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ABSTRACT: Lattice geometry plays a fundamental role in the
behavior of Bloch electrons in a crystal. The diatomic Kagome
lattice, an extension of the honeycomb and Kagome lattices, is
predicted to give rise to emergent and topological phenomena, but
its experimental investigation has been limited thus far. Here, we
fabricate a diatomic Kagome lattice through self-assembly of a
triptycene derivative with phenazine moieties (Trip-Phz)—a C;-
symmetric, nonplanar z-conjugated molecule. Our scanning
tunneling microscopy (STM) observations show that Trip-Phz
forms a highly ordered diatomic Kagome lattice terminated by
zigzag-type edges on the Pb(111) surface. Combined STM
measurements and tight-binding calculations provide direct evidence for the existence of the edge states that correspond to
those of graphene. These states are topological edge states dictated by the quantization of the Zak phase and the bulk-edge
correspondence. This work reveals an ideal platform for exploring quantum materials with unique lattice geometries using
supramolecular technology.
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Lattice geometry profoundly affects the behavior of
itinerant electrons in a crystal and is central to the
modern research on quantum materials and technologies.' ™
The honeycomb and Kagome lattices, the latter of which
consists of corner-sharing triangles with enclosed hexagons, are
two-dimensional (2D) lattices that have been studied the most
intensively in the past decade.*”® Tight-binding (TB)
calculations predict the formation of linearly intersecting
bands (Dirac bands) for both lattices and a nearly
dispersionless band (flat band) originating from geometric
frustration for the Kagome lattice.”® These remarkable band
structures possess nontrivial topology and can be subject to
strong electron correlation effects due to a vanishing kinetic
energy, leading to rich emergent phenomena such as quantum
anomalous Hall effect and superconductivity.”™ "¢

The honeycomb lattice can be extended in such a way that
triangles with an internal coupling constant #, are placed at the
lattice nodes while they are coupled to their nearest neighbors
with t; (see Figure 1(a)). This can also be viewed as an
extended Kagome lattice, where the vertices of the triangular
units are connected by a diatomic pair (indicated by the
dashed orange line in Figure 1(a)). This diatomic Kagome
lattice, also called the star lattice because of its shape, can be
regarded as a hybrid of the two basic lattices.” ' TB
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calculations predict the formation of four Dirac bands and two
flat bands, the topology of which is switched by tuning the
ratio t,/t;.”°"*® Recently, the diatomic Kagome lattice has
attracted theoretical attention and is predicted to exhibit novel
quantum states such as second-order topological states and
excitonic insulators.”"*>**7*° However, its experimental
investigation has been limited so far.””*”** Particularly, the
one-dimensional edge states corresponding to those of
graphene,”” >’ which connect the projected Dirac points in
momentum space and exhibit nanoscale magnetism, have not
been observed yet. The diatomic Kagome lattice may have
such edge states, but the very existence of them is unclear
because there is no chiral symmetry that protects the edge
states of graphene.”"”>*"** Here, we report direct observations
of the edge states of a diatomic Kagome lattice, which is made
of supramolecular assembly of a triptycene derivative with
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Figure 1. Diagram of the diatomic Kagome lattice. (a) Mathematical
model with intracorner coupling #, and intercorner coupling t;. The
lattice can be regarded as an extension of the honeycomb and Kagome
lattices. The dashed orange line indicates a diatomic pair coupled with
t,.(b) Materialization of the diatomic Kagome lattice using Trip-Phz
molecules, where f, and t, represent intra- and intermolecular
couplings, respectively. The gray symbols represent the C,-symmetric
frame of Trip-Phz molecules. Left-handed chirality is chosen for this
display. The green rectangles indicate the zigzag-type edge
corresponding to that of graphene.

phenazine moieties (Trip-Phz) on the Pb(111) surface. Our
scanning tunneling microscopy (STM) observations reveal that
Trip-Phz forms well-ordered molecular lattices, terminated by
straight boundaries that correspond to the graphene zigzag
edge. The spectroscopic signatures of the Dirac and flat bands
are confirmed using STM and TB calculations. Most
importantly, we provide direct evidence for the existence of
edge states that corresponds to those of graphene. These states
are topological edge states dictated by the quantization of the
Zak phase and the bulk-edge correspondence. This study
provides solid experimental evidence for the edge states in the
diatomic Kagome lattice and significantly expands the scope of
quantum material research driven by lattice geometry.

