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Abstract — We analyzed metamaterial structures with all-
positive, near-zero refractive index, composed of nanowire
mesh media with a Drude-type, plasma-like dispersion of
dielectric permittivity. We investigated the possibility to tune
electromagnetic properties of these structures by allowing
adsorption of a thin gaseous or liquid dielectric layer (down
to a monomolecular or monoatomic thickness) on the wire
surface, or, alternatively, by immersing the structure into
fluid. We calculated spectral reflection of our structures and
determined the dependence of the reflectance dip frequency
on the thickness and the refractive index of the adsorbed
dielectric material layer. Our results could be useful for all-
optical and electromagnetic sensing, however they may have
some importance for the characterization of nanoplasmonic
devices in general.
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[. INTRODUCTION

ELECTROMAGNETIC metamaterials play an increasingly
important role in extending the range of applicability
of various optical and microwave devices. This is a
consequence of the possibility to engineer artificial
materials with electromagnetic properties not readily
encountered in nature. In the optical range, this is
connected with the advent of micro- and nanostructuring
technologies. Probably the most well known metamaterials
are those with negative refractive index (NRM) [1-3].
Others include hole arrays with extraordinary transmission
[4], materials with near-zero refractive index [5-6], etc.

The possibility to fabricate designer materials with
tailored electromagnetic properties was recognized
relatively early. One may claim that one of the roots of
practical electromagnetic metamaterials can be traced to
the 1950-ties, when artificial dielectrics [7-8] were
introduced for the needs of radar technology.
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One of the important directions for the investigation of
designer materials is the fabrication and application of
tunable structures. Their wide area of applicability covers
various optical modulation systems for communications,
sensing devices, control systems, etc. and includes both
passive and active components. Among these, plasmon-
based sensors play a special role with their applicability in
environmental protection, forensic applications, defense
against terrorism, etc. because of their extremely high
sensitivity. The most widespread are surface plasmon
resonance devices which are applicable in adsorption-
based sensing [9]. Various chemical, biochemical and
biological sensors, able to sense adlayer thickness changes
below 0.03 atomic radii [10] are based on this mechanism.
Recently this platform was extended by proposing the
devices based on electromagnetic metamaterials [11, 12]
and generally nanoplasmonic structures [12]. In this way
the novel functionalities of metamaterials are utilized to
further improve possibilities for tuning of their electroma-
gnetic properties (for reviews of NRM see [3, 13]). Thus
the investigation of the adsorption on continuous and
nanostructured plasmonic surfaces has a significant
practical importance.

Another reason for such investigation is that every
plasmonic device must exist in some kind of a real
environment, and is usually surrounded by gas, sometimes
liquid. The adsorption of that fluid will modify its
properties, and the amount and kind of the modification
will depend on the fluid composition and temperature.

In addition to that, the competing adsorption and
desorption processes will cause a noise component to limit
the operation of such a device. Although the adlayer
thickness may be down to the order of a nanometer or less,
its influence to the electromagnetic performance will be
far from non-negligible, because the evanescent
propagation of waves which is the very basis of the
operation of such devices will be nevertheless greatly
affected [12].

In this paper we analyze tunable structures based on
wire-mesh media [2,14,15]. We model the influence of
thin dielectric layers adsorbed on the wire surface. We
utilize a first-principles approach to determine the
scattering parameters of the structures under investigation.
We analyze the case when the mesh medium is fully
immersed into analyte fluid and the situation when there is
a nanometric film on the wire surface, with a thickness
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starting from 0.3 nm (an atomic or molecular monolayer).

II. THEORY

A wire mesh medium [2,14,15] consists of a large
number of thin and long (diameter 2r much smaller than
the wire length) parallel metal wires embedded in a
dielectric medium (vacuum, gas or liquid). A schematic
presentation of such a medium is shown in Fig. 1. Fig. la
shows a top view to the set of wires, while arrows indicate
the direction of the incident electromagnetic wave. The
structure operates in the subwavelength mode, meaning
that the operating wavelength is at least several times
larger than the unit cell length a.

a) g 4 gl {

Fig. 1. a) Basic geometry of the wire mesh structure under
consideration for normal incidence of light: wire radius r,
unit cell step a; b) wire mesh completely immersed in
medium with a refractive index »;; ¢) wire mesh with a
thin adsorbed surface layer (thickness d, refractive index

1’11).

