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Size dependent decay of the surface plasmon excitation in gold nanoparticles
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The ultrafast electron dynamics in gold nanoparticles has been studied by measuring the dephasing

time T3 of the surface plasmon polariton as a function of particle size and plasmon energy. Persistent

spectral hole burning which permits to overcome the inhomogeneous broadening caused by the

size and shape distributions, has been applied to oblate gold nanoparticles on sapphire substrates.

Dephasing times ranging from 5 to 17 fs were extracted and an increased damping at higher plasmon

energies due to an interband transition was observed. Furthermore, an explicit influence of the

reduced dimensions of the nanoparticles was detected. A value of T> = 5.6 fs for a particle radius of

3.7 nm was extracted. Comparison with other measurements as well as with theoretical predictions

could identify surface scattering and for the first time size dependent Landau-damping as the most

dominant damping mechanisms.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Metal nanoparticles are one of the most promising
nanoscale materials for future applications [1]. They ex-
hibit many new properties which are unknown for the
bulk material and which depend strongly on the particle
dimensions in nearly all cases. For example size depen-
dent alloying [2], melting point [3], catalytic reactivity
[4], electronic [5-7] and optical properties [8, 9] have been

examined in the past.
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Especially the optical properties of metal nanoparti-
cles distinguish clearly from those of the bulk material,
because they are dominated by the surface plasmon po-
laritons (SPP). These are coherent oscillations of the con-
duction band electrons against the ion cores which can
be excited by light [9]. Investigation of the spectral po-
sitions and line widths of the resonances allows therefore
to probe the electronic properties of the particles, e.g.

confinement of electronic states [10].

The linear optical properties of metal nanoparticles
were studied extensively in the last decades, mostly fo-
cussing on the influence of particle material, size, shape

and dielectric surrounding on the amplitude and energy



of the SPP [8]. Contrary to this, only few experiments
examined the decay of the SPP, which takes part within
only several femtoseconds after excitation [11-16]. The
characteristic time for the decoherence of the electronic
oscillation is the dephasing time 75, which can be de-
termined from the homogeneous line width of the SPP
resonance and is a adequate gauge for the dephasing pro-
cesses.

With the knowledge of the dephasing of the SPP, local
field enhancement near the nanoparticles’ surface can be
optimized [17, 18]. This effect is accompanied with the
SPP and can be used for optical tweezers [19], to enhance
the Raman-scattering of molecules [20, 21] or to improve
the resolution in fluorescence microscopy [22]. The de-
phasing time 75 is the key parameter for these applica-
tions because it is predicted to be directly proportional

to the enhancement factor of the local field [Zitat fiir

Proporitionalitit bitte Matthias fragen].

II. THE DECAY OF THE SURFACE PLASMON

Theoretically, the decay of the SPP results from the
coaction of different processes which are discussed widely
in literature [23-27]. For particles with 1.5 nm < R <
25 nm and low intensities of the incident electromagnetic
field several damping mechanisms, e.g. emission of elec-
trons [24] and radiation damping [28] can be neglected.
On the time scale smaller than 20 fs after plasmon exci-

tation only three effects play a role [?7]:

Surface scattering is the inelastic scattering of the co-

herent oscillating electrons at the particle surface.
It gets relevant as soon as the nanoparticle radius
is smaller than the free path of the electrons [, at
the Fermi edge. The damping is determined by the
Fermi velocity vr divided by the particle radius, i.e.
1/T> < vp/R. This correlation is predicted theo-
retically [7, 29] and observed in a few experiments

13, 15, 30].

Landau-damping describes the resonant generation of

electron-hole-pairs [25, 26, 31]. In contrast to
surface scattering, it is a collisionless damping,
because electron-electron interactions are mostly
not involved. Depending on the photon energy,
intra- and interband-transitions are contributing
[32]. Moreover, the amount of Landau-damping is
proportional to the surface to volume ratio of the
particle, i.e. a 1/R-dependence of 1/T5 is predicted
[6, 24, 33]. This is due to the broadening of the dis-

crete eigenstates of the holes and quasifree electrons

which are determined by the particles surface [10].

Chemical interface damping (CID) is the dynamic
tunneling of the oscillating electrons into and out
of adsorbate or surface states. Due to the statis-
tic nature of the tunneling, the electrons lose
the phase coherence which results in additional
damping [7, 15, 16, 34]. Because of the surface-

sensitivity, a 1/R-dependence is predicted.



All three effects predict a 1/R-dependence of the inverse

dephasing time which can be taken into account by
1Ty =1/Ts, 0 + Y Ai/R, (1)

where A; are the corresponding damping parameters
which describe the size dependence of each contribution
[8]. The dephasing time T o which is expected for the
bulk material depends on the SPP energy Aif) and can
be calculated by the Drude model using the dielectric

constants €1, €2 of the nanoparticle material [8, 35]:

de (w) |
dw =

Ty (@) = \ Jea (). @

III. PREPARATION AND

CHARACTERIZATION

Gold atoms from a thermal atom beam were deposited
on sapphire surfaces under ultrahigh vacuum conditions.
By diffusion and subsequent nucleation at defect sites on
the substrate, oblate nanoparticles were grown, a process
known as Volmer-Weber-growth [36]. The shapes of the
nanoparticles were approximated by rotational ellipsoids
with the short axis a perpendicular and the long axis b
parallel to the surface. The axial ratio a/b, the equivalent
radius Req, which is the radius of a sphere with the same
volume and the size distribution of the ensemble were
used to characterize the nanoparticles. Furthermore, the
axial ratio of the nanoparticles depends definitely on their
size, an effect that is caused by the growth mechanism
[37].

