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Interband plasmon polaritons in magnetized
charge-neutral graphene

T. M. Slipchenko 1284 ) _ M. Poumirol®4, A. B. Kuzmenko® 3% A. Yu. Nikitin® >© & L. Martin-Moreno® 2%

Studying the collective excitations in charge neutral graphene (CNG) has recently attracted a
great interest because of unusual mechanisms of the charge carrier dynamics. The latter can
play a crucial role for formation of recently observed in twisted bilayer CNG graphene
plasmon polaritons (GPPs) associated with the interband transitions between the flat elec-
tronic bands. Besides, GPPs in CNG can be a tool providing insights into various quantum
phenomena in CNG via optical experiments. However, the properties of interband GPPs in
CNG are not known, even in the simplest configurations. Here, we show that magnetically-
biased single-layer CNG can support interband GPPs of both transverse magnetic and
transverse electric polarizations (particularly, at zero temperature). GPPs exist inside the
absorption bands originating from the electronic transitions between Landau levels and are
tunable by the magnetic field. We place our study into the context of potential near-field and
far-field optical experiments.
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fields coupled to oscillating Dirac charge carriers in gra-

phene—exhibit nanoscale field confinement allowing for
an active control of their wavelength via gating, and are thus
highly interesting for nanophotonics and optoelectronics!. To
support GPPs, graphene needs to host a sufficient amount of free
charge carriers, which can be achieved by doping (chemical or via
gating)?3, thermal fluctuations*> or optical pumping®. In doped
graphene, currently considered as a standard platform for
exploring GPPs, the energies of GPPs (and thus frequencies at
which they can be excited) are limited by the Fermi energy, Eg,
which can reach a few tenths of an electronvolt. There is a strong
desire to extend GPP spectral range exploiting additional ways to
tune GPPs at higher energies’. One way to tune GPPs in doped
graphene is to apply a static magnetic field, resulting in so called
graphene magnetoplasmons®-10. However, the performance of
the magnetoplasmons in doped graphene is still limited by the
high electron scattering rates and the need of high magnetic fields
(typically, several Tesla).

Recently, it has been realized that in certain conditions charge
neutral graphene (CNG) could become an alternative to doped
graphene for GPP applications, since CNG possesses specific
optical properties. For instance, being exposed to reasonably low
magnetic fields, CNG manifests the colossal magneto-optical
activity in the mid-infrared and terahertz frequency ranges!l.
Besides, as reported in!2, CNG shows the giant intrinsic photo-
response due to the small electron-electron scattering rates.
Interestingly, collective effects in twisted bilayer CNG can enable
the formation of GPP associated with the interband
transitions!3-14 between the flat electronic bands that appear at
the magic angle. Intriguingly, these interband GPP can be closely
related with the superconducting states appearing in periodically
strained single-layer CNG!®> and magic angle twisted bilayer
graphene!®-18. Up to now, although having a high interest for
superconducting states formation and increasing of operational
frequencies for graphene-based plasmonic devices, GPPs in CNG
have been barely explored.

Here, motivated by the recent experimental data!l, we show
that a single-layer CNG biased by external static magnetic field,
or, simply, magnetized CNG (MCNG), can support interband
GPPs of both transverse magnetic (TM) and transverse electric
(TE) polarizations in both infrared and terahertz (THz) frequency
range. To the best of our knowledge, GPPs in MCNG are the
unique case of low-frequency interband plasmons. Importantly,
their wavelength and energy can be controlled by an external
magnetic field, while their figure of merit (the ratio between GPP
propagation length and GPP wavelength) and lifetime are com-
parable with those of the low-loss phonon/exciton polaritons
recently discovered in van der Waals (vdW) crystal slabs!%20.
Besides, the interband TE GPPs have two orders of magnitude
larger confinement of the electromagnetic fields than TE intra-
band GPPs21-23. A much better confinement of the fields in the
interband TE GPPs favors their excitation via Bragg resonances in
a graphene grating, as we demonstrate in our calculations. On the
other hand, we show that TM GPPs can be very efficiently excited
either via Fabry-Perot resonances in an array of graphene ribbons
(in the far-field experiments) or by means of near-field micro-
scopy (in the near-filed experiments).

