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Localized surface-plasmon polaritons in disordered nanostructured metal surfaces: Shape versus
Anderson-localized resonances
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(Received 12 June 2003; published 29 September)2003

The electromagnetic wave scattering from disordered nanostructured metal surfaces supporting surface-
plasmon polariton$SPB is studied by means of fully retarded scattering formulations. We investigate the two
physical mechanisms which may underlie the excitation of localized SPP: Anderson localization and shape
resonances. The former mechanism is discarded since plane-wave excited, localized SPP are observed in the
absence of proper Anderson localization of SPP. In contrast, a detailed analysis of the near field for various
ensembles of surface realizations permits us to identify SPP shape resonances typically occurring at sub-
100-nm grooves or ridges, the latter being significantly stronger.
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Surface-plasmon polaritonSPB have attracted a great - = dq
deal of attention in recent years. These are evanescent elec- H”(x,2)=H; (X,Z)+f > R(0,0)
tromagnetic(EM) waves bounded to metal-dielectric inter- ’°°
faces due to oscillations of the electron plasma in the nfetal. X exgigx+iay(q,®)z, (1)

A very rich phenomenology is exhibited when SPP are ex-

cited on nanostructured metals: particularly, SPP confinewhere ay(q,w)=[(w?/c?)—qg?]*? for |g|<w/c and
ment may take place on either perigdar disordered®sys-  a,(q,w)=i[g?— (02/c?)]¥2 for |g|>w/c. H7(x.2)
tems. The latter phenomenon relates to the observation of exqi(w/c)(xsin 6,—zcosé,)] in the case of PW illumina-

localized optical modes, not only on metal surfaces supportgon with angle of incidencefy; or H™(x,2) = exgik(w)x
ing SPP but also on different nanosystems supporting par- ) L

ticle plasmons such as colloidal aggreg&téSuch localized _f \‘/’gf)\)/z]cigrra Sg:: Ignnpel?]?slrll? f;o:rrz tr}i)r[]ig_a?ﬁ?i(/lzs’ V;gz
optical modes are manifested by large and highly localize Lk por p Or AL L beina th
EM fields, which lie on the basis of the EM enhancement in20(®) = ~1ao[K(@)]=(w/C)[ ~€] ™, e=e(w) being the

surface-enhanced Raman scatteriSgRS and other non- frequ_ency_—dgper_ldent dielectric func;ion of bulk sii’\?g(me-
linear, surface optical proces<band in turn in SERS single- 91€Cting dissipative lossgsThe resultingk-space(KS) inte-

molecule detectioft® gral equation is
In the case of nanoparticle aggregates, it has been theo- B
retically argued that localized optical modes stem from R(p,®)=Go(p,®)V(p|p))
Anderson localization of particle plasmohS: Nonetheless, = dq
to our knowledge there is no clear theoretical evidence as +G°(p’w)f, ZV(pM)R(q’w)’ (2)

to what is the physical mechanism leading to localized
optical modes in disordered nanostructured metals support- . .
ing SPP, wherein the effects of retardation and, in turn, otvhere pi=(w/c)siné, (PW) or k(w) (SPP, Go(p,w)

— H _ 1/27-1 ; ’ H
radiative leakage are crucial. There are two obvious candi— ' €L€@o(P,®) Ti(w/C)(—€) ?]~tis the Green's function

