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Abstract

®

CrossMark

We theoretically study the generation of mid-infrared light through difference-frequency
excitation using a single dual-wavelength coherent femtosecond laser source. The difference-
frequency wave is generated from the surface of a thin gold film in the Kretschmann coupling
geometry due to the surface nonlinearity of the film. We show a clear enhancement of the
difference-frequency wave around the surface plasmon polariton coupling angle of the incident
fundamental wave. We also show an enormous shift and modification of the difference-
frequency spectrum near surface plasmon resonance. We discuss the discovered spectral change
dependence on the source pulse duration and incidence angle of the fundamental wave. Our
findings have an enormous potential for use in difference-frequency surface sensing and

spectroscopy applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Although the study of nonlinear frequency conversion in
metals goes back to the beginning of nonlinear optics [1-7],
there has been renewed interest in this field recently. This new
interest is due to the recent growth in the field of plasmonics,
which studies the localization and enhancement of electro-
magnetic fields through the collective oscillation of conduc-
tion electrons in metals. The combination of nonlinearity and
plasmonic effects has opened up a whole new area of fun-
damental research where the generation, modification and
enhancement of harmonic frequencies can be studied under a
variety of conditions and circumstances [8—13].

Nonlinear studies of surface plasmon excitations in
metals are focused primarily on quadratic nonlinearities such
as second-harmonic generation (SHG), sum-frequency
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generation (SFG) and difference-frequency generation (DFG).
This is due to the simplicity of these processes and the ability
to discriminate the bulk response from the surface response
using the inversion symmetry of most metals [13—15]. These
quadratic plasmonic nonlinear processes have led to appli-
cations in sensing, spectroscopy and the development of new
coherent light sources [16-21]. Most nonlinear plasmonic
applications, such as infrared-visible nonlinear spectroscopy
[22], are based on quasi-monochromatic light sources, where
two distinct monochromatic sources are needed for both SFG
[23] and DFG [24] spectroscopy. DFG in particular has also
been shown to be the most widely used method to generate
mid-infrared (MIR) ultra short pulses [25-29], which are very
useful as a source for sensing many important organic and
inorganic molecules. This is because these molecules have
strong absorption peaks within this spectral range [30] and the
fact that the DFG process is very sensitive to changes in the
surfaces being studied at the molecular level [31, 32].

We propose using a highly collimated polychromatic
source to generate a difference-frequency wave (DFW) in the
mid-infrared through reflection from a thin metal film

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of the Kretschmann configuration.

arranged in the Kretschmann configuration close to the sur-
face plasmon coupling angle. The generation of MIR sources
using DFG usually involves frequency mixing of two
monochromatic laser sources [25-29]. We are, however,
using a single polychromatic source, which eliminates the
need for multiple sources and also has the added advantage of
generating spectral signatures and enhancing the DFW close
to the plasmon resonance angle. The spectral signatures of a
surface sum-frequency wave reflected from a thin gold film
using polychromatic light have been previously reported [33],
with significant spectral shifts in the spectrum shown close to
plasmon resonance. We report more pronounced shifts and
enhancement in the difference-frequency spectrum close to
plasmon resonance.

2. Theory

We use the Kretschmann configuration to illuminate the gold
thin film as shown in figure 1. The gold film is deposited on a
glass substrate (¢; = 2.25) and has a thickness d and a relative
permittivity €, (w). The permittivity of the dielectric above the
thin film is 3 and the source plane is assumed to be at the
origin.