G raphene plasmon polaritons (GPPs)—electromagnetic

Results and discussion

The origin of interband GPPs in MCNG and their properties.
Recall that conventional GPPs in doped graphene arise from
intraband electronic transitions (ones between two states within
the same band, either the conduction band or valence band, see
Fig. 1a), and can be described within the classical Drude model of

the conductivity?4-28. From this point of view conventional GPPs
are similar to the well-known surface plasmon polaritons in noble
metals. In contrast, in MCNG intraband transitions are Pauli-
blocked, e.g., being not possible, but interband transitions are
allowed both between Landau levels (LLs) of opposite sign and
the ones involving the zero-th LL (see Fig. 1d). At that, levels with
negative sign belong to the valence band, the levels with positive
sign belong to the conduction band, and the zeroth level belongs
to both of them.

Even in the undoped system, electrons in the LL can couple to
the time-periodic electromagnetic field and build up an oscillating
charge density characteristic of a GPP (note that similar collective
oscillations occur in doped graphene in magnetic field!?). Thus,
interband GPPs in MCNG result from Landau Level quantization
and, contrary to conventional intraband GPPs, have no classical
counterpart.

The properties of GPPs in MCNG (their wavelength, lifetime,
etc.) are fully determined by the magneto-optical conductivity of
MCNG, ¢. Although in general ¢ of a magnetized graphene is a
tensor, in case of MCNG at zero temperature, ¢ diagonalizes so
that, o, = 0,, = 0. This happens due to the symmetry of the LL
transitions —n — n — 1 and —n + 1 — #n (n is number of LL)
which contribute equally but with opposite sign to the non-
diagonal conductivity!!. Thus, similarly to non-magnetized
doped graphene the magneto-optical conductivity of MCNG at
zero temperature is characterized by a scalar ¢ which can be
calculated within the linear-response approximation2?.

Throughout the paper we consider CNG and neglect any
possible deviations from the charge neutrality point, (which could
be caused, for example, by the presence of the electron-hole
puddles in the graphene sample3?). However, as we show in
Supplementary Note 1 (Supplementary Fig. 1), interband GPPs
can exist even in doped graphene, provided that the doping is low
enough to avoid Pauli blocking of the LL transitions. Specifically,
the Fermi energy, Ep, has to be smaller than one half of the LL

transition energy, E (v/[n — 1] + +/[n[), where E(B) = \/2ehv?B
is cyclotron energy, vi is Fermi velocity and B is the magnetic
field. For example, even assuming Ep=EJ/2 =24 meV (the
concentration of the charge carriers of 3.1 x 1010 cm~2), Supple-
mentary Fig. 1 shows that, at B= 1.3 T, the dispersion relation of
TM GPP in doped graphene remains virtually undistinguishable
from that in MCNG. TE GPPs are more sensitive to doping.
However, rising the doping up to 3.1 x 1010 cm~2 their dispersion
relation at 11.3 THz shifts only by Ak/k,; = 0.007, where k,; is
wavevector of GPP in MCNG. For simplicity, we restrict our
analysis of the GPPs dispersion relation to the case of a free
standing MCNG. Nevertheless, later on, in order to mimic
realistic near-field and far-field experiments, we consider MCNG
encapsulated between thin hBN slabs. Encapsulated graphene
samples are commonly used in the optical experiments, as they
show record-high mobilities of charge-carriers, and thus the
highest GPPs lifetimes!. In addition, through the whole paper we
will limit ourselves to CNG at zero temperature, T'= 0°K. It is
worth noticing that (as we show in Supplementary Fig. 2 in
Supplementary Note 1) the dispersion relation of TM GPPs in
MCNG undergoes negligible changes with an increase of
temperature up to 100 °K. Even at room temperature (T = 300°
K) the dispersion relation of TM GPPs only shows a slight
frequency shift of the order of 0.5 THz, with an otherwise
unaltered shape of the dispersion curve. TE GPPs are more
sensitive to temperature (at T=300°K, B=1.3 T and frequency
11.24 THz the dispersion relation shifts by % ~ 0.01), but they
are still observable at T=300°K. For definiteness and unless

