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Enhanced transmission versus localization of a light pulse by a subwavelength metal slit
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The existence of resonant enhanced transmission and the collimation of light waves by subwavelength slits
in metal films[for example, see Ebbesen al, Nature(London 391, 667 (1998 and Lezecet al, Science
297, 820(2002)] leads to the basic question: Can a light pulse be enhanced and simultaneously localized in
space and time by a subwavelength slit? To address this question, the spatial distribution of the energy flux of
an ultrashor{femtosecongiwave packet diffracted by a subwavelengtlanometer-sizeslit was analyzed by
using the conventional approach based on the Neerhoff and Mur solution of Maxwell’s equations. The results
show that a light pulse can be enhanced by orders of magnitude and simultaneously localized in the near-field
diffraction zone at the nm and fs scales. Possible applications in nanophotonics are discussed.
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I. INTRODUCTION should be noted that the diffractive spreading of a beam can

In the last decade nanostructured optical elements basdtf reduced also by using a structured aperture or an effective
on the scattering of light waves by subwavelength-size metdianolens formed by a self-similar linear chain of metal

. N . ,15
objects, such as particles and screen holes, have been inv@@nospheres: tth blem of v enhanced
tigated intensively. The most impressive features of the op-  NEW aspects of the problem of resonantly enhanced trans-

tical elements are resonant enhancement and spatial localiZ&ISSion and the col!:|r11atjon of light arelrevealed when the
tion of optical fields by the excitation of electron waves in nanostructureslg\_rzeol “”ﬁ'”ated by an u tra—sr(mmto§ec-
the metal(for example, see the studies in Refs. 1-Re-  ONd light pulsel®2°For instance, in the studf.the unique

cently some nanostructures, namely a single subwavelengﬁgss'b'“ty of concentrating the energy of an ultrafast excita-

: : . . n of an “engineered” or a random nanosystem in a small
slit, a grating with subwavevelength slits, and a s,ubwave(%art of the whole system by means of phase modulation of

length slit surrqunded by pgrallel deep and narrow groove e exciting fs pulse was predicted. The sttidpeoretically
attracted a particular attention of researchers. The study Qlemonstrated the feasibility of nm-scale localization and
resonant enhanced transmission and the collimation of wave§istortion-free transmission of fs visible pulses by a single
in close proximity to a single subwavelength slit acting as gneta| slit, and further suggested the feasibility of simulta-
microscope proble® was connected with the developing neous super resolution in space and time of the near-field
near-field Scanning microwave and Optical miCI’OSCOpeS Wiﬂ%canning 0ptica| microscoﬂWSOM). The quasi_diffraction_
subwavelength resolutich’ The resonant transmission of free optics based on the transmission of pulses by a subwave-
light by a grating with subwavelength slits or a subwave-length nano-slit has been suggested to extend the operation
length slit surrounded by grooves is an important effect forprinciple of a 2D NSOM to the “not-too-distant” field regime
nanophotonic& ' The transmissivity, on the resonance, can(up to ~0.5 wavelength'® Some interesting effects, namely
be orders of magnitude greater than out of the resonance. tlhe pulse delay and long living resonant excitations of elec-
was understood that the enhancement effect has a two-foldomagnetic fields in the resonant-transition gratings, were
origin: First, the field increases due to a pure geometricatecently described in the studi&s2°

reason, the coupling of incident plane waves with waveguide The great interest to resonant enhanced transmission, spa-
mode resonances located in the slit, and further enhancemetmdl localization(collimation) of continuous waves, and light
arises due to the excitation of coupled surface plasmon pgulses by subwavelength metal slits leads to the basic ques-
laritons localized on both surfaces of the gijtating.1>-12A  tion: Can a light pulse be enhanced and simultaneously lo-
dominant mechanism responsible for the extraordinary transzalized in space and time by a subwavelength slit? If the field
mission is the resonant excitation of the waveguide mode ienhancement can be achieved together with nm-scale spatial
the slit giving a Fabry-Perot like behavibrin addition to  and fs-scale temporal localizations, this could greatly in-
the extraordinary transmission, a series of parallel groovesrease the potentials of the nanoslit systems in high-
surrounding a nanometer-size slit can produce a micrometeresolution applications, especially in near-field scanning mi-
size beam that spreads to an angle of only few dedr@es.  croscopy and spectroscopy. In the present article we test
light collimation, in this case, is achieved by the excitation ofwhether the resonant enhancement could only be obtained at
coupled surface plasmon polaritons in the groo¥est ap-  the expense of the spatial and temporal broadening of a light
propriate conditions, a single subwavelength slit flanked by avavepacket. To address this question, the spatial distribution
finite array of grooves can act as a “lens” focusing lifhit ~ of the energy flux of an ultrashofts) pulse diffracted by a
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5 X E(x,2,1) = - —a,U(x, 2)exp(- iwt), ?)
wey
t |3 )
Incident wave E/(x,zt)=0, (3)
Z
h ic )
E,(x,z,t) = —d,U(X, 2 exp(— i wt). (4)
wWEq
Notice that the restrictions in Eql) reduce the diffraction
problem to one involving a single scalar fidlix,z) in two
dimensions. The field is represented By(x,2) (j=1,2,3 in

