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ABSTRACT: Manipulating single electrons at the atomic scale is
vital for mastering complex surface processes governed by the
transfer of individual electrons. Polarons, composed of electrons
stabilized by electron−phonon coupling, offer a pivotal medium for
such manipulation. Here, using scanning tunneling microscopy and
spectroscopy (STM/STS) and density functional theory (DFT)
calculations, we report the identification and manipulation of a new
type of polaron, dubbed van der Waals (vdW) polaron, within
mono- to trilayer ultrathin films composed of Sb2O3 molecules that
are bonded via vdW attractions. The Sb2O3 films were grown on a
graphene-covered SiC(0001) substrate via molecular beam epitaxy.
Unlike prior molecular polarons, STM imaging observed polarons
at the interstitial sites of the molecular film, presenting unique
electronic states and localized band bending. DFT calculations revealed the lowest conduction band as an intermolecular bonding
state, capable of ensnaring an extra electron through locally diminished intermolecular distances, thereby forming an intermolecular
vdW polaron. We also demonstrated the ability to generate, move, and erase such vdW polarons using an STM tip. Our work
uncovers a new type of polaron stabilized by coupling with intermolecular vibrations where vdW interactions dominate, paving the
way for designing atomic-scale electron transfer processes and enabling precise tailoring of electron-related properties and
functionalities.

■ INTRODUCTION
The manipulation of individual atoms and molecules on
surfaces represents a “quantum” leap in nanotechnology, laying
the groundwork for atomic-precision engineering of material
properties and the realization of novel quantum nanostruc-
tures.1−4 Extending such manipulation ability to individual
electrons is desirable in view that electron transfer is essential
for various chemical processes.5 Nevertheless, the manipu-
lation of single electrons is subtle and less straightforward, as
the motion of single electrons is fully governed by the laws of
quantum mechanics. Previous endeavors toward manipulating
single electrons include an electrostatic approach of controlling
the charge state of single atoms or molecules on insulators.6−8

Alternatively, the scanning tunneling microscopy (STM)-tip-
induced band bending effect was implemented to control the
charge states of donors or acceptors in semiconductors.9−11

However, those methods rely on specific properties of the
atomic species, which also limit the type of residing sites of
electrons.
Polarons, comprised of electrons stabilized by local lattice

distortion through electron−phonon coupling,12,13 offer an
ideal medium for the manipulation of single electrons.14,15 In
particular, small polaron, localized by confined short-range

electron−phonon coupling,15,16 induces local lattice distortions
typically in sizes of one atomic lattice period, enabling its
manipulation onto desired locations with atomic precision.
Polarons play a significant role in various areas of chemistry,
influencing charge transport, redox reactions, catalysis,
molecular structure, and energy storage.5,8,17−22 Thus, studying
single polarons, apart from controlling single electrons, is also
pivotal for understanding the mechanism governing the
aforementioned chemical processes.
Polarons are dominantly hosted in material systems bonded

by covalent or ionic interactions, such as transition metal
oxides, halides, perovskites, and organic polymers.23−31

Recently, noncovalent interactions, e.g., dispersion attraction
and Pauli repulsion, have been found to offer strong
electronic32,33 and vibrational34 couplings across van der
Waals (vdW) gaps. Such a combination of interactions was
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termed quasi-bonding.35 It is of fundamental significance to
explore whether excess electrons can be stabilized by such
quasibonds existing within vdW gaps, generating polarons.
Here, using STM, we report the observation and

manipulation of single polarons involving noncovalent
interactions in Sb2O3 molecular crystals grown on graphene-
covered SiC(0001). Individual polarons were identified to
occupy the interstitial lattice site of the Sb2O3 molecular
crystal, exhibiting polaronic states and local upward band
bending. We demonstrated the capability of creation, move-
ment, and erasure of individual single polarons in a controlled
fashion with an electric field exerted from the STM tip. Density
functional theory (DFT) calculations unveiled that an excess
electron occupies an intermolecular bonding state and shortens
the intermolecular distance locally, although the intermolecular
attraction is dominated by the vdW interactions. Such strong
coupling of the electron with the local lattice stabilizes the
excess electron, forming a dubbed vdW polaron. Our study
uncovers a polaron type and provides a feasible route to
manipulate individual electrons at the atomic scale.
The experiments were performed with a custom-made

