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Two-dimensional (2D) and quasi-2D ferroelectric materials have demonstrated their potential for enabling
device miniaturization. The fundamental understanding of the ferroelectric domain structure at atomic scale is
limited, however, hindering development of functional device units at the microscopic level. In this paper, we
employ a Dion—-Jacobson layered oxide CsBiNb,O; (CBNO), which has been predicted to be ferroelectric with
high Curie temperature and large in-plane polarization, as a model system to study its ferroelectric domain
structure with atomic scale analysis. We reveal the existence of unit-cell-thick ferroelectric domain size as well
as both 180° and 90° domain walls in free-standing CBNO. In an epitaxial CBNO film grown on a LaAlO;
substrate, we discover multiple stacking structures resembling the Aurivillius and the Ruddlesden—Popper
phases. We also analyze the interfacial dislocations and their associated lattice distortion fields in the epitaxial
film. This paper may inspire design concepts for ferroelectric devices demanding unit-cell-thick domain size.
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I. INTRODUCTION

Ferroelectric materials are of great interest in their appli-
cations to many electronic devices, for example, non-volatile
high-density memories [1], ultra-fast switchings [2], and thin
film capacitors [3]. To keep increasing the integration density
of these devices following Moore’s law, atomic-scale domains
enabling device miniaturization is of great significance. For
instance, in ferroelectric devices whose working principle
is associated with far-field switching of dipole moment [4],
the domain size of electrodeless film directly influences the
performance of the device [5,6]. Smaller ferroelectric domain
size, namely, more ferroelectric domains per ferroelectric de-
vice, enables more memory states [7,8], which are highly
demanded for synapselike devices. Thus, fundamental under-
standing of the intrinsic domain structure of free-standing
two-dimensional (2D) and quasi-2D materials is important
in the design of synaptic devices with a large number of
synaptic states. In fact, partially due to this reason, researchers
have spent enormous efforts on understanding the domain
structure of electrodeless atomic-thick or a few-layer-thick
SnTe [9], BiFeO5 [10], In,Ses [11], and CulnP,S¢ [12] fer-
roelectric materials. Due to the increased depolarization fields
in ferroelectric materials with reduced dimension, however,
a domain size of a few nanometers is rare [9,13—15]. For
instance, in BaTiO3 and BiFeOs films, the typical domain size
ranges from tens to hundreds of nanometers [16,17]. Under
certain scenarios, the domain size can be engineered to a few
nanometers. For example, when BaTiOj is in the nanocrystal
morphology with a particle diameter of 8 nm, its ferroelectric
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domain size can be approximately 5 nm by colloidal morphol-
ogy control [6].

Domain wall energy plays an important role in determining
the domain size. Domain wall energy includes three terms:
dipolar energy, anisotropy energy, and elastic energy [18-20].
The anisotropy energy is negligible in ferroelectrics since the
polarization directions barely deviate from the ferroelectric
axis. Polarization magnitude, on the other hand, can vary from
its spontaneous value within the domain wall, so the lattice
needs to assume certain piezoelectric strains that correspond
to the particular polarization states. In a layered quasi-2D
ferroelectric material, the piezoelectric strain is smaller than
most typical perovskite oxides (BaTiO3;, PbTiO3, BiFeOs,
etc.) due to the weak bonding along the layer stacking direc-
tion resulting from the large d spacing between neighboring
atomic layers [20]. Consequently, the elastic energy resulting
from the piezoelectric strains in quasi-2D materials is smaller
than that in conventional three-dimensional perovskites. The
dipolar energy is proportional to the square of the polarization
gradient across the domain wall, so a larger lattice constant
along the stacking direction in quasi-2D materials may also
decrease the dipolar energy contribution to the domain wall
if the domain wall normal is along the layer stacking direc-
tion. Overall, the reduced domain wall energy in quasi-2D
materials may increase the density of domain walls, leading
to smaller domain sizes. It has been reported that, in 2D SnTe,
ferroelectric domains down to 1 unit-cell [9] are observed. As
a quasi-2D material, the interaction between layers along the
¢ axis direction in CsBiNb,O7; (CBNO) is weak. Such a weak
interaction may be a possible reason leading to atomically
thick domains, in some analogy to the case of SnTe crystals.

