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Plasmon-polariton emission from a coherently p-excited quantum dot near a metal interface
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We study the emission of surface plasmon polaritons by the decay of the lowest excited state of a quantum
emitter when the system is excited by a laser in resonance with a higher excited state (p-shell excitation).
By solving a master equation and by using the quantum-regression theorem, we show how the emission is
enhanced by the Purcell effect due to the weak coupling between the emitter and the structured spectral density
of plasmon-polariton states of a metal surface. Measurable magnitudes, as the spectrum and the second-order
coherence function, are extremely affected by the coherent p-shell excitation. In many cases, such coherent
excitation completely masks the physical features of the emission under study. The coexistence between coherent
p-shell excitation in the first step of the process and weak coupling in the final step is very important and
completely general for any structured reservoir of final states. The advantage of our system is that, just by
changing the distance from the quantum emitter to the metal surface, one can access a very rich set of regimes as
purely dissipative direct photon emission or emission of plasmon polaritons.

DOLI: 10.1103/PhysRevB.85.125301

I. INTRODUCTION

Photon emission produced by the decay of a two-level
system can be manipulated by modifying the density of final
photon states. This is the well-known Purcell effect' exten-
sively studied for quantum emitters (QEs) as, for instance,
quantum dots, weakly coupled to the quasidiscrete photon
spectrum of microcavities.>™* One of the main difficulties
for such kinds of experiments is related to the excitation
of the QE, i.e., how to populate state |1) from state |0)
shown in the sketch of Fig. 1. The easiest solutions are
the photoexcitation ones at frequencies significantly higher
than that of the transition of interest or the electron and
hole electrical injection. But these alternatives imply energy
relaxation usually by means of acoustic phonon emission. This
incoherent pumping introduces decoherence and dephasing
effects in the system, which, although interesting for some
purposes,”’ mask the characteristics of the emission process
itself. Therefore, coherent pumping is desirable in most cases.
However, using pumping lasers with frequencies as close as
possible to the transition to be studied introduces a series
of practical difficulties.®® Therefore, a frequent alternative,
usually known as a p-shell excitation,'®!! is to be excite
resonantly to a third (higher) level of the QE labeled |2) in
Fig. 1. Since transitions |0) — |2) and |1) — |0) must be
electric dipole allowed, transition |2) — |1) is forbidden and
must be assisted by one nonradiative excitation as, for in-
stance, phonon emission. p-shell excitation involves coherent
coupling between the laser field and the |0) — |2) transition,
whereas, the Purcell effect involves weak coupling between
the |1) — |0) transition and the emitted photon. The interplay
between these coherent and incoherent regimes of coupling
has consequences on the interference of emitted photons,
which theoretically has been analyzed in cavity quantum
electrodynamics.'>!® The aim of this paper is the study of
similar effects on measurable magnitudes as populations,
emission spectrum, and second-order coherence functions in
a system with a continuous spectrum. So, instead of working
with a microcavity that presents a density of states with a
simple Lorentzian shape, we choose a system with a structured
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density of states: the surface plasmon-polariton (SPP) field of a
planar metal-dielectric interface.'* This is the electromagnetic
excitation of the system presenting plasmonic character inside
the metallic region and photonic character outside.'> They
allow subwavelength confinement of the electromagnetic field
for the optical regime and have been proposed to be excel-
lent candidates for building photonic circuits,'® coupling to
QEs, '8 showing quantum-interference effects,'®?’ and even
inducing entanglement between them.?' The main reason for
our choice is that, just by moving the QE spatially with respect
to the metal interface, one can access three different emission
regimes: from purely dissipative for small separations to direct
photon emission to the semi-infinite dielectric for very large
separations passing through the most interesting regime of
SPP emission at intermediate separations. This gives a great
richness of situations not available in other systems.

The outline of the paper is as follows: Section II contains
the theoretical study of the system dynamics by means of a
master equation. The QE is described by a three-level system
(see Fig. 1) coherently excited by a laser in resonance with
transition |0) — |2). Nonradiative (|2) — |1)) and radiative
(J1) — |0)) decays are described by Lindblad terms. The
distance of the QE to the interface determines three different
regimes of emission depending on the spectral density of the
system, which is studied in this section by means of a Green’s
function formalism. Measurable magnitudes as populations,
spectrum, and second-order coherence are calculated and are
discussed in Sec. III with special attention to the regime of SPP
emission. Finally, some conclusions are drawn in Sec. I'V.

