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By means of rigorous numerical simulation calculations based on the Green’s theorem integral equation
formulation, we study the near electromagnetic field in the vicinity of very rough, one-dimensional self-affine
fractal surfaces of Ag, Au, and Gior both vacuum and water propagating mediaminated by gp-polarized
field. Strongly localized enhanced optical excitatiofi®t spot$ are found, with electric field intensity
enhancements of close to 4 orders of magnitude and widths below a tenth of the incoming wavelength.
These effects are produced by the roughness-induced surface-plasmon polariton excitation. We study
the characteristics of these optical excitations as well as other properties of the surface electromagnetic field,
such as its statisticprobability density function, average, and fluctuatipremd their dependence on the
excitation spectrungin the visible and near-infrared region®©ur study is relevant to the use of self-affine
fractals as surface-enhanced Raman scattering substrates, where large local and average field enhancements are
desired.

[. INTRODUCTION strates, even if the charge-transfer mechanism is also known
to be especially intense, as in Ref. 3. This is supported by the
Recently, single-molecule probing by means of surfaceobservation, through photon scanning tunneling microscopy
enhanced Raman scatteri@ERS has been reported both (PSTM), of very intense and narrow EM modésalled hot
on Ag single nanoparticlésind on Ag colloidal aggregatés; spot$ on rough metal surfacEs®or rough metal-dielectric
the latter exploits the extremely large near-infraf®iR)  films.}” Interestingly, these rough metal surfaces used as
Raman scattering cross sections of dye molecuBsaring SERS substrates possess, in some cases, scaling properties
in mind how inefficient normal spontaneous Raman scatterwithin a sufficiently wide range of scaldéphysical fractal-
ing is, enhancement factors of ¥@r larger are required to ity). The substrates can present self-similarity, as the widely
achieve single-molecule detection. employed colloidal aggregatés!®-??or self-affinity, as in
Typically, SERS is known to yield Raman signals en-the case of deposited colloids, cold-deposited thin films, or
hanced by a factog~ 1¢° with respect to those of conven- evaporated or etched rough surfat&g>23-2°
tional Raman scatterir.? Two mechanisms are responsible  Therefore, inasmuch as the quantitative evaluation of the
for such enhancement factors: the surface-roughness-inducedrface EM field is central to the SERS effect, knowledge of
intensification of the electromagnetiEM) field both at the the EM scattering process for surface models as realistic as
pump frequency and at the Raman-shifted frequefieiy possible is obviously needed. In recent years, the theoretical
mechanisn and the charge-transfer mechanism. The formeefforts have been directed towards either describing through
mechanism is widely accepted to be the most relevant frorapproximate methods realistic surface modefst>-17.26-29
the quantitative standpoint, providing gains@gy>10* in or using the full EM theory to study simplistic surface
most experimental configurations. Extensive theoreticamodels?®=32 though introducing increasingly complex
work has been devoted to the explanation of the EM mechaproperties’:>2
nism (cf., e.g., the reviews in Refs. 5, 6, ang, @nd the In this paper we study the near EM field scattered in the
consensus is that what underlies such EM field enhancemeuicinity of rough, one-dimensional self-affine fractal surfaces
(FE) factors is the roughness-induced excitation of surfaceef Ag, Au, and Cu, with the aim of determining the appear-
plasmon polaritor’® (SPP, either propagating along a con- ance of strong local optical excitatiofisot spot$ and char-
tinuous surfacdextended SPR confined within metal par- acterizing them with regard to their spatial and spectral
ticles (particle-plasmon resonangesr even confined due to width, their polarization, and their excitation spectra; in ad-
Anderson localizatiorflocalized SPP or dipolar modes dition to that, the global optical response of such fractal sur-
In light of the SERS enhancement factors estimated fofaces will be studied through the statistical properties of the
single-molecule detection it is evident that, in addition to thesurface EM fields. Both local and global responses are dis-
well-known average SERS enhancement factors, extremelgussed in light of the influence on SERS. For this purpose,
large EM fields must appear in the vicinity of SERS sub-we make use of numerical simulation calculations based on
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p pol. g™ stances, the starting 3D vectorial problem can be cast into a
z 2D scalar one, where the unknown is thecomponent of
either the magnetic fieltﬂH§,p)(r,w), with r=(x,z)] for p
polarization, or the electric fieIﬂEg,S)(r,w)] for s polariza-
tion; no depolarization takes place when puse or
p-polarized fields are incident. This simplification is very
convenient from the analytical and numerical points of view,
and vyields straightforwardly the far-field scattered
intensity>*~3° We point out that if the electri¢magnetig
field is needed fop(s) polarization, it can be calculated on
the basis of Maxwell equations, as we shall see below.

