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I. INTRODUCTION

The surface of a ferroelectric (FE) may show a net fixed polarization charge which is intrinsically unstable due to the well-known polar catastrophe. 1 The presence of unscreened surface charge creates an internal electric field, the depolarizing field, which can partially or wholly cancel the polarization inside the material. Thus, the electrical boundary conditions can destabilize the ferroelectric state. The surface polarization charge can be screened by a variety of mechanisms including adsorbate species, 2,3 intrinsic defects, 4 free charge carriers, surface and near-surface structural changes (rumpling, relaxation, and reconstruction), and domain ordering. 5 The latter reduces the energy of the system by screening the depolarizing field through ordering of the FE domains with antiparallel dipole moments. 6 The depolarizing field in one domain is screened by the electric fields of adjacent domains. However, such screening is usually imperfect. In the absence of significant adsorbates or free charge carriers, intrinsic defects and structural changes may combine with domain ordering to minimize the energy of the system and strongly influence its FE properties. 7 Understanding how the microscopic screening mechanisms may combine with domain ordering is therefore important in predicting and controlling ferroelectric stability.

Here, we investigate the surface relaxation and atomic rumpling of an archetypal ferroelectric, single-crystal BaTiO 3 (BTO). BTO is a perovskite oxide consisting of alternating BaO and TiO 2 atomic layers along the [001] direction. Above the Curie temperature (∼120 • C), it has a centrosymmetric paraelectric cubic structure with five atoms per unit cell (P m3m). At lower temperatures, the crystal has three succes-sive FE (noncentrosymmetric) phases. The room-temperature phase is tetragonal with lattice parameters a = 3.996 Å and c = 4.036 Å. In the tetragonal phase, there are two FE distortions along the c axis, parallel and antiparallel to [001] identified as P + and P -in Fig. 1. The polarization may also be along one of the four equivalent a-axis directions, identified as P in . When considering the (001) surface, the four in-plane polarizations are equivalent, whereas symmetry breaking at the surface distinguishes P + and P -.

The ideal (001) surface termination can either be BaO or TiO 2 . Kolpak et al. 8 investigated the surface phase diagram of BTO as a function of sample preparation and report that after UHV annealing at 700 • C the (1×1) surface is mainly BaO terminated. Given the room-temperature tetragonal structure, the FE polarization may be out of plane P ± , with dipole moments pointing exclusively up from or down to the surface along the c axis or in plane along either the a or b axes. The particular domain ordering is dependent on sample history and can include both 180 • (antiparallel) and 90 • (top to tail) domain walls. 5,9 Surface rumpling and interplanar relaxation must also be considered for each type of domain. Surface structural modifications have been the subject of theoretical studies. [10][11][12] Following Meyer and Vanderbilt, 12 relaxation is given by the average atomic displacement β = [δ z (M) + δ z (O)] /2, where δ z (M) and δ z (O) are the displacements of the Ba or Ti ions and the oxygen ions, respectively, from the bulk positions. The change in the interlayer spacing d ij is the difference in the average atomic displacements for two adjacent layers β i and β j . The intralayer corrugation or rumpling is defined as Experimentally probing such surfaces requires a structural tool sensitive to local atomic positions and to surface chemistry. X-ray photoelectron diffraction (XPD) combines such chemical sensitivity with quantitative information on the local atomic structure around each emitting atom. 13 In comparison to another well-established surface-structure technique, lowenergy electron diffraction (LEED), XPD is element specific. It can provide information about the atomic distortions in and below the surface layer around each chemical species. It is therefore an ideal tool to probe such elemental specific local distortions at the surface of FE materials. However, few XPD studies of FE oxides have appeared in the literature. Schneider et al. performed an early study of perovskite oxides using forward focusing. 14 Berlich et al. have investigated the surface chemistry of paraelectric BTO, 15 while Despont et al. have published high-resolution XPD and x-ray diffraction (XRD) studies of the FE distortion in a PbTiO 3 thin film. 16,17 By using synchrotron radiation, the kinetic energy of the photoelectrons can be tuned so as to favor the more bulk-sensitive, forward scattering, or the more surface-sensitive multiple scattering regimes. 18 One experimental study of the atomic rumpling and relaxation for P + polarization in a thin film has been published using LEED. 19 The aim of this work was to study the relaxation, rumpling, and domain ordering at the surface of the model FE BTO(001). The paper is organized as follows. The experimental and theoretical methods are presented. Atomic force microscopy (AFM), high-resolution x-ray photoelectron spectroscopy (XPS), and LEED results provide information on the morphology, chemistry, and structure of the surface. Then, the Ba 4d, Ti 2p, and O 1s XPD experimental results and multiple scattering simulations are presented and discussed, leading to a quantitative description of both domain ordering and surface atomic rumpling and relaxation.

