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The recent surge of interest in moiré superlattices of twisted van der Waals compounds has spotlighted the
emergence of unconventional superconductivity and novel electronic phases. However, the range of moiré phe-
nomena can be dramatically expanded by incorporating complex oxide materials into twisted heterostructures.
In this study, motivated by the recent breakthroughs in the synthesis of freestanding oxide membranes, we
explore the emergent structural and electronic properties of twisted oxide bilayers. We focus on the classic
perovskite oxide, SrTiO3, and design SrTiO3 bilayers with a relative twist between the individual layers. Using
density functional theory calculations, we predict the appearance of vortex-antivortex polarization patterns at
the interface of the SrTiO3 bilayers driven by twist. We also predict charge modulation of the interfacial Ti ions
induced by varying local coordination, which follow the moiré pattern. Furthermore, we forecast the emergence
of flat bands at large twist angles and the associated localized electronic states with moiré-periodic charge
density, originating from the interlayer bonding effects resulting in the formation of dangling bonds. Finally,
we predict that hole doping induces unconventional d0 magnetism in otherwise nonmagnetic SrTiO3, driven
by the exchange splitting of the high-density O-p bands and producing the spin density with moiré periodicity.
These results demonstrate a broad landscape of emergent phenomena that may occur in moiré-engineered oxide
heterostructures showing far-reaching perspectives of these material systems for further fundamental studies and
potential applications.
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I. INTRODUCTION

Theoretical predictions of nearly dispersionless (flat)
bands with vanishing electronic velocity in a twisted bilayer
graphene [1,2] have aroused significant interest in the scien-
tific community and led to establishing a new field of research
dubbed twistable electronics or twistronics [3–7]. Twistron-
ics involves nontrivial properties and phenomena of artificial
moiré superlattices emerging in two-dimensional (2D) ma-
terials like graphene due to a relative twist angle between
successive layers. The hallmark of twistronics has been the
observation of unconventional superconductivity driven by a
flat band in a graphene bilayer twisted at the “magic” angle of
about 1.1° [8]. This discovery triggered extraordinary efforts
to search for other materials with similar electronic behavior.
Flat bands have been found in twisted bilayers made of other
homogeneous materials, such as transition metal dichalco-
genides [9–12], hexagonal BN [13,14], C3N [15], In2Se3 [16],
GeSe [17], and BC3 [18], as well as in bilayer [19] and trilayer
[20–24] heterostructures. In addition to superconductivity, a
periodic moiré potential and orbital overlap, as well as lattice
reconstruction between sites of different atomic registry, give
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rise to other nontrivial quantum phases, which are not intrinsic
to the parent materials. For example, moiré superlattices are
predicted to generate orbital ferromagnetism [25–28], Wigner
crystallization [29], quantum anomalous Hall effect [30],
fractional quantum anomalous Hall effect [31], topological
behavior [32–34], unconventional ferroelectricity [35], exi-
tonic insulator phases [36], and novel photonic and nonlinear
optical properties [37,38].

The expected and observed novel properties of moiré
superlattices are often driven by strong electron-electron cor-
relations. The flat bands are characterized by a large effective
mass of electrons and, as a result, by a greatly suppressed elec-
tron’s kinetic energy. This causes electrons to be localized in
space and be affected by strong electron-electron interactions.
Destructive interference of electronic waves scattered by dif-
ferent lattice sites has been considered as a prerequisite for the
flat-band formation trapping the electron within a localized
region [39,40]. Destructive interference usually occurs when
two bonds in a unit cell share a common site, commonly seen
in triangular lattice structures like the kagome lattice [41],
the side-centered square lattice (the Lieb lattice) [42,43], and
the checkerboard lattice [44]. Twisting one layer with respect
to the other in a multilayer allows exploiting the features
of these special lattices to observe the strong localization of
electrons.
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So far, most efforts to observe novel properties of moiré
superlattices have been focused on 2D van der Waals (vdW)
compounds where relatively weak interlayer interactions fa-
cilitate their mechanical exfoliation. However, the range of
moiré phenomena can be dramatically expanded by incorpo-
rating complex oxide materials into twisted heterostructures.
The strongly interacting electrons of the d orbitals in transi-
tion metal oxides give rise to an additional rich spectrum of
striking phases, such as high-temperature superconductivity,
colossal magnetoresistance, Mott metal-insulator transitions,
and multiferroicity. Furthermore, a long-wavelength modu-
lating potential in twisted vdW materials is relatively weak,
producing energy band splitting typically of a few meV. Such
small energy splitting makes these weakly localized elec-
tronic states prone to thermal fluctuations and are destroyed
at room temperature. The exchange coupling between lay-
ers is also relatively weak, acting as a perturbation on the
intralayer spin and electronic properties. In contrast, the in-
terlayer modulation potential in oxide moiré heterostructures
can be significantly enhanced due to much stronger interlayer
interactions. The larger band splitting is expected to make flat
electronic bands robust to thermal fluctuations and disorder.
The interfacial atomic rearrangements can lead to strain-
driven polarization vertices and topological defects. Oxide
crystals are stable in ambient conditions, providing robustness
often lacking in vdW heterostructures.

Synthesis and assembly of moiré superlattices with these
complex oxide materials is more challenging compared to
their vdW counterparts. Unlike conventional vdW mate-
rials that can be easily exfoliated down to a monolayer
without disrupting the structural stability, oxides cannot be
exfoliated into pure 2D layers due to strong bonding be-
tween the layers. Recently, however, two techniques have
been developed to synthesize freestanding oxide membranes.
A widespread method of synthesizing oxide membranes is
the epitaxial growth of a water-soluble layer on perovskite
substrates, followed by in situ growth of oxide films and het-
erostructures [45,46]. Another method employs the “physical
lift-off” technique, which allows synthesizing freestanding
oxide membranes with different crystallographic orientations
[47]. The ultrathin oxide membranes exhibit different be-
havior from their bulk counterparts. For example, ultrathin
SrTiO3 and BiFeO3 freestanding layers display exceptional
elasticity despite being ceramic materials that are typically
brittle in their bulk form [46]. The fabrication of heterostruc-
tures using remote epitaxy is also possible by stacking these
freestanding layers of oxides on top of one another [47]. Fur-
thermore, the precise control of the twist angle between oxide
membranes has been demonstrated [48–50], which lays the
foundation for oxide twistronics. New polar, topological, and
magnetic phases are expected to emerge in these oxide moiré
superlattices. For example, stacking BaTiO3 [50] and SrTiO3

[51] membranes with controlled twist angles has revealed
patterns of polarization vortices and antivortices.

The goal of this study is to demonstrate a broad landscape
of emergent phenomena that may occur in moiré-engineered
oxide heterostructures. We employ density functional theory
(DFT) and tight-binding models to investigate the structural
and electronic properties of twisted oxide heterostructures.
Our focus is on a representative perovskite oxide, SrTiO3,

FIG. 1. Atomic structure of twisted SrTiO3. (a) Conventional
unit cell of perovskite SrTiO3. (b), (c) Side view of the 22.6° twisted
SrTiO3 supercell with AA (b) and AB (c) stacking orders along the
twisting [001] axes (indicated). (d), (e) Top view of the 3 × 3 cell of
the 22.6° twisted SrTiO3 bilayer with AA (d) and AB (e) stacking,
showing the formation of moiré patterns.

known for its stable atomic structure, which is nonconduct-
ing, nonpolar, and nonmagnetic in a pristine bulk form.
Using extensive DFT calculations, we demonstrate that the
assembly of SrTiO3 thin films in a twisted bilayer structure
forms a moiré superlattice strongly affecting structural, elec-
tronic, and magnetic properties of SrTiO3. Specifically, we
observe the formation of the vortex-antivortex displacement
patterns, suggesting an unconventional polar phase arising
from twist. We predict the emergence of charge modulation
on the interfacial Ti ions that form the moiré superlattice.
We forecast the appearance of ultraflat electronic bands oc-
curring at relatively large twist angles and exhibiting charge
localization with moiré periodicity. We also demonstrate un-
conventional d0 magnetism driven by the spin splitting of the
O-p bands in response to hole doping, resulting in moiré-
periodic spin density. Overall, our results suggest promising
avenues for moiré-engineered oxide heterostructures to reveal
new properties that are not present in conventional oxide thin-
film structures and may be interesting from the fundamental
physics point of view and useful for novel applications.

II. ATOMIC STRUCTUREOF A TWISTED SrTiO3 BILAYER

Our target material, SrTiO3, has a perovskite structure
(space group Pm3̄m) and can be thought of as (001) monolay-
ers of SrO and TiO2 stacked upon one another along the [001]
direction [Fig. 1(a)]. To maintain the chemical and structural
integrity, each SrTiO3 layer in a twisted bilayer should contain
at least one unit cell of bulk SrTiO3 to preserve the chemical
bonds of the perovskite structure. Therefore, in our calcula-
tions, we assume that the bottom “untwisted” SrTiO3 layer
has two unit cells of SrTiO3 and is terminated with the SrO
monolayer on the bottom and with the TiO2 monolayer on the
top. The top “twisted” SrTiO3 layer has one and a half unit
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cells and is terminated on both sides with the SrO monolayers.
The resulting twisted SrTiO3 bilayer contains seven SrO and
TiO2 monolayers and preserves the conventional stacking of
bulk perovskite SrTiO3. The bilayer has a SrO/TiO2 interface
and the same SrO termination on the top and bottom sides
[Figs. 1(b) and 1(c)].

To build a twisted supercell with commensurate struc-
tures of the two SrTiO3 layers, we use the concept of
Pythagorean triples (l, m, n), such that n2 = l2 + m2. This
allows us to find commensurate twist angles given by θ =
sin−1(l/n). In this work, we build four twisted SrTiO3 struc-
tures with Pythagorean triples: (3,4,5), (5,12,13), (8,15,17),
and (7,24,25), corresponding to twist angles θ of 36.9°, 22.6°,
28.1°, and 16.3°, respectively, and moiré supercell lengths of
8.63, 15.9, 13.9, and 19.3 Å, respectively.

