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1. Methods

1.1 Particle Synthesis

Tetrachloroauric(IIT) acid (HAuCly, > 99.9% trace metals basis), hexadecyltrimethylammonium
bromide (CTAB, > 98%) and chloride (CTAC, > 98%), l-ascorbic acid (AA, reagent grade) and
sodium borohydride (NaBH,, > 98%) were purchased from Sigma-Aldrich (USA). All reagents
were used as received. Ultrapure water was used for all procedures.

Spherical gold nanoparticles (AuNPs) were synthesized according to a modified protocol by Zheng
et al."? The protocol starts by producing Au clusters, followed by two growth steps. Au clusters
were synthesized by adding 600 uL of an aqueous solution of NaBH, (10 mM) to a mixture of
0.1 ml HAuCl, (0.25 mM) and 10 mL CTAB (100 mM) via one-shot injection. The solution was
rapidly stirred at 700 rpm during injection and for an additional 3 minutes. The solution was then
kept undisturbed for 3 hours yielding Au clusters stabilized by CTAB.

The clusters were grown to 10.6 nm AuNPs by a one-shot-injection of the seed solution (50 uL)
into a mixture of HAuCl,; (2ml, 0.5 mM), CTAC (2 ml, 200 mM) and ascorbic acid (AA, 1.5ml,
100 mM). The solution was stirred for 15 minutes at 300 rpm and then washed twice by centrifuga-
tion (20000 G, 1 h and 30 min, respectively) and replacement of the supernatant with a fresh CTAC
solution (10 ml, 20 mM). The particle sizes were then increased again by a second growth step: A
solution of the 10.6 nm AulNPs (3.6 mL) was mixed with a CTAC solution (120 ml, 100 mM). AA
(780 uL, 100 mM) was added and after 60 s, HAuCl, (120 ml, 0.5 mM) was added dropwise within
1 hour with a syringe pump at a constant rate of 120 ml/h. The solution was stirred throughout
the addition of AA and HAuCl, and for an additional 10 minutes at 300 rpm. The solution was
washed and the concentration increased by centrifugation and replacement of the supernatant with
sequentially less volume of fresh CTAC solution (5000 G, 2x 40 min and 3x 20 min). After the
second centrifugation and redispersion step, the solution was transfered from 40 ml to (several)
1.5 ml centrifugation tubes. The final pellet was redispersed in 6 ml CTAC (20 mM) yielding a
AuNP concentration of 12.9nM (7.76 x 10'? particles/ml).



1.2 Sample characterization

UV-Vis spectroscopy

Absorption spectra were recorded using a Varian Cary 50 spectrometer. The concentrated AuNP
dispersion was diluted by a factor of 1:100 and its absorbance at 450 nm was used to determine the
concentration according to Haiss et al.® The measured spectrum is plotted in Fig. The shape of

the plasmon-related absorption around 525 nm confirms isolated spherical AuNPs.
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Figure S1: UV-Vis spectrum of the employed AuNP solution.



Transmission electron microscopy

Transmission electron miscroscopy (TEM) was used to determine the AuNP size distributions.
Because of the TEM contrast depending on the material’s atomic number, particle sizes without
contributions of the ligand layer are obtained, which is advantageous for a comparison with the
results from the X-ray scattering experiment. According to the TEM analysis, the AuNPs used

in the experiments were 27.1 nm in diameter with a standard deviation of 0.8 nm. Representative

TEM images and the size histogram are displayed in Fig. [S2]

40-
20

“ 0722 25 26 27 28 29 30

] diameter (nm)

Figure S2: (a-c) Representative TEM images and (d), size histogram of the employed AuNPs.
The scale bars measure 200 nm (a), 100 nm (b) and 50 nm (c). The average particle diameter is
(27.1 £0.8) nm.



