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ABSTRACT: Monomers and dimers of spherical gold nanoparticles (NPs) exhibit 5 axhy

highly uniform plasmonic properties at the single-particle level due to their high
structural homogeneity (precision plasmonics). Recent investigations in precision
plasmonics have largely focused on static properties using conventional techniques
such as transmission electron microscopy and optical dark-field microscopy. In this
Feature Article, we first highlight the application of femtosecond time-resolved
electron diffraction for monitoring the nonequilibrium dynamics of spherical gold
NPs after ultrafast optical excitation. The analysis of the transient diffraction
patterns allows us to directly obtain quantitative information on the incoherent
excitation of the lattice, that is, heating upon electron—lattice equilibration, as well
as on the development of strain due to lattice expansion on picosecond time scales.
The controlled assembly of two spherical gold NPs into a dimer with a few
nanometers gap leads to unique optical properties. Specifically, extremely high
electric fields (hot spot) in the gap are generated upon resonant optical excitation.

Conventional optical microscopy cannot spatially resolve this unique hot spot due to the optical diffraction limit. We therefore
employed nonlinear photoemission electron microscopy to visualize hot spots in single dimers of spherical gold NPs. A
quantitative comparison of different single dimers confirms the homogeneity of the hot spots on the single-particle level.
Overall, these initial results are highly encouraging because they pave the way to investigate nonequilibrium dynamics in highly

uniform plasmonic nanostructures at the time and space limits.

1. INTRODUCTION

Noble-metal nanoparticles (NPs) support localized surface
plasmon resonances (LSPRs) upon optical excitation: When the
incident optical frequency is resonant with the plasma
frequency, then the oscillating electric field of the light wave
drives the coherent oscillation of the free electron gas in the
metal (see Figure 1). After the excitation of an LSPR, also called
particle plasmon to distinguish it from propagating plasmons in
an extended film, there are two distinct decay channels: a
radiative pathway (scattering) and a nonradiative pathway
(absorption)." In the radiative pathway (Figure 1, top), the
metal NP acts as a nanoantenna that emits radiation as a
Hertzian dipole with nanoscale dimensions. Because the
frequency of the emitted photons is the same as the one of the
incident photons, elastic scattering takes place, which can be
measured from single particles, for example, in a dark-field
microscopic configuration. In the nonradiative pathway (Figure
1 bottom), the metal NP essentially acts as an absorbing medium
in which charge separation occurs and hot charge carriers (hot

electrons and hot holes) are generated. After electron—electron
scattering, occurring on a femtosecond time scale, the energy
initially stored in the electronic system is dissipated to the lattice
on picosecond time scales via electron—phonon coupling
processes.” The plasma frequency or plasmon wavelength for
which this LSPR occurs depends on parameters such as the
metal/material, the size, the shape, and the surrounding
medium. The latter has been extensively exploited for LSPR
sensing.3

Also, the different decay channels of a plasmon can be
exploited in various areas of physical chemistry, medicine, and
material science. Surface-enhanced Raman scattering (SERS)*
of molecules adsorbed on noble-metal NPs is a prominent
representative of a whole class of surface-enhanced molecular
spectroscopic techniques (Raman/IR/fluorescence). Essen-
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Figure 1. Photoexcitation and subsequent decay processes in a
plasmonic nanoparticle following illumination with a laser pulse. The
incident electric field induces the oscillation of free electron gas in the
nanoparticle called plasmon resonance. This plasmon is damped
radiatively by the re-emission of photons (top) and nonradiatively via
hot carrier generation and subsequent lattice heating due to electron—
phonon coupling (bottom). Teectron Thattico @0d Troom represent the
temperature corresponding to the electron system, the lattice, and the
environment, respectively.

tially, the locally enhanced electric field due to LSPR excitation
leads to very large induced dipoles, creating intense Raman
scattering. In this sense, the metal NP acts as an optical enhancer
for this type of plasmon-assisted scattering from molecules. In
addition to this “passive” way of the radiative channel
(scattering) employed in optical spectroscopy, the nonradiative
channel (absorption) has attracted more and more attention in
recent years. The localized generation and extraction of hot
carriers emerges as an attractive route for applications in
photovoltaics, photochemistry, and photocatalysis.">~> How-
ever, the carrier lifetime is limited by electron—phonon coupling
processes, and the energy transfer to the phonon system leads to
rapid heating of the lattice. Therefore, NPs are also used as
nanoscale sources of thermal and mechanical energy (see the
review by Baffou et al.'® and references therein). The strength of
electron—phonon coupling depends on the specific material but
is also influenced by the sample morphology. In particular, on
the nanoscale, size and shape as well as surface and interface
effects can play an important role.'"'*> The majority of
experimental work addressing electron—phonon coupling in
NPs makes use of time-resolved optical techniques, for example,
femtosecond transient absorption (see the review by Hartland et
al."® and references therein). More recently, ultrafast X-ray or
electron diffraction/scattering has also been applied to directly
monitor various aspects of the structural response of nano-
structured materials upon optical excitation.'*™>'

Here we extend our previous time-resolved diffraction studies
on the electron—lattice relaxation in nanoscale Au*** to the
case of highly spherical NPs (AuNSs, Section 2). This allows us
to directly obtain quantitative information on the incoherent
excitation of the lattice (i.e, heating) upon electron—lattice
equilibration as well as on the development of strain due to
lattice expansion.

