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ABSTRACT: A central paradigm of moiré materials relies on the formation of
superlattices that yield enlarged effective crystal unit cells. While a critical consequence
of this phenomenon is the celebrated flat electronic bands that foster strong interaction
effects, the presence of superlattices has further implications. Here we explore the
advantages of moiré superlattices in twisted bilayer graphene (TBG) aligned with
hexagonal boron nitride (hBN) for passively enhancing optical conductivity in the low-
energy regime. To probe the local optical response of TBG/hBN double-moire lattices,
we use infrared (IR) nano-imaging in conjunction with nanocurrent imaging to
examine local optical conductivity over a wide range of TBG twist angles. We show I s
that interband transitions associated with the multiple moiré flat and dispersive bands 0 it :
. . o ab B 0 1000 2000 3000 4000
produce tunable transparent IR responses even at finite carrier densities, which is in o (cm™)
stark contrast to the previously limited metallic near transparency observed only in
undoped pristine graphene.
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n twisted bilayer graphene (TBG), the moiré lattice is

formed by overlapping two graphene sheets with a slight
rotational misalignment, creating an approximately periodic
pattern of carbon atoms from the two consecutive layers. This
moiré pattern results in an effective enlarged unit cell, which
mathematically translates to the appearance of a smaller moiré
Brillouin zone (mBZ). As a result, the Dirac cone linear
dispersions in both graphene layers become folded and
hybridized, yielding a dense multiband electronic spectrum.'
This spectrum hosts two flat bands where the scale of
electronic interactions is comparable to the electron kinetic
energy, leading to exotic new phases ranging from correlated
insulating states to superconductivity.”> However, the impact
of the superlattice on the electronic properties of moiré
systems goes beyond the formation of flat bands, yielding
enhanced optoelectronic properties, as we demonstrate in this
work.

To further explore the interplay of moiré lattice formation
on the electronic degrees of freedom, we constructed our
system to possess two interwoven moiré lattices. Upon
introduction of an additional degree of freedom into the
TBG moiré system, namely the second twist angle in
multilayer van der Waals (vdW) heterostructure, recent
studies”*™'" have uncovered new phenomena arising from
the enhanced control over electronic phases and correlations.
One of the prominent examples is magic angle TBG
(MATBG) aligned with hexagonal boron nitride (hBN),
resulting in the formation of a double-moiré structure.”” This
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double moiré, or moiré of moiré heterostructures, exhibits
entirely new physics, as evidenced by the discovery of
phenomena, including the quantum anomalous Hall effect
(QAHE) and ferromagnetism.'"'> These groundbreaking
studies have shed light on the unique properties and exciting
possibilities offered by such intricate layered systems.

To date, experimental evidence for the moiré phenomena is
predominantly investigated through electrical transport or local
density of states probe measurements.” "' However, only
recently have optical excitations and electronic collective
modes present in magic angle moiré systems started to be
explored.'”'® The quest for thoroughly examining these
phenomena using conventional optical means is exacerbated
by the small device area (sub-square micrometers) of moiré
domains that are often in the proximity of other domains and
twist angles'” (Figure 1). To alleviate this problem, we employ
two complementary imaging techniques: scatterin;-type
scanning near-field optical microscopy (s-SNOM)'>'*~*! and
vertical conductivity current imaging using conductive atomic
force microscopy (c-AFM).”*” s-SNOM allows the probing of
local optical conductivity and launching surface plasmons,
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Figure 1. Nano-IR probing of a TBG/hBN crystal with different twist angles. (a) Schematic of the near-field imaging of TBG/hBN with two sets of
moiré patterns. (b) AFM topography image, where the bright lines are the wrinkles from the underlying hBN flakes. (c and d) Near-field amplitude
s and phase ¢ images plotted in real space at an IR frequency of 1000 cm™ (~124 meV). In panel ¢, the black line represents the line-cut position,
as shown in panel e. The blue dashed lines delineate the boundaries between different TBG domains. In panel d, different numbers mark different
moiré superlattice regions. (e) Plasmon line profile dispersion across a domain boundary between regions with different twist angles. See the details

below and in the Supporting Information.

enabling experimental access to the electronic structure and
electron—hole excitations in moiré domains within 20 nm
spatial resolutions.””** Meanwhile, c-AFM with atomic
resolution assists in uncovering the real-space moiré super-
lattice structures,”” allowing us to precisely determine the twist
angles and elucidate the lattice relaxation effects. We
emphasize the ability to examine the same regions inside the
same sample by harnessing multimessenger observations (s-
SNOM, c-AFM, and AFM) to formulate a new strategy for
unambiguously revealing the local electronic and optical
responses of moiré syst(ems.17’26‘27

