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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-SiO2

composite film on an Al film. Surface plasmon polaritons~SPP’s! on the Al surface were excited by an
attenuated total reflection~ATR! 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 suggested:~i!
The SPP’s excited by the ATR method excite the electromagnetic normal modes localized in between the Ag
particles and the Al surface~gap modes!, ~ii ! the gap modes then induce localized surface current on the Al
surface, and~iii ! the induced surface current emits light.@S0163-1829~97!07507-3#
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I. INTRODUCTION

A system consisting of a metallic particle placed close
a metallic flat surface has been the subject of intensive
perimental and theoretical studies for a relatively long tim
The electromagnetic interaction between the particle and
surface is known to cause various interesting optical p
nomena. McCarthy and Lambe1 reported that metallic smal
particles deposited on a metal-insulator-metal tunnel junc
lead to an enhancement of the light emission driven b
tunnel current. According to electromagnetic theories,2–5

there exists a special type of electromagnetic normal m
~called the gap mode! localized in a space between th
sphere and the surface. The gap mode is considered to
source of the light emission from the tunnel junctions.2,3 The
contribution of the gap mode excited by a tunnel current w
also pointed out for the light emission from a metal tip-me
surface system, i.e., a scanning tunneling microscope.6–9

Several attempts have been made recently to use th
teraction between the metal tip and the metal surface in s
ning near-field optical microscopy~SNOM!.10–13 Specht
et al.11 demonstrated a different type of SNOM, which
based on the interaction of surface plasmon polarit
~SPP’s! propagating on a metal surface with a sharpen
metal tip placed very close to the surface. They excited
tically SPP’s on a thin Ag film by an attenuated total refle
tion ~ATR! method and detected the modulation of reflec
light caused by the tip. They attained 3-nm lateral resolut
by scanning the tip. In theoretical treatments of the t
surface system, the tip is often modeled by a sphere,12,13

since the exact shape of the tip is not well known. Therefo
a system consisting of a metallic sphere placed very clos
a metallic surface provides an important model for discu
ing the performance of SNOM.

As mentioned above, the metal sphere-surface syste
an important system encountered in various optical stud
550163-1829/97/55~7!/4774~9!/$10.00
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However, the optical properties of the system have not
been fully explored. From an experimental point of view,
is rather difficult to prepare stable metallic spherical partic
placed very close to a metallic surface. Although Holla
and Hall14 investigated optical properties of a system of A
island particles placed on an Ag surface, they did not p
form electron microscopic studies of the island particles a
consequently, the shape and size of the particles were
known. A systematic study, for example, by varying the p
ticle size and/or the distance between the particle and
surface, is still lacking.

Very recently, we have succeeded in preparing spher
Ag particles, several nanometers in diameter, embedde
SiO2 thin-film matrices~Ag-SiO2 films! by applying a rf
cosputtering technique.15 Depositing the Ag-SiO2 thin film
on Al surfaces and using the ATR spectroscopy, we stud
the change in the SPP dispersion curve caused by the p
ence of Ag particles on the Al surface.16 In that work, we
could systematically vary the distance between the parti
and the surface by inserting thin SiO2 spacer layers of vari-
ous thicknesses in between the Al surface and the Ag-S2
film. The SPP dispersion curve was found to depend stron
on the distance between the particle and the surface.

This work is an extension of previous work on the disp
sion curve16 and we report here on light emission from SPP
mediated by Ag particles. It is well known that SPP’s on
smooth surface are nonradiative modes and cannot dire
emit light.17 However, in the presence of surface roughne
~periodic or random!, roughness-mediated light emission b
comes possible.17–20 The purpose of this paper is to exper
mentally demonstrate that Ag particles placed very close
an Al surface also give rise to strong light emission fro
SPP’s. The intensity of emitted light was found to rapid
decrease as the particle-surface distance increases. The
sity was also found to take a maximum around a wavelen
of 520 nm. The experimental results were compared w
4774 © 1997 The American Physical Society
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55 4775LIGHT EMISSION FROM SURFACE PLASMON . . .
theoretical calculations based on a formalism developed
Aravind and Metiu5 for a metal sphere-surface system.
good qualitative agreement between experimental and t
retical results suggests that the excitation of the gap m
and the surface current associated with the mode play es
tial roles in the light-emission processes.