η = [δ z (M) -δ z (O)] /2. The surface plane is indexed i = 1.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experiment

The sample was a 7.5 × 7.5 mm 2 BTO single crystal furnished by MaTecK GmbH. Figure 2 shows an AFM topography image of the BTO(001) surface after annealing at 900 • C in O 2 with a flow rate of 5l/min for 3 h. Wide, flat terraces with mainly 0.4-nm step heights are observed, indicating a single surface termination [Fig. 2(b)].

The XPD experiments were carried out at the Antares beamline, Synchrotron Soleil (Saint Aubin). An electrostatic hemispherical analyzer (Scienta 4000) was used allowing simultaneous detection of emitted electrons over a wide angular range without tilting of the sample. All the data were normalized by the background to each spectrum in the XPD pattern. The 700-eV photon energy was chosen to increase surface sensitivity and to ensure that the XPD data included multiple scattering. The sample was ozone cleaned ex situ for 1 h before introduction into the vacuum system. It was then annealed in situ in O 2 (2×10 -4 Pa) for several hours to remove residual organic contaminations on the surface. The base pressure of the system was better than 3×10 -8 Pa. Stoichiometric BTO has a ∼3.2-eV band gap rendering it difficult for x-ray photoelectron spectroscopy experiments due to charging. To overcome this problem, the sample was annealed in UHV at 740 • C for 1 h. This procedure created oxygen vacancies, 20,21 increasing the sample conductivity. The inset of Fig. 3(a) shows a typical (1×1) LEED pattern for BTO(001) single crystal after annealing. The LEED has fourfold symmetry, therefore the experimental azimuthal angular range guarantees that all diffracting structures were measured and that symmetrization of the data set could be used to plot the XPD patterns over 2π . The LEED spots could be sharper, but as the O and C 1s XPS shows, there is some residual surface contamination. The low anisotropy and low statistics in the C 1s XPD [Fig. 4(d)] suggest, however, that the surface contamination is disordered. Thus, although some long-range disorder may be present, it should not affect the essential conclusions on the surface-structural rearrangements.

Angle-scanned XPD patterns were measured over a part of the hemisphere above the sample surface: Ba 4d, Ti 2p, and O 1s core-level photoelectron intensities were collected for polar emission angles from 11 • to 69 • and an azimuthal sector of more than 90 • . The azimuthal angle was scanned in steps of 1 • . For each value of the azimuthal angle, three fixed polar angles were measured. The analyzer has a polar acceptance of ∼ 25 • and the overall analyzer angular resolution is better than 0.2 • . Using 700-eV photon energy, the kinetic energy for Ba 4d 5/2 (610 eV), Ti 2p 3/2 (240 eV), and O 1s (170 eV) gives inelastic mean-free-path values of 18.2, 9.5, and 6.9 Å, respectively. 22 The overall energy resolution (beamline and spectrometer) was 0.25 eV. All measurements were done at room temperature. 

B. Theory

The simulations of the XPD patterns were done in a multiple scattering approach using the multiple scattering for electron diffraction (MSCD) package, 23 implemented by a genetic algorithm suitable for exploring a large parameter space. 24 The number of elastic scattering events at low to moderate photoelectron kinetic energy makes it necessary to use multiple scattering calculations (MSC). In order to reduce computing time for the cluster calculations, we have followed a Rehrs-Albers (RA) approach in which the exact Green's function formalism is expressed in terms of scattering matrices expanded over all angular momentum quantum numbers m and l. The exact RA formalism is the curved-wave analogy to the plane-wave scattering. However, the scattering matrices can be safely truncated to second, third, or fourth order depending on the initial state of the electron. The higher-order versions of RA may be necessary for d and f initial states. 23 Since our photoelectron diffraction data include the Ba 4d emission, we use the fourth-order RA approximation and allow up to eight scattering events within the cluster. The structure was optimized using rumpling (relative cation/anion displacement) and interplanar relaxation parameters for the first atomic layers of both TiO 2 -terminated and BaO-terminated BTO(001). The calculations were performed for a temperature of 300 K. The radial matrix and atomic phase shifts were generated using a nonrelativistic self-consistent Hartree-Fock solution of the isolated atoms accompanied by the muffin-tin approximation. A parabolic cluster corresponding to the information depth of the XPD experiment is used with 12-Å radius and 25-Å depth, containing approximately 430 atoms. There are thus 85 unit cells in the final cluster, sufficient to simulate the XPD pattern. Additional emitters did not improve the results. The simulations are assessed with respect to the experimental data using a reliability factor R. 23 The smaller the R factor, the better the agreement with experiment. A perfect agreement corresponds to R = 0, no agreement is expressed by R = 1. For oxide structures with many parameters, a good R factor is typically lower than 0.30-0.40. 25 