Let us focus on the electric field calculation for the case
of p polarization. Evidently this is the most relevant one for
FIG. 1. Schematic of the scattering geometry with the electro-OUr SERS problentonly p-polarized light can excite, in the
magnetic field vectors fop linear polarization. present Configuration, the SPP responSible for the EM field

enhancemenisand also to other interesting problems such

the Green’s theorem integral equation formulatfdre® rig- gSSTSGCOtn%. h;lr_r?lec gentgratlgn t;)n m;ar;cal_ siurf’zft‘,iesr
orous from the classical EM standpoint. Unlike recent Workt. ¢ S uI '? - NS ml.?.n éo.?e .3 oye,t € n ?%r]a equa-
also for self-affine fractalgthough sensitively less rougher lon formulation IS Simpfified It written in terms ot the mag-

based strictly on magnetic field calculatiohs?the magni- netic field amplitude. Our monochromatic incident field of

tude that naturally arises in this formulation when applied tofrequencyw s a Gaussian beam of half-widW in the

.33
one-dimensional1D) surfaces ang polarization(the one form:
relevant for its light-SPP coupling selectivityve fully char-
acterize here the surface and near-electric-field components

(p+) 0 vacuum, water
0

Ag, Au, Cu

HPD(x,z|w) = exp{ik(x sin 6~z cosf)

(crucial in SERS and other nonlinear optical eff¢¢tsough X[1+w(x,2)]}
simple expressions in terms of the magnetic field and its _
normal derivative. The necessary details of the theoretical (x cosby+zsin fp)*
formulation are given in Sec. Il. The local optical excitations xexg - W2 '
are studied in Sec. lll and their statistical properties in Sec.
IV, leaving for Sec. V the conclusions of this work. (2.1a
2 ) )
Il. SCATTERING FORMULATION W(x,z)= W2 W(X cosfy+2zsinfdy)“— 1|,
A. Surface integral equations (2.1b

The scattering geometry is depicted in Fig. 1. A roughwherek,=n_ w/c andn_ =\/e~. From now on, since a time
metal surface= ¢(x) is the substrate onto which molecules harmonic dependence '“! is assumed, the functional de-
are adsorbed in SERS typical experimental configurationgpendence on frequency will be omitted unless necessary for
The semi-infinite metal occupying the lower half-spacethe sake of clarity. The surface integral equations that fully
[z=¢(x)] is characterized by an isotropic, homogeneousdescribe the EM linear scattering problem fopolarization,
frequency-dependent dielectric functia™ (w). From the in the geometry of Fig. 1, are
medium of incidence, characterized by a frequency-
dependent dielectric functioae” (w), a monochromatic, lin- L (P 1 f“’ 'y’
early polarized incident beam of frequenayimpinges on y D+ ar) Y 9X
the interface at an angl®,, measured counterclockwise with
respect to the positive axis. The polarization is defined as 3H§,p'>)(r’)]

aG=(r,r")

p e
an

shown in Fig. 1: the magnetielectrig field is perpendicular —G7(r,r") ;

to the xz plane for p(s) polarization, also known as the an

transverse magnetitransverse electricone. — H(p'>)(r), 7> (X) (2.23
We restrict the analysis to 1D surfac@svariant along y

they direction. This implies that onlyp-polarized light can =0, z<{(x), (2.2b

excite SPP’Ywhereas bottp ands waves can excite SPP’s

on 2D surfacesand also that multiple scattering of SPP’s is 1 (=

stronger due to the reduced dimensionality. Notwithstanding i y'dx’

these two implications, it is commonly accepted that the o

physics underlying the SERS EM mechanism can be fairly (D<)t

well reproduced®>? Moreover, it has been showh®® that G JHy" ()

the 1D surface assumption simplifies considerably the for- ' !

mulation based on the integral equations resulting from the

application of Green’'s second integral theoréwith the =H§p'<)(r), z<{(X),

help of the Sommerfeld radiation conditjomn such circum- (2.20

AG=(r,r’)

H(p'<)(r')
y an’

=0, z>{(X) (2.29
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whereH{?~)(r) andH{"<)(r) are the magnetic fields in the _ c w
upper ¢>¢) and lower g<¢) semi-infinite half-spaces, and ~ E7)(r)=EP)(r)—1 f y'dx’ H§p'>)(r')
the normal derivative is defined agon=(n-V), with n drwe” )=
— A1 ’ ’ n1/2
=y (-¢'(x),0) and y={1+[{'(¥)]}"= The 2D PG aG (1) gHEP)
Green'’s functiorG is given by the zeroth-order Hankel func- X () _ (r,r’) oHy™(r') ,
tion of the first kindH{" . azon' 9z on’

The four integral equation&.2) fully describe the scat- (2.69

tering problem fop polarization in terms of thg component
of the magnetic field. Analogous integral equations can be
obtained fors polarization dealing with thg component of EP)(r)=0, (2.6b
the electric field. In order to solve for the surface field and its
normal derivative, defined as the functiortd(x) and

v~ "L(x), two of the integral equationgote that they are 0>y — (i) f rey | (P>t
not independent typically Eqs.(Z.Za a_nd(2.2cj, are used as B2 (N=E (r)+|47m,6> 7 o’ Hy™ (")
extended boundary conditions, leading to two coupled inte-
gral equations once one invokes the continuity conditions FGT(r,r')  aGT(r,r") aH(yp~>)(r’)
across the interface: X A ; .
axan X an
HX)=H{(0)]— g0 =HE (Dm0 . (238 (2.60
aH(>)(r) & &H(<)(r) These equations can be rewritten in terms of the source func-
-1 _ y _ y : .
vy iL(x)= —} =—|— tionsH(x) andL(x) as follows:
L T M LI PRF I

