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It has long been an ultimate goal to introduce chemical doping at the atomic level to precisely tune properties
of materials. Two-dimensional materials have a natural advantage due to their high surface to volume ratio,
but achieving this goal experimentally remains a huge challenge. Here, we demonstrate the ability to introduce
chemical doping in graphene with atomic-level precision by controlling chemical adsorption of individual Se
atoms, which are extracted from the WSe2 that is underneath, at the interface of the graphene/WSe2 heterostruc-
tures. Our scanning tunneling microscopy (STM) measurements, combined with first-principles calculations,
reveal that individual Se atoms can chemisorb on three possible positions in graphene, which generate distinct
pseudospin-mediated atomic-scale vortices in graphene. Furthermore, the chemisorbed positions of individual
Se atoms can be manipulated by the STM tip, which enables us to achieve atomic-scale control of quantum
interference of the pseudospin-mediated vortices in graphene. This result offers the promise of controlling
properties of materials with atomic-level precision through chemical doping.
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Manipulating chemical doping with atomic-level precision
would play a significant role in realizing the ultimate func-
tional materials for electronics and optoelectronics devices.
Two-dimensional (2D) materials facilitate a natural advan-
tage for chemical doping at atomic-level precision because
of the highly exposed surface [1,2]. Recently, different strate-
gies have been developed to introduce chemisorbed atoms or
atomic defects in graphene to tune its properties [3–21]. It has
been demonstrated explicitly that even a single chemisorbed H
atom can drastically modify the magnetic and electronic prop-
erties of graphene [7]. For instance, a single H atom adsorbed
on graphene can result in a pseudospin-mediated atomic-
scale vortex with angular momenta reflecting the Berry phase
of graphene [16–18]. Although much effort has been made
to introduce point defects in graphene [7,16–21], precisely
controlling the chemisorption sites of individual atoms faces
many challenges, not to mention controlling chemisorbed
atoms at the interface.

In this Letter, we report a facile method to realize
atomic-level precise doping in graphene through manipulat-
ing the chemisorption of individual selenium (Se) atoms at
the interface of graphene/WSe2 heterostructures. Our scan-
ning tunneling microscopy (STM) measurements, supported
by first-principles calculations, show that a single Se atom
separated from WSe2 can form bonds with graphene at

*These authors contributed equally to this work.
†Contact author: helin@bnu.edu.cn

three different sites, the A sublattice, the B sublattice and
the carbon-carbon (C-C) bridge, which introduce distinct
pseudospin-mediated atomic-scale vortices in graphene. By
using the STM tip, we demonstrate the ability to manipu-
late the chemisorbed positions of individual Se atoms at the
interface and further obtain their possible combinations with
atomic-level precision. This enables us to explore quantum
interference of the pseudospin-mediated atomic-scale vortices
in graphene.

We chose the graphene/WSe2 heterostructure because indi-
vidual Se atoms can be extracted from the WSe2 by a proper
tip pulse, and further chemisorbed on graphene by forming
the Se-C bonds [22,23]. Figure 1(a) schematically illustrates
the process and a small voltage pulse, usually between 2
and 4 V, is used in our experiment. The structural integrity
of the topmost graphene is retained because graphene has a
larger elastic constant and the C-C bond in graphene is much
stronger than the Se-W bond in the WSe2 [23]. The STM has
sufficient spatial resolution to characterize the interfacial Se-C
chemisorption and the atomic Se defects beneath graphene,
as demonstrated subsequently and in previous studies [24,25].
Figure 1(b) shows a representative result obtained in the ex-
periment. The interfacial chemisorbed Se atom is shown as
a bright protrusion that is about 2 nm away from the Se
vacancy in the WSe2 substrate, which exhibits three brilliant
protrusions appearing as trigonal symmetry with a dark center
(see Fig. S2 and the Supplemental Material (SM) Secs. 2 and
3 for more details [26]; also see Refs. [27–38]). Scanning
tunneling spectroscopy (STS), i.e., dI/dV , measurements
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FIG. 1. (a) Schematics of a graphene/WSe2 heterostructure after a tip pulse. The STM tip pulse creates a Se adatom and a Se vacancy in
WSe2. (b) STM topography of a graphene/WSe2 heterostructure with a single Se atom chemisorbed on monolayer graphene (red dotted circle)
and a Se vacancy in the WSe2 substrate (white dotted circle). (c) The backscattering process in graphene. Intervalley backscattering leads to a
rotation of −2θq of the pseudospin. Intravalley backscattering rotates the pseudospin by π . (d), (h), Topography STM images of a Se adatom
under the C-C bridge and the carbon atom of the graphene, respectively. The insets present atomic structures. (e) Modulus of the FT of the
image in the red square of panel (d). (i) Modulus of the FT of the image in panel (h). In panels (e), (i), the outer hexangular spots and inner
bright spots correspond to the reciprocal lattice of graphene and the interference of the intervalley scattering, respectively. (f), (j) FT-filtered
images enclosed by yellow circles in (d), (i). (g), (k) Spatially resolved contour plots of dI/dV spectra along the yellow arrows in (b), (h),
respectively.

