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Isolated flat bands are known to host various strongly correlated phases due to the enhanced
Coulomb interactions when the flat bands are gapped from dispersive bands. One way to achieve an
isolated flat band is by breaking the on-site energy symmetry in a Lieb lattice. In this study, we
demonstrate the design of such a Lieb lattice. The self-assembly of square-shaped macrocycle
molecules on a Ag(111) surface forms a two-dimensional supramolecular crystal, comprising three
types of nanopores with different sizes arranged in a Lieb lattice. The surface-state electrons of the
Ag(111) substrate confined by these nanopores behave as quantum dots with specific energies
depending on the pore size. Using scanning tunneling spectroscopy and plane-wave quantum
simulation, we reveal that this artificial Lieb lattice exhibits an isolated flat band gapped at 0.16 eV from
the nearest band. The supramolecular crystal is nearly defect-free and extends to sub-micrometer
size, making it a practical platform for exploring the exotic properties of the isolated flat band.

In a flat band, the kinetic energy of electrons is suppressed, and electron-
electron interactions dominate'. This leads to the emergence of strongly
correlated phenomena, including ferromagnetism’, Wigner crystals’,
superconductivity*’, superfluidity’, Mott-Hubbard insulators’, and frac-
tional quantum Hall states®"’. The study of flat band physics using plat-
forms of artificial systems has recently gained significant attentions' "', The
artificial systems include cold atoms"™", photonic crystals'®'"”, quantum dot
lattices', and molecular design'”*’. Molecular design has been realized by
means of tip manipulation of atoms or molecules” " and molecular self-
assembly”**’. Both approaches yield two-dimensional (2D) lattices of
nanopores on noble metal surfaces, in which the nanopore potential wells
confine the surface-state electrons of the underlying substrates, creating
quantum dot (QD) arrays. Flat bands have been demonstrated in QD arrays
arranged in a Kagome or Lieb lattice”***”, but these flat bands intersect or
contact dispersive bands, which compromises the Coulomb interaction. In
order to enhance Coulomb interaction, isolated flat bands that do not
intersect or contact dispersive bands are sought after'”*. In this work, we
design an artificial Lieb lattice with an isolated flat band through breaking
the symmetry of on-site energy of the lattice.

Results and discussion

Figure 1 illustrates the design principle. Figure la—c depict the band
structures of the tight-binding (TB) model of a Lieb lattice (illustrated on the
left) with different on-site energies. When the on-site energies of the three
sites are equal, a flat band is crossed by a Dirac cone at the M point. Note that
the flat band is not perfectly flat due to the non-zero next-nearest-neighbor
interaction t,. Figure 1b shows that breaking the on-site energy symmetry,
i.e, reducing the corner site energy ,, separates the Dirac cone and opens a
gap between the flat band and the lower band. Further breaking the sym-
metry by enlarging the on-site energy of the vertical-edge sites ¢;, as shown
in Fig. 1¢c, opens a gap between the flat band and the upper band, resulting in
an isolated flat band. To simulate the three TB models, we design three
nanopore QD lattices as shown in Fig. 1d-f. By adjusting the size of the
nanopores, the on-site energies of the QDs can be modified: smaller
nanopores correspond to higher QD on-site energy. Figure 1g—i present the
corresponding band structures of the three nanopore QD lattices calculated
using a plane-wave (PW) method of muffin-tin potential. The QD lattices
accurately reproduce the band structures of the TB models. Notably, the
structure in Fig. 1f, comprising three different-sized nanopores, exhibits an
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Fig. 2 | 2D supramolecular crystal of macrocycles. a High resolution STM topo-
graphy (V=—1.0 V,I=150 pA) of the macrocycle molecule with its chemical model
overlaid. b STM topography (V= —1V, I =100 pA) showing the closely packed
macrocycle molecules. The red, blue, and green squares mark the corner, the
horizontal-edge and the vertical-edge sites of the artificial Lieb lattice, respectively.

¢ The structure model of the 2D supramolecular crystal, where the red, blue, and
green squares represent the intra- and inter-molecular nanopores. d Large-scale

STM topography (V= —1.0 V, I=10 pA) and the Fourie transformation (insert)

showing the high crystallinity of the 2D supramolecular crystal.

isolated flat band. Since next-nearest-neighbor interactions are always

present in the QD arrays, the flat band is not perfectly flat™**”.
Experimentally, we utilize molecular self-assembly of square-shaped

macrocycle molecules on an Ag(111) surface to create an artificial Lieb

lattice™. Figure 2a displays a high-resolution scanning tunneling spectro-
scopy (STM) topography of a macrocycle with a chemical structure overlaid.
The chemical structure hasa 1 nm x 1 nm square cavity. However, the STM
depicts a rectangular nanopore measuring 0.8 nm x 0.4 nm. Presumably,
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different conformational orientations of the phenyl rings of the vertical and
horizontal edges of the macrocycle skeleton determine the rectangular shape
of the nanopore. Figure 2b shows that the macrocycle molecules form a
closely packed 2D supramolecular crystal with a four-fold symmetry.
Careful inspections reveal that the lattice is slightly elongated (4%) in one
direction (a=2.01+0.02nm, b=2.06+0.03nm). We attribute this
deviation from a perfect square lattice to the symmetry mismatch between
the four-fold 2D molecular crystal and the three-fold Ag(111) substrate
lattice. Figure 2c presents a tentative model of the 2D supramolecular
crystal, suggesting that the exterior phenyl groups of the adjacent macro-
cycle molecules interact through -t interactions.