The lateral alignment of the twisted SrTiO3 layers has
freedom of in-plane sliding of the top layer with respect to the
bottom.We explore two limiting cases: (1) AA stacking, where
the bulklike Ti-O-Ti-O chain is preserved across the twisted
interface at the corner of the moiré supercell [Fig. 1(b)], and
(F2) AB stacking, where the O-Ti-O chain in the top twisted
layer breaks the bulk sequence across the interface and is a
continuation of the Sr-Sr atomic chain of the bottom layer
at the corner of the moiré supercell [Fig. 1(c)]. Note that for
both stacking orders, the conventional TiO2-SrO sequence of
the SrTiO3(001) monolayers is preserved across the interface.
Within the AA stacking, the Sr-Sr chain continues across the
interface at the center of the moiré supercell and the Ti-Ti
chain continues at the corners. On the contrary, within the
AB stacking, the Sr-Sr sequence in the top twisted layer is a
continuation of the Ti-O-Ti atomic chain of the bottom layer at
the center of the moiré supercell. The AB stacking is obtained
from the AA stacking by shifting the top twisted layer by half
a unit cell in the [110] direction. As seen from Figs. 1(d) and
1(e), both structures exhibit pronounced moiré patterns in the
plane of the bilayer but have different in-plane geometry.

The atomic relaxation of the bilayer structures is performed
using DFT calculations as described in Appendix A. During
relaxation, we observe a notable restructuring of the interface.
In both stacking configurations, there is a tendency for the
twisted layers to seek a larger separation as compared to
that in bulk. In the AA-stacked bilayer with a twist angle
θ = 22.6◦, the Ti-O bond length at the interface (which is
preserved in the center of the moiré supercell for this stacking)
expands to 1.99 Å, marking a 0.06 Å increase from the respec-
tive bulk bond length. In contrast, the AB-stacked bilayer does
not have a Ti-O bond at the interface. To measure the extent of
separation at the twisted interface, we analyze the Ti-O bond
in the upper twisted layer at the supercell corner adjacent to
the interface and find it to be 1.78 Å. This value is notably
smaller than the bulk Ti-O bond length of 1.93 Å, indicating
an enlarged interfacial gap for this stacking arrangement as
well. Despite this increase, the interlayer separation at the
interface remains relatively modest compared to typical vdW
materials [52–54]. This fact indicates that the twist operation
does not break all bonds across the interface but changes them
according to interface geometry.

Our calculations predict that the twisted structures with AA
stacking have lower energy than AB stacking independent of
the twist angle. For example, in the case of θ = 22.6◦, we find

that the energy difference is about 23 meV per surface unit cell
of bulk SrTiO3. While this energy difference is nonvanishing,
we argue that the AB stackings forming a metastable state
can be realized experimentally, due to a relatively large lateral
shift∼2.8 Å that is required to transform it to the AA stacking.
For a large moiré cell, this shift is energetically prohibitive due
to strong local bonds between the atoms across the interface.

Regardless of the degree of twist and stacking order, we
consistently observe reconstruction of the Ti-O bonds within
the TiO2 layers adjacent to the twisted interface. Interestingly,
some of these bonds are broken leading to reduced coordina-
tion of interfacial Ti atoms and, as a result, to their reduced
oxidation state. This leads to Ti ionic charge modulation that
has moiré periodicity, as discussed in Sec. IV.

In addition, we find that displacement of Ti atoms with
respect to their unrelaxed positions forms a vortexlike pattern.
Figure 2(a) shows the atomic structure of the TiO2 monolayer
nearest to the interface in the top (twisted) AA-stacked SrTiO3

layer. The vortices have circular- or cylindrical-like shapes
and exhibit alternating chirality. The vortices are interleaved
with antivortices, both forming a periodic pattern with moiré
periodicity. Similar displacements are observed in the bottom
SrTiO3 layer; however, the resulting vortices there have an op-
posite chirality compared to those in the top layer [Fig. 2(e)].
Such vortexlike displacement patterns have been predicted
previously for non-vdW twisted PbS bilayers [55] and twist
boundaries of ferroelectric PbTiO3 [56], and recently exper-
imentally observed for twisted BaTiO3 [50] and SrTiO3 [51]
bilayers and theoretically analyzed for BaTiO3 [57]. They are
somewhat reminiscent of those observed in polar untwisted
oxide superlattices [58]. In complex oxide materials, this leads
to polarization vortex patterns, as described in Sec. III.

Similar features are found in an AB-stacked SrTiO3 bilayer
with twist angle θ = 22.6◦ (see Appendix B for details). Al-
tering the twist angle changes the moiré supercell size and
thus periodicity of the vortexlike patterns.

III. STRAIN-INDUCED POLARIZATION VORTICES

The calculated Ti displacement patterns in the plane of
TiO2 monolayers represent distributions of the intralayer
strain that is spatially varied with the same periodicity as the
moiré superlattice, demonstrating strong interaction between
the two twisted SrTiO3 layers. To quantify these strain pat-
terns, we follow Sánchez-Santolino et al. [50] and calculate
the shear strain that is defined by

εxy = εyx = 1

2

(
∂uy
∂x

+ ∂ux
∂y

)
,

where ux and uy are displacements of the Ti atoms along the x
and y directions with respect to their positions in the unrelaxed
structures. The results shown in Figs. 2(b) and 2(f) indicate
that shear strain maps in the twisted AA-stacked SrTiO3 bi-
layer reveal alternating regions of positive and negative εxy.
Shear strain appears to be nearly a factor of 3 stronger for the
TiO2 monolayer in the bottom portion of the stack [Fig. 2(f)]
compared to the TiO2 monolayer in the top portion of the
stack [Fig. 2(b)]. This is due to the former lying exactly at
the interface, contrary to the latter being next to the interfacial
SrO monolayer. It is notable that in the same lateral regions,
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FIG. 2. Formation of polarization vortices in a 22.6° twisted SrTiO3 bilayer with AA stacking. (a), (e) Atomic structure of the TiO2

monolayer nearest to the interface in the top (a) and bottom (e) SrTiO3 layers. Black arrows (proportional in size) show displacement of the
Ti atoms with respect to their unrelaxed positions. Dashed circles and ellipses (differing in color and arrow direction) indicate the formation
of displacement vortices of opposite chirality. Regions highlighted in green signify antivortices. (b), (c), (f)–(h) Shear strain (b), (f) and shear
strain gradient (c), (d) and (g), (f) maps obtained for TiO2 monolayers near the interface in the top (b)–(d) and bottom (f)–(h) SrTiO3 layers.
Gray arrows (proportional in size) show displacement of the Ti atoms with respect to their unrelaxed positions.

the shear strain in the two TiO2 monolayers have opposite
signs [compare Figs. 2(b) and 2(f)]. We find that shear strain
maps of the twisted AB-stacked SrTiO3 bilayer reveal similar
features (see Appendix B for details).

Due to Ti atoms being charged in an ionic-type compound
like SrTiO3, the observed Ti atom displacements are polar,
hence representing polarization patterns in TiO2 monolay-
ers adjacent to the interface. These polarization patterns are
expected to correlate with the strain. Bulk SrTiO3 is not, how-
ever, piezoelectric, and hence a linear relationship between
polarization and strain is not expected. We note, though, that
even in ferroelectric BaTiO3, the linear piezoelectric coupling
between polarization and strain does not play the dominant
role [50]. We therefore focus on the in-plane strain gradients
in the interfacial TiO2 monolayers, which are expected to
produce polarization through flexoelectric coupling [59].

Our analysis of the calculated strain gradients along with
the vortexlike polarization patterns supports the flexoelectric
coupling mechanism in twisted SrTiO3 bilayers. Specifically,
for an AA-stacked SrTiO3 bilayer, there are regions in the
top (twisted) portion of the bilayer with positive and nega-
tive strain gradients ∂εxy/∂x represented as green and brown
regions in Fig. 2(c). It is evident that these regions display
positive and negative displacements of the Ti atom in the TiO2

monolayer along the y axis, respectively [light-gray arrows in
Fig. 2(c)]. Consequently, the y component of polarization Py is
directly correlated with the shear strain gradient. This correla-
tion is mirrored in the relationship between the strain gradient
∂εxy/∂y and the x component of polarization Px [Fig. 2(d)].

Qualitatively similar features of the strain gradients are
observed in the TiO2 monolayer in the bottom portion of the
stack [Figs. 2(g) and 2(h)]. We see again correlation between
strain gradients ∂εxy/∂x, ∂εxy/∂y and polarization components
Py, Px, respectively. Reflecting the enhanced strain, strain gra-
dients are a factor of 3 stronger in the interfacial bottom TiO2

monolayer compared to the top. Also, it is seen that the color
maps of ∂εxy/∂x and ∂εxy/∂y are interchanged between the two
TiO2 monolayers [compare Figs. 2(c) and 2(d) and Figs. 2(g)
and 2(h)], reflecting an opposite sign of polar displacements
in the top and bottom SrTiO3 layers. Similar correlations
between the polarization components and strain gradients are
observed in the AB-stacked bilayer (Appendix B and Fig. 8).

All these features indicate that there is a linear relation-
ship between polarization and strain gradient, which can be
described as follows [50]:

Px = μxyxy
∂εxy

∂y
, Py = μxyxy

∂εxy

∂x
, (1)

where μxyxy is an effective flexoelectric coefficient. We
conclude therefore that the vortexlike polarization patterns
emerge due to the flexoelectric coupling in both TiO2 mono-
layers adjacent to the interface. It is notable that while SrTiO3

is nonpolar in the bulk form, when twisted, it exhibits quali-
tatively similar polarization features as those found in twisted
ferroelectric BaTiO3 [50].

