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Ferroelectric charged domain walls (CDWSs) with nanoscale
thickness and bound charges are typically viewed as ultrathin,
reconfigurable, and highly conductive two-dimensional
components for domain wall nanoelectronics. Dimensional
confinement of such polar topological structures has the
potential to increase device density and unlock novel
functionalities. We report 180° head-to-head and tail-to-tail
CDWs exhibiting one-dimensional (1D) characteristics. These 1D
CDWs are confined within the polar layers of ferroelectric ZrO,
and have atomic-scale dimensions in both width and thickness.
Quantitative analysis unveils a distinct screening mechanism of
these walls whereby bound polarization charges are
compensated by self-balancing oxygen occupancy. We
demonstrate electric field—driven manipulation of these 1D
CDWs, revealing the microscopic coupling between polarization
switching and oxygen-ion transport.

Topological structures in ferroelectric materials, including vortices,
skyrmions, merons, and hopfions have emergent properties distinct
from the parent phase, which have potential applications in electronics
(I-3). Among these, domain walls (DWs) constitute two-dimensional
(2D) or quasi-2D topological defects that separate domains with di-
vergent polarization orientations and are classified as either neutral
or charged based on the presence of bound charges (2, 4, 5). Unlike
heterogeneous interfaces between different materials (such as p-n
junctions), ferroelectric DWs are homogeneous interfaces with nano-
scale thickness. Ferroelectric dynamics impart spatial mobility DWs that
enable real-time control of their position, density, and orientation (6).
Furthermore, electronic confinement combined with distinct sym-
metry and chemical environment endows mobile DWs with diverse
functional electric and magnetic properties (7, 8). Thus, domain wall
nanoelectronics establishes a new paradigm for nonvolatile memory
and logic by utilizing DWs (8-17), rather than domains, as active ele-
ments, demonstrating the concept of “the wall is the device” (9).

The perception of DWs as necessarily 2D or quasi-2D entities in bulk
crystals and thin films appears to result from the 3D nature of con-
ventional ferroelectrics. Confining the DW dimensionality necessitates
implementation within dimensionally confined ferroelectric systems
(Fig. 1A), and emerging fluorite ferroelectrics demonstrate promise in
this context (18-20). In these materials, polarization originates from
the off-center displacements of three-coordinated polar oxygen atoms
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(Op) within the Pca2, orthorhombic phase, whereas four-coordinated
nonpolar oxygen atoms form spacer layers, creating an alternating
polar/nonpolar subcell architecture (21). Phonon band theory further
reveals a vanishingly weak interaction between adjacent polar subcells,
with nonpolar spacer layers effectively functioning as zero-thickness
neutral DWs (I8). Despite their nominally 3D crystal structures, fluo-
rite ferroelectrics are more accurately described as stacks of weakly
interacting 2D polar layers that enable stable and switchable ferro-
electric domains at the subcell limit (Fig. 1B). Stabilizing DWs within
such 2D polar layers inherently confines them to a 1D geometry (Fig. 1C),
which we expected to enable atomic-scale DW sizes and ultrahigh
DW density.

‘We present a detailed investigation of 1D CDWs in ZrO,, a representa-
tive fluorite ferroelectric. Multislice electron ptychography (MEP) with
ultrahigh resolution [~28 picometers (pm)], revealed head-to-head (H-H)
and tail-to-tail (T-T) CDWs embedded within the polar layers. The dimen-
sions of these CDWs in terms of width and thickness (<2.7 A) confirmed
their 1D nature. Quantitative analysis of oxygen occupancy near CDWs
demonstrated their screening mechanisms, and through in situ electric
field manipulation with integrated differential phase contrast scanning
transmission electron microscopy (iDPC-STEM), we achieved both
electric field-driven motion of 1D head-to-head CDWs and direct
visualization of this process. Their dynamic behavior within 2D polar
layers suggested the coupling between polarization switching and ionic
transport.

