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Light emission from surface plasmon polaritons mediated by metallic fine particles
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A system of Ag nanoparticles placed very close to an Al surface was prepared by depositing an,Ag-SiO
composite film on an Al film. Surface plasmon polaritof®°P’s on the Al surface were excited by an
attenuated total reflectioffhTR) method and light emission from the SPP’s caused by the presence of the Ag
nanoparticles was measured. The intensity of emitted light was found to rapidly decrease as the distance
between the particles and the surface increases. From a good qualitative agreement between experimental
results and those of electromagnetic calculations, the following processes of light emission are sugyested:
The SPP’s excited by the ATR method excite the electromagnetic normal modes localized in between the Ag
particles and the Al surfac@ap modek (ii) the gap modes then induce localized surface current on the Al
surface, andiii) the induced surface current emits light60163-182807)07507-3

[. INTRODUCTION However, the optical properties of the system have not yet
been fully explored. From an experimental point of view, it

A system consisting of a metallic particle placed close tais rather difficult to prepare stable metallic spherical particles
a metallic flat surface has been the subject of intensive explaced very close to a metallic surface. Although Holland
perimental and theoretical studies for a relatively long timeand Halt* investigated optical properties of a system of Ag-
The electromagnetic interaction between the particle and thisland particles placed on an Ag surface, they did not per-
surface is known to cause various interesting optical pheform electron microscopic studies of the island particles and,
nomena. McCarthy and Lambeeported that metallic small consequently, the shape and size of the particles were un-
particles deposited on a metal-insulator-metal tunnel junctioknown. A systematic study, for example, by varying the par-
lead to an enhancement of the light emission driven by dicle size and/or the distance between the particle and the
tunnel current. According to electromagnetic theofigs, surface, is still lacking.
there exists a special type of electromagnetic normal mode Very recently, we have succeeded in preparing spherical
(called the gap modelocalized in a space between the Ag particles, several nanometers in diameter, embedded in
sphere and the surface. The gap mode is considered to beS#O, thin-film matrices(Ag-SiO, films) by applying a rf
source of the light emission from the tunnel junctiéristhe  cosputtering techniqu®. Depositing the Ag-SiQ thin film
contribution of the gap mode excited by a tunnel current wa®n Al surfaces and using the ATR spectroscopy, we studied
also pointed out for the light emission from a metal tip-metalthe change in the SPP dispersion curve caused by the pres-
surface system, i.e., a scanning tunneling micros€ope.  ence of Ag particles on the Al surfaé&ln that work, we

Several attempts have been made recently to use the igould systematically vary the distance between the particles
teraction between the metal tip and the metal surface in sca@nd the surface by inserting thin Sj@pacer layers of vari-
ning near-field optical microscopySNOM).1%-3 Specht ous thicknesses in between the Al surface and the Ag;SiO
et al!! demonstrated a different type of SNOM, which is film. The SPP dispersion curve was found to depend strongly
based on the interaction of surface plasmon polaritonen the distance between the particle and the surface.
(SPP’s propagating on a metal surface with a sharpened This work is an extension of previous work on the disper-
metal tip placed very close to the surface. They excited opsion curvé® and we report here on light emission from SPP’s
tically SPP’s on a thin Ag film by an attenuated total reflec-mediated by Ag particles. It is well known that SPP’s on a
tion (ATR) method and detected the modulation of reflectedsmooth surface are nonradiative modes and cannot directly
light caused by the tip. They attained 3-nm lateral resolutioremit light!’ However, in the presence of surface roughness
by scanning the tip. In theoretical treatments of the tip-(periodic or randory roughness-mediated light emission be-
surface system, the tip is often modeled by a spfeteé, comes possible’=2° The purpose of this paper is to experi-
since the exact shape of the tip is not well known. Thereforetnentally demonstrate that Ag particles placed very close to
a system consisting of a metallic sphere placed very close tan Al surface also give rise to strong light emission from
a metallic surface provides an important model for discussSPP’s. The intensity of emitted light was found to rapidly
ing the performance of SNOM. decrease as the particle-surface distance increases. The inten-

As mentioned above, the metal sphere-surface system @&ty was also found to take a maximum around a wavelength
an important system encountered in various optical studienf 520 nm. The experimental results were compared with
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fiber bundle P.M.

FIG. 1. High-resolution electron micrograph of Ag-Si@om- p pol.
posite film prepared by a rf cosputtering method. Dark patches cor- A =360 ~ 620nm
respond to Ag particles.