In the 2D supramolecular crystal, the macrocycle cavities provide
intra-molecular nanopores (highlighted in red squares), while the voids
between neighboring macrocycles create inter-molecular nanopores
(highlighted in blue and green squares in Fig. 2c). Due to the rectangular
lattice, the inter-molecular nanopores at the horizontal-edges (blue squares)
are larger than those at the vertical-edges (green squares). The size difference
of the inter-molecular nanopores along the two orthogonal directions is
apparent in Fig. 2b, which displays two rectangular lattices with a 90°
rotation. The organic skeleton of the macrocycles consists of phenyl rings,
which are known to repel surface-state electrons*™*’. Consequently, the
nanopores confine surface-state electrons, acting as QDs. The arrangement
of nanopores in this structure resembles the Lieb lattice shown in Fig. 1f.
Specifically, the intra-molecular nanopores marked by red squares represent
the corner site QDs, while the inter-molecular nanopores marked by blue
and green squares represent the larger and smaller edge site QDs, respec-
tively. Large-scale STM imaging demonstrates that the 2D supramolecular
crystal is nearly defect-free, as depicted in Fig. 2d. A Fourier transformation
of Fig. 2d, displayed in the inset, reveals sharp spots, indicating the 2D
supramolecular crystal has exceptionally high crystallinity. The single
domains of the 2D supramolecular crystal can extend to sub-micrometer
size (For large-scale STM topography of 2D supramolecular crystal showing
high crystallinity and big domain size see Supplementary Fig. 1).

To investigate the electronic structure of the artificial Lieb lattice, we
conduct site-specific differential tunneling conductance (dI/dV) measure-
ments to reveal the local density of states (LDOS). Figure 3a-c (upper
spectra) depict the dI/dV spectra obtained at the centers of a corner site
(marked by the red square in Fig. 3e), a horizontal-edge site (blue square),
and a vertical-edge site (green square), correspondingly (For dI/dV spectra
normalized by tip state see Supplementary Fig. 2). The corner site spectrum
displays two prominent peaks at 0.15 and 0.25 V and two weaker peaks at

0.46 and 0.60 V. Interestingly, neighboring corner sites exhibit dI/dV
spectra featuring similar two strong peaks but with different relative peak
intensity (Supplementary Fig. 3). Uneven LDOS at neighboring quantum
wells of an identical shape indicates that the LDOS peaks are not isolated
quantum well states but rather associated with a dispersive band of the
QD lattice. The horizontal-edge site spectrum (Fig. 3b) exhibits four
peaks peaked at comparable energies (0.11, 0.21, 0.43, and 0.57 V).
However, compared with the LDOS at the corner site, the intensity of the
two low-energy peaks is reduced, while the two high-energy peaks
become stronger. The spectrum of the vertical-edge site (Fig. 3¢) displays
a peak at 0.12V and a downhill slope from 0.18 to 0.45 V. It is worth-
while to note that these rich LDOS features do not originate from the
macrocycle molecules (Supplementary Fig. 4). Instead, we contend that
they arise from the QD states of the nanopores.

Based on the structure resolved in the STM image (Fig. 3e), we con-
struct a QD Lieb lattice model structure, as depicted in Fig. 3f. Figure 3d
displays the band structure of this QD artificial Lieb lattice solved using PW
calculation. Referring to Fig. 1, the lower and upper bands in Fig. 3d are
assigned to the split Dirac cone bands. The middle band is the isolated flat
band, which is separated from the lower and upper bands by a gap of 0.16
and 0.75 eV, respectively. The flat band is nearly perfectly flat from the X
point to the M point. The band bending near the I point is due to the next-
nearest-neighbor interaction, resulting in a bandwidth of 0.2 eV.

