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Ultrafast Dephasing of Surface Plasmon Excitation in Silver Nanoparticles:
Influence of Particle Size, Shape, and Chemical Surrounding
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By combination of two special methods, i.e., persistent spectral hole burning and laser assisted
nanoparticle preparation, the dephasing time 7, of surface plasmon excitation in silver nanoparticles
was systematically investigated. A strong dependence of 7, on the plasmon energy is found which
reflects the relevance of interband damping and makes necessary a precise control of the particle shape
when measuring 7,. The influence of the reduced dimension on the dephasing dynamics was observed
as a decrease of 7, with shrinking particle size. In addition, for silver nanoparticles on quartz
substrates, a considerable amount of chemical interface damping was observed.
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The optical properties of noble- and alkali-metal nano-
particles (NPs) are dominated by collective oscillations
of the conduction electrons called surface plasmons (SPs)
[1]. In contrast to plasmons in bulk matter, these oscil-
lations can be excited with light and lead to distinct
resonances in the optical spectra. Recently, the ultrafast
dephasing of the SP, that occurs on a time scale of only
few femtoseconds, has gained a lot of attraction [2-7].
Reasons are that the dephasing time 7, being connected
to the homogeneous linewidth I',,,, of the resonances via
T, = 2k /Iy om. is highly interesting by itself and, further-
more, is directly proportional to the local field enhance-
ment, an effect which increases the intensity of the
incident light near the NPs surface by several orders of
magnitude [1]. Since many devices involving NPs benefit
from this effect, T, is considered a key parameter for
applications such as surface enhanced Raman scattering
[8], surface enhanced fluorescence [9], optical tweezers
[10], or all-optical switching devices [11]. Furthermore,
ultrafast dephasing in the fs regime is still an open ques-
tion. In order to clarify the role of possible damping
processes such as Landau damping, surface scattering of
electrons, emission of electrons, and chemical interface
damping, systematic investigations are urgently needed.
For such studies, however, the size and shape distribution,
that ensembles of nanoparticles with sizes of several
nanometers usually exhibit, is a major obstacle. These
distributions give rise to inhomogeneous line broadening
and hamper measurements in the frequency as well as in
the time domain [6,12]. Avariety of methods have tried to
overcome inhomogeneous line broadening, e.g., by spec-
troscopy of single NPs [4,5,7,13] or generation of NPs
with negligible size and shape distributions [6]. Never-
theless, measurements for NPs with dimensions below
15 nm in which the influence of the size, shape and
chemical surrounding on 7, are examined independently,
are still lacking.

Recently, measurement of 7, in silver NPs via a novel
technique based on persistent spectral hole burning, has
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been demonstrated [2,3]. With this method, the influence
of inhomogeneous line broadening can be excluded.
Advantages of the technique are that it is not restricted
to certain particle sizes, does not require special size and
shape distributions, and is compatible with ultrahigh
vacuum (UHV) conditions, thus allowing for a precise
control of the chemical environment. In the present paper,
spectral hole burning has been used to systematically
determine T, of the SP in silver clusters as a function of
NP size, shape, and chemical surrounding. Most impor-
tantly, we have observed the influence of the reduced
dimension of the nanoparticle on the dephasing time 7.

All experiments were carried out under UHV con-
ditions. Silver NPs were prepared by deposition of silver
atoms on sapphire and quartz (0001) surfaces followed
by surface diffusion and nucleation. The particle mor-
phology was determined here by combining optical spec-
troscopy and UHV noncontact atomic force microscopy
(AFM) [14]. In short, the results of the characteriza-
tion are as follows: The generated silver NPs are oblate
and their shape can be approximated by rotational ellip-
soids. They are characterized by their axial ratio a/b, a
and b being the short and long axis, respectively, and
their equivalent radius r, i.e., the radius of a sphere
with the same volume. For such particles, the SP excita-
tion splits into two modes, their resonance positions
depending on the axial ratio. The shape of the NPs
depends on their size, i.e., the axial ratio drops off as
the radius increases [14]. In view of the size distribution
mentioned above, this leads to clusters of different shapes
and, consequently, to inhomogeneous broadening of the
SP resonances.

Examples of spectral hole burning in the SP (1,1) mode
are shown in Fig. 1(a). It depicts extinction spectra of
silver NPs with a mean radius of 7 nm at a number
density of 1.4 - 10! cm™2 on a sapphire substrate before
and after irradiation with ns—laser pulses of the given
fluences. The spectra were recorded at an angle of inci-
dence of 45° using s-polarized light of a Xe-arc lamp in
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FIG. 1. Spectral hole burning in silver NPs on a sapphire
substrate with a photon energy of 2.53 eV (a) Extinction spectra
before and after laser irradiation. (b) Difference spectrum for a
fluence of ® = 23 mJ/cm? (e). For details, see text.

