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Visualization of individual electronic states ascribed to specific unoccupied orbitals at the atomic scale
can reveal fundamental information about chemical bonding, but it is challenging since bonding often
results in only subtle variations in the whole density of states. Here, we utilize atomic-resolution energy-
loss near-edge fine structure (ELNES) spectroscopy to map out the electronic states attributed to specific
unoccupied pz orbital around a fourfold coordinated silicon point defect in graphene, which is further
supported by theoretical calculations. Our results illustrate the power of atomic-resolution ELNES towards
the probing of defect-site-specific electronic orbitals in monolayer crystals, providing insights into
understanding the effect of chemical bonding on the local properties of defects in solids.
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Electronic orbitals reflect the chemical bonding of
matter, thus primarily determining the physical and chemi-
cal properties of materials. Real-space observation of
electronic orbitals at the atomic scale can correlate the
bonding information with the local atomic configuration
directly, which is of fundamental importance for under-
standing macroscopic properties and exploring novel func-
tionalities in new materials. Some reconstruction methods
through photoemission spectroscopy [1] and x-ray or elec-
tron diffraction [2,3] have been developed to obtain infor-
mation about orbitals, but they generally suffer from the lack
of atomic resolution. Besides, scanning tunneling micro-
scopy (STM) [4,5] and noncontact atomic force microscopy
(nc-AFM) [6] can implement the direct observation of
individual electronic states and chemical bonds, which,
however, are limited to absorbed molecules on specific
substrates or delaminated surfaces. Therefore, exploration
of new versatile approaches to the atomic-scale observation
of electronic orbitals in real space is still urgently needed.
With the advent of aberration correctors in (scanning)

transmission electron microscopy [(S)TEM], atomic-
resolution detection of bonding has become routinely
available. Reconstruction of high-resolution TEM images
[7] and advanced four-dimensional STEM [8,9] can map
out the charge density distribution, which contains infor-
mation of chemical bonding, at the atomic scale, but
lacks the ability for elemental identification. Energy-loss
near-edge fine structure (ELNES) in electron energy-loss
spectroscopy (EELS) can reveal the energy-dependent
transitions from initial core states to specific unoccupied
orbitals or states in the given excited atoms, adding
the element-specific information in STEM with atomic
resolution [10–12]. It was theoretically predicted that

atomic-resolved mapping of electronic orbitals can be
achieved by EELS in aberration-corrected STEM [13],
and subsequently, some experimental results have been
reported with bulk specimens [14–16]. Nevertheless, neigh-
boring atomic columns inevitably disturb the direct inter-
pretation of electronic orbital mapping in bulk materials due
to the channeling effect of inelastic scattering [17,18].
Therefore, monolayer crystals are considered to be a good
platform for accurate probing of the electronic orbitals [19] at
the atomic scale, but theweak scattering of incident electrons
from monolayer samples is the main suffering for high-
quality ELNES measurement. Significant effort has been
devoted to explore the impact of local bonding onmonolayer
graphene using ELNES [20–22], but thus far, the real-space
probing of electronic orbitals with single-atom sensitivity
still remains extremely challenging.
In this Letter, we successfully visualized individual

unoccupied electronic states, which are ascribed to the
unoccupied carbon pz orbitals in monolayer defective
graphene by using atomic-resolution ELNES spectroscopy
in a low-voltage aberration-corrected STEM. With the
optimized EELS acquisition of a direct electron detector,
high-quality ELNES mapping with a good signal-to-noise
ratio per pixel has been achieved. This approach enables the
atom-by-atom analysis of a specific signal in the ELNES of
the carbon-K edge around a substitutional silicon atom with
fourfold coordination in graphene. Complementary with
theoretical calculations, this specific signal is determined
to originate from a pz-like orbital perpendicular to the
graphene basal plane. The direct mapping-out of unoccu-
pied electronic states attributed to the defect-specific
electronic orbitals with single-atom sensitivity provides
new possibilities to explore defect physics in graphene.
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In order to obtain high-quantity ELNES spectra at the
atomic scale for reliable interpretation, the geometric aber-
rations and monochromator aberrations in our Nion
HERMES microscope were carefully tuned to achieve
atomic resolution at 60 kV with a high probe current of
100 pA (in Supplemental Material, Fig. S1 [23]). This
ensures a good signal-to-noise ratio in the atomic-scale
ELNES experiment on monolayer samples. In Figs. 1(a)–
1(d), we used a subscanwindow (0.4 × 0.4 nm2) to cover the
silicon (Si) impurity atoms and their nearest-neighboring
carbon atoms in fourfold coordinated and threefold coordi-
nated Si point defects (denoted as Si─C4 and Si─C3,
respectively), and acquired accumulated ELNES spectra at
the atomic scale on the two types of the Si point defect (see
Supplemental Material for details [23]). The ELNES spec-
trumof the pristine graphene (Gr) as the reference in Fig. 1(d)
was collected by the same method.
After background subtraction, the ELNES spectra of the

