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Localized surface plasmonic resonance has attracted extensive attention since it allows for great enhancement of
local field intensity on the nanoparticle surface. In this paper, we make a systematic study on the excitation of localized
surface plasmons of a graphene coated dielectric particle. Theoretical results show that both the intensity and frequency
of the plasmonic resonant peak can be tuned effectively through modifying the graphene layer. Furthermore, high order
localized surface plasmons could be excited and tuned selectively by the Laguerre Gaussian beam, which is induced by the
optical angular orbital momentum transfer through the mutual interaction between the particle and the helical wavefront.
Moreover, the profiles of the multipolar localized surface plasmons are illustrated in detail. The study provides rich potential
applications in the plasmonic devices and the wavefront engineering nano-optics.

Keywords: localized surface plasmon, Mie theory, Laguerre Gaussian beam

PACS: 73.20.Mf, 41.85.Ew, 87.80.Cc

1. Introduction

Localized surface plasmon resonance in metal nanopar-
ticles that results in the resonant absorption, scattering, and
near field enhancement around the particle can be tuned
across a broadband range from visible to far-infrared wave-
length band.

wide range of scientific and technological applications, such
[1-3

The resonant enhancement allows for a
as optical tweezers,!!=3 surface-enhanced Raman scattering
(SERS),[*1 nano-antennas,”~1%1 plasmonic devices,!''! and
biosensing. 113!

Recently, graphene with two-dimensional Dirac fermions
has attracted intensive investigation!'*13] due to its excel-
lent physical properties.['®!”] Graphene decorated nanoma-
terials and nanostructures have widely been used in the pho-
tonic and optoelectronic fields such as photovoltage device, 3]
photodetectors,“gl optical modulators,?%! and medical sci-

ence applications. Since the experimental fabrication of

curved and spherical graphene sheets is demonstrated, ']
graphene modulated localized surface plasmon resonance and
SERS on nanoparticles are realizable. In this paper, utiliz-
ing Lorenz—Mie theory, we make a systematical study on the
multipolar localized surface plasmons of the graphene coated
dielectric particle excited by Gauss beams with complex wave-

front. The detailed results are shown in the following.

2. Theoretical model

In the Lorenz—Mie theory, the general electromagnetic
wave can be expanded into vector wave functions in the spher-
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ical coordinate system with the origin coincide with particle

center[?2]

i 1 & .
EV(r0.9) =5 Y ¥ 10+ 1)Amyi (@) (0,0),

i 1 & .
H(r0,0)= 5 Y Y 1(1+1) By (aF)Yi (6,9), (1)

where the expansion coefficients A;,,, and By, that characterize

the incident electric and magnetic fields are!?>!
Ay =
L(I+1)wi (o)
/0 /oﬂEr“’ (R,6,9)Y},(6,9)sin0d0dg, (2)
By — — L
L(I+1) (o)

T .
< [ | HY (,6.0)7;, (6, 0)sin0d0dp. ()
0-7 JO

Here o = mykoR, 7 = r/R, A is the wavelength, kg =27 /A is
the wave vector in vacuum, 7, is the refractive index of the
surrounding medium, R is the particle radius, 6 and ¢ are the
polar and azimuthal angles, respectively, and ¥}, (0, @) is the
spherical harmonics.

The following procedure is used to obtain the electromag-
netic wave solution for the scattering and internal fields of the
graphene coated dielectric particle by applying proper bound-
ary conditions at the surface of the particle. In the study, the
graphene layer coating is considered as a surface current sur-
round the spherical particle. The boundary condition at the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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particle surface is that the tangential component of the electric
field E is continuous and the discontinuity of the tangential
component of the magnetic field H is proportional to the sur-
face current density o (@) Ej,!>4

x (Ei+ Es— Ey) =0,

x (Hi+ Hs— Hy) = 0 (0) Ep, )

where E);, is the tangential component of the total electric field,
and e, is the normal vector. By applying the boundary condi-
tions, the expansion coefficients for the scattered electromag-
netic field by the graphene coated particle are derived as!>!

