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Squeezing the Optical Near-Field Zone by Plasmon Coupling of Metallic Nanoparticles
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We report on the experimental observation of near-field optical effects close to Au nanoparticles using
a photon scanning tunneling microscope (PSTM). Constant height operation of the PSTM allowed an
unprecedented direct comparison with theoretical computations of the distribution of the optical near-
field intensity. An unexpected squeezing of the optical near field due to plasmon coupling was observed
above a chain of Au nanoparticles. [S0031-9007(99)08708-6]

PACS numbers: 78.66.—w, 07.79.Fc, 42.25.Fx

The study of electromagnetic eigenmodes of small A PSTM detects, at the exit of the optical fiber, a
metal particles is motivated by fundamental research andignal proportional to the optical near field with a better
by possible applications of the optical properties of suchspatial resolution than the forward scattered far field
particles. Most experimental works involve a large num-detected in classical optics or in transmission SNOM.
ber of small metal particles embedded inside a dielectridt the micrometer scale, recent PSTM experiments [10]
material or deposited on a surface. The particles werdetected the scattering of the surface plasmons of a
studied as disordered or ordered arrays [1,2]. In botlthin Ag film by 1 um diameter protrusions with rough
cases, their optical properties were affected by statistieraters 0.5 um diameter) in their middle. With the
cal and/or collective effects. The shape and size inhomceraters’ depth being about 50 nm, the scattering by
geneities of a large array of small metal particles lead to auch nonresonant mesoscopic defects is explained on the
statistical averaging of the optical properties. Collectivebasis of the Rayleigh hypothesis [11]. However, it was
effects due to the multiple scattering of light between thepredicted theoretically and verified experimentally that the
particles become significant when the distance betweedistribution of the optical near field close to dielectric
the particles is reduced to the order of magnitude of thebjects had a completely different structure according to
incident wavelength. the mesoscopic or the nanoscopic sizes of the objects and

A recent experiment [3] determined the homogeneoushat the near-field contrast close to dielectric nanoparticles
linewidth of the plasmon resonance of metallic nanopardepended on the incident polarization [12,13].
ticles. In order to circumvent the inherent broadening Such nontrivial behavior in the simple case of dielectric
associated to the large number of particles, a scanningbjects raises an important question about the correct un-
near-field optical microscope (SNOM) was operated as derstanding of the PSTM images recorded close to metal
subwavelength local antenna to exdteglenanoparticles nanoparticles which anesonantat optical wavelengths.
in the near-fieldzone. The detection of the transmitted To clarify this question, this paper presents the first
intensity took place in théar-field zone. This approach comparison of experimental and theoretical near-field
was inspired by experiments [4,5] where a photon scanningnages of anindividual Au nanoparticle deposited on a
tunneling microscope (PSTM) detected the optical fieldtransparent substrate. The evolution of the optical near-
close to small metal particles arranged in periodic arraysfield pattern is then studied further when a large number
Former studies exploited the plasmon fields of a thin metabf identical particles are arranged as a linear chain. In
film [6], or of a small particle deposited on thin metal film this elementary transition toward the collective regime,
[7], to obtain near-field images of nonresonant structuresthe commonly spread intuitive interpretation of near-

In a PSTM as in SNOM, a nanometer-sized tip isfield distributions appears misleading if it is not critically
piezoelectrically driven to scan close to the sample surfacehecked against the solution of Maxwell equations.

[8]. The distinct features of the PSTM setup relative tothe The samples were fabricated by standard electron
SNOM are [9] (1) the use of a sharply elongated opticabeam lithography using a JEOL 6400 scanning electron
fiber as a local probe and not as a local emitter; and (2) themicroscope (SEM) equipped with a lithography system
deposition of the sample on a glass prism illuminated tota{Raith). A substrate is obtained by spin coating poly-
internal reflection. The nanometer-sized tip scanned abowmethylmetacrylate (PMMA) films (60 nm thick) on a
the sample surface frustrates the total reflection. indium-tin-oxide (ITO) doped glass plate. A sample
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pattern is then transferred to the substrate by electror -~
beam exposure and chemical developing, resulting ir

a PMMA mask on which a 40 nm thick Au layer is
evaporated in a high vacuum at a rate of 1 nm per sec
Removing the PMMA mask chemically resulted in Au o
particles remaining on the ITO glass plate at the sites
defined by the electron-beam exposure. =

The particles geometry was checked by SEM and atomic 3. o
force microscope (AFM) measurements. The particles =
shapes were found to be akin of half oblate spheroids
(cut plane on the substrate). Their typical sizes were ¢
100 X 100 nn? section and a 40 nm height. A microspec-
trometer located in the far field measured the single par
ticles plasmon peak at the wavelength of 640 nm.