Unisoku STM system (1500) at 4.2 K.36 The Sb2O3 films were
grown by molecular beam epitaxy (MBE) on a graphene
substrate. First-principles calculations were carried out with the
DFT approach. The detailed methods are depicted in the
Methods Section.

■ RESULTS AND DISCUSSION
Antimony trioxide (Sb2O3) solid is an inorganic molecular
crystal, composed of Sb4O6 polyhedral cages that are bonded
to each other through vdW interactions. The α-phase Sb2O3
crystal is cubic and belongs to the Fd3̅m space group,37 where

its Sb4O6 cages are alternately stacked in upward- and
downward orientations, forming two sets of regular triangular
lattice [Figure 1a]. Figure 1b displays a typical topographic
image of the as-grown α-Sb2O3 thin films, showing regular
triangular shapes with straight step edges. The Sb2O3 films
grow continuously across the step edges of graphene,
suggesting that the binding energy of the molecular cages
attached to the side is lower than that attached to the surface.
The phase structure of α-Sb2O3 thin films has been well-
characterized via Raman spectra and X-ray diffraction
measurements previously.38,39 Upon imaging the film with a
bias beyond the insulating gap at 3.0 V, the apparent
monolayer height of the second layer of Sb2O3 is 6.4 Å
[Figure S1], which is close to the actual height measured with
X-ray diffraction,40 and also agrees with our measurement with
an atomic force microscope [Figure S2].
An atomic-resolution STM image [Figure 1c] acquired at

2.5 V and its associated fast Fourier transform (FFT) image
[Figure 1c, inset] clearly indicate a triangular lattice of up−
down pairs of Sb4O6 molecular cages. The measured lattice
constant is 7.86 Å, consistent with the X-ray measured value of
7.89 Å.40 Decreasing the bias voltage to 2.0 V, a typical STM
image of the same Sb2O3 area reveals the top-layer Sb atoms
[Figure 1d] in two categories with apparent height. In such an
image, each Sb2O3 pair contains four visible top-layer Sb
atoms, among which one appears more depressed than the
other three, as assigned to the upward- and downward-oriented
Sb4O6 molecular cages, respectively. Multiple moire ́ patterns
were revealed in the Sb2O3 monolayer as a result of different
relative angles between Sb2O3 films and graphene substrates
[Figure S3].

Figure 1. Structure and morphology of α-Sb2O3 thin films. (a) Ball-and-stick structural models of upward- and downward-oriented Sb4O6
molecular cages and the side and top views of the crystal structure of monolayer α-Sb2O3. (b) Large-area STM image (Vs = 3 V, It = 5 pA) showing
the topography of α-Sb2O3 thin films grown on a graphene substrate. (c, d) High-resolution STM images of the α-Sb2O3 film at the same region
taken with different imaging conditions [Vs = 2.5 V, It = 10 pA for (c); Vs = 2.0 V, It = 10 pA for (d)]. Insets are the associated FFT images, where
reciprocal spots for the top-layer Sb lattice and the unit lattice are marked with red and azure circles, respectively. The real-space lattice unit is
marked with an azure rhombus in (c, d).
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On the as-grown Sb2O3 film shown in Figure 2a, there were
some depressed entities observable on the surface. We found
such entities could be generated upon irradiating the as-grown
film with electrons emitted from a filament in the ultrahigh
vacuum chamber, whose details are depicted in the Methods
Section. The density of these depressed entities increased after
electron irradiation for 2 h [Figure 2b] and continuously and
monotonically enlarged with prolonged electron irradiation
time up to 12 h [Figure 2c]. The density of entities after
electron beam radiation is similar for the monolayer and
bilayer film [Figure S4], demonstrating that the influence of
the substrate is negligible.
We scrutinized the nature of the depressed entities. Figure