L (o) vy () — wi (@) yj (o) + (1/m2) S (@) -y (ou) y; (a2) 5)
v (o) & (o) — & () W) (an) + (1/m2) S (@) - ] (o) &/ (0t2)
b= ny) (o) yi (o) —yi(aa) v (o0) + (1/m) S (@) -y (o) i (o) ©

ny;(on)& (o) —

i (o) &Y

(o) + (1/n2) S (@) -y (1) & (02)

where 7i = nj/ny, and n is the refractive index of the particle. Also, the multipole expansion coefficients for the internal

electromagnetic field inside the particle are obtained through the boundary conditions as

=7 vi ()& (o) — v () §" (o) o
v ()& (e2) — & (o) i (on) + (1/n2)5( IRACHEACH)
4= Y (02) & (052) yi ()& (o) ®
Ay (o) & (o) — wi (o) & (00) + (1/m) S (@) - wi (o) & (o)
\
where é(l) = y; —ix;, W and J; are the Riccati-Bessel func- The optical extinction, scattering, and absorption spectra
tions. of a nano-particle irradiated by an electromagnetic wave can

The optical conductivity of the graphene layer ¢ (®) can
be derived from the Kubo formula.!?6-28 For simplicity, we
only consider the low-temperature conditions where the abso-
lute value of Fermi level Er of graphene is much larger than
kgT, where kg is the Boltzmann constant and 7 is the absolute
temperature. The optical conductivity o (®) is the summation
over the intraband Gy, (@) and interband Gy (@) contribu-
tions: 0 (@) = Gintra (®) + Ointer (@) . The Drude conductivity
describes the intraband conductivity part

4EF
intra (©) = 00 ——=—7— 9
o-mtra( ) Goﬂ(l—éfiﬁ(l))’ ( )
and the interband optical conductivity is
1 hw —2Eg
i 0) = 1+ —arct —_—
Ointer (®) = Op { + - arctan ( I )
1 < hw +2EF )
— —arctan | ————
n I
i (ho+2Ep)* +12
Lln( i F)2+ C]; (10)
2n (ho —2Ep)”+I2

where 0y = ¢ /41 is the universal conductivity of graphene, e
is the electronic charge, # is the reduced Planck constant, and
I; is the damping constant. The optical conductivity is a func-
tion of the incident wave frequency, the Fermi level Er and
damping constant I of graphene. The dimensionless surface
conductivity S () of the particle can be modified by changing
the optical conductivity of graphene ¢ (@), which has the re-
lationship S (@) =i (@) (o/€)"/%,
permeability and permittivity in vacuum, respectively.

where L and &) are the

be obtained by the Mie expansion coefficients

Wext = Re(E' x H + Eg x H)

= mReZl (14 1) [Re (A, + Bimbiy,)],
Wsea = Re(E XH*)

= 8 extReZl (I+1) [|alm| + |bim| }
Wabs = Wext — Weca = _8 extReZl l+1

X [\alm|2+|b,m\ +Re(Alma}*m+Blmb;‘m)]. )

The corresponding normalized optical cross section of a spher-
ical particle can be derived as

cht Wext/(l 6)
des = dbs/(li . 6)7

where I; is the average intensity of light, 6 = R is the geo-

Qsca = Wsca/(li : 6)7
(12)

metric cross-section of the spherical particle. For the Gaussian
beam, /; is the field intensity at the center of the beam waist. As
indicated, the optical spectra of nano particles contribute from
different plasmonic modes categorized by the angular index
[, such that the excitation of the multipolar localized surface
plasmon should not only depend on the properties of the par-
ticle, but also on the beam profile and the wavefront.

