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Non-Ising domain walls in c-phase ferroelectric lead titanate thin films

Ferroelectrics are technologically important, with wide application in micromechanical systems, nonlinear optics, and information storage. Recent discoveries of exotic polarization textures in these materials, which can strongly influence their properties, have brought to the forefront questions about the nature of their domain walls: long believed to be primarily Ising, with locally null polarization. Here, combining three complementary techniques-second-harmonic generation microscopy, piezoresponse force microscopy, and transmission electron microscopy-to cover all the relevant length scales, we reveal the Néel character (non-Ising polarization oriented perpendicular to the wall) of 180 • domain walls in c-phase tetragonal ferroelectric lead titanate epitaxial thin films, for both artificial and intrinsic domains at room temperature. Furthermore, we show that variations in the domain density-detected both optically and via local piezoresponse and then quantified by radial autocorrelation analysis-can give us insight into the underlying defect potential present in these materials.

Ferroelectric materials are characterized by their spontaneous and reversible electrical polarization, with a wide variety of technological applications as microelectromechanical systems (MEMSs) and memory devices [START_REF] Setter | Ferroelectric thin films: Review of materials, properties, and applications[END_REF]. The electromechanical properties of these materials are closely linked to their domain structure. As such, understanding and controlling the arrangement of domains with different polarization orientation remains a key research objective. In addition, the boundaries between these, i.e., domain walls, can themselves present emergent properties [START_REF] Seidel | Conduction at domain walls in oxide multiferroics[END_REF][START_REF] Guyonnet | Conduction at domain walls in insulating Pb(Zr 0.2 Ti 0.8 )O 3 thin films[END_REF][START_REF] Daraktchiev | Landau theory of domain wall magnetoelectricity[END_REF] potentially attractive for domain-wall-based nanoelectronics [START_REF] Catalan | Domain wall nanoelectronics[END_REF][START_REF] Meier | Anisotropic conductance at improper ferroelectric domain walls[END_REF]. Their complex (de)pinning dynamics when driven by an electric field [START_REF] Paruch | Nanoscale studies of ferroelectric domain walls as pinned elastic interfaces[END_REF] have, in particular, given rise to varied implementations as nanoscale active device components [START_REF] Whyte | Ferroelectric domain wall injection[END_REF][START_REF] Mcgilly | Controlling domain wall motion in ferroelectric thin films[END_REF].

Ferroelectric materials were long believed to present essentially Ising-type 180 • domain walls, in which the polarization is maintained along the bulk axis, decreasing to zero and reversing its orientation at the domain wall center. However, extensive theoretical studies [START_REF] Lee | Mixed Bloch-Néel-Ising character of 180 • ferroelectric domain walls[END_REF][START_REF] Marton | Domain walls of ferroelectric BaTiO 3 within the Ginzburg-Landau-Devonshire phenomenological model[END_REF][START_REF] Stepkova | Stress-induced phase transition in ferroelectric domain walls of BaTiO 3[END_REF][START_REF] Marton | Divergence of dielectric permittivity near phase transition within ferroelectric domain boundaries[END_REF][START_REF] Wang | Chiral phase transition at 180 • domain walls in ferroelectric PbTiO 3 driven by epitaxial compressive strains[END_REF][START_REF] Wojdeł | Ferroelectric Transitions at Ferroelectric Domain Walls Found from First Principles[END_REF][START_REF] Eliseev | Structural phase transitions and electronic phenomena at 180-degree domain walls in rhombohedral BaTiO 3[END_REF] have predicted non-Ising polarization components oriented either perpendicular to the wall (Néel type) or in the plane of the wall (Bloch type). Previously, the existence of Néel-type domain walls has been demonstrated in Pb(Zr,Ti)O 3 [START_REF] Wei | Néel-like domain walls in ferroelectric Pb(Zr,Ti)O 3 single crystals[END_REF][START_REF] De Luca | Domain wall architecture in tetragonal ferroelectric thin films[END_REF][START_REF] Cherifi-Hertel | Non-Ising and chiral ferroelectric domain walls revealed by nonlinear optical microscopy[END_REF], in addition to the presence of chiral Bloch walls and Bloch lines, a particular type of ferroelectric topological structure, in LiTaO 3 [START_REF] Cherifi-Hertel | Non-Ising and chiral ferroelectric domain walls revealed by nonlinear optical microscopy[END_REF]. Additional exotic polarization structures, such as arrays of polar vortices [START_REF] Yadav | Observation of polar vortices in oxide superlattices[END_REF], "supercrystals" of highly ordered flux closure domains [START_REF] Stoica | Optical creation of a supercrystal with three-dimensional nanoscale periodicity[END_REF][START_REF] Hadjimichael | Ferroelectric domains in lead titanate heterostructures[END_REF][START_REF] Hadjimichael | Metal-ferroelectric supercrystals with periodically curved metallic layers[END_REF], and even ferroelectric skyrmions [START_REF] Gonçalves | Theoretical guidelines to create and tune electric skyrmion bubbles[END_REF][START_REF] Das | Observation of room-temperature polar skyrmions[END_REF] have also recently been reported. In the canonical tetragonal ferroelectric PbTiO 3 , hosting many of these emergent exotic polarization textures, various theoretical calculations predict either Néel walls [START_REF] Lee | Mixed Bloch-Néel-Ising character of 180 • ferroelectric domain walls[END_REF][START_REF] Behera | Structure and energetics of 180 • domain walls in PbTiO 3 by density functional theory[END_REF] such as those observed in Pb(Zr 0.2 Ti 0.8 )O 3 [START_REF] De Luca | Domain wall architecture in tetragonal ferroelectric thin films[END_REF][START_REF] Cherifi-Hertel | Non-Ising and chiral ferroelectric domain walls revealed by nonlinear optical microscopy[END_REF], of which it is one of the parent compounds, or a low-temperature Ising-to-Bloch transition at the domains walls [START_REF] Wojdeł | Ferroelectric Transitions at Ferroelectric Domain Walls Found from First Principles[END_REF]. Metastable bubble domains observed in PbTiO 3 thin films [START_REF] Zhang | Nanoscale bubble domains and topological transitions in ultrathin ferroelectric films[END_REF], with no strong delineation between the domain wall and interior, further suggest that the polarization in this material can be extremely "soft" and easy to reorient in either Bloch-or Néel-like textures under specific electrostatic and strain boundary conditions.

