Interference of locally excited surface plasmons

L. Novotny?
Swiss Federal Institute of Technology, ETHigh, CH-8092 Zuich, Switzerland

B. Hecht and D. W. Pohl
IBM Research Division, Zurich Research Laboratory, CH-8803dRiikon, Switzerland

(Received 25 September 1996; accepted 5 November) 1996

Surface plasmon interactions on a finite silver layer are theoretically investigated using a coupled
dipole formalism. The studied system consists of several protruding particles located on the surface
of the layer that are scanned with an optical probe. An optical scan-image of the silver surface is
obtained by assigning the recorded far-field radiation to the momentary position of the optical probe.
Both, probe and protrusions are considered as single dipolar particles. Interferences of the locally
excited surface plasmons can be recorded by detecting the radiation emitted into the lower
half-space at angles beyond the critical angle of total internal refle¢tarbidden lighy. The
resulting scan images show excellent agreement with recent experimental measurements. The theory
of the coupled dipole formalism using Green'’s functions of a layered reference system is outlined
and electromagnetic properties of surface plasmons are discussetB9®American Institute of
Physics[S0021-897@7)01804-3

I. INTRODUCTION tardation in Green’s dyadic functions. Furthermore, the
investigations are often restricted to the phenomenological
By definition surface plasmons are the quanta of surfaceanalysis of the configurational resonances in the system. The
charge-density oscillatiorfsput the same terminology is present study aims towards a more or less complete and self-
commonly used for collective oscillations in the electronconsistent analysis. Of special interest are near and long
density at the surface of a metal. In the past, surface plagange interactions on the surface of a metal layer and the
mons have attracted considerable attention due to their appléoupling mechanisms to far-field radiation. It will be shown,
cation to optical sensor devicé%' The first experiments on that the theoretical results are in excellent agreement with
surface plasmons were carried out with electron-energy-lossecent experiments.
measurements.? Later it was found, that the same measure-  The system that is studied consists of a silver layer that
ments can be accomplished with supercritical light excitatioris deposited on a glass substrate having a frequency indepen-
in the famous Otto or Kretschmann configuratfol? and  dent dielectric constant,= 2.25[Fig. 1]. Protrusions on the
the technique is known as the attenuated total reflection teclsilver layer are considered as small, dipolar silver particles of
nique (ATR). The theory of optically excited surface plas- variable size. Another dipolar particle is used as a tiny light
mons can be well described by macroscopic electrodynamiemitting optical probe that is raster scanned over the surface
theory, as long as the mean free path of the electrons in thef the layer at constant height, similar to the experimental
metal is much shorter than the wavelength of the plasnions. situation in aperture scanning near-field optical microscopy
At optical frequencies this condition is approximately ful- (aperture SNOM?>-2 The probing particle is locally ex-
filled, because the finite losses of metals limit the minimumcited by the monochromatic fiel, . An optical scan image
plasmon wavelength to about one third of the incidentof the surface of the silver layer is obtained by recording the
radiation** However, for certain aspects nonlocal, hydrody-far-field radiation for every positionx(y) of the optical
namic theories might be more appropriatEtom a macro-  probe.
scopic electrodynamic point of view, surface plasmons are a
type of surface waves, i.e., waves that propagate along metﬁl
surfaces and which decay in normal direction from the sur-"
faces. A comprehensive discussion of surface plasmons and |t is assumed that the exciting electric fidlg, is har-
corresponding experimental techniques are given bynonic in time and that the layered media and the particles
Raether are linear, isotropic and non-magnetig£€1). In this case,
The aim of this paper is to understand plasmon generahe total electric fieldE(r,t) is also time harmonic, but the
tion by local excitations and to study electrodynamic inter-factor exp(iwt) will be suppressed. The dielectric informa-
actions on a finite metal layer. The interactions betweenion of the entire system can be represented by a spatially
metal particles and a metal surface have been investigatedhomogeneous dielectric constas(tr). It is convenient to
both experimentally’~'" and theoreticall}®~>* Many theo-  describe the dielectric constant of the planarly layered refer-
retical treatments are done in the quasi-static limit, by reducence frame bye,.¢(r). Then, [e(r)—&,¢(r)] defines the
ing the complexity to two dimensions, or by neglecting re-dielectric response of the particles relative to the layered ref-
erence system.
3present address: Pacific Northwest National Laboratory, P.O. Box 999, N the absence of source currents and charges and with
Richland, WA 99352. Electronic mail: 1_novotny@pnl.gov the conditions stated above, Maxwell's curl equations read
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and corresponds in the present situation to the local exciting