IV. BOND AND CHARGE MODULATION

Twisting an oxide bilayer leads to the interfacial atomic
reconstruction changing electronic properties of the twisted
interface compared to the bulk compound. We find that the
atomic registry of the interfacial Ti atoms varies continuously
within the moiré superlattice between three distinct types
of atomic configurations. In a twisted AA-stacked SrTiO3

bilayer these configurations are linked to the three commen-
surate lattice sites (CLSs) where Ti, Sr, or O atomic chains
are continuous across the interface [Fig. 3(a)]. As seen from
Fig. 3(a), while at the Ti and Sr-CLSs the Ti atoms have the
sixfold coordination like those in bulk SrTiO3, at the O-CLS
the incommensurability of the Ti atoms across the interface
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FIG. 3. Moiré charge modulation in 22.6° twisted SrTiO3 bi-
layers. (a) Local coordination of the interfacial Ti atoms at the
Ti-commensurate lattice site (CLS), and near Sr- and O-CLSs in
the AA-stacked bilayer. A dotted ellipse indicates a dangling bond.
(b) Interfacial atomic structure of the AA-stacked bilayer indicating
positions of the Ti-, Sr-, and O-CLSs and the nominal Ti oxidation
states. (c) Local coordination of the interfacial Ti atoms at the Sr/Ti
and Ti/Sr-CLSs in the AB-stacked bilayer. In the left panel, long Ti-O
bonds at the four Ti atoms around the Sr/Ti-CLS are shown by thin
gray lines. In the right panel, dotted ellipses indicate dangling bonds.
(d) Interfacial atomic structure of the AB-stacked bilayer indicating
positions of the Sr/Ti- and Ti/Sr-CLSs and the nominal Ti oxidation
states. Sr atom at the Sr/Ti-CLS is removed for clarity. (e) Partial
density of states (DOS) projected on the 3d orbitals of the Ti sites at
the O-CLSs (red curve) and other interfacial Ti sites (gray area) in
AA-stacked bilayer. (f) Isosurface of the charge density in the energy
window from −4.7 eV to −4.3 eV at the O- CLS.

breaks out-of-plane Ti-O bonding leading to the reduced five-
fold coordination of the Ti atoms. Figure 3(b) illustrates the
local atomic structure around the O-CLS at the interface of a
twisted AA-stacked SrTiO3 bilayer. It is seen that the O atoms
within the top SrO monolayer have broken bonds with the
Ti atoms within the TiO2 monolayer resulting in the fivefold
coordination of these interfacial Ti atoms.

The observed bond-order reconstruction results in the elec-
tronic reconstruction of the twisted SrTiO3 interface, which
is reflected in the changing oxidation state of the interfacial
Ti atoms. We quantify this behavior by calculating density-
derived electrostatic and chemical (DDEC) charges on the Ti
atoms [60], as detailed in Appendix C. The DDEC method
uses smart partitioning of the weighted electron density to
obtain chemically meaningful net atomic charges and allows
quantifying charge transfer between atoms involving ionic and
covalent bonding and dielectric screening.

To correlate the calculated DDEC charges on the interfacial
Ti atoms in a twisted SrTiO3 bilayer with their conventional
oxidation states, we calibrate the DDEC charges against the
Ti nominal ionic charges in several titanium oxides and bulk
SrTiO3, as demonstrated in Fig. 9(a). Then, using this calibra-
tion, we estimate the nominal oxidation state of the interfacial
Ti atoms. We find that these Ti atoms are largely divided into
two categories: those that are located at the Ti- or Sr-CLSs
and have an oxidation state of about 3.9+ that is close to
4+ as in bulk SrTiO3 and those located at the O-CLSs and
have an oxidation state of about 3.5+ [Fig. 3(b)]. The reduced
oxidation state of the Ti atoms at the O-CLSs is due to the
broken Ti-O bond, leading to their fivefold coordination rather
than sixfold coordination like in bulk SrTiO3. The excess elec-
tron charge on the Ti atoms due to the broken bond reduces
their oxidation state. Similar results are obtained based on the
Bader charge analysis [61], showing that our conclusions are
qualitatively independent of the charge density partitioning to
designate the net atomic charges (Appendix C). The predicted
charge modulation of the interfacial Ti atoms exhibits moiré
periodicity.

To obtain further insight into the charge modulation, we
calculate the electronic density of states (DOS) projected onto
the 3d orbitals of the interfacial Ti atoms. Figure 3(e) indicates
that the weight of the Ti 3d states at the O-CLS Ti atoms is
higher and shifted to low energies [red curve in Fig. 3(e)] as
compared to that on the other Ti atoms [gray area in Fig. 3(e)].
By integrating the partial DOS and scaling the obtained num-
ber of electrons per Ti atom to the total number of valence
electrons, we find that the O-CLS Ti atoms accommodate
approximately 0.3e per atom more than the non-O-CLS Ti
atoms and Ti atoms in bulk SrTiO3. This result suggests that
the oxidation state of the O-CLS Ti atoms is reduced by about
0.3e, which is in qualitative agreement with our findings based
on the DDEC and Bader charge analyses.

The partial DOS in Fig. 3(e) suggests that the largest con-
tribution to the excess charge on the O-CLS Ti sites comes
from the DOS peak at the lowest energies of around −4.5 eV.
This fact indicates that the excess electron charge due to the
broken Ti-O bond participates in the covalent bonding of the
O-CLS Ti to another O atom and contributes to the strongly
bound state. From the charge density calculated in the energy
window from −4.7 eV to −4.3 eV, we observe localization of
the excess charge along the Ti-O bond with the bottom apex
O atom participating in this bonding [Fig. 3(f)]. The strong
bonding between these two atoms is also evident from the
significantly reduced Ti-O bond length of 1.73 Å compared
to the bulk Ti-O bond length of 1.93 Å.

A twisted SrTiO3 bilayer with AB stacking exhibits a
qualitatively similar bond and charge modulation behavior,
although the details are different. Specifically, we find that the
atomic registry of the interfacial Ti atoms exhibits five- and
sixfold coordination, depending on whether these Ti atoms are
located at the Sr/Ti-CLS or Ti/Sr CLSs [Fig. 3(c)]. The atomic
structure of the Sr/Ti-CLS [left panel in Fig. 3(c)] has a Sr
atom within the top SrO monolayer lying atop the Ti atom in
the interfacial TiO2 monolayer. This configuration breaks the
Ti-O bond across the interface so that this Ti atom has fivefold
coordination. In addition, the four nearest Ti atoms reveal a
significantly increased bong length up to about 2.43 Å with
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the O atoms in the upper (twisted) SrO monolayer indicating
further bond modulation [thin gray Ti-O bond lines in the left
panel of Fig. 3(c)]. On the contrary, the atomic structure of
the Ti/Sr CLSs [right panel in Fig. 3(c)] has an O atom within
the upper SrO monolayer lying atop an empty site in the
lower TiO2 monolayer. This configuration does not break Ti-O
bonds across the interface and supports sixfold coordination
of the nearest interfacial Ti atoms.

Calculating the DDEC on the interfacial Ti atoms and
correlating them with their conventional oxidation states of Ti
atoms, as described in Appendix C and shown in Fig. 9(b), we
observe that the fivefold-coordinated Ti atoms exhibit an oxi-
dation state close to 3.5+, whereas other Ti ions that have six-
fold coordination reveal higher valence states that are closer
to that in bulk SrTiO3 [Fig. 3(d)]. The predicted charge mod-
ulation of the interfacial Ti atoms exhibits moiré periodicity.

V. FLAT BANDS

We perform band structure calculations for AA- and AB-
stacking orders of the twisted SrTiO3 bilayer as described in
Appendix A 1. In Fig. 4, we highlight the results of these
calculations for θ = 22.6◦. For the AA-stacking configura-
tion, we observe a band structure that is composed of multiple
bands representing conduction and valence bands separated
by a band gap of about 1.7 eV [Fig. 4(a)]. Like in bulk
SrTiO3, the conduction band is largely composed of Ti 3d
orbitals, while the valence band is majorly composed of O
2p orbitals [Fig. 4(c)]. The band structure of the AB-stacked
SrTiO3 bilayer, as seen from Fig. 4(b), exhibits, in general,
qualitatively similar behavior. However, there is a new feature
emerging in the AB-stacked SrTiO3 bilayer, which is a band
with an exceptionally narrow bandwidth at the top of the
valence band. For θ = 22.6◦, this band exhibits a bandwidth
of just 4.3 meV [inset in Fig. 4(b)], characterizing it as ultraflat
[12]. We see that in contrast to twisted vdW systems, where
flat bands typically appear at low twist angles, twisted oxide
bilayers can produce flat bands at large twist angles. We find,
however, that the flat bands appearing at the valence-band
maximum (VBM) become increasingly flat with decreasing
twist angle. Specifically, the bandwidth of the flat band is
approximately 4.3 meV at 22.62°, which reduces to around
1.7 meV at 16.26°.

The orbital-resolved DOS of the AB-stacked structure
[Fig. 4(d)] reveals a sharp peak at the energy corresponding
to the flat band, attributing its character to the O 2pz orbitals
and indicating strong electronic localization. This localization
is evident from Fig. 4(f), which shows the calculated band-
resolved charge density distribution in real space associated
with the flat band. It is seen that this charge density is localized
in the top part of the twisted bilayer around the out-of-plane
Ti-O bonds at the corners of the twisted supercell. The AB-
stacking order effectively isolates these out-of-plane Ti-O
bonds within the twisted SrTiO3 layer [Fig. 1(c)] creating a
dangling bond [Fig. 1(c), right panel]. As seen from Fig. 4(f),
there is also an additional charge accumulation around the
corners of the twisted supercell at the neighboring oxygen
atoms in the TiO2 plane. The localized charge density exhibits
moiré periodicity, producing a moiré superlattice of charged
dots.