In this context, we set out to characterize the nature of 180 • domain walls in PbTiO 3 . Our work is based on three 50-nm PbTiO 3 thin films deposited by rf-magnetron sputtering on LaNiO 3 electrodes on single-crystal (001) SrTiO 3 substrates, with an intrinsic domain configuration governed by the interplay between mechanical and electrostatic boundary conditions [START_REF] Lichtensteiger | Tuning of the depolarization field and nanodomain structure in ferroelectric thin films[END_REF][START_REF] Lichtensteiger | Built-in voltage in thin ferroelectric PbTiO 3 films: The effect of electrostatic boundary conditions[END_REF] and additionally controlled via growth temperature defect engineering [START_REF] Weymann | Full control of polarization in ferroelectric thin films using growth temperature to modulate defects[END_REF]. Using piezoresponse force microscopy (PFM) and second-harmonic generation (SHG), we find that Néel-like behavior dominates at artificial domain walls introduced by local electric field switching of polarization. By combining PFM and careful analysis of transmission electron microscopy (TEM) data, we show that the same is true for naturally occurring domain walls in polydomain samples. Finally, we also show that it is possible to extract information on the underlying pinning potential by additional SHG and PFM image treatment and analysis based on autocorrelation.

In the out-of-plane up-oriented monodomain film, domains were patterned by applying relatively high bias to the scanning probe microscopy tip, first +10 V to switch a 6 × 6 µm 2 square and then -10 V in a 3 × 3 µm 2 square in the center, as shown in Fig. 1(a), ensuring a well-spaced square-in-square domain structure whose walls could be easily individually resolved by SHG. From the anisotropic SHG image [Fig. 1(b)], a localized second-harmonic emission is observed at the domain wall regions, demonstrating their non-Ising polar character. Additional polarimetry analysis was performed on this region for different polarizer and analyzer angle combinations. The written domain walls are clearly visible in the SHG image only when the analyzer is perpendicular to the wall plane, as shown in Figs. 1(c) and 1(d). We can thus conclude that in this case, the domain walls present an in-plane polarization component with a purely Néel-type configuration, as similarly observed in the related material Pb(Zr 0.2 Ti 0.8 )O 3 [START_REF] Cherifi-Hertel | Non-Ising and chiral ferroelectric domain walls revealed by nonlinear optical microscopy[END_REF].

