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The surface of a ferroelectric BaTi®01) single crystal was studied using synchrotron radiation induced x-ray
photoelectron diffraction (XPD), x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and
low-energy electron diffraction (LEED). AFM, XPS, and LEED show that the surface is BaO terminated with
a (1x 1) reconstruction. The Bad4 Ti 2p, and O 5 XPD results were compared with multiple scattering
simulations for out-of- (P,P%) and in-plane (°) polarizations using a genetic algorithm to determine atomic
rumpling and interlayer relaxation. Linear combinations of the XPD simulations of the surface structure of each
polarization state allow determination of the domain ordering. The best agreement with experiment is found for
55% P, 38% P, and 7% . The rumpling is smaller at the surface than in the bulk, suggesting that both
domain ordering and surface structural changes contribute to screening of the polarization.

DOI: 10.1103/PhysRevB.87.184116 PACS number(s): 732.Pr, 6148.Gh, 7960.Si

I. INTRODUCTION sive FE (noncentrosymmetric) phases. The room-temperature

The surface of a ferroelectric (FE) may show a net pxed’ h_ase Is tetragonal with lattice parametars 3.996 Al and

polarization charge which is intrinsically unstable due to thegi;t:r.t?sr?sNa.lo:wn i?ﬁe ;?(ti;ag(;r:g:leﬁ)g?nscieér:tri]e;(raal?élemtvflgo 1F]E
well-known polar catastrophieThe presence of unscreened . g the ' P P

surface charge creates an internal electric beld, the depolarigi-em'ped asPand P in Fig. 1. The polarization may also be

ing beld, which can partially or wholly cancel the polarization alogg ?/Cﬁ of the f%ur _equ;;]/aleggixs d]!rectlct)ﬁs,;der!tlbﬁd
inside the material. Thus, the electrical boundary condition S en considering the (001) surface, the four in-plane

can destabilize the ferroelectric state. The surface poIarizatioPlOIariz?‘tionz_ar.e equri]vzlleFQt, dwlgereas symmetry breaking at

charge can be screened by a variety of mechanisms includiﬁae suriace distinguishes Rand . .

adsorbate speciés$, intrinsic defectd, free charge carriers, __1he ideal (001g surface termination can either be BaO or
ra1O2. Kolpaket al® investigated the surface phase diagram of

surface and near-surface structural changes (rumpling, A i
laxation, and reconstruction), and domain ordefinghe BTO as a function of sample preparation and report that after

latter reduces the energy of the system by screening thgHV annealing at 700C the (1 1) surface is mainly BaO
depolarizing Peld through ordering of the FE domains withterminated. Given the room-temperature tetragonal structure,
antiparallel dipole momenfsThe depolarizing Peld in one the FE polarization may be out of plané Pwith dipole
domain is screened by the electric Pelds of adjacent domaingoments pointing exclusively up from or down to the surface
However, such screening is usually imperfect. In the absence &#ong thec axis or in plane along either treeor b axes. The
signibcant adsorbates or free charge carriers, intrinsic defecgrticular domain ordering is dependent on sample history and
and structural changes may combine with domain ordering t§an include both 18Q(antiparallel) and 90(top to tail) domain
minimize the energy of the system and strongly inRuence itavalls>® Surface rumpling and interplanar relaxation must also
FE propertied.Understanding how the microscopic screeningbe considered for each type of domain. Surface structural
mechanisms may combine with domain ordering is thereforenodiPcations have been the subject of theoretical stdties.
important in predicting and controlling ferroelectric stability. Following Meyer and Vanderbiff; relaxation is given by the
Here, we investigate the surface relaxation and atomi@verage atomic displacement= [ ,(M)+ ,(O)]/2, where
rumpling of an archetypal ferroelectric, single-crystal BagliO (M) and ,(O) are the displacements of the Ba or Ti ions
(BTO). BTO is a perovskite oxide consisting of alternatingand the oxygen ions, respectively, from the bulk positions.
BaO and TiQ atomic layers along the [001] direction. Above The change in the interlayer spacimly; is the difference in
the Curie temperature (120 C), it has a centrosymmetric the average atomic displacements for two adjacent layers
paraelectric cubic structure with Pve atoms per unit celland ;. The intralayer corrugation or rumpling is dePned as
(P m3m). At lower temperatures, the crystal has three succes- = [ (M) S (O)]/2. The surface plane is indexed 1.