A single noble-metal NP may be viewed as the equivalent of a
single atom in molecular chemistry. Similar to molecular
chemistry, where molecules can be considered as an assembly
of atoms sharing electrons by bonding molecular orbitals,
assemblies of more than one metal particle exhibit new physical

properties. A dimer of two metal NPs is the simplest case for
which plasmonic coupling, the analogue of the linear
combination of atomic orbitals (LCAO) concept in quantum
chemistry, occurs. The arrows in Figure 2 indicate the generated
dipole moment, that is, charge separation, upon LSPR
excitation.
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Figure 2. (a) Plasmon hybridization diagram for a dimer of spherical
gold nanoparticles. Hybridization results in the formation of bonding
and antibonding plasmon modes, which are lower and higher in energy,
respectively, with reference to a monomer plasmon mode; arrows
represent the direction of the induced dipole. Dark plasmon modes are
modes with zero effective induced dipole moment, which makes them
invisible in optical spectroscopy. The enhancement of the electric field
in the junction between the spheres is evident from the near-field
diagram. (b) The blue curve in the optical spectrum represents the
LSPR coupling mode of the monomer, and the red-shifted curve
represents the longitudinal bonding dipolar mode of the dimer.*>*

The coupling of the dipoles excited on the two spheres in a
dimer can occur in the direction of the dimer axis (o-type orbital
in quantum chemistry terms) or perpendicular to it (z-type
orbital in quantum chemistry terms). Overall, four new plasmon
modes arise: two bonding modes with energies lower and two
antibonding modes with energies higher than the energy
required for the LSPR excitation in a single sphere.**** In
other words, a dimer of two noble-metal NPs may be considered
as the colloidal equivalent of a homonuclear diatomic molecule,
such as molecular hydrogen (H,), nitrogen (N,), oxygen (O,),
or a halogen (X;). Only the two plasmon modes associated with
a dipole moment are observable in optical spectroscopy: the
longitudinal bonding dipolar plasmon (LBDP) mode with the
lowest energy (highest wavelength) and the transversal
antibonding dipolar plasmon mode with the highest energy
(lowest wavelength).

Theory typically employs idealized structures such as perfect
spheres. Experimentalists have long lagged behind in the
preparation of such perfect noble-metal NPs. Only for a few
years have colloid chemists been able to synthesize highly round
gold NPs by etching (oxidizing) the more reactive atoms at
higher-order facets, thereby paving the way to precision
plasmonics, that is, high reproducibility at the single-particle
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Figure 3. (left) Characterization of ideal gold spheres of varying sizes using different techniques: Transmission electron microscopy (TEM) reveals
that both 50 and 80 nm spheres are highly uniform in size and structure. (middle) Extinction spectra of monomer spheres showing an increased
scattering for the bigger 80 nm particles, as expected. (right) Zeta potential measurements and dynamic light scattering (DLS) showing that the
particles are positively charged due to the presence of CTAB capping agent and the hydrodynamic radius, respectively.

level.>* These highly spherical gold NPs, or gold nanospheres
(AuNSs), can then be assembled into highly defined ideal
dimers with gap control at the angstrom level by using molecular
linkers (Section 3). Their single-particle dark-field scattering
spectra exhibit an unprecedented homogeneity, and the LBDP
mode occurs at h1§hly uniform positions with a very narrow
standard deviation.” This is in stark contrast with the situation
in nonideal dimers comprising the same gap distance (same
linker molecule) but faceted building blocks: Here the LBDP
position varies across many tens of nanometers due to the many
different possibilities for the configuration of the crystal facets in
the gap (different gap morphologies). A unique feature in dimers
of noble-metal NPs with very short gaps (a few nanometers) is
the occurrence of a hot spot upon resonant excitation, that is, a
highly confined (a few cubic nanometers) volume with
extremely high local electric fields (Figure 2). This hot spot
can be exploited for highly sensitive vibrational spectroscoépy of
molecules located in the gap (single-molecule SERS).***
very high electric fields can also be exploited for driving chermcal
reactions®” or for the efficient generation of hot carriers such as
hot electrons, which can be transferred to adjacent semi-
conductors or molecular adsorbates (electron-transfer reaction).
Techniques of conventional optical microscopy cannot fully
spatially resolve the hot spot due to the optical diffraction limit.
Resolving the hot spot in a dimer with nanometer resolution can,
however, be achieved with electron microscopy. In this case, the
plasmon-induced nonequilibrium dynamics is probed by an
optical probe pulse, which in a multiphoton transition leads to
the ejection of detectable electrons. Specifically, we demonstrate
the use of nonlinear photoemission electron microscopy
(PEEM) for localizing hot spots in dimers of AuNSs with high
spatial resolution after ultrafast optical excitation. Furthermore,
we demonstrate that in addition to the highly uniform elastic
scattering spectra, the hot spot in two different ideal dimers is
highly uniform. Overall, these initial results are highly
encouraging because they demonstrate the feasibility of
precision plasmonics of single ideal colloidal particles at the
limits of time (femtosecond electron diffraction) and space
(PEEM) after ultrafast optical excitation.

