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Light transmission through a subwavelength slit: Waveguiding and optical vortices
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The anomalous~i.e., more than 100%) light transmission through a subwavelength slit in a thin metal plate
is accompanied by a combination of waveguiding and phase singularities of the field of power flow near the
slit. The crucial role of these phase singularities~such as optical vortices and saddle points! in exciting the
waveguide modes is systematically studied. We predict transmission efficiencies as high as 300% for certain
configurations.
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The analysis of light transmission through a slit with
subwavelength width in a thin plate is a subject with a ve
erable history@1–3#, dating back to Lord Rayleigh. Becaus
of its importance for near-field optics and semiconduc
technology, it continues to attract attention. Recently Eb
sen et al. observed extraordinary light transmission~i.e.,
more than 100%) through an array of subwavelength ho
@4,5#, which led to a new wave of interest in the subje
Broadly speaking there are two mechanisms involved in
traordinary light transmission: the coupling of light with su
face plasmons@4–8#, and Fabry-Pe´rot-like resonances insid
the apertures@9–11#.

In this paper we study the light transmission for a diffe
ent configuration, namely, a single subwavelength slit in
metal plate of finite conductivity for the TE-polarization ca
~i.e., with the electric field parallel to the slit!. TE polariza-
tion differs from TM polarization in that no surface plasmo
are excited@12#. Furthermore, for TE polarization the firs
waveguide mode in a perfect conductor has a cutoff width
wcut-off5l/2, with l being the wavelength. However, due
their finite conductivity, efficient energy transport may
possible at smaller slit widths in realistic metal plates.
rigorous computation of the field demonstrates that n
these cutoff widths, there is an enhanced transmiss
through the slit. Transmission efficiencies as high as 30
are found for special configurations. We emphasize that th
remarkable enhancement effects occur even though the
no coupling to surface plasmons.

To elucidate why the field couples so effectively with t
propagating waveguide modes, we have analyzed the fie
power flow~i.e., the time-averaged Poynting vector! near the
slit. It is found that this field exhibitsoptical vorticesand
other kinds ofphase singularities@13–15#, which are ar-
ranged in an arraylike pattern. We find that the location a
annihilation or creation of these phase singularities are i
mately connected with the phenomenon of enhanced tr
mission.
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The field around a single, infinitely long, slit in a met
plate was calculated using a rigorous scattering appro
@16#. The total electric fieldE is written as the sum of two
parts, namely the incident fieldE(inc) and the scattered field
E(sca). The incident field is the field that would occur in th
absence of the slit in the plate. The illuminating field is tak
to be monochromatic and propagating perpendicular to
plate. We have suppressed the time-dependent part of
field given by exp(2ivt), wherev denotes the angular fre
quency andi 5A21. The scattered field is the field due
the presence of the slit. By converting Maxwell’s equatio
into an integral equation, we obtain the expression@16#

E5E(inc)2 ivD«E
slit

G
↔

E d2r , ~1!

whereD«5«02«plate is the difference in permittivity of the

slit ~vacuum! and the plate, andG
↔

is the electric Green’s
tensor pertaining to the plate without the slit. For poin
within the slit, Eq.~1! is a Fredholm equation of the secon
kind for E, which was solved numerically by the collocatio
method with piecewise-constant basis functions@17#. The
transmission coefficient of the slit,T, is defined as the differ-
ence of the normal~i.e., z) components of the actual time
averaged Poynting vector^S& and that of the Poynting vecto
in the absence of the slit^Sinc& integrated over the dark sid
of the plate. This is normalized by the integral of the norm
component of̂ S(0)&, the Poynting vector of the field emitte
by the source and impinging on the slit, i.e.,

T[

E
slit

^Sz&z5d d2x1E
plate

~^Sz&2^Sz
(inc)&!z5d d2x

E
slit

^Sz
(0)&z50 d2x

, ~2!

whered is the thickness of the metal plate. It is to be not
that the second integral in the numerator extends over
entire plate. This is because a small part of the transmi
field may flow through the plate rather than through the s
In practice, the integrand tends to zero in a distance of ab
a wavelength from the slit. The term̂Sz

(inc)& is typically neg-
ligible for metal plates, but not, e.g., for thin semiconduc
plates.
©2003 The American Physical Society08-1
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In Fig. 1 ~lower curve! the transmission coefficient i
shown as a function of the width of a slit in a thin silv
plate. The upper curve is discussed later. We observ
damped resonance behavior as a function of the widthw,
with maxima atw'0.5l,1.5l, . . . , where the transmission
is enhanced, i.e., the transmission coefficient is greater
one, with its largest valueT51.33 atw50.5l.

If the dispersion relation is computed for the first guid
mode@18# of a silver waveguide, it is found that, due to th
finite conductivity, the cutoff width is less than that for
perfectly conducting metal, viz.,wcut-off50.4l ~see Fig. 2!.
The position of the maxima in the transmission as a funct
of the slit width is found to be close to the cutoff width; s

FIG. 1. The transmission coefficientT of a narrow slit in a thin
plate as a function of the slit widthw, expressed in wavelengths
The lower curve is for a slit in a 100-nm-thick silver plate andl
5500 nm. The upper curve is for a slit in a 100-nm-thick alum
num plate andl591.8 nm. At these wavelengths the refracti
indices are taken asnsilver50.051 i2.87 and naluminum50.041
1 i0.517, respectively.

