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ARTICLE INFO ABSTRACT

Keywords: We investigate the nonlinear optical response of a four-level double-V-type quantum system interacting with a

Non-linear optics pair of weak probe fields while located near a two-dimensional array of metal-coated dielectric nanospheres.

Elasmctm . Such a quantum system contains a V-type subsystem interacting with surface plasmons, and another V-type
anostructure

subsystem interacting with the free-space vacuum. A distinctive feature of the proposed setup is its sensitivity to
the relative phase of the applied fields when placed near the plasmonic nanostructure. We demonstrate that due
to the presence of the plasmonic nanostructure, the third-order (Kerr-type) susceptibility for one of the laser
fields can be significantly modified while another probe field is acting. Moreover, the Kerr nonlinearity of the
system can be controlled and even enhanced by varying the distance of the quantum system from the plasmonic
nanostructure. We also show that the Kerr nonlinearity of such a system can be controlled by adjusting the
relative phase of the applied fields. The results obtained may find potential applications in on-chip nanoscale

Quantum system

photonic devices.

1. Introduction

Recently, it has been revealed that nonlinear optical effects can be
significantly modified and eventually enhanced at the nanoscale when
quantum systems are placed near plasmonic nanostructures. The strong
modification of nonlinear effects is attributed to the large enhancement
of the applied electric field, the substantial modification of the sponta-
neous decay rate, and the strong exciton-plasmon coupling for quantum
systems near plasmonic nanostructures. Many interesting phenomena
have been pointed out in this research area including gain without
inversion [1-6], optical transparency and slow light [7-9], enhance-
ment of the refractive index without absorption [8,10], electromagnet-
ically induced grating [11,12], the manipulation of spontaneous
emission [13-17], Fano effects in energy absorption [18-21], optical
bistability [22-24], and enhanced second-harmonic generation [25,26],
third-harmonic generation [27], and four-wave mixing [28-30].

Kerr nonlinearity, which is proportional to the third-order suscepti-
bility, plays a crucial role in nonlinear and quantum optics. A large third-
order nonlinear susceptibility [31-35] is of interest as it can be used for
the realization of single-photon nonlinear devices [36,37]. However, for
many years experimental research on quantum nonlinear optics has
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been limited due to the weak nonlinear response of the available ma-
terials. Recently, modification, and in particular enhancement, of the
Kerr nonlinearity near plasmonic nanostructures have been proposed
and analyzed [38-45].

A particular quantum system with interesting optical response is the
four-level double-V quantum system. When located near a two-
dimensional array of metal-coated dielectric nanosphere, this scheme
exhibits quantum interference in spontaneous emission [15]. Namely, it
was shown that optical transparency associated with slow light [7] and
the strongly modified Kerr nonlinearity [39] appear in this system when
interacting with a single weak probe beam of light near the periodic
plasmonic nanostructure. If the system interacts with two laser fields, an
extra degree of control can be realized exploiting the extra field as well
as the phase difference of the applied fields. The later gives rise to phase
dependent optical effects [5,8]. However, the control of Kerr nonline-
arity for this quantum system under the interaction with two laser fields
has not been yet analyzed.

In the present work, we explore the nonlinear optical properties of
the four-level double-V-type quantum system interacting with a pair of
weak probe fields and placed near a two-dimensional array of metal-
coated dielectric nanospheres. The double-V-type system has two V-
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type subsystems. The upper V-type subsystem is influenced by its
interaction with localized surface plasmons, while the other V-type
subsystem interacts with the free-space vacuum. By means of a density
matrix method, we calculate the linear and nonlinear optical suscepti-
bilities for one of the laser fields in the presence of the other field and the
plasmonic nanostructure. We demonstrate that the presence of the
plasmonic nanostructure results in significant modification, and even
enhancement, of the third-order nonlinear susceptibility for one of the
probe fields. We find that the nonlinear optical susceptibility of the
quantum system can be controlled through different external parameters
such as the distance of the quantum system from the nanostructure as
well as the relative phase between applied fields.

