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Silicene, analogous to graphene, is a one-atom-thick 2D crystal
of silicon, which is expected to share many of the remarkable
properties of graphene. The buckled honeycomb structure of sil-
icene, along with enhanced spin-orbit coupling, endows silicene
with considerable advantages over graphene in that the spin-split
states in silicene are tunable with external fields. Although the
low-energy Dirac cone states lie at the heart of all novel quan-
tum phenomena in a pristine sheet of silicene, a hotly debated
question is whether these key states can survive when silicene
is grown or supported on a substrate. Here we report our direct
observation of Dirac cones in monolayer silicene grown on a
Ag(111) substrate. By performing angle-resolved photoemission
measurements on silicene(3 × 3)/Ag(111), we reveal the presence
of six pairs of Dirac cones located on the edges of the first Brillouin
zone of Ag(111), which is in sharp contrast to the expected six
Dirac cones centered at the K points of the primary silicene(1 × 1)
Brillouin zone. Our analysis shows clearly that the unusual Dirac
cone structure we have observed is not tied to pristine silicene
alone but originates from the combined effects of silicene(3 × 3)
and the Ag(111) substrate. Our study thus identifies the case of
a unique type of Dirac cone generated through the interaction
of two different constituents. The observation of Dirac cones in
silicene/Ag(111) opens a unique materials platform for investigat-
ing unusual quantum phenomena and for applications based on
2D silicon systems.
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S ilicene is theoretically predicted to be stable in the honey-
comb lattice and, like its cousin graphene, it harbors the char-

acteristic low-energy Dirac cone states (1–6). Silicene can thus be
expected to share many of the remarkable quantum properties
of graphene (7–10). Distinct from graphene, however, which is
dominated by sp2 bonding and assumes an essentially flat struc-
ture, the crystal structure of silicene is naturally buckled as a
result of the mixed sp2/sp3 bonding (2–5). The stronger spin-
orbit coupling strength in silicene (11, 12) leads to a larger energy
gap at the Dirac points, which would make it possible to access
the quantum spin Hall effect experimentally at a higher tempera-
ture (11, 12). The buckled honeycomb structure drives a number
of new phenomena and properties in silicene. In particular, the
gap at the Dirac point can be tuned by applying external electric
and magnetic fields to realize a variety of different phases and
topological phase transitions (13–17). The unique advantages of
silicene and its compatibility with the traditional silicon indus-
try make it an attractive materials platform for next-generation
nanoelectronics applications (18–23).

Single-layer and multilayer silicenes have been grown on
various supporting materials, with the Ag(111) surface being
the most common substrate (24–30). The buckled structure of
silicene naturally leads to the formation of a variety of con-
figurations beyond the primary (1 × 1) structure under differ-

ent preparation conditions, such as the (3 × 3)/Ag(111) and
(
√

3 ×
√

3)R30◦/Ag(111) structures (24–30). Although experi-
mental signatures of Dirac cones have been reported in silicene,
these results remain inconclusive (24, 31–38). For example, Vogt
et al. (24) reported a “gapped Dirac cone” along the Γ–K direc-
tion near the K point in Ag(111), but only one side of the
“Dirac cone” was observed, and it is not clear whether what
was observed was the residual signal due to the Ag(111) sub-
strate (24). Avila et al. (31) reported observation of a silicene-
derived band with a clear gap and linear energy−momentum
dispersion near the Fermi level at the Γ point of the (3 × 3)
phase. Some groups have claimed that there are no Dirac cones
but only saddle points in silicene (32, 33). Moreover, extensive
theoretical work suggests that the interaction between silicene
and the Ag(111) substrate will destroy the Dirac cones in sil-
icene (38–43). The need for further experimental work to resolve
these controversies is thus clear. Here we report direct obser-
vation of Dirac cones in monolayer silicene grown on Ag(111).
By performing in-depth angle-resolved photoemission (ARPES)
measurements on silicene(3 × 3)/Ag(111), we reveal the pres-
ence of six pairs of Dirac cones located on the edges of the
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first Brillouin zone (BZ) of Ag(111), not on the K points of
the primary silicene(1 × 1) BZ. This result shows clearly that
the observed Dirac cones originate not from the pristine silicene
film alone but from the combined system of silicene(3× 3) and
the Ag(111) substrate. Our study thus identifies the case of a
unique type of Dirac cone generated through the interaction
of two different constituents. The existence of a unique form
of Dirac cone pairs, beyond the usual Dirac cones expected
near the K points in freestanding silicene, suggests that the
silicene/Ag(111) system may possess unique phenomena and
physical properties associated with its peculiar electronic struc-
ture. Our demonstration that silicene(3× 3)/Ag(111) can harbor
Dirac cones provides a pathway for exploiting 2D silicon system
as materials platforms for investigating quantum phenomena and
potential applications.