FIG. 4. Electronic structure and charge density of a 22.6° twisted
SrTiO3 bilayer. (a), (b) Electronic band structure of AA- (a) and AB-
(b) stacked SrTiO3 bilayers along high-symmetry lines in the first
Brillouin zone. Insets show the band structures in the narrow energy
window close to the Fermi energy. Red lines indicate flat bands. (c),
(d) Orbital-resolved density of states (DOS) of AA- (c) and AB- (d)
stacked SrTiO3 bilayers. Red indicates the DOS produced by the flat
bands. (e), (f) Isosurface of the charge density (shown in yellow) in
real space corresponding to the flat bands in AA- (e) and AB- (f)
stacked SrTiO3 bilayers. Top panels: side views; bottom panels: top
views. Dotted lines in the bottom panels show the positions of the
front planes in the side views. Interfacial SrO and TiO2 monolayers
are indicated.

In contrast, the topmost valence band in the AA-stacked
SrTiO3 bilayer is dispersive and does not exhibit charge
localization. This is seen from Fig. 10, demonstrating that
the charge density associated with this band is largely delo-
calized within the interfacial TiO2 monolayer in the bottom
part of the SrTiO3 bilayer. There are, however, three bands
at around −0.18 eV below the Fermi energy [indicated in
red in Fig. 4(a)], which have relatively narrow bandwidth,
producing a peak in the DOS at this energy [Fig. 4(c)]. These
bands exhibit a higher degree of localization, as seen from
the real-space charge density map shown in Fig. 4(e). They
have, however, a larger bandwidth compared to the band-
width of the flat bands in the AB-stacked system. For the
AA-stacking order, the flat bands within the valence-band
continuum gradually move closer to the Fermi level as the
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twist angle decreases (i.e., as the moiré supercell becomes
larger). For instance, in the 16.26° structure, they lie around
0.09 eV below the Fermi level, which is closer than for the
22.62° structure.

As evident from Fig. 4(e), the large charge density is con-
centrated at the out-of-plane Ti-O bonds in the top part of
the twisted SrTiO3 bilayer. The O atoms participating in this
bonding are located above the O-CLSs and have broken bonds
with the interfacial Ti atoms [O atoms indicated by dotted
ellipses at the O-CLS in Fig. 3(a)]. These dangling bonds
are responsible for the formation of flat bands in the AA-
stacked SrTiO3 bilayer. Contrary to the AB-stacked bilayer
where the flat band lies in the energy gap, the flat bands in
the AA-stacked bilayer lie within the continuum of dispersive
bands and have a larger bandwidth due to hybridization with
the continuum. These bands are reminiscent of the resonant
states, which are distinct from the bound states that lie in the
band gap.

Similar trends are observed for the SrTiO3 bilayers with
other twist angles. We find flat bands in the AA- and AB-
stacked bilayers at all twist angles investigated. At all twist
angles, we observe the isolated flat band at the top of the va-
lence band in the AB-stacked bilayers, whereas the flat bands
lie always within the continuum states in the AA-stacked
bilayers. In all cases, we find that the flat bands appear due to
the features of the atomic structure producing dangling bonds
above the interface of the twisted SrTiO3 bilayer.

To obtain further insight into the origin of flat bands in
twisted SrTiO3 structures, we develop a simple tight-binding
(TB) model that captures the essential physics of this phe-
nomenon. As noted above, the origin of flat bands is the
formation of dangling bonds at the O atoms that are located
above the interfacial TiO2 monolayer due to broken bonds
with the Ti atoms in this monolayer. The broken bonds appear
on a single site in the moiré supercell, while at the other
sites, the bonds are unbroken. To reflect this feature in the TB
model, we consider two one-dimensional (1D) atomic chains
with alternating sites 1 and 2 (mimicking O and Ti atoms,
respectively), which have on-site atomic energies, ε1,2 = ∓�,
and are coupled by intrachain and interchain hopping t be-
tween nearest-neighbor atoms, as shown in Fig. 5(a). We
assume that atom 1′ in the bottom chain forms dangling bonds:
it is coupled with hopping t to the nearest atom 2 in the top
chain but has broken bonds with the two nearest atoms 2 in
the bottom chain [indicated by red dashed lines in Fig. 5(a)].
The atom 1′ is assumed to have on-site energy ε1′ which may
be different from that of atom 1 (i.e., −�) reflecting an altered
atomic environment of this atom.

Using Green’s function formalism, as described in Ap-
pendix F, we calculate the local DOS on site 1′ as a function
of energy E. The results are shown in Fig. 5(b) for t = 1,
� = 0.5, and ε1′ = −0.6. It is seen that the DOS represents
two continuum bands [shown in black in Fig. 5(b)] that are
split by a band gap at energies between −0.5 and 0.5. In
addition, we see a localized state emerging above the bottom
valence-band continuum [highlighted in red in Fig. 5(b)]. This
state resembles the localized state found in our DFT calcula-
tions for an AB-twisted SrTiO3 bilayer [Fig. 4(a)], indicating
that dangling bonds are essential to the formation of the flat
band.

FIG. 5. Tight-binding model. (a) Schematics of a 1D model of
two coupled atomic chains. Atom 1′ has broken bonds (shown by
dashed red lines) with the two nearest atoms in the bottom chain.
Red dashed lines show broken bonds. (b) Density of states (DOS)
on site 1′ calculated using the Green’s function approach for t = 1,
� = 0.5, and ε1′ = −0.6. The two-band continuum split by a band
gap is shown in black and the localized state in red. (c) Schematics
of a 2D TB model: a checkerboard atomic lattice of alternating
sites 1 and 2. Atom 1′ has broken bonds (indicated by dashed red
lines) with four nearest atoms in the plane. (d) Band structure of
the model (c) calculated for an 8 × 8 supercell and t = 1, � = 0.5,
and ε1′ = −0.2.

The energy and appearance of a localized state depends on
the on-site energy ε1′ of atom 1′. For ε1′ = −�, the localized
state appears on top of the bottom band. When ε1′ < −�, but
close to −�, a localized state emerges in the band gap, as
illustrated in Fig. 5(b). In addition, we observe a resonant state
in the valence band that is broadened by hybridization with
the continuum states (a peak in DOS below E = −�). This
resembles the broadened localized state found in our DFT
calculations for an AA-twisted SrTiO3 bilayer [Fig. 4(b)].

Extending the 1D model to a more realistic 2D TB model
(Appendix F), we consider two planar atomic lattices with
a checkerboard atomic structure of alternating sites 1 and 2
(mimicking O and Ti atoms, respectively) with on-site atomic
energies ε1,2 = ∓� coupled by the nearest-neighbor hopping
t within each lattice and between the lattices, as shown in
Fig. 5(c). We assume that atom 1′ in the bottom lattice has
on-site energy ε1′ and forms dangling bonds: it is coupled
with hopping t to the nearest atom 2 in the top lattice but
has broken bonds with the four nearest atoms 2 in the bottom
lattice [indicated by red dashed lines in Fig. 5(c)]. Atom 1′
resembles atom 1 (oxygen), whose on-site energy is altered by
a different atomic environment. This model replicates a sim-
plified version of the dangling bonds in our twisted structure.

Similar to our 1D model, for ε1′ = −�, we find a lo-
calized state on top of the valence band (not shown). For
|ε1′ | > �, the localized state shifts into the valence-band con-
tinuum and strongly hybridizes with the continuum states,
while for |ε1′ | < �, it moves into the band gap, as illustrated
in Fig. 5(d). Notably, the flat band emerges solely due to the
inclusion of dangling bonds in the TB Hamiltonian.

Based on these TB models, we conclude that the appear-
ance of the flat bands is driven by the local atomic structure of
the twisted interface. This behavior is different from the effect
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of destructive interference in the hopping processes typical for
the kagome and Lieb lattices [41–43], but reminiscent to the
mechanism of formation of the impurity states in semiconduc-
tors [62,63], where the impurity potential produces electronic
states that have a large density around the impurity center.
Such localized states can be of two types: bound states, where
their energy lies in a forbidden gap, and resonant states, where
the impurity levels lie within the continuum and hybridize
with the continuum states. The former are like a flat band at
the top of the valence band in the twisted AB-stacked SrTiO3

bilayer [Fig. 4(b)], whereas the latter are like the flat bands
overlapped with the dispersive band in the twisted AA-stacked
SrTiO3 bilayer [Fig. 4(a)].

VI. MOIRÉ MAGNETISM

The appearance of the valence flat bands in twisted oxide
bilayers points out a possibility of unconventional properties
such as moiré magnetism that can be activated by proper
hole doping. The high density of the O-p states near the
Fermi level indicates that the exchange-driven spin splitting
of the electronic bands can occur in a nominally nonmagnetic
SrTiO3 due to incompletely filled O-p states. This type of
d0 magnetism contrasts with conventional magnetism, which
typically arises from the partially occupied d or f orbitals.
Depending on the specific band structure and relative popula-
tion of different valence states, the exchange splitting of the
spin bands can be mediated by the Stoner mechanism [64]
or the Anderson mechanism [65]. According to the Stoner
model, spontaneous ferromagnetism occurs when the rela-
tive gain in the exchange energy becomes larger than the
loss in the kinetic energy, resulting from the spin splitting
of electronic bands. In the simplest single-orbital magnet,
this condition is satisfied when the Stoner criterion is met,
i.e., ID(EF ) > 1, where D(EF ) is the DOS per spin at the
Fermi energy EF in the nonmagnetic state, and I is the Stoner
parameter, reflecting the strength of the exchange interac-
tion [64]. While the Stoner mechanism describes itinerant
magnetism, the Anderson mechanism deals with localized
impurity states interacting with the continuum of non-spin-
polarized free-electron-like bands. In this case, the emergence
of local magnetic moments depends on the energy of the
(singly filled) impurity level, εimp, relative to the Fermi level,
the magnitude of the Hubbard energy at the impurity site U ,
and the width δ of the virtual state formed by the hybridiza-
tion of the localized electron with the continuum [65]. The
formation of a local moment is favorable when |εimp| � δ and
εimp +U � δ. Interaction between local magnetic moments
may, at sufficiently low temperature, lead to the formation of
a magnetically ordered state.