2. Theoretical model and formulation

The quantum system under study is presented in Fig. 1(a): a four-
level system containing two closely lying upper states |2) and |3), and
two lower states |0) and |1), making a four-level double-V quantum
system. The quantum system is in vacuum and at distance d from the
surface of the plasmonic nanostructure. It is placed right opposite the
center of a nanosphere, i.e., at the center of the 2D unit cell of the
(periodic) plasmonic nanostructure. At this (lateral) placement of the
quantum system, the resulting quantum interference p is maximized.
The states |2) and |3) denote two Zeeman sublevels (J = 1, My = +1).
The two lower states |0) and |1) are corresponding levels with J = 0. One
can define a dipole moment operator as

1=K (20 +[3)(0[¢) + u(2)(1[e_+ B)(1fe.), €0)

where ¢, = (e, +iey)/ V2 stand for the right-rotating (¢,) and left-
rotating (¢€_) unit vectors, while p and y/ are real.

We assume that the quantum system interacts with two circularly
polarized continuous-wave electromagnetic laser fields with total elec-
tric field

(b)

metallic shell

dielectric core

Fig. 1. Schematic diagram of the four-level double-V-type quantum system (a).
A metal-coated dielectric nanosphere (b) and a 2D array of such spheres (c).
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E(r) = €.E,cos(w,t +¢,) + €_E,cos(wpt + ¢@,), [@))

where E,(Ep) characterizes the electric-field amplitude, wq(wp) denotes
the angular frequency, and ¢q(¢p) is the individual phase for the field a
(b). The laser field a acts between the lower level |0) and the upper state
|2). The second laser field b couples the lower level |0) to the upper state
|3). The transition |0) «<|1) is dipole forbidden. Note that both fields are
taken to have equal frequencies w, = wp = wy.

Next, we assume that the upper V-type subsystem containing the
states transitions |2), |3) and |1) lies within the surface-plasmon bands
of the plasmonic nanostructure, whereas the lower V-type subsystem
with states |2), |3) and |0) is spectrally distant from the surface-plasmon
bands, and it is therefore not affected by the plasmonic nanostructure
[15]. As a result, the spontaneous decay in lower V subsystem occurs
because of the interaction of the quantum system with the free-space
vacuum electromagnetic modes. This quantum system can be realized
in hyperfine sublevels of D lines in alkali-metal atomic systems, such as
85Rb and ®Rb [8,9,17]. Similar interactions can also be realized in
quantum dots, like in dual CdSe/ZnS/CdSe quantum dots [8,9]. The
dynamics of the system is described from the master equation

Py = 7% [He.p,] + Lp;, 3)
with

H, = h[(—a—%)\zxzu(—5+%)|3>(3|

()]

Qe

2 [0)(3| +H.c.> },

Q,e'%
- (5ol
where Q, = 'E,/v/2h and Q;, = 4 E;//2h are the Rabi frequencies for
the two fields. The parameter 6 = w; — @ is the detuning from resonance
with the average transition energy of states |2) and |3) from state |
0) [@ = (w2 + w3)/2 — wo] and w32 = (w3 — w2)/2, where hw; = hwj, j =
0-3 is the energy of state |j). The operator Lp, in Eq. (3) represents the
dissipation processes which is given by

’

Lo, =7 (0)(2[20,1200] ~ [2)(2lp, — p,2)(2])
+7/(10)(3120,[3)(0] = [3)(3]p, — p,13) 3|
+(I1220, 21| - 2)2lp, — p,12)(2]

)

+
+x(| 142129, [3)(1] = 3)(2lp, — p,[3)¢2

(
(
+yEu><3|zp.\.|3><1\ —13)(3lp, — p,I3)¢3]
(
+7"(10)(1]2p,[1)(0] — [1)(1|p, — p,|1)(1]).