The silicene/Ag(111) sample was grown in situ in an ultrahigh
vacuum chamber connected directly with an ARPES system. The
Ag(111) single crystal was first cleaned via many cycles of Argon-
ion sputtering and annealing at ∼800 K. Quality of the Ag(111)
surface was checked by low-energy electron diffraction (LEED)
and ARPES measurements on the surface state around the Γ
point. Band structure of the Ag(111) surface was measured by
ARPES for later comparison with the supported silicene surface.
Silicene was grown by heating a piece of silicon wafer to directly
deposit Si atoms on the preheated clean Ag(111) surface follow-
ing the same procedure as described in ref. 27. The single-layer
silicene(3× 3)/Ag(111) sample was prepared at the Ag(111) sub-
strate temperature of 470 K. Monolayer silicene(3 × 3)/Ag(111)
was found to cover most of the surface area whereas other minor
phases could be neglected as determined from the LEED pat-
terns. Moreover, such a silicene(3× 3) structure can exist only as

Fig. 1. Constant energy contours of silicene(3× 3)/Ag(111) showing the existence of six pairs of Dirac cones. (A) STM image of silicene(3× 3) grown on the
Ag(111) surface. (B) First BZ of Ag(111) (thick gray solid line) and the corresponding BZs of silicene(1 × 1) (green line) and (3 × 3) supercell (thin blue line).
Here silicene(3× 3) is named with respect to the primary silicene(1× 1) structure [it is named silicene (4× 4) with reference to the Ag(111) surface]. (C1–C3)
Constant energy contours of Ag(111) surface measured at 20 K obtained by integrating the photoemission spectral weight over a small energy window
(±10 meV) with respect to the binding energy of 0 meV (C1), 300 meV (C2) and 600 meV (C3). (D1–D3) Constant energy contours of silicene(3× 3)/Ag(111)
measured at 20 K at three different binding energies of 0 meV (D1), 300 meV (D2) and 600 meV (D3). Some residual signal of the Ag(111) surface can
be discerned, which is relatively stronger in the second BZ. In C1–C3 and D1–D3, the gray line represents the first BZ of Ag(111) surface. The images are
obtained by symmetrizing the original data, assuming threefold symmetry.

the first layer on Ag(111); subsequent layers result in the forma-
tion of the (

√
3 ×
√

3)R30◦ phase (Fig. S1). We have repeated
the growth process, followed by characterization of the film by
LEED and a scanning tunneling microscope (STM) many times
to make sure that the grown sample has a single-layer
silicene(3× 3) structure. The ARPES results on silicene(3× 3)/
Ag(111) presented in this study are highly reproducible. ARPES
measurements were carried out in our laboratory system with
a Scienta R4000 electron energy analyzer and a Helium dis-
charge lamp, which provides a photon energy of 21.218 eV
(44). The base pressure of the ARPES system is better than
5 × 10−11 Torr. The angular resolution is ∼0.3◦and the energy
resolution was set at 20 meV for increasing the measurement
efficiency. The Fermi edge of a clean polycrystalline gold spec-
imen connected to the sample was taken as the reference Fermi
level. The deposition of potassium on the silicene/Ag(111) sur-
face was realized by depositing it in situ for different times while
keeping the sample at a low temperature of ∼20 K.