Our strategy for creating the diatomic Kagome lattice in
Figure 1(a) is based on supramolecular chemistry using Trip-
Phz.*>*° This type of triptycene derivative molecule comprises
three 7n-conjugated planes as moieties assembled in a
nonplanar configuration, featuring a rigid Y-shape with the
strict C; symmetry. They can form a highly ordered 2D lattice
by n—n pancake bonding between the moieties in a solution
and on a substrate surface’®™*' With the centers of
molecules located at the honeycomb nodes and the orbitals
of the moieties arranged in a triangular form around them, it
can form an ideal diatomic Kagome lattice (Figure 1(b)). This
molecular assembly is chiral when formed on a surface; the
chirality here is referred to as left-handed, while its mirror-
symmetric counterpart as right-handed, in this work.>® We
note that the chirality mentioned here is geometrical and
should not be confused with the chiral symmetry of graphene,
which is determined by the structure of the Hamiltonian'® (see
Supporting Note 1). Figure 1 panels (a) and (b) also show
basic edge structures of the diatomic Kagome and Trip-Phz
lattices, respectively (green rectangles). This type of edge is
referred to as zigzag edge here because it matches that of the
honeycomb lattice in the limit of t{, - oo (i.e, when the
triangles are reduced to points).

We first study the structure of self-assembled molecules
using STM (for details, see Supporting Information, Methods).
Figure 2(a) shows a representative, large-scale, constant-
current image of Trip-Phz molecules with an average coverage

Pb(111) |
e Trip-Phz |
I/

A,

Sample Voltage (V)

Figure 2. STM observations of the diatomic Kagome lattice of Trip-
Phz on Pb(111). (a) Large-area STM topographs recorded using I =
10 pA and V = 1.8 V. (b, ) Detailed topographs acquired using (b) V
= 1.5 Vand (c) — 2.0 V. (d) dI/dV spectrum averaged over the
molecular network of Trip-Phz (red dots) and a reference spectrum
on a bare Pb(111) (gray dots). Inset: STM topograph of the relevant
area recorded using V' = 2.0 V, I = 50 pA. (e, f) dI/dV images taken
over the same area as in (d) using (e) V= 1.1 V and (f) 1.4 V. For the
images in (b—f), the molecular adsorption geometries are denoted by
white Y-shaped lines.

of ~0.3 monolayers (ML) on a Pb(111) surface. We find a
monolayer molecular island (100 X 80 nm”) consisting of a
single well-ordered domain. Its boundaries are predominantly
straight. Figure 2 panels (b) and (c) present more detailed
topographs of the same island, acquired at V=1.5and — 2.0V,
respectively. These STM images reflect the real-space
distribution of the LUMO+1 orbital and the shape of the
Trip-Phz molecular framework, respectively; the LUMO+1
states are located at V = 1.5 V while there exist no HOMO
states at V = —2.0 V, as will be revealed below. The overlaid
white Y-shaped lines indicate the molecular frames. Evidently,
Trip-Phz molecules are arranged in the form of the diatomic
Kagome lattice with left-handed chirality, as in Figure 1(b).
The lattice parameter of the island was determined to be 1.92
+ 0.04 nm, and the azimuthal rotation angle of the lattice
relative to the principal orientations of the Pb(111) surface
51.3 + 2°. Assuming a commensurate epitaxy on the Pb(111)
lattice, the only possible superstructure is Pb(111)-

(v/31 X% +/31)RS1°, with a lattice constant of \/3_1110 =195
nm, where g, = 0.350 nm is the nearest-neighbor distance of
the Pb(111) surface. We also found a molecular arrangement
with the right-handed chirality, which can be denoted as
Pb(111)-(+/31 X +/31)R9° (see Supporting Information,
Figure S1).