1098-0121/2013/87(18)/184116(10) 184116-1 ©2013 American Physical Society
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20 40 60 80
FIG. 1. (Color online) Schematic of FE distortion in the BTO unit & (b) Rositioni(nm)

cellforP*, P>, and P (|n_th|s case, p) polarizations. Displacements FIG. 2. (Color online) (a) AFM topography image of BTO(001)
are exaggerated for clarity. surface after annealing at 900 with a Row rate of 3Imin for 3 h
in Oy, (b) line probles showing the appearance of unit-cell steps after
Experimentally probing such surfaces requires a structuradnnealing in oxygen.
tool sensitive to local atomic positions and to surface chem-
istry. X-ray photoelectron diffraction (XPD) combines such

chemical sensitivity with quantitative information on the local hemispherical analyzer (Scienta 4000) was used allowing
atomic structure around each emitting atbhin comparison g itaneous detection of emitted electrons over a wide
to another well-established surface-structure technique, lowsq 5 range without tilting of the sample. All the data were
energy electron diffraction (LEED), XPD is element speciPC.yqrmalized by the background to each spectrum in the XPD

It can provide information about the atomic d'ISIOI"[IOﬂS'In andyaitern. The 700-eV photon energy was chosen to increase
below the surface layer around each chemical species. It

therefore an ideal tool to probe such elemental specibc Ioc?ﬁultiple scattering. The sample was ozone cleaeedsitu
distortions at the surface of FE materials. However, few XPDyy. 1 1 before introduction into the vacuum system. It was

studies of FE oxides have appeared in the Iiteraturg. Schngidﬂ{en annealedh situ in O, (2x 105* Pa) for several hours

et al. performed an early study of perovskite oxides using, remove residual organic contaminations on the surface.
forward focusing'* Berlichet al.have investigated the surface 1o pase pressure of the system was better tha@08®
chemistry of paraelectric BTS, while Despontet al. have  p, “gyoichiometric BTO has a3.2-eV band gap rendering
published high-resolution XPD and x-ray diffraction (XRD) jt gibcult for x-ray photoelectron spectroscopy experiments

studies of the FE distortion in a PbTy@hin bIm:%"By using ;6 ¢ charging. To overcome this problem, the sample was
synchrotron radiation, the kinetic energy of the photoelectron nnealed in UHV at 740C for 1 h. This procedure created

can be tuned so as to favor the more bulk-sensitive, forwar xygen vacancie®?! increasing the sample conductivity.

scattering, or the more surface-sensitive multiple scatteringa inset of Fig:3(a) shows a typical (¢ 1) LEED pattern
regimes® One experimental study of the atomic rumpling and¢, "BTO(001) single crystal after annealing. The LEED
relaxation folrgP polarization ina thin PIm has been published 55 tqurfold symmetry, therefore the experimental azimuthal
using LEED' . ) angular range guarantees that all diffracting structures were
_The aim of this work was to study the relaxation, rum- neaqred and that symmetrization of the data set could be
pling, and domain ordering at the surface of the mode sed to plot the XPD patterns over 2The LEED spots

FE BTO(001). The paper is organized as follows. The., 4 e sharper, but as the O and £XPS shows, there
experimental and theoretical methods are presented. AMIE some residual surface contamination. The low anisotropy

force microscopy (AFM), high-resolution x-ray photoelectron o |ow statistics in the C sl XPD [Fig. 4(d)] suggest,
spectroscopy (XPS), and LEED results provide information or, ,yever, that the surface contamination is disordered. Thus,
the morphology, chemistry, and structure of the surface. Ther i q,gh some long-range disorder may be present, it should
the Ba 4, Ti 29’ anq O ]5 XPD experimental result§ and pot affect the essential conclusions on the surface-structural
multiple scattering simulations are presented and discusse arrangements.

leading to a quan_titative C!escription of bpth domain ordering Angle-scanned XPD patterns were measured over a part of
and surface atomic rumpling and relaxation. the hemisphere above the sample surface: ®al42p, and

O 1s core-level photoelectron intensities were collected for

Il. EXPERIMENTAL AND THEORETICAL METHODS polar emission angles from 110 69 and an azimuthal sector
_ of more than 90. The azimuthal angle was scanned in steps
A. Experiment of 1 . For each value of the azimuthal angle, three bxed polar

The sample was a.Fx 7.5 mn? BTO single crystal angles were measured. The analyzer has a polar acceptance
furnished by MaTecK GmbH. Figur@ shows an AFM of 25 and the overall analyzer angular resolution is better
topography image of the BTO(001) surface after annealinghan 02 . Using 700-eV photon energy, the kinetic energy
at 900 C in O, with a Row rate of Slmin for 3 h. Wide, for Ba 4ds > (610 eV), Ti Py, (240 eV), and O 4(170 eV)

Rat terraces with mainly 0.4-nm step heights are observedjives inelastic mean-free-path values of 18.2, 9.5, andN5.9
indicating a single surface termination [FR(b)]. respectively?? The overall energy resolution (beamline and