Fig. 1A shows a typical STM image of the monolayer
silicene(3× 3)/Ag(111) phase in which the 3× 3 superstructure
can be seen clearly (27). For convenient reference, Fig. 1B shows
the first BZs of the Ag(111) surface and primary silicene(1× 1),
along with the folded BZ of silicene(3× 3). Interestingly, the
silicene(3× 3) lattice has a good match with the Ag(111) sur-
face because the first BZ of Ag(111) accommodates precisely
16 folded BZs of silicene(3× 3). Fig. 1 C1–C3 gives the con-
stant energy contours of the clean Ag(111) surface at different
binding energies. The Fermi surface (Fig. 1C1) is seen to consist
of a clear electron pocket around the Γ point due to the well-
known Shockley surface state (45) and a large hexagonal Fermi
surface sheet along the Ag(111) BZ edge. As the binding energy
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increases to 300 meV (Fig. 1C2) and 600 meV (Fig. 1C3), the
central surface state disappears, whereas the bulk hexagonal con-
tour keeps its basic shape but shows a slight decrease in area.

The Fermi surface of silicene(3 × 3)/Ag(111) (Fig. 1 D1–
D3) shows interesting features that clearly set it apart from that
of Ag(111) (Fig. 1 C1–C3). At monolayer silicene coverage,
the signal of the Ag(111) surface-state pocket around Γ com-
pletely disappears, and that of the Ag(111) bulk states is strongly
suppressed, although the residual signal is still discernable.
These results are consistent with the single-layer growth mode of
silicene(3× 3) that can fully cover the Ag(111) surface. The
Fermi surface topology of silicene(3 × 3)/Ag(111) exhibits 12
spots structure along the six edges of the Ag(111) first BZ
(Fig. 1 D1). With increasing binding energy, these spots grow into
approximately triangle-shaped pockets (Fig. 1 D2 and D3). At
high binding energies, the two pockets on the Ag(111) BZ edge
touch and merge into each other (Fig. 1D3). Direct comparison
of Fig. 1 D1–D3 with the corresponding results for the Ag(111)
surface (Fig. 1 C1–C3) as well as with the measured band struc-
tures (Fig. S2) indicates unambiguously that the observed Fermi
pockets along the Ag(111) BZ edges must be associated with
the silicene(3× 3) structure grown on Ag(111). We show below
(Figs. 2–4) that each strong spot here represents a Dirac cone
structure in silicene(3× 3)/Ag(111).

Fig. 2 clarifies details of how the observed Dirac cones evolve
with increasing binding energy (Fig. S3). Two independent high-

Fig. 2. Evolution of the Dirac cones in silicene(3 × 3)/Ag(111) with binding energy. (A) Constant energy contours of one pair of Dirac cones around the M
point obtained by integrating the photoemission spectral weight over a small energy window (±10 meV) for binding energies of 0 meV, 200 meV, 300 meV,
400 meV, 500 meV, and 600 meV (from Top to Bottom). (B) Constant energy contours of two Dirac cones around the K point at different binding energies.
(C) Constant energy contours of a single Dirac cone obtained by the contour lines at different binding energies of 0 meV, 200 meV, 300 meV, 400 meV,
500 meV, and 600 meV (dashed orange lines in A and B). (D) Schematic 3D diagram showing the existence of 12 Dirac cones in silicene(3 × 3)/Ag(111)
forming 6 pairs along the first BZ edges of the Ag(111) surface (thick blue line).

resolution ARPES measurements were carried out to simultane-
ously capture the Dirac cones around both the M (Fig. 2A) and
the K (Fig. 2B) points. Similar to Fig. 1 D1–D3, with increasing
binding energy, the constant energy contours for the two Dirac
cones grow from spots at the Fermi level to triangle-shaped pock-
ets with increasing area at higher binding energies. The constant
energy contour lines at different binding energies are quantita-
tively shown in Fig. 2C for one of the Dirac cones; the results for
the four different Dirac cones in Fig. 2A and B are consistent.
These results indicate that the 12 Dirac cones observed around
the Ag(111) BZ edges can be divided into 6 pairs, each of which
is centered at the M point of the Ag(111) BZ edge, as shown
schematically in Fig. 2D.