(239 (p.>) (.0 il
p,> _ p,! _ ! !
with {)(x)=lim__ [¢{(x)*&]. The resulting system of in- EST(N=E27(n) 4Cf Y dx

tegral equations can be numerically solved upon converting

it into a system of linear equations through a quadrature eSS e (D) o
schemé® the unknowns beindd(x) and L(x). Then Egs. X HO) Ir—r'|2 [n-(r=r) IR kdr=r"])
(2.29 and (2.2d permit us to calculate the scattered mag-
netic field in the upper incident medium and inside the metal, 1 o ,
respectively. B DIPE] ] H (kfr=r'])
But what if the magnitude of interest is the electric field? Y Re
This is indeed the situation in SERS where the surface elec- 72— (X))
tric field locally excites the molecule vibrations that produce —L(x") fH(ll)(kJ r—r’ |)] , (273
the Raman-shifted radiation that is detected. In Refs. 31 and y'Kelr—r'|
32, the EM field enhancement factor has been defined as the
normalized magnetic field intensity: E(yp’>)(r)=0, 2.7H
[H{P2
UH(w)z (p.)2° (24) . w [*
L Egp'>)(r)=E§p")(r)—RJ_ y’dx’lH(x’)

Even if the enhancement factor thus defined closely re-
sembles the correct total electric field enhancement factor,
we are evidently losing information about the different elec- X
tric field components, in turn relevant to the SERS polariza-
tion selectivity.

!

‘m[n-(r—r')]H‘;)(kelr—r'l)

’ XI
—%H&”(kflr—r'bl
B. p polarization: Electric field Y E|r—r |
In order to obtain the electric field components from yhe ) X=X’ o ,
component of the magnetic field, use can be made of the +L(x )'y'k Ir—r'| HY(kelr=r")
Maxwell equation €
(2.79
w
VXxH= _'EEE- (25 where the explicit form of the Green’s function has been

taken into account, leading to the appearance of first- and
In the incident medium, Eq2.2a provides the only nonzero second-order Hankel functions of the first kimtf" and
component of the magnetic field. Use of Maxwell’'s equationH(zl). For the Gaussian incident field given by E2.1b), the
(2.5) leads to the following electric field components: electric field components are
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These expressions are extremely useful, for they facilitate
I cosfo[ L+w(X,2)] considerably our study of the SERS EM mechanism.
Thus, taking advantage of the one-dimensional scattering
geometry(which, although is not general, is not inappropri-
_( | 4 (x sin 9, — 2 OSfg) — 2 ) ate to study the SERS EM mechani¥rif), we only have to
2\ 4 0 0 2 i ic fi i
K2W k W deal with they component of the magnetic field to obtain a
simplified, basically exact solution to the scattering problem
) ) from the classical EM viewpoint, at the excitation frequency.
Xsin fo(x cosbp+zsin 90)], (2.88  The numerical solution of the resulting integral equations
yields the surface magnetic field and its normal derivative as
the main results. The drawback of working with the mag-
netic field, when the quantity of interest is the electric field,
is avoided by expression®.9), which allows us to obtain
the surface electric field with only the additional algebra of
calculating a spatial derivative.
We now properly define the electric field enhancement
) factors for either a single component or the total field as the

) | )
EPV(n = —HP(n)

c

EPI(r)=0, (2.8b

E?WU:‘%HyWHLQH%H+WWlﬂ
n

c

4 )
+ ( oW (Xsinfp—zcosfy) — normalized intensities:

p k W?
|E(p,>)|2
X COSfy(X COShy+2zSin ) |. (2.80 o (w)= TEP (2.10
Equations(2.7) and (2.8) provide the electric field com- |[E(P>)|2
ponents in the incident medium of the resultipgolarized o(w)= W (211

EM field, incident plus scattered from the rough surface. The

scattered electric field involves an additional surface integraith a=n,t,x,z andE=|E|>=E2+E?=E2+EZ.
in terms of the source functions, previously obtairied-
merically) from the above-mentioned coupled integral equa-
tions. Analogous expressions, not shown here, for the corre- ] o )
sponding electric field components inside the metal can be The numerical procedure has been implicitly outlined
obtained from Eq(2.2d. On the other hand, recall that a above; further details have been given in Ref. 32. Self-affine
similar procedure can be straightforwardly developed tgandom fractal surfaces numerically generated by means of
yield the magnetic field components in the case of/0SS's fractional Brownian motion algorithth® are stud-
s-polarized EM waves as surface integrals in terms of thded. These kinds of fractals exhibit self-affine scaling prop-

surface electric fieldy( component and its normal deriva- €rties in a broad spatial randéand have properties that
tive. resemble those of some SERS substrates, such as gravitation-

ally deposited aggregates, cold-deposited metal films, or
etched metal surfacé$*24?%n the numerical calculations,
surface realizations of length=10.29 um, consisting of
It should be pointed out that when trying to evaluate theNp:niN sampling points obtained by introducing;

electric field on the surface, or even very close to it, from=468, or 10 cubic-splined interpolating points into a se-
Egs.(2.7), nonintegrable singularities appear associated withyuence oN =201 points extracted from each generated frac-
the Green'’s functions derivatives for vanishing argumentsta| profile with N;= 1024 points; note the considerably larger
Use of expression$2.7) for the evaluation of the electric sample density with respect to that of Ref. 32. The statistical
field close to the surface will produce unphysical results. Tqyroperties of the physical quantities of interest will be calcu-

deal properly with this situation, more care should have beefxted on the basis of Monte Carlo simulations for an en-
taken in doing the derivatives of the integf@l2a describ-  semble of fractal realizations.