The XPD experiments were carried out at the Antarespectrometer) was 0.25 eV. All measurements were done at
beamline, Synchrotron Soleil (Saint Aubin). An electrostaticroom temperature.
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FIG. 4. Experimental XPD for BTO(001) obtained with 700-eV
photon energy for (a) Ba4} (b) Ti 2p, (¢) O 1s, and (d) C emission.
¢ W, <l B — The XPD anisotropy, as dePned by (Imax-Imin)/Imax, is 33%, 32%,
94 92 90 88 460 456 532 528 23%, and 8% for the Bad} Ti 2p, O 1s, and C &, respectively.
Binding energy (eV)

radial matrix and atomic phase shifts were generated using
FIG. 3. (Color online) (a) Survey XPS scan of clean BTO(001) 3 nonrelativistic self-consistent Hartree-Fock solution of the
single crystal. Inset typical (& 1)LEED image of the BTO(001) jsolated atoms accompanied by the mufbn-tin approximation.
surface. (b) Bad; (c) Ti 2py,; (d) O Is core-level spectraatnormal A naraholic cluster corresponding to the information depth
(top) aEd 55 (bot?om)(SU_rfa(;:e-lfensitiv(e emissionl_ang.]lei. Thefbulkof the XPD experiment is used with ®-+adius and 258
perovskite emission (1) Is dark gray (orange online), the surlaceye iy containing approximately 430 atoms. There are thus 85
related coTpthenth_ in the Batzl nd O 5 spectrsl and tlhe T g unit cells in the Pnal cluster, sufpcient to simulate the XPD
lgomponen in the Ti@y, spectrum are in gray (blue online) an pattern. Additional emitters did not improve the results. The
ight gray (yellow online). . : . :
simulations are assessed with respect to the experimental data
using a reliability factorR.?®> The smaller theR factor, the
B. Theory better the agreement with experiment. A perfect agreement
The simulations of the XPD patterns were done in acorresponds t&® = 0, no agreement is expressedRy= 1.
multiple scattering approach using the multiple scattering fof OF 0xide structures with many parameters, a gadelctor is
electron diffraction (MSCD) packad@,implemented by a typically lower than 0.30D0.49.
genetic algorithm suitable for exploring a large parameter
spac&* The number of elastic scattering events at low to IIl. RESULTS
moderate photoelectron kinetic energy makes it necessary to
use multiple scattering calculations (MSC). In order to reduce A. XPS
computing time for the cluster calculations, we have followed Figure 3(a) shows a survey spectrum for the clean
a Rehrs-Albers (RA) approach in which the exact Green(BTO(001) surface acquired using a photon energy of 700 eV.
function formalism is expressed in terms of scattering matrice3here is evidence for a small amount of surface C, 10 times
expanded over all angular momentum quantum nunthersd ~ weaker than the Oslintensity after taking into account the
I. The exact RA formalism is the curved-wave analogy to therelative cross sections. We have used thesdide (BE =
plane-wave scattering. However, the scattering matrices ca?84.6 eV) to check the binding energy calibration. As shown in
be safely truncated to second, third, or fourth order dependingig. 4(d), the C 5 XPD signal has weak anisotropy, suggesting
on the initial state of the electron. The higher-order versionghat the C shows weak local order. We assume that it does not
of RA may be necessary fat andf initial states’® Since  systematically affect changes in the surface atomic positions.
our photoelectron diffraction data include the Bhetnission, The Ba 4152, Ti 2p4 5, and O 5 core-level spectra taken
we use the fourth-order RA approximation and allow up toat normal (top) and 55angle (bottom) emission are shown
eight scattering events within the cluster. The structure was; Figs. 3(b)E8(d). A Shirley background was subtracted
optimized using rumpling (relative cation/anion displacementfrom all the core-level spectra. The Bd 4pectra have two
and interplanar relaxation parameters for the brst atomic layeimponents [see Fi@(d)]. The spectra were btted using a
of both TiO,-terminated and BaO-terminated BTO(001). The mixed Gaussian/Lorentzian line shape (8@a) with a full
calculations were performed for a temperature of 300 K. Thevidth half maximum (FWHM) of 1.25 eV for both components
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and a spin-orbit splitting of 2.55 eV. The binding energy (BE) experimental values for the Bal40.14 (0.24), and for the Gs1
of the main 415, component at normal (5bemissionis 89.64 0.23 (0.36), are close to the model predictions, suggesting that
(89.67) eV and the high binding-energy component (l1) is atthe surface is mainly BaO terminated. The difference between
90.76 (90.87) eV, thus the core-level shift is 1.13 (1.20) eVthe measured and model values could be explained by an
At 55 off normal detection, peak Il increases in intensity, altered surface electronic environment extending over several