The light source is assumed to generate a highly colli-
mated and fully spatially coherent plane wave [34-36]. The
incident fundamental wave (FW) with a spectral amplitude
A (w) is represented by

Eo(x, z, w, 00) = A(cd)(%ex _ %ez)ei(kx.x“rklzz), (1)

1 1

where k| = (k,, 0, k;) and k; = (w/c) /g, with k; expressed
in terms of the incident angle 6, as k, = k sinf, and
ki, = ky cos 0. The energy spectrum of the incident pulse can
be written as [37]

So(w) o [Eo(x, z, w, Oo)*. 2

Whenever the FW is incident on the metal, it undergoes
multiple reflections in the thin film and the total reflected FW
from the film can be calculated using the Airy summation [38]

and is given by

E,.(x, z, w, 0y) = A(w) —ﬁex — k_xez
kl kl

X Fia(w, Op)e!®v—hi2), 3)

where 75 (w, 6y) is the Fresnel reflection coefficient for
p-polarization given by [39]

rip + ryzeiZkxd 4
i2kp.d ’ S

1 + riaryze
with ky, = \/k22 — kxz, ky = (w/c)/e; and 1,z represents the
reflection coefficient of the interface between media « and S,

(a, =1, 2,3). From equation (3), the reflected energy
spectrum can be written as

Sy (w, 0o) o< |E,(x, z, w, Oo) [*. &)

2 (w, 6p) =

The incident wave excites surface polarizations at both
the lower and upper interfaces of the gold film. The general
i™ component of the difference-frequency polarization field is
given by [40]

2T
X Ej(r, w) Ef(r, w), (6)

00 dwl 2
Pi(r, w3) =g ) f —xfgj,k(wa; w1, W)
s

where (i, j, k = x, y, z), w; and w, are the pump frequencies
within the incident fundamental pulse bandwidth,
w3 = w; — w, represents the generated difference frequency
and the asterisk (*) denotes the complex conjugate.
x(s%zjk(w3; w1, wy) is the nonlinear surface susceptibility tensor
of the DFG process. For p-polarized light, the relevant non-
trivial contributions to the surface DFG susceptibility are
X(SZ,)ZZZ(L%; Wy, W), X(sz,lxz(‘%? wy, wa) and
X herwss wi, wo) [41].

We use equation (6) to evaluate the polarization at the
lower (P5.) and upper (P ) interfaces of the thin film as we
show in the appendix. These lower and upper interface
polarizations act as source currents at the difference fre-

quency, and the resulting DFW is given by
Ei(r, w) = (“’g—c)zz f ArGy (e, v, WP, w).  (7)
0 J
Gj;(r, 1) is the dyadic Green’s function given by [15]
Gj(r,r) = [5,7 + kl—ZV;VJ]GO(r, r, w), 8)

where G is the scalar Green’s function and can be expanded
using Weyl’s identity [34] to obtain

G (r o w) eik|l‘*r’|
0 =—
T 4rlr — 1|
i[> dkxeikx(x—x’)ﬁLikzlzfz’l, )

Ttk

where k, and k, represent the longitudinal and transverse
components of the propagation vector.
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The contribution to the DFW radiated into the lower half-
space from the nonlinear polarization at the lower metal
interface is obtained by substituting P into equation (7),
yielding

iUJ’; .
————(Py,cos 0y — Pg;sin 6p)
TJE0EL

E;,boltom()“ Z, W3, 00) =

X eitkx@)r—h@De
(10)

where all quantities are evaluated at the difference frequency
w3, with ki(w3) = (ke(w3), 0, kiz(w3)) and
ky(w3) = (ke (w3), 0, koz (w3)).

P contributes further to the DFW when the field above
(equation (10)) is partially transmitted through the metal film
and reflected from the top metal boundary back into the lower
half-space as

iw3 .
Eitop(-x’ 2, ws, 90) = ?([’(ECOS 90 - IJ()<ZSIH 00)

47 €081

FastipeiZka@d

1 + riarze

% eilke@)r—ki:(@s)2)

2k (w3yd

(11)

top is the transmission coefficient of the interface between
media « and B, (o, 5=1,2,3). The corresponding
z-component of the radiated DFW due to the polarization at
the bottom interface of the film is given by

s (Py:sin 6 tan 6y — Pg,sin )