The optical properties of ellipsoidal particles are domi-

nated by two SPP modes: The (1,0)- and the (1,1)-mode,
i.e. the electronic excitation parallel to the long axis and
the short axis respectively. With p-polarized light and
under an angle of incidence different from normal inci-
dence, both SPP modes and with s-polarized light only
the (1,1)-mode can be excited. Nevertheless, for gold
nanoparticles, the (1,0)-mode is suppressed by the im-
pact of an interband transition located at about 2.4 eV
[38, 39]. An important issue is that the spectral positions
of the SPR only depend on the axial ratio and not on the
size, if radii of 1 nm<20 nm are considered. Therefore
the axial ratios of the nanoparticles can be calculated by
modeling the extinction spectra with quasistatic approxi-
mation [9]. The radii of the nanoparticles were calculated
from the amount of deposited material and the particle
number density which was determined by atomic force

microscopy [37].

IV. METHOD OF PERSISTENT SPECTRAL

HOLE BURNING

Spectral hole burning is based on selective size and
shape modification of nanoparticles with laser light [15,
40-42]. In short, the nanoparticle ensembles are irradi-
ated with nanosecond laser pulses whose photon energy
falls within the inhomogeneously broadened absorption
profile. Only resonant particles absorb the laser light ef-
ficiently and convert it into heat (Fig. 1a). Thus diffusion
and desorption of atoms at the surface of these particles

are initialized. While diffusion only alters the shape to-
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FIG. 1: Schematic illustration of the spectral hole burning
process. a) Only resonant nanoparticles absorb the nanosec-
ond laser pulses and are selectively heated. b) The SPR of
the reshaped particles is shifted to higher energies and its am-
plitude is decreased. In the overall spectrum a spectral hole

is burned.

wards a sphere, the desorption also reduces the particle
volume. As a consequence the SPR of the resonant parti-
cles is shifted to higher photon energies and its extinction
is decreased (Fig. 1b). In the overall spectrum a hole is
burned at the photon energy of the laser light and an
increase of extinction occurs at higher photon energies
due to the modified particles. The width of these spec-
tral holes increases linearly with growing laser fluence
because also non-resonant particles absorb the laser light
in the wings of their SPR, an effect called power broaden-
ing. The laser induced modifications were modeled theo-
retically, whereas the spectral changes due to desorption
and diffusion as well as the power broadening effect were
taken into account [15, 35, 43]. The homogeneous line
width I'yom was obtained by linear extrapolation of the
hole widths to vanishing laser fluences [30, 41, 44]. The

dephasing time T, was finally determined by using the

uncertainty relation Ty = 2h/Thom.

V. EXPERIMENTAL

All experiments were carried out under ultrahigh vac-
uum conditions (p < 107% mbar). A thermal beam of
gold atoms was generated by an electron beam evapo-
rator and directed onto sapphire substrates, on which
the nanoparticles were formed by Volmer-Weber-growth.
Atomic force microscopy in the ultrahigh vacuum as well
as under ambient conditions was used to determine the
number density of the nanoparticles on the substrates.
The optical spectra were recorded under an angle of inci-
dence of 45° using the s-polarized light from a xenon arc
lamp in combination with a monochromator. For spectral
hole burning the samples were cooled down to 100 K and
subsequently nanosecond laser pulses (pulse length 5-7
ns, repetition rate 10 Hz) with different photon energies
and fluences were applied. The laser light was generated
with a BBO-OPO (beta-barium-borate optical paramet-
ric oscillator) which was pumped by the third harmonic
of a Nd:YAG laser. The angle of incidence of the laser
light was set perpendicular to the substrate surface and
the polarisation was the same as chosen for the extinction
measurements. The beam was focussed down to a diam-
eter of 1.5 mm utilizing a quartz lens. In order to modify
a significant amount of nanoparticles on the substrates,

the beam was scanned over the sample surface.
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FIG. 2: Dephasing time (left axis) and homogeneous line
width (right axis) of the SPP as a function of plasmon energy.
Filled circles: particles with radii of 9-15 nm, open triangles:
particles with radii of 4-6 nm. The solid line was obtained by

using eq. (2) with the bulk dielectric function from [39].