1.3 Transient Absorption Spectroscopy

Ultrashort laser pulses with a center wavelength of 800 nm were generated in a chirped pulse
amplifier (Spectra Physics Spitfire) at a repition rate of 1 kHz. The amplifier was seeded by a
Ti:sapphire oscillator (Spectra Physics MaiTai) and pumped by a Nd:YBG laser (Spectra Physics
Empower). The output of the regenerative amplifier is split into two arms, which are compressed
individually. The pulse length was 35 fs as determined by autocorrelation. One arm was sent
through a BBO crystal to produce pump pulses with a center wavelength of 400 nm. Every second
pump pulse was blocked by a chopper running at 500 Hz for referencing every pumped spectrum
with a ground-state spectrum. The pump power was set to 0.7 and 1.8 mJ/cm? using a variable
neutral density filter. Additionally, to study the phase-dependence of the breathing oscillation, 0.5,
1.0 and 2.0 mJ/cm? were applied. Because of the use of transmittive optical elements, an induced
chirp is present, which results in an increase in pulse duration. However, due to the limited number
of optical elements we expect the pump pulses to be shorter than 150 fs. The second (probe) arm
was aligned through a delay stage and onto a sapphire crystal for white-light generation in the
transient absorption spectrometer (Ultrafast Systems Helios). The white-light transmitted through
the sample was focused on a UV-Vis spectrometer with a 1024 pixel CMOS sensor. The TA data
was corrected for optical chirp and scattering around the pump wavelength. To obtain the e-ph time
constants. Time-zero was set to the time of maximum pump and probe overlap, which is also the
point of maximum bleach contrast in the data set. The local minimum of the bleach signal at each
delay time was determined using a gaussian function. Note that the TA minimum blueshifts within
the first few picoseconds and therefore analyzing the bleach signal at a fixed probe wavelength can
produce errors.* The obtained minimum of the bleach intensity vs. delay time was then normalized
and fitted with a bi-exponential decay function. The time constants of the decay are interpreted as

coupling times:

AA(t) = a - exp <—
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where 7._,, is the electron-phonon coupling time 7, the longer coupling to the environment
(phonon-phonon) and a, b are the relative weights as additional fit parameters .

The periodic oscillation of the AuNP size due to an excited breathing oscillation leads to a pe-
riodic red-shift of the plasmon absorption because of the variation in electron density (constant
number of electrons for varying AuNP volume). In TA, the breathing mode is observable at the
long-wavelength shoulder of the plasmon absorption, where the oscillation of the TA signal is su-
perimposed with the contrast due to electron cooling. Here, we analyzed the breathing mode by
probing AA at 545 nm. To aid understanding the origin of the TA spectra in Fig. 2 in the main text,
Fig. [S3| displays absorption spectra at different delay times. 1 ps prior to the pump pulse arrival,
the sample is in its ground state. 0.5 ps after pulsed excitation, the difference between ground state
absorption and excited state absorption is maximal. The differential spectrum is discussed in Fig. 2

of the main text.
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Figure S3: Absorption spectra before (—1 ps) and shortly after (0.5 ps) the pulsed excitation of the
AuNPs with 400 nm excitation wavelength and 1.8 mJ/cm? laser pulses.



1.4 Transient small-angle x-ray scattering

The experiment was conducted using the CAMP end-station at beamline BL1 of the FLASH fa-
cility at DESY,” extended by a user-provided injection system.®” The free-electron laser (FEL)
provided bursts of X-ray pulses with a photon energy of 275.5 eV and an intra-train repetition rate
of 250kHz. Each pulse train consisted of 100 pulses and the average fluence per pulse at the fo-
cus position was approximately 6 - 10° photons/mm?. From indirect measurement of the electron
pulse duration before the undulators, we estimate an FEL pulse duration of 120 fs. The optical
pump pulses were provided by a chirped pulse optical parametric amplifier (OPCPA)® with an
output wavelength of (402.0 £ 3.3) nm, a pulse duration of 80fs and a repetion rate of 500 kHz.
The pump pulses excited individual AuNPs and the scattering of time-delayed x-ray pulses was
measured by large-area pnCCD photon detectors read-out at 10 Hz.210