2d shows a typical STM image of a depressed entity appearing
as a circular depression. Its appearance changes noticeably with
imaging bias, whose radius decreases gradually with increasing
bias voltage from 2.5 to 3 V and becomes invisible below 2.4 V
[Figure S5]. High-resolution STM imaging of the depressed
entities determines their occupation sites. By comparing the
STM images in Figure 2d,e, we could clearly identify that the
entity is centered at the interstitial site of the molecular units,
as marked by the azure dots, without detectable local lattice

distortions around the entity. Besides, there exists another type
of depressed entity centered on top of the molecular unit
[Figure S6], but such entities are very rare and not discussed
hereafter. There are two types of commonly observed intrinsic
defects in the Sb2O3 films that appear as dark triangular
[Figure 2d, marked with green arrows] and clover-shapes
[Figure S7] defects. They are located on the O sites of the
downward- and upward-oriented Sb4O6 cages, respectively,
and are thus both ascribed as the O vacancies. Those defects
do not show observable perturbations to the local density of
states of the film [Figure S8] and are distinct from the
depressed entities in morphology and electronic character.
Next, the electronic properties of the depressed entities were

measured with STS [Figure 2d]. The tunneling spectra of the
clean Sb2O3 film indicate its conduction band minimum
(CBM) located at about 2 eV [Figure 2f] that is spatially
uniform [Figure S9]. Its valence band maximum (VBM) is
below the measured spectral range of −3 eV, indicating that its
band gap is larger than 5 eV. This gap value is in line with that
measured by optical methods of 5.6 eV.41 The tunneling
spectra of the entities, on the other hand, noticeably modify
the local density of states (LDOS) [Figure 2f,g]. A two-

Figure 2. Characterization of depressed entities. (a−c) Large-scale STM topographic images (Vs = 3 V, It = 10 pA) of as-grown (a) Sb2O3 films and
their decorated depressed entities after electron irradiation for 2 h (b) and 12 h (c), respectively. The images in parts (a−c) are mainly on the first
layer Sb2O3. (d, e) Atomic resolution images of depressed entities in the same area on the second layer Sb2O3 with different imaging conditions (Vs
= 3 V, It = 10 pA for (d); Vs = 2.0 V, It = 10 pA for (e)). The green arrows indicate the intrinsic dark triangle defects and are adopted as the marks;
the azure circles are guided for the eye showing the spatial extensions of depressed entities. (f) dI/dV spectra acquired on the entity center (red)
and entity-free area (blue) of Sb2O3 thin films (set point: Vs = +2.6 V, It = 100 pA, Vmod = 60 mV). The lower panel shows the dI/dV spectra within
the zoom-in bias range. (g) 2D conductance plots of the depressed entity taken along the black line in (d) with different energy intervals.
Spectroscopic conditions: Vs = +2.6 V, It = 50 pA, Vmod = 30 mV for the upper panel; Vs = +2 V, It = 50 pA, Vmod = 40 mV for the lower panel.
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dimensional conductance plot measured across the depressed
entity indicates that upon approaching the entity, the CBM
shifts continuously toward higher energy, conforming to the
decreased entity radius with increasing biases. Concomitantly,
on the entity, enhanced density of states (DOS) emerge below
−1 V with a peak located at −1.8 V. No differences in
electronic properties were observed in the entities residing in
different Sb2O3 layers.
Our DFT calculations were performed to elucidate the

origin of the depressed entities. A plot of the electronic band
structures of monolayer Sb2O3 is shown in Figure 3a, where

the blue and brown colors represent the contributions from Sb
and O atoms to each band, respectively. The emergence of
depressed entities after electron irradiation suggests their high
relevance to the occupation of empty electronic states of the
Sb2O3 monolayer with excess electrons. An injected excess
electron first partially occupies the empty CBM state of the
monolayer. Figure 3c plots the wave function norm square of
the CBM state (at the γ point), labeled in Figure 3a,b, which
indicates that this state is an intermolecular Sb−Sb bonding
state predominantly comprised of Sb p orbitals and primarily
located at the interstitial regions among Sb2O3 molecules.

