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Observation of interband collective excitations in
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The single-particle and many-body properties of twisted bilayer graphene (TBG) can be dramatically different from those of a
single graphene layer, particularly when the two layers are rotated relative to each other by a small angle (0 = 1°), owing to the
moiré potential induced by the twist. Here we probe the collective excitations of TBG with a spatial resolution of 20 nm, by apply-
ing mid-infrared near-field optical microscopy. We find a propagating plasmon mode in charge-neutral TBG for 0 =1.1-1.7°,
which is different from the intraband plasmon in single-layer graphene. We interpret it as an interband plasmon associated
with the optical transitions between minibands originating from the moiré superlattice. The details of the plasmon disper-
sion are directly related to the motion of electrons in the moiré superlattice and offer an insight into the physical properties
of TBG, such as band nesting between the flat band and remote band, local interlayer coupling, and losses. We find a strongly
reduced interlayer coupling in the regions with AA stacking, pointing at screening due to electron-electron interactions. Optical
nano-imaging of TBG allows the spatial probing of interaction effects at the nanoscale and potentially elucidates the contribu-

tion of collective excitations to many-body ground states.

hen two layers of graphene are superimposed with a

small twist angle 0, they form a triangular moiré lattice

with a lattice constant d that is related to 6 by d=d,/
(2sin(60/2)), where d,~ 0.246 nm is the lattice constant of single-layer
graphene'~. The top view of twisted bilayer graphene (TBG) reveals
regions where the two sheets are locally in the AA-stacking con-
figuration surrounded by regions where stacking is of the more
energetically favoured AB-type or BA-type (Bernal stacking)® con-
figuration. Electrons can tunnel from one layer to the other with
an amplitude that depends on the local alignment between the two
layers'*. The interlayer tunnelling amplitude is, therefore, spatially
modulated with the periodicity of the moiré lattice. Effectively, this
produces a background scalar potential and non-Abelian gauge
field, acting on the graphene Dirac fermions®. These two potentials
(with an amplitude of the order of 100 meV) localize the electronic
states close to the charge neutrality point in regions where the align-
ment between the two layers is an AA-like configuration’"’. In the
band structure picture, these two contributions yield a pair of nar-
row bands close to the charge neutrality point at the magic angle,
which—due to their high density of states—are held responsible
for the observed correlated phenomena’". Switching off the scalar
potential enhances the flatness of the bands, making them perfectly
flat throughout the superlattice Brillouin zone at the magic angle®*.
Several experimental probes have been used to explore the
physics of TBG, including electronic transport’'*?!, quantum
capacitance', scanning tunnelling microscopy'®"” and scanning

magnetometry”, also unveiling similar phenomena in twisted
double bilayer graphene®* and trilayer graphene on hexagonal
boron nitride (hBN) (ref. *°). However, all these techniques are
only sensitive to the static (very low frequency) response of the
system. In systems where electron-electron (e-e) interactions play
a dominant role, experimental techniques that probe the response
to perturbations carrying a finite in-plane wavevector g and angu-
lar frequency w are expected to be rich sources of information.
One of these techniques is scattering-type scanning near-field
optical microscopy (s-SNOM) (refs. ~*'), which enables the mea-
surement of the dispersion relation of collective electronic exci-
tations, such as Dirac plasmons in doped graphene’**, with a
spatial resolution of 20 nm. Here we apply this technique to study
the optical properties of twisted graphene near the magic angle,
with a particular focus on the collective excitations related to
moiré minibands.

Optical properties of TBG

The order of magnitude of energy separation between the nearly flat
bands and the nearest conduction and valence bands is ~100 meV
for @ close to the magic angle. This justifies our interest in the opti-
cal properties and collective excitations*~**, as probed by s-SNOM
(Fig. la-c), in the mid-infrared region of the electromagnetic
spectrum. In this region, photons have energies fw in the range
of 80-200 meV, where £ is the reduced form of PlancK’s constant,
which is comparable to the above-mentioned energy scale. These
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Fig. 1] Collective excitations in TBG. a, lllustration of the s-SNOM experiment: an AFM metallic tip is illuminated by infrared light, which provides sufficient
momentum to launch a collective excitation in TBG. The plasmon can, in turn (for example, by reflection from an edge or interface), scatter into light at