Our TBG microcrystals were grown by chemical vapor
deposition (CVD) on top of hBN/quartz”**> (see the
Supporting Information). The key advantage of this synthesis
approach over the commonly used tear-and-stack meth-
od”'1¥15 s the generation of a large number of TBG
domains with a wide range of twist angles Orp; naturally
occurring within a single flake, which offers a unique platform
for interrogating the twist angle dependence of TBG (Figure
1). Simultaneously, the bottom graphene layer is aligned with
respect to the underlying hBN lattice, yielding a G/hBN moire
pattern with a twist angle 0 gy close to 0°. In such a TBG/
hBN moiré structure, the two consecutive twist angles, Orpg
and gy, give rise to periodic beating on different length
scales that can be investigated within the field of view (FOV).
The effective interplay of O1pg and 6y thus offers peculiar
double-moiré**~*” structures with spatially variable TBG twist
angles superimposed over fixed G/hBN lattices, a system that
remains completely unexplored experimentally in the optical
domain.

We begin by describing the nano-infrared (nano-IR)
imaging results of local optical conductivity and plasmons in
TBG/BN double-moiré structures using the s-SNOM
apparatus (Figure 1a). In our experiments, a metalized tip of
an atomic force microscope was illuminated by IR light at a
frequency @ of 1/A, where A, is the incident photon
wavelength. This antenna-based nano-IR setup circumvents
the TBG’s momentum mismatch between incident photons

and surface plasmons.””'”** By using an interferometric
detection method,>' ™ we simultaneously obtain scattered
near-field amplitude s(w) and its phase ¢(w). These two
quantities uniquely reveal local variations of complex optical
conductivity o(®) and elucidate plasmon properties when light
frequency o falls within the plasmon excitation energy range.
Specifically, the detected near-field signal is governed by the
plasmon complex momentum g, ~ {iw[1 + £,(@)]}/470(w),
where o(w) = oy(w) + ioy(w) is the complex optical
conductivity of TBG/hBN and &, (@) is the known dynamical
dielectric function of the substrate.”* Because the optical
conductivity reflects the underlying electronic band structure,
the obtained nano-IR signal enables us to determine the
specific twist angles of each domain and unravel the detailed
microscopic description of the double-moiré lattice structures,
as detailed below.

Panels ¢ and d of Figure 1 show typical nano-IR imaging
results. Here we plot raster-scanned images of the normalized
near-field signal at a selected IR frequency @ of 1000 cm™
(~124 meV). Adjacent multiple TBG regions with different
twist angles @1y, as well as G/hBN domains with fixed angles
Og/mpny are captured within the same FOV, an experimental
advantage that has allowed us to examine the impact of double-
moiré lattices within the same microcrystal. The most
prominent aspect of the images in panels ¢ and d of Figure
1 is the distinct near-field signal (“contrast”) observed between
each of the TBG/hBN domains. For instance, submicrometer-
sized commensurate moiré domain regions 1 and 4 show
suppressed near-field amplitude (lower 6,), while regions 2
and 3 display enhanced near-field signals (larger o). By
corroborating with the topography AFM image (Figure 1b),
we identify region 7 as G/hBN and region 8 as the hBN/
quartz substrate (see section 2 of the Supporting Information).
Additionally, plasmonic fringe patterns emerge at each domain
boundary. Figure le shows the extracted plasmonic line profile
from the region marked in Figure lc. These fringe patterns are
attributed to plasmons propagating waves in TBG/hBN and
being reflected by the TBG boundary. Specifically, the
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Figure 2. Nanocurrent images with varying twist angles. Experimentally measured current images on TBG/hBN at variable TBG twist angles 015,
including (a) 0°, (b) 12.4°, (c) 4.87° and (d) 1.89°. During nanocurrent measurements, a constant bias was applied between the conductive tip
and the bottom graphene flake. (e—h) Theoretically simulated current images showing the local density of states of TBG/hBN at the same Orpg
values as shown in panels a—d, respectively. The agreement of theoretically calculated nanocurrent images with the experimental results confirms

the validity of the microscopic modeling.
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Figure 3. Extraction of the near-field optical signal as a function of Opy. (a) Illustration of variable twisted regimes under study. (b) Comparison of
the experimentally extracted and theoretically calculated near-field amplitude as a function of Oyg. (c) Comparison of the experimentally extracted
and theoretically calculated near-field phase as a function of O (details in the text and Supporting Information).

observed twin fringe plasmon wavelength decreases monotoni-
cally, as the incident light frequency varies from 860 to 1100
cm™". Such systematic variation of the plasmon wavelength and
the corresponding real part of plasmon wave vector q,(@) yield
a plasmon dispersion for the collective excitations with a
positive group velocity. Analyzing the wavelength of the
plasmonic fringes in the G/hBN region allows us to estimate
the chemical potential in the device. In short, the plasmon
wavelength analysis indicates that the samples under study are
moderately hole-doped with a Fermi energy (Ep) of
approximately —150 meV (see section S of the Supporting
Information).