suggesting it is due to emission from surface or near-surfacatomic layers. The ionic displacements deduced from the XPD
atoms. This high binding-energy (HBE) component has beeanalysis discussed below provide further support for a changed
attributed to surface-layer Ba atoms with a lower oxygennear-surface environment. The fraction of'Tincreases from
coordination than in the buiR although the core-level shifts 1.6% to 3.5% of the total intensity when going from normal
found by Hudsonet al. were slightly higher (1.3D1.4 eV to 55 emission angle. Each oxygen vacanty reduces two
for the Ba 4l). The shift is also similar to that observed Ti** ions, and if we assume th¥ty are created preferentially
on the clean surface of a thick B4 TiO3 single-crystal  in the TiO, planes, then this corresponds to a near-sufage
PIm2” However, a HBE component is also observed on aconcentration of 0.9% (of the total number of surface oxygen
clean, TiQ-terminated surface of BTO where there are noatoms) in the brst Ti@ layer. Using the XPS intensities,
surface Ba atom®. The exact interpretation of the HBE tabulated sensitivity factor8,and inelastic mean-free patffs,
component remains therefore an open question because the can estimate the bulk (surface) stoichiometry of the sample
atomic rearrangement to screen the surface charge could alsm be Ba 21 Tio 200058 (Bay1TiO29), Which is very close to
modify the electronic environment of the near-surface as welthe oxygen vacancy concentration as estimated from tHe Ti
as surface Ba atontS. The presence of different surface intensity. The stoichiometry of the Ti does not change. The O
polarizations should, in principle, give rise to shifts in the desorption energy at the surface is lower than in the bulk, thus
measured core-level binding energies. As the XPD will showthe reduction in oxygen content with annealing is correlated
the surface polarization is to a large extent screened by atomigith an increase in the proportion of Ba at the surface.
reconstruction which probably attenuates the differences in
the measured core-level binding energies. It would be possible
to model the core-level spectra with three narrower peaks, B. XPD
shifted by the remnant polarization, however, this is beyond 1. Experimental XPD
the scope of the present spectroscopic data. We have adopted,, Figs. 4(a)4(d), we present the experimental Bd, 4Ti
the simplest possible deconvolution of the spectra with jusgp ,01s, and C 5XPD patterns acquired using 700-eV photon
two components. o _ energy. The data are presented in the form of a stereographic
The Ti 204, spectrain Fig3(c) are btted witha FWHM of - iection or diffractogram. Normal emission intensity is at
1.3 eV and Gaussian/Lorentzian (8020%) line shapes. Both  (he" center and grazing angle emission is at the edge of the
normal and grazing angle spectra have a main component (Hiffractogram. The XPD anisotropy, as debPned by{S
with a b_inding energy pf 457.7 eV due to Ti bonding in the | min)/] maxs IS 33%, 32%, 23%, and 8% for the Bd,4Ti 2p, O
perovskite structure with valency ofr4 The component Il, 15 and C &, respectively. The anisotropy is sharpest for the Ba
shifted by 1.8 eV to lower binding energy, is associated withyq emission because the higher kinetic energy (KE) enhances
Tiin a reduced (3) valence St‘?‘?@ due to the formation of = ¢5ryard focusing and thus the XPD signal reRects better the
oxygen vacancies after annealing. o _ bulk crystal structure, assumed to be constant, rather than that
Inthe O B spectrum taken atthe normalemission [B@l),  of the ‘surface which may vary over the brst atomic layers.
top] there are three components: peak | at 529.10 eV (57.8%e angular anisotropy in the G Emission is low for most
intensity) and peaks Il and Ill at 529.58 eV (21.7%) andpqar angles, only becoming signibcant at grazing emission,
530.94 eV (20.5%), respectively. Peak | is due to oxygen ifynica| of disordered adsorbates, probably from residual gas
the bulk perovskite environment, peak Il, shifted by 0.7 eV, isin the chamber. The beam spot 100um) on the sample
associated with proton adsqrption on surfacga lattice oxygeng much larger than the typical domain width{ um). The
and peak Il to OH adsorption at on-top cation siteghe presence of domain ordering (visible to the eye) means that the
spectrum taken at SSemission also has three peaks. Thexpp intensity anisotropies in the diffractograms correspond
intensity of peaks Il and Il increases, showing that they argq 5 weighted sum of those due to the atomic structures of
indeed surface related. o differently polarized domains. The aim of the simulations is
To quantify the surface localization of the Ba HBE peak, 1o quantify the surface-structural changes in each domain and

