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We theoretically demonstrate coherent control over propagation of surface plasmon polaritons

(SPP), at both telecommunication and visible wavelengths, on a metallic surface adjacent to

quantum coherence (phaseonium) medium composed of three-level quantum emitters

(semiconductor quantum dots, atoms, rare-earth ions, etc.) embedded in a dielectric host. The

coherent drive allows us to provide sufficient gain for lossless SPP propagation and also lowers the

pumping requirements. In case of lossy propagation, an order of magnitude enhancement in

propagation length can be achieved. Optical control over SPP propagation dynamics via an

external coherent drive holds promise for quantum control in the field of nanophotonics. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4794869]

Sub-wavelength confinement of electromagnetic radia-

tion, by coupling it to free electrons in metals, has led to the

development of sensing nanoscale molecular complexes1

even down to single molecule,2 surface plasmon-polariton

(SPP) based lasers,3 ultrafast processing of optical signals,4

etc. On the other hand quantum coherence and interference

effects in atomic and molecular physics have been exten-

sively studied due to its intriguing counterintuitive physics

and potential important applications.5 Extending coherence

effects to plasmonics is often encountered with sever chal-

lenges like ultrafast (1-10 fs) relaxation time scale of the sur-

face plasmons (SP) and large intrinsic losses.6 These road

blocks limit the realization of SPP based practical optical

devices.

Amplification of localized SP and SPP using gain me-

dium like quantum dots (QDs) has gained interests due to its

ability to compensate the energy dissipation limits.7–11

Unfortunately the gain provided by active medium is not

always sufficient due to impractical requirements12,13 or

competing processes like amplified spontaneous emission of

surface plasmon-polariton (ASESPP) which may limit the

gain available for loss compensation.14 In this letter, we

enhance the propagation length of SPPs, which depends on

the internal and radiation damping,6 via quantum coherence.

We consider SPP propagation on a planar metallic surface

adjacent to quantum coherence (phaseonium) medium15

composed of three-level quantum emitters (semiconductor

quantum dots, atoms, rare-earth ions, molecules, etc.) em-

bedded in a dielectric host as shown in Fig. 1. Three-level

systems experience Fano-type interference in their absorp-

tion profile that generates an asymmetry between absorption

and stimulated emission. Here we apply this asymmetry to

mitigate the SPPs absorption, thus reducing the radiative

damping of SPPs. It is worth mentioning here that such

asymmetry may lead to lasing without inversion (LWI).16

We demonstrate that propagation of SPP with large intrinsic

losses can benefit from quantum boost using coherent drive

which can act as an external control parameter.

In our model we assume SPPs propagating along the

positive x direction on a metal-phaseonium (MP) interface

lying in the x-y plane. The TM waves can be written as

Ea ¼ ð1=2ÞðEx; 0; Ez;aÞ exp ½iðkxxþ kz;az� �tÞ�; (1)

Ha ¼ ð1=2Þð0;Hy;a; 0Þ exp ½iðkxxþ kz;az� �tÞ�; (2)

where the indices a ¼ ðb;mÞ denote the phaseonium and the

metal regions, respectively. From the Maxwell’s equations

and continuity at the boundary one can readily obtain the

SPP dispersion relations6

k2
x ¼ k2

0

�b�m

�b þ �m

� �
; k2

z;a ¼ k2
0

�2
a

�b þ �m

� �
: (3)

Here k0 ¼ x=c is the free space wave vector of the incident

radiation. The imaginary part of kx characterizes the SPP field

attenuation during its propagation along the MP interface. The

gain medium can be modeled macroscopically by a complex

permittivity �b ¼ �0b þ i�00b , where the real part �0b has contribu-

tions from (i) the host and (ii) the real-valued permittivity

induced by �00b . Similarly the complex permittivity of the

metal is �m ¼ �0m þ i�00m with �0m < 0 and j�0mj � �00m; �
0
b; j�00bj. In

the closed N�configuration, the transition jci $ jai and

jai $ jbi of the quantum emitters are driven by the control

and probe field of Rabi frequency Xa and Xb, respectively.

