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ABSTRACT: Theory anticipates that the in-plane p,, p, orbitals
in a honeycomb lattice lead to potentially useful quantum
electronic phases. So far, p orbital bands were only realized for
cold atoms in optical lattices and for light and exciton-
polaritons in photonic crystals. For electrons, in-plane p orbital
physics is difficult to access since natural electronic honeycomb
lattices, such as graphene and silicene, show strong s—p
hybridization. Here, we report on electronic honeycomb lattices
prepared on a Cu(111) surface in a scanning tunneling
microscope that, by design, show (nearly) pure orbital bands,
including the p orbital flat band and Dirac cone.

KEYWORDS: scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS), electronic lattice, honeycomb, flat band,

p orbital, muffin-tin calculations

he electronic properties of two-dimensional solids,
I including materials with Dirac bands and topological
insulators, are largely determined by the geometry of
the atomic lattice and the nature of the interacting orbitals."”” A
compelling case is presented by the system of in-plane p,, p,
orbitals in a honeycomb lattice providing an electronic flat
band, due to geometric frustration, and a p-type Dirac cone.”™”
The in-plane p orbitals in the trigonal honeycomb lattice
cannot form conventional bonding—antibonding combina-
tions; their interaction gives rise to complex interference
patterns. As a result, the four in-plane p bands consist of a
nondispersive flat band, followed by two dispersive bands
forming a Dirac cone at higher energy, followed by another flat
band. Intrinsic spin—orbit coupling will open a gap at the Dirac
point (the quantum spin Hall effect) and detach the flat band
from the Dirac cone, making it topological.”” Since the kinetic
energy is quenched in the flat band, the dominant energy scale
is set by interactions. It has been predicted that this will lead to
interesting quantum phases, such as unconventional super-
conductivity and Wigner crystals.”® The physics of in-plane p
orbitals has been studied with ultracold atoms in optical
lattices,”'* light in photonic systems,"* and exciton-polaritons
in a semiconductor pillar array'®'> and has been theoretically
investigated for real layered materials.'"® However, an
experimental realization of an electronic material in which
the physics of in-plane p orbitals can emerge by design has not
yet been reported.
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RESULTS AND DISCUSSION

Natural electronic honeycomb systems show interesting
results, but there is considerable hybridization between
different types of orbitals.’ In graphene, the most studied
electronic honeycomb lattice, the s orbital and in-plane p,, p,
orbitals of the carbon atoms hybridize and form sp? electronic
bands, the lower one being completely filled.” This filled band
leads to a very strong in-plane bonding between the carbon
atoms, but is not electronically active. The remaining p,
orbitals (perpendicular to the graphene plane) form 7 bonds,
resulting in two bands touching at the (K, K’) Dirac points at
which the Fermi energy is situated. The linear energy-wave
vector dispersion (Dirac cone) around the (K, K') points is
responsible for the electronic properties of graphene.” We
remark that bilayer graphene twisted at magic angles offers
exciting physics whereby interlayer coupling and interacting
electrons result in a flat band and unconventional super-
conductivity.'”'*

Here, we report solid-state designs for noninteracting
electrons in which the physics of in-plane p orbitals fully
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Figure 1. Designs for artificial atoms in a honeycomb lattice, corresponding band structures, and LDOS spectra. (a—c) Schemes of a
Cu(111) surface (copper) and the positions of the CO molecules (black) defining the on-site energies of the s and p orbitals and their
intersite coupling. The lattice sites are indicated in green; the bridge sites with purple crosses. (a) The lattice reported by Gomes et al.,'’
with a honeycomb lattice vector of 1.92 nm. (b) Lattice with single-ringed CO rosettes as scattering islands and a honeycomb lattice vector
of 3.58 nm, corresponding to 14 Cu atoms. (c) Lattice with double-ringed CO rosettes as scattering islands; the lattice vector is also 3.58
nm. (d—f) Corresponding band structures calculated by the muffin-tin approximation. The band structures for the designs (b) and (c) reflect
(nearly) separated s (blue) and p (orange) orbital bands. (g—i) LDOS for these three designs: green for the on-site positions, purple for the
bridge positions between the sites. Blue arrows indicate the s orbital Dirac point; orange arrows indicate the p orbital flat band and the p
orbital Dirac point. A broadening of 40 meV is included to account for scattering with the bulk.