ing the magnetic field, whose integrand already exhibits sin-
gularities, though integrabfé-3> A simple way to work
around this problem consists of evaluating the electric field
at the surface itself, and we have found very simple relations We now turn to the investigation of the occurrence of
connecting the normal and tangential components of theery large near EM field enhancements. Particularly, we will
electric field(see Fig. 1 with the surface magnetic field and concentrate on self-affine fractals with Hurst exponent
its normal derivativdcf. Eqgs.(2.3)]. These are =0.1 (namely, local fractal dimensioD;=2—H=1.9),
which have been shown in Ref. 32 to give rise to large sur-
lc _ dH(x) face magnetic fields. The lower scale cutéff~50 nm has
we Y dx ' (2.93 been chosen to resemble that of SERS substrates that can be
obtained by depositing fractal colloidal aggregates of Ag
c pgrticles with similgr digmetéﬁ as those obtaine_d with
EP)(x)=— vy IL(x). (2.9p  slightly smaller particle$® and agrees fairly well with the
we” cutoff of evaporated rough surfacEs.(A considerably

D. Numerical implementation

C. p polarization: Normal and tangential surface electric field

Ill. LOCAL FIELD ENHANCEMENT: HOT SPOTS

EP ) (x) =
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FIG. 2. Near_fleld |nten5|_ty |mgge($)n Zil log, scalg resulting 00 02 04 06 08 10
from the p-polarized scattering witt,=0°, A=514.5 nm, and X (um)
W=(L/4)cosb,, from a Ag fractal surface withD=1.9, & Hm

=514.5 nm,L=10.29 um, andN,=2000. The area shown is 1
X1 um?. (a) Electric field; (b) electric field,z component(verti-
cal); (c) electric field,x componenthorizonta); (d) magnetic field.

FIG. 3. Surface EM field intensity for the region of the Ag
fractal profile(also depictefishown in Fig. 2. Solid curve: electric
field; dashed curve: electric field, normal component; long-dashed

. curve: electric field, tangential component; dot-dashed curve: mag-
smaller &, however, should be considered to reproduce g P g

cold-deposited silver flm&) The upper scale cutoff, typi- netic field. The inset is an enlargement of the lardestspot

cally ¢ ~50 um, is considerably larger than the illumi-

nated ared, and this is in turn sufficientlyin order to avoid  tained from the source functions through E@s3) and(2.9).

finite length effects larger than the incoming wavelength As mentioned in the preceding section, E(@2a and(2.7)

(0.4 um<\<1.3 um). Thus physical scaling is meaning- exhibit singularities upon approaching the surface, so that

ful for the relevant interval of this scattering problem. Thethey are not accurate at points very close to the surface,

effect of further reducing the lower scale cutoff will be in- typically within distances smaller than the surface sampling

vestigated elsewher&;in this regard, it should be recalled interval. Thus the EM field intensity in Fig. 2 at distances

that the minimum scale relevant to the far-field pattern hasrom the surface smaller tharL4N,, for the magnetic field

been studied for Koch fractaf§. and @/N, for the electric field are obtained from the
We focus on fractal surfaces whose rms deviation ofyeighted values on the two closest sampling points on the

heights is6=514.5 nm, which may appear to be larger thansyrface, taking explicitly into account for points inside silver

the typical peak-to-valley heights{100 nm) reported on the continuity conditions for the magneti€q. (2.3)] and

self-affine surfaces through atomic forpe .microscopye|ectric field components. Despite that, some sligtut in-
(AFM).1316 Nonetheless, one has to keep in mind that ou

) ! i 'herenj mismatch might still appear when entering into the
value of § is defined from an ensemble of typically 100

R X ; _surface field area, mostly in the intensities of the electric
realizations of tens of microns, so that the dominant Cont”TieId components

Blrglf(ijlg ?/\c/)i:;]esrggggst t(t)ol?{\%eél\?enrggfggﬁ:emcfs:gpssff tthh: It is, of course, expected that such continuity conditions
. s ' ' .across the interface could be roughly observed in the calcu-
height ranges from AFM topographic images are restricted tT fi if i idering the ab licit
small surface areas. Thus in practice both scales can refer grions even It we were not considering the above expiici
self-affine fractal surfaces possessifigasonably similar ~ Maiching. On the one hand, the continuity of the tangential
height distributions. Despite that, results will be also pre-component of the magnetic field is neatly seen in Fig:2

sented for6=102.9 nm for the sake of comparison. on the other hand, the continuity of the tangential electric
field is appreciable in Figs.(B) and Zc) through the conti-

nuity of thex (z) component of the electric field at locally
In Fig. 2, the intensity(on a logarithmic scajeof the flat (vertica) parts of the rough surface, whereas the discon-
electric and magnetic near fields in the vicinity of a self-tinuity of the normal component of the electric figlconti-
affine Ag surface with D=1.9 and rms heights  nuity of the normal component of the displacement vgdsor
=514.5 nm, in a particular regioff about Ix1 um?), is  inferred from the discontinuity of the(z) component of the
shown for normal incidence with light of wavelength  electric field at locally verticalflat) areas. Incidentally, note
=514.5 nm; in addition, the intensities of the two different also that the EM field inside silver decays very rapidly as
components X and z) of the electric field are separately expected from the Ag skin deptll=(c/w)(—€e~) 2
shown. Before analyzing the results, some comments are itr27 nm(cf. Ref. 41 for the Ag dielectric constant
order with regard to the numerical calculations. Whereas the It is evident from Fig. 2 that the maximum local EM fields
electric and magnetic fields in vacuum away from the inter-are located right on top of the Ag surface, whereupon some
face are given by the integral equatiof&7) and (2.23, particularly bright spots appear. Thus we next plot in Fig. 3
respectively, and similarly for the EM field inside silver, the intensities of the surface EM fieldgcluding electric
their corresponding values on the interface are directly obtangential and normal componentfr the surface area

