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Moiré superlattices have led to observations of exotic emergent electronic properties
such as superconductivity and strong correlated states in small-rotation-angle

twisted bilayer graphene (tBLG)"% Recently, these findings have inspired the search
for new properties in moiré plasmons. Although plasmon propagation in the tBLG
basal plane has been studied by near-field nano-imaging techniques®”, the general
electromagnetic character and properties of these plasmons remain elusive. Here we
report the direct observation of two new plasmon modes in macroscopic tBLG witha
highly ordered moiré superlattice. Using spiral structured nanoribbons of tBLG, we
identify signatures of chiral plasmons that arise owing to the uncompensated Berry
flux of the electron gas under optical pumping. The salient features of these chiral
plasmons are shown through their dependence on optical pumping intensity and
electron fillings, in conjunction with distinct resonance splitting and Faraday rotation
coinciding with the spectral window of maximal Berry flux. Moreover, we also identify
aslow plasmonic mode around 0.4 electronvolts, which stems from the interband
transitions between the nested subbands in lattice-relaxed AB-stacked domains.

This mode may open up opportunities for strong light-matter interactions within the
highly sought after mid-wave infrared spectral window®. Our results unveil the new
electromagnetic dynamics of small-angle tBLG and exemplify it as aunique quantum

optical platform.

The moiré superlattice in twisted bilayer graphene (tBLG) significantly
alters the electronic properties of its constituent structures® 2, which
are predicted to support new emerging collective electromagnetic oscil-
lations”™", Under small twist angle, the superlattice is featured with
periods of up to tens of nanometres. In contrast to nano-imaging’®”, an
alternative way to investigate the plasmon is by measuring the far-field
spectral scattering attributes of plasmonic resonators?*?. In these reso-
nators, tBLG s patterned into mesoscopicscale structures,inwhich the
edges of these structures are launching sites for surface plasmons, whose
spectralresonances are defined by the sizes of their features. Tuning the
geometrical sizes (approximately 80-240 nm) and studying their infra-
red extinction by Fourier transforminfrared (FTIR) spectroscopy enables
the systematic characterization of these plasmonmodes. Thisapproach
provides access to a large infrared spectral window not limited by the
availability of laser sources. Probing of the far-field scattering phases
canalso prove useful for the study of chiral electromagnetic responses
in moiré plasmonics. A key challenge to perform such exploration lies
inobtaining large-area, high-quality tBLG samples. To date, small-angle
tBLG samples have been mainly achieved by a ‘tear-and-stack’ transfer
process, which primarily focuses on optimization of asmall-area ordered
moiré superlattice for electronic transport investigation.

Inour study, we prepared and optimized macroscopic tBLG samples
fromsingle-crystalline graphene produced by chemical vapour deposi-
tion (CVD). The large sample areas (up to hundreds of micrometres)
make possible the fabrication of nanostructured surface plasmon
resonators for FTIR spectroscopies. Figure 1aschematically shows the
preparation process of small-angle tBLG. The two constituent graphene
layers from the same CVD single crystal were successively stacked with
a small misorientation angle. Figure 1c shows a typical Raman spec-
trum of the as-prepared tBLG in Fig. 1b. In addition to the G band near
1,584 cm™, aR' peak near 1,625 cm™ is observed in the tBLG samples
with twist angle from 30 to 0.8° (Extended Data Fig. 1). This new peak
was attributed toanintravalley double-resonance scattering process,
which was found to be dominantinamoiré superlattice?. It probes the
sample quality (Methods). Figure 1d, e shows the Raman mapping of
theintensity of peaks Gand R'in the sample, and the presence of auni-
formR'peakimplies that the moiré superlattice islong-range ordered
in that region. To obtain the highest data quality, we only performed
experiments on sample regions with prominent R'Raman signals. In
fact, the reported new plasmon modes cannot be observed in sam-
ples with non-apparent R’ peaks (Extended Data Fig. 2). For studying
the plasmons, we further patterned the samples into nanoribbons.
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Fig.1| Twisted bilayer graphene with highly ordered moiré superlattice.
a, Schematic of the preparation of small-angle tBLG from alarge-area CVD
graphenesingle crystal. b, Optical microscope image of atypical tBLG sample
with 2.88°twist angle. Scale bar,100 um. ¢, Raman spectrum of the sample
inbwhenexcited by acontinuous-wave laser at awavelength of 514 nm.
Inaddition to thefirst-order-allowed G band (approximately 1,584 cm™),
anR'peak (centred ataround 1,625 cm™) involving anintravalley double
resonance processis observed. The RamanspectrumofaregulartBLGis also

We also moderately doped the samples with hydrochloric acid, and a
uniform carrier density of around 2 x 10 cmwas obtained (Extended
DataFig. 3).