2. MONOMERIC SPHERICAL GOLD NANOPARTICLES

In this section, we discuss experiments that investigate the final
step of the nonradiative relaxation channel in laser-irradiated
NPs, namely, the transfer of energy from the hot electronic
system (after the decay of plasmonic excitations) to the lattice.

We use deposited films of monodisperse highly spherical
AuNSs as samples, which removes inhomogeneous broadening
effects in the corresponding optical spectrum of the particle film
as well as in its structural response. The synthesis of the AuNSs is
done by a seed-mediated growth method, where cetyltrimethyl-
ammonium bromide (CTAB) is employed as the stabilizing
agent. In the last step of the synthesis, the obtained icosahedral
NPs are etched by mild oxidation with tetrachloroauric(III) acid
(HAuCl,).*® The resulting particles are round because the gold
atoms with high-order facets have been removed. The size of the
AuNSs can be controlled by the ratio of the concentration of the
seed partlcles to the concentration of HAuCl, and the reducing
agent Figure 3 (left) shows the transmission electron
microscopy (TEM) images of ca. S0 nm and ca. 80 nm large
AuNSs, demonstrating that the particles exhibit a high degree of
monodispersity and roundness. The dynamic light scattering
(DLS) data in Figure 3 (right) (hydrodynamic radius of ca. 31
nm and ca. 42 nm, respectively) and the corresponding UV—vis
extinction spectra in Figure 3 (middle) (plasmon peak centered
at ca. 528 and 542 nm) both indicate a narrow size distribution
for the AuNSs dispersed in water. Because of the use of CTAB as
the detergent with a positively charged quaternary ammonium
group, the AuNSs show a positive zeta potential (11.6 and 5.6
mV).

The structural response of such AuNSs has been investigated
by ultrafast time-resolved electron diffraction. For this purpose,
50 nm AuNSs have been deposited onto a 20 nm thick Si;N,
membrane in a Si wafer frame with a coverage of ~0.0S.

Experiments were carried out at the MeV ultrafast electron
diffraction (UED) facility at SLAC National Accelerator
Laboratory.** UED@SLAC employs a femtosecond laser-driven
radio-frequency (RF) photogun and provides ultrashort
electron pulses at relativistic energies. Here we used pulses of
a few times 10° electrons per pulse, 200 fs fwhm bunch duration,



and 3.7 MeV kinetic energy at a repetition rate of 120 Hz. Using
a normal incidence transmission geometry (see schematic in
Figure 4a) the diffraction patterns were recorded by a single-
electron-sensitive area detector, which was placed 3.5 m away
from the sample, providing a momentum resolution of ~0.14
Al
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Figure 4. (a) Schematic of the experimental geometry. Spherical Au
NPs of (50 + 2.5) nm diameter deposited on 20 nm Si;N, membranes
are irradiated with 60 fs, 400 nm laser pulses (near-normal incidence).
Their structural response is probed by diffraction of 200 fs, 3.7 MeV
kinetic energy electron pulses in normal incidence transmission
geometry. (b) Scattering intensity I(q) of the unpumped sample as a
function of momentum transfer. (c) Difference scattering pattern for
delay times At =4 ps (red) and At =40 ps (black) after laser excitation
(F = 6.3 mJ/cm?).

For the time-resolved experiments, the frequency-doubled
output (wavelength, 400 nm; pulse duration, 60 fs fwhm) of the
Ti:sapphire laser that drives the photogun is used for sample
excitation in a quasi-collinear geometry (angle of incidence, 3°).
Both the optical pump pulse as well as the electron probe pulse
(by a solenoid) were focused onto the sample to spot sizes of
about 400 and 200 pm (fwhm), respectively.