II. EXPERIMENTS

Spherical Ag nanoparticles were prepared by a rf cosp
tering technique.15 Small pieces of Ag (2.531532 mm3)
were placed on a SiO2 target, 10 cm in diameter, and the
were cosputtered in Ar gas of 2.7Pa at a rf power of 50 W
a magnetron sputtering apparatus~Anelva SPF-210H!. The
filling factor of Ag ~the ratio of the volume of Ag to the tota
volume! was estimated to be 0.05, which was obtained
the density measurements described elsewhere.21 Figure 1
shows a typical high-resolution transmission electron mic
scopic ~HRTEM! image of the Ag-SiO2 film. The film de-
posited onto a cleaved KBr plate was wet stripped a
mounted on an electron microscopic grid. The HRTEM i
age was obtained by an electron microscope~Jeol JEM-
2010! operated at 200 kV. In Fig. 1 we can see the d
patches corresponding to Ag particles. Lattice fringes see
some particles are the$111% planes of Ag crystals. The Ag
particles are almost spherical and well dispersed in a S2
matrix. The average diameter estimated from several ima
was 5.6 nm with a standard deviation of 2.1 nm.

The system of Ag particles placed on Al surface was
alized by preparing samples shown in Fig. 2~a!. First, Al
films, 17 nm thick were evaporated on a glass substrate
high vacuum of 231024 Pa. Spacer layers of SiO2 were
then deposited on the Al film by sputtering the SiO2 target.
Ag-SiO2 films, 10 nm thick, were finally deposited on top
the spacer layer with the same condition as that prepared
the HRTEM observations. In order to change the dista
between the Al surface and the Ag particles, the thicknes
the spacer layer (d) was varied from 0 to 9 nm. Hereafte
the samples are labeled by the thickness of the spacer la
For example, if the spacer layer thickness is 3 nm,

FIG. 1. High-resolution electron micrograph of Ag-SiO2 com-
posite film prepared by a rf cosputtering method. Dark patches
respond to Ag particles.
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sample is denoted asd-3. For purposes of comparison,
sample whose overlayer did not contain Ag particles w
also prepared, as shown in Fig. 2~b!. The thicknesses of the
deposited layers were monitored by a quartz oscillator c
brated by an optical interference thickness meter~Anelva
Nanoscope!.

In order to excite SPP’s on the Al-overlayer interface, w
used an angle-scan ATR method, shown schematically
Fig. 2~c!. The sample was pasted onto a right-angle gl
prism ~BK-7! with the aid of index matching oil, and th
prism was mounted on a rotating stage driven by a stepp
motor. As a light source, a Xe lamp was used. The lig
monochromatized by a grating monochromator~Nikon
G250! was directed on the sample through the prism. T
illuminated spot was about 131 mm2 in size. Since the
SPP’s are transverse magnetic~TM! modes, the incident
light was set to thep polarization with a polarizer. The in
tensity of reflected light was measured by a Si photodio
~Hamamatsu photonics S1227BR! as a function of the inci-
dent angleu, which is the angle from the normal to th
sample surface inside the prism. In order to obtain the A
spectrum, i.e.,u dependence of the reflectance, raw reflec
light intensities were divided by a reference signal, which
the intensity of light reflected by the bare part of the samp
It is known that a larger angular spread of incident light lea
to a broader ATR spectrum.22 To avoid the broadening of the
spectrum, appropriate lenses and a pinhole were adopte
minimize the incident beam spread. The angular spread
our configuration was at most 0.2°. Since the widths of m
sured ATR spectra were much larger than the beam spr
the influence of the beam spread on the present ATR spe
can be neglected.

As shown in Fig. 2~c!, the light emitted from the sample
was collected by an optical fiber bundle that views t
sample and guided to a photomultiplier~Hamamatsu photo-
nics 1P28A!. The aperture of the light collection was 2.5 m
in diameter. The distance between the aperture of the fi

r-

FIG. 2. ~a! and ~b! Structures of the samples prepared.~c! Ex-
perimental arrangement for measurements of light emission u
SPP excitation.
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4776 55T. KUME, S. HAYASHI, AND K. YAMAMOTO
and the sample was 30 mm. The solid angle of the li
collection was 5.531023 sr, corresponding to the angula
resolution of 4.8°. The light intensity was measured with
chopper and a lock-in amplifier~NF LI-570!. We performed
two types of measurements. In one type of measuremen
light intensity was measured as a function of the incid
angleu, fixing the observation anglef at 90° ~u-scan emis-
sion spectrum!. From theu-scan emission spectrum, we ca
confirm the excitation of SPP since the emission inten
takes a maximum at a SPP-excitation angleuSPP. In the
other type of measurement the light intensity was measu
as a function off, fixing the incident angle atuSPP. From
this measurement we obtained the angular pattern of the
emitted from the excited SPP. The above experiments w
performed for various incident wavelengths~l5350–620
nm!.