Before delving into a detailed analysis of the optical
conductivity in each region, we take a moment to closely
examine the atomic structure of each labeled TBG/hBN
double-moiré domain in Figure 1 and validate our microscopic
modeling. This is accomplished by employing c-AFM, in which
a constant bias voltage is applied between the metallic atomic
force microscope tip and TBG flakes. This setup enables us to
continuously monitor the nanocurrent, which is proportional
to the local density of states in real space, with a remarkable
resolution of ~1 nm. Such a precise procedure empowers us to
accurately determine both the moiré wavelength (4,,) and the
corresponding TBG and G/hBN twist angles.””

Panels a—d of Figure 2 show the real-space nanocurrent
imaging obtained from various domains as labeled in Figure

11492

1d. In the cases in which O1g is either 0° (labeled in region 1,
Bernal AB stacked) or close to 30° (marked in region 6), the
corresponding TBG moiré patterns will not be distinguishable
(see section 3 of the Supporting Information). Therefore, we
observe a single set of moiré patterns arising from the G/hBN
interface with a honeycomb moiré lattice structure, as shown in
Figure 2a. As Opp approaches 12.4° (Figure 2b, corresponding
to region S in Figure 1d), the expected TBG moiré pattern
with moiré wavelength A, of ~1.1 nm becomes visible.
Consequently, we observe two sets of moiré patterns: one from
TBG and the other from G/hBN. These distinct moire
patterns with their characteristic periodicity become much
more visible as Orpg reaches 4.87° (Figure 2c¢, corresponding
to region 4 in Figure 1d) and the regime with a twist angle of
3.65° (see section 2 of the Supporting Information).
Remarkably, as Orpg is tuned to <2°, it becomes difficult to
distinguish the two sets of moiré patterns individually. Instead,
a strong hybridization between TBG and G/hBN emerges,
resulting in a new type of moiré lattice structure. This is best
visualized in Figure 2d, where 01y reaches 1.89° while 0 5y
remains close to 0°. In this case, we observe periodic hexagonal
moiré patterns with intensified signal hot spots (high current)
at the intersections of the six corners. In addition, a central hot
spot corresponding to the AAA stacking order appears within
the hexagonal moiré lattice.” These beating hot spots form a
new set of periodic moiré structures, a manifestation of strong
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Figure 4. Superlattice-enhanced optical conductivity of a TBG/hBN double-moiré system. (a) Theoretically calculated optical conductivity spectra
6,(w) for TBG/hBN as a function of f15¢ and frequency . The black dots highlight the experimental results that match well with the calculated
optical conductivity. The inset illustrates the product of 6,(@) with frequency @, which helps depict the redistribution of spectral weight at varying
TBG twist angles. (b—d) Schematic depiction of the mechanism behind superlattice-enhanced optical conductivity. In panels b and ¢, we show the
optical processes permitted in a Dirac cone. With finite chemical potential, only transitions extending beyond the Pauli blocking energy range are
permitted. Moiré BZ folding (d) bypasses this Pauli blocking, enabling multiple transitions (magenta lines). (e) Band structure for a 6y of 1.89°.
For an Eg value of 150 meV, the double-moiré potential causes various optical transitions among the band-nested flat bands responsible for the

resonances shown in panel a.

lattice hybridization and relaxation effects that are clearly
resolved in the real space of the TBG/hBN double-moire
system.

We have successfully reproduced the experimental trends
seen in the nanocurrent imaging by employing an atomistic
scale tight-binding model of the double-moiré TBG/hBN
structure that takes into account lattice relaxation effects.”> ™’
To map out the distribution of electronic states in real space,
we calculated the local density of states (LDOS) map for
various twist angles @y of the system.”® This is documented
in Figure 2e—h, where the calculated LDOS of TBG/hBN
matches the experimental results well in Figure 2a—d. We,
therefore, conclude that the nanocurrent image constitutes a
direct visualization of the commensurate double-moiré state.
Furthermore, we can accurately estimate the moiré periodicity
directly from the nanocurrent image. For instance, given the
observed double-moiré periodicity a of 7.5 nm in Figure 2d, we
determine a twist angle of 1.89°. By applying the same analysis
to other sample regions, we identified their respective twist
angles. Figure 3a shows a summary of the multiple domains
with different Orpg twist angles observed in Figures 1 and 2.