We propose a representative quasi-2D ferroelectric ma-
terial, CBNO, to study its ferroelectric domain structure at
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atomic scale. As a Dion—Jacobson layered oxide, CBNO
has been predicted to possess a large in-plane polarization
(~40 C/cm?) along the a axis, mainly attributed to the non-
centrosymmetric position of Bi*" relative to its neighboring
O ions [21,22]. A high Curie temperature of about 1033 °C
has also been predicted for CBNO [23]. Additionally, CBNO
has been proposed to be an excellent ferroelectric Rashba—
Dresselhaus wide band gap semiconductor with persistent
spin helix due to the presence of heavy Bi atoms [24,25].
To design ferroelectric devices with small domain sizes and
explore their rich material physics, a fundamental understand-
ing of the domain structure of CBNO is necessary and also
of broad interest to the research community of ferroelectric
materials.

In this paper, we prepare both free-standing CBNO films
and epitaxial CBNO films on LaAlOj; substrates by molten-
salt assisted synthesis (see Methods). Employing aberration-
corrected scanning transmission electron microscopy (Cs-
STEM), we reveal domain sizes down to 1 unit-cell with 180°
domain walls in free-standing CBNO, as well as change in
domain orientations around a 90° domain wall. In addition,
we discover multiple stacking structures and interfacial dislo-
cations in epitaxial CBNO films and analyze the strain fields
around the dislocations by geometric phase analysis (GPA).
The observation of the absence of defects, such as stacking
faults and dislocations, in free-standing CBNO confirms that
the growth conditions are appropriate. Thus, the possible de-
fects brought from the epitaxial process could be attributed to
the substrate effect. Taken together, this paper demonstrates
the exceptionally narrow ferroelectric domains and domain
walls in a quasi-2D oxide that leads to an emergent material
category for potential high integration density devices.

II. METHODS
A. Growth of free-standing films

Free-standing CBNO membranes were grown by molten-
salt assisted synthesis [26]. Powder precursors of Cs,CO3
(Sigma-Aldrich, 99%), Bi,O3 (Sigma-Aldrich, 99.9%), and
Nb,Os (Sigma-Aldrich, 99.9%) with a molar ratio of 3:2:4
were finely ground together with CsCl salt (Sigma-Aldrich,
99.9%) before they were then loaded in an alumina crucible.
The weight of CsCl salt was 10 times the weight of all the
other precursors. The crucible was heated in a horizontal
furnace in open air and underwent three temperature ranges.
First, the temperature increased to 900 °C with a ramp rate of
225°C/h. Second, the crucible was held at 900 °C for another
4 h. Lastly, it was cooled down slowly at a rate of 2 °C/min.
CBNO square crystals of millimeter size and thickness of
about 0.2 mm were formed in the crucible and then cleaned
with deionized water. Exfoliation of the CBNO single crystal
was conducted by the scotch tape method. Thin membranes of
CBNO were then transferred onto transmission electron mi-
croscopy (TEM) grid or c-plane sapphire substrate for further
focused ion beam (FIB) preparation.