emerge. Our work is inspired by the work of Gomes et al., who
reported an artificial electronic honeycomb lattice based on the
surface-state electrons of a Cu(111) surface.'” In that work, the
confinement of the surface-state electrons in a honeycomb
geometry by CO molecules leads to a Dirac cone formed by
the first two surface bands at the high symmetry K point. It has
been shown afterward that this concept can be extended to
create systems with different geometries,20 fractal structures,”’
nontrivial topology,””** and multiple orbitals by changing the
size of the lattice sites.”* Using this last concept, we design
honeycomb lattices consisting of atomic sites with a variable
degree of quantum confinement and electronic coupling
between them. Muffin-tin calculations show that it is possible
to create lattices in which the on-site s orbitals and p orbitals
are sufficiently separated such that s—p hybridization can be
avoided and Dirac cones and a flat band emerge with nearly
pure p orbital character. The band structure is experimentally
investigated by measurement of the local density of states and
wave function mapping.

The theoretically designed honeycomb lattices are 1presented
in Figure 1, with the original lattice by Gomes et al."” (Figure
1(a)), and two geometries where the splitting of s and p
orbitals is enhanced (vide infra) (Figure 1(b, c)). We have
calculated the electronic band structure of these lattices by
solving the Schrodinger equation with a muffin-tin potential
accountin§ for the rosettes of CO molecules as repulsive
scatterers.”> A broadening of 40 meV was used in the muffin-
tin calculations to account for the intrinsic coupling of surface
and bulk states in the CO/Cu(111) system. The resulting band

structures are presented in Figure 1(d—f). In addition, we
fitted the muffin-tin band structure with a tight-binding model
based on artificial atomic sites in a honeycomb lattice; each
atomic site has one s orbital and two in-plane p orbitals, and
we assume s—s, s—p, and p—p hopping between neighboring
sites. We obtained excellent agreement between the two band
structures for all but the highest bands, as the tight-binding
calculation does not take bands of energies higher than the p
orbitals into account (see SI Section A and B for more details
and fitted parameters). The calculations predict a single Dirac
cone (blue color) for the lattice by Gomes et al. (Figure 1(d,
g)), in agreement with the experimental results reported. For
this lattice, our calculations show that the next band (orange
color) is strongly dispersive and extends outside the Cu(111)
surface state energy window (—0.45 V to +0.5 V). To be able
to lower the energy of the p bands, the lattice constant was
increased.'”** Additionally, to be able to separate the on-site s
and p orbitals, we increased the on-site quantum confinement
by using single and double CO rosettes as potential barriers.
The design presented in Figure 1(b) is based on single CO
rosettes.”” In this case, two dispersive s orbital bands emerge,
forming a Dirac cone (blue). The four p orbital bands (orange)
contain a (nearly) flat band and two dispersive bands forming a
Dirac cone. However, in this design the s and p bands are not
separated. We remark here that in the context of real materials,
similar-sized lattices of graphene in a graphane matrix have
been considered by DFT and tight-binding calculations; in this
system, there is strong hybridization between the carbon s and
in-plane p,, p, orbitals, while the Dirac properties arise from
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Figure 2. Scanning tunneling spectroscopy and electron probability maps of an artificial honeycomb lattice with separated s and p bands. (a)
Scanning tunneling microscopy image (0.5 V, 0.3 nA) of the artificial honeycomb lattice prepared with double-ringed rosettes according to
Figure 1(c); a detailed image for a similar lattice is presented in Figure S5. The bright spot in the center of the rosettes is typically found in
dI/dV plots at positive bias. Other examples can be found in the SI, Section L. (b) LDOS, i.e., (dI/dV), e/ (dI/dV),, vs bias voltage V,
measured by scanning tunneling spectroscopy, on top of the artificial atom sites (green) and bridge sites (purple). The LDOS calculated
using the muffin-tin approach is replotted in light green and light purple for comparison. The magnitudes of t, and £, are indicated. (c, d,
e) Spatially resolved LDOS maps in the energy region of the lowest Dirac cone (points 1—3 in Figure 1(b)) measured at constant height with
(f, g h) the same maps calculated with a muffin-tin potential landscape. The high density of states at the sites reflects s orbital bands. Scale
bars are 5 nm.

