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Surface-Plasmon Resonances in Single Metallic Nanoparticles
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Using a near-field optical antenna effect, we measure the homogeneous line shape of the s
plasmon resonance in single gold nanoparticles. The surface-plasmon dephasing times extracte
the near-field spectra of the individual particles vary around 8 fs. This mean value agrees
calculations based on Mie theory, which neglect surface effects. Deviations of individual par
from this value are interpreted as being due to variations in the local nanoenvironment. We
observe double-peaked line shapes caused by electromagnetic coupling between close-lying p
[S0031-9007(98)06063-3]

PACS numbers: 71.45.Gm, 07.79.Fc, 78.66.Bz
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In metal nanoparticles, collective electron oscillatio
known as surface plasmons (SP’s) can be excited by li
These elementary electronic excitations have been the
ject of extensive research, both fundamental and wit
view to applications [1]. In particles consisting of alka
noble, and various other metals the SP’s show themse
as pronounced optical resonances in the visible or UV p
of the spectrum. The resonance frequency of the os
lation, i.e., the SP energy, is essentially determined
the dielectric properties of the metal and the surround
medium, and by the particle size and shape. The collec
charge oscillation causes a large resonant enhanceme
the local field inside and near the particle. This field e
hancement is used in surface-enhanced Raman scatt
(SERS) [2] and is currently discussed for potential app
cations in nonlinear optical devices [3], in optical tweeze
[4], and generally for the manipulation of the local ph
tonic density of states.

The properties of the SP are crucially influenced
its dephasing timeT2  2h̄yGhom, Ghom being the homo-
geneous linewidth of the SP resonance. For instan
the relation between the dephasing time and the loc
field enhancement factorjfj is given by jfj ~ T2. This
relation is particularly important for nonlinear optica
effects: both the effective third-order susceptibility
metal particles [5] and the effective SERS cross s
tion [6] are proportional toT4

2 . Microscopically, the
SP dephasing time is controlled by coupling of th
SP’s to the electron-hole pair continuum [1], and
radiation damping, i.e., the decay of SP’s into ph
tons [5], which is important in large particles abov
a radius of ca. 10 nm. The first dephasing mechan
is strongly influenced by bulk electron scattering pr
cesses [7]; in addition, electron-surface scattering is
lieved to contribute for small particles sizes belowr 
10 nm, or for high surface state densities, where chem
interface damping is important [1].

Despite the central importance ofT2, or Ghom for under-
standing the SP decay and for the local-field enhancem
0031-9007y98y80(19)y4249(4)$15.00
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it has been so far inaccessible to measurement due to
inhomogeneous broadening of the SP line. This inhom
geneous broadening can be caused by variations in the s
shape, surface structure, and dielectric environment of
individual particles within the cluster ensemble. Nonline
optical techniques for measuring homogeneous linewid
fail in the present case: For instance, spectral hole burn
requires thatGhom is much smaller than the total linewidth
a condition that generally is not fulfilled for metal particles
whereGhom , Gtotal. Using transient four-wave mixing to
measureT2 appears extremely difficult since SP dephasi
times are believed to be on the order of 10 fs [8] and a
thus too short to be reliably resolved with available las
pulses. In contrast, it appears promising to circumve
inhomogeneous broadening by selecting single partic
spatially using the subwavelength resolution of near-fie
microscopy. This approach is encouraged by recent p
ton scanning tunneling microscopy (PSTM) experimen
which have demonstrated light scattering from individu
metal particles at selected wavelengths [9].

In this Letter we use a near-field optical antenn
effect to measure the SP line shapes of single g
nanoparticles. We extract homogeneous linewidths, i
dephasing times for various spatially isolated particle
We find a typical dephasing time of 8 fs. The deviation
of individual nanoparticles from this value are interprete
by assuming particle-to-particle variations in the loc
nanoenvironment. We also observe double-peaked l
shapes which are explained by electromagnetic coupl
between closely lying particles. Calculations based
Mie theory support our conclusions.