FIG. 2. (a) and (b) Structures of the samples preparég). Ex-
theoretical calculations based on a formalism developed bgerimental arrangement for measurements of light emission under
Aravind and Metid for a metal sphere-surface system. A SPP excitation.
good qualitative agreement between experimental and theo-
retical results suggests that the excitation of the gap modgample is denoted ad-3. For purposes of comparison, a
and the surface current associated with the mode play essegample whose overlayer did not contain Ag particles was

tial roles in the light-emission processes. also prepared, as shown in Figh2 The thicknesses of the
deposited layers were monitored by a quartz oscillator cali-
Il. EXPERIMENTS brated by an optical interference thickness me#enelva
Nanoscopg

Spherical Ag nanoparticles were prepared by a rf cosput- |n order to excite SPP’s on the Al-overlayer interface, we
tering techniqué> Small pieces of Ag (2515x2 mm®)  used an angle-scan ATR method, shown schematically in
were placed on a SiPtarget, 10 cm in diameter, and they Fig. 2(c). The sample was pasted onto a right-angle glass
were cosputtered in Ar gas of 2.7Pa at a rf power of 50 W byprism (BK-7) with the aid of index matching oil, and the
a magnetron sputtering apparat#selva SPF-210H The  prism was mounted on a rotating stage driven by a stepping
filling factor of Ag (the ratio of the volume of Ag to the total motor. As a light source, a Xe lamp was used. The light
volume) was estimated to be 0.05, which was obtained bymonochromatized by a grating monochromatgikon
the density measurements described elsewhefégure 1 G250 was directed on the sample through the prism. The
shows a typical high-resolution transmission electron microjlluminated spot was aboutXI1 mm? in size. Since the
scopic (HRTEM) image of the Ag-SiQ film. The film de-  SPP’s are transverse magnetitM) modes, the incident
posited onto a cleaved KBr plate was wet stripped andight was set to thep polarization with a polarizer. The in-
mounted on an electron microscopic grid. The HRTEM im-tensity of reflected light was measured by a Si photodiode
age was obtained by an electron microscdpeol JEM-  (Hamamatsu photonics S1227BRs a function of the inci-
2010 operated at 200 kV. In Fig. 1 we can see the darkdent angled, which is the angle from the normal to the
patches corresponding to Ag particles. Lattice fringes seen isample surface inside the prism. In order to obtain the ATR
some particles are thil11} planes of Ag crystals. The Ag spectrum, i.e.f dependence of the reflectance, raw reflected
particles are almost spherical and well dispersed in a,SiOlight intensities were divided by a reference signal, which is
matrix. The average diameter estimated from several imagase intensity of light reflected by the bare part of the sample.
was 5.6 nm with a standard deviation of 2.1 nm. It is known that a larger angular spread of incident light leads

The system of Ag particles placed on Al surface was re+to a broader ATR spectruf?.To avoid the broadening of the
alized by preparing samples shown in Fida)2 First, Al spectrum, appropriate lenses and a pinhole were adopted to
films, 17 nm thick were evaporated on a glass substrate in minimize the incident beam spread. The angular spread of
high vacuum of X 10~ % Pa. Spacer layers of SiOwere  our configuration was at most 0.2°. Since the widths of mea-
then deposited on the Al film by sputtering the Si@rget.  sured ATR spectra were much larger than the beam spread,
Ag-SiO, films, 10 nm thick, were finally deposited on top of the influence of the beam spread on the present ATR spectra
the spacer layer with the same condition as that prepared f@an be neglected.
the HRTEM observations. In order to change the distance As shown in Fig. ), the light emitted from the sample
between the Al surface and the Ag particles, the thickness olvas collected by an optical fiber bundle that views the
the spacer layerd) was varied from 0 to 9 nm. Hereafter, sample and guided to a photomultipli¢fiamamatsu photo-
the samples are labeled by the thickness of the spacer layetics 1P28A. The aperture of the light collection was 2.5 mm
For example, if the spacer layer thickness is 3 nm, thén diameter. The distance between the aperture of the fiber
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FIG. 3. (8) ATR spectra andb) 6 dependences of emitted light FIG. 4. Angular patterns of emitted light under SPP excitation

for the sample with ¢-0) and without Ag particles. The emitted Ccondition for samplesl-0 [dotted line in(@)], d-3 [broken line in
light was measured fixing the observation angleat 90°. The (b)], d-9 (dash-dotted line ir(b)], and without Ag particlesolid

wavelength of the incident light was set to 520 nm. line in (b)]. The incident wavelength was set to 520 nm.