the coupling of the perpendicular p, orbitals.”® In order to lattice sites (purple crosses); the bias voltage was changed over
prevent this s—p hybridization, the on-site s and p energy levels the entire voltage region of the Cu surface state between V =
must be better separated by quantum confinement. This is —0.4 and +0.5 V. The LDOS, i.e., normalized dI/dV vs bias
achieved with the lattice presented in Figure 1(c) (double- voltage,'” spectra on the on-site and bridge site positions are
ringed CO rosettes as scatterers), showing the p orbital flat presented in Figure 2(b); see Figure S6 for details; they should
band and Dirac cone, well separated in energy from the lower s be compared with the theoretical muffin-tin spectra, for
Dirac cone. The LDOS calculated for designs (b) and (c) convenience replotted from Figure 1(i) in light colors. The
(Figure 1(h, i)) display a double peak with a minimum, first double peak (peaks 1 and 3) corresponds to two s orbital
reflecting the s Dirac cone, followed by a single peak with high bands forming a Dirac cone; the minimum indicates the Dirac

LDOS due to the p orbital flat band, followed by a second point (point 2). The two maxima correspond to the high
double peak due to the p orbital Dirac cone. This indicates that LDOS at the M points (see SI Section F); if the overlap

our lattices are appropriate electronic quantum simulators for integral between neighboring s orbitals is neglected, the
the study of the in-plane p orbital physics. distance between these two maxima provide a good estimation
First, we present an overall electronic characterization of the for two times the hopping term between the nearest-neighbor s
honeycomb lattice according to the design shown in Figure orbitals, i.e., 2t,, (see SI Section F). The ¢, value that we obtain
1(c). The results on the other lattice (Figure 1(b)) are given in is 45 meV. From a tight-binding fit, taking the overlap into
SI Section C. Figure 2(a) shows a scanning tunneling account, we find 60 meV. The two s orbital bands do not show
microscope image using a Cu tip. Details are presented in the typical bonding (lowest s band) and antibonding (higher s
Figure SS, displaying a nearly identical lattice but now imaged band) character. An analytical tight-binding model presented

with a CO-terminated tip. The LDOS could be probed with in SI Section B provides a detailed explanation.
scanning tunneling spectroscopy by placing the metallic Cu- Around V = 0V, a very strong LDOS peak is observed on
coated tip above the center of the artificial sites (green circles the bridge sites, while the LDOS on the lattice sites is very low
in Figures 1(c) and 2(a)) and on bridge sites between the (peak 4). A comparison with the muffin-tin band structure, and
C https://dx.doi.org/10.1021/acsnano.0c05747
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the tight-binding fit to it, reveals that this strong resonance
localized between the sites is due to the flat band originating
from p orbitals. The high electron probability observed
between the lattice sites will be discussed in detail below.
Between 0.1 and 0.4 V, we find a second double peak with a
minimum. Comparison with our calculations shows that this
teature reflects the dispersive p orbital bands; the minimum
corresponds to the Dirac point (point 6), and the lower
maximum (peak 5) reflects the high LDOS at the M point. The
maximum at higher energy (peak 7) corresponds to the third
and fourth p orbital bands. If the orbital overlap and residual
s—p hybridization are neglected, the energy difference between
the flat band maximum and the Dirac point is 1.5 t,,,; from
this, t,,, is found to be 160 meV. From the muffin-tin
calculations combined with a tight-binding fit we find a value
of 127 meV (see Table S1).