1D charged domain walls in ZrO,

We synthesized freestanding 5-nm ZrO, thin films using pulsed laser
deposition and transferred them onto transmission electron micros-
copy (TEM) grids for plan-view imaging after selective etching (22) (see
fig. S1 for the experimental setup). Initially, atomic-scale characteriza-
tion was performed with MEP, which provided high light-element contrast
and a spatial resolution of several tens of picometers (fig. S2). Moreover,
the MEP technique enables the quantification of atomic occupancy by
leveraging the linear relationship between the integrated phase and
the number of atoms, with the final image intensity exhibiting insensi-
tivity to positional disorder along the atomic column (23, 24). This
technique provided high-quality imaging of both the Zr and O sublattices
in the ZrO, films. As shown in Fig. 1B, nonpolar oxygen ions (orange)
occupied centrosymmetric positions within the Zr lattices, whereas
polar oxygen ions (red) exhibited off-center displacements. Their alter-
nating arrangement formed a 3D crystal composed of 2D polar sheets.

Both uniformly polarized 2D ferroelectric domains and dimension-
ally confined CDWs were embedded within the polar layers of ZrO,
nanocrystals. Representative regions containing H-H and T-T CDWs
are presented in Fig. 2, A and B, respectively. The magnified view of
the H-H CDW in Fig. 2C revealed its spatial confinement within the
polar layers, directly contradicting earlier theoretical predictions of
its energetic instability (25-27). Flanking Op displacements exhibited
upward or downward shifts relative to centrosymmetric positions,
whereas at the wall core, two Op groups simultaneously compressed
into a single Zr subcell. Quantitative analysis of displacement (Fig. 2D)
confirmed that the wall thickness was merely one subcell, matching
standard Op displacements (~0.54 A) in adjacent subcells. Similarly,
the T-T CDW (Fig. 2E) exhibited an inverted Op displacement sym-
metry, with the wall core exhibiting oxygen vacancies (V). The cor-
responding quantification (Fig. 2F) also revealed a subcell-scale thickness.
Both H-H and T-T CDWs had ¢ ~ 2.55 A and w ~ 2.7 A (one subcell
each), and [/ scaled with the grain size (here, [ = 5 nm, matching
the film thickness), thus representing truly 1D structures.

Such highly confined wall dimensions are expected to require very
high screening charge concentrations to prevent polarization destabiliza-
tion (4). Specifically, for these 1D CDWs with local polarization P; ~
100 pC/cm2 and t ~ 2.55 A, we estimated the screening charge con-
centration as 2P/et ~ 4.9 x10*2 cm™%, where e is the elementary charge.
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Fig. 1. Concept and realization scheme of 1D domain walls. (A) Schematic of dimensional confinement, which reduces the dimensionality of the ferroelectric DWs.

(B) Projected MEP phase image from ZrO, and oxygen displacement mapping. The color scale indicates the normalized displacement relative to the standard Pca2; structure of
Zr0,. The inset shows the atomic schematic of ferroelectric ZrO, along the [010] axis. The arrows denote the polarization directions in the alternating polar/nonpolar subcells,
confirming the segmented architecture. (C) Atomic schematic of fluorite ferroelectrics (Hf/Zr0,) with defined 1D CDWs. Geometric parameters of CDWs: thickness (t), width

(w), and length (/). 1D character requires I > wxt.