Figure 3. Calculation results of the vdW polaron in monolayer Sb2O3. (a) Band structure of a pristine monolayer 1 × 1 Sb2O3. The blue and brown
dots represent the projections on Sb and O atoms, respectively. The conduction band minimum (CBM) is labeled by the black arrow. Two orange
dashed lines denote the energy levels of the valence band maximum (VBM) and CBM. (b) Projected density of states (PDOS) on Sb and O atoms
in a pristine monolayer 1 × 1 Sb2O3. (c) Wave function norm square of the CBM state with an isosurface level of 0.0005 e/Bohr3. (d) Illustration
of lattice distortions around the vdW polaron. The Sb−O bond length (dSb−O) and intermolecular distance (dinter) are labeled by black and red
dashed lines, respectively. Green arrows indicate the directions that these six Sb2O3 molecules aggregate together. (e, f) Projected density of states
(PDOS) on six U-treated Sb atoms [(e), labeled by the black dashed circle in (g)] and six Sb atoms far from the polaron [(f), labeled by the purple
dashed circle in (g)] in a 5 × 5 supercell with polaron. The polaronic state is marked by a red arrow in panel (e). (g) Wave function norm square of
the polaronic state with an isosurface level of 0.0001 e/Bohr3. An effective U = 7 eV was applied to the Sb atoms inside the black dashed circle. A
purple dashed circle labels Sb atoms far from the polaronic state.
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Partial electron occupation of this intermolecular bonding state
introduces substantially local lattice distortions to confine the
excess electron, which stabilizes it by forming a polaron state
through local electron−phonon coupling.
Fully modeling this isolated polaron may require a 10 × 10

supercell containing 2000 atoms, which is too time-consuming
and beyond the typical capability of DFT calculations. As a
compromise, we used a 5 × 5 supercell containing 500 atoms
to model the polaron, which is prone to delocalize the polaron
state. To ensure that the polaron is localized, an additional U
value is added to the p orbitals of those six Sb atoms next to
the center site of the polaron (the interstitial site of the Sb2O3
monolayer). A U value of 7 eV sufficiently localizes the excess
electron in a 5 × 5 supercell, forming localized polaron. The
effects of different U values and different number of treated Sb
atoms are discussed in Figures S10 and S11.
To stabilize the excess electron, all six Sb2O3 molecules

surrounding the excess electron aggregate together that each
molecule moves toward the interstitial site by 0.08 Å [green

arrows in Figure 3d]. Such an aggregation shortens the
intermolecular distance (dinter) by 0.13 Å. Here, distance dinter
is defined as the distance between the centers of two
molecules, labeled by red dashed lines in Figure 3d. This
amount of local lattice distortion is beyond the resolution of
our STM measurements. In response to the strengthened
intermolecular bonding, the Sb−O bond length of the U-
treated Sb (dSb−O), labeled by the black dashed lines in Figure
3d, elongate by 0.06−0.07 Å. Consequently, the mechanism of
the vdW polaron lies in the electron−phonon coupling of the
injected electron and the phonon induced by structural
distortion around the interstitial site, as driven by noncovalent
interactions. By considering the energy change caused by
structural distortions, the formation of the vdW polaron
releases a piece of energy by −0.47 eV. Structural distortions of
other molecules are negligible (less than 1%).
The formation of this polaron state is highly confined within

the excess electron [Figure 3g] and results in a spin-polarized
localized polaronic state residing at 0.06 eV below the Fermi

