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Abstract

Dynamics of optically-excited plasmonic nanoparticles are presently understood as
a series of sequential scattering events, involving thermalization processes after pulsed
optical excitation. One important step is the initiation of nanoparticle breathing oscilla-
tions. According to established experiments and models, these are caused by the statis-
tical heat transfer from thermalized electrons to the lattice. An additional contribution
by hot electron pressure has to be included to account for phase mismatches that arise
from the lack of experimental data on the breathing onset. We used optical transient-
absorption spectroscopy and time-resolved single-particle x-ray-diffractive imaging to
access the excited electron system and lattice. The time-resolved single-particle imaging
data provided structural information directly on the onset of the breathing oscillation
and confirmed the need for an additional excitation mechanism to thermal expansion,
while the observed phase-dependence of the combined structural and optical data con-
trasted previous studies. Therefore, we developed a new model that reproduces all our
experimental observations without using fit parameters. We identified optically-induced

electron density gradients as the main driving source.



Introduction

Plasmonics treats the unique optical excitation of metallic nanoparticles. The plasmon
is a collective electron oscillation, associated with highly localized fields. It offers the
ultimate spatial and temporal control over light, concentrating electromagnetic energy
into nanoscale volumes. Applications range from catalysis and photovoltaics to sensing
and quantum optics.

Presently, the details of the plasmon decay are intensely discussed. The current consen-
sus is that very energetic "hot" electrons are generated, which are of interest for many
applications. These non-equilibrium carriers thermalize via electron-electron scattering
and then quickly couple to lattice phonons. The excited lattice finally dissipates the
excess energy into the environment.% 10 A detailed knowledge of these processes is the
basis for controlling them for the respective applications. In particular the relaxation
dynamics of hot electrons are of interest and as part of that, the coupling to coherent
phonon oscillations producing a periodic change in particle dimension, radial "breath-
ing" oscillations.

The temperature of the thermalized hot electron gas can be observed as a contrast in
optical transient-absorption (TA) experiments and conclusions on the lattice tempera-
ture can be made based on two-temperature models.?!! The breathing oscillations of
plasmonic nanoparticles are then apparent as additional periodic contrast modulations
in the TA spectra'?14 and the observed dynamics is typically explained by mechanistic
descriptions.?

However, TA does not allow disentangling the precise temporal onset of the breathing
oscillations from the contrast-dominating initial electron dynamics. Consequently, the
details of the excitation were previously deduced indirectly. For example, matching
the phase of the experimentally observed breathing oscillations and mechanistic de-
scriptions required an additional impulsive excitation source to heat transfer, which

was assigned to hot-electron pressure.'®!6 In such descriptions, the different time de-

pendence of the hot electron pressure compared to the one for the lattice expansion



affected the phase of the breathing oscillation. At high pump laser powers, where the
hot electron pressure is assumed to be strongest, the change in phase was on the order
of up to 45°.15

Today, x-ray free-electron lasers (XFELs) provide intense femtosecond x-ray pulses and
allow for the time-resolved imaging of nanoparticle shapes, unaffected from electron
temperature effects, down to femtosecond timescales.!™2% An emerging technique to
conduct time-resolved XFEL experiments on nanoparticles is single-particle imaging
(SPI),2%22 which combines a large number of diffraction patterns from individual par-
ticles into a diffraction volume, which is then inverted to a nanoparticle structure.?? A
major advantage of SPI is the combination of measuring single-particle images, allowing
for correcting sample inhomogeneity, with the statistical robustness of a serial measure-
ment. Using ultrashort x-ray pulses also allows to outrun potential radiation damage
induced by the x-ray pulses themselves in a diffract-before-destruction process.?3 Ac-
quiring SPI data in a pump-probe fashion then provides a “movie” of the nanoparticle
dynamics, i.e., a direct measure of the nanoparticle’s structural changes as a function
of time.