and the sample was 30 mm. The solid angle of the lighthe SPP into the air side. The weak emission peak observed
collection was 5.5 102 sr, corresponding to the angular for the sample without Ag particles is attributed to the radia-
resolution of 4.8°. The light intensity was measured with alive decay of the SPP mediated by the surface roughness at
chopper and a lock-in amplifi€NF LI-570). We performed f[he AI_—S|O2 interface. It should be stressed that the peak
two types of measurements. In one type of measurement tH{gtensity of the sample-0 is about one order of magnitude
light intensity was measured as a function of the incidenfarger than that of the sample without Ag particles. Figure
angle 6, fixing the observation anglé at 90° (¢-scan emis- 3(b) demonstrates .that the presence of the Ag particles gives
sion spectrum From theg-scan emission spectrum, we can fis€ to the strong light emission of the SPP.

confirm the excitation of SPP since the emission intensity Figures 4a) and 4b) show the ¢ dependences of the
takes a maximum at a SPP-excitation anglgp. In the ~ €mission intensity, i.e., the angula_r patterns of light emitted
other type of measurement the light intensity was measuretiom the SPP. The SPP was excited with:520 nm. The

as a function ofg, fixing the incident angle afispp. From  data obtained for the sampée0 are presented in Fig.(d)

this measurement we obtained the angular pattern of the ligihd the data for the samplds3, d-9, and without Ag par-
emitted from the excited SPP. The above experiments werécles are shown in Fig. ). The angular pattern obtained

performed for various incident wavelengtiis=350-620 for the sample without Ag particles exhibits a lobe around
nm). ¢=10°. This pattern is similar to those reported for nomi-

nally smooth(slightly roughenefimetallic surface$® For a
thick spacer layetsampled-9), the angular pattern is almost
the same as that for the sample without Ag particles.dAs
Figure 3 shows typicala) ATR and(b) #-scan emission decreases, the lobe observed around 10° decreases, while the
spectra obtained for the sammle0 and the sample without two lobes around 30° and 150° grow. The intensities of the
Ag particles. The incident wavelengtih Y was 520 nm. The lobes increase drastically with decreasthfrom 3 to O nm.
ordinate in Fig. 8b) represents the light intensity per unit This indicates that the Ag particles placed within the diam-
solid angle normalized to the intensity of the incident light. eter (about 5 nm from the Al surface strongly contribute to
The ATR spectra show a dip in reflectance due to the resathe light emission from the SPP.
nant excitation of the SPP on Al-overlayer interface. The To gain insight into the mechanism of the strong light
existence of Ag fine particles is found to cause a shift of theemission mediated by Ag particles, the measurement of the
ATR dip to higher angles and makes the dip broad, in goodingular pattern was performed for varioksin the range
agreement with our previous detailed ATR restftén the ~ 350—620 nm. Figure 5 shows thedependences of the emit-
emission spectra, we find a peak located at almost the santed light intensity. In this figure, the light intensity integrated
angle as the ATR dip. The agreement between the ATR dipver ¢ is plotted. We see that the sample9 emits light
positions and the peak positions of the emission spectra imwith almost the same intensity as the sample without Ag
plies that the light emission is due to the radiative decay oparticles. Asd decreases, the emitted light intensity drasti-

lll. RESULTS
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FIG. 5. Wavelength dependences of emitted light intensity un- (0)

der SPP excitation. The intensity was integrated fig0 to 180°.
Obtained data were corrected by the wavelength dependence of the
incident light intensity.
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cally increases. The dramatic increase is again found be-
tweend=3 and 0 nm. The most interesting feature in this

figure is a large peak observed around520 nm in the case FIG. 6. (a) Multilayered structure assumed to calculate the elec-
of no spacer layer, i.e., for sampdeO. tric field associated with SPP. The Ag-Si@im is regarded as an
effective medium, which has an averaged dielectric constgnt
calculated by Maxwell-Garnett theor(h) Ag particle—Al surface
IV. COMPARISON WITH CALCULATION system considered in calculation. An Ag spherical particle of radius
AND DISCUSSION R is placed at a distande above Al-SiG, interface. The center of
_the sphere is on the axis, and thex-y plane corresponds to the