Figure 4. Manipulation of polarons with the STM tip. (a, b) STM images (Vs = 3 V, It = 5 pA) showing the erasure of a polaron. (c, d) STM
images (Vs = 2.5 V, It = 5 pA) showing the movement of a polaron. (e, f) STM images (Vs = 2.8 V, It = 5 pA) showing the creation of a polaron.
The red dashed circles indicate the initial locations of the polarons before the manipulation. The red arrows indicate the manipulated polarons. The
images in (a−f) were taken on the second layer Sb2O3. (g, h) Schematic in (g) [(h)] showing the mechanism of erasure of a polaron at the positive
(negative) sample bias [equivalent to the negative (positive) tip bias]. The excess electron is transferred to the substrate (tip), which corresponds
to the erasure (g) [(h)] of the polaron. (i, j) Schematic in (i) [(j)] showing the mechanism of movement of a polaron at the positive (negative)
sample bias. Under positive (negative) sample bias conditions, the polarons are moved by the tip with repulsive (attractive) forces, respectively. (k,
l) Schematic in (k) and [(l)] showing the mechanism of creation of a polaron at the negative (positive) sample bias. The excess electron transfers
from the tip (substrate) into Sb2O3 and is captured, corresponding to the creation (k) [(l)] of the polaron.
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level [Figure 3e]. For comparison, we also plotted the PDOS
for a Sb atom (Sb′) away from the excess electron in Figure 3f,
which is comparable to the PDOS plotted for a Sb atom in the
pristine Sb2O3 monolayer. Apart from the −0.06 eV polaronic
state, the formed polaron nearly maintains the PDOS below
the valence band maximum (VBM) and 0.8 eV above the
CBM.
Such a polaron formed via intermolecular vdW (non-

covalent) interactions is dubbed as a vdW polaron, which is
different from conventional polarons, as dictated by ionic or
covalent interactions. The vdW polaron substantiates the
experimentally observed upward local band bending in Figure
2g, as caused by the localized excess electron. Also, the
enhanced DOS below −1 V on the polaron in Figure 2f
signifies the polaronic state. We note that the exact energy of
the measured polaronic state is typically deeper in energy than
the calculated value.26 Thus, the appearance of the polaron
state itself is more meaningful than a specific energy level
comparable to experimental observation.
We demonstrated the manipulation of polarons with the tip

of the STM. Figure 4a,b shows that a polaron can be erased by
positioning the STM tip above it and setting the tunneling
junction to +3.5 V/100 pA for a few seconds. This
unambiguously proves its polaron origin instead of crystal
defects, as the latter cannot be erased by the tip. Such polaron
erasure manipulation can be achieved with both polarity biases
but with different threshold values. While the polaron erasure
requires positive biases higher than +3 V, negative biases as
low as −0.5 V already incur the operation. In addition, the
polarons can be moved with the tip under both polarity biases
using a similar manipulation protocol as the polaron erasure
operation but with reduced bias amplitudes. As shown in
Figures 4c,d and S12, after placing the tip on top of a polaron
with a positive bias of 3 V for a few seconds, the polaron is
moved away from the tip, demonstrating a repulsive force
acting on the polaron. In contrast, placing the tip adjacent to a
polaron with a negative bias of −1.5 V attracts the polaron
toward the tip. We found that moving polarons with positive
biases has a higher success rate than those with negative biases.
Since polarons repel each other, they cannot be moved very
close. Moreover, once a polaron forms, additional electrons
injected from the tip into the same polaron site experience
strong Coulomb repulsions. Thus, only one polaron is created
by the tip each time. It is noted that similar polaron
manipulation protocol has been developed to an ionic
monolayer crystal CoCl2

