase into the polar
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phase, the satellites often disappear at lower temperature erb oTi QO Qo; @sr
when samples are cooled sufficiently slowlysuggesting
that the sample becomes monodomain. This indicates that
screening of depolarizing field by interfacial charge can oc-
cur even when no electrode is preséint., the substrate is
insulating, and that monodomain ferroelectricity can be
stable in PbTiQ films only a few unit cells thick. The nature
of the charge at the interface with the insulating SrTi©
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-Angstrom-resolution maps of the atomic po-
sitions in three ultrathin PbTiQfilms grown epitaxially on
SrTiO; (001 substrates. The electron density maps were o
tained using a recently developed x-ray method called cohe
ent Bragg rod analysi€€C OBRA).*®19n this method, appli-

b- FIG. 1. Diagrams of the PbTiOstructure.(a) PbTiO; unit cell
Iyyith atoms in their centrosymmetric positionf) Coherently
strained PbTi@ films on SrTiG (001) substrates with atoms pro-

o T . jected onto(100) demonstrating up a izations. In-
cable to epitaxial thin films, we calculate complex scatterin (100 rating up nd down p°|ar'z.at'°ns In
lane and out-of-plane lattice parametergndc, respectively, are

factors (CSFg from measured x-ray scattering intensities . - L
along substrate-defined Bragg rodi and obtgin the threg-hown’ here defined using the, @ositions.
dimensional structure by Fourier transforming the CSFs into i ,
real space. Phase information for the CSFs is obtained using S€veral questions helped motivate the current study. Not
an ansatzunique to the COBRA method, coupled with an _only are \_/ve_lnterested in the domain structure and orientation
iterative procedure related to those used in other direct mett{? Ultrathin films at room temperature, but we would also like
ods for surface structure determina@®and in coherent dif- 0 determine the polarization distribution throughout the film
fraction x-ray microscop$: The COBRA ansatz allows the th|ckness. Our a_pproach is to obtain high—resolgtion_ electron
structure to be obtained with relatively few iterations. density maps using COBRA to provide this detailed informa-
Several features of the PbTi(BrTiO; system make it tion, namely the_posmons of all atoms within a column_of
particularly attractive for a COBRA study. A prototypical unit cells spanning across the film thlck_ness. In _addltlon,
perovskite-structure ferroelectric, PbTjOexhibits large Study of a film at higher temperature which contains 180°
spontaneous polarization and correspondingly large atomigt/iP€ domains allows us to explore COBRA analysis of a
displacements. Furthermore, the compressive epitaxial strafpf'TPle with coherently diffracting domains. ,
due to lattice matching of PbTiQo SrTiO; causes polariza- The paper is organized as follows. In Sec. I, we describe

tion to occur preferentially along the surface norftakhich ~ the sample preparation. The Bragg rod measurements and

maximizes depolarizing field effects. Finally, as an end mem/lesults are discussed in Sec. lIl. In Sec. IV, we briefly explain

ber of the widely used REr,Ti,_)O; system, PbTi@ thin the principles of the COBRA method and the specific steps

films have been the subject of many theoretical and eXperif_ollowed in the present investigation. The structural results

mental investigation816.1722-27 Extensive studies have are presenteq and discusseq in Secs. V and VI, and the paper
been performed usinig situ synchrotron radiation scattering concludes with a summary in Sec. VII.

to characterize the epitaxial growth of PbEi©On SrTiO,

(001) by metalorganic chemical vapor deposition

(MOCVD),?8 the PbTiQ surface structuré] and the depen- Il SAMPLE PREPARATION

dence of the ferroelectric phase transition on strain and film All of the samples were grown using a vertical-flow
thickness817 A study of epitaxial films in which the x-ray MOCVD growth chamber mounted on a horizontal-
scattering in the Bragg rods was fit to various motfels diffraction-planez-axis goniometer located at the BESSRC
showed that one can determine whether the film is monbeamline at sector 12 of the Advanced Photon Source
odomain and also the orientation of the polarization in a(APS).?° The PbTiQ films were grown epitaxially on SrTiQ
monodomain film from the interference between the scatter001) substrates as described previo#§lfthe typical sub-

ing from the substrate and the film. In that study, it wasstrate miscut angle was 0.2°. Prior to growth, the SgTiO
found that the scattering from a 100 A thick sample at roomsubstrates were etched in buffered HF to produce a surface
temperature was consistent with a simple model—a film ofwith single-unit-cell high steps and TjQayer terminatiort°
uniform polarization having the bulk value, with the polar- For PbTiG; film growth, tetraethyl lead and either titanium
ization pointing down(into the substrade For reference, we isopropoxide (samples 1 and )2or titanium tertbutoxide
present a schematic of the PbTilnit cell in Fig. {a) and a  (sample 3 were used as the cation precursors, W&as the
depiction of coherently strained PbTj@ilms with up and oxidant, and N was the carrier gas. The total system pres-
down polarizations in Fig. (b). sure was 10 TorfP02:2.5 Torn, and growth was carried out
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at 700 °C. Suitable PbO vapor over-pressure to maintain

stoichiometry® was supplied while the sample was at high 109 @

temperature. The PbTidilms remained coherently strained .

