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We investigated the influence of zero-point fluctuations (vacuum fluctuations, optical quantum noise) to the
optical response of electromagnetic metamaterials containing dielectrics with third-order Kerr-like nonlinearity.
We determined the zero-point noise and calculated it for different analytes, including those used in forensic
analysis and organic pollutants. The zero-point noise level is highest for shortest-wavelength plasmons and
decreases towards long-range plasmons. It may be tailored through a convenient design of the metamaterial
structure. Since noise spectral power is proportional to the nonlinearity of the analyte species present, we
considered the possibility to use zero-point noise as an auxiliary tool for identification of targeted nonlinear
samples. We believe that our investigation could be of importance in homeland defence, forensics, biomedicine, etc.
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1. Introduction

Plasmonic devices belong to the most sensitive sensors
of chemical or biological analytes [1], their conventional
and widely used version being the surface plasmon res-
onance (SPR) devices. Metamaterial (MM) sensors [2]
represent a step further in the same direction. We use
here the term “metamaterial” in its general sense, i.e. to
denote any structure furnishing electromagnetic response
not readily found in Nature, and not only negative effec-
tive refractive index structures.

It is known that fluctuations and noise are the ulti-
mate limiting factor of any sensing device. In SPR/MM
sensors one encounters extrinsic sources (interrogating
light beam fluctuations, noise of the readout detector and
of the circuitry [1]). Intrinsic sources of noise include
adsorption-desorption noise, optical thermal and flicker
noise [3]. A component which may be very important
in MM sensors is quantum noise, caused by zero-point
energy fluctuations of the surface plasmon vacuum [4].
These fluctuations are especially pronounced near the
metal-dielectric interface, exactly in the point of max-
imum sensitivity of such sensors. If the analyte material
exhibits a Kerr-like optical nonlinearity, its refractive in-
dex will vary proportionally to the equivalent zero-point
field, with an amplitude defined by the nonlinear suscep-
tibility of the analyte [5].

In this paper we analyze the zero-point noise in
metamaterial-based structures due to the Kerr nonlin-
earity of the analyte. We consider the applicability of its
increase with rising nonlinear susceptibility to improve
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the nonlinear analyte recognition and boost the sensor
selectivity.

2. Theory

We consider a simple flat slab of metamaterial onto
which a thin layer of the analyte to be detected is ad-
sorbed. An interrogating light beam is incident to the
surface under an oblique angle and is coupled to the plas-
mon modes through the attenuated total reflection mech-
anism (a conventional Kretschmann configuration) [1].
The presence of the analyte changes the refractive index
at the surface. Upon reflection an angular shift is de-
tected in the reflected beam, and the amount of the shift
is proportional to the refractive index difference between
the analyte and the surroundings.
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Fig. 1. Influence of zero-point fluctuations to dielectric
permittivity in presence of nonlinear analyte. The line
width corresponds to readout uncertainty.

We consider noise generated by the zero-point fluc-
tuations of the vacuum field, which are the cause of
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Fig. 2. “Heated highway mirage effect" of zero-point

fluctuations.

spontaneous radiation and the appearance of Casimir—
Polder and London—van der Waals forces [6]. Zero-point
field is most strongly felt near the surface of the MM
sensor. Since the refractive index of an optically non-
linear material depends on the intensity of the electric
field, zero-point fluctuations will directly cause fluctua-
tions of the refractive index, Figs. 1, 2. This was de-
scribed by Smolyaninov as the “heated highway mirage
effect" [7]. It is connected with the quantum behavior of
the plasmon states and does not depend on the number
of photons in the system, if the interrogating beam in-
tensity does not excite nonlinear effects. Since plasmons
enhance the fields for several orders of magnitude [8], this
condition is readily satisfied.

We are interested in the frequency range near the res-
onant frequency ws, of the surface plasmon sensor, since
this is the operating point of the device. At the same
time, due to the existence of resonant enhancement, it
will contain the most part of the contribution to the zero-
-point field.

The total zero-point energy is infinite and can be writ-
ten as

fﬁw (1)

where k mCIudes all possible modes. This value at the
sensor active area becomes finite if summation is cut off
at the maximum wave vector, knyax. Further, since the
operating frequency w = wsp

kmax kmdx

Z hw = Z mubp = modhwspa (2)

where Nmod is the number of modes per active area
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and Kkmax = 1/Amin 1S the maximum wave vector [9]. In
real situations Ay is typically =~ 30 nm.

The number of modes on the top side of the active area
is
Nmoa = kaax 2/772a (3)
where a is the side of the square active area. The total
zero-point energy is

-l e

From (2), (3) and (4) the mean electric field of SP

vacuum is

(E2) = 1672% K2 e (5)
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The refractive index at the SP interface is [10]:
— _ 3) [ 2
Ng = Ngo + Ang = ngo + Q%X( ) <Esp>

= ngo + 2n2 <Es2p> , (6)
where mo is the nonlinear refractive index coefficient,
and x® is the third-order nonlinear susceptibility. One
should note that there is a discrepancy between various
literature sources in notation for nonlinear refractive in-
dex. We adopted here the one used in [10]. Also one
should mind that in SI units the x(®) will be expressed
in m?/V? instead of the usual esu units; thus ny[SI| =
(1/3)2x108ny [esu], x® [SI] = (47/3)%2 x 1078 x®) [esu].