EZ bottom s 2, w3, 0p) =
z,bottom 47Tm

x eltkxa)rx—h:(w3)2)e (12)

and after undergoing reflection from the upper interface, it
becomes

iw

ES  (x, z, w3, Op) = —3(P0<sin O tan By — Pg;sin bp)
iop 47 €0&1 ¢ §
i2ky. (w3)d
¢ eilk i,z __"2312¢ e e (13)
— -
1 + r12r23612k22.(\’)3)d

The contribution to the difference-frequency field from
the polarization P_, at the upper metal interface which is
radiated into the lower half-space is given by

iw3
4myeoer (w3)

11y ei2ke d

Ei[op(x’ <, W3, 90) = (P()>xCOS 90 — PO>ZSiIl 90)

% eitke(@)r—ki-(@3)2)

1+ rarpzein@nd 77

(14)
and
iw3
4meoer (w3)
X (Pysin 6 tan 8y — Pgsin 6p)
i2ky; (w3)d

EZtop(x’ 2, W3, 90) =

fhhe

. €.,
1+ r12r23e12k2z (w3)d
(15)

x eltkx(W3)x—kiz(w3)2)

where all quantities are evaluated at the difference fre-
quency ws.

From equations (10)—(15), the components of the DFW
can be written as

E,(x, 2, w3, 00) = E poyom®> 2> w3, 00) + E5 (. 2, w3, o)

+ E (op(X, 2, w3, 0o),
(16)

and

EZ(.X, Z’ CL)3, 90) - E;bot{om(x7 Z’ CL)3, 90) + E;[op(x’ Z& W3, 00)

+ EZ op(x, 2, w3, 6p).

)

The energy spectrum of the DFW can then be conveniently
written as

S(ws, 09) x |E(x, z, w3, Op)e, + E.(x, z, wa, o)e.|.
(18)

3. Results

We use a dual-wavelength self-mode-locked Ti:sapphire laser
[42], with a pulse duration (f,) of 50 fs and peaks at
A =853nm (w = 2.208 x 10" rads s!) and A\ = 767 nm
(w = 2456 x 10" rads s’l) with the normalized spectral
amplitude A(w) shown in figure 2(a). The pulse duration
defines the bandwidth of the input gaussian pulse

(Aw =] 0'%4). When this FW is incident on the 50 nm gold
P

thin film, the reflected FW is evaluated using equation (5),
with the dielectric permittivity of the gold film evaluated by
interpolating the experimental values of Johnson and Christy
[43]. This reflected field is shown in figure 2(b).

The holes in the reflected FW spectrum are due to the
coupling of the incident wave to surface plasmon polaritons
(SPP). The SPP coupling angle for ¢; = 1(air) is given by

[15, 33]
0. (w) = arcsin[ %]
Vale(w) + 1)

For A = 767 nm and A = 853 nm, the corresponding SPP
coupling angles, calculated from equation (19), are 43.3° and
42.8° respectively, which coincide well with the plasmon
resonance angles in figure 2(b).

19)

To evaluate the DFW, we use the hydrodynamic model
of the difference-frequency surface susceptibility developed
in [44]. The nonvanishing susceptibility components are
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Figure 2. Far-field spectra of (a) incident fundamental wave and () the reflected fundamental spectrum from metal film. Incident pulse
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Figure 3. Reflected far-field spectra of (a) DFW and (b) normalized DFW. Incident pulse duration is , = 50 fs.

given by

2 :
X§ L (w3 wi, wa)

_awnw)law) — 1ew) — 1]
64725, (wy)x(wa)nge

2 :
X(s;zx(w& w1, W)

_ 2bwi, w2 (w) — 1[5 W) — Hwy

’

6471%wse; (w))nge
X(S%le(ws; w1, wa)
_ 2b(wy, wo)[ex(wy) — 11[E5(w)) — 1w
= — = . (20)
64m%w;3e5(wy)npe

where ng is the equilibrium free-electron density in the bulk.
The dimensionless parameters a(w, w,) and b(wy, w,) are
frequency independent when w; and w, are well below the

plasma frequency wj,, which is true in our case (ﬁ ~ 0.15).

Wp

We use b(wy, wp) = —1 and a(w, wp) = —12.9 [41]. To
evaluate the DFW we use equation (18).