III. RESULTS

Figure 3 shows typical~a! ATR and ~b! u-scan emission
spectra obtained for the sampled-0 and the sample withou
Ag particles. The incident wavelength (l) was 520 nm. The
ordinate in Fig. 3~b! represents the light intensity per un
solid angle normalized to the intensity of the incident lig
The ATR spectra show a dip in reflectance due to the re
nant excitation of the SPP on Al-overlayer interface. T
existence of Ag fine particles is found to cause a shift of
ATR dip to higher angles and makes the dip broad, in go
agreement with our previous detailed ATR results.16 In the
emission spectra, we find a peak located at almost the s
angle as the ATR dip. The agreement between the ATR
positions and the peak positions of the emission spectra
plies that the light emission is due to the radiative decay

FIG. 3. ~a! ATR spectra and~b! u dependences of emitted ligh
for the sample with (d-0) and without Ag particles. The emitte
light was measured fixing the observation anglef at 90°. The
wavelength of the incident light was set to 520 nm.
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the SPP into the air side. The weak emission peak obse
for the sample without Ag particles is attributed to the rad
tive decay of the SPP mediated by the surface roughnes
the Al-SiO2 interface. It should be stressed that the pe
intensity of the sampled-0 is about one order of magnitud
larger than that of the sample without Ag particles. Figu
3~b! demonstrates that the presence of the Ag particles g
rise to the strong light emission of the SPP.

Figures 4~a! and 4~b! show thef dependences of the
emission intensity, i.e., the angular patterns of light emit
from the SPP. The SPP was excited withl5520 nm. The
data obtained for the sampled-0 are presented in Fig. 4~a!
and the data for the samplesd-3, d-9, and without Ag par-
ticles are shown in Fig. 4~b!. The angular pattern obtaine
for the sample without Ag particles exhibits a lobe arou
f510°. This pattern is similar to those reported for nom
nally smooth~slightly roughened! metallic surfaces.20 For a
thick spacer layer~sampled-9!, the angular pattern is almos
the same as that for the sample without Ag particles. Ad
decreases, the lobe observed around 10° decreases, whi
two lobes around 30° and 150° grow. The intensities of
lobes increase drastically with decreasingd from 3 to 0 nm.
This indicates that the Ag particles placed within the dia
eter ~about 5 nm! from the Al surface strongly contribute t
the light emission from the SPP.

To gain insight into the mechanism of the strong lig
emission mediated by Ag particles, the measurement of
angular pattern was performed for variousl in the range
350–620 nm. Figure 5 shows thel dependences of the emi
ted light intensity. In this figure, the light intensity integrate
over f is plotted. We see that the sampled-9 emits light
with almost the same intensity as the sample without
particles. Asd decreases, the emitted light intensity dras

FIG. 4. Angular patterns of emitted light under SPP excitat
condition for samplesd-0 @dotted line in~a!#, d-3 @broken line in
~b!#, d-9 ~dash-dotted line in~b!#, and without Ag particle@solid
line in ~b!#. The incident wavelength was set to 520 nm.
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55 4777LIGHT EMISSION FROM SURFACE PLASMON . . .
cally increases. The dramatic increase is again found
tweend53 and 0 nm. The most interesting feature in th
figure is a large peak observed aroundl5520 nm in the case
of no spacer layer, i.e., for sampled-0.

IV. COMPARISON WITH CALCULATION
AND DISCUSSION

It is well known that an isolated metal fine particle su
ports resonance modes of plasma oscillation of free e
trons, so-called localized surface plasmons~LSP’s!. The
resonance frequencies of LSP’s in a metal sphere are d
mined bye(v)52em(n11)/n, wheren is an integer and
e~v! andem are the dielectric functions of the metal and t
surrounding medium, respectively.23 For a sphere much
smaller than the wavelength of the incident light, only t
LSP mode ofn51 is excited. Aravind and Metiu5 calculated
the optical response of a metal particle-surface system
which a metallic particle is placed very close to a meta
flat surface. They showed that a number of resonances
in the frequency region lower than that of the LSP mode
n51. These resonances correspond to electromagnetic
mal modes of the particle-surface system generated by
coupling of the LSP modes with their image charges. T
electric fields associated with these normal modes are hi
localized at the particle-surface gap and thus they are ca
‘‘gap modes.’’