Figure 2(c, d, e) display energy-resolved LDOS maps in the
energy region of the s bands measured over the entire lattice at
a constant tip—sample distance, while the panels below (Figure
2(f—h)) show the electron probabilities calculated with the
muffin-tin model. There is a good agreement between the
observed and calculated LDOS; the large on-site LDOS
reflects the on-site s orbitals, and the LDOS at the Dirac point
is much lower, but does not vanish completely. This reflects a
certain broadening of the resonances due to the coupling of the
lattice states with surface states outside the lattice and with Cu
bulk states. A discussion of the LDOS maps in the s band
region from the tight-binding perspective is given in SI Section
G.

Maps of the electron probability measured in the energy
region of the p bands are presented in Figures 3(a and b);
Figures 3(c and d) show the calculated results. The electron
probability pattern at the flat-band energy has a very high
electron probability between the sites and a very low
probability on the sites [Figure 3(a, ¢) and insets]. In addition,
the electron probability (LDOS) map in the region of the p
orbital Dirac cone shows detailed patterning [Figure 3(b, d)
and inset]; see also SI Section H. The low on-site electron
probability on the center of the lattice sites show that these
two bands are formed from p orbitals.

The intricately patterned electron probabilities observed in
the energy region of the p orbital bands in the honeycomb
lattice require further investigation. The interaction of in-plane
p orbitals at the sites of a honeycomb lattice can best be
described as orbital interference by geometric frustration.” We
have calculated these interference patterns by using the original
tight-binding theory;*® see Figure 4. The results of the muffin-
tin calculations combined with a tight-binding parameter fit are
presented in Figure S2(c and d). At the flat band energy,
different points in the Brillouin zone show distinct interference
patterns from the in-plane p orbitals, two of them being
presented in Figure 4(a, b). The overall sum of the electron
probability patterns over the Brillouin zone at the energy of the
flat band is presented in Figure 4(c), showing a strongly
enhanced electron probability on the bridge sites, in full
agreement with the experimental results. Likewise, as originally
proposed in ref 4, Wannier-like eigenstates with the flat band
energy can be constructed around each CO rosette of artificial
sites resulting in a high electron probability between the lattice
sites (also called bridge sites); see Figure 4(d). This spatial
electron probability pattern in the flat band agrees with the
experimental results and the result of muffin-tin calculations;
see Figure 3. In addition, a comparison between Figure 3(b

LDOS (a.u.)

0
3
&
@
(]
i

Figure 3. Electron probability (LDOS) maps in the energy region
of the p orbital flat band and p orbital Dirac cone obtained by
energy-resolved scanning tunneling microscopy at constant height.
Spatially resolved LDOS measured at (a) the flat band energy
[point 4 in Figure 2(b)] showing patterns of very high electron
probability at bridge sites and very low probability on the atomic
sites; (b) in the energy region of the p orbital Dirac cone [point 7
in Figure 2(b)]. Several bright spots assigned to mobile hydrogen
species are visible in the maps; however, these spots do not
perturb the observed pattern. The LDOS calculated using a muffin-
tin approach for (c) the flat band showing a pattern of large
electron densities between the sites and very low electron density
on the sites, to be compared with the experimental result in part
(a); (d) energy region of the p orbital Dirac cone, showing a good
agreement with the intriguing patterns experimentally observed.
More information can be found in the SI. The insets show a
magnification. Scale bars are 5 nm.

and d) shows that the spatial patterns of the LDOS in the p
orbital Dirac region are well reproduced by the muflin-tin
calculations.

