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Shape and size dependence of radiative, non-radiative and photothermal
properties of gold nanocrystals

STEPHAN LINK and MOSTAFA A. EL-SAYED*
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Georgia Institute of Technology, Atlanta, GA 30332-0400, USA

Driven by the search for new materials with interesting and unique properties
and also by the fundamental question of how atomic and molecular physical
behaviour develops with increasing size, the field of nanoparticle research has
grown immensely in the last two decades. Partially for these reasons, colloidal
solutions of metallic (especially silver and gold) nanoparticles have long fascinated
scientists because of their very intense colours. The intense red colour of colloidal
gold nanoparticles is due to their surface plasmon absorption. This article describes
the physical origin of the surface plasmon absorption in gold nanoparticles with
emphasis on the Mie and also the Maxwell-Garnett theory and reviews the effects
of particle size and shape on the resonance condition. A better understanding of the
relationship between the optical absorption spectrum (in particular, the plasmon
resonance) and such particle properties as its dimensions or surrounding
environment can prove fruitful for the use of the plasmon absorption as an
analytical tool. The plasmon resonance has also had a great impact on the Raman
spectrum of surface-adsorbed molecules and a large enhancement of the fluores-
cence quantum yield of gold nanorods is observed. Furthermore, following the
changes in the plasmon absorption induced by excitation (heating) with ultrashort
laser pulses allows one to monitor the electron dynamics (electron-electron and
electron—phonon interactions) in real time, which is important in understanding
such fundamental questions regarding the thermal and electrical conductivity of
these nanoparticles. Very intense heating with laser pulses leads to structural
changes of the nanoparticles (nuclear rearrangements in the form of melting and
fragmentation).
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1. Introduction

Over the last two decades the interest in colloidal and cluster chemistry has grown
significantly [1-14]. The more general term nanoparticle includes small clusters or
giant molecules (fewer than 100 atoms in the size range around 1 nm) and larger
particles consisting of tens to hundreds of thousands of atoms (or even greater) and
having a diameter in the range of tens to hundreds of nanometres. The latter kind of
material has long been known to scientists as colloids [1, 2, 4, 12, 15-17], most often
referring to suspensions of metal particles in an aqueous medium. In fact, colloidal
gold has been used as a colouring pigment dating back to the middle ages [15]. In the
nineteenth century, Faraday [18] already recognized that the ruby red colour of
colloidal gold stems from the presence of aggregates of gold atoms although he had no
means of analysing the size of these gold nanoparticles by modern analytical
techniques such as transmission electron microscopy (TEM).

Around the turn of the twentieth century, the field of colloidal chemistry was
undergoing tremendous growth due to the pioneering contributions from Ostwald and
Mie and the Nobel Prize winners Svedberg and Zsigmondy. The work by Mie [19],
who first explained the origin of the red colour of gold nanoparticles, will be discussed
in greater detail in this review article. The one thing that all these pioneers had in
common was the fact that they realized how dramatically the ratio of surface atoms to
interior atoms changes if one successively divides a macroscopic object (¢.g. a cube)
into smaller parts. The study of the accompanying changes in the physical chemistry
of nanoscale material compared with the bulk or to individual atoms was their goal
then, as it still is today.

As an example of how drastically the number of surface atoms increases with
decreasing particle size, consider a cube of iron 1 cm on an edge. The percentage of
surface atoms would be only 107°% . Dividing the same cube into smaller cubes with
an edge of just 10 nm results in a percentage of surface atoms of 10% and in a cube
with an edge of 1 nm every atom would be a surface atom. This might illustrate why
changes in the size range of a few nanometres are expected to lead to great changes in
the physical and chemical properties of the nanoparticle. The investigation of new
material properties is interesting from a technological standpoint [12-14, 20]; the
transition from individual atoms to the bulk state of matter is, however, also of very
great fundamental importance in science [21-26].

The reason for the resurrection of colloid and cluster science in recent years is that
the gap between the organometallic clusters and small colloidal particles has been
closed by synthesis of larger clusters stabilized by organic ligands [12]. At the same
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time, size selective separation methods of colloidal particles have allowed the isolation
of smaller clusters from the large distribution of sizes [27-29]. In fact the
monodispersity of the particle size is a key factor in enabling the study of size-
dependent physical properties of the nanoparticles. In this way, particles can be
isolated in a quantity which easily allows one to use less sensitive analytic techniques
than usually employed in a cluster beam experiment. Not only have the chemical
preparation methods improved significantly, but also the progress in computing
capabilities [12, 23] makes it now possible to calculate cluster properties of fairly large
particles from first principles similar to calculations of molecular properties. On the
other hand, band structure calculations in solid-state physics do not have to involve
infinite boundary conditions any more as the significance of a finite size can be taken
into account. Therefore, the fact that the areas of cluster and colloid science are
merging together with the advancement in the chemical synthesis techniques explains
and justifies the use of the word nanoparticle for all particles falling in the size regime
of 107 m.

The reason for studying nanostructured materials from a technological standpoint
is mainly the anticipated applications in optical systems and catalysis [12—14, 20]. In
particular, in the fields of optical data communication and optical data storage the
need for new materials with high nonlinearities is driving nanoparticle research. The
ease of tuning the optical properties gradually with particle size and shape have made
nanoparticles very interesting compared with organic dye molecules [3]. Semi-
conductor nanoparticles have already been successfully used in solar cells converting
sunlight into electricity [20]. On the other hand, because of their high surface-to-
volume ratios, metal nanoparticles (especially platinum and palladium) are important
as catalysts [12]. Shape control over platinum nanoparticles [30] might allow the
exposure of different crystal surfaces for catalysis showing differences in catalytic
efficiency.

In general, nanoparticles can be composed of metals in their neutral valence state
or as their oxides, sulphides, selenides, etc. Nanoparticles composed of a semi-
conducting material are of great interest since their bandgap transition has moved to
the visible compared with the infrared for the bulk [3, 9, 10]. Even though this article
will focus on metallic nanoparticles, all the particles have in common that they must
be stabilized by molecules attached at their surface (to control their size and to prevent
them from agglomeration and precipitation) or must be embedded in a solid matrix in
order to avoid aggregation and the formation of the thermodynamically favoured
bulk material. In the absence of any counteractive repulsive forces the van der Waals
forces between two metal nanoparticles would lead towards coagulation. This can be
avoided by either electrostatic or steric stabilization [12]. Electrostatic stabilization is
realized by an electrical double layer arising from the attraction of negatively charged
ions to the (mainly) metal nanoparticles. The positive counterions then form a second
layer (hence the electrical double layer). Steric stabilization in solution is achieved by
binding of polymers or surfactant molecules with long alkyl chains to the particle
surface. The long chains of the organic molecules prevent the particles from coming
close to each other. The surface organic molecules further prevent the oxidation of the
neutral metal in solution and small nanoparticles of gold can be isolated as a powder
and are completely stable against air oxidation [31]. In the case of gold, organic thiols
have been employed very successfully in the synthesis of small gold clusters [28, 31, 32].
The gold-thiolate bond is known to be particularly strong and allows the isolation of
these compounds as molecular substances.
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Preparation methods of metallic nanoparticles range from chemical methods to
metal vapour synthesis [12]. The most widely used and oldest method is reduction of
the metal salt in solution by reducing agents such as sodium citrate, phosphor, sodium
borhydride or hydrogen [33]. While sodium citrate used in an excess can also serve as
a protective capping agent, in the case of the other mentioned substances, polymers or
surfactants have to be added before the salt reduction in order to stabilize the
nanoparticles. The reduction with sodium citrate has been worked out in detail by
Turkevich and co-workers [34-37] and produces gold nanoparticles with an average
diameter of about 20 nm with a very narrow size distribution and good reproducibility.
It is therefore often used to prepare gold nanoparticles in solution which have been
widely used as labelling agents in biological samples using TEM [5].

Another reducing agent of a different kind employed very successfully is the use of
free electrons or radicals generated in solution by radiolytic techniques [1, 2]. Henglein
[1, 2] and Mulvaney [4] have used a y-ray source to produce a wide variety of different
metal nanoparticles from cadmium, thallium and lead, to silver and gold. Thermolysis
[38-41] and photolysis [42] of unstable organometallic precursors is another
preparation method, which has been used for the synthesis of palladium and platinum
nanoparticles. Electrolysis [43, 44] can also be used to prepare metal nanoparticles. In
metal vapour synthesis [45], atomic metal vapour is simply condensed in a dispersing
medium at low temperatures (because of the reactivity towards water this is exclusively
done in organic solvents). Furthermore, nanoparticles can be grown in optically
transparent glasses at high temperatures [46], which is often the procedure most widely
used in solid-state physics. In order also to synthesize nanoparticles of a certain shape,
the reduction of the metal precursors can be carried out in a constraint environment
such as the inside of zeolites [12], porous alumina [47-52] and micelles [44, 53-55].

The feature that distinguishes the preparation methods listed above from each
other in obtaining a homogeneous size distribution is the rate of nuclei formation
where the nuclei are homogeneously distributed over the reaction volume. This allows
all clusters to grow with the same rate and one obtains a kinetically favoured product
rather than reaching the thermodynamically most favourable state (which would of
course be the bulk metal itself if given enough time).

While it would be worth reviewing the wide field of preparation methods more
thoroughly, the above discussion is used here only to serve as a general introduction.
Instead, this article focuses on the optical properties of the noble metal nanoparticles,
which show a pronounced surface plasmon absorption. The exact preparation
methods are of less importance for the main optical absorption feature. It should,
however, be mentioned that the results presented here are all obtained on gold
nanoparticles produced either by the citrate method [34, 35, 56] or by an elec-
trochemical method with the use of organic surfactant molecules producing gold
nanorods [44, 53]. TEM pictures of 48 nm nanodots and gold nanorods with a mean
aspect ratio of 3.3 are shown in figures 1(a) and (b) respectively. The effect of the
surrounding medium will be discussed at appropriate times throughout the text. The
first part of this review discusses the physical origin of the surface plasmon absorption
and the effects of size and shape on the resonance condition. The theories developed
by Mie [19] and Maxwell-Garnett [57] early in the twentieth century will be outlined
in more detail. The second part deals with the optical response of the surface plasmon
band after excitation with a femtosecond laser pulse. Time-resolved transient
absorption spectroscopy allows direct observation of the electron dynamics as the
electrons couple to the lattice. Very intense laser heating, on the other hand, leads to
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Figure 1. TEM images of (a) spherical gold nanoparticles with an average diameter of 48 nm
and (b) gold nanorods with a mean aspect ratio of 3.3.

nuclear rearrangements and permanent shape transformation of the nanoparticles.
This transformation can also be followed directly by monitoring the surface plasmon
absorption. We shall see that TEM analysis is of crucial importance in order to
correlate the structural changes with the optical absorption data.

2. Optical absorption properties of metal nanoparticles: the surface plasmon
resonance
2.1. The Mie theory

It was mentioned in the introduction that a reduction in particle size leads to
different physical and especially optical properties [1-3, 8-11, 23, 58-60]. Reducing the
size of the nanoparticle has a pronounced effect on the energy level spacing as the
system becomes more confined. Similar to a particle in a box, the energy separation
between adjacent levels increases with decreasing dimensions. This is most pronounced
for semiconductor nanoparticles where the bandgap energy increases with decreasing
size and the onset of the bandgap transition is shifted to higher frequencies [3, 8-10,
24-26, 61]. Since the exciton radius is typically 2-8 nm for II-VI semiconductors,
particles of several nanometres in diameter are expected to undergo the transition
from the bulk to the quantum-confined state. Quantum size effects are also known for
metal nanoparticles[21, 22]. In order to observe the localization of the energy levels the
size must be well below 2 nm as the level spacing has to exceed the thermal energy
(about 26 meV). There is a simple explanation for this fundamental difference. In a



414 S. Link and M. A. El-Sayed

semiconductor, the interesting level spacing is the energy difference between the
completely filled valence band and the empty conduction band, which corresponds to
the interband transition. This energy separation is of the order of a few electronvolts
and increases rapidly with decreasing size [61]. In a metal, the conduction band is half-
filled and the density of energy levels is so high that a noticeable separation in energy
levels within the conduction band (intraband transition) is only observed when the
nanoparticle is made up of just a few atoms (N = 100). In fact the level spacing of the
one electron states can be roughly approximated by E,/N [21-23] where the Fermi
energy E is typically of the order of 5 eV in most metals. A 10 nm gold nanoparticle
consisting of roughly 30000 atoms would therefore have an energy level spacing of
only 0-167 meV. On the other hand, this simple approximation translates into a
transition energy of 167 meV for a 30-atom cluster, which exceeds the thermal energy.
Experimentally, an increased bandgap between the lowest unoccupied (molecular)
orbital (LUMO) and the highest occupied (molecular) orbital has been found to be
around 1.7 eV or 730 nm for a 28-atom gold cluster [62].