For our samples, in particular with thin spacer layers,
gap modes are believed to play important roles in the li
emission processes. Since the resonance wavelength o
LSP in isolated Ag particles in SiO2 is located at 410 nm,

16

the resonances of the gap modes in our samples are exp
to lie in a wavelength region longer than 410 nm. As seen
Fig. 5, the peak of emitted light intensity observed for t
sampled-0 is located around 520 nm, suggesting stron
the contribution of the gap modes.

We propose here the following processes for the li

FIG. 5. Wavelength dependences of emitted light intensity
der SPP excitation. The intensity was integrated fromf50 to 180°.
Obtained data were corrected by the wavelength dependence o
incident light intensity.
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emission from SPP mediated by metallic particles:~i! The
SPP at the Al-overlayer interface is first excited optically
the ATR method,~ii ! the electromagnetic fields associat
with the SPP then excite the gap mode of the Ag particle
surface system,~iii ! the surface current on the Al surface
induced upon excitation of the gap mode, and finally~iv! the
surface current emits light. On the basis of the above s
nario, we performed electromagnetic calculations and
tempted to theoretically reproduce the observed charact
tics of the light emission. In the following subsection
formalisms of the calculations corresponding to proces
~i!–~iv! are described and results of numerical calculation
compared with experimental ones.

A. SPP field in the Ag-SiO2 composite layer

In this subsection we calculate the electric field
the Ag-SiO2 associated with the SPP excited by t
ATR method. We consider a multilayered structu
~prism/Al/SiO2/Ag-SiO2/air! shown in Fig. 6~a!. The incident
light is assumed to be ap-polarized plane wave with an
electric field amplitude ofEin . Using a 232 transfer matrix
method,24 we can calculate the electric field for a given i
cident angleu and angular frequencyv at any position speci-
fied by the coordinatez. In actual computations, we nee
values of the dielectric constants for all layers. The valu

-

the

FIG. 6. ~a! Multilayered structure assumed to calculate the el
tric field associated with SPP. The Ag-SiO2 film is regarded as an
effective medium, which has an averaged dielectric constanteav
calculated by Maxwell-Garnett theory.~b! Ag particle–Al surface
system considered in calculation. An Ag spherical particle of rad
R is placed at a distanceD above Al-SiO2 interface. The center of
the sphere is on thez axis, and thex-y plane corresponds to th
Al-SiO2 interface.
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for Al ~Ref. 25! and SiO2 ~Ref. 26! were taken from litera-
ture. The Ag-SiO2 was regarded as an effective medium a
its dielectric constant was calculated in a manner descr
elsewhere,27 which is based on the effective-medium theo
developed by Maxwell-Garnett.28 In calculating the effective
dielectric constants, we used the dielectric constants of
Ag nanoparticle, which were obtained from the bulk valu29

by taking into account the reduction of the mean free path
free electrons due to the scattering at particle surfaces.30 The
filling factor of Ag was set to 0.05, which is estimated b
density measurements for the present film. The thickne
of the Al and Ag-SiO2 layers were set to the experiment
values of 17 and 10 nm, respectively. The SiO2 spacer thick-
nessd was varied from 0 to 9 nm.

We calculated the electric field at the center of t
Ag-SiO2 layer by varying the incident angleu. The field
intensity exhibited a pronounced peak at a certain an
uSPP, which corresponds to the excitation of the SPP.
u5uSPP, we also calculated the field distribution in th
multilayer system. The SPP-field intensity was found
take a maximum at the Al-SiO2 interface and decay awa
from the interface. In the Ag-SiO2 layer, however, the
field intensity was almost constant because the fi
decay length~several hundred nanometers! is much larger
than the Ag-SiO2 thickness. Therefore, it suffices to use t
electric field calculated at the center of the Ag-SiO2 layer,
E(uSPP,v)z5d15 nm, as the driving field of the gap mode.

The SPP field in the Ag-SiO2 layer,E(uSPP,v)z5d15 nm

[ESPP(v), was calculated for various wavelengths a
spacer thicknesses corresponding to the present experim
The calculatedESPP(v) was found to be almost independe
of the spacer thicknessd. This is because the 1/e field decay
length is several hundred nanometers, which is much la
than the spacer layer thickness.

