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Experimental observation of Dirac cones in artificial graphene lattices
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Artificial lattices provide a tunable platform to realize exotic quantum devices. A well-known example is
artificial graphene (AG), in which electrons are confined in honeycomb lattices and behave as massless Dirac
fermions. Recently, AG systems have been constructed by manipulating molecules using scanning tunneling
microscope tips, but the nanoscale sizes typical for these constructed systems are impossible for practical device
applications and insufficient for direct investigation of the electronic structures using angle-resolved photoemis-
sion spectroscopy (ARPES). Here, we demonstrate the synthesis of macroscopic AG by the self-assembly of
Ceo molecules on metal surfaces. Our theoretical calculations and ARPES measurements directly confirm the
existence of Dirac cones at the K (K') points of the Brillouin zone, in analogy to natural graphene. These results
will stimulate ongoing efforts to explore the exotic properties in artificial lattices and provide an important step

forward in the realization of molecular quantum devices.
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Graphene is a single layer of carbon atoms with a honey-
comb lattice, and it has been intensively studied in the past
decade [1,2]. In proximity to the Fermi level, the electrons in
graphene behave as massless Dirac fermions. This is the origin
of graphene’s various exotic properties, such as half-integer
quantum Hall effects [3,4] and the Klein paradox [5-7]. An
alternative way to realize the exotic properties of graphene is
by confining the electrons of a two-dimensional electron gas
(2DEG) to an equivalent honeycomb lattice, called artificial
graphene (AG) [8-10]. Because of the confinement, there ex-
ists a Dirac cone at each K point of the Brillouin zone (BZ). As
a result, electrons of the otherwise 2DEG behave as massless
Dirac fermions, which is analogous to the case of natural
graphene. In addition to possessing the novel properties of
graphene, artificial lattices possess various tunable parame-
ters, thereby providing an ideal platform for the simulation of
quantum behaviors in two-dimensional (2D) Dirac materials
[11-15].

Some molecules, such as carbon monoxide and coronene,
can serve as potential barriers through which the electrons of
the 2DEG are forbidden to travel. Therefore, a hexagonally
patterned molecular lattice can confine the 2DEG electrons
into an equivalent honeycomb lattice and lead to the real-
ization of AG [8,9], as illustrated in Figs. 1(a) and 1(b).
In 2012, Gomes et al. constructed the first AG by atomic
manipulation of carbon monoxide molecules on Cu(111) and
found experimental evidence of massless Dirac fermions by
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scanning tunneling spectroscopy [8]. In addition to the scheme
presented by molecular AG, AG has also been realized in
nanopatterned GaAs quantum wells [16-18]. Unlike unpat-
terned GaAs quantum wells, resonant inelastic light-scattering
spectra of the AG system revealed low-lying transitions that
might arise from the Dirac bands [18]. The high energy and
momentum resolution of angle-resolved photoemission spec-
troscopy (ARPES) makes it a powerful technique to directly
study the electronic structures of materials. However, a direct
experimental observation of the Dirac cones in AG using
ARPES has yet to be reported.

Here, we constructed macroscopic AG systems by growing
monolayer Cgp molecules on the (111)-terminated surfaces of
noble metals, which enabled ARPES studies of the electronic
band structure. Our low-energy electron diffraction (LEED)
and ARPES measurements show that these AG systems are
homogeneous. Therefore, their size is only limited by the scale
of the substrates. The Dirac cones at the K (K’) points were
directly observed by our ARPES measurements. In addition,
we performed model calculations on these AG systems, whose
results fully supported our experimental observations.

The lattice constant of nanopatterned structures is typically
tens of hundreds of nanometers, which is several orders of
magnitude larger than that of conventional single crystals
[16-18]. Such a large lattice constant results in a very small
BZ that is beyond the resolution of conventional ARPES facil-
ities. The molecular AG system is ideal for the investigation of
electronic structures because of its moderate lattice constants.
However, the size of conventional AG systems constructed
by atomic/molecular manipulation is limited to the nanoscale,
which is typically insufficient for practical device applications
and for electronic band-structure investigations. A promising
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(a)

FIG. 1. Schematic of artificial graphene (AG). (a) Molecular AG system, including molecules that act as potential barriers for electrons (red
balls) and the electron density profile (blue surfaces). Because of the presence of hexagonally patterned molecules, electrons of the otherwise
two-dimensional electron gas are confined in a honeycomb lattice. (b) Band structure of AG. A Dirac cone exists at the K (K’) point of the
Brillouin zone (BZ), as an analogy to graphene. (c¢) Structure model of a C¢, molecule. The nearly isotropic shape of Cgyp makes it an ideal

choice for the construction of AG.

route to realize macroscopic AG is by preparing a molecular
self-assembled monolayer on a metal substrate, where such
supramolecular architectures can be well ordered across the
entire substrate surface. A particular interesting molecule is
Ceo, which has a nearly isotropic spherical shape, as shown in
Fig. 1(c). Previous works have shown that C¢y molecules can
form hexagonal structures on various noble metal surfaces,
including Cu(111), Au(111), and Ag(111). In these systems,
the electrons of the 2DEG of the metal surfaces are confined
in an equivalent honeycomb lattice and are thus expected to
behave as massless Dirac fermions.