Chiral plasmon mode in tBLG

An object has chirality when its mirror image is not identical to itself.
Itis achieved when certain symmetries are collectively broken®. Our
experiments revealed a new chiral plasmon mode (that is, the surface
electromagnetic waves show non-reciprocal propagation) within tBLG.
This canbe traced tothe brokeninversionsymmetry of tBLG asrequired
by the physical chirality due to the twist angle, that is, intuitively, the
tBLG twist angle fis notidentical to that of -6, and its optical signatures
are manifested in an observed circular dichroism (CD)*. Accompany-
ing the broken inversion symmetry will be a finite Berry curvature,
which, inthe ‘magic angle’ (1.08°) limit (the focus of our study), canbe
most pronounced. To examine the optical properties of tBLG, we first
calculated its optical conductivity o, (Extended Data Fig. 4). Experi-
mentally, the loss function, defined as the imaginary part of the inverse
dielectric function L = -Im(1/&gpa(q, @)) (Where &g, is the dielectric
constant with momentum g and at frequency w), is a measure of the
plasmon excitations. Figure 2a presents an intensity plot of the loss
function of tBLG in the low-energy spectral range. In addition to the
hydrodynamic mode below 30 meV (ref. ), several new modes emerge.
These modes originate from the interband transition in tBLG*?. For
tBLG, there exist several van Hove singularities such that the interband
plasmonsin the long-wave infrared range are to be expected?. (We call
the modes between 80 and 100 meV and between approximately 100
and 200 meV as low-energy and mid-energy modes, respectively.) The
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shown for comparison. Inset: schematics of the origin of R' peak. Raman
emissionresults from the combination of elastic electron scattering by the
moiré potential and inelastic scattering by optical phonons. The BZs of the top
and bottom graphene layers rotated away from each other by asmall angle 6
show the momentum transfer due to moiré superlattice scattering.d, e, Raman
intensity mapping of the G peak (d) and R' peak (e) of thesampleinb.
Theexistence ofauniformR' peak reflects the long-range highly ordered moiré
superlattice.Scale bars, 100 um.

new low-energy interband mode s the focus of our study and is respon-
sible for therealization of a, to our knowledge, new class of chiral Berry
plasmons (CBPs) that we present below. Previously, the CBPs were
predicted to appear in plasmonic oscillations with the presence of a
Hall-like transverse conductivity?*%,induced by valley polarizationin
the presence of valley-contrasting Berry curvatures or, equally, by
breaking time reversal symmetry (TRS).
Thebrokeninversionsymmetryis guaranteed by the intrinsic phys-
ical chirality of tBLG. The electron bands in the Kand K’ valleys of the
original Brillouin zones (BZs) will experience Berry curvatures with
equal non-vanishing magnitude but opposite signs as showninFig. 2b,
right column. As aresult, the carriers in each single valley acquire a
non-classical transverse velocity due to the Berry curvature, given by
—%E XI[dq]f(q)Q(q)”*”, where e and h are elementary charge and
reduced Planck constant, respectively, E is the electric field, f is the
Fermi Dirac statistical function and Qis the Berry curvature. To gain
directinsight, wedirectly calculated the transverse optical conductiv-
ity aiy for the two valleys in the low energy range, where (=K or K’ is
the valley index. Although the total g, is zero, it is non-vanishing in
eachvalley (Fig. 2b, left column). Valley polarized CBP modes may be
obtained at an energy corresponding to the non-zero o,, peak (for
example, 80-100 meV). Broken TRS can be fulfilled by using circularly
polarized pumping which s free of magnetic field. It is worth mention-
ingthat quarter waveplates as well as circularly polarized light sources
inthelong-waveinfrared range (above 11 um) are not commonly avail-
able. We thus generated a valley polarization excitation by using chiral
asymmetric nanoresonators that were circular dichroic. In this study,
we designed and fabricated a spiral-shaped plasmonic resonator.
Finite-difference time-domain (FDTD) calculations verified that we
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Fig.2|Chiral plasmonmodeintBLG. a, The calculated loss functionis plotted
asatwo-dimensional pseudocolour background. Grey and blue dots represent
the mid-energy and low-energy plasmon modes, respectively. b, Calculated
valley-polarized transverse optical conductivitya"w/"' and Berry curvaturein
mini-BZs of tBLG. The mini-BZs are schematically marked at the hexagonal BZ
corners. Real part (red line) and imaginary part (black line) of the transverse
optical conductivity of tBLG witha1.08° twist angle calculated by the random
phase approximation (RPA). The CD of spiral nanoribbons is also shown by the
unequal absorption of left-handed circular polarized (LCP) and right-handed