we use a layer-by-layer attenuation model. Assuming a BaOg, egtimate the proportion of each polarization present at the
terminated surface, the fraction of the total Rbidtensity due g ,face.

to surface Ba atoms can be written a$S(k?), where the layer

attenuation factok is given by exp[S ¢/2 cos()], is the ) ,

inelastic mean-free path,the take-off angle, andthe lattice 2. XPD simulations

constant. Similarly, the fraction of the total @ ihtensity due There are four possible in-plane polarizations which can be
to surface oxygen atoms is 8Lk?)/ (2 + k). We assume that labeled R, Psy, Py, and Ry. From symmetry, each should
both BaO and Ti@ have the same attenuation factor and usehave the same rumpling and relaxation in #direction, i.e.,

the inelastic mean-free-path values given above. The modglerpendicular to the surface plane. From consideration of the
predicts that a 0.20 (0.32) fraction of the total Bhidtensity  elastic energy, there is no reason that there should be more
is due to surface atoms at normal (b®mission angle. For of one particular in-plane polarization than another. We have
the O &, the predicted fraction is 0.18 (0.29). The respectiveassumed that all four in-plane polarizations are presentin equal
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proportions. The in-plane polarizatiod'Ran then be written
as P = (P + Py + Py + Psy)/ 4. There are therefore three
possible polarizations'® P>, and P", satisfying the condition
N* + N° + N" = 1, where N, N®, and N" are the fractions
of each domain type contributing to the XPD signal. The
surface atomic structure of each polarization over the prst
four atomic layers is described in terms of seven parameters:
four layer rumpling values; and three interlayer relaxation
parametersd j, giving in total 23 adjustable parameters.
The R factor optimization of the Badi Ti 2p, and O
1s simulations must converge to the same result to give a
reasonable solution. Thisis an extremely large parameter space
and it is unrealistic to adjust all 23 parameters simultaneously
and expect convergence to a global minimum. We have
adopted the following three-step method, which we refer to as
method (1).
In the brst step, th&k factor for each of the Badi
Ti 2p, and O 5 XPD patterns is minimized with respect
to the experimental diffraction pattern assuming a single
polarization value. This is repeated for each of the threg,,
possible polarizations™ P°, and P". The atomic positions 68.
are then bxed to these values andRhfactors are optimized  gimyjations for TiQ [dark gray (blue)] and BaO [light gray (red)]
by a linear combination of B, P°, and P" for each XPD  igminations in P polarization.
pattern. Since N+ N° + N" = 1, the R-factor results of
the simulations can be presented in the form of a contour
plots with N and N axes. In the third step, to check or TiO,-terminated surfaces at different polar angles.§14
self-consistency, N, N®, and N" are bxed at the average 30.6 , 45.6 , and 686 ), with a P polarization are presented
N*, N®, and N" values for the three XPD patterns and all 21in Fig. 5. The better bt is systematically obtained for the
structural parameters and d ; values are simultaneously BaO-terminated layer. All simulations were therefore done
relaxed. assuming that the surface is mainly BaO terminated. A& 45
We also tried a second method, method (2), which shouldand 686 , there is asymmetry in the azimuthal anisotropy for
in principle, converge to the same solution. This consistedvhich we do not have a simple explanation. The asymmetry is
of brst optimizing the linear combination of "N N°, and  less obvious at 36 , closer to the sample normal, suggesting
N™ using the bulk rumpling and relaxation values. Then,that it might be due to adsorbates to which theemission
the in-layer rumpling parameters and interlayer relaxatiorwill be the most sensitive. The results fof PP°, and P
parameters are relaxed while keeping the linear combinatiopolarization states for the Bad4Ti 2p, and O & after the
Pxed. The calculations using method (2) are presented ibrst step of theR-factor optimization are shown in Fig.
more detail in the Appendix. However, the simulations usingThe simulated Bad patterns have the sharpest structure. This
bulk atomic positions as starting values to optimize the lineais to be expected since the higher kinetic energy will favor
combination of N, N, and N" do not converge. This is the forward scattering regime and is less sensitive to surface
a further indication that the surface structure is signibcantlyelaxations.
different from that of the bulk, too much, in fact, to allow  The results of the second step minimization of Bhactor
convergence. In the following, all the XPD simulations haveas a function of a linear combination of PP°, and P are
been carried out using method (1). reported in Fig7 in the form ofR-factor contour plots for Ba
Prior to the Prst step, the nonstructural parameters weréd [Fig. 7(a), Ti 2p [Fig. 7(b)], and O K [Fig. 7(c)]. The best
determined giving a 400-K Debye temperature angl eV~ N* and N° values are read from the center of the minimum
for the inner potentiaf! this calculation was performed contour of the R factor. We note that the linear combination
for two possible terminations: BaO or TiOsurface. The minimizing theR factor are close but not the same for all
Debye temperature represents an average value for the Btaree XPD patterns. For the Bal4the R factor of a linear
O, and Ti emitters. The experimental lattice positions of bulkcombination is minimized for a surface with approximately
tetragonal BTO were used as initial vali@s-or the in-plane  56% P and 44% P domains, for the Ti@ XPD, theR factor
polarization, the lateral positions were pPxed at those giveis a minimum with 58% P, 8% F° domains and 34%'P
by Padilla and Vanderbif® The values of the nonstructural and for the O & the minimum is found for 54% Pand 46%
parameters were held constant in the bPnal optimized structur®®. Figure8 shows the average contour plot of tRefactor
The R-factor minimization as a function of rumpling and as a function of polarization for the three XPD patterns. The
relaxation was done using a genetic algorithm for each (Ba 4 minimum corresponds to 55% P38% F*, and 7% .
Ti 2p, and O ) XPD simulatior?* The O I XPD pattern Finally, for each XPD pattern, Bad4 Ti 2p, and O &,
is used to ascertain the surface termination layer since thee have held the linear combination constant at 55% P
corresponding XPD data are the most surface sensitive. TH88% F°, and 7% P and iterated simultaneously the 21
experimental and simulated XPD azimuthal curves for BaOrumpling and relaxation parameters. The atomic rumpling

Anisotropy (arb. units)

0O 30 60 90 0 30 60 90
Azimuthal angle (deg.)