to the substrates and replicated their high crystalline quality 10

(0.01° typical mosaic Real-time x-ray monitoring of the

Bragg rod intensity during growth allowed control of film 10° V\/\/
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 foex situmeasurements. Sample 3 was
cooled to 181 °C in roughly 5 hours to produce a 180° stripe

104 (&

Intensity (arbitrary units)
-
=)

domain structure. It was studied situ in the growth cham- 104l ©
ber.
10
I1l. BRAGG ROD INTENSITY MEASUREMENTS AND 0
RESULTS 10
The room temperature x-ray studies of samples 1 and 2 1 2 3 4
were performed at the MHATT beamline at sector 7 and the L (rlu)

PNC beamline at sector 20 of the APS. The experimental _ _ o
setup has been described in Ref. 18. Measurements were FIG- 2. Comparison of measured intensitigsoints and
made at an x-ray energy of 10 keV on Bragg rods witand COBRA-calculated intensitiessolid curve$ along representative
K from O to 3, over arL range that varied from rod to rod Brag rods for each sample) O0L of sample 1(b) 00L of sample
(typically 0.5 to 3.3, whereH, K, andL are Miller indices 2 (¢) 22 of sample 3. The total number of rods used in the CO-
given in the reciprocal lattice units of cubic SrEiQattice BRA analysis was 9, 9, and 3 for samples 1, 2, and 3, respectively.
parameter 3.905 A Nine of the 10 symmetry-independent
Bragg rods within this range were measured, the exceptio
being the 38.

Sample 3 was studied at 181

hering intensities along the Bragg rods, in order to be able to
etermine the electron density distribution using a Fourier
°C in the MOCVD chambertranSform' An iterative procedure is used, as shown in Fig. 3.

at APS sector 12 described above. A moderately high energ e begin with an initial reference structure, which is an

: roximate model of the structure of the sample, including
(24 keV) was used to penetrate the 2-mm-thick quartz walls PP '
of the chamber, and a grazing-incidence geometry was usetHe substrate. The total electron densi@p) of the sample

at fixed incidence angle of 1 degr¥eEor this sample only can be decomposed into the sum of the ED of the reference

three Bragg rods were measured|.230L, and 31. These ?:trSchtun;: ?hnd ann:mlkno;/vn d|fnf1erer}cg§£) ' fsrmr]r']latuy’ trh? trOtr?l
rods were along azimuths that allowed the splitting of the s of the sample are sums o s 1o € reference

Bragg rods caused by substrate miscut to be integrated by th=

resolution function. The higher x-ray energy and geometry of hourier CODRA Fourier
the chamber walls allowed to be sampled from 0.2 to 4.2.
At every L value, aK scan was performed and the back- [Reterence || [ Reference l Amplitude Real space
ground under the peak was subtracted. structure scattering [~ ] & phase electton [

Since it is conceivable that absorption of x rays could fuctor density
affect the polarization behavior of the film, studies were car- Measured diffraction Apply
ried out to search for signs of x-ray interaction with sample ntensity constraints
structure. The PbTiinIms were supjected to various doses Small iteration pe—— l
of 24 keV x rays with no discernible effect on the x-ray ED
diffraction intensities.

All the intensities shown and used in the analysis have S;;:ﬂj;:f '
been corrected for optical polarization and geometrical T fr‘;n“fslf‘;;n
factors® A typical example of the intensity along a Bragg >
rod for each of the samples is shown in Fig. 2.