managed to obtain approximately 11.2% CD in the designed structures,
as demonstrated in Fig. 2b (Methods).

Accordingly, a finite Hall-like conductivity and thus CBPs can be
expected. We then validated our theoretical expectation by measuring
the extinction spectra of the spiral-shaped tBLG resonators. Figure 2¢
shows the low-energy spectrum of a120 nmwidth spiral ribbon array. The
results fromastraight nanoribbon array are also presented for compari-
son. Notably, we observe two plasmon peaks at approximately 950 cm™
and 600 cm™. We also measured samples of varying widths and overlaid
thedataonthe calculated loss function of Fig. 2a. The experiments arein
reasonable agreement withthe calculated loss function, also confirming
the existence of anew interband plasmon mode. More importantly, the
low-energy mode obviously splitsinto two branchesin the chiral struc-
tures, as compared to Fig. 2c. The splitting is a direct optical signature
of the CBPs in nanostructured resonators®*#*°, We did not observe a
similar behaviour in any of the control samples, including the chiral
ribbons made of AB-stacked bilayer graphene (Extended Data Fig. 5).

In particular, the Berry curvature gives rise to a transverse conduc-
tivity as demonstrated in Fig. 2b. In pristine tBLG, the opposite Berry
curvatures (and aiy) of the two valleys cancel each other, resulting in
zero net g,,. By contrast, for the chiral ribbon, the light pumping pro-
duces anunbalanced carrier density p(k) between the two valleys owing
to the finite CD. This asymmetric carrier populationin the two valleys
yields a net transverse conductivity of oxy=2e2/hf[dk]p(k)ﬂ(k)
(Extended Data Fig. 4). In the presence of a nanoribbon edge, which
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circular polarized (RCP) light. ¢, Experimental extinction spectra of the chiral
plasmon. Asingle CBP plasmon peakis observedin the straight nanoribbons
(upper left panel). The peak obviously splits into spiral nanoribbons (lower left
panel). Thelineshapes of the mid-energy plasmon peaks do not change.
Theblueandred curves are the measured results, the dashed black lines are
peakfittings. Inset: scanning electron microscopy images of the nanoribbon
structure. Scale bars, 100 nm. Right panel highlights the splitting of the CBP
peaks. Theopencirclesare the measured results, the lines are peak fittings.

allows charge toaccumulate, the non-zero g, results in chiral plasmon
edge modes represented by split peaks*?®. The observed mode
splitting can thus be a measure of the strength of the Berry flux
I[dk]p(k)()(k). Notably, the tBLG platform should enable versatile
control of the Berry flux, such as throughits electron filling and valley
polarization, and their distinct dependences should provide a solid
validation of this phenomenon.

First, the valley polarizationin our experiment is proportional to the
product of CD and incident light power. Even though CD is unchanged
for a fixed nanoribbon structure, light power acts as a simple knob
to control the Berry flux. Figure 3a summarizes the evolution of the
measured plasmon spectra under different light intensities. The larg-
est obtained splitting is about 2 meV, which translates to an effective
magnetic field of around 9.5 T (ref.*). The energy splitting decreases
with light attenuation, which agrees well with the expectation of CBPs.

