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Emergent properties at oxide interfaces controlled by
ferroelectric polarization
Fan Ye1,2, Yi Zhang3, Christopher Addiego 4, Mingjie Xu2,5, Huaixun Huyan2, Xiaobing Ren1,6 and Xiaoqing Pan 2,4,5✉

Ferroelectric materials are characterized by the spontaneous polarization switchable by the applied fields, which can act as a “gate”
to control various properties of ferroelectric/insulator interfaces. Here we review the recent studies on the modulation of oxide
hetero-/homo-interfaces by ferroelectric polarization. We discuss the potential applications of recently developed four-dimensional
scanning transmission electron microscopy and how it can provide insights into the fundamental understanding of ferroelectric
polarization-induced phenomena and stimulate future computational studies. Finally, we give the outlook for the potentials, the
challenges, and the opportunities for the contribution of materials computation to future progress in the area.
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INTRODUCTION
Perovskite oxides have attracted extensive research interest due
to their various adjustable order parameters and their mechanical-
electromagnetic coupling effects (Fig. 1)1–4. Among the perovs-
kites, ferroelectric materials have spontaneous electric polarization
that can be switched by external fields, which is fundamental to
their numerous properties5–7. With the development of micro-
electronics technology, researchers are continually pursuing larger
ferroelectric polarization and smaller form factors, leading to
extensive research in epitaxial thin films8–11. In particular,
heterointerfaces and domain walls (DWs) are becoming the
emerging topological functional elements, and have attracted
more and more attention.
A ferroelectric heterointerface is composed of two different

materials, as shown in Fig. 1. These heterointerfaces sometimes
exhibit intriguing physical properties, such as superconductiv-
ity12,13, the tunneling electroresistance (TER) effect14–16, and high-
mobility charge-carrier gases17, which exceed the limitations of
chemical contraindication in bulk materials18. In addition, polar-
ization can be used as a “switch” to control the physical state (i.e.,
electric or magnetic properties) at the heterointerface; this is
referred to as the “polar gating” effect19–24. For example, two-
dimensional electron gases (2DEG) and ferromagnetism may
appear at the ferroelectric/insulator interface due to the dis-
continuous change in polarization and can also be modulated by
changing the polarization state of the film12,13,17,25,26.
On the other hand, DWs in ferroelectrics can be recognized as a

type of homogeneous interface (Fig. 1), which are two-
dimensional boundaries separating two regions (domains) with
different polarization orientations, resulting in particular functional
characteristics27. DWs have attracted increasing attention due to
their functionalities distinct from the bulk, such as increased
conductivity28–31, magnetism32–34, and even superconductiv-
ity35,36. Moreover, as ferroelectric DWs can be readily created,
erased, and reconfigured within the same physical volume by
external stimuli, they can be used as functional elements for the
development of future nanoelectronic devices.

If we look closer into these different types of interfaces
mentioned above, we can easily find that the highly localized
properties are related to the polarization structure in ferroelectric
materials. A polarization discontinuity exists both at the hetero-
interfaces and DWs, which induce electronic reconstruction at or
near the interface and result in many properties26,37–46. The
functional properties of ferroelectric materials are closely related
to their microstructures and polarization configurations.
Transmission electron microscopy (TEM) allows us to investigate

the functional properties of ferroelectrics from the perspective of
the atomic structure, chemical composition, and simple bonding
structure47–52. In broad terms, the imaging techniques applied to
ferroelectrics can be divided into two categories: conventional
diffraction-contrast imaging, including bright field/dark-field (BF/
DF) TEM, and aberration-corrected scanning transmission electron
microscopy (AC-STEM).
Conventional TEM uses the parallel illumination condition

where a broad parallel electron beam transmits through a thin
specimen, forms a diffraction pattern in reciprocal space.
Electrostatic lenses are then used to produce either the diffraction
pattern or a reconstituted image of the sample in real space which
can be recorded by a camera. Diffraction-contrast imaging in TEM
is very sensitive to changes in the diffraction condition which can
visually enhance the contrast of different ferroelectric domains at
various scales. Since the entire field of view is continuously
illuminated by the electron beam, this technique is ideal for in situ
experiments that require high temporal resolution. If the
instrument is equipped with in situ TEM specimen holders, this
can enable the observation of dynamic domain structural change
under external stimuli such as ferroelectric switching53–57.
On the other hand, the electron beam in STEM is converged on

the sample to form a small probe and scan the area of interest to
generate a pixelated map using the signal collected from each
pixel position. In AC-STEM imaging, after the probe interacts with
the sample and a convergent beam electron diffraction (CBED)
pattern is projected onto annular detectors which generate
different types of images depending on the scattering angle of
the electrons. Several different types of secondary electrons, X
rays, plasmons, and other excitations can also be generated when
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the electron probe hits the sample; these can be analyzed either
with dedicated detectors or examining the inelastic scattering of
the electron beam. With the help of the aberration corrector,
which reduces the spherical aberration introduced by the
electromagnetic lenses, the size of the probe can reach the sub-
Angstrom scale, which enables atomic-resolution imaging and
mapping.
With such a high-resolution imaging method, we can quantita-

tively measure the atomic displacement and determine the
polarization direction in ferroelectrics58–63. Through energy-
dispersive spectroscopy (EDS) and electron energy-loss spectro-
scopy (EELS) technology, we can identify the type and concentra-
tion of elements and quantitatively analyze the defects. EELS can
also tell us the change of valence state and charge transfer in the
ferroelectric matrix or at interfaces49,64–66. If the readers are
interested in this technique, we recommend ref. 67, the detailed
review article regarding the AC-STEM for atomic-resolution studies
of functional oxides67.
Although these interesting interfacial phenomena can generally