A. Near field intensity maps
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sity is plotted for several incident wavelengths closexto
=514.5 nm. For the wavelengths=495.9 and 539.1 nm,
the high-intensity spot is still clearly visible, though less
bright. It fades away, however, for larger frequency shifts,
becoming barely visible fok>563.6 nm orA<476.9 nm
(about 10% frequency shjftFigure 5 indicates that the line-
width of the localized mode is approximately”
~200 meV, an order of magnitude larger than the corre-
sponding extended-SPP linewidth on a planar surface
(though a significant line broadening takes place in the pres-
ence of roughne$9; in truth, continuous roughness-induced
excitation of extended SPP’s for a wide spectral range
(>T) is also expected for the self-affine fractals being stud-
ied. With regard to resonant modes, note thas similar to
that of the single-particléwith radiusa~20 nm) plasmon
resonancé? but no obvious connection can be established.
The hot spot shown in Fig. 4 is strongly polarized along
e the normal to the surface. This is extremely relevant to SERS
spectroscopy, since it might impose selection rules to the
theFrlmgf ;‘F-)O';‘z?;':'gﬁgx:iﬁ]'dFiigtegsfi;)r/ ;m:g??ait;%% ?];ilg \f;'t;h vibrational modes of the adsorbed molecule. Is it possible to
o ik - - ~ find hot spots with different polarizations? Only in the case
o S it L1028 W of Siver at wavelenghs ose 0t surace plasa wave
gth have we found certain spots strongly polarized along

shown in Fig. 2, including the surface profile. Very narrow the tangent_ial direction too, tholugh weak_er than those nor-
peaks surrounded by dark areas are observed, whose widtf@lly polarized. These tangentially polarized hot spots ex-
are well below the half wavelength of the SPRgpy/2  hibit FE factors not larger tham~10* and are typically
=243 nm). Some of these peaks can be considered as opt@cated in regions presenting larger valuesrqf
cal excitationghot spot$ where very large local FE’s occur, The occurrence of local optical excitations has been stud-
such that nonlinear optical processes would be strongly eried for the same self-affine surface profile illuminated with
hanced thereifi.In particular, the largest in Fig. 3, shown in different excitation wavelengths, and also for metals such as
the inset, is of the order af~6x 10°. Note that our calcu- Au and Cu. Although not shown here, similar normally po-
lations identify the local electric field component that is re-larized hot spots are found on a broad spectral range on all
sponsible for such FE: the normal component. In Fig. 4, thdhe self-affine surfaces of Ag, Au, and Cu. We now discuss
near electric field in the vicinity of this hot spfnlargement ~ some of the characteristics of these hot spots.
in Fig. 2a)] is given: interestingly, it is associated with a It has been arguéti™® that these hot spots are due to
surface peak, but also large FE's have been found withifinderson localization of SPP. Theoretical works based on a
deep valleys. dipolar model also demonstrate the possibility of creating
It has been experimentally shown by near-field micros-Strongly confined and intense excitations on self-affine frac-
copy that such optical excitations rapidly disappear uporial surface€? in fact, in the case of random metal-dielectric
changing the frequency of the incident radiatiéri®Our rig- ~ films, Anderson localization of surface-plasmon modes is
orous calculations corroborate those experimental observaredicted:” Our numerical calculations, not subject to dipo-

tions, as seen in Fig. 5, where the surface electric field intenlar (and quasistaticrestrictions, indeed reveal the existence
of these kind of optical excitations and, although compatible

3 . , , with the possibility of them being due to Anderson localiza-
— = A=4769nm tion of SPP’s, do not permit us to draw further conclusions in
---- A=4959 nm . . . . .

A=514.5 nm this respect. Our scattering geometry involving the interac-
o-moA=5301nm tion between a propagating beam of light and a metal surface

| & — e A=563.6 nm ) i .
does not lend itself well for the characterization of the SPP

Anderson localization phenomenon. To that end, the study of
the propagation and transmission of SPP’s through rough
surfaces would be more adequétdlternatively, the study

of FE's in the vicinity of isolated, or periodically
distributed®® surface defects of similar shape and dimensions
could help to determine whether shape resonances, rather
than(Anderson localized modes, are responsible for the hot
spots. The latter approach cannot be implemented in an ob-
vious manner when the randomly rough surface does not

FIG. 5. Surface electric field intensity at the hot spot shown inconsist of fairly identical individual particles or defects, as is

Fig. 3 but for additional, slightly shifted incoming wavelengths indeed the case of our self-affine fractals. Only the fact that
=476.9,495.9,539.1, and 563.6 nm. light can couple into these, possibly localized, SPP modes