FIG. 5. (Color online) Experimental and simulated ® XPD
muthal curves taken at polar angles of6l430.6 , 45.6 , and
6 . The experimental anisotropy (circles) is compared with the
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Ba 4d Ti2p O 1s
(a) (d) (g)
P+
68
(b) (e) (h)
p-
(c) (f) (i)
Pin

FIG. 6. Multiple scattering simulations of (a)D(c) Bd, 4d)D(f) Ti 2, and (g)D(i) O 4 XPD for, from top to bottom, P, P>, and P
polarizations.

=[M)S ;(0)]/2 and the changes in the interplanar relaxed atomic positions for 55%" P38% F*, and 7% P
spacing d j are given in Tabled, Il, andlll for the Ba domains with experiment. All of the experimental structure
4d, Ti 2p, and O B XPD simulations. Figur® compares is reproduced. The simulated structure appears blurred in
the bnal simulated Bad4diffractogram obtained with the comparison with those of singly polarized domains in Eig.

Ba 4 Ti D OIs

@) (b) (©

FIG. 7. (Color online)R-factor N /NS contour plots for (a) Bad, (b) Ti 2p, and (c) O & XPD simulations. N, NS, and N" are the
proportions of P, P>, and P' domains contributing to the XPD signal satisfying the condition#NN®> + N" = 1 and it is assumed that
P" = (Pc+ Psx + P, + Ps,)/ 4.
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TABLE Il. Atomic rumpling () and changes in interplanar
spacing @ ) obtained from the Pnal Ti2 XPD simulations
for out-of- and in-plane polarizations'PP°>, and P'. All values

are inAl,
Ti 2p
Pt pS pin
1 +0.01 $0.01 +0.03
2 +0.02 $0.04 +0.03
3 +0.02 $0.02 +0.01
4 +0.05 50.04 +0.02
d 1 $0.02 $0.02 $0.02
, 5 d 23 $0.04 +0.04 +0.05
FIG. 8. (Color online) Averag®-factor N*/N°® contour plot of d a4 +0.08 30.03 30.06

Fig. 7. TheR-factor minimum is at 55% P, 38% P,and 7% P

however, the much betteR factor demonstrates that this Ti 2p photoelectrons are more sensitive to the subsurface
blurring is in fact due to the simultaneous presence of differenaitomic layers than the Gsnd may give slightly less accurate
surface polarizations. It is therefore a real effect and nowalues for surface-related atomic distortions. The BX®D
due to, for example, low statistics. The Tp XSimulation is the least sensitive to the surface structure and will therefore
shows similar agreement with experiment. The agreement igrivilege the atomic distortion over all four atomic layers. On
less good for the O < but this may be due to the residual the other hand, the OsIXPD is extremely surface sensitive
surface contamination since the ©4PD is the most surface with an inelastic mean-free path of 680 The spread in depth
sensitive and should also show the strongest multiple scatterirgensitivities can actually be an advantage because the three
effects. Figure40(a)and10(b)are sectional schematics of the XPD simulations are required to converge towards a common
interplanar relaxation and intraplanar rumpling for the brst fourstructure which describes changes in relaxation and rumpling
atomic layers in P and P domains, respectively. The original going from the surface into the bulk.
and relaxed atomic layer positions are indicated by dotted and The rumpling and interlayer relaxation in Table, andlll
solid lines, respectively, obtained from the BAXMPD pattern.  can be compared with Prst-principles theory and experiment
The vertical atomic displacements have been multiplied by 1(n the literature, reproduced in Tableg. A value of ¢2 =
for clarity. 2.018A was used to obtain and d j 101219

Relaxing the atomic positions has considerably improved The rumpling for P states has the same sign as the
the agreement with experiment. The Bagimulations using polarization and is quantitatively similar for the three XPD
the bulk ferroelectric distortions gives & factor of 0.50 patterns. The rumpling magnitude varies between 0.01 and
whereas using the relaxed values tRe factor is 0.18, 0.06 Al with a mean value of 0.028l (0.70% of the lattice
underlined by the good agreement with experiment shownparameter), whereas the magnitude of the interlayer relaxation
in Fig. 9. varies between 0.01 and 0.£Bwith a mean value of 0.038
(0.95% of the lattice parameter) over the brst four layers.
In general, the rumpling increases deeper into the BTO,
particularly for the Ba d results, whereas thel ; values

The rumpling and relaxation amplitudes in Fit0 vary  decrease towards the bulk. Thie values obtained from the
when going from the surface layer into the bulk. The mainTi 2p and O & simulations show a larger spread in values for
atomic distortion in BTO is expected around the Ti ion, the subsurface layers, possibly reRecting the higher surface
however, because of the longer inelastic mean-free path, theensitivity. Large rumpling and small interplanar relaxation

