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Transmittance of subwavelength optical tunnel junctions
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Photonic transfer through constrictions with subwavelength lateral size is at the origin of important near-
field optics developments. In this paper, we adapt the integral representation of Maxwell’s equations to
implement a realistic three-dimensional model of subwavelength optical constriction~SOC!. We apply this
scheme to investigate the optical properties of different SOC geometries. In particular, from the energy flow
exiting the SOC we analyze the transmittance capability of such systems as a function of different external
parameters. Preliminary steps toward the implementation of three-dimensional simulators of near-field micro-
scopes are discussed.@S0163-1829~98!04439-7#
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According to the Rayleigh criterion, an elongated optic
constriction cannot transmit visible light over a microme
distance if its cross section becomes smaller than the inci
wavelengthl. For a section of dimension much smaller th
l, the collected electromagnetic energy will decay expon
tially with the constriction length. In spite of this fundame
tal limitation, several situations of photonic transport throu
subwavelength optical constrictions~SOC! have be identi-
fied. The first one concerns mainly scanning near-field o
cal microscopy~SNOM!,1 in which subwavelength-size
patterns lying on a surface are optically imaged by approa
ing a pointed fiber close enough to the object to detect
evanescent waves. In these experiments, the reduction o
tip-sample spacing below the tunneling decay length ma
the energy transfer possible. The second observation of
peculiar effects is more recent,2 and concerns a similar phe
nomenon in which the optical transmittance of subwa
length holes arrays fabricated inside metallic films prese
dramatic enhancements.

All these experiments raised several important questi
concerning the physical mechanisms underlying photo
transport in mesoscopic and nanometric optical syste
Among all these numerous questions, both numerical ev
ation and optimization of the transferred energy rate were
completely assessed. For example, until now the calcula
of the transmittance coefficient of an optical constricti
with respect to the different internal and external parame
~tip composition, external illumination mode, incident wav
length, gap length, etc.! have been rather scarce.

Very recently, an original approach to this problem h
been detailed in a work by Ward and Pendry.3 In their paper,
these authors employed atransfer-matrix methodcurrently
applied in the theory of photonic band gap. By using
adaptative coordinate transformation they were able to mo
realistic SNOM tip designs and to realize a comparat
analysis of transmission efficiencies.

In the present paper, we discuss an alternative method
solving this challenging problem. It is based on a pecu
adaptation of the integral representation of Maxwell’s eq
tions. We apply this scheme to investigate the optical pr
erties of different SOC architectures. In particular, from t
energy flow exiting the SOC, we analyze the transmitta
capability of such systems as a function of different exter
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parameters. Several specific geometries will be discussed
compared with experimental measurements.

As a starting point, let us consider the simple planar o
tical junction formed by three dielectric media of optic
indexesn1, n2, andn3 ~with n1.n2). When such a junction
is illuminated in total internal reflection in the first mediu
n1, its transmittanceT ~defined by the normalized energ
flux transmitted in the third medium! displays a quasiexpo
nential decay with respect to the spacingL0.4 Beyond the
contact region between the two plates we can approxim
this coefficient by the well-known exponential law

T~L0!5A exp@2G~u0 ,k0!L0#, ~1!

where the decay factorG52@n1
2sin(u0)

22n2
2#k0 depends only

on the incident angleu0 and the wave vector modulusk0 in
vacuum. The factorA depends on the polarization mode us
to illuminate the system.

Now let us see what happens when a three-dimensio
~3D! microtip supported by theoutputmedium is inserted in
the gap~cf. insets in Fig. 1!. In this case, the initial electric
and magnetic fieldsE0(r ,v) and B0(r ,v) generated inside
the planar junction are strongly modified by the microtip. A
demonstrated in Refs. 5 and 6, the new electromagnetic
state $E(r ,v),B(r ,v)% can be derived everywhere in th
junction by introducing two generalized propagators labe
K(r ,r 8,v) andL(r ,r 8,v), respectively:

E~r ,v!5E
v
K~r ,r 8,v!•E0~r 8,v!dr 8 ~2!

and

B~r ,v!5E
v
L~r ,r 8,v!•E0~r 8,v!dr 8, ~3!

where the integral runs over the volume occupied by
microtip. As detailed in Refs. 5 and 6, the dyadicK(r ,r 8,v),
also calledgeneralized electric-field propagator, can be for-
mulated in terms of the optical field susceptibility tens
S(r ,r 8,v) associated with the entire system:

K~r ,r 8,v!5d~r2r 8!1S~r ,r 8,v!•x t ip~r 8,v!, ~4!
12 551 ©1998 The American Physical Society
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wherex t ip(r 8,v) represents the linear electric susceptibilit
of the microtip. The second propagatorL(r ,r 8,v) estab-
lishes a direct relation between incident electric field an
local magnetic field. When dealing with nonmagnetic mat
rials, it may be expressed as a functional ofK(r ,r 8,v):

L~r ,r 8,v!5
d~r2r 8!

ik0
L r8

1E
v
Q0~r ,r 8,v!•x t ip~r 9,v!K~r 9,r 8,v!dr 9,

~5!

whereL r8 labels the matrix form of thecurl operator and
Q0(r ,r 8,v) represents the so-calledelectric-magnetic mixed
susceptibilityof the bare junction. Analytical forms of all
these tensors can be easily derived from our previo
works.6,7

In that scheme, the field-susceptibility tensorS required
to obtain thegeneralized field propagatorK(r ,r 8,v), can be
derived from the appropriate discretized form of Dyson
equation over the whole volume occupied by the tip:

S~r i ,r j ,v!5S0~r i ,r j ,v!

1 (
k51

n

x t ip~r k ,v!•S0~r i ,r k ,v!•S~r k ,r j ,v!,

~6!

FIG. 1. Angular variation of the STOM/PSTM transmittance fo
different tip-sample distances:~a! Calculation performed in thes-
polarized mode.~b! Same calculation, but in thep-polarized mode.
d
-

s

where the entire tip volume has been divided inton meshes
of volumet i centered atr i , (i51, . . . ,n). After solving Eq.
~6!, and backsubstitution of the resulting matrix into Eq.~4!
we get thegeneralized field propagatorK inside the source
region ~the 3D microtip! for a given incident wavelengthl
52p/v. In a second step, the informations generated by
numerical run can be used to propagate, via Eqs.~2! and~3!,

FIG. 2. Planar projection of the time-averaged PoyntingP(x,y
5cst,z) vector in a~XOZ! plane cutting the microtip center. A
described by the inset, the SOC is illuminated by two counterpro
gating surfaces waves.~a! Z0580 nm.~b! Z0540 nm.
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FIG. 3. Numerical simulation of the spatial modulation of the standing evanescent wave along the propagation direction
interfering waves~OX axis! and the exponential decay occurring when increasing the tip-sample distanceZ0 .
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the electromagnetic field$E(r ,v),B(r ,v)% everywhere in the
system. The time-average Poynting vector field is then
fined by

P~r !5 1
2 Re$E~r ,v!`B* ~r ,v!%. ~7!

Finally, from the information contained in Eq.~7!, we are
able to define a transmission coefficient characterizing
optical transparence of the SOC. This quantity will be n
malized with respect to the incident energyEinc crossing a
surface S located inside the input medium and center
around the microtip~cf. Fig. 2!:

T~Z0 ,u0 ,l!5
*SP~ l,Z01ZS!•uzdl

Einc
, ~8!

whereZS defined the location of the surfaceS in theoutput
medium of the SOC,l5(x,y), and uz is a unit vector di-
rected along theOZ axis.

The numerical method described above is now su
ciently mature to faithfully reproduce different experimen
processes at work in real experiments~imaging, local spec-
troscopy, optical binding forces, etc.!. In the following, we
focus our applications on two specific configurations rela
to subwavelength optics.

Among the numerous SNOM configurations, the so-cal
tunneling configuration~STOM/PSTM! ~Refs. 8–16! occu-
pies a singular place in the NFO community because of
intriguing analogies with the scanning tunnelin
microscope.17 In this microscope, a significant amount of th
energy associated with the evanescent surface wav
coupled with a microtip that is raster scanned across
sample to be imaged. In this context, the most direct ap
cation of our model concerns the reproduction of the
tected intensity curvesI (Z0 ,u0) ~Refs. 18 and 19! that can
be obtained when varying both external polarization and
lumination conditions. This energy is proportional to t
transmission coefficientT(Z0 ,u0 ,l) of the junction, and de-
pends on the incident illumination energy. The tip chosen
e-
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calculate T(Z0 ,u0 ,l), is a tetraedrally shaped protrusio
where four faces and four sharp edges converge in a com
tip ending with a small curvature radius (r tip540 nm!.