Figure 4b shows the background-corrected scattering signal
I(q) of the nonexcited sample as a function of momentum
transfer g ~ 27/A-0 (4 = 0.003 A: de Broglie wavelength, 6
scattering angle) obtained by azimuthal integration (along lines
of constant q) of the diffraction pattern recorded by the area
detector. All observed diffraction peaks correspond to the
known reflections of Au (labeled by their corresponding Miller
indices).

Upon optical excitation, the diffraction intensity changes, as
can be seen in Figure 4c, showing a transient difference

scattering pattern AlI(g, At) = I(q, At) — IL(q) (I(g):
unpumped) for time delays At of 4 (red) and 40 ps (black-
dashed), respectively, at an excitation fluence F = 6.3 mJ/cm? A
time-dependent decrease in the Bragg peak intensities as well as
an increase in the diffuse background between the peaks can be
recognized. As will be discussed in detail later, both features can
be (mainly) attributed to the increase in the root-mean-square
(rms) atomic displacement in the Au NPs after optical
excitation.

For a quantitative analysis, the integrated signal of those Bragg
peaks, which are either sufficiently strong or well separated from
other peaks, has been determined through fitting with a
Gaussian function superimposed on a (linear) background for
each pump—probe time delay At. As a result, Figure Sa shows
the integrated diffraction efficiency for several Bragg peaks for
the same pump fluence of F = 6.3 mJ/cm? as in Figure 4c. The
diffraction signal has been normalized to the value measured at
negative delay times, that is, before sample excitation. As violet
data points, Figure Sa also depicts the time dependence of the
diffuse scattering signal measured between the (200) and (220)
reflections from 3.5 to 3.9 A™".

Whereas the different Bragg peaks exhibit an order-dependent
decrease within a few picoseconds, the diffuse scattering
intensity increases on similar time scales. This can be attributed
to the transient Debye—Waller (DW) effect. Within the DW
model, the intensity decrease in Bragg peaks I, ( At) is caused by
the increase in the rms atomic displacement A(u*)(At) and can
be expressed as

Lu(At) = I,?kl-e—l/3Gqu(u2>(At) o

L (At) 1
—ln[%] = <G AGW) (A1)
Ihkl

(1)

Herein Ijy; denotes the scattering signal measured at negative
time delays and Gy, is the length of the reciprocal lattice vector
corresponding to reflection (hkl). Whereas our experiment is
only sensitive to the atomic motion parallel to the surface of the
Si;N, membranes used as substrates due to the normal-
incidence geometry and the very short de Broglie wavelength
(e, extremely flat Ewald sphere), we assume with eq 1 an
isotropic response. This assumption is justified here because Au
is an isotropic material and the particles are deposited with
random orientation but can be violated for anisotropic materials
and textured samples.**
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Figure S. (a) Normalized integrated diffraction efficiency of various Bragg peaks (hki) as a function of pump—probe time delay. The violet data points
show the diffuse scattering signal measured at g = (3.7 + 0.2) A™". Pump fluence F = 6.3 mJ/cm?. (b) Asymptotic logarithmic intensity change (averaged
from 40 < At < 60 ps) as a function of Gjy. (c) Change of the rms atomic displacement as a function of pump—probe time delay (right ordinate:
derived lattice temperature); the black solid and dashed curves represent the results of calculations based on the two-temperature model for different
electron—phonon coupling parameters (see eq 2). (d) Strain as a function of pump—probe time delay; black curves represent a guide to the eye. In
panels b—d, blue and red data points represent experimental results for F = 3 and 6.3 mJ/cm?, respectively.



The logarithmic form of the DW equation is particularly
useful to verify whether the structural response is incoherent and
can be described solely by the increase in the rms atomic
displacement: Plotting the negative logarithm of the normalized
intensity as a function of Gjy should result in a linear
dependence with a slope determined by A(u*). Figure Sb
shows these dependencies for the asymptotic intensity I, (signal
averaged over the delay range 40 < At < 60 ps) as a function of
Gy, for pump fluences F = 3 mJ/cm? (blue) and F = 6.3 mJ/cm?
(red), respectively. The measured data indeed follow the linear
behavior expected from the DW model, indicating that the
lattice response is dominated by incoherent, statistical atomic
motion. We verified that the DW model describes the
experimental data for all delay times; therefore, the diffraction
data can be used to determine A(u?) as a function of delay time,
as shown in Figure Sc.

In a subsequent step, we used published data on the
temperature dependence of the DW factor of Au*""** to convert
the experimental A(u?)(At) into the transient temperature
increase AT (At). The result of this conversion is shown in
Figure Sc at the right ordinate, indicating that excitation at 3 and
6.3mJ/ cm? leads to a maximum temperature increase of 135 and
295 K, respectively.