26 whose successful implementation
to the current molecular crystal Sb2O3 demonstrates its
generality.
The polarons can also be created with the tip using both

polarity biases. As exemplified in Figure 4e,f, a polaron is
created under the tip after setting the tunneling junction at
−1.5 V/100 pA for a few seconds. The tip-generated polarons
are identical to those generated with electron irradiation,
manifesting the same morphology and spectroscopic features
[Figure S13]. It is worth mentioning that the success rate of
polaron creation is much lower than that of polaron erasure
since the former process requires a substantially larger bias
amplitude than the latter one, which frequently destroys the
weakly vdW-bonded Sb2O3 films.
Having developed the protocol for polaron manipulation, we

investigated the physical mechanism of those processes.
Different polaron manipulations, including erasure, creation,
and movement, correspond to different charge transfer

processes for excess electrons. Namely, erasing (creating) a
polaron is accompanied by transferring an electron to (from)
the tip or substrate from (into) the Sb2O3 film, as schematically
shown in Figure 4g,h [Figure 4k,l]. Moving a polaron is
associated with the hopping of the polaron among equivalent
occupation sites within the film [Figure 4i,j].
The above experiments demonstrated that the polarons are

moved with repulsive/attractive forces by the tip under
positive/negative sample bias conditions, respectively. This
observation suggests that the electric field generated from the
tip Etip provides the driving force for the polaron movement.
For the processes of polaron creation (erasure), the excess
electron may overcome an energy barrier to get trapped
(released) into (from) the Sb2O3 film, which requires an
inelastic electron tunneling process to overcome the energy
barrier. To evaluate such a scenario, we examined the
relationship of voltage and the probability of erasing polarons,
a process that is mostly controllable.
For that, statistical analyses for the success rate of polaron

erasure as a function of sample bias were performed at both
polarity biases. Here, the success rate is defined as the ratio
between the number of successfully erased polarons and the
total number of manipulated polarons for erasure (about 20)
over the same duration time of 10 s. To ensure each erasure
manipulation has the identical initial tip height Z0, the
tunneling junction is first set at 3 V/100 pA (−1 V/10 pA)
in the clean Sb2O3 region for the erasure with positive
(negative) bias. Then, the tip is moved on top of polarons with
a disabled feedback loop, and the tunneling current is recorded
ever since. As shown in Figure 5a [Figure 5c], the tunneling
current jumps from the low (high) to high (low) state,
signifying that the polaron is successfully erased with positive

Figure 5. Mechanism for the erasure of polarons. (a, b) To ensure a
consistent initial tip height Z0, it is set to 3 V/100 pA in the clean
area. Next, the sample bias is modulated to a specific value with the
feedback loop off, and then the tip is moved above the polaron, after
which the current change is immediately recorded within 10 s. A
current jump from a low current state to a high current state has been
recorded at 3.5 V, as indicated in panel (a). Using this approach, the
statistics of the polarons erasure rate at different sample biases (3.0 to
3.9 V) are presented in panel (b). The black line is a fitting to the data
below 3.5 V with an exponential relation. (c, d) Similar as (a, b), but
the initial tip height Z0 is set to −1 V/10 pA, and a current jump from
the high current state to a low current state has been recorded at −1.3
V in (c). The statistical sample bias in (h) ranges from −1.1 to −2.0
V. The red line is also a fitting to the data with an exponential relation.
Note that the data in (b, d) are plotted in logarithmic coordinates.
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(negative) bias. Statistics in Figure 5b [Figure 5d] indicate that
the success rate of polaron erasure increases exponentially with
increasing bias amplitude and eventually saturates to nearly
unity above 3.5 V (below −2 V) for positive (negative) biases.
This justifies that the mechanism behind the polaron erasure is
determined by an inelastic electron tunneling effect.6,19,42