III. RESULTS

A. XPS

Figure 3(a) shows a survey spectrum for the clean BTO(001) surface acquired using a photon energy of 700 eV. There is evidence for a small amount of surface C, 10 times weaker than the O 1s intensity after taking into account the relative cross sections. We have used the C 1s line (BE = 284.6 eV) to check the binding energy calibration. As shown in Fig. 4(d), the C 1s XPD signal has weak anisotropy, suggesting that the C shows weak local order. We assume that it does not systematically affect changes in the surface atomic positions.

The Ba 4d 5/2 , Ti 2p 3/2 , and O 1s core-level spectra taken at normal (top) and 55 • angle (bottom) emission are shown in Figs. 3(b)-3(d). A Shirley background was subtracted from all the core-level spectra. The Ba 4d spectra have two components [see Fig. 3(d)]. The spectra were fitted using a mixed Gaussian/Lorentzian line shape (80%/20%) with a full width half maximum (FWHM) of 1.25 eV for both components and a spin-orbit splitting of 2.55 eV. The binding energy (BE) of the main 4d 5/2 component at normal (55 • ) emission is 89.64 (89.67) eV and the high binding-energy component (II) is at 90.76 (90.87) eV, thus the core-level shift is 1.13 (1.20) eV. At 55 • off normal detection, peak II increases in intensity, suggesting it is due to emission from surface or near-surface atoms. This high binding-energy (HBE) component has been attributed to surface-layer Ba atoms with a lower oxygen coordination than in the bulk 26 although the core-level shifts found by Hudson et al. were slightly higher (1.3-1.4 eV for the Ba 4d). The shift is also similar to that observed on the clean surface of a thick Ba x Sr 1-x TiO 3 single-crystal film. 27 However, a HBE component is also observed on a clean, TiO 2 -terminated surface of BTO where there are no surface Ba atoms. 25 The exact interpretation of the HBE component remains therefore an open question because the atomic rearrangement to screen the surface charge could also modify the electronic environment of the near-surface as well as surface Ba atoms. 25 The presence of different surface polarizations should, in principle, give rise to shifts in the measured core-level binding energies. As the XPD will show, the surface polarization is to a large extent screened by atomic 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, shifted by the remnant polarization, however, this is beyond the scope of the present spectroscopic data. We have adopted the simplest possible deconvolution of the spectra with just two components.

The Ti 2p 3/2 spectra in Fig. 3(c) are fitted with a FWHM of 1.3 eV and Gaussian/Lorentzian (80%/20%) line shapes. Both normal and grazing angle spectra have a main component (I) with a binding energy of 457.7 eV due to Ti bonding in the perovskite structure with valency of 4+. The component II, shifted by 1.8 eV to lower binding energy, is associated with Ti in a reduced (3+) valence state 28 due to the formation of oxygen vacancies after annealing.

In the O 1s spectrum taken at the normal emission [Fig. 3(d), top] there are three components: peak I at 529.10 eV (57.8% intensity) and peaks II and III at 529.58 eV (21.7%) and 530.94 eV (20.5%), respectively. Peak I is due to oxygen in the bulk perovskite environment, peak II, shifted by 0.7 eV, is associated with proton adsorption on surface lattice oxygen, and peak III to OH adsorption at on-top cation sites. 25 The spectrum taken at 55 • emission also has three peaks. The intensity of peaks II and III increases, showing that they are indeed surface related.