Side view Top view . . . .

o field. Eq.(2.7) together with the electric current density Eq.
Iio oo (2.3) define an implicit integral equation for the unknown
v () field E (Fredholm equation of the second kjnd
° @ o © O

In deriving the volume integral equation, it has been

O assumed that the operaféi< VX may be interchanged with
the volume integration. This assumption is not strictly valid

o _ _ _ _and special care must be applied if the fields are to be evalu-

FIG. 1. Investigation of surface plasmon interactions with a four-particle ted in th . V). To be strictl t

model. ParticleA (e=2.25,a=5 nm) represents the optical probe which ae _m : e source _reglorn (e ) 0 be S rictly correct, an

is scanned over the particleB (e=-9.13+0.31, a=25 nm), C infinitesimal exclusion volume surrounding=r’ has to be

(e=—9.13+0.31, a=20 nm) andD (s=-9.13+0.31, a=15 nm).  introduced(principal volumg excluding the singularity of

ParticleA is scanned at a constant height of 10 fsarface to center of G atr=r’ 323 Depolarization of the principal volume must

particle and is excited by a local horizontal electric fielH, at . . "
A=488 nm. Particle8, C, andD are located on the surface of the layer. be treated Separately which results in an additional term

Silver layer:e = —9.13+0.31, d=50 nm; upper half-space;=1; lower (L) depending on the geometrical shape of the volume. Fur-
half-spaces,=2.25. thermore, in numerical schemes the principal volume has a
finite size giving rise to a second correction tekin

. The particles can be regarded as single dipoles as long as
VXE(r) =iouH(r) @D their size is considerably smaller than the interior wave-
VXH(r)=—iwegeei(r)E(r) +je(r), (2.2 length and smaller than the skin depth. Larger particles have
to be subdivided into a number of dipolar subvolumes. How-
ever, the focus of this study is on dipolar particles only. In
this case, the electric current dengitycan be expressed in
terms of the individual dipole moments as

where, according to the volume equivalence theof®jp,is
the volume distribution of the electric current density in-
duced in the particles

Je(r)=—liweo[&(r) —&rer(r) JE(r). (2.3 N
From Egs.(2.1) and(2.2) it follows that E has to fulfill the je(r)= —iwz PLo(r—r,). (2.8
inhomogeneous wave equation n=1

VX VXE(r)— kgs,ef(r)E(r)= i wugje(r), (2.4) The dipole momenp,, of the particle at =r, is proportional

to the excitingelectric fieldE.,{r,) according to
where the free space wavenumbgris equal tow/c. The

corresponding definition of the dyadic Green’s function of ~ Pn= @aEexdn), (2.9

the layered reference system redds whered, is the polarizability of then—th particle. It has to

V><V><6(r,r’)—kgsref(r)é(r,r’)zTé(r—r’). (2.5 pe emphasized FhaEexc(rn) is generally not_equal tp the
field E(r,) that is actually present at a given poing!
Ihe vectorr’ denotes the location of the point source andg_, (r,) is the field that arrives at, generated by other
lis tlle unit dyadIC For later purpose it will be convenient tOdip0|eS and inhomogeneitieéo in the environment. How-
split G into two separate contributions ever, for simpler notation, the subscrigxc will be ignored
in the following. The reader has to keep in mind, that the
field only represents the actual field at points outside the

G, is the scattering part of Green’s function and accounts foparticles. _ _

the secondary electromagnetic field, i.e., the field that is scat- After inserting Eqs(2.9), (2.8) into the volume integral

tered by the layered systen@o is the primary part of gquatlon Eq(2.7), evaluating the resplU_ng field at_ the posi-

Green’s function and contributes only to the field in the up-tioN 'k Of the subvolume/y, and multiplying both sides with

per half-space. While the primary paﬁ is analytically &y, we obtain a system of equations for the unknown dipole
. 0

) . o ) moments
known, the scattering pa@ involves numerical integrations
[c.f. Appendix Al. However, in the very near-field where Pe= G Eo(Ti) + 02 @G F) Pr
retardation can be neglected, analytical solutions can be de-
rived by the image dipole methdd Analytical solutions can

