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Identity of long-range surface plasmons along asymmetric structures
and their potential for refractometric sensors
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The field identity of the long-range surface plasmon~LRSP! mode in an asymmetric metal dielectric
structure is elucidated and it is shown that it can be pictured as having a zero crossing of the
longitudinal electric field at the middle of the metal film. A parametric dependence between the
metal and the dielectric layer thicknesses leading to a LRSP mode in an asymmetric structure is
given. The sensitivity of an asymmetric four layer structure supporting a grating excited LRSP mode
regarding sensing objectives has been investigated. It is compared with the sensitivity of a usual
plasmon mode propagating along a metal–dielectric interface. The existence of an anomalous
increase of the reflection coefficient in the case of the LRSP is observed theoretically and
experimentally. The comparative study is made on the basis of analytical expressions which reveal
that the LRSP does not bring a decisive advantage over the standard plasmon for sensor application
but its specific features can be advantageously used once well understood. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1380407#
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I. INTRODUCTION

A long search for long-range surface plasmons~LRSPs!
has been pursued since Sarid1 showed the possibility of thei
existence along a thin metallic slab embedded in a dielec
medium. It was initially thought that LRSPs can exist only
a near to symmetric structure. However, it was shown
Glasberget al.2 that a LRSP also exists in nonsymmetr
structures provided the modal electric field can be m
weak enough in the metal film.

The experimental evidence of LRSPs in both symme
cal and nonsymmetrical structures was given by Salakhu
nov et al.3 and Liaoet al.4 and it was demonstrated that
LRSP can be used as a sensor mode.5 We first report here on
the field identity of the LRSP mode in an asymmetric stru
ture and give a parametric dependence between the m
and the dielectric layer thicknesses leading to a LRSP in
asymmetric structure. Secondly we report on further theo
ical and experimental work aimed at evaluating the expe
able sensitivity of the LRSP for an evanescent wave sen
of the refractometric type.

II. THE LRSP ALONG A SYMMETRICAL STRUCTURE

Surface plasmons are collective longitudinal oscillatio
of electrons propagating along a metal–dielectric interfac
optical frequencies.6,7 As the considered structure is hom
geneous in one direction~y direction in Fig. 1!, the electric

a!Electronic mail: fpigeon@univ-st-etienne.fr
b!Electronic mail: grating@univ-st-etienne.fr
c!Electronic mail: ildar@kapella.gpi.ru
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and magnetic fields do not depend on they coordinate if the
plane of incidence is chosen perpendicular to they direction.
The electromagnetic problem is therefore limited to thex-z
plane. In addition, it suffices to consider the TM polarizati
field because a surface plasmon is necessarily a TM po
ized wave. Consequently, the only field components involv
areEx , Ez , andHy . The propagation and loss features o
LRSP can be best understood by considering the longitud
electric field (Ex) because this component of the field
closely associated with the collective longitudinal oscil
tions of electrons. The fields of a plasmon mode are
largest at the metal–dielectric interfaces and decay expo
tially into both media. The properties of surface plasm
modes propagating along a metal film depend on the fi
thicknesshm and on the permittivity of the adjacent diele
tric media. When the metal is in the form of a thin film, the
is one plasmon at each interface. In case the metal film
embedded symmetrically in a single dielectric material,
propagation constant of the plasmon modes propagatin
either side of the metal film are equal. Decreasing the me
film thicknesshm down to the field penetration depth in th
metal makes the electromagnetic modal fields of the t
surface waves overlap and the propagation constant s
into a large modal propagation constantb1 ~the longitudinal
electric field component is symmetric and the magnetic fi
is asymmetric! and a smaller propagation constantb2 of a
second order mode~the longitudinal electric field componen
is asymmetric and the magnetic field is symmetric!. The
three field components are represented in Fig. 1. The m
field components in the substrate, the metal film, and
cover are obtained by solving the dispersion equation

normalizing them to unit propagated power. In Fig. 1 as well

© 2001 American Institute of Physics
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as in Fig. 2, all field components, which are normalized
unity propagated power, are expressed in the same mks
(J m23)1/2 and are represented asA«0E and Am0H. For a
better graphic resolution in the metal layer, the scale w
increased by 20 times on thez axis in the metal layer of Fig
1~a!.