Second, we studied the plasmons under electrical gating. The
spectra mapping as a function of carrier filling of the moiré super-
lattice is shown in Fig. 3b. Whereas the peak position generally blue
shifts with increasing (hole) doping, the peak splitting undergoes a
non-monotonic evolution. The plasmon splitting is negligible around
avalue of the filling factor of v=-n/2. With increasing doping, the
plasmon peak splits and the splitting gradually reaches its maximum
aroundavalue of the filling factor of v=—-3n/4. Beyond this, the energy
splitting starts to close on further doping, and merges into a single
peak again at afilling factor vof beyond -n..
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Fig.3|Berryflux dependence of CBPsintBLG. a, Power-dependent extinction
spectraof CBPs. Asingle plasmon peak is observed in straight nanoribbons
(theblue curveinthe upper panel). The peak obviously splitsinto spiral
nanoribbons (thered curvesinthe lower panels). The splitting energy increases
withincident power density as marked. The opencircles are measured results,
thelinesare peak fittings. Instrumentspectral resolution was setas 2 cm™ for

The observed doping-dependent mode splitting can be explained
by the influence of electron filling on the Berry curvature of tBLG.
The low-energy band structure of the magic-angle tBLG consists of
four quasi-flat bands. Two of them are spin-degenerate hole sectors.
The four flat bands separately have non-zero Chern number and each
valley has opposite Chern number. When the bands are fully filled or
fully empty (corresponding to afilling factor of v=0,-n/2 or -n,), the
net Chern number is zero and the valley-polarized Berry curvature is
almost vanishing. By contrast, when the bands are halffilled (with filling
factor v=-ny/4 or -3n/4), the net Chern number along with the Berry
curvature are at amaximum?®>*?, Our observed peak splitting nicely
fits this characteristic evolution of the Berry curvature with electron
fillings. Hence, the gating experiments further support the existence
of the Berry plasmon.
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1.2 uW pm2and1cm™ for attenuated light. b, Gating-dependent extinction
spectraof CBPs. Left: extinction mapping of CBPsas afunction ofboth
wavenumber and electrostatic doping. Right: extinction spectraat different
electrostatic dopings, selected along the grey dashed linesin the left panel.
Theopencircles are measured results, the lines are peak fittings. The width of
thenanoribbonarrayis140 nm.

Magnetic-field-free Faraday effectin tBLG
Berry-curvature-induced Faraday-like polarization rotationis another
manifestation of the topological CBP. The conventional Faraday effect
withamagnetic field hasbeen observed in graphene®. The light polari-
zationrotation is determined by

Or~Reloy,/2ceq 1

where c is the light speed and ¢ is the vacuum dielectric constant.
Armed with the anomalous Hall-like conductivity, the CBPs would
also naturally produce a Faraday effect, albeit no magnetic field is
being applied in this case. Here we demonstrate this effect, showing
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Fig.4 |Magnetic-field-free Faraday effect of CBPs. a, Extinction mapping of
CBPsasafunction of both wavenumber and polarization detection angle. The
tBLG spiral nanoribbons are excited by alinearly polarized broad-band light
source. Theincident polarization directionis perpendicular to the long
ribbons of the spiral array and defined as 0°. The blue and white dashed lines
mark the intensity of different plasmon peaks and extinction spectraat
different polarization detection angles. b, Plasmon peak intensity as a function
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ofthe polarization detection angle, selected along the blue dashed linesin a.
The polarization of the mid-energy plasmon aligns with the incident light.
The polarization of the split CBP plasmon peaks (w, and w_) rotate oppositely.
Thesolid lines are fitted curves using a cos?a function (a denotes the angle
betweentheincident polarization and the polarization detection angle).

¢, Fitted peak curves of extinction spectraat different polarization detection
angles, selected along the white dashed linesina.
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Fig.5|Slow plasmon modein tBLG. a, Extinction spectraof tBLG ribbons
onasSio,substrate with different ribbon widths. The spectraare vertically
displaced for clarity. The mid-energy plasmon mode splitsinto three branches
(marked by peaks1,2and3) owingtoitsinteraction withsubstrate SO phonons.
Adispersionless mode (around 3,500 cm™) emerges andisindicated by the
slowmode. b, Plasmon frequency as a function of the wave vector for the
peaksina.FanoandLorentzresonances are obtained for the slow mode and
mid-energy plasmon mode, respectively (right panel, ribbon width120 nm).
Red and blue curves are measured results, dashed lines are fitting curves.

