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Abnormal Cutoff Thickness of Long-Range Surface Plasmon Polariton Modes
Guided by Thin Metal Films *
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Long-range surface plasmon polariton (LRSPP) modes guided by a thin metal film surrounded by semi-infinite
dielectrics with different refractive indices are studied. Our calculation results show that the cutoff thickness of
the metal film does not monotonically increase with refractive index difference An between the substrate and

superstrate.

Just because of this abnormal behaviour of cutoff thickness, the existence of LRSPP illustrates

complicated situations in asymmetric configurations. For a certain metal film thickness, LRSPP may exist in

one, two or three refractive index difference An regions.

PACS: 52.35.Hr, 42.79. Gn

Surface plasmon polariton (SPP) is transverse-
magnetic surface electromagnetic excitation that
propagates in a wave-like fashion along the interface
between a metal and a dielectric medium, and whose
amplitude decays exponentially with increasing dis-
tance into each medium from the interface.[":2! For a
thin metal film surrounded by two semi-infinite di-
electrics, the SPPs on the two interfaces are coupled
and form four types of different modes. One of them
called the long-range surface plasmon polariton (LR-
SPP) attracts much attention because its transmis-
sion loss decreases with the film thickness!®*® and
it can be excited easily and efficiently.[*671 LRSPP-
based integrated devices and circuits are being in-
creasingly used for light routing and switching in
the rapidly developing area of broadband optical
communications.!3~1% Meanwhile, the high sensitiv-
ity to the surrounding circumstances of LRSPP leads
to controllable devices!''''? and SPP sensors.13:14

LRSPP modes supported by thin metal films and
metal strips surrounded by semi-infinite dielectrics
with different refractive indices, namely asymmetric
structure, are promising for various applications be-
cause they are easier to fabricate and more flexible
in use. The controllable device based on LRSPP!1:12]
can be more compactable than the conventional prism
structure.'® However, to support LRSPP for larger
refractive index difference An, a thicker metal film,
which leads to larger loss, is needed. This is because
the cutoff thickness of LRSPP increases monotonically
with An. Our calculation result shows a different sit-
uation that cutoff thickness of metal film does not in-
crease monotonically with An. Thus, with large An,
a thin metal film can be used to support LRSPP.

LRSPP supported by a thin metal film and its
characteristics have been studied in symmetric and

asymetric structures for more than twenty years. In
recent years, Berinil'® showed that metal strip sup-
ported SPP modes have complex dispersion curves.
Although LRSPP has been studied for many years,
researchers can just conclude not only for metal film
but also for metal strip that cutoff thickness increases
monotonically with An. This directly results in the
existence of LRSPP in one An region for fixed metal
film thickness. In this Letter, a different situation is
presented. It is found that the imaginary part of com-
plex propagation constant of LRSPP mode, which de-
cides the loss and existence of LRSPP mode, exhibits
a complicated situation, when varying both the metal
film thickness and the refractive index difference An
in a large region. Our calculation shows that for differ-
ent metal film thicknesses, LRSPP may exist in one,
two or three refractive index difference An regions.
The occurrence of the above-mentioned complicated
situations is because the cutoff thickness of metal film
does not increase monotonically with refractive index
difference An.

The geometry under discussion is that of a metal
film surrounded by two semi-infinite dielectrics. The
substrate dielectric with refractive index n; fills the
z < 0 region, the metal layer 0 < z < h is char-
acterized by frequency-dependent dielectric function
em(w), and the superstrate dielectric with refractive
index ng fills the z > h region. We assume that the
LRSPP waves propagate in the x direction with the
complex propagation constant § and the field in the y
direction is uniform. There are four types of different
modes due to coupling of the SPPs on the two inter-
faces of the thin metal film. One of them is symmetric
bound mode (SB), i.e. the so-called LRSPP. Accord-
ing to Maxwell’s equations and electromagnetic field
consistence on the interfaces, we can obtain the dis-
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persion relation!*

tanh(Sgh)(slsgSg + 6%5153)

+ [S2(e1535 +€351)em] =0, (1)

with

S5 =0 —emki, S7=p5"—ciki (j=1,3). (2

Other three modes, antisymmetric bound (AB),
antisymmetric leaky (AL), symmetric leaky (SL), can
also be derived by solving the above dispersion equa-
tion. Nevertheless, this study merely focuses on the
LRSPP, SB mode. Because this mode can bound the
field on the metal interfaces and has a long propa-
gation length, LRSPP has attracted much interest-
ing and is widely investigated. In the calculation, we
choose Al and Au with different substrates.

For Al (e, = —29.8411.6) at A\g = 633 nm, fixing
the substrate refractive index ny = 1.462 and varying
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Fig. 1.

em = —29.8 4 ¢11.6, and Ao = 633 nm.