explicitly stated, in all calculations we will consider a relaxation
time of charge carriers 7=1 ps. Note that this relaxation time
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Fig. 1 Dispersion relation of GPPs in both doped non-magnetized graphene and magnetized charge neutral graphene (CNG). a Schematics for
propagating graphehe plasmon-polaritons (GPP) and optical transitions between the valence band and the conduction band in the doped non-magnetized
graphene. The electron filling is shown by the dark gray color. b Real and imaginary parts of the normalized conductivity of doped non-magnetized
graphene (shown in units of the fine structure constant ag =1/137) as a function of frequency, v. The frequency bands where Im[a] >0 and Im[a] <O are
highlighted by white and blue horizontal stripes, respectively. ¢ Dispersion relations for GPPs in doped non-magnetized graphene calculated at zero
temperature, T, at Fermi energy Er= 0.1 eV and relaxation time =1 ps. d Schematics for propagating GPP and schematics of optical transitions between
the valence band and the conduction band in magnetized CNG. The electron filling is shown by the dark gray color. Landau levels are shown by blue and red
lines in the Dirac cones. e Real and imaginary parts of the normalized conductivity of magnetized CNG as a function of frequency, v. The frequency bands
where Im[a] >0 and Im[a] <O are highlighted by white and blue horizontal stripes, respectively. f Dispersion relations for GPPs in magnetized CNG

calculated at T=0°K, =1 ps and applied magnetic field B=13 T.

depends on the joint density of states of LLs and is thus not
directly related to the one for direct current transport. The value
of 7 used in the paper provides absorption spectra linewidths
comparable to those reported in measurements in hBN-
encapsulated MCNG!!. Other values used in the paper are:
Fermi velocity vp=1.15x 10° ms~! and external magnetic field
B=13T (E.=48 meV) (reachable with neodymium magnets).

In Fig. 1b and le we show the real and imaginary parts of the
dimensionless conductivity, @ = 270/c, as a function of frequency,
v, for non-magnetized doped graphene (with Er=0.1eV taken
for reference) and MCNG, respectively. Both Re(«) and Im(«) of
MCNG behave in a markedly different manner compared to
those of the non-magnetized doped graphene. Namely, in MCNG
Re(a) has a series of pronounced peaks. These peaks correspond
to the interband LL transitions, |n — 1| — |n| and |n| — |n—1|,
occurring at the discrete frequencies v, = E_(v/[n — 1] + /[n[) /h
and mark the GPP bands.

The polarization of the GPP mode in each of the bands is
determined by the sign of Im(«). Indeed, when the graphene
conductivity is a scalar, the dispersion relation of TM GPP
reads?6-32: 1/g,+a=0, correspondingly, where

4, =+/1— qﬁland qp = kyi/kpare the dimensionless out-of-

plane and in-plane GPP wavevector components, respectively,
with ko = 27v/c being the wavenumber in vacuum. For TE GPPs
the dispersion relation satisfies g, + « = 0. The condition that the
plasmon fields must decay away from the graphene layers imply
that TE plasmons only exist for negative Im(a), while the
existence of TM plasmons require Im(a) >0. In MCNG, Im(«)

changes its sign from negative to positive at frequencies v,,. On

o 2
the other hand, at the frequencies 7, ~ \/ (Vo = Vns1) Vi1V

(which are in-between of v, and v,,;) Im[a] changes its sign
from positive to negative. Therefore, TM GPPs exist in the
frequency intervals v, < v < 7, (shown by white regions in Fig. 1b,
e). Oppositely, in the frequency intervals 0 < v< v, and 7, <v<uv,,
(shown by blue areas in Fig. 1b, e) Im[«] <0, so that TE GPPs can
be supported.

In Fig. 1c, f we illustrate the dispersion curves for the GPPs in
non-magnetized doped graphene (with Er= 0.1 ¢V) and MCNG,
respectively. In each case, the dispersion of TM (TE) GPPs is
shown by the blue (red) curves. We see that GPPs in MCNG and
in non-magnetized doped graphene behave very differently.
Namely, while in the non-magnetized doped graphene both TM
and TE intraband GPPs exist in two continuous frequency
intervals, in case of MCNG, the dispersion of the interband GPPs
is split into a set of narrow frequency bands with the energy band
width hAv ~ E, for the first TM and TE bands. The band widths
increase with the magnetic field and decrease with band index, n.

At the high-frequency border of the GPPs frequency bands, the
dispersion curves of both TM and TE modes present a back-
bending toward g, = k,;/k, = 0, taking place due to the losses in
graphene (given by Re(«)). Although the losses in MCNG inevitably
limit the propagation of the GPPs, their figure of merit—defined as
the ratio between GPP propagation length, L,, and the GPP
wavelength, A, FOM = L, /1, —can be comparably large.

