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Dispersion-Selective Band Engineering in an Artificial Kagome Superlattice
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The relentless pursuit of band structure engineering continues to be a fundamental aspect in solid-state
research. Here, we meticulously construct an artificial kagome potential to generate and control multiple
Dirac bands of graphene. This unique high-order potential harbors natural multiperiodic components,
enabling the reconstruction of band structures through different potential contributions. As a result,
the band components, each characterized by distinct dispersions, shift in energy at different velocities
in response to the variation of artificial potential. Thereby, we observe a significant spectral weight
redistribution of the multiple Dirac peaks. Furthermore, the magnetic field can effectively weaken the
superlattice effect and reactivate the intrinsic Dirac band. Overall, we achieve actively dispersion-selective
band engineering, a functionality that would substantially increase the freedom in band design.
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Since the inception of band theory, researchers have been
striving to manipulate band structures to achieve desired
physical properties [1]. However, conventional band engi-
neering methods, such as heterostructures [2], interfacial
strain [3], and alloying [4], usually lack the capability for
in situ and continuous control of the engineered band
structures. The emergence of van der Waals (vdW) materi-
als, especially graphene, offers opportunities for direct
Fermi level tuning via gating [5] and even band structure
engineering through moiré heterostructures [6]. This
moiré-type periodic potential can effectively modify energy
bands, leading to abundant emergent physics, such as
correlated insulating states, unconventional superconduc-
tivity, ferromagnetism, ferroelectric, and (fractional) quan-
tum anomalous Hall effect [7-16].

Alternatively, artificial superlattices, created by directly
imposing designed periodic potentials, also provides
remarkable capabilities for modulating the energy bands
of two-dimensional electronic systems [17-21]. In contrast
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to moiré-type potentials, artificial lattices possess flexible
control of the lattice patterns, lattice symmetry, and
potential strength, extending new degrees of freedom for
the on-demand design of band structures. Previous studies
on artificial lattices, predominantly employing triangular
or square lattices with periods less than 40 nm, yield
replica Dirac cones, Landau fans, and Hofstadter spectrums
[18,19,21], well reproducing the behaviors in graphene/
h-BN moiré systems [22].

In this study, we specifically design a kagome-type
artificial superlattice with a large period of 80 nm, which
enables the folding and compression of a variety of high-
energy bands into the experimentally accessible low-energy
regime. It is particularly noteworthy that the kagome
superlattice introduces a unique high-order potential.
Unlike triangle or square potentials, for the precise depic-
tion of the kagome potential within the superlattice poten-
tial Vg1 (r) model (Note 1 in Supplemental Material [23]),
at least a third-order Hamiltonian expansion is required:

Vs(r) =Uo+ U, + U, + Us
= Uy + 6av; cos(G, -r) + 6av, cos[(2G| + G,) - 1]
+ 6av;cos(2G, -r), (1)

© 2024 American Physical Society
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FIG. 1. High-order kagome potential and sample layout of the
artificial kagome device. (a) Three harmonic components of a
kagome superlattice potential. Points at the corner of each
hexagon are the corresponding first (red), second (blue), and
third (green) harmonics in the reciprocal space that defines U,
U,, and U; terms in Eq. (1). (b)—(d) Real-space distributions
of the modeled potential with U 4+ U, + U; (b), U, (c), and
U, + Us (d) terms, respectively. Black hexagon and black arrows
in (b) are the primitive unit cell and the lattice vectors,
respectively. The long-wavelength triangular component and
shared-corner triangular component of the kagome potential
are illustrated by black lines in (c) and (d), respectively.
(e) Side-view schematic of the artificial-lattice device. V, is
applied on the prepatterned few-layer graphite (PFG). (f) Scan-
ning electron microscopy image of the PFG with an artificial
kagome-lattice pattern.
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where the uniform component U is set to be 0, a is a
strength parameter, v, v,, and wv; are the harmonic
coefficients, and G; and G, are the reciprocal lattice
vectors of the kagome superlattice. As shown in
Figs. 1(a)-1(d), this high-order potential harbors intrinsic
multiperiodic components, allowing for the reconstruction
of the band structure through different potential contribu-
tions. Specifically, this manifests as distinct contributing
weights of various potential components to different types
of band components. The flatband components mainly
arising from U, + U5 are more sensitive to be shifted by
the variation of artificial potential compared to the linear-
dispersion band components that originate from all
Hamiltonian terms, thus resulting in dispersion-selective
band modulation. This functionality would substantially
increase the freedom in band design, paving the way to on-
demand band design in the future.