B. Growth of epitaxial CBNO film on LaAlO; substrate

LaAlO; substrate (MTI Corporation) was sequentially
cleaned with acetone, ethanol, and deionized water in an

ultrasonic bath for 5 min each and then blown to dry. The
precursors were the same with that used to grow free-standing
CBNO. The weight ratio of CsCl salt (Sigma-Aldrich, 99.9%)
and all the other precursors was 10:1. All the precursors and
CsCl salt were put into an alumina crucible in which LaAlO;
substrates are placed horizontally. The temperature of the cru-
cible was controlled by an open-end horizontal furnace. It was
first increased to 200 °C and held for 2 h to remove residue
water in all powders. Secondly, the temperature was increased
to 600 °C and held for another 2 h to allow full decomposition
of Cs,COj into Cs,O. Thirdly, the crucible was heated up to
900 °C at a ramp rate of 5 °C/min. After 4 h of 900 °C growth,
the crucible was cooled down to room temperature at a rate
of 2°C/min. Comparing with Cs components, i.e., Cs,COs3,
Cs,0, and CsCl, Bi,O5; and Nb,Os have lower saturation,
so their undissolved powders remain at the bottom of the
crucible. As Bi** and Nb>* ions are consumed during the
formation of CBNO, these powders start to dissolve slowly
again and result in a higher concentration of Bi** and Nb>*
at the bottom of the crucible where the LaAlO5; substrates
present. Thus, the nonuniform solution of the precursors may
result in Cs deficiency in CBNO film grown on LaAlO3
substrate.

C. Microscopy sample preapation, imaging, and analysis

A Helios G4 UX FIB was employed to prepare the
cross-sectional TEM sample of the free-standing CBNO film
transferred onto a c-plane sapphire substrate and the cross-
sectional TEM sample of an epitaxial CBNO film grown on
a LaAlO; substrate. TEM images of the epitaxial CBNO-
LaAlO; sample and its electron diffraction patterns were
obtained at room temperature with an FEI Tecnai F20 TEM
operated at 200 kV. An aberration-corrected FEI Titan Themis
operated at 300 kV was employed to obtain the high-angle an-
nular dark field-STEM (HAADF-STEM) images. The probe
convergence semi-angle was either 21.4 or 30 mrad with inner
and outer collection angles of 68 and 340 mrad, respectively.
GPA was based on the FRWRTools plugin built for DigitalMi-
crograph [27]. It characterizes lattice distortions relative to the
selected reference lattice structure. The positions of Bi** and
Cs™ ions in the HAADF-STEM images were identified by
Atomap [28], an open-source software package implemented
in Python (3.x). Further processing of the ion displacement
was also conducted with a script (Supplemental Material [29])
written in Python which includes locating the center positions
of two neighboring Cs™ ions and drawing an arrow with a
color bar to represent displacement of each Bi** relative to
the center of its two neighboring Cs™. The source codes are
also available on request.

III. DISCUSSION

A. 180° ferroelectric domain structure with unit-cell-thick
domains and sub-1-unit-cell-wide domain walls
in free-standing CBNO

We prepare a cross-section sample of free-standing CBNO
by exfoliating the synthesized single crystal followed by
the standard FIB lift-out procedure (see Methods) for
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FIG. 1. Unit-cell-thick ferroelectric domains with 180° domain walls. (a) High-angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image of free-standing CsBiNb,O; (CBNO) with zone axis [010]. The sample’s orientation is indicated in the
lower right corner. 12 lattice columns of Bi** ions are indexed, as shown on the top of the image, and 26 lattice rows are indexed on the left
of the image. The theoretical lattice structure of CBNO is overlaid onto the atomic image. Each arrow indicates the relative displacement of a

Bi3+

ion with respect to the center of its two neighboring Cs™ ions. The start position of each arrow is the center of these two neighboring Cs™

ions. (b) The top 8 rows of arrows in (a) without the STEM image for clarity. The magnitudes of the Bi** displacement vectors are represented
by the arrow area and color. (c) Displacements of Bi*" along the a axis relative to the center of two neighboring Cs* ions are averaged over
each indexed column in (a) and are plotted vs the lattice column number. Error bars represent standard deviation.