Next, we investigate the spectroscopic features of the “bulk”
region of an island, sufficiently away from the edges (Figure
2(d)). The STM topograph of this area is shown in the inset,
where the locations of the molecules are indicated by Y-shaped
lines. The dI/dV spectrum averaged over the Trip-Phz lattice
(excluding the pore sites) is displayed in red, while a spectrum
averaged over a bare Pb(111) surface is plotted in gray as a
reference. On the positive energy side, two peaks are clearly
visible at V = 1.1 and 1.4 V (indicated by solid lines). Since the
lowest unoccupied molecular orbital (LUMO) and LUMO+1
of Trip-Phz are located at —2.57 and —2.16 eV below the
vacuum level, respectively (Supporting Information, Figure
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Figure 3. Spectroscopic evidence of the zigzag edge states and the Dirac and flat bands of the diatomic Kagome lattice of Trip-Phz. (a) Topograph
of the zigzag edge structure with left-handed chirality, recorded using V = 1.6 V, I = 50 pA. (b) dI/dV image taken at V = 1.42 V over the area
shown in (a). (c) dI/dV image obtained under the same conditions from a Trip-Phz lattice with right-handed chirality. (d) Upper panel: dI/dV
spectrum acquired within the green square in (a) (green dots). The positions of the peak and shoulders were determined from d*I/dV® (brown
dots), which was obtained by taking the second derivative of dI/dV with respect to V. Lower panel: dI/dV spectra acquired near the edge. The
colors of the dots correspond to those in (a); red for the first row (closest to the edge), blue for the second row, and purple for the third row.
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Figure 4. Results of tight-binding (TB) calculations for the diatomic Kagome lattice of Trip-Phz. (a) Band structure in the k, direction (left panel,

pA

blue lines) and the corresponding density of states (DOS) (right panel, blue lines). The edge states located between the bulk bands n and n + 1 are
denoted as ES,. The projected band structure and the corresponding DOS of TB-calculated bulk states are shown by the gray regions. The arrows
indicate peaks due to the edge states. (b) Spatial distributions of the edge states of ES; at k,=-n (top panel) and ES, at k,=0 (bottom panel)
indicated by red dots in (a). Red circles mark the locations of the edge states. The diameter of each circle is proportional to the local DOS of the
corresponding states. (c) Illustration of the Brillouin zones of the diatomic Kagome lattice, where the Zak phase is defined along the path C. (d)

The Zak phases calculated for the individual bulk bands n = 1, 2, ..,, 6 as a function of k,.

§2),° those peaks can be attributed to molecular bands
derived from them. By contrast, on the negative energy side of
the spectrum, no HOMO states are discernible down to V =
—2.0 V. Figure 2 panels (e) and (f) display dI/dV maps
acquired at V = 1.1 and 1.4 V, respectively, in the same area.
For both voltages, the bright spots are located between the
three arms of the molecules. These spots can be interpreted as
the LUMOs of Trip-Phz, since the LUMOs protrude from the
m-conjugated planes of the molecular moieties in the normal
direction (Supporting Information, Figure S2). These states
should hardly overlap with those of the Pb(111) surface
because they are oriented parallel to the surface.”® This is
advantageous for observing the intrinsic molecular states. For
discussions on the molecule—substrate interaction, see
Supporting Note 2.

We now focus on an area including the edge of the Trip-Phz
lattice. The topograph of Figure 3(a) reveals that this edge
belongs to the zigzag edge defined above, as is evident from the
overlaid black Y-shaped markers. The image also shows that
the chirality is left-handed. Repeated STM observations of a
boundary region confirmed that it was dominated by the zigzag
type. This is in striking contrast to the honeycomb lattice of
graphene, for which armchair edges are predominantly
formed.” Figure 3(d) shows dI/dV spectra taken at selected
sites within the area of Figure 3(a). The green dots represent
the data averaged over an area far from the edge (green square
in Figure 3(a)). They reveal that the two peaks identified in
Figure 2(d) actually include four features, as indicated by the
solid lines. Their positions were determined from d*I/dV?
(brown dots), which was obtained by taking the second
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derivative of dI/dV with respect to V: V = 0.99 and 1.11 V for
one and V = 1.39 and 1.48 V for the other. An additional weak
peak may also exist at V = 1.17 V (dotted line). These features
were repeatedly observed at locations far from the edge (see
Supporting Information, Figure S3). By contrast, the spectra
acquired near the edge (red, first row; blue, second row;
purple, third row; see also Figure 3(a)) all exhibit pronounced
peaks at V = 1.42 V. This strongly suggests the presence of
edge states centered at V = 1.42 V. Indeed, a dI/dV image
taken at this voltage reveals bright spots localized on the first
three rows of the edge, clarifying the spatial distribution of the
zigzag edge states (Figure 3(b)). They are observable only
around V = 142V, in agreement with the pronounced peaks of
the dI/dV spectra at this voltage. As expected from the
symmetry, molecular lattices with right-handed chirality also
exhibit edge states, as revealed in the dI/dV image in Figure
3(c). The weaker appearance of the edge states for this
chirality can be attributed to larger spatial fluctuations in the
dI/dV signal caused by disorder. The presence of the edge
states at V = 1.42 V can also be confirmed in a wider area (see
Supporting Information, Figure S3(c)). A line profile taken in
the normal direction shows that the dI/dV intensities at the
edge region are significantly larger, on average, than those in
the inner bulk area (Figure S3(d)). We note that the dI/dV/
spectra acquired on the second and third rows include
shoulders at V = 1.05, 1.20, and 1.31 V (solid lines).
Furthermore, dI/dV images acquired around V = 1.20 V reveal
higher intensities near these rows (see Supporting Information,
Figure S4 and Movie S1). They suggest the presence of edge
states at these voltages, although they are not as conspicuous as
those observed around V = 1.42 V.

