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Photonic crystals for nano-light
in moiré graphene superlattices

S. S. Sunku™?, G. X. Ni', B. Y. Jiang?, H. Yoo*, A. Sternbach’, A. S. McLeod’,
T. Stauber®, L. Xiong!, T. Taniguchi®, K. Watanabe®, P. Kim*,

M. M. Fogler®, D. N. Basov'*

Graphene is an atomically thin plasmonic medium that supports highly confined
plasmon polaritons, or nano-light, with very low loss. Electronic properties of graphene
can be drastically altered when it is laid upon another graphene layer, resulting in a
moiré superlattice. The relative twist angle between the two layers is a key tuning
parameter of the interlayer coupling in thus-obtained twisted bilayer graphene (TBG).
We studied the propagation of plasmon polaritons in TBG by infrared nano-imaging.
We discovered that the atomic reconstruction occurring at small twist angles
transforms the TBG into a natural plasmon photonic crystal for propagating nano-light.
This discovery points to a pathway for controlling nano-light by exploiting quantum
properties of graphene and other atomically layered van der Waals materials,
eliminating the need for arduous top-down nanofabrication.

hen light of wavelength A, travels through

media with periodic variations of the re-

fractive index, one witnesses an assort-

ment of optical phenomena categorized

under the notion of a photonic crystal
(I). The additional periodicity imposed on light
can trigger the formation of a full photonic
bandgap (2) and may also produce chiral one-
dimensional (1D) edge states (3) or exotic pho-
tonic dispersions emulating those of Dirac and
Weyl quasiparticles (4). In principle, the photonic
crystal concept is also applicable for controlling
the propagation of “nano-light”: coupled oscil-
lations of photons and electrons confined to the
surface of the conducting medium and referred
to as surface plasmon polaritons (SPPs) (5-7). The
wavelength of SPPs, A, is reduced compared
with Ay by up to three orders of magnitude (8).
However, this virtuous confinement poses chal-
lenges for the implementation of the nano-light
photonic crystals by standard top-down techniques
(9, 10). In this study, we demonstrate a lithography-
free photonic crystal for plasmons in twisted bi-
layer graphene (TBG). Periodic variations in the
optical response of these van der Waals hetero-
structures arise naturally because of modifica-
tion of the electronic structures at moiré domain
walls (solitons) formed in rotationally misaligned
graphene layers (Fig. 1B). The most important
feature of the modified electron dispersion is
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the appearance of chiral 1D states (one pair per
valley) (Fig. 1C), which are known to be topolog-
ically protected (II). The optical transitions in-
volving these 1D states (arrow in Fig. 1C) produce
an enhancement of the local optical conductivity
across the solitons (7). A characteristic profile of
the attendant near-field signal is displayed in
Fig. 1D and will be discussed below. By using in-
frared (IR) nano-imaging experiments (Fig. 1A),
we visualize the interference between SPPs prop-
agating in solitonic networks and predict the
formation of a full plasmonic bandgap.
Graphene has emerged as an extremely ca-
pable plasmonic medium in view of ultrastrong
confinement, quantified by Ay/A, = 1000 (8),
attained in the regime of weak loss (12, 13). The
plasmonic properties of graphene can be readily
controlled by the carrier density (6, 7), the di-
electric environment (12, 14), and ultrafast op-
tical pulses (15). In this study, we have explored
and exploited yet another control route based on
the twist angle 6 between neighboring graphene
layers (14, 16-20). In TBG, the local stacking order
changes smoothly across the narrow solitons
separating AB from BA domains (21), as revealed
(Fig. 1B) by dark-field transmission electron mi-
croscopy (TEM). Previous nano-IR experiments
on isolated solitons in Bernal-stacked bilayer
graphene (BLG) have shown that SPPs in BLG
are scattered by the solitons (71, 22), analogous
to the scattering of SPPs by grain boundaries in
monolayer graphene (23). Therefore, a regular
pattern of such solitons (Fig. 1B) is expected to act
as a periodic array of scatterers, thus fulfilling
the key precondition for a nano-light photonic
crystal. Unlike all previous implementations of
photonic crystals (24, 25), our approach exploits
local changes in the electronic band structure of
the plasmonic medium, a quantum effect, to con-
trol optical phenomena. We explored this novel
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and fundamentally quantum approach for ma-
nipulating plasmons via direct nano-imaging
experiments, modeling, and theory.