II. THEORETICAL DESCRIPTION

We study the dynamics of a metal-dielectric interface
coupled to a QE excited by a laser by means of a master
equation. By tracing out in the degrees of freedom of
the electromagnetic excitations of the interface, one gets a
master equation for the QE density matrix only. Moreover,
we work within the usual Born-Markov and rotating-wave
approximations.??
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FIG. 1. (Color online) (a) Schematic view of a three levels
quantum emitter, with characteristic frequencies w; and w,, placed
at a distance z of an infinite planar metallic surface. (b) I';o (black
continuous line) as a function of 7. The three contributions to I';q are
depicted by a dashed-dotted blue line for dissipation, a dashed green
line for plasmons and a dotted red line for radiation.

A. Master equation

The coherent part of the dynamics is described by a
Hamiltonian of the three-level system {|0),]1),]|2)} excited by
a laser treated as a coherent field of frequency w; (i =1
throughout the paper),

H = w1611 + 0262 + Q60 + 620¢ "), (1)

where the ground state has been taken as the origin of energies
and 6;; = |i)(j|. Using a unitary transformation U = ¢'“'°>,
the Hamiltonian transforms into

H = w1611 + 8,62 + Q(602 + 620), ()

where 8, = wy — wr.

Apart from the coherent excitation from the ground state to
the upper level |2), the dynamics of this open system includes
the cascade decays |2) — |1) and |1) — |0) described by
Lindblad terms,

Co, . . N N
Lip = —(2601p610 — p611 — 611p),
2 3)

| I A ~
Lop = 7(2012,0021 — pbx — 6220),
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in a master equation p = i[p,H] + Lip + L;p. The coexis-
tence of coherent pumping and incoherent decays brings the
system to a stationary regime.

This description of the dynamics is adequate for experi-
ments with a coherent excitation of state |2) strong enough to
have excitation intensity €2 larger than or comparable to I';;.
However, if the decay from |2) to |1) is so fast that I'y; > Q and
I'>1 > 65, then, state |2) can be eliminated adiabatically from
the dynamics, and the problem becomes that of an incoherent
pumping of level |1) described by a Lindblad-like term,

Poy ., N N
Lpp = 7(2010,0001 — p6oo — Goop), 4
with an effective rate,
4QZF21
= —=. 5
T2 148t )

The nonradiative rate transition I',; does not depend on the
coupling between the QE and the SPP. Therefore, it will be
taken just as a constant parameter. The radiative decay with
rate "o is much higher as a consequence of the Purcell effect
coming from the coupling of transition |1) — |0) to the modes
of a metal-semiconductor interface. Therefore, it requires a
careful analysis in the next subsection.

B. Spectral density and modified lifetime

The physics behind transition |[1) — |0) is that of an
oscillating dipole coupled to the excitations of a dissipative
metal-dielectric interface as depicted in Fig. 1. The QE in the
upper-half space is embedded within a dielectric matrix with a
dielectric function that can be taken in the range of frequencies
of interest as real and constant €. In the lower-half space z < 0,
a dissipative metal is characterized by a complex dielectric
function €;(w). In order to properly describe the dissipation in
the metal, we use a dielectric function,??

a)%, j A€ j Q%
€2w) =€ ; w(®+in;) ; w? — a)f +iwY;’ ©
with only one term (j = 0) in the sums.

The metal we consider for our calculations is silver for
which the different parameters in Eq. (6) are €, = 4.6, wpy =
9.0, no = 0.07, Aep = 1.10, Yy = 1.2 eV, and 2y = 4.9.

The electrodynamics of this layered geometry is described
by the Green’s tensor G(r,r’,w). The dissipative dynamics
of the oscillating dipole is contained in the local Green’s
tensor G(rp,rg,w), where ry denotes the QEAlocation. This
Green’s tensor splits in two contributions: G(rg,rp,m) =
Go(rp.rg,w) + Gg(rgp,ro,). The former is a direct contri-
bution in the dielectric, whereas, the reflection contribution
comes from the interaction of the dipole with the SPP.?*?> In
this paper, we only consider the dipole oriented perpendicular
to the the interface so that the only relevant term of the tensor
is the zz component,?*?