Parameterizing and fitting
IV. COHERENT BRAGG ROD ANALYSIS (COBRA) o the disortions Stown By COBRA
Large iteration l

The COBRA method has been discussed in detail in Ref.
18. The goal is to obtain the unknown phases of the complex FIG. 3. Flow diagram of the COBRA data analysis
structure factor§CSFg corresponding to the measured scat-procedure.
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structure and the unknown difference. Using the experimen- TABLE I. Effective number of electrons per atom.

tally measured intensities and the calculated reference CSFs;

an ansatzis used to obtain the unknown difference CSFs. Pb Sr Ti 0
Theansatzs based on the assumption that the unknown CSF

varies more slowly along the Bragg rod than the reference  True electron number 82 38 22 8

CSF. The error associated with this assumption is diminishe&cattering factofQ=0,10 ke  77.3  37.3 224 8.0
by taking advantage of the fact that the known part of theScattering factofQ=0,24 ke\y 81.3 381 222 8.0
sample and the unknown part are spatially separate, and the
error decreases with each iteration as the unknown CSFs
become progressively smalfér'® The total CSFs are then cores reported here correspond in principle to the atomic
Fourier transfo_rmed i_nto real space, yielding a trial solutionscattering factors aD=0, rather than to true electron densi-
for the three-dimensional real space ED of the sam@le. tjes. The true and effective numbers of electrons per &om
Gaussian window function is applied prior to Fourier trans-4; 1 keV(for samples 1 and)2and 24 keV(for sample 3
forming to reduce truncation artifactslo be an acceptable e given in Table I. The only significant difference is for Pb
ED, this function must be positive everywhere, zero outside,s 1 ey, Since it is difficult to measure scattering cross

:22 sst?kr)];[t)rlgt’earllr? an‘gfgcﬂougvﬁ?oﬂg tsr?gfZ‘glﬁigﬁ%%tggggections on an absolute scale to the same high accuracy pos-
- N9 ' ' ible with a relative intensity measurement, we have used an

will be in violation of these requirements, and so these con: . .
verall scale factor to normalize the electron densities ob-

straints are imposed on the solution. From the resulting EQV df h le. Thi le fact h 10 ai
function, we calculate scattered intensities and compare theffi€¢ 'or €ach sample. This scalé factor was chosen to give

with the measured intensities. If the agreement is unsatisfadl® correct integrated number of electrons per unit cell aver-
tory, the newly obtained ED is used to construct a new ref2ged over the deepest four displayed SgTi@it cells(i.e.,
erence structure, and the whole procedure is iterated. Tw83-7 for samples 1 and 2 at 10 keV, and 84.3 for sample 3 at
methods are used to build the new reference structure. In tré# keV).
first method(the small iteration we simply use the new ED ~ For samples 1 and 2, the intensity distribution was local-
as the reference structure. With the second metttwllarge  ized on the Bragg rod and no satellites appeared in the dif-
iteration, we parametrize the distortions observed in thefuse scatterindFig. 4@)], indicating that nanoscale 180°
COBRA-obtained ED relative to the reference ED. Thesestripe domains were not present. These films are therefore
parameters are refined to obtain the best fit with the meaeither monodomain, or consist of large up and down domains
sured intensities using a standard least-squares-fitting procesere the associated diffuse scattering overlaps with the
dure, and the resulting structure is used as the new referen@ragg rod. In the latter case, the Bragg rod intensity will be
structure. the sum of the intensities from the up and down domains.
For the present analysis, the initial reference structurerhe COBRA analysis cannot be applied to an incoherent sum
used has all atoms in their centrosymmetric positions, withyf intensities, since it assumes a coherent sum of scattering
the film having the nominal number of unit cells and anamplitudes. In order to examine the possibility of a signifi-

out-of-plane lattice parameter chosen to give a rough agregsmnt volume fraction of both up and down domains too large
ment with the data. The electron density was constrained to

the known SrTiQ structure at distances greater than 8 unit

cells from the interface. We found that it was necessary to ) 10° (a)
use both methods for building the new reference structure to 5
obtain convergence, i.e., after each large iteration, two or E‘lo5
three small iterations are performed. The nature of the dis- 3
placements found in the small iterations give guidance on 8 1ot
which parameters to choogend their initial valuesfor per- z
forming the large iteration. g 10°
The COBRA method is generally applicable to systems =
that are periodic in two dimensions, aperiodic in the third, 2 10°
and commensurate with the underlying substrate, although it E (b)
can also provide detailed structural information for systems Elos
that are only partially periodic in two dimensions and are £
nonuniformly strained or locally incommensurate with the o
substraté® The result of the COBRA method is an electron E 10
density map of a single column of substrate-defined unit cells £ 3 M
spanning across the film thickness. When the in-plane peri- | 10
odicity of the film is larger than that of the substrate, this ED o1 5 01

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 FIG. 4. In-plane scan through PbTj®ragg peaks showing
vectors'® absence or presence of satellites from nanoscale 180° stripe do-

Because of anomalous scattering corrections to the x-ragains,(a) K-scan through 202 peak in samplegl), K-scan through
scattering factors, the electron density maps of the atomiB04 peak in sample 3.