First, we studied Cgy monolayers on Cu(111). The Cgg
molecules form a hexagonal structure with a 4 x4 superstruc-

ture with respect to the 1x1 lattice of Cu(111) [19,20]. The
low-energy electron diffraction (LEED) patterns of the Cg
monolayer on Cu(111) are shown in Fig. S1 [21]. The BZs of
the Cgp monolayer and of Cu(111) are schematically drawn
in Fig. 2(a). Based on the above discussion, this system is
expected to be an AG with a lattice constant of 10 A. Fig-
ure 2(b) shows the ARPES intensity of the Fermi surface. The
Shockley surface state of Cu(111) almost disappears because
of the coverage of the Cgyp molecules. Instead, a dotlike spec-
tral weight can be seen at each K (K”) point. Such features do
not exist on pristine Cu(111) because pristine Cu(111) only
exhibits Shockley surface states at the BZ center and bulk sp
bands at the BZ boundary. At deeper binding energies, the dots
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FIG. 2. ARPES measurements of the C¢y monolayer on Cu(111). (a) Schematic of the BZs of the C¢p monolayer (red) and Cu(111) (blue).
Ceo forms a 4 x4 superstructure with respect to the 1x1 lattice of Cu(111). (b)—(e) ARPES intensity maps of the constant energy contours at
different binding energies: (b) 0, (c) 0.2, (d) 0.3, and (e) 0.4 eV. Red hexagons indicate the BZs of the monolayer Cg. (f), (g) ARPES intensity
plots along the (f) K-I'-K and (g) K-M-K directions. The incident photon energy is 26 eV. (h), (i) ARPES intensity plots of the band structures
along the K-I'-K direction measured with the photon energy of (h) 30 and (i) 35 eV. (j) ARPES intensity plot along the K-M-K direction
measured with the photon energy of 30 eV. Red dotted lines indicate the Dirac cone at the K point of the BZ and are guides for the eye.
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become circles and their size increases as the binding energies
increase, as shown in Figs. 2(c)-2(e).

Figure 2(f) shows the ARPES spectra along the I'-K di-
rection. One can observe linearly dispersing bands at the K
point, as indicated by the red dashed lines. The fitted crossing
point is located approximately 0.1 eV above the Fermi level.
Along the K-M-K direction, the dispersion of the bands is also
linear, as shown in Fig. 2(g). Combined with the evolution of
the constant energy contours, we can conclude that there is a
Dirac cone at each K point. The Dirac point is located above
the Fermi level, and therefore the upper portion of the Dirac
cone is inaccessible by conventional ARPES. The upward
shift of the Dirac point may originate from the high electron
affinity of the Cgp molecules, which leads to a significant
charge transfer from the substrate to the Cg9 molecules [22].
The Fermi velocity along the I'-K direction is approximately
4x10° m/s, which is slightly smaller than that of natural
graphene. In addition, the Dirac bands do not disperse with
different photon energies, as shown in Figs. 2(h)-2(j), which
agrees with their 2D character. Therefore, the ARPES results
confirm that the Cgp/Cu(111) system is an AG with Dirac
cones at the K (K') points of the BZ.

We then performed a model analysis to understand the
physics of the AG system. We note that the Cu(111) surface
hosts Shockley-type surface states inside an inverted energy
gap at the center of the BZ, and is thus a model 2DEG system.
This is the reason for the success in the construction of AG
by atomic/molecular manipulation [8,9]. The Hamiltonian of
a 2DEG can be described as

K v?