dates: shape SPP resonances; or configuration resonan@isiheé SPP on the unperturbed surface, and the scattering
(low-probability, high-transmission modes for given potential V(p|q)=Bo(w)s(p—q) has been introduced that
frequency/realizatiolt!® associated with the Anderson lo- is proportional to the Fourier transform of the surface imped-
calization of SPP propagating along the disordered surfaceances(x), which can in turn be linearly connected with the
In this Brief Report, we investigate the physical mecha-actual surface roughne§$x).14 The details of the formula-
nism underlying the roughness-induced excitation of localtion are given elsewherg.
ized SPP(LSPP on disordered nanostructured metal sur- In Fig. 1(b) we show the surface electric-field intensity for
faces. We restrict our attention to one-dimensiofilD)  both PW (normal incidence and SPP illumination at the
surfaces without loss of generality, as will become evidenwavelengthh =2mc/w=620 nm, for a Ag surface profile
below, because of computational constraints on the numergxtracted from an ensemble of realizations obeying Gaussian
cal calculations needed to deal with the rigorous theoreticastatistics and Gaussian correlati@®C) function with corre-
formulation involved. First, we study under either planelation length a=102.8 nm andé=51.4 nm [Fig. 1(a)].
wave (PW) or SPP illumination(of frequencyw) the scatter- These parameters ensure the presence of surface features in
ing from a randomly rough metal surfaee={(r)={(x) the sub-100-nm range, which is known to favor the PW ex-
[Fig. 1(&]. We exploit the impedance boundary condiffbn citation of SPP*° indeed, LSPP are found with large values
on a planar surface in order to obtain the reduced Rayleighf |E(x,{(x))|? [>10? times the electric-field intensity of
equation for the scattering amplitude of the only nonzeraghe incident PW in Fig. (b) at x~—2.9 um]. In contrast,
component of the magnetic field polarization(along the  |E(x,£(x))|? in Fig. 1(b) for an incident SPP shows no clear
y axis) in vacuum ¢>¢): evidence of LSPRnearly exponentiallydecaying along the
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FIG. 1. (a) lllustration of the scattering geomettincident PW
or SPB. Surface profile extracted from an ensemble of GC realiza- FIG. 2. KS calculations for SPP incidende) SPP transmission
tions with a=102.8 nm, 5=51.4 nm, and.=12.6 um. (b) Sur-  coefficient as a function of renormalized frequency for a single
face electric-field intensities calculat¢dS) for the surface profile  realization as in Fig. (8 (circles, but with lengthL=6.3 um.
depicted in(a) and A =620 nm. Inset: semilog scale. Solid curve: | ength dependence for fixed=620 nm of(b) (InT) (circles and
incident PW; dashed curvébarely visible in the linear scaglein- (c) (R) (hollow circles and(S) (filled circles obtained by averag-
cident SPP. ing over an ensemble of,=200) GC realizationfwith the same

roughness parameters as in Figa)l The results for single-mode

SPP propagating direction. This reveals that LSPP can bgansmission through a surface-disordered waveguide are also in-
excited on a rough metal surface, whereas launching a SRRuded for comparisorisolid curve$, except for the meaningless
along exactly the same disordered metal surface does n¢®)=0 in (c).
lead to a resonant excitation related to Anderson localization.
However, to rule out this physical mechanism, further evi-fore, LSPP appear on random nanostructured metal surfaces
dence should be obtained. for which there is no Anderson localization of SBPrhe

For this purpose we calculatéa) the frequency depen- predominance of radiative leakage has been confirmed by
dence of the SPP transmission coeffici&litv) for a given  our numerical calculations for different roughness param-
realization;(b) the length dependence of the ensemble avereters and also for self-affine fractals with nanoscale lower
age of the SPP transmission coefficiéactually (In T)), the cutoff:* in all cases for a wide frequency range. In particular,
SPP reflection coefficiedtR), and the total integrated radi- if the surface roughness strength is weakened, either by low-
ated powerS) (resulting from SPP coupling into outgoing ering 6 down to the nanometer scale or by using a larger
propagating waves in vacuyn, R, andS are normalized incident wavelengtih =2 um, both attenuation mechanisms
by the power carried by the incident SPR0 that energy diminish, but with fairly large ratiq S)/(R)>1.
conservation impose®R+T+S=1. The results are pre- What is the physical mechanism underlying the
sented in Fig. 2. First, it is evident from the structurelessyoughness-induced excitation of LSPP? Let us thoroughly
fairly flat behavior of T(w) for one realizationcircles in  characterizéPW-excited LSPP on nanostructured metal sur-
Fig. 2(a)] that no resonant frequencies are found within afaces, in connection with topography. To this end, it is more
wide frequency range. Conversely, we have also calculted convenient to employ the exact scattering formulation of the
for different realizations at fixed frequenéyot shown herg  real-spac€RS), surface integral equations resulting from the
and no SPP resonances are observed either. As an examgp@plication of Green’s second integral theorem, for the scat-
T(w) for the same frequency intervalormalized to the cen- tering geometry irp polarization being studielee Fig. 1a)
ter frequencyis shown for single-mode propagation along afor PW excitatior}. The magnetic-field amplitude in vacuum
1D surface-disordered waveguide in the regime of Andersogan be written as
localizatiort’ (the rough waveguide parameters are chosen
so that(In T) is comparable to that for our SPP transmission 1 (=
problem; largeT peaks linked to resonances are found. H”(n=H(r+ EJ ax’