It is well known that an isolated metal fine particle SuPdAI S0, interface
o103 :

ports resonance modes of plasma oscillation of free ele
trons, so-called localized surface plasmahs$sP’s). The
resonance frequencies of LSP’s in a metal sphere are detegmission from SPP mediated by metallic particlég:The
mined by e(w)=—en(n+1)/n, wheren is an integer and SPP at the Al-overlayer interface is first excited optically by
e(w) and ¢, are the dielectric functions of the metal and thethe ATR method(ii) the electromagnetic fields associated
surrounding medium, respectivély.For a sphere much With the SPP then excite the gap mode of the Ag particle-Al
smaller than the wavelength of the incident light, only thesurface systemjii) the surface current on the Al surface is
LSP mode oh=1 is excited. Aravind and Metficalculated ~ induced upon excitation of the gap mode, and finéilly the

the optica| response of a metal partide_surface system, iﬁurface current emits ||ght On the basis of the above sce-
which a metallic particle is placed very close to a metallichario, we performed electromagnetic calculations and at-
flat surface. They showed that a number of resonances exit@mpted to theoretically reproduce the observed characteris-
in the frequency region lower than that of the LSP mode oftics of the light emission. In the following subsections,
n=1. These resonances correspond to electromagnetic ndgrmalisms of the calculations corresponding to processes
mal modes of the particle-surface system generated by tH&—(iv) are described and results of numerical calculation are
coupling of the LSP modes with their image charges. Thecompared with experimental ones.

electric fields associated with these normal modes are highly
localized at the particle-surface gap and thus they are called
“gap modes.”

For our samples, in particular with thin spacer layers, the In this subsection we calculate the electric field in
gap modes are believed to play important roles in the lighthe Ag-SiO, associated with the SPP excited by the
emission processes. Since the resonance wavelength of tAdR method. We consider a multilayered structure
LSP in isolated Ag particles in SiQis located at 410 nitf  (prism/Al/SiOy/Ag-SiO./air) shown in Fig. €a). The incident
the resonances of the gap modes in our samples are expecieght is assumed to be p-polarized plane wave with an
to lie in a wavelength region longer than 410 nm. As seen irelectric field amplitude oE,;,. Using a 22 transfer matrix
Fig. 5, the peak of emitted light intensity observed for themethod?* we can calculate the electric field for a given in-
sampled-0 is located around 520 nm, suggesting stronglycident angled and angular frequenay at any position speci-
the contribution of the gap modes. fied by the coordinate. In actual computations, we need

We propose here the following processes for the lightvalues of the dielectric constants for all layers. The values

A. SPP field in the Ag-SiO, composite layer
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for Al (Ref. 29 and SiQ (Ref. 26 were taken from litera- €quation in the particle-surface system. The potentials ex-

ture. The Ag-SiQ was regarded as an effective medium andpPressed in the bispherical coordinajess, and ¢, take the

its dielectric constant was calculated in a manner describetrm.”

elsewheré&’ which is based on the effective-medium theory ©

developed by Maxwell-Garnett.In calculating the effective DO (u,n,0)=F 2 2 [Anme(””/z)/*

dielectric constants, we used the dielectric constantsé?(l)Jf the n=[m|

Ag nanoparticle, which were obtained from the bulk vaiue m.— m

by taking into account the reduction of the mean free path of +Bye (HHIZ)M]Y“ (cosn,¢) —EOr,

free electrons due to the scattering at particle surfat€he (1a

filling factor of Ag was set to 0.05, which is estimated by

density measurements for the present film. The thicknesses _ ,, _

of the Al and Ag-SiQ, layers were set to the experimental & (#:7:¢)=F

values of 17 and 10 nm, respectively. The Si€pacer thick-

nessd was varied from 0 to 9 nm. —E*r, (1b)
We calculated the electric field at the center of the o 4o

Ag-SiO, layer by varying the incident anglé. The field 2 _ Ma— (n+1/2) M

intensity exhibited a pronounced peak at a certain angle * )(M’n'(P)_Fn;m\ mE Cre™ "Yr(cosy ),

Ospp, Which corresponds to the excitation of the SPP. At (10

0= 6spp, We also calculated the field distribution in the where ®©, @@, and ®® are the potentials in SO Al,

multilayer s_ystem. The SPP_—f|_eId intensity was found 0 Ag, respectively, andA™, B™, C™, and D™ are

:?gﬁ] athrgai);::gzg]c:t ﬁ:etﬁ(la-s,g”gieg;f;i/eerango(\fv?zyr a\tlr\:aey expansion coefficients. The definition of the spherical har-

field intensity was almost constant because the fielq:m irzfssr::_(ggzg(ﬁ)z‘ _:_shetrt]:rms;}erx?l()a inaéq‘l?lbl;ag'a Sr‘:atri nd

decay length(several hundred nanometeiis much larger  ematical artifact that is introduced by following the previous

than the Ag-SiQ thickness. Therefore, it suffices to use theheoretical treatmerft.This term is related t&E®® by the

electric field calculated at the center of the Ag-3i@yer,  poundary conditions at the Al-SiQnterface and is identical