Figure 1 shows the experimental setup. A tunable c
laser illuminates the sample via the tapered Al coated fib
tip of a scanning near-field optical microscope (SNOM
The fiber tip has an aperture diameter of about 80 n
The sample is a composite film of 200 nm thickne
containing gold spheres with a radius of typicallyr 
20 nm embedded in a dielectric sol-gel TiO2 matrix [10]
with a refractive index of 2.19. The volume fill facto
© 1998 The American Physical Society 4249
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FIG. 1. Schematic setup: Laser light is coupled into the A
coated fiber tip which is kept 7 nm above the composite TiO2
film. The dotted lines indicate the fiber’s near-field lines; th
arrows indicate the scattered radiation that is detected by
photodetector.

of the particles in the matrix is 3%. The upper part o
Fig. 2 shows a far-field extinction spectrum of the samp
exhibiting an inhomogeneously broadened SP resonanc
1.96 eV and the onset of interband absorption at 2.38 e
In the SNOM setup, the radiation transmitted through t
composite film is detected by a Si photodetector fixed
the rear of a 1 mm thick glass substrate supporting the fil
The distance between the tip aperture and the sample
kept at 7 nm by shear force control [11].

SNOM images taken at five different spectral pos
tions are shown in Figs. 2(a)–2(e). Plotted is the tran
mitted light intensity scanned across a surface area
750 3 750 nm2. Figure 2(c), taken at a photon energ
of 2.00 eV close to the peak of the far-field SP resonan
shows enhanced transmission at the spatial position o
nanoparticle in the center of the scan area. Figures 2
and 2(e) show that this transmission vanishes off res
nance. A similar resonant enhancement is also obser
at the spatial positions of other particles, reaching e
hancement factors of up to 2.5 with respect to the bac
ground intensity. The enhancement effect is explained
follows: When there is a particle in the near field o
the fiber tip aperture, its SP resonance is excited by
evanescent light modes from the tip and radiates prop
gating modes observable in the far field. In this sens
the particle acts as an “antenna” for the near field of t
SNOM tip.

The high spatial resolution of the SNOM permits u
to take transmission spectra of individual nanoparticle
Figure 3(a) shows the spectrally resolved transmissi
measured with the fiber tip fixed above a particula
particle (denoted by #1 in the following). We plot her
the relative transmissiont, i.e., the ratio of the transmitted
intensity with and without a particle in the near field
of the SNOM tip; t . 1 thus indicates a transmission
enhancement. Figure 3(a) shows a peak at the spec
position of the far-field SP band (dashed line), with
linewidth that is markedly narrower. To evaluate th
4250
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near-field spectrum, we note that the intensity of the fie
reradiated by the particle can be described by a ne
field scattering efficiency that is resonantly enhanced
the SP [6]. The spectral line shape of the transmitt
radiation thus directly reflects that of the SP, which mea
that the experiment presented heregives access to the
homogeneous linewidth and peak position of the surfa
plasmon in individual nanoparticles.For example, this
yields for particle #1Ghom  180 meV [full width at half
maximum (FWHM)] andEpeak  1.95 eV, respectively.
In the time domain,Ghom  180 meV corresponds to a
SP dephasing time ofT2  7 fs.

For a comparison of the experimental spectrum w
theory, we consider the near-field scattering efficiency
QNF . In our case the electric dipole radiation (Mie theo
expansion coefficienta1 [1]) is dominant, renderingQNF

nearly proportional to the far-field scattering efficienc

FIG. 2(color). Transmitted light intensity scanned across
surface area of750 3 750 nm2 (color scale in nW). Photon
energies are (a) 2.11 eV, (b) 2.07 eV, (c) 2.00 eV, (d) 1.94 e
and (e) 1.91 eV. Upper panel: Far-field extinction spectrum
the sample, with spectral positions of the SNOM images.
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FIG. 3. Near-field transmission spectra of individual nanop
ticles: (a) Particle #1 (squares); solid line: calculated Mie sc
tering efficiencyQsca; dotted line: far-field optical density of
the composite film in arbitrary units. (b) Particles #2 (circle
and #3 (diamonds); dashed and solid lines: Lorentzian fits
the data. (c) Object #4; solid line: theory.

Qsca: QNF ~ ja1j
2 ~ Qsca. Therefore we calculateQsca

for a direct comparison with the experimental data. T
calculations are based on Mie theory [1], thus allowi
for coupling of the SP to the electron-hole pair continuu
and for radiation damping; electron-surface scatter
processes are neglected. The calculations contain
adjustable parameters; bulk dielectric data from [12] a
used, the spherical particle shape and the radiusr 
20 nm are derived from transmission electron microsco
measurements, and the refractive index of the matrix
been determined by far-field transmission measureme
on a sample containing no particles. Figure 3(a) sho
that very good agreement with the experimental data
obtained for this particle.