3. Results and discussion

The schematic of scattering diagram is shown in Fig. 1. A
graphene-coated polystyrene spherical particle is irradiated by
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a focused Gaussian beam with waist radius wy = 5 pum. The
ambient medium is air. The refractive index of the polystyrene
particle is n; = 1.59. First we investigate the local surface
plasmonic spectra for the graphene-coated dielectric particle
excited by the Gaussian wave. As shown in Fig. 2(a), a res-
onant absorption peak is excited in the optical spectra due
to the plasmonic response of the graphene layer, with hardly
any scattering by the particle. The plasmonic resonant peak
is mainly generated by the dipole mode resonance of the lo-
calized surface plasmon of the particle. We further analyze
the impact of the particle size and the characteristics of the
graphene coating on the plasmonic response of the particle.
As observed in Fig. 2(b), with the increase of the particle
size, the frequency of the resonant peaks red shifts, while the
magnitude of the peak remains almost unchanged. In Fig. 2(c),
with the increase of the Fermi energy Er of the graphene
coating, which can be implemented through chemical dop-
ing, the corresponding wavelength of the resonant peak de-
creases gradually, simultaneously the magnitude of the peak
is enhanced significantly. The mechanism of blueshifts of
the resonant peaks with the particle size and Fermi energy
of graphene can be understood from the surface plasmon ex-

cited in graphene by the Gaussian wave. With the particle size
decreasing, the resonant wavelength becomes short, the cor-
responding resonant peak blueshifts. Furthermore, when the
Fermi energy of the graphene coating increases, the localized
surface plasmon is enhanced, the corresponding plasmonic
resonant peak of the particle is improved and blueshifts. It
demonstrates that both the intensity and resonant frequency of
the plasmonic peak can be modified effectively by tuning the
properties of the graphene layer, which provides functional lo-
calized surface plasmons manipulation for plasmonic devices.

wo

LG beam

Fig. 1. Excitation of the localized surface plasmon on a graphene-
coated polystyrene spherical particle with radius R by Gaussian beam.

25 25 = 30
(a) . (b) Er=0.6¢eV 20 mm (c) R =50 nm Ep=
20} dipole plasmonic resonance 20+ —40 nm —0.3 eV
50 nm —0.4 eV
Sl 20f ey
15 15F —80 nm 0.7 eV
o % Omm) g — 08 eV
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10}
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0 0 JL 0 J
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Fig. 2. (a) Local surface plasmonic spectra for a graphene-coated dielectric particle excited by a Gaussian wave (particle radius R = 50 nm,
Fermi level Er = 0.6 eV); (b) and (c) the optical extinction spectra (Qex¢) of the graphene-coated polystyrene particle with the variation of the

particle size and the Fermi level of graphene, respectively.

However, as demonstrated above, the high order plas-
monic mode cannot be excited through modifying the prop-
erties of the graphene coating. In view of this limitation,
we proceed to explore the optical resonance of the graphene
coated dielectric particle interact with beams with complex
wavefront, the Laguerre Gaussian (LG) beam, to further in-
vestigate the high order plasmonic resonant mode response.
The LG beam possesses the cylindrical symmetry and helical
wavefront with a special vortex phase exp (is@) , where s is the
azimuthal mode index.!*®! Suppose the LG beam is polarized
along x direction and propagating along z direction, the vector

potential A can be expressed as

A = éu(r,0,z)exp (ikz),

w 72
(0.9 = Ape (22 ) (preso (i)
<explis)expli 2p+s+ DE ), (13)

where the parameters are related with the Rayleigh range
R = kW% /2,

,1/2
W, = Wo 1+<Z) ,
ZR
2 2
£()= tan'(z) R(z) = =,

R z
frs(P)=p°Ly, (p )exp( p*/2),

p= @a Aps (14)
W, WWMOS p+s
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and L3, (p?) is the generalized Laguerre polynomial. Through
the Maxwell’s equations

y/um
y/pm

=1/ VA,
E=—io[A+(1/F)V(V-A)], (15)