The surface plasmon resonance is the coherent excitation of all the ‘ free’ electrons
within the conduction band, leading to an in-phase oscillation [1, 4, 58-60]. The
surface plasmon resonance does not give rise to the most intense absorption for very
small clusters but is rather strongly damped [23, 63-65]. For the larger particles of
several tens of nanometres in which their size is still small compared with the
wavelength of light, excitation of the surface resonance can take place with visible
light. For the same particles, the volume plasmon is located at very high energies (6-9
eV) [23]. The surface obviously plays a very important role for the observation of the
surface plasmon resonance as it alters the boundary conditions for the polarizibility of
the metal and therefore shifts the resonance to optical frequencies. In this sense, the
surface plasmon absorption is a small particle (or thin layer) effect but definitely is not
a quantum size effect.

Figure 2(a) shows how one can picture the creation of a surface plasmon
oscillation in a simple manner. The electric field of an incoming light wave induces a
polarization of the (free) conduction electrons with respect to the much heavier ionic
core of a spherical nanoparticle. The net charge difference occurs at the nanoparticle
boundaries (the surface) which in turn acts as a restoring force. In this manner a
dipolar oscillation of the electrons is created with period 7. Figure 2(b) shows the
surface plasmon absorption of 22, 48 and 99 nm gold nanoparticles [56] prepared in
aqueous solution by the reduction of gold ions with sodium citrate [34, 35]. The
absorption spectra of the different particles are normalized at their surface plasmon
absorption maximum for comparison. The molar extinction coefficient is of the order
of 1 X10° M~ em™ for 20 nm nanoparticles and increases linearly with increasing
volume of the particles [11]. Note that these extinction coefficients are three to four
orders of magnitude higher than those for the very strong absorbing organic dye
molecules. From figure 2(b) it can be seen that the surface plasmon absorption red
shifts with increasing size while the bandwidth increases in the size region above 20 nm
[56]. These trends for particles of different sizes will be discussed theoretically in the
following paragraphs.

Dating back to 1908, Mie [19] was the first to explain the red colour of gold
nanoparticle solutions. He solved Maxwell’s equation for an electromagnetic light
wave interacting with small spheres having the same macroscopic frequency-
dependent material dielectric constant as the bulk metal. The solution of this
electrodynamic calculation with appropriate boundary conditions for a spherical
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Figure 2.
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Surface plasmon absorption of spherical nanoparticles and its size dependence. (a)

A scheme illustrating the excitation of the dipole surface plasmon oscillation. The electric
field of an incoming light wave induces a polarization of the (free) conduction electrons
with respect to the much heavier ionic core of a spherical gold nanoparticle. A net charge
difference is only felt at the nanoparticle boundaries (surface) which in turn acts as a
restoring force. In this way a dipolar oscillation of the electrons is created with period 7.
This is known as the surface plasmon absorption. (b) Optical absorption spectra of 22, 48
and 99 nm spherical gold nanoparticles. The broad absorption band corresponds to the
surface plasmon resonance.

object leads to a series of multipole oscillations for the extinction cross-section of the
nanoparticles [23, 58—60]. By series expansion of the involved fields into partial waves,
one obtains the following expressions for the extinction cross-section a,, and

scattering cross-section a.., [23]:
2n &
Ot = i ). QL+1)Re(a,+b,), 2.1
L=1
2n & y y
Toen = GF & 2 QLAD) (lay*+1b.)), 22
with g,,, = 0, —0.., and

L

= My (mx) yi () =y mx) () -,y mx) yi () = my; (mX) y(x)

L

my, (mx) 7,(x) = w1, (mx)n,(x) ’ W (mx) 1,(x) —my (mx) n,(x) °

m = n/n,,, where n is the complex refractive index of the particle and n,, the real
refraction index of the surrounding medium. k is the wave-vector and x = |k|r with r
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being the radius of a nanoparticle. y, and #, are the Ricatti-Bessel cylindrical
functions. The prime indicates differentiation with respect to the argument in
parentheses. L is the summation index of the partial waves. L = 1 corresponds to the
dipole oscillation as illustrated in the figure 2 (a) while L = 2 is associated with the
quadrupole oscillation and so on.

For nanoparticles much smaller than the wavelength of light (2r < A, or roughly
2r< A,../10) only the dipole oscillation contributes significantly to the extinction

cross-section [1, 4, 23, 58-60]. The Mie theory then reduces to the following
relationship (dipole approximation):

— 9@ ap £y()
7ol =0 o ey 2s, P e

(2.3)

where V' is the particle volume, w is the angular frequency of the exciting light, ¢ is the
speed of light, and ¢, and ¢(w) = ¢,(w)+ie,(w) are the dielectric functions of the
surrounding medium and the material itself respectively. While the first is assumed to
be frequency independent, the latter is complex and is a function of energy. The
resonance condition is fulfilled when ¢,(w) = —2¢,, if ¢, is small or weakly dependent
on w [23].

The above equation has been used extensively to explain the absorption spectra of
small metallic nanoparticles in a qualitative as well as quantitative manner [23, 63].
However, for larger nanoparticles (greater than about 20 nm in the case of gold) where
the dipole approximation is no longer valid, the plasmon resonance depends explicitly
on the particle size as x is a function of the particle radius r. The larger the particles
become, the more important are the higher-order modes as the light can no longer
polarize the nanoparticles homogeneously. These higher-order modes peak at lower
energies and therefore the plasmon band red shifts with increasing particle size [23,
58-60]. At the same time, the plasmon bandwidth increases with increasing particle
size. This is illustrated experimentally from the spectra shown in figure 2(b). It also
follows from the Mie theory. As the optical absorption spectra depend directly on the
size of the nanoparticles, this is regarded as an extrinsic size effects [23].

The plasmon bandwidth can be associated with the dephasing of the coherent
electron oscillation [56, 66—73]. Large bandwidth corresponds to rapid loss of the
coherent electron motion. Electron dephasing times of a few femtoseconds are
computed from the surface plasmon bandwidth, which strongly suggests that the main
relaxation process involves electron—electron collisions [56]. If one assumes a simple
two-level model for the plasmon absorption, the width I” is then given by [66]

1 1 1
m=qel = ——t—. 2.4
RSN T: ¢4

T, describes the population relaxation time (involving both radiative and non-
radiative processes), 7, is the total dephasing time and 77 is the pure dephasing time.
The latter results from collisions that change the plasmon wave-vector but not its
energy. Often T’} is much shorter than the energy relaxation 7; and thus determines the
value of T,.

Assuming a homogeneous size distribution and therefore homogeneous line
broadening, the total dephasing time can be computed from the measured width of the
plasmon absorption band. Using equation (2.4) with the spectra shown in figure 2(b),
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dephasing times of 4.1, 3.9 and 2.6 fs are calculated for the 22, 44 and 99 nm gold
particles respectively [56]. Kreibig et al. [67] determined dephasing times of 2 fs for 2
nm silver clusters embedded in a matrix and 7 fs for the same clusters in vacuum
(naked clusters). These extremely fast dephasing times are in agreement with nonlinear
frequency mixing studies on gold nanoparticles by Heilweil and Hochstrasser [66].
They found that both 7, and 7, are shorter than 48 fs. More recent nonlinear studies
came to the conclusion that the dephasing time of the coherent plasmon oscillation is
shorter than 20 fs [68]. These results also agree with studies on lithographically
produced gold and silver nanoparticles (about 200 nm in size) [70-72], for which
dephasing times of 6 and 10 fs were measured by second-order nonlinear auto-
correlation femtosecond spectroscopy [72]. Furthermore, recent single nanoparticle
investigations with a scanning near-field optical microscope found a homogeneous
linewidth of only 160 meV for some individual particles corresponding to a dephasing
time of 8 fs for 40 nm gold nanoparticles in a sol-gel TiO, matrix [73].

The situation concerning the size dependence of the optical absorption spectrum is
more complicated for smaller nanoparticles for which only the dipole term is
important. As can easily be seen from equation (2.3), the extinction coefficient does not
depend on the particle dimensions, which would imply that the surface plasmon
absorption becomes size independent for particles smaller than about 20 nm. A size
dependence is observed experimentally [4, 11, 23, 63]. For 5 nm particles the plasmon
oscillation is strongly damped and its absorption becomes weak and broad and it
completely disappears for nanoparticles less than about 2 nm in diameter [32, 64, 65].
This is because the electron density in the ‘conduction’ band becomes very small.
Obviously, the assumption of bulk-like electronic bands and bulk electronic and
optical properties associated with the electronic structure of the nanoparticles is rather
questionable. In particular, the use of the bulk dielectric constant which enters the Mie
equation as the only material-related physical quantity is not justified any longer [4,
23, 63]. However, as the Mie theory has been very successful in describing the optical
absorption spectra of metal nanoparticles [4, 23, 58-60], the theory was modified in a
way to account for the size effects rather than abandon it altogether.

In almost all the many theoretical models published it is assumed that the dielectric
constant of the material is size dependent (¢(w, r)) below an average particle diameter
of about 20 nm [23, 63]. In one of the early approaches, Kreibig and von Fragstein [74]
and Kreibig [75] proposed that electron—surface scattering must be enhanced in those
small particles since the mean free path of the conduction electrons is limited by the
physical dimension of the nanoparticle. The mean free path of the electrons in silver
and gold is of the order of 40-50 nm [76]. If the electrons scatter with the surface in an
elastic but totally random way, the coherence of the overall plasmon oscillation is lost.
Inelastic electron—surface collisions would also change the phase. The smaller the
particles, the faster the electrons reach the surface of the particles. The electrons can
then scatter at the surface and lose the coherence more quickly than in a larger
nanoparticle. As a consequence the plasmon band width increases with decreasing
nanoparticle radius. Indeed, it was shown theoretically [63, 74, 75] and experimentally
[46, 74,75, 77, 78] that the plasmon band width is inversely proportional to the particle
radius.

Following the model of the reduction of the effective electron mean free path and
enhanced electron—surface scattering [74, 75], the mathematical formulation of this
problem explaining the correct size dependence of the surface plasmon absorption
starts with writing the dielectric function as a combination of an interband term ¢.,(®)
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and a Drude term &,(w) considering only the free conduction electrons (&(w) =
ep(w)+ep(w)). The latter is given within the free-electron model by the following
expression [76]:

a)Z

en(w) =1 —m, (2.5)

where w} = ne®/¢,m,, is the bulk plasmon frequency expressed in terms of the free
electron density n and the electron charge e. ¢, is the vacuum permittivity and m,, the
electron effective mass. y is introduced as a phenomenological damping constant. It is
equal to the plasmon absorption bandwidth I" for the case of a perfectly free-electron
gas in the limit y < w [23]. The damping constant y is related to the lifetimes of all
electron scattering processes which are mainly electron—electron, electron—phonon
and electron—defect scattering in the bulk material [23]:

(2.6)

e-ph e-d?®

Y= 2T =l
i

where y, is the bulk damping constant. As already mentioned above, for nanoparticles
smaller than the mean free path of the conduction electrons, electron—surface
scattering is believed to be important as well. An additional term accounting for
electron—surface scattering is added to equation (2.6) and y then becomes a function
of the particle radius r as follows [74, 75]:

Av
2(r) =y, + . = 2.7)

where A4 is a theory-dependent parameter which is dependent on the details of the
scattering process (e.g. isotropic or diffuse scattering) [23, 63] and vy, is the velocity of
the electrons at the Fermi energy. This size effect is considered an intrinsic size effect
[23] since the material dielectric function itself is size dependent, in contrast with the
extrinsic size effect in large particles (i.e. r > 20 nm).

