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Non-Ising domain walls in c-phase ferroelectric lead titanate thin films
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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 elec-
tron 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.
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Ferroelectric materials are characterized by their spon-
taneous and reversible electrical polarization, with a wide
variety of technological applications as microelectrome-
chanical systems (MEMSs) and memory devices [1]. The
electromechanical properties of these materials are closely
linked to their domain structure. As such, understanding and
controlling the arrangement of domains with different po-
larization orientation remains a key research objective. In
addition, the boundaries between these, i.e., domain walls,
can themselves present emergent properties [2–4] potentially
attractive for domain-wall-based nanoelectronics [5,6]. Their
complex (de)pinning dynamics when driven by an electric
field [7] have, in particular, given rise to varied implemen-
tations as nanoscale active device components [8,9].

Ferroelectric materials were long believed to present essen-
tially 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 [10–16] 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)O3 [17–19], in addition to the pres-
ence of chiral Bloch walls and Bloch lines, a particular type
of ferroelectric topological structure, in LiTaO3 [19]. Addi-
tional exotic polarization structures, such as arrays of polar
vortices [20], “supercrystals” of highly ordered flux closure
domains [21–23], and even ferroelectric skyrmions [24,25]
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have also recently been reported. In the canonical tetrag-
onal ferroelectric PbTiO3, hosting many of these emergent
exotic polarization textures, various theoretical calculations
predict either Néel walls [10,26] such as those observed in
Pb(Zr0.2Ti0.8)O3 [18,19], of which it is one of the parent com-
pounds, or a low-temperature Ising-to-Bloch transition at the
domains walls [15]. Metastable bubble domains observed in
PbTiO3 thin films [27], 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 PbTiO3. Our work is based on three
50-nm PbTiO3 thin films deposited by rf-magnetron sput-
tering on LaNiO3 electrodes on single-crystal (001) SrTiO3

substrates, with an intrinsic domain configuration governed by
the interplay between mechanical and electrostatic boundary
conditions [28,29] and additionally controlled via growth tem-
perature defect engineering [30]. 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 polariza-
tion. 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 auto-
correlation.

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 µm2

square and then −10 V in a 3 × 3 µm2 square in the center, as
shown in Fig. 1(a), ensuring a well-spaced square-in-square
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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.

domain structure whose walls could be easily individually re-
solved 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 combina-
tions. 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 po-
larization component with a purely Néel-type configuration,
as similarly observed in the related material Pb(Zr0.2Ti0.8)O3

[19].
For polydomain samples, vertical PFM imaging shows al-

ternating 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 in-
tensity 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 macro-
scopic 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 in-
dicated 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 schemati-
cally 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 PbTiO3 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 re-
gion, to enhance the probability of their edge-on alignment.
The red box demarcates an area imaged at atomic resolu-
tion in the high-angle annular dark-field (HAADF) image in
Fig. 3(b). Here, the abrupt feature in the center can be seen to
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FIG. 2. Top view of nanoscale domains and domain walls.
(a) Vertical PFM phase image of the domain structure of a polydo-
main 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.

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 PbTiO3 thin films [31] and
is very similar to the Bi-lattice kink observed in BiFeO3 re-
lated to the polarization rotation and accumulation of charged
defects at domains walls [32]. 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 [33]. 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) Gaus-
sian fitting to the Pb and Ti atom columns which offers
subpixel precision [34–36]. 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 or-
dered 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 [37]. We can then reconstruct the dom-
inant 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 PbTiO3 if the Born effective charge is con-
stant, 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 [38] 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 ro-
tates 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 PbTiO3 thin films, at room
temperature, both written and intrinsic domain walls present
a Néel character. For the written domain walls, tip-related in-
teractions, e.g., electrochemical alteration of the surface [39],
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 [15]. 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 [40].
Such charged structures, including head-to-head or tail-to-tail
polarization [41], could contribute to a higher conductivity at
the domain walls [42–46].

Moreover, defects and disorder are a crucial element of
ferroelectric thin films, acting as nucleation sites during
switching [47], pinning domain walls [7,48,49], and segre-
gating along them to provide a path for electrical conduction
[3,50,51]. Further insight into the defect landscape can be
obtained from a comparative analysis of PFM and SHG mea-
surements 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
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FIG. 3. Transmission electron microscopy and cross-section polarization mapping of intrinsic domain walls at room temperature. (a) Low-
magnification differential phase contrast (DPC) TEM image of the sample, allowing visualization of the domain wall positions. (b) High-
magnification 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.

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 po-
larization. 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 approxi-
mately 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 [38] 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 demon-
strate this, we apply this radially averaged autocorrelation
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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 can-
not 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.

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
[38] 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
[52], our observation of a characteristic length scale of 800 nm
seems more compatible with variations of a collective back-
ground defect potential. This potential has been previously
mapped out using spectroscopic techniques [47], recently
further assisted by machine learning [53]. We note, more-
over, that the key contributions to the disorder landscape
do not appear to be variations of the surface morphology
(see Supplemental Material [38] 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 do-
mains and thus modify the defect landscape of the film
[39,54]. This method can be applied more generally, for
example, to samples where the defect density has been en-
gineered, 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 PbTiO3 thin films present com-
ponents of Néel polarization at room temperature, possibly
stabilized over the predicted Ising structure by defect seg-
regation. 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 configu-
ration 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].

This work was supported by Division II of the Swiss Na-
tional Science Foundation under Project No. 200021_178782.
A.B.N. gratefully acknowledges support from the EP-
SRC (Grants No. EP/R023751/1 and No. EP/L017008/1).
S.C.-H. acknowledges the support of the French Agence
Nationale pour la Recherche (ANR) through Grant No.
ANR-18-CE92-0052 and the Programme d’Investissement
d’Avenir ANR-10-IDEX-0002-02 of the University of Stras-
bourg under Contract No. ANR-11-LABX-0058_NIE. C.L.
acknowledges the support from Division II of the Swiss Na-
tional Science Foundation under Project No. 200021_200636.
The authors thank S. Mohapatra for help for the domain
poling.

P.P. and S.C.-H. designed the experiment; C.W. and C.L.
grew the samples and conducted the piezoresponse force mi-
croscopy; S.C.-H. carried out the second-harmonic generation
microscopy in collaboration with K.D.D; A.B.N. performed
the transmission electron microscopy and the atomic position
fitting; C.W. carried out the autocorrelation analysis; I.G. per-
formed the Monte Carlo simulations of the perturbed Ising
model; C.W., C.L., A.B.N., and P.P. wrote the manuscript with
contributions from all authors. All authors discussed the ex-
perimental results and models, commented on the manuscript,
and agreed on its final version.

L241404-5



CHRISTIAN WEYMANN et al. PHYSICAL REVIEW B 106, L241404 (2022)

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.
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