combination with a monochromator. Clearly, the (1,1) SP
mode at an energy of 2.6 eV can be detected. For laser
irradiation the light of a BBO-OPO (beta-barium borate
optical parametrical oscillator) pumped by the third har-
monic of a Nd:YAG laser was used. The duration of the
OPO pulses was specified to amount from 2 to 4 ns. The
laser light was also s polarized and the angle of inci-
dence was set to 45°. In subsequent steps 300 laser pulses
of fluences between 15 and 49mJ/cm? and a photon
energy of 2.53 eV were applied to the NPs, the optical
spectrum being recorded after each step. With increasing
laser intensity, a spectral hole of growing depth is burned
into the optical spectrum. This is revealed in greater
detail in the difference spectra between subsequent steps.
As an example, Fig. 1(b) shows the difference spectrum
for a laser fluence of 23 mJ/cm? (e). As can be seen
clearly, the spectral hole has an asymmetrical shape.
The interaction between the laser light and NPs as well
as the resulting change to the optical spectrum has been
modeled theoretically and described in detail in Ref. [3].
The resulting changes to the optical spectrum are com-
posed of an even contribution [Fig. 1(b) (dotted line)],
describing the shrinkage of the NPs due to thermal de-
sorption of atoms, and an odd contribution [Fig. 1(b)
(dashed line)], taking into account the change of the axial
ratio due to self-diffusion of atoms. The resulting model
function 8S(w) is given by
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FIG. 2. Width of the spectral holes as a function of laser
fluence (e). Linear extrapolation to vanishing fluence (solid
line) gives I’y for the experiment shown in Fig. 1.
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where the parameters A and B relatively weight the even
and odd contribution, respectively. () determines the
center of the spectral hole, which is coincident with the
laser frequency for small fluences [3], whereas I" stands
for its width. As Fig. 1(b) (solid line) shows, the model
function almost perfectly fits the experimental data. For
the determination of I',.,,,, the fluence dependence of I is
exploited: The theoretical model predicts a linear con-
vergence towards the homogeneous linewidth for small
laser fluences. Figure 2 depicts the values resulting from
the data of Fig. 1. Linear extrapolation to zero fluence
results in a value of Iy, = (130 = 9) meV for the ho-
mogeneous linewidth and of 7, = (10.0 * 0.7) fs for the
dephasing time.

As the first step, 7, was measured as a function of SP
energy by tuning the OPO to different wavelengths, Fig. 3
(®). Since the investigated NPs had radii between 9 and
18 nm, they are too large compared to the mean free path
of the electrons to observe the influence of the reduced
particle dimension as will be shown in the next part of
this Letter. On the other hand, the NPs are too small
compared to the wavelength of the light to expect appre-
ciable radiation damping [15]. Consequently, the data of
Fig. 3 reflects the influence of the bulk dielectric proper-
ties of the NPs on the damping process. In terms of
classical electrodynamics, I'y,,, is expressed through the
dielectric function & with real and imaginary parts &,
and &,, respectively, by [1,3]

2h 82(0)
2)
=T (

Iﬂhom((1)
w= Ql

Using the dielectric function of silver from Ref. [16] and
Eq. (2), the experimental data of Fig. 3 is nicely repro-
duced, Fig. 3 (dashed line). Most remarkable is the strong
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FIG. 3. Homogeneous linewidth and dephasing time of SP

excitation in silver NPs on sapphire substrates as a function of
the energy of the SP resonance. For further details, see text.

damping with increasing SP energy leading to a decrease
of T, from 14.7 to 5.8 fs as the energy is raised from 1.54
to 2.9 eV. For comparison, I'},, and T, as deduced from
Drude-relaxation times [17] are given in Fig. 3 as the gray
area, revealing a remarkable difference to the experimen-
tal and calculated values for SP energies above 1.5eV.We
ascribe the observed increase of damping to the growing
overlap of the SP resonance with the interband transitions
of silver as the SP resonance shifts to higher energies.
Since in the investigated size regime the resonance posi-
tion of the SP is determined mainly by the NP shape,
Fig. 3 reflects the dependence of T, on the axial ratio, that
can be determined using electrodynamics theory [1]
(upper axis). As a consequence, a precise control of the
NP shape is necessary in order to determine 7, as a
function of NP size.

In the remaining part of this Letter, the influence of NP
size and the chemical surrounding on 7, will be dis-
cussed. For the influence of the reduced NP dimension
on the dephasing time, classical as well as quantum-
mechanical models predict a 1/r dependence for the
inverse dephasing time [1,18-22]

=——+—, 3

where the parameter A quantifies the influence of the NP
surface on the dephasing process. Classically, the phase
coherence of the collective oscillation is disturbed be-
cause of additional collisions of the electrons with the
surface [22]. The loss of coherence can be further accel-
erated if adsorbates are present on the surface, since the
conduction electrons can tunnel into and out of adsorbate
states. Because of the statistic nature of the tunneling
process, coherence is lost, i.e., the adsorbate leads to
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additional dephasing, a mechanism called chemical inter-
face damping (CID) [21,22].