CZ 00 6]3
Gr..(ro,0) = — d
ralre®) =~ s [0 Vg,

8 [elxz(q,w) — Ez(w)m(q,w)} -21(g.002
GIKZ(va) + 62(6‘))161 (va) ’
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@)
where k;(q,0) = v/ €;(w)(w/c)? — g? for i = 1,2. Hereafter,

we work with the dimensionless magnitudes Z = zw,/c, § =
qc/wp and & = w/w, where w,, is the bulk plasmon frequency
and c is the speed of light.

The action of the absorbing medium on the QE, is described
completely by the spectral density,

Jw) = — (G 8
(w) = n_eop. [c—z m[ (I’Q,I’Q,w)]} - p, 8

which is, apart from constants, the tensor contraction of the
local (at rp) Green’s function with the dipole moment p
associated with the [1) — |0) transition. This spectral density
also can be written as J(w) = g%(w)p(w) where g(w) is
the QE-environment coupling and p(w) is the density of
states of the environment. For a QE with a dipole oriented
along the z direction and a frequency splitting wy below the
singularity at the SPP edge wy),, the spectral density gives
the modified lifetime in the Markov approximation [Eq. (3)]
Io(wo) = 27 J(wyp). Figure 1(b) shows I'1g, normalized to its
vacuum value Iy, as a function of the renormalized separation
Z for an interface between the silver and a dielectric with
€; = 1. There are three different regions: In the region of small
separation (Z < 1/2), I'jo varies as ()73 because the dynamics
is controlled by the dissipative part of the metal dielectric
function.”> For large separations (Z > 50), I'jo roughly is
constant (just small oscillations) because it is mainly due
to the direct radiative term Gy. The intermediate region
(1/2 < z < 50) is the most interesting one because it presents
I'jp slowly decreasing with Z as dominated by the emission of
SPP.2° This is the region in which we concentrate throughout
this paper.

III. POPULATIONS AND SECOND-ORDER
CORRELATION FUNCTIONS

Once all the ingredients of the master equation are known,
one can calculate the dynamics density matrix and, in par-
ticular, the stationary state. By means of standard procedures
in quantum optics,?’ as the quantum-regression theorem, one
computes the experimentally accessible magnitudes as level
occupations, emission spectrum, and second-order coherence.

A. Populations

The simplest magnitudes to calculate are the populations
of the levels that are obtained as expectation values of the &
operators (G;;) = Tr(p6;;) = pj;. In other words, instead of
the master equation for operators, one works with some kind
of optical Bloch equations for the matrix elements,

Poo = Tiop11 +i2(po2 — p20),
o1 = Ia1pn —Tiopri,
022 = —T21020 — iR2(p02 — p20), &)

. . F .
fro = — <182 + %) P20 + 12022 — Poo)s

) . Iy .
P2 = \idr — - ) po— i2(022 — pPoo)-
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FIG. 2. (Color online) (a) Evolution of the population of the
second level, oq;(¢), for Z = 0.35 (continuous blue line), 4.5 (dashed
green line) and 50 (dotted red line). I'y = I'y;, 2 = 'y, and §, = 0.
(b) Evolution of the population of the second level, oy,(¢), for
€ = 0.5T";; (continuous blue line), I';; (dashed green line) and 21",
(dotted red line). (c) Evolution of the population of the second level,
o11(t), for an increasing rate I'y;. I'2; / 2 = 0.5 (continuous blue line),
I’/ Q2 =1 (dashed green line), and I'y; /2 =4 (dotted red line).
Q =Ty =1,6, =0and z = 4.5. A typical value of the non radiative
decay time is [';;' = 10 ps.'3?*

Since poo + p11 + p22 = 1, Eq. (9) can be written as a vector

equation,

W _ + P
= — M ,

dt

where ii = (000,011,020,002) and M is the 4 x 4 matrix given

by Eq. (9). Steady-state populations are obtained by setting

=0,

(10)

s 40y @ Doy g an
U To(T3, +483) + 4200 + TR~ Typ' 22

Figure 2 shows the transient evolution of the population of
state |1) for different separations for (a) a fixed laser intensity
and for different values of the laser intensity for (b) a fixed
separation. The three separations of panel (a) correspond to
the center (green) and the two borders (blue and red) of the
intermediate region where the emission of SPP dominates the
electrodynamics of the system. Since a typical value of the
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nonradiative decay time is 1"2_11 = 10 ps,'>?8 the transient time
for reaching the steady state is less than 100 ps.