B. Local field associated with the gap mode

The SPP field will excite the gap modes, giving rise
strong electromagnetic fields localized in spaces between
Ag particles and Al surface. In this subsection we calcul
the local electric field associated with the gap modes.
though the actual samples consist of many particles, for s
plicity we consider here a single particle placed near a
surface, as shown in Fig. 6~b!. This simplification is allowed
for our samples since the distances between the particle
large enough to neglect the electromagnetic interactions
tween the particles. An Ag sphere of radiusR is assumed to
be placed at a distanceD above an Al surface. For conve
nience, we assume that the center of the sphere is abov
origin, i.e., on thez axis, and the Al-SiO2 interface is ex-
pressed byz50 ~thex-y plane!. The regions~0!, ~1!, and~2!
correspond to SiO2, Al, and Ag, respectively. Because bo
D andR are much smaller than the wavelength of SPP~2
p/kSPP), which is of the order of 100 nm, we can neglect t
retardation. For the case where an external electric fi
Eex(0) with a constant amplitude is applied in the region~0!,
the local field induced around the sphere can be calcul
by a method developed by Aravind and Metiu.5 In the non-
retardation limit, the problem reduces to solving Laplac
d
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equation in the particle-surface system. The potentials
pressed in the bispherical coordinatesm, h, andw, take the
form,5,31

F~0!~m,h,w!5F (
n>umu

`

(
m52`

1`

@An
me~n11/2!m

1Bn
me2~n11/2!m#Yn

m~cosh,w!2Eex~0!r ,

~1a!

F~1!~m,h,w!5F (
n>umu

`

(
m52`

1`

Dn
me~n11/2!mYn

m~cosh,w!

2Eex~1!r , ~1b!

F~2!~m,h,w!5F (
n>umu

`

(
m52`

1`

Cn
me2~n11/2!mYn

m~cosh,w!,

~1c!

whereF (0), F (1), andF (2) are the potentials in SiO2, Al,
and Ag, respectively, andAn

m, Bn
m, Cn

m, and Dn
m are

expansion coefficients. The definition of the spherical h
monics Yn

m(cosh,w) is the same as in Ref. 31 an
F[(coshm2cosh)1/2. The termEex~1! in Eq. ~1b! is a math-
ematical artifact that is introduced by following the previo
theoretical treatment.5 This term is related toEex~0! by the
boundary conditions at the Al-SiO2 interface and is identica
to the electric field in Al layer calculated in the absence
Ag particle. In the bispherical coordinates, the Al surfa
(x-y plane! coincides withm50 and the surface of the
sphere is given bym5m0, with

m05arccosh~11D/R!. ~2!

We apply the following boundary conditions to Eqs.~1a!,
~1b!, and~1c!:

F~0!~m501,h,w!5F~1!~m502,h,w!, ~3a!

F~0!~m5m0
1 ,h,w!5F~2!~m5m0

2 ,h,w!, ~3b!

e~0!
]F~0!

]m
~m501,h,w!5e~1!

]F~1!

]m
~m502,h,w!,

~3c!

e~0!
]F~0!

]m
~m5m0

1 ,h,w!5e~2!
]F~2!

]m
~m5m0

2 ,h,w!,

~3d!

and then obtain the equations for the expansion coefficie
An
m , Bn

m , Cn
m, andDn

m . The equations can be solved b
following Ref. 5. The electric field can be obtained fro
E52gradF in the bispherical coordinates as,5

En52
1

hn

]F

]n
, ~4!

with n5m, h, or w; hm5hh5c(coshm2cosh)21;
hw5csinh(coshm2cosh)21; andc5R@(11D/R)221#1/2.

In order to calculate the local electric field induced und
SPP excitation, the external fieldEex~0! in Eq. ~1a! is now
taken to be the electric field of SPP (ESPP) calculated in Sec.
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55 4779LIGHT EMISSION FROM SURFACE PLASMON . . .
IV A. Since the SPP is a TM mode,ESPP has thex and z
components. We calculated numerically the local elec
fields E(0), E(1), andE(2) in regions of SiO2, Al, and Ag,
respectively. The radiusR of the Ag sphere was fixed at 4.
nm throughout the present calculations. The reason whR
was fixed will be discussed later.

Figure 7 shows the spatial distribution of the local elect
field around the Ag sphere upon SPP excitation. The valu
ESPPcalculated for the sampled-0 was used asEex(0) in this
calculation.R, D, andl were set to 4.5, 0.3, and 520 nm
respectively. In this figure, the absolute value ofE normal-
ized to the amplitude of the incident-light fieldEin defined in
Fig. 6~a! is plotted as a function of the position inx-z plane.
The Ag sphere corresponds to a circle of radius 4.5 nm w
the center located atz54.8 nm andx50 nm, and the Al layer
corresponds to the region ofz<0. In Fig. 7 we see that the
electric fields inside the metals~Ag particle and Al! are al-
most constant and very small. Just outside the metals,
strong field is induced. In particular, at the particle-surfa
gap, the electric field is highly enhanced, demonstrating
the gap mode is excited.