three different structures are illustrated in Fig. 1(d) with two
dominant peaks (labeled as π� and σ�) at approximately
286.0 and 293.2 eV (in Supplemental Material, Table S1
[23]), reflecting the transitions of inner shell electrons
from 1s states to the empty π� and σ� antibonding states of
carbon atoms in graphene, respectively. Line shape analysis
[33,34] was applied to explore the underlying information
in ELNES. In Fig. 1(e), the intensity ratios between π� and
σ� peaks in the Si─C4 and Si─C3 defects are higher than
that in pristine graphene, indicating that the substitution of
the Si impurity atoms breaks the perfect sp2 hybridization
in the graphene lattice, especially in the buckled Si─C3

defect. Furthermore, the bump between the π� and σ� peaks
[labeled as B in Fig. 1(d)] shows most strongly in the
Si─C4 configuration. As this peak is often indicative of the

C─M bonding (M represents other elements) in carbon
compounds [35,36], we presume that the maximized B
peak in Si─C4 reflects the specific Si─C bonding corre-
spondingly. Besides, it is noteworthy that, in the Si─C4

defect configuration, a distinct pre-peak [labeled as A in
Fig. 1(d)] emerges at 283.5 eV before the π� peak, which is
absent in the other two structures. The above analysis
demonstrates that our ELNES measurement is able to
detect subtle variations in local density of states around
individual atoms due to the specific local bonding con-
figuration in graphene.
To elucidate the correlation between the unique spectro-

scopic signatures and the local bonding configuration in the
Si─C4 defect, atomically resolved ELNES mapping was
further performed. The direct electron EELS detector
(DECTRIS ELA) [25], which is free of readout noise, was
employed to collect the multiple spectrum images with low
exposure time per pixel, enabling significant improvement in
the signal-to-noise ratio of atomic-scale ELNES mapping
and also minimizing the deleterious effects of electron beam
irradiation (see details in Methods). The simultaneously
acquired annular dark-field (ADF) sequential images during
the EELS mapping (in Supplemental Material, Fig. S2 [23])
demonstrate that the structure of the Si─C4 defect remained
damage-free within the EELS acquisition. Figure 2(a) is the
atomic-resolution ADF image integrated from the sequential
images in Supplemental Material, Fig. S2 [23], which can
provide the precise atomic positions for the atom-by-atom
ELNES analysis. The neighboring carbon atoms around the
Si impurity in Si─C4 are categorized into three groups based
on their distances from the Si impurity: the first-neighboring
carbon (1st C, labeled in red), the second-neighboring
carbon in pentagons (2nd C, labeled in green) and the

FIG. 1. ELNES analysis of Si─C4, Si─C3 and graphene. The simultaneously acquired ADF-STEM images of the Si─C4 (a), Si─C3

(b) and Gr (c) during the EELS acquisition. (d) The accumulated EEL spectra of Si─C4, Si─C3 and Gr. The pre-peak before the π� peak
in Si─C4 is labeled as A and the bump between π� and σ� peaks is labeled as B. (e) The intensity ratios of π� to σ� peak and the
normalized intensities of the B peak in the three different configurations. The normalized intensities mean normalization to the
integrated intensity in the continuum of 300 − 310 eV. Scale bars: 0.1 nm.
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second-neighboring carbon in distorted hexagons (3rd C,
labeled in blue). In addition, the EEL spectra extracted from
four carbon atoms (Gr, labeled in black) far away from the Si
impurity in Si─C4 are chosen as the reference spectrum of
pristine graphene.
The atom-by-atom extracted ELNES spectra in Fig. 2(b)