the tip. This scattered light is detected by a photodetector. The curved arrows

indicate the light impinging on the tip (coming from the laser) as well as

the scattered light (going to the detector). b, Image of the near-field amplitude obtained by scanning the AFM tip and recording the photodetector signal.
Propagating collective excitations are visible in certain areas as periodic interference fringes. The illumination photon energy is hw =219 meV and the scale
bar is 500 nm. ¢, AFM image of the marked region in b. d, Square modulus of the wavefunction [(r|k=K,v}|?, plotted in arbitrary units, associated with

one of the flat bands (bottom) and the first excited band (top), evaluated at the K point of the moiré superlattice Brillouin zone. These states are mostly
localized around the regions with local AA stacking (which form a triangular lattice) and are involved in the relevant optical transitions. e, Linecuts of the
wavefunctions along the white arrows in ¢ represented in a harmonic confinement potential® (black dashed line), with the coloured horizontal dashed lines
indicating the energies of the states. An interband transition occurs between the lower-energy state and excited state. A similar transition is happening, for
holes, between the corresponding pair of states, approximately related to the illustrated ones by electron-hole symmetry.

energies are, on the other hand, much larger than the energy separa-
tion between the pair of nearly flat bands, considered in ref. *°.

We can qualitatively understand the optical properties of this
system in the following way. When light impinges on TBG, its
time-periodic electric field shakes electrons around their equilibrium
positions (the AA sites, forming a triangular lattice) or—in the more
rigorous language of band theory—it induces an interband transition
between the ground and excited states at the K point of the super-
lattice Brillouin zone (Fig. 1d,e). If the field carries a finite in-plane
wavevector g (provided by the sharp atomic force microscope (AFM)
tip), the shaking electrons will build up an oscillating charge density
with the same wavevector (plus harmonics due to the exchange of
the reciprocal lattice vectors). This oscillating charge density, in turn,
creates an oscillating electric field that adds to the external field. If q
and w are correctly matched, this induced field can be strong enough
to sustain the oscillation even after the external field has been turned
off. This resonant behaviour gives rise to collective modes that are
called interband plasmons, which have been theoretically predicted
to emerge in TBG*, but were never experimentally studied so
far. At g=0, this collective excitation has the same frequency as the
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bare interband transition. On increasing g, as we show in this work,
it acquires a finite dispersion. Thus, these excitations do propagate
with a finite group velocity, akin to graphene Dirac plasmons®***,
albeit with very different dispersion. Here the dispersion depends on
the degree of band nesting, which is the phenomenon of two bands
being parallel in the energy-wavevector space, and details of the e—e
interaction potential, which is heavily influenced by screening from
nearby dielectrics. We note that a similar collective mode occurs in
topological insulators''' or between the rigorously flat Landau levels
of a two-dimensional (2D) parabolic-band electron gas in a perpen-
dicular magnetic field. In this case, while single electrons oscillate at
the cyclotron frequency 2, e—e interactions induce a collective mode,
known as a bulk magnetoplasmon, which, at a long wavelength, has a
linear dispersion* w(g) =Q.+ sq with group velocity s> 0 reflecting
its propagating character. k; T indicates the thermal energy at T = 300
K, where k; is the Boltzmann constant.

Near-field experiments on TBG
We now turn to a description of our experimental findings. We

fabricate the TBG samples using the tear-and-stack method**.
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Fig. 2 | Controlling the wavelength of interband plasmons. a-f, Images of the near-field amplitude at different excitation energies hw of the area marked in
Fig. 1b; he > hQ,,, (a-d), while ho <hQ,,, (e and f). Solid and dashed arrows in d indicate the line traces associated with the data in g and Fig. 3a, and the
scale bar is 500 nm. g, Line traces along the solid blue arrow in d, visualizing the strong dependence of plasmon wavelength on the excitation energy. Lines

are vertically separated for clarity.

These are encapsulated in hBN, and placed on a metal gate (see
Supplementary Note 1 for details). The twist angle 6 is determined
from cryogenic transport measurements* (Supplementary Note 2).
We then perform s-SNOM measurements with mid-infrared light
(free-space wavelength 4, in the range of 5—11pm) in ambient
conditions at T=300K. We generate a nanoscale light hotspot by
focussing a laser beam on the apex of a sharp (apex radius, ~25nm)
metallic AFM tip (Fig. 1a). This hotspot interacts with the charge
carriers and produces collective excitations that are reflected by
interfaces, return to the tip and finally are converted into a scattered
field, which is measured by a photodetector. By scanning the tip
position, we simultaneously acquire a spatial map of the backscat-
tered light intensity S, and AFM topography. Noise and far-field
contributions to the optical signal are strongly reduced by locking
to the third harmonic of the tapping frequency of the tip. The spatial
resolution of the obtained images is limited only by the tip radius*
(Supplementary Note 3).