AK (rlu)
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to resolve, the measured intensities were fit assuming thd&, and 7, respectively. Several duplicate columns of unit cells
they were equal to the sum of intensities from oppositelyare shown for clarity. Two different planes normal to the
polarized domains. Since we found that the best fit for such aurface are shown. Ifa), we show a(110 plane cutting
procedure resulted in unrealistic values of the fitting paramthrough the Sr, Pb, Ti, and,@toms, while in(b) we show a
eters, we believe that samples 1 and 2 are monodomain. (300 plane through the Ti, Oand Q, atoms. All the atoms,
this case the film is periodic in two dimensions with a periodincluding oxygen, are clearly visible as peaks in the electron
equal to that of the substrate. We therefore expect that th@ensity. The widths of the peaks are determined by the reso-
COBRA-calculated ED will be that of the actual structure. !Ution of the x-ray data, which extend to only about four
We have carried out the COBRA procedure for samples Ieuprocgl Ia.tt|ce units, rather than the true atomic sizes.
and 2 and obtained convergence after one large iteration fol- Examination of the EDs on planes pa.ralle.l to the surfacg
lowed by two small iterations. Figurega? and Zb) show a zgomvgleeds nlo arr?deazsuv(\/ke)lefohnr;glehnoe s?gtﬁgqtﬁredlgflicsrzgg;ster
comparison between the COBRA calculated and the mea- X .
sured intensities along the DBragg rod for samples 1 and fotated oxygen octahedra in the uppermost jTidyer ob-

5 tvely. Th lent ¢ bet the t served in the high-temperature surface reconstruéfion,
, respectively. The excellent agreement between the two I[§robably because it is difficult to discern such small in-plane
typical for all the other Bragg rods and supports our assum

) _ _ ) Paisplacements in the presence of surface roughness. In what
tion that these samples are in a single domain state.  fg|lows, we focus solely on out-of-plari@) displacements.
_The analysis of sample 3 differed in two respects. First, | Fig. 8 we present the electron density along three lines
this film consists of 180° stripe domains periodically spacedpara||e| to the surface normal. One line goes through the Pb
along the in-plang100-type directions and shows the asso- gnq sy atoms, the second goes through Ti apdt@ns, and
ciated satellites, as shown in Figh The satellites are well the third goes through the Qatoms. The apparent negative
separated from the Bragg rod, and the background at thglectron density values, and the nonzero electron densities
Bragg rod position due to this diffuse scattering from theoutside the sample, visible in Fig. 8 are an indication of the
domains was subtracted from the rod intensity prior to COncertainties in determination of the electron density. For
BRA analysis. Thus the measured intensity on the rod arisesamples 1 and 2, the negative parts are small and present
from the coherent sum of the amplitudes from the domainsgnly along the Sr/Pb line. The ED outside the film is also
and the COBRA-calculated ED is expected to be that of themall. For sample 3, the negative parts of the ED are larger,
folded structure of the two types of domains. Second, for thigs is the ED outside the film. We attribute this difference to
sample the scattered intensities were measured only alongle smaller dataset used for sample 3. Although three Bragg
three Bragg rods. This information can be sufficient to deterrods contain all the structural information, we believe that
mine the full structure provided the system has no in-plangaving nine Bragg rods leads to a better cancellation of sys-
displacements except for simple thermal broadening. As disematic and stochastic errors. The contributions to the true
cussed below, analysis of the data for samples 1 and 2 shows of all Bragg rods add coherently, whereas the errors sum
that there are no in-plane displacements, and we assume thgtoherently.
this is also true for sample 3. In this case the CSF at any For all three samples, the atoms in the SrF&Dbstrate
point L along a rod is a linear combination of the CSFsfar away from the interfacéleft-hand side of figuresall
contributed by atoms along three lines in real space perpemyccupy their centrosymmetric positions. However, one can
dicular to the surface, one going through the Pb and Sr alee evidence of polarization in the PbEifdms. For samples
oms, the second through the Ti anqi &oms, and the third 1 and 2, the Pb atoms in F|gs($ and Qa) are disp|aced
going through the @ atoms(see Fig. 1 For eachL, there  relative to the Ti atoms in the outward direction, away from
are three unknown atomic line CSFs and three measured ifthe SrTiQ, substrate. Similarly, the Ti atoms in Figgbband
tensities that are equal to the absolute value squared of thgh) are displaced relative to the,Gatoms in the same di-
linear combination of the three atomic line CSFs. TheSQ'ection_ In contrast, for Samp|e 3, the Pb and Ti peaks in the
equations cannot be solved directly for the line CSFs. Howfjlm appear close to their centrosymmetric positions. How-
ever, using COBRA we can obtain the CSFs along eaclaver, the Pb electron density peaks are significantly broader
Bragg rod from the intensities measured along it. This resultsy the z direction than the Sr peaks, and they have smaller
in three linear equations that can now be solved for the thregeak intensities than the Pb peaks in samples 1 and 2. The Ti
atomic line CSFs. The line CSFs are then used to CalCUlatSeakS also decrease in magnitude and broaden towards the
the CSFs of all other Bragg rods, and we can continue witlsurface. The broad, centered peaks suggest that the COBRA-
the COBRA procedure as before. For sample 3, we obtainegerived electron density map consists of a folding of the