This model gives the correct 1/r dependence [46, 74, 75, 77, 78] of the plasmon
bandwidth as a function of size for nanoparticles described by the dipole ap-
proximation in the intrinsic size region (r < 20 nm). The parameter A is mostly used
as a fit parameter of the experimental results. However, the best advantage of this
theory is probably the fact that it provides a very good description for the dependence
of the particle dielectric constant on size. The modification of the dielectric constant
is done in a straightforward manner. However, there exist many more theories [79-89]
discussing how different factors such as the changes in the band structure,
environmental changes or the ‘spill-out’ of the conduction electrons can be
incorporated into a size-dependent dielectric function and thus into the main
framework of the Mie theory. Other theories calculate the optical response from first
principles by quantum-mechanical methods [87] or by the use of the jellium model for
small clusters [88]. This is rather difficult to use by most synthetic or physical chemists
trying to explain trends in the optical absorption spectra as a function of particle size.
A compilation and comprehensive overview of these theories with references to the
original work can be found in [23]. While all of them predict a 1/r dependence of the
plasmon bandwidth, the calculated slope of this relationship covers a wide range of
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values. More complicated is the prediction of the resonance absorption maximum as
a function of particle size as many theories predict both a red shift and a blue shift with
decreasing particle size [23, 63]. The fact that both trends are also observed
experimentally makes it difficult to assign the origin of the band maximum shift with
size.

A good comparison between different sizes can also be difficult since most
preparation methods are only able to synthesize nanoparticles in a limited size range.
The chemical reduction with sodium citrate for example is limited to sizes above 5 nm
[33-35] while the thiolate-stabilized gold clusters produced by reduction with sodium
borhydride are only stable for diameters below 5nm [28, 32, 64, 65]. The
monodispersity of each sample in comparison with the others is also important as
inhomogeneous broadening can complicate size dependence studies. While one might
think that a comparison between particles prepared by different methods should be
possible as the same gold core is present in all the nanoparticles (the fcc crystal
structure does not change with decreasing particle size), the capping ligands (matrix)
around the particle surface can have a very important influence on the plasmon
bandwidth and position [1, 4, 63, 67, 89, 90]. Henglein and co-workers [90] have shown
that molecules adsorbed on silver nanoparticles will cause a pronounced broadening
and damping of the surface plasmon resonance. One of the most recent theories that
attempts to explain the size dependence of small nanoparticles in the intrinsic size
range takes explicitly into account the chemical nature of the molecules capping the
particles. Persson [89] developed a model known as the chemical interface damping
(CID) model. In this model, the empty LUMOs of the acceptor molecules on the
particle surface are coupled to the free electrons in the conduction band of the metal.
The smaller the energy difference between the donor and acceptor levels, the stronger
is the coupling. Electron transfer between the levels becomes possible after excitation
of a plasmon resonance. Excited electrons transfer into the empty acceptor levels and
then back. This causes their loss of coherence with the rest of the electrons excited
during the plasmon excitation. This then corresponds to a broader bandwidth of the
plasmon absorption. As the electronic structure (and therefore the energy position of
the LUMO) varies for different adsorbate molecules, it is expected that the plasmon
resonance of the same metal cluster will experience different degrees of damping
depending on the specific adsorbed molecules. Kreibig and co-workers [67, 91] have
shown experimentally how the plasmon band broadens when the same silver clusters
produced in the gas phase are first deposited on a SiO, substrate and then later
embedded in SiO, by co-deposition of SiO,. In this unique experiment they were able
to measure the surface plasmon absorption of 2 nm silver nanoparticles in the gas
phase, deposited on a substrate and embedded in a matrix. The plasmon bandwidth
increases as the clusters are surrounded by more SiO, molecules as expected from the
model proposed by Persson [89]. They furthermore found very good quantitative
agreement with the CID of the surface plasmon resonance. Therefore, it was proposed
that the surface plasmon absorption could serve as a sensitive chemical sensor of the
particle environment [92].

2.2. Shape-dependent radiative properties: the Gans theory
While size and environment (matrix) effects are very important, shape effects seem
to be even more pronounced in the optical absorption spectrum of gold nanoparticles
[44, 47, 53]. The plasmon resonance absorption band splits into two bands as the
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Figure 3. Size-dependent surface plasmon absorption of gold nanorods. Optical absorption
spectra of gold nanorods with mean aspect ratios of 2.7 (- - - - - )and 3.3 (——-) are shown.
The short-wavelength absorption band is due to the oscillation of the electrons
perpendicular to the major axis of the nanorod while the long-wavelength band is caused
by the oscillation along the major axis. The absorption bands are referred to as the
transverse and longitudinal surface plasmon resonances respectively. The former is rather
insensitive towards the nanorod aspect ratio in contrast with the longitudinal surface
plasmon band which red shifts with increasing aspect ratio. This is illustrated in the inset
where the two band maxima (([J), transverse mode; (O), longitudinal mode) are plotted
against the nanorod aspect ratio R.

particles become more elongated along one axis [58—60]. The aspect ratio is the value
of the long axis (length) divided by the short axis (width) of a cylindrical or rod-shaped
particle. As the aspect ratio increases, the energy separation between the resonance
frequencies of the two plasmon bands increases [58—60]. The high-energy band
absorbing at around 520 nm corresponds to the oscillation of the electrons
perpendicular to the major (long) rod axis and is referred to as the transverse plasmon
absorption. This absorption band is relatively insensitive to the nanorod aspect ratio
[44, 47, 53] and coincides spectrally with the surface plasmon oscillation of the
nanodots. The other absorption band at lower energies is caused by the oscillation of
the free electrons along the major (long) rod axis and is known as the longitudinal
surface plasmon absorption. Figure 3 shows the absorption spectra of two nanorod
samples having aspect ratios of 2.7 and 3.3. The samples were prepared electro-
chemically using micelles as the rod-shaping and stabilizing agents [44, 53]. Figure 3
shows that the longitudinal plasmon band maximum (open circles) red shifts with
increasing aspect ratio while the transverse absorption band maximum (open squares)
does not change [44, 47, 53, 93].

The optical absorption spectrum of a collection of randomly oriented gold
nanorods with aspect ratio R can be modelled using an extension of the Mie theory.
Within the dipole approximation according to the Gans [94] treatment, the extinction
cross-section g, , for elongated ellipsoids is given by the following equation [58]:

2
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where P, are the depolarization factors along the three axes 4, B and C of the nanorod
with 4 > B = C, defined as

1—-¢e*| 1 14+e
b= [Zln(l_e)—l], 2.9)

(2.10)

and the aspect ratio R is included in e as follows:

_ B 2 |1/2 _ 1 1/2
e—[l—(z)] _(I_F) . 2.11)

2.3. Effective dielectric function of a metal-host composite material: the Maxwell-
Garnett theory

In general, the Mie theory is only valid for very low concentrations of the
nanoparticles in a solvent or solid matrix [23, 58]. It is assumed that the individual
particles are non-interacting and separated from one another. Therefore, the electric
field created around one particle by the excitation of a surface plasmon resonance is
not felt by the other surrounding particles. If the interparticle distances become
smaller than the particle dimension or if aggregation occurs, the plasmon resonance
red shifts and often a second absorption peak at a longer wavelength is observed [23,
63, 95-97]. This band could be regarded as a longitudinal resonance absorption similar
to the nanorods in the case of chain-like aggregation of the individual nanodots. In the
case of particle aggregation and for composite materials such as densely packed
nanoparticles in a transparent host medium, the effective-medium theories are better
suited to explain their optical absorption spectra [23, 58, 63].

The Maxwell-Garnett [57] theory is an effective-medium theory. It treats the
metal—dielectric composite material in which the particles are embedded and isolated
from each other. The particle dimension and interparticle distances are considered to
be infinitely small compared with the wavelength of the interacting light [58]. The
Maxwell-Garnett theory is based on the Clausius—Masotti equation and it assumes
that it is justified to describe the composite material containing metal nanoparticles
embedded in an inert host medium by an effective complex dielectric constant &, such
that [23, 48-51, 58, 98, 99]

E.—¢& &E—¢&

C m _f
m

e, tre,

= 2.12
etre,’ 212)

where ¢ and ¢, are the dielectric constants of the metal nanoparticles and the host
medium respectively. In contrast with the Mie theory, ¢, is also a complex function
depending on the frequency of light. f,, is the volume fraction of the metal
nanoparticles in the composite material and x is a screening parameter. The latter is
related to the shape of the nanoparticles [98, 99]. It has a value of two for spherical
particles and equals one for long nanorods oriented with their axes of revolution
parallel to the direction of the incident light. Its value approaches infinity for flat discs
oriented with their axes of revolution perpendicular to the incident light [48-51]. With
knowledge of ¢ and ¢, from the literature and an estimation of f,, from the sample
preparation procedure, the dielectric constant ¢, of the composite material can be
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computed with equation (2.12). The absorption spectrum of the metal nanoparticles in
a transparent non-interacting host medium can then easily be calculated, as the
dielectric constant is related to the optical refractive index n, and the absorption
coefficient k, in the following way [58]:

e, = nt =g, +iel, (2.13a)
&, = ng—kz, (2.13b)
e =2n.k,. (2.13¢)

Martin and co-workers [48—-52] have used an extended Maxwell-Garnett theory in
order to explain the optical absorption spectra of needle-like and pancake-like gold
nanoparticles in a porous alumina membrane. The particles are prepared by
electrochemical deposition of the gold into the nanopores of the aluminium oxide
template. The particles are all well aligned in one direction parallel to each other and
the aspect ratio was controlled by the deposition time.

Palpant et al. [100] synthesized gold clusters in an alumina matrix in the size range
2-4 nm by laser vaporization of the metal and co-deposition with a dielectric vapour
as a thin film on a substrate. The surface plasmon absorption of these small gold
nanoparticles is strongly damped and blue shifts with decreasing particle size. They
explained their experimental results by use of the Maxwell-Garnett theory and in
combination with calculations based on the time-dependent local-density approxi-
mation [100].

3. Luminescence properties of metal nanoparticles

Photoluminescence from bulk copper and gold was first observed by Mooradian
[101] and has been used extensively in characterizing the carrier relaxation and the
band structure of metals [102—-107]. It was found that the emission peak was centred
near the interband absorption edge of the metal and therefore was attributed to direct
radiative recombination of the excited electrons in the sp band with the holes in the d
band [107]. However, the quantum efficiency of the photoluminescence from bulk
noble metals is very low, typically of the order of 107*° [101]. A theoretical model
explaining the radiative recombination in noble metals was developed by Apell and
Monreal [106]. Because of the slight overlap between the sp conduction band and the
d band, the luminescence band shows a Stokes shift [107]. A more extensive
experimental study on the photoluminescence of copper, silver and gold was carried
out by Boyd er al. [103]. They were able to model their experimental results and
determined the relation between the spectral peaks and the interband recombination
transitions at selected symmetry points in the Brillouin zone.