)
|
K([1)(3[2p,12)1] = [2){3p; —ﬂs|2>(3\§
)

The first two terms in Eq. (5) contain the free-space spontaneous decay
y' =Ty [5]. The decay from the two upper states to the lower level is
assumed to be the same. The energy difference of states |2) and |3) is
rather small, i.e., w33 is only a few I'y, where I is the decay rate in free
space [15]. The term involving y”’ is very small (/' < 7, ') as it arises
from a dipole forbidden transition. In this paper we neglect it by taking
]/” —=0.

The following equations are obtained for the density matrix elements
by using Eq. (3) which describes the dynamics of the quantum system

. , .32 '
P = (‘54”7*7*7’)!720 — Kp3o

.Q, QL
+i KX (Poo = P2) — 17’]6 “ps, ©

. . .03 '
P30 = <l5 - 17 —v—Y )psn — KpPy

Q —i L,
+i Tbe ?(Poo = P33) — 15 P )
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. . / .,
Doy = (03 = 2y — 27 )ppy + ’7!’03

Q
_ijhelw = &(py + P33)s (8)

. , Q,
Poo =27 (P +P33) — I (Poz — Po)

Q i i
~i 5 (Pose ™ = pige™®), ©

. ' Q,
P ==20r+7)pn+ =y (Po2 = P0)

—K(py3 + P32), 10$)
. ' Q, - i
Py ==20r+7v)ps + ’7’7 (Pose™ — page™)

—K(py3 + P3)s 1)

along with the population conservation pgg + p11 + p22 + p33 = 1 and
py = pj- The optical coherence corresponding to the probe transition of |
0) — |2) (J]0) — |3)) is p20(p30), and the relative phase of the applied
fields is denoted by ¢ = ¢p — ¢4 Note that the probe fields are assumed
to be very weak so that one can treat them as a perturbation. In the
above equations, the parameter « is the coupling coefficient between
states |2) and |3) due to spontaneous emission in a modified anisotropic
vacuum [46] (anisotropic Purcell effect) which is responsible for the
appearance of quantum interference [47].
The values of y and « are given by [13,14,48-52].

2—2
y =P mG(r, @) e, 12)
2
22
= ”Ogh‘" 2, ImG(r,1;@). ¢, (13)

Here, G(r,1;®) [@ = (w3 + @w2)/2— w1] describes the dyadic electro-
magnetic Green’s tensor, while r and yg refer to the position of the
quantum emitter and the permeability of vacuum, respectively. One can
obtain the values of y and « from Egs. (12) and (13) as [13,14,48-52].

2
= ”—Ughw Im[G, (r,r;®) + G| (r,1;0)]
a4
= 1(1" +I))
= B 1 1)y
2
:”‘Jghw Im[G (r,r;®) — G)(r,r; ®)]
: 1s)
=T, -T
5T =Ty),

where G, (r,r;@) = Gy (r,r;®) and Gj(r,r; @) = Gxx(r,r;®) show com-
ponents of the electromagnetic Green’s tensor, where the symbol _L(||)
refers to a dipole oriented normal, along the z axis (parallel, along the x
axis) to the surface of the nanostructure. Let us also define the sponta-
neous emission rates normal and parallel to the surface as I') | =
Hot?@* Im[G | (r,r;®)] /h. The degree of quantum interference is then
given by

p=T-T))/(TL+T)). (16)

When p = +1 the maximum quantum interference is obtained in spon-
taneous emission [47]. This is achieved by placing the emitter close to a
structure that completely quenches either I'; or I'|. When the emitter is
placed in vacuum, I'} =T leading x = 0, hence no quantum interference
occurs in the system.

The plasmonic nanostructure considered here is a 2D array of
touching metal-coated silica nanospheres [see Fig. 1(b) and (c)]. The
dielectric function of the shell is provided by a Drude-type electric
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permittivity

SR a”n
R EE)

where wj is the bulk plasma frequency and 7 the relaxation time of the
conduction-band electrons of the metal. A typical value of the plasma
frequency for gold is Awp = 8.99 eV. This also determines the length
scale of the system as c/w, ~ 22 nm. The dielectric constant of SiO- is
taken to be ¢ = 2.1. In the calculations we have taken 7! = 0.05wp. The
lattice constant of the square lattice is a = 2c/wjp and the sphere radius S
= c¢/wp with core radius S; = 0.7c/w,. Using this particular choice of
sphere/core radius and lattice constant we achieve maximization of the
quantum interference rate p which prerequisite for the observation of
the results present below.