high-resolution characterization by Cs-STEM. The projection
direction along [010] is chosen such that the a axis polariza-
tion is parallel to the imaging plane. We overlie the calcuated
orthorhombic CBNO crystal structure with similar a and b
lattice constants and stacking direction along the ¢ axis onto
the HAADF-STEM image of the CBNO sample and find a
good structure match, as displayed in Figs. 1(a) and S1(a) in
the Supplemental Material [29] (collected from different re-
gions of the sample). The arrows drawn on the STEM images
indicate the relative displacements of each Bi** ion relative to
the center of its two neighboring Cs™ ions (see Methods). The
directions of the Bi** ion displacements are mainly along
the polarization axis, namely, the a axis. The magnitudes of
the Bi** ion displacements are indicated by the area and color
of the arrows, as displayed in Figs. 1(b) and S1(b) in the
Supplemental Material [29]. Most displacements are on the
order of 0.25-0.35 A. We also plot the magnitudes of the Bi**
ion displacements along the a axis averaged over each lattice
column in Figs. 1(c) and S1(c) in the Supplemental Mate-
rial [29]. The observation of Bi*T ion displacements in the
opposite direction along the a axis (e.g., blue arrows) demon-
strates the presence of neighboring ferroelectric domains with

their polarization directions 180° apart, thus, 180° ferroelec-
tric domain walls. We do not observe change of polarization
direction within the same layer (with normal axis of ¢ axis)
of CBNO. The domain wall normal is perpendicular to the
polarization directions. We identify ferroelectric domain sizes
ranging from ~1-6 CBNO unit cells along the ¢ axis in
the HAADF-STEM images, corresponding to ~1.1-6.9 nm,
with average domain width of about 2.2 + 1.8 nm, which is
calculated from 18 180° domains. Such single unit-cell-thick
domains could be very promising for nanoscale memory de-
vices. Like most ferroelectric materials, we also detect an
abrupt change of the polarization direction across the domain
wall in CBNO. This sudden flip of the polarization direction is
because a large anisotropy energy would arise in ferroelectrics
when the direction of spontaneous polarization deviate from
its ferroelectric axis [20]. Thus, in many ferroelectrics, the
spontaneous polarization preserves its axis across the domain
wall but decreases in magnitude, passes through zero, and
then increases its magnitude again in the opposite direction
[30,31]. We do not, however, observe a decrease in the po-
larization magnitude when approaching the domain wall in
the CBNO sample, at least within the resolution limits of
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the microscope used for this paper, which may indicate a
very narrow domain wall, smaller than 1 unit-cell (Figs. 1(c)
and S1(c) in the Supplemental Material [29]). The relation
between ferroelectric domain size and domain wall width is
expressed by Eq. (1) below with detailed derivations presented
in the Supplemental Material [29]:

2.3 Ex
2 3T
W2 VE 45 e (1)
&z

ot 8.414

where w is the domain width, 28 is the domain wall thickness,
t is the sample thickness along the sample polarization direc-
tion, &, and ¢, are the dielectric constant of a single domain
along the polarization axis (CBNO a axis) and perpendicular
to the polarization axis (CBNO c axis), respectively.

Such small domain size and narrow domain walls are un-
common in ferroelectrics. We suspect that the small domain
size may be due to the small domain wall energy. The elastic
energy of the domain wall seems to be negligible because
the observed polarization is always close to the spontaneous
value. The dipolar energy of the domain wall associated with
polarization gradient (i.e., %, where P is polarization, and x
direction is the domain wall normal) [18] is also small because
the d spacing along the ¢ direction is large. The smaller
domain wall energy makes it energetically favorable to form
many small domain strips to reduce the electrostatic energy of
the sample.

B. 90° ferroelectric domain structure in free-standing CBNO

A second piece of free-standing CBNO sample was ob-
tained by exfoliating the synthesized CBNO crystal (see
Methods) for STEM imaging along the [001] axis. The ex-
foliated sample is a few micrometers along both the a and
b axes. Figure 2(a) shows a HAADF-STEM image of this
sample where the horizontal and vertical direction of the im-
age correspond to either a or b axis of CBNO. We perform
GPA on Fig. 2(a) and obtain the x direction (horizontal direc-
tion) uniaxial strain map &,,, as displayed in Fig. 2(b). The
&xy Strain map shows that the domain on the left has a larger
lattice constant along the horizontal direction than that of the
domain on the right. These two regions are separated roughly
by a black dashed circle to guide the eye.