the electromagnetic fields of the Laguerre Gaussian beam can

. T /um T
be derived as!3Y * /pm

Fig. 3. Modal profile of cross section f,s(p) of LG beam of order p =5,

> s=15: (a) exp(isB), (b) cos(s6). Beam waist oy = 5 pm.
. € wo . kr
H = io/—Ap () exp (1 >
u Wz 2R (z) The optical extinction spectra of a graphene coated
x exp[i(2p+1+1) L (z)]exp (ikz) polystyrene particle excited by the LG electromagnetic wave
rcos 9 V2 s (P) described by Egs. (16) and (17) with order p = 5 and vor-
X eyt | = ——fps(p)+i —cosO=="— o o
R(2) kw, ar tex phase s = 0-5 are shown in Fig. 4. The color lines in
ine I .
X cos (s8) — is sin sin (s8) s (p) }61}7 (16) the figure represent the extinction spec'tra contributed by all
kr modes and discrete plasmon modes of dipole, quadrupole, oc-
E— ioA wo . : kr? tupole, I =4, [ =5, respectively. As the figure indicates, with
N P 2R (z) the vortex phase of the LG beam increasing, the lower order
x exp[i(2p+1+41)(z)]exp (ikz) localized surface plasmonic modes diminish gradually, while
_ reos 0 V2 fs () the higher order localized surface plasmons are excited in the
X ex+ ————fps(p) +i—cosO—"———+ . . .
R(z) kw, ar high frequency band. Specifically, the dipole mode accounts

_sin@ . for the major part of plasmonic resonance for the lower or-

x cos (s9) +is o o (56) fps (P) }ez}. an der LG beam (LGsp, LGs;). With the helical phase s grow-
ing, the dipole mode diminishes gradually and the octupole

Figures 3(a) and 3(b) show the modal profile of cross sec-  mode emerges (LGs;) and dominates (LGs3). With the heli-

tion f,s(p) of an LG beam of order p =5, s = 5. As the figure  cal phase further increasing, the high order mode of / = 5 is
shows, the cross section of the high order LG beam exhibits excited (LGs4) and dominates (LGss), the resonant frequency

the cylindrical symmetry and a complex helical wavefront. blue shifts gradually.
20 F 1 20t E
(a) (b) 10t (c)
all modes all modes al.l modes
dipole dipole dipole
% —— quatrupole —— quatrupole quatrupole
o 10 octupole 1 10f octupole 1 sl octupole
LGso LG5 LGs JL
0 0 0
: 4
6F (d 1 3} ) all modes | £
(d) all modes (e) dipole () all modes
dipole 3r dipole
—— quatrupole
—— quatrupole octupol quatrupole
pole
L 4r octupole 1 2t l—4 octupole
¥ = 2t — =4
<] —I1=5 -5
2t 1 1t 1 1t
o ) i) W S W O B |
0 0 0 J
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12
Wavelength /pm Wavelength /pm Wavelength /pm

Fig. 4. Optical extinction spectra Qex; of a graphene coated dielectric particle excited by LG beam of order p = 5 with vortex phase factor
s = 0-5. The color lines represent the extinction spectra contributed by all modes and the discrete plasmonic modes of dipole, quadrupole,
octupole, [ =4, [ =5, respectively. R =100 nm, Er = 0.6 eV.
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The investigation above demonstrates that the multi-polar
localized surface plasmons of the graphene coated dielectric
particle could be excited and tuned selectively by modifying
the helical wavefront of the LG beam. The underlying physics
can be understood from the mutual interaction of the particle
and the helical wavefront of the high order LG beam which
carries angular orbital momentum (OAM) of s% per photon. [%°]
The OAMs of the high order LG beam are transferred to the
graphene coated dielectric particle under the resonant absorb-
ing condition, exciting the corresponding mode of localized
surface plasmons.3!-3?! The selective multi-polar surface plas-
mons excitation through the wavefront engineering of optical
beams could open a new path for the study on enhancing light—
matter interaction. [33]

In further study, we illustrate the profile of multipolar
mode of the electric field of the localized surface plasmon
of the graphene coated dielectric particle excited by the LG
beam in Fig. 5. As illustrated in the figure, by the different
resonant frequency excitation, the field distribution around the
particle exhibits the corresponding multipolar plasmonic pro-
file, which further indicates the selective excitation of the high

order localized surface plasmons by the LG beam.