For the calculation of the spontaneous decay rates next to the plas-
monic nanostructure, we use the layered multiple scattering method
[13,53-55]. We take @ = 0.632w, while the distance between the
quantum system and the surface of the plasmonic nanostructure, d,
varies from 0.5¢/w, to c/w). For the results of I'; and I'j that are used
here, we refer to Fig. 3 in Ref. [7]. It is found that T gives significant
suppression and its actual value is remarkably lower than the free-space
decay rate. In addition, the value of I} decreases with increasing dis-
tance between the quantum system and the plasmonic nanostructure.
For distances close to the plasmonic nanostructure, I'; becomes much
larger than the free-space decay rate. The value of I'; is larger than the
free-space decay rate for distances up to 0.6c/wp, while for distances
between 0.65c/wy and c/w), the value of I'; becomes lower than the
free-space decay rate.

3. Calculation of linear and nonlinear susceptibilities

In this section we calculate the linear and nonlinear electric sus-
ceptibilities for the laser field Q,. The probe fields are weak enough and
are treated as perturbation to the system under steady-state condition.
The method we use extends to third order the method presented in
Ref. [56], and it is similar to that used in Ref. [57]. Under the weak-field
approximation, the perturbation approach is applied to the
density-matrix elements, which is expressed in terms of a perturbative
expansion
2 4 ,1(3)/)5_/.3) + ..., 18)

y

py=py + il +2p

where 1 is a continuously varying parameter ranging from zero to unity.
The constituting terms plg.") with n = 1, 2, 3 are of the nth order in the
probe fields. Since the probe fields are assumed to be weak, the zeroth-
order solution is p(()%) = 1, while the other elements pgjo)

Eq. (18) into Egs. 6-11, the equations of motion for the first- and third
order density-matrix elements are given by

= 0. Replacing

. . .w_ / .Qa

P = (t5+t%frfr)p§'8 — Kol i (19)
. . R0 / Qp

0 = (18122 =y =1 )old) — ol + i, 20)
and

.3 . W32 AWNE 3
Pgo) = (’5 + ’7 —r—-r )l)go) - K/’go)

‘Qa .Qb —ig
T (s — P — e "p3, 21
. . .03 ' 3
sz) = (’5 Tl Trr )ng)) - KPS))
. Q —i .Qa
+i=te (pgg — p) — il (22)
2 2
After some lengthy but straightforward algebra we get
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The second-order density matrix elements of Egs. (25) and (26)
featured in Egs. (30) and (31) can be solved to obtain the steady-state
solutions p,g?) (see Appendix A). In order to obtain the linear suscepti-

bility ' and the third-order nonlinear susceptibility ¥, the suscep-

tibility is assumed to be written as
x =+ 3P E2 /4. (32)

Then, using

V2NY
€0Eg

x(6) = P20 (33)

and expanding py¢ in perturbation series we get

\/vNﬂ N”’Z p(l>
(s e 34
270 = eokq ,0 eh Q. 34)
and
4N,u’2 p(3>
3) ) EZ _ " 20. 35
2UOE =3 a, (35)

Substituting Eqgs. 27-31 [and using Egs. 44-50] into equations 23
and 25 and defining x = ?TZ’ Egs. (34) and (35) become

2(6) =
, . w3 . L
Nu? 71KA+B<577+W+W) (36)

o (—is+iZ+y+7) (-

iéfi%+y+y/) 2

and

Physica E: Low-dimensional Systems and Nanostructures 130 (2021) 114662

79(6) =
N 7iKC+D(5f%+iy+iy') 37)
3eh’ (—iéﬂ%ﬂ/ﬂ/)(

—iﬁ—i%+y+y') _—
2

where here ¢( is the vacuum permittivity and N is the density of the
quantum systems, where A, B, C and D are defined in Appendix B.

