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Abstract. Excitation of edge plasmon modes in a graphene rectangle by an incident elec-
tromagnetic wave is predicted. The problem is solved using a self-consistent electromagnetic
approach based on the method of integral equations developed by the authors. It is found that
the frequencies of edge plasmon resonances depend on both the width and length of graphene

rectangle. For a graphene rectangle having the aspect ratio of 1 micron by 200 microns, the
frequencies of edge plasmon resonances lie in terahertz frequency range
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AnHoranusa. [IpenckazaHo Bo30yXIeHHUe Maaarolleid 3JeKTPOMAarHUTHOM BOJHOM KpaeBbIX
IUIa3MOHHBIX MOJ B rpaeHOBOM IIPSIMOYTOJIbHMKE. 3ajadya O BO30YXKICHUM IIJIa3MOHOB
peliieHa ¢ TToMOIIbI0 pa3paboTaHHOTO aBTOPAMU CaMOCOTJIACOBAHHOTO 3JIEKTPOIMHAMUYECKOTO
MOJX0/Ia, OCHOBAHHOTO Ha METOJe WHTETpPabHBIX ypaBHeHUi. OOHApyKeHO, YTO YaCTOTBHI
KpaeBbIX IUIA3MOHOB 3aBUCSAT KaK OT IUMPUHbI rpadeHOBOro IPSIMOYIOJbHMKA, TaK U OT
ero JUIMHbL. JIJIsi TpSIMOYrOJbHMKA C ACIEKTHBIM COOTHOLIEHMEM CTOPOH 1 MHMKPOH Ha
200 MUKPOH YacTOThl PE30HAHCOB KpaeBhIX IUIA3MOHOB JieXKaT B TepareplioBOM IMaria3oHe
4acToT.
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Introduction

Plasmons in graphene structures are considered as promising platform for planar terahertz
optoelectronics [1,2]. Advantages of plasmons in graphene include field localization at lengths
shorter than the electromagnetic wavelength [3], nonlinear properties useful for terahertz detection
[4, 5], as well as the possibility of their amplification [6, 7].

Theoretical studies of plasmon effects are commonly conducted in the assumption that
the graphene structure is uniform and infinitely long in the direction perpendicular to
the plasmon wave vector [8, 9]. Different types of plasmon modes in two-dimensional
(2D) electron systems have been studied under this assumption: single-layer plasmons [10],
screened plasmons [11, 12], “gate proximity” plasmons [11], and oblique plasmons in
graphene nanoribbon array [13].

Consideration of full three-dimensional plasmonic problems, in which a 2D plasmonic cavity
is confined in two perpendicular directions, made it possible to reveal edge plasmon modes [14].
Using the near-field optical microscopy for excitation and imaging plasmons in disk-shaped and
rectangular graphene nanocavities, strong interaction of edge [15, 16] and sheet plasmon modes
[14] was experimentally observed. Edge plasmon is viewed as a tool for stronger localization of
terahertz (THz) field below the diffraction limit [17].

In this work, we predict the excitation of plasmonic modes localized near the edge of a
graphene rectangle by a normally incident THz electromagnetic wave.

Structure and Methods

We solve the problem of the incidence of an electromagnetic wave on a rectangular graphene
cavity (Fig. 1, a). A graphene rectangle lies on a flat interface between two media with different
dielectric constants; the length of the rectangle is / = 200 pm, and its width is w =1 pm. A linearly
polarized wave of THz frequency is normally incident on the plane of the interface between two
media, scatters by a graphene rectangle and excites plasmon modes in it. The electric field vector
of the incident wave is polarized along the short side of the rectangle w.

The problem is solved using a rigorous electromagnetic approach based on the integral equation
method [18]. The main steps of the electromagnetic approach include:

(i) Fourier transformation of the Maxwell equations and electromagnetic boundary conditions;

(ii) formulation of the integral equations for the components of oscillating current densities in
graphene;

(iii) solving the integral equations using the Galerkin procedure by expanding the current
density components into series over the orthogonal Legendre polynomials;

(iv) transforming the system of integral equations into an infinite system of linear algebraic
equations for the expansion coefficients of current densities;

(v) truncating the infinite system of linear algebraic equations for reaching the desired
convergence of its solution and then solving it numerically.