It is worth noting that the dominant plasmon mode is t
one exhibiting an antisymmetric dependence of its transv
field, unlike what prevails in dielectric waveguide mode
The complex propagation constantsbx5bx81 ibx9 of these
two longitudinal electron oscillations are determined by

FIG. 1. Calculated and normalized surface plasmon field components a
a symmetrical or quasi-symmetrical structure.~a! The LRSP~asymmetric
longitudinal electric field of the plasmon mode of low propagation cons
b2! is presented. The scale on thez axis is decreased by a factor of 20 in th
dielectric media. The metal is copper@the complex permittivity at 630 nm is
taken from literature~see Ref. 14! and is equal to~211.33, 1.15!#, hm

510 nm and the cover and substrate is glass (n51.5). ~b! The short range
surface plasmon~symmetric longitudinal electric field of the plasmon mod
of large propagation constantb1! is presented. The metal is coppe
~211.33, 1.15!, hm510 nm, and the cover and substrate is glass (n51.5).

FIG. 2. Calculated and normalized long range surface plasmon field alo
nonsymmetrical structure. The metal is copper~211.33, 1.15!, hm

510 nm, the cover is water (n51.33), the substrate is glass (n51.5), the
film is Si3N4(n52), andhf553.9 nm.
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dispersion relation resulting from the continuity condition
the tangential field components at both interfaces. The im
nary partbx9 is related with metal absorption. The pow
propagated by a surface plasmon along a smooth and

surface decreases ase22bx9. The values ofb1 and b2 de-
pend on the complex permittivity of the metal film, of th
surrounding medium, and especially onhm . It was found in
a study on the propagation constant in a symmetric dev1

that the damping of the low spatial frequency modeb2 ~i.e.,
the mode with an asymmetric longitudinal electric field d
tribution! decreases with decreasing thicknesshm whereas
the opposite occurs for the mode of propagation constantb1

~i.e., the mode with a symmetric longitudinal electric fie
distribution!. The physical reason is the decrease of the e
tric field in the metal film thus the decrease of dissipation
Joule losses. The amplitude ofEx in the metal decreases wit
the decrease ofhm since theEx field extends further into the
substrate as the mode gets closer to its cutoff (hm50). The
lengthL after which the intensity decreases to 1/e is propor-
tional to (2b9)21, thus the propagation length of the seco
order mode increases with decreasing thicknesshm . A spe-
cific feature of the second order mode regarding propaga
losses appears to be the zero crossing of the electron dri
field at the middle of the metal film.

An analogic reasoning lets one anticipate that a lo
range character is expectable from a nonsymmetrical st
ture as well («cÞ«s) ~Fig. 2! provided the metal film is
loaded by a dielectric layer of larger index at the cover s
whose role is to shift the zero crossing of the longitudin
electric field towards the middle of the metal film.

III. THE LRSP ALONG A NONSYMMETRICAL
STRUCTURE

In this section the parametric dependence between
metal thickness (hm) and the dielectric layer thickness (hf)
~Fig. 2! leading to a LRSP in an asymmetric structure will
studied. There is no clear definition of what a long ran
plasmon mode should be. It is still the one of two mod
whose electron driving field has a zero crossing within
metal film. The position of the zero of theEx component on
the z axis, and the resulting propagation loss, depe
strongly on the dielectric load of the high index film. Th
dielectric thicknesshf and indexnf leading to the larges
propagation lengthL can be determined by the four med
dispersion equation~1! obtained by matching the tangen
field components at the three boundaries of the structure
analogy with the symmetric case, and with the concern
obtaining closed form analytical expressions for the sens
characteristics, we are defining here the LRSP structure
the one ensuring the zero crossing of the longitudinal elec
field at the middle of the metal film. As will be shown late
this choice is physically plausible, and systematic numer
modeling shows that the actual field profile leading to t
least propagation loss is very close to this condition.

Let us therefore assume that the minimum losses
obtained when the electric field componentEx has an anti-
symmetric distribution in the metal layer~Fig. 1!. We will
derive hereafter the condition which the structure parame
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must satisfy for this to happen. In this case, the tangent m
netic field componentHy has a symmetric distribution a
illustrated in Figs. 1 and 2:Hyuz5hm/25Hyuz52hm/2 and its
normal derivative is antisymmetric

]Hy

]z U
z5hm/2

52
]Hy

]z U
z52hm/2

.