The fiber tips are obtained by a reproducible heat-and-
pull technique resulting in a 20 nm tip apex diameter and -1 -0.5 0 0.5 1
a & taper angle. We used an AFM (digital instruments) i)
which, after modifications, can also be operated as ¢

1
T
2

Normalized intensity

1.5
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PSTM. First, the AFM mode locates the nanostructures 4 _N:f’;
The AFM tip is then replaced by an optical fiber tip which 3
is approached to the sample until an exponential increas ‘g
of the detected light intensity indicates the evanescent fielc o b
above the sample surface. The plasmon resonance of tt ‘é
Au particles is associated to a large lateral variation of the > a8

™I

intensity in the near-field zone so that the image acquisitior 3
cannot be performed efficiently at a constant intensity. =
The tip is thus scanned at a constant height above th
sample surface while monitoring the light intensity level.
Successive images are recorded while bringing the tip 9
closer and closer to the sample surface. The series ¢
images terminates when the tip touches a particle.
Theoretical modeling was performed in the framework

of the Green’s dyadic technique [14]. This numerical 0.5 0 0.5
method is reliable to solve the Maxwell equations for the
parameters of near-field optics. The technique is base z(um)

on the knowledge of the Green's dyadic associated t@|G 1. Comparison of a theoretical computation (a) with
a reference system which is the flat ITO glass surfacean experimental PSTM image recorded at a constant height
The procedure considers any object deposited on th@) of a Au particle (00 X 100 X 40 nm?) deposited on
surface as a perturbation discretized in direct space? ITO sgpstrate. The p,a”i?]'e is centered at thehoriginf of
.F irst, the electric ﬁ‘?'d is determined. Sglf-consister\tlyt rgjecc?%rnInoa}tetiesyritoec;gl Ir;)atrtiilecogggggggdéa)to(ttr?e S\ijrhﬁge
inside the perturbations, a renormalization associate@quare), while it is slightly translated to the left in the
to the depolarization effect taking care of the self-experimental image (b).
interaction of each discretization cell [14]. The Huygens-
Fresnel principle uses the values of the field inside the
perturbations to compute the electric field elsewhere. Imnd the TM polarized incident fieldA(= 633 nm) was
the computations of this paper, the incoming fisldwas  adjusted to fit the experimental illumination conditions: the
defined as in the experiments to be TM polarized and¢omponent of the incident wave vector which is parallel
incident through the substrate under the condition of totalo the surface substrate is pointing mostly towards the
internal reflection with an angle of incidence equal t6.55 y direction with a slight tilt to the upper left corner of
At the wavelength in a vacuum fixed experimentally tothe images. Previous works [12,13] have established the
be 633 nm, the dielectric function of the substrate is 2.37act that the use of bare optical fibers results in a PSTM
while the one of Au is found in Ref. [15]. signal which is proportional to the intensit¥|> of the

In Fig. 1, we compare a theoretical computation withelectric field associated to the optical wave that would
an experimental PSTM image. In the simulation, theexistin the absence of the tip. Taking the tip into account
discretization cells of thel00 X 100 X 40 nm® single in the computation is not necessary unless one wants to
Au particle were chosen to b X 10 X 10 nm’® cubes assess precisely the smearing effect associated to the tip
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as a function of the tip to the sample distance [16]. We

therefore omitted the tip in the computation presented in §
Fig. 1(b) which maps the distribution of the normalized 5
intensity of the electric field associated to the optical wave < o5
(IE1?/|Eo|?) at the constant height = 140 nm above the :;
glass substrate. This constant height does not correspor N
to the experimental tip to sample distance which Was'é\” S
determined to be less than 45 nm since the experimente 3 -
image displayed in Fig. 1 was the last one recorded befor: "”N <
the tip touched the patrticle due to approaching the tip 5 nir e
closer to the sample. The height= 140 nm was found to

