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Surface plasmon polariton at the interface of dielectric and graphene
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We theoretically investigate the control of surface plasmon polariton (SPP) generated at the interface of dielectric
and graphene medium under Kerr nonlinearity. The controlled Kerr nonlinear signal of probe light beam in a dielectric
medium is used to generate SPPs at the interface of dielectric and graphene medium. The positive, negative absorption, and
dispersion properties of SPPs are modified and controlled by the control and Kerr fields. A large amplification (negative
absorption) is noted for SPPs under the Kerr nonlinearity. The normal/anomalous slope of dispersion and propagation
length of SPPs is modified and controlled with Kerr nonlinearity. This leads to significant variation in slow and fast SPP
propagation. The controlled slow and fast SPP propagation may predict significant applications in nano-photonics, optical
tweezers, photovoltaic devices, plasmonster, and sensing technology.

Keywords: surface plasmon polariton, Kerr nonlinearity, graphene

PACS: 42.65.-k, 42.50.—p, 42.50.Nn, 42.65.Hw

1. Introduction

The study of light matter interaction at microscopic scale
has received enormous attention of the researchers.!!~8! The
study of optical phenomena related to the electromagnetic re-
sponse of metals has been recently termed as plasmonics or
nanoplasmonics. This rapidly growing field of nanoscience
is mostly concerned with the control of optical radiation on
the subwavelength scale. A plasmon is a collective oscillation
of free electrons which leads to characteristic energy losses
in metals. ! The work of Wood in 1902 provided the very first
scientific study for the presence of surface plasmon on metallic
grating in optical reflection measurements.!'% The existence
of surface plasmon wave was first predicted by Ref. [11] in
a transversemagnetic (TM) mode. Surface plasmon polari-
ton (SPP) modes are two-dimensional bounded excitations,
guided by the surface whose electromagnetic field decays ex-
ponentially with distance from the surface.['”] SPPs possess
remarkable capabilities of concentrating light in a nanoscale
region, which leads to an enhancement of electromagnetic
field at the interface,[!3! resulting in an extraordinary sensi-
tivity of SPPs to surface conditions. Surface related phenom-
ena including surface roughness and adsorbates on surface

(121 Several opti-

are well described by using this sensitivity.
cal demonstrations, such as well defined optical transmission,
huge field enhancement, and negative refraction are the contri-
butions of SPPs in metals at subwavelength scale.!'* Surface-
enhanced optical phenomena, such as Raman scattering, sec-
ond harmonic generation (SHG), and fluorescence are the con-
sequences of significant enhancement of localized field.!'>~1%]

SPPs can be excited by an incident electromagnetic wave
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if their wavelength vectors match. What distinguishes SPPs
from photons is that they have a much smaller wavelength

(201 Scanning near-field optical mi-

at the same frequency.
croscopy (SNOM)?!! provides an opportunity to probe the
SPP field directly over a surface in nanometer range. The im-
plementation of SNOM has led to a breakthrough in surface

[22-29

polariton studies. I Surface plasmon polariton scattering,

interference, backscattering, and localization have been visu-
alized and investigated directly on the surface. 232!

In recent years, there has been a rapid expansion of re-
search into metasurfaces to achieve an efficient control over
the parameters of nonlinear optical interactions, which leads
to the fabrication of tunable optical devices. The nonlinear re-
sponse of a material is sensitive to the field localization within
nanostructure. Therefore, efficient control over different non-
linear optical properties can be achieved by varying the shape
anisotropy and geometry of a particular metasurface (plas-
monic metamaterials). Intensity, phase, and state of polariza-
tion are different parameters which can be used for calculat-
ing nonlinear optical response. To achieve active functionality,
one must include nonlinearity into metasurface design,*°! by
using either the nonlinearity of plasmonic material itself'3!-3?]
or by incorporating high nonlinear material such as semi-
conductor quantum wells combined with existing plasmonic

(33,34

metasurface structure. 1 Kerr nonlinearity, corresponding

to the refractive part of the third-order susceptibility, results
in an intensity-dependent refractive index. The intense laser
pulses in Kerr nonlinearity lead to several important phenom-

1331 optical phase conjugation,3®!