Within the DFT, the stability of a magnetically ordered
state is determined by the Stoner model. Although the result-
ing criterion may underestimate the stability of local magnetic
moments, it is a good approximation in those cases where
electron-electron interactions are not too strong. In a multi-
orbital magnet, the magnetic instability is determined by the
generalized Stoner criterion det(1 − χ̂0 Î ) = 0, where χ̂0 is a
magnetic susceptibility matrix in the nonmagnetic state, and
Î is the generalized Stoner parameter matrix. The vanishing
determinant corresponds to divergent magnetic susceptibility,

and the eigenvector of the matrix describes magnetic moments
spontaneously appearing on different orbitals.

To simplify this general description, we assume that the
relevant electronic bands are formed by the 2p orbitals of two
types of O atoms: those that are responsible for the formation
of the flat bands [i.e., O atoms forming dangling bonds that
are indicated by dotted ellipses at the O-CLS in Fig. 3(a)]
and those that shape the dispersive top valence band [O atoms
lying within the TiO2 interfacial monolayer where, according
to Fig. 10(b), the most spin density of this band is located].
Assuming that these orbitals are not strongly hybridized, we
find that for small values of spin splitting�a, the Stoner model
predicts �a = Iama. Here index a distinguishes the flat bands
(denoted by index a = f ) from the dispersive top valence
band (denoted by index a = d), so that the magnetic moment
ma per atom (in units of μB), the band splitting �a, and the
Stoner exchange parameter Ia are different for the two types
of bands.

We then use DFT to study the effect of hole doping on the
electronic structure of twisted SrTiO3 bilayers by incremen-
tally removing valence electrons (see Appendix A for details
of these calculations). For the twisted AA-stacked SrTiO3

bilayer, we observe that small doping p = 0.3 (here and below
the value of p determines the number of holes per unit cell
of the twisted structure) does not produce any spin splitting
and thus magnetism [Fig. 6(a)]. The spin splitting [Fig. 6(b)]
and magnetic moment [Fig. 6(e)] appear at p = 0.7. With the
further increase of hole doping, the spin splitting [Figs. 6(c)
and 6(d)] and the magnetic moment [Fig. 6(e)] monotonically
increase.

Figure 6(f) shows the calculated spin density at p = 0.7,
indicating that the spin density largely resides within the
interfacial TiO2 monolayer and at certain O sites in the SrO
twisted monolayer above it. These O sites are located above
the O-CLSs and have broken bonds with the interfacial Ti
atoms [O atoms indicated by dotted ellipses at the O-CLS in
Fig. 3(a)]. As we have already discussed, they form dangling
bonds in the top TiO2 monolayer and are responsible for
the formation of the flat bands. The spin density within the
interfacial TiO2 monolayer appears from the spin splitting of
the charge density of the topmost valence band, which is also
localized within the interfacial TiO2 monolayer [Fig. 10(d)].

With the increasing hole doping, other spin-split bands
become depopulated resulting in their contribution to the net
magnetic moment [Fig. 6(b)]. These bands are no longer
associated with the interfacial TiO2 monolayer, and, as a
result, the charge density becomes more distributed over the
whole twisted SrTiO3 bilayer [Fig. 6(h)]. Nevertheless, even
at larger doping, as is evident from Fig. 6(h), we observe
the enhanced spin density and magnetic moments on the O
sites forming dangling bonds. For example, we find that the
average magnetic moment on these O sites increases from
0.027 to 0.068 to 0.127 µB when p changes from 1.0 to 2.0
to 4.0, whereas the average magnetic moment on the O atoms
at the interfacial TiO2 monolayer increases from 0.005 to
0.012 to 0.031 µB. The enhanced magnetic moments have
moiré periodicity qualitatively similar to that of the charge
density in Fig. 4(e). The moiré modulation of the spin density
and magnetic moments is the essential feature of magnetism
emerging in the hole-doped twisted SrTiO3.
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FIG. 6. Spin-dependent electronic structure, magnetic moment,
and spin density of a 22.6° twisted AA-stacked SrTiO3 bilayer
doped with holes. (a)–(d) Spin-resolved band structure close to the
valence-band maximum for hole-doping concentrations of p = 0.3
(a), 0.7 (b), 2.0 (c), and 4.0 (d) per entire unit cell of twisted SrTiO3.
Solid red and dashed black lines indicate minority- and majority-spin
bands, respectively. Blue dotted line shows the Fermi energy. (e)
Total magnetic moment m as a function of hole doping p. Top inset
shows the spin splitting �d of the dispersive top valence band as a
function of the average magnetic moment md per O atom at the TiO2

interfacial monolayer (squares) with a linear fit (solid line). Bottom
inset shows the spin splitting � f of the flat band as a function of the
average magnetic moment mf per O atom at the O sites forming the
flat band (squares) with a linear fit (solid line). (f), (g) Isosurface of
the spin density (shown in yellow) for hole doping p = 0.7 (f) and
2.0 (g) given in the same scale. Interfacial SrO and TiO2 monolayers
are indicated.

Next, we estimate the Stoner parameter Ia using a linear
fit of �a as a function of the average magnetic moment ma

per O atom at those O sites that dominate in the formation of
these bands. For the dispersive top valence band, we average
the magnetic moment over O sites within the TiO2 interfacial
monolayer and obtain a �d vs md curve that is shown in
the top inset of Fig. 6(e). From the linear fit, we estimate
the Stoner parameter Id ≈ 1.79 eV for the top valence band.
For the flat bands, we average the magnetic moment over
O sites located above the O-CLSs and obtain a � f vs mf

curve that is shown in the bottom inset of Fig. 6(e). From
the linear fit, we estimate the Stoner parameter I f ≈ 1.96 eV
for these flat bands. This value is somewhat different from
Id , which is not surprising because the Stoner parameter is
not solely determined by a particular type of atom but de-
pends on the spin-dependent exchange-correlation field that
alters with the crystal field, chemical environment, bond-
ing, etc. In this regard, the estimated values of the Stoner
exchange parameter are in good agreement with those ob-
tained for the Hund exchange of the O p states (ranging from

about 1 to 2 eV) using the high-throughput computational
analysis [66].

Then, we employ the Stoner model to elucidate the emer-
gence of magnetism in a twisted AA-stacked SrTiO3 bilayer
at p = 0.7. Here, we assume that the relevant electronic states
are formed by the 2p orbitals of two types of O atoms: 26
O atoms lying within the interfacial TiO2 monolayer and 8
O atoms at the O-CLSs [where, according to Fig. 6(f), the
most spin density is localized], and that these orbitals develop
equal spin splitting at the point of instability. The resulting
simplified Stoner criterion then becomes identical to that in
a single-orbital case, i.e., ID(EF ) = 1, where I is an aver-
aged Stoner parameter for the participating O 2p orbitals, and
D(EF ) is the DOS at the Fermi energy EF in the nonmagnetic
state for these orbitals.

Figure 11 shows the evolution of DOS at energies close to
the top of the valence band with doping p increasing from 0
to 0.7. As seen, this evolution is different from just a depop-
ulation of the filled states corresponding to the DOS of the
undoped bilayer. In addition to moving EF from the VBM,
there is a shift of the high-density flat bands towards the VBM.
At p = 0.7, where the spin splitting occurs, hole doping places
the Fermi energy at about 0.045 eV below the VBM at the
edge of the flat-band DOS [dashed line in Fig. 11(d)]. At this
value of EF , we find that the total non-spin-polarized DOS for
the twisted SrTiO3 bilayer is Dtot (EF ) ≈ 50.8 eV−1. Dividing
by 34 (i.e., the number of participating O 2p orbitals), we
estimate the DOS per O atom per spin D(EF ) ≈ 0.75 eV−1.
It is therefore evident that for p = 0.7, the simplified Stoner
criterion, ID(EF ) > 1, is satisfied for I between Id ≈ 1.79 eV
and I f ≈ 1.96 eV, leading to spontaneous spin splitting of the
bands and the emergence of magnetism in agreement with
our DFT calculations. In contrast, for p = 0.6, we obtain
D(EF ) ≈ 0.46 eV−1, so that ID(EF ) < 1 for the given range
of I , i.e., the Stoner criterion is not satisfied.

For the twisted AB-stacked SrTiO3 bilayer, the situation
is different. Due to the presence of the flat band at the Fermi
energy, even a very small hole doping leads to its spin splitting
[see Fig. 7(a) for p = 0.02]. This is because the DOS in the
narrow band is so large that the Stoner criterion is satisfied
even at a very small doping. The spin-up subband is fully pop-
ulated, i.e., n↑ = 1 [the dashed black line just below E = EF

in Fig. 7(a)], and the spin-down subband is partly empty, i.e.,
n↓ = 1−p [the solid red line at E = EF in Fig. 7(a)], resulting
in the total magnetic moment m = μBp. According to the
Stoner model, � f = I f m f , where, in this case, mf can be esti-
mated from the average moment on the two O atoms forming
the out-of-plane Ti-O bonds with the Ti atoms at the top TiO2

monolayer at the corners of the twisted supercell [Figs. 7(f)
and 4(f)]. As seen from the inset in Fig. 7(e), at small doping,
there is a linear increase of the flat-band splitting � f as a
function of mf . From this linear variation, we estimate the
Stoner exchange constant I f ≈ 1.78 eV. This value is in the
same range as the values obtained for the AA-twisted SrTiO3.