X (nm)
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10° S S enhanced electric field intensities normal to the surface, the
@E s : b E, ’ : tangential component tending to vanish. This behavior can
\ b ¢ x *§ ¢~ be understood in accordance with the spectral evolution of
10 '*l‘ *:’ 3 the Ag, Au, and Cu dielectric constarffsall showing in-
. ;ogaa 0856 creasingly large negative real parts, tending to the perfectly
"o R oo ea ] conducting limite— —oo that predicts vanishing tangential
o :s o electric fields. For wavelengths>1240 nm, however, FE's
4 8 are expected to slowly decrease as the surface is “seen” by
10" B ] the incoming radiation of increasing wavelength as increas-
10° e e ingly flatter. Other calculations, not shown here, indicate that
©F, 94 @H this is the case fok>2 um. In fact, this decay is observed
0L o e x®g * | at lower wavelengthéwithin the spectral interval covered by
. LI t Fig. 6) for the fractal surface witd=102.9 nm.
5 *n * *g; The optical responses of Au and Cu manifest significant
° 100 "¢ Y. o3 * o870 o ; differences with respect to that of Ag in the blue part of the
g2 g i & 4 spectrum. The onset of interband transitions, which takes
L be @ place in Ag atA~300 nm unlike in Au and Cuyslightly
10 oo 0 N below 600 nm), makes the difference inasmuch as such tran-
0.40.6081.01204 0608 1.0 1.2 sitions constitute a strong absorption mechanism. Conse-
A (um) A (um) quently, FE's should be significantly reduced for wave-

) lengths below the onset threshold, as is evident in Fig. 6 for
FIG. 6. Spectral dependence of the maximum local FE* o, 3ng Cu belowh ~600 nm, but not seen for Ag since the
resulting _from the_p'po'ar'zed scattering  with 6,=0°.5%, |5\yer wavelength considered in Fig. 6 is above the Ag onset
\}vci)th' D:f% ‘cﬁggi\{svt;lg-é?lcgss%‘ rggl?;a;r:r?;agﬂ'jftfé ngrfarzes threshold. Moreov_er, silver surfaces at small incoming wave-
DA . o oY K lengths approaching the surface-plasmon wavelerigth
andN,=1600. (8) Electric field; (b) electric field, normal compo- above the onset of interband transitippsesent strong local
nent, (©) electric field, tangemial componertt) m agnetic field. optical excitations tangentially polarized, as mentioned
Sgclljsé :r?] ,jgllf:vrve;/milglsgfzgf 3’ nfnu Sf;:gfngg:f:g above. These tangential-electric hot spots can lead to local
—514.5 nm. FE nearly comparable to those corresponding to the normal-
electric ones at such wavelengths, although more than an
order of magnitude weaker than those obtained at larger
ﬁ/avelengths[see Figs. @) and &c)]. This has important
implications in SERS, since Ag substrates of the kind studied
here, when illuminated at wavelengths<600 nm, could

) . ; enhance the Raman signal coming from a vibrational mode
(see Figs. 2 and)dimplies that PSTM images taken at a of the molecule sensitive to the tangential electric field, as

certain distance from the surface, leaving aside the rounding,e” as those sensitive to the normal electric fiighically

effects of the tp, wil m‘ﬁi”'feSt themsel\_/es as much W'derestablished as predominant according to SERS selection
and weaker optical excitations, and this seems to be th led)

caset>~* Direct probing of hot spots, on the other hand,
could be carried out by the nonlinear effects of physisorbeqju
or chemisorbed moleculé$®

through the roughness can be inferred from our calculation
and from the typical PSTM configuratioh&®®

It is also worth pointing out that the extremely rapid de-
cay and widening of the optical excitations in the near field

Finally, note that using water as solvent does not intro-
ce significant changes in the qualitative and quantitative
behavior of the maximum local FE. In addition, we would
like to point out that the magnetic FE follows qualitatively
B. Spectral dependence (and almost quantitativelythe normal electric FE.

In order to analyze the polarization and spectral depen-|y. STATISTICAL PROPERTIES OF THE SURFACE FE
dencies of the optical excitations, we present in Fig. 6 the
maximum local FE values found at Ag, Au, and Cu self- In this section we study the statistical properties of the
affine surfaces withD=1.9 and §=514.5 nm, obtained FE’s occurring on the surface of self-affine fractal profiles
from numerical calculations of the surface EM field for an With fractal dimension and rms roughness as in the preceding
ensemble ofN,=60 realizations generated as mentionedsection. These properties are obtained from Monte Carlo nu-
above(only the data from the central half of each realizationmerical simulations results performed as described in Sec.
are usell The results for weaker self-affine surfaces ( Il D. Preliminary results based on magnetic field calculations
=102.9 nm) used in Ref. 32 to compute magnetic FE's ardor weaker fractal surfaces have been presented in Ref. 32.
also shown. In addition, the case of having water as incident
medium (solven} has been analyzed, though in Fig. 6 only
the results for HO/Ag are shown. Several remarks are in  In Sec. Ill we have found, by direct observation of the
order with regard to Fig. 6. calculated near field excited in the neighborhood of the in-

Very large FE’s appear for a wide spectral range coverinderface, that very large fields can be excited at the surface.
the visible range and entering into the NIR region. In the redThese enhanced excitations are coupled to the surface by the
and NIR parts of the spectrum, all three metals being studiedurface roughness and thus depend strongly on its properties.
behave similarly, giving rise to hot spots exhibiting strongly The question then arises as to how probable these values are

A. Probability density function
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FIG. 7. PDF of thep-polarized FE factop(o) for the electric FIG. 8. Spectral dependence of the average surfacgfyEex-
(including both normal and tangential compongriad magnetic ~ Citation spectraresulting from thep-polarized scattering wittg,
fields resulting from the p-polarized scattering with 6, =0°,5°,10°,...,50°, andN=(L/4) cosf,, from fractal metal sur-
=0°,5°,10°,...,50°, andW=(L/4) cos@,, from fractal metal sur- faces with D=1.9, consisting of N,=60 realizations ofL
faces consisting oN,=60 realizations ofL=10.29 um andN, =10.29 um and N,=1600. (a) Electric field; (b) electric field,

