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Abstract We present a family of p-polarized optical beams
that are highly localized around the optical axis and are sus-
tained in a layered medium. This medium is comprised of
a stack of thin films made of a material exhibiting negative
permittivity, regularly placed in a dielectric host. We exploit
the excitation of surface plasmon polaritons leading to en-
hanced localization near the optical axis. Also we perform
an appropriate correction of the 2D wavefront in the vicinity
of the beam axis for a perfect phase matching showing an
optimal concentration of light.

1 Introduction

Tightly confinement of light has been a motive of interest
in the scientific community during decades. In this context
we include the Bessel beams [1], a family of optical wave-
fields with the ability of suppressing the spreading effect as-
sociated with diffraction thus being transversally localized
around its axial focus. They are interpreted as a suitable su-
perposition of plane waves all having a wavevector that pro-
jected onto the optical beam axis (OBA) gives the charac-
teristic propagation constant 8. This sort of solutions may
be found also in stratified media if the vector normal to the
interfaces lies along the OBA leading to normal incidence
of the beam. However, they cannot be supported with out-
of-plane excitation [2].
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On the other hand, assuming that the medium is peri-
odic, the elements of any wave superposition are necessar-
ily Bloch modes. Provided the projection § of the pseudo-
moment along a direction perpendicular to the periodicity
of the medium coincides for all Bloch components, we can
construct a localized diffraction-free beam if, additionally, a
phase-matching condition is satisfied [3].

In this work we identify some 1D layered structures that
can sustain nondiffracting wavefields propagated along the
OBA with transversal beamsizes clearly surpassing the dif-
fraction limit. This subwavelength effect is due to two dif-
ferent mechanisms, the existence of photonic bandgaps and
the formation of surface resonances in the metal-dielectric
interfaces. The excitation of such surface plasmons polari-
tons (SPPs) are attained at comparatively high values of 8,
however, leading to a subwavelength beam size.

2 Diffraction-free beams in 1D layered media

Let us consider a monochromatic nondiffracting beam prop-
agating in a 1D lossless periodic structure consisting of al-
ternating layers of negative- and positive-permittivity ma-
terials as shown in Fig. 1(a). The y axis is set such that
it is perpendicular to the separating surfaces. The period is
L =d; +d,,, where d; and d,,, are the thicknesses of the di-
electric and metallic layers. We also assume that beam prop-
agation is directed along the z axis, so that we may cast the
electromagnetic fields as

E(x,y,z,t) =e(x, y)exp(ifz — iwt) "
H(x,y,z,t) =h(x,y)exp(ifz —iwt)

o being the frequency of the monochromatic radiation. The
homogeneity of the wave field in the coordinate z is explic-
itly parametrized in terms of the propagation constant 8. We
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consider TM waves, where H is in the plane X Z, and, there-
fore, hy vanishes.

The Maxwell equations provide some relations between
the transverse fields e and h. The electric field e may be de-
rived from h by means of the equation Vx H = —iwep<E,
where ¢(y) is the relative dielectric constant of the foliar
structure, and the relation between the magnetic components
can be obtained from the equation V(uoH) = 0. Thus A, is
the scalar wave field from which we may describe the non-
diffracting beam unambiguously.

According to the Bloch theorem the modes in a multi-
layer periodic medium are Bloch waves, which for our strat-
ified medium are of the form

hi (y) exp(iKy) exp(ik|R) (@)

where hg(y + L) = hg(y) is a periodic function, k| =
(kx, B) is the wave vector onto a plane parallel to the in-
terfaces, R = (x, z), and K is the Block wave number. The
function kg (y) may be written as

am (K) expli (kym — K)y]
+ bm (K) exp[_i(kym + K)Y]

h _ 0<y<dn 3
KDY= (K explithya — K)o ©

+ ba(K) exp[—i(kya + K)y]
dn<y<L

the amplitudes a, and b, are constants where o = m refers
to the medium of negative dielectric constant (NDC), and

o = d stands for the dielectric, and kyo = |/ (w/c)?eq — |K)|2.