The calculated expansion coefficients of current densities make it possible to determine the
electromagnetic fields at any point of the structure under consideration, calculate the absorption
cross section of the structure, and find the spatial distributions of charge density oscillations over
the graphene rectangle.
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Fig. 1. Schematic view of the studied structure (a). Spectrum of absorption cross-section normalized
to the geometric area of graphene rectangle for w = 1 um and 1 = 200 pm (b). The instantaneous
spatial distributions of the oscillating charge density over the area of graphene rectangle in the plasmon
resonances excited at frequencies of 3.6 THz (c¢), 3.1 THz (d), and 2.5 THz (e). Red color in panels
(¢), (d), and (e) indicates a positive sign of the oscillating charge density, and blue indicates a negative
sign. Considerable middle parts of the vertical axes y in panels ¢, d, and e are omitted to visually show
the effects at the edges of graphene rectangle. Parameters of graphene: Fermi energy of charge carries
is 150 meV and the momentum relaxation time of charge carriers in graphene is 2 ps

Results and Discussion

The calculated spectrum of the absorption cross section of graphene rectangle demonstrates
a series of different resonances (Fig. 1, ). Resonance at frequency 4.6. THz corresponds to the
excitation of the fundamental sheet dipole plasmon mode with charge density oscillations across
the length of the graphene rectangle. This fundamental plasmon mode is distributed almost
homogeneously along the length of graphene rectangle. For long rectangles with length / > 50w,
additional resonances are revealed at frequencies below the fundamental sheet plasmon mode
frequency (Fig. 1, b). Instantaneous spatial distributions of the oscillating charge density in these
plasmon modes in graphene rectangle are plotted in Figs. 1, ¢, d, e. As seen in Figs. 1, ¢, d, and e,
the charge oscillations in these plasmon modes are strongly localized near the longitudinal edges
of graphene rectangle in crucial contrast from the well-known fundamental sheet plasmon mode
in which the charge oscillations exist over the entire area of graphene cavity. The profiles of the
charge carrier distributions in these modes correspond to the bright plasmon modes because have
strong dipole moments due to odd numbers of nodes across the length of graphene rectangle.
The wave number of the edge plasmon mode excited at frequency 3.6 THz is close to the value
of k.= m/w, the wave number of the edge plasmon mode excited at frequency 3.1 THz is close to
3n/w, and for the edge plasmon mode excited at frequency 2.5 THz its wave number corresponds
to Sn/w. The dependence of the resonance frequencies these edge plasmon modes on their wave
numbers are typical for the backward waves characterized by anomalous dispersion.
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Conclusion

In this work, we predict the edge plasmon modes in graphene rectangular cavity which can
be excited by incident THz electromagnetic wave. The frequencies of edge plasmon modes fall
within THz frequency range in elongate graphene rectangles with micron width. The frequencies
of the edge plasmon modes reside below the frequency of the fundamental sheet dipole plasmon
mode in long graphene rectangles with a length approximately 50 times longer than the width of
graphene rectangle.

REFERENCES

1. Huang S., Song C., Zhang G., Yan H., Graphene plasmonics: physics and potential applications,
Nanophotonics. 6 (2017) 1191.

2. Cox J. D., Garcaa De Abajo F. J., Nonlinear graphene nanoplasmonics, Acc. Chem. Res. 52
(2019) 2536.

3. Zheng Z.B., Li J.T., Ma T., Fang H.L., Ren W.C., Chen J., She J.C., Zhang Y., Liu F.,
Chen H.J., Deng S.Z., Xu N.S., Tailoring of electromagnetic field localizations by two-dimensional
graphene nanostructures, Light Sci. Appl. 6 (2017) e17057.

4. Spirito D., Coquillat D., De Bonis S.L., Lombardo A., Bruna M., Ferrari A.C., Pellegrini V.,
Tredicucci A., Knap W., Vitiello M.S., High performance bilayer-graphene terahertz detectors, Appl.
Phys. Lett. 104 (2014) 061111.