E(Ospp @) z=d+5nm, @s the driving field of the gap mode.  to the electric field in Al layer calculated in the absence of
The SPP field in the Ag-Si@layer, E(0spp,®),-q+5nm  Ag particle. In the bispherical coordinates, the Al surface

=Egp{w), was calculated for various wavelengths and(x-y plane coincides with u=0 and the surface of the

spacer thicknesses corresponding to the present experimengéghere is given by.= uq, with

The calculatedEspd{ w) was found to be almost independent

m=—o

oo “+ oo

> Dje"™2ry [ cosy, o)

n=[m| m=—o

=—

of the spacer thicknesh This is because thedfield decay mo=arccoshl+D/R). @
|ength is several hundred nanometers, which is much |agQ’Ve app|y the fo”owing boundary conditions to Eqﬂ_@,
than the spacer layer thickness. (1b), and(10):

DO(u=0",7,¢)=0P(u=0",7,¢), (3a)

B. Local field associated with the gap mode

O (=t =Py =4
The SPP field will excite the gap modes, giving rise to O n=po 1 @) =P (1= o, m0),  (3D)
strong electromagnetic fields localized in spaces between the

(0) (1)
Ag particles and Al surface. In this subsection we calculate (0) P (u=0%* )=e 0P (u=0" )
- . . € 9 M 1, P) =€ M 1 1,9),
the local electric field associated with the gap modes. Al- 15 M
though the actual samples consist of many patrticles, for sim- (30)
plicity we consider here a single particle placed near a flat
L o R R 9P ©) 9P @
surface, as shown in Fig(l§. This simplification is allowed (0) (u=pd n0)=e? (=5 7,9
for our samples since the distances between the particles are o 0 I 0y
large enough to neglect the electromagnetic interactions be- (3d)

tween the particles. An Ag sphere of radRss assumed 10 4 then obtain the equations for the expansion coefficients
be placed at a distand® above an Al surface. For conve- nm gm

, , , Bi', CI', andD;'. The equations can be solved by
nience, we assume th‘."lt the center of t_he_sphere IS above t lowing Ref. 5. The electric field can be obtained from
origin, i.e., on thez axis, and the A|-$IQ interface is ex- E=—gradb in the bispherical coordinates s,
pressed by =0 (the x-y plane. The regiong0), (1), and(2)
correspond to SiQ, Al, and Ag, respectively. Because both 1 9db
D andR are much smaller than the wavelength of SRP E=—f 7 (4)
7lkgpp, Which is of the order of 100 nm, we can neglect the i’
retardation. For the case where an external electric fielsvith v=u, 7% or ¢ hﬂzh,,zc(cosm—cosn)*l;
E®(© with a constant amplitude is applied in the regi@,  h,=csinp(coshu—cosy) % andc=R[(1+D/R)*~1]*2
the local field induced around the sphere can be calculated In order to calculate the local electric field induced under
by a method developed by Aravind and Metiin the non-  SPP excitation, the external fieE® in Eq. (18) is now
retardation limit, the problem reduces to solving Laplace’staken to be the electric field of SPE4{pp calculated in Sec.
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frequencyw of SPP, the surface charge also fluctuates with

. The fluctuation of the surface charge is expected to be-
come a radiation source. To describe the motion of the sur-
face charge, we introduce here the surface current, which is

407 % =520nm B obtaine% ng the difference of the polarization currents at the
1 R=45mm surface'®!°The surface current on the Al surface is given by
Z 200 Ay ¥ "
> \ I(rw)= Qﬁgm(r )
7 N I BT T
% . ’ % z=+40
5 \\'.\\'A"'f"""f"""""f""’/"/ E (eV-1) 9 £ 5
G W X = r, ,
3 / 5 e S U . ®
il Y

where EQ)(r,w) and E™V(r,w) are the local electric fields
calculated in the Si©@ and Al regions, respectively, and
moves on thec-y plane. FromE(®)(r,w)=E©(r)e'*' and
EM(r,w)=E®(r)e ', the above equation becomes