To quantify the surface localization of the Ba HBE peak, we use a layer-by-layer attenuation model. Assuming a BaOterminated surface, the fraction of the total Ba 4d intensity due to surface Ba atoms can be written as (1k 2 ), where the layer attenuation factor k is given by exp[c/2λcos(θ )], λ is the inelastic mean-free path, θ the take-off angle, and c the lattice constant. Similarly, the fraction of the total O 1s intensity due to surface oxygen atoms is (1k 2 )/(2 + k). We assume that both BaO and TiO 2 have the same attenuation factor and use the inelastic mean-free-path values given above. The model predicts that a 0.20 (0.32) fraction of the total Ba 4d intensity is due to surface atoms at normal (55 • ) emission angle. For the O 1s, the predicted fraction is 0.18 (0.29). The respective experimental values for the Ba 4d, 0.14 (0.24), and for the O 1s, 0.23 (0.36), are close to the model predictions, suggesting that the surface is mainly BaO terminated. The difference between the measured and model values could be explained by an altered surface electronic environment extending over several atomic layers. The ionic displacements deduced from the XPD analysis discussed below provide further support for a changed near-surface environment. The fraction of Ti 3+ increases from 1.6% to 3.5% of the total intensity when going from normal to 55 • emission angle. Each oxygen vacancy V O reduces two Ti 4+ ions, and if we assume that V O are created preferentially in the TiO 2 planes, then this corresponds to a near-surface V O concentration of 0.9% (of the total number of surface oxygen atoms) in the first TiO 2 layer. Using the XPS intensities, tabulated sensitivity factors, [START_REF] Mitsui | Numerical Data and Functional Relationships in Science and Technology[END_REF] and inelastic mean-free paths, [START_REF] Wagner | Handbook of X-Ray Photoelectron Spectroscopy[END_REF] we can estimate the bulk (surface) stoichiometry of the sample to be Ba 0.21 Ti 0.20 O 0.58 (Ba 1.1 TiO 2.9 ), which is very close to the oxygen vacancy concentration as estimated from the Ti 3+ intensity. The stoichiometry of the Ti does not change. The O desorption energy at the surface is lower than in the bulk, thus the reduction in oxygen content with annealing is correlated with an increase in the proportion of Ba at the surface.

B. XPD

Experimental XPD

In Figs. 4(a)-4(d), we present the experimental Ba 4d, Ti 2p, O 1s, and C 1s XPD patterns acquired using 700-eV photon energy. The data are presented in the form of a stereographic projection or diffractogram. Normal emission intensity is at the center and grazing angle emission is at the edge of the diffractogram. The XPD anisotropy, as defined by (I max -I min )/I max , is 33%, 32%, 23%, and 8% for the Ba 4d, Ti 2p, O 1s, and C 1s, respectively. The anisotropy is sharpest for the Ba 4d emission because the higher kinetic energy (KE) enhances forward focusing and thus the XPD signal reflects better the bulk crystal structure, assumed to be constant, rather than that of the surface which may vary over the first atomic layers. The angular anisotropy in the C 1s emission is low for most polar angles, only becoming significant at grazing emission, typical of disordered adsorbates, probably from residual gas in the chamber. The beam spot (∼100 μm) on the sample is much larger than the typical domain width (∼1 μm). The presence of domain ordering (visible to the eye) means that the XPD intensity anisotropies in the diffractograms correspond to a weighted sum of those due to the atomic structures of differently polarized domains. The aim of the simulations is to quantify the surface-structural changes in each domain and to estimate the proportion of each polarization present at the surface.

XPD simulations

There are four possible in-plane polarizations which can be labeled P x , P -x , P y , and P -y . From symmetry, each should have the same rumpling and relaxation in the z direction, i.e., perpendicular to the surface plane. From consideration of the elastic energy, there is no reason that there should be more of one particular in-plane polarization than another. We have assumed that all four in-plane polarizations are present in equal proportions. The in-plane polarization P in can then be written as P in = (P x + P -x + P y + P -y )/4. There are therefore three possible polarizations P + , P -, and P in , satisfying the condition N + + N -+ N in = 1, where N + , N -, and N in are the fractions of each domain type contributing to the XPD signal. The surface atomic structure of each polarization over the first four atomic layers is described in terms of seven parameters: four layer rumpling values η i and three interlayer relaxation parameters d ij , giving in total 23 adjustable parameters. The R factor optimization of the Ba 4d, Ti 2p, and O 1s simulations must converge to the same result to give a reasonable solution. This is 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 first step, the R factor for each of the Ba 4d, Ti 2p, and O 1s XPD patterns is minimized with respect to the experimental diffraction pattern assuming a single polarization value. This is repeated for each of the three possible polarizations P + , P -, and P in . The atomic positions are then fixed to these values and the R factors are optimized by a linear combination of P + , P -, and P in for each XPD pattern. Since N + + N -+ N in = 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 self-consistency, N + , N -, and N in are fixed at the average N + , N -, and N in values for the three XPD patterns and all 21 structural parameters η i and d ij values are simultaneously relaxed.

We also tried a second method, method (2), which should, in principle, converge to the same solution. This consisted of first optimizing the linear combination of N + , N -, and N in using the bulk rumpling and relaxation values. Then, the in-layer rumpling parameters and interlayer relaxation parameters are relaxed while keeping the linear combination fixed. The calculations using method (2) are presented in more detail in the Appendix. However, the simulations using bulk atomic positions as starting values to optimize the linear combination of N + , N -, and N in do not converge. This is a further indication that the surface structure is significantly different from that of the bulk, too much, in fact, to allow convergence. In the following, all the XPD simulations have been carried out using method (1).