be visualized directly using various techniques nowadays, the
fundamental principles are not so easily recognized. For example,
when it comes to the detailed electronic band structure, proper-
ties such as the density of states at the sub-atomic level are
difficult to study using conventional characterization techniques
without the assistance of computational modeling. This is the
reason why in the field of 2D topological structures, computa-
tional modeling always plays an essential role in terms of
predicting emergent interfacial properties or build a bridge
between the observation and the principle. In this article, we will
not focus on the detailed explanation and introduction of various
computational techniques, but rather demonstrate how these
techniques, especially the first-principles calculation and phase-
field simulation, are being applied in some of the most recent
topics to complement experimental studies. For more information
on the computational techniques, we encourage readers to check
out these in-depth reviews and book chapters68–72.
Now with the development of a next-generation camera

system, the electric field, and charge density at the sub-
angstrom scale can be measured with four-dimensional scanning
transmission electron microscopy (4D-STEM) which uses spatially
resolved diffraction imaging data sets73–76. Combining in situ TEM
and scanning probe microscopy (SPM), we can study the
polarization dynamics, domain dynamics, and charge dynamics
in ferroelectric materials at large spatial and temporal scales53,57,60.
These emerging experimental techniques can provide more
detailed input to the modeling as become great methods to
validate the computational results, as shown in Fig. 1.

The review is structured as follows. In “Topological structure at
ferroelectric heterointerfaces”, we discuss the effects of polar
gating on modulating the properties of ferroelectric heterointer-
faces. We subsequently provide a critical review on the
conductance of ferroelectric DWs in “Ferroelectric DWs”. Finally,
in “Discussion and perspective: 4D-STEM andbeyond”, we review
advanced techniques for investigating ferroelectric polarization
and its functional properties at the atomic scale, e.g., 4D-STEM,
which is followed by an outlook at the opportunities and
challenges of ferroelectric from the perspective of characterization
and modeling technologies.

Topological structure at ferroelectric heterointerfaces
Ferroelectric materials offer various physical properties in their
heterostructures with metals, semiconductors, and insulators.
More importantly, such interfacial properties can often be
controlled by the polarization state of the ferroelectric film48,49,77.
Wu et al. fabricated the first metal-ferroelectric-semiconductor
transistor78. This ferroelectric field-effect transistor (FeFET) uses
the polarization in a ferroelectric gating layer to control a charge
accumulation or depletion state even in the absence of an
external field at the ferroelectric/Si interface, making it an ideal
candidate for non-volatile memory devices24,78,79. In an analogous
manner, the screening charge on the ferroelectric side of a polar/
non-polar interface can also be modulated80. 2DEGs17,81–86 attract
a lot of attention because of their unusually high electron mobility
and other coupled phenomena such as ferromagnetism25,26,42,
superconductivity12,13, and quantum Hall effect87,88. The 2DEG at
the LaAlO3/SrTiO3 (LAO/STO) interface is the prototypical example
of which has been studied extensively since its discovery in
201038,39,41,89. In ferroelectric-based oxide heterostructures, the
polarization presents another avenue for controlling the proper-
ties of the 2DEG; complex and tunable two-dimensional electronic
states can be achieved due to the switchable ferroelectric
polarization37,90,91.
Many theoretical works have been done trying to understand

the origin of the 2DEG at oxide interfaces. Take LAO/STO as an
example, one of the most intensively investigated mechanisms is
called electronic reconstruction, which means that a charge of 0.5
electrons per unit-cell area (e/A) is formed at the interface to avoid
the electrostatic potential divergence17. In this case, extrinsic
doping such as oxygen vacancies becomes the perfect candidate
because it can provide a wide range of carrier density depending
on the configuration. Density-functional theory (DFT) calculations
have shown that a low concentration of oxygen vacancies existed
on the LAO surface can result in a 2DEG at the interface with a
maximum density of 0.5 e/A (Fig. 2a–c), while as the density of

Fig. 1 The key properties and techniques of ferroelectric heterointerface and domain wall that were covered in this article. The
heterointerface and DWs in ferroelectric and the electromagnetic properties coupled by the lattice distortion, spin polarization, and charge
transfer. These characteristics are often studied by the combination of STEM imaging and spectroscopy, computational, and modeling
techniques. Reproduced with permission from refs. 200 and 201. Copyright [2018] {American Physical Society} and [2018] {American Association
for the Advancement of Science}.
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oxygen vacancies increases, the thickness of the electron gas can
extend into the STO substrate and become three dimensional92.
However, this is not the only mechanism to explain the formation
of 2DEG or two-dimensional hole gas (2DHG) at interfaces. Taking
BaTiO3(BTO)/STO as an example, DFT calculations found that thin
TiO2-terminated BTO (<5 nm) with Ti displaced toward the STO
substrate (P+) can form 2DEG at the interface and 2DHG at the
surface (Fig. 2d)84. In this case, the electronic reconstruction forms
two conducting layers on each side of the BTO film when
electrons in the high-energy surface state migrate to the interface
to avoid the polar catastrophe. Therefore, these conductive layers
can easily diminish when the film thickness is high or the film
becomes unpolarized (P0) (Fig. 2e)84. The latter mechanism
enables the possibility of modulating the interface conductivity
by changing the polarization state of the film.

Polarization-induced interfacial 2DEG and the “polar-gating
effect”
When polarization points towards or away from the ferroelectric/
insulator interface, electrons or holes can accumulate at this
interface. The accumulated charge may form 2DEG or 2DHG,
depending on the types of the materials system as well as the
polarization configuration37,80,90,93,94. In this case, the polarization
acts as a “gate” to control the properties of ferroelectric
heterojunction, which we call the “polar-gating effect”. More
interestingly, the 2DEG induced by ferroelectric polarization has
also been shown to be ferromagnetic80, which means it is possible
to control multiferroic properties by the polar-gating effect.
Based on first-principles band structure calculations using