Figure 1b shows a typical near-field image of TBG with no gate
voltage applied (at zero applied voltage, the TBG is close to charge
neutrality; Supplementary Notes 1 and 2) and an average twist angle
of §=1.35° obtained from the transport measurements. Figure 1c
shows the AFM image recorded at the same time. In the near-field
image, for an excitation energy =219 meV, two types or region
can be distinguished. Regions with a rather spatially constant
response S, (yellow) and regions where S, shows clear, spatially
varying and periodic features. This contrasts with a near-field map

164

taken at a lower energy of iw =146 meV, in which the periodic fea-
tures are absent (Fig. 2e). As reported, scanning superconducting
quantum interference device measurements on similar samples
have shown” that some regions can exhibit magic-angle behav-
iour while some other regions do not (for example, due to lattice
relaxation into an angle far from the magic angle). In this work,
we focus on the regions with varying and periodic features of this
device. Supplementary Notes 1 and 4 provide results from 14 other
devices with 6=1.1-1.7° and a discussion on the correlation of
these regions with tiny topographic features.

In the regions of interest, S,, displays an oscillatory spatial
behaviour. The latter has a characteristic period of ~80nm in all
of the regions of interest (with a +10nm spread), about one order
of magnitude larger than d. We attribute this oscillatory behaviour
to the excitation of a propagating collective electronic mode. The
fact that we observe these interference patterns in ungated TBG is
in stark contrast with the intraband collective electronic excitations
(Dirac plasmons) of single-layer and bilayer graphene, where high
doping levels (above 10" cm™2) are required to propagate at the fre-
quencies considered by us (Aw ~ 200 meV) (refs. 2°%).

To obtain a deeper insight into the nature of the collective exci-
tations, we probe their frequency dependence by repeating the
near-field measurements at different excitation energies, changing
Ay=2mc/w, where c is the speed of light. Figure 2a—e shows a dra-
matic change in the interference pattern for small variations in A,
while the boundaries of the areas where the sample is optically active
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Fig. 3 | Extracting the optical conductivity from the plasmon dispersion. a, Near-field amplitude (along the dashed red arrow in Fig. 2d) for a range of
excitation energies. To highlight the plasmonic modes, we normalize each line to the average near-field amplitude within the reflecting interfaces. The
white gaps are gaps in the spectrum of the excitation laser. b, Dispersion relation g,(w) determined from fitting individual line traces in a to a sinusoidal
function (red points). The blue points are obtained in a similar way but from a slightly different location (solid blue arrow in Fig. 2d). We extract the
plasmon group velocity (black dashed/dotted lines) from a linear fit on the blue data points. The horizontal dashed line marks the threshold of the
Reststrahlen band of hBN. The colour plot represents the loss function, calculated from the chirally symmetric continuum model“°. ¢, Extracted values of
the optical conductivity with the same colour coding as in b. Dots represent experimental data, dashed lines are Drude fits, while solid lines are fits with

resonant profiles.

remain at a fixed position. These data show the dispersive charac-
ter of the propagating collective excitations that move in Fabry-
Pérot-like cavities, due to reflecting interfaces*>*. At the same time,
the scan shown in Fig. 2f for fiw =170 meV is free of any features. As
he coincides with the lower edge of the Reststrahlen band of hBN,
the near-field signal is dominated by the top hBN layer. Thus, we
conclude that the observed features in Fig. 2a—e originate from the
TBG itself. If any contamination was present on top of the sample,
or if the hBN would exhibit thickness variations, the 170 meV scan
would not show such a uniform response as observed.

More quantitatively, we extract one-dimensional cuts of the mea-
sured S, along two specific lines (arrows in Fig. 2d). The result-
ing one-dimensional profiles are shown in Fig. 2g as lines for a few
representative photon energies, while a colour map as a function of
the tip position and frequency is reported in Fig. 3a (Supplementary
Note 5 provides data for other line traces taken in the near-field
image). The oscillating signal is well fitted by the following expres-
sion, representing a tip-launched, tip-detected wave reflected at
an interface: S,(x) =Re[Ax~"?¢**] + Bx. Here x is the tip position
along the line cut, as measured from the interface; A and q are com-
plex fit parameters; and B represents a linear background®. Note
the factor of two in the exponential function that appears because
the collective excitation makes a full round trip between the tip and
reflecting interface. Our fitting procedure yields quantitative results
for the real part g, of the plasmon wavevector g, while the imaginary
part g, is substantially smaller (Supplementary Note 5 provides fur-
ther details).