We would like to stress that this conversion to temperature
should, in principle, be treated with some care for two reasons:
(i) Considerable and material-specific changes of the phonon
spectrum (e.g., phonon softening*>~**) can occur by electronic
excitation, which effectively leads to a temporally varying Debye
temperature of the material. Although phonon hardening has
been predicted in the case of Au at very high electronic
temperatures,*® we do not expect such effects to be important at
the excitation level of our experiment. (ii) Even for simple metals
like Au, there is experimental*”*® as well as theoretical®
evidence that the phonon population generated through
electronic relaxation is nonthermal for rather long time scales
(ie., tens of picoseconds). Thus the notion of a lattice
temperature is, strictly speaking, not valid.

Being aware of these limitations, we nevertheless use the
temperature concept to quantitatively analyze the energy flow in
the system in the frame of the well-known two-temperature
model®® (TTM). The TTM assumes separate but thermalized
distributions for electrons and phonons, respectively, and
describes the response of the material by heat diffusion
equations for the two subsystems coupled through the
electron—phonon coupling parameter g. Additionally, we
assume a spatially homogeneous deposition of the optical
energy into the electronic system because the ballistic range of
excited electrons in Au of ~100 nm*"*? i larger than the particle
diameter. Because of the short pump pulse duration and the few
picoseconds time scale of interest (as revealed by the
experimental data), an instantaneous and homogenous increase
in the electronic temperature was chosen as the starting
condition instead of an explicit laser source term. This results
in the following only time-dependent equation

oT. 9T,

€

Ce ot =0 ot _g(Te TL) (2)
Herein ¢, and ¢;, denote the electronic and lattice specific heat,
respectively, and g is the electron—phonon coupling parameter.
Given the simplified nature of this description we use ¢, = 67.6 ]/
(m® K?)-T, and a constant lattice specific heat ¢; = 2.5 MJ/(m®
K). The electron—phonon coupling parameter is assumed to be
constant as well, but it is treated as a free parameter in the

calculations. The solid and dashed black curves in Figure Sc
represent the results of such calculations. From a comparison
with the experimental data, we determine g = 1.8 X 10" W/ (m®
K) (solid curve) with an error of Ag = +0.2 X 10" W/(m? K)
(dashed curves). Within the accuracy of the experiment, this is in
agreement with the value of g= 1.7 X 10" W/(m* K) for bulk Au
obtained from electron diffraction experiments on free-standing
as well as supported thin-film Au samples®®*® but is lower than
the value we have measured for nanoporous Au.*

In the latter case, the observed 30% increase in the electron—
phonon coupling strength has been attributed to the “spill-out”
of conduction band electrons at the surface of the nano-
structured material, which leads to a reduced screening of the
core potential of atoms in the surface region and thus to stronger
electron—ion interactions. This mechanism has been introduced
by Arbouet et al.'" to explain the results of time-resolved optical
data on Au and Ag NPs, which provided evidence of a speed-up
of the electronic relaxation with decreasing particle size. In
particular, their data indicate that these effects become
increasingly important for particle sizes below 15 nm. In line
with these observations, we determine for the 50 nm particles
studied here an electron—phonon coupling parameter very close
to the value of bulk Au.

Besides the time-dependent reduction of the diffraction
intensity, we also observed a shift of the peaks toward smaller
diffraction angles. Whereas these shifts are relatively small (~1
pixel on the area detector for the highest order reflections at F =
6.3 mJ/cm?), they are strictly proportional to the length of the
corresponding reciprocal lattice vector: Agyy = 7-Gjy. There-
fore, the proportionality constant 7 can be directly associated
with strain due to the expansion of the particle. As can be seen in
the inset of Figure 5d, the strain exhibits a similar time
dependence as the increase in the rms displacement, with slight
indications of a small oscillatory contribution (the black dashed
curves represent a guide to the eye) at the higher pump fluence.
Such oscillatory behavior is actually expected and has been
observed in many studies, for both thin films (e.g, refs 53 and
54) as well as NPs.*>*® For spherical particles, it corresponds to
radial acoustic “breathing”, modes which are triggered by the
impulsive laser-induced increase in stress/pressure.””*® The
close correspondence between the temporal evolution of strain
and rms atomic displacement as well as the small oscillation
amplitude seem to indicate that the acoustic waves are strongly
damped. However, the noise of the strain data prohibits a further
analysis/interpretation of the oscillatory contribution, and we
will therefore focus on the absolute magnitude of the overall
strain.