For polydomain samples, vertical PFM imaging shows alternating regions with up-and down-oriented domains, of the order of a few tens of nanometers across, as can be seen in Fig. 2(a). At these length scales it impossible to individually resolve domain walls and determine their nature via SHG polarimetry, but non-negligible contrasts in the measured intensity point to the presence of in-plane polarization (as we will discuss further later). We therefore turn to scanning transmission electron microscopy (STEM) to visualize the individual atomic displacements contributing to the macroscopic polarization. TEM measurements were performed on an ≈30 nm lamella prepared with the long axis parallel to the [100] in-plane axis of the thin film, as schematically indicated by the green box in Fig. 2(a). Capturing a domain wall perfectly edge-on in such a lamella is unlikely, and we thus expect to observe a projection of the wall, in which case the TEM measurements would average over the two opposing out-of-plane polarization orientations of the domains as well as any Néel or Bloch domain wall polarization, as schematically indicated in Figs. 2(b) and 2(c), respectively.

Figure 3(a) shows a low-magnification differential phase contrast (DPC) STEM image where the color scale indicates the direction and relative magnitude of the deflection of the STEM probe due to diffraction and Lorentz deflection. Within the PbTiO 3 film, elongated linear features between regions of relatively homogeneous contrast can be identified, appearing dark red and thus indicating an increased in-plane deflection component. These features appear narrower and vertically oriented near the film surface and then gradually broaden and curve towards the interface of the film with the back electrode and substrate. We therefore focused on the near-surface region, to enhance the probability of their edge-on alignment. The red box demarcates an area imaged at atomic resolution in the high-angle annular dark-field (HAADF) image in Fig. 3(b). Here, the abrupt feature in the center can be seen to From this schematic representation, it is clear that domain walls are highly unlikely to align through the TEM lamella thickness, but will rather meander, leading to averaging over different polarization orientations in the TEM cross-section measurements. For a wall that is not imaged edge-on, i.e., orthogonal to the plane of the lamella, the two possible polarization configurations at the wall [(b) and (c)] could lead to similar projections. manifest as a distinct shift in the Pb atom positions, resulting in an apparent "kink" in the Pb lattice (the brightest atom columns). This confirms the prediction of Aguado-Puente and Junquera for 180 • domain walls in PbTiO 3 thin films [START_REF] Aguado-Puente | Structural and energetic properties of domains in PbTiO 3 /SrTiO 3 superlattices from first principles[END_REF] and is very similar to the Bi-lattice kink observed in BiFeO 3 related to the polarization rotation and accumulation of charged defects at domains walls [START_REF] Rojac | Domain-wall conduction in ferroelectric BiFeO 3 controlled by accumulation of charged defects[END_REF]. Furthermore, it can be seen from Fig. 3(b) and its cropped version shown in Fig. 3(c) that the Ti atom columns sit closer to the center of the unit cell on the left whereas they are near the bottom of the unit cell on the right. In other words, there is evidently a greater out-of-plane component of polarization on the right since this is closely linked to the B-site cation displacement from the centrosymmetric position within the unit cell [START_REF] Shirane | Soft ferroelectric modes in lead titanate[END_REF]. This observation therefore suggests the presence of a domain wall in the center of the image.

In order to accurately determine the atom positions and hence polarization, we perform two-dimensional (2D) Gaussian fitting to the Pb and Ti atom columns which offers subpixel precision [START_REF] Yankovich | Picometre-precision analysis of scanning transmission electron microscopy images of platinum nanocatalysts[END_REF][START_REF] Wang | Atomic level 1D structural modulations at the negatively charged domain walls in BiFeO 3 films[END_REF][START_REF] Bencan | Atomic scale symmetry and polar nanoclusters in the paraelectric phase of ferroelectric materials[END_REF]. From this, we can determine a number of factors that can confirm the presence of a domain wall: the c-axis d spacing and the c-a angle (the angle between the [100] and [001] directions), as shown in the averaged line profiles in Fig. 3(d), which go from left to right in Fig. 3(b). In addition, we can also determine the ellipticity of the atom columns-shown in Fig. 3(e)-which gives a measure of the disorder through the thickness of the lamella: An ideally ordered column of atoms would appear perfectly circular. From the profiles in Figs. 3(d) and 3(e), it is clear that the kink observed in Figs. 3(b) and 3(c) coincides with an increase in the c-a angle and in both the Pb and Ti ellipticities. One can also note a concomitant decrease in out-of-plane lattice parameter c, although within the error bars. Crucially, all of this occurs over approximately two to three unit cells and coincides with an increase in the in-plane component of the polarization defined by the displacement of the Ti columns from the center of the unit cell given by the Pb atoms, as shown in Fig. 3(e).