Figure 3(a) shows the reflected DFW energy spectrum
for a 50 fs FW. The DFW peak is centered around 7.70 pm,
which corresponds to the frequency difference (w3) of the
peaks in our fundamental wave, with w3 = w; — w,, where
(W = 2.456 x10" rads s™) , and (w, = 2.208 x 10"rads s~
h. Figure 3(a) also shows an enhancement of the DFW
around the plasmon resonance angles of both peaks in the
FW, which is between 42.6° and 43.5°, with a maximum
enhancement of 14 times the off-resonance spectral ampl-
itude. The enhancement of the DFW is clearly due to the
coupling of the FW to surface plasmon polaritons, which has
also been reported before in the Kretschmann configuration
for SHG [13] and SFG [33].

We can better highlight the spectral effects of DFG in our
system by normalizing the DFW spectrum to the corresp-
onding maximum for each angle of incidence [33] as shown
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in figure 3(b). We observe significant shifts in our spectrum
between the plasmon resonance angles of 42.6° and 43.5°.
This shift is more pronounced at the lower edge of the plas-
mon resonance angular range around 42.6°. To explore the
dependence of these spectral shifts on the pulse duration or
angle of incidence, we determine the so-called relative spec-

tral shift (%) [33], where \y = 7.70 um. This dependence is
0

shown in figure 4(a), where we notice a clear increase in the
spectral shift with decreasing pulse duration. Figure 4(b)
illustrates this dependency better, showing the maximum
spectral shift for pulse durations ranging from 25 fs to 90 fs.
A fundamental wave with a short pulse duration has a large
bandwidth. This means a wider range of frequencies are
coupled into surface plasmons and with each frequency
having a slightly different plasmonic and nonlinear response,
the total effect on the DFW spectrum is more pronounced.

To further examine the spectrum of the DFW, we display
the normalized DFW spectra for a 25 fs FW as shown in
figure 5(a), with the maximum spectral shift seen around
0y = 42.6°. Figure 5(b) shows a colossal spectral shift for a
small change in the refractive index of the dielectric material
(n3) with An; =35 x 1074, at the angle of incidence
corresponding to the maximum shift in figure 5(a). We also
observe significant spectral shifts varying n; above and below
the maximum angle, as shown in figures 5(c) and (d)
respectively. Linear and nonlinear spectral shifts close to
resonance are both based on the frequency dependence of the
plasmonic response of metal thin films, which have fre-
quency-dependent permittivities and nonlinear suscept-
ibilities. The DFW spectral shifts are more pronounced
compared to those engendered by a linear 7.70 pum femtose-
cond pulse coupled into surface plasmon polaritons in the
Kretschmann configuration because of the nonlinear interac-
tion of the plasmon-enhanced FW which generates the DFW.
Such sensitivity to small changes in refractive index could be
very useful for surface sensing applications.

Besides the spectral shifts, we also observe changes in
the shape of the DFW spectrum close to resonance. We can
clearly observe the evolution of the shape of the DFW when
we vary the angle of incidence slightly from 6, = 42.60° to
0y = 42.62° in figure 6. Such sensitivity of the spectral shape
on small angular variations can also be leveraged for sensing
applications.

4. Conclusions

We have investigated, theoretically, the generation of a mid-
infrared DFW from a thin gold film in the Kretschmann
configuration. We used a single dual-wavelength femtose-
cond laser as our source and gaps were observed in the
spectrum of the reflected fundamental wave, which corre-
sponded to the plasmon resonance angles of the individual
peaks. The DFW peak amplitude frequency corresponded to
the difference between the peak frequencies in our FW, and
was clearly enhanced around the plasmon resonance angle of
the fundamental wave. We have also shown very large

F Che et al
1 o
- - 0,=42.62
09 L —90=42.610
--=-0,=42.60°
0.8+ B

o
]
T

o
=2}
T

Normalized DFW Spectrum
o o
S [&)]

o
w
T

~oe.

o
S
T

.~
.