G(r,r')=G8y(r,r")+8(r,r). (2.6)

N

2 - 2 -
also be determined for the asymptotic far-fields. tw ’U“Onzl aG(re.rn)pn,  k=1,....N. (2.10
As long as the fields are considered outside of the vol- n#k

umeV occupied by the particles, the solution to E4) can  gjnce every equation is a vector equation the above system
be expressed in terms of the dyadic Green'’s funcoas  defines a 81X 3N matrix equation which has to be solved

_ numerically. Once the dipole moments are determined the
E(r)=Eo(r)+iw,quVdV’G(r,r’)je(r’) reV, (2.7 electric field can be evaluated at agyterior pointr accord-

ing to
whereV' indicates that the volume integration refers to the N
variabler’. E, denotes the homogeneous solutipp=0 ev- E(N)=E(r)+ 2 &(rr r
: o . = , & V. 2.1
erywherg, i.e., the solution in the absence of the particles (N=Es(r) M0n§=:l (":F)Pn 219

J. Appl. Phys., Vol. 81, No. 4, 15 February 1997 Novotny, Hecht, and Pohl 1799



The solutions for the actual field insidé are beyond the 1 1
scope of this paper. The interested reader is refered to the (S)= ERG{EX H*}= >
paper by Lakhtakid?

In order to solve the system of equations EB.10, The indexj specifies the domain in which the fields have to
explicit expressions for the polarizabiliti€s, are required. be evaluated. The fiel of a system ofN dipoles is given
The exact expressions féf can be derived from the equiva- by Eq. (2.11). To evaluate this equation in the far-field, an
lence of the coupled dipole method and the method of moasymptotic form for the Green’s function has to be deter-
ments a¥' mined. These asymtotic forms can be derived by using the
method of steepest descents; explicit expressions are given in

&

o,
ZNE|2n, . (2.1
Mo

= 4Wa§8081M> Ref. 37. It is important to treat the primary p&t, and the
&M +22 scattering parG of G separately since they contribute in-
- , e(f)—eq -1 dependently to the fields. Since all particles are located in the
x| _3k18(r)—+28M(rk)) : (212 upper half-space, the primary part vanishes everywhere ex-
K ! cept in the upper half-space.
where the dyadid/ is given by It can be shown, that the factor exgfr|)/[r| can be
21 extracted out of the asymptotic expressions@grand (33
l\7|(rk)=§F[[l—iklak]exp{iklak]—l]l. (213) - exp(ik-|r|)e
1 lim Go(r.r) = |fleZj’(rk,nr), (2.17
T represents the unit dyadic ardr,) denotes the dielectric e
constant of the k-th particle with radig . The particle is . exp(ikj|r|)%
assumed to be located in the upper half-space characterized Im Gg(r,ry) = TGS(W ). (2.18

[r|—c

by the dielectric constante; and the wavenumber

ki=(w/c)\e;. The dyadicM accounts for the finite size of Here,r, is the projection of on the surface of the layered
the particle. In the limita,—0, M equals zero and, re- structure andn, denotes the direction of observation
duces to the electrostatic polarizability of a small sphere detd,¢). When inserting Eq(2.11) with the asymptotic forms
rivable from the Clausius—Mosotti relatidhin order to ful- of 60 and és into Eq. (2.16), the exponential terms which

fill the optical theorem and therefore to arrive at physicalhave been extracted out of the asymptotic values cancel out,
solutions, the inclusion ofl in the expressiori2.12 is es-  and the dependence on radial distance reducég 8. The
sential even for small particles. As discussed by Lakht¥kia, latter cancels out after insertiq@r) into Eq.(2.15. Hence,

a series expansion dff renders the radiation reaction term with Egs.(2.19—(2.18 the angular power density of a sys-
obtained by Draind® tem with N dipoles can be written as

A. Far-field radiation

N
1 (€€ -
—__ 4 2 0%] E ©
The individual particles scattecoherently i.e., the p(ﬂ’(P)_zw Ko Mo A1 [Go(rn.r)

phases of the induced dipole moments are proportional to the
phase of the incident radiation. In order to determine the
radiation patterns of the ensemble, explicit expressions for
the asymptotic far-fields are needed.