and the corresponding line shape analysis in Fig. 2(c)
demonstrate the evolution of the ELNES signatures across
the Si─C4 point defect. In agreement with the results in
Fig. 1, the substitutional Si impurity in the Si─C4 defect
disrupts the perfect sp2 hybridization in the graphene
lattice, reflected in higher π�=σ� ratios for the carbon
atoms around the Si─C4 defect (from the 1st C to the 3rd C)
than that in pristine graphene (Gr), as shown in Fig. 2(c). In
addition, the B peak, which is located between the π� and
σ� peaks, shows a significantly higher intensity on the 1st
C atom but a dramatic decrease on the 2nd and 3rd carbons,
reflecting the high localization of the corresponding excited
state. The intensities of the distinct A peak exhibit a gradual
damping from the 1st C to the 3rd C, and finally become
absent in the pristine graphene [Gr in Fig. 2(b)], reflecting
that the corresponding excited state is considerably

delocalized in real space. Therefore, the single-atom
ELNES spectroscopy of the Si─C4 defect with atom-by-
atom analysis demonstrates that the isovalent substitution
of Si impurity with the fourfold coordination exerts a
significant impact on the local bonding environments of
carbon atoms around the silicon.
Several previous works have shown that the presence of

dangling bonds on carbon atoms can lead to additional
signals before the π� peak in C-K EELS edge [20], which,
however, is insufficient to account for our observation of
the distinct A peak since there are no dangling bonds in the
Si─C4 configuration. To provide a theoretical interpretation
for the new features in our experimental ELNES spectra,
the simulation of ELNES spectra of the Si─C4 configura-
tion and pristine graphene, based on density functional
theory (DFT) calculations, was conducted and shown in
Fig. 2(d). The main features in experimental ELNES are
successfully reproduced in the calculated counterparts.
Specifically, the calculated ELNES spectra from the 1st C
to 3rd C in Si─C4 show considerable intensities in the
energy-loss range related to the A peak, compared with that
of pristine graphene. In addition, the intensity of the

FIG. 2. Atom-by-atom ELNES analysis of Si─C4. (a) The simultaneously acquired ADF-STEM image during the EELS mapping, as
a reference image for the atom-by-atom analysis. The first-neighboring carbon atoms (1st C) are labeled in red. The second-neighboring
carbon in pentagons atoms (2nd C) are labeled in green. The second-neighboring carbon in distorted hexagons atoms (3rd C) are labeled
in blue. The carbon atoms far away from the Si atom are chosen to represent pristine graphene (Gr), which are labeled in black.
(b) The ELNES spectra of different carbon atoms in Si─C4. (c) The intensity ratios between π� and σ� peaks of different carbon atoms in
Si─C4. The normalized intensities of A and B peaks of different carbon atoms in Si─C4, normalized to the integrated intensity in the
continuum of 300–310 eV. (d) The calculated ELNES spectra of different carbon atoms in Si─C4. The calculated ELNES spectrum
of pristine graphene is used as a reference. All calculated spectra are rigidly translated without stretching of the energy axis.
Scale bar: 0.2 nm.
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calculated B peak is highly localized on the 1st C, which is
consistent with the experimental results.
To further reveal the physics behind the ELNES features,

the band structures of the pristine graphene and Si─C4

supercell were calculated, as shown in Figs. 3(a) and 3(b).
The Fermi level of pristine graphene [in Fig. 3(a)] intersects
with the Dirac nodes at the K point, giving rise to the
semimetallic nature of graphene [37]. However, compared
with pristine graphene, the substitutional Si atom bonded
with four carbon atoms at a double-vacancy site in the
Si─C4 configuration generates a deficiency of four valence
electrons, thus resulting in a downshift of the Fermi level
relative to the Dirac nodes at theK point [highlighted by the
red arrow in Fig. 3(b)]. This leaves the π bonding states
between the Dirac nodes and Fermi level unoccupied,
which accounts for the origin of the distinct A peak
observed in the ELNES spectra of Si─C4 [38,39]. The
calculation of local density of states on the 1st carbon in
Si─C4 further confirms the origin of the observed A peak in
the Si─C4 defect, as shown in Supplemental Material,
Fig. S3(b) [23]. Moreover, the π bonding state in graphene
reflects the pz orbital perpendicular to the basal plane of
graphene. The orientation dependence of core-loss EELS
spectra of anisotropic materials can be described using
contributions with momentum transfer parallel (ϵk) and

perpendicular (ϵ⊥) to the electron beam generally as [40]:

IðΔEÞ ¼ aϵk þ bϵ⊥;

where ΔE is the energy loss, and a and b are the
corresponding weighting factors. When the crystallo-
graphic c axis of graphene is parallel to the electron beam,
the polarized components of DFT-calculated ELNES spec-
trum on the 1st C atoms (as shown in Supplemental
Material, Fig. S3 [23]) demonstrates that the A peak, which
corresponds to the electronic transitions to the unoccupied
pz orbitals, features momentum transfer parallel to the
electron beam and should contribute more to the total EEL
spectrum with the decreased EELS collection angle [41].
Therefore, under our experimental conditions where the
incident electron beam is roughly parallel to the crystallo-
graphic c axis of graphene, an increased relative contri-
bution of the parallel component should be observed with a
smaller EELS collection aperture. Specifically, a more
prominent appearance of A peak is observed under the
smaller collection semiangle of 12 mrad compared to that
of 75 mrad, as illustrated in Fig. 3(c).
Furthermore, in order to demonstrate the spatial exten-

sion of specific unoccupied electronic states around the
Si─C4 defect, atomic-resolution ELNES mapping was
performed, as shown in Fig. 4. Figure 4(a) is the simulta-
neously-acquired ADF image during the EELS mapping,

FIG. 3. Theoretical explanation for the origin of the A peak. (a) The atomic schematic and calculated band structure of graphene.
(b) The atomic schematic and calculated band structure of Si─C4. The Fermi level is indicated at 0 eV by the dashed lines and the red
arrow in (b) highlights the gap between the Fermi level and the Dirac node at the K point. (c) Experimental ELNES spectra of Si─C4

with different EELS collection semiangles by the acquisition method as the same as that in Fig. 1. Spectra are aligned with the center of
the π� peak.
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and Fig. 4(b) demonstrates the two energy windows for the
ELNES maps in Figs. 4(c) and 4(d). The map of the A peak
in Fig. 4(c) displays a dispersed contrast across the Si─C4

point defect, and the map of the B peak in Fig. 4(d) shows a
highly localized enhancement in contrast on the 1st carbon
atoms. The probe size in our ELNES experiment and the
EELS delocalization of the carbonK edge are approximately
1.2 and 2.3 Å, respectively, which are comparable to the
Si─C bond length of ∼1.9 Å in the Si─C4 structure.
Consequently, the effects of probe tail and signal delocal-
ization, as well as the spatial extension of the final unoccu-
pied states, together influence the spatial distribution of
signals in the ELNESmapping in Figs. 4(c) and 4(d), i.e., the
probe on the Si atom could also excite the surrounding four
1st C atoms. In addition, comparison of the ELNES maps of
A peak and B peak suggests that the carbon pz orbitals
contributing to the final states of the A peak have a high
degree of hybridization with the Si orbitals at the Si defect
site. Therefore, the atomic-scale ELNES mapping with
reliable signal-to-noise ratio per pixel in our study illustrates
its capability towards the visualization of electronic states
attributed to specific unoccupied orbitals with the single-
atom sensitivity.
In summary, we have successfully visualized individual

electronic states at the Si─C4 point defect in graphene

via two-dimensional ELNES spectroscopic imaging at
atomic resolution. Our combined experimental results
and theoretical calculations verified that the distinct pre-
peak in carbon-K edge originates from the unoccupied π
bonding states between the Dirac nodes and Fermi level,
which is caused by the downshift of the Fermi level in the
electron-deficient Si─C4 configuration. Our study high-
lights the potential of real-space mapping of specific
electronic excitations at the single-atom scale through
the high-quality ELNES imaging, e.g., visualizing spin
states or magnetic moments in real space, and could lead to
new insights into the functionalization of quantum devices
through defect engineering.
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