To deconvolute the different domain contributions, we fit three 2D Gaussians to each of the Ti atom columns: two corresponding to the Ti atom shifts up and down relative to the mean position given by the single Gaussian fitting and one corresponding to the "mean" position between the first two. This approach is analogous to the MPFIT algorithm proposed previously [START_REF] Mukherjee | mpfit: A robust method for fitting atomic resolution images with multiple Gaussian peaks[END_REF]. We can then reconstruct the dominant polarization from these three components, discarding extraneous effects from projection. We note, however, that the displacement of the Ti atoms only corresponds exactly to the polarization of the PbTiO 3 if the Born effective charge is constant, which may not be the case at the domain wall. For the sake of brevity, a comprehensive discussion of the procedure is detailed in Supplemental Material [START_REF]L241404 for further information about scanning transmission electron microscopy data acquisition and analysis, radially averaged autocorrelation analysis, Ising model with disorder, non-Ising structure and conductive properties of ferroelectric domain walls, second-harmonic generation, thinfilm growth, and scanning probe microscopy[END_REF] Sec. S1. Figure 3(f) shows the final result of this reconstruction where the image is an interpolated map of the c-a angle with the polarization vectors overlaid. Moving from left to right on the image, a classic Néel-like behavior is observed: The polarization rotates through 180 • from upwards on the left to downwards on the right with a predominantly in-plane orientation in the two to three unit cells at the Pb kink in the center where the c-a angle is maximized and the tetragonality is minimized.

It therefore appears that in our PbTiO 3 thin films, at room temperature, both written and intrinsic domain walls present a Néel character. For the written domain walls, tip-related interactions, e.g., electrochemical alteration of the surface [START_REF] Kalinin | The role of electrochemical phenomena in scanning probe microscopy of ferroelectric thin films[END_REF], could stabilize the polar discontinuity inherent in the Néel structure. For intrinsic domain walls, however, first-principles calculations predict a Bloch character at low temperature and, at higher temperatures, an Ising character with no in-plane component of polarization [START_REF] Wojdeł | Ferroelectric Transitions at Ferroelectric Domain Walls Found from First Principles[END_REF]. Our observations of a Néel component suggest that in real materials such structures are on the contrary at the very least metastable. The polarization discontinuity at domain walls with such a Néel component can be related to domain wall curvature or inclination [START_REF] Acevedo-Salas | Impact of 3D curvature on the polarization orientation in non-Ising domain walls[END_REF]. Such charged structures, including head-to-head or tail-to-tail polarization [START_REF] Jia | Direct observation of continuous electric dipole rotation in fluxclosure domains in ferroelectric Pb[END_REF], could contribute to a higher conductivity at the domain walls [START_REF] Morozovska | Impact of free charges on polarization and pyroelectricity in antiferrodistortive structures and surfaces induced by a flexoelectric effect[END_REF][START_REF] Eliseev | Domain wall conduction in multiaxial ferroelectrics[END_REF][START_REF] Feigl | Controlled stripes of ultrafine ferroelectric domains[END_REF][START_REF] Stolichnov | Bent ferroelectric domain walls as reconfigurable metallic-like channels[END_REF][START_REF] Cao | Role of flexoelectric coupling in polarization rotations at the a-c domain walls in ferroelectric perovskites[END_REF].

Moreover, defects and disorder are a crucial element of ferroelectric thin films, acting as nucleation sites during switching [START_REF] Jesse | Direct imaging of the spatial and energy distribution of nucleation centres in ferroelectric materials[END_REF], pinning domain walls [START_REF] Paruch | Nanoscale studies of ferroelectric domain walls as pinned elastic interfaces[END_REF][START_REF] Blaser | Minimum domain size and stability in carbon nanotube-ferroelectric devices[END_REF][START_REF] Tueckmantel | Local Probe Comparison of Ferroelectric Switching Event Statistics in the Creep and Depinning Regimes in Pb(Zr 0.2 Ti 0.8 )O 3 Thin Films[END_REF], and segregating along them to provide a path for electrical conduction [START_REF] Guyonnet | Conduction at domain walls in insulating Pb(Zr 0.2 Ti 0.8 )O 3 thin films[END_REF][START_REF] Farokhipoor | Conduction through 71 • Domain Walls in BiFeO 3 Thin Films[END_REF][START_REF] Seidel | Domain Wall Conductivity in La-Doped BiFeO 3[END_REF]. Further insight into the defect landscape can be obtained from a comparative analysis of PFM and SHG measurements in another polydomain sample (Fig. 4). The vertical PFM phase response in Fig. 4(a) reveals intrinsic domains of the order of 100 nm, well below the diffraction limit for the wavelength used in SHG measurements (∼300 nm). When comparing with the image obtained by SHG on the same sample and at the same scale [Fig. 4(b)], we nonetheless observe regions of brighter and darker SHG contrast. This signal confirms the presence of an in-plane component of polarization. However, these contrast variations appear at much larger length scales than the individual nanoscale domains imaged by PFM. Indeed, radially averaged autocorrelation for each image reveals a characteristic pseudoperiod of approximately 800 nm for the SHG contrast variations, but only about 100 nm for the PFM images, corresponding directly to the domain structure (see Supplemental Material [START_REF]L241404 for further information about scanning transmission electron microscopy data acquisition and analysis, radially averaged autocorrelation analysis, Ising model with disorder, non-Ising structure and conductive properties of ferroelectric domain walls, second-harmonic generation, thinfilm growth, and scanning probe microscopy[END_REF] Sec. S2 for details).