each of the three regions I, I, and)llThe field satisfies the

FIG. 1. Propagation of a continuous wave through a subwaveHelmholtz equation:
length nano-sized slit in a thick metal film. > 12
(V +kj)Uj:0, (5)

subwavelengt_r(nar!osizeyi slit in a thick .metal film of PEr-  \vherej=1, 2, 3. In region I, the fieltl(x,2) is decomposed
fect conductivity will be analyzed by using the conventional; ., three components:
approach based on the Neerhoff and Mur solution of Max-
well's equations. In short, we first will summarize the theo- Uy(x,2) =U'(x,2) + U'(x,2) + U%(x,2), (6)
retical development of Neerhoff and My¢8ec. 1) and the . . o

model will then be used to calculate the spatial distribution®ach of which satisfies the Helmholtz equatibhrepresents

of the energy flux of the transmitted pulegavepacketun- theT mmdgnt field, which is assumed to be a plane wave of
der various regimes of the near-field diffractigBec. 1) ~ Unit amplitude:

We will show that a light pulse can be enhanced by orders of [ — i

magnitude and simultaneously localized in the near-field dif- U'(x2) = exp=iks2). @
fraction zone at the nm and fs scales. The implications of th&J" denotes the field that would be reflected if there were no
results for diffraction-unlimited near- and far-field optics will slit in the screen and thus satisfies

then be discussed. In Sec. IV we summarize the results and ) i

present the conclusions. U'(x,2) =U'(x,2b-2). (8)

UY describes the diffracted field in region | due to the pres-
ence of the slit. With the above set of equations and standard
An adequate description of the transmission of lighthoundary conditions for a perfectly conducting screen, a
through a subwavelength nano-sized slit in a thick metal filmynique solution exists for the diffraction problem. To find the
requires a solution of Maxwell's equations with complicatedfield, the 2-dimensional Green’s theorem is applied with one

boundary conditions. The light-slit interaction problem evenfunction given byU(x,z) and the other by a conventional
for a continuous wave can be solved only by extended twogreen’s function:

dimensional (x,z) numerical computations. The three-
dimensional(x,z,t) character of the pulse-slit interaction (V2+K)Gj =~ 8(x-x',z~ 7)), €)
make_s the numerlc_al ana_IySIS even more difficult. Let uswhere(x,z) refers to a field point of interesx’,z' are inte-
consider the near-field diffraction of an ultrashort pulse” ™. . . : g

(wavepacketby a subwavelength slit in a thick metal screengra’['o.n varlables’J—l, 2, 3. Sincd); satisfies the Helmholtz
of perfect conductivity by using the conventional approachequat'on' Green's thearem reduces to

based on the Neerhoff and Mur solution of Maxwell's equa-

tions. Before presenting a treatment of the problem for a U(x,2) = (GgU-Ug,G)dS (10
wavepacket, we briefly describe the Neerhoff and Mur Boundary

formulatiort-3 for a continuous wavéa Fouriero component

of a wavepacket The transmission of a plane continuous
wave through a slitwaveguide of width 2a in a screen of
thicknessh is considered. The perfectly conducting nonmag-

IIl. THEORETICAL BACKGROUND

The unknown field$J%(x,2),U5(x,2), andU4(x,2) are found
using the reduced Green’s theorem and boundary conditions
on G,

netic screen placed in vacuum is illuminated by a normally e (?
incident plane wave under TM polarizatigmagnetic-field U%x,2)==—| Gi(x,z;x',b)DUy(x")dx’,  (11)
vector parallel to the sljf as shown in Fig. 1. The magnetic €2J-a

field of the wave is assumed to be time harmonic and congy, p« 7 <o

stant in they direction:
a

ﬁ(x,y,z,t) =U(x,z)exp- iwt)é,. 1) Us(x,2) = ? G3(x,z;x’,00DUq(x")dx’, (12

2J -
The electric field of the wavél) is found from the scalar :

field U(x,z) using Maxwell's equations: for —0<z<0,
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a
U2(sz) == f [Gz(X,Z;XI ’ O)DUO(X,)
-a
— Ug(X') 3, Gy(%,Z;X',2') |, 0+ X’
a
+f [Gy(x,Z;x",b)DUp(X")
-a