Prior to the measurements, the spatial overlap of the injected particles, the FEL and the pump laser
was established by focusing the FEL, the pump laser, and a frequency doubled Nd:YAG laser for
particle detection on the same position of a retractable YAG screen.'! The temporal overlap of the
FEL and pump pulses was ensured by measuring the transient reflectivity of a SigN, film that was
moved into the focus position, with x-ray excitation leading to an increased optical reflectivity of
the SizN, film"# for the pump pulses. Our data suggests a < 500 fs temporal resolution of the
experiment. After retracting the screens, the particle beam was adjusted by maximizing scattering
of the particle-detection laser by injected sucrose particles and 80 nm AuNPs.

For sample injection, an AuNP aerosol was created using a commercial electrospray (TSI Ad-
vanced Electrospray 3482). Two differential pumping stages were used to remove excess ni-
trogen and CO, and the AuNP beam was generated using an optimized aerodynamic lens stack
(ALS).®™3 The injector pressure was kept at 1.0 mbar. The injector was tested prior to x-ray
imaging by optical scattering off sucrose particles using a frequency doubled Nd: YAG laser (Inno-
las SpitLight) and a camera-based microscope system. The particle detection laser was turned off

during the imaging experiments.



1.5 Data analysis of transient small-angle x-ray scattering patterns

Classification with Dragonfly

In an aerosol serial diffraction experiment, most XFEL pulses do not intercept a particle in the fo-
cus. Those that do, commonly termed ‘hits’, are detected by a straightforward total signal threshold
on the diffracted data. But not all hits are useful since the aerosolization process produces signal
from many objects other than spherical AuNPs. This includes multi-particle aggregates, ellipsoidal
particles as well as patterns resulting from detector artifacts or cosmic rays. In order to extract the
small signal from these patterns, one must find and reject these other hits. This classification was
performed using the Dragonfly'* software which uses a modified version of the EMC algorithm'>
in order to statistically align and average similar patterns into multiple class averages. The proce-
dure was similar to that described in detail inl® for classifying patterns from faceted AuNPs while
taking into account in-plane rotation and detector panel gaps and bad pixels.

Figure [S4| shows some representative class averages. We removed frames that were classified as
contamination and multiple hits (top left and right panels) as well as ellipsoidal particles (bottom

right panel) and only kept the single hits frames of spherical particles (bottom left panel).



i o - -
w o w (=]
log(intensity)
| | | | | o =
] ~ = I =] =) =]
w (=] w [=] w
log(intensity)

-3.0

log(intensity)

T T T T
2] (=] -y (%] o (=] (=]
log(intensity)

|
W
=]

—-1.25
—1.50
—-1.75
—2.00
-2. 25
—2.50
—2.75

—3.00

Figure S4: Four typical patterns from Dragonfly classifications. Top left: multiple hits; top right:
contaminations; bottom left: single hits of spherical AuNPs; bottom right: single hits of ellipsoidal
particles.

Diameter fitting

All 2D class averages of single particles were fit with a function representing the diffraction from
an ellipsoidal object. This resulted in three parameters per average, the major and minor axes as
well as the tilt of the major axis. Only patterns belonging to class averages with a low eccentricity
were included in further analysis. Since the EMC algorithm assigns each pattern a probability dis-
tribution over the various models, one can determine each AuNP’s diameter by taking the weighted
mean of the model diameters, with the weights obtained from the probabilistic assignment made

by Dragonfily.