As depicted in Fig. 1, for different metal film thick-
ness h, the differences between these four curves are
obvious. The solid lines with #; > 0 indicate the
existence of LRSPP and the SPP fields are bounded
on the interfaces of the metal film. While the dot-
ted lines correspond to By < 0 and there exist no
bound mode.[ In Fig.1(a), superstrate index range
is divided into six regions (I, I, I, IV, V and VI) by
successive cutoff points. LRSPP can only exist in re-

the superstrate refractive index nz from 1.0 to 5.0,
the absolute value of attenuation constant |3r/ko| of
LRSPP, which corresponds to the propagation length
(Lsp = 1/(261)), was calculated and shown in Fig. 1.
Here the z axis just shows from 1.0 to 3.0 to illustrate
the curve more clearly near 1.462. The flatness of the
curves between 3.0 and 5.0 is because they are far
from the cutoff points. Figure 1(a), 1(b), 1(c), and
1(d) correspond to four different metal film thickness
of h = 18,16,12, and 22 nm, respectively. There are
two reasons for only illustrating the imaginary part
of propagation constant (; here. First, only 8; can
tell us the loss (propagation length) of the mode and
whether LRSPP mode exists or not. Second, the trend
and the relation of the real part of propagation con-
stant Or between the four modes are independent of
the metal film thickness and almost the same as that

shown by Zervas.[17]
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Absolute value of attenuation constant (|37/ko|) of the LRSPP modes versus the superstrate refractive index
n3 for different Al film thickness: (a) h = 18nm, (b) h = 16nm, (¢c) A = 12nm, (d) h = 22nm. Here nq

1.462,

gion I, Il and V (with By > 0), while in region I, IV
and VI (with ; < 0), the mode is a growing typel*
with no LRSPP existing. To our knowledge, such a
complex situation is not reported before. Figure 1(b)
shows that there are four regions (I, I, Il and IV) left
when A = 16nm and LRSPP can only exist in re-
gions I and IL.['J What should be emphasized here
is that this strongly asymmetric configuration when
h = 16nm has a lower superstrate refractive index
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compared to the fixed substrate refractive index. If
the refractive index of the superstrate is larger than
that of the substrate, no LRSPP can be guided. This
is different from Fig. 1(a), where LRSPP can exist on
both sides (with a lower or larger superstrate refrac-
tive index).

Further thin the metal film h to 12nm, regions I,
V and VI disappear (Fig.1(c)) and LRSPP can only
exist in quasi-symmetric circumstance. That means
that there is a maximum An to support LRSPP, which
has been reported by Yang et all’ with the approx-
imations of the thin film and small An. In Fig.1(d),
where h has a larger value of 22 nm, regions I, IV and
VI disappear and the superstrate refractive index does
not affect the existence of LRSPP. The difference of
the results in Fig. 1 with that in Ref. [17] results from
changing the film thickness h in dispersion relation
(1). Especially for Figs.1(a) and 1(b), film thickness
2nm is easy to be ignored.

From the calculation results shown in Fig.1, we
have seen that the existence of LRSPP shows a com-
plex situation in asymmetric configurations. To fur-
ther understand how the metal film thickness h and
dielectric refractive index affect the existence of LR-
SPP, the cutoff points between the odd ( S > 0) and
even (8r < 0) regions of superstrate refractive index
with fixed substrate are calculated as a function of h.
They leads to the above complex dispersion relation-
ship. The results are plotted in Fig.2. To reveal the
details more clearly in the low ng region, a logarithmic
y coordinate is adopted.

In the figure, the light grey (region II) and dark
grey (regions IV and VI) areas correspond to super-
strate refractive index ns regions where no LRSPP
can be supported (5; < 0). For n; = 1.462 (Fig. 2(a)),
when h < 14.27nm, LRSPP can only exist in quasi-
symmetric region (II), corresponding to the case of
Fig.1(c). When 14.27 < h < 17.6nm, we can de-
rive a similar conclusion mentioned in Ref.[17] that
LRSPP can be supported in two regions (I and II).
In the case of h > 17.6nm, region V, which di-
vides the dark grey region into IV and VI, appears
and its width grows rapidly when h increases. Fig-
ure 1(a) reveals the most complicated situation, in
the range of 17.6 < h < 21.84nm, where LRSPP
can exist in regions I, I, V. For comparative thick
films (A > 21.95nm), shown in Fig. 2(a), the exis-
tence of LRSPP is independent of n3 within our con-
cerned refractive index region. Careful readers may
have noticed that with the increase of h, even regions
(I, IV and VI with 8y < 0) are narrowed and region
IV disappears earlier than I, which is more obvious in
Fig.2(b), where in a very small range of h (less than
0.5nm), just one of the six regions, region IV, disap-
pears and region II is very narrow. This situation is
not shown in Fig. 1. Notice that in Fig. 2, the situa-

tions are simple for very thin and comparative thick
metal films, and the complicated situations merely oc-
cur within an 8nm film thickness range, from 14 nm
to 22nm, in the case of n; = 1.462 (Fig.2(a)). For a
larger substrate refractive index n; = 2.0 (Fig. 2(b)),
this range is narrowed (just 6 nm from about 15.5 to
21.5nm). The insets of Fig.2(a) show the amplitude
of magnetic field corresponding to I, I, V regions. In
region III, the field is nearly symmetric, while in regions
I and V, field decays slower in the higher refractive in-

dex side and do not as symmetric as that in region
II.