Besides the local field distribution, we also examine the
electric charge distribution of the graphene coated dielectric
particle excited by the LG beam, since the charge pattern can
offer a clear picture of the nature of a particular plasmonic
wave mode at resonance within the particle.?*3! In particu-
lar, the graphene coating is considered as a surface current sur-
round the particle. The polarized electric charge distribution
of the graphene coated dielectric particle excited by the LG
beam for different plasmonic mode is shown in Fig. 6, corre-
sponding to the multipolar mode of the localized surface plas-
mon in Fig. 5, respectively. It is shown that the charge density
is mainly distributed on the surface of the particle, which is
due to the surface plasmonic resonance of the graphene coat-
ing, and the charge density distributions inside the dielectric
particle exhibit the exact localized surface plasmonic resonant
mode patterns that correspond to the local field in Fig. 5. The
analysis further demonstrates the effective excitation of the

high order localized surface plasmons of the graphene coated

dielectric particle by the LG beam.

Fig. 5. Multipolar mode profile of electric field of the localized surface plasmon of the graphene coated dielectric particle excited by LG beam,
panels (a)—(c) correspond to the red, magenta, and navy blue circles in Fig. 4(e), representing different plasmonic modes, respectively.

X103
(a) RIS 5l ?
4 2 f‘\
i 1
o Y | A
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N ’/,,/ -4 -2 & ”
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Fig. 6. Electric charge distribution of the graphene coated dielectric particle excited by LG beam for different localized plasmonic mode,
corresponding to the multipolar mode of the localized surface plasmon in Fig. 5.

4. Conclusion and perspectives

We have made a systematic investigation on the excitation
of localized surface plasmon of the graphene coated dielectric
particle. It is found that both the intensity and resonant wave-
length of the plasmonic peak can be tuned effectively through
modifying the graphene layer. Furthermore, high order local-
ized plasmons could be excited and tuned selectively by an LG

beam, which is induced by the mutual interaction of the parti-

cle with the helical wavefront. Simultaneously, the multipolar
mode profile of the localized surface plasmon is illustrated in
detail. These investigations can find rich potential applications
in the plasmonic devices and the wavefront engineering of op-
tical beams for enhancing the light—matter interaction.

References

[1] Juan M L, Righini M and Quidant R 2011 Nat. Photon. 5 349
[2] Shoji T and Tsuboi Y 2014 J. Phys. Chem. Lett. 5 2957

057302-5


https://doi.org/10.1038/nphoton.2011.56
https://doi.org/10.1021/jz501231h

Chin. Phys. B  Vol. 29, No. 5 (2020) 057302

(3]
(4]

[3]
(6]
(7]
(8]

[91

[10]

[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]

Kotsifaki D, Kandyla M and Lagoudaki P 2016 Sci. Rep. 6 26275
McLellan J M, Li Z Y, Siekkinen A R and Xia Y N 2007 Nano Lett. 7
1013

Nie S M and Emery S R 1997 Science 275 1102

Doering W E and Nie S M 2002 J. Phys. Chem. B 106 311

Kuhn S, Hakanson U, Rogobete L and Sandoghdar V 2006 Phys. Rev.
Lett. 97 017402

Merlein J, Kahl M, Zuschlag A, Sell A, Halm A, Boneberg J, Leiderer
P, Leitenstorfer A and Bratschitsch R 2008 Nat. Photon. 2 230
Palaniyappan S, Hegelich B M, Wu H C, Jung D, Gautier D C, Yin L,
Albright B J, Johnson R P, Shimada T, Letzring S, Offermann D T, Ren
J, Huang C, Horlein R, Dromey B, Fernandez J C and Shah R C 2012
Nat. Phys. 8 763

Muhlschlegel P, Eisler H J, Martin O J F, Hecht B and Pohl D W 2005
Science 308 1607

Bergman D J and Stockman M I 2003 Phys. Rev. Lett. 90 027402
Unser S, Bruzas I, He J and Sagle L 2015 Sensors 15 15684

Sun M T and Xu H X 2012 Small 8 2777

Novoselov K S, Geim A K, Morozov S V, Jiang D, Katsnelson M 1,
Grigorieva I V, Dubonos S V and Firsov A A 2005 Nature 438 197

Li Z Q, Henriksen E A, Jiang Z, Hao Z, Martin M C, Kim P, Stormer
H L and Basov D N 2008 Nat. Phys. 4 532

Bruna M and Borini S 2009 Appl. Phys. Lett. 94 031901

Chen P Y and Alu A 2011 ACS Nano 5 5855

Echtermeyer T J, Britnell L, Jasnos P K, Lombardo A, Gorbachev R V,
Grigorenko A N, Geim A K, Ferrari A C and Novoselov K S 2011 Nat.
Commun. 2 458