The Fano coupling constant g =-8. ¢, Schematic of the origin of the slow
plasmonmode. Upper left panel: the moiré patternasseenin tBLG. A simplified
model shows the AA-stacked and AB-stacked domains as well as the domain

significant polarization rotation consistent with a magnetic field of
order 10 T. Extended Data Figure 6 describes the experimental setup.
Figure 4a shows the extinction mapping of the chiral plasmon mode
asafunction of both wavenumber and the polarization detection angle.
Although the polarization of the mid-energy mode with negligible o,
does not change, those of the two CBP edge modes w, and w_obviously
rotate. To clearly see this rotation, we summarize the spectral intensity
evolution of the three modes as polar plotsin Fig.4b. The edge modes
w, and w_rotate theinput polarization by about +15° and -15°, respec-
tively. These spectra at different angles are also compared in Fig. 4c.
Itis worth mentioning that this magnetic-field-free Faraday rotation
is quite efficient owing to the plasmonic enhancement. Such alarge
rotationanglein the conventional Faraday effect would require alarge
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boundaryregionsinbetween. The slow plasmon arises from the localized
y-mode plasmon of the isolated AB-stacked disks. Upper right panel: plot of
extinction spectrum of the high-energy plasmonic resonance. Lower right
panel:the calculated dielectric function of AB-stacked graphene indicatesits
metallic nature atapproximately 0.4 eV.Inset: the four lowest non-interacting
ground-state electronic bands of AB-stacked graphene. Aninterlayer
absorptionaround 0.4 eVis marked. Lower left panel: electric field-
enhancementinreal space. The AB-stacked bilayer region is marked by the
dashedcircle. d, Statistics of the measured extinction spectral weights as a
function of the twist angle. Grey dotsin one columnrepresent devices with
differentribbonwidths. The plasmon turns fromacoherent regime (blue)
toanover-dampedregime (red) with increasing twist angle.

magnetic field up of to 7 T (ref. >*). Finally, as shown in Extended Data
Fig.7,the Faraday angles are opposite between the mirrored configu-
rations, which matches our expectation and supports the topological
origins of CBPs.

Slow plasmon mode in tBLG

We proceed to discuss plasmonics in the high-energy spectral range.
Figure 5ashows the extinction spectra of tBLG nanoribbons on the SiO,
substrate with widths ranging from 80 to 240 nm, demonstrating three
peaks in the mid-energy range (<0.2 eV) and a high-energy peak at
around 0.4 eV or 3,500 cm™. The former three peaks (marked as peaks
1,2 and 3 in Fig. 5a) come from the mid-energy interband plasmons
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coupled to the surface phonons of the SiO, substrate?®, whereas the
latter high-energy peak is anew plasmon mode. It exhibits two unique
features. First, its energy-momentum dispersion (see Methods for
details) is nearly flat, as shownin Fig. 5b. We thus called this peak a slow
mode because its group velocity (v, = j—’: = %) approaches zero. Sec-
ond, the peaks of the slow mode present with a strongly asymmetric
Fano lineshape. In comparison, a plasmon commonly shows a
quasi-Lorentzian peak. (More precisely, plasmon peaks approaching
thesurface phonon frequency onaSiO,substrate are slightly Fano-like,
because they are phonon-plasmon hybrid states.) The resonance
energy and asymmetric lineshape indicate that this high-energy slow
mode is due to the so-called y-mode plasmon in AB-stacked bilayer
graphene®. Inparticular, this mode arises from aninterband resonant
absorption approximately 0.4 eV (as illustrated in Fig. 5c, inset). The
y-mode has been predicted to be a Fano oscillator around 3,500 cm™.
The Fano feature is produced by interference between the discrete
interband resonant absorptionand the plasmon oscillation, and agrees
wellwith the measurements®. At the same time, theoretical calculation
oftheloss function (Extended Data Fig. 8) alsoindicate that, atamod-
erate doping level (around 2 x 10 cm), the y-mode is almost disper-
sionless.