We also calculated the electric field for the case
D53 nm corresponding to the sampled-3. In that calcula-
tion,R was set to 4.5 nm and the value ofESPPcalculated for
the sampled-3 was used asEex(0). The calculated field in-
tensity almost coincided with that obtained forD50.3 nm,
except for the region of the gap. In the gap region, howev
the value ofuEu/Ein was smaller than that forD50.3 nm by
almost an order of magnitude.

C. Surface current induced on Al surface

As seen in Fig. 7, a large discontinuity of the electric fie
is found at the Al-SiO2 interface, suggesting that a larg
amount of surface charge is induced at the interface. S
the electric field is assumed implicitly to oscillate with th

FIG. 7. Calculated spatial distribution of electric-field intens
around an Ag sphere under SPP excitation. The absolute valu
the electric field normalized to the amplitude of incident fieldEin in
Fig. 5~a! is shown as a function of the position inx-z plane. The
incident wavelength was set to 520 nm.R andD are assumed to be
4.5 and 0.3 nm, respectively.
c
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frequencyv of SPP, the surface charge also fluctuates w
v. The fluctuation of the surface charge is expected to
come a radiation source. To describe the motion of the s
face charge, we introduce here the surface current, whic
obtained by the difference of the polarization currents at
surface.18,19The surface current on the Al surface is given

J~r ,v!5F ~e~0!21!

4p

]

]t
E~0!~r ,v!G

z510

2F ~e~1!21!

4p

]

]t
E~1!~r ,v!G

z520

, ~5!

whereE(0)(r ,v) andE(1)(r ,v) are the local electric fields
calculated in the SiO2 and Al regions, respectively, andr
moves on thex-y plane. FromE(0)(r ,v)5E(0)(r )e2 ivt and
E(1)(r ,v)5E(1)(r )e2 ivt, the above equation becomes

J~r ,v!5F2 iv~e~0!21!

4p
E~0!~r ,v!G

z510

2F2 iv~e~1!21!

4p
E~1!~r ,v!G

z520

. ~6!

In previous studies on the light emission of SPP via
surface roughness, Kro¨ger and Kretshmann18 demonstrated
that the surface current generated by the roughness acts
radiation source. In their calculation, the radiation sou
was assumed to be the difference of the surface curren
the presence and absence of the roughness. In the pr
study, we assume the radiation source to be the differenc
the surface currents in the presence and absence of th
particle. The radiation source is then given by

J~r ,v!5F2 iv~e~0!21!

4p
E~0!~r ,v!G

z510

2F2 iv~e~1!21!

4p
E~1!~r ,v!G

z520

2H F2 iv~e~0!21!

4p
Eex~0!~r ,v!G

z510

2F2 iv~e~1!21!

4p
Eex~1!~r ,v!G

z520

J , ~7!

whereEex(0) andEex(1), which are identical to those in Eq
~1!, are the external fields in the regions~0! and~1!, respec-
tively, in the absence of the Ag particle. To obtain Cartes
coordinate componentsJx , Jy , andJz , theE

(n)(n50,1) ex-
pressed in bispherical coordinates were transformed to th
in Cartesian coordinates through

Ex~r !52Ew~r !sinw2Eh~r !cosw, ~8a!

Ey~r !5Ew~r !cosw2Eh~r !sinw, ~8b!

Ez~r !5Em~r !. ~8c!

These hold atz50 ~on x-y plane!.
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Using Eq. ~7!, we numerically calculated the surfac
current induced by the existence of the Ag particle. T
parameters used in the calculation (R54.5 nm,D50.3 nm,
and l5520 nm! are the same as those used to obt
the result in Fig. 7. Figures 8~a!–8~c! illustrate profiles of

FIG. 8. Calculated profiles of surface current induced on the
surface (x-y plane! under the same condition as in Fig. 6~l5520
nm, R54.5 nm, andD50.3 nm!. ~a!, ~b!, and ~c! represent real
parts ofx, y, andz components of the surface current, respective
~d! schematically shows the motion of the surface charge predi
by ~a!–~c!.
e

n

the surface current (J) on thex-y plane~on the Al surface!.
In the Figs. 8~a!, 8~b!, and 8~c! the real parts ofJx , Jy ,
and Jz are shown, respectively. Figure 8~d! schematically
shows the motion of the charges predicted by the profiles
Jx , Jy , and Jz. As seen in Figs. 8~a!–8~c!, the surface
current induced by the gap mode is highly localiz
aroundx5y50, i.e., just beneath the center of the Ag pa
ticle, and concentrated within a projected area of the
particle.