Dividing the second expression by the first one and by
metal permittivity«m yields the following expression:

1

«mHy

]Hy

]z U
z5hm/2

5
1

«mHy

]Hy

]z U
z52hm/2

. ~1!

The symmetric solution of the Maxwell equations is a hyp
bolic cosine function in the metal film@see the Appendix, Eq
~A11! if uzu<hm/2#. Therefore by substituting the expressio
of Hy , we can express a condition which has to be satis
at the lower metal surface (z52hm/2) of the metal film

1

«mHy

]Hy

]z U
z52hm/2

5
kAne

22«m

«m
tanh~khmAne

22«m!,

~2!

where«s is the substrate permittivity andne is the effective
index of the LRSPs.

The solution of Maxwell’s equations is an exponent
function in the substrate@see the Appendix Eq.~A11! if uzu
>hm/2#, so by substituting the expression ofHy in the con-
tinuity relation of the tangent component of the magne
field at the lower metal interface (z52hm/2) we obtain

2tanhS khm

2
Ane

22«mD5
«mAne

22«x

«sAne
22«m

. ~3!

A similar equation can be obtained at the upper metal sur
(z5hm/2), and since the product 1/«Hy /]Hy /]z is continu-
ous at both sides of an interface~because 1/«]Hy /]z
5 j vEx!, we obtain the needed thickness of the high refr
tive index layerhf for the zero crossing ofEx at the middle
of the metal film, i.e., under the above hypothesis for giv
rise to LRSP in an asymmetric structure

khfA« f2ne
25Mp1arctan

« fAne
22«c

«cA« f2ne
2

2arctan
« fAne

22«s

«sA« f2ne
2

, ~4!

where« f and«c are the permittivities of the dielectric laye
and cover media, respectively, andhf is the thickness of the
dielectric layer. Equations~3! and ~4! give the parametric
dependencehf(hm) of the LRSP in the asymmetric structur
that is, the thicknesshf which the dielectric must have t
fulfill the condition of minimum propagation loss of the pla
mon mode for a given metal thicknesshm .

This parametric dependencehf(hm) of the dielectric film
thickness was obtained under the hypothesis that the p
mon loss~i.e., the imaginary part of its effective index! is
minimum when theEx field component is zero at the midd
of the metal film. The plausibility of this hypothesis will now
loaded 16 May 2011 to 162.105.246.83. Redistribution subject to AIP licen
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be confirmed. The exact dispersion equation of the fo
medium structure was first derived analytically. It was th
solved numerically in the complex plane for a fixed me
thicknesshm with the objective of finding out the dielectri
film thicknesshf leading to the least imaginary part of th
effective index of the plasmon mode exhibiting a zero cro
ing of Ex . The (hm ,hf) pairs leading to a minimum absorp
tion loss define for a given metal~aluminum and copper
were considered! a curve in the (hm ,hf) plane extending
from the mode cutoff, i.e.,hm from 20 and 35 nm dependin
on the metal to about 100 nm. These exact thickness va
have been compared with those given by the approxim
expressions~3! and ~4! ~see Fig. 3!. A very good agreemen
can be found in all considered cases. This can be apprec
by realizing that the approximatehf value given by Eq.~4!
once substituted into the exact dispersion equation resul
an imaginary part of the effective index which is hardly 5
larger than the absolute minimum value~Fig. 3!. This teaches
that first the field identity of the LRSP mode in an asymm
ric structure involving a low loss metal film may be vividl
pictured as having a zero crossing ofEx at the middle of the
metal film and, secondly, that there is no strict existen
condition for a LRSP: there is for eachhm a relative wide
range ofhf values corresponding to bottom line losses.
The calculated and normalized long range surface plasm
field components along the nonsymmetrical structure are
sented in Fig. 2.