Knowing the exact twist angle in each of the TBG/hBN
domains, we now proceed to quantitatively analyze the trends
observed in our nano-IR imaging data. First, we average the
measured near-field amplitude and phase signal within the
interior of each TBG/hBN domain and plot it as a function
Orp (Figure 3b,c). In these plots, the extracted near-field
signal is normalized by the signal obtained from the region in
the absence of TBG (region 8 in Figure 1c) within the same
FOV. The near-field amplitude ratio and phase difference
exhibit nonmonotonic behavior with respect to the twist angle
(Figure 3b,c). The most pronounced difference is observed
when O < 2°, as it approaches the small 015 twist angles.
The normalized near-field contrast systematically weakens as
Orpg deviates from the small twist angles and gradually

recovers at much larger twist angles. This twist angle
dependence of the obtained near-field signal highlights subtle
yet systematic variations in the modified electronic and optical
response within TBG/hBN double-moiré lattices.

We proceeded to compare the twist angle dependence of our
nano-IR imaging data with theoretical calculations to gain
insight into these experimental observations. Our near-field
model incorporates tip—sample interactions by considering
known atomic force microscope tip information, i.e., its radius
and tapping amplitude. The only other input into the model is
computed complex optical conductivity o(®) that describes
the optical response of TBG/hBN as a function of frequency,
as shown in panels b and c of Figure 3. The quantitative
agreement between the calculated near-field signal and the
experimental results, as depicted in panels b and ¢ of Figure 3,
provides compelling evidence for the accuracy of the modeling,
Utilizing the same procedure, we have also examined the near-
field amplitude and phase signals as a function of the incident
light frequency in the range of 860—1100 cm™". We found that
the calculated near-field signals show good agreement with the
experimental data, as detailed in section 10 of the Supporting
Information. This agreement serves as the cornerstone of our
further analysis, enabling us to shift our focus from discussing
nano-IR imaging data to examining the behavior of o(w), a
conceptually more straightforward quantity to interpret that is
directly linked to the electronic structure of TBG/hBN double-
moiré lattices at each twist angle Opp.

Following this line of reasoning to decipher the origin of the
observed nonmonotonic near-field optical signal variation, we
can now examine the optical transitions enabled by TBG/hBN
double-moiré lattice potentials that give rise to complex optical
conductivity o(w) (see section 7 of the Supporting
Information). Figure 4a shows the real part of optical
conductivity o;(w) at a selected twist angle O1pg. One of the
most striking observations is that as O approaches the magic
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angles, the optical conductivity exhibits a nearly constant value,
even at finite doping levels across a wide range of mid-IR
frequencies.

To understand this unique behavior of TBG’s ¢,(w), it is
helpful to first discuss the optical conductivity of an isolated
Dirac cone, as shown in panels b and ¢ of Figure 4. The
contribution to optical conductivity comes from the direct
transitions between the occupied and available electronic states
in different bands. With chemical potential at the Dirac point
(Figure 4b), direct interband transitions are feasible at all light
frequencies, resulting in the equation o(w) = o, = me*/2h,
which sets a fundamental value (the normalization constant of
Figure 4a). As chemical potential Ez moves away from a Dirac
point (Figure 4c), interband transitions are quenched until
light frequency @ exceeds 2Eg, where direct transitions become
possible again.

The band structure of TBG at small twist angles can be
considered as the folding of two Dirac cone dispersions at the
edge of the mBZ. This folding process effectively “duplicates”
the graphene bands multiple times, displacing the copies in
energy, as depicted in Figure 4d. Moreover, the formation of a
TBG/hBN double moiré breaks the inversion symmetry and
introduces a finite band gap into the far-IR frequencies.'” It
also lifts the band degeneracy, doubling the number of
available electronic states and facilitating additional optical
transitions (section 7 of the Supporting Information). The
combined effect of mBZ folding in TBG and the presence of
the second G/hBN moiré substantially amplifies the
occurrence of interband transitions below 2Ep (Figure 4d).
Such a mechanism bypasses the energy-momentum con-
servation (Pauli blocking) that would otherwise restrict
transitions in a single Dirac cone (Figure 4c). Consequently,
it results in a nearly universal optical conductivity in which
0,(w) approaches 20, twice the optical conductivity of
undoped graphene®”*” (here the factor of 2 arises from the
double Dirac cones originating from each valley in each layer).