Experimentally, we employed the standard vdW
assembly technique [24] to fabricate the artificial-
lattice device [19] as shown in Fig. 1(e) (Supplemental
Note 2 [23]). Through standard electron beam lithography
and reactive ion etching, a few-layer graphite was pre-
patterned into a kagome-lattice shape [Fig. 1(f)] that
functions as a local gate (V,) for the graphene. On the
other hand, the voltage supplied to the doped Si (Vg;)
allows for further control over the chemical potential of
partial graphene via the hollow region of the patterned
graphite. It can be roughly considered that V, and Vg;
mainly control U; and U, 4+ Us in Figs. 1(c) and 1(d),
respectively. By independently adjusting V, and V;, both
the strength of artificial potential and the carrier density (1)
of graphene can be finely tuned. Among them, n can be
estimated using the capacitor model where the effective
areas of different gates are considered (Supplemental
Note 2 [23]) and the artificial potential strength is pre-
dominantly governed by Vg; [19] (Supplemental Note 3
[23]). Using a finite-element electrostatic simulation, we
obtained the potential field distribution of this device
configuration as illustrated in Supplemental Fig. S5 [23],
which well reproduces the high-order potential in Fig. 1(b).

To probe the tuning effects of the artificial potential, we
measured the n dependence of the longitudinal resistance
(R,,) at various Vg;. As shown in Figs. 2(a) and 2(b), the
color plots of R,, demonstrate a multistage change as the
potential strength intensifies. At Vg =20 V, a distinct
single Dirac peak corresponding to the intrinsic Dirac point
(IDP) of graphene is observed. The carrier mobility exceeds
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FIG. 2. Spectral weight redistribution of the multiple Dirac
resistance peaks. (a),(b) Longitudinal resistance R,, map as a
function of n and Vg;, and corresponding line cuts, measured at
T = 1.5 K. The curves in (b) are shifted for clarity. The red and
green arrows point to the IDP and the SDPs, respectively. (c),(d)
Hall resistance R,, at B = 0.1 T as a function of n and Vg;, and
corresponding line cuts.
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FIG. 3.

Calculated DOS and band structures of the artificial kagome lattice. (a) DOS map as a function of n and V,_g. (b)—(d) Band

structures and DOS at different V., With the intrinsic Dirac bands and satellite Dirac bands highlighted by red and green,
respectively. The red and green arrows in (a)—(d) point to the IDPs and SDPs, respectively. The zero-energy points are fixed at the IDPs
for a better comparison with experiments (see Supplemental Fig. S10 [23]). (e) Distributions of electronic states in real space
corresponding to the different sites marked in (c). The unit cell of the kagome superlattice and the artificial-lattice sites are outlined by

the red dashed rhomboid and white dashed circles, respectively.

50000 cm?/V's when the carrier density is less than
2 x 10'2 cm™2, which confirms the quality of our device
(Supplemental Note 2 [23]). When V; is set to —20 V, two
satellite Dirac points (SDPs) emerge on either side of the
IDP. This phenomenon resembles that seen in graphene
modulated by artificial triangular or square lattices [18,19].
However, as Vg; further increases, the IDP begins to decay
(green curve). When Vg; exceeds —60 V, the IDP becomes
barely discernible, and the left SDP dominates the resistive
extremum (purple and red curves).

This behavior is also corroborated by the corresponding
Hall resistance (R,,) at 0.1 T as shown in Figs. 2(c)
and 2(d). As the superlattice potential rises, the charge
neutral points (CNPs), separated by opposite Hall signals,
undergo two obvious evolutions: Initially, they transition
from a single carrier-type reversal (black curve) to multiple
transitions induced by the superlattice minibands (green
curve) and subsequently evolve to only one recognizable
CNP determined by the left SDP (red curve). Therefore, a
significant spectral weight redistribution of the multiple
Dirac bands is achieved by increasing the kagome-lattice
potential. This observation is consistently replicated across
several samples (Supplemental Fig. S3 [23]).

To interpret the experimental results, we calculated the
density of states (DOS) and band structures under different
superlattice potentials based on the tight-binding model.
To deal with the large-size unit cell of the superlattice
(around 211598 atoms), a rescaling method [30] and a
tight-binding propagation approach [31] were implemented
(Supplemental Note 4 [23]). The potential strength is
represented by the on-site energy (Vi) Which is defined
as the extremum value of the hollow region in the super-
lattice potentials. Figure 3(a) illustrates the DOS as a

function of n and V,, ., where the DOS minimum
typically aligns with the resistance maximum in transport
measurements. Remarkably, there is excellent agreement
between the theoretical DOS [Fig. 3(a)] and the exper-
imental R, [Fig. 2(a)]. The kagome-lattice potentials lead
to the emergence of the DOS minimums that correspond
to the newly formed SDPs (green arrows), which become
increasingly prominent as V. escalates. On the other
hand, the DOS minimum corresponds to the IDP (red
arrow) is suppressed under strong potential, replicating
the spectral weight redistribution of the multiple Dirac
resistance peaks in Fig. 2.