For late time delays, we determine a strain of (1.9 + 0.1) X
107 and (3.9 + 0.2) X 107 for pump fluences of 3 and 6.3 m]J/
cm?, respectively. Taking into account that such small particles
can expand freely in all dimensions on a picosecond time scale
and using the known linear thermal expansion (temperature-
dependent) of Au,*® an asymptotic temperature increase of (135
+ 7) and (275 + 15) K is obtained for the two fluences. This is
consistent with the temperature directly derived from the A(u*)
data, providing some justification to use a temperature approach
for the quantitative analysis of our data.

In summary, time-resolved diffraction with femtosecond,
relativistic electron pulses has been used to investigate the
structural response of spherical Au NPs upon ultrafast laser
excitation. From our data, we directly determine the transient
increase in the rms atomic displacement and thus the temporal
evolution of the lattice temperature during electron—lattice
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Figure 6. Characterization of ideal dimers by common techniques: SEM image of the ideal SO nm AuNS dimers. (left) Comparison of TEM images of
dimers with the same gap distance (1.3 nm) and different monomer sizes (50 and 80 nm) and their corresponding LSPR scattering spectra. (right) As
evident from the image, an increase in the size of the constituent monomers leads to an efficient plasmonic coupling, leading to a red shift in the LBDP
(bonding mode) band. The unprecedented uniformity in the structure is evident from the near-uniform position of LBDP bands for different dimers

and their narrow standard deviations.

equilibration. Calculations based on the TTM using an
electron—phonon coupling parameter g = (1.8 + 0.2) X 10'¢
W/(m* K) are in good agreement with the experiments.
Furthermore, we observe the evolution of strain within a few
picoseconds, which can be consistently interpreted as thermal
expansion of the laser-heated NP. Our results demonstrate the
possibilities of time-resolved diffraction for the study of
plasmonic NPs.

3. IDEAL DIMERS OF SPHERICAL GOLD
NANOPARTICLES

As discussed in the Introduction (Figure 2), dimers exhibit new
plasmon modes due to plasmon hybridization and hot spots
after resonant excitation of the LBDP mode along the dimer axis.
The optical properties of dimers strongly depend on both the
shape of the building blocks and their distance. Precision
plasmonics on single dimers requires spherical building blocks
assembled at small gap distances with angstrom resolution.
Ideal dimers of AuNSs can be synthesized by a solid-phase-
supported approach. The first AuNS is deposited on a glass slide
via electrostatic binding.** The CTAB bilayer of the adsorbed
AuNS is destabilized by a combination of polar organic solvents
(ethanol, acetonitrile) and sodium bromide.*"** The second
AuNS is conjugated to the first AuNS by a linker molecule (alkyl
dithiol).”® Figure 6 shows (left) the scanning electron
microscopy (SEM) image of ideal S0 nm AuNS dimers and
(topright) the TEM images of ideal dimers of AuNSs for
different monomer sizes, 50 and 80 nm. The high yield of the
synthesis (close to 90%) and the high uniformity of the ideal
dimers are evident. The 50 nm AuNS dimers as well as the 80 nm
AuNS dimers are bridged by 1,8-octanedithiol (Cg) molecules.
Because of the high degree of geometrical uniformity, also the
corresponding single-particle dark-field scattering spectra for
both sizes are highly uniform, as shown in Figure 6 (bottom
right). The peak at ca. 721 nm in the case of the S0 nm AuNS
dimers is assigned to the LBDP-coupling mode. An increase in
the size of the monomeric building block leads to a red shift in

the LBDP band. As shown here, the assembly strategy also works
equally well for larger AuNSs (e.g., 80 nm instead of 50 nm) and
alkyl dithiol linkers with a different chain length (e.g., 1,10-
decanedithiol (C,,) instead of Cg).>*

None of the above-mentioned techniques provides insights
into the local electric-field enhancement in the gap of the AuNS
dimers. The direct visualization of these ultralow volume cavities
was always off limits due to the optical diffraction limit. This
fundamental problem can be overcome by using nonlinear
photoelectron emission spectroscopy (PEEM), where we use
electrons as the probe. Electrons with their subnanometer
wavelength can provide us with the spatial resolution that is
required to probe the gap distance on the order of a few
angstroms.

The ideal dimer system consisting of two 80 nm AuNS
separated by a gap distance of ~1.5 nm is used in the PEEM
studies. The PEEM experiments were performed in ultrahigh
vacaum (UHV) using a spectroscopic photoemission low-
energy electron microscope (SPE-LEEM) made by Elmitec.
The microscope was primarily used in three different operation
modes.