- Up(X) 3, Gy(X,Z;X',2')|,p-0X’, (13

for |x<a and 0<z<b. The boundary fields in Egs.
(11)—13) are defined by

Uo(x) = Ua(x,2)|;0+, (14)
DUq(X) = 3,U(X,2)| .0+, (15)
Up(X) = Us(X,2)| -, (16)
DUy(X) = 3,U(X,2)| ;- (17)

In regions | and Il the two Green’s functions in Eq4l)
and(12) are given by

Gixzx 2) = JHP (R + HPKR], (18)
Gatx zx'2) = HH IR + HYGGR)],  (19)
with
R=[(x=x")?+(z-2)7]"?, (20)
R =[(x-x')2+ (z+Z - 20)2]*2, (21)
R/ =[(x-x')?+ (z+ 27, (22)

whereHgl) is the Hankel function. In region Il, the Green’s
function in Eq.(13) is given by

i i
G,(x,Z;xX',Z') = ——expliy|z—-Z|) + — e
o ) 4ay, o 70| |) ZamE:l Ym

X cogmmr(x + a)/2ajcogmm(x’ + a)/2a]

X expliywlz—2'|), (23
where y,=[K3-(mar/ 2a)?]"2. The field can be found at any
point once the four unknown functions in Eqd4)—17)

have been determined. The functions are completely dete
mined by a set of four integral equations:

2UL(x) = Up(x) = = f Gy(x,b:x,)DUL(X)dX, (24)
€J-a

a
Uo(x) = =2 f Gy(x,0:X,0)DU(X)dX,  (25)
€J_a
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a

1
EUb(X)=—f_

= Uy(X")d,Gy(x,b;x",Z")

{Gz(x,b;x’,O)DUo(x’)

a

ZHO+i| dx’

a

+f [Ga(x,b;x",b)DU(x") Jdx’,

a

(26)

S Ug00 = f " [Galx,0:X' b)DUy(X)
= Up(X') 3, Gy(%,0;x',Z') |, p-dX’
—f [G,(%,0;x",00DUy(x")JdX’, (27)

where|x| <a, and
UL(x) = exp(— ik;b). (28)

The coupled integral equation24)—27) for the four bound-
ary functions are solved numerically. The magnétix, z,t)

and electricé(x,z,t) fields of the diffracted wave in region
Il are found by using Eq(12). The fields are given by

N
H(x,z,t) = i%g’E H ke (x = %)% + 2]

€j=1
X (DUy); exp(— i wt)§,, (29)
— N
__ Ve 2 i — w2
Exz0)=- Qgﬂ,mm [kaV(x = x))? + Z*]
X (DUp); expl=iwt), (30)
E,(x,zt) =0, (31)

— N
ave X=X R

N e 3 \“"’(X—Xj)z"'z2
X (DUy); exp(—iwt), (32

where x;=2a(j-1/2)/N-a,j=1,2,...,N;N>2a/z;H\" is
the Hankel function. The coefficien(i)ljo)j are found by
solving numerically the four integral equatiotigd)—27).
For more details of the model and the numerical solution of
the coupled integral equatiotig4)—«27) see Refs. 1,3.

Let us now consider the diffraction of an ultra-short pulse
E\'/vavepacket The magnetic field of the incident pulse is
assumed to be Gaussian-shaped in time and both polarized
and constant in thg direction:

H(x,Y,zt) = U(x, 2)exd - 2 In(2) (t/7)2]exp(~ i wot)&,,
(33

where 7 is the pulse duration andy=2mc/\ is the central

frequency. The pulse can be composed in the wavepacket
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form of a Fourier time expansioffor example, see Refs. 10
17,18:
o0 8-
ﬁ(x,y,z,t):f H(x,z,w)exp- iwt)daw. (34) E 6
4
The electric and magnetic fields of the diffracted pulse are A ?
found by using the expressioli$)—«32) for each Fourierw 2 ¢
component of the wavepackg4). This algorithm is imple- o= ' ' ' ' ' _
mented numerically by using the discrete Fast Fourier- 200 400 600 800 1000 1200 1400
Transform (FFT) instead of the integral34). The spectral b )

mFervaI [“’min""m_aﬂ and the sampling pomts_)i _are Opt"_ FIG. 2. The transmission coefficieifit,, for a continuous wave
mized by matching the FFT result to the original function ,, Fourier component of a wavepackets a function of screen
(33. thicknessb computed for the wavelength=800 nm and the slit
The above presented approach deals with the incidenidth 2a=25 nm. Curves A, B, and C correspond to the numerical
waves having TM polarization. This polarization is consid- near-field formula(35), the analytical near-field formulé86) and
ered for the following reasons. According to the theory ofthe analytical far-field formula39), respectively. For computational
waveguides, the vectorial wave equations for this polarizareasons, in the case of curve C the limits of the integral were chosen
tion can be reduced to one scalar equation describing th® —1000. and 100Q instead of <0 and«; the computation was
magnetic fieldH of TM modes. The electric componetof ~ performed az=-10\.
these modes is found using the figidand Maxwell's equa-

tions. The reduction simplifies the diffraction problem to onejncludes the evanescent modes that decay in the far zone,
involving a single scalar field in only two dimensions. The defines the transmission coefficient in the near-field zone. In
TM scalar equation for the componekitis decoupled from  grder to establish guidelines for the results of our numerical
the similar scalar equation describing the fidfdof TE  analysis, we computed the transmission coefficient
(transverse electricmodes. Hence, the formalism works Tew(\,a,b) for a continuous wavéFourierw componentas
analogously for TE polarization exchanging tBeandH 3 function of screen thickneds and/or wavelength\ for
fields. Moreover, in the case of perfectly conducting non-yitferent values of slit width 4. Throughout the computa-
magnetic screen placed in the vacuum considered in thgons the magnitude of the incident magnetic field is as-
present paper, the symmetry of wave equations indicates thafymed to be equal to 1. We consider a perfectly conducting
large transmission coefficienenhancement effectlo exist nonmagnetic screen placed in vacue=e,=e;=1) As an

at the same experimental conditions for the TM and TE POexample, the dependenck.,=T.,(b) computed for the

larizations. wavelengthA=800 nm and the slit width 2=25 nm is
shown in Fig. 2. The dispersiof,,=T(\) for 2a=25 nm
I1l. NUMERICAL ANALYSIS AND DISCUSSION and different values of the screen thickneds presented in

) ) ) Fig. 3. In Fig. 2, we note the transmission resonanceg af
In this section, we test whether a light pulse can be resoperiodicity with the peak height,,~\/2m7a at the reso-
nantly enhanced and simultaneously localized in space anghnces. Notice that the resonance positions and the peak

time by a subwavelength nano-sized metal slit. To addresgejghts are in agreement with the reséffsThe resonance
this question, the spatial distribution of the energy flux of the

transmitted pulse under various regimes of the near-field dif-
fraction is analyzed numerically. The electB@nd magnetic

H fields of the transmitted pulse in the near-field diffraction
zone are computed by solving the equatiqas—«(32) for
each Fouriew component of the wavepacké4). The am-
plitude of a FFTw component of the wavepacket transmitted
through the slit depends on the wavelength27mc/ w. Ow-

ing to the dispersion, the Fourier spectra of the transmitted
wavepacket changes leading to a modification of the pulse
width and duration. The dispersion of a continuous wave is
usually described by the normalized transmission coefficient
Tew(N), which is calculated by integrating the normalized  FIG. 3. The dispersionTg,=Tey(\) for a continuous wave

energy fluxSZ/SZ over the slit width*3 (w-Fourier component of a wavepackebmputed for the slit width
— ra 2a=25 nm and different values of the screen thicknlesa—350
_ \Ng . * * nm and B—200 nm. The Fourier spectfeurves C and D are
Tw=—-——| lim[(EH,+EH,)]dx, 35 : .
ow A z—»O_[( xHy + Byl (35) presented for the comparison. Curves C and D show the Fourier

o o ~ spectra of incident wavepackets with central waveleny
where S, is the energy flux of the incident wave of unit =800 nm and duration=100 fs andr=5 fs, respectively, which
amplitude; S, is the transmitted flux. Equatiof85), which  were used in the computations presented in Figs. 4 and 5.
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peaks appear with a spacing of 400 nm, but at values somevith the shifts calculated using the analytical form(®a of
what smaller than 400, 800, 1200 nm, etc. In order to bettethe study?* Our computations showed that the peak heights
understand the shift of the resonant wavelengths from that the main(strongest resonant wavelengtkf (in the case
naively expected values we have derived a simple analyticaf Fig. 3, Aj=500 or 800 nm are given by Te,(A§,a)