Figures 3(b)-3(d) present the band structures and cor-
responding DOS spectrums in response to different V ;.
More details are demonstrated in Supplemental Figs. S10
and S11 [23]. Because the intensity and evolution pattern
of the SDP on the hole side are more pronounced in the
experiment, we primarily focus on the hole-side SDP in the
subsequent analysis. For V. = 79 meV, the SDP indi-
cated by the green arrow begins to appear. As V. e
increases to 125 meV, we observe a dramatic increase in the
Fermi velocity of the SDP, while that of the IDP (red arrow)
decreases to a level comparable with the SDP. When V , e
reaches 168 meV, the intrinsic Dirac band is further
compressed and even submerged within other superlattice
bands. Consequently, the DOS associated with the IDP no
longer exhibits a clear minimum in the DOS spectrum.

This phenomenon can be ascribed to dispersion-selective
band modulation by the high-order kagome potential.
As illustrated in Fig. 1 and Supplemental Fig. S1 [23],
in the Hamiltonian analysis of the superlattice potential
(Supplemental Note 1 [23]), we need at least three harmonic
components to accurately describe the artificial kagome

066302-3



PHYSICAL REVIEW LETTERS 133, 066302 (2024)

potential. This unique high-order potential possesses poten-
tial oscillations with distinct wavelengths 4 [35], leading to
band reconstructions of different energies as E, ~ 1/A. The
long-wavelength triangular component [Fig. 1(c)] originates
from the quantum confinement of the large hexagons of the
patterned gate and is mainly defined by the first harmonic of
the superlattice potential Hamiltonian. This potential, pos-
sessing a threefold rotational symmetry, primarily contributes
to the replicas of intrinsic Dirac cones near 0.02 eV between I"
and K points [18,19,22], as shown in Fig. 3(b). Another
superlattice component in the shared-corner triangular form
[Fig. 1(d)] is generated by the quantum confinement at the
kagome-lattice sites and primarily defined by the combined
contributions of the second and third harmonics of the
superlattice potential Hamiltonian. This potential mainly
influences the shape of higher-energy bands.

On the other hand, the large period of the superlattice
(80 nm) is also crucial for the dispersion-selective band
engineering. Unlike the 10-nm-periodic artificial lattice
(Supplemental Note 5 and Fig. S12 [23]), this larger
superlattice period enables the folding and compression
of a variety of high-energy bands into the experimentally
accessible low-energy regime, including some nearly
dispersionless bands [Fig. 3(c)]. These diverse band con-
figurations provide a foundation for subsequent dispersion-
selective band modulation. We primarily focus on the bands
closely related to the IDP and SDP, which are marked by
red and green in Fig. 3(c), respectively. We note that these
bands are mainly composed of two typical components:
One includes the bands with linear dispersions (D1 and D2)
at the Dirac points, and the other comprises the nearly
dispersionless bands (F'1 and F2 at the K point and F3 and
F4 at the I point).

We further calculated the real-space distributions of the
electronic states for these different band components, as
shown in Fig. 3(e). It is evident that the different band
components present markedly distinct state distributions.
For the dispersionless band components (F1-F4), the real-
space states mainly localize at the kagome-lattice sites
(white dashed circles), a typical feature of localized wave
functions of dispersionless bands. This implies that the
dispersionless band components originate from quantum
confinement at the kagome-lattice sites. In other words,
they mainly arise from the contributions of the second
and third harmonic terms of the superlattice potential
Hamiltonian [see Eq. (1) and Fig. 1(d)].

In contrast, for the band components with linear
dispersion (D1 and D2), the real-space electronic states
are delocalized and distribute not only at the kagome sites,
but also over the long-wavelength triangular confined
regions. The states of D1 are comparably distributed over
different confined regions, while those of D2 show a peak
at the kagome sites, accompanied by a secondary distri-
bution in the triangular confined regions. These observa-
tions suggest that the linear band components (D1 and D2)
arise from the combined effect of the quantum

confinements from both the triangular regions and kagome
sites, which correspond to the combined contributions of all
terms in the superlattice potential Hamiltonian [see Eq. (1)
and Fig. 1]. The redistribution of the states for different
Dirac cones results from the interplay between the quantum
confinements of different wavelength regions.

Given that the artificial kagome potential is essentially a
relative potential applied between the kagome sites and the
spacing of them (Supplemental Fig. S5 [23]), the dispersion-
less band components with localized states are more respon-
sive to being shifted by variations in the potential strength
in comparison to the linear Dirac band components with
delocalized states (Supplemental Fig. S10 [23]). Therefore,
we can conclude that the competition between the multi-
periodic components of the high-order kagome potential
results in this dispersion-selective band modulation.