Wavelength (m)

Figure 6. Normalized far-field DFW energy spectrum close to
resonance showing changes in the spectral shape, n; = 1
and 1, = 25 fs.

spectral shifts in the DFW close to the surface plasmon
resonance angles and also highlighted their dependence on
the pulse duration of the fundamental wave, the angle of
incidence and changes in the refractive index of dielectric
above the metal film. Lastly, changes in the DFW spectral
shape close to resonance were also demonstrated. All these
features make our system attractive for use as an MIR source
and a sensitive surface sensor.

Appendix. Polarization calculations

The total FW in the glass is a superposition of the incident
and reflected waves in equation (1) and equation (3). This is
given by

E](x7 Z, W, 00) = EO(X, Z, W, 00) + Er(x7 3z, w, 60) (Al)

The normal component of equation (A.1) can be written as

E . (x, z, w, 0y)
= — %A (w)et* e + fip(w, Op)e hle,  (A2)
while the tangential component is written as,
E. (x, z, w, 0p) = %A (w)etkex
x [e*:2 — F5 (w, 910)6*”‘111]6)‘. (A.3)

By applying the electromagnetic boundary conditions to both
the normal and tangential components of the electric field on
both sides of the boundary at z = 0, we can write down the
components of electric field, E5° on the lower interface of the
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metal. The normal component of the field is given by
k &l

E3.(x, z, w, fp) = —A(w)e
1 €2
X [1 + Fiz(w, Oo)]e., (A4)
while the tangential component is given by
B 2w, B0) = AL = oo Bo)ler. (AS)
1

The normal and tangential components of the field in the gold
thin film are superpositions of the fields transmitted into the
film and that reflected from the upper interface of the thin
film. They are given respectively by

k ) ¢
E2z(x, Z, W, 90) = —_XA (w)elk,xx#w
ka 1 + riprpze'™=
x ek 4 pyyeitkade—iknz]e (A6)
and
ka, ik, x t
En(x, 2, w, Op) = A (w)elt' ——2 —
k2 1+ r12r23e‘ 22
x [eik22 — ppjeitkude—ikaui]e (A7)

The components of the electric field at the upper interface of
the gold film, E; at z = d are calculated similarly to yield

E2>Z(x, zZ, w, By) = —IZ—XA (w)eik*"RZ (w, Oy)e,, (A.8)
2
and
B3 200, ) = — EA@ER (@, fer, (A9)
2
where
f2 (1 + ry3)ei2kd
R. (w, Op) = 12 ( 23)i2k .
1 + ripry3€ 2
f2 (1 — ry3)ei2kd
(w, Op) = % (A.10)
1 + ripry3€ 2

The polarization at the lower interface of the thin film,
P, can then be determined using the electric field compo-
nents at the lower interface and equation (6), yielding

dwy
Z—X(S ) (W35 Wi, w))

PI(x, w3, 0p) = €of

— 00

X E2<1(X’ wi, HO)EZZ (X9 w2, 90),

= e, Py (w3, Op)eikr e, (A.11)
< * dwi_
P(x, ws, 09) = €of 5, X (W3 Wi, W)
o0
x E5(X, wi, 00) Ex, (X, wa, 0p)
o dw
2) .
+ 2o j:oc —Xsm(wz, w1, W)
X Ezfr(xv wi, 90)E2t<(x? w2, 90)9
= e, Py (w3, Op)ekx @), (A.12)

Here Py, and Py, are defined respectively as

d(.UL ®)

8,222

o0
Py(ws, Op) = g sin® fe} f
' —0 2m

A(w)A*(w))
& (wi)es(wa)
X (1 + Fawi, 00))(1 + F5(wa, b)),

X (w35 wi, W)
(A.13)
. d dwl )
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(A.14)

Similarly, the polarization of the upper interface on the metal
thin film, P__ is given by
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P (x, w3, o) = o f 5 (Sziu(w& w1, wa)

— 00
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Here Py, and Py, are
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