convergence after two large iterations each followed by twayppositely polarized domains in a 180° stripe domain struc-
or three small iterations. A comparison between the COBRAtyre with near|y equa| up and down cation disp|acements_

calculated and measured intensity along the B2agg rod The electron densities in Figs. 5-7 were analyzed by fit-
[Fig. 2(c)] again shows excellent agreement and is typical oting each atomic peak to a three-dimensional Gaussian func-
the other two Bragg rods. tion. The center of this fit gives the atomic position, and the
integrated electron density gives the total number of elec-
V. FILM STRUCTURE: RESULTS AND DISCUSSION trons of the atom at that site. For sample 3, the Pb and Ti

peaks were fit using the sum of two identical Gaussians
Two-dimensional slices through the COBRA-calculatedequally displaced iz on each side of the center, as described
electron densities of samples 1, 2, and 3 are shown in Figs. below.
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FIG. 6. (Color) The electron density of sample 2 with nine top-most eight unit cells of the SrTi3ubstrate are on the left-hand
PbTiO; unit cells at room temperature, plotted as in Fig. 5. side, and the surface of the PbEi@im is on the right-hand side.
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FIG. 9. (Color online Summary of COBRA-determined elec- FIG. 10. (Color online Summary of COBRA-determined elec-
tron numbers and atomic positions in sample 1. tron numbers and atomic positions in sample 2.

A. Atomic positions, samples 1 and 2 placer_nents pf the atoms relative to _the corresponding posi-
. i tions in an ideal SrTiQ crystal, as if the substrate were

Figures 9 and 10 summarize our results for samples 1 angytended into the region of the film, to obtain a “substrate
2, respectively. In graplie), we show the number of elec- rejative displacement{SRD) profile. To illustrate how to
trons per atom for each of the four crystallographic sites, asterpret the SRD profiles, calculated profiles from some ide-
a function of unit cell position in the sample. The layer num-alized models are shown in Fig. 11, which depict films po-
ber was chosen so that the Sr siteat28 A corresponds to larized up(a), (b) and down(c), (d). The first plane in the
layer 8. The relative values for the different atoms agredilm to exhibit atomic displacements away from the cen-
quite well with the expected values given above. The numbetrosymmetric positions is either Tida), (c) or PbO(b), (d).
of electrons on the Sr/Pb site varies as expected between the these examples, we have assumed a nine-unit-cell-thick
substrate and film, while the numbers of electrons on the TPbTIiO; film of uniform polarization, with the fractional unit
and O sites remain relatively constant. The Sr/Pb curvesell coordinates of the atoms given by the bulk values at
indicate that the transition region between the substrate antom temperature shown in Table Il, and the calculated epi-
film is approximately two unit cells thick in both samples. taxially strained lattice parameter from Table Ill. The values
This could include contributions from both interface rough-in Table Il are obtained from Landau-Ginzburg-Devonshire
ness and intermixing. At the surface, the transition regiortheory’? for coherently strained PbTibn SrTiQ;. An addi-
corresponds to a surface roughness of one to two unit cells itional parameter in these simple models is the spacing be-
both samples. The Sr/Pb curves are consistent with PpTiGween the layers at the interface. Here we have chosen to
film thicknesses of four and nine unit cells, respectively, forkeep the cation-defined lattice parameter equal to that on the
samples 1 and 2. film side.