With the increasing hole doping, the flat band moves to
lower energies and its spin splitting gets larger [Fig. 7(b)].
The spin-split flat band overlaps with the dispersive band and
hybridizes with it, resulting in its spin splitting as well. At
higher doping levels, we observe a complex behavior where
the flat band moves deeper into the continuum and becomes
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FIG. 7. Spin-dependent electronic structure, magnetic moment,
and spin density of 22.6° twisted AB-stacked SrTiO3 bilayer doped
with holes. (a)–(d) Spin-resolved band structure close to the valence-
band maximum for hole-doping concentrations of p = 0.02 (a), 0.1
(b), 1.0 (c), and 4.0 (d) per entire unit cell of twisted SrTiO3. Solid red
and dashed black lines indicate minority- and majority-spin bands,
respectively. Blue dotted line shows the Fermi energy. (e) Total
magnetic moment m as a function of hole doping p. Inset shows
the spin splitting � f of the flat band as a function of the average
magnetic moment maf per O atom at the two O sites forming the
flat band (squares) with a linear fit (solid line) at small doping p. (f),
(g) Isosurface of the spin density (shown in yellow) for hole doping
p = 0.1 (f) and 1.0 (g) given in the same scale. Interfacial SrO and
TiO2 monolayers are indicated.

strongly hybridized with other bands [Figs. 7(c) and 7(d)]. The
latter exhibits spin splitting increasing with hole doping. This
leads to an increase in the net magnetic moment with doping
as shown in Fig. 7(e).

Figure 7(f) shows the spin density of the 22.6°-twisted
AB-stacked SrTiO3 bilayer for hole doping p = 0.1. Notably,
the spin density is localized at the O atoms positioned above
and below the Ti-CLSs in the twisted TiO2 monolayer. This
is qualitatively similar to the charge density of the flat band
[Fig. 4(f)]. Both are largely associated with the localized O-
pz orbitals and have moiré periodicity. At p = 0.1, the total
magnetic moment on the two O atoms is about 0.041 µB.
This value increases to 0.184 µB at p = 1.0. In the latter case,
we observe the appearance of spin density on other O sites
away from the Ti-CLSs [Fig. 7(h)]. It is notable that the
induced magnetic moments on all O atoms are positive, in-
dicating a long-range ferromagnetic type of coupling between
the localized moments at the Ti-CLSs and the “continuum”
spin density on the other O sites. This indirectly points out
the ferromagnetic exchange interaction between the localized
magnetic moments mediated by the itinerant electrons. Thus,
our results demonstrate the emergence of moiré magnetism
in a hole-doped twisted oxide system, which is attributed to

the O-p states and may have implications for unconventional
spin-dependent properties.

Our DFT calculations reveal a tendency for the formation
of magnetic moments in the flat bands in twisted SrTiO3

structures. Strong Coulomb correlations within the impurity
levels are expected to enhance this trend due to the Anderson
mechanism, as long as the localized levels are partially oc-
cupied. However, DFT also tends to overestimate the energy
of a localized state due to its spurious self-interaction (see
Appendix A for more details). Therefore, the states corre-
sponding to the flat band in the AB-stacked SrTiO3 model
may in reality lie inside the valence band and hybridize with
it. Nevertheless, as seen from our results for the AA-stacked
SrTiO3, sufficient hole doping can place the Fermi energy into
the deeper flat bands, resulting in exchange splitting and the
formation of ferromagnetically coupled magnetic moments
exhibiting moiré periodicity.

VII. DISCUSSION

We believe that the predicted effects arising in the twisted
SrTiO3 bilayers are only the tip of the iceberg of the emer-
gent phenomena that can occur in the moiré-engineered oxide
heterostructures. Due to the interplay between the twist angle,
local atomic coordination, interface bonding, and electronic
and magnetic structure, twisted oxides offer ample opportu-
nities for exploring unconventional properties and unknown
phenomena.

The observation of vortex polar states at the twisted inter-
face suggests that the system may host topological features.
Due to its topological nature, a vortex cannot be continuously
deformed into a trivial state without breaking symmetry. This
makes vortex structures stable against small perturbations. In
contrast to the previously observed polar textures in ferro-
electric films confined in the growth direction [58], a polar
landscape of twisted oxides is two dimensional and tunable
by the twist angle of the bilayer and, thus, it is more amenable
for high-density memory applications. In addition, it is known
that nanoscale ferroelectrics might exhibit various exotic do-
main configurations and polar topologies, such as full flux
closure, vortex, skyrmion, and meron [67]. Given the unique
structural variations driven by twist, it would be interesting to
explore whether such topological objects can occur at twisted
interfaces. They may also undergo unusual phase transitions
and form collective topological polar states under external
stimuli.

The emergence of electronic flat bands indicates that
twisted SrTiO3 could exhibit strongly correlated properties
that deserve further investigation. Superconductivity, in par-
ticular, is often associated with flat-band systems, as seen,
for example, from the studies of twisted bilayer graphene [8].
As has been predicted theoretically, a flat band coupled with
a dispersive band supports high-temperature superconductiv-
ity [68]. Furthermore, when the lowest energy band is flat
across the entire Brillouin zone, its partial filling is expected
to lead to nontrivial behavior, including the formation of a
Wigner crystal [29]. In such systems, the vanishing kinetic
energy of electrons in the flat band causes their dynamics
to be dominated entirely by interactions, driving fermions to
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self-organize into a regular, crystalline pattern to minimize the
interaction energy.

The emergence of moiré magnetism in a hole-doped
twisted oxide system may have implications for nontrivial
spin-dependent properties. For example, we see that twisted
SrTiO3 bilayers produce a sharp peak in the density of
states near the valence-band maximum. Upon hole doping,
the Fermi level can be brought to this elevated density of
states, creating favorable conditions for d0 ferromagnetism.
It has been recognized that the phenomenon of d0 mag-
netism in oxides merits thoughtful attention [69]. From a
practical perspective, by utilizing ferromagnetism mediated
by holes, it may be feasible to control the magnetic state of
devices through a gate bias, which modulates the flow of spin-
polarized carriers. This method could effectively switch or
modify the magnetic state of the system, offering a significant
reduction in power consumption compared to conventional
spintronic devices that rely on high spin-polarized currents,
such as spin-transfer torque [70]. Although hole doping of
oxides is generally more challenging than electron doping,
the realization of a p-type interface in SrTiO3-based het-
erostructures has been experimentally demonstrated, offering
a viable pathway to explore and control hole-mediated fer-
romagnetism in oxide systems [71,72]. These findings open
new opportunities for the development of energy-efficient,
room-temperature spintronic applications.

A logical progression would be to extend these studies to
other oxide materials beyond SrTiO3. Especially interesting
are oxide compounds exhibiting magnetism in their pristine
form. Twisted heterostructures made of magnetic oxides may
reveal intricate interface spin textures varying with moiré
periodicity. The interlayer exchange coupling is known to be
highly sensitive to the oxidation state of magnetic atoms, as
well as the bond length and bond angle between the magnetic
and oxygen atoms. A lateral modulation of the interlayer ex-
change coupling is therefore expected to occur at the interface
between two twisted magnetic oxides. For example, the inter-
layer exchange coupling varying between ferromagnetic and
antiferromagnetic along the interface tends to generate spin
textures, such as isolated skyrmions and skyrmionic lattices,
as has been predicted for 2D vdW magnets [73,74].

Furthermore, broken inversion symmetry at the interface
between two twisted oxides in conjunction with spin-orbit
coupling are expected to produce the Dzyaloshinskii-Moriya
interaction, which promotes nontrivial chiral spin textures,
like those predicted for 2D vdWmagnets (e.g., [75]). Previous
studies have shown that magnetic skyrmions and other spin
textures may occur in twisted 2D vdW systems [76–79]. Sim-
ilar and more intricate spin structures are expected in twisted
oxide bilayers, driven by stronger interlayer interactions. Ox-
ide membranes made of magnetic BiFeO3 and SrRuO3 have
already been synthesized down to a monolayer [46,80] and
demonstrated that at reduced dimensions these materials ex-
hibit different properties compared to their bulk counterparts.

Fabrication of twisted transition metal oxide systems is
challenging due to the strong interlayer coupling typically
found in oxides. However, recent advances in fabrication tech-
niques, such as the use of sacrificial buffer layers [45,46] and
remote epitaxy [47], have established a robust platform for
integrating oxide monolayers into twisted heterostructures.

Recent experimental work has demonstrated that twisted
SrTiO3 bilayers of high structural quality and precisely
controlled twist angle and interface atomic structure can be
successfully synthesized, showing some of the features pre-
dicted in this paper [81]. It is therefore evident that the twisted
structures investigated in this work are feasible in practice.

VIII. SUMMARY

In this study, we have designed SrTiO3 bilayers with
a relative twist between the individual layers to explore a
broad landscape of emergent phenomena which may occur
in moiré-engineered oxide heterostructures. Using extensive
DFT calculations, we found that displacement of Ti ions
with respect to their unrelaxed positions formed vortexlike
patterns. The vortices had circular- or cylindrical-like shapes,
exhibited alternating chirality, and were interleaved with
antivortices, both forming periodic patterns with moiré peri-
odicity. The formation of the vortex-antivortex displacement
patterns indicated the emergence of a chiral polar phase aris-
ing from twist and driven by the flexoelectric coupling effect.

Twisting of the SrTiO3 bilayer and associated atomic re-
laxations led to significant reconstruction of the Ti-O bonds
within the TiO2 layers adjacent to the twisted interface. Some
of these bonds were found to be broken leading to reduced
coordination of the interfacial Ti atoms and, thus, to their
reduced oxidation state. The moiré modulation of the Ti ox-
idation state manifested Ti ionic charge modulation at the
twisted interface.