IV. DISCUSSION

TABLE I. Atomic rumpling () and changes in interplanar TABLE lII. Atomic rumpling ( ) and changes in interplanar
spacing d ;) obtained from the bnal Bad4XPD simulations for ~ spacing d ;) obtained from the Pnal Os1XPD simulations for
out-of- and in-plane polarizations'PP°, and P'. All values are  out-of- and in-plane polarizations'PP°>, and P'. All values are

in Al in Al
Ba 4d O1ls
Pt ps pn Pt pS pin

1 +0.02 $0.01 +0.02 1 +0.01 $0.01 +0.03
2 +0.01 $0.03 +0.03 2 +0.02 $0.04 +0.04
3 +0.04 $0.02 +0.01 3 +0.03 $50.04 +0.01
4 +0.05 $0.05 +0.02 4 +0.02 $0.06 +0.05
d 1 +0.14 +0.02 $0.02 d 1 50.02 $0.02 $0.04
d s $0.08 +0.03 +0.09 d s $0.04 +0.04 +0.01
d a +0.01 $0.04 $0.06 d a +0.05 0.00 $0.01
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Simulation Experiment TABLE IV. Vertical atomic rumpling () and changes in interpla-
nar spacing ¢ ; ) from Prst-principles calculations and experimental
(a) (b) LEED data. The displacements of Ré6were converted back to the
absolute displacements using the calculated lattice parameter. The
(O) value used in the Ti@plane is the average of the two oxygen

Baad displacements. All values are £
Literature
P* (Ref.11) P" (Ref.14) PS (Ref.15)
FIG. 9. (a) Final simulation of the Bad4diffractogram with +001 +0.03 $0.03
relaxed atomic positions for 55% P38% P, and 7% P domains. ! + 0'03 + 0'04 + 0'04
(b) Experimental XPD data. z + 0'01 + 0'03 + 0'01
_ _ S 4 +0.03 +0.05
are consistent with bulk ferroelectric distortion, unaffected by g , 30.09 +0.02 30.12
surface boundary conditions. The lower rumpling atthe surfacey ,, +0.16 $0.02 +0.04
is consistent with partial screening of surface polarizationg ,, $0.03 +0.02

charge by atomic rearrangement, giving rise to a surface
polarization lower than in the bulk. No signibcant change in
rumpling or relaxation is observed beyond the fourth atomigelaxation tends to zero going into the bulk, corresponding to
layer, i.e., the FE distortion is no longer inBuenced by thea constant ferroelectric distortion, as expected far from the
surface and has adopted the bulk value. These results shpalarization discontinuity of the surface. These conclusions
some new light on the nature of the surface OdeadO layere in qualitative agreement with the results of Despoat.*®
Atomic displacements can reduce the surface polarization buvho found that the surface relaxation and rumpling also
given the nonzero rumpling observed by XPD, the surface magcted against the ferroelectric distortion in epitaxially strained
not be completely dead in terms of ferroelectric polarization PbTiO; PIms. The structural changes over the Prst two unit
This agrees with predictions made on the basis of prsteells will modify the near-surface electronic environment; this
principles calculations of a BaO-terminated in-plane polarizedaspect should be conbrmed by more systematic experiments
surfacé? and with arecent LEED I-V on an epitaxially strained and calculations.
BTO(001) thin PIm which showed that reconstruction caneven Not only does the XPD allow quantiPcation of the local
give rise to a dipole inversion in the clean surface |&ydihe  surface atomic distortions, it also points to the simulta-
persistence of rumpling at the surface implies a Oremnant@ous presence of different surface polarizations. Similar
surface ferroelectricity which to be stable must be screenedpformation has also been obtained using photoelectron
consistent with the presence of domain ordering. The interlayeemission microscopy** (PEEM) and low-energy electron
microscopy® (LEEM), however, the real-space imaging mode
of these techniques does not allow direct probing of the
—ea- M- - - - -+002 Microscopic atomic distortion. To do so would require LEEM
— 00— 19— ! imaging of the diffraction plane of the microscope in order to
carry out a quantitative micro-LEED |-V experiment, giving
""""""""" 2=%0.01  gimilar information to that obtained by XPD, albeit without
dy3=-0.08 @ @ the chemical sensitivity of the latter. Although the parameter
- -----g-—-—---- ,=+0.04 space is large, the full Bat4 Ti 2p, and O k XPD patterns
dy=+001 @ @& constitute three independent measurements of the same atomic
__________________ - 10.05 distortions, each of which is used to optimize the multiple
® ® N scattering simulations. Th&-factor minimization strategy
has made use of a genetic algorithm and a step-by-step
(b) approach to a global minimum. The best solution is found for
""" - = = 1=-0.01 3 linear combination of in- and out-of-plane surface domain
dy,=+0.02 polarizations. The good agreement with available literature
e ———— = ® - ,=-0.03 values fo_r the atomic rumpling and interplanar spacings and
dys = +0.03 the consistency of three independent measurements of the
_____________ o = .0.02 ferroelectric distortions by the Bad4 Ti 2p, and O &
¢® ® T XPD suggest that the method presented is fairly reliable. We
therefore have a method which relates both to macroscopic
- @--—_-- ®-—-—_--- 4=-0.05  FE domain ordering and microscopic surface reconstruction
within each domain.