FIG. 7. Calculated spatial distribution of electric-field intensity —ia)(e(o)—l) 0)
around an Ag sphere under SPP excitation. The absolute value of J(r,w)= TE (r,o)
the electric field normalized to the amplitude of incident fiElgin z=+0
Fig. 5@ is shown as a function of the position iaz plane. The —iw(e(l)—l)
incident wavelength was set to 520 nRiandD are assumed to be —| ———EY(r,w) (6)
4.5 and 0.3 nm, respectively. 4m 2=-0

In previous studies on the light emission of SPP via the
' _surface roughness, Kger and Kretshmari demonstrated
c_ompongnts.lWe calcgla_lted numerically the local electriGat the surface current generated by the roughness acts as a
fields Ef ), EM, and E( ) in regions of SiQ, Al, and Ag,  radiation source. In their calculation, the radiation source
respectively. The radiug of the Ag sphere was fixed at 4.5 55 assumed to be the difference of the surface currents in
nm throughout the present calculations. The reason Rhy the presence and absence of the roughness. In the present
was fixed will be discussed later. study, we assume the radiation source to be the difference of

Figure 7 shows the spatial distribution of the local electricine surface currents in the presence and absence of the Ag
field around the Ag sphere upon SPP excitation. The value gfarticle. The radiation source is then given by

Egsppcalculated for the samplé-0 was used a&®(? in this

IV A. Since the SPP is a TM modé&gpp has thex and z

calculation.R, D, and\ were set to 4.5, 0.3, and 520 nm, —iw(e?-1)

respectively. In this figure, the absolute valueEbhormal- J(r,w)= TE(O)(f,w)

ized to the amplitude of the incident-light fiel},, defined in z=+0

Fig. 6(a) is plotted as a function of the position ¥az plane. —jw(eM-1)

The Ag sphere corresponds to a circle of radius 4.5 nm with —|———EY(r,w)

the center located @=4.8 nm andk=0 nm, and the Al layer Am ——0

corresponds to the region a&0. In Fig. 7 we see that the )

electric fields inside the metalg\g particle and A) are al- _[ —lo(e”-1) EeX0)( w)}

most constant and very small. Just outside the metals, the 4 '

strong field is induced. In particular, at the particle-surface 2=+0

gap, the electric field is highly enhanced, demonstrating that —iw(eP-1) ox)

the gap mode is excited. |/, E o) ’ (7)
We also calculated the electric field for the case of z=-0

D=3 nm corresponding to the sampule3. In that calcula-
tion, R was set to 4.5 nm and the value®fpcalculated for

0 . .
the sampled-3 was used a&*(®). The calculated field in- tiyely. in the absence of the Ag particle. To obtain Cartesian
tensity almost coincided with that obtained or=0.3 nm,  ~,qdinate components, J, , andJ,, the EM(n=0,1) ex-

except for the region of the gap. In the gap region, howeveryessed in bispherical coordinates were transformed to those
the value of E|/E;, was smaller than that f{dd=0.3 nm by i, cartesian coordinates through

almost an order of magnitude.

where E®(®) and E®*(1), which are identical to those in Eq.
(1), are the external fields in the regiof® and (1), respec-

Ex(r)=—E,(r)sinp—E,(r)cosp, (8a)

C. Surface current induced on Al surface E.(r)=E.(1) E (Dsi (8b)
N . . o ry=g_(r)cosp—E,(r)sine,
As seen in Fig. 7, a large discontinuity of the electric field Y ¢ K

is found at the AI-SiQ interface, suggesting that a large E(r)=E,(r). (80)
amount of surface charge is induced at the interface. Since z K’
the electric field is assumed implicitly to oscillate with the These hold at=0 (on x-y plane.
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FIG. 9. Calculated wavelength dependenceg obmponent of
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The plotted data are the maximum values of the amplitude. Solid
and dashed lines correspondRe=0.3 and 3 nm, respectively.

the surface current]j on thex-y plane(on the Al surfacg

In the Figs. 8), 8(b), and &c) the real parts ofl,, Jy,

and J, are shown, respectively. Figurgd® schematically
shows the motion of the charges predicted by the profiles of
Jx, Jy, and J,. As seen in Figs. @-8(c), the surface
current induced by the gap mode is highly localized
aroundx=y=0, i.e., just beneath the center of the Ag par-
ticle, and concentrated within a projected area of the Ag
particle.