The relationship between a, and b,, can be found by enforc-
ing the boundary conditions and its values by normalization.
Therefore, using a matrix method [4] we may obtain in a
rather simple way the dispersion equation

cos(K L) = coslkyqdg] cos[kyydm]
(k2,65 + k§ 1€2)

2kyakym€dem sin[kyada]sinlkymdn] (4)

The existence of the Bloch modes requires that —1 <
cos(KL) < 1, i.e. K is real. In Fig. 1(b) we plot the real-
valued K solutions of (4) for the multilayer medium we
have selected. It is composed of thin metallic films of width
d,, = 50 nm embedded in a dielectric medium of &5 = 2.25.
The period is L = 450 nm, and we consider a conductor
that at a frequency w = 3.4 fs~! (wavelength Ao = 550 nm
in vacuum) has g, ~ —15 (similar to its value for sil-
ver but neglecting losses). There are three allowed bands
(Im(K) = 0). Interestingly two of those bands appear for
values |k | > /e4(w/c) (red line in Fig. 1(b)), range where
the wavefields are of evanescent nature in the layers. These

@ Springer

k.| 1~8737
e

. ——

& k|l [ ——— — ]
Sd m |*‘ 4
L d”’
=
T 2
v l
-7 T 0 T T
a b 2 KL 2

Fig. 1 (a) Schematic geometry of the planar nanolayer-based
medium. (b) Dispersion relation for the periodic media chosen
(w = 3.4 x 10" rad/s). The regions in yellow denote the bandgaps. The
red line marks the boundary between the homogeneous-wave regime
and evanescent-wave regime in the dielectric

propagating Bloch modes are a consequence of resonant tun-
neling of the evanescent waves and possess features of both
surface plasmon and Bloch waves.

Returning to our principal objective, we obtain a diffrac-
tion-free beam as an adequate superposition of Bloch
modes. In particular, the propagating wavefield Hy is con-
structed as

H:(x,y,z) =exp(iBz)h:(x, y)
—exp(ifa) Y [ wihi()expliky)
K )

X exp(ikyx) dky (®)]

where wg is simply the weight for the different Bloch
modes in the superposition. Keeping in mind that we
only consider propagating Bloch modes, we set wy = 0 if
Im(K) #0.

We point out that given the propagation constant 8, not
only the pseudomoment K but also the spatial frequency ky
is bandlimited. Accordingly, we can generate different non-
diffractive waves superposing the Bloch modes belonging to
one band or to different bands. In Fig. 2(a) and 2(b) we map
different contours of isofrequency g in the k., K plane for
the first and second allowed bands, respectively.

3 Focus generation and results

Only superposing Bloch modes in the form proposed in (5)
is not enough to generate a localized beam. We need to es-
tablish some favorable conditions for the formation of a fo-
cus along the z axis. An advantageous point is the normal-
ization of the periodic function i g, so we chose hg (0) = 1.
In this way using (x, y) = (0, 0) in (5) we obtain the wave-
field amplitude hy = > ¢ ffooo wg dk, at the origin as a
summation of the amplitudes wg corresponding to differ-
ent Bloch modes. This may be interpreted as an interfer-
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Fig. 2 (a) and (b) Isofrequency

curves at different propagation

constants S in the first and

second sheet of the dispersion 2
curve, respectively.

(c) Transverse intensity

|2 (x, y) corresponding to a
localized diffraction-free beam
of normalized propagation
constant L = 8.503. Intensity
distributions along the
coordinate axes are shown at the
top and left sides. Inset:
Isofrequency curve where the
shaded region corresponds to 2n
the excited spatial bandwidth a 2

A

K p 0} 1.9)))s.

ence of Bloch-type individuals. If the phase of their ampli-
tudes is manipulated in order to have the same value lead-
ing to in-phase waves, the oscillatory superposition yields
the highest intensity achievable. Moreover, under general
conditions it cannot be found a point other than the ori-
gin from the xy plane where such a phase matching holds.
As a consequence, a strong localization of the nondiffract-
ing beam is expected to occur around the origin, such a
point unquestionably constituting a focus. Finally we chose
wg = 1/,/Ik1? — (k2 + B2), a form approaching the spec-
tral strength that can be experimental attained, among oth-
ers, using an opaque screen with a centered extremely thin
transparent annulus placed at the front focal plane of a per-
fect lens [5].