The refraction part of the third-order susceptibility 7@ corresponds
to the Kerr nonlinearity, while its imaginary part determines the
nonlinear absorption. The real and imaginary parts of 7@ represent the
linear dispersion and absorption, respectively. From Egs. (36) and (37)
one can clearly see that the expressions for the linear and nonlinear
susceptibility are very similar in form with the only difference in their
coefficients. So, one may expect to observe similar variation of the
curves for yV and ® with the difference in their magnitude. However,
this does not happen as the coefficients of the linear susceptibility does
not depend on the detuning 6 and the coefficients of the nonlinear sus-
ceptibility depends strongly on the detuning §, so the frequency varia-
tion of the two susceptibilities is different. In addition, one can see that
the linear and nonlinear susceptibilities ¥ and y*® can be controlled by
the system parameters such as the relative phase of applied fields ¢.

4. Phase dependent Kerr nonlinearity

Next we study the nonlinear response of the quantum system to the

probe field Q, for weak intensities via numerical simulation (the linear
/4

2
and nonlinear susceptibilities are plotted in units of ¥~ and 2N h3,

respectively). Fig. 2 shows the real and imaginary parts of ;((1) and ;((3)

a function of the detuning § when the quantum system is in vacuum, i.e.,
without the plasmonic nanostructure. We assume that the two upper
levels are degenerate (E2 = E3 leading to wsp = 0). This assumption
significantly simplifies Egs. (36) and (37) giving (for § = 0) analytical
expressions for the linear as well as nonlinear absorption and dispersion
coefficients (see Appendix C). The typical linear [Fig. 2(a)] and
nonlinear [Fig. 2(b)] susceptibility spectra for this case are such that the
medium experiences strong linear and nonlinear absorption at § = 0.
This is already expected from Egs. (36) and (37) when the quantum
system is not near the plasmonic nanostructure (x = 0 and y = Ip).
Setting x = 0 and y = I into Egs. (63)-(66), one can simplify these
equations giving the resonant linear and nonlinear absorption and
dispersion coefficients

Wy N1
Im(y'"(6=0)) = o Tot 7 (38)
Re(yV(6=0)) =0, (39
P)/TR
Im(y® (6=0)) = — 40
m(y"(6=0)) 3ol 80T 17 ) (40)
Re(y®(6=0)) =0. (41

(@) ()
Y = = im(x®)
—Re(x®)

= = im(x)
—Re(x")

o,

Fig. 2. (a) Linear susceptibility ¥ and (b) nonlinear susceptibility y® of the
quantum system for the weak probe field Q, in arbitrary units as a function of
the probe detuning § in the absence of the plasmonic nanostructure. We have

assumed that w3y = 0, ¥/ = 0.3[p and y/ = 0.
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0
oy ary

Fig. 3. (a,c) Linear susceptibility y* and (b,d) nonlinear susceptibility y of
the quantum system for the weak probe field Q, in arbitrary units as a function
of the probe detuning § in the presence of the plasmonic nanostructure. We take
here w3z = 0,7 = 0.3, ¥’ =0, x=1.5, 9 = 0, @ = 0.632w,, and d = 0.3¢/w,

(a,b), d = 0.6¢c/wp (c,d).

On exact resonance, the Kerr nonlinearity is zero for the quantum
system [see Fig. 2(b) and (Eq. (41))], while its magnitude is very weak
around the resonance accompanied by the linear (Eq. (38)) and
nonlinear (Eq. (40)) absorption. The slope of linear dispersion is nega-
tive around zero probe detuning suggesting superluminal light propa-
gation [Fig. 2(a)]. We note that no phase dependence is obtained in this
case.