KNbO3/ATiO3 (A= Sr, Ba, Pb) model systems95, the 2DEG at the
ferroelectric/oxide interfaces is switchable between two conduc-
tion states by the reversal of the ferroelectric polarization. The
density of states (DOS) projected onto the Nb-4d states and Ti-3d
states, which are located at different monolayers l away from the
(NbO2)+/(SrO)0 interface is shown in Fig. 3a. The conduction band
minimum is below the Fermi energy (EF), and the electron density
increases l decreases. This indicates that a highly confined n-type
conductive band, namely 2DEG is formed at the interface.
Interestingly, the DOS and the number of occupied states are
different at the two interfaces which have opposite polarization

configurations (the left interface and right interface shown in Fig.
3b). This predicts the possibility to create a 2DEG in KNbO3/ATiO3

(A= Sr, Ba, Pb), and the 2DEG is switchable between two
conduction states as controlled by ferroelectric polarization
orientation.
Experimentally, a similar switchable 2DEG has been observed in

epitaxial Pb(Zr,Ti)O3(PZT)/LAO/STO heterostructure37,94. Figure 3c
shows the conductivity difference of the LAO/STO interface when
the polarization of the PZT capping layer is changed. When the
polarization direction of PZT is towards the LAO/STO interface (on
state), the 2DEG is formed. While the polarization direction of the
PZT is away from the LAO/STO interface (off state), the electron
density is depleted and the conductivity decreases37,94. Wang
et al., revealed the mechanism for this polarization-based
modulation of the LAO/STO interface using EELS to examine the
Ti fine structure across the interface, as shown in Fig. 3d, e94.
Based on this analysis, the Ti3+ fraction at the interface of the bare
LAO/STO and PZTdown/LAO/STO is approximately 37% and drops
to zero after five unit cells. In contrast, no Ti3+ is detected in
PZTup/LAO/STO. The experimental results agree with the polar
catastrophe model, that the 3d band of titanium ion contains half
an electron per Ti site, producing Ti3.5+ at the LAO/STO interface,
and Ti4+ elsewhere96,97.
In another work, Zhang et al. found that the BiFeO3(BFO)/

TbScO3 (TSO) (001) interface is conducive along with the 109°
domain stripes in (001)p-oriented ferroelectric BFO thin films but
insulating in the direction perpendicular to this domain stripes48.
Figure 4a shows the PFM image of the cross-section BFO
specimen in (110)o plane, where the 109° domain stripes structure
can be observed. The corresponding conductive atomic force
microscopy (CAFM) image is shown in Fig. 4b, which indicates the
interface of BFO/TSO is conductive along the domain strips.
Interestingly, the distribution of current is not homogeneous (Fig.
4c). The conductivity is higher when the polarization points
towards the interface and lower when the polarization points
away from the interface. However, according to Fig. 4d, e, the
interface is non-conductive across the 109° domain stripes.
To understand the origin of anisotropic conductivity at the

interface, first-principles calculations were performed48. Figure 4f
shows the atomic structure and corresponding layer-by-layer
density of state (DOS) for the BFO/TSO (001) interface.

Fig. 2 Computational studies of the origin of the 2DEG at oxide interfaces. a The DFT calculation of the layer-projected DOS of (3 × 3)
supercell with one oxygen vacancy on the LAO surface. The arrow points to the oxygen-vacancy state. b Top view of the spatial distribution of
the oxygen-vacancy state at the surface. c Side view of the top three LAO layers. The arrows and horizontal lines denote the ionic
displacement in LAO. Reproduced with permission from ref. 92. Copyright [2011] {American Physical Society}. d, e Layer-projected DOS for
(d) P+ and (e) P0 at a BTO/STO interface. Reproduced with permission from ref. 84. Copyright [2015] {American Physical Society}.
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The ferroelectric polarization produces a rigid shift of the DOS of
BFO, leading to the accumulation of electrons at interface 1
(polarization pointing towards the interface) and holes at interface
2 (polarization pointing away from the interface). These accumu-
lated free carriers create either an n-type or p-type conductive
interface, depending on the orientation of ferroelectric polariza-
tion. The polarization-controlled interface charge distribution is
further clarified by phase-field simulation. The three-dimensional
schematic model of the BFO domain structure with 109° DWs is
shown in Fig. 4g. As shown in the bound charge distribution and
electric potential profile shown in Fig. 4h, i, respectively, the
alternating positive/negative charge build-up also caused
the formation of p–n junctions at the DWs, which blocks the
conducting path perpendicular to the domain stripes, thus
resulting in anisotropic conductivity.

Polarization-induced interfacial ferromagnetism
Multiferroics can realize the coexistence and mutual coupling of
electricity and magnetism. In such systems, there is usually an
interaction between the charges, spins, orbits, and crystal lattices.
Therefore, various quantum phenomena can often be derived in
magnetoelectric multiferroics or their composite structures87,88,98.
This provides opportunities for the development and design of
quantum computing devices. By using the electric field to control
the magnetism in the future high-density information storage
technology, the Joule thermal energy consumption caused by the
writing process can be greatly reduced81,99–102.
Scientists have demonstrated local, high, and non-volatile

carrier spin polarization in ferroelectric tunnel junction with
ferromagnetic electrodes103. The reversible electrical switching
of spin polarization can be controlled by the ferroelectric
polarization of the barrier because of the coupling between
ferroelectric polarization and magnetization20,80,104. Here, we
focus on the polarization-controlled ferromagnetism at a
heterointerface.
In 2018, Zhang et al., found that a spin-polarized (SP)-2DEG is

formed at the non-magnetic insulating SrTiO3/PbZr0.2Ti0.8O3 (STO/

PZT) heterostructure, which was grown on the (110) DyScO3 (DSO)
substrate, forming an STO/PZT/DSO structure80. According to the
EELS spectra of STO near the STO/PZT(/DSO) interface, as shown in
Fig. 5a, b, the emergence of a 2DEG originates from the Ti3+ at the
interface. By analyzing the spectra differential conductance (G(V))
measured by Andreev reflection spectroscopy (ARS) collected
from the interface, the interfacial metallic behavior can be
confirmed with a spin polarization of 61%, indicating that the
interface is a spin-polarized SP-2DEG, as shown in Fig. 5c. Kerr
effect analysis on the samples with various thicknesses of STO
further confirmed that the ferromagnetism occurs only at the STO/
PZT interface (Fig. 5d).
To understand the origin of the SP-2DEG in the STO/PZT