Wire mesh medium can be fabricated for various ranges
of the electromagnetic spectrum from microwave to
visible. The majority of such media until now was
produced for the microwave, in order to artificially obtain
negative dielectric permittivity [2]. However, our intention
here is to consider the applicability in the visible. For that
range, the unit cell length should be 100 nm or less, while
a convenient wire diameter should be 10-20 nm. Wire
mesh media with such dimensions are readily obtained by
various nanowire fabrication techniques in metals [16], for
instance by chemical deposition, electrodeposition,
physical and filling of carbon nanotubes. Also highly
conductive oriented carbon nanotubes [17] are available
for the same purpose.

The relative dielectric permittivity of wire mesh
medium has a plasma-type frequency dependence
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where o, denotes the plasma frequency, while y is the
damping frequency, describing losses. Thus spectral e.g
has the well-known Drude shape, starting from negative
values near and above the plasma frequency, reaching a
zero-value and continuing to be positive at still larger
wavelengths. The idea here is to use the wire mesh
medium at the critical frequency near its zero-permittivity
point.

Since magnetic permeability is approximately 1 for
non-ferromagnetic materials, the refractive index will also
be close to zero, assuming a form

where 6 ~ 1 while B describes absorptive losses which are
unavoidable in a metal-containing matrix. This kind of
artificial structure has been denoted as ULIM, Ultra-Low
refractive Index Material [5, 6]. A detailed analysis of
wire mesh media can be found in [18].

Fig. 1b shows a single wire completely immersed in a
fluid with a refractive index n;, while 1c shows the wire
with an adsorbed layer n; with a thickness d, d<<r. In the
case lc the structure (wire + adlayer) is surrounded by
vacuum or air, ne=0. It is worth mentioning that the
situation 1c¢ may be actually reduced to the 1b by applying
the effective medium approach. In both cases the effective
refractive index is modified by the presence of the
adsorbate. This is similar to the operation of surface
plasmon devices, however with an important difference
that the adsorbing material is nanostructured. Thus the
effective adsorbing surface is largely increased (the case
of "catalyst plus" [12]) and at the same time spread
throughout the volume of the medium.

In the presence of adsorbate the effective index of the
wire mesh will be modified as

N'ogr = Negp + An 3)

where An is the change introduced by the adsorbate. Since
Re(ny) = 0, the contrast between the initial and the

modified value of the refractive index will be large and
thus measurable in spectral reflection near the zero-e¢
point.

III. RESULTS

We performed our calculation for a 2D square lattice of
metal wires utilizing the finite element approach. We
applied periodic boundary conditions to simulate an
infinite structure. The dimensions of the wire mesh were
10 nm diameter, 120 nm period (unit cell constant) in both
transversal and longitudinal direction, while the wire
length was assumed to be infinite.

A perfect electrical conductor (PEC) was assumed for
the wire material, its electrical conductivity in the
frequency range under consideration being 6=10*" S'm™
while the initial surrounding medium was air, ¢=1. We
performed our calculation for an incident wave direction
perpendicular to the wires, its electric field vector parallel
with the wires. We calculated the reflection coefficient



(scattering parameter S1;) for our wire mesh medium.
First we analyzed the case of full immersion of the wire

medium into dielectric analyte, as shown in Fig. 1.
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Fig. 2. The case of full immersion of wire mesh: spectral
reflection for various permittivities of the immersing fluid
(e values denoted by the corresponding curves)

Fig. 2 shows spectral reflection for various
permittivities of immersing fluid.

The reflection minimum is located in the visible range
and the increase of the relative permittivity shifts the dip
toward larger wavelengths. It can be seen that a significant
shift of the spectral curve is observed even for relatively
small relative permittivity changes.

Fig. 3 shows the results for an especially interesting
case of thin dielectric adlayer formed on the wires surface.
Realistic situations are assumed: the case without adlayer,
the adlayer thickness 0.3 nm (corresponding to a
monolayer of atoms or molecules) and 0.5 nm to 5 nm
(corresponding to multilayer adsorption). All of these
situations are of interest when considering electromagnetic
properties of real plasmon devices. We assumed a value of
adlayer relative permittivity of 1.5.
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Fig. 3. The case of thin adlayer on wire mesh: spectral

reflection for various values of adlayer thickness (g, = 1.5)
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Again a significant frequency shift of the reflection dip
is observed. Adlayer thickness increase shifts the dip
towards higher frequencies.

Fig. 4 shows the dependence of the reflection minimum
frequency on the adsorbed layer thickness. The obtained
curve is slightly nonlinear.
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Fig. 4. Reflection dip frequency versus adsorbed layer
thickness for an adlayer relative permittivity value of 1.5

In Fig. 5 we investigated the influence of finite
electrical conductivity of wire material and considered the
application of real metals at room temperature.
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Fig. 5. Influence of finite conductivity on the shape of
spectral reflectance dip

As expected, the reflection minimum is smoothened
because of the finite conductivity. However, it is
interesting to observe that even relatively low conductivi-
ties of about 10" S'm™" preserve the reflection peak. It is
also visible that conductivity decrease slightly shifts the
peak to lower frequencies.