Average diameter vs pump-probe delay

In order to avoid experimental drifts, data was collected by continuously oscillating the pump-
probe delay between -3 ps and +22 ps at a rate of 0.1 ps/s. Thus, in general, each measurement
was obtained from a random delay time in this range. In order to aggregate the mean diameter at
a given central delay time, the diameters of all patterns with a delay 4= 1 ps from the central time
were averaged. This bin width of 2 ps was chosen to balance the needs of observing the details
of the oscillatory behavior with obtaining sufficient statistics. The bin centers were sampled every

0.1 ps in order to generate the data shown in Fig. 3 and Fig. 4a in the main text.
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2. Theory of electric and thermal sources to the oscillation

Our theoretical framework is based on a Heisenberg equation of motion framework that allows one

to derive the AuNP size oscillation from the following Hamiltonian:

H=Y MM+ hwgblpg— > d™ E_gM ik (1)
kA q kK,
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The first term accounts for the electron dispersion ¢; in the AuNP with electronic annihilation
(creation) operators )\S) with momentum k in the band A, that allows one to treat the combined
effect of intraband and interband transitions coupled to acoustic phonons."”!¥ The second term in-
corporates the dispersion /g of dominant longitudinal acoustic (LA) phonon modes with phonon

19120

annihilation (creation) operators bg ) with momentum q. In the Debye approximation, the ap-

pearing phonon dispersion is assumed to be linear wyq = cz4|q| with the velocity of sound cz 4.
The third term describes the interband part of the semiclassical light-matter coupling?® with the
transition dipole matrix element d™ = 1/Q [, . uj(r) er us(r) d>r and the Fourier component
Exk(t) of the exciting electric field E(r,t) = Y i exp{iK - r}Ex(t). As the experiment is car-
ried out in a spectral region where interband transitions dominate the material response (cf.?%),
only the interband light-matter coupling will be considered in the following. The first term in the
second line considers the electron-phonon interaction with the electron-phonon coupling strength
gg\l = —i\/m [Aq - q] (133,20 where M is the ion mass in the unit cell, N is the ion number
in the crystal, and A, are the phonon polarization vectors given by Ay = ‘%" for the case of LA
phonons.% fI)é is the Fourier transformed ion electron-ion potential for the respective band \.2°

The second term in that line accounts for the carrier-carrier Coulomb interaction V, = e*/e(q)V ¢?

with momentum exchange q between two carrier with momenta k and k’ and the crystal volume

11



V. The third line describes the phonon-phonon interaction occurring from anharmonic corrections
in the ion-ion interaction. The appearing matrix element conserves the total momentum of the

involved phonons, i.e. g, qoq5 = Nq1qoqs a1 +q2+qs3,0-

We define the microscopic phonon mode amplitude s, that determines the macroscopic lattice dis-
placement (Eq. (1) in the main document) and the Wigner functions for the band occupation f(r)
and the interband coherence py(r) for an effective two-band model with a derived susceptibility

that can be obtained from the experiment:

sa(t) = 5 ({ba) (0 + 0L5) () @

2, t) =T ) (1), 3)
p(r ) = € (vl _ ) (t). (4)

In gold, the interband transitions occur between the initially occupied and the initially unoccupied
band?’ that are below (above) the Fermi level respectively. Accordingly, they are labeled as v for

valence and c for conduction band. The equation of motion for the phonon mode amplitude reads:

w )
(9 + 290 + wg) salt) = =52 > (04— 9%) ficla) ®)
k
3w ~ -
_#1 Xk: h_qk.qk 07 (q, t). (6)

This equation describes the dynamics of a classical damped oscillator equation with mode index q.
The left-hand side describes the oscillation of the coherent phonon amplitude s, with a damping

rate 328

oh resulting from phonon-phonon interactions, treated here as a constant. On the right-hand

side, two sources to the oscillation of the coherent phonon mode amplitude are identified. The
first term is determined by the dynamics of the Fourier transform of the occupation Wigner func-

tion f)(q) = <)‘1T(—q>‘k> showing that a spatial inhomogeneous electron distribution drives s4.>

12



The prefactor scales with the difference (g, — g*,) of the electron-phonon coupling element of
conduction and valence band. The second source of the coherent phonon amplitude results from
thermal effects of the change of the phonon occupation caused by electron heating from its equilib-
rium value: 0ny(q,t) = ny(q, t) —nk(q, t = —o0) where we define 7y (q, t) = (bL_qbk> (t). The
constant contributions from the right side (equilibrium electron density and equilibrium phonon
density) were absorbed in the equilibrium position of the oscillator, so that only deviations from

equilibrium act as sources for the oscillation.