In order to display the atomic positions in an easily un- The slope of the SRD profile for a given atomic site indi-
derstood manner, in grapl) we plot the out-of-plane dis- cates the deviation of the unit cell size from the SrJlax-
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2.5 TABLE lll. Landau-Ginzburg-Devonshire theory values for epi-
@ 5 taxially strained PbTi@Qon SrTiG; at zero field.
[0
% 1'? Temperaturg°C) 25 181
=
2 os c lattice parametefA) 4.149 4.130
2 Polarization(C/m?) 0.745 0.694
Unit cell coordinateAzpy, (A) 0.480 0.445

g 25 Unit cell coordinateAzy; (A) 0.320 0.297
E 2 Unit cell coordinateAzg, (A) 0.013 0.012
“5 15 180° domain wall splittingSey, (A) 0.673 0.623
=~ 180° domain wall splittingSy; (A) 0.348 0.323
& os 180° domain wall splittingS, (A) 0.301 0.280

0 180° domain wall splittingSo, A) 0.186 0.172

2 4 6 81012141618 2 4 6 81012141618
Layer Number Layer Number
slightly smaller polarization. This suggests that for both
FIG. 11. (Color onling Calculated ideal SRD profiles for a film samples, significant free charge to screen the depolarizing
with up (a), (b) and down(c), (d) polarization, for each choice of field (~0.7 C/nt or ~0.7 electrons per unit cell areeust
first displaced layer. be present near the interfaces, positive at the substrate and
negative at the surface. The four-unit-cell-thick film is one of
tice parameter. In these idealized examples, the slopes of thke thinnest perovskite films yet demonstrated to be in the
SRD profiles for the various sites in the film are all constantpolar phasé’ Interestingly, the average Pb and Ti displace-
and identical. In the actual data, the slopes vary with depth iments with respect to the,Qunit cell of the nine-unit-cell-
the film, and differ depending upon which site is used tothick film are larger than those expected for a thick epitaxial
define the unit cell. The vertical distance between SRD profilm (0.480 A and 0.320 A, respectivglyThe Pb-Q and Ti-
files for different sites gives the relative atomic displace-O, displacements of the four-unit-cell-thick film are in better
ments referenced to centrosymmetric positions. In particula@greement with these values.
it is easy to tell the polarization direction from the position of ~ Several details of the interface structure which were hith-
the SRD profiles of the cations relative to those of the anerto inaccessible can be observed in the data. In both
ions. The nature of the displacements at the interface casamples, the Pb sublattice expands immediately to its maxi-
also be discerned from the SRD profile. mum size as the interface is crossed, whereas the Ti gnd O
The experimentally determined SRD plots are shown insublattices expand one or two unit cells into the Pl;Tfiln,
Figs. 9b) and 1@b). The unit cell sizes determined from the respectively. If the Ti and Patoms were to acquire their full
slopes of the SRD profiles are shown in gragtis and the displacement relative to Pb immediately at the interface, then
Pb, Ti, and Qdisplacements with respect to centrosymmetricthe Q,-O,; and Ti-Ti distances across the interface would be
positions in an @-defined unit cell are shown in grapld. compressed, relative to those in Srgi@pparently this is
One can clearly see that the PbTifdms in both samples energetically unfavorable. The positions of the &oms
are in the noncentrosymmetriferroelectri¢ phase, with a have a larger uncertainty than the other atoms. A typical error
polarization oriented away from the surfaeg)—that is, on  bar for the Q positions(+0.14 A) is shown in Figs. &) and
average the cations are displaced away from the substraiéXb); the corresponding error bars for the other sites
relative to the anions. Based on the Pb sublattice, the average0.04 A, +0.05 A, and +0.10 A, respectively, for Sr/Pb, Ti,
c lattice parameters of the four- and nine-unit-cell-thick filmsand Q,) are smaller than the symbols. This larger uncertainty
are 4.127+0.013 A and 4.150+0.015 A, respectively. Thestems from the fitting of the (peak in the electron density,
value for the nine-unit-cell-thick film agrees very well with which is close to the Ti peak. Nevertheless, theabms
that expected for an epitaxially strained film at 25(Table  show an unusual behavior near the interface in both samples.
[11), indicating that the polarization in this ultrathin film is While the Q, displacements are zero or negative with respect
almost the same as in a thick film. The slightly smaller latticeto the cations throughout the heterostructure, consistent with
parameter of the four-unit-cell-thick film is consistent with a the positive film polarization, the Qlisplacements are posi-

TABLE Il. Literature values for parameters.