of the Se vacancy show two localized electronic states at
about 0.7 eV (see Fig. S2 in the SM [26]), as observed in
previous studies [39,40]. Our experiment indicates that the
absorbed atom can repair the Se vacancy of the substrate
(see Fig. S7 in the SM [26]), which help us to demonstrate
explicitly that the chemisorbed atom is the Se atom at the
interface. The chemisorbed Se and Se vacancy can generate
strong intervalley scattering in graphene, characterized as a
threefold �3×�3 pattern that is rotated 30° with respect to
the graphene lattice, as shown in Fig. 1(b). In our experiment,
the Se atoms usually travel about 2 nm, specifically, 14.15 nm
at maximum and 0.293 nm at minimum, from the Se vacancy
at the interface upon a pulse.

The chemisorbed Se atoms at the interface exhibit two
kinds of distinct features in the STM images, as shown in
Figs. 1(d) and 1(h). The most common case is that a pair
of the nearest C atoms becomes the highest positions in the
STM image and the induced intervalley scattering exhibits a
mirror symmetry with respect to the C-C bond [Fig. 1(d)].
Such characteristic features are similar to that of a nitrogen

atom chemisorbed on a C-C bond in graphene [41] and the
observed pattern is attributed to the chemisorption of an indi-
vidual Se atom at the bridge site in graphene. Since there are
three directions of the C-C bonds in graphene, we observe
three directions of such pattern (see Fig. S1(b) in the SM
[26]). The other case, as depicted in Fig. 1(h), has a threefold
symmetry with the highest site localized at the center of a C
atom in graphene. This feature is similar to that of a single
atom absorbed on a C atom in graphene [7,9,10] and the
observed pattern is associated with the chemisorption of an
individual Se atom on the graphene sublattice. In our STM
measurements, the moiré pattern generated between graphene
and the WSe2 substrate will break the C3 symmetry of the
chemisorbed Se atom on a C site in graphene. However,
it is unlikely to significantly affect the electronic properties
of the on-site chemisorbed Se atom due to the weak vdW
interaction between graphene and the WSe2 [16,42–46], as
demonstrated subsequently. To gain deep insight, we carry out
simulations on a single Se atom chemisorbed on graphene at
the bridge and C atom sites. The local atomic structures in
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FIG. 2. (a), (e) Optimized atomic geometries (left panels) and LDOS (right panels) of a Se adatom at the C-C bridge and the C atom of
the surface of graphene, respectively. (b), (f) The FT images of the LDOS. The outer hexangular spots and inner bright spots correspond to
the reciprocal lattice of graphene and the interference of the intervalley scattering, respectively. (c), (g) FT-filtered images enclosed by yellow
circles in (b), (f). (d), (h) The projected DOS on the Se atom and C atoms near the chemisorbed Se.

both cases exhibit the out of plane buckling of the C atoms
around the chemisorbed Se atom, as shown in Figs. 2(a) and
2(e). Obviously, the simulated local density of states (LDOS)
for the C-C bridge at 0.35 eV and the C site at 0.2 eV are
in good agreement with that measured in experiments (the
topography images in Fig. 1 are measured at very low bias
and mainly reflect the spatial distribution of the LDOS). Our
theoretical calculations also reveal that the most stable state is
the Se at the bridge site with the binding energy of ∼1.02 eV,
and it costs a modest energy expense of 0.17 eV when the
Se is at the C site. This is in line with the experiments: for
90 well-characterized chemisorbed atoms, 36 Se atoms are
chemisorbed at the C atom and 54 Se atoms are chemisorbed
under the C-C bond.