First, the particles were located using threshold PEEM,; that is,
the surface was illuminated with ultraviolet light from a Hg
discharge lamp, and the emitted electrons were used to form an
image in the microscope. Examples for PEEM images of dimers
and quadrumers are given in Figure 7ab, respectively. The
electron optical resolution of the SPE-LEEM is ~11 nm, and the
PEEM images of the dimers and the quadrumers show the
typical blurring that is common in threshold PEEM. Still, the
individual local intensity maxima correspond to the number of
particles in the oligomer. If more detailed information about the
arrangement of the particles is desired, then the second method
used in our study comes into play. Using an electron beam of an
energy where the electrons are reflected at the surface potential
(mirror electron microscopy (MEM)®*%%) enhances the
contrast at the edges of the particles. Figures 7c,d show MEM
images of the same oligomers that were previously imaged with



Figure 7. Au-particle-based oligomers. (a,b) Threshold PEEM images
of a dimer and a quadrumer showing the bright particles, as they emit
more photoelectrons than the surrounding substrate. (c,d) MEM
images of the same oligomers as in panels a and b, respectively. The
particles appear black with a white halo. The particles comprising the
oligomers have a diameter of ~80 nm.

threshold PEEM. In the MEM images, the immediate vicinity of
the particles appears bright, whereas the particles themselves are
imaged dark. From the transition of black to white regions across
the particle, we can estimate the approximate particle size to be
80 nm. The contrast is also strong enough to count the particles
in the oligomer and to determine their arrangement. Whereas
this is less important for the dimer, we can conclude for the
quadrumer that it is composed of two pairs of dimers that
comprise an angle of their long axis of roughly 80°. In the
following, we will focus on the analysis of dimers only.

To investigate the optical polarization sensitivity of the
plasmon resonances, we use nonlinear photoemission micros-
copy (nPPE PEEM).% For this experiment, the microscope is
combined with a Ti:sapphire laser system (FEMTOLASERS)
delivering femtosecond laser pulses that impinge on the sample
surface along the surface normal.®” The relevant parameters of
the laser pulses are their central wavelength of 800 nm
(EP}l = 1.55 eV), a pulse duration of <15 fs, and a pulse energy
of ~1 nJ. The general optical setup has been previously
described.®*® For the work presented here, it is important to
emphasize that we can adjust the pulse energy at the sample by
using a zero-order A/2-waveplate to rotate the polarization
direction and combine it with a reflection at a glass plate under
the Brewster angle. Behind this Brewster reflector, we obtain an
s-polarized beam with adjustable intensity. Using a second zero-
order A/2-waveplate, we can then rotate the linear polarization
direction to any orientation within the surface plane. The
combination of the Brewster reflector with the two waveplates
allows us to adjust the intensity and the polarization
independently.

We will now discuss the nPPE results in Figure 8. Two
different dimers that were selected and analyzed are shown in
the top and bottom of Figure 8b. By desi7%n, the dimers were
fabricated to exhibit a resonant gap mode’””" at 800 nm. The
highest electron yield is found in the re§ion of the gap between
the particles comprising the dimer,”"”> reflecting the high
electrical-field enhancement there.”>””® If the polarization is
rotated, then the electron yield will vary because the electron
emission from the gap is strongly polarization-dependent. Figure
8a analyzes the polarization dependence for the two dimers in
panel b in 1° steps. More specifically, the green data points
correspond to the dimer in the top of Figure 8b, whereas the red
data points correspond to the dimer in the bottom of that panel.
The radial coordinate in Figure 8a is proportional to the
detected electron yield, whereas the azimuthal coordinate

Figure 8. Polarization dependence of the emission characteristics. (a)
Electron emission yield of the two dimers shown in panel b as a function
of polarization angle. The electron emission yield of the two dimers
shows a maximum whenever the polarization is aligned with the long
axis of the dimer. The solid lines are fits following a fourth-order
emission process.

describes the polarization angle on the equator of the Poincaré
sphere. The electron emission from the two dimers exhibits
distinct maxima at particular polarization angles where the gap
mode can be efficiently excited. This is the case whenever the
polarization is aligned with the long axis of the dimer. Following
this argument, we can determine the orientation of the dimers
on the surface with high precision. The two dimers that we
analyzed are apparently rotated with respect to each other by
21°.

The green and red solid lines in Figure 8a are numerical fits
through the data Y(8) « cos**(9) with Y(8) for the measured
electron yield and 9 for the polarization angle. The fit parameter
n indicates the order of the nonlinear electron emission process.
For the case of the two dimers discussed here, we find values for
n & 4, which indicates that four quanta from the superposition of
the laser’s electric field and the plasmonic resonance are
necessary to emit one electron. The particles’ surfaces are thus
sufficiently clean to maintain the high work function of pristine
Au of 5.3 eV, and all lower nonlinear emission processes are
suppressed. Also, in Figure 8a, the maximum electron emission
yield from the dimer in panel b corresponding to the green data
points amounts to only ~70% of the one from the dimer in panel
¢ with red data points. Considering the nonlinear character of
the emission process, however, the 30% lower electron emission
translates into a difference in field enhancement of only 9%.
Apparently, the field-enhancement characteristics of the two
dimers are very similar.