5. Fateev D.V., Mashinsky K.V., Popov V.V., Terahertz plasmonic rectification in a spatially periodic
graphene, Appl. Phys. Lett. 110 (2017) 061106.

6. Dubinov A.A., Aleshkin V.Y., Mitin V., Otsuji T., Ryzhii V., Terahertz surface plasmons in
optically pumped graphene structures, J. Phys. Condens. Matter. 23 (2011) 145302.

7. Moiseenko 1.M., Popov V.V., Fateev D.V., Terahertz plasmon amplification in a double-layer
graphene structure with direct electric current in hydrodynamic regime, Phys. Rev. B. 103 (2021)
195430.

8. Mikhailov S.A., Savostianova N.A., Microwave Response of a Two-Dimensional Electron Stripe,
Phys. Rev. B. 71 (2005) 035320.

9. Popov V.V., Tsymbalov G.M., Shur M.S., Knap W., The resonant terahertz response of a slot
diode with a two-dimensional electron channel, Semiconductors. 39 (2005) 142.

10. Hwang E.H., Das Sarma S., Dielectric function, screening, and plasmons in two-dimensional
graphene, Phys. Rev. B. 75 (2007) 205418.

11. Zabolotnykh A.A., Volkov V.A., Interaction of gated and ungated plasmons in two-dimensional
electron systems, Phys. Rev. B. 99 (2019) 165304.

12. Alonso-Gonzalez P., Nikitin A.Y., Gao Y., Woessner A., Lundeberg M. B., Principi A.,
Forcellini N., Yan W., Vélez S., Huber A.J., Watanabe K., Taniguchi T., Casanova Hueso F.L.E.,
Polini M., Hone J., Koppens F.H.L., Hillenbrand R., Acoustic terahertz graphene plasmons revealed
by photocurrent nanoscopy, Nat. Nanotechnol. 12 (2017) 31.

13. Popov V.V., Bagaeva T.Y., Otsuji T., Ryzhii V., Oblique terahertz plasmons in graphene
nanoribbon arrays, Phys. Rev. B. §1. (2010) 073404.

14. Nikitin A.Y., Alonso-Gonzalez P., Vélez S., Mastel S., Centeno A., Pesquera A., Zurutuza A.,
Casanova F., Hueso L.E., Koppens F.H.L., Hillenbrand R., Real-space mapping of tailored sheet and
edge plasmons in graphene nanoresonators, Nat. Photonics. 10 (2016) 239.

15. Margetis D., Edge plasmon-polaritons on isotropic semi-infinite conducting sheets, J. Math.
Phys. 61 (2020) 062901.

16. Fei Z., Goldflam M.D., Wu J.S., Dai S., Wagner M., McLeod A.S., Liu M.K., Post K.W.,
Zhu S., Janssen G.C.A.M., Fogler M.M., Basov D.N., Edge and Surface Plasmons in Graphene
Nanoribbons, Nano Lett. 15 (2015) 8271.

17. Nikitin A.Y., Guinea F., Garcna-Vidal F.J., Martan-Moreno L., Edge and waveguide terahertz
surface plasmon modes in graphene microribbons, Phys. Rev. B. 84 (2011) 161407(R).

18. Mashinsky K.V., Popov V.V., Fateev D.V., Complete electromagnetic consideration of plasmon
mode excitation in graphene rectangles by incident terahertz wave, Sci. Rep. 14 (2024) 7546.

98



4 Quantum wires, quantum dots, and other low-dimensional systems >

THE AUTHORS

MASHINSKY Konstantin V. FATEEYV Denis V.
konstantin-m92@yandex.ru fateevdv@yandex.ru

ORCID: 0000-0002-0724-6391 ORCID: 0000-0003-1406-5385
POPOY Vyacheslav V.

popov_slava@yahoo.co.uk
ORCID: 0000-0003-1303-6443

Received 01.12.2023. Approved after reviewing 07.02.2024. Accepted 13.02.2024.

© peter the Great St. Petersburg Polytechnic University, 2024

99