Site Pb/Sr Ti Q Oy Reference
PbTiO; fractional coordinaté\z/c (25 °C) 0.117 0.078 0.003 0.000 34
PbTiO; 180° domain wall splittingss/ Azpy, (0 K) 1.401 0.725 0.628 0.387 25
PbTiO; Born effective chargef) K) 3.92 6.71 -5.51 -2.56 35
SrTiO; Born effective charge€ K) 2.54 7.12 -5.66 -2.00 35
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tive with respect to the cations near the interface and for 100} i =S5l
several unit cells into the SIT¥OThe Q atoms are the only @ o1 |
ones to show significant displacements on the SgEide of g 80 Ao
the interface. This behavior of the, @toms at the interface < :
will be discussed further below in the context of interfacial ? o
charges. E 40
2
M 20
B. Atomic positions, sample 3 0
The in-plane 180° stripe domain structure of sample 3
makes interpretation of the electron density maps more chal- 2
lenging. We expect the COBRA-determined ED to be a su- <
perposition of the EDs from up and down domains in a given L L5
layer. This folding of the up and down domain structures, as ;5 1
well as the expected in-plane nonuniformities within the A
stripe domains due to electric field components at the inter- & 05
faces, will tend to obscure fine details of the structure. To
determine the splitting between the Pb-Pb and Ti-Ti positions 0 L0
in the up and down domains, we fit the Pb and Ti electron e som] |
density peaks to a composite peak shape. Based on the be- . 421 -O-Ti |-
havior of samples 1 and 2, we assumed that the widths of the < - |4 Oy
individual Pb and Ti atomic electron densities were the same g4l Do
as those of the Sr and Ti in the substrate, respectively. When .
the Pb(Ti) peaks were significantly broader than the single 3 4
atom peaks in the substrate, they were fit to a sum of two 3=
Gaussians with equal magnitudes, with equal widths fixed to = 39
that of the substrate SiTi) peak, with theirz positions and
magnitude allowed to vary. LA S S
Figure 12 summarizes our results for sample 3. The num- g 061 (d) - STPb |-
bers of electrons per atom are shown in gréghFor Pb and : [
Ti in the film, these are the sum of the integrals of the two 2,04
Gaussians. In the SrTiubstrate, the relative values for the o
different sites agree with the expected values given above. =02
However, the number of electrons for the Pb site in the film _3
are generally lower than the expected value of 81.3. The g o
values for the Pb and Ti sites decrease progressively towards A
the surface, while the Pvalues increase. We believe that
these deviations in total electron number are artifacts due to 05
the errors in the experiments, the COBRA data analysis, and
the fitting to two Gaussians. The interface thickness is ap- @
proximately one unit cell. 20 0.4
The Pb and Ti positions shown in Figs.(b2-12d) are g
the average of the up and down positions, while Figell2 & 03
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 0.2 —
too small for a similar analysis to be meaningful. The aver- 2 4 6 8 1012 14 16 18

Layer Number

age unit cell in sample 3 is 4.043+0.005 A. This is signifi-
cantly smaller than the expected value of 4.130 Afrom LGD g 12 (Color onling Summary of COBRA-determined elec-
theory for a monodomain film shown in Table Ill, consistent oy numbers and atomic positions in sample 3.
with a smaller average polarization in each domain. In Fig.
12(d), we see that within the uncertainties, the averagesplit by approximately 0.4 A. The minimum discernible split-
atomic positions of the Pb and Ti atoms are nearly at theing is about 0.2 A. This is in rough agreement wh initio
centrosymmetric positions relative tq,OThe slight positive  results for 180° domain walls in PbTiGRef. 25 given in
displacement of the Pb curve may indicate the presence afable I, which shows offsets of the various sites at 0 K,
more up than down domains. The averagep@sitions devi- normalized to the Pb displacement with respect to the O
ate significantly in the upper part of the film. unit cell. In Table Il these have been multiplied by the LGD
The average splitting between the Pb atoms is 0.4+0.1 Atheory results for the Pb displacement to give 0.623 and
Additionally, in the top half of the film, the Ti atoms are also 0.323 A, respectively, for the Pb and Ti splittings expected at
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Az and the Born effective charge‘.'$ of each atom, using the

0.8 relation
E 0.6 e P=> Z Az/Q,, (2
@]
g 04 where(), is the unit cell volume, in our cas#c. The Born
8 02 Sample 1 effective charges for cubic SrTiand tetragonal PbTiQ
E oL calculated for bulk materials fronab initio theory® are
<
A

given in Table II. Using these values and the measured
atomic positions for bulk PbTiQat room temperature given

in Table Il overestimates the polarization by a factor of 1.34.
We have therefore divided the calculated Born effective

0.8 charges in Table Il by this factor. We used the measured
atomic positions to calculate the polarization profiles for
0.6 samples 1 and 2 shown in Fig. 13. These polarization profiles
0.4 show an unexpected feature—the region of the S§Eb-
Sample 2
W