The Hamiltonian in the interaction picture can be writ-

ten as

H ¼ �ðXbeiDbtjaihbj þ XaeiDatjcihajÞ þ H:c: (4)

Here the detunings are defined as Da ¼ xca � xc;DbðxÞ
¼ xab � x. The decay rates from jai ! jbi is cb; jci ! jai
is ca, and jci ! jbi is cc while the incoherent pumping rate

from jbi ! jci is g. Incorporating these rates, the equation

of motion for the density matrix . satisfies the Liouville-von

Neumann equationa)Electronic mail: xiang@berkeley.edu.
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_. ¼ � i

�h
½H; q� � 1

2
C; .f g; (5)

where fC; .g ¼ C.þ .C. Furthermore we assume that the

driving field is strong enough that it does not change

significantly with time and can be considered as constant.

Any transition .ij exhibit gain or absorption is determined

by the imaginary part of .ij. Conventionally if

Im[.ij� < 0ð> 0Þ then the transition jii $ jji exhibits gain

(absorption). The linear response of the three-level quan-

tum emitter based gain medium (see Fig. 1) is given by the

dielectric function �b ¼ �0b þ vð1Þb ðxÞ, where �0b is the dielec-

tric constant of the host and the drive field dependent

susceptibility5

vð1Þb ðxÞ ’ �i
Nj}abj

2

�0�h

n
ð0Þ
ab CcbCca þ n

ð0Þ
ca X2

a

ðCcbCab þ X2
aÞCca

( )
; (6)

where N is the number density of the quantum emitters and

the coherence relaxation terms are given as

Cab ¼ cab þ iDbðxÞ; Cca ¼ cca þ iDa;
Ccb ¼ ccb þ i½Da þ DbðxÞ�:

(7)

cij has the form cab¼ðcbþgÞ=2þ cðabÞ
d ;cca¼ðcaþ cbþ ccÞ=2

þ cðcaÞ
d ;ccb¼ðcaþ ccþgÞ=2þ cðcbÞ

d . Here cðijÞd is the phase

relaxation (or dephasing) rate of the coherence .ij due coupling

with phonons, surface defects, etc. The population inversion is

defined as n
ð0Þ
ij ¼ .ð0Þii �.ð0Þjj . At resonance, i.e., Db¼ 0;Da¼ 0,

vð1Þb ðxabÞ is purely imaginary, thus the complex part of the

permittivity of the gain medium is �00b ¼ Im½vð1Þb ðxabÞ�. Now

we can rewrite the dispersion relation Eq. (3) with the control

parameter Xa as

k2
xðXaÞ ¼ k2

0

�bðXaÞ�m

�bðXaÞ þ �m

� �
: (8)

We solve Eq. (5) for the steady-state population inversion on

the transition jai $ jbi and obtain

n
ð0Þ
ab ¼

½gca � cbðca þ ccÞ�Cca þ 2ðg� cb � ccÞX2
a

½cbðca þ ccÞ þ gðca þ cbÞ�Cca þ 2ð2gþ cb þ ccÞX2
a

:

(9)

From Eq. (3), one can easily obtain the threshold value of

the imaginary part of permittivity of the gain medium �00b;th
for lossless propagation of SPPs. In the limit �00m; �

0
b � j�0mj,

the threshold value is given as17 �00b; th ¼ ��00m�02b =�02m which

can be achieved in experiments for some combination of the

parameters. In the absence of a coherent drive (Xa ¼ 0) posi-

tive gain requires n
ð0Þ
ab > 0, i.e., population inversion on the

transition jai $ jbi which gives the threshold value of the

pump rate, using Eq. (9) as

gth ¼ cb 1þ cc

ca

� �
: (10)

Generally cb � ca; cc and assuming cc=ca ’ 0:1-0.2, the rate

of incoherent pump g should exceed the decay rate cb. From

Eq. (6) we obtain

�00b ’ �nca

1

cb

� 1

g

� �
cb þ g

2
þ cd

� ��1

; (11)

where the constant n ¼ Nj}abj
2=�0�h. Let us now define gc as

the critical incoherent pump rate such that the Im½kx� ¼ 0,

i.e., �00b ! �00b; th. The value of �00b; th is determined by the mate-

rial properties of the metal �0m; �
00
m and the dielectric host �0b

(assuming real-valued permittivity induced by �00b is zero).