Indeed, in case of TM &PP in MCNG, for small values of a, we

can approximate A, = AIm(a) and L, = ;:12(;5) so that FOM =
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Fig. 2 Dependence of the properties of transverse magnetic graphene plasmon-polaritons (TM GPPs) in charge neutral graphene (CNG) on magnetic
field, B. a Electric field snapshot for the TM GPP in magnetized CNG, at B=1.3 T. b Propagation length and wavelength of the TM GPP in magnetized CNG
as a function of the magnetic field. ¢ Dispersion relation for TM GPP in magnetized CNG calculated for different magnetic fields. d Real part of the z-

component of the electric field, calculated for both B=1.3 T and B=1T (with wavelengths 4,; = 4.3 pm and 4,, = 0.97 pm, respectively). In all panels the

frequency v =12 THz (1o =25 pm).

Im(a)/2nRe(a). The condition Im(«) 3> Re(w), providing high
FOM, is fulfilled at the frequencies in the middle of each TM
band. Inside each band FOM grows proportionally to both the
relaxation time and the magnetic field as o (Dn(B) - l/n(B)) T,

where both #,(B) and v,(B) are proportional to +/B. For the
realistic parameters considered in Fig. 1f, the FOM of TM GPP in
the first frequency band reaches ~3.5 (see Supplementary Fig. 4a
in Supplementary Note 2). Thus, FOMs of TM GPPs in MCNG
can be of the same order of magnitude as FOM of phonon
polariton in h-BN33. This result is not intuitive since GPPs
present completely different loss channels compared to phonon
polaritons (electron-electron and electron-phonon scattering
versus phonon phonon scattering, respectively), but it may be
very useful as, in contrary to the case of phonon polaritons, GPPs
in MCNG are tunable.

To better illustrate the strong confinement of TM GPPs in
MCNG in Fig. 2a we show the spatial distribution of the vertical
electric field generated by a vertical electrical dipole positioned at
z=60nm above the graphene, assuming the applied magnetic
field of 1.3 T, and v=12 THz (Ag =25 um). The fringes of the
opposite polarities propagating away from the dipole region
clearly indicate the polaritonic wavelength (A, = 4.3 um) being
much smaller than the free-space wavelength, 1y =25um,
indicated by the horizontal black arrow (the corresponding
frequency, v =12 THz, is marked by the black point in the red
dispersion curve and by the horizontal dashed line in Fig. 2c).

The properties of TM GPP in MCNGs strongly depend on the
applied magnetic field. In Fig. 2d we plot the real part of the z-
component of electric field of TM GPP, excited by the dipole, as a
function of the distance along graphene, x, at two different values
of the magnetic field: B=1.3 T and B=1 T. These field profiles
illustrate that TM GPP wavelength increases with B (A, is almost
five times larger for B=1.3 T than for B=1 T), the latter
tendency of A,(B) being further confirmed by the red curve in
Fig. 2b. The explicit dependence A,(B) can be estimated from the
dispersion relation, shown in Fig. 2c¢ for several values of the
magnetic field within the first band. Away from the band-
bending, the GPP wavelength can be written as (see Supplemen-
tary Note 3)

" g ) W

2
with W, = % hff/
universal optical conductivity, thus non-linearly scaling with B.
Apart from the importance of FOM for applications requiring
propagating polaritons, it can be also important that polaritons
have large lifetimes. The latter can be calculated as 7, = L,/

where v, is the group velocity, given by v,, = 2ndv/dk,,

being the spectral weight!! and ¢,,; = ¢ the

Vers
. From

Eq. (1) we can obtain v, ~ W,/ /W, k, + n*v;. Thus, at a

frequency 12 THz and for a magnetic field B=1.3 T, for which
Ly =2um (see Fig. 2¢), ky=1.5um~! (see Fig. 2d), and v,, =
10° m/s, we can estimate T;, ~ 2 ps. This value is comparable with
that of long-lived phonon/exciton polaritons in vdW crystal slabs
and 2D layered materials!920:33,