1.0

10 12 14 16 18 20 22 24
metal film thickness h (nm)
Fig.2. Cutoff points between odd (8; > 0) and even

(Br < 0) regions of superstrate refractive index as a func-
tion of h with fixed substrate: (a) ny = 1.462, (b)n; = 2.0.

As depicted in Fig. 2, the interfaces of white and
grey region are the cutoff point of LRSPP mode and
correspond to the deeps of the curve in Fig.1. In
Refs. [4,16], heo increases monotonically with refrac-
tive index difference An, and thicker metal film has
to be used to support LRSPP with large An. Thicker
metal film results in larger LRSPP loss.[ Tt is sig-
nificant that our calculation shows that h., does not
increase monotonically with An. It is this abnormal
situation that results in LRSPP mode existing in one,
two or three n regions for certain metal film thick-
nesses, and makes it possible that in the case of large
Amn, thinner meal film can also support LRSPP mode.
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Compared with Al, we find that Au and Ag have
much lower imaginary part of dielectric constant.
Thus the propagation loss §; of LRSPP should be
much smaller. Taking Au (g, = —132 +i12.65) at
o = 1550 nm[*8! with ny = 1.6 for example, it is found
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that similar situation of B;/kg is derived as shown in
Fig.3. Although the thickness of the Au film in Fig. 3
is larger than that of Al, the propagation constant
is much lower. The different situations in Fig. 3 also
result from the abnormal cutoff thickness.
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Fig. 3. Normalized imaginary part of the complex propagation constant (|31/ko|) of the LRSPP modes versus the super-
strate refractive index n3 for different Au film thickness: (a) h = 28nm, (b) h = 3lnm , (c) h = 35nm, (d) h = 40 nm.

Here n1 = 1.6, ey, = —132 + ¢12.65, and A9 = 1550 nm.

In conclusion, the existence condition of LRSPP
that is supported by a metal film surrounded by asym-
metric semi-infinite dielectrics has been investigated.
We find that a complicated existence situation of LR~
SPP in asymmetric configurations. For a very thin
film, LRSPP can only exist within a small refrac-
tive index difference An between the surrounding di-
electrics. For a comparative thick film, the existence
of LRSPP is almost independent of An. However, in
a small range of film thickness, the situation becomes
complicated, where LRSPP can exist in two or three
An regions. The occurrence of these complicated sit-
uations is due to the fact that the cutoff thickness of
metal film does not increase monotonically with re-
fractive index difference An. We expect that LRSPP
with large refractive index difference can not only be
used in the sensor field but also in the integrated op-
tical devices with easier and more flexible fabrication
technology.

References

[1] Raether H 1988 Surface Plasmons (Berlin: Springer)
[2] Zayats A V, Smolyaninov I I and Maradudin A A 2005

Phys. Rep. 408 131

(3] Sarid D 1981 Phys. Rev. Lett. 47 1927

[4] Burke J J, Stegeman G I and Tamir T 1986 Phys. Rev. B
33 5186

[5] Yang F, Sambles J R and Bradberry G W 1991 Phys. Rev.
B 44 5855

[6] Stegeman G I, Wallis R F and Maradudin A A 1983 Opt.
Lett. 8 386

[7] Nikolajsen T, Leosson K, Salakhutdinov I and Bozhevolnyi
S 12003 Appl. Phys. Lett. 82 668

[8] Nikolajsen T, Leosson K and Bozhevolnyi S I 2004 Appl.
Phys. Lett. 85 5833

[9] Rao Y, Liu F, Huang Y D, Dai O, Zhang W and Peng J D

2007 Chin. Phys. Lett. 24 1626

Tanaka K, Tanaka M and Sugiyama T 2005 Opt. Ezp. 13

256

(10]

[11] Nikolajsen Y, Leosson K and Bozhevolnyi S I 2005 Opt.
Commun. 244 455

[12] Park S and Song S H 2006 Electron. Lett. 42 402

[13] Nenninger G G, Tobiska P, Homola J and Yee S S 2001
Sensors Actuators B 74 145

[14] Dostalek J, Ctyroky J, Homola J, Brynda E, Skalsky M,
Nekvindova P, Spirkova J, Skvor J and Schrofel J 2001 Sen-
sors Actuators B 76 8

[15] Jiang Y, Cao Z Q and Dou X M 2001 Chin. Phys. Lett.
18 1288

[16] Berini P 2001 Phys. Rev. B 63 125417

[17] Zervas M N 1991 Opt. Lett. 16 720

[18] Palik E D 1985 Handbook of Optical Constants of Solids

(Orlando, FL: Academic) p 286




<<
  /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 600
  /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 600
  /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 <<
    /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.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /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 [3600 3600]
  /PageSize [612.000 792.000]
>> setpagedevice