From the extracted values of g,(@), we can construct a dispersion
curve for the collective excitation, as shown in Fig. 3b. For ener-
gies above 200 meV, the dispersion is approximately linear with a
group velocity s~0.9-1.3X10°ms™ (dashed and dotted lines in
Fig. 3b), and crosses the g, =0 point for #22,,,~ 190 meV. For lower
energies, the typical discretization pattern of a finite-size cavity
appears (that is, where the distance between the reflecting interfaces
is comparable to the plasmon wavelength 2r/q,). Remarkably, the
group velocity is larger than theoretically anticipated. For example,
in ref. 7, flat plasmonic bands were predicted, as discussed below.
As we will see, this points to a larger spectral weight in the optical
transitions. Clearly, the observed nearly linear dispersion, initiat-
ing from a finite energy A€, for q,=0, is very different from the
typical Dirac plasmon dispersion of doped single-layer and bilayer
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graphene (Supplementary Note 6 provides more detailed compari-
sons). Instead, the observed linear dispersion further resembles the
one of a bulk magnetoplasmon™: w(q) = 2., + 54,

Finally, we measured the carrier-density dependence of the dis-
persion of the collective excitation on one of our devices by applying
a voltage bias between the TBG and metallic gate (Supplementary
Note 7 provides the measurement details and experimental results).
The experimental data show no noticeable change in the collec-
tive excitation wavelength inside the range of electronic densities
considered. This strengthens the interpretation in terms of collec-
tive modes originating from an interband transition, as those are
much less affected by the carrier density than intraband plasmons
(Supplementary Note 6).

Extraction of optical conductivity
To relate our observations to electronic bands in the moiré superlat-
tice, we extract the value of optical conductivity o(w) for the opti-
cally active regions. In the local approximation® (that is, where the
optical conductivity is taken to be independent of g and contribu-
tions from reciprocal lattice vectors G #0 are neglected), the longi-
tudinal dielectric function® is given by e(q,w)=1+ig’V, ,0(w)/w,
where Vg, = 2nF(q, w)/[é(w)q] is the 2D Fourier transform of the
Coulomb potential™, the permittivity €(w) = /€| (») e L (») takes
care of the optical response at frequency w of the hBN crystal slabs®’
surrounding the TBG sample, and F(g,w) is a form factor that takes
into account the finite thickness of the hBN slabs (Supplementary
Note 8). Finite-thickness effects are important close to the upper
edge of the Reststrahlen band of hBN, where the in-plane permit-
tivity €| (@) vanishes and the out-of-plane decay length of the mode
diverges. Neglecting the finite thickness of hBN leads to a wrong
dispersion relation, yielding a collective mode that does not enter
the upper Reststrahlen band (Fig. 3b). Collective modes can be
found by solving &(g,w)=0 (ref. *°), or by looking at the peaks of
the loss function L(q,w)=-Im(e(q,w)™"). From the measured col-
lective excitation dispersion, we can find the imaginary part o,(®)
of the local conductivity, using the expression o(w) = iw/(4°V,,,) and
neglecting the imaginary part of q (Supplementary Note 8 shows
that we can safely do this without changing the results). The results
are shown in Fig. 3c.

The simplest possible fitting function of the Drude form
0,(w) = GyW,/(hw), where G,=2¢?/h is the conductance quantum in
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Fig. 4 | Electronic band structure and optical conductivity of TBG for § =1.35°. a, Electronic band structure ¢, of TBG with #=1.35° along the KTMK
contour of the superlattice Brillouin zone from ab initio k-p perturbation theory>2. The most relevant bands are v=-2 (orange), v=—1 (blue), v =1 (green)
and v=2 (red). The corresponding wavefunctions at the K point for v=—1and v=2 are shown in Fig. 1d. The solid (dashed) lines represent the bands in
the valley close to the K (K") point of the original graphene layers. The panel on the right shows the density of states with the colour shading representing
the band occupation at room temperature, where the green dashed line represents the density of states of single-layer graphene. The vertical arrows
highlight the most relevant interband optical transitions. b, Calculated real part of the optical conductivity (black thick line) using the Kubo formula and
the band structure in a. Orange (blue) shading represents the contribution to the total optical conductivity of the pair of bands withv=-2,v'=1(w=-1,
V' =2), corresponding to the transition marked by an orange (blue) arrow in a. The dashed line is the Lorentzian fit to the most relevant interband feature
and is used to extract the resonance parameters. The inset shows the imaginary part of the optical conductivity (normalized to G,), together with the
experimental data from Fig. 3c. ¢,d, Same data as in a and b but with the band structure of the chirally symmetric continuum model®°.