We can calculate gc as the root of the following equation

obtained from Eq. (11):

g2 þ ðcb þ 2cd � 2h=cbÞgþ 2h ¼ 0; (12)

where h ¼ �nca=�
00
b; th and the critical value is given as

2gc ¼ �a 6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � 8h
p

: (13)

Here we have defined a ¼ cb þ 2cd � 2h=cb. Using simple

algebra we see that in order to have at least one positive criti-

cal pump rate gc we require a < 0 and a2 � 8h � 0. Till now

we have discussed about propagation, we also know that the

imaginary part of kz;a characterizes the confinement of SPP

in the metal/phaseonium regions. Using Eq. (3), the condi-

tion that Im[kz;b� > 0 requires18 �002b þ �00b�00m þ 2�0bð�0b þ �0mÞ
< 0. This gives the range of the gain(absorption) for which

SPP will be confined in the phaseonium region of the inter-

face. The knowledge of this range of �00b;l < �00b < �00b;u is cru-

cial to keep the SPPs confined even with the extra boost in

gain provided via quantum coherence.

Next we present the numerical simulation results

obtained by solving the system of Eq. (5). In our model the

lower transition (jai $ jbi) of the three-level gain medium

is resonantly coupled to the SP mode of the metal. We also

assumed that the driving field, which is resonantly coupled

with the transition (jci $ jai), does not excite any SP

modes. This assumption circumvents any heating effect due

to the drive field. We will consider propagation of a SPP

launched along the MP interface in two wavelength regimes

(a) telecommunication at 1550 nm and (b) visible at 653 nm.

FIG. 1. Schematic of the quantum coherence-assisted propagation of sur-

face plasmon polariton on a metallic surface adjacent to quantum coher-

ence (phaseonium) medium composed of three-level emitters

(semiconductor quantum dots, atoms, rare-earth ions, molecules, etc.) em-

bedded in a dielectric host. The gain medium is incoherently pumped (opti-

cal or electrical) at a rate g to the upper level jci which can decay to levels

jai and jbi. We select the three-level emitter such that the jai $ jbi transi-

tion is resonantly coupled (near-field dipole-coupling) to the plasmon

mode of the metal surface and the emission from this transition is effi-

ciently transferred to SPPs.

091111-2 Jha, Yin, and Zhang Appl. Phys. Lett. 102, 091111 (2013)
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The metal portion consists of gold plate with dielectric func-

tions19 �m ¼ �131:948þ 12:65i and �9.895þ 1.0458i at

the telecommunication and visible wavelengths, respec-

tively. The dielectric constant of the host is assumed to be

�0b ¼ 2:25. In the close proximity of metal surfaces, the decay

rates of the emitter can be enhanced up to 2–3 orders of mag-

nitudes with respect to free-space decay rate.20 These

enhancement can be described by the combined effect of var-

iations in local density of states (LDS) and excitation of SPs,

lossy surface waves (LSW),21,22 etc. For an optimal position

of the emitters from the interface an efficient coupling to the

SP modes can be achieved.21,22 Taking these factors into

account along with inhomogeneous broadening due to the

host dielectric, we have modeled our three-level emitter

based gain medium with parameters given in Fig. 2.

Figs. 2(a) and 2(c), obtained by solving the system of

Eq. (5) for different values of the Rabi frequency Xa, shows

the imaginary part of the propagation vector kx in the pres-

ence of the coherent drive at telecommunication and visible

wavelengths, respectively. While in the visible regime prop-

agation of the SP is lossy, the gain requirement in the tele-

com regime is not high and thus lossless propagation can be

easily achieved even in the absence of external drive, as

shown by dotted circles in Fig. 2(a). In the telecom regime,

the coherent drive enhances gain at a given incoherent pump

g and reduce the critical value gc for lossless propagation by

30% with a drive Xa ¼ 5� 1012 s�1.

The reduction in the critical value gc follows the enhance-

ment of the optical gain power defined as17 G ¼ �k0�
00
b=

ð�0bÞ
1=2

. The gain enhancement is due to the quantum coher-

ence induced in the three-level gain medium by the drive Xa,

which also reduces the threshold pump (gth) to observe gain

on the transition jai $ jbi as shown by solid circles in Fig.