The chemisorbed Se atom is expected to generate localized
electronic states near the Fermi level (EF) in graphene. Fig-
ures 1(g) and 1(k) show spatially resolved STS contour plots
along the yellow arrows in Figs. 1(b) and 1(h), respectively.
Apparently, the dI/dV spectra exhibit a peak at 280 meV
when the Se atom is chemisorbed at the C-C bridge and they
display a peak at 180 meV when the Se atom is chemisorbed
on the C atom. The localized states extend several nanometers
away from the chemisorbed Se atom and the weaker peaks
in the spectra recorded away from the chemisorbed Se atom
are attributed to tip-induced quasibound states in graphene, as
observed previously [47,48]. To understand the origin of the
localized states, we analyze the low-energy projected DOS
(PDOS) for the two adsorption sites, as shown in Figs. 2(d)
and 2(h), respectively. A peak originated from the hybridiza-
tion between Se-pz and C-pz orbitals is observed at 500 meV
for the ground state, and a similar peak appears at 200 meV

when the Se atom is chemisorbed on the C site, which is
qualitatively in line with our experimental results (see Fig.
S5 in the SM [26]). The concentration of the chemisorbed
Se atoms in the simulations is greater than that in the experi-
ments, which may cause the higher energy of the peaks seen
in the theoretical calculations (see Fig. S13 in the SM [26]).
The neglect of the tip in theory may also partially contribute
to the difference. Although all the chemisorbed Se atoms can
generate strong intervalley scattering in graphene, as shown in
both STM images [Figs. 1(d) and 1(h)] and their Fourier trans-
form (FT) images [Figs. 1(e) and 1(i)], the induced intervalley
scatterings exhibit distinct pseudospin-mediated physics. Fig-
ures 1(f) and 1(j) show inverse FT-filtered images for two
different Se adsorption sites, which exhibit different charac-
teristics (see Fig. S4 for more experimental results [26]). No
dislocation (|N | = 0) is observed in the vicinity of the Se
atom adsorbed at the C-C bridge in graphene, whereas two
additional wavefront dislocations (|N | = 2) appear when the
Se atom is chemisorbed on the C site. The chemisorbed Se
atom will introduce both intravalley scattering and interval-
ley scattering in graphene [16–18], as schematically shown
in Fig. 1(c). The intravalley scattering involves a rotation
of the momentum-locked pseudospin that is always π . Thus
the interference is counterbalanced at the leading order. In
contrast, the intervalley backscattering involves a rotation of
the pseudospin by an angle −2θq = −2θr. An accumulation
of the phase shift over a closed path enclosing the single
atomic defect is ±∫2π

0 2dθq = ±4π . Motivated by this, the
Se atom adsorbed at the graphene A (B) sublattice can be
regarded as a pseudospin-mediated atomic-scale vortex,
which is located at the absorbed position, with angular mo-
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FIG. 3. (a), (c), (e) STM images of a single Se adatom
chemisorbed on the A sublattice, C-C bridge, and B sublattice of
graphene, respectively. The defect, as marked with dotted white
lines, is used as a reference object. The schematic atomic structures
are given in the insets. (b), (d), (f) FT-filtered images near the Se
adatom shown in (a), (c), (e) along the marked pair of signatures of
intervalley scatterings. Insets: FT of the STM images. Graphene and
intervalley scattering Bragg peaks are connected with white and red
dotted lines, respectively.

menta l = +2 (l = –2), reflecting the Berry phase in the
monolayer graphene [16–18]. Meanwhile, the angular mo-
mentum of the Se atom chemisorbed at the C-C bridge is
l = +2 + (–2) = 0, because the Se atom establishes bonds
with two C atoms which belong to the A and B sublattice,
respectively. The FT-filtered STM images reflect the interfer-
ence patterns of a uniform plane wave and a defect-induced
atomic-scale vortex. Therefore, the total number of additional
wavefronts reflects the angular momentum of the vortex. The
above analysis is further confirmed by the first-principles
calculations. The FT from the simulated LDOS in Figs. 2(a)
and 2(e) also shows signals of the intervalley scattering [see
Figs. 2(b) and 2(f)]. Furthermore, the FT-filtered images,
as shown in Figs. 2(c) and 2(g), have the same number of
corresponding additional wavefront dislocations as that in
the experiments (see the method section and the SM for
computational details [26]). Both our experiments and theo-
retical calculations indicate that a Se atom chemisorbed at two
different sites in graphene can introduce different electronic
properties.