Furthermore, Boyd et al. [103] studied the effect of the surface roughness on the
photoluminescence properties of noble metals. The luminescence was found to be
enhanced by several orders of magnitude on rough metal surfaces, which is known as
the lightning rod effect [103, 108, 109]. The rough metal surface can be regarded as a
collection of randomly oriented hemispheroids of nanometre size dimension on a
smooth surface. These hemispheroids show a surface plasmon resonance and therefore
the incoming and outgoing electric fields are amplified by the local field induced
around the hemispheroids by the plasmon resonances [103, 108, 109].

The same local field effect is also observed in the Raman scattering from molecules
absorbed on rough surfaces of noble metals, nanoparticle aggregates or single
nanoparticles [15, 16, 110-118]. The surface-enhanced Raman scattering (SERS)
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Figure 4. Size dependence of the luminescence properties of gold nanorods. The main plot
shows fluorescence spectra of nanorods having mean aspect ratios of 2.6, 3-3 and 5.4. The
fluorescence spectra are normalized at their respective maxima and the excitation
wavelength was 480 nm. The fluorescence maximum red shifts with increasing aspect
ratio R. This dependence is found to be linear as illustrated in the inset.

signal is enhanced by several orders of magnitude. While the chemical nature of the
absorbed molecule and the bonding to the metal surface plays arolein SERS[110, 111]
it is also recognized that an important component of the enhanced Raman scattering
is due to the enhancement of the electromagnetic fields close to the nanoparticle
surface [15, 16, 112, 113]. The nanoparticles can therefore be regarded as nano-
amplifiers and, since the discovery of this effect, SERS spectroscopy has been studied
intensively [15, 16, 110-118]. It is a convenient tool of increasing the sensitivity of an
otherwise weak Raman signal.

A similar enhancement has recently been found by our group for the luminescence
of gold nanorods [119]. The luminescence efficiency is increased by six orders of
magnitude because of the lightning rod effect. Figure 4 shows the steady-state
fluorescence spectra of three gold nanorod samples having average aspect ratios of 2.6,
3.3 and 5.4 after excitation at 480 nm. The spectra reveal the presence of an emission
band between 550 and 600 nm. The fluorescence maximum red shifts with increasing
nanorod aspect ratio. This is illustrated in the inset of figure 4 where the band
maximum of the fluorescence emission is plotted against the nanorod aspect ratio. A
linear dependence was found experimentally [119]. However, the luminescence
quantum efficiency increases linearly with increasing square of the aspect ratio [119].
On the other hand, gold nanodots with diameters of between 10 and 30 nm prepared
by the same electrochemical method do not show a comparable emission. This leads
to the conclusion that the longitudinal plasmon resonance absorbing at a longer
wavelength is more effective in amplifying the fluorescence intensity in gold
nanoparticles than the surface plasmon resonance of spheres. This could be because
the longitudinal plasmon resonance is less damped and has a much larger oscillator
strength.

Wilcoxon et al. [120] reported that very small spherical gold clusters (less than 5
nm) show an emission at 440 nm when excited at 230 nm. The quantum yield is
increased to 107*-10°, which is comparable with the enhancement of the photo-
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Figure 5. Theoretical modelling of the luminescence enhancement for gold nanorods with
various aspect ratios. (a) The calculated single-photon luminescence power B/|E B,
emitted from gold nanorods as a function of the emission wavelength and the nanorod
aspect ratio. The excitation wavelength was chosen to be 500 nm. (b) The calculated
single-photon luminescence power B,/|E,|*f, emitted from gold nanorods as a function of
the excitation wavelength and the nanorod aspect ratio. The emission wavelength was
chosen to be 650 nm.
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luminescence of gold nanorods. These workers [120] showed that the luminescence is
absent in larger nanodots of 15 nm diameter and concluded that the photoluminescent
signal is affected by the capping ligands, such as thiols or amines.

In the above studies [119, 120] the origin of the photoluminescence was attributed
to the radiative recombination of an electron-hole pair. The incident photons are
initially absorbed by the d-band electrons, leading to interband transitions. The
photon energy promotes these electrons from the filled d band to electronic states
above the Fermi level in the sp conduction band. Even if the excitation is carried out
in the plasmon band, rapid relaxation to the interband transition must take place.
Electrons and holes relax by phonon scattering processes and some recombine
radiatively to give rise to the observed luminescence. Such an intrinsic emission profile
is, however, modified by the local field induced around the nanoparticles owing to
excitation of the plasmon resonance. The theory of the local field effect has been
successfully applied in various cases to explain results on second-harmonic generation
[108], SERS [109] and Iuminescence [103] observed from rough noble metal surfaces.
In order to test this mechanism for the photoluminescence enhancement in gold
nanorods, we calculated the photoluminescence power of gold nanorods as a function
of the emission wavelength and the nanorod aspect ratio [119]. According to the
theoretical studies of the photoinduced luminescence [103] from rough surfaces of
noble metals, the incoming and outgoing fields are proposed to be enhanced via
coupling to the local plasmon resonances. The rough surface is assumed to be a
random collection of non-interacting hemispheroids of height ¢ and radius b. The
volume is V' = 4r ab®. The local field correction factor L(w) within the spheroid is then
given by [103, 109]

LLR
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where L., called the lightning-rod factor, is defined as L, = 1/4 where
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From equation (3.1) the single-photon luminescence power P, can be calculated [103]
for excitation and emission energies hw,,. and hw,,,:

Po= B2HE | VL @eo) L@y (3.2)

where f, is a constant that includes the intrinsic luminescence spectrum of the gold and
E, is the incident electric field.

Assuming that the luminescence enhancement of the gold nanorods is due to the
local field factor, P,/|E,|*5, was calculated as a function of the gold nanorod aspect
ratio and emission wavelength. The excitation wavelength was 500 nm. The results of
these calculations [119] are shown in figure 5(a). The resonant luminescence power
increases with increasing nanorod aspect ratio (lightning-rod effect) and shifts to
longer emission wavelength. Furthermore, note that B/|E,|*f, is of the order of 107.
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Both the red shift of the photoluminescence of the gold nanorods and the magnitude
of the luminescence power due to the local field correction factor are in good
agreement with the experimental results [119].

B/|E,|*B, was also calculated as a function of the excitation wavelength and the
gold nanorod aspect ratio for a fixed volume. The emission wavelength was set at 650
nm. The results of this calculation are shown in figure 5(b) for the 200-650 nm
excitation wavelength range. B,/|E,|*f, is resonantly enhanced for an aspect ratio of
about 4.5. This value of the aspect ratio depends critically on the chosen emission
wavelength. Furthermore, the luminescence power greatly increases with increasing
excitation wavelength.

From the calculation in figure 5, it follows that the luminescence power increases
linearly with increasing square of the nanorod aspect ratio (or increasing square of the
length for a fixed nanorod width) while a linear dependence on the aspect ratio is found
for the wavelength of the emission maximum. These results are in good agreement with
the experimental observations. This fact, therefore, strongly supports the assignment
of the origin of the fluorescence from gold nanorods. This also suggests that the
mechanism of the large enhancement in the luminescence efficiency is a result of the
great enhancement of the field of the incoming exciting light and the outgoing emitted
light via the coupling to the surface plasmon resonance.

4. Electron dynamics in gold nanoparticles probed by femtosecond transient
absorption spectroscopy
4.1. Introduction

In order to study the interaction between the electrons and the lattice vibrations
(phonons) in bulk materials, time-resolved transmission and reflectivity [121-132] as
well as two-photon photoemission spectroscopies [133—-138] have been used on thin
films of metals and semiconductors. A better understanding of the thermal and
electrical conductivity and also superconductivity was one of the goals of this research.
With the advancement of ultrashort laser pulses, one can selectively excite the
electrons of the metal and then follow the electron—phonon coupling in real time. It
was suggested [121, 122] that this should in principle be possible with laser pulses
shorter than the electron—phonon energy relaxation time. Because of the high electron
density in metals, electron—electron interactions were expected to be strong enough to
thermalize the electron gas within the duration of the exciting laser pulse. According
to the two-temperature model (TTM) [139] the electrons and the lattice can be treated
as two coupled subsystems. The separation of the electron gas and the lattice is
justified because of the large difference in their heat capacities. The electrons absorb
the photon energy, leading to a non-equilibrium temperature difference between the
electron gas and the lattice directly after the laser pulse. Electron—phonon collisions
then give rise to the excitation energy exchange between the electron subsystem and
the lattice (energy relaxation 7;). In this manner a thermal equilibrium is reached. The
time evolution of the electron and the lattice temperatures are expressed math-
ematically by the following two coupled differential equations within the TTM [139]:

5672}, =—g(T.—T)+V-(x'V T)+LP(z, 1), 4.1
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Figure 6. Schematic illustration of the electron distribution in the conduction band of a metal
(nanoparticle). (@) Before laser excitation all states below the Fermi energy are occupied
while all states above the Fermi energy are unoccupied. This would correspond to an
initial temperature of 0 K, which was chosen for simplicity in this case. (b) Excitation with
a laser pulse promotes electrons with energies of up to the excitation energy below the
Fermi energy to states above the Fermi energy having a maximum energy equal to the
excitation energy (2 eV or 620 nm in this illustration). This electron distribution is a non-
thermal electron distribution with regard to Fermi-Dirac statistics, which describes the
electron distribution for a given electron temperature. This non-thermal electron
distribution relaxes (thermalizes) by electron-electron scattering without losing the
absorbed photon energy. (¢) In this case an electron temperature of 1000 K is reached.
(Energy conservation requires that the areas under the curves in (b) and (c) for energies
greater than the Fermi energy have to be equal.) Electron—phonon coupling and
phonon-phonon interactions with the surrounding medium lead to the cooling of the
electron gas as illustrated by the other curves in (c¢). Finally, the system returns to its
starting electron temperature (a).

where C, and C, are the electronic and lattice heat capacities respectively, g is the
electron—phonon coupling constant and x’ is the electronic thermal conductivity
describing the heat transport away from the excited laser spot (which can be neglected
in case of the nanoparticles as they are smaller than the excitation spot). LP(z, ¢) is the
spatial and temporal evolution of the exiting laser pulse. The electronic heat capacity
C.(T)) is usually assumed to vary linearly with the electron temperature 7..

Although pump-probe laser spectroscopy measures the optical (transient ab-
sorption, transmission or reflectivity) rather than thermal response of an excited
sample, it is justified in the case of metal films to express the changes induced by the
pump pulse in terms of temperature changes. This idea might be strange for a
molecular spectroscopist following the excitation of a single electron between two
electronic levels, but the reason for this argumentation is that the metal film can absorb
several photons. The appropriate way to describe a new electron distribution within
the conduction band of the metal is by Fermi-Dirac statistics [76] (after a rapid
internal electron relaxation by elastic electron—electron collisions has taken place).
Each Fermi electron distribution is associated with an electronic temperature.
Therefore, the energy relaxation of the electron gas into the lattice motion is best
followed by its electronic temperature.

The scheme in figure 6 illustrates the changes in the electronic energy distribution
within the conduction band of the metal after laser excitation. For simplicity, only
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intraband excitations are considered in this picture. Furthermore, it is assumed that
the experiment is carried out at an initial temperature of 0 K. The electron distribution
f'shown in figure 6 (a) is calculated according to the Fermi—Dirac statistics and has the
mathematical form [76]

1
" 1+exp(E—Ey/kT)’

S (4.3)

where k, T, E, and E are the Boltzmann constant, the temperature, the Fermi energy
and the energy of the electronic energy levels respectively.