We propose alocalized plasmon model to explain the experimental
findings. As shownin Fig. 5c, at small twist angles (<2°), regions of the
tBLG lattice are relaxed into triangular AB-stacked bilayer graphene
domains>*. The calculated dielectric function of the AB graphene and
tBLGindicates that, at this spectral range, the former is metallic whereas
the latter is insulating (Fig. 5¢). Hence, the y-mode plasmon of the AB
domain should be strongly localized. Using the calculated dielectric
constants, we numerically calculated thelocal electric field distribution
inreal space by FDTD calculations. Figure 5c shows the local electric
fieldenhancement around the AB-stacked centre. In addition, the cal-
culated extinction spectra also show a Fano-shaped localized surface
plasmonresonance peaked ataround 3,530 cm™. For larger twist angles,
these AB domains are not formed within the moiré lattice as the ener-
getics of AB lattice relaxation become unfavourable, with the phase
transition predicted to be approximately 6° (ref.>). We examined the
high-energy plasmon in tBLG under different twist angles 8 (6 = 0.8°,
1.9°,2.88°,3.9°,6°,7.3°,21.8°,30°(AB-stacked)). Figure 5d summarizes
the slow plasmon spectral weight as a function of 8. With increasing
twist angle, the reducing AB domain in each moiré superlattice leads
to a damped modal intensity (see Extended Data Fig. 9 for a typical
spectraset of 7.3°, showing a weakened y-mode). The evolution s fully
consistent with our physical picture.

Finally, we should highlight the practical significance of the observed
Berry plasmon and slow plasmon. The CBPs we discussed can be used as
anexperimental probe for optic monitoring of the Berry flux, whichisa
fundamentally useful non-invasive way to study topological materials.
In practice, the demonstrated tuneable CBPs also enable numerous
intriguing nanophotonic devices, such as magnetic-field-free Faraday
rotators and unidirectional waveguide. In addition, the mid-infrared
range contains two ambient transparency windows. Although gra-
phene plasmonic devices have been extensively studied in the 8-12 pm
range®*** light-matter interactionsin the 3-5 pmrange always suffer
from fundamental damping and phonon scattering processes. Our
discovery of the slow plasmon mode should offer anew way to access
plasmonicsin this highly sought after spectral window for newinfrared
devices****°, Moving forward, a microscopic model beyond our phe-
nomenological theory in conjunction with nano-imaging may deepen
currentunderstanding and help to explore other purely intrinsic prop-
erties of tBLG plasmonics.
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Methods

tBLG sample preparation

Samples were prepared by a ‘tear-and-stack’ method* from a large-
area, single-crystalline graphene. Graphene was grown by a CVD
method on copper foil*? and transferred to SiO,/silicon substrates.
Then, a ‘polyvinyl alcohol (PVA) stamp’ stacked with polydimethyl-
siloxane and PVA was prepared on a glass slide. Through a transfer
station, the ‘PVA stamp’ was aligned with the middle of the hexagonal
graphene flake and half of it picked up by heating the PVA at 80 °C.
The remaining part of the graphene on SiO, was rotated by commen-
surable angles and then slowly placed in contact with the partonthe
PVA.The two parts were maintained in close contact for 8 hto flatten
the contactsurface. Thesample was thenreleased onto the substrate
by immersingin water to dissolve the PVA. Finally, the samples were
annealedinargongasfor12 hat350 °C. The as-prepared sample was
characterized by ahomemade micro-Raman spectrometer equipped
witha514 nm laser. As summarized in Fig. 1cinset, the R' peak starts
with an elastic scattering of photon-generated electrons caused by
the periodic moiré potential. The electron momentum is scattered
by g correspondingto the rotation between the top and bottom BZs
duringthis process. Subsequently, the electrons are inelastically scat-
tered back by the phonon and recombine with the holes. An efficient
momentum transfer g, or highly ordered moiré superlattice in real
space, is essential for this Raman emission. The plasmonic resona-
tors were pattern by an electron-beam lithography system (Raith
EBPG5200) and etched in an inductively coupled plasma etching
system (Oxford Instrument).