The flux of radiation corresponds to the time-averagedr his equation allows to determine the radiation patterns of an
Poynting vector(S). Since in the far-field the electromag- arbitrary number of coherently radiating dipoles. It will be
netic field is pure'y transverséS) has on|y a radial Compo_ used in the fO||OWing for the Separate integration of the I|ght
nent, making a representation in spherical coordinates advaf@diated into the upper half-space') and the light coupled
tageous. In this system, the angular power dernxty,¢) is  Into the substrate R'). The latter is further split into two

defined as the power radiated into the solid anglecontributions depending on the angieof propagation.a
dQ=sindddde, and the power P radiated into denotes the angle enclosed by the direction of observation

AQ=(A9,Ag) reads n, and thenegative zaxis. In this caseq,=arcsink; /k;)
(k; andk, are the wavenumbers of upper and lower half-
spaces defines the critical angle. Light radiated within,
(a<a) is designated asllowed light and light radiated
beyonda, (a>ay) is denoted aorbiddenlight.®®

2

+GZ(r},n,)1pn (2.19

P(AQ)zf d(pf dosind p(9,0). (2.14

Ao AY

p(%,¢) corresponds to the flux ofS) through a surface

elementda=|r|2dQ with |r| being the radial distance. Thus,
p(d,0)=|r|%(S) n,, (215 Il RESULTS

wheren, is the unit vector in radial direction. In the far-field, The electromagnetic properties of the silver layer are
the fieldsE andH are transverse, have identical phases, andlescribed by a frequency dependent dielectric function
a definite amplitude ratio given by the wave impedances(w) [Fig. 24, obtained from interpolated experimental data

Therefore(S) can be expressed in terms Bfalone from Ref. 39. A glass substrate with a frequency independent
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FIG. 2. (a) Interpolated dielectric function of silver according to Ref. @9.
Allowed (solid curve and forbidden ligh{dashed curveof a vertical elec-
tric dipole above a 50 nm silver layer vs. excitation wavelengthThe
curves are normalized with the total radiated power in free sfgge,

FIG. 3. Excitation of a surface plasmon wave by a horizontal electric dipole
dielectric constant of,,=2.25 serves as mechanical supportatA=370 nm. The dipole axis encloses an angle of 30° with the plane of

and the upper half-space is assumed to be vacsaymml. the figure. The figure shows lines of constant power densigtor of 2
The plasmon modes between successive contour lineg a certain point of time. Silver layer:

e=—2.85+i0.22,d=50 nm; upper half-space:;=1; lower half-space:
k

_ £,=2.25.
spp=Kep, TiKSp (3.1
are determined by the zeroes of the transcendental equation

1+ r(p)(kp)r(p)(kp)exp(Zikzzd) =0, (3.2 complicatt_'-zd, as the existence of plasmon mddehitions of
Eq. (3.2)] is governed by a complex cutoff behavf3rt
Wherer(p) andl’(p) are the Fresnel I’eﬂeCtlon CoeffICIentS fOI’ Surface p|asmons propagating along the Surface Of a
p polanzed “ght of the uppetvacuum-silvey and lower  metal layer of finite thickness radiate into a certain angle

(silver-glass interface, respectively. The phase condition at,, « (Kretschmann angje This angle lies beyond the critical
the interfaces requires that the radial component of the WquingIe of total internal reflection

number k,) is continuous. The vertical component in do-

mainj is determined by the wavenumblgr=(w/c)e; and ac=arcsirtky /ky). 3.4
k, according to Beside dissipative losses in the metal layer, the radiative de-
Kiz= \/Ez_—kg with Im{kj,}>0. 3.3 cay limits the lifetime of locally excited surface plasmons.