In strong contrast to the TM modes, the TE GPP in MCNG are
far less confined, as shown by the magnetic field snapshot in
Fig. 3a (where we use a vertical magnetic dipole source positioned
at z=>5 um above the graphene at the frequency of v=11.2 THz).
The excitation of TE GPP in MCNG is confirmed by the
diffraction shadow* seen in Fig. 3a. It appears because of the
destructive interference of the excited TE GPP in MCNG and
the dipole radiation. This is due to the comparable wavelengths of
free-scape radiation and TE GPPs. At a sufficient distance from
the source the TE plasmon is clearly distinguishable from the
free-space fields. For a more quantitative analysis of the TE
plasmons launched by the dipole, in Fig. 3d we plot the field
profile along graphene for two values of the magnetic field: B=
1.3 T (red curve) and B= 1.4 T (blue curve). For comparison, the
field launched by the dipole in free-space without graphene (with
the wavelength Ay = 26.77 um) is also shown by the black curve.
According to the field profiles, the difference between Ay and the
wavelength of TE GPP in MCNG does not exceed 2%. Besides, we
see that, in contrast to TM modes, the wavelength of TE GPP in
MCNG depends on the applied magnetic fields, see Fig. 3b (red
curve). Nevertheless, as the plasmons propagate away from the
source, the phase shift between the field profiles for different
magnetic fields becomes considerable (see the shift between the
red and green field profiles in Fig. 3b). The propagation length of
TE GPP in MCNG is also much more sensitive to the magnetic
field than their wavelength, as shown in Fig. 3b (in Fig. 3d the red
field profile clearly decays much quicker than the green one). The
latter can be explained by the vertical shift of the dispersion
curves of the TE plasmons with the increase of the magnetic field,
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Fig. 3 Dependence of the properties of transverse electric graphene plasmon-polaritons (TE GPPs) in charge neutral graphene (CNG) on magnetic
field, B. a Snapshot of the vertical component of the magnetic field of a TE GPP in magnetized CNG, at B=1.3 T. b Propagation length and wavelength of
the TM GPP in magnetized CNG as a function of the magnetic field. ¢ Dispersion relation for TE GPP in magnetized CNGs, calculated for different magnetic
fields. d Real part of the z-component of magnetic field calculated for both B=1.3 T and B=1.4 T (the corresponding GPP wavelengths are 4, = 26.32 pm
and 4, = 26.66 pm, respectively). For comparison, the free-space wave oscillation (with wavelength 15) is shown by the black curve. In all panels the

frequency v =112 THz (1o = 26.77 pm).

and thus the back-bending region (where the absorption is
increased), see Fig. 3c. The sensitivity of both the phase shift and
the propagation length to the magnetic field can be potentially
used for the applications of TE GPPs, particularly in
interferometers.

TE GPPs in MCNG are much more confined to the graphene
sheet than conventional TE GPPs. The strongest confinement
takes place close to the back-bending of the dispersion curve with
the value ~1/g,,(™*) where g,(™® is the maximum momentum

2
(see Supplementary Note 3), q,; = ql(;,mx) ~1+1 [@} , reached

at the frequencies ™ ~ vy —2/(3n7). At the maximal
momentum the confinement is two orders of magnitude smaller
than in non-magnetized doped graphene!®-18, At lower frequen-
cies TE GPP dispersion curve asymptotically tends to the light
line, g,;=1 and thus becomes undistinguishable from the
dispersion of the free-space waves.

GPPs in MCNGs can be potentially observed experimentally
using either near-field microscopy of non-structured MCNG or
far-field transmission/reflection spectroscopy of periodically
patterned MCNG. The near-field microscopy, however, is more
appropriate for TM GPP in MCNG, since the tip of the near-field
microscope typically presents a vertically polarized dipole source,
thus better matching with the TM polarized excitations. In the
next sections we mimic both near-field and far-field experiments.

Prospects for potential spectral near-field experiments for the
characterization of TM GPPs in MCNG. Scattering-type near-
field optical microscopy (s-SNOM) utilizes a tip of an atomic
force microscope (AFM), which is illuminated with an external
infrared laser3>-3, The laser beam is focused at the apex of the tip,
providing the necessary momentum to launch GPPs in graphene,
as illustrated in Fig. 4(a). GPPs emanate from the tip and upon
reaching the sample edge, they are reflected back. As the tip is
scanned toward the edge, the back-scattered signal is collected in
the detector as a function of the tip position®3. By using a broad-
band light source, the near-field light scans can be represented as
a function of frequency®. By Fourier transforming the inter-
ferogram as a function of frequency, the dispersion relation of
GPPs can be retrieved.