Fig. 3 shows the detailed band structure of silicene(3× 3)/
Ag(111) measured along different momentum cuts. For all of
the momentum cuts across one Dirac cone (Fig. 3 A–D), two
nearly linear bands extend over an energy range of 1 eV, consis-
tent with our picture of the Dirac cones. In Fig. 3A, the two pairs
of Dirac bands do not cross up to 1.4 eV, whereas in Fig. 3B along
one Ag(111) BZ edge, the two pairs of Dirac cones intersect at
∼0.4 eV binding energy, consistent with the six-pair picture of
Fig. 2D. In particular, Fig. 3B indicates that the observed signal
is not simply a superposition of two individual Dirac cones, rul-
ing out the possibility that one pair of Dirac cones on an edge
comes from two domains with different orientations. This result
is consistent with our LEED results where there is only a 3 × 3
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Fig. 3. Band structures of silicene(3 × 3)/Ag(111) along different momentum cuts. (A–F) Band structures measured along six typical momentum cuts.
Location of the six momentum cuts is shown in G. To highlight the measured bands, the images shown are second-derivative images of the original data
with respect to the momentum. Note that the faint band in F for the cut F is from the residual signal of Ag(111) bulk band as can be seen from the Ag(111)
band structure (Fig. S2C). (H) Fermi velocity of the Dirac cone along different directions plotted as blue asterisks in a polar coordinate. The triangle-shaped
brown line represents the corresponding constant-energy contour line of the Dirac cone at a binding energy of 0.5 eV (Fig. 2C).

superstructure along a single orientation (Fig. S1). For a given
Dirac cone, different cuts give similar linear bands but with dif-
ferent dispersions (Fig. 3 C and D). Fig. 3H plots the Fermi veloc-
ity of one Dirac cone along different orientations; the values are
obtained by fitting the bands near the Fermi level along different
momentum cuts (Figs. 2 A–C and 3 A–D). It is clear that the
Dirac cone in silicene(3 × 3)/Ag(111) is actually not cone-like
in that its cross-section at various binding energies is more like a
triangle than a circle (Figs. 2 and 3H). The resulting Fermi veloc-
ity is quite anisotropic with an approximate threefold symmetry,
varying from 2 eV to 4 eV·Å(corresponding to 3–6 × 105 m/s)
(Fig. 3H). Notably, no Fermi crossing is seen on the measured

Fig. 4. Revelation of the Dirac cone and the upper Dirac branch in silicene(3 × 3)/Ag(111). (A–D) Band structures measured along the cut A in Fig. 3G
at a temperature of 30 K (A), 100 K (B), 300 K (C), and 450 K (D). The images have been divided by the corresponding Fermi–Dirac distribution functions
to observe band structures above the Fermi level. (E–H) Band structures measured along the cut A in Fig. 3G after depositing potassium on the surface.
When an increasing amount of potassium is deposited on the sample surface, the overall band structure shifts to higher binding energy because of electron
doping. The red dashed lines in D and H are guides to the eye through the observed bands.

band in Fig. 3E, consistent with the six pairs of Dirac cones pic-
ture schematically shown in Fig. 2D.

It is clear that the Dirac points of our silicene(3 × 3)/Ag(111)
sample lie above the Fermi level and therefore cannot be seen at
low temperatures because of the Fermi–Dirac cutoff of the pho-
toemission process. To observe the upper Dirac branch and thus
the whole Dirac cone, we have used two different approaches.
The first one is to warm up the sample to make use of ther-
mal excitation of electrons above the Fermi level (Fig. 4 A–
D). Dividing out the corresponding Fermi–Dirac distribution
function makes it possible to observe a portion of the band
structure above the Fermi level at high temperature. As seen
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in Fig. 4D, the Dirac bands are stable up to 450 K. Also the
Dirac cone is observable at 450 K, which is about 170 meV
above the Fermi level (Fig. 4D). These results indicate that our
silicene(3 × 3)/Ag(111) sample is hole doped. An alternative
way to reveal the Dirac point and the upper Dirac branch is
to deposit potassium onto the silicene(3 × 3)/Ag(111) surface,
which is expected to provide electron doping. As seen in Fig. 4 E–
H, with increasing potassium deposition, indeed the Dirac cone
shifts downward as expected. When the potassium doping is high
enough (Fig. 4H), the Dirac cone is shifted to nearly 200 meV
below the Fermi level and the upper Dirac bands become
visible. In this case, the sample has become electron doped.
These results further establish the Dirac cone structure in the
silicene(3× 3)/Ag(111) sample and demonstrate the possibility
of transforming the sample from being hole doped to electron
doped. We note that, when the bands are shifted down by suf-
ficient potassium deposition, there appears a vertical straight
intensity section in the observed bands (Fig. 4 F–H). A similar
phenomenon has also been seen in graphene that is a well-known
Dirac system (46). It was proposed to be due to band-gap open-
ing although its origin is unclear (46, 47). Such a straight intensity
section can also be produced by a two-band crossing combined
with the effects of spectral broadening.