Prior to the first step, the nonstructural parameters were determined giving a 400-K Debye temperature and ∼6 eV for the inner potential; 31 this calculation was performed for two possible terminations: BaO or TiO 2 surface. The Debye temperature represents an average value for the Ba, O, and Ti emitters. The experimental lattice positions of bulk tetragonal BTO were used as initial values. [START_REF] Mitsui | Numerical Data and Functional Relationships in Science and Technology[END_REF] For the in-plane polarization, the lateral positions were fixed at those given by Padilla and Vanderbilt. 10 The values of the nonstructural parameters were held constant in the final optimized structure.

The R-factor minimization as a function of rumpling and relaxation was done using a genetic algorithm for each (Ba 4d, Ti 2p, and O 1s) XPD simulation. 24 The O 1s XPD pattern is used to ascertain the surface termination layer since the corresponding XPD data are the most surface sensitive. The experimental and simulated XPD azimuthal curves for BaO- or TiO 2 -terminated surfaces at different polar angles (14.6 • , 30.6 • , 45.6 • , and 68.6 • ), with a P + polarization are presented in Fig. 5. The better fit is systematically obtained for the BaO-terminated layer. All simulations were therefore done assuming that the surface is mainly BaO terminated. At 45.6 • and 68.6 • , there is asymmetry in the azimuthal anisotropy for which we do not have a simple explanation. The asymmetry is less obvious at 30.6 • , closer to the sample normal, suggesting that it might be due to adsorbates to which the O 1s emission will be the most sensitive. The results for P + , P -, and P in polarization states for the Ba 4d, Ti 2p, and O 1s after the first step of the R-factor optimization are shown in Fig. 6. The simulated Ba 4d patterns have the sharpest structure. This is to be expected since the higher kinetic energy will favor the forward scattering regime and is less sensitive to surface relaxations.

The results of the second step minimization of the R factor as a function of a linear combination of P + , P -, and P in are reported in Fig. 7 in the form of R-factor contour plots for Ba 4d [Fig. 7(a)], Ti 2p [Fig. 7(b)], and O 1s [Fig. 7(c)]. The best N + and N -values are read from the center of the minimum contour of the R factor. We note that the linear combination minimizing the R factor are close but not the same for all three XPD patterns. For the Ba 4d, the R factor of a linear combination is minimized for a surface with approximately 56% P + and 44% P -domains, for the Ti 2p XPD, the R factor is a minimum with 58% P + , 8% P -domains and 34% P in and for the O 1s the minimum is found for 54% P + and 46% P -. Figure 8 shows the average contour plot of the R factor as a function of polarization for the three XPD patterns. The minimum corresponds to 55% P + , 38% P -, and 7% P in .

Finally, for each XPD pattern, Ba 4d, Ti 2p, and O 1s, we have held the linear combination constant at 55% P + , 38% P -, and 7% P in and iterated simultaneously the 21 rumpling and relaxation parameters. The atomic rumpling however, the much better R factor demonstrates that this blurring is in fact due to the simultaneous presence of different surface polarizations. It is therefore a real effect and not due to, for example, low statistics. The Ti 2p simulation shows similar agreement with experiment. The agreement is less good for the O 1s, but this may be due to the residual surface contamination since the O 1s XPD is the most surface sensitive and should also show the strongest multiple scattering effects. Figures 10(a Relaxing the atomic positions has considerably improved the agreement with experiment. The Ba 4d simulations using the bulk ferroelectric distortions gives an R factor of 0.50 whereas using the relaxed values the R factor is 0.18, underlined by the good agreement with experiment shown in Fig. 9.