Nonetheless, when the microstructure of domains [Fig. 4(c)] and domain walls [Fig. 4(d)] in the PFM image is explicitly blurred to mimic the lower resolution and averaging effect of SHG, longer-range variations in density are clearly revealed. Radially averaged autocorrelation analysis of this resulting superstructure shows the same approximately 800 nm pseudoperiod as that of the intensity variations in the SHG image [Fig. 4(e)].

This superstructure in the domain density appears to be directly linked to the underlying defect landscape. To demonstrate this, we apply this radially averaged autocorrelation analysis to a simple Ising model simulation shown in Fig. 5(a), in which a disorder potential with a characteristic length scale ξ is added to the Ising Hamiltonian, and the resulting domain density fluctuations are blurred to reveal their superstructure, as for the experimental analysis (see Supplemental Material [START_REF]L241404 for further information about scanning transmission electron microscopy data acquisition and analysis, radially averaged autocorrelation analysis, Ising model with disorder, non-Ising structure and conductive properties of ferroelectric domain walls, second-harmonic generation, thinfilm growth, and scanning probe microscopy[END_REF] Sec. S3 for details). As can be seen in Fig. 5(b), we find that the typical feature size extracted from radially averaged autocorrelation analysis exactly matches the characteristic length scale ξ of the disorder potential.

While the effect of strong, localized defects can be seen in, for example, the changes in roughness at domain walls [START_REF] Guyonnet | Growing up at the nanoscale: Studies of ferroelectric domain wall functionalities, roughening, and dynamic properties by atomic force microscopy[END_REF], our observation of a characteristic length scale of 800 nm seems more compatible with variations of a collective background defect potential. This potential has been previously mapped out using spectroscopic techniques [START_REF] Jesse | Direct imaging of the spatial and energy distribution of nucleation centres in ferroelectric materials[END_REF], recently further assisted by machine learning [START_REF] Agar | Machine detection of enhanced electromechanical energy conversion in PbZr 0.2 Ti 0.8 O 3 thin films[END_REF]. We note, moreover, that the key contributions to the disorder landscape do not appear to be variations of the surface morphology (see Supplemental Material [START_REF]L241404 for further information about scanning transmission electron microscopy data acquisition and analysis, radially averaged autocorrelation analysis, Ising model with disorder, non-Ising structure and conductive properties of ferroelectric domain walls, second-harmonic generation, thinfilm growth, and scanning probe microscopy[END_REF] Fig. S10 for details). Our analysis therefore demonstrates that quantitative information on this defect potential-its characteristic length scale-can be obtained using noninvasive and nondestructive optical measurements, without the need to switch the intrinsic domains and thus modify the defect landscape of the film [START_REF] Kalinin | The role of electrochemical phenomena in scanning probe microscopy of ferroelectric thin films[END_REF][START_REF] Domingo | Surface charged species and electrochemistry of ferroelectric thin films[END_REF]. This method can be applied more generally, for example, to samples where the defect density has been engineered, to reveal the resulting change in domain density superstructure.

In summary, our complementary PFM, SHG, and TEM measurements demonstrate that both artificial and naturally occurring domain walls in PbTiO 3 thin films present components of Néel polarization at room temperature, possibly stabilized over the predicted Ising structure by defect segregation. Indeed, radially averaged autocorrelation analysis of domain density fluctuations reveals characteristic length scales which can be related to variations in the underlying disorder potential landscape. While it remains to be explored if and how such domain walls transition to a Bloch configuration at low temperature, our observations suggest potential utility in novel nanoelectronic applications, as Néel domain walls would be locally more likely to show increased electrical conductivity than their Ising counterparts (see Supplemental Material Sec. S4 for details).