Fig. 2. 1D charged domain walls. Projected MEP
phase image containing three H-H CDWs (A) and
three T-T CDWs (B); white boxes indicate the positions
of the CDWs. (C) Magnified view of DW2 from (A) and
the corresponding atomic model. Black arrows
denote the displacements of Op relative to the
centrosymmetric positions and gray arrows indicate
the local polarization directions. (D) Quantitative
displacement (D) of Op in each subcell from (C),
demonstrating the H-H wall thickness of one subcell.
(E) Magnified view of DW1 from (B) and the
corresponding atomic model. (F) Quantitative
displacement of Op in each subcell from (E),
demonstrating the T-T wall thickness of one subcell.
Quantitative analysis of oxygen intensities in subcells
near the H-H DW2 (G) and T-T DW1 (H). The total
oxygen intensities in the CDW subcell were >1.0 (G)
and <1.0 (H), respectively.
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Considering that each oxygen ion or vacancy carries two negative or
positive charges and the subcell volume is V'~ 2.55 Ax 271 A x 5.07A =
3.50 x 1072 cm3, it can be estimated that complete compensation of
these CDWs would require approximately 0.86 oxygen ions or vacan-
cies per subcell. The value of charge concentration approached the
metallic free electron densities, indicating that these 1D CDWs may
function with excellent conductivity. Characterizing the electrical con-
ductivity of these channels will likely be challenging because of their
extremely small size. However, the ultimate size of CDWs demon-
strated here will substantially enhance the theoretical density limit of
DW-based nonvolatile ferroelectric memories.

To elucidate the charge screening mechanisms of these CDWs, a
quantitative analysis of oxygen occupancy was conducted. We first
performed quantitative simulations of the projected oxygen atoms along
single columns to establish the relation between oxygen occupancy
and the MEP phase (fig. S3), thereby determining the occupancy at in-
dividual polar oxygen sites near the CDWs. The results indicated that
the combined occupancy of the oxygen within the same subcell exceeds
1.0 (Fig. 2G and table S1), demonstrating oxygen over stoichiometry
at the domain walls. Furthermore, the depth-resolved analysis (fig. S4)
demonstrated that all slices exhibit similar oxygen locations at the
domain walls. This wall configuration resembled a theoretically pre-
dicted Pbcem structure (28), in which excess oxygen occupied sites with
half occupancy. Nevertheless, we cannot exclude the possibility of an
alternative scenario of periodically overlapping polar structures with
excess oxygen, given the limitation in depth resolution of MEP. These
excess oxygen ions, carrying negative charges, effectively screened the
high density of positive bound polarization charges within the walls,
thereby stabilizing these energetically unfavorable, strongly CDWs.
Conversely, the polarization discontinuity at these 1D CDWs helped
maintain a high density of charged nonstoichiometric oxygen occu-
pancy. Correspondingly, the high density of negatively bound polarization
charges at the T-T CDWs was screened by positively charged 1 (Fig. 2H
and table S2), analogous to the compensation mechanism observed
at the T-T CDWs in BaTiO3; (29). Quantitative analysis of oxygen occu-
pancy revealed that both the experimentally measured excess oxygen
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and V) concentration at the domain walls matched the predicted value.
Statistical analysis of the vacancy-free oxygen columns (fig. S5) indi-
cated that the analysis of oxygen excess or deficiency at the CDWs
are reliable.

The mutual relations between nonstoichiometric oxygen occupancy
and bound polarization charges revealed a robust mechanism that
promoted the stability of these energetically unfavorable CDWs in
fluorite ferroelectrics. Furthermore, the widespread presence of these
nonstoichiometric oxygen occupancies indicated high mobility of oxy-
gen ions in fluorite ferroelectrics. Their migration led to a local oxygen
imbalance (either excess or deficiency), and it was precisely the electri-
cal environment created by these local imbalances that stabilized
energetically unfavorable, strongly charged DWs. Such local oxygen
imbalance was not restricted to existing solely within distinct 2D polar
lamellae. Multiple CDWs could coexist within the same polar layer
(fig. S6) and further increased the density of the 1D CDWs within
the films.