We see that, in the profiles ofJx and Jy , there are two
poles with opposite signs. ForJy , the magnitudes of the
poles are identical to each other and there is a point sym
try about the origin. On the other hand, theJx profile is
found to be slightly asymmetric, arising from the asymme
of the applied field, which has not only thez component but
also a small-x component. Since, however, the asymmetry
Jx is small enough to be negligible, we can regard the p
allel component ofJ @Ji[(Jx ,Jy ,0)# as symmetric about the
origin, as is illustrated in the upper side of Fig. 8~d!. This
means thatJi(r ) andJi(2r … have the same magnitude, b
there is a phase difference ofp between them. Therefore, th
far field radiated fromJi(r ) is canceled out by that from
Ji(2r … due to the destructive interference. On the contra
for Jz , the cancellation does not occur as is expected by
profile @Fig. 8~c!#. Therefore,Jz can contribute to the light
emission.

The current profiles were calculated for various excitat
wavelengths. Figure 9 indicatesl dependences ofJz . In this
figure, maximum values in the calculated profiles ofJz are
plotted. Solid and dashed lines correspond toD50.3 and 3
nm, respectively. The radiusR was again set to 4.5 nm. Fo
D50.3 nm, we see a pronounced peak around 520 nm.
peak corresponds to the excitation of the gap mode. On
other hand, forD53 nm the peak is very weak and is locate
around 420 nm, which is almost the same as the resona
wavelength of the LSP in the isolated Ag particle in SiO2. It
should be noted here that the peak position forD50.3 nm
agrees well with that of the emitted light intensity observ

l

.
d

FIG. 9. Calculated wavelength dependences ofz component of
surface currentJz induced on the Al surface under SPP excitatio
The plotted data are the maximum values of the amplitude. S
and dashed lines correspond toD50.3 and 3 nm, respectively.
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for the sampled-0 ~closed circles in Fig. 5!. Moreover, the
calculated Jz dramatically decreases with increasingD,
which agrees fairly well with the drastic decrease in the lig
intensity observed with increasingd ~Fig. 5!.

D. Radiation pattern generated byJz

In an attempt to explain the radiation pattern obtain
experimentally@Fig. 4~a!#, we calculated the angular patte
of light emitted fromJz . SinceJz is highly localized as seen
in Fig. 8~c!, Jz can be approximately described using ad
function. We consider here the radiation pattern from a po
current sourceJ5„0,0,d(r )… located on the Al surface. Th
intensity of light emitted from a point source can be calc
lated from the electromagnetic Green’s function. We f
lowed a manner previously described by Reedet al.24 for a
current source positioned in a multilayer system. The po
source was positioned in a vacuum thin layer, which w
added in the structure of the sampled-0, yielding the
multilayer of air/Ag-SiO2/vacuum/Al/prism. The vacuum
thin layer to locate the radiation source was proposed
Kröger and Kretschmann18 in their study on the roughness
mediated SPP radiation. We assumed the thickness of
vacuum layer to be 0.1 nm and placed the point source a
center of the layer.

Figure 10 shows the angular pattern of the light emit
into the air side. The calculated angular pattern has two lo
around 30° and 150°, in good agreement with the experim
tal result for the sampled-0 @Fig. 4~a!#. We can conclude
that the light emission in the experiment is dominated by
z component of the localized surface current. From a cl
comparison of Fig. 4~a! with Fig. 10, however, we find tha
the calculated pattern slightly differs from the experimen
one aroundf590°. In the experimental result@Fig. 4~a!#, the
emitted light does not vanish atf590°. This is because th
x component of the surface current is not taken into acco
in the angular pattern calculation. As was stated earlier,
Jx profile is slightly asymmetric@Fig. 8~a!#. This means that
the field radiated fromJx(r ) is not completely canceled ou
by that fromJx(2r …. The far field remains after the destru
tive interference. The parallel component of the curr
source on a metal is known to lead a broad lobe atf590° in

FIG. 10. Calculated angular pattern of light emission yielded
a current source that is assumed to have only az component and to
be ad function. The point source is assumed to be positioned in
center of a vacuum thin layer, 0.1 nm in thickness, which w
added in the structure of the sampled-0, yielding a multilayer of
air/Ag-SiO2/vacuum/Al/prism.
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the angular pattern.32 Therefore, the light observed aroun
f590° is believed to arise fromJx .

