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1. INTRODUCTION

The past several decades have seen tremendous advances in
metal nanoparticle research. This field involves workers from
many different areas, including materials scientists interested in
synthesizing samples with novel structures and optical proper-
ties," '* analytical chemists who develop new molecular sensing
schemes,"' ~*° biomedical researchers seeking to target and kill
cancer cells,”' ~*® and engineers interested in creating high speed
circuits.”* ** Many of these applications are inspired by the
unique optical properties of metal nanostructures, which derive
from the localized surface plasmon resonance (LSPR), a collec-
tive oscillation of the conduction electrons that (for spheres)
typically occurs in the visible to near-UV region of the spect-
rum.**”*° Because many electrons contribute to the LSPR, the
absorption and scattering cross sections of metal nanoparticles
can be very large.***” The high intensity of the plasmon reson-
ance, and its sensitivity to the environment of the particles and
interparticle couplings are at the heart of many of the applica-
tions. The plasmon resonance also serves as an optical handle for
investigating the properties of the particles themselves.

This review deals with one aspect of the fundamental optical
properties of metal nanoparticles: the dynamics that occur
following absorption of photons. Rather than being a narrow
topic, this is a tremendously diverse subject with many different
types of experimental studies. Understanding the sequence of
events following photon absorption and their time scales under-
pins many of the applications of metal nanoparticles. For
example, the successful use of metal nanoparticles in photother-
mal therapy,”' ~>® where laser excitation is used to selectively kil
cells, is because metals rapidly convert the absorbed photon
energy into heat. The different photophysical processes are
discussed in chronological order, that is, starting with optical
absorption and dephasing of the LSPR, going through internal
relaxation of the electrons via electron—electron scattering and
electron—phonon couSpling, and ending with energy dissipation
in the environment.>® * The review concentrates on noble
metal nanoparticles, as these have been the most studied. There
are several reasons for this: recipes are available for making
noble metal particles with good control of size and shape,' *° the
particles are resistant to oxidation, and they have plasmon
resonances in the visible to near-IR region of the spectrum,* ¢
so they can be easily studied.
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Figure 1. Real and imaginary dielectric constant data for gold (taken
from ref $3). The dashed lines show a fit to the data using the Drude
model (eq 1). The insert shows a cartoon of the band structure of gold,
where &g is the energy of the Fermi level, and wy, is the frequency of the
gold interband transitions.

The goal is to describe how the time scales for the different
processes are affected by the size, shape and composition of the
particles, and the properties of the environment. The effect of
these factors on the I})osition of the plasmon resonance has been
reviewed elsewhere™ >>***> and will not be discussed in detail
here. A significant emphasis will be placed on single particle
measurements. This is a relatively new area of study that can
provide unique information about electron dynamics in metal nano-
structures, and how the environment affects energy relaxation.

2. BACKGROUND

Most chemists are taught a basic understanding of photophys-
ics in terms of separable electronic and vibrational motions, and
excited state dynamics that can be described in terms of radiative
and nonradiative decay processes, such as intersystem crossing
and internal conversion. *® This zeroth-order picture is helpful for
understanding the photophysical properties of semiconductor
nanoparticles, with additional effects such as surface recombina-
tion of the charge carriers.** ™% However, it breaks down for
metal nanostructures. This is because of the high density of
empty electronic states at the Fermi level for metals. For metals
the starting point for discussing spectroscopy is Mie
theory,®*"*° which describes the optical response of a spherical
particle. Mie theory requires the dielectric constants of the
particle and the surroundings as input parameters. The dielectric
constants of metals are strongly frequency dependent and
contain both real and imaginary components.**> Roughly, the
real part determines the position of the LSPR, and the imaginary
part determines the dephasing.”® In this section the basic theory
behind the absorption of photons by a metal nanoparticle, and
the subsequent energy relaxation processes are discussed.

2.1. Dielectric Constants of Noble Metals

The simplest realistic model for the dielectric constant of a
metal is the Drude or free electron model, which was developed
to describe DC conductivity.”"** For many metals, this model
gives reasonable results up to optical frequencies, with suitable
modifications because of interband transitions.”> >® For small
particles the dielectric constant is modified by electron-surface

scattering, and this can be accounted for semiclassically by adding an
extra, size-dependent contribution to the damping constant.*>*”~*’
In the Drude model the conduction electrons are treated as a
free electron gas.”>* The response to an electric field is obtained
by solving the equations of motion for a single electron, and
multiplying by the number of electrons per unit volume. This
yields the following expression for the dielectric constant:>">*

6()2

ew) =1——2—— 1
@ ) W
where ), is the plasma frequency and yj, is the bulk damping

constant that is related to the mean free path [ of the electrons by
¥ = vg/l where vp is the Fermi velocity.”"*> The plasma
frequency is given by w,, =(ne*/egm.)"’? where n is the electron
density, &y is the vacuum permittivity, and m, is the effective mass
of the electrons.”* The mean free path of the electrons is
limited by scattering off phonons, impurities, etc., with the dif-
ferent contributions adding together according to Matthiessen’s
rule: 1/1 = ¥(1/1;), where the I; are the mean free paths for the
individual processes.’>*' The Fermi velocity and dam})ing con-
stant for bulk Au (for example) are ve = 1.4 X 10°ms ' and y}, =
(15 fs)~',>"** which implies a mean free path of approximately
20 nm at room temperature.

For a small particle (dimensions less than the bulk mean free
path), the damping constant in eq 1 is modified by collisions with
the surface®” >’

Av
V(letr) = 7y +l—; (2)

where [ is the effective path length of the electrons (the average
distance they travel before scattering off a surface), and A is a
constant that depends on the details of the electron-surface
interaction.®”®! The effective path length depends on the size
and shape of the particles and can be calculated consistently for
different shaped particles by l.g = 4V/S where V is the volume
and § is the surface area of the particle.*>®*

For noble metals like Ag and Au, the Drude model gives a
good description of the dielectric constants in the near-IR region
of the spectrum, but it breaks down in the visible to near-UV
region because of interband transitions.**>® The onset of the
interband transitions is at ca. 2.4 eV for Ay, and 3.9 eV for Ag.33
The interband transitions give a frequency dependent damping,
and can 3be included in the dielectric constant by adding an extra
term™

ib wp’

g(w) = °(w) +1 ol + 170l (3)
where £°() is the interband contribution. Figure 1 shows a plot
of the real (¢,) and imaginary (&,) components of the dielectric
constant for bulk Au, where the low frequency response has been
fit to the Drude model using eq 1.% The imaginary component of
the dielectric constant is related to damping, and the presence of
interband transitions causes a si§niﬁcant increase in damping at
energies greater than 2.4 V.>>*® An approximate picture of the
band structure of gold is shown in the inset of Figure 1. Physically
the increased damping corresponds to scattering of electrons
into empty levels of the conduction band (Landau damping).****

Separating eq 3 into real and imaginary components, and
noting that at optical frequencies w > y, gives6 ’
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Figure 2. Calculated extinction (solid lines) and scattering (dashed
lines) spectra for different sized Au and Ag nanoparticles in water (radii
are 25 or S0 nm and n = 1.33). Only the dipole and quadrupole terms in
egs 6a and 6b were included.

" w2
g(w) = & (w)+1— w—Pz (42)

and

wy* X (L)

o) ~ (o) + 2

(4b)
Equation 4a shows that for small particles £;(w) ~ £5"(w), that
is, the real component of the dielectric constant is essentially the
same as the bulk value (there are no terms that involve l.g).
However, the imaginary component is modified by electron-
surface scattering, and can be written as®®

2
Wy Avg
_ >< RN

&(w) ~ eg’“lk(a)) +

w3 Lege 5)
Thus, for metal nanoparticles the most important effect of
decreasing size is increased damping of the electron motion by
surface scattering. Note that for calculations, eq 3 should be used
for the dielectric constant, not eq 4a or S, as only modifying &,
without changing &; violates the Kramers—Kronig relation.
Also, adding an electron-surface scattering term through eq 2 to
account for size effects in the optical properties of metal
nanoparticles is a phenomenological treatment. There has been
recent theoretical work in developing a microscopic explanantion
for surface effects based on using a nonlocal dielectric func-
tion.%* " A discussion of this work is outside the scope of this
review.

The electron surface scattering contribution has to be con-
sidered when the dimensions of the particles are smaller than the
mean free path in the bulk metal, that is, less than 20 nm or so.
Note that for very small particles, the sgacing between states at
the Fermi level becomes larger than kT.%”~7* These particles are
no longer metallic in the conventional sense, and the Drude
model is not a reasonable approximation to their dielectric
function. Transient absorption measurements on these very
small particles will be discussed in section 4.4. In particular,
these experiments are useful for determining the size where the
particle changes from metallic to nonmetallic.”*~”*

2.2. Optical Properties of Small Particles: Mie and Gans
Theory

The spectra of metal nanoparticles are dominated by the
LSPR. The position of the LSPR depends on the size and shape
of the particles, their composition, and the properties of the
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Figure 3. Linewidth of the LSPR versus radius for Ag nanoparticles in
different media. The linewidths were obtained from the scattering cross
sections versus energy using the full Mie theory calculations. Taken from
ref 88 with permission.

environment.* 7 3#4576 The spectra of spherical particles can
be precisely calculated using Mie theory, given that the dielectric
constants of the particle and the environment are known.***”*°
Mie theory is an exact analytic solution to Maxwell's equations
for spheres with an arbitrary size. For rod shaped particles much
smaller than the wavelength of light, Gans theory gives an
analytic exgression that can approximately calculate the
spectra.””® For particles with other shapes numerical ap-
proaches must be used, such as the discrete dipole approximation
(DDA)®"* or finite element calculations.*® Excellent reviews of
these different approaches can be found in refs 35, 44, 64, and 84.
The line width of the LSPR gives information about the fast
electron-scattering processes. There are several contributions to
the line width and to understand these different effects it is useful
to consider Mie theory calculations for different sized spheres.

The general expressions for the scattering and extinction cross
sections from Mie theory are***’

27R?
O =5 LntD{laf + bl (&)
2TR?
et = — Y, (2n+ 1)Re[a, + b,] (6b)
n=1

where x = 271Rn,,/A, n, is the refractive index of the medium, R is
the radius of the particle, and the absorption cross-section is
given by O, = Oext — Ogca- The a,, and b, factors are given by36’37

0y = Valm ) =y ()
T m)G,(x) = myp, (mx), ()

A G R R L VA B

myp, (mx)C, (x) =y, (mx)C, (x)

where 1,(2) = (72/2)"? X J11(2), Gu(2) = (2/2)"? x
Jpi1/2(z) = iY,41/2(2)) and m = 1,/ 1y, where n, is the refrac-
tive index of the particle. The different terms in eqs 6a and 6b
correspond to the dipole (n = 1), quadrupole (n = 2), hexapole
(n = 3), etc,, contributions. Figure 2 shows calculated extinction
and scattering spectra for 25 and 50 nm radius gold and silver
particles. Only the dipole and quadrupole terms are included in
these calculations, as the higher order terms are negligible for this
size range. The dielectric constant data was taken from ref 3.
The most noticeable effect when the size of the particles
increases is that the plasmon resonance red-shifts and broadens.
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The red-shift is a retardation effect, it occurs because the electric
field is not uniform across the garticle.%’37 The broadening
comes from radiation damping.***® For large particles the
coupling between the electrons and the electric field is very
strong at the LSPR, so that light scattering is a significant
energy loss mechanism.*>®” This gives rise to an extra damp-
ing effect that is not present in the bulk metal. Figure 3 shows a
plot of the LSPR linewidths for different sized spherical Ag
particles versus radius calculated using eq 6a.>® The increase in
line width arises from radiation damping. The size of the effect
is proportional to the volume of the particle, and is stronger
in higher dielectric constant environments.**”**® These cal-
culations show that for Ag nanoparticles radiation damping
dominates the line width for particles larger than 20 nm
radius.*””

When the particles are much smaller than the wavelength of
light (the “quasi-static” limit), only the dipole contributions in
eqs 6a and 6b are important, and the extinction is dominated by

absorption.* In this limit the absorption cross-section is given
by®6®

-1
Oups = 47R?xIm <m2 ) (8)

m=+ 2

Using m> =g/ €n where ¢ is the complex dielectric constants of
the particle and &, is the dielectric constant of the medium, eq 8
can be rewritten in the more familiar form of

187V &
Oabs = ‘(f\m?)/2 2 2 (9)
A (&1 +2&m)" + &2
36,37

where Vis the volume of the particle.””’ eq 9 shows that in the
quasi-static limit for spherical nanoparticles the plasmon reso-
nance occurs when &, = —2¢&,,

A straightforward extension of eq 9 to ellipsoidal particles was
developed by Gans’’

(I/sz)ez
j=1-3(ey + (1 — Pj)a?,m/Pj)2 + &2

2V )
R em
34

(10)

Oabs =

where the depolarization factors P; for a cylindrical rod are given

by
Py — (1 ;ez> {% ln(i:) - 1} (11a)

1-Py
2

and e = (1—(1/AR)?)"/?, where AR is the aspect ratio of the rod
(length divided by width). Equations 10 and 11 predict two
localized surface plasmon resonances for rod-shaped particles: a
longitudinal resonance corresponding to electron oscillation
along the major axis of the rod and a transverse band correspond-
ing to electron oscillation across the rod. The longitudinal band
occgrss i&) the NIR region, and is sensitive to the aspect ratio of the
rod.”””

In the quasi-static limit (that is, when eqs 9 or 10 apply) the
line width of the LSPR can be calculated by*>®!