interface, first-principles calculations were performed. The calcula-
tions indicate that the magnetized interface states come from the
interplay between band bending and local Coulomb interaction at
the interfacial Ti sites. Theoretical calculations also revealed the
possibility of switching the magnetic states via electric bias. The
coexistence of high conductivity and a switchable magnetic state
at the interface demonstrates a promising direction to design
heterogeneous multiferroic materials and devices.
However, the ferromagnetic state in the STO/PZT heterointer-

face mentioned above can only be observed at very low
temperatures, and cannot be switched into a different magnetic
state. Recently, a ferromagnetic state was found at the SrTiO3/
PbTiO3 (STO/PTO) interface at room temperature which can be
reversibly switched to antiferromagnetic by applying a magnetic
field104. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image shows a sharp interface
at the atomic level without obvious elemental interdiffusion (Fig.
5e). Electron energy-loss spectra (EELS) for Ti were acquired across
the STO/PTO interface, which indicates that the ratio of Ti3+ to
Ti4+ at the interface is around 53.6%. This result, combined with
the lack of significant oxygen vacancy presence at the interface,
confirms that electrons mainly accumulated at the interface.
Scanning superconducting quantum interference device (SQUID)
magnetometry (50 kOe) shows that the STO/PTO heterostructures

Fig. 3 Ferroelectric polarization modulated the conductivity at the heterointerface. a, b KNbO3/ATiO3 (A= Sr, Ba, Pb) heterointerface. The
density of state (DOS) projected onto (a) Nb-4d states and (b) Ti-3d states, which are located at different monolayers l away from the (NbO2)

+/
(SrO)0 interface for a paraelectric state of (KNbO3)8.5/(SrTiO3)7.5 superlattice. Reproduced with permission from ref. 95. Copyright [2009]
{American Physical Society}. c–e LaAlO3/SrTiO3 heterointerface. c The schematic of bare LAO/STO, PZTup/LAO/STO, and PZTdown/LAO/STO
interface. d, e Evolution of Ti3+ fraction and ΔE (O K-edge) with distance from the interface. Reproduced with permission from ref. 94.
Copyright [2018] {American Chemical Society}.
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display an obvious ferromagnetic hysteresis below a critical
magnetic field (HT ~ 5 kOe) at 300 K and can reversibly transition
into diamagnetic behavior above HT. This suggests that the
magnetic field-induced transition from ferromagnetic to diamag-
netic is found at the interface (Fig. 5g). This interfacial
ferromagnetism was further supported by high-resolution-
electron magnetic-chiral-dichroism (EMCD) measurements. As
shown in Fig. 5f, obvious magnetic signals only occurred at the
interface.
According to the experimental results, both itinerant electrons

and local moments exist at the interface, and the itinerant
electrons can be localized by applying the external field.
Combined with the results of first-principles calculations, a
mechanism was proposed where the interface-induced ferromag-
netism and its reversible transition at the interface originate from
the coupling between local moments (Ti3+) and the itinerant
electrons.
Many factors can affect the local behavior at heterointerfaces,

which often makes finding the dominant underlying mechanism
can be challenging for experimental or theoretical studies in
isolation. The 2DEG that appears at the LAO/STO interface is one
classic example where there still is no consensus on whether the
primary cause is the polar catastrophe model, interfacial diffusion,
or oxygen vacancies. But there are many other examples as well,
such as the decreasing Mn valence at the La0.7Sr0.3MnO3 (LSMO)
interfaces105 and the degradation of the magnetic and transport
properties in LSMO/STO multilayers106. The origins of these
phenomena may be the imperfections such as intermixing at
interfaces and variations in the A-site cation ratio, as well as
oxygen vacancies105–108. The detection limits of TEM imaging and
spectroscopy techniques often make it difficult to construct
conclusive explanations for these phenomena based solely on
experimental data. In these cases, integrated experimental and
theoretical studies, where the issue is examined from multiple
perspectives, can yield the greatest advances in the under-
standing of interfacial phenomena.

Ferroelectric DWs
Compared to the heterointerfaces, DWs are another functional
element in ferroelectrics that have numerous applications in
ferroelectric materials. Since ferroelectric DWs can be readily
created, erased, and reconfigured by an external electric field, they
can be used for non-volatile memory applications109–114. A
fundamental understanding of the microscopic mechanisms
behind these properties is critical for the design of practical
devices. Extrinsically, point defects accumulated at DWs can create
the interband states that lead to DW conductivity28,29,115,116. Also,
the accumulated bound charge at “head-to-head (H–H)” or “tail-
to-tail (T–T)” charged DWs (CDWs) gather compensating free
charges, creating two-dimensional conducting channels, as shown
in Fig. 6a31,117–122. Intrinsically, the bandgap lowering at non-
charged DWs, where no bound charge accumulated, is another
source of the conductance, as shown in Fig. 6f123–126.
Here, we focus on the conductivity of charged and non-charged

DWs in ferroelectric thin films, which can be controlled by
polarization.

