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We show that coherent broadband surface mixing-wave (SMW) by a hyper-Raman process can be
efficiently generated near a metallic surface abutting a quasi-three-level gain medium. The
generation process is significantly enhanced by the amplified surface plasmonic polaritons (SPPs) @
in the gain layer, resulting in rapid growth of both fields. The highly efficient and directional
amplified SPP and hyper-Raman SMW may facilitate engineering applications in which amplified-

SPP propagation is desirable. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878406]

Surface Plasmonic Polaritons (SPPs) are electric-
charge-oscillation-based electromagnetic surface waves that
exist at a dielectric-metal boundary.' These surface waves
have been extensively investigated for many surface related
phenomena such as sub-diffraction sensing,” surface imag-
ing,? and subwavelength light guiding near the surface.*”’ In
addition, significantly high local SPP intensities near the sur-
face can lead to strong enhancement of surface physical,
chemical, and biological processes such as surface-enhanced
Raman scattering (SERS),® optical sensing of nanoscale mo-
lecular complexes’ down to single molecule'’ levels, SPP
based lasing mechanisms,'" and signal processing.'*

Metallic surfaces, however, often have large intrinsic
loss and this significantly limits practical SPPs-based applica-
tions." To overcome this limitation, amplification of SPPs
using a gain medium has received great attention.'* %’
Unfortunately, the efficiency of the gain provided by these
methods is very low,?'*? due to complications such as ampli-
fied spontaneous emission of SPPs.** Recently, amplification
of SPPs using a three-level system similar to a flash-lamp
pumped ruby laser has been proposed.**** Kéna-Cohen et al.
have shown SPPs amplification by side-pumping a segment
of a metal surface coated with a gain layer.

Coherent propagation growth is one of the most important
features of highly efficient and highly directional mixing
wave generation processes in nonlinear optics. Among its
many practical advantages are significantly increased signal-
to-noise ratios and drastically boosted signal strength which
results in enhanced detectability of trace elements or chemical
and biological agents. In this Letter, we exploit these features
and investigate a highly efficient and highly directional broad-
band coherent surface mixing-wave (SMW) generation pro-
cess®’ using an amplified SPP wave to provide the initial
quantum Raman coherence. In this surface enhanced paramet-
ric amplification process, the SPP generated by a separate
pump provides the initial coherent seed field and it is subse-
quently amplified together with the SMW by a single pump
field in the gain medium (Fig. 1). The major feature of our
work, however, is the propagation amplification effects of the
SPPs and seeded surface hyper-Raman/mixing-wave that are
not included in the SPP amplification studies reported in Refs.
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24-26, 28, and 29. Indeed, both Refs. 28 and 29 reported
localized surface four-wave mixing (FWM) without any
coherent propagation effect. We show by extensive numerical
simulations that such coherent surface propagation effects can
lead to significant surface wave amplification and growth
characteristics similar to parametric processes on the surface
of a nonlinear sheet produced by ion implantation.*’-*°
Consider a plane-polarized electromagnetic wave Eq(w)
incident on a gold nano-film from below at a
frequency-dependent “resonance angle” 6, (o) (Fig. 1) that
effectively excites SPPs modes of frequency wmspps =~ @y on
the surface of the gold nano-film. Above the gold nano-film is
a layer of a three-level gain medium that is illuminated by a
strong pump field E; traveling parallel to the surface of the
gold nano-film.*" The pump field couples the |g) — |e) via a
multi-photon process with a multi-photon detuning of J,
(Fig. 1), resulting in a spontaneous emission of a SMW field
Esmw from state |e) — |m). The evanescent tail of SPPs
excited by E extends well into the gain medium, behaving as
a broadband coherent seed wave that couples the |m) < |g)
transition of three-level system constituting the gain medium.
This seeding action transforms the characteristics of the
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FIG. 1. (a) Schematic of the coherent SMW generation assisted by amplifi-
cation of SPPs near a dielectric-metallic interface. (b) Energy levels of the
three-level gain medium. The |g) < |e) transition is driven by a multi-
photon pump field. The SPPs field (dashed curve indicates SPP bandwidth)
couples the |g) < |m) transition whereas the SMW field is generated via the
|e) — |m) transition.

© 2014 AIP Publishing LLC


Administrator
附注工具
No inhomogeneous broadening is considered!

http://dx.doi.org/10.1063/1.4878406
http://dx.doi.org/10.1063/1.4878406
http://dx.doi.org/10.1063/1.4878406
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4878406&domain=pdf&date_stamp=2014-05-21

203108-2 Zhu et al.
mixing-wave emission from spontaneous to “coherently lock-
ed” to the SPP wave as the two surface waves propagate,
resulting in a highly directional, coherently amplified process.
Indeed, early absorption of the SPP field by the gain medium
establishes a Raman coherence, resulting in coherent and
highly directional SMW that further amplifies the SPP wave.
The above described physical picture can be obtained by
solving the Maxwell Equation of the SPP field Egpps with
appropriate boundary conditions' and the effective permittiv-
ity of the material €, where o = (s, M, b) denotes the substrate,
metal, and gain layers, respectively. The complex permittivity

of metal is obtained from the Drude-Lorentz model*>
2 A QZ
M= oo ———D____ S )
o(o+iyp) (0 - Q) +ilLw

where @ = wy is the center angular frequency of the incom-
ing field, €., = 5.9675. The Drude model plasma frequency
and attenuation constant are op/2m =2113.6THz and
vp/2m = 15.92 THz, respectively, and Ae = 1.09 for an
Au film. The Drude-Lorentz model parameters are Q /27
= 650.07 THz and T'r /27 = 104.86 THz, respectively, rep-
resenting the interband transition strength and Lorentz line
shape of such a transition.