To resolve the lattice constant relation between the left and
the right domains shown in Fig. 2(b), we have conducted the
following analysis. First, as shown in Fig. 2(a), we pick up a
row of 9 atoms from both the left and right regions (marked by
the blue and pink rectangles). Note that each atom observed in
the image actually corresponds to an atomic column along the
¢ direction (zone axis). Second, we compare the line profiles
(intensity vs horizontal position) of these two rows of atomic
columns [Fig. 2(c)]. With the position of the first two atomic
columns in each row aligned, we examine the relative dis-
placement of the last two atomic columns from the two rows.
We observe that the distance between the first and the last
atomic columns of the left row is larger than that of the right
row, indicating the left domain has a larger lattice constant
in the horizontal direction, which is consistent with the GPA
results. The last two peaks [in Fig. 2(c)] from the two rows
differ by 0.6 A. In CBNO, the lattice constant a is 0.07 A
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FIG. 2. 90° ferroelectric domain structure characterization. (a)
High-angle annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM) image of a free-standing CsBiNb,O;
(CBNO) film with zone axis [001]. The gray arrow represents the
scan direction of the image. (b) The x direction (horizontal direc-
tion) strain map &,, obtained by geometric phase analysis (GPA)
performed on the STEM image in (a). The color bar is shown in
the range of —10% to 10%. The negative (positive) values in the
strain map represent percentage of compression (expansion) of the
lattice dimension relative to the reference lattice (not shown), which
is selected further away from the domain boundary. The dashed
black circle roughly covers the boundary between the left and right
domains to guide the eye. (c) Horizontal line profiles along 9 atomic
columns (integrated vertically across the width of the atomic row)
from the left and right regions of the sample. The color of each curve
corresponds to the color of the frame around the selected 9 atomic
columns for line profiling shown in (a). The higher intensity peak
corresponds to the atomic column (along zone axis) of overlapped
Cs*t and Bi*" ions, while the lower intensity peak corresponds to the
atomic column (along zone axis) of Nb>*. The line profiles are fitted
by a sum of Gauss functions.

larger than b. Thus, theoretically, the distance between the last
two peaks from the two rows should be 0.07 Ax8(0.56 A),
very close to the measured result in Fig. 2(c) from line
profiles. With these, we can determine the crystallographic
orientations of these two domains [labeled in Figs. 2(a) and
2(b)]: in the left domain, the polarization points in the hori-
zontal direction; in the right domain, the polarization is along
the vertical direction. This is similar to the 90° domain wall
observed in many classical perovskites.

180° domains are also possible in this sample but may be
difficult to detect. Since this sample has the ¢ axis of CBNO as
its zone axis, in HAADF-STEM images, Bi** ions are over-
lapped with Cs* ions, as shown in Fig. S2 in the Supplemental
Material [29], and thus, the change of Bi** ion positions due
to formation of 180° domains may not be easily resolved.

C. Multiple stacking structures in epitaxial CBNO
film on LaAlOj; substrate

We have also grown an epitaxial CBNO film about 50 nm
thick on a LaAlOj substrate by molten-salt assisted synthesis
(see Methods). A cross-section of this sample was prepared
by FIB (see Methods). Based on the TEM diffraction patterns
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FIG. 3. Multiple stacking structures in the epitaxial CsBiNb,O; (CBNO)-LaAlO; sample. (a) and (b) High-angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) cross-sectional images of the epitaxial CBNO-LaAlO; sample showing various
stacking structures. Different elements are represented by horizontal lines with different colors. Pink lines represent Bi, green Nb, blue Cs, red
La, and purple Al (c) Left panel shows the structure of CBNO marked by the orange brackets in (a) and (b). Right panel shows the structure

marked by the dark blue brackets in (a) and (b).