Polarization-controlled conductance of CDWs
CDWs exhibit specific polarization discontinuities, such as H–H and
T–T configurations, and carry the net bound charge. They are
electrically active and have a much higher conductivity than the
charge-neutral DWs31,117–122. The polarization discontinuity at
CDWs generates a local electric field which causes the absolute
energies of the local electronic band structure to shift uniformly,
as shown in Fig. 6a116,127,128. The conduction bands dip below the
Fermi Energy (EF) at H–H CDWs with n-type carriers, while the
valence bands peak above EF at T–T CDWs with p-type carriers.
The ferroelectric polarization can both induce conductance and

also act as a gating mechanism to control the conductivity. Ma
et al. controlled the conductance of square BFO nanoislands by
switching the direction of polarization111. The structure of these
BFO nanoislands is shown in Fig. 6b. This stable self-assembled

Fig. 4 Anisotropic conductance of 2DEG at the interface of BFO/TSO with 109° domain arrays. a PFM image of BFO in a cross-section
specimen perpendicular to the stripe domain. The directions of polarization are indicated by the white arrows. b CAFM image of the same
region in (a). c Averaged current signal profile along the interface region marked by the white dashed line of (a). d PFM image of BFO in a
cross-section sample parallel to the stripe domain. e CAFM image of the same region in (d), the interface is an insulator in this direction.
f Layer-resolved density of state (DOS) and corresponding atomic structure for BFO/TSO (001) interface by first-principles calculations. g Three-
dimensional schematic model of BFO domain structure with 109° DWs. h The distribution of bound charge at the BFO/TSO interface along
with the domain stripes. The conduction of p-type and n-type are corresponding to interface 2 and interface 1, respectively. i The distribution
of electrical potential at the BFO/TSO interface perpendicular to the domain stripes. Reproduced with permission from ref. 48. Copyright [2018]
{Springer Nature}.
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center-convergent quad-domain system contains four H–H CDWs.
The domain evolution from a random initial state to this
topologically stable state, as well as the switching process, was
modeled by the phase-field simulation. Since the charge carriers in
the LSMO bottom electrode are p-type, few free electron carriers
can accumulate at the positively charged H–H CDWs. As a
consequence, these H–H CDWs exhibit poor electrical conductivity
according to the current map under a bias of 1.5 V in this initial
state, (Fig. 6d). Once the CDWs transform to the negatively
charged T–T DWs after polarization switching (Fig. 6c shows the
center-divergent quad-domain configuration), the density of free
hole carriers at the CDWs provided by the LSMO electrode is
dramatically higher. Consequently, the current is also increased by
approximately three orders of magnitude compared to the initial
state when applying a 1.5 V bias, as shown in Fig. 6e. The
ferroelectric polarization controls the conductivity of the square
BiFeO3 nanoislands in a self-assembled array, which may have
applications in the non-volatile memory industry with the non-
destructive operation and ultralow energy consumption.

The polarization-induced anisotropic conductance of non-
charged DWs
Besides the charged DWs, the non-charged DWs can also be
conductive but the mechanism may be different. Seidel et al. first
directly observe the conductivity at DWs in BFO; they found that
180° and 109° DWs in multiferroic BiFeO3 thin films are conductive
at room temperature while the 71° DWs are non-conducting123.
Numerous studies on DW conductivity have been carried out since
then129,130. One mechanism of non-charged DW conductivity is

from the inhomogeneous elastic strains. This strain gradient that
exists near the DW regions decreases the local bandgap resulting
in an increase in thermally excited conduction electrons, as shown
in Fig. 6f116,129,131. In addition, the polarization, created by the
spontaneous strain gradient at the DW through the flexoelectric
effect also introduces more free carriers116,131. Moreover, defects
prefer to accumulate at DW regions, which will also increase the
conductivity of DWs29. Tadej Rojac et al. directly confirmed the DW
conduction in BFO originates from the accumulation of charged
defects by atomic-scale chemical and structural analyses29. Large
vertical lattice distortions across the DW come from a Bi sublattice
shift in the direction parallel to the DW plane, resulting in
vacancies at the DW. According to the energy onset difference
(ΔE) between O-K and Fe-L3 edges, the oxidation of Fe on the DW
region is +4 instead of +3 off the DW. The Fe4+ cations and
bismuth vacancies act as charged defects screening polarization
bound charges, revealing p-type hopping conduction at the DW.
Thus, the DW conduction can be controlled by charged defects.
Interestingly, the polarization can induce the anisotropic

conductance of non-charged DWs. The 71° DWs in the BiFO3/
TbScO3 (BFO/TSO) thin-film are insulating in the direction
perpendicular to the surface, which is consistent with other
research results, as shown in Fig. 6g, h123,129,132–134. However,
these 71° DWs are found to be conductive in [010]p direction,
which is parallel to the thin-film surface, as shown in Fig. 6i, j134.
The conductivity of 71° DWs in [010]p stems from the polarization-
induced charge accumulation on the DWs. In the experiment, it
was also observed that adjacent 71° DWs exhibited alternating
high and low conductivity. Through phase-field simulation, we can
conclude that the conductivity difference of adjacent 71° DWs

Fig. 5 Polarization-induced ferromagnetism at the ferroelectric/insulator interface. a–d The conductance of SP-2DEG at STO/PZT interface.
a HAADF-STEM image and (b) corresponding EELS spectra in STO/PZT(/DSO) heterostructure. The broadened peaks in STO near the interface
are attributed to the presence of Ti3+ near the STO/PZT interface. c Representative Andreev spectra (open circles) of point contact between Pb
superconductor and STO/PZT interface with the best fits to the modified Blonder–Tinkham–Klapwijk (BTK) model (solid curves), where T=
1.51 K, P= 0.50, Δ= 1.31 meV, rE= 3.76, Z= 0.21, and R= 899 Ω. The inset is the schematic of point contact established at the STO/PZT
interface. d 1000 Oe cool-down for three (5, 10, 20 nm) STO/50 nm PZT/DSO sample and its Kerr signal image mapping at 4 K under 1000 Oe
field, showing uniform ferromagnetism signal distribution. Scale bar, 15 μm. Reproduced with permission from ref. 80. Copyright [2018]
{Springer Nature}. e–g Ferromagnetism of STO/PTO heterointerface. e HAADF-STEM image of STO/PTO interface. The EMCD was taken in the
marked areas (f). The EMCD patterns of STO/PTO heterointerface. g M−H curves of STO/PTO heterostructures at different temperatures.
Reproduced with permission from ref. 104. Copyright [2020] {Elsevier}.
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comes from the uneven width of the adjacent domains, as well as
the electrostatic interaction between the walls across the narrow
domains. The discontinuous potential distribution along the film
thickness direction may induce a potential barrier along the wall
and form a p–n junction, which suppresses the conductivity across
the film. The DW curvature can also enhance the potential
discontinuity in the 71° DW.