To illustrate the focus generation along the z axis, we
perform different numerical simulations for various prop-
agation constants. In Fig. 2(b) we show the field intensity
|, |? for a nondiffracting beam of propagation constant cor-
responding to the lower limit of the first band (8L = 8.503).
The isofrequency curve is also depicted, where excited fre-
quencies are shaded in grey. The FWHM of the intensity
peak along the x axis is Ay = 505 nm, which is above the
wavelength in the dielectric medium (A; = 367 nm). How-
ever, the behavior along the ordinate is significantly differ-
ent. The wavefield is highly localized in the interfaces of the
slabs, leading to fast decays when moving away from the
surfaces and thus forming wedge-like shapes. Although the
highest peak is attained at y = 0, a large one also arises at
the other side of the NDC film, y = d,,. Ignoring this side-
lobe, the FWHM of the figure is Ay = 61.58 nm, well below
Aq. In the previous example we have used only the first al-
lowed band. Now fixing the value of 8 as corresponding to
the lower limit of the second band (8L = 7.899) we may ex-
cite every allowed spatial frequency in the evanescent-wave
regime of the two highest bands. In this case (Fig. 3(a)) the
FWHM along the x axisis Ay =277 nm, lower than A4 and,
more importantly, the high sidelobe appearing previously in
the y axis seems to be wiped out completely. This effect may

7.92
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-2 2 4
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be explained considering that Bloch components from the
first band and those from the second band are roughly out
of phase at y = dj,, so that they interfere destructively in (5).
Additionally, the FWHM is A, = 54 nm.

In the simulations given above we have shown that beam-
sizes along the x axis are larger than the diffraction limit
Agq/2 attained by quasi-stationary Bessel beams propagat-
ing in the medium of dielectric constant &4, whereas Ay is
clearly a subwavelength width. Control over the wave pat-
tern and thus over its FWHM in the x direction is exer-
cised by the spectrum of spatial frequencies k,: the higher
bandwidth the lower A,. In our last illustration we select
B coinciding with the lower limit of & for the third band.
We can see the results in Fig. 3(b). A narrow peak on the
focus is produced exhibiting a width A, = 132 nm. Also
strong sidelobes arise in the vicinity of focus. The presence
of two bandgaps explains these effects. The field distribution
in the y axis demonstrates a subwavelength focus of FWHM
Ay =44 nm. Sidelobes on the interfaces are accompanied
by other peaks in the middle of the dielectric slabs. This
is not surprising since Bloch components of the third band
contributing in the expansion (5) have such a behavior.

4 Conclusions

We have demonstrated that diffraction-free beams propagat-
ing in structured media composed of alternating layers of
positive and negative ¢ may reach beamsizes surpassing the
diffraction limit. In the layered system, two different mech-
anisms lead to the superresolving effect. A bandpass filter-
ing due to the existence of gaps in the spatial spectrum of
ky modifies the response of the system transversally pro-
viding a narrow peak along the x axis with moderate gain
(A < Ag/2) and high sidelobes (secondary foci). In the di-
rection of the periodicity, however, superresolution is carried
out by the formation of surface resonances leading to fast de-
cays out of the interfaces. In our numerical simulations, A,
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Fig. 3 Transverse intensity 2
|hel?(x, y) for diffraction-free

beams of normalized

propagation constant 27k
(a) BL =7.899, and -
(b) BL =4.571. In this last case

all three bands of allowed

frequencies are excited

may be as low as a third of A;/2. Additionally, dephase of
Bloch constituents belonging to different bands contributes
to the growth control of secondary foci in nearby surfaces.

Acknowledgements This research was funded by Ministerio de
Ciencia e Innovacién (MICIIN) under the project TEC2009-11635.

References

1. H.E. Hernandez-Figueroa, M. Zamboni-Rached, E. Recami, Local-
ized Waves (Wiley, New Jersey, 2008)

@ Springer

1200 nm

. S. Longhi, D. Janner, P. Laporta, Propagating pulsed Bessel beams

in periodic media. J. Opt. B 6(11), 477481 (2004)

. J.J. Miret, C.J. Zapata-Rodriguez, Diffraction-free beams with el-

liptic Bessel envelope in periodic media. J. Opt. Soc. Am. B 25(1),
1-6 (2008)

. Y. Pochi, Optical Waves in Layered Media (Wiley-Interscience,

New Jersey, 2005)

. G. Indebetouw, Nondiffracting optical fields: some remarks on their

analysis and synthesis. J. Opt. Soc. Am. A, 6(1), 150-152 (1989)



	Subwavelength nondiffractting beams in multilayered media
	Abstract
	Introduction
	Diffraction-free beams in 1D layered media
	Focus generation and results
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