[38]

ena such as self-focusing,

[37

optical bistability,*”] and two beam coupling.
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Many proposals have been suggested for achieving en-
hanced Kerr nonlinearity accompanied with negligible absorp-
tion. Sahraia et al.’°! described the Kerr nonlinearity and
optical multi-stability in a four level Y-type atomic system.
Schmidt studied Kerr nonlinearity in light propagation and
observed enhancement in the Kerr nonlinearity to several or-
ders of magnitude.*”) Bacha et al.!*!! used Kerr nonlinear-
ity for enhancement of superluminality and practical applica-
tion of temporal cloaking. Quantum sized gold film provides
a promising sensing platform for metasurfaces due to its gi-
ant optical nonlinearity. By varying the incident optical power
through quantum sized gold film, the active functionality of
the material can be determined. At low power region, the de-
vice acts as a normal reflecting surface. It becomes a phase
grating when the incident power is high enough and enhances
the nonlinear response. *?! Rokhsari and his co-workers!*3! de-
veloped an experimental technique for observation of optical
Kerr effect in microcavities at room temperature. At this stage
one can raise some questions. Can SPP waves be generated
from the control output pulse of dielectric? How the Kerr in-
stability in dielectric be used for wide band optical amplifi-
cation? Can the SPPs be controlled by utilizing large opti-
cal nonlinearities such as Kerr nonlinearity? What will be the
nonlinear response to the applied fields at the interface of di-
electric and graphene medium? To resolve these issues, we
consider a four level dielectric atomic system and a graphene
medium for describing the dynamics of light pulses in Kerr
nonlinear media. By using control fields and Kerr nonlinearity,
the positive and negative absorption of SPPs is investigated.
The normal anomalous dispersive properties and propagation
length of SPPs are controlled and modified with Kerr nonlin-
earity. We have noted significant enhancement in the speed of
slow and fast propagating plasmon polariton waves.

2. Model of the atomic system

A four level atomic configuration of a dielectric medium
and graphene medium is shown in Fig. 1. The dielectric atomic
system is shown on dielectric surface. The probe field E,
which has Rabi frequency £, is coupled between states |2)
and |4). The |1) and |4) are coupled with control field E3 hav-
ing Rabi frequency 3. The |2) and |3) are coupled with a
control field E4 having Rabi frequency 4. The four energy
levels of graphene are shown on the graphene surface. In this
configuration, probe field E, which has Rabi frequency €,
is coupled between states |1) and |4). The control fields E|
and E, with Rabi frequencies ;| and €2, are coupled to states
|2) < |3) and |3) < |4), respectively. The surface plasmon po-
lariton waves are generated at the interface, as shown in Fig. 1.
The self Hamiltonian of dielectric system is

4
Hy =Y ho;i) (il. (1)
i=1

The Hamiltonian in the interaction picture for dielectric
medium of the four level atomic system is written as

fi ) )
Hip = =3 [@5e™ " 1) (4] + Qpe 1% [2) (4

+Que 4 2) (3] +Hec. )

dielectric

Fig. 1. (color online) Energy diagram of the four level atomic system.