CONCLUSIONS

Our results show that solid-state electronic honeycomb lattices
can be designed in such a way that in-plane p orbital physics
fully emerges. The design is purely based on the lattice
geometry and the degree of quantum confinement and intersite
coupling. These concepts can, therefore, be directly transferred
to two-dimensional semiconductors in which the honeycomb
geometry is lithographically patterned”’ ™" or obtained by
nanocrystal assembly.””" Such honeycomb semiconductors
can be incorporated in transistor-type devices in which the
Fermi level and thus the density of the electron gas can be fully
controlled.*”*” For instance, a partial filling of the flat band can
result in electronic Wigner crystals, magnetic phases, and
superconductivity.*® Hence, we present a feasible geometric
platform for real materials opening the gate to unexpected
electronic c;uantum phases, both in the single-particle
regime”>***** and in the regime with strong interactions.”> ™’

METHODS

The measurements were obtained in a Scienta Omicron LT-STM. It
was operated at a base temperature of 4.5 K and with a pressure in the
107'° mbar range. A clean Cu(111) surface was prepared by multiple
sputtering and annealing cycles.*® CO molecules were deposited on
the sample placed in a cooled measurement head by leaking in gas at a
pressure of 2 X 107'° mbar for 3 min. The STM tips were PtIr coated
with Cu due to tip preparation. Atomic scale lateral manipulation of
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Figure 4. Tight-binding calculation of the interference patterns of the in-plane p,, p, orbitals in the honeycomb geometry and the resulting
electron probabilities in the p-type flat band. (a) Scheme of the Brillouin zone with I', M, and K points indicated. The yellow (red) circles
denote the positions in the zone used in panel (b). (b) Two spatial patterns due to interference of the p,, p, orbitals in the honeycomb
geometry at the flat band energy (—0.01 V) at the two points in the Brillouin zone indicated in panel (a). Artificial atom sites (green) and
bridge sites (purple) are indicated. (c) Overall electron probability at the flat band energy obtained from the interference patterns (see panel
(b)) and summed over the entire Brillouin zone. Strong electron probabilities are observed on bridge sites (purple crosses) as in the
experimental maps. (d) Representation of the electron probability map at the flat band energy by construction of Wannier-like eigenstates
from p orbitals organized around a hexagon. The dark blue color indicates high electron probability. See also Figure S9(c).

the CO molecules was performed to build the honeycomb lattices
using previously obtained parameters of 40 nA and 10 mV.'*?%
Unless mentioned otherwise, all STM topography images were
acquired at a constant current of 1 nA and 500 mV. Wave function
mapping and differential conductance spectroscopy were performed
using constant-height mode with a lock-in amplifier providing a 273
Hz bias modulation with an amplitude between S and 20 mV rms.
Experimental data were analyzed with the SPM analysis software
Gwyddion 2.49 and/or Python 3.7.

The design of the CO rosettes was determined by previously
acquired knowledge about CO manipulation'® and muffin-tin band
structure calculations. The double-ringed rosette consists of 18 CO
molecules arranged in two rings placed around a central (empty) Cu
lattice site as shown in Figure 1(c). This central site was left clear for
ease of building. The rosettes were placed at a 3.58 nm spacing (14
Cu atomic sites) along close-packed Cu atomic rows.

All band structures and theoretical LDOS maps shown Figure 1-3
of the main text were calculated using the muffin-tin model. The
surface state of Cu(111) is modeled as a two-dimensional electron gas
with an effective electron mass of 0.42 times the free electron mass, at
a constant potential. The CO molecules are portrayed as discs with a
diameter of 0.6 nm and a repulsive potential of 0.9 eV. These
parameters were used previously to successfully describe the CO on a
copper system.”” When CO molecules were placed close together and
the radii overlapped, the potential of that area was added together and
increased to 1.8 eV. The one-electron Schrédinger equation was
solved numerically for this system to determine the band structure
(periodic case) and LDOS maps (finite size). For the LDOS maps,
Neumann boundary conditions were applied. In order to obtain the

maps shown, a broadening of 0.04 eV was included.
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