IV. GRATING EXCITATION OF A LRSP

The excitation of a surface plasmon requires a couple~a
grating coupler or a prism coupler!, since the propagation
constant lies above of the light line in theb(v) dispersion
diagram. We are concentrating here on the excitation o
long range surface plasmon by means of a grating. Unlike

FIG. 3. The (hm ,hf) pairs corresponding to a minimum absorption lo
defined for a given metal~aluminum and copper were considered! curve in
the (hm ,hf) plane. These curves are given from the mode cutoff, i.e.,hm

from 20 and 35 nm depending on the metal to about 100 nm. Exact th
ness values~solid line! are accompanied with those given by the appro
mate expressions~3! and ~4! ~thinner line!. The dashed lines correspond t
(hm ,hf) pairs leading to an imaginary part of the effective index which
5% larger than the absolute minimum value.
se or copyright; see http://jap.aip.org/about/rights_and_permissions



re
rb
s

lan
if-
a

-

c-
cy

la
ti

fie
ls
a

w
rib

o

e
s
ti
h
th

ve
ti

d
oe

u-
s
l
he

om
ition
ve
ja-

ns

truc-

ly
mal

he

f

-

c-
ur-

u

the

855J. Appl. Phys., Vol. 90, No. 2, 15 July 2001 Pigeon, Salakhutdinov, and Tishchenko

Down
the case of a grating coupled dielectric waveguide, the p
ence of the surface undulation represents a strong pertu
tion of the modal field and of the light guidance propertie

The grating acts as a coupler between an incident p
wave and the surface plasmon field. It diffracts light in d
ferent orders, one of which is used to couple the free-sp
wave to the plasmon. The spatial harmonicskx alongx of an
incident beam impinging on a grating of periodL at a reso-
nant angleu are given by the wave vectors:kx56NKG

1kx0 , wherekx05nsv/c sinu ~c is the speed of electromag
netic waves in free space andv is the optical frequency!,
KG52p/L andN is an integer which represents the diffra
tion order of the grating. Usually, a larger coupling efficien
is obtained by using the first diffraction order (N51).

A plasmon propagating along an undulated metal s
exhibits losses due to the propagation along an absorp
medium, and experiences additional losses due to the
redistribution in the grating region. The plasmon mode a
diffracts into plane waves in all possible diffraction orders
a rate which is described by the radiation coefficienta. If s
represents the groove depth~see Fig. 4!, these losses~a! are
proportional tos2.3

The plasmon can be considered as a resonant mode
losses due to dissipation. The dissipation losses are desc
by adis which is the field decay rate alongx. This resonator is
open to the outside by the coupling grating. The efficiency
this coupler is proportional toa rad. It is well known from the
physics of open resonators8 that the optimum coupling is
achieved whenadis5a rad. Therefore in order to have th
maximum coupling of the incident wave energy into a pla
mon mode, one has to find a balance between the radia
losses and the dissipative losses in the thin metal film. T
condition can be satisfied by the appropriate choice of
grating amplitudes.

V. ABNORMAL REFLECTION DUE TO THE
EXISTENCE OF A LRSP

The excitation process of surface electromagnetic wa
in a corrugated thin dielectric film was investigated theore
cally and experimentally9,10 and led to the identification an
observation of an anomalous increase of the reflection c
ficient close to the excitation resonance.

If a light beam impinging onto the surface of a corr
gated waveguide excites a waveguide mode, the modulu
the reflected beam can be much larger than the Fresne
flection. The origin of this anomalously large reflection is t

FIG. 4. Backside excitation of surface plasmons propagating along an
trathin metal film deposited on a undulated substrate.L is the grating period
ands is the peak to valley amplitude.
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interference between the light reflected from~or transmitted
through! the surface of the waveguide and reradiated fr
the excited waveguide mode. Thus the necessary cond
for obtaining a large effect is the excitation of a guided wa
and the occurrence of light radiation into both media ad
cent to the guiding layer.

Figure 5 is the symbolic representation of the conditio
where the reflection coefficient~R! is equal to 100%~the
reflected beam and the reradiated beam interfere cons
tively! and the transmition coefficient~T! is 0% ~the trans-
mitted beam and the reradiated beam interfere destructive!.

The necessary conditions for the existence of abnor
light reflexion are9

sinu'neff2l/L,

Da@1, ~5!

a rad@adis,

whereneff is the mode effective index,D is the incident beam
diameter, anda is the total waveguide loss coefficient (a
5a rad1adis).