The Hamiltonian in the interaction picture for graphene
medium of the four level atomic system is written as

fi i )
Hor = _E[Qle’m” 12) (3] + Qpe 14 |1) (4]
+ Qe 4 2) (3] +Hec. 3)

The detuning of these fields is related to their correspond-
ing angular frequencies and also to the resonance frequencies
of the atomic states, which is given in the following: A; =
W3 — O, Ay = W34 — @2, Apg = 014 — W, and Az = @14 — @,
Ay = 3 — Wy, Apg = W4 — @p. The master equation for den-
sity matrix is given below

i 1
p=—2lpHuoyl - EEJ'Z(O-TO-/) +poto—20pc’), 4)

where o' is the raising operator and o is the lowering opera-
tor for the atomic decays. Here, .(2p is taken in the first order,
while €21 5 3 4 are taken in all order of perturbations. The atoms
are initially assumed to be in the ground state |2) in dielectric
medium, and in the ground state |1) in graphene medium. Us-
ing master Eq. (4), the systems are solved for the equation of
motion. We solved sixteen density matrix equations. Further-
more, the coupled rate equations are considered out of sixteen
density matrix in the explicitly time independent form. The
first order perturbation conditions and initial population con-

)

ditions are 51((1)) = 1 for dielectric and 52((2) = 1 for graphene

. ~(0) _ ~(0) _ ~(0
medium. p3(3) = pi4) = pl.(j)
rates equation. The following expression is used for the solu-
tion of ﬁéj‘) and 51(411>

= 0 are applied to the coupled

for dielectric and graphene systems:

4 /
Z(t) = / e At-)pd = A" B. 5)
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In the above equation, Z(¢) and B are column matrices
while A is an n x n matrix. Equation (5) is solved for the sys-
tems to first order and the following density matrix is obtained

as:
E __ 2i(A3|.Qg|2 —|—A2(4A3A4 + ‘94‘2))Qp ©)
H O GH2(241A2 + 24344 — [ Q3 )[Qu]? + | Qu
5 1[Qp(B1B2 + 1|91 Qe (91-9)] o
14 = ) )
2(B1ByBs + 1@ Qs ]ei(01-02) 4 Bl
where
. 1
A1=1Apd—§(r1 +13), ®)
. 1
A2:1(Apd_A4)_§(1—i+B+1—é+El); )
Az = i(Apd —Az), (10)

. 1
A4=I(Apd—A4—A3)—5(F1+72+Y4), (11)

Bi = i(Ap — & A1)+ 3 (T 415), (12)
Bz:i(Apg—A2)+%(Yl+Yz+Y4)’ 13)
B3y =iApe + %(7’1 + 1), (14)
G = (441434 |23]) (4A2A4 + |3 ). (15)

To introduce Kerr effect, 524 and 5 14 are expanded in the

following way of perturbation limit as:[*#
ap (k)
k 0 14,24
91(4),24 = P1(4,)24 = (16)

In the case of self Kerr nonlinearity, the susceptibility is
taken in the third order form ()>) having a unit of V> / m2. The
cross Kerr nonlinearity is not due to the probe field intensity,
but to the intensity of any other control field. To introduce
cross Kerr nonlinearity, Bacha et al.[***1 and Agarwal used
Eq. (16), where I = |Q; 3|

The nonlinearity Kerr susceptibility y* is taken in the or-
der of 3 in self Kerr nonlinearity with a unit of V/m?. In this
case, we produce cross Kerr nonlinearity in the given medium,
which is due to the other control field not due probe field him-
self by the method of Bacha ef al.,[***! and its unit is also
V2 /m?,

The simplified forms are calculated as

i.QpBle
2(B1B,B; + Bl
10Q,B3] Q1 ?| Q| *e21(91792)
~ B}BaB3+ |2}
—2iQ,A2(4A3A4 + | Q4)?)
16A1A2A3A4 + 2(A|A2 +A3A4) |.Q4|2 + |Q4|4
(81A2A4 —2i (245 +A3)[Q4]%)
(4A]A2 + |.Q4|2)2(4A3A4 + |Q4|2) '

k
P1(4) =

A7)

k
P2(4) =

+10sP| ()

The Kerr field effected susceptibility is then calculated as fol-

lows:
2Np3, ~ (k)
= 19
£oh P24 s (19)
2Np?y ~(k)
= ) 20
X aoh -Qpp 14 (20)
The dispersion relation for surface plasmon polaritron is
written as
_ (U +4n(xn) (1 +4n(22))
ksp = ) 2y
2+4n(21+ 22)

where kg, = kongp. The phase velocity of plasmon polariton
is written as v, = ¢/n;’. The intensity of SPPs decreases
exponentially along the interface of dielectric and graphene
medium with the propagation length L, as e 2*»Lx.  The
propagation length of surface plasmon polariton is written as
L =1/2Im(kgp).