In the applications described in Fig. 1, the followin
physical parameters have been used:~a! tip height H5240
nm, ~b! tip aperture anglea590°, ~c! optical indexn15n3
5ntip51.5, ~d! integration areaS51 mm2, and~e! incident
wavelengthl5600 nm. From these parameters we have
dressed the question of the decay of the normalized inten
as a function of the incident angle~cf. Fig. 1!. Some com-
ments can be made about these results.~i! As expected, the
model reproduces correctly the decay of the SOC trans
tance when increasing the incident angle or the tip-sam
distance. ~ii ! According to experimental measurements19

both s- and p-polarized modes behave differently. For
moderate angle range (45°,u0,53°), the signal intensity
detected in thep mode dominates the intensity that can
measured by switching the system on thes mode. Beyond
this angular value, we observe, in fairly good agreement w
experimental data,19 a second regime in which thes mode
becomes progressively more efficient than thep mode when
approaching the grazing angle.~iii ! Finally, we have checked
that by increasing the tip size~radius and height!, the well-
known deviation to the exponential law in the region whe
the optical contact occurs is well recovered.8,18,19

Our second application deals with the interference of t
evanescent surface waves. The observation of this intrigu
optical phenomena was first reported by Meixner, Bopp, a
Tarrach in the STOM/PSTM configuration.20 This illumina-
tion mode may be achieved in a very simple way in t
STOM/PSTM configuration by using a glass prism with
metallized side. In the absence of a pointed detecto
simple calculation indicates that the resulting incident fie
does not propagate in theOZ direction nor in the (XOY)
plane. In this case, along the surface of the sample, the e
tric field verifies the equation

E0~r ,v!52E0e
2Gze2 i vtcos~k–l!, ~9!
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where the parameterG is identical to the decay length occu
ring in Eq.~1!, andk5k0sin(u0)ux . According to usual sym-
metry principles, it is easy to intuitively predict that no Poy
ting vector field can exist in the absence of detection proc
(Z0→`). Consequently, such particular conditions prev
all photonic energy transfer in the junction. This equilibriu
state will only be interrupted when the tip enters the stati
ary evanescent wave. In this case, the localized interac
will open an efficient radiative channel along theOZ direc-
tion. A meaningful illustration of this phenomena is provid
in Fig. 2, where we observed the creation of an energy
exiting the junction. As expected and confirmed by Fig. 2~b!
decreasing the tip-sample gap tends to reinforce the en
flux strongly toward theoutput medium. In this simulated
example, the tip is located above an initially dark fringe,
that the conversion process originates essentially from
near-field coupling between the tip faces and the tails of
adjacent bright fringes. Finally, we can observe two quasi
cular electromagnetic vortices in the region of theinput me-
dium located near the tip. This quasistationary regime is
duced by the symmetrical interaction of the tw
countrapropagating beams with the lateral faces of the S
We have also reproduced numerically the 3D map of
standing evanescent wave~cf. Fig. 3 of Ref. 20!. In this last
application~cf. Fig. ~3!; the tip is raster scanned along th
OX axis by increasing the tip-sample distance after e
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scanline. Such a representation allows the decay as we
the modulation of the standing surface wave to be rep
sented simultaneously. From this map it is easy to extract
ratio h between the amplitude of the modulation and t
average detected intensity. In fact this parameter provide
with information on the finite effective diameter of the tip. I
good agreement with experimental data gathered in Ref.
the ratioh calculated from the parameters listed above d
not exceed 0.3 in the near zone.

In conclusion, we believe that the real-space metholo
summarized in this paper should rapidly give rise to a cl
of local probe simulators that could assist the experimenta
during acquisition data stage. In the near future, our m
objective is the implementation of a numerical STOM/PST
with spectropic and imaging capabilities of miscellaneo
samples. Preliminary benchmarks performed on mesosc
parallel computers indicate an excellent performance of
code when increasing the number of processors. This pa
lelization facility is inherent to the self-consistent procedu
that proceeds iteratively inside the source region~i.e., the
pointed tip in our applications!.

The author has benefited from useful discussions with
Dereux, J. C. Weeber, O. J. F. Martin, and J. P. Goudon
during the preparation of this paper.
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