Theoretical works on DW conductivity
Although both charged and non-charged DWs have exhibited
electrical conductivity, their conduction mechanisms are differ-
ent135. In order to clarify the mechanism of DW conductivity, many
theoretical works have been performed115,133,136. For the con-
ductivity of charged DWs, the recent theoretical work has shown
that the driving force for the accumulation charge is due to the
mismatch of the formal polarization between the constituent
materials136. These charges can induce 2DEG or 2DHG at the
charged DWs, even when no oxygen vacancies, defects, or dopant
atoms are introduced in their simulations (Fig. 7a, b). In addition,
oxygen vacancies are considered to be an important factor
affecting the conductivity of charged DWs137. First-principles
calculations reveal that the interaction between charged DW and
oxygen vacancies can enhance the conductivity of H–H walls and
reduces the conductivity of T–T walls. This has been confirmed by
experimental results showing that the conductivity of the H–H DW
is higher than that of T–T31. The main reason is that the screening

charge at the H–H DW is free electrons, while the screening charge
at the T–T DW is an immovable oxygen vacancy. Therefore, the
interaction between oxygen vacancies and charged DWs can
modulate the conductivity of CDWs (Fig. 7c).
As more and more experimental results show that non-charged

DWs are conductive28,134, additional theoretical studies have also
emerged to explain why conventional DWs are conductive115,138.
However, the mechanism of the non-charged DWs conductivity
has seen considerable debate and remains a challenging problem
due to the multitude of phenomena that may contribute, such as
flexoelectric effect, octahedral rotation, oxygen-vacancy migra-
tion, chemical doping, DW geometry, and charged
defects28,29,124,139,140. Some of the previous theoretical works
using DFT for BFO DWs suggested that the DW conductivity in
BFO originated from the lowering of the bandgap at the walls133,
which is supported by the results from Seidel et al.28. However,
discrepancies still exist between the theoretical results from
different groups, for example, regarding the energy of different
types of DWs133,141,142. A recent DFT work pointed out that the
method used to study the electronic potential in the previous
calculations was indirect and did not explicitly consider the excess
charge carriers at DWs115. This work reveals that excess electrons
are selectively trapped at pristine neutral DWs in BFO, while holes
are only weakly attracted. Such trapped excess electrons may be
responsible for the thermally activated electrical conductivity at
DWs observed in experiments (Fig. 7e–g).

Fig. 6 Conductance of DWs. a–e The conductivity of charged DWs. a Mechanism of domain-wall conduction at charged DW originated by
band bending. b In-plane (IP) PFM image of the BFO island at the initial state. The white arrows indicating the polarization directions in the
center-convergent quad-domains. c The current map is under 1.5 V bias at the initial state. d In-plane (IP) PFM image of the BFO island after
switching, which shows center-divergent quad-domain structur. e CAFM at the charged DWs under 1.5V bias after polarization switching of
the nanoislands. The switched DWs show large conductivity. b-d are reproduced with permission from ref. [111]. Copyright [2018] {Springer
Nature}. f-j Conductance at non-charged DWs. f Mechanism of conductance at non-charged DW originates from bandgap reduction. g, h The
71° DWs of BFO are insulated in the directions normal to the surface. g Lateral PFM phase image showing 71° DWs. h CAFM image of the same
region in (g). i, j The 71° DWs of BFO are conductive in the direction parallel to the surface. i PFM image of BFO in a cross-section specimen
with 71° DWs. The white arrows indicate the directions of polarization. j CAFM image of the same region in (i). g–j are reproduced with
permission from ref. 134. Copyright [2019] {John Wiley and Sons}.
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Although the conductivity mechanism for non-charged DWs
remains controversial, we believe that the factors influencing the
conductivity can be divided into two categories: intrinsic and
extrinsic, which can each play a leading role under certain
conditions. Intrinsic factors include the potential step at the DW
and the accompanying reduction in DW bandgap (Fig. 7d), which
result in conductivity regardless of the exact atomic structure or
chemical composition of the DW115,133. Extrinsic factors include
oxygen vacancies, structural defects, and DW geometry and are
most important for modulating the intrinsic conductivity of DWs
and may be used to explore next-generation devices143. Therefore,
only by making full use of factors that contribute to the
mechanism for conductivity can the potential of DW functional-
ities be further released.

Discussion and perspective: 4D-STEM and beyond
The polarization is a fundamental order parameter of ferro-
electrics, which can control the local charge or spin ordering
across heterointerfaces. However, the charge-density distribution
in the ferroelectric matrix or their interfaces is tough to obtain in
the sub-angstrom scale with typical measurement methods.
Recently, 4D-STEM/DPC-STEM (differential phase-contrast scan-
ning transmission electron microscopy) was shown to be capable
of measuring the real-space charge density with sub-angstrom
resolution73. This technique can be used to elucidate the charge
distribution across the DWs and ferroelectric/oxide interface. We
present a brief introduction in this chapter.
Due to its versatility and fairly high spatial resolution (generally

5–10 nm), SPM has become the mainstream technology for
researching the polar-gating effect18,144,145. S/TEM imaging can
provide better spatial and temporal resolution to study atomic-
scale structures and intermediate stages of polarization switch-
ing53,146, but conventional imaging methods still cannot be used
to study some ferroelectric phenomena, such as charge screening.
In order to study the polarization structure, a method sensitive to

light elements and other electronic properties must be found.
Atomic-resolution differential phase-contrast scanning transmis-
sion electron microscopy (DPC-STEM)74 is one such method that is
sensitive to low-Z species147 such as O148, N149, Li150, and even
H151, and is also sensitive to the local electronic properties of the
material. The basic configuration of DPC is shown in Fig. 8a. As
the electron beam is passing through the sample, it interacts with
the local electric field via the Lorentz force. This causes a shift in
the probe’s momentum which is reflected in a shift in the intensity
distribution of the CBED pattern. The CBED pattern is projected
onto a set of segmented annular detectors and the shift in the
CBED intensity is estimated based on the difference in the
intensity detected by opposing segments of the detector.
Therefore, it is possible to estimate the local electric field (E) in
the sample based on the DPC signal. The local charge density (ρ)
and electrostatic potential (V) are related to the electric field via
the following expressions from basic electrostatics:
ρ