Motion of 1D charged domain walls

During STEM imaging, electron beam irradiation induced net positive
charge accumulation in the dielectric layers through beam-solid inter-
actions, which generated a localized electric field sufficient to drive
CDWs motion and polarization switching (30). As shown in fig. S7, this
induced field produced two distinct polarization states in the same
nanocrystal. To fully exploit the intrinsic functional properties of these
1D CDWs, the controlled creation, motion, and erasure of these walls
are essential. We used electron beam-induced fields to directly ma-
nipulate and observe 1D head-to-head CDWs. Fig. 3, A to C, presents
iDPC-STEM images of the same region at three time points (with the
full sequences in movie S1 and fig. S8). We observed 1D “head-to-head”
CDWs emerging in both regions I and II and found that they moved
independently, which was a direct consequence of the negligible in-
terlayer coupling mediated by the intervening nonpolar spacer layers
(18). The CDWs motion involved the predominant atomic displacement
of Op, with the Zr lattices remaining stationary and no appreciable
lattice distortion induced despite oxygen overaccumulation at the DWs
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Fig.3. Motion of 1D H-H CDWs in ZrO,. (A to C) Atomic iDPC-STEM frames at three states during CDWs motion. The white dashed boxes mark the CDW positions and the
arrows indicate the directions of the CDW motion. (D to F) Atomic models and polarization mappings corresponding to (A) to (C). The blue arrows denote the local polarization
direction (orientation) and magnitude (length). (G to I) The O, displacement of each subcell corresponding to (A) to (C).
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(fig. S9). The control of 1D CDWs in each polar layer will enable both
specific patterns in unit cell-scale and multilevel memory with ultra-
high density. Such multilevel devices are desirable for improving en-
ergy efficiency in artificial intelligence and machine learning (31).

The exceptional imaging quality enabled the precise atomic local-
ization of both the Zr and O columns, allowing us to quantitatively
determine the ionic displacement. Figure 3, D to F, presents the cor-
responding atomic and polarization mappings at the three time points,
with the Op displacement values of the individual subcells displayed
in Fig. 3, G to I. During dynamic motion, we observed that Op dis-
placements in subcells adjacent to the CDWs exceeded those in remote
subcells by up to ~56 pm. This apparent broadening of the H-H CDWs,
compared with the single subcell thickness observed in Fig. 2C, likely
originated from delayed charge compensation during electric-field-
driven wall propagation (4). By contrast, the quasistatic CDWs in Fig. 2
maintained a minimal thickness by balancing the oxygen occupancy,
which provided sufficient charge compensation.

Coupling between polarization switching and

oxygen-ion transport

Given that these 1D H-H CDWs accommodate excess oxygen ions, their
propagation simultaneously facilitates oxygen-ion migration. The
motion of H-H CDWs mediated both polarization switching and long-
range oxygen-ion transport across domains. Indeed, substantial ex-
perimental evidence has indicated a strong correlation between
polarization and oxygen-ion migration in fluorite ferroelectrics (32-34),
but the atomic-scale dynamics remain elusive. We propose the fol-
lowing microscopic coupling mechanism in which electric field-
driven injection of interstitial oxygen ions from grain boundaries
and interfaces into polar layers triggers polarization reversal at do-
main edges, forming H-H CDWs, and subsequent field-driven CDWs
motion to the opposite domain boundary effects oxygen expulsion,
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completing both the polarization switching and oxygen transport
cycle (Fig. 4, A to D, and movie S2). Thus, the 2D polar layers in fluo-
rite ferroelectrics function as oxygen-ion conductors, a functionality that
is critically dependent on the content of the ferroelectric orthorhombic
Pca2; phase.

To verify this mechanism, we fabricated three sets of samples: (a)
Hf()5ZI'0502/L3.08SI’02M1'103/SI'T103 (HZO/LSMO/STO), (b) ZI'OQ/LSMO/
STO, and (c) HZO/indium-tin-oxide (ITO)/yttria-stabilized-zirconia
(YSZ), and we systematically characterized their ferroelectric polar-
ization and oxygen-ion conductivity at room temperature. These sam-
ples exhibited varying polarization strengths because of their distinct
ferroelectric phase content, which was confirmed by positive-up-
negative-down measurements (fig. S10). The oxygen-ion conductivity
was extracted from the AC impedance spectra under different bias
voltages, with careful consideration of electronic conduction (Fig. 4E and
fig. S11). The Nyquist plots of all samples exhibited multiple charac-
teristic semicircles attributable to oxygen-ion conduction, demonstrat-
ing a strong bias-voltage dependence. The observed dependence of
ionic conductivity on electric field can be well-explained by Merz’s law
(35, 36), which characterizes the velocity of the ferroelectric DW mo-
tion (Fig. 4F).