The linear and nonlinear optical properties of the quantum system
are very different when the quantum system is placed near the plas-
monic nanostructure. In Fig. 3(a) and (c) where the quantum system is
near the plasmonic nanostructure, we obtain a gain dip in the linear
absorption profile at § = 0. The slope of linear dispersion becomes
positive, indicating slow light condition. As shown in Fig. 3(b) and (d),
the enhanced Kerr nonlinearity appears inside the linear gain regions.
The maximal Kerr nonlinearity around resonance is enhanced by almost
four times when the distance between the quantum emitter and the
nanostructure increases from d = 0.3c/w, [Fig. 3(b)] to d = 0.6¢c/wp
[Fig. 3(d)].

As illustrated in Fig. 4, both ™ and y®are observed to behave
differently for large distances of the quantum system from the plasmonic
nanostructure. We observe that linear gain changes to a double-peaked
absorption spectrum for d = 0.7c/w. (Fig. 4(a)). The Kerr nonlinearity

(a) (©)

- = i)
—Re(")

N v
PRI == midY)
oty = Red) 1
, \

)
—Re()

' == im( )
—im(x®)

@)

Fig. 4. (a,c) Linear susceptibility y*’ and (b,d) nonlinear susceptibility y of

the quantum system for the weak probe field Q, in arbitrary units as a function
of the probe detuning § in the presence of the plasmonic nanostructure. We take
here w32 =0,y = 0.3, 7" = 0, x=1.5, 9 = 0, ® = 0.632w), and d = 0.7c/w,
(a,b), d = 0.8c/wp (c,d).
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find its maximal value around the zero probe field detuning [Fig. 4(b)].
In Fig. 4(d), nonlinear gain takes also place in the medium by altering
the distance d (which leads to the change in values of I'; and I')). We
obtain different behaviors of ¥ and 4. This is the main reason for
appearance of gain or absorption in the quantum system as demon-
strated in Figs. 3 and 4. The minima of linear (and nonlinear) absorption
or gain in Figs. 3 and 4 are given by Egs. (63) and (65)). One can show
from Eq. (63), that the gain is present at § = 0 when (Fig. 3)

2]//+Fl +FH

Q, >
b (T —T)cos @

Qi (42)

while absorption takes place when (Fig. 4)

27’+FL+FH Q

Q, < ”
b (CL —T)cos @

43

Egs. (36) and (37) and their corresponding coefficients in Appendix B
prove that in the presence of the plasmonic nanostructure, the linear and
nonlinear susceptibilities are sensitive to the relative phase of the weak
probe fields. Figs. 5 and 6 illustrate the dependence of ¥ and »*® on ¢
when the quantum system is placed at a distance d = 0.4c/w, from the
surface of the plasmonic nanostructure. The strong variation of linear
and nonlinear absorption and dispersion profiles for different values of ¢
is obvious. In particular, for ¢ = 0 the maximal of Kerr nonlinearity is
placed in a region of linear gain around § = 0. Subluminal response takes
place in this situation on resonance [see Figs. 5(a) and 6(a)]. When ¢
becomes #, a strong absorption instead of gain appears at line center for
the ¥ profile, as can be seen in Fig. 5(c). Such a phase sensitive gain
and absorption is well understood through Egs. (42) and (43). In both
cases, the value of the Kerr index at exact resonance is zero. According to
Eq. (66), for ¢ = 0 and ¢ = =, both sine terms in Eq. (66) vanish leading
to zero Kerr nonlinearity on resonance. It should be mentioned that a
nonzero resonant Kerr nonlinearity can be obtained for ¢ = 7/2 [Fig. 6
(b)] and ¢ = 37/2 [Fig. 6(d)].

The results obtained here may suggest a tunable control over the Kerr
nonlinearity of the quantum system near the plasmonic nanostructure
by using the relative phase of the applied fields. In Fig. 7 we present an
example of the variation of the Kerr nonlinearity spectra for different
distances of the quantum system from the plasmonic nanostructure, d =
0.2¢c/wp (dot line), d = 0.5¢c/w, (dash line), d = 0.7c/w, (solid line). A
wide range of tunability can be observed over the refractive part of
third-order nonlinear susceptibility y® spectra just by adjusting the

(a) (b)
== imi ™)
=Rl

Y
—Re(x'")