VI. DEPENDENCE OF THE DEPHASING

TIME ON THE PLASMON ENERGY

The dephasing time of the SPP was measured as a
function of the plasmon energy (Fig. 2). The equivalent
radii ranged from 9 to 15 nm and the axial ratios of the
nanoparticles increased with rising photon energies from
0.06 to 0.26 (filled circles). The dephasing times decrease
from 15 fs at a photon energy of 1.44 eV to a value of only
9 fs at 2.05 eV, i.e. an increasing damping of the SPP
is observed at higher plasmon energies. This decrease of
Ty is due to the impact of an interband transition from
the d-band into the conduction band which is located at
about 2.4 eV [8, 38]. The solid line was calculated using
the dielectric function ey of bulk gold [39] using eq. (2)

and refers to Ty assuming the nanoparticles to have the
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FIG. 3: Dephasing time (left axis) and homogeneous line
width (right axis) as a function of the equivalent radius of the
gold nanoparticles. The solid line represents the dephasing
time of 75 = 16.3 fs calculated from epux and the dashed line
a fit of the 1/Req-dependence from eq. (1) which is predicted

by several models.

electronic properties of gold bulk.

VII. DEPENDENCE OF THE DEPHASING

TIME ON THE NANOPARTICLE SIZE

The influence of the reduced dimension on the dephas-
ing time was investigated by measuring 75 of very small
nanoparticles with radii of only 4-6 nm (Fig. 2, open
triangles). Much shorter dephasing times of about 5.5 fs
were extracted, which is a clear evidence for size depen-
dent effects.

To identify these contributing size dependent damping
mechanisms, the shortening of T3 for small nanoparticles
was investigated in more detail by varying the nanopar-
ticle size at a fixed plasmon energy. For this purpose,

nanoparticles with different sizes and constant shape were



prepared: Large particles with higher axial ratios than
usual were generated with the technique of laser-assisted
growth [45, 46] and small nanoparticles with a more
oblate shape were grown at low temperatures (7" = 100
K). Thus, the mean axial ratio and the SPR could be
kept constant independently of the particle size. The
laser photon energy used for hole burning was set to
1.85 €V, being located within the inhomogeneous broad-
ened SPR. For this plasmon energy we expect Landau-
damping as well as surface scattering to contribute to the
size-dependence of T». Nanoparticles with radii rang-
ing from 3 to 23 nm and an axial ratio of a/b = 0.13
were examined. The results are shown in Fig. 3. While
the experimentally determined dephasing times for the
particles with radii above 12 nm are only slightly lower
than the value obtained from the dielectric function of
the gold bulk [7], T decreases significantly for smaller
nanoparticles and reaches a value of only (5.6 £0.7) fs
for a radius of (3.7 £0.5) nm. This clearly shows the in-
fluence of the reduced dimension on the damping of the
SPP. Therefore eq. (1) was fitted to the experimental
data (Fig. 3, dashed line) by using A as fit parameter
and Th o = 16.3 fs. A value of A = (0.32 + 0.06) nm/fs
was obtained, which describes the increase of the T with

declining particle size.

VIII. DISCUSSION

First, the results of the measurements varying the plas-

mon energy, i.e. the particle shape are discussed. Two

different contributions to the dephasing of the SPP are
found (Fig. 2): Above 1.85 eV the Landau-damping by
the interband transition is the dominant damping mech-
anism and the experimental data converge against the
values calculated from the bulk dielectric function. For
plasmon energies below 1.85 eV, the measured dephas-
ing times lie significantly below the values from epy-
Nevertheless, in this range the influence of the interband
transition is neglectable and chemical interface damping
can be excluded because it is found to be not important
for gold and silver nanoparticles on sapphire substrates
[15, 41]. Therefore the low values of Ty are ascribed to
surface scattering [41]. In summary, already for these
large nanoparticles with radii of 9-15 nm an explicit in-
fluence of their reduced dimension on the electronic prop-

erties is found.

Below, the dependence of T, on the particle size (Fig.
3) is discussed. The measured damping parameter A was
obtained at a SPP energy of 1.85 eV where the influ-
ence of both damping mechanisms mentioned above is ex-
pected. Our value is significantly higher than Apersson =
0.2 nm/fs, which is calculated for pure surface scatter-
ing using the equations of Persson [7]. This indicates
the presence of Landau-damping that is predicted to
get dominant for Plasmon energies above 1.8 eV [6, 13].

Thus, we attribute these increased size dependent damp-

ing of AA ~ 0.12 nm/fs to Landau-damping.

Our results are also in good agreement with other mea-

surements made for gold nanoparticles on quartz sub-



strates at a plasmon energy of 2.3 eV [13]. In these
measurements a value of Apajacy = 0.31 nm/fs was ex-
tracted from only four data points. Apajacy iS close our
A-parameter, but not directly comparable, because of the
different plasmon energy. An influence on the dephasing

time from the quartz substrate which was used in these

experiments can not be excluded [15].

IX. CONCLUSIONS

To our knowledge, the size dependent influence of
Landau-damping of the SPP could be separated for the
first time from the effect of surface scattering. By mea-

suring the dephasing time 75 with the technique of spec-

tral hole burning, a clear dependence on the inverse par-
ticle radius of was found. Variation of the energy of the
SPP showed that below 1.85 eV only surface scattering
is observed while for higher plasmon energies also Lan-
dau damping contributes to the size dependent damping

process.
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