Here, we exploited XFEL transient small-angle-x-ray-scattering in a single-particle
imaging scheme (tSAX-SPI) and TA spectroscopy to unravel the size and electron tem-
perature of gold nanoparticles (AuNP) as a function of time after optical excitation. The
combined SPI and TA experimental observations could not be fully explained within
established models. The particle expansion started already with the optical excitation
pulse and thus occured in the kinetic limit of the electron gas excitation, see Figure 1.
This directly confirms the need for an impulsive-excitation source, which is not the lat-
tice temperature rise. However, additional power-dependent TA experiments showed
no phase change, contrary to hot-electron pressure based expectations. Our experimen-
tal findings were rationalized by calculations based on a combination of the previous,
well established model and an additional new source for coherent AuNP size oscilla-
tions yielding a consistent picture of all observed aspects of the breathing excitation.?*

Two source terms for the lattice dynamics emerge from the calculations: The optically-
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Figure 1: Schematic illustration of the relaxation dynamics in plasmonic nanoparticles: The
optical pump causes a polarization of the electrons in the nanoparticle, which is accompa-
nied by a density gradient. The red path illustrates the thermal-driving mechanism of the
breathing oscillations: After Coulomb-driven orientation relaxation, electron-phonon scat-
tering converts energy from the electrons to the lattice, which leads to an expansion of the
particle. This initiates breathing oscillations. The blue path illustrates the coupling mech-
anism described in this work, the electron density gradients which directly couple to the
coherent phonon mode, impulsively initiating breathing oscillations.

induced spatial gradients of the electron density act as the main initial driving source
for the breathing oscillations, accompanied by time-delayed thermal contributions. The
dominance of the direct coupling between the displaced electrons and the lattice can

2,3,25-27

have important consequences for applications harnessing hot electrons and for

the general understanding of nanoscale metal dynamics.

Results
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Figure 2: (a) TA spectra at the delay time of maximum contrast, i.e., 500 fs. The vertical
dashed lines mark the probed wavelengths for b) and c). (b) TA kinetics probed at the
bleach’s long-wavelength shoulder (545 nm). (c¢) TA kinetics probed at the bleach centre-of-
mass (ca. 525nm). (d) Electron and lattice temperatures according to the two-temperature
model (see Supporting Information Section 4).



Pump-probe spectroscopy of gold nanoparticles

We recorded the TA spectra of 27 nm, mono-crystalline, spherical AuNPs, stabilized in
water with cetyltrimethylammonium chloride (see Supporting Information Section 1 for
sample characterization). The excitation of the AuNPs with femtosecond laser pulses
at a central wavelength of 400 nm led to TA spectra shown in Figure 2a. The shape
of the spectra - a central bleach at the plasmon wavelength with positive sidebands -
resulted from the change of the complex dielectric function of gold at elevated electron
temperatures. 28

AuNP size changes due to the breathing oscillations led to periodic modulations of the
plasmon center wavelength, observable on the long-wavelength side of the TA spectrum
(Figure 2b, Ref. 9). The temporal onset of the breathing oscillations were not visible,
because the signal produced by hot electrons dominates the overall contrast.
Modeling the evolution of the electron temperature with a two-temperature model
reproduced the TA bleach kinetics (Figure 2c-d). We conclude that the electron cooling
time is excitation-fluence dependent and occurs on timescales of tens of picoseconds for
the employed excitation conditions. As heat losses to the environment occur on much

longer timescales, the lattice temperature increase can be assumed to coincide with the

electron temperature decrease, Figure 2d.

Transient small-angle-x-ray-scattering

To assess the AuNP sizes in a direct fashion, we performed tSAX-SPI at the free-
electron laser FLASH. Individual AuNPs were sequentially injected into the x-ray beam
and excited with fs laser pulses of the same wavelength (400nm) and fluence (0.7 and
1.8mJ/cm?) as for the TA experiments. The AuNP diameter changes were then probed
by time-delayed ultrashort x-ray pulses. The serial nature of the measurement enabled
the analysis of only those patterns which came from highly spherical particles. Any
patterns which showed significant ellipticity were rejected (see Supporting Information
for experimental and analysis details).