formula (36) for the transmission coefficientT,, =\&/2ma. Notice that the Fabry-Perot like behavior of the
=T.(@,b,\) of a narrow slit(the fundamental mode only is transmission coefficient is in agreement with analytical and
retaineq: experimental results published earfi&f? The enhancement
coefficient (T,,,~ 30) calculated using Eq¥35) and (36),
__a however, is different from the attenuati¢f,,< 1) predicted
Tew(@ b,\) = ———[(Re(D(b,\)))? + (Im(D(b,\)))?], : w
ok ) 2(17/)\)[( &(D(b, 1))+ (IM(D(b.1))’] by the study’! The one order difference between the experi-

(36) mental value and the enhancement calculated in the present
article is attributed to the small transverse dimendiy(D
where ~\/2) of the metal plates that form the slit. In our calcula-
H . i 2 tions we studied a slit in the infinite transverse dimension
exp(Zib—)(A()\)——ﬂ (D=0).
A 2m/N An analysis of Fig. 3 indicates that a minimum thickness
)2}-1 of the screen is required to get the waveguide resonance

D(b,\) =

2i(7/N\)

(37) inside the slit at a given wavelength. The result is in agree-
ment with the study! which demonstrated that there is no
and transmission peaks at the conditibr<\/2. Notice that the
transmission enhancement mediated by surface plasmons
AN = ia[Hgl)()\) + 7—T(Ho()\) HBO) +Hy () - Hgl)()\))] _ does exist at considerably smaller thicknesses of the metal in
2 comparison with the thickness required for the waveguide
(38)  resonance. The surface plasmons/polaritons are excited in the
skin, the depth of which is about the extinction length of the
In Eq. (38), H’(\) and H{"(\) are the Hankel functions, energy decay of an electromagnetic wave in the metal. For
while Hyg(\) andH;(\) are the Struve functions. It is inter- instance, the extinction length in an aluminum screen is
esting to compare the “near-field2<\) transmittance with  ~4 nm for A=800 nm. Therefore, for not too narrow slits
the conventional “far-zonefz>\) transmittance measured (2a=25 nm in thick screengb=200 and 350 nmconsid-
in experiments. The transmittance in the far-field zone can bered in the paper, the finite skin depth does not fundamen-
described by the following formula: tally modify the process of the extraordinary optical trans-
mission. At the wavelength 800 nm, the 10-times

i
- (A()\) + %

_ Ve " e o enhancemenitT,,(a,\) ~\/2ma~10] is limited by the slit
Tew=——" E.H, + E H,)dx. 39 cw
v 4a f_m( Ay + EHy)dx (39) width (2a=25 nm). In the far-infrared regiori\ =100 um)

) o o several orders of magnitude enhancement can be achieved at
Figure 2 compares the transmission coefficieRts=Tcu(b)  the same experimental conditions. It should be noted that the
calculated by using the formu(&6) with the values given by  gptimal choice of parameters has been discussed in the lit-
the numerical solution of the equatio(@4)—27) and (35  erature and the obtained enhancement by the factors 10 and
and the values obtained from the evaluatior(3). We no- 1000 are typical for continuous waves in the optical and
tice that the results are practically undistinguishable. Antar.infrared spectral ranges. In the case of narrower and thin-
analysis of the denominator of the formugs) indicates that  ner slits, however, the influence of the finite conductivity
for 2a/\ small enough, the transmissiof,=Te,(b) Will  effects on the transmission and localization of a pulse should
exhibit the maximums around wavelengtha /2. The shifts  pe taken into accourt?!
of the resonance wavelengths from the value are caused The existence of transmission resonances for Fousier
by the wavelength dependent terms in the denominator ofomponents of a wavepacket leads to the following question:
Eq. (36). What effect does the resonant enhancement have on the spa-