= = m((M)
—Re(x(")

== m)
4 —Re(") \

o, ' s,
Fig. 5. Linear susceptibility y of the quantum system for the weak probe field
Q, in arbitrary units as a function of the probe detuning & in the presence of the
plasmonic nanostructure. We have assumed that wz; = 0, ¥’ = 0.3T, ¥ = 0, x
= 15,9 =0,@ = 0.632w, d = 0.4c/wp and (), ¢ = 0, (b, 9 = 7/2, () ¢ = ,
and (d) ¢ = 37/2.
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Fig. 6. Nonlinear susceptibility ® of the quantum system for the weak probe
field Q, in arbitrary units as a function of the probe detuning & in the presence
of the plasmonic nanostructure. We have assumed that w3z = 0, ¥/ = 0.3T, ¥’
=0,x=15,¢0=0,@ = 0.632wp, d = 0.4c/w, and (a), ¢ = 0, (b), ¢ = 7/2, ()
¢ =, and (d) ¢ = 3n/2.

Re(x%))

Fig. 7. The refractive part of third-order nonlinear susceptibility Re(3®) (Kerr
nonlinearity) of the quantum system for the weak probe field Q, in arbitrary
units as a function of the relative phase ¢ for different distances from the
plasmonic nanostructure d = 0.2c/w, (dot line), d = 0.5c¢/w, (dash line), d =
0.7c/wp, (solid line). We take here w3y = 0, 7 = 0.3T, 7/ =0, x=1.5,9 =0,
@ = 0.632wp.

relative phase parameter. We find that the whole profile for Kerr
nonlinearity is enhanced for larger distances due to the reduction of both

A. Explicit expressions for plij?)

2)

The expressions for the steady-state solutions p;;” are:

@) _ _(rts)
P 2
2 27/Kr+l<y(r+s)
P = 4/ ;
rx(y+7)

2 27 ks + ky(r+s)
P33 = / g
4 k(r+7)

3

o) k(r+s) — 2t
Py =57 A A
2y (io3 — 2y — 2¢')

and pf)%) = 0, where
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I'; and I') reduces by distance. The nonlinear dispersion becomes zero at
¢ = nr, while it obtains its maximal amplitude for ¢ = nf. It also
changes from negative to positive and back to positive as the relative
phase changes from O to 2.

5. Conclusion

We have studied the third-order nonlinear susceptibility behavior of
a four-level closed-loop double-V-type quantum system near a plas-
monic nanostructure. In the system under study, the lower V-type
transition interacts with the free-space vacuum, while the upper V-type
transition is affected by the interaction with localized surface plasmons.
Two orthogonal circularly polarized laser fields with the same frequency
and different phases and electric field amplitudes act on both transitions
of the lower V-type system. A 2D array of metal-coated dielectric
nanospheres is considered as a plasmonic nanostructure for which the
relevant decay rates are calculated by a rigorous electromagnetic Green
tensor technique.

We have shown that the presence of the plasmonic nanostructure
significantly modifies the nonlinear response of the system resulting in
large enhancement of the Kerr nonlinearity. In particular, the Kerr
nonlinearity can be remarkably modified by increasing the distance of
the quantum system from the plasmonic nanostructure. Phase control of
the Kerr nonlinearity has also been discussed for such a quantum system.
A wide range of tunability has been observed over the Kerr nonlinear
response through the effect of the relative phase. Such a mechanism for
phase control of the Kerr nonlinearity may be realized by the state-of-
the-art nanomethods and it may find application in on-chip photonic
nonlinear devices.
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B. Explicit expressions for A, B, C, D, and f;

The expressions for the coefficients A, B, C and D are:

A=e "y,

B=1,

CZ{{_2y'ﬁ+rfz_ Kfs + 21 fa }
81 4 (r+7) 2/ (—iwsn—2r-2y)]

:1{727/]054‘7][67 Kfr + 21 f }
8| 4 (r+v) 2/(wn—2r-27)]

with
fi = =xeT(S;+8;) + FPxe S + kxS,

f = xS 4 8)) + 1 (S: 4 S;)
—X’e7 (S5 + 83) — kxPe (S, — Sy),

i =—=(S1+S8)) 4+ Kkxe ™S, + xxe’ S5
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fo = (S +S87) —kx(e“S; + Sae + Sse ™ + Sye”)

+22(S5 +53),

£ =xe " (S; +8}) — kX (S2 + S3)
—Kkx?e (S, + S3) + (7S5 + 53),

fo = —x2S; + xxe Sy — X2S) + kx*Sre Y.