For both employed pump fluences we observed an immediate AuNP diameter expansion
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Figure 3: (blue) AuNP diameter according to tSAX-SPI experiment and (red) corresponding
lattice temperatures according to a two-temperature model for two excitation fluences: (a)
0.7mJ/cm? and (b) 1.8 mJ/cm?. The shaded area is the AuNP diameter standard deviation.
The envelope of the optical excitation pulse is indicated as dotted line.

with photoexcitation (Figure 3). An oscillation half cycle already occurred prior to the
first oscillation being visible in the TA dynamics (cf. Figure 2b). The magnitude of
the diameter increase was excitation-power dependent and the breathing oscillation was
more clearly visible for the higher pump fluence of 1.8 mJ/cm?. In Figure 3, we compare
the experimental diameter oscillation with the lattice temperature obtained from the
two-temperature model. The particle diameter reaches its maximum at a delay time
of around 3ps (5ps) for a pump fluence of 0.7mJ/cm? (1.8 mJ/cm?) while the lattice
temperature reaches its maximum at around 14 ps (17 ps). Considering the timescales,
the thermal lattice expansion cannot be the main oscillation-driving impulsive source,

since its rise time is longer than the breathing oscillation period.

Theory of electronic and thermal sources to the oscillation
To understand the origin of the breathing oscillations, we set up a fundamental mi-
croscopic model which extends earlier calculations in Ref. 24 to two-band models. We

started with the definition of the lattice displacement at position r and time ¢ as ob-



servable for the AuNP breathing oscillations, cf. S1:

h iq-r
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with the reduced Planck constant 7, phonon dispersion wg 4 and phonon annihilation
(creation) operators bg q With momentum q and branch 5. Further, m accounts for
an effective mass of the unit cell, Ag 4 for the polarization vector and N for the num-
ber of unit cells in the crystal. Focusing on the longitudinal acoustic (LA) phonon,
8 = LA, we calculated the equation of motion for the lattice displacement. The under-
lying Hamiltonian includes the electron-phonon interaction for a two-band model of the

AuNP electrons including interband transitions as well as phonon-phonon interaction.

(see Supporting Information Section 3). We obtain:
(07 + 27,0 — cF4V?]u(r,t) = &[T (t) — To] + { Vp°(r,t). (2)

The left-hand side accounts for a damped oscillator equation for the lattice displacement
with the longitudinal velocity of sound cr 4 and the damping rate «,. The right-hand
side describes the sources of the lattice displacement: The thermal lattice expansion
arises from the phonon-phonon interaction and accounts for the displacement of the
equilibrium position as a function of the lattice temperature T'(¢) with the coupling
constant &, cf. Figure 1 (red path). T'(t) was obtained by applying a two-temperature
model (cf. Figure 2d and Supporting Information Section 3) and T is the initial equilib-
rium temperature. Our microscopic approach revealed a second source term arising from
the electron-phonon interaction. On the right-hand side of Eq. (2), the second term
describes the excitation of coherent oscillations resulting from the optically-induced
temporal buildup of the spatial gradient of the electron charge density Vp©(r,t) in the
conduction band of the AuNP, cf. Fig 1 (blue path) and Supporting Information Sec-
tion 3.

To connect the lattice diplacement with the optical excitation, we calculated the equa-

24,29-31

tion of motion for the conduction band electron density p®(r, t) incorporating the



electron-light interaction and the electron-phonon interaction from the same Hamilto-
nian used above. In the limiting case of a short interband dephasing time compared to
the pulse width, a rate equation for the electron density can be derived and expanded
in orders of the exciting electric field, i.e. p = p® + p' 4 p? + O(E3). We find that the

densities are determined by a source term that scales with the electric field intensity:

2eeq

Opp5(r,t) = TIE(I‘J)\QIm{xint“(%pt)}, (3)

where x™**(w) is the interband contribution to the electric susceptibility of the AuNP,
e is the elementary charge and ¢j is the vacuum dielectric constant. Note that spatial
gradients of the electron density are induced via the boundary conditions of Maxwell’s
equations for the self-consistently calculated electric field E(r, t) showing amplification
effects at the surface of the AuNP.