The dispersiorT,,,=Tc,(A) presented in Fig. 3 indicates tjal and temporal localization of a light pulse? Presumably,
the wave-slit interaction behavior, which is similar to thosethe high transmission at resonance occurs when the system
of a Fabry-Perot resonator. The transmission resonancgfficiently channels Fourier components of the wavepacket
peaks, however, have a systematic shift towards longeffom a wide area through the slit. At resonance, one might
wavelengths. An analysis of the denominator of the formulaassume that if the energy flow is symmetric about the screen,
(36) indicates that for @\ small enough, the transmission the pulse width and duration should increase very rapidly
Tew=Tew(N) will exhibit the Fabry-Perot like maximums past the screen. Thus the large pulse strength associated with
around wavelengths where @ib) is zero. Such a behavior resonance could only be obtained at the expense of the spa-
has already been described in Refs. 11,21,22. The shifts aifal and temporal broadening of the wavepacket. To test this
the resonance wavelengths from the Fabry-Perot resonanckgpothesis, the spatial distributions of the energy flux of a
are caused by the wavelength dependent terms in the d&ansmitted wavepacket were computed for different slit
nominator of Eq(36). It should be noted that the values of thicknesses corresponding to the resonance and anti-
the shifts calculated using E@36) are in good agreement resonance position. The characteristic difference between the
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FIG. 4. The energy flux of a transmitted pulse at the distdgeea/2. (a), () The nonresonant transmission by the =25 nm,
b=200 nm;7=100 fs and 5 fs, respectively(b), (d) The resonant transmission by the ga=25 nmp=350 nm; =100 fs and 5 fs,
respectively. The central wavelength of the incident wavepacketys 800 nm.

resonant and nonresonant transmissions could be understodte figures differ only in the order of magnitude 8f Thus
better through a single figure of the field distributions in all at the distancéz|=a/2, the slit resonantly enhances the in-
regions 1, 1I, and Ill. However, it seems to be impossible totensity of the pulse without its spatial and temporal broaden-
do this, because the visualization of a pulse by a single figurgng. The result can be easily understood by considering the
requires a 4-dimensiondlJ,x,z,t) coordinate system or a dispersion properties of the slit. For the screen thickress
great number of 3-dimensional figures at different locations=200 nm, the amplitudes of the Fourier components of the
and suitable fixed times in all the regions. Therefore wewavepacket, whose central wavelengthis detuned from
present the eight 3-dimensional distributigf$ys. 4a)-4(d)  the main(at 500 nm resonance, are practically unchanged in
and Fa)-5(d)] only in the zone of main interegtegion Ill).  the wavelength region near 800 risee curve B in Fig. B
As an example, Figs.(d) and %a) show the energy flux of This provides the dispersion- and distortion-free nonresonant
the anti-resonantly transmitted pulses. Figuré® 4nd §b)  transmission of the wavepack@gtigs. 4a) and Fa)]. In the
correspond to the case of the waveguide-mode resonance @ase of the thicker scredb=350 nnj, the slit transmission
the slit. Figures 4 and 5 show the transmitted pulses at thexperiences a strong mode-coupling regime at the wave-
distancedz =a/2 anda, respectively. The rigorous analysis lengths near 800 nrtsee curve A of Fig. Bthat leads to a
showed that the number of modes required for the accuraterofound and uniform enhancement of amplitudes of all of
computation of the transmittance, near-field distribution, andhe Fouriero components of the wavepacksee curve C in
other optical characteristics of the system is given byFig. 3). Thus, the slit resonantly enhances by one order of
N>2a/z, whereN is the number of the waveguide modes magnitude the intensity of the pulse without its spatial and
andz is the distance from the screen. Therefore at the distemporal broadeningg-igs. 4b) and %b)]. Also, notice that
tancedz =a/2 anda the calculations required at least 4 and at the distancez|=a [Figs. %a) and %b)], both the reso-
2 modes, respectively. nantly and anti-resonantly transmitted pulses experience
The shape and intensity of an output pulse depends on theatural spatial broadening in the transverse direction, while
slit parameters and the spectral width of the pulse. For nartheir durations are practically unchanged. The spectral width
row slits, the spectral width of a 100-fs input pulse is smallerof a 5-fs input pulse, however, is bigger than the spectral
compared to the spectral width of the resonant transmissiowidth of the resonant transmissi@Rig. 3). In this case the
(see Fig. 3. The comparison of the flux distribution pre- durations of the resonantly transmitted 5-fs pulses are longer
sented in Fig. ) with that of Fig. 4b) shows that, for the in comparison with the pulses transmitted off the resonance
parameter values adopted, a transmitted wavepacket is effigs. 4¢) and 4d) and, respectively, (&) and %d)]. We also
hanced by one order of magnitude and simultaneously locakotice that the enhancement of the intensity of 5-fs pulses is
ized in the 25-nm and 100-fs domains of the near-field dif-approximately two times lower in comparison with the
fraction zone. The shapes of the intensity distributions of thel00-fs pulses. The temporal broadening of the pulse and the
output pulses are very much the same off and on resonancédecrease of the enhancement indicates a natural limitation for
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FIG. 5. The energy flux of a transmitted pulse at the distdelcea. (a), () The nonresonant transmission by the g8a=25 nm,
b=200 nm;7=100 fs and 5 fs, respectivglyb) The resonant transmission by the ga=25 nm =350 nm;7=100 fs and 5 fs, respec-
tively). The central wavelength of the incident wavepacketys 800 nm.