Py = Pc

(11b)

2
r= & (12)

V(961 /00)? + (36, /30)°

For noble metals |de1/dw| > |0e2/0w|, so that”’

28,

T'= 5, Joo) (13)

At frequencies far away from the interband transitions the

dielectric function is dominated by the free electron contribu-

tion: |de1/0w| ~ prz/ >, In this case, the line width is given
33

[ =y 528 (14)
leff
where we have used eq 5 for ¢,. This expression shows that for
small particles the LSPR line width is directly related to damping
of the free electron motion by intrinsic and surface scattering
processes. Equation 14 is an excellent approximation for metal
nanoparticles with sizes small enough that radiation damping is
unimportant, and with LSPR frequencies displaced from the
interband transitions of the metal. When the LSPR is close to the
onset of the interband transitions, the bulk damping contribution
becon;%s frequency dependent, and has to be calculated using
eq 12.
Radiation damping is often phenomenologically included in
line width analysis by adding a volume dependent term to
eq 14558778

A
" ohkv (15)

I'=yp,+
lege

where Vis the volume and « is a constant that characterizes the
efficiency of radiation damping. This approach is reasonable
when the particles are not too large. The factor of 2 in eq 15 arises
because radiation damping is considered to be a T, process in the
literature, whereas the bulk damging and electron-surface scat-
tering are treated as T', processes.”” The relationship between the
different time constants is 1/T, = 1/2T, + 1/T*, where T*
denotes pure dephasing contributions.”” The line width is
connected to the dephasing times for the different processes by
I'; = 2h/T,,;, where 1/T, 4 = kV for radiation damping.87’89

The above discussion leads to the following interpretation
of optical absorption at the LSPR. The light field excites a
dipolar oscillation of the conduction electrons, which rapidly
dephases.***® The dephasing time depends on the size of the
particle, and is reflected in the line width of the plasmon
resonance. For small particles, the line width is broadened by
electron-surface scattering, and for large particles radiation
damping causes broadening.***® The different functional depen-
dence of the surface scattering and radiation damping contribu-
tions on the particle’s dimensions leads to a minimum in the
LSPR line width for particle sizes on the order of 20 nm.”
Because the dephasing times are very fast (~10 fs), direct time-
resolved measurements of these processes are difficult, although
not impossible.”***

2.3. Two-Temperature Model for Electron Cooling
Dephasing of the plasmon resonance through either the
intrinsic damping processes of the metal or electron surface
scattering leads to absorption of photons.***" This deposits
energy into the electron distribution, creating excited electrons
that are spread over different levels in the conduction band.*"*°
Energy can also be deposited into the electron distribution by
exciting through the interband transitions (to the blue of the
LSPR), or the intraband transitions of the metal (to the red of the
LSPR).”” The details of how the electrons are initially distributed

3861 dx.doi.org/10.1021/cr1002547 |Chem. Rev. 2011, 111, 3858-3887
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Figure 4. Temperature versus time for Au nanoparticles for an initial
electronic temperature of (a) 500 and (b) 3000 K. The inserts show the
response of the radius of the particle to laser induced heating. Calcula-
tions were performed for Au particles with a 22 nm radius.

over the conduction band levels are different for each case.
However, the excited electrons rapidly equilibrate via electron—
electron scattering on a few 100 fs time scale to create a hot
electron distribution.”® ™ '*' This essentially wipes out any mem-
ory of the way the electrons were initially excited. The hot
electron distribution then relaxes via phonon emission on a few
picosecond time scale.”® **

The coupling between the hot electrons and the phonon
modes of the particle can be described by the two-temperature
model (TTM).**'®7'% In this model the rate of energy
exchange between the electrons and phonons is given by the
coupled differential equations

dr.
Ce(Te), = —8(Te = Ti) (16a)
t
dr
cld—t1 =¢(T.—T) (16b)

where T, and Tj are the electronic and lattice temperatures, C; is
the lattice heat capacity, C.(T.) = yT. is the temperature
dependent electronic heat capacity,”"** and g is the electron—
phonon coupling constant.'®'** The temperature dependence
of C, means that the time scale for electron—lphonon coupling
depends on the initial electronic temperature.*"**'%71% Atlow
excitation levels the relaxation time is given by y(To+AT)/g,
where T is the ambient temperature and AT is the temperature
increase caused by the pump laser.*>'°*'%” Note that at room
temperature the electronic heat capacity is much smaller than the
lattice heat capacity.””*> This means that the initial electronic
temperature after laser excitation is much higher than the
temperature of the equilibrated electron—phonon system.*"*>'%

The electron—phonon coupling process in metal nanoparti-
cles has been extensively studied by transient absorption

experiments. The goal of these measurements is to determine
the electron—phonon coupling constant and to see if this varies
with size (for example).**~*' However, these measurements are
tricky, because the relaxation time depends on pump laser
intensity. Two approaches have been exploited in the literature
to overcome this problem. First, experiments can be performed
at very low excitation powers so that the electron distribution is
only slightly perturbed (AT << Tp).*"'®""! Second, a series of
pump laser powers can be used, and the results extrapolated zero
power.'®” 1% Both techniques yield an estimate of the char-
acteristic electron—phonon coupling time yT,/g.""> Which
method is used depends on what type of laser system is available.
Researchers with amplified kHz laser sources have used the
extrapolation technique,”®**** and groups with low-power MHz
lasers have performed direct measurements at low perturbation
of the electron gas.*"'% The experimental results show that,
in general, the electron—phonon coupling time is ~1 ps for
high conductivity metals like Ag, Au, or Cu. It is much faster for
metals such as Pt, which have large electron—phonon coupling
constants.'*>'"?

The increase in lattice temperature from optical excitation is
typically a few kelvin to tens of kelvins, although it is possible to
melt or even fragment metal nanoparticles at high powers (this
occurs when laser excitation causes an increase in lattice tem-
perature of ~1000 K).""*~"'° Figure 4 shows simulations of the
change in electronic and lattice temperatures for Au nanoparti-
cles for initial electronic temperatures of 500 and 3000 K, which
correspond to laser fluencies of approximately 0.3 mJ/cm® and
5 uJ/cm?, respectively, for excitation at the LSPR maximum. The
increase in lattice temperature after the electrons and phonons
have reached equilibrium is 2 K in Figure 4a, and 117 K in
Figure 4b. These calculations clearly show how the time scale for
equilibration between the electrons and phonons varies with
initial temperature.*”

Raising the lattice temperature will cause a small amount of
expansion. For particles, the expansion coordinate consists of a
linear combination of a few vibrational normal modes.*"**'*
Importantly, when the dimensions of the particles are larger than
10 nm the time scale for heating, which is a few picosecond at
most even for high pump laser powers, is faster than the periods
of these vibrational modes. This means that the vibrational
modes of the particle that correlate with the expansion coordi-
nate can be coherently excited.*"#>'2! ~1>*

Coherently excited vibrational modes have been detected for a
wide range of different size and shaped particles in transient
absorption measurements, and the results are discussed in
section S of this review. A simulation of the change in radius
for a 22 nm radius particle is shown in the inserts of Figure 4. In
this simulation the breathing mode was modeled as a forced
harmlozlgic oscillator, where lattice expansion provides the driving
force

PR 2R 2w\ e (4% ar)) = o (17)
e T dt T 3T

where AT is the change in lattice temperature calculated through
the two-temperature model (eq 16), T is the period of the
breathing mode, 7 is the damping time (set to be very long in the
simulations in Figure 4), R, is the initial radius, and o is the
coeflicient of thermal expansion. This simulation is included to
show how the radius of the particle responds to the increase in
temperature created by ultrafast excitation. Note that the phase

3862 dx.doi.org/10.1021/cr1002547 |Chem. Rev. 2011, 111, 3858-3887
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Scheme 1. Sequence of Events and Approximate Time Scales
Following Absorption of Photons by a Metal Nanoparticle

hv

VWA Plasmon resonance

1 dephasing (10 fs)
Non-thermal electron distribution

1 e-e scattering (100 fs)

Hot electron distribution

l e-ph scattering (1 ps)
Vibrational resonances

l coupling to the environment (>10 ps)

and modulation depth of the oscillations are different in the two
simulations. This occurs because the time-scale for electron—
phonon coupling and, therefore, the driving force for lattice
expansion is longer for higher initial electronic temperatures.

The oscillations in the particle radius from the coherently excited
vibrational modes decay by energy transfer to the environ-
ment."”*'*” This process is normally masked in ensemble measure-
ments because different sized particles in the sample have different
periods, and adding the contributions from all the particles causes an
inhomogeneous decay of the signal.'®*"**'** However, the intrinsic
damping times can be studied by the recentl3y developed of single
particle transient absorption technique.*®”"** These experiments
will be discussed in detail in section 5.3.

2.4. Heat Diffusion and Interface Conductance

After the internal electron—electron scattering and electron—
phonon coupling process have been completed, the hot particle
equilibrates with the environment.>® ** This process has two
components: heat transfer across the interface between the
particle and its surroundings, and heat diffusion in the
surroundings."**~"*” Heat diffusion within the particle is usually
neglected, as this is very fast for metals."*® For a spherical particle
the interface conductance component is described by

3T, 3G

_ - (T, (t) — Tu(R,£)) (18)

ot Rp, G

where T, and T are the temperatures of the particle and the
surroundings, o, and C, are the density and heat capacity of the
particle, and G is the interface thermal conductance. Equation 18
relates the rate of cooling of the particle to the heat flux across the
interface."*” Heat diffusion in the surroundings is described by
the diffusion equation, which can be written as'

2

0*(rTy) _ 1 a(rT;) (19)

or? o, ot

for spherically symmetric particles. In eq 19, 0, = A,/ p,C; is the
thermal diffusivity, where p,, C, and A are the density, heat
capacity, and thermal conductivity of the surroundings. Equa-
tions 18 and 19 can be solved together using Laplace transform
techniques to determine the rate of cooling of the particle."*> "%
In these calculations, the values of the densities, heat capacities

Extinction

400 500 600 700 800
Wavelength (nm)

Figure S. Extinction spectra of different sized Au nanoparticles re-
corded in aqueous solution (diameters are given in the figure). The
particles in these measurements were synthesized using radiation
chemistry techniques.'*

and A, are usually taken from the literature, and G is treated as an
adjustable parameter.

The expressions that result from solving eqs 18 and 19 in the
Laplace domain are complex."**"*” Insight into the cooling
process can be obtained from considering the limiting cases of
either interface conductance or heat dissipation being the rate
limiting step in cooling. When interface conductance is slow
compared to heat dissipation in the surroundings, the tempera-
ture of the particle decays exponentially with a characteristic time
constant of 7; = p,C,R/3G. This time scale is 60 ps for a 10 nm
radius gold particle, using a value of G = 150 MW m™ > K '
(which is typical for gold nanoparticles in water, see below). On
the other hand, when heat dissipation is the rate-limiting step in
cooling (the interface has a small thermal resistance), then the
characteristic time scale for cooling is given by 74 = (p,C,R)*/
90,C,A."*>"** For a 10 nm radius particle, the value of 74 is 30 ps
for water. The similar magnitudes of the interface conductance
and heat diffusion time scales means that, in general, both these
processes have to be considered for nanoparticles in fluids."*>”"*’
Note that these two processes scale with dimensions in different
ways. Thus, studies of different sized particles can in principle
allow the interface conductance parameter to be reliably
determined.

The description of the sequence of events following optical
excitation given above is summarized in Scheme 1. This parti-
tioning of the dynamics into consecutive dephasing (10 fs time
scale), electron—electron scattering (100 fs), electron—phonon
coupling (1—S ps), and heat dissipation processes (10—100 ps)
is commonly used to discuss experimental data.*®*”* The
separation of time scales is not exact, for example, for small
particles a significant amount of heat can be deposited into the
environment before the electron—phonon coupling process is
complete."*>'*' However, it is a very useful starting point for
discussing how size, shape, and the environment affect the
dynamics of metal nanoparticles.

3. DEPHASING OF THE PLASMON RESONANCE IN
METAL NANOPARTICLES

3.1. Ensemble Measurements of Electron-Surface Scattering
and Radiation Damping

Experimental observations of spectral broadening from radia-
tion damping date back to the start of the grevious century (they
were the motivation for Mie’s work),"** and observations of
electron-surface scattering were reported over S0 years ;1go.143_147
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These effects are relatively easy to see, especially given the
advances in synthesis of metal nanoparticles in the past
decade.®7"1*7153 An example of the change in line width of
the LSPR with size is shown in Figure S for Au nanoparticles in
water. The spectra clearly show effects from radiation damping at
large sizes, and electron surface scattering at small sizes (<15 nm
diameter). In principle, the data in Figure S can be used to
estimate the electron-surface scattering and radiation damping
parameters.*” However, the measured linewidths are much larger
than those calculated from the dielectric constant data of Au,
even at sizes where electron-surface scattering and radiation
damping are unimportant. This occurs because that the spectra
are inhomogeneously broadened, and implies that the electron-
surface scattering and radiation damping parameters derived
from ensemble measurements are upper limits of the true values
and not particularly useful.

For samples of spherical particles, the inhomogeneous broad-
ening most likely arises from the presence of different shaped
particles: slight differences in shape have a much larger effect on
the position of the plasmon resonance than differences in size.”®
This is also a problem for nanorod samples, where polydispersity
in the aségect ratio broadens the longitudinal plasmon
resonance.”***® An interesting system where meaningful line
width information has been obtained from ensemble measure-
ments is the Au bipyramids synthesized by Liu et al.">* These
samples have ensemble linewidths that are only ~30% broader
than the single particle linewidths. This is because the position of
the longitudinal resonance depends on shape, and the shapes are
very uniform in these samples because of the way the particles
grow." Liu and co-workers used these materials for refractive
index sensing, and demonstrated figures-of-merit for the ensem-
ble sample comparable to single particle measurements.'*® They
also showed that the line width decreases by 30% as the
temperature of the sample is changed from room temperature
to 6 K."*7 This is not because of changes in the occupation of
states at the Fermi level, as the longitudinal resonance of the
bipyramids occurs in the near-IR, well away from the interband
transitions of gold. By careful modeling Liu et al. were able to
show that the decrease in line width arises from a decrease in the
rate of electron—phonon scattering with temperature.”"">” This
study would be very difficult to do with single particle measure-
ments, because of the technical difficulties of coupling high
magnification objectives to low-temperature cryostats.