εo
¼ = � E (1)

�∇V ¼ E (2)

where εO is the vacuum permittivity. Therefore, DPC data can be
differentiated (dDPC) or integrated (iDPC) to generate images
representing the charge density or potential, both of which can be
used to identify the positions of light nuclei and the local
electronic properties.
Campanini et al. mapped the polarization quantitatively at a

strongly charged T–T DW of BFO by dPDC152. The increased
sensitivity for low-Z elements made it possible to visualize the
oxygen vacancies, and the oxygen vacancies accumulate at the
T–T CDW as the leading charge screening process, which can
explain the enhancement conductance at the DW region.
4D-STEM is similar to the DPC technique mentioned

above74,153–155, except that a fast camera is used to capture a
complete 2D image of the CBED pattern for each position in the

Fig. 7 Conductance of DWs. a, b Free-carrier densities in PbTiO3 for the domain wall in the (a) H–H structure and (b) T–T structure.
Reproduced with permission from ref. 136. Copyright [2020] {American Physical Society}. c A schematic representation of the interaction
triangle between oxygen vacancy, HH (head-to-head) wall, TT (tail-to-tail) wall. Reproduced with permission from ref. 137. Copyright [2018]
{Elsevier}. d Model for the charge-carrier distribution of excess electrons (e−), holes (h+), and the electronic potential (V), at DWs. e–g The
density of states (DOS) of the 71° DW system (gray) and the charge-neutral monodomain system (black) projected on the atomic layers.
e Charge-neutral DW. f DW with electrons. g DW with holes. d–g From Sabine Körbel et al. Panels d, g are reproduced with permission from
ref. 115. Copyright [2018] {American Physical Society}.
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raster scan instead of using annular detectors, resulting in a 4D
dataset156. Figure 8(b) shows the basic configurations of 4D-STEM.
With this set-up, the change in the intensity distribution of the
CBED pattern can be quantified by calculating the change in
center of mass (ΔCOM). In very thin samples, with some
approximations, the electric field can be calculated directly from
ΔCOM by the following expression:

Exy ¼ �ΔCOMpz vz
e Δz

(3)

where pz is the electron momentum along the beam direction, νz
is the speed of the electron along the beam direction, e is the
charge of an electron, and z is the sample thickness73,157. Though
4D-STEM cannot image in real-time like DPC, 4D-STEM has many
applications outside electric field imaging. While the collection
angles of conventional STEM images are limited by the detectors
installed in the microscope, 4D-STEM data can be used to
reconstruct images with arbitrary collection angles using “virtual”
detectors that can be changed with software158–160. The orienta-
tion map can also be constructed from 4D-STEM data161,162.

Strain measurements based on CBED higher-order Laue zone
images (HOLZ)163,164, and nanobeam electron diffraction are also
variations of 4D-STEM that are widely used. For a complete
introduction to 4D-STEM, we refer the reader to ref. 156.
When measuring the electronic properties of materials at

interfaces or boundaries where physics emerges, such as the
polar-gating effect in ferroelectric materials, the traditional
techniques still cannot achieve sub-angstrom. Recently, Gao
et al. imaged local electric fields and charge density in STO/BFO
heterojunctions in real space with a high spatial resolution by
state-of-art AC-STEM and 4D-STEM73. Figure 9a shows a HAADF
image of the interface with the polarization gradually decreasing
across the interface. Using a 4D dataset, the electric field is
calculated at each scanning position based on the change in the
probe’s momentum (Fig. 9b); the charge density is then calculated
based on the electric field (Fig. 9c). Based on the charge density,
the separation of the positive and negative charge within the BFO
unit cell can be calculated, revealing the electric dipole based on
the full charge distribution. The charge state of each atomic
column was also determined by integrating the charge within a

Fig. 9 4D-STEM applications to ferroelectricity. a A HAADF image from an STO-BFO interface; arrows indicate Bi displacement direction and
magnitude. b, c The corresponding E-field and charge-density maps were calculated from 4D-STEM data. d–f Analysis of the atomic structure
(d), charge separation (e), and integrated B-site charge (f) determined from the HAADF image and charge-density map. g Charge-density
image of bulk BFO from scanning diffraction experiments (h). Charge-density image obtained from DFT calculations. Reproduced with
permission from ref. 73. Copyright [2019] {Springer Nature}.

Fig. 8 Schematics depicting two different types of the setup for DPC and 4D-STEM. a DPC with a segmented detector and b 4D-STEM with
a pixelated detector. When the electron probe passes through the electric field pointing left, the intensity in the diffraction pattern shifts right.
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region defined by Bader charge analysis. By tracking changes in
the cation displacement, oxygen octahedral tilt, charge distribu-
tion, and charge state of the B-site column across the BFO/STO
interface, as shown in Fig. 9d–f, Gao et al. were able to show how
an asynchronous change in the atomic structure and the electron
distribution led to a build-up of charge at the interface73.
Although many other imaging techniques have shown that
ferroelectric polarization can control charge build-up at ferro-
electric interfaces, a mechanistic explanation of the polar-gating
effect requires the sub-angstrom resolution provided by 4D-STEM.
By combining high-resolution images of the full atomic structure
(cations and anions) with images of the charge distribution, 4D-
STEM can reveal the interfacial charge distribution in ferroelectrics
with great detail. In addition, a high-resolution 4D-STEM provides
an efficient method for measuring the detailed charge distribution
within individual unit cells with sufficient detail that can be
compared with DFT calculations. Whereas previous methods
involving X-ray diffraction or quantitative convergent beam
electron diffraction relied on computationally intensive
structure-factor fitting to determine the charge distribution within
a unit cell165–167, the charge density in 4D-STEM is calculated
directly from each CBED pattern with a relatively simple
analysis157,168. As shown in Fig. 9g, h, the charge density within
a BFO unit cell measured by Gao et al. with 4D-STEM bears a close
resemblance to the charge density calculated from DFT73. With
the help of emerging 4D-STEM methods, we can now directly
observe the detailed charge distribution at interfaces and
boundaries. In addition, it is challenging to calculate the potential,
electric field, and charge density from first principles for irregular
structures such as defects and interfaces in the materials at an
atomic scale because of the complexity of the structures and the
increase of simulation time. The DPC and 4D-STEM experimental
results provide direct measurements of these variables on the
irregular structures, giving a better understanding of
the structures’ physics and thus can be used as guidance for the
relevant simulations. By combining 4D-STEM with simulation, first-
principle calculation methods, and advanced scanning probe
methods, one can better understand the charge density and
interface electronic/magnetic states at a more fundamental level.
Furthermore, if 4D-STEM can be utilized during in situ experiments
under different external fields, such as a magnetic field or electric
field, it could be a powerful tool to solve many mysteries in the
field of ferroelectrics.
DPC-STEM/4D-STEM does have some limitations. To quantita-