IR nano-imaging (Fig. 1A) is central to unveil-
ing the physics of a quantum photonic crystal
for plasmons. In our experiments, IR light at
frequency o = 1/A, is focused on the apex of a
metallic tip. The amplitude of the backscattered
signal s(w) and its phase ¢(®) are recorded by
using an interferometric detection method (26).
‘When o is close to the optical phonon of the SiO,
substrate, as in Fig. 1B, IR nano-imaging effective-
ly reveals local variations of the optical conductiv-
ity (26, 27). In Fig. 1B, we observed a sixfold pattern
of bright line-like features with even stronger
contrast at the intersections. A dark-field TEM
image of a similar TBG sample also reveals the
same sixfold symmetry with features matching
the nano-IR data. The periods of both patterns are
consistent with the moiré length scales anticipated
for a nominal twist angle of ~ 0.1° An accurate
estimate of the periodicity a for our device can
be directly read off the near-field image: Given
the observed @ = 230 nm, we obtain a twist angle
of 6 = 0.06° (26). We therefore conclude that the
near-field image constitutes a direct visualization
of the solitonic lattice.

The nano-IR contrast at the solitons is the re-
sult of topological changes to the electronic struc-
ture. When inversion symmetry is broken by an
application of a perpendicular displacement field
using the back gate, the Bernal-stacked AB and
BA domains open a bandgap (28) and the valley
Chern number at K and K valleys is +1 (29). As
the stacking order reverses across the soliton, the
Chern numbers also change sign. The difference
in Chern number leads to topologically protected
1D states along the soliton (30, 3I). The key im-
plication of this band structure effect (1) is that
optical transitions from the topologically pro-
tected states to empty states above the Fermi
level prompt an enhanced conductivity at the
soliton (Fig. 1C). Consistent with this view, re-
sistivity experiments signal ballistic electron
transport along the solitonic channels (17, 32).

Our qualitative understanding of the near-field
contrast is corroborated by modeling. The near-
field amplitude and phase profiles ss,(@) and
0s01(2), where @ is the coordinate normal to the
soliton, depend on the Fermi energy y, the inter-
layer bias V;, and the plasmonic damping rate n
[section S4 of (26)]. These latter profiles ob-
tained for isolated solitons (11, 22) were fully
elucidated by combining electronic structure
calculations, scattering theory, and numerical
modeling of the tip-sample coupling (11, 33).
Figure 1D shows sy, (@) calculated by using pa-
rameters that most closely correspond to the
experiment in Fig. 1B.

We now discuss the effect of periodic soliton
networks in TBG on propagating plasmon polar-
itons. In our experiments, SPPs of wavelength A,
of the order of the soliton periodicity a are
introduced by the metallic tip (Fig. 1A) (12, 15).
To launch propagating polaritons, we choose ®
to be away from phonon resonances. In this
regime, the scattering of SPPs by the solitons
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produces fringes in both s(®) (6, 7) and ¢(®)
(34) corresponding to standing waves. 2D maps
of both observables are displayed in Fig. 2. We
obtained these images in different regimes of A,/
a by tuning the gate voltage Vg and/or A,. All
images are dominated by maxima and minima

in the nano-IR contrast, indicating the presence
of constructive and destructive interference of
SPPs triggered by the solitonic lattice.

The Fourier analysis of the s(w) images shown
in Fig. 3, A and B, supports our conjecture of a
photonic crystal. We denote the magnitude of the

2D spatial Fourier transform of the s(w) image as
5(q). Figure 3A shows 3(q) extracted from the
spatially varying conductivity image displayed
in Fig. 1B and is seen to have sixfold rotational
symmetry. This symmetry is preserved in the
$(q) images obtained by transforming data in

Fig. 1. Nano-light photonic crystal formed by a network of solitons in
TBG. (A) Schematic of the IR nano-imaging experimental setup. AB,

BA, and AA label periodically occurring stacking types of graphene layers.
(B) (Left) Visualizing the nano-light photonic crystal formed by the
soliton lattice. The contrast is due to enhanced local optical conductivity at
solitons. (Right) Dark-field TEM image of a TBG sample showing contrast
between AB and BA triangular domains. The dashed hexagons represent
unit cells of the crystals. a.u., arbitrary units. (C) Electronic band
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Fig. 2. Plasmon interference patterns and superposition model
analysis. (A and C) Nano-IR images obtained for A, = 135 nm and
282 nm. (B and D) Near-field amplitude and phase images calculated
using the superposition model (introduced in the text). The model
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structure of a single infinitely long soliton (only the K valley is shown).
Chiral 1D states are depicted in orange. Optical transitions such as

those indicated by the arrow are responsible for the enhanced local con-
ductivity at the location of solitons. E, energy; k;, momentum along the
soliton. (D) Experimental (solid) and calculated (dashed) near-field signal
Ssol(X) across a single soliton line. Calculation parameters are frequency
o = 1180 cm™, Fermi energy u = 0.3 eV, interlayer bias V; = 0.2 V, and
dimensionless damping n = 0.2.
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parameters used to obtain the images are (B) u=0.23¢eV, V; =03V,
andn=0.2and (D) u=0.35¢eV, V;=0.1V, and n = 0.2. The dashed
hexagons represent the boundaries of a single unit cell, and the
magenta bars represent the SPP wavelengths.