The local-state-induced band evolution is also observed
in twisted bilayer graphene, causing slight distortions in the
flatbands as the band filling changes [36]. When the Fermi
level enters the flatbands, the Hartree interaction introduces
a filling-dependent triangular superlattice potential. The
real-space states of flatbands at the edges of the moiré
Brillouin zone (K orbitals) follow the periodicity of the
potential, while the states at the Brillouin zone center (I
orbitals) form a ring-shaped potential [37,38]. As the band
filling of flatbands changes, the triangular localized states
become more sensitive to being tuned than the ring-shaped
states, leading to slight distortions in the flatbands.
Anyway, this kind of band evolution is intricately linked
with the band-filling conditions and is not subject to
artificial control.

In contrast, we artificially modulate the superlattice
potential strength to effectively manipulate the band struc-
tures. As shown in Supplemental Fig. S10 [23], when
Vonssite InCreases, all band components move upward with
the dispersionless components of the bands (F1-F4)
noticeably faster than the dispersive ones (D1 and D2).
For the IDP, F1 and F3 shift toward D1, resulting in the
compression of the Dirac band. On the other hand, for the
SDP, F2 and F4 are elevated away from D2, leading to an
increase in the Fermi velocity. Taken together, these two
effects give rise to a clear spectral weight redistribution of
the multiple Dirac bands. This dispersion-selective band
engineering is vividly demonstrated by a band-evolution
animation calculated by continuous model (Supplemental
Video 1 [23]), which aligns well with the tight-bonding
results. Compared to previous studies on artificial lattices,
our work offers an in-depth understanding of the evolu-
tionary dynamics of band structures under the influence of
artificial potentials.

A magnetic field was applied to further investigate the
tunability of the artificial kagome lattice. When subjected
to a small potential field (Vg; = —40 V), a conventional
Hofstadter butterfly spectrum is observed (Supplemental
Fig. S13 [23]). However, when Vg; is large enough to
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FIG. 4. Spectral weight redistribution of the Dirac bands
induced by magnetic field. (a),(b) Longitudinal resistance R,
map as a function of n and B, and corresponding line cuts, at
Vsi = =60 V. (c),(d) Hall resistance R,, map as a function of n
and B, and corresponding line cuts. The red and green arrows in
(a)—(d) indicate the positions of IDP and SDP, respectively.

suppress the IDP, the magnetic field can substantially
weaken the superlattice impact, thereby reactivating the
IDP. Figure 4 presents the evolution of longitudinal and
Hall resistances with increasing the perpendicular magnetic
fields (B) at Vg = —60 V. At small magnetic fields, the
resistance peak of the IDP remains absent, with the resistive
extremum primarily driven by the left SDP. As B increases,
the longitudinal resistance maximum gradually shifts from
the SDP to the IDP. When B exceeds 4 T, the primary
resistance peak is once again governed by the zeroth
Landau level (LL) of the IDP, and the SDP becomes
invisible. Similarly, from the Hall resistance results, the
variation of the CNPs, as indicated by the boundary of the
reversed Hall signals, further verifies the evolution of
dominant Dirac cones as B increases.

This behavior can be ascribed to the competition
between the superlattice potential and the magnetic field.
When the Lorentz force caused by the magnetic field
exceeds the artificial potential force, it will lead to a form of
magnetic breakdown [33,34]. This magnetic breakdown
effect disrupts the localized electronic states trapped by
the artificial potentials, thereby weakening the superlattice
effect. We semiquantitatively analyze the magnetic Hall
data at different V; as shown in Fig. 4(c) and Supplemental
Fig. S14 [23]. The transitions of the CNP positions from the
SDPs to the IDPs occur within the magnetic field range
from ~2 to ~4 T. Such a magnetic field range corresponds
to the cyclotron energies hw, = 2hvp/Cy = vp\/2ehB
between ~50 and ~70 meV, which is in reasonable agree-
ment with the value of the adopted V. in our band
calculation (detailed in Supplemental Note 6 [23]).

In closing, we utilize a specially designed high-order
kagome potential to reconstruct band structures through
different potential contributions, therefore achieving
actively dispersion-selective band engineering. Our find-
ings unveil a new tuning knob for in sifu and continuous
band modulation and represent an in-depth insight into the
dynamics of band evolution under the action of artificial
potentials. By extending this new concept of band modu-
lation to other unique artificial lattices [39—42] and a richer
variety of vdW systems, we may be able to achieve band
design at will and potentially realize emergent properties
that are not inherent in natural materials.
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