We see that, in the profiles df andJ,, there are two
poles with opposite signs. Fal,, the magnitudes of the
poles are identical to each other and there is a point symme-
try about the origin. On the other hand, tlie profile is
found to be slightly asymmetric, arising from the asymmetry
of the applied field, which has not only tkecomponent but
also a smallk component. Since, however, the asymmetry in
J, is small enough to be negligible, we can regard the par-
allel component of [Jj=(Jy,Jy,0)] as symmetric about the
origin, as is illustrated in the upper side of FigdB This
means that(r) andJj(—r) have the same magnitude, but
there is a phase difference afbetween them. Therefore, the
far field radiated fromJy(r) is canceled out by that from

z X Jj(—r) due to the destructive interference. On the contrary,
z=0 for J,, the cancellation does not occur as is expected by the
profile [Fig. 8(c)]. Therefore,J, can contribute to the light

emission.
FIG. 8. Calculated profiles of surface current induced on the Al The current profiles were calculated for various excitation
surface &-y plane under the same condition as in Fig(6=520  wavelengths. Figure 9 indicatasdependences df, . In this
nm, R=4.5 nm, andD=0.3 nm. (a), (b), and (c) represent real figure, maximum values in the calculated profilesJofare
parts ofx, y, andz components of the surface current, respectively.plotted. Solid and dashed lines correspondte 0.3 and 3
(d) schematically shows the motion of the surface charge predictedm, respectively. The radilR was again set to 4.5 nm. For
by (@—(0). D=0.3 nm, we see a pronounced peak around 520 nm. The
peak corresponds to the excitation of the gap mode. On the
Using Eg. (7), we numerically calculated the surface other hand, foD =3 nm the peak is very weak and is located
current induced by the existence of the Ag particle. Thearound 420 nm, which is almost the same as the resonance
parameters used in the calculatidR4.5 nm,D=0.3 nm, wavelength of the LSP in the isolated Ag particle in SiQ
and A=520 nnm) are the same as those used to obtainshould be noted here that the peak positionBor0.3 nm
the result in Fig. 7. Figures(8-8(c) illustrate profiles of agrees well with that of the emitted light intensity observed
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the angular patterff. Therefore, the light observed around

T T T T T
@ Calculated X =520nm $=90° is believed to arise frord,.
el = | |
g ; . E. Discussion
= . As can be seen in Fig. 7, the surface charge is induced not
%’ H } only on the Al surface but also on the Ag particle. The sur-
5 p face charge fluctuation on the Ag particle may also contrib-
€ | ute to the light emission. It is known that the surface charge
: 1 [T AN i : induced on a sphere produces an electric digolevhich is
0 30 60 90 120 150 180 given by
Angle ¢ (deg.)
FIG. 10. Calculated angular pattern of light emission yielded by p(w)= Lpherer o(r,w)ds, 9

a current source that is assumed to have ordycamponent and to
be aéd function. The point source is assumed to be positioned in thavhere o is the surface charge density on the Ag particle and
center of a vacuum thin layer, 0.1 nm in thickness, which wasr moves on the spherical surface. For the present particle-
added in the structure of the sample0, yielding a multilayer of  surface systenfiFig. 6(b)], we calculated the electric-dipole
air/Ag-SiO,/vacuum/Al/prism. moment of the Ag particle for variou®. The actual calcu-
lation in the bispherical coordinates was carried out follow-
for the sampled-0 (closed circles in Fig. 6 Moreover, the ing the method described by Goyette and Navbfhe mag-
calculated J, dramatically decreases with increasiriy, nitude of the calculated dipole momegp(w)| was found to
which agrees fairly well with the drastic decrease in the lightdepend very weakly o®. The calculatedp(w)| for D=9
intensity observed with increasirdy(Fig. 5). nm had the same order of magnitude as thatfer0.3 nm.
In contrast, the emitted light observed experimentally for the
sampled-9 is very much weaker than that for the sample
d-0. Therefore, the light emission observed cannot be ex-
In an attempt to explain the radiation pattern obtainedplained by the radiation from the electric dipole induced on
experimentally{Fig. 4@)], we calculated the angular pattern the Ag particles.
of light emitted fromJ,. SinceJ, is highly localized as seen Although there exist distributions of the radiRsand dis-
in Fig. 8(c), J, can be approximately described usingba tanceD of Ag particles contained in the Ag-SiQlayer pre-
function. We consider here the radiation pattern from a poinpared, the experimental resuliSig. 5 could be explained
current source)=(0,0,6(r)) located on the Al surface. The well by the calculatior(Fig. 9) with the fixedR (4.5 nm) and
intensity of light emitted from a point source can be calcu-D (0.3 nm). The reason for this may be argued as follows. As
lated from the electromagnetic Green’s function. We fol-seen in Fig. &), the localization area af, is of the order of
lowed a manner previously described by Retdl* for a  R2. On the other hand, the maximum valuedipis propor-
current source positioned in a multilayer system. The pointional to (D/R) ~*. The total amount 08, (Ji) iS roughly
source was positioned in a vacuum thin layer, which wasroportional to the product of the localization area and the
added in the structure of the sampteO, yielding the maximum value, i.e.R?*(D/R) 1. As a consequence, the
multilayer of air/Ag-SiO,/vacuum/Al/prism. The vacuum emitted light power ¢ Jtzotal) is proportional to
thin layer to locate the radiation source was proposed byr?(p/R)~1]2=R®D 2. This means that the Ag particles
Kroger and Kretschmarifiin their study on the roughness- ith largeR and smallD dominate the light emission. In the
mediated SPP radiation. We assumed the thickness of thgesent Ag-SiQ layer, the mean radius of the Ag particles
vacuum layer to be 0.1 nm and placed the point source at thgas about 3 nm. As seen in the present TEM imdgg. 1),
center of the layer. . _ however, large Ag particles 4-5 nm in radius are also con-
Figure 10 shows the angular pattern of the light emittedained in a certain proportiofabout 10% in numbgr In the
into the air side. The calculated angular pattern has two lobegresent sample, the large Ag particles 4—5 nm in radius lo-
around 30° and 150°, in good agreement with the experimeryated very close to the Al surface are thus thought to domi-