There have been a number of previous ARPES studies of
silicene(3 × 3)/Ag(111) (24, 31–33), but we are not aware
of any previous report of the presence of the six-pair Dirac
cone structure that we have observed here. We emphasize that
high sample quality and high-resolution ARPES measurements
with a large and fine momentum coverage both play a crucial
role in allowing us to reveal such a Dirac cone structure in
silicene(3× 3)/Ag(111). By high sample quality we mean that the
monolayer silicene(3 × 3) covers nearly the entire Ag(111) sur-
face, with little extra silicene on top of the silicene(3× 3) layer to
form other silicene superstructures. This leads to the maximum
silicene(3 × 3)-related signal, the strongly suppressed residual
Ag(111) signal, and a much-reduced signal and complications
from other silicene superstructures. Our study provides a uni-
fied picture that helps resolve controversies related to the earlier
ARPES results on silicene(3× 3)/Ag(111) as follows. As we have
pointed out already, Vogt et al. (24) reported observation of a
gapped Dirac cone along the Γ–K direction near the K point in
silicene(3 × 3)/Ag(111) (24), but raised a number of questions.
First, for the pure Ag(111) surface, little signal was observed
unlike the strong signals observed in ours (Fig. S2C) as well as
previous ARPES measurements (31–33). Second, the purported
Dirac cone showed only one side of bands with the signal near
the Fermi level smeared out (24). In contrast, in our results, it is
clear that there is no Dirac cone structure near the K point. The
weak band reported by Vogt et al. (24) is likely due to the resid-
ual signal from Ag(111), as seen also in our Fig. S2A. In another
earlier study, Avila et al. (31) reported observation of silicene-
derived bands with a clear gap and a linear energy−momentum
dispersion near the Fermi level at the Γ point of the (3× 3) phase
in several distinct BZs, consistent with our findings (Fig. 3E);
what Avila et al. observed is not a gapped Dirac cone, but a
saddle point near the M point formed by the Dirac cone pair
along the Ag(111) BZ edge. Finally, Tsoutsou et al. (32) reported
observation of a saddle point near the M point in silicene(3× 3)/
Ag(111); similar results were also reported by Mahatha et al.
(33). Their conclusion of the M point being a saddle point is
in accord with our results even though they did not reveal the
presence of six pairs of Dirac cones in silicene(3 × 3)/Ag(111)
because their silicene(3 × 3) signal presumably was not distin-
guished sufficiently from that of the residual Ag(111) and other
silicene-related superstructures.

Now we discuss the origin of the six-pair Dirac cone struc-
ture we have observed in monolayer silicene(3 × 3)/Ag(111).
One may wonder whether our observed electronic features