■ CONCLUSIONS
In summary, we investigated the excess electrons residing in
polarons of ultrathin molecular crystal Sb2O3 that were grown
with MBE. Our STM measurements resolved the interstitial
occupation sites of the polarons, exhibiting pertinent local
band bending and polaronic states. As elucidated from DFT
calculations, such a polaron is an intermolecular vdW polaron.
Its excess electron is confined in a region with locally
shortened intermolecular distances, wherein the vdW inter-
actions dominate the intermolecular distances. We showed the
creation of large ensembles of polarons with controlled
electron beam irradiations, as well as the manipulation of
single polarons individually, including creation, erasure, and
lateral movement. While the tip electric field provides the
driving force for the polaron movement, the inelastic electron
tunneling effect leads to the polaron erasure. Our study
demonstrates the feasibility of manipulating single electrons
hosted by intermolecular vdW polarons, enriching the polaron
systems and setting the basis for tailoring chemical processes
via polarons. Given the tremendous progress of utilizing
molecular crystals as dielectric layers,40,43 our study opens up
the possibility of fabricating polaron devices based on these
dielectric layers themselves.

■ METHODS
Experiment. The α-Sb2O3 thin films were prepared on a

graphene-covered SiC(0001) substrate by molecular-beam epitaxy.
The detailed procedures for preparing the graphene substrate have
been reported in ref 44. High-purity Sb2O3 powder (1−3 mm in
diameter, 99.999%) is evaporated at about 570 K from a homemade
crucible, and the substrate temperature is kept around 370 K during
the sample growth. The base pressure is better than 7 × 10−9 Torr.

When irradiating the Sb2O3 films with an electron beam, a voltage
of 3 V was applied to the filament, and the sample was kept at a large
distance of about 20 cm away from the filament without any
acceleration voltage between them. Our filament temperature was
estimated as ∼2600 K, corresponding to a mean kinetic energy of
∼0.45 eV for the emitted hot electrons.45 Therefore, instead of
generating electron−hole pairs by high-voltage electron beam
irradiation reported previously,46 merely low-energy electrons were
injected into the Sb2O3 films in our case. To avoid possible
contamination to the film, the sample was postannealed at the
growth temperature of 370 K. Such a low temperature is still
insufficient for the excess electrons to escape the polaron trapping
potential.

STM/STS measurements were conducted in custom-designed
cryogenic Unisoku STM systems (1500) at 4.2 K. An electrochemi-
cally etched W wire was used as the STM tip, which had been
characterized on the Ag(111) surface prior to the measurements. The
STS was taken using a standard lock-in technique with a bias
modulation at 983 Hz.

First-Principles Calculations. Density functional theory calcu-
lations were performed using the generalized gradient approximation
for the exchange-correlation potential, employing the projector
augmented wave method47,48 and a plane-wave basis set as
implemented in the Vienna Ab Initio Simulation Package
(VASP).49 For the structural relaxation and electronic property
calculations, Grimme’s D3 form of van der Waals correction was
applied, along with the Perdew Burke Ernzerhof (PBE) exchange

functional (PBE-D3).50,51 Geometric properties of the Sb2O3 unit cell
were computed using a 700 eV cutoff kinetic energy and a 9 × 9 × 1
k-mesh. The lattice constant was fully relaxed, until the residual force
per atom was less than 0.01 eV/Å. A vacuum layer of approximately
17 Å was included in the calculations to avoid the interlayer
interaction. The band structure of the monolayer was also revealed
using the HSE functional, which exhibits similar shapes and
dispersions of electronic bands near the bandgap but shows an over
1 eV larger bandgap value, as shown in Figure S14. To simulate the
polarons, a 5 × 5 × 1 supercell with a fixed lattice constant was
employed, and structure optimization and electronic structure
calculations were performed using a kinetic energy cutoff of 350 eV
and a single Γ point. To account for the on-site Coulomb interaction
with the Sb p orbital in the polaron region, a U value of 7 eV is
adopted for the six Sb atoms around the interstitial site of the polaron.
The detailed discussions regarding the U parameters are presented in
Figures S10 and S11.
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