IV. DISCUSSION

The rumpling and relaxation amplitudes in Fig. 10 vary when going from the surface layer into the bulk. The main atomic distortion in BTO is expected around the Ti ion, however, because of the longer inelastic mean-free path, the Ti 2p photoelectrons are more sensitive to the subsurface atomic layers than the O 1s and may give slightly less accurate values for surface-related atomic distortions. The Ba 4d XPD is the least sensitive to the surface structure and will therefore privilege the atomic distortion over all four atomic layers. On the other hand, the O 1s XPD is extremely surface sensitive with an inelastic mean-free path of 6.9 Å. The spread in depth sensitivities can actually be an advantage because the three XPD simulations are required to converge towards a common structure which describes changes in relaxation and rumpling going from the surface into the bulk. The rumpling and interlayer relaxation in Tables I, II, and III can be compared with first-principles theory and experiment in the literature, reproduced in Table IV. A value of c/2 = 2.018 Å was used to obtain η and d ij . 10,12,19 The rumpling for P ± states has the same sign as the polarization and is quantitatively similar for the three XPD patterns. The rumpling magnitude varies between 0.01 and 0.06 Å with a mean value of 0.028 Å (0.70% of the lattice parameter), whereas the magnitude of the interlayer relaxation varies between 0.01 and 0.13 Å with a mean value of 0.038 Å (0.95% of the lattice parameter) over the first four layers. In general, the rumpling increases deeper into the BTO, particularly for the Ba 4d results, whereas the d ij values decrease towards the bulk. The d values obtained from the Ti 2p and O 1s simulations show a larger spread in values for the subsurface layers, possibly reflecting the higher surface sensitivity. Large rumpling and small interplanar relaxation are consistent with bulk ferroelectric distortion, unaffected by surface boundary conditions. The lower rumpling at the surface is consistent with partial screening of surface polarization charge by atomic rearrangement, giving rise to a surface polarization lower than in the bulk. No significant change in rumpling or relaxation is observed beyond the fourth atomic layer, i.e., the FE distortion is no longer influenced by the surface and has adopted the bulk value. These results shed some new light on the nature of the surface "dead" layer. Atomic displacements can reduce the surface polarization but given the nonzero rumpling observed by XPD, the surface may not be completely dead in terms of ferroelectric polarization. This agrees with predictions made on the basis of firstprinciples calculations of a BaO-terminated in-plane polarized surface 32 and with a recent LEED I-V on an epitaxially strained BTO(001) thin film which showed that reconstruction can even give rise to a dipole inversion in the clean surface layer. 25 The persistence of rumpling at the surface implies a "remnant" surface ferroelectricity which to be stable must be screened, consistent with the presence of domain ordering. The interlayer relaxation tends to zero going into the bulk, corresponding to a constant ferroelectric distortion, as expected far from the polarization discontinuity of the surface. These conclusions are in qualitative agreement with the results of Despont et al. 16 who found that the surface relaxation and rumpling also acted against the ferroelectric distortion in epitaxially strained PbTiO 3 films. The structural changes over the first two unit cells will modify the near-surface electronic environment; this aspect should be confirmed by more systematic experiments and calculations. Not only does the XPD allow quantification of the local surface atomic distortions, it also points to the simultaneous presence of different surface polarizations. Similar information has also been obtained using photoelectron emission microscopy 33,34 (PEEM) and low-energy electron microscopy 25 (LEEM), however, the real-space imaging mode of these techniques does not allow direct probing of the microscopic atomic distortion. To do so would require LEEM imaging of the diffraction plane of the microscope in order to carry out a quantitative micro-LEED I-V experiment, giving similar information to that obtained by XPD, albeit without the chemical sensitivity of the latter. Although the parameter space is large, the full Ba 4d, Ti 2p, and O 1s XPD patterns constitute three independent measurements of the same atomic distortions, each of which is used to optimize the multiple scattering simulations. The R-factor minimization strategy has made use of a genetic algorithm and a step-by-step approach to a global minimum. The best solution is found for a linear combination of in-and out-of-plane surface domain polarizations. The good agreement with available literature values for the atomic rumpling and interplanar spacings and the consistency of three independent measurements of the ferroelectric distortions by the Ba 4d, Ti 2p, and O 1s XPD suggest that the method presented is fairly reliable. We therefore have a method which relates both to macroscopic FE domain ordering and microscopic surface reconstruction within each domain.

This interpretation does not attempt to quantify other forms of screening by adsorbates, defects, or free charge carriers. The Ti 2p XPS shows that there are V O near the surface. We have assumed that the intrinsic contribution of V O to polarization stability is the same for P + and P -. However, there is evidence that this may not be the case. 35 Further work is also needed in this direction. An obvious next step would be the use of spatially resolved XPD to distinguish a single FE domain. This could be done using a zone plate to obtain a microfocused beam smaller than the domain width. A fascinating experiment to carry out would be to measure the surface rumpling and relaxation as a function of the domain periodicity to determine more quantitatively the relative contributions of atomic reconstruction and domain ordering to the screening of the depolarizing field.