FIG. 10. (Color online) Relaxation and rumpling for the brstfour ~ This interpretation does not attempt to quantify other forms
atomic layers in (a) Pand (b) P domains obtained from the Bal4  Of screening by adsorbates, defects, or free charge carriers.
XPD. The original and relaxed atomic layer positions are indicatedThe Ti 20 XPS shows that there aMéo near the surface.
by dotted and solid lines, respectively. The atomic displacements afd/e have assumed that the intrinsic contribution\b§ to
multiplied by 10 for clarity. Color coding as in Fid. polarization stability is the same for"Pand F*. However,

@)
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there is evidence that this may not be the c&sEurther ~domains. The large parameter space illustrates the complexity
work is also needed in this direction. An obvious next stepin probing the atomic structure in domain-ordered ferroelectric
would be the use of spatially resolved XPD to distinguishsurfaces but also the potentially rich information available.
a single FE domain. This could be done using a zone platéhe surface state is clearly an important issue in acquiring
to obtain a microfocused beam smaller than the domaijuantitative results and must be strictly controlled.

width. A fascinating experiment to carry out would be to

measure the surface rumpling and relaxation as a function ACKNOWLEDGMENTS

of the domain periodicity to determine more quantitatively 5 5 /o< funded by CEA Eurotalents programme. This

the relative contributions of atomic reconstruction and domainOrk was partially supported by the French National Research
ordering to the screening of the depolarizing beld. Agency (ANR) project Surf-FER, ANR-10-BLAN-1012, and

The Vo concentration is also an important question sinceoy the CEA-IFA MUTLIFERRODMS project. We acknowl-
it increases the sample conductivity. The formatiorVef by X

destroy the ferroelectric state. One recent study of BTOA
suggests that above a critical doping level @6k 107 cm?,
a tetragonal to cubic, insulator-metal transition occirBhis
corresponds to ® o concentration of 2%D3% with respect to
the total oxygen content, higher than the values discussed here
and estimated from the ¥ component of the Ti@ spectra. The large parameter space (23 independent parameters
The BTO surface studied here is therefore still ferroelectricconsisting of the rumpling and relaxation parameters for each
despite the annealing treatment. An additional argument ipolarization and the proportions of PP, and P' domains)
that similar variations in the surface layer rumpling observedeads us to adopt an iterative method to Pnd a reasonable
by Wang et al?® on a similar sample were inverted by minimumR factor between simulation and experiment. The
dissociative adsorption of water. This would not be expectednethod adopted is to minimize the atomic structure for each
if, for example, the system had undergone a transition to folarization state and the proportion of each polarization
metallic, paraelectric state. state separately before combining these results in a Pnal
optimization. These steps are done sequentially. Method (1),
presented in the main body of the paper, optimized brst the
relaxation and rumpling values for each polarization, starting
We have performed XPD using synchrotron radiation to defrom the bulk ferroelectric distortion. The second step was then
termine the domain structure, atomic rumpling, and interplanato optimize the values of N N°, and N", the proportions of
relaxation at the surface of BTO(001). Aftex situcleaning each ferroelectric domain type. Here, we present the results of
and in situ annealing in oxygen the surface is atomically method (2). First, the linear combination of NN®, and N" is
Rat with a preferential BaO termination plane and a1}  found using the bulk atomic structure in the ferroelectric phase.
surface structure. Multiple scattering simulations of Ba%i Then, with N, N®, and N" bxed, the rumpling and relaxation
2p, and O B XPD are performed using a genetic algorithm. for each polarization has been optimized. The results are
Given the large parameter space, a three-step method is ussidlown in Figs.11(apll(c) Three very distinct minima are
to converge to a globaR-factor minimum. Polarization- found for the Ba d, Ti 2p, and O 5 XPD simulations. The
dependent rumpling and interplanar relaxation is determinedhinima are also much shallower than those obtained using
and the proportion of in- and out-of-plane polarized domaingnethod (1), illustrated in FigZ. It was not possible to bPnd a
obtained. At the surface of vacuum-annealed BTO(001) singlglobal minimum using this second method. FurthermoreRthe
crystal, the depolarizing beld is screened by a combinatiofactors obtained are much larger than those of method (1). We
of domain ordering and surface-structural changes. Thesaterpret this as being due to the use of the bulk ferroelectric
results provide a complete experimental description of surfacdistortion without relaxation and rumpling as starting values
rumpling and relaxation as a function of polarization and a wayfor the simulations to search for the best linear combination
of estimating the proportion of differently polarized surfaceof N*, N°, and N". Such values are too far from those

NTARES beam line for supportand J. Leroy and B. Delomez
for technical assistance.

APPENDIX: R-FACTOR MINIMIZATION METHOD (2)

V. CONCLUSION

FIG. 11. (Color onlineR-factor N* /NS contour plots for (a) Bad, (b) Ti 2p, and (c) O & XPD simulations.
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giving a consistent solution with method (1), even for thestructural changes in the brst few atomic layers of BTO(001)
genetic algorithm. In other words, there are indeed signipcanwith respect to the bulk FE structure.
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