We note, however, that the experimental spectra v
from particle to particle. For example, Fig. 3(b) show
the line shapes of two objects labeled #2 and #3 w
linewidths of 130 and 250 meV, respectively. To analy
the variations in the particle spectra, we show in Fig
the relation between the linewidth (FWHM) and the pe
energy of spatially isolated particles; both quantities we
determined by Lorentzian line fits to the data. Also sho
is the relation expected from Mie theory for spheres
different sizes; the gradual increase in the linewidth w
growing particle size is caused by a concomitant incre
in radiation damping. For the particles investigated he
the measured peak energies are found to vary betw
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1.92 and 1.98 eV, probably due to variations in th
particle size. The SP linewidths lie between 120 an
250 meV and thus below the far-field ensemble linewid
of Gtotal  300 meV. For the majority of particles, the
measured linewidths are relatively close to the results
the calculation. Larger deviations, like that of particl
#3, might be interpreted by assuming particle-to-partic
variations in the local nanoenvironment. Such variatio
could be caused by small fluctuations of the chemic
composition of the nonperfectly compactified TiO2 sol-
gel matrix in our sample, which can lead to a higher loc
density of surface states at the metal/dielectric interfa
and hence to a larger chemical interface damping. T
origin of the deviations from the theory requires furthe
investigation; we restrict ourselves here to determinin
a representative value ofGhom by averaging over the
11 individual particles in Fig. 4. We obtainGhom 
160 meV, which in the time domain corresponds to a S
dephasing time ofT2  8 fs. We use this information
to calculate the local-field enhancement at the partic
surface; we obtain an orientationally averaged loca
field enhancement factor ofjfj  12 with respect to
the external field. Such information onT2 drawn from
SNOM measurements can be used in a systematic w
to maximize the local-field enhancement for application
like SERS, optical tweezers, nonlinear optical device
and spatially resolved photochemical conversion [13
Furthermore, information onT2 should help to analyze
fundamental electronic decay processes in the me
nanoparticles [1,7].

Besides the line shapes of isolated particles, a
other types of spectra are found. Object #4 in Fig. 3(
exhibits a double-peak structure, where the higher-ene
peak lies at 2.05 eV, well above those of all isolate
particles studied here. We suggest that this structure
caused by a line splitting due to electromagnetic coupli
of two close-lying particles [14]. In order to suppor
this assumption, we have calculated the line shape
aggregates of two identical spheres of radiusr separated
from each other by a distanced and electromagnetically
coupled to each other. Each sphere is considered a
dipole with polarizability

a  6pk23ia1 , (1)

where k is the wave vector in the matrix andi is the
imaginary unit. As shown in Fig. 3(c), the orientationall
averaged far-field scattering efficiency [15] of an aggr
gate withr  10 nm andd  6 nm closely matches the
observed double peak. We note that althoughr  10 nm
is quite far from the peak of the particle-size distribution
it is well within the possible size range.

The data in Figs. 3(a)–3(c) and 4 indicate a larg
variety in the nanoparticle spectra, which lies “hidden
below the inhomogeneously broadened SP line shape
the far-field ensemble spectrum. In this sense, near-fi
spectroscopy on individual metal nanoparticles mak
4251
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FIG. 4. Linewidth vs peak energy determined from the nea
field spectra of individual nanoparticles (circles). Solid line
theoretical results for gold spheres of different radii. Dash
line: ensemble linewidth (300 meV) as determined from the fa
field extinction spectrum in Fig. 2.

possible the observation of local dielectric effects th
would remain unnoticed otherwise, like, e.g., the mo
splitting in Fig. 3(c) indicating the coupling of two
particles. In the future, this could be used to extend t
capabilities of SP-based chemical and biological sens
[16,17], giving them all the advantages of high spati
resolution beyond the diffraction limit. For instance
marking of cell structures with gold nanoparticles, whic
is routinely employed in electron microscopy, coul
be used in combination with near-field spectrosco
to produce dielectric imagesof those structures with
nanometer spatial resolution.

In summary, we have performed SNOM spectrosco
on individual gold nanoparticles. We have measur
for the first time the homogeneous line shape of t
surface-plasmon resonance in a metallic system. The
mogeneous SP linewidth is substantially smaller than
ensemble linewidth, and varies around a value
160 meV; this corresponds to a SP dephasing tim
of 8 fs, and agrees with the results of a Mie-theo
calculation. Deviations of individual particles from thi
value can be explained by assuming variations in t
local nanoenvironment of the particles. Besides t
singe-mode resonances, we also observe more com
line shapes caused by electromagnetic coupling betw
close-lying particles. SNOM spectroscopy on individu
metal nanoparticles holds great promise for optica
4252
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probing and manipulating the local nanoenvironment
the particles.
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