As the Wigner occupations f;}(r) act as sources of the coherent phonon amplitude Eq. (5)), we also

derive an equation of motion for a two band model within the gradient expansion” and obtain

oufiln) = —vie Veftw) -2 0 - L - ')

au(r) = —vﬁ-vrfﬁ<r>+21m{wpk<r>} - ge) ®

h T
omlr) = |~ (6~ ) =7 - CEEEL v, )
+i 8 ED ) i) ©)

In Eqgs. , we identify the group velocity vy = Vye; /i for the band \ that considers the drift
of the electronic Wigner occupation. The term on the right-hand side in Eqgs. accounts for
the optical source via the full electric field E(r, ¢) that includes the external field as well as polar-
ization contributions. In Eq. (9), the interband polarization oscillates with the band gap (ef, — €}.)
and is also driven by the external optical driving field E(r, t). -y is the electron-electron scattering
induced damping term of the order of few femtoseconds=" for the interband transition and was
added phenomenologically. The radiative lifetime of the band occupations, denoted by 7, was

added phenomenologically and is estimated to be a few picoseconds.

In the following we expand the individual Wigner functions in orders of the electric field f (r,t) =

D) 4 fiA e t) + f2M e, 1) + O(E?) and py(r, t) = pl(r, )+ pi(r, t) + O(E?), enter a rotating
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frame E(r,t) = Ete ot + E-e~®nt and py(r,t) = pi(r, t)e ™’ and apply a rotating wave
approximation. Assuming a fast dephasing -, we solve the equation for the interband coherence
adiabatically and also neglect the transport terms in Egs. as they are also small compared
the individual time dynamics. Since the spatial gradients needed to evaluate the displacement
Eq. (I6) is mainly determined by the dielectric, off-resonant contribution, we replace the full self-
consistent field by the field Ej formed by the dielectric background. In addition, a radiation self
energy correction will be absorbed in the frequency wyx = (€f — €}.) h — Wy and the dephasing

v — 7. Thus, the governing equations for the band occupations read

. 2

d” - Ep(r,t) 2y 0 0 L oo
OS2 (r,t) = D) — £20(r)] — =% (r), (10)
tk( ) h '?2+(C’Z)k—wopt)2|:k(> k()] Tk()

- 2

d" - Eg(r,t) 27y 0 0 L o
O f2 (r,t) = — UO(r) — £E0r)] — = f23 (). (11)
) s o R - ) - R

In the following, we apply a coarse-graining procedure using the macroscopic definition of the
lattice displacement (Eq. 1 in the main manuscript) and a momentum expansion for the Wigner

occupations given by:

Qo

DIV (12)
k

with the unit cell volume (2. This allows to identify the contribution of the interband transitions

via the macroscopic susceptibility:

Ximer — ’ ( 1 3)

resulting in macroscopic equations for the carrier densities:

2ee 1
upir.1) = == B, )] 1 {o¢" )} = (), (14)
2e€q |~ 1
e, 1) = =52 (e )| T ™ ()} = 5. ). (15)
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These equations describe the occuption dynamics for the individual bands with a source term that

creates or annihilates density in the respective band due to the presence of an external field Eo(r, t).

Using the definition of the lattice displacement u(r, ), the equation for the lattice displacement

can be found:

(07 + 2900, — LA VE] u(r, t) = (Vps(r,t) + E[T(t) — To) . (16)

The temperature dependence is obtained within a Debye approximation for the incoherent phonon
distribution. We find two driving terms with prefactors ( and & that characterize the macroscopic
model. The first represents the newly found displacement source resulting from an optically in-
duced gradient in the spatial electron distribution p5(r, ¢). This spatial gradient in the electron den-
sity 1s identified as the dominating origin of the optically induced oscillation of the displacement
since it can explain the onset of the oscillation, measured to be faster than the thermal contribu-
tions (second term) in Eq. (16). The prefactor ( scales with the difference of the electron-phonon
coupling elements of the conduction and valence bands. The difference of the two is fitted to the
experimental data as 8 % of the individual valence band electron-phonon coupling elements. This
is on the same order of magnitude as the estimations in“! which are based on DOS averaged ab
initio calculations.