tively determine the electric field and charge density, the sample
thickness must be less than about a few nanometers, much
thinner than general STEM specimens51,73,169. Thicker specimens
may cause channeling or beam broadening that will reduce the
quantitative accuracy of the electrostatic properties determined
with this method. In some circumstances, thicker samples can be
used, but these generally require additional support from image
simulations75,169. Generally, qualitative characteristics, such as the
atomic positions and relative intensities, can be maintained in
thicker samples with proper probe defocus51. Also, since the
smallest achievable electron probe sizes are generally large
compared to the length scale over which the electrostatic
potential changes, the electric field measured in 4D-STEM/DPC-
STEM is the electric field of the sample convolved with the shape
of the electron probe. Aberration correction can ensure that the
probe shape is rotationally symmetric to minimize any shape
changes in the measured electric field caused by convolution with
the probe. In addition, in regions with weaker electric fields,
slightly displaced from the nuclear cores or around lighter
elements, the electric field does not change over such small
length scales and the probe convolution will have a smaller
impact.
A combined multi-modal approach to studying ferroelectric

interfaces that fully utilize SPM, S/TEM imaging, spectroscopy, and

4D-STEM can simultaneously reveal functional properties and the
underlying physical mechanisms that drive them. This approach
will be important as studies expand into materials systems with a
variety of boundary conditions. It has been reported that the
lattice mismatch between the film and substrate leads to a biaxial-
strain mechanical boundary condition170–173, which can be altered
by choosing substrates spanning a wide range of lattice
parameters and can reach up to several percent62,174–177. Such
alterations of mechanical boundary conditions allow the polariza-
tion of the thin films to be tuned via a strong polarization-strain
coupling170,173,178,179 and also result in the formation of
ferroelastic-ferroelectric domain patterns to release the biaxial
strain180–183. Phases that do not exist in bulk can also be stabilized
in thin films176,177,184–186. For example, when BFO is grown on a
highly mismatched (high-strain) substrate, such as LAO, the film
can adopt a mix of tetragonal-like and rhombohedral-like
phases177; however, when grown on a low-strain substrate like
TSO, the film adopts only the rhombohedral-like phase187. In
addition, electrical boundary conditions are critically dependent
on the free charge compensation at the interfaces (or surfaces)
and can be tailored by choosing substrates or epitaxial buffer
layers with different conductivities188,189. Additional restrictions on
the boundary condition can be made by changing the substrates’
vicinity or atomic termination190,191. Based on these studies, it is
clear that the boundary conditions will strongly influence the
interfacial properties of ferroelectric thin films and having high-
resolution characterization methods that can determine the local
polarization and electronic properties at atomically sharp inter-
faces, such as STEM imaging, EELS, 4D-STEM, and SPM, will play an
important role in fully characterizing these films.

Summary
In order to keep up with the exponentially growing need for
computing efficiency, nontraditional materials such as two-
dimensional materials and beyond-CMOS logic structures relying
on multiple order parameters such as charge, spin, and lattice,
have become plausible ways to significantly improve the energy
efficiency and speed of integrated circuits. Computing with
spintronics and multiferroics has the advantage of collective
switching, storing thresholding behavior, and non-volatility192,193.
We have reviewed some of the most recent developments in
polarization-controlled interface properties, showing that polar-
ization can be used to control these order parameters. In
particular, polarization-induced ferromagnetism enriches the
magnetoelectric coupling family. The development of electronics
technology requires smaller size and lower power consumption,
continuing to spur the research boom in ultrathin or 2D
ferroelectrics, which have promising characteristics, such as
improved carrier transport and reduced dynamic
energy96,99,194,195. For the same reason, enhancing the polarization
of ultrathin films has become very important. In general, strain
engineering and defect engineering can be used to optimize the
polarization properties64,66,196–198. The introduction of freestand-
ing films also opens the door for many avenues for polarization
enhancement to be explored as the thin film can be transferred to
any substrate77. This work on ferroelectric films and their
characterization significantly expands the design space and
promotes the exploration of diverse degrees of freedom, revealing
more cross-cutting possibilities.
We reviewed the emergent phenomena at two kinds of

interfaces (heterointerface and homo-interface) controlled by
ferroelectric polarization. As Hebert Kroemer has said that “the
interface is the device”199, and these interfaces provide vast and
unforeseen opportunities to create devices with interesting
properties. In addition, with the development of state-of-the-art
TEM techniques, the gap between experimental observation and
theoretical modeling has never become so seamless.
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The combination of the two techniques has become a routine in
designing and evaluating nanodevices by correlating their
structures with physical properties. We hope that this review
can provide the readers with a different perspective towards the
understanding of how polarization is involved in some of the
emergent interfacial phenomena.
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