2 of 4

1202 ‘0T AInc uo /610 Bewasuslds adualds//:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 2 in the regime where our structures sup-
port propagating SPPs. Figure 3B shows the line
profiles taken along one of the high-symmetry
directions for all (¢) images. The peaks in all the
line profiles are anchored at the same momenta
in Fourier space, indicating that the periodicity
of the polaritonic nano-IR patterns matches that
of the moiré lattice. Our nano-IR imaging and its
Fourier-transformed patterns thus give further
evidence of plasmonic interference in the soliton
crystal formed in TBG.

For a quantitative analysis of the SPP interfer-
ence, we introduce a superposition model. In this
simplified model, we neglect multiple scattering
of plasmons by these domain walls and disregard
any interaction of the domain walls at their in-
tersections. In other words, we treat the domain
walls as interpenetrating and decoupled objects.
We compute the near-field signal produced by a
single (infinitely long) soliton via microscopic
calculations of the electron band structure, op-
tical conductivity, and tip-sample coupling (11, 33).
The superposition model takes as a basic input
the profiles of the near-field amplitude sy, (x)
and phase ¢, (2) [Fig. 1D and section S4 of (26)]
for a single soliton. It is easy to see that the 2D
soliton lattice consists of three 1D periodic
arrays rotated in-plane by 120° with respect
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Fig. 3. Properties of the graphene-based quantum photonic crystal.
(A) Fourier transform s(g) of the photonic crystal image with no
propagating SPPs (as in Fig. 1B). (B) Line profiles of 5(q) taken along the
dashed line in (A) for the crystal devoid of propagating SPPs and for the
same crystal with propagating SPPs of various wavelengths 2. The curves are
vertically offset for clarity. (C) Plasmonic band structure for dimensionless
scattering strength t = 0.02, defined in the text; t = 0.02 most closely
corresponds to the experimentally studied crystal. T, K, and M are
high-symmetry points in the Brillouin zone, as indicated in the

inset. (D) Near-field signal calculated for a point source at an AA vertex.
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to one another. Consider one such array with
solitons located at equidistant positions a;. With-
in the superposition model, this array produces
the complex near-field signal equal to the sum

> sea(@ — @)= (=) Since syq(@) is rapidly
%

decreasing away from the solitons, it is sufficient
to keep only a few nearest-neighbor terms in this
summation. The signal from the remaining 1D
arrays is calculated in a similar way. The super-
position of all these signals yields the images dis-
played in Fig. 2, B and D. This procedure yields a
close correspondence between the experimental
data and the model in both amplitude and phase.

A key feature of moiré photonic crystal is its
tunability. The periodicity a of the crystal can
be continuously varied by changing the twist
angle (17), and the SPP-soliton scattering strength
can be modulated by the carrier density and
the interlayer bias (11). To illustrate the tu-
nability, we introduce the dimensionless scatter-
ing strength

®
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that governs the interaction between the SPPs
and the solitons. Here, o4(x) is the local IR con-
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ductivity along the direction perpendicular to
the soliton, and o, is the asymptotic value of this
conductivity far away from the soliton (11, 33).
Parameter ¢ governs the long-range behavior of
the SPP waves scattered by a soliton. The de-
tails of the short-range behavior (an example of
which is shown in Figs. 1D and 2, B and D) de-
pend, in general, on the exact profile o,(x).
However, the plasmon band structure is pre-
dominantly sensitive to the long-range pro-
cesses, so a single parameter ¢ suffices. We now
evaluate the plasmonic band structure in mo-
mentum space for selected ¢ values by using a
reciprocal-space method (26, 35). Figure 3C
shows the band structure for parameters that
correspond most closely to our current experi-
ment (a¢ = 230 nm, ¢ = 0.02); we notice that
the plasmonic gap is insignificant. However, a
larger scattering strength that is likely to be
attained in future experiments does yield a full
bandgap, arresting plasmonic propagation (Fig.
3E). We also note that a point-like source in
plain graphene launches an isotropic cylin-
drical wave (Fig. 3D, left) whose amplitude
decays asymptotically as the square root of the
distance. Although the decay is expected to be
the same for a plasmonic crystal at frequencies
within the plasmonic bands, the rotational

(Left) Go, the near-field signal computed for the empty lattice (t = 0). r,
spatial coordinate. (Right) The ratio Goo» = Go.02/Go, where Go o is the
signal for t = 0.02. (E) Plasmonic band structure for t = 0.2 showing

the formation of a full plasmonic gap. (F) Near-field signal ratio

Goz = Go2/Go, Where Go is the signal for t = 0.2. The frequency in

both (D) and (F) corresponds to the plasmon momentum gy, that satisfies
/Gpa = 2.23, shown by the dashed lines in (C) and (E). When this frequency
is outside (inside) the bandgap, the plasmonic patterns are delocalized
(localized) and weakly (strongly) anisotropic; compare (D) [(F)]. See
section 7 of (26) for details of these calculations.
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