For a non-magnetic adlayer

ng = nao + Ang = \/Eala = \/Za, N2 =¢ca0,  (7)

€4 & 4o + 2Angnqo,

Agd = 47TX(3) <E82p> = 16X(3)hwspkr3naxv (8)
where wg, is the surface plasmon resonance fre-
quency [11]:

Wp nee?
Wsp = ————, Where w, = . 10
P Tte, P p— (10)

Since €4 depends on wgp, Eq. (10) may be solved for wgp
as
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where C' = 16hk2, x®). In the case of (nano)plasmonic
structures the value of wg, is tailorable to a range of
values.

The propagation constant for the guided mode is [1]:

w EdEm
- 2 [ _cdEm 12
s c\Veqg+em’ (12)

where the relative dielectric permittivity of metal is ex-
pressed according to Drude free-electron model as

Em = €0 {1 — w2/ (W + iyw) } (13)

For low losses (Reey, > Ime,,) this becomes [1]:

5@ [ Belen)ea
¢ \| Re(em) +e4q
LY ( Re(em)ea >§ Im(e,,)
¢ \Re(em) +ca/) 2[Re(en)]?
The effective refractive index at the interface in the
case when no adsorbed analyte is present (only a semi-

-infinite superstrate with a relative dielectric permittivity
€q) is further determined as

neg = cRe(B)/w. (15)

The change of the effective refractive index due to the
presence of an ultrathin analyte adlayer is finally ob-
served as

(14)

2Re [I3°
M Ty = f* — w*eocapio,(16)
d

where h is the thickness of the adlayer. For low losses in
the metal part

Aneg Re(em) H 2n2
An  \Re(en) +n?

Aneff = h'Andv

w
h—. (17
—Re(e,) —n2 ¢ (17)

3. Results

Some polar fluids (including toxic and explosive sub-
stances) exhibit large electro-optic effect. These include
nitrotoluene (ny = 3 x 1072% [SI|, taggant for explo-
sive detection), benzene (important environmental pol-
lutant, ny = 6 x 10~2! [SI]), polythiophene (ny = 3.4 x
10719 [ST]), etc [12-16]). Refractive index fluctuations
vs. wavelength for some of them are shown in Fig. 3.

4. Conclusions

The influence of nonlinearity of adsorbed analyte to
the level of noise of a SPR or metamaterial sensor was
analyzed. It is concluded that zero-point noise may sig-
nificantly alter permittivity/refractive index readout of
nonlinear analytes. The influence of zero-point fluctua-
tions is larger at shorter operating wavelengths. Since
different levels of zero-point noise correspond to differ-
ent nonlinear analytes, the determination of the vacuum
fluctuation levels may be used to promote the MM sensor
selectivity towards nonlinear analytes. The two kinds of
data for this purpose may be collected by the conven-
tional Kretschmann readout configuration — the reflec-
tion angle of the probe beam and the beam fluctuation
around its mean value.
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Fig. 3. Refractive index readout uncertainty due to

zero-point fluctuations versus operating wavelength in
various nonlinear materials.

Acknowledgments

This work was funded by the Austrian Science Fund
(FWF) within the project L521 and by the Serbian Min-
istry of Science and Technology within the project 11027.

References

[1] Surface Plasmon Resonance Based Sensors, Ed.
J. Homola, Springer, Berlin 2006.

[2] Z. Jaksi¢, O. Jaksi¢, Z. Djuri¢, C. Kment, J. Opt. A
9, S377 (2007).

[8] Z. Jaksi¢, O. Jaksi¢, J. Matovi¢, J. Nanophot. 3,
031770 (2009).

[4] D.L. Mills, Nonlinear Optics — Basic Concepts,
Springer, Berlin 1991.

[5] L. Mandel, E. Wolf, Optical Coherence and Quantum
Optics, Cambridge University Press 1995.

[6] P.W. Milloni, The Quantum Vacuum,
Press, London 1994.

[7] LI. Smolyaninov, Phys. Rev. Lett. 94, 057403 (2005).

[8] A. Zayats, I. Smolyaninov, A. Maradudin, Phys. Rep.
408, 131 (2005).

[9] A.G. Mal’'shukov, Phys. Rep. 194, 343 (1990).

[10] R. Sutherland, Handbook of Nonlinear Optics, Marcel
Dekker, New York 1996.

[11] S. Maier, Plasmonics: Fundamentals and Applica-
tions, Springer, Berlin 2007.

[12] P.P. Ho, R.R. Alfano, Phys. Rev. A 20, 2170 (1979).

[13] H. Hoshi, N. Nakamura, Y. Maruyama, T. Nakagawa,
S. Suzuki, H. Shiromaru, Y. Achiba, Jpn. J. Appl.
Phys. 30, L391 (1991).

[14] R. Dorsinville, L. Yang, R. Alfano, R. Zamboni,
R. Danieli, G. Ruani, C. Taliani, Opt. Lett. 14, 1321
(1989).

[15] M. Sheik-Bahae, A.A. Said, T.-H. Wei, D.J. Hagan,
E.W. Van Stiyland, IFEE J. Quant. Electron. 26,
760 (1990).

[16] T.D. Krauss, F.W. Wise, Appl. Phys. Lett. 65, 1739
(1994).

Academic