Without the gain medium pump field E;, the permittiv-
ity of the gain medium ¢, can be described effectively using
a two-level model involving states |m) and |g) is given by
€y = 1+ King/[0m + i7,], Where K,y = No[p,,,q */(€oh) with
N, being the density of the three-state atoms in the gain me-
dium and p,,, being the electric-dipole moment between
states |m) and |g). y,, and J,, are the resonance line width
and detuning of the SPPs field from the state |m), respec-
tively. In Fig. 2(a), we show the real and imaginary parts of
the effective index change dn, = €, — 1 of the gain medium
as a function of frequency using an atom density N,
=10"%/cm’® and 7, /27 = 3 GHz. Here, the blue dashed
curve indicates a significant increase in the attenuation con-
stant at the SPPs field center frequency in the gain medium
when the pump field E; is absent. Figure 2(b) shows the

SPPs field mode size Dspp, = Ao/[2m\/ (Re[nspps])* — 1]

(dashed line) and propagation length Lspps = Ao/27Im[nspps)
(solid line) in the absence of E; as a function of SPP pump
wavelength Ay where the complex effective index of the

SPPs field ngpps = v/€pen/(ep + €y). We note that the

@ . )

—_
n
=
(=1
—
(=]

Re[8n,] and Im([8n,] (x10~)

(=}
o r
Propagation length (x100 pm)

0o
(=1

.0
2 0.4 0.5 0.6 0.7 0.
Incident wavelength (Lm)

2 - 0
8,127 (GHz)

FIG. 2. (a) Real (solid line) and imaginary (dashed line) parts of the index
change on, = ¢, — 1 of the gain medium as a function of the SPP field
detuning in a two-level model. (b) SPP field mode size (dashed line) and
propagation length (solid line) as a function of the pump wavelength in
the absence of Ep) in the gain medium. Parameters: y,/2n = 6 GHz,
Ym/27 = 3 GHz, J,/2n = 10 GHz, and Q; = OHz.
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choice of the large relaxation rate y,, in our calculation is to
account for environment-broadening effects such as the
Purcell enhancement factor to the spontaneous emission rate
of an atomic emitter near a metal surface, which typically
has a spontaneous emission rate of 10 MHz.

The evolution of the SMW field and the SPP field can
be calculated using coupled Maxwell equations

V?Ep + kyEg = kiPg/eo, (B =SMWorSPPs),  (2)
where Psyw = N o|Perm|AcA;, and Pspps = N y|ppglAnA; and
A; (j = g.m,e) are the material wavefunction amplitudes.

Under the electric-dipole and rotating-wave approxima-
tions the system Hamiltonian in the interaction picture is

H = dcle){el + dulm) {m| — [P - Esprs|m)(g]
+ Pon - Esmwle) (m| +p,g - ELle) (g + c.c], 3)

and the atomic-response equations of motion are given by

.0 .
lEAm + dnAy + QsMW A, + Qgpps Ag =0, (4a)

0
iEAe +dAe +Q Ag + Qsmw Ay = 0, (4b)

subject to the total population conservation condition
|A|* + |An]* + |A.|* = 1. Here, A; (j=g, m, e) is the ampli-
tude of the atomic state |j), d; = d; + iy; with ; and 7; being
the detuning and total decay rate of state |j). Qr svw spps
= Pegemgm E; smw spps/7 are the half-Rabi frequencies of
the effective multiphoton pump, SMW, and SPPs fields.

We numerically solve Egs. (2), (4a), and (4b) using a
20-um thick layer of three-level atomic gain medium on a
Iem X 1 cm chip having a 50nm Au nanolayer on a glass
substrate. In the absence of the hyper-Raman pump field E;,
no hyper-Raman SMW field is generated inside the gain
layer and the SPP wave is strongly attenuated [Fig. 3(a)].

(a) Non-amplified SPPs (b) Coherently amplified SPPs

(d) hyper-Raman with coherently
amplified SPPs

(c) hyper-Raman without
amplified SPPs

-
N
-
N

IEgpiw @/ Esyw(0)2 (x10%)

1.0

FIG. 3. Numerical calculation of the SPP field in an atomic gain medium
without (a) and with (b) the pump field E; and Egyw. Coherent SMW
generation without (c) and with the amplified-SPPs in a layer of gaseous
phase atomic gain medium. Parameters: y,/2n = 6 GHz, y,,/2n = 3 GHz,
d./2n = 10GHz, 3,,/21 = 1 GHz, density 10'*/cm?, and Q; /27 = 3 GHz.
SPP pump /4y =700 nm.
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Correspondingly, no hyper-Raman SMW field can be effi-
ciently generated as well [Fig. 3(c)].