On the other hand, it enables the detectjonexcitatior) of
The condition Infk;,} >0 selects the solutions on one Rie- surface plasmons in the far-field. For too thin layers the plas-
mann sheet and thus makes the square root single valuesion modes are highly dissipative, i.&g, , has a large
The plasmon modes are dependent on the wavelengtid  value, whereas for thick layers the coupling to far-field ra-
the thicknessl of the Iayerk’ np determines the propagation diation is weak. For silver, an optimum was found near
constant of the surface plasmon, Wherbag,sp determinesits d=50 nm. In Fig. 2b) the spectrum of the allowed and the
damping. For som& andd, there are two distinct plasmon forbidden light are shown fad=50 nm and for a vertically
modes, one of which is bound to the upper interface and theriented electric dipole. The dip in the curves near
other to the lower interface. For example, a+488 nm \=340 nm corresponds to the bulk plasman-0). The
and ford=50 nm, the modes bound to the upper and loweroptimum excitation wavelength of the surface plasmon is
interface have propagation constantsk@{, =1.06%; and found to be ah =370 nm.
k’ =1.7%,, respectively. The former mode shows a reso-  The plasmon field ak =370 nm is shown in Fig. 3 for
nance at \=370 nm, where it reaches a value of a 50 nm layer. At this wavelength the dielectric constant of
kgpp 1.22%,, and the latter has a resonance atsilverise=—2.85+i0.22. The field is excited by a horizon-
A=4375 nm, with a corresponding value of tal electric dipole with its axis enclosing an angle of 30° with
K¢p,=1.89%;. For larged the plasmon modes of the two the plane of the figure. For increasing distance from the di-
mterfaces become almost decoupled and the resulting twpole source, the figure shows how the plasmon field sepa-
Ksp,, Values can be determined from the single interface conrates more and more from the spherical wave radiated into
ditions. Note that plasmon modes propagating on the interthe upper half space. It is easy to show, that the cylindrical
face metal-glass do not radiate. This is because the wav@lasmon field is an independent solution of the wave equa-
lengths of these plasmon modes are generally smaller thaion. However, since this solution diverges along the cylin-
the wavelengths of the propagating waves in the two halfirical axis, the locally excited plasmon field must be coupled
spaces. Thus, far-field detection of surface plasmons is limto other solutions close to the origtf.
ited to the modes guided along the interface metal-vacuum. The  wavelength of the surface  plasmon
The dispersion of surface plasmons in presence of damping\(®=2mx/k. ) is shorter than that of the spherical wave

sp.p
as well as the dependence on the layer thickness is rathék =2/k;). This implies that the plasmon can only be ex-
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radiated in forward direction is much weaker than the plas-
mon peaks and therefore cannot be seen in the image. For a
visible Art wavelength o\ =488 nm, the plasmon wave-
length becomes larger kgp,p=1.062<1) and the
Kretschmann angle shifts closer to the critical angle
(a,=45.07°). Fig. %a) presents the radiation pattern for the
situation shown in Fig. 3. The pattern is entirely dominated
by the plasmon peaks beyond the critical angle. The angular
distribution of the far-field intensity is shown on a smaller
angular range in Fig. () for the two wavelengths
A=488 nm anc =514.5 nm. Here, in order to correspond
with a given experimental set-up, the dielectric constant of

FIG. 4. Far-field intensity on a horizontal plane in the lower half-space. Thethe substrate is,=2.31. The width of the peaks is 1.5°.

configuration corresponds to Fig. 3. The circle indicates the critical angle” . T
@,=41.81° and the plasmon peaks arexgt- 54.75°. Fig. 5(c) shows schematically the excitation of surface plas-
mons by means of the ATR technique.pApolarized plane
wave incident from the denser medium hits the silver layer
cited by evanescent components of the source spectrum. And the intensity of the reflected wave is recorded in the
the lower medium the plasmon radiates predominantly intdar-field as a function of the incident angée At the angle
the well defined angley, given by ay, where the paralldt vector of the incident wave matches
o, with kg, , of the surface plasmon, the reflected wave has a
= arcsintksp, /o), (39 minimupr’r[;. Consequently, most of the energy is coupled to
where k= (w/c) e, is the wavenumber of the substrate. the surface plasmdifig. 5(d)]. Thus, in some way, the ATR
The angular width of the radiation is determined Ikgﬁp. configuration is reciprocal to the configuration of local exci-
The propagation constant of the surface plasmon igation.
K¢p,,=1.22%, corresponding to an angle,=54.75°. The The surface plasmons of a vertical electric dipole are
critical angle isa.=41.81°. Fig. 4 shows the far-field inten- rotationally symmetric with respect to the dipole axis,
sity on a horizontal plane. This image would result by col-whereas they have a epsymmetry for a horizontally ori-
lecting the radiation with a high numeric aperture lens andented dipole. On the other hand, a vertical magnetic dipole
projecting it on a photographic plate. The spherical wavecannot couple to surface plasmons, sincekitpectrum has

40

b)