FTIR measurements

The fabricated nanoribbons were designed to have the same widths
asthe spacingin the vicinity of ribbons, correspondingto afilling fac-
tor of 50%. Each nanoresonator array was 50 x 50 pm?. Broadband
transmission measurements were performed with amicro FTIR spec-
trometer (Bruker VERTEX 80V equipped with a Hyperion microscope).
The electromagnetic responses of the tBLG nanoresonators were dem-
onstrated from the extinction spectral- T,/ Ty, Where T;, and T,
are the transmissions through the ribbon regime and substructure
regime without tBLG, respectively. All the plasmon peaks discussed in
the main Article have also been double-checked by polarized extinction
spectrato precludeinterferences frombackground and chemical con-
tamination. In this method, we first recorded the transmission signal
T, for light perpendicularly polarized with respect to the ribbons or
thelongaxis of the spiral ribbons. Then the signal T, for light parallelly
polarized was also measured. On the basis of the fact that only perpen-
dicularly polarized light is able to efficiently launch a plasmon signal
buttheinterferencesare nearly polarizationindependent for the same
ribbon array, the extinction spectrum1-7,./T,,, largely cancels out
alltheinterference. In extracting the energy-momentum dispersion,
the wave vector of the nanoresonator is calculated as g = /(W) and
the corrected ribbon width as W, = W - W, (W, =30 nm is a modified
constant). Doping-dependent measurements were performed by fab-
ricating electrodes on a chiral nanoribbon array and varying the gate
voltages.

Band structure and random phase approximation calculation
Inthe tBLG system, the electronic band structure can be well described
by an effective continuum model because the moiré period is much
larger than the lattice constant of graphene* *. Here we assume the
following form for the Hamiltonian:

HY=H{+H{ + HS

where {=t1listhevalleyindex. Hg represents the Hamiltonian of pris-
tine tBLG in wave vector (k) space and is given by:

-hugR (gj (k-K{)+({o,, 0,) UHr)
H§=

Ug(r) —huFR(—gj (k-K9)«({o,,0,)

\évhere o, are the Pauli matrices, R(0) presents the rotation by 6,
VF -

ZF -21354eV, a = 2.46 A is the graphene lattice size, and

% -
K,=- %R(J—rg)[é} is the location of graphene's Dirac points. The

interlayer coupling U, is given by:

volu wl,] we €3 oiGrer
Tlu u el 23 u

N u ure|(2n/3 ei((Gl+Gz)-r
u/e*l(2ﬂ/3 u

We assume that the diagonal amplitude u=75meV and the
off-diagonal amplitude u’ = 97.5 meV (ref. *¢). The reciprocal lattice

2n 1
Bl NE)
, where L= a/Zsin(g) is the moiré lattice constant. ris

vectors for the moiré pattern are given by G,= and

4 |1
G,= NEY [o}
the Bloch wave vector in the moiré BZ.

Hf isthemass term that breaks the sublattice symmetryinboth gra-
phene layers, while preserving the inversion symmetry of the twisted
bilayer graphene The effective Hamiltonian model for tBLG does not
accountfor thefiniteregions of relaxed AB domains. We break the inver-
sion symmetry in the continuum model by introducing a mass term:

40, O
7 _| 2%
M { 0 —Aoj

where disthe staggered sublattice potential exerted oneach graphene
layer.
H‘; is the valley polarization term given by:

u,g o
{ _ \
HZ{ 0 (AVI}

where 4, is the valley polarization energy and / is the 2 x 2 identity
matrix.
We next calculate the conductivity of tBLG using the Kubo formula:

- o2 Idzk 5 F(e8 ) —F(e5,) (mkivGInkXnkivmk)
O A A R AL

wherey, z= aH(/aka’ﬂ anda, B € {x,y}. f (-) is the Fermi function and
€, and|nk) denote the eigenenergy and eigenfunction of H. Aninfin-
itesimalincrementinisincluded to ensure convergence. Throughout
this work we assume that T=300K, 6§=1.08", 4=10-40 meV
(ref.*’), A, =10 meV and n = 0.5 meV. With different 4, the calculated
results are only slightly changed and qualitatively similar. A =40 meV
gives the loss function that is best fitted to the measurements. Given
H? for both valleys, we fine tune the chemical potential so that the
carrier concentration in the sampleiis -2 x 10*> cm™.