The input light pulse is taken in a Gaussian form as

2
X —ct . . ot
0

S;(t,x) = exp
The surface plasmon polariton pulse propagating at
the interface is the fourier transform of (S5, (®,x) +
Sdu(@,x)) exp(i(ksp(@)x — @gpt)), where S5, (w,x) and
Sd

Cut(@,x) are the output pulses of graphene and dielec-

tric to the interface in frequency domain, while @5, =

0p\/1/(1+&4), ne = /&1, ©F = 0 — *k,.

polariton pulse in space time domain is written by

The plasmon

o — (n"
Ssp(x,1) = /_oou(x,t)l[l](x)exp[i W

X <xaﬂd(o, 23)
C
where

[ (o2 o [ (o)
u(x,w)=exp |i | —to+ +exp |i| —to+ ,
c c

and

(—1+c)ap(2ix+(—1 +c)1§a)o)]

v (x) = Toexp { 2

where nf is the refractive index of dielectric, nf is the refrac-
tive index of graphene, and n;" is the refractive index of SPPs.

3. Results and discussions

The results are presented for real and imaginary parts of
dispersion relation of surface plasmon polariton (ksp) under
Kerr nonlinearity. The real part of kg, is related to the disper-
sion, and the imaginary part is related to the absorption spec-
trum of surface plasmon polariton. The atomic decay rate y of
dielectric and graphene medium is assumed to be 36.1 MHz,

114215-3
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and other parameters are scaled to this decay rate y. The pa-
rameters 71, [lp, and & are taken as 1 in atomic units. The input
pulse width 7 is chosen as 10 ps.

In Fig. 2(a), the plots are traced for real and imaginary
parts of kg under Kerr field effect with probe detuning of
graphene atomic system, whereas phases @), = 7/2,7/6 of
the control fields E7 ; are fixed. The imaginary part is related
to the absorption properties of kg, which has a negative value
with probe detuning of graphene energy system. The nega-
tive absorption shows amplification of the plasmon polariton
pulses. The slope of dispersion has symmetrically normal and
anomalous behavior about the resonance point Apg = 0y. This
shows slow and fast pulse propagation of the surface plasmon
polariton under Kerr nonlinearity. Figure 2(b) shows the plots
for real and imaginary parts of ks, with probe detuning of di-
electric atomic system and in the presence of Kerr nonlinear-
ity. Again, the phases ¢, = 7/2,7/6 of the control fields
E) 5 are kept constant. At the resonance frequency (Apq = 07),
the negative absorption peak is large. Furthermore, far from
the resonance point there are two positive peaks of absorption,
which shows that plasmon pulses rapidly decay at probe de-
tuning of +A,4. The dispersion is kink and anti kink behavior
and show alternate subluminal and superluminal propagation
of SPPs.

a
& Re(k,,)
5 2'_,_,/)
&
~
&
< 0 =\
—2F Im(ksp)
—20 —10 0 10 20
Ape/y
b
(L)
Re(k,p)
=
s 2f
~
%
|
_of
Im(ksp)
—4f . . .
—20 —10 0 10 20
Apd/'y

Fig. 2. (color online) Dispersion relation of surface plasmon, while
N234 =17 234 =17, A1 =07, [Q1234] =57, 912 =7/2,7/6,
and (a) Apg = 07, (b) Ape = 0.