3.2. Rayleigh Scattering Spectroscopy of Single Particles

The effect of the sample size distribution on the optical spectra
can be removed by studying single particles. For metal nanopar-
ticles this can be relatively easily done by recording Ra?fleigh
scattering spectra, using either total-internal reflection® or
dark-field®”**'5*'% jllumination. There have been a large num-
ber of single particle Rayleigh scattering studies of how the size,
shape and environment of the particles affect the
spectra,'®178789901607162 The emphasis has been mainly on
the position of the LSPR. There have been relatively few studies
concerned with teasing out the important factors that control the
line width.

3.2.1. Radiation Damping in Noble Metal Nanoparti-
cles. Because Rayleigh scattering is stronger for large particles, it
is a natural technique for studying radiation damping. The first
single particle studies of radiation damping were performed by
Sonnichsen and co-workers.*”*” They examined gold nanorods
with aspect ratios ranging from 2 to 4, and silver and gold spheres
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Figure 6. (a) Linewidth versus resonance energy for gold nanorods and
nanospheres with different dimensions. (b) Corresponding quality
factors for the resonances. Reproduced with permission from ref 87.
Copyright 2002 American Physical Society.

with diameters between 20 and 150 nm. For the spherical
particles, both the measured scattering spectra and plots of the
line width versus resonance frequency showed good agreement
with Mie theory calculations.® The agreement was better for
gold, presumably because of uncertainty in the dielectric constant
data for silver.*” A plot of the line width versus resonance energy
for gold nanorods and spheres taken from ref 87 is shown in
Figure 6. In the near-IR region, the nanorods have much
narrower linewidths for a given resonance frequency. This is
because of reduced radiation damping and is simply a volume
effect. For spheres, the red shift arises from retardation effects,
which are only significant for large sizes. In contrast, for the
nanorods the red shift arises from the shape, and not the overall
size of the particle. The nanorods used in ref.*” had relatively
small volumes compared to the spheres. Analysis of the line width
data using eq 15 gave a value of k =4 x 10" ' fs~ ' nm" > for the
radiation damping parameter.®’

Figure 6 shows that the linewidths for the nanorods are
essentially the same as those calculated from the bulk dielectric
constant data using eq 13.*” This was also observed in single
particle Rayleigh scattering measurements by Liu et al.’* These
results imply that both radiation damping and electron-surface
scattering are negligible for nanorods with widths on the order of
15—20 nm. However, increasing the width beyond 20 nm leads
to significant broadening.”*'®* Novo and co-workers examined
gold nanorods with aspect ratios between 2 and 4, and widths
ranging from 8 to 30 nm.”> Broadening was observed at small
sizes because of electron-surface scattering, and at larger sizes
because of radiation damping. Fitting the line width data to eq 15
gave a value for the radiation damping parameter of x = (6.2 +
0.5) x 1077 fs~' nm ™ **® in reasonable agreement with the
results of Sonnichsen at al.*” Single silver nanoparticles were
examined using correlated optical/electron microscopy experi-
ments by Ginger and co-workers.'* The electron microscopy
measurements allowed them to estimate the volume of the
particles, and from this they and derived a value of k = (1.2 +
02) x 10°° fs~' nm > for the radiation damping param-
eter, slightly larger than the value determined for gold
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nanoparticles.”””> This difference could be due to differences
in the dielectric constants of the two metals, or because the
LSPRs for the silver particles in ref.!%* were at higher frequencies,
and the efficiency for radiation damping increases with
frequency*”"'** because of the 1/v* dependence of the density
of photon states."®®

Note that eq 15 is derived for particles sizes that are still in the
quasi-static limit, and at some point this approximation will break
down. Link and co-workers examined nanorods with aspect
ratios between 2 and 3, and widths between 30 and 120 nm."
They observed a significant broadening and red-shifting of the
dipolar longitudinal LSPR with increasing width, as well as the
appearance of higher order modes. The presence of higher order
modes implies that eq 15 will not be an appropriate description of
the line width.*® The single particle optical experiments in ref 166
were performed in conjunction with SEM analysis, so that the
dimensions of the particles were accurately known. This allowed
detailed theoretical modeling of the optical response using DDA
calculations.'*® Excellent agreement was obtained between the
experimental and calculated spectra, both in terms of the position
and width of the resonances.'®® This implies that DDA does a
good job of handling radiation damping.*® Other shapes have
also been studied using correlated optical microscopy/electron
microscopy experiments.'®” 7% In general, if the size and shape
of the ;)articles are known, then extended Mie theory calcula-
tions'®” or numerical approaches, such as DDA,*>®%166168
boundary element method (BEM),"”° or finite-difference time-
domain (FDTD)'**'%817L172 qlculations, can reproduce the
measured spectra. Correlated optical and electron microscopy
studies are a powerful way to study the properties of metal
particles; however, it is important to perform the optical mea-
surements before the electron microscopy analysis, as interaction
with the electron beam can affect the particles.'”® Thus, it is
difficult to use these types of experiments to study how different
environments affect the properties of the particles (most electron
microscopes are allergic to samples with liquids).

The effect of the environment on the rate of radiation damping
is an interesting question. The radiation damping rate is propor-
tional to the refractive index of the surroundings.ss’157’1 * Thus,
changing the environment around the particles should change
the line width. This effect has been seen in single particle
measurements for gold nanodisks fabricated by electron beam
lithography,'*® and for gold—silver nanoboxes (hollow cubic
shaped particles)."”* The particles in these measurements were
fairly large, dimensions on the order of 100 nm. Large sizes are
needed because radiation damping must make a significant
contribution to the line width for this effect to appear. Quanti-
tative analysis of the effect is difficult, because the environment
around the particles is asymmetric in typical single particle
studies (the particles are usually supported on a glass slide).
However, the changes in the line width with added solvent can be
reasonable well reproduced by DDA calculations that include the
support.®® Taken together these results show that radiation
damping is qualitatively understood for both small particles,
where it can be treated as an additive effect in the line width via
eq 15, and for large particles where it dominates the line width.
However, quantitative understanding is not there yet. Some
issues that need to be addressed are the influence the excitation
geometry' >~ "7 and how field enhancement from sharp features
(the lightning rod effect) plays into radiation damping.'”®'”®

3.2.2. Electron-Surface Scattering. Electron-surface scat-
tering is difficult to study by Rayleigh scattering, as only particles
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Figure 7. (a) Rayleigh scattering spectra from gold nanorod samples
with different average widths. Left: width = 8.1 & 1.2 nm. Right: width =
14.1 £ 2.1 nm. (b) Average line width versus 1/1¢ for the different gold
nanorod samples. Reproduced with permission from ref 88. Copyright
2008 Royal Society of Chemistry.

that have dimensions on the order of 10 nm or less show
significant electron-surface scattering effects, and these particles
are typically dim in light scattering measurements. This problem
can be overcome by studying nonspherical particles, such as
nanorods®*”* or nanoboxes.'”*'** These materials have two
important dimensions: for the rods these are length and width,
and for the nanoboxes they are edge length and wall thickness.
When the width or wall thickness of the particle is reduced below
10 nm, electron-surface scattering effects become important, as
they do in spherical particles.***>>*~%> However, unlike spheres,
because their lengths or edge lengths can be relatively large,
the nanorods and nanoboxes can still have reasonable volumes
and scatter light efficiently. Thus, dark-field microscopy can
be used to examine electron-surface scattering effects for these
particles. 5293174180

Figure 7a shows example Rayleigh scattering spectra for
nanorods from two different samples with average widths of
81 + 12 nm and 14.1 &+ 2.1 nm (error equals standard
deviation).”® For these experiments the length of the rods was
adjusted so that the samples all had similar aspect ratios and,
therefore, similar longitudinal LSPR frequencies and bulk damp-
ing contributions.**”> A plot of the average linewidths deter-
mined from the single particle measurements versus 1/l is
shown in Figure 7b. The value of l.g was calculated from the
average dimensions of the sample, using the 4V/S formula
derived in refs 60 and 62. The line width shows a minimum for
nanorods with widths of approximately 14 nm. The value of the
line width at this point is in agreement with the single particle
measurements reported in refs 62 and 87. The increase in line
width at small 1/l.¢ values (large sizes) is because of radiation
damping, and the increase at large 1/ svalues (small sizes) arises
from electron-surface sca.ttering.gg’93 The curve in Figure 7(b)
shows a fit to the data using eq 15, with the individual contribu-
tions from electron-surface scattering, bulk damping and radia-
tion damping shown as the dashed/dotted lines. This analysis
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yields a surface scattering parameter of A = 0.30 £ 0.03,°*%*

which is in good agreement with results from single particle
absorption measurements for gold nanospheres (these experi-
ments are discussed below).'®!

Single-particle Rayleigh scattering spectroscopy has also been
used to study electron-surface scattering in hollow gold—silver
nanoboxes.'”*'* The measured linewidths for nanoboxes with
wall thicknesses on the order of 10 nm are much larger than the
linewidths calculated by DDA."® This implies an additional
broadening contribution beyond bulk damping and radiation
dampin§, as these effects are accounted for in DDA calcula-
tions.*>*® However, eq 15 cannot be used to analyze the data in
this case, because the particle sizes are well beyond the range
were the quasi-static approximation is expected to be valid. Thus,
in ref 88, eqs 4 and S were used to add a surface scattering
correction to the dielectric function used in the DDA
calculations.®® Spectra were then calculated for different values
of the surface scattering parameter, and the calculated linewidths
were compared to the average line width from the single particle
experiments. This analysis gave a surface scattering parameter of
A = 3.0 &£ 1.1, which is much larger than the usual values.*®
Possible reasons for this discrepancy are that the 4V/S expression
for I is not appropriate for nanoboxes® or that there is
significant thinning of the walls in these particles, which does
not show up clearly in the TEM analysis. This would lead to an
underestimate of the electron-surface scattering effect for a given
value of A and, therefore, an overestimate of A in the analysis of
the experimental data.*®

3.2.3. Bimetallic Nanoparticles. For bimetallic core—shell
nanoparticles electron scattering can occur not only at the
particle solution interface, but also at the interface between the
two metals. Liu et al. observed that adding a silver shell to gold
nanorods increased the line width from ~80 to ~120 meV.**
These results were interpreted to show that the electron-surface
scattering parameter for the gold—silver interface is about 2 X
larger than that for the particle-solution interface.

Wang et al. examined spherical gold core-silver shell and silver
core-gold shell nanoparticles, and the corresponding alloyed
particles.'® They observed essentially no difference in the line
width for the alloyed particles compared to the core—shell
particles. The linewidths were also close to the values expected
from the dielectric constant data, indicating that electron scatter-
ing at the gold—silver interface is negligible.ls2 However, the
LSPR of these spherical particles occurs near the onset of the
gold interband transitions, which means that the linewidths are
inherently broad, making it hard to observe small changes from
additional broadening mechanisms. Sonnichsen and co-workers
investigated the linewidths for gold nanorods coated with
different thickness silver shells."*® They observed that at a given
resonance frequency, nanorods with thin silver shells have
smaller linewidths than the bare gold nanorods. This arises
because the imaginary component of the dielectric constant
(&,) for silver is smaller in the near-IR than that for gold, which
means that the intrinsic damping is less for the composite
particles.>'®*'% For thick silver shells the line width increases,
presumably because of increased radiation damping.'*®

The results in refs 182 and 183 indicate that electron scattering
at the metal—metal interface of core—shell particles is not a
significant effect in the dephasing of the LSPR, however, radia-
tion damping does need to be considered. This does not mean
that unusual effects do not occur in bimetallic particles. Recently
Sonnichsen and co-workers examined alloyed Au—Cu nanorods
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Figure 8. Absorption spectra of small gold nanoparticles recorded using
photothermal heterodyne imaging. Reproduced with permission from
ref 181. Copyright 2005 American Chemical Society.

and showed that the line width was reduced at specific Cu
contents.'®* This was attributed to the formation of ordered
stoichiometric gold—copper alloys,"** which have been shown to
cause enhanced the DC conductivity in bulk materials.'®

3.3. Absorption Spectroscopy of Single Metal Nanoparticles

Because the intensity of scattered light depends on V*3*’
Rayleigh scattering is difficult to see at small sizes. This has led to
considerable effort in develog)in§ absorption-based techniques
for studying small particles."**~'”° Absorption scales as V rather
than V7, and so can be used to detect smaller particles than is
possible with Rayleigh sceittering.186’187’191 Absorption based
measurements have been used for detection and imaging,wz’l%
as well as spectroscopy.'®'

Two main techniques have emerged for interrogating metal
nanoparticles through absorption: photothermal heterodyne
imaging (PHI),"*""*>"?119% and spatial modulation spectrosco-
py (SMS)."*¥'%* In PHI absorption is detected by monitoring
the heat deposited in the sample b?r a modulated pump laser
using a nonresonant probe beam.'**'*? In SMS the nanoparticle
is moved in and out of the laser beam, and the extinction of the
beam is monitored with a lock-in amplifier. Analysis of the SMS
signal directly gives the absolute extinction cross-section of the
particle."®®'”> These two techniques have advantages and dis-
advantages. PHI is very sensitive,'”> however, it does not give
direct cross-section information,'”*'”” and relatively intense
pump sources must be used. This last point is not so much a
problem for damaging the sample, but can make it technically
difficult to record a spectrum. SMS is less sensitive, but a wide
range of light sources can be used, such as a white light
continuum from a nonlinear optical fiber'”*'*® or even a
lamp.**?** Note that these two techniques monitor different
things, PHI is only sensitive to absorption'**1819% while SMS
monitors extinction of the light beam.'>'%%72%!