obtained from this cross-section sample, as shown in Fig. S3
in the Supplemental Material [29], we determine that the epi-
taxial relation is surface normal LaAlO3 [001]//CBNO [001]
and LaAlO3(100)//CBNO(110). Here, LaAlO; is indexed
with pseudocubic notation for convenience. We obtain
HAADF-STEM images [Figs. 3(a) and 3(b)] from different
locations of the CBNO-LaAlO; cross-section sample. Since
the intensity of an atomic column in HAADF-STEM is re-
lated to the atomic number of the element and the number of
atoms in the column [32], we identify each atomic column
(along the projections axis) based on its contrast in STEM
images. Overlaid on the STEM images are horizontal lines
whose color denotes the elemental species of that layer in the
crystalline structure. To characterize the stacking structures
of the film, we plot line profiles along the film growth di-
rection (perpendicular to the film-substrate interface) next to
each STEM image. Both the HAADF-STEM images and their
corresponding line profiles reveal varied stacking sequences in
the epitaxial film. The stacking structure marked by the orange
bracket corresponds to the nominally correct stacking se-
quence of CBNO, also displayed in the left in Fig. 3(c), which
alternates between single rows of Cs and Bi atoms separated
by rows of Nb. By comparison, the stacking structure marked
by the dark blue bracket shows a different sequence, where a
row of Cs ions is missing and replaced instead by two rows of
Bi ions present next to each other. This stacking structure may
be assigned to either an Aurivillius (AR) phase consisting of
[Bi3Nb,O9]* with zone axis [110], or a Ruddlesden—Popper
(RP) phase of [Bi3;Nb,O,]°* with zone axis [010] or [100], as
shown in the right in Fig. 3(c). The charge neutrality condition

might be maintained by cation vacancies or varying cation
valences [33]. The loss of Cs* in CBNO films grown on
LaAlOj3 substrate but not in free-standing CBNO may be due
to the nonuniform solution of the precursors used in molten-
salt assisted synthesis (see Methods). LaAlO; substrate is at
the bottom of the precursors solution, where there are higher
concentrations of Bi*t and Nb’T ions than Cst ions (see
Methods). So CBNO grown on LaAlOj3 substrate has a defi-
ciency of Cs™. On the contrary, free-standing CBNO is grown
in the uniform region of the solution with optimized ions ratio,
so no ion deficiency is observed. We also find another stacking
structure at the film-substrate interface shown in Fig. S4 in
the Supplemental Material [29]. Existence of multiple stack-
ing structures are commonly reported in many other layered
oxides [33-36].