@)
g strate near the film is polarized in the opposite direction than
£ 02 the film. This would require that the polarization of the
z 0 PbTiO; be overcompensated by free c*harge at the interface.
It is more likely that the bulk values fdf; are not valid near
-0.2 the interface. As seen in Figs(t9 and 1@b), it is the off-
04 - . - center Q atoms in the SrTi@Qthat are producing the appar-
3 10 15 ent negative polarization. These atoms have an unusually
Layer Number

large negativeZ* in bulk SrTiO5. If this were less negative
FIG. 13. Polarization distributions calculated using two meth-N€ar the interface it would give a more reasonable polariza-
ods. Solid squares, from PbTj@Im c-axis lattice parameter using tion profile and potentially explain the structural origin of the
LGD expression. Open circles, from Born effective charges for bulkPositive free charge needed for screening. Understanding of
materials. Both use unit cells with origin at Pb sites. the nature of this charge compensation must occur before we
can quantitatively compare atomic position measurements

° ; . ; ith theory. Newab initio calculations for ultrathin PbTi©
181 °C. This large splitting of the atomic peaks due to the!"! : . .
180° stripe domains causes the near cancellation of thiMmS on SrTiQ could shed light on the possible role of the

PbTiO. 304 Bra eak seen in Fia(b.3L , atoms in screening the depolarizing field.
s 9P 9B At the film surface of the monodomain samples, we find

no unusual @ 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
It is interesting to interpret the atomic displacements deof the chemical species present is not as well defined as it is

termined by the COBRA analysis for the monodomainat the substrate interface.

samples in terms of the polarization distributions in the films.

Two methods can be used to relate the atomic positions to VIl. SUMMARY AND CONCLUSIONS

the polarization. According to LGD theory for coherently

strained epitaxial films, the equilibrium polarization is re-

VI. INTERPRETATION AS A POLARIZATION
DISTRIBUTION

We have described the x-ray measurements of three

: 22 PbTiO; films grown epitaxially on SrTi@ (001 substrates
lated to the lattice parameterby and their structure as determined by the COBRA method.
| Xa—(2814(S11+ 312X |\ M2 Samples of four- and nine-unit-cell thickness were cooled

T\ Quu- (281d(s11+5120)Q1n) (1) slowly to room temperature fax situmeasurements, while

another nine-unit-cell-thick sample was measuireditu at

wheres; andQ;; are material constants, and the out-of-plane181 °C.
and in-plane straing; andx,, are defined from the respective  The room temperature results show that both samples are
lattice parameters anda using the extrapolated lattice pa- monodomain and polarized up, away from the substrate.
rameterb of the cubic paraelectric phase by=(c-b)/b,  Within the interface region, the Pb atoms are the first to
Xm=(a—b)/b. Figure 13 shows the polarization distribution assume the new unit cell dimension, while the Ti and oxygen
in samples 1 and 2 calculated with parameter values for epiatoms retain a smaller unit cell for one to two additional unit
taxially strained PbTi@on SrTiO; using thec lattice param-  cells. This indicates that the minimal,&@D,, and Ti-Ti verti-
eter of the PbTiQ film obtained from the Pb-defined unit cal distances are constrained to the corresponding distances
cells. Since the measurediattice parameters are similar to in SrTiO;. The nine-unit-cell-thick film exhibited a larger
that expected from LGD theory, the calculated polarizationaunit cell and larger displacements than the four-unit-cell-
are also similafsee Table II). thick film. The four-unit-cell-thick film is one of the thinnest

A second method to obtain polarization is by calculatingmonodomain perovskite films observed to be in the polar
the dipole moment per unit cell using the atomic positionsphase.
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The nine-unit-cell-thick film measured at 181 °C exhibits  In conclusion, thin ferroelectric films grown epitaxially on
a 180° stripe domain structure. COBRA analysis was consisparaelectric substrates display a rich variety of structures and
tent with Pb and Ti atoms having two folded positions sepaproperties. The COBRA method has proven itself to be a
rated by about 0.4+0.1 A, depending on position in the film.very powerful tool in obtaining sub-Angstrom resolution im-
The unit cell size is smaller than in the monodomain films. ages of such films which reveal details of the film structure.

The fact that the slowly cooled samples are monodomaiWe believe that this technique can be advantageously used to
and polarized in a unique way relative to the substrate sugnvestigate a variety of such systems, providing the structural
gests that the substrate plays an important role in the ferranformation necessary to elucidate the mechanisms control-

electric behavior. Studies of thicker PbEi@ms on SrTiQ;  ling their structure and properties.
substrate¥-36have found that the polarity can be either up or
down, suggesting that the sign may depend on film thickness. ACKNOWLEDGMENTS
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