We turn next to the analysis of tHe dependence of the o
ensemble-averaged quantitieénT), (R), and (S) are
shown in Figs. #) and 2c). Note that(In T) decays mono- —L(x")Gy(r,r")
tonically. Nonetheless, this decay does not correspond to a
substantial increase in the SPP reflection coeffic{@)t as . . . )
it would be the case in real 1D Anderson localizat{dor where G, is the two-dimensional, real-space Gre?ns func-
which S=0 andR+ T:_’]_, see the solid curves in F|gs(kﬁ tion, and the normal derivative is defined (%‘{Si?nE(IT V),
and 20)]. It is due just to radiative leakagéS), the pre-  with n=y"(—d¢/9x,0,1) andy=[1+(9¢/dx)?]*2 In Eq.
dominant SPP attenuation mechanism, rather than to cohe(3), the surface magnetic field(x) and its normal derivative
ent SPP-SPRbacKscattering, as can be seen in Figc)2 yL(x) play the role of source function@umerically ob-
thus precluding the onset of Anderson localization. Theretained as detailed in Ref.)4rom which all the EM field

dG(r,r")

YHX) ===
an

, o Z>(x), (3
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FIG. 3. (a) Percentage of LSPP located at surface maxima, (
filled circles and minima ¢, hollow circleg, along thex=0.5
—2 um range, obtained from RS calculations of the surface
electric-field components for GC surface realizations wih
=25.7 nm, §=128 nm, andL=5.14um. (b) Percentage of
o,-type LSPP, obtained as (@a).

components both in vacuum and in the metal are calculate(
(dissipative losses are now fully accounted for through the|
complex value of the Ag dielectric functiéh. Monte Carlo
simulation calculations have been carried out for the inten- FIG. 4. Near-field image&RS calculationsof the enhancement
sity of the normal and tangential electric-field componentsof the p-polarized electric-field intensity6,=0°) in a log scale
T 1(X) = En (%, L)) [ED(x,£(x))|? for ensembles of close to a GC surface realizatigmith roughness parameters as
GC and self-affine fractal surface realizations with differentused in Fig. 3in an area 0.5 0.5um?, where a LSPP is observed
roughness parameters, all of them presenting sub-100-nat either(c) a groove or(d) a ridge, zoomed if60x 60 nnt] in (a)
features known to favor LSPP excitatin It should be em-  and(b), respectively. The surface profile is superimposed as a white
phasized that our results for(x) yield statisticd® in quali- ~ curve (and extends ovet =5.14um). Grey scales span from
tative and quantitative agreement with the experimental re®lack logo=—2'in (a) and(b), or from logr=0in (c) and(d), to
sults from photon scanning tunneling microsco®sThM) 3 (white).
images?® We look for the percentage of LSRRith given
electric polarization and intensity enhancements above gipolelike[see near-electric-field polarization zoomed in Fig.
thresholdo .= 107) that is connected to surfa¢eandridges  4(a)], opposite charge concentration on either groove wall.
and (nanggrooves. ) Such an electric-field distribution responds to a favorable
The results for a typical ensemble of GC surfaces argonfiguration allowed by the continuity conditions, charge
shown in Fig. 3. The surface electric field of LSPP is pre-ggcillations inside the metal, and the corresponding normal-

dgrg:)r:; ntIyB tpolt? ritz ed al?ngt] _k_the_ nrc]) rmal lco_mpon_er?telectric polarization of the SPP. And despite the fact that
( 6). But what is most striking is the correlation wit ESPPIESPPx|e+ 1)¥2 | the configuration leads to a large