2(b). At moderate drive Xa ¼ 5� 1012 s�1 we observed a

30% reduction in gth. In Figs. 2(b) and 2(d) we have shown

the plot of optical gain power for different values of the Rabi

frequency Xa which clearly shows gain enhancement. Thus

coherent drive relaxes the conditions required for lossless

propagation and allows reduction in the critical ðgcÞ and the

threshold ðgthÞ pump values. We calculated the upper value of

gain G for which the SPPs are confined in phaseonium region

as 2:25� 104 cm�1 and 5:39� 104 cm�1 for visible and tele-

communication wavelengths, respectively. These gain values

are well above the gain we have considered here; thus, even in

the presence of coherent drive SPPs remain confined metal/

phaseonium regions of the interface.

Next we demonstrate how the propagation length can be

controlled by the coherent drive when the propagation of

SPPs is lossy. Here we considered the visible regime at sev-

eral pumping rates for which lossless propagation cannot be

achieved even in the presence of the drive field. Fig. 3 shows

the simulation result on propagation length Lx ¼ 1=2 Im kx

as a function of drive Rabi frequency Xa for three choices of

the incoherent pump rate g ¼ 3:7; 4:7; 5:7� 1012 s�1. At low

incoherent pump, the gain enhancement due to coherent

drive is marginal, and thus the effect on propagation is

not pronounced. However at higher pump rate, i.e., higher

gain without drive, the additional gain using coherent

drive is substantial to enhance the propagation length. At

g ¼ 5:7� 1012 s�1, without drive we calculated the propaga-

tion length Lx � 2:33 lm which is enhanced by an order of

magnitude to Lx ’ 21:72 lm with a drive Xa ’ 5� 1012 s�1.

These results clearly demonstrate controllable coherence-

enhanced propagation of SPP using an external source.

In summary, we have theoretically demonstrated quan-

tum coherence-enhanced propagation of SPPs along the MP

interface. We demonstrate lossless propagation at visible

wavelength along with lower pumping requirements at both

visible and telecommunication wavelengths. Indeed quantum

coherence can be used as a boost when (effective) two-level

system based gain medium are insufficient or require high

pumping requirements. Other approaches to enhance SPP

propagation lengths like using buried metal grating,23 chemi-

sorption,24 via coupling to asymmetric waveguide struc-

tures,25 etc. have been studied recently. The interesting

feature of the present approach is that it provides an external

FIG. 2. Plot of Im kx as a function of the incoherent pumping rate g for

different driving fields: Xa ¼ 0 (solid red), 1� 1012 s�1 (dashed-dotted green),

and 5� 1012 s�1(dashed blue). The dotted circles correspond to lossless

propagation. Here (a) and (b) are for telecommunication (at 1550 nm)

while (c),(d) correspond to visible (at 653 nm) wavelengths excitation of

the SPP. We have modeled the gain medium using the following realistic

parameters: cb ¼ 4� 1012 s�1;ca ¼ 6� 1011 s�1, cc ¼ 1� 1011 s�1; j}abj ¼ 8

�10�30 Cm, and N ¼ 1026 m�3. The dephasing of coherence .ab is cab ’ 1:4
�1013 s�1 while for the other transitions ðjii$ jjiÞ we considered

cij ’ 4� 1012 s�1. The solid circles in (b) correspond to the threshold value gth

for gain. Coherent drive induces higher gain which assists reducing the thresh-

old pump for gain (shown by solid circles in (b)) and lowers the critical pump

required for lossless propagation (shown by the dotted circles in (a) and (c)).

FIG. 3. Plot of the propagation length Lx of the SPP excited at visible wave-

length (at 653 nm) as a function coherent drive Rabi frequency Xa for three

different values of g ¼ 3:7� 1012 s�1 (solid red), 4:7� 1012 s�1 (dashed

green), 5.7� 1012 s�1 (dashed-dotted blue), respectively. All other parame-

ters are same as Fig. 2. Coherent drive enhances the propagation length sub-

stantially for optimum value of Xa.
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control parameter for the propagation of SPP over long range

if not lossless. Such optical control26–28 of SPs and SPPs holds

promise for quantum control and add a new dimension to the

field of nanoplasmonics.
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