Excitation with a wavelength of 620 nm corresponds to a photon energy of 2.0 eV.
This excites electrons having an energy of less than or equal to 2.0 eV below the Fermi
level to electronic levels up to 2 eV above the Fermi level. The corresponding electron
distribution is plotted in figure 6(b). This electron distribution is not the equilibrium
distribution according to the occupation dictated by the Fermi-Dirac statistics for
fermions. Electron—electron scattering within the electron gas occurs until a new
Fermi electron distribution with a higher electron temperature is reached as illustrated
in figure 6(c). This leads to an internal electron thermalization [127, 128]. Electron—
electron interactions are elastic and the overall energy is conserved during this first
relaxation process. External thermalization [127, 128] with the phonon bath will then
initially lead to a temperature equilibration between the electron and the lattice
subsystems. As the excited electrons above the Fermi level now lose their energy to the
phonons, the Fermi distribution narrows until a situation shown in figure 6(a) is
reached, assuming that there is also heat release to the surrounding system. During the
external thermalization the temperature of the electron gas (and the lattice) decreases
steadily and the whole system returns to its original (ground) state prior to laser
excitation.

Interband transitions lead to a very similar picture especially if one remembers that
recombination of the holes in the low-lying d band with any of the excited electrons
above the Fermi level or the unexcited electrons below the Fermi level occurs on the
tens of femtoseconds time scale [140-142], that is faster than or comparable with the
duration of the exciting laser pulse. It is the high density of the charge carriers in the
conduction band that leads to fast interband relaxation. If one assumes for the
interband relaxation that an Auger-type recombination mechanism process takes
place, then highly excited electrons are present within the conduction shortly after the
excitation pulse. These electrons have an average excess energy above the Fermi level
equal to the exciting photon energy as the holes in the d band have already been filled
by the initial electron—electron scattering. Although interband transitions might
therefore complicate the initial relaxation dynamics, they should not change the
overall picture.

Typical electron—phonon relaxation times of the order of a few picoseconds were
measured for thin gold films by time-resolved transmissivity and reflectivity [121-132]
as well as two-photon photoemission spectroscopy [133-138] using femtosecond laser
pulses. By measuring the transient optical response of metal nanoparticles, the effect of
size on the electron—phonon coupling can directly be analysed. The reduction in the
size and dimensionality of the material introduces new boundaries as in the
nanoparticle surfaces. Enhanced electron—surface scattering [74, 75] was already
discussed as a mechanism for the dephasing of the coherent plasmon oscillation and
could also be important for the energy relaxation of hot electrons. The reduction in the
density of electron and phonon states could further alter the relaxation dynamics in
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these zero-dimensional dots. However, in the size range of gold nanoparticles
discussed so far (10-100 nm), the bulk gold band structure of the nanoparticles is
expected to be well developed. The average energy spacing between adjacent energy
levels within the conduction band is small compared with the thermal energy.
Quantum size effects in the relaxation dynamics are therefore expected to occur only
in very small gold clusters which lack an intense plasmon absorption. The presence of
a well developed plasmon band can, however, be very advantageous in following the
optical response of excited metal nanoparticles as has been shown in many studies
[143-167]. Furthermore, for about 200000 atoms in a 20 nm gold nanoparticle, and
hence with many conduction electrons, the same general theory (many-electron
excitation described by an effective electron temperature) as applied for metal films
[121-138] can be used. This especially holds because of the large extinction coefficients
of the gold nanoparticles. Experimentally, a transient broadening of the surface
plasmon absorption is observed which results in a bleach at the plasmon absorption
band maximum with two positive absorption features at higher and lower energies.
The rate of the bleach recovery directly monitors the rate of the electron—electron,
electron—phonon and phonon—phonon dynamics, which will be illustrated in more
detail below.

4.2. Theoretical modelling of the transient optical response

Theoretically, the broadening of the plasmon band can be related to the changes
in the real and imaginary parts of the complex dielectric function [124, 127, 128, 147,
165, 166]. Changes in ¢, and ¢, will affect the plasmon absorption as can be shown from
equation (2.3). The changes in the real and imaginary parts of the dielectric function
can be related to the changes in the electron distribution function as suggested in a
model developed by Rosei er al. [168, 169] for continuous-wave thermomodulation
experiments. Using the constant-matrix approximation, the change in the imaginary
part of the dielectric function is given by [128]

Ag, oC ﬁJD(E, ) ApdE, 4.4)
where D(E, hv) is the joint density of states with respect to the energy E of the final state
and Ap denotes the change in the electron distribution f as given by equation (4.3).
D(E, hv) is calculated assuming parabolic band structures for the d band and
conduction band in the vicinity of the L point of the Brillouin zone [168]. This
determines Ag, for a given change Ap in the electron distribution. The change Ap in the
electron distribution for a thermalized electron gas is calculated from the difference
between the two Fermi electron distributions at room temperature and at a higher
temperature corresponding to a certain laser excitation. The change Ag, in the real part
of the dielectric constant is then computed from Ae, using the Kramers—Kronig
relationship [76]:

2 hv' Aey(hv") ,
Agl(l/lV) = ;P(de(}lv )) , (45)

where P denotes a Cauchy principal value integral which extends over the whole
frequency range.

The differential transmission AT/T of the gold nanoparticles at low excitation
levels is approximately equal to the change in absorption and can be expressed as
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Figure 7. Electron-electron thermalization in spherical gold nanoparticles. The plasmon
bleach recovery of 22 nm gold nanoparticles probed at 530 nm is plotted against a
logarithmic scale. The excitation wavelength was 800 nm, therefore exciting only
intraband transitions. The broken line corresponds to a fit with a lifetime of 1.7 ps. The
recorded signal, however, shows a distinct deviation from a pure single-exponential
behaviour at early delay times which was attributed to a finite electron-electron
thermalization. (Note that this kinetic trace was originally a transient bleach signal before
applying the natural logarithm.)

linear combinations of the induced changes A¢, and Ag, in the real and imaginary parts
respectively of the dielectric constant [128]:
AT d(InT) o(InT)
— = Ae,+ Ag,.
T e, &1 de, b

4.6)

The coefficients of proportionality can be calculated using the theoretical expression
for the plasmon band absorption as given by equation (2.3). This model has been used
successfully describing the optical response of metal nanoparticles excited by an
ultrashort laser pulse [147, 165, 166].

4.3. Electron—electron thermalization in gold nanoparticle s

Figure 7 shows a kinetic trace recorded at 530 nm after excitation with 800 nm
femtosecond laser pulses [166]. The signal intensity is plotted on a logarithmic scale.
A single-exponential decay, neglecting the long-time component due to phonon—
phonon interactions, should give a straight line. However, deviations from a linear
dependence at early times are clearly visible. In fact, the signal is not as intense as
would be expected from a purely single-exponential decay. This observation can be
related to the non-thermal electron distribution [129]. Calculation of the transient
absorption spectrum using the formalism and equations outlined above showed that
the bleaching of the plasmon band is less intense for a non-thermal than for a
thermalized electron distribution [128, 166]. Basically, one observes a delayed rise in
the signal intensity corresponding to the internal thermalization of the electron gas.
Using a rate equation model derived by Sun et al. [128] for their measurements on thin
gold films, an electron thermalization time of 500 fs is obtained for the experimental
results shown in figure 7 [166]. This relaxation time equals the time that it takes for
all the electrons to scatter with each other in such a way that a Fermi distribution is
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reached. This is of course longer than a scattering event involving only two electrons,
which is of the order of 10 fs according to the Fermi-liquid theory [170]. The reason
why the effect of these processes on the transient absorption is rather small (compared
with theoretical results) and why it is only detectable at low pump powers [166] is the
fact that processes outlined in figure 6 (electron—electron, electron—phonon and
phonon—phonon scattering) are not really sequential processes. Electron—phonon
coupling will relax the hot initial electron distribution before an equilibrium Fermi
electron distribution can be fully established. This is, however, taken into account in
the rate equation with which a thermalization time of 500 fs was calculated [128, 166].

4.4. Electron—phonon relaxation in gold nanoparticle s

Figure 8(a) shows the transient absorption spectra of 15 nm gold particles at
different delay times after the excitation pulse [166]. The excitation wavelength used
for these studies was 400 nm and was produced by second-harmonic generation using
the fundamental of an amplified titanium :sapphire laser system [166]. The transient
absorption spectra are obtained by using a white-light continuum laser pulse with and
without pulsed excitation at different delay times. The difference spectrum between the
absorption of the gold nanoparticles after excitation and their ‘ground-state’
(unexcited) absorption is then calculated as a function of time. The plasmon band
bleaches at its maximum, corresponding to a higher transmission of light of the excited
solution. Two weaker absorption bands are also visible at lower and higher energies
than the plasmon band maximum [143-145, 164—166]. These spectral features are due
to a broadening of the surface plasmon resonance at higher electronic temperatures.
Compared with the ground-state absorption, a broader but less intense plasmon
absorption at a higher electronic temperature after laser excitation results in a bleach
and two positive absorptions in the transient spectrum (difference spectrum). The fact
that the important parameter is the electronic temperature explains the observation
that the optical response is independent of the excitation wavelength [166]. At 400 nm
or shorter wavelengths than the plasmon absorption, interband transitions from the d
band to above the Fermi level are excited. Excitation at the plasmon resonance will
cause the oscillation of the conduction electrons and basically results in the collective
excitation of all the conduction electrons. This could be regarded as intraband
transitions, which are also excited to the red of the plasmon band. (In gold
nanoparticles of the size under study, the onset for intraband transition coincides with
the plasmon maximum at about 2.4 eV [171]). All these excitation processes result in
heating of the electron gas [166].

The laser-induced optical changes decay as the electronic temperature decreases
and thermal equilibration between the electrons and the lattice is established [144, 147,
164]. The absorbed laser energy is then released to the surrounding medium by
phonon—phonon interactions [144, 147, 164]. Measuring the bleach recovery as a
function of time gives the electron—phonon and phonon—phonon relaxation times.
Figure 8(b) shows such a kinetic trace. The observation wavelength is 520 nm,
coinciding with the plasmon band bleach maximum where the transient signal is most
sensitive. The data in figure 8(b) [166] were obtained from the transient absorption
spectra recorded with a charge-coupled device camera by extracting the time
dependence at a certain wavelength from the measured spectra. The plasmon bleach
recovery can be fitted to a biexponential decay function giving relaxation times of 3.4
and about 100 ps. The first component corresponds to the electron—phonon
interactions [164] while the long-time component is the energy relaxation (phonon—
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Figure 8. Optical response of spherical gold nanoparticles after excitation with a femtosecond
laser pulse. (a) The transient absorption spectra of 15 nm gold nanoparticles after
excitation with 400 nm laser light. The series of spectra corresponds to different delay
times between the pump and probe pulses. The plasmon band is bleached (negative
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phonon interactions [164]) of the hot lattice to the surrounding medium. The latter
finally leads to complete cooling of the whole nanoparticle. Kinetic traces for other
wavelengths are also shown in figure 8 (b). At 480 nm the signal first shows absorption
and then bleaches at later times. This can be explained by a red shift of the plasmon
resonance [147] due to a volume expansion of the hot particles and hence a lower
electron density and lower plasmon frequency (see section 2). Correspondingly, the
transient absorption signal at 550 nm changes from a bleach into an absorption at a
comparable time delay of about 10 ps. However, the change in the absorption signal
at 550 nm not only could result from a red shift but also could be due to the narrowing
of the plasmon bleach as the Fermi electron distribution cools.

A closer look at the kinetic traces at a longer wavelength than the plasmon band
maximum reveals that the transient absorption signal oscillates with a period of about
5 ps (figure 8(¢)). Del Fatti et al. [157, 158] and also Hartland and co-workers [148,
149] have shown that these quantum beats are indeed real and result from the low-
frequency acoustic breathing modes of the hot nanoparticles. The acoustic breathing
modes are impulsively excited by the rapid heating of the particle lattice after laser
excitation [148, 149, 157, 158]. The volume of the nanoparticles increases and
decreases periodically owing to the excitation of these modes. This in turn leads to a
shift in the plasmon band maximum as the free-electron density changes with the
volume. A volume expansion causes a drop in the free-electron density and a red shift
of the plasmon, which is associated with an increase in the plasmon bleach intensity at
low energies. At high energies, the acoustic breathing causes an oscillation of the
transient absorption which is 180° out of phase with respect to the signal observed at
low energies [158]. It was further found that the frequencies of the acoustic modes are
inversely proportional to the nanoparticle radius [148, 149, 157, 158].