the surface features in Fig(a88: ~60% of such normal LSPP | f t th ; nimurhwhich in t e
appear at surface maxima, the rest being at other locatio yaiue ofgy at the surtace minimumwhich in turm const
(not surface minimpa Conversely, the tangential LSRé&nly gtgs the fmg(_arprlnt of tang_entlal LSPP in t_he previous sta-
<10% of the total concentrate at surface minima tStical analysis, together with the two maxima @f sym-
(~90%). All these features are preserved throughout théhetrically located at both sides of the groove and
spectral region being studied, the percentage of tangentiallgontributing to nearly 40% of the uncorrelateg LSPP[Fig.
polarized LSPP tending to vanish in the near-IR 2% (@] In. Ilgh.t of the .pr_edomlnantly normal polarization as
at A\>1064 nm), as expected from the metal boundaryShown in Fig. 4a), it is more appropriate to call them
conditions. groove-LSPPThese groove-LSPP are similar to LSPP found
Thus the statistical analysis of(x) indicates that LSPP in periodic arrays of metallic semicylindefs.
exist predominantly at surface maxima and minima. But The near-electric-field (log-intensity and polarizagion
what do these LSPP look like? We have examined the neamap corresponding to a LSPP at a surface ridge is shown in
field patterns of LSPP for many different ensemb{&C  Figs. 4b) and 4d). The electric field is fairly symmetric and
surfaces and also self-affine fracialfinding striking simi- normal to the surface, with a large peak at the very tip of
larities in strong correlation with their location at either the surfacdas expected from the statistical analysisogf
grooves or ridges. In Figs.(@ and 4c), the near-electric- LSPP in Fig. 8a)], resembling amonopolarconfiguration:
field (log) intensity map of a LSPP in the vicinity of a sur- this configuration is also enforced by the boundary condi-
face groove is plotted with normal incidence and tions, SPP polarization, and non-forbidden charge distribu-
=620 nm; recall that the total illuminated surface is muchtion at the very end of the metal tip at adjacent walls. Note
longer L=5.14um) than shown. The near-field pattern that the minimum spatial width ofooth ridge and groove
suggests that a SPP is trapped near the groove bottom withlé&sPP along the surface profile isAspg2 [Aspp=N(€

(
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nopolar (dipolan LSPP configuration observed above for
ridges(grooves in the randomly rough surface profil€sig.

4). Alternatively, we have also verified that the latter LSPP
are preserved when the rough surface profiles are flattened at
regions beyond a certain lateral distarttéom the surface
(nangridge/groove where a LSPP appears. The robustness of
LSPP is thus another argument in favor of shape SPP reso-
nances, and against Anderson-localized SPP resonances,
which are more sensitive to the entire surface prdfilEi-

nally, we have analyzed the role of absorption either by ar-
tificially increasing the imaginary part of the dielectric func-
tion or by lowering @ below the onset of interband
transitions(for Au and Cy, leading to similar LSPP with
smaller EM field enhancements.

In summary, we have investigated through full electro-
magnetic calculations the excitation of LSPP in disordered
nanostructured metal surfaces, with the aim of determining
the underlying physical mechanism: Anderson localization of
SPP or SPP shape resonances. Our results rule out the former
mechanism, whereas unequivocally connecting LSPP with
SPP shape resonances occurring at either grooves or ridges.

FIG. 5. Same as in Fig. 4, but for Gaussian defects efhif- The conp!usions have been verified for a wide s_pectral range
width A=25.7 nm and heighh= =257 nm (9,=40°). All grey I the visible and near-IR, and should k_)e appllcable to any
scales span from lag=—1 (black to 2 (white). disordered nanostructured metal configuration supporting
SPP. This is not the case of subwavelength nanoparticle ag-
gregates, where localized optical excitations are observed
and interpreted in the quasistatic approach as localized sur-
face plasmoné!!

+1)Y% €2 peing the planar SPP wavelentjthcompatible
with the experimental PSTM imagé<®

Further evidence in support of SRRape resonanceis
given in Fig. 5, where the near-electric-field map is shown This work was supported in part by the Spanish DGI-
for isolated, metal Gaussian defects with dimensions close tMCyT (Grants Nos. BFM2000-0806 and BFM2001-2265
those of the typical grooves and ridges in the random G@nd by NSF Grant No. INT-0084423. The author is grateful
surfaces being studied. The electric-field distribution near théo J. V. Garca-Ramos, E. R. Medez, A. A. Maradudin, and
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