Lounis and co-workers used PHI to study small gold
particles.'®' Example PHI spectra are shown in Figure 8. They
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Figure 9. (a) Top: Representative extinction spectra of single Ag@SiO,
particles recorded using SMS. The solid line in the insert shows the
ensemble spectrum (average diameter of the silver core for the sample
was 12 nm) (b) Bottom: Linewidth versus 1/diameter for the Ag@SiO,
particles. Error bars give the uncertainty in the size determination.
Reproduced with permission from ref 206. Copyright 2009 American
Chemical Society.

were able to measure the resonance energies and half widths of
the LSPR for particles with sizes between 33 and 5 nm. Analysis
of the data gave an electron-surface scattering parameter of A =
0.33, which is in reasonable agreement with the value for gold
nanorods obtained by Novo et al.*** In contrast, Muskens et al.
used SMS to measure the absorption spectra of single gold
nanorods, and found no evidence of broadening of the long-
itudinal LSPR from electron-surface scattering.203 However, the
nanorods in these experiments had widths on the order of 15—20
nm, which means that the electron-surface scattering contribu-
tion would be very small and hard to detect.**> The measured
linewidths in ref 203 were consistent with the Raylei%h scattering
studies of nanorods with similar dimensions.>*”%%%3

For analyzing electron-surface scattering it is clearly an
advantage to know the dimensions of the particle being inter-
rogated. The PHI signal arises from a thermal lens created by the
pump laser.'”* Thus, these measurements are typically done with
the particles in contact with a liquid that has a strongly
temperature dependent refractive index."*”'***** The presence
of the liquid makes it difficult to perform correlated optical/
electron microscopy studies to get precise information about the
size and shape of the particles. The Link group has recently
demonstrated that PHI experiments can be performed in air,
allowing correlated electron and optical microscopy measurements.**®
However, performing experiments in air creates significant inhomo-
geneities in the environment of the particles. This can cause fluctua-
tions in the signal intensity””” and the line width,'*> and complicates
analysis of electron-surface scattering. On the other hand, the SMS

technique gives the extinction cross-section of the particle which,
together with spectral and polarization information, allows the size
and shape of the particle to be optically determined.'”® ~*°! This in situ
size determination means that electron microscopy is not needed in
these measurements. This is a significant advantage of the SMS
technique, and it allows electron-surface scattering to be studied in
detail for single particles in well controlled environments.”* Note that
polarization studies can also be performed with PHI'*"*"” and, when
combined with spectral information, such measurements can give the
aspect ratio of the particle. However, the absolute dimensions cannot
be determined directly by PHI, because this technique does not give
the absolute absorption cross-section of the particle.

Figure 9 shows extinction spectra and a plot of the line width
versus 1/diameter for single Ag nanoparticles coated with SiO,
recorded using SMS.>% Silica coated particles were used to
ensure a homogeneous environment for the particles.”*® The
particles had Ag core sizes ranging from 10 to 50 nm. The
diameters in Figure 9(b) were determined by fitting the spectra
to extract the size. The insert shows that the details of how the
size was determined (fitting the LSPR versus using the integrated
area), or the choice of dielectric constants for the metal do not
significantly affect the results.”°® The data shows an increase in
line width at large sizes because of radiation damping, as well as a
significant contribution from electron-surface scattering at small
sizes. The line is a fit to the line width data using 2gvg/R, which
yields g = 0.7 £ 0.1. In terms of eq 14 this corresponds to a
surface scattering parameter of A = 0.9 & 0.1 (I.g = 4R/3 for a
sphere). Note that Vallee and Del Fatti have previously shown
that the time scale for electron—electron scattering and elec-
tron—phonon coupling depend on size for silver."*”"'"*% Tak-
ing this effect into account reduces the surface scattering
parameter to A = 0.6 & 0.1. This is slightly larger than the value
determined for gold nanoparticles,***>'*! but smaller than the
value predicted by model calculations.®”"'*** The ability of
SMS to optically determine the size and shape of the particles
means that this technique is a powerful tool to study how
environment affects electron-surface interactions. These mea-
surements should provide valuable information about effects
such as chemical interface damping.*****'°

3.4. Propagating Surface Plasmon Polariton Modes in Metal
Nanowires

For extended metal structures propagating surface plasmon
polarition (SPP) modes occur in addition to the LSPR.*'* These
modes cannot be directly excited with light because of momen-
tum matching considerations.”*> In metal nanowires, propagat-
ing SPP modes can be excited by coupling through a prism®'3 " *1¢ a5
is done in commercial SPR instruments,”"” by focusing a laser
beam at the end of the wire,”"®”** exploiting coupling between
the nanowire and a particle,””"*** coupling to polymer or
semiconductor waveguides,”**>*® or by using a tapered optical
fiber in a NSOM geometry to launch the propagating SPP
modes.”*” Figure 10 shows images of silver nanowires epi-
illuminated by a white light source (left panels). The wires
scatter strongly, and appear bright on a dark background. The
right panels show images where a near-IR pump laser has been
focused at one end of the wire.”*® Light emission can be clearly
seen at the distal end. In these experiments, the laser excites
a propagating surface plasmon polariton mode of the wire,

which travels down the wire and re-emits photons at the other
218—220
end.
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Figure 10. Left: Images of silver nanowires under white light epi-
illumination. Right: Images recorded with a near-IR laser (880 nm)
focused at one end of the wire. Panels A and B show a straight wire with
no kinks or defects, and panels C and D show a kinked wire. Light
emission from the distal end and at sharp bends in the wire can be clearly
seen. Reproduced with permission from ref 220. Copyright 2008 Wiley-
VCH Verlag GmbH & Co. KGaA.

The speed and decay length of the propagating SPP modes can
be examined through light scattering measurements. For example,
the spectra of the light scattered from the input and output ends of
single wires show modulations, which correspond to Fabry—Perot
resonator modes.”"*>'® Modeling the response gives the dispersion
curve for the propagating SPP. The results show that the SPP group
velocity varies from 0.6c at 1 eV energy to 0.4cat 2 V247210 Similar
dispersion curves were obtained by monitoring resonances in the
extinction spectra of Ag and Au nanowire arrays.228 The results are
consistent with calculated dispersion curves that take into account
the geometry of the nanowires, and the dielectric constants of the
metal and the environment.”"*”>'%**® Analysis of the light scatter-
ing spectra also provides information about the decay length of the
SPP.*"* The measurements reported in ref 214 gave a decay length
of ~10 um for single crystal nanowires, and showed that it deceases
for polycrystalline wires.

The decay length of the propagating SPP modes can also be
estimated from images like those shown in Figure 10, by
measuring how the intensity of the scattered light decreases
with distance.”'”**>**” These measurements allow the decay
length to be accurately measured at different wavelengths,
which is an advantage compared to the spectral analysis in ref
214. The results in ref 223 gave a decay length of 6.2 ym at 532
nm, 11.3 um at 633 nm, and 20.2 um at 980 nm. In
comparison, the decays lengths reported in ref 227 were 6.8
umat 532 nm, 10.6 m at 633 nm, and 13.3 um at 980 nm. The
slight differences could be due to the different dimensions or
environment of the nanowires in the two experiments. The
increase in decay length with increasing wavelength is due to
the smaller value of &, in the near-IR for noble metals. Note
that much longer attenuation lengths, on the order of mm,
have been measured for lithographically defined metal
waveguides.”*”**° These long attenuation lengths were ob-
tained by carefully designing the system to support coupled
surface plasmon polariton modes that have significant field
intensity outside the metal.*>***°

4. ELECTRON THERMALIZATION

The initial ultrafast measurements on metal nanoparticles
provided information about the time scale for electron—phonon
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Figure 11. (a) Transient absorption data for Au nanoparticles in
aqueous solution (11 £ 2 nm diameter), recorded at different pump
laser powers. The insert shows how the decay time varies with relative
pump power. (b) Characteristic time scale for electron—phonon
coupling plotted against diameter for different gold nanoparticles
samples. Closed symbols = intercept, open symbols = fastest measured
time scale."””.

coupling.*"******7237 One of the major goals of these studies
was to determine how size, shape, and surface chemistry affect
this process. However, as discussed above, the dynamics are
intensity dependent, which makes it hard to precisely measure
the fundamental electron—phonon coupling time."**'%” Figure 11a
shows transient absorption data for Au nanoparticles collected at
different pump fluencies. The insert shows a plot of the elec-
tron—phonon coupling time, which was extracted from the data
by fitting to an exponential decay, versus the relative pump laser
power. Extrapolating the measured time constants to zero power
yields an estimate of the fundamental electron—phonon cou-
pling time T.,, = ¥To/g, where g is the electron—phonon
coupling constant of the particle. For the experiments in
Figure 11a T, = 0.65 & 15 ps, which yields an electron—
phonon cou})ling constant that is essentially the same as bulk
gold."*>**7!> Figure 11b shows the electron—phonon coupling
times measured for different sized gold particles using this
technique.

The data in Figure 11 implies that there is no size dependence
in the electron—phonon coupling constant.'”” However, the
extrapolation technique used to obtain this data is not accurate
enough to measure small differences in 7._,p: in linear regression
the intercept is always less accurate than the slope.”*® A second
problem in these measurements is the time-resolution of the
experiment. At low excitation levels the electron—phonon
couplin% time in noble metal nanoparticles is less than
1 ps.'0%107 11231 Thjs is similar to the time scale for electron—
electron interactions (several hundred fs) in silver and
gold.****® This makes it hard to separate these two effects,
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Figure 12. (a) Top: Short time transient absorption data for different
sized silver nanoparticles. (b) Bottom: Electron—electron thermaliza-
tion time extracted from the data in a. Reproduced with permission from
ref 100. Copyright 2000 American Physical Society.

especially as both the electron—electron and the electron—
phonon interactions are size dependent. A final problem with
these experiments is that the choice of probe wavelength can
affect the measured time scale, because of the complicated
response of the LSPR to electron heating.*"****"*** The diffi-
culties associated with these measurements have created incon-
sistencies in the literature.

4.1. Size and Shape Dependence of Electron—Electron and
Electron—Phonon Coupling

Early transient absorption experiments on Ga and Sn nano-
particles showed a strong decrease in the electron—phonon
coupling time (~50%) as the particle size decreased.”>>**® This
was explained in terms of coupling to surface phonon modes,”***
which causes an increase in the value of the electron—phonon
coupling constant compared to the bulk metal. For noble metal
particles a wide range of different results have been reported.
Some experiments show no size dependence of the electron—
phonon coupling time,'*"'*'%723232 4nd some showed that
electron cooling is slower at small sizes.*>”* The most reliable
experiments for Ag and Au particles (which have been the most
extensively studied) were performed by the Vallee and Del Fatti
group usinfg a low power, low noise ultrafast Ti:Sapphire laser
system.'°”""" These measurements were conducted in the low
perturbation regime, where the electron distribution is only
slightly disturbed. The high time-resolution and signal-to-noise
in these measurements allowed the electron—electron and
electron—phonon coupling processes to be cleanly separated.

Transient absorption traces taken from refs 100 and 111 for
different sized Ag particles are presented in Figures 12 and 13.
The short time measurements in Figure 12a show the initial rise
in the signal. The signal increases as the excited electrons created
by the pump laser thermalize among themselves to create a hot
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Figure 13. Transient absorption data for different sized Ag nanoparti-
cles. The different curves correspond to particles with diameters of 26
nm (solid line), 6 nm (dotted line), and 3 nm (dashed line). Reproduced
with permission from ref 111. Copyright 2003 American Physical
Society.
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Figure 14. Electron—phonon coupling time versus diameter for (a)
silver, and (b) gold nanoparticles. The different symbols correspond to
different particle preparations and therefore different environments.
Reproduced with permission from ref 111. Copyright 2003 American
Physical Society.

electron distribution.*"**® Fitting the signal to an exponential

rise gives a time constant for the electron—electron thermaliza-
tion process T... The value if 7, is plotted against nanoparticle
radius in Figure 12b. The magnitude of 7. . decreases by roughly
a factor of 2 as the size of the particles decreases from 26 nm
diameter to 3 nm diameter. This effect was attributed to reduced
screening between the electrons, because of spill-out of the
electron density at the particle surface.””® Even though the
change in 7. is a large percentage, it is a small absolute value
(~100 fs difference between large and small particles), which
means that these measurements are extremely challenging.
Figure 13 shows transient absorption data for different sized
Ag particles taken over a slightly longer time range. The decay in
the signal now arises from energy loss from the electron distribu-
tion because of electron—phonon coupling''' The electron—
phonon coupling time 7., is shorter for small particles,
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similar to what was observed for 7... Figure 14 shows the
electron—phonon coupling time versus diameter for different
sized Ag and Au nanoparticles. The samples in these measure-
ments were prepared both in solution and in solid matrices."""
The similarity in the time constant for different preparations
implies that the environment does not strongly influence the
electron—phonon coupling time. For both Ag and Au 7.,
sharply decreases at sizes less than 10 nm diameter. The decrease
in T, was attributed to a similar effect to that for 7...: electron
spill-out reduces the average electron density, which results in
less screening and an increased interaction between the electrons
and the ionic lattice."""

An decrease in the electron—phonon coupling time with
decreasing size was also observed for small 12 nm diameter Cu
particles by El-Sayed and co-workers.*** However, this effect was
attributed to coupling to surface vibrational modes of the
particle,”***** similar to the mechanism used to explain the
decreased electron—phonon coupling time for small Sn and Ga
particles.>*>?3¢

Electron thermalization has also been examined in dif-
ferent shaped particles. Measurements for Au nanorods show
electron—electron and electron—phonon coupling times that
were very similar to the bulk values.'"*****” This is not too
surprising, as the diameters of the nanorods used in these
experiments are larger than 10 nm, which is the point where
size effects become important for 7... and 7., see Figures 12
and 14.'°"! On the other hand, recent measurements for
hollow gold nanoshells (HGNs) have shown faster electron—
electron and electron—phonon coupling times compared to bulk
gold.**® The particles in these measurements had very thin metal
shells (7 4= 1 nm), and the decrease in Teph is therefore most
likely a size effect.”** The picture that emerges from these experi-
ments is that the electron—electron and electron—phonon coupling
times are strongly affected by size at dimensions less than ca. 10 nm,
but that shape by itself is not an important parameter.