In our numerical model we represent the illuminated AFM tip
by a vertical dipole source. As has been shown in3’, the absolute

value of the vertical component of electric field taken at some
distance below the dipole, |E,|, can reproduce qualitatively the
signal scattered by tip. Therefore, when modeling, we calculate |
E,| below the dipole, as a function of the dipole position (x) and
frequency (v), composing a near-field hyperspectral image, |E,(x,
V)|

An example of the near-field hyperspectral image of the single
layer of MCNG encapsulated between two flakes of hBN (the
thicknesses of the top and bottom hBN layers are 5 nm and 10
nm, respectively) is shown in Fig. 4b. For simplicity, in these
simulations we consider a free standing hBN-encapsulated CNG.
Nevertheless, in Supplementary Note 4 we show (see Supple-
mentary Fig. 5) that a 10 nm thick hBN film is enough to make
the influence of a substrate negligible. We perform simulations at
the frequencies of the first frequency band of TM GPP in MCNG:
11.5-22.35 THz.

In Fig. 4b we clearly observe several bright fringes representing
the alternating NF minima and maxima. They appear due to the
interference between the GPP launched by the dipole and GPP
reflected by the edge. The fringe spacing (the distance between
neighboring NF minima or maxima) taken far from the edge
equals approximately to the half of the GPP wavelength, A,,/2. As
v increases the fringes become thinner and their inter-spacing
decreases. The latter decrease is consistent with the dependence

Ay o (V- ui)_l, see Eq. (1), where for the first band v, = v, =
11.5THz. Besides, the amplitude of the fringes decays with the
increase of v, which can be attributed to the increase of MCNG
losses (i.e., growth of Re(a)) particularly, when approaching the
limiting frequency, I, = 22.35 THz.

In Fig. 4c we plot the Fourier transform of the near-field
hyperspectral image represented in Fig. 4b. The bright maximum
seen in the color plot perfectly matches the GPP dispersion curve
(the dashed green curve), assuming that the momenta of the
GPPs are doubled, 2g,/(v). The latter is consistent with the A,;/2
distance between the interference fringes in Fig. 4b. With our
analysis we conclude that the GPPs in hBN-encapsulated MCNG
should be observable in s-SNOM experiments for realistic
parameters of graphene, even at moderate external magnetic

fields.

Prospects for far-field spectroscopy experiments. For the cou-
pling with GPPs from the far-field, the graphene can be
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Fig. 4 Simulation of the near-field experiment. a Illustration of the
simulation model: the atomic force microscope tip is approximated by a
vertical electric dipole with a constant dipole moment. The dipole is located
55nm above the charge neutral graphene encapsulated into hBN (the
thicknesses of the top and bottom layers are 5 nm and 10 nm, respectively).
b Near-field image |E,(x,v)| simulated for magnetic field B=1.3 T. The field
E, is taken below the dipole, 10 nm above the graphene sheet. ¢ Fourier
transform of |E,(x,v)|. The bright feature matches v(2q,) what reflects the
fact that the graphene plasmon-polariton between being excited, reflected
and gathered by the tip travelling the distance 2x.

50

structured into ribbons38-41. Such structuring allows one to avoid
the momentum mismatch between the GPPs and free-space
waves. Depending upon the parameters of the grating, the excited
GPPs present either “quantized” Fabry-Perot modes inside the
ribbons, or Bragg-resonances manifesting themselves a dip/peak
in the transmission/reflection spectrum. In our simulations for
the excitation of both TM and TE GPP in MCNGs we consider a
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Fig. 5 Excitation of transverse magnetic (TM) and transverse electric
(TE) graphene plasmon polaritons (GPPs) in magnetized charge neutral
graphene (MCNG) ribbon arrays. a Schematics of the structure. A MCNG
ribbon array with the ribbon period L and ribbon width W is encapsulated in
the hBN layer shown by blue color. The red arrow shows schematically the
direction of an incident plane wave. The thick blue and black arrows
correspond to the electric field vector and wavevector of the incident plane
wave. b Absorption spectra, A(v), of TM polarized light incident onto hBN-
encapsulated (solid curves) and free-standing (dashed curves) MCNG
ribbon arrays with different ribbon widths, W. The thickness of both top and
bottom hBN layers is 10 nm The bottom panel shows the dispersion relation
of TM GPP in MCNGs. ¢ The same as in (b), but for TE polarized light. The
inset in the upper panel shows a zoom of the resonance region. The periods
of the ribbon arrays are L =0.22 pm and L =28 pm for the TM and TE
polarizations, respectively. In both cases, the magnetic field is B=13 T.
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periodic array of micro-ribbons made in either free-standing or
hBN-encapsulated graphene, as illustrated in Fig. 5a.