The second term occurs via the temperature difference as source and is found in agreement with
previous thermal models (cf.?83%). The thermal source acts via the lattice temperature change and
causes an additional thermal expansion of the lattice which also impulsively excites oscillations
of the nanoparticle and a shift in the equilibrium position particle radius. Within our model, the

temperature changes were modeled using a two temperature model. 252

In order to solve the set of coupled partial differential equations they will be mapped on so-called

Lamb modes Wnm(r) = Voum(r) with ¢um(r) = ji(anr)P™(cos0) exp{imp} that character-
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ize the vibrational modes of the a sphere.” As under the stress-free boundary assumptions those
modes are not orthogonal, we expand the dynamics in the vibrational ground mode of the nanopar-
ticle only. Hence, the expansion reads u(r,t) = a(t) ug(r), p5(r,t) = p(t) po(r) and the overlap
normalization factor is A = st ®5(r)do(r)d3r with the volume of the nanoparticle V;. Using
the projection, the equations simplify to ordinary differential equations which can numerically be

integrated:

2 : - 2 1

(1) = g ("™ ()} [ Pruife) - V]Bae )] — 500 a7)
Vs T

(07 + 27pn0s + wi] alt) = Cps5(t) +E[T(t) — To) . (18)

€4 1s the intraband Drude response of the background that is not incorporated in the interband
susceptibility ™. In order to compare with the experimental observations the relative oscillation
u(R,t)/|R| where R is chosen to be on the boundary of the sphere. Our numerical implementation
allows to artificially switch the driving sources on and off which will allow to study their respective
influence separately for various parameter regimes.

In Figure [S5| we illustrate the the temporal behavior of p$(t) and the expected breathing mode
amplitude after the optical excitation. The lifetime 7 in Eq. was fitted to the two-temperature

model:
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Figure S5: Temporal behavior of the electron density gradient coefficient in Eq. (T7) after excita-
tion with the optical pulse for two different optical pulse lengths: 100fs in a)-b) (time windows:
1.2 ps and 25 ps, respectively) and 9 ps in ¢).
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3. Two-temperature model

The energy conversion within AuNPs by electron-phonon coupling is typically modeled in terms
of the electron and lattice temperatures (7. /7;). Two coupled differential equations describe the

change of the two temperatures with time:

o, .. Wo o
CelTe) gy = —9(Te = T) + = exp{~#*/0%}, (19)
o1,
Crgt = 9(T. = Ty) — (T; — 298) /7, (20)

where C, and (' are the electron and lattice heat capacities, respectively, g is the electron-phonon
coupling constant. The last term in Eq. (I9) is the source of hot electron excitation with the
amplitude Wj, and width o of the optical pulse. 7, in Eq. is the time constant for heat transfer
from the phonon subsystem to the surrounding medium.=#3>

To simulate the electron and lattice temperature numerically using the two-temperature model, the
lattice temperature was set to room temperature, while the initial electron temperature had to be

calculated as follows: The initial jump in electronic temperature A7 depends on the absorbed

energy per pump pulse and unit volume of Au:

m = %’Y((ATéfﬁﬁal + Txr)? + (Trr)?), 21
where [, is the absorbed energy per pump pulse according to Lambert-Beer’s Law, Naunp i the
number of AuNPs in the pump beam, Vj,np is the volume of a AuNP of a given size, v is the
electron heat capacity for bulk gold and T is the room temperature.=°

In this work, the absorbed energy per unit volume of Au was calculated based on the concentration
of the particle solution and the absorbance determined by UV-Vis spectroscopy and the excitation
power measured during the TA experiments. The e-ph coupling constant was taken from our

previous work=’ and the electron and lattice heat capacities were taken from literature.*!*¢
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