We have further predicted the appearance of flat electronic
bands occurring at relatively large twist angles and exhibiting
charge localization with moiré periodicity. Analysis of band-
decomposed charge densities revealed the localized charge
distribution surrounding dangling bonds on the O atoms
above the twisted SrTiO3 bilayer interface. Our in-depth tight-
binding calculations delved into the origin of these flat bands,
revealing that their emergence was facilitated by the broken
bonds between O and Ti atoms on a single O site in the moiré
supercell.

Finally, we have demonstrated the emergence of unconven-
tional d0 magnetism in response to hole doping of twisted
SrTiO3 bilayers. The magnetism was found to be driven by
the exchange interactions within the high-density O-p bands
resulting in their spin splitting, which was reasonably well
explained by the Stoner model. The involvement of flat bands
in this mechanism led to a localized spin density exhibiting
moiré periodicity.

Overall, our results suggest promising avenues for moiré-
engineered oxide heterostructures to reveal new properties
that are not present in conventional oxide thin-film structures
and may be interesting from the fundamental physics point of
view and useful for novel applications.

The figures of atomic structures were produced using
VESTA software [82].
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APPENDIX A: DFT CALCULATIONS

DFT calculations are performed using the Vienna ab ini-
tio simulation package (VASP) [83,84]. We employ the local
density approximation (LDA) for the exchange-correlation
potential and the projector augmented wave (PAW) method to
approximate the electron-ion potential [85]. A kinetic energy
cutoff of 500 eV for the plane wave expansion of the PAWs is
used. Spin-orbit coupling is not included in the calculations.

In the twisted SrTiO3 bilayer calculations, we construct a
seven-unit-cell slab terminated with SrO monolayers having
either AA- [Fig. 1(b)] or AB- [Fig. 1(c)] stacking orders
along the twisting [001] axes. The upper three monolayers
are twisted relative to the lower four monolayers, and the
four monolayers adjacent to the twisted interface are re-
laxed. Additionally, we fix the supercell boundaries, based
on the LDA calculated lattice constant of 3.86 Å, to prevent
atoms from rotating back to their original untwisted posi-
tions. We use an 8 × 8 × 1 grid of k points for Brillouin
zone integration and relax the supercell until forces converged
below 10−3 eVÅ−1.

To simulate the effects of hole doping, we reduce the
number of valence electrons relative to the charge-neutral
system. The electron count is adjusted to achieve the
desired doping concentration, and charge neutrality is main-
tained by introducing a uniform compensating background
charge. Band occupancies are computed using the tetra-
hedron method with Blöchl corrections [86], effectively
eliminating the broadening effects. The validity of these
calculations is verified by using the virtual crystal approxi-
mation [87] to model the electronic structure of SrTiO3−xNx,
replicating the conditions of the hole-doping simulations.
The results from both approaches are found to be consis-
tent, confirming the reliability of the doping method for our
system.

Self-interaction effects

A shift of the flat bands down in energy toward other
valence bands with increasing hole doping is due to the
self-interaction effect known from standard density functional
theory (see, e.g., [88] for review). This shift arises because

an electron interacts with its own charge density, leading to
a somewhat incorrect potential. Flat-band systems are more
prone to the self-interaction effect because of the high charge
density localized in space. Specifically, the flat band shifts
lower in energy with the increased hole doping due to the
proportionally reduced number of electrons occupied by this
band and thus a reduced self-interaction energy.

APPENDIX B: POLARIZATION VORTICES IN A TWISTED
SrTiO3 BILAYERWITH AB STACKING

Similar to the AA-stacked bilayer, a twisted SrTiO3 bi-
layer with AB stacking reveals vortex-antivortex patterns in
displacement of Ti atoms [Figs. 8(a) and 8(e)]. The vortices
and antivortices exhibit alternating chirality, form a periodic
pattern with moiré periodicity, and have opposite chirality in
the interfacial top and bottom TiO2 monolayers. They produce
intralayer shear strain εxy with alternating regions of positive
and negative εxy [Figs. 8(b) and 8(f)]. x and y components
of Ti ion displacements [light-gray arrows in Figs. 8(c) and
8(d) and Figs. 8(g) and 8(h)] reflect Px and Py components
of electric polarization and correlate with the shear gradients
∂εxy/∂y [Figs. 8(d) and 8(h)] and ∂εxy/∂x [Figs. 8(c) and
8(g)], respectively, indicating flexoelectric coupling between
the strain gradient and polarization.

APPENDIX C: DDEC AND BADER CHARGE ANALYSES

DDEC charges are calculated using the code developed
by Manz and co-workers [60,89–92]. Within this code, the
DDEC net atomic charges are optimized to obtain chemical
states and quantify electron transfer between atoms in com-
plex materials. Specifically, the DDEC method incorporates
spherical averaging to minimize atomic multipole magnitudes
so that the electrostatic potential is accurately reproduced by
the net atomic charges. The DDEC method uses reference ion
densities to provide chemical significance of the computed net
atomic charges and includes the effects of charge compensa-
tion and dielectric screening in the reference ion densities. The
code is parallelized using OpenMP and executable with the
charge density output of the VASP calculations.

Figure 9(a) shows the calculated DDEC charges of bulk
TiO, Ti2O3, and TiO2 (open blue circles), which we correlate
with the conventional oxidation states of these compounds
(2+, 3+, and 4+, respectively). In addition, in Fig. 9(a), we
display the DDEC charge of bulk SrTiO3 (open red circle),
which has the same nominal oxidation state 4+ as TiO2 and
nearly the same DDEC charge. Using these results, we obtain
a calibration curve [straight line in Fig. 9(a)], correlating
the calculated DDEC charges with the Ti oxidation states.
Then, using this calibration curve along with the computed
DDEC charges in twisted SrTiO3 bilayers, we estimate the
oxidation state of the interfacial Ti atoms. For a 22.6° twisted
AA-stacked SrTiO3 bilayer, we find the oxidation state of
3.51+ for the fivefold-coordinated Ti atoms located at the
O-CLSs and 3.89+ for the sixfold-coordinated Ti atoms in-
cluding those located at the Ti- or Sr-CLSs [Fig. 9(a), solid
red dots]. For an AB-stacked SrTiO3 bilayer [Fig. 9(b)], we
find the oxidation state of 3.51+ for the fivefold-coordinated
Ti atoms located at the Sr/Ti-CLSs and 3.86+ for the sixfold-
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FIG. 8. Formation of polarization vortices in a 22.6° twisted SrTiO3 bilayer with AB stacking. (a), (e) Atomic structure of the TiO2

monolayer nearest to the interface in the top (a) and bottom (e) SrTiO3 layers. Black arrows (proportional in size) show displacement of the
Ti atoms with respect to their unrelaxed positions. Dashed circles and ellipses (differing in color and arrow direction) indicate the formation
of displacement vortices of opposite chirality. Regions highlighted in green signify antivortices. (b), (c), (f)–(h) Shear strain (b), (f) and shear
strain gradient (c), (d), (g), (f) maps obtained for TiO2 monolayers near the interface in the top (b)–(d) and bottom (f)–(h) SrTiO3 layers. Gray
arrows (proportional in size) show displacement of the Ti atoms with respect to their unrelaxed positions.

coordinated Ti atoms located at the Ti/Sr- CLSs. For other
sixfold-coordinated Ti atoms the oxidation states are 3.74+
and 3.78+ [Fig. 9(b), solid red dots].

Bader charges are calculated using the code of Tang et al.
[93]. These calculations are based on a computational method
that partitions the electron density into atomic regions where
the dividing surfaces are at a minimum of the charge density,
i.e., the gradient of the charge density is zero along the surface
normal. The total charge on an atom is obtained by integrat-
ing the electronic density within these partitions around the
atomic nuclei. The Bader charge for an atom is then defined
as the difference between the number of its valence electrons
and its total charge obtained from the Bader charge analysis
[61]. Correlating the calculated Bader charges in the twisted

FIG. 9. Correlation of the nominal Ti oxidation states in 22.6°
twisted AA- (a) and AB- (b) stacked SrTiO3 bilayers with the cal-
culated DDEC charges on Ti atoms in bulk TiO, Ti2O3, and TiO2

compounds where the nominal Ti oxidation states are 2+, 3+, and
4+, respectively (open blue dots), and in bulk SrTiO3 where the Ti
oxidation state is 4+ (open red dot). Solid line is a linear fit from
which the oxidation state of the interfacial Ti atoms in the twisted
SrTiO3 bilayers is estimated (solid red dots).

SrTiO3 bilayers with the known nominal oxidation states of
Ti atoms and the calculated Bader charges in the reference
oxide compounds, we find a very similar behavior to that
obtained from the DDEC charge analysis. We therefore do not
explicitly reproduce these results here.

APPENDIX D: TOPMOST VALENCE BAND
IN AA-STACKED TWISTED SrTiO3 BILAYER

Figure 10(a) shows the electronic band structure of a 22.6°
twisted AA-stacked SrTiO3 bilayer in the vicinity of the
valence-band maximum. The topmost valence band is dis-
persive, and its charge density is uniformly distributed in the
plane of the bilayer [Fig. 10(b), bottom panel]. It is evident
from the top panel in Fig. 10(b) that this band is largely
localized in the interfacial TiO2 monolayer. Figure 10(c)
demonstrates that its DOS (corresponding to the energy win-
dow down to −0.1 eV) is relatively low (about 10 eV−1

corresponding to about 0.36 eV−1 per O atom), reflecting its
free-electron-like nature.