To interpret our experimental results, we performed TB
calculations. The model is based on the diatomic Kagome
lattice depicted in Figure 1, where the intramolecular coupling
ty and intermolecular coupling ¢, represent the mutual overlap
of the LUMOs of the phenazine moieties. Although the
substrate is not included in the calculations, it gives only a
minor effect on the molecular band structure.*® The absence of
the Shockley surface states on Pb(111) within the relevant
energy region also rationalizes this treatment (see Supporting
Information, Figure S5). The molecular lattice was terminated
by zigzag edges in the x direction, while a periodic boundary
condition was imposed in the y direction. The transfer integrals
ty = —0.141 eV and t; = —0.096 eV were determined from the
LUMO level splitting of Trip-Phz and a pair of phenazine
moieties, respectively, through density functional theory
(DFT) calculations (see Supporting Information, Methods).

The left panel of Figure 4(a) displays the obtained band
structures in the k, direction, which shows the energy
dispersions parallel to the edges (blue lines). In agreement
with previous work, two pairs of Dirac bands (n = 2, 3, 5, 6)
are formed, with the projected Dirac points located at E =
—2.63 and —2.17 eV (indicated by open circles).”’">**° The
lower Dirac bands accompany two flat bands (n = 1, 4) at the
top and bottom ends. These are characteristic of the diatomic
Kagome lattice with ty/t; > 2/3, ty, t; < 0. Importantly, because
of the termination in the x direction, edge states emerge within
some of the band gaps; the states located between the bulk
bands n and n + 1 are denoted as ES,. While ES; located
around k, = +7 corresponds to the edge states of graphene,
ES,, ES,, and ES; are distinct because they span different
momentum spaces. The right panel of Figure 4(a) shows the
corresponding density of states (DOS). The edge states appear

as sharp peaks (indicated by black arrows) in addition to those
due to the van Hove singularity (vHS) within the bulk bands.
Figure 4(b) shows the spatial distributions of the edge states
ES; at k, = —7 (top panel) and ES, at k, = 0 (bottom panel)
indicated by red dots in Figure 4(a). The diameter of the red
circles on the molecular sites is proportional to the local DOS.
Their spatial dependence shows that ES are localized to the
first through third rows of the zigzag edges. By contrast, ES,
extend slightly deeper into the interior.

Our spectroscopic data can largely be explained by these
theoretical predictions. We note that the bands obtained
through the TB calculations can be shifted rigidly for
comparison to experimental data. Regarding the dI/dV
spectrum in the central region of the Trip-Phz lattice (Figure
3(d), green dots), the shoulders at V= 0.99 and 1.11 V can be
assigned to the two vHS peaks of the lower Dirac bands (n =2,
3) and the two flat bands (n = 1, 4). Only two peaks out of the
four are visible, probably because of the proximity of the flat
bands to the neighboring vHS peaks and level broadening due
to disorder. Indeed, the weak feature at V = 1.17 V may be
assigned to one of the four DOS peaks. The peak and shoulder
at V= 1.39 and 1.48 V are attributed to the two vHS peaks in
the upper Dirac bands (n = S, 6). Regarding the spectra in the
first through third rows (Figure 3(d), red, blue, and purple
dots), the peaks at V = 1.42 V are assigned to the edge state
ESs. The bright features along the zigzag edges in the dI/dV
images (Figure 3(b),(c)) also correspond well to the spatial
distribution of ES; (Figure 4(b), top panel). By contrast, the
assignment of the spectroscopic features observed in the
second and third rows at V values of 1.0S5, 1.20, and 1.31 V is
not straightforward. We speculate that multiple contributions
from the edge states ES,, ES,, and ES; as well as Dirac and flat
bands form the observed spectra.