provide the best agreement between the computed imac  _ o

and the experimental one after examining systematically
the computed distribution patterns in planes parallel to the
substrate surface at heights ranging between 0 and 200 nr
Since, in this height range, the distribution patterns are 1 2 3 4
very similar from one plane to another, we defined the
best agreement as the pattern exhibiting a contrast betweer
the lowest and the highest intensity which is closest to th&lG. 2. Constant height PSTM image recorded above a
experimental image. We justify this procedure by the facghain of Au particles (individual sizel00 X 100 X 40 nn)
that we have not included the tip in the calculation. Sincezggﬁrs?ttgg ofrzog'] .%Cguﬁgt'gtet_’y a distance of 100 nm and
the tip integrates the optical field over a certain volume,
the heightz = 140 nm should be interpreted as a rough
modeling of the averaging process occurring inside the tipp33 nm used throughout the paper, this narrowing corre-
One remarks on an unprecedented good agreement bgponds to an important squeezing of the optical near field
tween the patterns of the calculated and the experimentalong the chain. At this stage, it is tempting to attribute the
images. Since the simulation has not included the tip, th@ositions of theses spots to be on top of each Au particle.
experimental image exhibits a broader and less contrastéife tried to reproduce the phenomenon by numerical
pattern. The simulation successfully recovers the intersimulations.
ference between the incident surface optical wave and the To model the several thousand particles chains, we
wave scattered by the Au particle. The computation fixegpplied the numerical scheme to a row of 30 particles.
the exact position of the particle to be between the twdn order to keep a reasonable calculation time, 1@ X
central bright spots. The lower spot is a maximum of thel00 X 40 nm® Au pads were discretized b0 X 20 X
backscattered surface wave while the upper one is relatél) nn® cubes (coarser than in Fig. 1). The computa-
to forward scattering. First, we conclude that the neartion maps the distribution of the normalized intensity
field optical signature of a single Au resonant nanoparticlé|E|*|/|Ey|*) at the constant height 140 nm above the
as detected by a PSTM is not the single spot found foglass substrate.
nonresonant mesoscopic metal particles [10,11], and, sec-In Fig. 3(a), we show a zoom on the central part of
ond, is different from the signature of a dielectric structureFig. 2 compared to the result of the calculation [Fig. 3(b)]
with similar geometrical features [12,13]. A similar good above the central ten particles where the electric field is
agreement between the calculated and the experimentabt too much influenced by the effects related to the finite
image has been found when the incident field is TE polarsize of the model. The theoretical modeling determines
ized (not shown for the sake of brevity). that the bright spots are not on top of the Au particles
We now examine in Fig. 2 the most elementary transi-but localized between them, revealing the excitation of a
tion from the individual toward the collective regime by hybrid electromagnetic eigenmode of the chain.
studying the optical near field close to a linear chain of With Au particles, this mode is set up by plasmon
10000 Au particles with identical shape and size as theoupling between individual particles (Fig. 4), giving rise
particle studied in Fig. 1. We used the same illumina-to a lateral squeezing of the optical field. Indeed, the tip
tion conditions as in Fig. 1 but, here, the component ohas integrated the detection of the optical field over its
the incident wave vector parallel to the surface substratewn volume at least. Consequently, the field distribution
is aligned along the chain axis. If we neglect the effectin the absence of the tip is probably narrower. The
due to some fabrication defect in the lower part of Fig. 2,model calculation [Fig. 3(b)] confirms the fact that the
we observe a periodic pattern of 85 nm diameter brighspots are narrower than in the case of the single Au
spots which appeararrowerthan the two 250 nm diame- particle [Fig. 1(b)]. The calculated squeezing is not so
ter brightest spots associated to the image of the singlearrow as in the experiment since the modeling involved
particle of Fig. 1. Relative to the incident wavelength ofonly 30 particles instead of the 10000 present in the

z(um)
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metal particle. Added to preceding results [12,13], it
shows that the PSTM is, up to now, the near-field op-
tical device for which the images are proven to agree
with Maxwell equations. A squeezed optical near field
due to plasmon coupling was observed above a chain of
Au nanoparticles. Modeling quantitatively this effect re-
quires a calculation of the electromagnetic local density of
states paying attention not only to the field along the axis
of the chain but also to the width of the field perpendicu-
lar to this axis. This last aspect, depending on the size
o and shape of the particles, is not taken into account by

theories involving ideal dipoles on a surface [17].
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FIG. 3. (@) Zoom on the central part of Fig. 2. A comparison
with a numerical simulation (b) shows that the bright spots
are not on top of the Au particles (the surface projections of
the particles correspond to the white squares). The intensity
scale of experimental data (a) is normalized to the one of the
numerical calculation (see text).
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