In Fig. 5b we show the absorption spectra, A(v), of the ribbon
arrays (of different ribbon widths, W, and a fixed period, L =
0.22 ym) illuminated by a normally-incident monochromatic
plane wave. The latter is polarized along the x-direction, thus
matching with the polarization of TM GPPs. The solid and
dashed curves in Fig. 5b correspond to the absorption by the
hBN-encapsulated and free-standing MCNG ribbon arrays,
respectively. In continuous MCNG (solid black curve in Fig. 5b),
the absorption spectra present only one maximum, matching
with the interband transition frequency v;=11.5 THz. In
contrast, the absorption spectrum of the MCNG ribbon array,
(both for hBN-encapsulated and free-standing graphene), has a
set of resonant maxima. For instance, at W = 3L/4 the absorption
spectra (solid blue curve) has one strong resonance at 12.5 THz
and set of much weaker ones at higher frequencies. With
decreasing W, the resonances blueshift away from v; dropping in
their magnitudes. Similarly to doped graphene ribbon arrays, the
emergence of the absorption maxima can be explained by
Fabry-Perot resonances in a single ribbon, forming while the
GPPs reflect back and forth from the ribbon edges. In the

resonance, the GPP refractive index, g, = i‘—"l, should satisfy*?
P

A 3/4
g =23, @

where m is an even number. Note that the modes with the odd
integers have antisymmetric distribution of the vertical electric
field with respect to the ribbon axis and do not couple to
normally-incident waves. For all W, the absorption resonances in
the spectrum of hBN-encapsulated graphene ribbon array appear
at lower frequencies compared to the ones in the free-standing
array. This can be explained by the stronger confinement of GPPs
in encapsulated graphene than in the free-standing one. The
strong confinement of TM GPPs makes them excellent candidates
for sensing the environment®3. In fact, changes in the environ-
ment can be detected via the resulting frequency shifts of the
plasmonic resonances in the far-field spectrum. The absorption
resonances are corroborated by the dispersion curves in the
bottom panel of Fig. 5b (GPPs in the encapsulated graphene have
larger momenta). The vertical dotted lines connecting the
absorption maxima (Fig. 5b, top panel) with the GPP dispersion
curves (Fig. 5b, bottom panel) mark the frequency positions of
the peaks. The frequencies of the peaks match well with the ones
given by the simple Fabry-Perot Oth-order resonances in Eq.(2).
Substituting Eq.(1) in Eq.(2) we can find that the resonance

frequencies are proportional to y/B/W, which means that they
are tunable by both magnetic field and the ribbon width (see
Supplementary Note 5).

To resonantly excite the TE GPPs, we now illuminate the hBN-
encapsulated graphene ribbon arrays by a normally-incident
monochromatic plane wave with electric field pointing along the y
direction. Due to much smaller momenta of TE GPPs, the array
period must be more than two orders of magnitude larger than the
one considered for excitation of TM plasmons. In Fig. 5¢ we
present A(v), as before, for different W and for the period L =28
pm (see analogous simulations for smaller relaxation times in
Supplementary Note 6). Each color curve demonstrates two strong
resonant maxima. The broader resonances are related to the
absorption maximum at the interband transition frequency.
Indeed, the position of the broader peaks coincides with the
resonance in the continuous MCNG (black curve). The appear-
ance of the second (narrow) peak in each curve is very different
from the resonance in the case of the TM polarization. First, the
narrow peak appears at lower frequency compared to the

interband transition. This is clearly related to the spectral region
of the TE GPPs (located below the interband transition, as shown
in the bottom panel of Fig. 5¢). Second, the frequencies of the
narrow resonance are almost independent upon the ribbon width.
The inset in Fig. 5c showing the zoomed-in frequency region of
the narrow resonances demonstrates the minor changes in the
magnitude of the peak with change of W. The minor sensitivity of
the frequency position of the narrow resonance to the ribbon
width is related to a different nature of the resonance. Because the
momentum of the TE GPPs is very close to the light line, they can
easily leak out of the ribbon while reflecting from the edges, and
therefore cannot build the Fabry-Perot resonances in individual
ribbons. Instead, the TE GPPs in the grating constitute the Bloch
modes and lead to the “collective” Bragg resonances. In this case
the resonance condition for the TE GPP refractive index is linked
to the grating’s period, L, (rather than to the ribbon width): g,; ~

sin 6 + m%, where m = *1,... is the diffraction order and 6 is the
angle of incidence (the dependence of the TE Bragg resonances
upon both angle of incidence and frequency is illustrated in more
detail in the Supplementary Note 7).