Thedielectricfunction of tBLG canbe obtained by a current continu-
ity through egpa (g, @) =1+ ﬁ‘wﬂoxx (w), where g, w, £y and € are the
momentum, frequency, permittivity of free space and relative permit-
tivity of SiO,, respectively.

The Berry curvature F of the flat bands for one valley  is given by

FE=VxA

Here A% is the Abelian Berry connection
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A = i(mk19,nk’),

where|nk) denotes the eigenfunction of H°.

FDTD calculation

Numerical simulations were performed using commercial software, FDTD
Solutionsv.8.15 (Lumerical Solutions). In the simulations, the chiral bilayer
graphene nanostructures were modelled as two-dimensional structures
in free space. A normally incident, linearly polarized plane wave in the
wavelength range from10to 20 pumwaslaunched onto the chiral bilayer
graphene nanostructure to simulate a propagating linearly polarized
plane wave interacting with the nanostructure. To simulate the interac-
tion of a propagating left-handed circularly polarized or right-handed
circularly polarized plane wave with the nanostructure, two plane waves
withorthogonallinear polarizations and a phase difference of -1/2 or /2
were launched onto the nanostructure unit. Periodic boundary condi-
tions and perfect matchinglayers were applied atthe boundaries parallel
and perpendicular to the direction of wave propagation, respectively.
Thebilayer graphene was simulated as atwo-dimensional material char-
acterized using surface conductivity by the graphene material modelin
FDTD calculations*®*’, where a scattering rate of 0.001 eV, a chemical
potential of 0.05 eV and atemperature of 300 K were used. The complex
electricand magnetic fields were extracted from the surface of the struc-
ture. The optical chirality is defined as

CD=- % mIE"B],

where ¢, is the permittivity of free space, wis the angular frequency of
light, B represents the conjugation of the complex electric field and
Bdenotesthe complex magnetic field. The optical chirality of circularly
polarizedlight (CPL) in free spaceis obtainedas C.p; =+ %ECPL' where
cand £, arethe speed of lightin free space and the electric field ampli-
tude of CPL, respectively. Therefore, the optical chirality enhancement

€ canbe described as

c cim[E"-B]
|Cepil |Ecp )

C=

It should be noted that it is challenging to obtain the exact field dis-
tributions for the two split CBP edge modes, asinthe FDTD calculation
itisdifficult to take the Berry curvature effect into account. Hence, the
calculation only uses the modelled g, of tBLG, without considering the
o,, (modification of the dielectric properties of the tBLG by the Berry
curvature). Despite this, we believe the calculation largely reflects the
CDasitisnotlarge.

Peak fittings

Tomore clearly distinguish the resonant peaks from background noise,
we fitted the experimental results to different oscillator models. For
conventional graphene plasmons, we used the Lorentz formula
Y=y,+ %m, where y, is the offset of the fitting curve, x. is
the centre point, w is the line width and A denotes the curve area. For
the chiral plasmon mode, peak analysis was undertaken by fitting the

experimental data with a sum of several Lorentz-shaped curyes. For
the slow plasmon mode, we used the Fano formula g = r(ﬁ;:’) ,where
B=2(w-wy)/y denotes the linewidth, g is the critical Fano coupling
constant, risthe corrected parameter and wis the Fano peak position,
to fit the experimental slow plasmon curves in the spectra.

In the fitting process, ordinary least squares was applied to pick an
array of variables by the principle of minimizing the square sum of
differences between the series of points on the fitting curves and the
experimental curves.
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tBLGs. a, Optical photo image of the 2.88°tBLG sample showingin Fig. 1b after defined due to the absence (presence) of R"Raman peak. The non-trivial
nano-ribbon fabrication. b, Extinction spectra of the marked regions A (blue) plasmon mode canbe only observed insamples with R’ peak, indicating the key

B (red) C(green) D (yellow) in (a). c, Raman spectra of the marked regions roles played by ordered moiré superlattice.
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Extended DataFig. 5| Plasmonmodein AB stacked bilayer graphene.
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Thethreebranches of mid-energy plasmon are marked. The dashed lines
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Extended DataFig.9|Plasmonmodein7.3°tBLG. a, Extinction spectra of
tBLG ribbons on SiO, substrate with different ribbon widths. b, Enlarged
extinctionspectraof tBLG ribbonsin the black dashed box. Blue curves are
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