might come from Ag(111) due to changes in the work func-
tion of Ag(111) upon silicene deposition. This possibility can
be unambiguously ruled out by examining the constant energy
contours in Fig. 1, which for those of Ag(111) (Fig. 1 C1–
C3) are seen to be dramatically different from those of sil-
icene(3 × 3)/Ag(111) (Fig. 1 D1–D3) over a large energy range
(∼600 meV in Fig. 1). It is clear that a simple energy shift
cannot produce the constant energy contours from Ag(111)
(Fig. 1 C1–C3) that would resemble those in silicene(3 ×
3)/Ag(111) (Fig. 1 D1–D3). Another possibility is that the
observed six-pair Dirac cone structure in silicene(3 × 3)/
Ag(111) comes from Ag(111) due to the presence of two
domains rotated with respect to each other by 60◦. This possibil-
ity, however, can also be completely ruled out for the following
reasons: (i) There is no evidence of the existence of two domains
on Ag(111) from our LEED and ARPES measurements as the
constant energy contours in Fig. 1 C1–C3 show threefold symme-
try; (ii) as shown in Fig. 1, if we superpose the original constant
energy contours of Ag(111) (Fig. 1 C1–C3) with the same spec-
tra rotated by 60◦, the resulting constant energy contours do not
look anything like those of silicene(3× 3)/Ag(111) shown in Fig.
1 D1–D3; and (iii) as Fig. 3B shows, for the cut along the Ag(111)
BZ edge, there is a band bottom at the M point that is nearly
0.45 eV below the Fermi level. If the two Dirac cones were to
come from two rotated domains, we would expect a superposi-
tion of two sets of Dirac bands at the M point, which is not con-
sistent with our observation of a single parabolic band near M.
The preceding arguments are conclusive in ruling out the pres-
ence of two rotated domains as the possible cause for our six-pair
Dirac cone structure.

We emphasize that our observation of six pairs of Dirac cones
in silicene(3 × 3)/Ag(111) is unusual for a number of reasons
as follows. First, the present Dirac cones are fundamentally dif-
ferent from the commonly discussed Dirac cones that lie at
the K points for a freestanding silicene honeycomb lattice. In
sharp contrast, the present six pairs of Dirac cones lie on the
edges of the first BZ of Ag(111) without any obvious connec-
tion with the BZ of silicene(1 × 1). Second, although the (3× 3)
superstructure of silicene could be expected to induce band-
folding features (Fig. 1B), we do not observe such features in
our spectra. We thus conclude that the six-pair Dirac cone struc-
ture we have observed in silicene(3 × 3)/Ag(111) does not exist
in either freestanding silicene(3 × 3) or the Ag(111) surface
alone and that it is generated through the interaction between
the pristine silicene film and the Ag(111) substrate when the
two systems are combined. Note that the low-energy electronic
states in silicene(3 × 3)/Ag(111) will be formed through the
hybridization of silicene and Ag(111) sp states with their peri-
odicity dictated essentially by the Ag(111) lattice. Interestingly,
the observed Dirac cones are situated near the intersection of
the corners of the reduced silicene (3 × 3) BZ and the edges
of the Ag(111) BZ, which is consistent with the notion that
these Dirac cones arise via interaction between silicene and the
Ag(111) substrate. This result is also in line with theoretical pre-
dictions (38–43) and experimental measurements (32, 33), which
indicates that the Ag(111) substrate interacts strongly with sil-
icene and destroys the Dirac cones at the K points of freestanding
silicene(1 × 1) (38–43).

In this connection, we have carried out extensive first-
principles modeling of the electronic structure of silicene/Ag(111)
systems (Fig. S4). However, our own computations, as well as
the large number of those available in the literature (38–43), do
not explain our observed Dirac cone structure. This is surprising
because we do not expect strong correlation effects to be at play
here, so that the band theory framework should provide a rea-
sonable description of the electronic states. Failure of the exist-
ing calculations to account for our observations suggests that the
structural models of the silicene/Ag(111) interface used so far
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may not be adequate and that alternative models involving con-
sideration of defects, reconstructions, and reactions (48) should
be investigated.

In summary, we have provided direct evidence for the
existence of six pairs of Dirac cones in the monolayer
silicene(3× 3)/Ag(111) system. We have demonstrated that this
unusual Dirac cone structure comes into existence only when
the silicene film is grown on the Ag(111) substrate. Our study
thus identifies a unique type of Dirac cone structure, which is
obtained through the interaction of silicene with the substrate
to generate a state that is distinct from that of the individual
constituents. The observed six-pair Dirac cone structure in the
silicene/Ag(111) system cannot be understood in terms of
the existing band structure calculations, and we hope that
our study will stimulate further related theoretical work. Our
observation of a unique Dirac cone structure in silicene(3 ×
3)/Ag(111), and the possibility of hole or electron doping of
these Dirac cones, opens a unique materials pathway for fun-

damental science investigations and applications based on 2D
silicon systems.
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