Due to the weak confinement, TE GPPs are less sensitive to the
dielectric environment of graphene. Indeed, in the inset of Fig. 5¢
the absorption spectra by the free-standing array (dashed curves)
increase in their amplitudes and slightly shift from those by the
hBN-encapsulated ribbon array (solid curves).

We thus demonstrate that MCNG micro-ribbon arrays are a
powerful system for controlling the coupling between light and
both TM and TE GPP modes. This enables enhancement and
tailoring of THz absorption by changing ribbon width and period
or applied magnetic fields (in Supplementary Note 5 we also
illustrate the tunability of the absorption spectra of the MCNG
ribbon arrays by a slight variation of the applied magnetic field).

Conclusion

Summarizing, our work demonstrates that a single-layer CNG
biased by an external magnetic field supports magnetically-tunable
interband GPPs of both TM and TE polarizations. Some differences
between interband GPPs in MCNG and conventional plasmon in
doped graphene are worth stressing. From the fundamental side,
GPPs in MCNG are rooted in LL quantization and have no classical
counterpart, while conventional plasmons can be described by a
classical Drude-like response. Figures of merit and lifetimes of GPPs
in MCNG are comparable to those of phonon/exciton polaritons in
vdW materials. For example, for the applied magnetic field B=
1.3 T the maximal figure of merit and lifetime of TM GPP in the
first frequency band reaches ~3.5 and 2-3 ps, respectively, thus
being similar to the corresponding values for phonon polaritons in
hBN33, However, in difference to phonon polaritons, which are
supported by polar slabs within very narrow Reststrahlen bands
(determined by the lattice parameters and thus being hardly tun-
able), the equally narrow frequency bands of interband GPP in
MCNG are easily tunable by the applied magnetic field. Notably,
the interband TE GPPs in MCNG are two orders of magnitude
more confined than TE GPPs in doped graphene, favoring their
excitation and potential use in applications.

We have simulated realistic experimental set-ups (both near-
field optical microscopy and far-field spectroscopy), which
demonstrate that GPP in MCN are detectable with currently
available techniques. Importantly, our calculations show that
rather low values of magnetic fields (B <2 T) are already suitable
for the observations.

From a different perspective, we believe that our analysis of
plasmons in a single-layer magnetized CN graphene can be a tool
providing insights into various intriguing quantum phenomena
in CNG via optical experiments!®13:15, We foresee that the
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intriguing phenomena recently discovered in the single-layer CN

graphene, as for instance the giant intrinsic photoresponse!2,

colossal magneto-optical activity!! and markedly reduced elec-
tronic noise*!, combined with the ability to support GPPs, make
magnetized CN graphene promising for a graphene-based mag-
netically controllable nanoplasmonic and optoelectronic devices,
such as gas sensors or bio-sensors*4~4¢ or magnetically tunable
plasmon-assistant photodetectors?’, among other.

Methods

First principle numerical simulation. Full wave electromagnetic simulations were
performed using the COMSOL software based on finite-element methods in fre-
quency domain. The graphene layer was modeled as a surface current, imple-
mented in the boundary conditions. In order to achieve convergence, the mesh
element size in the vicinity of graphene was much smaller than the plasmon
wavelength.

Simulation of NF experiment. In the simulation, the tip was modeled by a vertical
point dipole source (polarized along z-axis). We assume that the vertical compo-
nent of the field below the dipole, E,, approximates the scattered signal in a s-
SNOM experiment?8. We thus simulated the near-field profiles by recording the
calculated E, as a function of the dipole position, x (due to the translational
symmetry of the problem along the y-axis, E, does not depend upon y), and dipole
frequency. The NF value of E, is taken 5 nm above the top hBN interface. The
dispersion diagram of GPP in MCNG is obtained from the real-space Fourier
transform of these NF values taken in space-frequency domain (x, w).

Data availability

The data supporting the findings of this study are included in the main text and in the
Supplementary Information files, and are also available from the corresponding authors
upon reasonable request.
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