The coupled set of equations was solved by expansion into the vibrational eigenmodes
of an oscillating sphere (Refs. 32, Supporting Information Section 3). Both, thermal
and electron density source terms in Eq. 2 are indirectly initiated by the exciting optical
field E(r,t). However, the thermal contribution is delayed via the temporal buildup
from non-equilibrium, whereas the electron density gradient is directly induced by the
optical field. We found that the electron density gradient Vp§(r,t) within the AuNP is
the main source of the lattice displacement, since thermal expansion occurs with a time
delay of a few ps and thus cannot explain the observed onset of the lattice displacement.
Figure 4a shows the calculated evolution of the lattice displacement in comparison to
the experimental data. We found an excellent agreement between experiment and the-
ory. In particular, the onset — and thus the phase — of the breathing oscillations is well
reproduced by our formalism. Figure 4b illustrates the temporal evolution of the two
contributions (thermal and electronic) to the displacement. The contribution due to
the spatial electron gradient starts immediately after the optical pulse since the electron
density gradient scales with the electric field intensity, Eq. 3. On the timescales of the

breathing oscillation and the electron cooling, the development of the electron density

10
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Figure 4: Experiment-theory comparison: (a), Particle size according to tSAX-SPI, TA ki-
netics at long-wavelength shoulder of the LSPR (the data is plotted for times after the initial
electron cooling for better visibility and scaling.) and theoretical prediction of the particle
diameter. The amplitudes were rescaled for easier comparability. (b), Relative contributions
of electron density gradient and thermal expansion to the full theoretical prediction of the

breathing oscillation.
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gradient and the phonon excitation are simultaneous. The thermal expansion of the
lattice also contributes to the excitation of the breathing oscillation, but to a lesser
extent and on a slower timescale.

This is apparent also in the fluence-dependence: As the duration of the lattice temper-
ature increase depends on the initial electron gas temperature (deposited energy) an
excitation-fluence-dependent phase enters the temperature-based models. 33 Figure 5a
displays TA data for the first resolvable breathing oscillations for increasing fluences.
The fluence-dependent experimental data lacks any phase dependence. In the micro-
scopic theory, the source term is dominated by electronic contributions, which show no
fluence-dependent phase shifts, in agreement with the experiment. As expected, the
thermal component shows a fluence-dependent phase, supporting the dominant relative

contribution of the electronic excitation to the breathing oscillation.

Conclusion

Overall, we recorded time-resolved structural data of the AuNP breathing mode on-
set using single-particle imaging, which clearly confirm the necessity of two excitation
sources for the breathing oscillations in AuNP, as was previously indicated indirectly
from phase discrepancies. The combined time-resolved structural and optical data re-
quired the addition of direct interactions of the electronic system with coherent phonons
to the excitation and phonon-lattice-coupling model, which were not only a necessary
addition to the thermal driving terms but on short time scales indeed the dominant
source term. Our theory quantitatively explains all experimental findings and provides
general access to plasmon-lattice interaction. The concurrency of initial electron and
lattice dynamics, caused by the immediate coupling of the optically-induced electron-
density gradient and the breathing oscillation, might also have strong implications on

energy transformations involving plasmonic hot carriers.

12
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Figure 5: Experiment-theory comparison: Phase dependence on excitation fluence. TA data
recorded for increasing pump fluences. "theory (all source terms)" includes both source terms
in Eq. (2) while "theory (el. density gradient)" and "theory (thermal)" are expectation values
if only one of the sources is considered, respectively. Theoretical data for the oscillation due to
the electron density gradients include an offset for better visibility. All data were normalized
to their maximum value. The maximum of the TA data is indicated by a dashed line for
better visibility of the phase difference.
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