To overcome the SPP field attenuation, we now intro-
duce an external multi-photon pump field E; that propagates
along the direction of the effective kgspp (Fig. 1). This pump
field excites the multi-photon transition |g) <> |e) with an
effective detuning J,, resulting in an active gain medium that
coherently generates a hyper-Raman SMW via the transition
|e) — |m)) and also contributes to the amplification of the
SPP field. Figure 3(b) shows the SPP wave amplification
under the action of coherent propagation gain enabled by the
hyper-Raman pump field E;. Accompanying this coherent
amplification of the SPP field is the rapid growth of a highly
directional hyper-Raman SMW field [Fig. 3(d)]. In essence,
by coupling the states |g) and |m), the SPP field provides a
coherent seed wave that modifies the Raman coherence
which, under the action of the external pump field E; , results
in simultaneous coherent generation and amplification of
both the SMW and SPP fields.

It is worth pointing out that the SPP-assisted SMW field
generation has mixed characteristics of parametric FWM and
hyper-Raman radiation. The former is due to the broad phase
matching regions supported by the broad bandwidth of SPPs,
whereas the latter is dominantly an on resonance process.
Both of these characteristics have been observed in alkali
metal vapor experiments>> using configurations similar to
that shown in Fig. 1(b).

One of the key features of an atomic Raman gain me-
dium is the long lifetime of the atomic Raman state. Such a
narrow Raman resonance significantly enhances the coherent
propagation effect and therefore dramatically increases the
signal-to-noise ratio which can lead to a significant reduction
in data acquisition time.** In most solid state and soft con-
densed matter materials, however, the molecular Raman
states usually have a much broader Raman resonance line-
width. For instance, a typical molecular vibrational Raman
terminal state often has a linewidth of few wave numbers and
this significantly impacts the propagation gain coefficient.
Nevertheless, we show below that significant enhancement of
hyper-Raman SMW and amplification of SPPs can still be
achievable for many molecular Raman radiators.

To illustrate the potential of the coherent-wave-enhance-
ment effect for SPP amplification using molecular Raman
gain medium and to further explore possible advantages of
combining the coherent wave propagation effect with the
local surface field enhancement effect, we consider a case
with a generic molecular gain medium with density
N, = 10" /cm?. This density is about two orders of magni-
tude less than the typical laser dye lasing concentration,*
indicating the viability of the SPP-SMW amplification
scheme described in this work. The molecule gain layer is
20 um in thickness and the hyper-Raman state |m) has a
relaxation rate of y,,/2n = 100 GHz. Figures 4(a) and 4(b)
show the SPP amplification without and with the hyper-
Raman pump field. Here, the SPP pump field illuminates the
Au layer from underneath through the glass substrate as in
Fig. 3 but we add a nano-grating segment>®>” (grating groves
are 100nm in height, 150 nm in width, and have a 150 nm
separation) to the left-end of the Au nano-layer and use a sep-
arate pump laser to excite the grating vertically.*® Numerical
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(c) hyper-Raman without
amplified SPPs

(d) hyper-Raman with
coherently amplified SPPs
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FIG. 4. Numerical calculation of the SPP field in a molecular gain medium
without (a) and with (b) the hyper-Raman pump field E; . Here, a nano-grating
segment is added to the left end of the surface and a separate pump field illumi-
nates the nano-grating vertically. Coherent hyper-Raman SMW propagation
growth without (c) and with (d) the amplified-SPP. Parameters: y,/27n
= 100GHz, y,,/2n = 100 GHz, d, /21 = 1000 GHz, J,,/21 = 80 GHz, den-
sity 10"*/em?, and . SPP pump 2o =700 nm.

calculations show that this combination of a vertically excited
nano-grating and obliquely excited Au layer results in more
efficient generation of the amplified-SPPs and hyper-Raman
SMW.

The coherent SPP-amplification enhanced hyper-Raman
field growth in the molecular gain layer in this combination
structure is shown in Figs. 4(c) and 4(d) for the case of with-
out and with the coherently amplified SPP. We also find that
the nano-grating segment added increases the hyper-Raman
SMW by more than 20%. These results again show the sig-
nificant propagation growth of the hyper-Raman field that is
further enhanced by the coherent growth of the amplified
SPP field.

In conclusion, we have investigated coherent amplifica-
tion and propagation growth of SPPs near the interface of a
metal film and a dielectric gain medium in the presence of
SMW originating from hyper-Raman growth in the gain me-
dium. Without an external Raman pump, the SPP decays rap-
idly in the gain layer and coherent propagation growth is not
supported. With an external Raman pump in the gain layer,
however, significant amplification of the SPP occurs. The
amplified SPP grows and further enhances the Raman coher-
ence of the gain medium, strongly supporting a highly direc-
tional, highly efficient generation of a hyper-Raman SMW.
The study reported here may provide an effective scheme for
engineering applications of surface plasmonic polaritons.
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