FIG. 4. Interference of pseudospin-mediated vortices and wave-
front dislocations induced by A-B chemisorption and A-A
chemisorption. (a), (c) Typical STM images of two individual
Se adatoms chemisorbed on different or the same sublattices of
graphene, respectively. The right panels present the corresponding
atomic structures of the Se atoms absorbed on graphene. (b), (d)
FT-filtered images in (a), (c) along the marked reciprocal lattice
points. Insets: the filters applied in the Fourier space. White and red
dotted lines connect the graphene and intervalley scattering Bragg
peaks, respectively.

Besides in situ creating of chemisorbed individual Se
atoms on graphene, our experiment further realizes precise
manipulation of the chemisorption positions and chemical
bonds between the Se and graphene using the STM tip.
Figure 3 summarizes a representative example (see more
details in the SM [26]). As shown in Figs. 3(a), 3(c), and
3(e), our experiment demonstrates explicitly that we can
tune the chemisorbed positions and bond between the Se
atom and graphene. In Figs. 3(a) and 3(e), the Se atom is
chemisorbed on the A sublattice and B sublattice, respectively,
which can be identified according to the Se-induced tripod
shapes. In Fig. 3(c), the Se atom is chemisorbed on the C-C
bridge, exhibiting the same features shown in Fig. 1(d) and
Fig. 2(a). The tunable chemisorbed positions and bond change
the pseudospin-mediated intervalley scattering around the Se
atom. Figures 3(b), 3(d), and 3(f) show the corresponding FT-
filtered images, where the N = 2, 0, –2 additional wavefront
dislocations are obtained in the vicinity of the chemisorbed Se
atom, respectively (see Fig. S6 for the original STM images
[26]), indicating the variation of angular momenta l = +2,
l = 0, l = –2 of the pseudospin-mediated vortices. According
to previous studies [7–9,11–14], tuning the C-pz peaks to the
EF will cause a spin splitting and result in a local magnetic
moment in graphene, and such spin state can be manipulated
by the local field [49]. Thus the system is potentially spin
polarized with the Se atom chemisorbed under the C sublattice
when the localized C-pz state, i.e., the peak at 0.2 eV above
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the EF, is gated near the EF. When placing a charge sphere 1e−
as a local gate on the top of graphene with a Se atom, such a
system turns out to be magnetic with a spin moment of 0.5 μB

(see Fig. S17 in the SM [26]). Therefore, it is possibly to
tune both pseudospin-mediated and spin-related properties in
graphene by manipulating the chemisorption sites of individ-
ual Se atoms and the filling of the localized states of adsorbed
Se atoms.

With the ability to control the chemical reaction be-
tween the individual Se atom and graphene with atomic-level
precision, then, it becomes possible to combine different
kinds of chemisorbed Se atoms to further tune properties of
graphene. Figure 4 summarizes two representative results that
two individual Se atoms are chemisorbed at opposite (AB
chemisorption) or the same sublattices (AA chemisorption)
in graphene (see Figs. S8 and S10 for more experimental
results [26]). For the case of the AB chemisorption [Fig. 4(a)],
there is zero additional wavefront dislocation, as shown in
Fig. 4(b), resulting from the annihilation of dislocations of
the pseudospin-mediated vortices with opposite angular mo-
menta. For the case of the AA chemisorption [Fig. 4(c)], the
number of additional wavefronts induced by the two A-site
adsorptions is still 2 [Fig. 4(d)]. Such a counterintuitive result
can be well explained with considering the interference of
two pseudospin-mediated vortices [17]. The winding num-
ber of the pseudospin over a closed path surrounding two
l = +2 vortices is still 2; consequently, we obtain |N | = 2
additional wavefronts. If further considering the fact that
individual atoms chemisorbed on A and B sublattices of
graphene with gating will result in local magnetic moments
in opposite directions [7,50–52], it would be expected to
obtain completely different magnetic coupling between the
local magnetic moments for the AB and AA chemisorp-

tions. By using our method, as shown in Fig. S9 [26], it is
possible to realize large-area chemisorption of the Se atoms
only on the A (or B) sublattice and to explore the pos-
sibility of 100% spin polarization in graphene in the near
future.

In summary, we demonstrate the ability to extract individ-
ual Se atoms and the manipulation of its chemisorption on
graphene with atomic-level precision. By manipulating the ad-
sorption sites of individual Se atoms, our results indicate that
we can introduce distinct pseudospin-mediated atomic-scale
vortices in graphene and explore their quantum interference.
The reported ab initio approach combines the high spatial
resolution of the STM technique and the highly tunable chem-
ical bonding between individual Se atoms and graphene. Our
study lays a solid foundation for realizing custom-designed
future materials through atomic-level precise chemical dop-
ing.
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