P(a)/P,

48 50

FIG. 5. (a) Radiation pattern corresponding to the situation in Fig. 3 buhfed88 nm ande,=2.25. a. indicates the critical angléb) Angular far-field

intensity for two different excitation wavelengths. The curves are normalized by the corresponding total rd&jjatidree space(c) Principle of the ATR

technique(d) Ratio of the reflected intensity to the incident intensity as a function of the angle of incidence. Same geometry &wirall figures the lower
medium has a dielectric constant ©f=2.31.
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FIG. 6. Surface plasmon fields a&=370 nm evaluated on the surface of
the silver layer. Excitation by a horizontal electric dip6& and by a hori-
zontal magnetic dipolgb). The dipole axes point from left to right. The
figures show lines of constant power dengfactor of 2 between successive
contour line$ at a certain point of time. Silver layeg=—2.85+i0.22,
d=>50 nm; upper half-space:=1; lower half-spaces =2.25.

no p polarized components, i.e., thefield is always parallel

to the interfaces and no surface charge accumulation can d:éG. 7. Forbidden light scan image for the configuration shown in Fig. 1.
established. This does not hold for the horizontal magnetic

dipole, where the excited surface plasmons also have a

cosp symmetry. The surface plasmons of a horizontal elecwith Green’s dyadic of the layered reference systéwppen-

tric dipole propagate predominantly in the direction of thedix A). For time harmonic excitation, the dipole moment
dipole axis, whereas for a horizontal magnetic dipole theyof a certain particle rotates on an ellipse, and is therefore
propagate perpendicular to its axis. The resulting intensitiegntirely determined by the two componentspalfying in the

on the surface of the Ag layer are depicted in Fig 6. Theplane of the ellipse. But since the plane of the ellipse is not a
reason for this different behavior lies in the differdénfield  priori known, a third component is needed. Once the dipole
distribution of the two dipoles. The plasmon field is estab-moments are determined, the resulting field distribution as
lished by theevanesceriE field components that are perpen- Well as the far-fields can be computed according to Eq.
dicular to the interfaces. For the horizontal electric dipole(2.19. Fig. 7 shows thdorbidden lightscan image that re-
these components dominate in the direction of the dipoléults from numerically integrating the power density over the
axis, whereas they completely vanish perpendicular to it. Théorbidden regime. For every position of the probe the result-
exact opposite situation applies to the horizontal magnetiég value is assigned to the momentary coordinates of the
dipole (Fig. 4). probe.

So far, a single dipole with a fixed dipole moment has At a fixed position, the probe excites a surface plasmon
been used to excite surface plasmons on a finite silver layepropagating along the layer and being scattered by the pro-
and no coupling between the dipole and its environment ha§usions. This primary surface plasmon field, together with
been taken into account. However, if the dipole is induced byhe direct radiation of the probe induce dipoles in the pro-
external fields, a polarizability?,(w) has to be introduced truding particles. These dipoles excite secondary plasmon
relating the induced momenpi, to the local field Eq. (2.9)].  fields. The resulting field on the surface of the layer is there-
The explicit form of&,(w) is given by Eq(2.12. It depends  fore a superposition of individual surface plasmon fields, and
on the third power of the particle’s radius and shows a resothe light observed at the Kretschmann angledepends on
nance fore, (w)— — 2 &1, whereg, is the dielectric constant the phase relations between the individual fields. The result-
of the particle. This condition corresponds to the particle’sing plasmon-interference image depends on the height of the
surface plasmon resonanteawith regard to the experimen- Probe and on the size of the protruding particles: For increas-
tal situation in aperture SNOM, surface plasmon interaction$"g particle size, the distance of the induced dipole to the
have been studied for the system depicted in Fig. 1. In thisurface of the layer increases and the less evanescent com-
configuration a light emitting optical probe is scanned overPonents reach the surface. The coupling to surface plasmons
several protrusions located on the surface of the silver layeshould therefore exponentially depend on the particle’s di-
Both, probe and protrusions, are represented by sphericameter. On the other hand, the strength of an induced dipole
particles of different size. The particle that represents thdéncreases with the third power of its radius predicting a stron-
optical probe is locally excited by the fiel, and illumi-  ger coupling for large particles. For the particles shown in
nates the system with its resulting dipolar field. Different toFig. 7, the latter has been the dominating factor, i.e., the
the experimental situation, the probe is not retracted whelarger the particle, the stronger the induced dipole field. No-
coming close to a protruding particle. Therefore, the probdice that a given particle has also an influence on itself: the

penetrates through the protrusions and the results are newn field that arrives at the particle after being reflected at
valid very close to the protruding particles. the surface of the layer tends to enhance its dipole moment