FIG. 2. Effective indicesneff of the first waveguide mode insid
a narrow slit as a function of the slit widthw, expressed in wave
lengths. The full lines denote the real part of the effective index,
dashed lines denote the imaginary part. The two curves for alu
num are for l591.8 nm, the two curves for silver are forl
5500 nm, whereas the last two curves are for a perfectly cond
ing material. The refractive indices were taken to bensilver50.05
1 i2.87 andnaluminum50.0411 i0.517.
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Figs. 1 and 2. This also holds for the higher-order modes
If the conductivity of the metal decreases, the cutoff wid

shifts to lower values. This is illustrated in Fig. 2~left-hand
curves!, where the effective index is plotted for aluminum
l591.8 nm. It is seen that the cutoff width is shifted
w'0.15l. Because the normalization factor of the transm
sion coefficient@Eq. ~2!# will be smaller for smaller values o
the width, it is to be expected that the anomalous transm
sion will be greater for materials with a smaller cutoff widt
In Fig. 1 the transmission coefficient for a slit in aluminum
shown. Both the expected shift of the maximum to a low
value is observed, as well as the enhancement in the tr
mission, with a maximum ofT'3.2 atw'0.25l.

To understand this anomalous transmission, we have
lyzed the field of power flow near the slit. A typical examp
of these calculations is shown in Fig. 3~for the thin silver
plate, discussed before!, where the field is seen to exhib
phase singularities, i.e., points where the amplitude of
time-averaged Poynting vector is zero and as a consequ
its direction, or equivalently its phase, is undetermined. I
seen that the anomalous transmission~namely,T51.11) co-
incides with the presence of two optical vortices (a andb)
within the plate, and a funnellike power flow into the sl
This funnellike effect corresponds to a transmission coe
cient of more than one. In addition, four other phase sin
larities are visible just below the slit (c, d, e, and f ; two
saddle points and two vortices!. In Fig. 4 the location of the
phase singularities is shown on a larger scale. It is seen
they are arranged in an arraylike pattern. It is to be noted
only part of the phase singularities are shown—the patter
continuous in a periodic way to the left and right, and a
downwards.

Changing the slit width in a continuous manner causes
phase singularities to move through space. Near the cu

e
i-

t-

FIG. 3. Behavior of the time-averaged Poynting vector nea
200-nm wide slit in a 100-nm-thick silver plate. The incident lig
~coming from below! has a wavelengthl5500 nm. The left-
handed (a andd) and right-handed (b andc) optical vortices each
have a topological charge of11, whereas the topological charge o
the saddle points (e and f ) is 21. The transmission coefficien
T51.11. The color coding indicates the modulus of the~normal-
ized! Poynting vector~see legend!.
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width ~at w'0.45l) the array of phase singularities alon
the symmetry axis annihilate, each annihilation consisting
two vortices~one left handed and one right handed! and two
saddle points. In Fig. 5 the resulting arrangement forw
50.5l is shown. Because the annihilation of phase singul
ties leads to a smoother field of power flow, an increa
transmission is observed. Near the other cutoff widths aw
'1.4l,2.4l, . . . additional annihilations occur. In such pr
cesses the total topological charge is always conse
@19,20#.

If the field of power flow is analyzed for a slit in a
aluminum plate~at l591.8 nm), the same pattern and b
havior of the phase singularities as a function of the
width is found as described above. Below the cutoff wid
the same pattern of phase singularities is found as in Fig
and 4. At a width slightly higher than the cutoff width~i.e., at
w50.2l) an array of phase singularities along the symme
axis annihilates. Again, at the cutoff widths of the high
modes similar annihilations occur. The described behavio
the pattern of phase singularities was also found for ot
materials with Re(n)!Im(n) ~i.e., good conductors, below
plasma resonance frequency!.

FIG. 4. Location of phase singularities in the field of power flo
for the same configuration as in Fig. 3, i.e., for a slit width
w50.4l5200 nm. The left- and right-handed optical vortices a
denoted by LV and RV, respectively; S denotes a saddle point.
tice the larger scale as compared to Fig. 3.
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In conclusion, we have shown that anomalous light tra
mission through a narrow slit in a thin metal plate is d
scribed by both waveguiding and phase singularities of
field of power flow. The onset of guided modes yields t
maxima of the transmission curve, while a qualitative und
standing of the light transmission is obtained by charting
different phase singularities in the field of power flow.
particular, it was found for certain configurations that tran
mission efficiencies as high as three are possible. We no
that in this particular configuration no plasmons are excit

Because of the ability of subwavelength slits to ‘‘focus’’
large amount of the power flow onto a small area, our fin
ings are relevant for the design of different subwavelen
light sources. These could be used in near-field optics, o
cal recording, and lithography to obtain subwavelength re
lution.

This research was supported by the Dutch Technol
Foundation STW and the European Union, within the fram
work of the Future and Emerging Technologies progr
~SLAM!. The authors wish to thank Dr. G. Gbur for stimu
lating discussions.
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FIG. 5. Location of phase singularities in the field of power flo
for the same configuration as in Fig. 4, but now for a slit wid
w50.5l5250 nm. Notice that the central array of phase singula
ties which was visible below the slit in Fig. 4 has now been an
hilated.
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