2m*

Hy = — , (H
where m* is the electron effective mass, 7 the reduced Planck
constant, and V the vector differential operator. For the
Cu(111) surface, m* is approximately 0.38m,. The eigen-
values and eigenstates can be determined using E (k) =
12k%/2m* and ¥ = €% /\/Q, where  is the volume of the
primitive cell, k the electron momentum, and r the electron
position. To simplify the analysis, we used a periodic poten-
tial U(r) to simulate the effects of the Cgy monolayer. The
Hamiltonian of the modulated 2DEG can be given as

R2v? ,
H=Hy+U(r)=—-——+) Uge%". (2
2m* e
where G, (¢ = 1,2, ..., 6) are the six nearest reciprocal lat-

tice vectors. To simplify the analysis, the Cgp molecule can
be treated as an isotropic sphere. Therefore, the Cgp/Cu(111)
system possesses Cg symmetry and all Ug, should be equal,
ie., UG] = U(;2 = U(;3 = UG4 = UG5 = UG(, = Up. As aresult,
the band structures of the system can be solved numerically.
When the interaction between Cgy and Cu(111) is turned off,
the parabolic bands of 2DEG are simply folded into the BZ
of the Cg¢ superstructure, as shown in Fig. 3(a). With a proper
Uy value such as 0.4 eV, the Dirac cone at the K (K') point
emerges and resembles that of natural graphene, as shown in
Fig. 3(b). The calculated Fermi velocity along the I'-K di-
rection is approximately 6.27 x 10> m/s, which is close to the
experimental value (4x10° m/s). It should be noted that the
calculated Fermi velocity of the Dirac cone is insensitive to
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FIG. 3. Model analysis of artificial graphene. (a), (b) Calculated
band structures for (a) Uy = 0 eV and (b) Uy = 0.4 eV.

the variation of Uy [see Supplemental Material, Supplemental
Egs. (E1)—~(ES8) and Fig. S2 for details [21]].

The success of realizing AG in the Cgy/Cu(111) system
provides a universal method for the realization of AG us-
ing other noble metal substrates. Another prototypical 2DEG
system is Au(111), on which Cg molecules can also form
ordered monolayer structures [23-25]. Because of the larger
lattice constant of Au(111) (aax, = 2.9 A) compared with
that of Cu(111) (ac, = 2.5 A), the Cgo molecules form a
24/3%2+/3 superstructure with respect to the 1x1 lattice of
Au(111). This different superstructure provides further evi-
dence for the universality of this method. As expected, our
ARPES results show the existence of Dirac cones at each
K (K’) point of the BZ, as shown in Figs. 4(b) and 4(c).
The Dirac bands do not disperse with varying photon en-
ergy, which again agrees with their 2D character. In addition,
the Dirac point of the Cgo/Au(111) system is located ap-
proximately 0.2 eV below the Fermi level, and therefore the
upper Dirac cone can be observed by our ARPES measure-
ments. The higher binding energy of the Dirac point in the
Ceo/Au(111) system may originate from the smaller charge
transfer from the substrate to Cgq. This is reasonable because
the electron affinity of gold is higher than that of copper.
The Fermi velocity along the I'-K direction is approximately
1.2x10° m/s, which is slightly higher than that of natural
graphene.

Finally, we discuss possible device applications based on
these AG systems. First, Cu and Au are commonly used
conducting materials, such as electrodes. After depositing a
monolayer Cg, the emergence of 2D Dirac fermions enable
the realization of Klein tunneling [5-7], that is, the electrons
pass unimpeded through potential barriers. This is a crucial
component in fabricating low-dissipation quantum devices.
Second, noble metals, including Au and Cu, are well-known
plasmonic materials with a strong visible light response [26].
The emergence of 2D Dirac fermions on noble metal surfaces
indicates the possibility of realizing Dirac plasmons [27,28]
in the visible light region, which can be widely used in opto-
electronic devices. Notably, plasmonic devices with a visible
light response are difficult to realize using natural graphene.

All of our results support the realization of AG in the
self-assembled Cg, monolayer on noble metal surfaces. The
Dirac cones at the K (K') points of the BZ are directly ob-
served by our ARPES measurements. The realization of AG
in molecular self-assembled monolayers offers great opportu-
nities for the fabrication of exotic molecular quantum devices.
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FIG. 4. ARPES measurements of the C¢p monolayer on Au(111). (a) Schematic of the BZs of the C4 monolayer (red) and Au(111)
(blue). The pink line indicates the momentum direction of the cuts in (b) and (c). (b), (c) ARPES intensity plots along the I'-K-M-K direction
using incident photon energies of (b) 26 and (c) 21 eV. The Dirac cone at the K point can be clearly observed. The Dirac point is located

approximately 0.2 eV below the Fermi level.

Because of the high tunability of supramolecular archi-
tectures, such molecular AG systems can also enable the
investigation of Dirac fermions under various conditions, such
as doping and symmetry breaking, by choosing appropri-
ate molecules, dopants, and substrates. It should be noted
that the bulk and thin film of Cg will become a high-
temperature superconductor with appropriate alkali metal
doping [29-31]. Therefore, it is highly anticipated that the
doped Cgy monolayer will host rich physics that originate
from the interplay between Dirac fermions and superconduc-
tivity; these interesting properties can be probed by various
experimental techniques, such as transport, scanning tunnel-
ing spectroscopy, and ARPES.
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