Condensed Matter Revista Mexicana dsi€a70020502 1-5 MARCH-APRIL 2024

Propagating surface plasmon polaritons in
graphene under applied uniform strain
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In this work, we theoretically investigate the propagation length of plasmon waves in graphene layer under uniform strain surrounded by
two dielectric media of dielectric constantsande2, respectively. The plasmon losses (plasmon damping), plasmon propagation length and
the penetration depth of the electric field associates with the charge fluctuations can be controlled by varying the direction and the strengtt
of the applied strain and the direction of the plasmon wave propagation with respect to the direction of the applied strain. Because strain
induces anisotropy in graphene optical conductivity, the strain-dependent orientation plays an important role to manipulate the direction and
variations of the graphene plasmon energy, which may be useful to tune graphene properties in plasmonic devices to enhance light-matte
interaction.

Keywords: Graphene; strain; optical conductivity; plasmons.

DOI: https://doi.org/10.31349/RevMexFis.70.020502

1. Introduction by strain, and it is possible to overcome the mismatch be-
tween the momentum of the surface plasmon and that of in-

Surface-plasmons (SPs) are electromagnetic excitatiorident radiation and thereby improve the light-matter interac-
waves coupled with charge density oscillations (plasmonstion. Additionally, the strong anisotropy can be used to guide
traveling along metal-dielectric interface. The electric fieldthe plasmon modes with new properties in the field of plas-
associated with these oscillations decay exponentially inténonics.
the dielectric environment making plasmons extremely sensi-  In this work, we theoretically investigate the propagation
tive to the refractive index of the surrounding materials. Theycharacteristics of surface plasmon in graphene under uniform
are finding increasing applications in many research fieldsstrain. For this purpose, we make use of the linear response
reaching from biosensors for the detection of biomoleculesheory and the relaxation time approximation (fini)éntro-
to plasmonics [1-3]. duced by Mermin [28]. It has been shown that the zeros of
One of the main obstacles in developing plasmonic apihe real dielectric function reproduce the plasmon frequency
plications in metallic devices is its surface easily oxides,in the long wavelength approximation obtained in Ref. [26].
the Ohmic heat effect in metals results in a large loss ofn addition, we have performed a numerical analysis of the
plasmons, poor tunability for surface plasmons and, conseRenetration depth and the propagation length of surface plas-
quently, a limited propagation length for the surface plas/non propagation in deformed graphene as a function on the
mons [4]. To overcome these deficiencies graphene ha¥agnitude and orientation of the applied strain with respect
emerged as an alternative two-dimensional material able t& the plasmon propagation. Long range surface plasmons
extend the field for innovative plasmonic devices and possil? monolayer graphene under uniform strain have been theo-
ble applications in photonics, optoelectronic and sensor tecHetically investigated in Refs. [30] these authors showed that
nologies [5—20]. However, the plasmon loses must be evaliat low photon energies, the wavelength, propagation length

ated and minimized prior to the use of graphene as a potenti@nd penetration of the TM surface plasmon polariton increase
alternative low lose plasmonic material. with increasing the strain in the zigzag graphene direction.

When a graphene layer is subjected to mechanical strain,
the optical response of graphene can be easily tuned by strain
engineering [21,22]. In particular, the influence of the strain2.  Theoretical approach
on several electronic properties also produces significantly
changes on the electronic polarizability and thereby collecin Fig. 1 is depicted the system studied in this work. A mono-
tive electronic excitations associated with anisotropic opticalayer graphene is placed on a flexible substrate and-dods
conductivity [23-25]. Recently [26, 27] collective electronic is chosen along the zigzag direction of graphene. When the
excitations have been investigated in graphene under uniforsystem is under a uniform strain along the prescribed direc-
strain. These authors showed that collective charge densitjon in the range of elastic deformation, the dispersion rela-
excitations and optical reflectance can efficiently controlledion of the plasmon reads [26],
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Then, within linear response theory the dielectric func-
” » o ol tion e(q,w) = 1 — V,II,(¢,w) = 0 can be satisfied only

FIGURE 1. Two-dimensional graphene lattice with zigzag and arm- When the wavevector is a complex number= g, + igz,
chair orientations and the applied strain (ar)lend surface plas- WhereL,, = 1/¢, determines plasmon propagation length in
mon propagation (anglg) directions. graphene under uniform strain, physically, it represents the

distance over which the electric field associated to the sur-
face charge oscillations decays from its local maximum in
4e’F the graphene supporting interface. Note that whes 0,
2 _ f
wi(q) = o +ep ) [1 =51+ plecos (20 = 20)], (1) the two-dimensional polarizability of graphene under uni-

wheree is the strain modulus] denotes the angle between form _s_train is recovere_d, see Ref. [26]. The solutions_: of the
the applied tension and the-axis, andp being the Pois- conditions(g, w) = 0 with complexq can be separated in the
son ratio, 3 ~ 2.37 is the Gruneisen parametek; the real and imaginary parts in the limit small/¢; to obtain,
Fermi energyg; ande, the dielectric constants surrounded 2

the graphene layer argl = ¢(cosg, sing) is the wave vec- 2 + =2 - e—zReH(q,w) =0, 4

tor associated with the plasmon propagation induced in the \/q% — 51;;2 \/qf — si—gz Ehl