Physically, this transient behaviour of the plasmon band broadening is also
associated with a faster dephasing time 7, of the coherent plasmon oscillation
[143-145]. At higher temperatures the occupation of higher electronic states leads to
an increased electron scattering rate as known from the Fermi-liquid theory [170] and
thus to an increased damping of the plasmon oscillation. Perner et al. [144] found an
increase in the plasmon bandwidth of gold nanoparticles embedded in a sol-gel matrix
by 120 meV and calculated an average electron—electron scattering rate of (10 fs)™* for
a hot electron distribution at 4000 K. The decay of the transient plasmon band
broadening follows the same kinetics as the decay of the bleach intensity. This is
illustrated in figure 9 for 15 nm gold nanoparticles. The spectra are fitted to a
Lorentzian line shape. The left inset in figure 8 shows the linewidth decay while the

absorption) and two positive absorption bands are visible at higher and lower energies as
indicated by the arrows. The transient signal is due to a broadening of the plasmon
resonance at higher electronic temperatures. (b) The temporal evolution of the recorded
spectra at certain wavelengths ((<), 480 nm; ([J), 520 nm; (O), 550 nm). The signal
recovers by electron—phonon coupling and phonon-phonon relaxation with molecules in
the surrounding medium. These two processes are of the order of 1-4 and 100 ps
respectively. (¢) The temporal evolution of the transient absorption signal at 590 nm is
shown on a shorter time scale. The oscillation is due to the low-frequency acoustic
breathing modes of the host nanoparticles. These modes are impulsively excited by the
rapid heating of the particle lattice and correspond to an oscillatory change in the volume
of the hot nanoparticles. The line in (c) is not a fit to the data points but serves as a visual
aid showing the beat signal. All kinetic traces in this figure were obtained directly from the
measured transient absorption spectra in (a).
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Figure 9. Transient absorption spectra of 15 nm gold nanoparticles after excitation at 400 nm
with 100 fs laser pulses recorded at different delay times plotted against an energy scale
(same spectra as shown in figure 8(«a)). The left inset shows the decrease in the bleach
linewidth with increasing delay time. The linewidth was obtained by fitting a Lorentzian
function (———) to the experimental spectra (O). The right inset illustrates the decay
of the transient bleach signal monitored at 2.38 eV. Exponential fits to the data points in
the insets give similar decay times of 4.8 and 4.3 ps for the decay of the transient
broadening and bleach intensity respectively.

right inset displays the decay of the plasmon bleach intensity at its maximum (2-38 eV).
An exponential fit to the data points gives comparable lifetimes of 4.8 and 4.3 ps for
the decay of the plasmon bleach linewidth and intensity respectively.

4.5. Pump power dependence of the electron—phonon relaxation rate

When discussing the measured electron—phonon relaxation times quantitatively, it
is very important to note that the measured relaxation times are pump power
dependent [146, 147, 165, 166]. As the electronic heat capacity depends on the electron
temperature (C,oc T, [76]), the effective rate constant g/C.(7)) of the thermal
relaxation of the electron gas 0C,/d7, in equation (4.1) becomes temperature
dependent. As a consequence, the experimentally measured electron—phonon relax-
ation time increases with increasing electron temperature and hence with increasing
pump power [146, 147, 165, 166]. This is illustrated in figure 10, which shows the
plasmon bleach recovery of 15 nm spherical gold nanoparticles at four different laser
pump intensities. The monitoring and excitation wavelengths are 520 and 400 nm
respectively [166]. The measured lifetimes increase from 1.5 to 3.6 ps. From a plot of
the measured electron—phonon relaxation times versus power, the electron—phonon
coupling constant can be obtained [146, 147] which compares well with the value
measured for bulk gold films [124].

While the effects of the surrounding medium on the electron—phonon interaction
cannot be excluded, the power dependence of the electron—phonon relaxation could
also explain the slightly different results obtained for gold nanoparticles in solution or
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Figure 10. Pump power dependence of the electron—phonon relaxation time in gold
nanoparticles. The plasmon bleach recovery of 15 nm gold nanoparticles is probed at 520
nm after excitation at 400 nm with laser pulses of various energies. The electron—-phonon
relaxation time increases with increasing laser pump power, since the electron heat
capacity is temperature dependent.

embedded in a solid matrix by several researchers. Ahmadi ez al. [164] reported decay
times of 2.5 and more than 50 ps for the electron—phonon and phonon—phonon
relaxation times in 30 nm colloidal gold particles. Inouye et al. [161] measured gold
nanoparticles with a diameter of 7.6 nm in a SiO, glass matrix. They found decay times
of 2.8 and 120 ps. Perner et al. [144] measured relaxation times of 4 and 200 ps for 30
nm gold particles embedded in a sol-gel matrix after excitation at 400 nm. Smith and
co-workers [153-155], on the other hand, observed longer relaxation times of 7 and
400 ps for 15 nm gold nanoparticles in water. The monitoring wavelength was 790 nm
with excitation at 390 nm, but the laser pulses had a much higher energy (several
microjoules). The relaxation dynamics of the excited electrons in a nanoshell of gold
sulphide nanoparticles coated with an outer layer of gold were reported by Averitt et
al. [163] who found a lifetime of 1.7 ps, similar to the results on the pure gold
nanoparticles.

Femtosecond studies have been carried out on other metal nanoparticles, in
particular silver and copper. Hodak et al. [147] found lifetimes of about 1 ps for 10 and
50 nm silver particles. Roberti et al. [152] investigated 10 nm silver particles and found
decay times of 2 and 40 ps when probed between 660 and 790 nm. A decay time of 0.7
ps was obtained for 4 nm copper nanoparticles in a glass matrix by Tokizaki et al.
[162].

4.6. Shape and size dependences of the electron—phonon relaxation rate
When a gold nanorod sample is exposed to femtosecond laser pulses, both plasmon
bands are bleached owing to a hot electron gas [167]. This is shown in figure 11 where
the transient absorption (solid curve) and steady-state absorption (broken curve)
spectra of gold nanorods with a mean aspect ratio of 3.8 are displayed. The transient
absorption spectrum was recorded at a delay time of 6 ps after excitation with 100 fs
laser pulses having a centre wavelength of 400 nm [167]. The bleach of the two bands
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Figure 11. Optical response of gold nanorods after excitation with a femtosecond laser pulse.
Transient absorption ( ) and steady-state absorption spectrum (——-) of gold
nanorods with a mean aspect ratio of 3-8 are shown. Both spectra are scaled to arbitrary
units. The transient absorption spectrum was recorded at a delay time of 6 ps after
excitation with 100 fslaser pulses having a centre wavelength of 400 nm. The bleach of the
two bands and the positive absorption around 600 nm are consistent with a broadening
of the transverse and longitudinal surface plasmon bands due to a higher electronic
temperature.

and the positive absorption around 600 nm are consistent with a broadening of the
transverse and longitudinal surface plasmon bands. The transient absorption spectrum
in figure 11 also suggests that the magnitude of the bleach is less pronounced for the
longitudinal plasmon band than for the transverse. This is concluded from the
intensity ratio of the two bands in the transient absorption spectrum compared with
that for the steady-state spectrum. This last observation could, however, be somewhat
obscured by the photothermal instability of the gold nanorods (see section 5 below).

One of the initial goals in studying the electron—phonon relaxation dynamics was
the question of how the electron dynamics might change with particle size and shape.
Since increased electron—surface scattering was thought to be responsible for the
plasmon band broadening in the intrinsic size region, femtosecond transient
absorption experiments are carried out to determine whether electron—surface
collisions are mainly inelastic and, therefore, contribute effectively to energy
relaxation. With a mean free path of about 40-50 nm in gold and silver [76], the
measured electron—phonon relaxation time should increase with decreasing particle
radius if the electron—surface scattering becomes an important relaxation pathway for
small particles. The results of such an experiment are shown in figure 12. The plasmon
bleach recovery measured for 48 and 15 nm gold nanoparticles is compared with the
bleach recovery of the transverse and longitudinal modes of gold nanorods with an
average aspect ratio of 3.8 (top to bottom). The laser pump power and optical densities
of the samples at the excitation wavelength were adjusted so that comparable initial
electron temperatures were induced by the exciting femtosecond laser pulse. This
ensures that the measured relaxation times can be directly compared with each other.
No significant change in the electron—phonon relaxation dynamics can be observed for
48 and 15 nm gold nanoparticles [166]. Furthermore, the relaxation dynamics appear
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Figure 12. Size and shape dependences of the electron-phonon relaxation time. Plasmon
bleach recovery measured for 48 and 15 nm gold nanoparticles and for the transverse and
longitudinal modes of gold nanorods with an average aspect ratio of 3.8 (from top to
bottom). The laser pump power and optical densities of the samples at the excitation
wavelength were adjusted so that comparable initial electron temperatures were induced
by the exciting femtosecond laser pulse. The results show that the measured electron—
phonon relaxation times are independent of particle size and shape, eliminating the
influence of electron—surface scattering as a dominant energy relaxation pathway.

to be independent of the particle shape and the specific plasmon band mode
(transverse or longitudinal) as also shown in figure 12 [167]. In summary, these
experimental results show that the measured electron—phonon relaxation times are
independent of particle size and shape for gold in the investigated size range,
eliminating the influence of electron—surface scattering as a dominant energy
relaxation pathway.

Ahmadi et al. [165] also observed no size dependence of the electron—phonon
relaxation for 1.9, 2.6 and 3.2 nm thiol-passivated gold nanocrystals which were
compared with the measured relaxation dynamics of 30 nm colloidal gold nano-
particles prepared by the citrate method. The spectral changes in the transient
absorption signal were attributed to a lower density of electronic states in the very
small molecular-like nanoparticles. In agreement with these results, Hodak ez al. [149]
reported that the electron—phonon coupling constant (and hence the electron—phonon
relaxation time) is independent of particle size for gold nanoparticles in the size range
between 4 and 120 nm. They also found no change in the electron dynamics measured
in 10 and 50 nm silver particles [147]. Hamanaka et al. [156] reported that the
electron—phonon coupling constant and the electronic and lattice specific heats are size
independent for silver nanocrystals with a diameter of more than 6 nm. They observed
a decay of the plasmon band broadening with relaxation times of 2-3 and 200 ps. On
the other hand, Stella er al. [172, 173] reported a size-dependent electron—surface
interaction for 2,4 and 6 nm tin particles embedded in an Al,O, matrix by femtosecond
transient reflectivity measurements. They measured decreasing lifetimes with



438 S. Link and M. A. El-Sayed

decreasing size, corresponding to an increase in electron—surface scattering in the tin
nanoparticles where the mean free path is 4.4 nm. The same workers also obtained a
size dependence of the hot electron relaxation time for solid and liquid gallium
nanoparticles, which had mean diameters of 5, 7 and 9 nm [174]. Del Fatti et al. [159]
reported a decrease in the electron—phonon relaxation times from 800 to 500 fs for
silver nanoparticles in a glass matrix as the size is reduced from 30 nm to below 8 nm.
This size dependence of the electron—phonon relaxation was also attributed to an
enhanced inelastic electron—surface scattering. Smith ez al. [155] compared 15 nm gold
nanoparticles with Au,, and Au,; clusters. They also found a size dependence and
proposed a model in which the relaxation dynamics of the photoexcited electron gas
are described by two competing processes. Electron—phonon coupling decreases and
electron—surface scattering increases with decreasing particle size. As the two processes
compete with each other, they determine the measured lifetime.