Figure 3a—c (lower spectra) depict the PW-calculated LDOS at the
centers of the three potential wells. At the corner site (marked by the pink
cross in Fig. 3f), the LDOS is present in two energy regions of 0.10 V-0.26 V
and 0.40 V-0.62 V. In the first energy region, there are two strong LDOS
peaks at 0.15 and 0.24 V, while in the second energy region, the LDOS
displays a shoulder at 0.47 V and a weak peak at 0.60 V. At the horizontal-
edge site (marked by the blue cross), the LDOS is present in the same two
energy regions, but with different intensity which displays a weak peak at
0.16 V in the first energy region and two strong peaks at 0.43 and 0.58 V in
the second energy region. At the vertical-edge site (marked by the green
cross), the LDOS is mostly present in the first energy region with two peaks
at0.15and 0.24 V. In comparison with the experimental data obtained at the
equivalent sites, shown as the upper spectra in Fig. 3a—c, the LDOS of the
QD Lieb lattice model structure captures the characteristics of the experi-
mental dI/dV spectra. Specifically, the intensity of the peaks in the first/
second energy region at the horizontal-edge site is reduced/enhanced
compared to those at the corner site. The LDOS can be mapped to the band
structure shown in Fig. 3d. Specifically, the LDOS in the first energy region

Communications Materials | (2024)5:54



https://doi.org/10.1038/s43246-024-00501-8

Article

Fig. 4 | LDOS spatial distribution of the artificial Lieb lattice. a-d Spatially resolved dI/dV maps (Vo4 = 7 mV) at the indicated energies. e-h PW-calculated LDOS
distributions at the indicated energies. The positions of the corner, horizontal-edge and vertical-edge sites are marked with red, yellow/blue and green squares, respectively.

originates from the lower band, while the LDOS in the second energy region
originates from the isolated flat band, where the flat part from the X point to
the M point at the band bottom corresponds to the 0.43 V peak and the top
part of the band corresponds to the 0.58 V peak.

To probe the spatial distribution of the bands, we acquire spatially
resolved dI/dV maps at specific energies. As shown in Fig. 4a, b, the dI/dV
signal at 146 and 247 mV is strongest at the corner sites (marked by the red
squares). The horizontal-edge sites (marked by the yellow squares) display
relatively weak intensity at the same energies. At 427 and 550 mV, as shown
in Fig. 4c, d, the state intensity at the horizontal-edge site is enhanced and
surpasses the intensity at the corner sites. The PW calculated spatial dis-
tributions of the density of states at the indicated energies confirm the
energy-dependent intensity reversal at the corner and horizontal-edge sites,
as depicted in Fig. 4e-h. The simulated spatial distributions of the density of
states at other energies (Supplementary Fig. 5) also match the experimental
data (Supplementary Fig. 6) very well. The energy-dependent LDOS spatial
distributions can be mapped to the band structure (Fig. 3d): the states of the
lower band (at 146 and 247 mV) are mostly distributed at the corner sites,
while the states of the isolated flat band (at 426 and 554 mV) are pre-
dominantly distributed at the horizontal-edge sites™’. To summarize, the
observed LDOS localization of the isolated flat band at the horizontal-edge
sites is an interference phenomenon of the surface electrons in the Lieb
lattice.

Conclusions

In conclusion, we have successfully demonstrated the realization of an
artificial Lieb lattice featuring an isolated flat band in a 2D supramole-
cular crystal of square-shaped macrocycles self-assembled on a Ag(111)
surface. The intra- and inter-molecular nanopores in the 2D supramo-
lecular crystal provide quantum dots arranged in a Lieb lattice with
varying energy levels, which is the key factor in forming the isolated flat
band. Compared with the structures built by tip manipulation of
molecules’ ™, the ultra-large single domain size, high crystallinity, and
thermal stability of this system make it an ideal platform for exploring the
flat band physics, e.g., the correlated states and the possible topological
nontrivial phases, using a wide range of techniques, such as various
spectroscopic and transport experiments.

Methods

Sample preparation and measurement
4,4-(2,2-diphenylethene-1,1-diyl)bis(bromobenzene) molecules are eva-
porated at 140 °C, with a deposition rate of ~0.66 ML h™", while the Ag(111)
substrate is held at 200 °C. The slow deposition and hot substrate method
allows for pseudo-high-dilution and improves the macrocycle yield. Sub-
sequently, the on-surface synthesized macrocycles self-assemble as the 2D
supramolecular crystal*. The sample is transferred to the STM chamber,

where STM topography is acquired with constant current mode and
scanning tunneling spectroscopy (STS) spectra are acquired at 5 K using the
lock-in technique with a modulation frequency of 787.3 Hz. The STS spectra
shown in Fig. 3 are not normalized by the spectra acquired on the clean
surface.

Plane-wave calculation

The Shockley surface state of Ag(111) is modeled as a 2D electron gas
(2DEG) with an effective electron mass (m1.¢ = 0.42 m,). The 2-dimensional
time-independent Schrédinger equation can be expressed as:

W oo
— 5=V Y@ + V@ = By Q)

where V) represents the potential provided by the macrocycles. The
wavefunction y(¥) is solved numerically using the Bloch’s Theorem. The
parameters of the QD lattice structure shown in Fig. 3f are the following:
corner-site potential wells: 0.65 nm x 0.65 nm, horizontal-edge-site poten-
tial wells: 0.61 nmx 0.61 nm, vertical-edge-site potential wells: 0.27 nm
x 0.37 nm, and potential well depth: 2.4 V (Supplementary Note 1).

Data availability
The data that support the plots within this article is available from the
corresponding authors upon reasonable request.

Code availability
The computer codes that support the findings of this study are available
from the corresponding author upon request.
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