For a plane incident wave and an infinite grating, t
maximum achievable reflection coefficient (Rinf) is

Rinf5
~a rad2RFadis!

2

~a rad1adis!
2 , ~6!

whereRF is the Fresnel reflection coefficient.
For a finite beam diameterD and a finite size grating o

lengthL, the actual reflection coefficient (Rfin) is a function
F:9 Rfin5RinfF(a,a rad,D,L) where F,1. In our case, we
have foundRfin'50% ~adis cannot be completely compen
sated bya rad!.

3

The necessary condition for obtaining this high refle
tion effect is the excitation of a guided wave and the occ

l-

FIG. 5. Schematic representation of the effect of abnormal reflection on
corrugated surface of an optical dielectric waveguide.
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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rence of light radiation into both media adjacent to the gu
ing layer. A plasmon wave can also be considered as
analog of a guided wave in a dielectric film and we can
pect the existence of an analogous effect for surface p
mons. If the corrugated metal film~Fig. 4! is thin enough, the
incident light beam does not only reflect but is also partia
transmitted through the metal film. An abnormal reflecti
effect is surely impossible to observe in structures wh
support the standard plasmon mode because of the hig
flection coefficient from the metal film and its opacity. An
other condition for abnormal reflection to take place is on
loss of the plasmon wave which should be smaller than
radiation rate along the corrugated interface. Long ra
plasmons can propagate with low dissipative losses. They
therefore good candidates for satisfying all the above co
tions, therefore for exhibiting a large and sharp reflect
peak.

VI. ABNORMAL REFLECTION FOR SENSOR
OBJECTIVES

The asymmetric four layer structure is particular
interesting for evanescent wave refractometric or absorp
sensors because, thanks to the additional dielectric la
a long range plasmon can be made to propagate
an effective index close to and above the substrate in
~usually glass or quartz! although the index of the cove
~usually water or a solvant! is significantly lower. The pen-
alty for this usability broadening is that the field at the inte
face with the measurand is less intense in the asymm
four layer structure~Fig. 2! than in the standard plasmo
case. This is, however, a necessary trade-off because th
of a symmetrical structure would considerably limit th
range of possible cover materials and measurands. A c
parative study is made here between three plasmon se
schemes on the basis of analytical expressions. The com
son criteria will essentially be the sensitivity and the reso
tion. The three sensor schemes are a standard plasmon
single metal–dielectric interface, a LRSP along a symme
cal structure and a LRSP in a nonsymmetrical structure.
sensitivity is the variation of the measurable variable an
of incidenceu upon the variation of the index of the cove
The resolution gives the smallest cover index increase le
ing to a measurable variation ofu. For sensing applications
these two characteristics are essential and different. F
specific application, one of them can be more important t
the other.

The sensitivitySne of an evanescent sensor is defined
the variation of effective indexne upon the variation of per-
mittivity of the cover:Sne5]ne /](D«Dh), whereDh is the
thickness of the layer where the cover permittivity chang
by D«. An angular sensitivitySu can also be defined:

Su5
]u

]~D«Dh!
5

1

cosu

]ne

]~D«Dh!
,

where u is the angular position of the resonance (dne

5cosu du).
The perturbation theory11 gives a general expression fo
dne :
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dne5
1

2ne

*2`
`

uHy~z!u2

«~z!
d«~z!dz

*2`
`

uHy~z!u2

«~z!
dz

'
1

2ne

uHy~z!u2
D«Dh

«c

*2`
`

uHy~z!u2

«~z!
dz

, ~7!

whereHy is the tangent magnetic field component. Equat
~7! can be used to obtain a general expression for the ang
sensitivity

Su5
1

2ne cosu

uHy~z0!u2

«c

*2`
`

uHy~z!u2

«~z!
dz

. ~8!

The waveguide power loss coefficientadis is proportional to
the imaginary part of the effective index:

adis52k0 Im~ne! ~9!

and the relative spectral widthDl/l of the plasmon reso-
nance is inversely proportional to the numberN of grooves
‘‘seen’’ by the propagating longitudinal electric fieldEx

N5adisL. ~10!