terms of the elementary charge e and Planck’s constant i, and W isa
fitting parameter with dimensions of energy, yields W~ 1,100 meV
(that would correspond—for two uncoupled single-layer gra-
phene sheets—to Fermi energy e.~550meV in each layer) and a
very poor fit. This confirms that our data are not consistent with
a regular intraband graphene Dirac plasmon. A much better fit is
obtained by using the following resonant form: o,(w)=G,W, i/
(P’ —Q,,7), where W, and Q. are fitting parameters. We find
hQ,.,~180meV and a spectral weight W, ~300meV for both pre-
sented datasets. Supplementary Note 9 further discusses the influ-
ence of a Drude response in this analysis.

Theory of interband transitions in TBG

We now seek a theoretical justification for the resonant lineshape
extracted from the experimental data and for the values we have
found for £2,,, and W,,,. At the level of random phase approximation
for the dynamical dielectric function®, the unknown quantity o(w)
is approximated by using its value for the non-interacting 2D elec-
tron system in TBG. The latter can be exactly calculated by employ-
ing the Kubo formula®, once the eigenstates |k,v) and bands ¢, of
the single-particle problem are given. Here k represents the elec-
tronic wavevector. The quantities |k,v) and ¢, can be found from a
band structure calculation for TBG at a given 6. Here we have used
the results obtained from ab initio k-p perturbation theory*’, which
accurately accounts for the effects of intrinsic atomic relaxation in
pristine samples. The resulting bands €, , are shown in Fig. 4a. We
clearly see that band nesting occurs near the K point of the super-
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lattice Brillouin zone, where two (relatively flat) bands—say v and
V', connected by vertical lines with arrows in Fig. 4a—are such that
Vik€ky =~ Vieék, in a range of values of k. In other words, the bands
are parallel to each other for a wide range of k. The joint density of
states for these pairs of bands is large at the transition frequency
and the resultant optical absorption spectrum o,(w)=Re[c(w)]
has a peak at a nearby frequency £, as shown in Fig. 4b. At the
charge neutrality point, §=1.35° and T=300K (used for all cal-
culations in this work), we find A0, ~ 115meV and an associated
spectral weight Wy, = 2k [ peakdwm (w) /(mGo)~ 62 meV. Because
of causality, 6,(®) and o,(w) are related by a Kramers-Kronig trans-
form®. The resonant lineshape introduced above for o,(w) yields
o\(0) =nG,W,, [8(hw — hQ2,.,) + 8(hw + h€2,,,)]/2. This implies that
our simple resonant fitting formula for o,(w) represents the peak
seen in the microscopically calculated o,(w) at 2, (Fig. 4b) with a
delta peak at £, with spectral weight W,

While ©,, is in a reasonable agreement with £2,, there is consid-
erable disagreement between the spectral weight since W, <W,,,.
The sources of this spectral weight mismatch can be multiple. To
gain an understanding, we resort to a more flexible continuum
band structure model™. This contains two parameters, namely, u,
and u,, denoting the interlayer coupling in the AA regions and AB
and BA regions, respectively. Results based on such a continuum
model with the choice u,=79.7meV and u,=97.5meV (ref. *°)
present only minor quantitative differences with respect to those of
the ab initio k-p perturbation theory (Fig. 4b and Supplementary
Note 10). Also, calculations in ref. ¥’ give qualitatively similar
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results. The same continuum model with #,=0 and u, #0, which is
endowed with unitary particle-hole symmetry, has been introduced
in ref. ** as an idealization of reality.

Intriguingly, we find that the conductivity calculated from this
chirally symmetric continuum model (CS-CM) (ref. ), for u,=0
and u;=97.5meV, displays a much better agreement with our
experimental data. The bands ¢, , of the CS-CM are shown in Fig. 4c,
while the optical absorption spectrum is reported in Fig. 4d. Also
here, o, displays a resonant profile, but the resonant energy is
h€, ~199meV and the spectral weight is W, ~162meV, in much
better agreement with our experimental results. The loss function
calculated from this CS-CM is shown in Fig. 3b and overlaps very
well with the superimposed experimental data. This suggests that
the optical spectral weight is strongly enhanced in the optically
active regions, and this enhancement can be explained by an effec-
tive suppression of the AA interlayer coupling in the same regions.