In recent work, Hodak et al. [175] were able to explain the difference in the size
dependence of the electron—phonon relaxation in different metallic nanoparticles.
Based on a quantum kinetic treatment of the electron—surface coupling developed by
Belotskii et al. [176, 177], they calculated the contribution of the electron—surface
coupling constant to the total (bulk) coupling constant. They found that the excitation
of capillary and acoustic surface modes by the scattering of the electrons with the
particle surface accounts for less than 10% of the electron energy loss in gold
nanoparticles as small as 2.6 nm. However, the relative magnitude of the electron—
surface coupling constant compared with the total electron—phonon coupling constant
depends on the ratio of the electron density to the metal density and therefore on the
specific metal. The excitation of surface vibrations is suppressed in nanoparticles
consisting of heavy atoms such as gold as the electrons scatter rather elastically. In
nanoparticles made of lighter atoms with more valence electrons contributing to the
conduction band, a size-dependent energy relaxation becomes possible via electron—
surface interactions [175]. Using the same model, Nisoli ez al. [174] were able to
account completely for the size dependence of the electron—phonon relaxation in
gallium nanoparticles, which consist of lighter atoms and a higher electron density.

5. Photothermal laser-induced shape transformation of gold nanoparticles

Electron—phonon coupling leads to thermal equilibration between the electrons
and the lattice after selective excitation of the electron gas with a laser pulse as already
discussed in detail in section 4. It was also mentioned that electron temperatures of
several thousand kelvins are easily reached even with excitation powers as low as 100
nJ or typical fluences on the order of 1 mJ ecm™? corresponding to a tightly focused
beam with a spot size of about 100-200 um [144, 166]. Because of the difference in heat
capacities [76] the change in the lattice temperature is only on the order of a few tens
of degrees. This is no longer the case when the energy of the excitation pulse is
increased to several microjoules (with no change in the spot size). The temperature of
the nanoparticle lattice can then reach the melting temperature of the respective
material. In several cases, size [178-181] and shape [182-185] changes have been
observed for nanoparticles heated by laser exposure in colloidal solutions as well as in
a solid glass matrix. Usually TEM is used to analyse the final shape of the irradiation
product, which is then compared with the starting material. The optical absorption
spectrum of the studied nanoparticles in colloidal or micellar solution can also be a
very good indication of laser-induced structural changes as the plasmon resonance
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depends on particle size and shape (see section 2). While lasers have been used in
the production of nanoparticles [100, 185-190] the detailed study of the laser-induced
nuclear changes of nanoparticles might allow one to shape the particles after
production in a controlled manner independent of the synthetic method. In this way
the discussion below might find many parallels in the broad field of laser ablation and
processing of bulk materials or thin films [191-197].

In the case of spherical nanoparticles, Koda and co-workers [178, 179] reported
that irradiation of gold particles in aqueous solution with 532 nm nanosecond laser
pulses leads to fragmentation of the nanodots. This was explained in terms of the slow
heat release of the deposited laser energy into the surrounding solvent, which leads to
melting and even vaporization of the nanoparticles as estimated from the deposited
laser energy and the absorption cross-section. Since the nanoparticles cannot cool as
fast as they are heated, they fragment into smaller nanodots. The size reduction of
silver nanoparticles in a glass matrix induced by excimer laser irradiation at 248 nm
was also explained by a thermal model [180]. On the other hand, in a study of colloidal
silver nanoparticles which were irradiated with 355 nm picosecond laser pulses,
Kamat et al. [181] proposed that a transient aggregate is formed via photoejection of
electrons after laser excitation, which is considered to be a precursor for complete
fragmentation of the nanoparticles. Hence, the initial ejection of photoelectrons
causes the particles to become positively charged and the repulsion between the
charges then leads to fragmentation.

While high-energy laser pulses can induce a size reduction of nanodots, a more
gentle melting of the spherical nanoparticles with lower pulse energies might remain
unnoticed as the most thermodynamically favourable shape is the sphere itself. Even
if the melting temperature of the material is reached and the nanoparticle becomes a
liquid droplet, no shape transformation will occur in an isotropic medium. However,
irradiation of gold nanorods with femtosecond laser pulses has given some interesting
results [178]. It was found that the nanorods melt into nanodots in solution after
excitation with femtosecond laser pulses having pulse energies in the microjoule range
(Iess than 10 mJ cm™2). This process is independent of the excitation wavelength,
similar to the bleaching of the surface plasmon resonance as the absorbed photon
energy is transferred into lattice vibrations on the picosecond time scale by
electron—phonon relaxation processes independent of the electronic transitions
involved initially (see discussion in section 4). Figures 13 («) and (b) show the TEM
images of a gold nanorod sample with a mean aspect ratio of 3.7 before and after
irradiation respectively with 800 nm femtosecond laser pulses having a pulse energy of
40 J. While some nanodots are already present in the starting solution as impurities
[44, 53], the final irradiation product consists of only spherical nanoparticles. The
statistical size and shape analysis of the particles in these two solutions further reveals
that the average volume of the nanodots in figure 13 (b) is comparable with the average
volume of the nanorods in the original starting solution in figure 13 («) [182]. This
confirms that it is possible to melt the metal nanoparticles in aqueous solution by
selectively exciting the electron gas of the metal nanoparticles with an intense
femtosecond laser pulse and without fragmenting them by controlling the laser pulse
energy.

The nanorod-nanodot shape transformation in solution is also reflected in the
optical absorption data. While the transverse mode of the surface plasmon oscillation
of gold nanorods coincides spectrally with the surface plasmon absorption of
nanodots, the longitudinal mode is red-shifted and therefore characteristic for rod-
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Figure 13. Photothermal reshaping of gold nanorods with femtosecond laser pulses.
(a) TEM image of the original gold nanorods solution having a mean aspect ratio of 3.7.
(b), (¢) TEM images of the same nanorod solution after irradiation with 100 femtosecond
laser pulses having a pulse energy of 40 and 200 nJ respectively. The wavelength of the
laser light was at 800 nm, which falls within the broad absorption band of the longitudinal
surface plasmon resonance. (d), (¢) Each of the optical absorption spectra were recorded
after an increased irradiation time and the TEM image to the left corresponds to the last
absorption spectrum measured.

shaped nanoparticles [44, 47, 53]. Figure 13 (d) shows the absorption spectra recorded
after successive intervals of laser irradiation of a small amount of nanorod solution
placed in a rotating cylindrical cell. The intensity of the longitudinal plasmon mode
decreases evenly across the broad absorption band and all the nanorods in the starting
solution are finally depleted. The intensity of the transverse mode increases at the same
time, leading to the conclusion that the extinction coefficient of the transverse mode of
nanorods is smaller than the extinction coefficient of the surface plasmon absorption
of spherical nanoparticles [182]. Furthermore, the time dependences of these two
spectral changes match, suggesting that the observed shape transformation for a single
nanorod into a nanodot is completed by the interaction with only one laser pulse. The
next laser pulse will simply be absorbed by other nanorods left in the solution but not
by a previously excited nanorod as that has transformed into a spherical particle with
no longitudinal surface plasmon absorption.

The situation is different when the laser pulse energy is lowered [182]. The lower
half of figure 13 illustrates this case. The excitation energy is just 200 nJ. An optical
hole can only be burned in the broad longitudinal plasmon band at the wavelength of
the exciting laser pulse (figure 13(e)). The broad absorption band is due to the size
distribution of the gold nanorods, which is considerably narrowed by removing the
rods with the larger aspect ratios absorbing on the red edge of the absorption band
[93]. Only the nanorods that absorb strongly at the excitation wavelength are heated
sufficiently to undergo a shape transformation. The gentle surface melting of the
nanorods leads to shorter but wider rods [11] as shown from the TEM image in figure
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13(c) as well as the change in the mean nanorod aspect ratio, length and width upon
laser irradiation as shown in figures 14 (a), (b) and (c) respectively. The average aspect
ratio of 3.7 has decreased to 2.7 after laser irradiation, which is due to a decrease in the
average rod length from 31 to 25 nm and an increase in the average width from 8.4 to
9.4 nm. As the shorter nanorods are not intrinsically wider in the starting solution (as
checked independently), these results are consistent with surface melting and
inconsistent with depletion of the long nanorods due to complete melting into
nanodots. The increase in the intensity at 520 nm suggests that spherical nanoparticles
are also formed at the same time. In conclusion, this experiment narrows the initial size
distribution of the starting gold nanorod sample considerably [182].

While the nanorod-nanodot shape transformation was followed by two steady-
state techniques, namely TEM and ultraviolet—visible absorption spectroscopy, an
interesting question arises as to how much time the actual shape transformation takes
[198]. In order to answer this question, we used time-resolved pump-probe
spectroscopy to monitor the rate of the disappearance of the longitudinal surface
plasmon absorption after femtosecond pulsed photothermal heating of the nanorod
solution [198]. The red wavelength absorption edge of the longitudinal plasmon
absorption was chosen to monitor this process in order to avoid interference from the
transient reversible bleach of this band upon excitation. At longer wavelengths, the
bleach crosses over into an absorption in the transient spectrum and the bleach signal
becomes very small [167], thus not interfering with a signal caused by the permanent
bleaching of the longitudinal plasmon band due to the nanorod melting. The
experiment was further carried out in a flow cell with a large sample volume in order
to ensure that the overall percentage of nanorods destroyed remains small and that a
new probe volume of a fresh (mainly unexposed) nanorod solution is sampled every
laser pulse [198]. The result obtained from a gold nanorod sample with an average
aspect ratio of 2.9 is shown in figure 15. The photothermal excitation wavelength was
400 nm with an energy of 9 uJ and the monitoring wavelength was 790 nm [198]. That
nanodots are indeed produced was checked independently by TEM for a small
amount of the nanorod solution which was placed in a rotating cylindrical cell and
irradiated until the complete destruction of the longitudinal surface plasmon band was
observed [198]. Figure 15 shows the rise in the permanent bleach signal, which is
attributed to the disappearance of the plasmon band at this wavelength and hence
marks the beginning of the shape transformation from a rod to a sphere. A fit of the
data points gives a time of 30+5ps. This time gives the lower limit of the
nanorod-nanodot transformation time since the monitoring wavelength was set to the
red edge of the plasmon band. The measured transformation time is independent of
the laser pump power in the investigated power range 5-20 pJ [198]. Only melting with
no fragmentation occurs with the femtosecond laser pulses of these energies and a
focus spot of about 100-200 um. Furthermore, no significant dependence of the
photoinduced isomerization dynamics on the gold nanorod aspect ratio could be
detected for four samples with aspect ratios ranging from 1.9 to 3.7 [19§].