There have also been several studies of how crystal structure
affects the electron—phonon scattering process, specifically,
comparing the dynamics for single crystal particles to multiply
twinned or polycrystalline particles.***** Measurements per-
formed by the El-Sayed group for gold nanoparticles with
dimensions on the order of 100 nm showed no effect from
crystal structure on the characteristic electron—phonon coupling
time yT,/g.>* However, experiments with small single crystal
and multiply twinned Ag nanoparticles (~10 nm diameter)
recorded at different pump powers yielded a smaller electron—
phonon coupling constant for the single crystal particles.*** This
implies that the defects in the twinned particles increases the
coupling between the electrons and phonons. The experiments
in both refs 249 and 250 show that the electron—phonon
coupling time increases faster with adsorbed energy for the
single crystal particles compared to the multiply twinned/poly-
crystalline particles. This arises because the slope of the time-
constant versus adsorbed energy in these experiments is inversely
proportional to the electron—phonon coupling constant: a
smaller electron—phonon couplin% constant means that T,
increases faster with pump power.1 6230

The way the environment of the particles, or the molecules
adsorbed to their surface, affect the internal electron thermaliza-
tion process is an outstanding issue in this area of research. The
results in ref 111 imply that the environment has no effect on
electron—phonon coupling, however, a limited number of
environments were examined in these experiments. Other

measurements have shown changes in the electron—phonon
coupling time for silver and gold nanoiparticles in different
environments (both liquids and solids).**'>*® However, these
measurements were conducted at relatively high pump laser
powers, which introduces some uncertainty in the analysis of the
results.*' This issue should be re-examined with experiments
conducted in the low perturbation regime.

4.2. Electron—Phonon Coupling in Multicomponent
Particles

Electron thermalization has also been examined in multi-
component metal nanoparticles. The first experiments examined
Au—Ag particles, both core—shell particles and alloys,****” and
showed essentially no difference in the measured electron—
phonon coupling time compared to pure gold or pure silver
particles. These experiments were conducted at high pump laser
powers, and so were not able to detect small differences in the
electron—phonon coupling time with particle composition.
More recent measurements performed in the low perturbation
regime showed that for Au—Ag particles the electron—phonon
coupling time changes linearly with composition for a given
size.”>® The particles examined in this work were relatively small
(a few nanometers), so that 7, for the pure metals was not the
same as the bulk.!'! For example, for 2.5 nm diameter particles
the electron—phonon coupling time changed from ~0.6S ps for
pure Au particles to ~0.48 ps for pure Ag particles.""" The linear
relationship between 7..,, and mole fraction implies that the
properties of the composite particles are simply an average of the
individual components. More interesting effects were observed
for Ni—Ag nanoparticles.258 In this case the value of 7, went
through a maximum at approximately 50% Ni composition. This
effect is not easily explained.”*® The Ni—Ag particles in ref 258
had a core—shell structure, rather than the alloyed structure for
the Ag—Au particles. However, one would expect the presence of
an interface between two metals to enhance electron—phonon
coupling, not slow it down.

Transient absorption exgeriments have also been performed
for Au—Pt nanoparticles.11 Representative transient absorption
traces are shown in Figure 15a. The addition of a small amount of
Pt to Au nanoparticles results in a dramatic decrease in the
electron—phonon coupling time. Figure 15b shows a plot of 7.,
versus mole fraction of Au for Pt ,..—Aug,.y particles. The data
clearly does not follow a linear relationship, which shows that it is
not simply the atomic ratios that are important in these
measurements.

The curve in Figure 15b shows the effective electron—phonon
coupling time calculated as an average of the electron—phonon
coupling times of Au and Pt, weighted by the density of electronic
states from each''?

L _ Olau + 1 Ol (20)
Te  Tep(A0) | Topn(PY

where 0Ly, is the fraction of electronic states due to Au

XAy X p(gF)Au
s = 21
A Xau X P(€F) oy + (1 — xau) X p(€E)p ey

and p(&g) A, and p(eg)p, are the density of electronic states at the
Fermi level for Au and Pt, and x,,, is the atomic mole fraction for
Au. Pt has a larger density of electronic states at the Fermi level
than Au, because the Sd band falls at the Fermi surface for
Pt.> This simple phenomenological model reproduces the
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Figure 15. (a) Transient absorption traces for pure Au and Pt—Au
nanoparticles (1:0.5 ratio of Pt:Au). (b) Characteristic electron—
phonon coupling time 7., for Au—Pt nanoparticles versus Au mole
fraction. The line is a fit to the data based on averaging the properties of
the particles according to the density of electronic states of each metal.

experimental data very well using ‘L’e_Ph(Au) =0.65 ps, Te-ph(Pt) =
0.21 ps, and p(&g)pe/ () aq = 7.3. In this calculation the values
of Tepn(Au) and p(er)p/p(€r)an were taken from the
literature,*>'"* and Te_ph(Pt) was allowed to vary. The value of
‘Ee_qh(Pt) derived is consistent with conductivity data for bulk
Pt.''? The justification for this model is that electron—phonon
coupling is essentially phonon emission from populated electro-
nic states near the Fermi level. Thus, the rate of this process
should depend on the density of available electronic states at
lower energy. The weighting by electronic states is not an issue
for Au—Ag particles because their electron densities are essen-
tially the same (Ag and Au have very similar lattice constants and
band structure). In this case, eqs 20 and 21 reduce to a simple
weighting of 7., according to the atomic molefraction, as
observed in ref 258.

4.3. Coupled Metal Nanoparticles

The majority of measurements of electron—phonon coupling
have been concerned with isolated particles, as described above.
However, it is relatively simple to examine coupled metal
particles, either by controlling aggregation or by performing
experiments on films. Coupling between metal particles red-
shifts the LSPR*” and also produces very high electro-magnetic
fields between the particles.”**®" This makes these systems
extremely interesting as substrates for surface enhanced Raman
scattering.zsz’%3

The first ultrafast studies in this area were performed on Au
nanoparticle films. These experiments showed faster dy-
namics for thicker films.'® This implies that the time scale
for electron—phonon coupling decreases with increased
coupling between particles. A decrease in 7., with increased

interparticle coupling was also observed for Au nanoparticle
aggregates in solution.”** However, experiments on aggre-
gated hollow gold nanoparticles**® and gold nanoparticle
necklaces*®® showed slower electron—phonon coupling
times compared to the isolated particles. The samples in
these measurements were produced in different ways, and the
discrepancy between these results may be because the en-
vironment of the particles plays a role in these experiments.
Asnoted above in section 4.1, the way the environment affects
the internal electron thermalization of metal nanoparticles is
not well understood at this point in time. Another issue in
these measurements is that the spectral response of coupled
nanoparticles is complicated, and the choice offrobe wave-
length could have an effect on the dynamics.*"***

4.4. Very Small (<2.5 Nm) Metal Nanoparticles

At sizes less than a few nanometers, the spacing between
electronic states at the Fermi level becomes larger than thermal
energy at room temperature.ﬂ’72 This gives rise to a series of
interesting properties, such as Coulomb blockade.”***” The optical
properties of these small clusters are also very different to their larger
counterparts. For example, small gold nanoparticles exhibit discrete
features in their absorption sgectra, and show relatively strong near-
IR luminescence.”"’>***7>7> These are indications of a transition
from metallic to semiconducting behavior. This is also reflected in
the transient absorption spectra of the small clusters, which show
effects from state filling at small sizes,”’® and in the two-photon
absorption cross sections.””” The general consensus from these
studies is that gold nanoclusters act like semiconductors at sizes
smaller than about 2.2 nm, which corresponds to Auzpe(SR)o,
monolayer protected clusters (MPCs).”>*”"*"®

The initial ultrafast transient absorption experiments on small
gold clusters (Au;3 and Au;; MPCs) showed long excited state
lifetimes (>S00 ps) ,/**” which are consistent with the observation
of emission from these materials. More sensitive measurements on
Au,yg MPCs were able to resolve a fast 750 fs decay in the transient
absorption signal, which was independent of the pump laser
intensity.”* The lack of intensity dependence implies that this decay
has a different origin compared to the usual electron—phonon
coupling process.“’42 More recent transient absorption measure-
ments for Au,s MPCs have shown that the dynamics consists of a <
200 fs relaxation process between excited states of the gold core (a
Auy; cluster), and a 1.2 ps time scale energy transfer from the gold
core to states that involve the peripheral gold atoms and the ligands
(ligand semirings) 289 A similar sequence of events was observed for
Au,,Pd MPCs, but the dynamics were faster: <50 fs relaxation of the
core states and 500 fs energy transfer to the ligand semirings.”*" This
detailed understanding was made possible by high quality time-
resolved oé;)tical measurements, as well as the availability of a crystal
structure™ and electronic energy level calculations™® for the
clusters. Fluorescence upconversion has also been used to examine
the excited state dynamics of small gold clusters.” The results show
a fast 220 fs decay for particles smaller than 2.2 nm, which is
consistent with the transient absorption results in ref 280.

5. COHERENT EXCITATION OF VIBRATIONAL
RESONANCES

The results presented above show that following ultrafast
excitation of metal nanoparticles, energy flows out of the electron
distribution and into the lattice in a few picoseconds. The exact
time scale depends on the initial electronic temperature and the
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size and composition of the particles.*'~*>''11132¥ Heating the
lattice causes expansion, and for particles larger than a few
nanometers, the time scale for heating is faster than the period
of the vibrational modes that correlate with the expansion
coordinate. This can impulsively excite these modes.*"*>*%>
The excited modes give rise to modulations in transient absorp-
tion traces. This occurs because the vibrational motion causes a
small periodic change in the volume or sha&)e of the particles,
which shifts the position of the LSPR,'>%1%1241277129,284

The contributions from the different modes to the experiment
can be evaluated with continuum mechanics.'****® To do this,
the laser excitation is modeled as an instantaneous isotropic
expansion. The time dependent displacement of the particle
dimensions U(x),z,t) is expressed as a linear combination over
all the normal modes, which form a complete orthogonal basis set

U(x,y,z,t) = zﬂ:anun(x,y, z)exp(—iw,t) (22)

where the subscript n refers to the n-th mode, u,(x,y,z) is the
spatial displacement vector of each mode, w, is the radial
resonant frequency, and the Fourier coefficient @, is given by

o, = /u,,-Ut:(,dV (23)
14

where the integral is performed over the volume of the particle.
The modes are normalized such that [+] un|2 dV = 1. Noting that
displacements are infinitesimal within linear elasticity theory, it
follows that the temporal response of the change in volume is
given by

S = Zy, (i) 4

where AV is the change in volume, V'is the initial volume of the
particle, and

,
Vo = V/Sn-undS (25)

where n is the outward normal unit vector to the surface S of the
particle. Equation 25 represents the contribution from mode n to
the expansion.

The integrals in eqs 23 and 25 can be evaluated numerically
using finite element analysis. This requires the density and elastic
constants for the particle, which can be obtained from standard
tables.”®® This analysis makes a prediction of which modes
should be excited in transient absorption experiments. Usually
the breathing modes of the particle, both the fundamental as well
as overtones, are excited."***>*®” However, the higher order
breathing modes have higher frequencies, and are often hard to
detect in transient absorption experiments. This is because the
driving force for expansion is not instantaneous, but occurs on a
picoseconds time scale dictated by the electron—phonon cou-
pling time of the particle.'*®

5.1. Size and Shape Dependence of the Vibrational Periods

The initial transient absorption studies of the acoustic vibra-
tional modes were performed on spherical nanoparticles.'>' ~'**
In this case the fundamental breathing mode is primarily excited.
The period of this mode can be calculated from continuum
mech%gl{igcs using an expression that was first derived in 1882 by
Lamb
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Figure 16. (a) Top: Transient absorption traces for 48 nm diameter
gold spheres in water recorded at two different probe laser wavelengths
(550 and 510 nm). The insert shows the spectrum of the particles, and
the arrows indicate the probe wavelength compared to the LSPR of the
sample. (b) Bottom: Frequency versus 1/R for different sized Au
nanoparticles in aqueous solution. The line was calculated using the
elastic constants of bulk gold.

_ 27R

T(”) —
Xn€1

br (26)

where ¢ is the longitudinal speed of sound of the particle, R is the
radius, and y, is an eigenvalue that is given by y,, cot y,, = 1— (%,,/
20)” for a free particle, where 0 is the ratio of the transverse and
longitudinal speeds of sound.”® Figure 16a shows example
transient absorption traces for Au nanospheres in water recorded
with probe wavelengths to the red (550 nm) and blue (510 nm)
of the LSPR. The data displays clear modulations that are due to
the breathing mode. The phase of the modulations is different for
the two traces in Figure 16a. This arises because the LSPR
frequency depends on the electron density of the metal.** The
breathing mode causes a small periodic change in the particle
volume, which creates a periodic shift in the position of the LSPR.
This causes a 180° phase difference for transient absorption
traces collected on different sides of the LSPR."*”'*®

A plot of the measured breathing mode frequencies versus
1/R is shown in Figure 16b. The average size of the samples
in these experiments was measured by transmission electron
microscopy.'>* Frequency versus 1/R is plotted in this example
rather than period versus R to emphasize the data at small sizes.
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Figure 17. Period versus diameter for Pt nanoparticles produced by low
energy cluster beam deposition. The lines show the calculated periods
for free particles (red solid line) or particles embedded in silica (blue
dashed line). Reproduced with permission from ref 289. Copyright 2010
American Chemical Society.