E. Discussion

As can be seen in Fig. 7, the surface charge is induced
only on the Al surface but also on the Ag particle. The s
face charge fluctuation on the Ag particle may also contr
ute to the light emission. It is known that the surface cha
induced on a sphere produces an electric dipolep, which is
given by33

p~v!5E
sphere

rs~r ,v!ds, ~9!

wheres is the surface charge density on the Ag particle a
r moves on the spherical surface. For the present parti
surface system@Fig. 6~b!#, we calculated the electric-dipol
moment of the Ag particle for variousD. The actual calcu-
lation in the bispherical coordinates was carried out follo
ing the method described by Goyette and Navon.33 The mag-
nitude of the calculated dipole momentup(v)u was found to
depend very weakly onD. The calculatedup(v)u for D59
nm had the same order of magnitude as that forD50.3 nm.
In contrast, the emitted light observed experimentally for
sampled-9 is very much weaker than that for the samp
d-0. Therefore, the light emission observed cannot be
plained by the radiation from the electric dipole induced
the Ag particles.

Although there exist distributions of the radiusR and dis-
tanceD of Ag particles contained in the Ag-SiO2 layer pre-
pared, the experimental results~Fig. 5! could be explained
well by the calculation~Fig. 9! with the fixedR ~4.5 nm! and
D ~0.3 nm!. The reason for this may be argued as follows.
seen in Fig. 8~c!, the localization area ofJz is of the order of
R2. On the other hand, the maximum value inJz is propor-
tional to (D/R)21. The total amount ofJz (Jtotal) is roughly
proportional to the product of the localization area and
maximum value, i.e.,R2(D/R)21. As a consequence, th
emitted light power (}Jtotal

2 ) is proportional to
@R2(D/R)21#25R6D22. This means that the Ag particle
with largeR and smallD dominate the light emission. In th
present Ag-SiO2 layer, the mean radius of the Ag particle
was about 3 nm. As seen in the present TEM image~Fig. 1!,
however, large Ag particles 4–5 nm in radius are also c
tained in a certain proportion~about 10% in number!. In the
present sample, the large Ag particles 4–5 nm in radius
cated very close to the Al surface are thus thought to do
nantly contribute to the light emission.

V. CONCLUSION

We investigated the light emission from SPP’s media
by metallic nanoparticles. A system consisting of Ag nan
particles placed very close to an Al surface was prepared
depositing a Ag-SiO2 film on an Al film. The distance be-
tween the particles and the surface was systematic
changed by varying the thickness of a SiO2 spacer layer
sandwiched between Al and Ag-SiO2 layers. The SPP on the
Al surface was optically excited by means of an AT
method and the light emission from the sample was m
sured for various excitation wavelengths~l!. The emitted-
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light intensity was found to increase rapidly as the particl
surface distance decreases. When the particle-surf
distance is less than a few nanometers, i.e., the order of
particle radius, very strong light emission was observed. T
emitted-light intensity was also found to vary sensitive
with l and exhibit a maximum aroundl5520 nm. To clarify
the light emission mechanism, we performed electroma
netic calculations and compared the calculated results w
experimental ones. From a good qualitative agreement
tween the experimental and calculated results, we sugge
the following processes of the light emission:~i! The SPP’s
excite electromagnetic normal modes localized in betwe
the Ag particles and the Al surface~gap modes!, ~ii ! local-
ized surface current associated with the gap modes is
duced on the Al surface, and~iii ! the induced surface curren
emits light.

The excitation of the gap mode resulting from the inte
action of the SPP with a metallic particle induces a ve
strong electric field in between the particle and surfac
which will give rise to various enhancement phenomena.
simple possible experiment is to enhance Raman scatte
from molecules or very thin films, which are located betwe
Z

e

l

-
ce
e
e

-
h
e-
ed

n

-

,

g

the metallic particles and metallic surface. Due to the stro
field of the gap mode, Raman dipoles with large magnitud
will be induced. Attempts to enhance the Raman signal
the gap mode are currently in progress in our laborato
Such an enhancement will also be observed in other opti
processes, e.g., optical absorption, luminescence, and var
non-linear optical processes. The combination of the opti
enhancement mediated by the gap mode with scanning pr
microscopes is an intriguing challenge. For example, a m
tallic particle attached to a sharpened fiber tip and a fiber
coated with the metal-particle layer~such as the present Ag-
SiO2 film! seem to be suitable for the probe. In such types
optical scanning probe microscopes, the optical signals o
from the tip front are thought to be enhanced and detect
which allows us to perform not only topographic but als
spectroscopic investigations of small structures.
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