APPENDIX E: DOS OF AA-STACKED TWISTED SrTiO3

BILAYER AS A FUNCTION OF DOPING

Figure 11 shows the evolution of the DOS of a non-
spin-polarized AA-stacked twisted SrTiO3 bilayer with hole
doping. Filling the topmost valence band with holes shifts the
Fermi energy down in energy. At the same time, we observe
the displacement of the flat bands to higher energies closer to
the VBM. At p = 0.7, hope doping places the Fermi energy
at about 0.045 eV below the VBM at the top edge of the
flat bands where the DOS of states is enhanced up to about
75 eV−1 [inset in Fig. 11(d)], which is sufficient to satisfy the
Stoner criterion.
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FIG. 10. Electronic properties of the dispersive band in a 22.6°
twisted AA-stacked SrTiO3 bilayer. (a) Electronic band structure
along high-symmetry lines in the first Brillouin zone at the topmost
valence band. Blue and red curves indicate the dispersive and flat
bands, respectively. (b) Isosurface of the charge density (shown in
yellow) in real space for the dispersive band. Top: side view; bottom:
top view. Interfacial SrO and TiO2 monolayers are indicated. (c)
Total density of states (DOS) at energies close to the VBM. Dashed
line indicates the position of the Fermi energy.

APPENDIX F: TIGHT-BINDING MODELING

We employ a standard TB model that assumes one orbital
per atom and nearest-neighbor hopping of a periodic lattice.
The TB Hamiltonian in real space is given by

H =
∑
mα

εαc
†
mαcmα −

∑
〈mα,lβ〉

tmα,lβc
†
mαclβ, (F1)

where c†mα and cmα are the creation and annihilation operators
at cell p and atomic site α, respectively, εα are on-site atomic
energies, tmα,lβ are hopping integrals between sites α and
β in cells m and l , respectively, and summation 〈mα, lβ〉

FIG. 11. Total density of states (DOS) of a non-spin-polarized
twisted SrTiO3 bilayer with AA stacking at energies close to the
VBM for p = 0.1 (a), 0.3 (b), 0.5 (c), and 0.7 (d). Vertical dashed
lines indicate the position of the Fermi energy. Inset in (d) shows a
zoomed-in region near the Fermi energy.

FIG. 12. Schematics of constructing Green’s functions within a
1D tight-binding model. (a) Two coupled infinite atomic chains.
Dashed box indicates a diatomic unit cell where the Green’s function
is calculated. (b) Two semi-infinite atomic chains coupled through
a diatomic cell. Indices s and c indicate surface cells of the semi-
infinite chains and a diatomic cell, respectively. (c) Two semi-infinite
chains coupled through site 1 indicated by index i denoting the
on-site Green’s function. (d) Final atomic configuration with atom
1′ having two broken bonds in the bottom chain. Red dashed lines
indicate bonds of strength t that are used to derive Green’s functions
from the respective Dyson equations.

runs over the nearest-neighbor sites. The eigenstates |ψnk〉 are
represented through an expansion over atomic orbitals |ϕmα〉:

|ψnk〉 =
∑
mα

eik·(Rm+rα )Cα
nk |ϕmα〉, (F2)

where n is the band index, k is the wave vector, Rm is the co-
ordinate on the lattice cell m, and rα is the coordinate of atom
α in the unit cell of the lattice. The expansion coefficientsCα

nk
are obtained by solving the TB secular equation∑

β

Hαβ (k)C
β

nk = εnkC
α
nk, (F3)

where the matrix elements of the TB Hamiltonian in k space
are

Hαβ (k) =
∑
m

eik·(Rm+rβ−rα )〈ϕ0α|H |ϕmβ〉. (F4)

1. 1D TB model

Green’s function formalism is used for a 1D TB model
depicted in Fig. 3(a) to understand the origin of flat bands.
We start from an infinite double wire that has two atomic
sites (α, β = 1, 2) with spacing a between the sites. The sites
alternate between each lattice cell and have on-site energies
εα = ∓� [Fig. 12(a)]. The wire is described by TB Hamilto-
nian (F1), where we assume that hopping integrals t = tmα,lβ

between nearest neighbors are equal to 1, i.e., all energies are
“measured” in units of this hopping parameter. Site alternation
can be incorporated into the eigenstate |ψnk〉 by introducing
the lattice site switching operator σ , which flips site index α

(α = 1, 2), without affecting lattice index m:

|ψnk〉 =
∑
mα

eikRmσmCα
nk |ϕmα〉, (F5)

where Rm = am. Taking into account that σ 2m = 1 and
σ 2m+1 = σ , we obtain the following matrix elements of the
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TB Hamiltonian:

Hαβ (k) =
[ −� −2 coska − 1
−2 cos ka − 1 �

]
. (F6)

By solving secular equation (F3), we obtain eigenvalues
εnk and coefficients Cα

nk in expansion (F5) as follows:

εnk = ±
√

�2 + (2 cos ka + 1)2, (F7)

C1
nk = −

√
εnk−�
2εnk

, C2
nk =

√
εnk+�
2εnk

, (F8)

where n = 1, 2.
Real-space components of the Green’s function are given

by

Gmα,lβ (z) = 〈ϕmα| 1

z − H
|ϕmβ〉 =

∑
nk

eika(m−l )

z − εnk
Cα
nkC

β∗
nk .

(F9)
By performing integration over k and using Eqs. (F7) and

(F8), we obtain Green’s function components within the di-
atomic unit cell (l = m):

Gαα (E )

= E ± �√
(E2 − �2)

[
χ1(E )

(
√
E2 − �2 + 1)

1/2
(
√
E2 − �2 − 3)

1/2

+ χ2(E )(
√
E2 − �2 + 1)

4(
√
E2 − �2 − 1)

1/2
(
√
E2 − �2 + 3)

1/2

]
, (F10)

where sign is positive (negative) for α = 1 (α = 2), and

Gαβ (E ) = − 1

2
+ χ1(E )(

√
E2 − �2 − 1)

4(
√
E2 − �2 + 1)

1/2
(
√
E2 − �2 − 3)

1/2

+ χ2(E )(
√
E2 − �2 + 1)

4(
√
E2 − �2 − 1)

1/2
(
√
E2 − �2 + 3)

1/2 ,

(F11)

where α �= β. In Eqs. (F10) and (F11),

χα (E ) =
{
1, for |E | >

√
�2 + γ 2,

sgn(E ), for |E | <
√

�2 + γ 2,
(F12)

where γ = 3 for α = 1 and γ = 1 for α = 2. In the interval of
energies � � |E | � √

�2 + 9, Eq. (F10) results in a nonzero
site-projected density of states ρα (E ) = − 1

π
ImGαα (E ), while

beyond this interval ρα (E ) = 0. For nonzero �, ρα (E ) is
continuous in the regions −√

�2 + 9 � E � −� and � �
E �

√
�2 + 9, representing two bands separated by a band

gap of 2�.
Next, we construct surface Green’s function Gs of a semi-

infinite double wire. This is done by connecting two such
wires with the same termination to a diatomic cell with hop-
ping t linking sites 1 to 2, as shown in Fig. 12(b). This
procedure reconstructs the infinite double wire [Fig. 12(a)],
whose Green’s function G is given by Eqs. (F10)–(F13). Us-
ing the Dyson equation, we obtain

G = [Gc−1 − 2VGsV + iδ]
−1

. (F13)

Here V = [ 0 −1
−1 0 ] (in units of t) and Gc is the Green’s

function of a diatomic cell between the chains:

Gc
αα (E ) = E ∓ �

E2 − �2 − 1
, (F14)

where the sign is negative (positive) for α = 1 (α = 2), and

Gc
αβ (E ) = −1

E2 − �2 − 1
(F15)

for α �= β. Solving Eq. (F13) for Gs, we find

Gs = 1

2
V−1(Gc−1 − G−1)V−1. (F16)

Next, we construct the on-site Green’s function Gi(E ) on
atom 2 in the atomic structure shown in Fig. 12(c). This
structure corresponds to the configuration of Fig. 5(a) where
atom 2 is decoupled from the atom with the dangling bond.
The Green’s function is

Gi(E ) = [
E − � − 2Gs

11(E ) + iδ
]−1

. (F17)

Finally, adding bond t to atom 1′, as shown in Fig. 12(d),
and using the Dyson equation, we obtain the on-site Green’s
function of the atom 1′ with broken in-plane bonds as follows:

G1′
(E ) = [E − ε1′ − Gi(E ) + iδ]

−1
. (F18)

The on-site energy ε1′ of atom 1′ is expected to be close
to −� reflecting the fact that atom 1′ is essentially atom
1 placed in an altered atomic environment. Function (F18)
has singularities corresponding to localized (resonant) states
whose energy Eloc depends on ε1′ . Expanding Gi(E ) around
E = −�, for ε1′ < −�, yields

Eloc ≈ −�

[
1 ± 96

49
(ε1′ + �)2

]
. (F19)

From Eq. (F19), we see that for ε1′ = −�, the localized
state sits on top of the bottom band at Eloc = −�. For ε1′ <

−�, but close to it, there are two singular states. One is a
localized state in the band gap, and the other is a resonant
state inside the continuum. These states are seen in Fig. 5(b)
as a red line (localized state) and as a peak in the DOS just
below E = −0.5 (resonant state).

2. 2D TB model

We consider the 2D atomic structure described in Sec. V
and shown in Fig. 5(c). TB calculations are performed using
the PYTHTB code [94]. In the calculations, we consider an
8 × 8 supercell and TB parameters t = 1 and � = 0.5. We
find that for ε1′ = ε1 = −0.5, there is a localized state that is
characterized by a quasi-flat band sitting on top of the valence
band. When |ε1′ | is reduced, the band moves into the band
gap and becomes completely decoupled from the continuum,
as shown in Fig. 5(d) for ε1′ = −0.2. When |ε1′ | is increased
so that |ε1′ | > 0.5, the state moves down in energy into the
valence-band continuum and becomes strongly hybridized
with the continuum states.
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