Therefore

Dl

l
5

1

2pN
5

adisL

2p
. ~11!

The angular widthDu of the plasmon resonance is dete
mined by the plasmon mode losses

Du5
adisl

2p cosu
5

2 Im~ne!

cosu
. ~12!

The angular resolutionR is the ratio between the angula
sensitivity and the plasmon angular width

R;
Su

Du
5

Im~ne!

2ne«c

uHy~z0!u2

*2`
`

uHy~z!u2

«~z!
dz

. ~13!

Analytical expressions~see the Appendix! have been ob-
tained from the general expressions above for the sensit
Su and for the resolutionR in the case of a refractometri
type sensor according to the three considered embodime
The comparison between a sensor using a standard plas
a long range plasmon in a symmetrical structure, and a l
range plasmon in a nonsymmetrical structure is presente
Table I.

Referring to Table I the parameterhm ~thickness of
metal! is smaller than in the case of a standard plasmon
the case of a long range plasmon~in an asymmetric or sym-
metric structure!. Therefore the sensitivity is larger for
standard plasmon setup. It can be noticed that the coeffic
@2«c

2(« f2«s)#/@«c
2(« f2«s)1« f

2(«s2«c)# leads to a de-
crease of the sensitivity of a sensor based on a LRSP in
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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TABLE I. Analytical expressions of the sensitivitySu and of the resolutionR for a refractometric type sensor

Sensitivity Resolution

Standard plasmon Su'
k0

«c
1/2 cosu

ImA«m

u«mu R;
k0

«c
2

u«mu

2 ReA«m

LRSP in
symmetrical
structure

Su'
k0

2hm

4 cosu
R;

1

2«c
5/2hm

u«mu2

Im~«m!

LRSP in
nonsymmetrical
structure

Su'
k0

2hm

2 cosu

«c
2~«f2«s!

«c
2~«f2«s!1«f

2~«s2«c!
R;

1

«c
5/2hm

u«mu2

Im~«m!

«c
2~«f2«s!

«c
2~«f2«s!1«f

2~«s2«c!
tri
d

f
ng
ie

n

tru

e
th
em
m
ic
e

s
pl
u
a

ut
so

t i
al
o

n
i

e

ra-
ates
ub-
ser,
ng

of
les

glass
nu-
ted

y a
f

air

al
ich
ns.
,

an-
cal
asymmetric structure in comparison with that of a symme
structure. In the case of the experimental setup describe
the next section (ns51.512, nf51.81, «c528.2412.2i ),
this decrease coefficient is equal to 0.45. The decrease o
parameterhm leads to an increase of the resolution of a lo
range plasmon sensing platform. The same coeffic
@2«c

2(« f2«s)#/@«c
2(« f2«s)1« f

2(«s2«c)# leads to a de-
crease of the resolution of a sensor based on a long ra
plasmon in an asymmetric structure in comparison with
sensor based on a long range plasmon in a symmetric s
ture.

Table II gives the relative merits of three sensor schem
on the basis of the sensitivity and the resolution and in
perspective of an abnormal reflection readout sensor sch

In conclusion, it can be said that the LRSP in a nonsy
metrical structure opens new possibilities for sensor appl
tions. It was shown that LRSPs give rise to the possible n
interrogation scheme using abnormal reflection which i
novel feature. This effect is very interesting for sensor ap
cations because it makes it possible to monitor a maxim
of optical power with high angular resolution instead of
broad dip. In standard plasmons the sensitivity is larger b
is spoiled by a lower angular resolution due to a larger re
nance width; furthermore, the abnormal reflection effec
absent. Monitoring a resonance peak instead of a dip
implies a larger signal-to-noise ratio. The standard plasm
should, however, not be ruled out at all. Its practicality a
its spatial multiplexing possibilities are very attractive and
has been demonstrated12 that it can lead to high sensitiv
setup.
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VII. EXPERIMENTAL RESULTS: LRSP IN A
NONSYMMETRICAL STRUCTURE CAN BE USED AS
A SENSOR PLATFORM