In Fig. 3(a), the plots are traced for real and imaginary
parts of kg, under Kerr field effect with probe detuning of
graphene atomic system, and with constant phases @, =
7/3,7/4 of the control fields E|». In this case, the absorp-
tion is negative with probe detuning Apg and largely enhanced

near the resonance point at positive detuning. The slope of
dispersion is anomalous at this region, which shows superlu-
minal propagation of SPPs. Figure 3(b) shows the plots for
real and imaginary parts of kg, in the presence of Kerr field
effect with probe detuning of dielectric atomic system, while
phases @, » = 7/3,7m/4 of the control fields E| , are constant.
The negative absorption symmetric dispersion of positive and
negative slope is measured in this case, which shows slow and
fast plasmon polariton pulse propagation.

—20 —10 0 10 20

A/
1.5
(b)
1.0f Re(ksp)
0.5F
5 0
&
2 —05F
~
—1.0F
Im(ksp)
—1.5F
—20 —10 0 10 20
Apd/'y

Fig. 3. (color online) Dispersion relation of surface plasmon, while
Na23a=17 234 =17, A12 =07, [Q1234] =57, @12 =7/3,7/4,
and (a) Apq = 07, (b) Apg = 07.

In Figs. 4(a) and 4(b), the plots are traced for real and
imaginary parts of ks, in the presence of Kerr field effect
with control field Rabi frequencies £2; 4, while phases @, =
m/3,m/4 of the control fields E;, are kept constant. In
Fig. 4(a), the absorption is positive at a very small value of
£2,. As the value of £, increases, the absorption becomes
negative. The maximum of the negative absorption (ampli-
fication) occurs at £2; = 4.5y. Furthermore, when the Rabi
frequency of the control field increases from 2, = 4.5, the
negative absorption decreases and again it turns into a positive
value. The points €, = 3.2y and 2, = 8.17 are the swamping
points from positive to negative and from negative to positive
absorption of SPPs, respectively. Figure 4(b) shows real and
imaginary parts of ks, which are plotted with the Rabi fre-
quency 4 of the control field E4 and in the presence of Kerr
field effect. The phases @1o =7 /3,m/4 are fixed. A negative
absorption peak is noted at £24 = 47. The slope of dispersion is
found normal in this region of the control field Rabi frequency.
In this peak region, the negative absorption decreases and the
slope becomes more steeper, which rapidly enhances the slow
plasmon polariton.

114215-4
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24/~
Fig. 4. (color online) Dispersion relation of surface plasmon, while

N234=17T1234=1Y. A12 =07, @12 = 7/3, /4, Apg pg = 07, and
(@) |21 34] =57, (b) [R1 23] = 57.

Figure 5 shows the propagation length of SPPs in the unit
of Ap = 27c/w with Kerr field Rabi frequencies € 3, where
® = 1000y and ¢ = 3 x 10® m/s. The y-coordinate is taken
as L,/ Ao, and the propagation length varies with Ay in the y-
coordinate. Further, the x-coordinate is normalized with 7.
The Rabi frequency varies with y multiplied by the fraction
of x-coordinate (thanks to reviewer’s comments). The frac-
tional change L/A¢ varies from 0.34 to 0.48 in Fig. 5(a),
and from 0.462 to 0.474 in Fig. 5(b) with |, 3] = (0-5)7.
The propagation length L, varies from 0.34Ay to 0.48¢ in
Fig. 5(a), and 0.462A¢ to 0.474A¢ in Fig. 5(b). The intensity
of SPPs decreases exponentially along the interface of dielec-
tric and graphene medium. The propagation length of surface
plasmon polariton, L, = 1/2Im(kp), initially increases with
Kerr field Rabi frequency and reaches its maximum value at
|21 3| = 57, then decreases as the Kerr field intensity increases
from |Q; 3| = 5y. The nonlinear effects depend on the propa-
gation length of the SPPs.