Here, we show that the edge states found above have a
topological origin associated with the Zak phase. The Zak
phase is a Berry phase across an appropriately chosen one-
dimensional Brillouin zone.*>** For an intuitive picture of the
Zak phase, refer to Supporting Note 3. In the present case, a
path C is chosen at a constant k, within the 2D Brillouin zone
as shown by the red arrow in Figure 4(c). The Zak phase
Z,(k,) for a band n is given by the following equations:

z(k) = [ Ak, k) dk, 0

An(kxi ky) = - 1<un(kx7 ky)

0
a_kxun(kxi ky) > (2)

where A,(k, k) is the Berry connection and lu,(k, k,)) is the
Bloch wave function. In the presence of inversion symmetry,
Z,(k,) is quantized to 0 or 7z (mod 27), which is valid for the
diatomic Kagome lattice. The presence of the edge states is
dictated through the bulk-edge correspondence by the

summation of Zn(ky) over n

Z(k,) = Y 7,(k,) o

where N refers to the number of bands below a relevant energy
gap. If Z(k,) = = (mod2x), the system is topologically
nontrivial and the edge states appear in this gap. Otherwise,
ie, if Z(k,) = 0 (mod 27), the edge states are absent. Figure
4(d) shows the Zak phase calculated for the diatomic Kagome
lattice with f, = —0.141 eV and ¢, = 0.096 eV, demonstrating
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the quantization to 0 or z. The summation overn =1, 2, .., S
leads to Z(ky) = 7 (mod 2x) for 27/3 < lk,| < 7 and O for
elsewhere. This exactly corresponds to the presence of the
edge states ES; within 27/3 < |ky| < 7. The other edge states
can also be dictated in the same manner. Thus, the edge states
found here have a topological origin associated with the
quantization of the Zak phase, which dictates their existence
through the bulk-edge correspondence. They can be regarded
as a generalization of the zigzag edge states of graphene in a
system without the chiral symmetry.

Recently, Hu et al. predicted through TB calculations that
edge states exist within an energy gap for certain types of
diatomic Kagome lattice.””** They also showed the existence
of corner states as second-order topological states in the same
energy gap. Both of them were observed by dI/dV imaging
using STM. Our TB parameters to/t; > 2/3, t,, t; < 0 preclude
such states, but nevertheless, it will be worth searching for
them by tuning molecular parameters. Indeed, the ratio #,/¢; is
sensitive to the molecular lattice constant, which in turn is
tunable by choosing an appropriate substrate.*® Telychko et al.
and Yin et al. reported the formation of diatomic Kagome
lattices by confining the Shockley surface states of noble metals
using molecular templates.””** The latter authors also
observed edge states around the boundary of a molecular
island in the gap region of a breathing Kagome lattice. The
edge states observed in the present work are derived from
molecular orbitals that form an intrinsic tight-binding lattice.
They are connected to the projected Dirac points and
therefore have a different origin.

Finally, we remark on the prospects of the present study.
Recently, Kagome-related materials have been one of the
hottest topics in condensed-matter physics’ '® For this
purpose, various layered inorganic materials have been
synthesized, but it still remains challenging to design and
find appropriate systems. This is because the complicated
interactions between multiple atomic sites and orbitals often
destroy the electronic properties predicted by theoretical
models.** By contrast, as demonstrated here, it is possible to
fabricate a nearly ideal 2D lattice using chemically designed
nonplanar 7-conjugated molecules as building blocks. The
upright configuration of the moiety planes enhances intralayer
coupling while suppressing coupling with the substrate and
neighboring stacking layers. The use of other nonplanar 7-
conjugated molecules also appears promising; for example,
triptycene trithianthrene (TTA) forms a layered crystal with a
breathing Kagome lattice in a solution.””* This will be the
subject of a forthcoming study.

In summary, we successfully fabricated a highly ordered
diatomic Kagome lattice through the self-assembly of Trip-Phz
on Pb(111), which was predominantly terminated by zigzag-
type edges. Our STM measurements and TB calculations
provided direct evidence of the zigzag edge states that
correspond to those of graphene within a pair of Dirac
bands. They are topological states given by the quantization of
the Zak phase and bulk-edge correspondence. This work offers
a new platform based on supramolecular technology for
exploring quantum materials with unique lattice geometries.
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