=1600. Solid curveD=1.9 and§=514.5 nm; dashed curv® normal componentjc) electric field, tangential componentd)
=1.9 and §=102.9 nm; and dotted curveD=1.2 and § magnetic field. Circles, Ag; squares, Au; triangles, Cu. Filled sym-
=102.9 nm.(&) A=514.5 nm andb) A=1064 nm. bols: §=514.5 nm; hollow symbols§=102.9 nm. Stars: water/
Ag, 6=514.5 nm.
and, in turn, how the EM field intensity is distributed over
the fractal surface. In Fig. 7, we show the probability densityeyident that moderately large,’s become feasible ak
funct|on_ (PDF of the surface EM FE’mcIud_lng separately  _s145 nm as well as very large,’s, whereas only the
tangentlgl and normal componentsr self-affine frgctal sur- o,'s are expected to be intense\at 1064 nm. It should be
faces with D=1.9 and 6=514.5 nm for two INCOMING \5teq that no scaling dependence, such as that predicted for
wavelengths\ =514.5 and 1064 nm, averaging over variouSgacta| clusters within the coupled-dipole approdthas
angles of incidence. For the sake of comparison, the resulig,q, found, not surprisingly, though, since there is no swap-

for fractal _surfaces with smaller rms he_h‘t: 102.9 nm ping between the spectral parameters in Ref. 27 and those in
and also with both smaller fractal dimensiDr=1.2 and rms g6 7 " |eaving aside the difficulty in rigorously correlating

height 6= 102.9 nm are incl_ude(the latter as used in Ref. roughness parameters.
32 for magnetic FE calculatiopns

For the smoother surface, the resulting PDF is a narrow )
distribution centered at the surface EM FE value for a flat B. Average and fluctuations
metal surface, as expected for such a weakly rough surface As a result of the change in the surface EM field PDF for
and in agreement with Refs. 31 and 32, wherein similar reincreasing surface roughness parameters, the moments of the
sults were shown for the intensity of the magnetic figjgbi- distribution are also modified. Particularly relevant are the
cally, o4~|1+RJ? R being the corresponding Fresnel re- average and the statistics of the fluctuations, as they can also
flection coefficient Recall that the electric field components provide some information about the global response of larger
on flat metal surfaces followsr~cos6)|1+R? and o,  surfacegof the order of centimetersinder broad beam illu-
~sirff)1—R?, so that the PDF distributions f@=1.2 in  mination.
Fig. 7 are only significant for FE's approximately between In Fig. 8 we present the spectral dependence of the mean
the minimum and maximum expected values for the differenfE for the same self-affine fractal surfaces whose local FE's
0. were shown in Fig. 6. In fact, the qualitative behavior of the
For rougher surfaces, however, the surface EM no longemean FE does not differ substantially from that exhibited by
resembles the flat surface result, presenting alternating datke maximum local FE. Basically, there are broad excitation
and bright regions and giving rise with increasing roughnesspectra for the rougher fractalslightly narrower for the
parameters to very bright hot spots surrounded by large dargmoother fractals covering the visible and the NIR regions
regions. The corresponding PDF becomes wider, turning intéat least up tox=2 um). The behavior is similar for Ag,
a slowly decaying function that is maximum at zero andAu, and Cu and, in all cases, the electric field is predomi-
exhibits a long tail for large FE valugsee Ref. 32 for the nantly normal to the surface. The blue part of the excitation
magnetic FE PDF for the self-affine fractal with=1.9 and  spectra reveals, on the other hand, a rapid decrease for Au
6=102.9 nm). Upon comparing Figs(af and 7b), it is and Cu associated with the onset of interband transitions,
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FIG. 9. Same as in Fig. 8 but for the absorption spectra at ® 8 xx g a
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whereas large normal FE’s can still be found in that spectral g ) b
region for Ag fractals as well as an increase of the tangential 0.40.60.81.01.20406081.01.2
electric field upon approaching the surface plasma wave- A (um) A (um)

length (but still above the threshold wavelength of interband o o
transitions. The latter blue tangential electric FE increase is F!G. 10. Same as in Fig. 8 but for the FE standard deviations
slightly larger when water rather than air constitutes the? (9)-

propagating medium. On the other hand, it should be empha-

sized that the rougher fractal surfaces used in Fig. 8 give ristocal FE fluctuations in nonlinear effects on fractal clusters
to an estimated SERS FE fact@ gy)~ 10°, in good agree- has been already pointed out for a different spectral regfion.
ment with the phenomenological factor experimentally