strained graphene. When electron collisions by phonons,

impurities (extrinsic scattering) are considered and intrinsiovhere in the nonretarded limit << ¢ and in the long
electron-hole excitation (Landau damping), the electron powavelength approximations; — 0, the plasmon disper-
larizability is a complex-valued function of the wavevector sion for graphene under uniform strain is obtained, B). (

g and the frequencw. To account for Landau damping, and from the imaginary part of(¢,w) = 0 we obtaing,
extrinsic scattering and conservation of local electron numwhich determines the attenuation of the surface plasmon.
ber, the electron polarizability should be calculated withinHere 119 (g1, w) = 91l(¢1,w)/0q1 and IV (g1, w) =

the random-phase approximation and the relaxation-time (fioll(¢:,w)/0w evaluated atv = w(q), the plasmon fre-
nite v = 7—1) approximation introduced by Mermin, see quency. As a result, the expression fgrgiven in Eq. [B) re-
Refs. [28-30]. Herey~! is the electron-phonon relaxation duces to that obtained for a monolayer graphene sandwiched
time estimate from~' = pEy/ev}, vy=c/300 is the Fermi  between dielectrics, ande; for unstrained grapheniee,,

|  e=01[29],

ImIT(qy, w) + YRe[IOD@) 4 IRe [H(ql,w) (1 - %)}

Rellons) — Rell19)(1,w)
As a result, the expression fgs given in Eq. 6) reduces to that obtained for a monolayer graphene sandwiched between
dielectricse; ande, for unstrained grapheniee., e = 0 [29]. Another property of surface plasmons is the confinement length.
The excited surface plasmon in graphene have associated evanescent fields penetrating in both dielectric mediums. They are
spatially decaying fields in a direction normal to the interface between the dielectric materials. In this case, the penetration
depths in the dielectric defined by

1
qi — (e1,2w?)/c?

at which the electric fields fall td/e of their initial magnitude.
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FIGURE 2. Propagation length of surface plasmon in graphene versus frequency for different applied uniform strain along the plasmon wave
propagationd — ¢ = 0 [Fig. 2a)] and perpendicular to the plasmon wavevegie. 6 — ¢ = 7 /2 [Fig. 2b)]. Here,E; = 0.5 eV,e1 = 2.25,
g2 = 3.8 andy = 10* cn?/V's.
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FIGURE 3. Penetration depth of surface plasmon in graphene versus frequency for different applied uniform strain along the plasmon wave
propagationd — ¢ = 0 [Fig. 2a)] and perpendicular to the plasmon wavevegia., 6 — ¢ = 7/2 [Fig. 2b)]. Here,E; = 0.5 eV,e; = 2.25,
ez = 3.8 andy = 10* cn?/V-s.
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FIGURE 4. The penetration depth (a) and propagation length (b) of surface plasmon on graphene for different orientations of the applied
strain and a fixed magnitude of= 0.2. The other parameters are the same as in Fig. 2.
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The propagation length of surface plasmons in grapheneon propagates perpendicular to the applied stfia /2,
for different strength applied strain is shown in Fig. 2a) for ¢ = 0) the plasmon propagation length increase with the ap-
plasmon propagation along the applied stra@, § = ¢. plied strain. This shows that we can control the propagation
It is clear from the figure that the propagation lengths dedength of surface plasmons by tunning the orientation of the
crease when the strain increase and all of them decrease widipplied strain respect to plasmon propagation in graphene.
higher excitation frequency, on the other hand, when the plasAlso, note that the propagation length when the wavevec-
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tor of the plasmon is orthogonal to strain orientation domi-  As can be seen, the penetration depth in the retarded ap-
nates for all deformation and excitation energies. Accordingproximation and the plasmon propagation length are maxi-
with Eq. (1), for bigger plasmon energy, plasmon propagatesnum for plasmon propagation perpendicular to the direction
in graphene longer distances and this occurs when plasmaf the applied strain. Hence, the penetration depth and the
propagation is perpendicular to the direction of the appliedoropagation length of surface plasmons can also be controlled
strain. by tunning the orientations of the applied strain in graphene.

In Fig. 3, the penetration depth of surface plasmons for
different strength of the strain is plotted for plasmon propa-3. Conclusions
gation parallel, Fig. 3a) and perpendicular, Fig. 3b), respec-
tively, as a function of the excitation frequency. The pene-The propagation of surface plasmons and penetration depth
tration depths of all applied strain decrease when the excitan graphene under uniform applied strain sandwiched by two
tion energy is increased. It is evident from the figure that thasotropic dielectrics at THz frequencies have been investi-
penetration depth for parallel propagation of plasmon respegated. We have shown that the penetration depth and the
to the applied deformation decreases with the strain, Fig. 3apropagation length of surface plasmon depend on the mag-
while itincreases when the strain increases for plasmon propiitude and orientations of the applied strain with respect of
agation perpendicular to strain, Fig. 3b). Figure 4 plots thehe surface plasmon propagation in graphene. In a wide
theoretical penetration depth [Fig. 4a)] and plasmon proparange of frequencies, the maximum propagation length and
gation length [Fig. 4b)] against the excitation frequency orlonger penetration depth are observed for perpendicular ori-
different directions of the applied strain and taking the plas-entation. This opens new possibilities for controlling the
mon propagation angle = 0 at fixed value of the strain, propagation length and direction of surface plasmon propa-
e=0.2. gation in graphene structures.
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