The line shows the calculated frequency using Lamb’s theory
(eq 26) with the speeds of sound for bulk gold. The good
agreement between the calculations and the experimental data
confirms the assignment of the modulations to the breathing
vibrational mode of the particles, and shows that the elastic
constants of the smallest particles examined in these measure-
ments (~8 nm diameter) are the same as bulk gold.42’124 Good
agreement between Lamb’s theory and experimental data was
also obtained for spherical Ag nanoparticles in glass with sizes
between S and 30 nm diameter. This shows that the environment
has little effect on the breathing mode frequency.*!

The size where the continuum mechanics description of the
vibrational response breaks down is an interesting question in
these measurements. Recently, the breathing modes of very small
Pt nanoparticles (between 3 and 1.3 nm diameter) have been
interrogated by transient absorption experiments.”*” The periods
measured in these experiments are plotted against the diameter
of the particles in Figure 17. The particles in these experiments
were produced by low energy cluster beam deposition onto a
suprasil substrate, with or without a silica coating.**” The lines in
Figure 17 show calculations of the vibrational periods for bare
particles (red solid line) or particles embedded in silica (blue
dashed line) using an extension of Lamb’s theory for particles in a
solid matrix."*® The calculated and experimental periods are in
good agreement, which shows that (i) particles with as few as 75
atoms can be described using continuum mechanics with the
elastic constants of the bulk material and that (ii) even at small
sizes the environment has very little effect on the period (as
noted above).?®’

Measurements for very small monolagfer protected Au na-
noclusters have also been performed,””®*** but the understand-
ing is less clear. Goodson and co-workers showed that gold
nanoparticles smaller than 2.2 nm have size independent vibra-
tional frequencies,”’® suggesting a very different mode is excited
at small sizes. Moran and co-workers observed an acoustic
vibrational mode for monolayer protected Au,sL;3~ gold na-
noclusters with a similar frequency (2.4 THz) to that in refs
278.**° Similar results have also been reported for neutral
and charged monolayer protected A,sL;g clusters by Qian
et al.*®® Moran and co-workers assigned the 2.4 THz frequency
modulations to the breathing mode of the Au,; core, modified by
mass weighting from the ligands, which include the peripheral Au
atoms in the ligand semirings.*** These results show that Lamb’s
theory can be applied to very small monolayer protected Au
nanoparticles, but that the chemical bonding at the surface may

. a . 278,280,28
have a significant effect on the vibrational frequencies.””*****%

This observation is similar to that for semiconductor quantum
dots, where deviations between the experimental frequencies of
the acoustic breathing modes and calculated values using the bulk
elastic constant data are often seen at small sizes.””"” *** The
mass weighting effect from the ligands is particularly large for the
experiments in refs 280 and 290 because the ligands involve
heavy Au atoms. The experiments in ref 290 also showed a lower
frequency (1.2 THz) vibrational mode. Assignment of this mode
will most likely require an atomic description of the cluster.

Since the initial experiments on spherical particles, a variety of
different shapes have been interrogated by time-resolved mea-
surements. The samples have been produced both by solution
phase chemistry, and by lithographic techniques. The solution
phase studies include Au and Ag nanorods,'***?*%¢ A,
t1'iangles,2977299 Ag nanocubes,**® core—shell particles with both
metal®® and dielectric cores,***** hollow cubic shaped garticlesfo3
Au bipyramids,'”” and nanowires of various metals.>**>°® The
lithographically defined particles that have been studied include
Au and Ag nanopyramids produced by nanosphere lithogr-
aphy,>®*'* and nanocubes and nanodisks made by electron-
beam lithography.*'*3'*

For the nanorods both breathing and extensional vibrational
modes are excited. Analytical expressions are available for the
frequencies of these modes. For a cylindrical rod with a length L
and radius R:

(n) 27TR
T, = 27a
br ?,c1 ( )
" 2L
b = (27b)

T = (2n+1)\/E/P

where E is Young’s modulus, p is the density, and the eigenvalue
for the breathing mode is given by ¢,Jo(@,) = (1 — 2v)];-
(¢,)/(1 — v) where v is Poisson’s ratio. Equations 27a and 27b
were derived in the limit that L > R, and so are strictly only valid
for nanorods with reasonably large aspect ratios. The way the
breathing modes of a sphere map onto the extensional and
breathing modes of a rod with change in aspect ratio has been
investigated using finite element analysis.>">

Analytical expressions are also available for the breathing
modes of spherical core—shell particles.*'**'” However, for
other shapes the vibrational frequencies must be calculated
numerically using finite element analysis. This has been done
for cubes,”® nanotrianogles and nanopyramids,”**"> hollow
cubic shaped particles,”” and bipyramids.'”” Examples of this
analysis are presented in Figure 18 and 19. Figure 18a and 18b
show the forms of the fundamental breathing mode and the first
overtone for a cubic particle. The vibrational frequencies depend
on the dimensions of the particle and the elastic constants, and
are conveniently expressed as reduced frequencies @ = wL/(E/
p)l/ %, where L is the edge length of the cube. The value of @ for
the breathing mode is @ = 6.04, and for the overtone @ = 9.31.28%
Note that the finite element calculations were performed for a
single crystal Asg cube, whose principal crystal axes were parallel
to the edges.”®* This is appropriate for Ag nanocubes produced
by wet chemistry techniques.* The values of the reduced
frequencies depend on crystal structure, and are different for
polycrystalline particles, for example. Transient absorption ex-
periments with silver nanocubes of different sizes showed good
agreement between the measured periods and calculations for
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Figure 18. (a) Fundamental and (b) first overtone of the breathing
mode for a cubic shaped particle. Reproduced with permission from ref
285. Copyright 2007 American Institute of Physics. (c) Plot of the
vibrational period versus average edge length for different nanocube
samples.

the fundamental breathing mode. This is shown in Figure 18,
where the period is plotted against the average edge length for
different samples.

There is only one dimension for the cubes, so the analysis is
fairly straightforward. For the other shapes that have been
examined (besides spheres), there are at least two important
dimensions. For example, for triangles these are the edge length
and height, and for core—shell particles they are the overall size
and shell thickness. The vibrational periods calculated from finite
element analysis scale with the overall dimensions as T = 27tL/
o(E/ p)l/ 2 However, the exact value of @ depends on the ratio of
the different dimensions for the particle.>*>*'**'> This is illu-
strated in Figure 19 where results from finite element analysis for
Ag—Au nanoboxes are presented. Figure 19a shows the form of
the main vibrational modes that are predicted to contribute to the
experiments, and Figure 19b shows how the reduced frequencies
of these modes change with the ratio of the edge length to wall
thickness (L/w) of the particles.**® Both these vibrational modes
are breathing modes. The size of the symbols in Figure 19b shows
the expected contribution of the vibrational mode to the
transient absorption experiment calculated via eqs 23—2S.
Experimental data taken for different samples are shown as the
square symbols in Figure 19b. The experiments are again in good
agreement with the calculations, both in terms of the vibrational
frequencies and the grediction of which mode should be excited
in the experiments.*”*

In general, when the analysis is done correctly, there is good
agreement between the measured and calculated frequen-
cies, *1#2127,285,289,296298303312 Ay exception to this was the report
from my group that the vibrational periods for the extensional
mode of Au nanorods were significantly longer than the values
calculated through eq 27b."%*'®3'? The experimental period
versus length data is presented in Figure 20 for two series of
experiments: Au nanorods with a [110] growth direction, and
nanorods with a [100] growth direction. The solid lines show the

(b)

Reduced Frequency

L/'w

Figure 19. (a) Top: Breathing vibrational modes for hollow cubic
shaped particles as a function of edge length to wall thickness ratio L/w
(only 1/8 of the box is shown). The lower frequency mode is shown on
the left. (b) Reduced frequency versus L/w for the two vibrational modes in a.
The circles show the expected contribution of the mode to the experiment, and
the square symbols are the experimental frequencies. The size of the circles
represents the expected contribution of the mode to the experiment.

calculated periods for the different crystal directions. The values of
Young’s modulus used in these calculation were E[;,o] = 42 GPa,
E(110] = 81 GPa and Efyyy) = 115 GPa 28318319 The dashed lines
are fits to the experimental data. The data shows a 13% difference
between the measured and calculated periods for the [100]
nanorods, and a 10% difference for the [110] nanorods. This
translates into a 26% reduction in Ef ;o) for the nanorods compared
to the bulk value, and a 20% reduction in E[; 0. A similar softenin
was also observed for the breathing mode of the [110] nanorods.>*
There are several systematic errors in these measurements that
can affect the results. First, ensemble measurements are biased
toward the larger particles in the sample, as these give the
strongest transient absorption signal. The larger particles typi-
cally have longer lengths and, therefore, lower periods. Second,
the laser powers used in these experiments cause a reasonable
amount of lattice heating, which decreases the elastic constants of
the material. Estimates of the size of these two effects based on
the known size distribution of the samples,319 and the tempera-
ture dependence of the elastic constants of gold** indicate that
half the observed decrease in E for the nanorods could arise from
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Figure 20. Average period versus average length for gold nanorods with
different growth directions. For the [100] nanorods the different
symbols correspond to samples produced by different synthetic re-
cipes.*'” Reproduced with permission from ref 319. Copyright 2006
Royal Society of Chemistry.

experimental artifacts. Thus, it is not clear whether the decrease
in the extensional mode periods shown in Figure 20 is a real
effect. Indeed, transient absorption measurements on single gold
nanorods, whose size had been determined by electron micro-
scopy, showed no different between the measured and calculated
vibrational periods for the breathing mode.**® (These experi-
ments will be discussed in section 5.3.3 below.) This implies that
these objects have the same elastic constants as the bulk material,
counter to the results in Figure 20. Thus, most likely the data in
Figure 20 is biased toward larger particles, and does not give
correct values for the elastic constants of the nanorods.

On the positive side, the data in Figure 20 nicely demonstrates
that crystal structure is an important consideration in the
vibrational response of nanostructures. This has to be explicitly
included in finite element calculations.”®>****'> The effect of
crystal structure was also examined by Ouyang and co-workers,
who measured the period of the breathing mode for single crystal
and multiply twinned Ag nanospheres.”*® For particles with
similar size, the single crystal particles showed a faster period.
The differences correspond to a 37% increase in elastic modulus
for the single crystal particles.”>® This leads to the intuitive
picture that defects decrease the stiffness of nanomaterials.

As noted above, the vibrational periods measured in the
transient absorption experiments also depend on the intensity
of the pump laser. This is explicitly shown in Figure 21 for 100
nm diameter gold particles in water. Figure 21a shows the
transient absorption data for two different pump laser powers,
and Figure 21b shows a plot of the measured period versus the
intensity of the pump pulse. The period clearly increases as the
pump laser power increases.”>' This arises because the elastic
constants of gold decrease with increasing lattice temperature.
Figure 21c shows the period versus the lattice temperature, which
was calculated from the laser intensity and spot size, the
absorbance of the sample at the pump wavelength, and the heat
capacity and enthalpy of fusion of gold.**"*** The line in
Figure 21c shows the period calculated using the temperature
dependent elastic constants of gold. The break in the line occurs
at the bulk melting point of gold. At the melting point, the period
for a liquid Au particle is about 15% larger than that for a solid
particle (this is mostly due to the reduced speed of sound in
liquid Au).>*'

The calculated and experimental periods match well up to the
melting point, but the measurements do not show the expected
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Figure 21. (a) Transient absorption traces for 100 nm diameter gold
particles at different pump powers. (b) Period of the breathing mode
versus pump intensity. (c) Period versus temperature. The solid line
represents the periods calculated from the temperature dependent
elastic constants of gold. Reprinted with permission from ref 321.
Copyright 2003 American Chemical Society.

increase in period corresponding to melting. This implies that the
particles cannot be melted in these experiments. This is most
likely due to saturation of the pump laser absorption at high
power, as well as nonlinear effects in the pump laser trans-
mission.>*"*** Experiments on the breathing modes of surface
supported gold nanoparticles, where the temperature was con-
trolled by heating the substrate, have found evidence of surface
melting.>> However, it has not been possible to observe the
breathing mode of liquid metal nanoparticles created by laser
induced heating with the pump laser pulse to date.

The good match between the experimental and calculated
period versus temperature data in Figure 21 suggests that period
of the breathin_; mode can be used as an internal thermo-
meter.>*>***73” To do this measurements must first be per-
formed at low powers to determine the period of the breathing
mode at close to room temperature. The change in period with
power can then be used to estimate the temperature created by
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laser induced heating, using the temperature dependent elastic
constants of the metal.>** This is more accurate than estimating
the temperature of the particles through calculating the number
of adsorbed photons. This technique has been used to examine
the damage threshold for gold nanorods®** and gold—silver
nanoboxes.**® The transient absorption traces for these samples
show vibrational modulations up to pump laser powers of about
20 uJ/pulse. The periods become softer at high power, and fitting
the data gives a lattice temperature of 970 + 50 K.****%° The
observation of vibrational modulations implies that the particles
have not undergone any major structural changes on the time
scale of the measurements (several hundred ps). At higher
powers (greater than 20 uJ/pulse) the modulations disappear,
indicating that we have melted the particles.”>>**° The lattice
temperatures that can be reached in the transient absorption
experiments are much higher than what can be achieved in
thermal heating. For example, gold nanorods melt in a few hours
at 550 K in an oven.** The difference is due to energy transfer to
the environment during the laser experiments. At moderate laser
powers the particles do not stay hot for long enough for
significant structural changes to occur.>*’

At high laser intensities there is a significant amount of heat
deposited into the environment. For particles in a liquid this can
lead to explosive boiling of the solvent. In transient absorption
measurements bubble formation in the solvent is manifested as a
rising background signal, which can be seen in the traces
recorded at high power in Figure 21a. Power dependent mea-
surements show that the threshold for bubble formation is 550 £
50 K in water.>** This temperature correlates very well with the
expected temperature for exgplosive boiling, which is ~90% of the
critical point of the liquid.>*® This effect has also been observed in
time-resolved X-ray experiments.a’zg’330 In these measurements,
the structure factors of both the liquid and particle were
monitored. The particles show lattice expansion because of
heating, and the degree of expansion can be used as an internal
measure of the lattice temperature (this is an extremely powerful
attribute of the X-ray experiments).**>*** The solvent shows
compression at high pump intensities because of bubble
formation.**”?*° The threshold for explosive boiling was found
to be 85% of the critical point of water, consistent with the results
in ref 324.