It should be mentioned that even larger conductivities
than those presented in Fig. 5 are available with certain
materials and/or at low temperatures (for instance, high
conductance carbon nanotubes and nanotubes generally,
also superconductors with high critical temperature)

IV. CONCLUSION

We studied the possibilities to tune the properties of
wire mesh medium by either immersion in dielectric gas or
liquid or the adsorption of a thin dielectric film on the wire
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surface. We utilized finite element modeling to determine
the influence of various parameters on spectral reflection
of the wire mesh medium. Relatively large shifts of
frequency tip were observed even for effective relative
permittivity changes of the order of 0.5% and adlayer
thickness values corresponding to an atomic monolayer.
As expected, losses impair the overall sensitivity of the
structure to relative permittivity or thickness changes,
however the existing materials are sufficient to ensure
satisfactory performance. We believe the structure can be
utilized in high-sensitivity chemical, biochemical and
biological electromagnetic sensing (e.g. for environmental
protection, forensic applications, defense against
terrorism, etc.)

ACKNOWLEDGMENT

This work has been partially supported by the Serbian
Ministry of Science and Environmental Protection through
the project TR6151.

REFERENCES

[1] V. G. Veselago, "The -electrodynamics of substances with
simultaneously negative values of epsilon and mu," Sov. Phys.
Uspekhi, 10, pp. 509-514, 1968.

[2] J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart,

"Magnetism  from conductors and enhanced nonlinear
phenomena,"IEEE Trans. Microw. Theory Tech., 47 pp. 2075-2081,
1999.

[3] S.A.Ramakrishna, "Physics of negative refractive index materials,"
Rep. Prog. Phys. 68, pp. 449-521, 2005.

[4] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, P. A. Wolff,
"Extraordinary optical transmission through subwavelength hole
arrays," Nature 391, 667-669, 1998.

495

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

B. T. Schwartz, R. Piestun, "Total external reflection from
metamaterials with ultralow refractive index," J. Opt. Soc. Am. B,
20, 12, pp. 2448-2453, 2003

B. T. Schwartz, R. Piestun, "Waveguiding in air by total external
reflection from ultralow index metamaterials", Appl. Phys. Lett. 85,
1, pp. 1-3, 2004

J. Brown, "Artificial dielectrics having refractive indices less than
unity," Proc. IEE 100C, 51-62 (1953).

J. Brown, "Artificial dielectrics," Prog. Dielectr. 2, 193-225, 1960
J. Homola (ed), Surface Plasmon Resonance Based Sensors,
Springer, Berlin Heidelberg, 2006.

L. S. Jung, C. T. Campbell, T. M. C., M. N. Mar, S. S. Yee,
"Quantitative Interpretation of the Response of Surface Plasmon
Resonance Sensors to Adsorbed Films," Langmuir, 14 (19), pp.
5636 -5648, 1998.

A. Ishimaru, S. Jaruwatanadilok, Y. Kuga, "Generalized surface
plasmon resonance sensors using metamaterials and negative index
materials", PIER 51, 139-152, 2005

Z. Jaksi¢, O. Jaksi¢, Z. Djuri¢, C. Kment, "A consideration of the
use of metamaterials for sensing applications: field fluctuations and
ultimate performance", J. Opt. A: Pure Appl. Opt. 9, S377-S384,
2007

Z. Jaksi¢, N. Dalarsson, M. Maksimovi¢, "Negative Refractive
Index Metamaterials: Principles and Applications", Microwave
Review, Vol. 12, No.1, pp. 36-49, 2006

J. B. Pendry, A. J. Holden, W. J. Stewart, I. Youngs, “Extremely
Low Frequency Plasmons in Metallic Mesostructures,” Phys. Rev.
Lett., 76, pp. 4773-4776, 1996.

J. B. Pendry, A. J. Holden, D. J. Robbins and W. J. Stewart, “Low
Frequency Plasmons in Thin Wire Structures,” J. Phys.: Condens.
Matter 10, pp. 4785-4788, 1998.

S. Banerjee, A. Dan, D. Chakravorty, "Review Synthesis of
conducting nanowires", J. Materials Science, 37, 20, pp. 4261-
4271,2002

V. V. Pokropivny, "Non-Carbon Nanotubes (Review). Part 1.
Synthesis Methods", Powder Metallurgy and Metal Ceramics, 40,
9-10, pp. 485-496, 2001

S. A. Tretyakov, Analytical Modeling in Applied Electromagnetics,
London: Artech House, 2003.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