For every position of the probe, the self-consistent di-the closer the particle comes to the surface. However, almost
pole moments have to be determined by using €410  the same results have been obtained wﬁgﬁk,rk) in EqQ.
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FIG. 8. Experimental images recorded with aperture SN@be Ref. 48 [nm]
Forbidden light scan imagéeft) and shear-force scan imageght). The
parameters of the layered reference system correspond to those of the theelG. 9. Forbidden lightsolid curve, allowed light(dashed curveand light
retical model. scattered into the upper half spa@otted curve for a single scan trace at
A=370 nm. The scan trace is recorded to the left of parile Fig. 1.
The parameters are the same as in Fig. 1 but wjfj= —2.85+i0.22.
(2.10 was ignored indicating that this interaction is weak.
If the probe patrticle is close to the surface, its primary ) ) )
surface plasmon field will dominate and the resulting inter-i0 M2. Thus, in this example, the phase differences between

ference pattern will be weaker. On the other hand, the probi€ individual dipole moments seem to be dominated by the
particle will not be able to excite any primary surface p|as_d|rect radiation of the source and not by the primary plasmon

mon field at greater distances from the surface. Hence, thefi€!d- The periodicity of the allowed light is betwearny,/2
must be an optimum height for which the secondary plasf’md N2 suggesting that also the primary plasmon field con-

mons are excited not only by the primary plasmon field buffiPutes to phase differences.
also by the direct radiation of the optical probe.
Fig. 8 shows experimental images of a similar configu-IV. CONCLUSIONS

ration recorded with aperture SNOMThe figure on the left Coupling mechanisms between surface plasmon waves

hand side shows the forbidden light image whereas the othefy their far-field radiation have been discussed. The theo-
figure presents the simultaneously recorded shear-forcgyica) analysis is based on a coupled dipole formalism that
image’™ The bright spots on the latter represent protrusion§,ses Green’s functions of a layered reference system. Be-
of different sizes. The experimental and theoretical forbidden.; se of the long range interactions of surface plasmon

light images are in excellent accordance with each othery e it is neither possible to neglect retardation nor it is

Even the contrast of the two images is in approximate Corpsgsiple to limit the lateral size of the layered reference sys-

respondence. In the experimental image, the polarization qfy, |nstead, this application requires an efficient and accu-
the exciting light is slightly twisted compared with the theo- ra¢e calculation of the dyadic Green’s functions. The optical
retical image. The main deviation is found for the centers of,5pe a5 well as the protruding particles have been modeled
the particles, where the theoretical image is not valid sinc&g gingle dipolar centers in order to reduce the discussion on
the optical probe has not been retracted. a basic level. Larger objects with arbitrary shape can be cal-
Theallowed lightimages which are not shown here, also ¢j|ated in the same way by simply dividing the objects into
exhibit interference undulations. These undulations are, , mber of dipolar cel®~8|t has been shown that surface

caused by phase differences between the induced dipoles agfl,smon interactions can be probed in the far-field by record-
are determined by both, the primary plasmon fields and th?ng the forbidden light.

primary radiation fields. However, the undulations are much
weaker compe_ared with those observed for the forb|dden_ l.lgh}l\CKNOWLEDGMENTS
and the resulting patterns depend strongly on the conditions,
such as scanning height, layer thickness, and configuration of The authors thank Ch. Hafner and J. Waldvogel for
the particles. In some cases, the allowed images show hypestimulating discussions. The work has been supported in part
bola shaped patterns similar to those in Refs. 43,45. by the Swiss National Science Foundation.