Samples a and b exhibited the activation of both oxygen-ion conduc-
tion and macroscopic polarization at 3 to 4 V and showed a positive
correlation between the polarization strength and ionic conductivity.
Although nonferroelectric sample ¢ showed no polarization, mea-
surable conductivity was observed at high biases, likely caused by field-
driven ¥V migration (37). Notably, the room-temperature oxygen-ion
conductivity exceeding 107° S/cm in sample a surpassed that of most
conventional solid oxide electrolytes, including YSZ and CeO, (38, 39).
This observation agreed with previous reports showing similar imped-
ance behavior in monoclinic HZO and YSZ, whereas orthorhombic
HZO exhibits lower impedance modulus (£0).
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Fig. 4. Coupled CDW motion and oxygen transport in fluorite ferroelectrics. (A to D) Schematic illustrations of H-H CDW creation (B), motion (C), and erasure (D),
demonstrating concurrent polarization switching and cross-domain oxygen transport. Blue arrows denote the local polarization direction of each subcell and black arrows
indicate the DW motion direction. (E) Nyquist plots of the Pt/HZ0/LSMO/STO heterostructure under varying bias voltages at room temperature. (F) Bias/poling voltage

dependence of oxygen-ion conductivity (left axis) and polarization (right axis).
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Discussion

We showed that in fluorite ferroelectrics, not only do 2D 180° neutral
DWs nonpolar spacer layers exhibit a thickness of one subcell, often
termed “zero-thickness walls” (18), but 1D 180° CDWs also attained the
ultimate thickness limit of a single subcell. This extreme confinement
likely originated from their distinctive screening mechanism. Spe-
cifically, in conventional perovskite ferroelectrics, the bound polariza-
tion charges at CDWs are primarily compensated by free electrons (or
holes), in which the gradient energy in Landau theory and the large
effective correlation energy arising from the Kinetic energy of the gas
of screening electrons collectively govern the 180°CDWs to be typically
one order of magnitude thicker than their neutral DWs (4, 5). This
theoretical prediction was experimentally confirmed by TEM imaging
of 180° CDWs in Pb(Zr,Ti)O3, revealing a thickness of ~7 nm (41).

By contrast, fluorite ferroelectrics host oxygen ions and vacan-
cies with substantial mobility within a robust cation framework.
These species, which could be negatively or positively charged, ef-
ficiently compensated for bound polarization charges at CDWs,
which enabled DW stabilization at atomic-scale thickness. Crucially,
the off-center displacements of these mobile oxygen ions underlie
the polarity of fluorite ferroelectrics, thereby enabling the field-driven
motion of 1D CDWs to mediate polarization switching while simultane-
ously accomplishing cross-domain oxygen-ion transport.

The atomic-scale size and facile electric-field tunability of 1D CDWs
in fluorite ferroelectrics offer potential for next-generation nanoelec-
tronic device designs. Similar 1D CDW configurations may extend
beyond fluorite ferroelectrics and emerge in other materials with
subunit cell-segmented ferroelectricity (e.g., SrFeO,5) (42), poten-
tially advancing domain wall nanoelectronics based on dimensionally
confined CDWs. Furthermore, the motion of these 1D CDWs carrying
oxygen ions or vacancies reveals the intrinsic coupling between
oxygen-ion transport and polarization switching. These insights,
alongside related findings such as the atomic-scale confinement of
CDW pairs by Afroze et al. (43), highlight the growing potential of
dimensionally confined charge orders in ferroelectrics.
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