The physical origin of the oscillations has nothing to do
with the coupling of the QE excitations to the SPP. It is a
manifestation of the coherence of the excitation by the laser.
This assertion can be checked from the results in panel (c)
of the figure where '}, is increased, whereas, the intensity
Q2 of the pumping is kept constant with respect to any other
parameter. Then, the coherence associated with the excitation
becomes spoiled by the fast nonradiative transition, and this
manifests in a monotonic population evolution into its steady
state. As aforementioned, the physics of the system in this
regime may be mapped exactly into the two-level system
{10),|1)} incoherently pumped with a rate Py; given by Eq. (5).

B. Steady-state spectra

The steady-state spectra are computed by using the Wiener-
Khintchine formula,

11 00 .
S”Qu):-————Re/’ GY(v)e'“ dr, (12)
ey Jo

where G(7) is the first-order correlation function,

GV(r) = lim (610(1)601 (7 + 7). 13)
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This requires the calculation of a two-time correlation
function, which can be performed by means of the quantum-
regression theorem.?>?” On top of Eq. (9), the initial conditions
for the dynamics in the unknown t require knowing the
dynamics of two more elements, something also obtained from
the master equation,

) . o )
pro=—|iow + - ) P10 +iQp12,

(14)
) : . Co+ Ty
P12 = ip10 + i(8 —w1) — s (P
which can be written as
dib N (15)
_— = w’
dt

with W = (0¢1,0721)" and N as the 2 x 2 matrix given Eq. (14).
The quantum-regression theorem allows calculating GV(t)
by solving

-

dp -

— = Np, 16

dt b (16
where now p is given by p = ((610(t)601(t +

7)),{610(t)621(t + 7)))' and the initial conditions are
given by p(0) = (p}3},0)". The formal solution of Eq. (16)
is p = p(0)e™NT, whose first component is taken to calculate
GD(7) and S**(w), which finally takes the form

Cio + oy + 2i(w — 82 — o)

sS 1 * Nt 11014 2
S (w) = ;Re (e"Hq1e'dt = ;Re
0

Figure 3 shows the spectra of the emission produced by
transition |1) — |0). Panels (a) and (b) are computed under
the same conditions as the populations given in Fig. 2,
whereas, panel (c) depicts the case with finite detuning §;.
The calculations have been performed by taking an energy
difference between the two excited levels wy; = w, — w; =
23.6 meV, which is a typical value for InAs/GaAs quantum
dots.?” One clearly can observe how the incoherence associated
with transition |1) — |0) tends to hide any feature associated
with the |0) — |2) and |2) — |1) transitions. However, when
the intensity (£2) of the exciting laser is high compared to the
decay rate (I'y;) of level |2), it produces a coherent excitation
of the |0) — |2) transition that can be detected as a splitting
in the spectrum of |1) — |0) emission. This competition of
effects can be observed in panel (a) of the figure where the
pumping intensity is fixed (2 = I';;) and one can observe that
the spectrum shows a single peak for small values of z (large
I'jp’s). By increasing Z, the spectrum evolves to a double-peak
structure, which becomes clearly resolved in this radiative
regime. Another way of observing the same effects is shown
in panel (b) where 7 is fixed within the regime of SPP emission.
Again, one can observe the evolution from a single-peak to a
double-peak structure just by increasing the pumping intensity
Q2. Finally, in panel (c), we show the emission spectrum for
different values of the laser detuning &,, a parameter easy
to control experimentally. The spectrum becomes asymmetric

4Q% + [Tyo + 2i(w1 — ®)[T1o + a1 + 2i(w) — 8 — )]

a7

when the laser is detuned slightly with respect to the |0) — |2)
transition, i.e., 8, # 0. The interest in which this effect resides
should clearly be observable.

C. Second-order correlation function

Further insight into the characteristics of the emission,
as the possibility of single SPP emission measurable in a
Hanbury Brown-Twiss setup,’® is contained in the second-
order coherence function,

(610(t)610(7 + T)601 (1 + T)S01(1))
PP

The technique for computing this two-time magnitude
again resides in the use of the quantum-regression theorem
with vector U(t,7) = ({610(1)6oo(t + T)G01(1)),(610(t)G11(7 +
7)601(1)), (G10(1)G02(t + T)801(7)), (610(t)620(t + T)01(1)))'-
Following a procedure similar to the one described above for
G (), one gets the set of equations,

g?(r) = lim (18)