In order to prove that the interference patterns in the
forbidden light images are indeed plasmon interferences, theppPENDIX A: DYADIC GREEN’'S FUNCTION OF A
same structure has been imaged with a smaller excitatioRLANARLY LAYERED REFERENCE SYSTEM
wavelengtih =370 nm. As discussed above, the coupling to ) o
surface plasmons is strongest for this wavelength and the The dyadic Green’s functio6(r,r,) represents the elec-
plasmon wavelength can be well separated from the excitin§fic field E(r) for the three major orientations of a dipole
wavelength §,=\/1.225=302 nm). For this configura- Pk located atry according to
tion, Fig. 9 shows the allowed light, the forbidden light, and _ 2 &
the light scattered into the upper half space along a single BN =0 uoG(r. NPy (AD)
scan trace. The estimated periodicities are approximatelyhe components o are therefore determined by the fields
160, 150, and 180 nm, respectively. The periodicity of theof an arbitrarily oriented dipole embedded in a planarly lay-
forbidden light matches well with ,)/2, whereas the light ered reference system. A cylindrical coordinate system is
scattered into the upper half space shows a periodicity closehosen with thez axis perpendicular to the interfaces and

pP/P,
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with z=0 denoting the topmost interface. Theaxis and the
y axis are defined by=0 and ¢=7/2, respectively. The
radiusp corresponds tox?+y?) "2 and the overall thick-
ness of the layered system is denotedsbit is assumed that
the dipole is located in theupper half-space at
r.=(x,y,2)=(0,0,h). Since the primary parfﬁo can be
found in many textbooks, only the results fés are dis-

entire structure. Therein, the indices) (and (p) denotes
and p polarization, respectively. The wavevectgr in do-
main j is decomposed into a vertical and a parallel compo-
nent according to

ki;= Vi —k3 with Im{k;,}>0. (A2)

cussed, i.e., the primary part is suppressed. Furthermore, ifhe curves Infk;;}=0 define branch cuts in the complex
order not to focus on a system with a certain number ok, plane. In order to stay on the proper Riemann sheet the
layers, the solutions are given in general form for the uppebranch cuts may not be trespassed by the path of integration.

(j=1) and lower (=n) half-spaces in terms of the reflec-

tion (r®, r) and transmissiont{?, tP) coefficients of the

With the definitions above(H,BS in cartesian components
becomes

L coSeG,—sirfeG, singcose[G;+G,] coseG,
Gu(r,r)= Y. sing cosg[G;+G,] sifeG;—cogeG, sineG,
o
! cospGgy singGy Gs

where the termsG; are Sommerfeld type integrals which
have to be evaluated numerically for accurate results. If the

following abbreviations are used for the Bessel functions

‘]OZJO(kpp)l J(I):_‘]l(kpp) and

1
Jo=17—J1(k,p) —Jo(k,p), (A3)

K,p

the termsG; in the upper half-spaceead

" Jé ki
‘]Okpklzr(p)_ ; k_r(s) ,

Glzif dk, exdiky,(z+h)]
0 1z

(Ad)

3 ki
—k r(p)_ "k _r(s)
p I

GZ=—if dk, exiki(z+h)]
0

(A5)
G3=f dk, exdik,(z+h)]Igkar P, (AB6)
0
G4=—f dk, Jokar Pexdik,(z+h)], (A7)
0
w K3
Gszif dk, Jok—pr<p)exp[iklz(z+h)], (A8)
0 1z

whereas in théower half-spacehey are determined by

Gy=—i f:dkp expli[kyh—Kn(z+ 8)]}

2
" 81, 0 K g
N [
n

X
p Ky,

(A9)
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e . Jo, &1
Gzzlf dk, exp{i[kih—Kq(z+ &) I} — ko, —tP
0 P €n

ki
+ Jgkpk—lzt(s) ,

(A10)

ngif dk, expli[kyh—kn(z+ 5)]}J(’,k§?t(p),
0 n

(A11)
kl * ’ 2an () .
G4=k— dk, Jokpk—t expli[ki;h—knAz+ 8)]},
nJO 1z
(A12)
% k3
Gs=i fo dk, Joﬁt“’)exp{i[klzh—an(ZwL o1t
z
(A13)

In the expressions above, the location of the dipole is
r.=(0,0,h), whereas the point of observation is given by
r=(p,¢,z). Note that the reflection and transmission coeffi-
cients refer to the entire layered structure. They can be re-
cursively generated from the Fresnel reflection and transmis-
sion coefficients of the individual interfacds® As an
example, the reflection and transmission coefficients of a
single layer of thicknesd read

r%%+rPYexp 2ik,,d)

F(P.S) = _
1+rPrPexp 2ik,,d)

(A14)

5757 explika,d)

t(PS) = . ,
1+ P r P exp 2ik,,d)

(A15)

wherer ®% andt{®* are the reflection and transmission co-
efficients of the interfacei (j).>°
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