the simultaneous temporal and spatial localization of a pulsalways reduced to the valua®y the appropriate decreasing
together with its enhancement. of the distancdz =|z(a)| from the screen(|zj=a/2, in the

By comparing the data for anti-resonant and resonantase of Fig. & Thus high transmission can be achieved with-
transmissions presented in Figs. 4 and 5 one can see that@it concurrent loss in the degree of temporal and spatial
the appropriate values of the distarzleand the wavepacket localizations of the pulse. In retrospect, this result is reason-
spectral widthA w the resonance effect does not influence theable, since the symmetry of the problem for a time-harmonic
spatial and temporal localization of the wavepacket. Tocontinuous waveFourier component of a wavepachas
verify this somewhat unexpected result, the FWHMs of thedisrupted by the presence of the initial and reflected fields in
transmitted pulse in the transverse and longitudinal direc2ddition to the diffracted f'alg on one sidEq. (6)]. As the
tions were calculated for different values of the slit widty 2 mtlﬁlégesbsutc?f?:%izlsd}higfrll e:?r? L(jfs tcr?t?ur][%i 0;s|va2IIr2,?r?(;e
central wavelengtiho and pulse duratiorr=1/4w, as a it involves the sum oltJd Witﬁ unchanging field&)' and U
function of screen thickness at two particular near-field ’

. _ At resonance, the distribution &, leads to channeling of
dlstancgé,z|—a}/2 anda from the screen. It was seen that,_ at the radiation, but the distribution @5 remains unaffected.
the dispersion-free resonant transmission conditio

. . : y the appropriate adjusting of the slit-pulse parameters a
Awp,<Aawy, the transmltted pulse indeed does not .eXpe”enCﬁght pulse can be enhanced by orders of magnitude and si-
temporal broadening. Thus the temporal localization assoc

h . o . Ir'nultaneously localized in the near-field diffraction zone at
ated with the duratior of the incident pulse remains prac- ine nm and fs scales.

tically unchanged under the transmission. The value f The limitations of the above analysis must be considered
determined by the dispersion-free  conditionT  pefore the results are used for a particular experimental de-
~1/Aw,>1/Aw;, whereAw,=Aw(a) practically does not yijce, The resonant enhancement with simultaneous nm-scale
depend on the screen thicknéssWe found that the energy spatial and fs-scale temporal localizations of a light by a
flux of the transmitted wavepacket can be enhanced by gubwavelength metal nano-slit is a consequence of the as-
factor Te,(Ng.8) =\g/2ma by the appropriate adjusting of sumption of the screen perfect conductivity. The slit can be
the screen thickneds=b(\§), for an example see Figs. 3-5. made of perfectly conductivéat low temperaturgsmateri-
Thus the wavepacket can be enhanced by a fagf¢é2ra  als. In the context of current technology, however, the use of
and simultaneously localized in the time domain at the conventional materials like metal films at room temperature
=7(a) scale. It was also seen that the FWHM of the trans-is more practical. Notice that a metal can be considered as a
mitted pulse in the transverse direction depends on the waveerfect conductor in the microwave range. As a general cri-
packet central wavelengtty and the distance from the slit.  terion, the perfect conductivity assumption should remain
Nevertheless, the FWHM of the transmitted pulse can bealid as far as the slit width and the screen thickness exceed
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the extinction length for the Fouries» components of a localizations of the pulse only at shdtt=|z(a)|] distances
wavepacket within the metal. The light intensity decays infrom the slit. The presence of a microscopic sanalenol-