Long range plasmon excitation was performed on ult
thin copper films deposited on corrugated glass substr
(ns51.512). The gratings were first made on a glass s
strate by standard holographic exposure with a He–Cd la
followed by ion beam etching for the transfer of the grati
from the resist film into the glass substrate~the grating pe-
riod is L50.37mm and the groove depth is 56 nm!. The
resulting groove profile does not allow for the deposition
continuous thin metal films. Therefore the glass samp
were annealed in a furnace at a temperature close to the
softening temperature. The resulting profile is close to si
soidal and allows for the deposition of continuous undula
metal films. Copper films@the complex permittivity at 630
nm was measured to be equal to~28.24, 2.2!# were depos-
ited by rf sputtering in a ‘‘Sputron-P’’ installation in an oil-
less vacuum. The thickness was 10 nm. It was covered b
116 nm thick Si3N4 film (nf51.81).3 The characterization o
such a structure was made at 630 nm wavelength with an
cover.

Figure 6 brings the experimental evidence of abnorm
LRSP reflection. Two reflection peaks are observed wh
are caused by the LRSP excitation in two opposite directio
In spite of its relatively low anomalous reflection maximum
the long range plasmon exhibits its characteristic narrow
gular width of reflection resonance. The result of a numeri
modeling obtained by the rigorous method13 of the four layer
LRSP
TABLE II. Characteristics comparison between Standard plasmon, LRSP in a symmetrical structure, and
in a nonsymmetrical structure.

Realizability of sensor setup Sensitivity Resolution
Abnormal
reflection

Standard plasmon possible high low impossible
LRSP in symmetrical

structure
impossible average high possible

LRSP in nonsymmetrical
structure

possible low high possible
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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structure is compared with experimental results. It w
shown by Liaoet al.4 that a four-layer structure which sup
ports LRSP modes can serve as a sensing platform.
structure is not very sensitive to the change of the cov
refractive index but has a good resolution~Table II and Fig.
6!. It was experimentally demonstrated by Lyndinet al.5 that
the LRSP can also allow the measurement of the prope
of an ultrathin metal film.

VIII. CONCLUSION

The field identity of the LRSP mode in an asymmet
structure has been fully described. It is shown that it can
pictured as being characterized by a zero crossing of
longitudinal field at the middle of the metal film. The par
metric dependence between the metal thickness (hm) and the
dielectric layer thickness (hf) leading to a LRSP in an asym
metric structure is provided.

A theoretical comparison between a standard plasmo
LRSP in a symmetrical structure, and a LRSP in a nonsy
metrical structure regarding evanescent wave sensing is
sented. It is shown both theoretically and experimentally t
a LRSP exhibits a definite abnormal reflection effect. T
effect is pratically interesting for sensor applications sinc
delivers a reflection maximum at synchronism with high a
gular resolution instead of the typical reflection dip of a sta
dard plasmon. In a standard plasmon sensor the sensitiv
larger but it is spoiled by a lower angular resolution due
the larger resonance width.

A long range surface plasmon sensor is somewhere
tween a plasmon sensor and a dielectric waveguide se
Its propagation length and resonance width make it simila
the latter whereas its guidance and polarization pertain to
former. It is not clear whether this can be an advantage
practical applications. Its sensing sensitivity is lower th
that of a plasmon sensor and its longer propagation leng
not an advantage for high density spatial multiplexing

FIG. 6. Dependence of the reflection on the angle of incidence on
corrugated structure. The result of a numerical modeling obtained by
rigorous method~see Ref. 13! ~solid line! of the four layer structure is
compared with experimental results~circles!. 10 nm of copper films@the
complex permittivity at 630 nm was measured to be equal to~28.24, 2.2!#
was deposited. It was covered by a 116 nm thick Si3N4 film (nf51.81). The
characterization was made at 630 nm wavelength with an air cover.
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sensor arrays. Concerning manufacturing technologies,
fabrication techniques of ultrathin metal films are not wide
available and the need for the deposition of an additio
dielectric film on the metal film is not favorable because o
faces the same difficulty which the dielectric waveguide s
sors meet, which is the chemical stability of dielectric film
The short-term prospects of LRSPs seem therefore mitig
although their existence in nonsymmetrical structures wid
broadens their scope.