Since clusters with a fixed mean axial ratio are needed
in order to investigate 7, as a function of NP size,
samples for such experiments were prepared with a novel
method, enabling us to control the NP shape indepen-
dently of size [23]. Employing this technique, silver NPs
were made on sapphire and quartz surfaces under simul-
taneous irradiation with ns—laser pulses of a photon en-
ergy of 2.33 eV and a fluence of 160 mJ/cm?. As a result,
the SP resonances of the NPs were fixed at a photon
energy of i) = 3.0eV, ie., the axial ratio remained
constant. As the second step, spectral hole burning with
a photon energy of 2.9 eV was applied to these NPs of
different equivalent radius in order to determine the
homogeneous linewidth of the SP. The results are sum-
marized in Fig. 4. The gray lines mark a dephasing time
of 6 fs that is evaluated with Eq. (2) using the dielectric
function of Ref. [16]. For silver NPs on sapphire, 7, is
independent of NP size for 3.5 nm = r = 10 nm, Fig. 4(a)
(®). The values in this size regime are identical to the
calculated value of 6 fs within their error bars of typically
1 fs. A further reduction of the NP radius to 2 nm leads to
a decrease of T, to values as low as 4.2 fs. A least square
fit of expression (3) to the experimental data gives an A
factor of 0.16 nm/fs and a limiting value for large par-
ticles of T, = 7 fs, Fig. 4(a) (dashed line). For silver
NPs on quartz surfaces, on the other hand, the measured
values of T, differ by 1 fs from the calculated value al-
ready for particles as large as » = 10 nm, Fig. 4(b) (e).
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FIG. 4. Homogeneous linewidth and dephasing time of SPs in
silver NPs as a function of NP size. For details, see text.
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The decrease of T, with diminishing r is much steeper for
this nanoparticle-substrate combination, leading to de-
phasing times as small as 2.6 fs. The A parameter is
determined in this case to be 0.38 nm/fs, and the limiting
value is 75 ., = 6 fs, Fig. 4(b) (dashed line).

Whereas the limiting value of T, is the same for both
substrates within the experimental error, the A parame-
ters differ by a factor of 2.4. Possible reasons for that are
differences in (i) the efficiency of CID due to different
substrate materials, and therefore different surface-
adsorbate states, and (ii) the size of the contact area
between the NP and the substrate. In order to estimate
the fraction of the contact area between the NP and the
substrate of the entire NP surface, the Yamaguchi theory
[24], which allows for the calculation of a nominal con-
tact area, was applied [14]. As a result, a fraction of 32%
for both substrate materials was calculated. Consequently,
the difference of the A parameters by a factor of 2.4 has
to be ascribed to different CID efficiency. To our knowl-
edge the only quantitative theory that describes the influ-
ence of the chemical environment is the treatment of
Persson [21]. While for a free silver NP, Persson computed
an A parameter of AVak = 0.2 nm/fs, a value of ASiO, =
0.75 nm/fs for a silver cluster embedded in a SiO, matrix
was obtained. For Al,O3, no calculations are available
yet. In order to compare our experimentally determined A
parameters for silver NPs on quartz with the Persson
model, the A parameters of the theory have to be
weighted with the fraction of the contact area between
NP and substrate. Taking into account a value of 32 % as
discussed above, the theoretical value for our supported
NPs is A = 0.38 nm/fs. This value is exactly the A pa-
rameter experimentally determined here. Our A factor for
silver NPs on sapphire on the other hand compares best
to the value AVak for free NPs in the Persson model.
We therefore conclude that quartz as a substrate material
substantially contributes to CID. In turn, we do not ob-
serve CID for silver NPs on sapphire surfaces. A possible
reason for this difference is the separation between the
conduction band of the oxide and the Fermi level of
the NPs, which amounts to 2.6eV for quartz [21]. This
makes possible direct injection of electrons from the
conduction band of the NP into the conduction band of
the substrate, which is known to be an important damp-
ing mechanism for titanium oxide surfaces [13]. In con-
trast, an energy of at least 3.8 eV is needed for the process
on sapphire substrates, which surmounts the SP energy
by nearly 1 eV [25]. Nevertheless, as far as Ag NPs on
sapphire are concerned, a rigorous theoretical treatment
of CID is highly desirable.

In summary, the combination of laser assisted NP
growth with persistent spectral hole burning makes pos-
sible systematic investigation of the dephasing of SPs
in metal NPs. A striking dependence of 7T, in silver
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NPs on the SP energy was revealed, reflecting the influ-
ence of the bulk properties of the cluster material on the
ultrafast dephasing, thus reducing 7, with increasing
axial ratio of the NPs. Most importantly, for silver NPs
on sapphire, the reduced dimension influences T, for radii
below 4 nm in agreement with theoretical predictions for
pure surface scattering [21]. On quartz substrates, the size
dependence is much more pronounced and, consequently,
the NP dimensions determine 7, already at NP sizes of
r = 10nm. The strong damping observed on quartz sur-
faces is ascribed to CID and agrees well with theoretical
predictions [21].
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