The V O concentration is also an important question since it increases the sample conductivity. The formation of V O by annealing in UHV was necessary in order to avoid charging under the synchrotron beam; too much conductivity would destroy the ferroelectric state. One recent study of BTO suggests that above a critical doping level of 1.36×10 21 cm 3 , a tetragonal to cubic, insulator-metal transition occurs. 36 This corresponds to a V O concentration of 2%-3% with respect to the total oxygen content, higher than the values discussed here and estimated from the Ti 3+ component of the Ti 2p spectra. The BTO surface studied here is therefore still ferroelectric despite the annealing treatment. An additional argument is that similar variations in the surface layer rumpling observed by Wang et al. 25 on a similar sample were inverted by dissociative adsorption of water. This would not be expected if, for example, the system had undergone a transition to a metallic, paraelectric state.

V. CONCLUSION

We have performed XPD using synchrotron radiation to determine the domain structure, atomic rumpling, and interplanar relaxation at the surface of BTO(001). After ex situ cleaning and in situ annealing in oxygen the surface is atomically flat with a preferential BaO termination plane and a (1×1) surface structure. Multiple scattering simulations of Ba 4d, Ti 2p, and O 1s XPD are performed using a genetic algorithm. Given the large parameter space, a three-step method is used to converge to a global R-factor minimum. Polarizationdependent rumpling and interplanar relaxation is determined and the proportion of in-and out-of-plane polarized domains obtained. At the surface of vacuum-annealed BTO(001) single crystal, the depolarizing field is screened by a combination of domain ordering and surface-structural changes. These results provide a complete experimental description of surface rumpling and relaxation as a function of polarization and a way of estimating the proportion of differently polarized surface domains. The large parameter space illustrates the complexity in probing the atomic structure in domain-ordered ferroelectric surfaces but also the potentially rich information available. The surface state is clearly an important issue in acquiring quantitative results and must be strictly controlled.

giving a consistent solution with method (1), even for the genetic algorithm. In other words, there are indeed significant structural changes in the first few atomic layers of BTO(001) with respect to the bulk FE structure.
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 1 FIG. 1. (Color online) Schematic of FE distortion in the BTO unit cell for P + , P -, and P in (in this case, P x ) polarizations. Displacements are exaggerated for clarity.

FIG. 2 .

 2 FIG. 2. (Color online) (a) AFM topography image of BTO(001) surface after annealing at 900 • C with a flow rate of 5l/min for 3 h in O 2 , (b) line profiles showing the appearance of unit-cell steps after annealing in oxygen.

FIG. 3 .

 3 FIG. 3. (Color online) (a) Survey XPS scan of clean BTO(001) single crystal. Inset typical (1 × 1)LEED image of the BTO(001) surface. (b) Ba 4d; (c) Ti 2p 3/2 ; (d) O 1s core-level spectra at normal (top) and 55 • (bottom) surface-sensitive emission angles. The bulk perovskite emission (I) is dark gray (orange online), the surfacerelated components in the Ba 4d and O 1s spectra and the Ti 3+ component in the Ti 2p 3/2 spectrum are in gray (blue online) and light gray (yellow online).

FIG. 4 .

 4 FIG. 4. Experimental XPD for BTO(001) obtained with 700-eV photon energy for (a) Ba 4d, (b) Ti 2p, (c) O 1s, and (d) C 1s emission. The XPD anisotropy, as defined by (Imax-Imin)/Imax, is 33%, 32%, 23%, and 8% for the Ba 4d, Ti 2p, O 1s, and C 1s, respectively.
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 67 FIG. 6. Multiple scattering simulations of (a)-(c) Ba 4d, (d)-(f) Ti 2p, and (g)-(i) O 1s XPD for, from top to bottom, P + , P -, and P in polarizations.

FIG. 8 .

 8 FIG.8. (Color online) Average R-factor N + /N -contour plot of Fig.7. The R-factor minimum is at 55% P + , 38% P -, and 7% P in .

  ) and 10(b) are sectional schematics of the interplanar relaxation and intraplanar rumpling for the first four atomic layers in P + and P -domains, respectively. The original and relaxed atomic layer positions are indicated by dotted and solid lines, respectively, obtained from the Ba 4d XPD pattern. The vertical atomic displacements have been multiplied by 10 for clarity.

dFIG. 9 .

 9 FIG. 9. (a) Final simulation of the Ba 4d diffractogram with relaxed atomic positions for 55% P + , 38% P -, and 7% P in domains. (b) Experimental XPD data.

FIG. 10

 10 FIG. 10. (Color online) Relaxation and rumpling for the first four atomic layers in (a) P + and (b) P -domains obtained from the Ba 4d XPD. The original and relaxed atomic layer positions are indicated by dotted and solid lines, respectively. The atomic displacements are multiplied by 10 for clarity. Color coding as in Fig. 1.