[19]

[20]

[21]
[22]
(23]
[24]
[25]
[26]
(271
[28]
[29]

[30]
(31]
[32]
[33]

[34]
[35]

057302-6

Fang Z, Liu Z, Wang Y, Ajayan P M, Nordlander P and Halas N J 2012
Nano Lett. 12 3808

Liu M, Yin X, Ulin-Avila E, Geng B, Zentgraf T, Ju L, Wang F and
Zhang X 2011 Nature 474 64

LeeJ S, Kim S I, Yoon J C and Jang J H 2013 ACS Nano 7 6047
Barton J P, Alexander D R and Schaub S A 1988 J. Appl. Phys. 64 1632
Barton J P, Alexander D R and Schaub S A 1989 J. Appl. Phys. 66 4594
Yang B, Wu T, Yang Y and Zhang X D 2015 J. Opt. 17 035002

Yang Y, Shi Z, LiJ F and Li Z Y 2016 Photon. Res. 4 65

Falkovsky L A and Varlamov A A 2007 Eur: Phys. J. B 56 281
Falkovsky L A 2008 J. Phys.: Conf. Ser. 129 012004

Jablan M, Buljan H and Soljaci¢ M 2009 Phys. Rev. B 80 245435

Allen L, Beijersbergen M W, Spreeuw R J C and Woerdman J P 1992
Phys. Rev. A 45 8185

Arora R K and Lu Z 1994 IEE Proc.-Microw. Antennas Propag. 141
145

Mazilu, M Arita Y, Vettenburg T, Aufién J] M, Wright E M and Dho-
lakia K 2016 Phys. Rev. A 94 053821

Thanvanthri S, Kapale K T and Dowling J P 2008 Phys. Rev. A 77
053825

Arita Y, Mazilu M and Dholakia K 2013 Nat. Commun. 4 2374
Zhou F, Li, Liu Z Y Y and Xia Y N 2008 Phys. Chem. C 112 20233

Zheng C, Jia T, Zhao H, Xia Y, Zhang S, Feng D and Sun Z 2018 Plas-
monics 13 1121


https://doi.org/10.1038/srep26275
https://doi.org/10.1021/nl070157q
https://doi.org/10.1021/nl070157q
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1021/jp011730b
https://doi.org/10.1103/PhysRevLett.97.017402
https://doi.org/10.1103/PhysRevLett.97.017402
https://doi.org/10.1038/nphoton.2008.27
https://doi.org/10.1038/nphys2390
https://doi.org/10.1038/nphys2390
https://doi.org/10.1126/science.1111886
https://doi.org/10.1126/science.1111886
https://doi.org/10.1103/PhysRevLett.90.027402
https://doi.org/10.3390/s150715684
https://doi.org/10.1002/smll.201200572
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nphys989
https://doi.org/10.1063/1.3073717
https://doi.org/10.1021/nn201622e
https://doi.org/10.1038/ncomms1464
https://doi.org/10.1038/ncomms1464
https://doi.org/10.1021/nl301774e
https://doi.org/10.1021/nl301774e
https://doi.org/10.1038/nature10067
https://doi.org/10.1021/nn401850z
https://doi.org/10.1063/1.341811
https://doi.org/10.1063/1.343813
https://doi.org/10.1088/2040-8978/17/3/035002
https://doi.org/10.1364/PRJ.4.000065
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1088/1742-6596/129/1/012004
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1049/ip-map:19941111
https://doi.org/10.1049/ip-map:19941111
https://doi.org/10.1103/PhysRevA.94.053821
https://doi.org/10.1103/PhysRevA.77.053825
https://doi.org/10.1103/PhysRevA.77.053825
https://doi.org/10.1038/ncomms3374
https://doi.org/10.1021/jp807075f
https://doi.org/10.1007/s11468-017-0611-4
https://doi.org/10.1007/s11468-017-0611-4

	1. Introduction
	2. Theoretical model
	3. Results and discussion
	4. Conclusion and perspectives
	References