The insight from these experiments is that ultrafast excitation
of metal nanoparticles can create very high lattice temperatures —
well in excess of the boiling point of most solvents. Heat transfer
from the particles raises the temperature of the solvent above the
boiling point. However, this does not necessarily lead to boiling.
Rather the solvent is superheated, and explosive boiling occurs
when the temperature reaches ~90% of the critical temperature
of the solvent,**>?>*3*%7330 Thege results are relevant to photo-
thermal therapy applications, where heat transfer from laser
excited nanoparticles is used to kill cancer cells.*' ~*” They are
also important for experiments where nanobubbles created by
laser excitation of metal nanoParticles are used to enhance
imaging in biological systems”" and where laser heated metal

nanoparticles were used for for selectively releasing molecules in
32
cells.

5.2. Excitation Mechanism

In the discussion of electron—phonon coupling and lattice
heating given above (Figure 4 and the associated text) the
excitation mechanism for the coherent vibrational motion was
described as arising from impulsive lattice heating.*"** That is,

electron—phonon coupling causes a fast step-function like
increase in the lattice temperature, which changes the equilibri-
um size of the particles by an amount AR/R = 0. AT)/3, where 0t
is the coeflicient for thermal expansion. The time scale for
heating is faster than the response of the nuclei, which impul-
sively excites the breathing vibrational mode.

However, impulsive lattice heating is not the complete picture.
At high electronic temperatures, the electrons can exert a
significant force on the nuclei.’*®*** This is known as hot-
electron pressure. The contribution from hot electron pressure
to expansion can be seen by writing the coeflicient for thermal
expansion as®

o« = %(Aq +§Ce(Te)) (28)

where C, and C are the electronic and lattice heat capacities, T\ is
the electronic temperature, B is the bulk modulus, and 4 is the
Gruneisen parameter for the lattice. The first term on the right-
hand side gives the lattice contribution to expansion, and the
second term corresponds to hot electron pressure. For metals,
C. << C;when the electrons and lattice are in thermal equilibrium,
thus, lattice anharmonicity normally dominates expansion.”'
However, in ultrafast experiments all the absorbed energy from
the pump laser is initially in the electron distribution. For high
pump powers the electronic temperature is very high at short
times, see Figure 4 for example, which means that hot electron
pressure can make a si§niﬁcant contribution to the driving force
for expansion,'?%'2%3?

Because the electronic temperature decays rapidly due to
electron—phonon coupling, hot electron pressure acts as a
delta-function type force on the nuclei. The different time
dependence of hot electron pressure compared to lattice expan-
sion (delta-function compared to step-function) affects the phase
of the vibrational motion.'******®33* At high pump laser
powers, where hot electron pressure is strongest, the change in
phase is on the order of 30° to 45°."***** This can be simu-
lated using the forced harmonic oscillator model, eq 17, with
eq 28 for the coefficient of thermal expansion. Good agree-
ment is found between the experimental and simulated phases
when hot electron pressure is included in the driving force for
expansion. 2612633

The delta function-like time response of hot-electron pressure
also means that it is more effective for exciting high frequency
vibrational modes compared to lattice expansion. Thus, it makes
a stronger contribution to the vibrational response of small
particles.'*® For nonspherical particles, where multiple vibra-
tional modes can be excited involving motions along different
dimensions, the phase of the higher frequency modes are some-
times observed to be different to that for the low frequency
modes.””®*** This has been seen for Ag triangles™® and ellipsoidal
Ag particles.*** This effect can be traced to the larger contribu-
tion of hot-electron pressure on the driving force for excitation of
the higher frequency vibrational modes.””****

5.3. Vibrational Dephasing

The decay of the modulations in the transient absorption
traces has several contributions: an inhomogeneous component
from the size distribution of the sample, transfer of acoustic
energy from the particle to the surroundings,*"** and damping
because of the surface bound molecules.'”” The first component
arises because different sized particles have different vibrational
frequencies, and adding the contributions from all the particles
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leads to a dephasing of the modulations from the coherently
excited vibrational modes. For spherical particles with a Gaussian
distribution of sizes, this decay has a exp[—(t/7)*] form where
the decay time is given by
T
T=—"" (29)

Va2 (0w /R)

where T is the measured period, and (0R/R) is the relative
standard deviation of the size distribution.'*”'*® Equation 29 was
derived for spheres, but it applies to any shape as long as the
vibrational period is related to a single dimension, and the
experiments probe all the particles in the ensemble. Analysis of
experimental data using eq 29 allows the size distribution of the
sample to be determined.'*® The component due to energy
relaxation has a simple exponential decay, and is more interesting
as it provides fundamental information about how the particles
interact with their environment.

5.3.1. Theoretical Background for Particles in Solids
and Liquids. The theoretical treatment of the damping of the
acoustic resonances is not as well developed as the theory for the
frequencies. For spheres in a homogeneous solid, the vibrational
damping constant 7, can be calculated by

sl

. :T:wn—i—iyn (30)

where the eigenvalue &, is complex and is given by

Ecotf = 1- 50 (1+i&,/a)
e 1 (&7 — 402 (1+iE, /o) (1 - 1/np")]

(31)

where a. ="/, B=c/E, e =/, n = p™/pF,and ¢, ¢}, and
o' are the longitudinal and transverse speeds of sound and the
densi?f, respectively, of the particle (i = p) or medium (i =
m)."?*33% Calculations with eqs 30 and 31 show that the damping
depends on the difference in the acoustic impedances (Z = p x
c) of the particle and the surroundings. When there is a large
difference between the acoustic impedances, acoustic energy
does not easily transfer from the particle to the surroundings and
vibrational damping is slow. In contrast, when there is a small
acoustic impedance difference, the acoustic energy in the particle
rapidly flows into the environment causing fast damping.'****°
These calculations also show that the period is relatively insensi-
tive to the environment.'>® This is consistent with transient
absorption measurements for silver and platinum spheres in
glass, where the measured periods were shown to be the same as
those calculated for a free sphere.*"'2*%

For liquids the relevant parameters are the density and
viscosity of the solvent, rather than its acoustic impedance.'*”*3
The situation where the viscous boundary layer (the region of the
liquid where energy dissipation occurs) is thin compared to the
dimensions of the particle (which is the case for metal nanopar-
ticles in low viscosity solvents) has recently been examined in
detail."*” In this case the damping time is proportional to (10)"?,
where 4 and p are the viscosity and density of the solvent.'*’
Explicit formulas for the damping time are available for
spheres,*® and for thin rods.'”” Note that because the period
and damping time both scale with the dimensions of the
particle,'>#'>733%33¢ " different samples are best compared
through the quality factor of the vibrational resonance Q =
7tfry, where f is the frequency and 7; is the homogeneous

damping time. This removes the size dependence of the damping
and allows the effect of the environment to be examined.

5.3.2. Ensemble Measurements. Typically wet chemistry
synthetic methods produce samples with relative polydispersities
of (0r/R) greater than or equal to 10%. At this level of size
dispersity the damping in ensemble transient absorption experi-
ments is dominated by the inhomogeneous decay component,
making it difficult to measure the intrinsic homogeneous
damping.'**'*® There have been two cases where the homo-
geneous damping time has been extracted from ensemble
measurements. First, Vallee and co-workers examined high
quality Ag nanoparticle samples in glass."”® These samples had
relative polydispersities of slightly less than 10%, similar to what
is obtained in high quality wet chemistry syntheses. However,
because the damping of the acoustic vibrational modes is fairly
rapid in glass, the homogeneous damping time could be extracted
from the transient absorption measurements. The results were in
reasonable agreement with eqs 30 and 31. The experimental
damping times scaled linearly with particle size, as predicted by
eq 30, but the calculated dampin§ times were slightly smaller
than the measured time constant."*® This is not a problem from
sample polydispersity, as this would decrease the measured
damping times. Rather the authors attributed the difference to
imperfect contact between the particles and the matrix."*°

The homogeneous damping times of the acoustic vibrational
modes of metal nanoparticles in liquids have also been measured
by Pelton and co-workers."”’” They examined Au bipyramid
samples, which have extremely narrow size distributions. In these
experiments the inhomogeneous contribution to the decay was
removed using a exp[—(t/7)*] term, analogous to eq 29. The
vibrational periods for the bipyramids depend on two dimen-
sions, length and width, both of which vary from particle to
particle. To account for this, finite element modeling was used to
estimate the average period (T) and standard deviation oy for the
sample, and the inhomogeneous damping time 7 was calculated
by T =(T)*/2"*m0+."*” The vibrational quality factors measured
in the transient absorption experiments were found to vary from
Q =17 for particles in methanol (a low viscosity solvent), to Q =
1.6 for glycerol (high viscosity).

To analyze the results, the vibrational damping was separated
into solvent dependent effects (viscous damping, Qg.q) and
solvent independent effects (intrinsic damping, Qi).">’ The
solvent independent effects include internal friction of the Au
(the thermoelastic effect),®*” and damping from surface bound
molecules. In the study by Pelton and co-workers, the damping
from the fluid was calculated using theory developed in the limit
of a thin viscous boundary layer, and the intrinsic damping was
treated as an adjustable parameter.'”” They found excellent
agreement between theory and experiment for an intrinsic
damping of Qi = 25 for low viscosity solvents (methanol, water
and ethylene glycol). Studies of samples with different capping
layers indicated that up to 26% of the intrinsic damping arises
from the molecules at the particle-fluid interface.'*” The agree-
ment between theory and experiment is not as good for higher
viscosity solvents (glycerol), and more work (both experiment
and tlheory) is needed to understand vibrational damping in this
case.

5.3.3. Transient Absorption Studies of Single Metal
Nanoparticles. The contribution from the size distribution of
the sample can be removed by performing transient absorption
measurements on single metal nanoparticles. These experiments
are technically challenging, as the signal levels are extremely
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Figure 22. (a) Top: transient absorption trace for a single silver
nanocube, taken from a sample with an average edge length of L = 35 &
S nm. (b) Bottom: trace for a silver nanowire. The wires in this sample
were several micrometers long, and have an average radius of 31 4= 6 nm.
Reproduced with permission from refs 339 and 341. Copyright 2009
American Chemical Society and Copyright Royal Society of Chemistry.

small. Single particle transient absorption experiments are per-
formed by focusing the pump and probe beams from a low noise,
high repetition rate laser source to a diffraction-limited spot, and
detecting the change in transmission of the probe induced by the
pump.'**"'** These experiments have been used to study the
dynamics of gold'®® and silver nanospheres,'*" pairs of gold
nanopyramids,312 gold nanorods,>>%3® silver cubes,>** dumbbell
shaped gold particles,** and silver nanowires.””>**' All of the
samples that have been examined to date are particles that have
been fixed on a solid surface (this is because the particles must be
kept still for the measurements). The interaction with the surface
means that the damping times are relatively fast. Example
experimental data for a single silver nanocube and a single silver
nanowire are shown in Figure 22. In both cases, modulations
from the coherently excited breathing modes can be clearly seen,
with damping times that are much lon§er than that for the
corresponding ensemble measurements.'>***

Figure 23 shows a scatter plot of the lifetime versus period data
for silver nanocubes and silver nanowires taken from refs 339 and
341. This data shows that there is a wide distribution of both the
periods and damping times for different particles. The distribu-
tion of periods is simply due to the size distribution of the
sample."***° This is also seen in studies of single gold
nanospheres,"*® single gold nanorods,®*° and gold nanoprism
pairs.>'> However, the distribution for the damping times is more
complicated. Equation 30 shows that the frequency and damping
constant or alternatively the period and damping time scale with
dimensions in the same way and, thus, should be strongly
correlated. The data in Figure 23 displays a medium correlation
between period and lifetime (correlation coefficient = 0.45).*'
The scatter in the data implies that the environment in these
experiments plays an important role in the dephasing of the
acoustic vibrational modes, and that there is significant hetero-
geneity in the environment.
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Figure 23. Period versus lifetime data for single silver nanocubes and
silver nanowires. The lines show the lifetimes calculated using eqs 30 and
31 for glass and polymer environments. Data taken from refs 339, 341
and used with permission.

The samples in these measurements were prepared by spin
coated a polyvinyl alcohol (PVA) solution of the nanoparticles
onto a glass coverslip. Thus, the particles are contained in a thin
polymer film on glass. The lines in Figure 23 show the damping
times calculated using eqs 30 and 31 for Ag particles in glass and
polymer environments. The calculations bound the data. This
leads to the interpretation that the particles feel a range of
different environments. Some particles are in close contact with
the glass, and these have strongly damped acoustic vibrational
modes. Other particles are in the polymer, and these have long
vibrational lifetimes. The distribution of environments leads to
the scatter in the lifetime versus period data.”**>****' More
experiments on samples with better controlled environments are
needed to test this hypothesis.