The scenario described above withstands rigorous optical
conductivity calculations using a realistic atomic tight-binding
approach. The nearly quantized o,(w) ~ 20, of TBG was
initially theoretically proposed and explained™ as originating
from transitions happening at frequencies much larger than the
moiré potential (~100 meV), wherein its fingerprints on the
electronic spectrum are less noticeable in o,(®). In our
experiment, the chosen light frequency effectively probes the
energy landscape of moiré potential, leading to the emergence
of the resonance features depicted in Figure 4a. With a Oy of
1.89° as an example, apart from the linear dispersive bands
near the Dirac cone regime (Figure 4e, from —50 to SO meV),
multiple pairs of flat and dispersive bands emerge that are
spreading along moiré BZ’s I'-K, '-K’, and K—K’ high-
symmetry directions. Specifically, the optical resonance
features observed in the o,(w) spectra (Figure 4a, blue
curve) can be attributed to several threshold interband
transitions at @ values of 147 cm™ (blue color), 428 cm™
(dark brown color), 901 ecm™ (purple color), 1233 cm™
(magenta color), 1971 cm™" (asparagus color), etc. A similar
analysis for a Oppg of 1.26° has also been conducted as
documented in section 6 of the Supporting Information.
Through this analysis, we found that 615 values of 1.89° and
1.26° exhibit nearly identical optical responses [6,(@) ~ 20,]
with slight modulation due to threshold transitions in the low-
energy regime (from 400 to 1500 cm™"). The optical response
that we observed, which appears to be insensitive to Orpg

across a wide range of twist angles, contrasts starkly with the
electrical transport observations. This stark difference high-
lights the profound impact of the double-moiré effect in TBG/
hBN that effectively circumvents the Pauli blocking, as
illustrated in Figure 4d. In short, these optical transitions
and resonance features enhance the overall contrast due to
double-moiré potential and suppress weaker plasmonic fringes,
consistent with the near-field imaging data shown in Figure 1.

To validate this understanding, we also examined the cases
of limiting twist angles: O = 0° and Orp¢ values far from the
magic angles. The 0155 = 0° case deviates from the scenario
described above, as it corresponds to a Bernal bilayer graphene
in which the sample relaxes from the energetically unfavorable
AA stacking to AB stacking (see the Supporting Information
for careful analysis of the O = 0° case). Consequently, when
Orpg = 0°, apart from weak features below 300 cm™’, o,
remains zero over a wide range of mid-IR frequencies.
Accordingly, a low plasmonic contrast is expected, which is
consistent with the observed nano-imaging data depicted in
Figure 1c. As O1pg becomes much larger than the magic angles,
the prevalence of a double-moiré-enabled optical transition
gradually diminishes as fewer folded bands are present, and
thus, Pauli blocking restricts a larger number of states. Hence,
we anticipate an intermediate o;(w) that is larger than that of
the Orpg = 0° case but weaker than that of Oy at small twist
angles. These observations align with our experimental results,
as demonstrated in Figure 3b.

In short, our findings show that TBG/hBN structures with
small twist angles (015 < 2°) exhibit nearly universal optical
conductivity across a wide frequency range, resulting in mid-IR
transparency. Importantly, this unique behavior does not
necessitate specific doping levels or magic angles, highlighting
the significance of the moiré superlattice in shaping the
optoelectronic properties of the TBG/hBN double moire.
Furthermore, we have successfully employed a combination of
nano-IR and nanocurrent imaging techniques to locally probe
the electronic structure and optical responses of TBG/hBN
through the nanoplasmonic channel. This approach provides
valuable insights into the unique optoelectronic characteristics
of moiré materials at the nanoscale. Moreover, our nanocurrent
study at a Orpg of 1.89° highlights one of the first observations
in the TBG/hBN double moiré with a commensurate moire
wavelength of ~7.5 nm, which is the half-integer instead of
integer relationship with a G/hBN moiré wavelength of ~14
nm. Our experimental observations thus indicate the profound
impact of geometric relaxations in double-moiré lattices, which
is likely to trigger intriguing new phenomena for producing
desirable optical properties and is likely to pave the way for
innovative advancements in moiré optoelectronics. Future
experimental works at lower temperatures and frequencies in
the far-IR range’' and terahertz for such double-moiré
materials are expected to open up exciting opportunities to
explore a wide range of intriguing theoretical predictions,**~**
while leveraging the capabilities of nanoplasmonics as a unique
local-optical probe for investigating collective electronic
phenomena.
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