APPENDIX: DERIVATION OF ANALYTICAL
EXPRESSIONS FOR THE SENSITIVITY AND
RESOLUTION

1. Plasmon at a single interface

The transverse magnetic field componentHy of a plas-
mon propagating along a single metal–dielectric interfacz
5z0 has the following transverse distribution:

Hy~x,z!

5H H0 exp@ ik0nex2k0Ane
22«c~z2z0!#, z>z0

H0 exp@ ik0nex1k0Ane
22«m~z2zu!#, z<z0

,

~A1!

wherene is the plasmon effective index given by the explic
dispersion equation

ne5A «c«m

«c1«m
. ~A2!

In the limit of largeu«mu we can find from Eq.~13! and~14!:

Su'
k0

«c
1/2cosu

ImA«m

u«mu
, ~A3!

Du'
«c

3/2

cosu

Im~«m!

u«mu2
, ~A4!

R;
k0

«c
2

u«mu

2 ReA«m

. ~A5!

2. Symmetrical long-range plasmon

The transverse magnetic field componentHy of a sym-
metrical long-range plasmon propagating along a thin m
film of thicknesshm has the following transverse distributio

Hy~x,z!55
H0 expb ik0nex2k0Ane

22«c~ uzu2hm/2!c,
uzu>hm/2

H0 exp~ ik0nex!
cosh@k0Ane

22«mz#

cosh@k0Ane
22«mhm/2#

,

uzu<hm/2

,

~A6!

wherene satisfies the dispersion equation

«mAne
22«s1«sAne

22«m tanhFkhm

2
Ane

22«mG50. ~A7!
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In the limit of largeu«mu we can find from expressions~13!
and ~14!

S0'
k0

2hm

4 cosu
, ~A8!

Du'
2«c

5/2

cosu S k0hm

2 D 2 Im~«m!

u«mu2
, ~A9!

R;
1

2«e
5/2hm

u«mu2

Im~«m!
. ~A10!

3. Long-range plasmon in a nonsymmetrical structure

Consider a plasmon propagating along a thin metal fi
of thicknesshm loaded by a dielectric film of high permittiv
ity « f and thicknesshf placed between the metal film and th
superstrate as illustrated in Fig. 2. To minimize losses
suppose that its longitudinal electric field componentEx has
a zero crossing at the middle of the metal film. This impl
that the transverse magnetic fieldHy is symmetrical in the
metal film and writes

Hy~x,z!55
H0 exp~ ik0nex!

coshbk0Ane
22«mzc

cosh@k0Ane
22«mhm/2#

,

uzu<hm/2

H0 exp@ ik0nex2k0Ane
22«s~ uzu2hm/2!#,

z<2hm/2.
~A11!

This gives the dispersion equation

«mAne
22«s1«sAne

22«m tanhFkhm

2
Ane

22«mG50.

~A12!

The tranverse magnetic field componentHy has the follow-
ing distribution in the two upper media

Hy(x,z)5

¦

H0

sin[khfA« f2ne
21w]

sinw
exp[ik0nex

2k0Ane
22«v(z2z0)], z>z05

hm

2
1hf

H0 exp(ik0nex)

sinFkS z2
hm

2 DA« f2ne
21w G

sinw
,

hm

2
<z<z0.

~A13!

If we suppose that the longitudinal electric field compon
Ex has a zero crossing at the middle of the metal film,
needed thicknesshf may be found from the boundary cond
tions:
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khfA« f2ne
25Mp1arctan

« fAne
22«c

«cA« f2ne
2

2arctan
« fAne

22«s

«sA« f2ne
2

. ~A14!

Using Eq.~A14! we can find the plasmon amplitude at th
upper interface

uH~z0!u25
«c

2~« f2«s!

«c
2~« f2«s!1« f

2~«s2«c!
uH0u2. ~A15!

In the limit of largeu«mu we obtain from Eqs.~13! and ~14!

S0'
k0

2hm

2 cosu

«c
2~« f2«s!

«s
2~« f2«s!1« f

2~«s2«c!
, ~A16!

Du'
2«c

5/2

cosu S k0hm

2 D 2 Im~«m!

u«mu2
, ~A17!

R;
1

«e
5/2hm

u«mu2

Im~«m!

«c
2~« f2«s!

«c
2~« f2«s!1« f

2~«s2«c!
. ~A18!
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