A lack of correlation between the measured dephasing times
and the periods of the acoustic vibrational modes has also been
seen for single garticle transient absorption experiments on gold
nanospheres,"*’ gold nanorods,**® and gold nanoprism pairs.>'*
(The gold nanorod and gold nanoprism pair experiments were
performed without a polymer film.) In all these experiments the
particles are in close contact with a solid substrate, and differences
in the contact significantly affect the damping time,”>%3'%320339341
The variation of the damping times is probably most dramatic in
the study of gold nanoprism pairs by Burgin et al,*'* where the
vibrational quality factors were found to vary from approximately
S to 26, with an average quality factor of Q & 12. These samples
were prepared by nanosphere lithography, where thermally
evaporated gold is directly deposited onto the substrate. Evi-
dently this produces a wide variation in mechanical contact
between the particles and the substrate.>"

It is interesting to compare the vibrational quality factors
measured in the different single particle experiments. The silver
nanocubes and nanowires studied in refs 339 and 341 have
quality factors of Q = 10 = 2 (error equals standard deviation). In
contrast, the gold nanorods examined in ref>*° have Q =28 + 9
for the extensional mode, and Q = 37 = 6 for the breathing mode.
This implies that for chemically synthesized particles the quality
factors are larger for gold than silver. This is consistent with the
model of eqs 30 and 31. Gold has a higher acoustic impedance
than silver due to its higher density, which means there is a
greater acoustic impedance miss-match between the substrate
and the particles for gold. This gives rise to longer vibrational
damping times for Au. The factor of 3 difference in the vibrational
quality factors from refs 320, 339, and 341 is larger than that
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Figure 24. (a) Transient absorption trace for a single gold nanorod
displaying modulations from both the extensional mode and the breath-
ing mode. (b) Frequency of the breathing mode from different nanorods
plotted against the width determined from electron microscopy. The
dashed line represents the calculated frequency using eq 27a. Repro-
duced with permission from ref 320. Copyright 2008 American Che-
mical Society.

expected from eqs 30 and 31, implying that other effects from
sample preparation may also be important. The quality factors for
the gold prisms in ref 312 are similar to that for the silver
particles, but these samples are prepared in a different way and,
thus, are probably not comparable to the particles synthesized
through wet chemistry.

It is also interesting to note that the damping times measured for
single gold nanorods in ref 320 (Q values of 30 to 40) are larger than
the intrinsic damping determined for gold particles in solution in ref
127 (Qine & 25). Clearly, if the intrinsic damping were dominated by
internal friction, this should not be the case (the quality factors
should be limited to Q A 25). This implies that the molecules at the
particle-solution interface probably play a larger role in the intrinsic
damping than the 26% contribution determined by Pelton and co-
workers.'*” In general, the effect of the interface on vibrational
damping for particles in liquids is not well studied, and single particle
experiments that probe this would be extremely valuable.

Single particle transient absorption measurements are also
useful for measuring the elastic properties of the particles. Orrit
and co-workers performed optical measurements on single gold
nanorods whose dimensions had been precisely determined by
electron microscopy.320 An example transient absorption trace is
shown in Figure 24a. Two modulations appear in the data, the
fast modulation is the breathing mode, and the slower modula-
tion corresponds to the extensional mode of the rod."*® The
frequency of the breathing mode is plotted against the dimen-
sions of the nanorods in Figure 24b. The measured frequencies
are in good agreement with values calculated using continuum
mechanics (eq 27a), which shows that the elastic constants of the
nanorods are the same as bulk gold.

The single particle experiments on gold nanorods in Figure 24
contradict the earlier ensemble measurements, see Figure 20
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Figure 25. (a) Transient absorption data for different sized gold
nanoparticles in aqueous solution. The data have been normalized at
the point where the electrons and phonons reach internal thermal
equilibrium. The numbers give the radius of the particles. Data taken
from ref 140 with permission. (b) Half-time for cooling versus particle
radius. The lines represent calculated values of the half-time for different
values of the interface conductance.

above, which showed differences in the elastic constants of gold
nanorods compared to bulk gold."***'®*'® The discrepancy
between the ensemble and single particle measurements is
probably due to the effect of the size distribution. For poly-
disperse samples the periods measured in ensemble transient
absorption experiments may not correspond to the average size
determined by electron microscopy analysis of the sample.
This is because the identity of the particles interrogated in
ensemble experiments depend on the details of the pump and
probe wavelengths used in the measurement."”%*'**'” Having
precise structural information about the specific particle being
studied overcomes this problem. This makes the correlated
single particle transient absorption/electron microscopy techni-
que a powerful tool for investigating the properties of metal
nanoparticles.”****

6. HEAT DISSIPATION AND INTERFACE
CONDUCTANCE

The final step in the relaxation process is heat transfer from the
particles to the environment.**~** This process is longer than the
dephasing of the acoustic vibrations described above and has two
components: energy transfer across the interface, and heat
dissipation in the environment."**”"*7 As discussed in section
2.4, the time scales for these two processes are in general similar,
which means that it is difficult to separate them. They also
depend on dimensions in different ways: for spherical particles
the time scale for interface conductance scales as R (the surface-
to-volume ratio of the particle), whereas, the heat dissipation
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time scales as R*.">>'** This means that the cooling dynamics of
metal nanoparticles are nonexponential and have a complicated
dependence on size and shape. The size dependence is much
stronger than that for the faster (and more studied) electron—
phonon coupling process. This is shown in Figure 25a, where
transient absorption data for different sized gold particles in
aqueous solution are presented.'** The rate of cooling is clearly
much faster for the smaller particles.

Early transient absorption experiments established that the
rate of cooling increases as the thermal conductivity of the
environment increases,'”>>** consistent with heat dissipation
in the environment being the rate-limiting step in cooling. Hu
and Hartland examined different sized gold particles in water, and
found that the relaxation times scale as R?, again consistent with
heat dissipation controlling the rate of cooling."*’ A plot of the
half-times for cooling extracted from these experiments is shown
in Figure 25Sb. However, attempts to fit the data using an
analytical solution to the heat diffusion equations without inter-
face conductance®** were not very successful: the calculated and
measured time constants were different by a factor of 2."* This
implies that interface conductance cannot be ignored in these
systems.'**” ' Indeed Plech and co-workers examined the size
dependent cooling of silver and gold nanoparticles using time-
resolved X-ray measurements, and initially concluded that cool-
ing was controlled by interface conductance rather than heat
dissipation®* (in later work they considered both processes).

These results show that both interface conductance and heat
dissipation must be considered in the analysis of particle cooling.
This requires that the coupled heat transfer equations, eqs 18 and
19, have to be solved together. For spherical particles this can be
done using Laplace transform techniques.*>™"*” The input
parameters needed for these calculations are the heat capacity
of the particle and the surroundings, the thermal conductivity of
the surroundings, and the interface conductance parameter.
Usually the heat capacities and thermal conductivity are taken
from the literature, and the interface conductance is adjusted to
match the data. An example of this analysis is shown in
Figure 25b. The lines represent half-times versus radius calcu-
lated for different values of the interface conductance parameter.
Comparison to the experimental data implies a value of G = 110 &
20 MW m ™ > K~ "*** This is consistent with the value of G =
1054+ 15 MW m™ > K~ ' measured by Plech and co-workers for
gold nanoparticles in water.'*

In refs 133—135 and 137, the coupled heat transfer equations
were used to fit the transient absorption traces, rather than just
the half-times as was done in Figure 25b. Fitting the transient
absorption traces directly is clearly the better approach. An
example of this analysis for AuPd nanoparticles in water stabi-
lized with cetyltrimethylammonium bromide (CTAB) is pre-
sented in Figure 26."** The value of G derived from this analysis
is G=230 £ SOMW m™ K" (the solid line in Figure 26 shows
the minimum value of G that can fit the data). Note that the
values of G obtained from these measurements include all effects
from the interface, that is, coupling between the particle and the
surface molecules, energy transport through the surface layer,
and coupling between the surface layer and the surroundings.
This type of analysis has also been performed for nonspherical
particles. However, now the cooling has to be modeled numeri-
cally, for example, by using finite element calculations.>*>**¢

The majority of the experiments in this area have been for
metal particles (usually gold) in water. Cahill and co-workers
examined AuPd particles with different passivating layers, and
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Figure 26. Transient absorption trace for 22 nm diameter AuPd
nanoparticles passivated by CTAB in water. The lines show the
calculated cooling curves for an infinite interface conductance, and for
G = 180 MW m 2 K. The insert shows modulations due to the
breathing mode of the particles. Taken from ref 134 with permission.
Copyright 2004 American Chemical Society.
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Figure 27. Interface conductance values for gold nanorods stabilized
with CTAB, as a function of the free CTAB concentration. The value of
G (blue circles) and the position of the longitudinal LSPR (red squares)
change around the cmc of CTAB. Reproduced with permission from ref
345. Copyright 2008 American Chemical Society.

found values of the interface conductance parameter between
150 < G < 250 MW m™ > K~ '."** This is somewhat higher than
the values obtained in ref 135 (and also in Figure 25), which
could be due to the different identity the molecules at the
interface or because the particles are a mixture of Au and Pd,
rather than pure Au (Pd was added to the particles in ref 134 to
increase the near-IR absorption). This group also examined thiol
terminated Au nanoparticles in toluene and found G = 12 MW
m~ > K .** The much smaller G value for particles in organic
liquids was attributed to differences between the coupling of the
surface bound molecules to the solvent.'*>'3*

The way surface passivation affects interface conductance has
been examined in detail by Hamad-Schifferli and co-workers.****
They showed that for CTAB stabilized gold nanorods, the value of
the interface conductance depends on the concentration of CTAB
in solution.** Higher values of G were observed below the critical
micelle concentration (cmc) of CTAB. This is shown in Figure 27.
The peak of the longitudinal LSPR also depends on CTAB
concentration in an analogous way, which indicates that there are
changes in the passivating layer of the nanorods around the cmc.
The interpretation of this data is that at low concentrations of free
surfactant, the CTAB bilayers around the nanorods are incomplete,
which leads to water penetration and increased thermal conductivity
of the interface.>*

The Hamad-Schefferli group also examined gold nanorod
samples where the CTAB bilayer had been exchanged with
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Figure 28. Interface thermal resistance 1/G versus the relative acoustic
impedance of the particles and the medium ZP/ Z.n The blue triangles
correspond to different sized silver particles, the black squares are Au—
Ag alloyed particles, and the red circle is a Au nanoparticle sample.
Taken from ref 137 with permission. Copyright 2009 American Physical
Society.

different passivating molecules: several different chain length
mercaptocarboxylic acids, thiolated polyethylene glycol (PEG),
and polyelectrolyte multilayers.>*® For short chain length mer-
captocarboxylic acids, or for the PEG/polyelectrolyte passivated
surfaces, the G values were effectively infinite, showing that
interface conductance is extremely fast. For the longer chain
length mercaptocarboxylic acids (greater than C11), the values of
G are ~170 MW m" > K !, consistent with previous measure-
ments.****® These results were again interpreted in terms of
water penetration in the passivating layer. The longer chain
length mercaptocarboxylic acids exclude water from the interface
and give slower interface conductance times. For the short chain
length mercaptocarboxylic acids, or the PEG/polyelectrolyte
stabilized nanorods, there is significant water genetration, leading
to higher interfacial thermal conductivities.*** Increased inter-
facial thermal conductivity from solvent penetration has also
been observed for core—shell gold nanoparticles, both for
polymer shells**” and for silica coated particles.**®

Overall these results show that for surface passivated metal
nanoparticles in water, the typical value of the interface conductance
parameter is G &~ 100 — 200 MW m > K, with higher values
(faster heat transfer) obtained when the passivating layer allows
solvent penetration.”*** The cooling dynamics of different sized
Ag, Au, and Au—Ag alloyed nanoparticles in glass has also been
examined by Crut and co-workers."*” In these experiments the
interface conductance was found to depend on the difference in
acoustic impedance between the particle and the surroundings,
similar to the situation for damping of the acoustic vibrational modes
of metal nanoparticles.'*® A plot of the interface thermal resistance
(1/G) versus the relative acoustic impedance of the particles and the
medium (Z,/Z,,) is shown in Figure 28. The relative acoustic
impedance was varied by changing the composition of the particles
(using different mole ratios of Au and Ag), and by using different
types of glass. The data for pure Ag particles (blue triangle in
Figure 28) show considerable variation between samples. This was
attributed to differences in the nanoparticle-glass contact,"*” which
is also the reason why the measured dephasing times of the acoustic
vibrational modes of metal nanoparticles in glass are longer than the
values calculated using eqs 30 and 31."° Interestingly, the magni-
tude of the interface conductance measured for these systems is
similar to that for metal particles in solution (a few hundred MW
m™~>K ). The linear relationship between 1/G and 7,/ Z.,, implies
that cooling in this system arises from coupling to the acoustic
phonon modes of the glass."*’

7. FUTURE DIRECTIONS

Broadly speaking, the ways the different dynamical process in
metal nanoparticles, dephasing of the LSPR, electron—electron
scattering and electron—phonon coupling, coherent excitation
and damping of acoustic vibrational modes and particle cooling,
depend on the size, shape and composition of the particles are
reasonably well-known. In particular, the internal electron ther-
malization processes have been extensively studied and are well
understood. However, work remains to be done on understand-
ing the interaction between the particles and their environment.
For example, controlled measurements of how surface bound
molecules affect the electron dynamics (especially dephasing of
the LSPR) are still needed, and a quantitative understanding of
cooling and vibrational dephasing is not available at present.

Because the interactions with the environment are inherently
heterogeneous, single particle studies are needed to make pro-
gress in this area of research. Single particle absorption experi-
ments are an especially promising way to investigate the
dephasing of the LSPR of metal nanoparticles, as smaller sizes
can be accessed than is possible with light scattering measure-
ments.'®" These experiments also allow the size and shape of the
particles to be determined optically, without resorting to electron
microscopy.206 This is important, as electron microscopy mea-
surements can damage the particles (if done first), and are
difficult to do in combination with liquids (if done second).
Transient absorption studies of single metal nanoparticles is also
a relatively unexplored area of research at present,"*'*" and can
potentially provide interesting information about particle cooling
and the dephasing of the acoustic vibrational modes.*****" As the
laser sources for these measurements improve, it will become
possible to study smaller particles, and possibly get to the size
range that is accessible to molecular dynamics simula-
tions.>**** 735! This would yield a molecular-level understand-
ing of the important factors that control energy transfer to the
surroundings. Having a quantitative theory for energy transfer would
allow single particle transient absorption experiments to be used as a
probe of the microenvironment of thin films, for example.
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