C. Explicit expressions for the resonant coefficients Im(y""®(5)) and Re(y*¥(5))
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Setting w3y = 0 and § = 0, Egs. (36) and (37) and their corresponding coefficients given in Appendix B simplify, resulting in the following analytical
expressions for the linear absorption/dispersion, and third-order (Kerr) nonlinear absorption/dispersion susceptibilities

Nu? y +7 — kxcos(e
(Y (5=0)) = ML rreos(y)
€h  (y+7) —x

)

Nu? —xAsin(p)

Re(yV(6=0)) = — ———,
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Im(7% (5=0))
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2NU* —mysin(g) — mysin(2¢)

Re(y?(6=0)) = . (66)

3eoh’ 32/ (v +7)((r +7) — )

where

m = 4 Xk(y +7) —6wy(y +7) +2k(y +7)

—4i’x - Xy +7) 7277/ kx(y +v ), s (67)
= Akl dy) -2ty -k +y)
—rrxX’(y+7),

m, = 22Xy + 28 (r+7), (68)
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\ aErtr) (69)
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D. EM Green’s tensor for a 2D periodic nanostructure

The classical EM Green’s tensor is defined through the following equation:

V x V x G(r,r;0) — *G(r,r;0) = 15-6(r—r), 71)

where k = /g0 /c is the wavevector inside the material, @ is the angular frequency of incident light, c is the speed of light in vacuum, and 13 is the 3 x
3 unit matrix.

We deal with arrays of macroscopic spheres with 2D periodicity. The method employed here is an EM Green’s tensor formalism based on an EM
layer-multiple-scattering (LMS) method [53,54]. The LMS method is ideally suited for the calculation of the transmission/reflection/absorption
coefficients of an EM wave incident on slab containing a number of planes of non-overlapping scatterers with the same 2D periodicity. Namely, for
each one plane of spheres, the method determines the full multipole expansion of the total multiply scattered wave field and deduces the corre-
sponding transmission and reflection matrices of the while slab in the plane-wave basis. Having determined the transmission/reflection matrices via
the LMS method one can the calculate the EM Green’s tensor from [13,55]

Gg,E(r, r; ) = gng(r7 r; )

i 1
— d’k ——X
87[2// 557 @ K} 72)

Vek, ;,-(r)exp(—iK;r T)e; (K;r ),

with

Ve (1) = D Ry (0, k) exp(—iK, - 1)€(Ky), (73)
7

and

K; = (k+g *[¢ -k +g)°"). 74

The vectors g correspond to the reciprocal-lattice vectors associated with the 2D periodic lattice of the plane of scatterers. k| is the reduced
wavevector which lies within the surface Brillouin zone od the corresponding reciprocal lattice [53,54]. When ¢* = w?/c* < (k| + )%, K: defines an
evanescent wave. The term gflE (r, r; ) of Eq. (72) is the free-space Green'’s tensor and 'éi(Kgi) denotes the polar unit vector normal to Kgi Rg.g(w, k) is
the reflection matrix which provides the sum (over g’s) of reflected beams generated by the incidence of plane wave from the left of the plane of
scatterers and is calculated via the LMS method [53,54]. We note that the above expression [Eq. (72)] is derived from the transverse part of the general
classical-wave Green’s tensor [55]. Also, in Eq. (72), the terms corresponding to s-polarized waves (those containing components with the azimuthal
unit vector E—(K;“) normal to Kgi) have very marginal contribution to the decay rates and have been, justifiably, neglected.
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