Figure 9 shows an analysis of the emission yield of two
different dimers as a function of the overall average laser power.
The two dimers are again indicated by red and green data points,
and nPPE PEEM images of the dimers are shown as insets. The
yield on the ordinate of Figure 9 corresponds to the integral
intensity of a region of interest placed on the dimer. The
polarization was adjusted and then fixed to achieve roughly
comparable emission yields from both dimers. In the double-
logarithmic representation, the nonlinear emission is repre-
sented by lines following a power law Y(P) = P"; that is, from the
slope of the lines, we can extract the order of the emission
process n with great accuracy. For the dimer marked in red, we
find n = 4.0, consistent with the analysis in the polar plot (Figure
8). The dimer with the green frame in Figure 9 shows n = 4.4,
which seems surprising because it suggests a fractional number
of energy quanta to be absorbed during the emission of each
electron. On the basis of our previous work on nonlinear
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Figure 9. Laser-power dependence of the nonlinear electron emission
yield for the two dimers shown in the insets. The order of the emission
process can be determined from the slope of the lines in the double-
logarithmic plot.

plasmoemission,”” we know that in nonlinear electron emission
from plasmons, several emission pathways can exist in parallel. If
the field enhancement is high enough, then not only a fourth-
order process but also a fifth-order process will become possible.
Because the data presented here is not energy-filtered, both
emission pathways will contribute to the yield, and any
contribution from a fifth-order (or higher) process will push
the measured value for n above n = 4. The explanation is
consistent with the finding n = 4 for the particle with the red
frame, as the overall emission yield of that particle is smaller, and
the fifth-order process will play a lesser role.

Linear and nonlinear photoemission microscopy in combi-
nation with mirror electron microscopy were used to investigate
oligomers composed of self-assembled Au particles. In the
microscope, we can clearly identify the size of the particles and
their arrangement. Most of the oligomers are dimers, and they
exhibit substantial electrical-field enhancement due to the
plasmonic mode formed in the gap between the particles. In
nonlinear photoemission microscopy, we can visualize that the
strongest field is indeed localized in the gap, and the nonlinear
character of the fourth-order electron emission mechanism is an
indication of the substantial field enhancement at this position.
We observe the expected polarization dependence; that is, the
gap mode is excited when the light’s polarization vector is
aligned with the long axis of the dimer. By rotating the
polarization direction and by comparing the maximal photo-
emission yield from two different dimers, we find that the
electric fields in the gap of the two dimers differ by only ~9%. On
the basis of this analysis, we conclude that the self-assembly
method used to produce the dimers yields a very defined and
reproducible gap.

4. OUTLOOK

Chemists are nowadays able to synthesize highly spherical gold
NPs and to assemble them into well-defined structures such as
dimers with well-defined short gaps and distance control at the
angstrom level. This uniformity and reproducibility across a set
of single colloidal particles (monomers and dimers) is expressed
by the term precision plasmonics. Optical spectroscopy,
however, is generally limited in terms of both its structural
information content (because it typically probes the electronic
system and not the lattice) and its spatial resolution (diffraction
limit). These drawbacks can be overcome by using electrons to
interrogate plasmonic systems at the time and space limits. By
directly probing the nonequilibrium lattice dynamics by
femtosecond electron diffraction after ultrafast optical excita-

tion, researchers are nowadays able to monitor the evolution of
stress and heat in plasmonic nanostructures in the time domain.
This provides fundamentals insight into the coupling between
the electronic system and the metal lattice in the spatially
confined dimensions of a noble-metal NP, which is physically
different from the situation in an extended metal film. The
extremely high electric fields generated upon ultrafast optical
excitation can induce the efficient generation of hot carriers such
as hot electrons, which, in turn, can be extracted to adjacent
electron acceptors (semiconductors, molecules) for solar to
chemical energy conversion. Probing these enhanced local
electric fields by femtosecond nonlinear PEEM on the nanoscale
provides unique insights into the electronic response of the
system after ultrafast optical excitation. Beyond the impact of
these techniques on purely metallic nanostructures, one can also
easily envision numerous fundamental studies in molecular
precision plasmonics, where metal/molecule interfaces are
present in hybrid structures. Exploiting, for example, the highly
uniform gap and, in particular, the extreme field enhancement in
the gap will pave the way toward precision SERS where
molecules located in the gaps of ideal dimers will ideally show
highly comparable SERS intensities from single dimer to single
dimer. Overall, these initial results on monomers and dimers of
spherical gold NPs presented in this Feature Article are highly
encouraging because they demonstrate the feasibility of
precision plasmonics of single ideal colloidal particles at the
limits of time and space after ultrafast optical excitation.
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