The data that support the findings of this study are available at Yareta [55]. 
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 1 FIG. 1. Signature of Néel polarization at written domain walls at room temperature. (a) Vertical PFM phase image of the square-in-square domain structure written in an up-oriented monodomain film. (b) Isotropic SHG image (without polarization analysis) acquired at the patterned square-in-square domain structure, with red corresponding to maximum signal intensity and blue corresponding to minimum signal intensity. (c) and (d) SHG measurements of the domain structure for different polarizer and analyzer angle combinations, where the analyzer direction is represented by the double-headed arrow. SHG signal is observed at the domain walls only when the analyzer is perpendicular to the domain wall plane, consistent with a Néel character. The white scale bar in all panels represents 4 µm.
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 2 FIG. 2. Top view of nanoscale domains and domain walls. (a) Vertical PFM phase image of the domain structure of a polydomain sample. The white scale bar represents 400 nm. The typical thickness of the TEM lamella prepared from this sample (≈30 nm) is represented by the green box. (b) and (c) Schematic representation of the polarization in the black rectangle in (a), for the case of Néel-(b) or Bloch-type (c) domain walls, respectively.From this schematic representation, it is clear that domain walls are highly unlikely to align through the TEM lamella thickness, but will rather meander, leading to averaging over different polarization orientations in the TEM cross-section measurements. For a wall that is not imaged edge-on, i.e., orthogonal to the plane of the lamella, the two possible polarization configurations at the wall [(b) and (c)] could lead to similar projections.
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 3 FIG. 3. Transmission electron microscopy and cross-section polarization mapping of intrinsic domain walls at room temperature. (a) Lowmagnification differential phase contrast (DPC) TEM image of the sample, allowing visualization of the domain wall positions. (b) Highmagnification HAADF-STEM image of the region indicated by the red box in (a). The domain wall is visible as a shift in the Pb lattice close to the center of the image (see main text). (c) Cropped version of the atomic resolution HAADF shown in (b). Here the Ti atom columns are readily visible, as well as the shift in the Pb lattice, inducing a sharp change in the c-a angle highlighted by the yellow dotted lines. The domain wall position is indicated by red arrows in (a)-(c). (d) c axis and c-a angle extracted from 2D Gaussian fits to the positions of the atomic columns in (b). The position of the domain wall is clearly visible as an increase in c-a angle. (e) Ellipticities of the Pb and Ti columns, caused by the projection of different positions of the atoms throughout the thickness of the lamella. The Ti ellipticity is higher throughout, consistent with the averaging over opposite polarization directions through the thickness of the lamella. (f) Reconstructed polarization map based on a three-Gaussian fit to the position of the Ti columns in (c) (see main text). The color scale indicates the interpolated c-a angle, which we use as a marker for the position of the domain wall. The arrows represent the polarization extracted from the Ti displacement, which follows a typical Néel pattern.
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 4 FIG. 4. Characteristic length scale of domain superstructure. (a) Vertical PFM phase image of the domain structure of the polydomain sample in blue (ranging from 0 • to 180 • ), with the edges detected using the Canny edge detection algorithm in purple. (b) SHG image of the same sample. The dark and bright contrast cannot be directly related to the domain pattern or to the domain edges. (c) and (d) Local density variations revealed by blurring applied on the vertical PFM phase image of the domains in (c) and on the domain wall structure (d). These domain density variations appear to closely match the variation observed in SHG intensity. All images are shown at the same scale, indicated by the 2-µm white scale bar in (a). (e) Radially averaged autocorrelation for the SHG image and both the domain and domain wall (DW) distributions obtained from the PFM phase image, and their superstructure obtained after blurring. While only very small structures are revealed in the raw PFM images, the superstructure in the density has the same pseudoperiod as the contrast variations found in the SHG image.
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 5 FIG. 5. Simulations of domain density variations demonstrating the importance of the disorder correlation length. Experimentally observed fluctuations of domain density were reproduced using an Ising system with a random disorder potential of characteristic length scale ξ . (a) Relaxed domain structure after randomly distributed up-and down-polarization regions, initially in equal proportion, were subjected to a random field disorder potential. (b) The radially averaged autocorrelation function of the domain superstructure, whose first minima, corresponding to the typical feature size, exactly match the disorder correlation length. Here, px, pixels.