It is worth noting that this transformation time is faster than the cooling of the gold
lattice (greater than 100 ps [143-148, 164—167]) but slower than the electron—phonon
relaxation time (less than 10 ps [143-148, 164-167]). This is expected from the
discussion in section 4 about the energy relaxation in metal nanoparticles. In the case
of laser irradiation with femtosecond laser pulses, the separation into sequential
processes of excitation of the electron gas, lattice heating by electron—phonon
coupling, and melting of the nanorods is justified. However, thisisnot valid any longer
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Figure 14. Laser-induced narrowing of the gold nanorod size distribution with low power
femtosecond pulses. The statistical analysis of the nanorod solution irradiated with 200
nJ femtosecond laser pulses (see figures 13 (¢) and 13 (e)) is shown. The distributions of (a)
the aspect ratios, (b) the rod lengths and (c¢) the widths of the final product are compared
with the original starting solution (see figure 13 («)). The average aspect ratio decreases
from 3.7 to 2.7 as the optical hole is created at the long-wavelength side corresponding to
the rods with the largest aspect ratio. This is caused by a decrease in the nanorod length
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Figure 15. How long does it take to melt a gold nanorod? Transient absorption signal
recorded at 790 nm where the longitudinal mode of the surface plasmon resonance
absorption of gold nanorods having a mean aspect ratio of 2.9 nm is excited. The
excitation wavelength was 400 nm and the pulse energy was 9 pwJ, which is sufficient to
melt the nanoparticles into spherical particles. The permanent bleach therefore
corresponds to the shape transformation from rods to dots. The fit gives a transformation
time of 3045 ps.

when a laser with a picosecond or nanosecond pulse duration is used. In fact, it is
found that the final irradiation product can be quite different when a nanosecond laser
is used as the irradiation source [182]. Comparing the influence of nanosecond with
that of femtosecond laser pulses, it is found that the energy threshold for the complete
melting of gold nanorods is lower with femtosecond laser pulses [199]. In figure 16 the
optical absorption data and TEM images of a sample with a mean aspect ratio of 4.1
irradiated with laser pulses having the same laser pulse energy of 20 uJ (and fluence of
0.25 J cm™?) but different laser pulse widths are shown (figures 16 (a) and (b) show
irradiation with femtosecond pulses, and figures 16(c) and (d) irradiation with
nanosecond pulses). In the case of irradiation with nanosecond pulses, only an optical
hole burning is observed similar to that observed when femtosecond pulses with much
lower pulse energies (see figure 13(e)) are used. The dominant particle shape in the
TEM image (figure 16(d)) is a ¢-shaped nanoparticle (particle of mainly cylindrical
shape with a spherical middle part), indicating that only partial melting occurs
compared with the nanodots seen in figure 16(b) produced by irradiation with
femtosecond laser pulses. Bent and twisted nanorods and especially ¢-shaped particles
are mainly found after irradiation with nanosecond pulses as independently reported
by Chang et al. [183]. The same type of particles can also be observed with
femtosecond irradiation but only at much lower pulse energies and with a lower
abundance [199]. The ¢-shaped particles seem to be an early stage of the shape
transformation into spheres (i.e. melting) [183, 199] in which the pulse energy is not

from 31 to 25 nm while the width increases from 8-4 to 9-4 nm. As the shortest nanorods
are not the widest rods in the starting solution, this result suggests that the nanorods
undergo a surface melting in which the nanorods become wider at a cost to their length.



444 S. Link and M. A. El-Sayed

100 Femtosecond Pulses:

0.30

0.25

absorbance

T T
700 800

wavelength A / nm

7 Nanosecond Pulses:

0.30

0.25 4

0.20

0.15 4

absorbance

0.00

T T T T T T ; : g
500 600 700 aoa 900 1000 . .
wavelength % / nm

Figure 16. The effect of the laser pulse width on the photothermal reshaping of gold nanorods.
The optical absorption data and TEM images of a nanorod sample with a mean aspect
ratio of 4.1 irradiated by laser pulses having the same fluence (0-25 J cm™2) but different
laser pulse widths ((a), (b) 100 fs; (¢), (d) 7 ns) are compared. A complete melting of the
gold nanorods into spherical nanoparticles (concluded from the TEM picture) and a
complete depletion of the nanorods (as seen in the final optical absorption spectrum) are
achieved with femtosecond laser pulses. When nanosecond pulses of the same energy
(fluence) are used, only an optical hole burning at the laser wavelength and a partial
melting of the gold nanorods are found. A high abundance of ¢-shaped particles is clearly
visible. This result leads to the conclusion that nanosecond laser pulses are less effective
in melting the gold nanorods.

high enough for complete melting as phonon—phonon coupling with the surrounding
medium can partially compete with the nanoparticle heating by the laser energy. This
further suggests that the nanorods cool most rapidly at their ends, where their exposed
surface area is the largest [199]. This might also be the path of the photothermal
isomerization process from rods to spheres in which the width of the rod increases
around the middle of the rod, pulling the two ends closer to one another. (A high-
resolution TEM study is now under way to examine the mechanism of melting [200].)

The difference in laser processing of gold nanorods with different laser pulse widths
can be explained by the fact that the heat loss (phonon—phonon relaxation from the
nanoparticle lattice to the solvent molecules) can effectively compete with the rate of
heating the lattice. This is determined by the rate of photon absorption and the rate of
electron—phonon relaxation. In the case of when a femtosecond laser pulse is used as
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the excitation source, the photophysical events (absorption by the electrons, coupling
to the lattice, melting and heat release to the solvent) are basically separated in time
and could be thought of as sequential processes to a first approximation. This is
certainly not justified for the nanosecond case. This is especially true in cases when the
absorption coefficient of the gold nanorods at the excitation wavelength changes
owing to shape changes. The longitudinal surface plasmon band bleaches because of
the hot electron gas absorption, leading to a decrease in absorption and therefore to
a less effective heating of the nanorods [167]. The difference in the energy threshold for
observing a complete melting of the nanorods when the two lasers are used can now
be understood [199]. Melting occurs if the rate of heating the lattice is faster than the
rate of cooling the lattice. With femtosecond lasers the laser intensity is so high that the
rate of absorption (and thus heating) is very rapid. Therefore, the same number of
photons squeezed in 100 fs can heat the lattice much more effectively and more rapidly
than if they are stretched to a nanosecond pulse width.

When nanosecond laser pulses of higher energies (millijoule range) are used,
fragmentation of the gold nanorods into smaller, nearly spherical nanoparticles is
observed [182] similar to those observed for the gold [178, 179] and silver [180, 181]
nanodots described above. While this observation was explained for the nanodots in
terms of the slow heat loss to the solvent or the ejection of photoelectrons, for a gold
nanorod solution another mechanism was shown to contribute as well [182]. As the
nanorods’ lattice heats up and melts during the long nanosecond laser pulse, the gold
nanoparticle continues to absorb photons. The additional photons absorbed by the
hot particles was proposed to lead to fragmentation of the gold nanorods [182]. This
model can be described as follows:

nhy

(AW ————— [(Au), I, (5.1
(AWl ———— [(Au) ], 52)
(AWl ———— (A ™, (5.3)

AWl [(Auyd), (5.4)
AW — A, 55)
AWl o (A 5.6

Processes (5.1), (5.2) and (5.3) represent laser excitation of the electrons, thermal
heating of the electrons (less than 1 ps [166]), and lattice heating resulting from
electron—phonon relaxation processes (less than 10 ps [143-149, 164-167]) respect-
ively. NR, NS, NP and SNS refer to nanorods, nanospheres, nanoparticles (when
there is no definite information about the particle shape) and small nanospheres
respectively. It is important to note that heating the lattice via electron—phonon
relaxation in the femtosecond experiment occurs in the dark, as it takes place on a time
scale longer than the pulse width. Process (5.4) is the melting of the nanorods, which
completes the photophysical events in the femtosecond experiment if heat loss to the
surrounding medium is neglected. However, this is not the case for the nanosecond
experiments. Process (5.5) represents further laser excitation of the hot lattice in the
experiments with nanosecond laser pulses. Therefore it is expected that absorption of
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Figure 17. Gold nanorod fragmentation caused by two time-delayed femtosecond pulses
serving as a model for a longer (nanosecond) laser pulse. (¢) The set-up used for
performing the irradiation of gold nanoparticle solutions with two time-delayed laser
pulses. The gold nanorod solution placed in a rotating cylindrical cell is first irradiated by
a laser pulse and then the transmitted light is retroreflected into the solution and
overlapped with the first excitation spot. The second pulse can be delayed with respect to
the first by a variable translation stage. In this way a longer laser pulse is simulated by two
ultrashort laser pulses in order to test the influence of the pulse duration on the shape
transformation of gold nanorods. The delay time used is bracketing the electron—-phonon
and phonon-phonon relaxation time of gold nanorods in solution. (b) The average
particle diameter of the spheres produced by the laser irradiation plotted against the delay
time between the two pulses. At delay times between 10 and 50 ps a smaller average
particle diameter is observed owing to a higher abundance of smaller nanoparticles,
which are created by fragmentation of the gold nanorods. With knowledge of the lattice
heating and cooling dynamics this confirms the proposed mechanism that fragmentation
of the gold nanorods with nanosecond laser pulses occurs because of the additional
absorption of photons by the hot (melted) lattice during the duration of the nanosecond
pulse.

more photons by the hot (or even melted) lattice occurs in the nanosecond experiment.
This then leads to an increase in the lattice internal energy and finally fragmentation
as shown in step (5.6).

In order to test this mechanism, the gold nanorods were irradiated in solution by
two femtosecond pulses which were delayed by different amounts of time with respect
to each other [182]. The first pulse initially excites the nanorods and heats their lattice
while the second pulse is absorbed at different stages of excitation and relaxation after
the absorption of the first pulse. The mean diameter of the resulting particles is
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determined by using TEM of the dried solutions of the nanoparticles taken from the
solution exposed to the two pulses separated by different delay times. A schematic
diagram of the set-up for this experiment is shown in figure 17 (a) and the results are
given in figure 17(b). The average particle diameter of the nanoparticles produced by
the laser irradiation is plotted against the delay time between the two pulses. The point
labelled as reference refers to a control experiment in which the mirror behind the
sample cell was removed and therefore just one pulse was passed through the sample.
Only melting of the nanorods into spherical nanoparticles is observed. It was further
observed that a single pulse having the same energy as the sum of the two individual
laser pulses did not lead to a different mean particle diameter. At delay times between
10 and 50 ps, a smaller average particle diameter is observed owing to a higher
abundance of smaller nanoparticles which originate from the fragmentation of the
gold nanorods. At shorter delay times than the electron—phonon relaxation time (a few
picoseconds), the lattice of the nanorods has not yet been completely heated or melted
before the second pulse arrives. At delay times longer than phonon—phonon relaxation
times (greater than 100 ps), the lattice has already cooled considerably by phonon—
phonon interactions. Fragmentation is hence only observed when the second laser
pulse is absorbed after the lattice is heated (and melted) and before it cools. This
supports the suggested mechanism of the fragmentation of gold nanorods induced by
lasers of energetic long (nanosecond) laser pulses.

6. Concluding remarks and outlook

This review of the optical and dynamic properties of gold nanocrystals shows that
a great deal of understanding has already been accomplished. The understanding of
the dynamics of the electrons and the lattice of nanostructured materials is of great
importance to their potential use in future photonic applications. The sensitivity of the
surface plasmon absorption characteristics to adsorbed species is important for their
potential applications as chemical sensors. The understanding of the laser-induced
photothermal melting and fragmentation mechanisms will be helpful in future
photothermal reshaping of metal nanoparticles.

The understanding of the electronic absorption and dynamics in individual
nanoparticles is essential before we assemble them into devices, which is the goal of the
use of nanostructured systems. The advancements in chemical synthesis and separation
methods are pushing the limits of preparing and isolating nanoparticles of different
size and shape. The study of a sample with a narrow size and shape distribution is
essential in determining the physical and especially the optical properties of individual
particles in an assembled mixture. Single-particle spectroscopy could overcome the
problem of a narrow size distribution but is mainly limited to collecting the emission
rather than measuring the absorption spectrum. On the other hand, a great effort has
been made to try to create assemblies of nanoparticles in two- and three-dimensional
structures[70-72, 201-209]. Deoxyribonucleic acid [201] or smaller molecules [202] and
also templates such as aluminium oxide membranes [203] have been used to create
linked arrays of gold nanoparticles. Lithography [70-72, 204] and electrophoretic
deposition [205] also allow the two-dimensional arrangement of metallic particles. The
patterning of structures consisting of individual and well separated nanoparticles as
solid-state devices is crucial for any future application. In order to self-assemble
nanoparticles, the size distribution needs to be very narrow so that the goals of both
preparing a monodisperse sample and assembling the nanoparticles are very closely
related. This in turn presents the prospect of observing new optical properties of self-



448 S. Link and M. A. El-Sayed

assembled monolayers of metallic nanoparticles as now the electric fields connected to
the plasmon resonance (enhancement of the incoming and outgoing electric fields
when interacting with light) will influence the effective fields around the neighbouring
nanoparticles. Although aggregates of metallic nanoparticles [94-96] and their optical
absorption have been studied experimentally and theoretically, an ordered array of
nanoparticles instead of an agglomerate might present new properties different from
the individual particles.
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