tal result for the sample-0 [Fig. 4a)]. We can conclude npantly contribute to the light emission.
that the light emission in the experiment is dominated by the

z component of the localized surface current. From a close
comparison of Fig. &) with Fig. 10, however, we find that
the calculated pattern slightly differs from the experimental We investigated the light emission from SPP’s mediated
one aroundp=90°. In the experimental resUFig. 4@], the by metallic nanoparticles. A system consisting of Ag nano-
emitted light does not vanish @&=90°. This is because the particles placed very close to an Al surface was prepared by
x component of the surface current is not taken into accoundlepositing a Ag-Si@ film on an Al film. The distance be-

in the angular pattern calculation. As was stated earlier, theween the particles and the surface was systematically
J, profile is slightly asymmetri¢Fig. 8@]. This means that changed by varying the thickness of a SiGpacer layer
the field radiated frond,(r) is not completely canceled out sandwiched between Al and Ag-SjQayers. The SPP on the
by that fromJ,(—r). The far field remains after the destruc- Al surface was optically excited by means of an ATR
tive interference. The parallel component of the currentmethod and the light emission from the sample was mea-
source on a metal is known to lead a broad lobé-aB0° in  sured for various excitation wavelengtfs). The emitted-

D. Radiation pattern generated byJ,

V. CONCLUSION
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light intensity was found to increase rapidly as the particle-the metallic particles and metallic surface. Due to the strong
surface distance decreases. When the particle-surfadield of the gap mode, Raman dipoles with large magnitudes
distance is less than a few nanometers, i.e., the order of theill be induced. Attempts to enhance the Raman signal by
particle radius, very strong light emission was observed. Théhe gap mode are currently in progress in our laboratory.
emitted-light intensity was also found to vary sensitively Such an enhancement will also be observed in other optical
with A and exhibit a maximum around=520 nm. To clarify  processes, e.g., optical absorption, luminescence, and various
the light emission mechanism, we performed electromagnon-linear optical processes. The combination of the optical
netic calculations and compared the calculated results witenhancement mediated by the gap mode with scanning probe
experimental ones. From a good qualitative agreement benicroscopes is an intriguing challenge. For example, a me-
tween the experimental and calculated results, we suggesteallic particle attached to a sharpened fiber tip and a fiber tip
the following processes of the light emissidi): The SPP’s  coated with the metal-particle layésuch as the present Ag-
excite electromagnetic normal modes localized in betweel$iO, film) seem to be suitable for the probe. In such types of
the Ag particles and the Al surfadgap modek (i) local-  optical scanning probe microscopes, the optical signals only
ized surface current associated with the gap modes is irfrom the tip front are thought to be enhanced and detected,
duced on the Al surface, arii) the induced surface current which allows us to perform not only topographic but also
emits light. spectroscopic investigations of small structures.

The excitation of the gap mode resulting from the inter-
action of the SPP with a metallic particle induces a very
strong electric field in between the particle and surface,
which will give rise to various enhancement phenomena. A This work was supported by a Grant-in-Aid for Scientific
simple possible experiment is to enhance Raman scatteriri§esearch from the Ministry of Education, Science, Sports
from molecules or very thin films, which are located betweenand Culture, Japan.
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