induced” , o V. CONCLUSIONS

The absorption spectra are shown in Fig. 9 for the sake of
comparison. It is evident that the absorption spectrum does By means of a rigorous Green’s theorem integral equation
not resemble the qualitative behavior of the excitation specformalism, we have studied the occurrence of strong local
trum in Fig. 8. Therefore, for this kind of fractal surface optical excitationghot spot$ on self-affine fractal surfaces
yielding wide excitation and absorption spectra, the maxi-of Ag, Au, and Cu. The statistics of the surface field fluctua-
mum absorption region as experimentally obtained from thdions that produce these strong excitations have also been
absorption spectra cannot be straightforwardly related to thetudied. The formalism exploits the scalar character of the
optimum excitation wavelength. Furthermore, it should beresulting integral equations for one-dimensional surfaces il-
emphasized that strong absorption can even be associatktinated with linearlys- or p-polarized light, by treating the
with very low surface EM fieldsand thus the substrates problem in terms of the electric or magnetic field, respec-
being SERS inactive as is the case of Au and Cu self-affine tively. In the case op polarization, which is the relevant one
fractals in the blue spectral region. In other substrate conin our problem due to the SPP excitation selectivity, we have
figurations, nonetheless, the contrary might be the case, arlculated the electric field from the only resulting nonzero
absorption bands can be used to identify excitation bandsomponent of the magnetic field and its normal derivative on
resulting in strong surface FEsubstrates becoming SERS the surface. The problem is studied numerically by means of
active), as in rough surfaces presenting surface shape plad4onte Carlo simulations of the interaction of light with self-
mon resonances, such as colloidal aggredttes, in grat-  affine metal fractals whose profiles were obtained from the
ings diffracting into propagating SPPIn summary, one has trace of a fractional Brownian motion. The appearance of hot
to carefully interpret absorption spectra when using such inspots and their statistics have been determined for a broad
formation to determine the appropriate SERB any other spectral range of the incoming light (400 mmM <1300
surface optical nonlinear effgoexcitation frequency. nm).

Finally, we show in Fig. 10 the spectral dependence of the We have found hot spots on self-affine fractals with frac-
FE fluctuations. In accordance with the previously discussetal dimensionD=1.9 and rms height=514.5 nm. These
FE PDF widening with increasing surface roughness, it idot spots constitute very strong and narr¢eonsiderably
obvious that the rougher the surface, the larger the fluctuararrower than half of the SPP wavelengsurface EM field
tions. And for sufficiently rough surfaces, the fluctuationsexcitations, with very selective excitation spedfoath tem-
can be even larger than the average, as seen upon comparipgrally and spatially. Typically, they give rise to local FE
Fig. 10 with Fig. 8. Actually, the FE fluctuations rather than strongly polarized along the normal to the rough surface. The
the average provide a good estimate of how probable anlérgest ones we have found yield local SERS FE factors of
how bright hot spots are. Indeed, the spectral dependence 6f=yy~ 10" and appear for a wide range of incoming wave-
the FE fluctuations in Fig. 10 closely follows that of the lengths covering the visible and NIR regions up Xo
maximum local FE shown above in Fig. 6. The relevance of~2 um. Interestingly, our results reveal that weaker, tan-
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gentially polarized hot spots can be found in Ag fractals for With regard to the quantitative aspects of SERS, the
small excitation wavelengthdlue or smaller. maximum local enhancement factors are still below those
All these features are not incompatible with the suggesthat could be deduced from experimental works on single
tion that Anderson localization of SPP is the underlyingmolecule detectiol? and from approximate theoretical
physical mechanism responsible for such optical excitationgalculations»?® This, however, is not entirely surprising,
(e.g., the exponential decay of the SPP transmission versiven the differences in the type of SERS substrates being

rough surface length could certainly provide some indicatiorconsidered. In fact, the typical SERS spectroscopy enhance-
of such mechanisff). However, no direct evidence of this ment factors are fairly similar to those found in this work.

can be obtained from our scattering geometry and calcula- e would like to emphasize that our formulation is exact

tions. o i
. __within the classical EM framework, at least as far as the
fraIths ZDE'b(')tf'nthehostugagtz I'_:sMa flsell)d lfor dghc(;sense;f'gggilinear (direct field enhancement factor is concerned. Thus,
xnhioiting pots 1 Wiy ying tunction , . calculations should provide a truthful picture of the lin-

with a significant tail for large surface FE’s. It differs sub- . )
stantially from that for smooth surfaces for which the PDF iear optical response of self-affine fractal metal substrates.
Further work is of course needed to test the perhaps naive

a narrow distribution centered at the value of the EM field . :
expected on a flat metal surface. assumption that the enhancement factor at the Raman-shifted

The mean FE acquires considerable values in a broafieduency is identical to that obtained at the excitation fre-
spectral region. For the three metals considered, in most dfu€ncy. Also, more work is required to study the effects of
the visible and NIRX <2 wm) excitation regions, the com- lower scaling putoffs in the_ generation of _the fractal _surfaces,
ponent responsible for this enhancement is the electric fiel@s these spatial frequencies might contribute to build up the
normal to the surface. We have found that for these selfenhancement factorS. Finally, we mention that work in-
affine fractal surfaces the average SERS FE factors areéolving rigorous calculations of the kind presented here is
(Gem)=~10°. also in progress for the study of the field enhancements pro-

We have also analyzed the spectral dependence of th@duced on self-similar substrates, such as those found in col-
surface FE fluctuations. Such fluctuations are indeed verioidal aggregate$’ and for the study of surfaces covered by
large for the self-affine fractals that give rise to hot spots, ané monolayer of Raman-active moleculésngmuir-Blodgett
present a qualitative behavior similar to that of the maximumfilms).
local FE in the vicinity of the hot spots. This is an interesting
property that could be used in, e.g., PSTM studies to identify
samplgs with the potential capability of yiel_ding Iargg—:- optic_al ACKNOWLEDGMENTS
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