Motivated by this finding, we perform a systematic scan of the
AA tunnelling amplitude in a range going from u,=0meV—cor-
responding to the CS-CM—to u,=79.7meV, which is the value
given in ref. *°. For each value of u,, we calculate the band structure,
extract the optical conductivity and fit it with a resonant profile to
extract the parameters 1Q,, and W,,. The results are shown in Fig. 5.
The resonant frequency increases monotonically with decreasing
u, and crosses the experimentally measured value at u,~40meV.
Instead, the spectral weight has a non-monotonic behaviour but
gets closest to the experimental data approximately in the range of
20 < u, <40 meV. We performed the same procedure on the ab ini-
tio k-p perturbation theory model by scaling the parameters cor-
responding to AA tunnelling. The results are qualitatively similar,
apart from a rigid shift, as shown in Fig. 5. The rigid shift is primar-
ily caused by a small difference between the effective AB coupling u,
of the models. This can also be viewed as a tunable parameter of the
theory and controls the location of the magic angle. An extensive
theoretical discussion of the collective modes in TBG as a function
of the band structure parameters can be found in ref. *.

Therefore, our experiments suggest that, in particular regions
of the sample, the AA tunnelling amplitude is substantially
reduced with respect to the AB tunnelling amplitude but still has
a non-vanishing value. This finding is compatible with the results
of refs. %% that reported on the gap size between the flat bands
and the first excited band at the I" point of the superlattice Brillouin
zone. This quantity provides a direct measure of the difference
u, — u, and was found to be in the range of 30—60 meV. The appar-
ent suppression of tunnelling in the AA regions compared with the
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one in the AB and BA regions (that is, the fact that u, < u,) can stem
from e-e interactions or extrinsic effects. It is known®” that u, is
responsible for a (non-Abelian) gauge field acting on the electron
system, while u, induces a scalar potential. Electron-electron inter-
actions act between density fluctuations and therefore between lon-
gitudinal current fluctuations because of the continuity equation.
Screening due to e-e interactions will therefore tend to suppress the
longitudinal field due to u,, while having a smaller impact on the
transverse gauge field due to u,.

Extrinsic factors can also alter, locally, the value of u,. We sus-
pect that these include the way the samples are prepared, the AFM
brooming procedure (Supplementary Note 4) and possibly hBN
encapsulation. It frequently happens that samples prepared in dif-
ferent laboratories display some macroscopic differences in their
physical characteristics such as the twist angle?, electrical trans-
port’'>"“! and spectroscopic features'*-".

Before concluding, one may also hypothesize that our samples
present a highly inhomogeneous strain distribution with patches
where the associated pseudo-magnetic field By, pointing in the
out-of-plane direction, is finite and nearly uniform® and regions
where B;=0. A resonant conductivity profile, as observed in exper-
iments, would naturally arise in this case at the frequency of the
pseudo-cyclotron resonance. We analyse this potential explanation
of our observations in Supplementary Note 11 and conclude that it
is unlikely since it would require an unreasonably large amount of
strain to match the observed resonant frequency.

Outlook

In summary, we have observed propagating interband collec-
tive excitations in TBG in the mid-infrared spectral region, with
larger-than-expected group velocity and thus a larger spectral
weight of the infrared optical transitions. The usefulness of models
with reduced AA tunnel coupling’>*>* in interpreting our experi-
mental data could point to the enhanced role of e-e interactions. We
expect that our work will encourage further theoretical and experi-
mental studies to assess the intrinsic (that is, e—e interactions) and
extrinsic factors that can effectively renormalize the band structure
parameters and the reasons for the observed sample inhomogeneity.
Future low-temperature studies can moreover elucidate the role of
electronic correlations in the upper bands and the contribution of
collective excitations to many-body ground states™, while terahertz
near-field imaging can offer a local probe of the electronic phase
transitions*. Finally, propagating plasmons with strong wavelength
suppression, and without the need for additional doping, are of high
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use for strong light-matter interactions®’, quantum plasmonics* or
the creation of metamaterials and nano-photonic devices.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41567-021-01327-8.
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