the metal screen at the rate bf=l, exp(-b/5), where 6 ecule, for exampleplaced at the short distance in strong
=3(N) is the extinction length in the screen. The aluminuminteraction with the NSOM slit modifies the boundary con-
has the largest opacityd<<11 nm in the spectral region ditions. In the case of a strong slit-sample-pulse interaction,
A>100 nm:’ The extinction length increases from 11 to 220 which takes place at the distan¢#<0.1a, the response
nm with decreasing the wavelength from 100 to 50 nm.unction accounting for the modification of the quantum me-
Hence, the perfect conductivity is a very good approximatiorchanical behavior of the sample should be taken into consid-
in a situation involving a relatively thickb>25 nm alumi-  eration. The potential applications of the effect of the reso-
num screen and a wavepacket of the duratienl/Aw, hav- — npantly enhanced transmission together with nm- and fs-scale
ing the Fourier components in the spectral regionjgclizations of a pulse are not limited to near-field micros-
A >100 nm. However, in the case of thinner screens, shorte[gOpy and spectroscopy. Broadly speaking, the effect con-
pulses _and smaller central wavelengths of wavepackets, the, s all physical phenomena and photonic applications in-
metal films are not completely opaque. This would reduce §q|ying a transmission of light by a single subwavelength
value of spatial localization of a pulse due to passage of thg,nq._git, a grating with subwavelength slits, and a subwave-

light through the screen in the region away from the slit.|ongth siit surrounded by parallel groovesse the studies in
Moreover, the phase shifts of the Fourier components alongyats 1-37 and references thejeiRor instance, the effect

the propagation path caused by the skin effect can modify thgqq pe used for sensors, communications, optical switching
enhancement coefficient and temporal localization propertie§eyices. and microscopes.

of the slit.
The above analysis is directly applicable to the two-
dimensional near-field scanning optical microscopy and

spectroscopy. Although the computations were performed in |n the present article we have considered the question of
the case of normal incidence, the preliminary analysis showghether a light pulse can be enhanced and simultaneously
that in the case of Oblique incidence the enhancement Eﬁe%canzed in space and time by a Subwave|ength metal nano-
can be kept without further spatial and temporal broadeningjit. To address this question, the spatial distributions of the
of the pulse. In a conventional 2D NSOM, a SUbwavelengtrbnergy flux of an u|trash0mfs) pu|5e diffracted by a sub-
(2a<<)) slit illuminated by a continuous wave is used as awavelength(nanosizedislit in a thick metal screen of perfect
near-field(|z| <a) light source providing the nm-scale reso- conductivity have been analyzed by using the conventional
lution in spac€>’ The nonresonant transmission of fs approach based on the Neerhoff and Mur solution of Max-
pulses could provide ultrahigh resolution of 2D NSOM si- well's equations. The analysis of the spatial distributions for
multaneously in space and timé!® The above-described various regimes of the near-field diffraction demonstrated
resonantly enhanced transmission together with nm- and fshat the energy flux of a wavepacket can be enhanced by
scale localizations in the space and time of a pulse couldrders of magnitude and simultaneously localized in the
greatly increase the potentials of the 2D near-field scanningear-field diffraction zone at the nm and fs scales. The ex-
optical microscopy and spectroscopy, especially in hightraordinary transmission, together with nm- and fs-scale lo-
resolution applications. However, as a model for a NSOM tipcalizations of the light pulse, make the nano-slit structures
a hole (quadratic, rectangular, or circu)awould be more attractive for many photonic purposes, such as sensors, com-
appropriate than a slit-type waveguide. The consequences afunication, optical switching devices, and NSOM. We also
the limitation of region Il also in thg direction will resultin  believe that the addressing of the above-mentioned basic
faster attenuation of the amplitude of the waveguide modeguestion gains insight into the physics of near-field resonant
compared to the slit-type waveguide modeshis should  diffraction.
affect the enhancement and spatial and temporal broadening

of the pulse. Moreover, the walls of the 2D slit have to be

parallel over all the thickness to provide the resonance en-
hancement effect. Pulled NSOM 3D tips, however, usually This study was supported by the Fifth Framework of the
have conical ends. In the case of the tapered NSOM 3European CommissiofFinancial support from the EC for
waveguides one should also take into account the decrease slfared-cost RTD actions: research and technological devel-
the resonant enhancement effect with an increase of thepment projects, demonstration projects and combined
waveguide taper angle. It should be also noted that the higprojects. Contract NG6RD-CT-2001-00602The authors
transmission [Tcm,()\g,a)z)\gmwa] of a pulse can be thank the Computing Services Centre, Faculty of Science,
achieved without concurrent loss in the temporal and spatidUniversity of Pecs, for providing computational resources.
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