We then take a closer look at the interface [Figs. 4(a)
and 4(b)] between CBNO and LaAlO3. We observe that the
second row of Nb (away from the CBNO-LaAlOj3 interface)
misses a column of Nb ions along the zone axis of the sample,
signaling a misfit dislocation at the interface between the first
and the second row of Nb. To perform GPA on the strain
field of this dislocation, we select a dislocation-free region
as a reference and characterize the lattice distortions around
the interfacial dislocation relative to the reference region.
Thus, the reference region needs to have the same lattice
structure as the interfacial layers where dislocation occurs.
The region marked by the cyan rectangle in Fig. 4(a) has a
crystal structure of CBNO, which matches the unit-cell-thick
CBNO interface layer and is thus used as the GPA reference.
The region in Fig. 4(b) also shows a single CBNO layer at
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FIG. 4. Interfacial dislocations in the epitaxial CsBiNb,O; (CBNO)-LaAlO; sample. (a) High-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) image of the interface taken from the image in Fig. 3(a). An interfacial dislocation is indicated at the
film-substrate interface. The pink lines connect the positions of two Nb planes nearest to the interface. Same with Fig. 3, the orange brackets
mark the structure of CBNO, and the dark blue bracket marks the structure resembling either Aurivillius (AR) or Ruddlesden—Popper (RP)
phase. The x direction (horizontal direction) strain map &,, around the dislocation is shown on the right of the HAADF-STEM image. (b)
Zoomed-in HAADF-STEM image at the interface corresponding to the original image in Fig. 3(b). The pink lines connect the positions of two
Nb planes nearest to the interface. Same with Fig. 3, the orange brackets mark the structure of CBNO, and the dark blue brackets mark the
structure resembling either AR or RP phase. The x direction (horizontal direction) strain map &,, around the dislocation is shown on the right.
For both strain maps, the color bars are shown in the range of —25% to 25%. Positive (negative) values in the strain maps represent tensile
(compressive) lattice distortions relative to their respective reference region selected by the cyan rectangle. (c) HAADF-STEM image at the
interface of CBNO-LaAlO; where two successive dislocations in CBNO are observed. The pink lines connect the positions of two Nb planes
nearest to the interface. Same with Fig. 3, the orange brackets mark the structure of CBNO, and the dark blue brackets mark the structure
resembling either AR or RP phase. (d) Atomic model illustrating the interfacial dislocation observed in the STEM images in (a)—(c). The
Burgers vector b is drawn on the model. 3-unit-cell-thick of LaAlQO; substrate (only Al and La atoms for simplicity) and 1-unit-cell-thick of

CBNO film (only Nb atoms for simplicity) are shown. The Burgers vector b is also drawn on the model.

the interface, but no nearby large regions with continuous
CBNO stacking structure to serve as the reference can be
found. Instead, we combine the interfacial CBNO unit with
the stacking unit right above it [which resembles the AR or RP
phase shown in Fig. 3(c)] as a new structure unit. The structure
of this composite unit is identical to the region marked by the
cyan rectangle in Fig. 4(b), which can thus be used as a GPA
reference for this image. Using these respective references,
we obtain x direction (horizontal direction) uniaxial strain
maps &, [37] for each of the interfacial dislocations, shown
at the right of the corresponding STEM images. The lattice
misfit at the interface between CBNO (110) [d(119) = 3.88 A]
and LaAlOj (100) [digo = 3.79 A] is about 2.4%. Based on
this misfit, we estimate interfacial dislocations to occur every
42 planes of CBNO (110) to fully relax the lattice strain.
Indeed, we observe two successive dislocations separated by
48 CBNO (110) planes in a HAADF-STEM image [Fig. 4(c)].
An atomic model showing the lattice structure of this inter-
facial dislocation is displayed in Fig. 4(d). Because the d
spacing of CBNO (110) is larger than that of LaAlO3 (110),
the epitaxial CBNO is under compressive strain at the inter-

face (corresponding to the compressive region in the &y, strain
maps), as shown by the smaller in-plane distance between
ions in the Nb atomic columns nearest to the interface. In the
second nearest row of Nb to the interface, the compressive
strain is released by reducing an atomic column of Nb. The
in-plane ion spacings are slightly larger than the strain-free
region due to a missing Nb column (corresponding to the
tensile region in the ¢, strain maps).

IV. CONCLUSIONS

In quasi-2D free-standing CBNO films, we have discov-
ered 180° domains that are a single unit-cell thick. We have
also revealed the existence of 90° domains by characterizing
the change in domain orientations across the domain wall.
In the epitaxial CBNO film grown on a LaAlO; substrate,
we have found multiple stacking structures and interfacial
dislocations, highlighting the role of the substrate on the
structure of the quasi-2D film. Our understanding of the
domain structure of the quasi-2D ferroelectric material may
suggest material categories to achieve unit-cell-thick domain
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structures and shed light on promising material solutions for
next-generation microelectronic devices, such as nonvolatile
high-density memories and synaptic devices.

Raw data and codes are available upon reasonable request.
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