  FIG. 5. (Color online) Experimental and simulated O 1s XPD azimuthal curves taken at polar angles of 14.6 • , 30.6 • , 45.6 • , and 68.6 • . The experimental anisotropy (circles) is compared with the simulations for TiO 2 [dark gray (blue)] and BaO [light gray (red)] terminations in P + polarization.

		30.6°1 4.6°6
	nisotropy (arb. units)	45.6°A	8.6°A
		0	30 60 90	0	30 60 90
			zimuthal angle (deg.)

TABLE I .

 I Atomic rumpling (η) and changes in interplanar spacing ( d ij ) obtained from the final Ba 4d XPD simulations for out-of-and in-plane polarizations P + , P -, and P in . All values are in Å.

			Ba 4d	
		P +	P -	P in
	η 1	+0.02	-0.01	+0.02
	η 2	+0.01	-0.03	+0.03
	η 3	+0.04	-0.02	+0.01
	η 4	+0.05	-0.05	+0.02
	d 12	+0.14	+0.02	-0.02
	d 23	-0.08	+0.03	+0.09
	d 34	+0.01	-0.04	-0.06

TABLE II .

 II Atomic rumpling (η) and changes in interplanar spacing ( d ij ) obtained from the final Ti 2p XPD simulations for out-of-and in-plane polarizations P + , P -, and P in . All values are in Å.

			Ti 2p	
		P +	P -	P in
	η 1	+0.01	-0.01	+0.03
	η 2	+0.02	-0.04	+0.03
	η 3	+0.02	-0.02	+0.01
	η 4	+0.05	-0.04	+0.02
	d 12	-0.02	-0.02	-0.02
	d 23	-0.04	+0.04	+0.05
	d 34	+0.08	-0.03	-0.06

TABLE III .

 III Atomic rumpling (η) and changes in interplanar spacing ( d ij ) obtained the final O 1s XPD simulations for out-of-and in-plane polarizations P + , P -, and P in . All values are in Å.

			O 1s	
		P +	P -	P in
	η 1	+0.01	-0.01	+0.03
	η 2	+0.02	-0.04	+0.04
	η 3	+0.03	-0.04	+0.01
	η 4	+0.02	-0.06	+0.05
	d 12	-0.02	-0.02	-0.04
	d 23	-0.04	+0.04	+0.01
	d 34	+0.05	0.00	-0.01

TABLE IV .

 IV Vertical atomic rumpling (η) and changes in interplanar spacing ( d ij ) from first-principles calculations and experimental LEED data. The displacements of Ref.16 were converted back to the absolute displacements using the calculated lattice parameter. The δ(O) value used in the TiO 2 plane is the average of the two oxygen displacements. All values are in Å.

			Literature	
		P + (Ref. 11)	P in (Ref. 14)	P -(Ref. 15)
	η 1	+0.01	+0.03	-0.03
	η 2	+0.03	+0.04	+0.04
	η 3	+0.01	+0.03	+0.01
	η 4	+0.03	+0.05	
	d 12	-0.09	+0.02	-0.12
	d 23	+0.16	-0.02	+0.04
	d 34	-0.03	+0.02	
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APPENDIX: R-FACTOR MINIMIZATION METHOD (2)

The large parameter space (23 independent parameters consisting of the rumpling and relaxation parameters for each polarization and the proportions of P + , P -, and P in domains) leads us to adopt an iterative method to find a reasonable minimum R factor between simulation and experiment. The method adopted is to minimize the atomic structure for each polarization state and the proportion of each polarization state separately before combining these results in a final optimization. These steps are done sequentially. Method (1), presented in the main body of the paper, optimized first the relaxation and rumpling values for each polarization, starting from the bulk ferroelectric distortion. The second step was then to optimize the values of N + , N -, and N in , the proportions of each ferroelectric domain type. Here, we present the results of method (2). First, the linear combination of N + , N -, and N in is found using the bulk atomic structure in the ferroelectric phase. Then, with N + , N -, and N in fixed, the rumpling and relaxation for each polarization has been optimized. The results are shown in Figs. 11(a)-11(c). Three very distinct minima are found for the Ba 4d, Ti 2p, and O 1s XPD simulations. The minima are also much shallower than those obtained using method (1), illustrated in Fig. 7. It was not possible to find a global minimum using this second method. Furthermore, the R factors obtained are much larger than those of method (1). We interpret this as being due to the use of the bulk ferroelectric distortion without relaxation and rumpling as starting values for the simulations to search for the best linear combination of N + , N -, and N in . Such values are too far from those