dﬁ > ss

E:Mv-i-pnP (19)
to be solved with initial conditions v(0) = (017,0,0,0)". A
particular solution is that for a steady state in which v =0.
Then, the set of equations is similar to the one obtained for
1 except for the independent term, which, instead of being
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FIG. 3. (Color online) (a) Steady-state spectra S(w) withz = 0.35
(continuous blue line), 4.5 (dashed green line) and 50 (dotted red
line). I'y = 'y, and Q2 = Iy, §; = 0. (b) Steady-state spectra S(w),
for = 0.5T";; (continuous blue line), I';; (dashed green line) and
2T (dotted red line). 'y = I'y;, 8, = 0 and 7 = 4.5. (c) Steady-state
spectra S(w), for 6, = —2I'y; (continuous blue line) , 0 (dashed green
line), and 21", (dotted red line). 'y = 'y, 2 =Ty, and 7 =4.5. A
typical value of the non-radiative decay time of 10 ps'>?® corresponds
to an energy scale [';; = 400 p eV.

13, is pﬁﬁ. So, this particular steady-state solution is just
v** = pjju**. In order to have a general solution of Eq. (19),
one needs the solution of the homogeneous equation, which is
vrom = ¢M73(0). So, the general solution of Eq. (19) becomes
U(r) = eMT f + pi3uss, where f=90)— p}3u*. From the
second component of vector U, one gets

P =1- @ . (20)

(o}})*
g@(v) for transition |1) — |0) is shown in Fig. 4. The
conditions are those of panels (a) and (b) in Fig. 3. When
separation Z is varied, the oscillatory behavior of g®(t) does
not change much as shown in panel (a) of the figure. This
proves that, in these conditions, transition |0) — |2) always is
produced incoherently by the laser field even if, in the spectrum
[panel (a) of Fig. 3], one observes a single peak. The interesting
consequence is that decoherence I'jo hides the resolution of
the double-peak structure of the spectrum, but the coherent

PHYSICAL REVIEW B 85, 125301 (2012)

)

P4
3
-
~
-

1.2F

~
-—
a
s
maay
o
"l

1.0

-

T
l¥ LS
ammmmamans

0.8f

0.6f

g (1)

0.4

0.2f

0.0Le N N N
- 10 -5 0 5 10

TFQl

FIG. 4. (Color online) (a) Second order correlation function
g?@(7), for 7 = 0.35 (continuous blue line), 4.5 (dashed green line)
and 50 (dotted red line). I';; = 1,2 = I'yy, and 8, = 0. (b) Second
order correlation function g?(t), for Q = 0.5T,; (continuous blue
line), I';; (dashed green line) and 2I";; (dotted red line). ')y =
I'21,8, =0 and Z =4.5. A typical value of the non radiative decay
time is [;;' = 10 ps.'>?

excitation |0) — |2) by the laser remains observable in photon-
photon correlation spectroscopy [the Hanbury Brown-Twiss*
experiment measuring g®(r)]. A stronger effect in g®(r)
is obtained by changing the intensity of the exciting laser.
The oscillations, existing for high excitation, are quenched by
decreasing the pumping up to the point in which just only a
broad antibunching exists. As in the case of the spectrum, high
laser intensity produces a coherent excitation of the |0) —
|2) transition, which dominates the emission characteristics
producing oscillations in g® (). However, for low-intensity
excitation, the weak coupling between the [1) — |0) transition
and the SPP dominates, and no oscillations exist anymore.

IV. CONCLUSIONS

The main conclusion to be drawn from our paper is
that one must be very careful when analyzing the photon
or SPP emission from a QE under p-shell excitation. The
Purcell effect producing the desired emission may coexist
with a coherent excitation of the p-shell transition. In many
cases, this coherent excitation produces oscillations that mask
the physical characteristics of the final emission of interest.
This important point, not commonly taken into account
when analyzing experiments, is completely general for any
structured reservoir of final states. In order to draw this
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conclusion, we have not worked with the simple case of a QE
coupled to the optical modes of a microcavity having a density
of states with a simple Lorentzian shape. Instead, we choose
a system with a structured density of states: the SPP field
of a planar metal-dielectric interface.!* This electromagnetic
excitation presents plasmonic character inside the metallic
region and photonic character outside.'”> The main reason for
our choice is that, just by changing the distance of the QE
to the metal interface, one can access three different emission
regimes: from purely dissipative for small separations to direct
photon emission to the semi-infinite dielectric for very large
separations passing through the most interesting regime of SPP

PHYSICAL REVIEW B 85, 125301 (2012)

emission at intermediate separations. This gives a very rich set
of regimes not available in other systems.
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