Figure 6 shows the input laser pulse which propagates
both to dielectric and graphene medium. The input pulse is a
Gaussian form in space time domain. The input pulse width in
time domain is taken as 7y = 10 us. The input Gaussian pulse
is modified with the applications of control fields. The Kerr
field as well as the control field significantly changes the prop-
erty of input pulse within the dielectric and graphene media.
The SPPs cannot be excited directly by ordinary probe laser
light due to momentum mismatch between the incident light
and the SPPs. The electron energy loss spectroscopy, Kretch-
mann geometry, Otto geometry, metallic grating, and nanoslits
are the special designed techniques to excite SPPs by direct

0.48
0.46
0.44
0.42
0.40
0.38
0.36
0.34 L

(a)

Lz/)‘O

o
—
N}
w F
.
o
[=)]

0.474[
(b)
0.472}
0.470}

0.468

LI/AO

0.466

0.464
-/

0.462 ™~

25/~

Fig. 5. (color online) Propagation length of surface plasmon in cen-
timeter, while ¥1234 = 17, 1 234 = 17, A12 =07, @12 = 7/3,7/4,
Apg = 07, and (a) [2234] =57, (b) [2124] =57,

100 100

Fig. 6. (color online) Plasmon polariton pulse amplitude versus space
time coordinates (x, t), 7o = 10 ps.

light beams. The intensity of the incident Gaussian pulse beam
is more significant under these conditions of special excita-
tion geometry. A strong nonlinear response from optically
thin structures requires much stronger light—matter interac-
tions than those that are naturally available in bulk nonlinear
media. The surface plasmons existing at graphene—dielectric
interfaces confine strong field and are efficient to enhance
light—matter interactions at the graphene boundary. Plasmonic
metasurfaces open new possibilities for nonlinear signal gen-
eration. Plasmonic waves enhance the efficiency of nonlinear
generation. Any graphene surface can virtually support a non-
linear response, because the electrons at the surface reside in a
non-symmetric environment, and can therefore avoid the sym-
metry constraints. The intrinsic bulk nonlinearity emits non-
linear signals from the surface. To achieve symmetry breaking
for SHG metasurfaces, plasmonic nanostructure is used with
removed inversion symmetry.[4®!
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Figure 7 shows the normalized SPP wave intensity
|Ssp (x,2)|? at the interface of graphene and dielectric in space
time domain in atomic unit. The longer the propagation length,
the more interactions with the material, and the greater the
nonlinear effects. On the other hand, if the power decreases
while the SPPs travel along the optical plasmas at the inter-
face, the effects of nonlinearity diminish. The pulse shape is
distorted due to group velocity dispersion dny’ /d @ and the en-
ergy loss of SPPs. The intensity of SPP waves exponentially
decays from negative to positive time domain. The intensity
along the negative x-coordinate is zero and gradually increases
to 4 a.u. (a.u. is short for atomic units), and then exponentially
decays to 0.5 a.u.; further, the intensity is again enhanced by
the new excitation of SPP waves.

—100

100

Fig. 7. (color online) Surface plasmon polariton pulse amplitude vs
space time coordinates (x,t), while y1 234 =1y, [1 234 = 17, A1 2 =07,
‘.(21‘2_’3>4| =5y, Q12 = n/3,7/4, Apa = 07, and 79 = 10 ps.

4. Conclusion

In conclusion, the surface plasmon polariton generated at
the interface of dielectric and graphene medium is controlled
and modified under the effect of Kerr nonlinearity. The output
pulse from dielectric and graphene is used to generate surface
plasmon polariton. The positive and negative absorption of
SPPs with control fields and Kerr nonlinearity is measured.
The normal anomalous dispersive properties and propagation
length of SPPs are controlled and modified with Kerr nonlin-
earity. We obtain significant enhancement in the speed of slow
and fast propagating plasmon polariton waves. The propa-
gation length L, varies from 0.344y to 0.48y and 0.462A
to 0.4742y with Kerr fields. This controlled SPP waves may
show significant applications in the field of spectroscopy and
sensing technology, optical tweezers, nano-photonics, radia-
tion guiding, transformation optics, plasmonster technology,
and photovoltaic devices.
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