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Femtosecond transient absorption spectroscopy has been used to investigate the-ellectirom scattering
dynamics in sulfate-covered gold nanoparticles of 2.5 and 9.2 nm in diameter. We observe an unexpected
retardation of the absolute internal thermalization time compared to bulk gold, which is attributed to a negative
feedback by the vibrationally excited sulfate molecules. These hot adsorbates, acting as a transient energy
reservoir, result from the back and forth inelastic scattering of metal nonequilibrium electrons intd the
orbital of the sulfate. The vibrationally excited adsorbates temporarily govern the dynamical behavior of
nonequilibrium electrons in the metal by re-emitting hot electrons. In other terms, metal electrons reabsorb
the energy deposited in the hot sulfates by a mechanism involving the charge resonance between the sulfate
molecules and the gold NPs. The higher surface-to-volume ratio of sulfate-covered gold nanoparticles of 2.5
nm leads to a stronger inhibition of the internal thermalization. Interestingly, we also note an analogy between
the mechanism described here for the slow-down of eleetedectron scattering in metal nanoparticles by

the hot adsorbates and the hot phonon-induced retardation of hot charge carriers cooling in semiconductors.

Hybrid nanostructured materials can be seen as complexmolecules affect the electronic properties of the gold nanopar-
systems, which lie at the border of solid-state physics and ticles by opening an additional damping channel for the surface
supramolecular chemistry. Metal nanoparticles (NPs) protected plasmon. The next step would consist of investigating the effect
with functional molecules can give a unique opportunity to of the adsorbates on the electron dynamics in a metal under
investigate the coupling between electron transport dynamics conditions far from equilibrium. Such a situation can be achieved
and molecular structural changes beyond the B@ppenhe- by the generation of nonequilibrium electrons in the sulfate-
imer approximation. covered gold NPs upon the absorption of a femtosecond laser

As the size decreases to the nanoscale range (shorter thapulse.
the electron mean free path), the electronic properties of the  The internal thermalization of nonequilibrium electrons, which
metal can fall under the influence of surface molecular species. corresponds to the establishment of an electronic temperature
For example, evidence appeared that adsorbates can modify théy electron-electron scattering, represents a typical many-body
electronic properties of small metal nanopartietégbelow 20 problem in condensed mattemnd controls the efficiency of
nm) by decreasing the surface plasmon lifetimes. This additional many optoelectronic devices and interfacial processes. For
damping channel, which leads to a homogeneous broadeningexample, inelastic nonequilibrium electrons tunneling at metal/
of the surface plasmon band, is called chemical interface molecule interfaces plays a crucial role in Cata|_1)ﬂ5iand
damping, i.e., metal electrons tunnel back and forth into empty molecular electronic®3 More specifically, the dynamical
electronic states of adsorbafes. The electronic structure of  pehavior of nonequilibrium electrons (NEs) governs the yield

the gold/sulfate interface consists o @onation and @* and of hot electron-mediated surface reactions on metal surfActs.
7* back-donation mechanism: The occupiedrbitals of the  The hot electron cooling dynamisas well as the mechanism
sulfate give charge to the metal, while the unoccupi¢@nd of breathing modes excitati&hhas already been reported for

7 orbitals accept charge from the metah key characteristic  gold NPs. At present, the internal thermalization dynamics has
of the present system is the coupling between gold electronsheen mainly investigated in bulk met#s?! and naked metal
and sulfate vibrations via the partial occupation of the sulfate nanopartic|e§_2,23However, until now, information on electren

7+ orbital by the gold electrons. This charge resonance leads electron scattering dynamics in adsorbate-covered metal
to a strong chemical interface damping of the surface plasmonnanoparticles cannot be found in the literature.

as revealed by the nonclassical broadening of the surface pare we wish to address the following question: How can
plasmon band. Thus, under equilibrium conditions, sulfate  ;ysorbates affect the dynamical behavior of NEs in a metal?
For this purpose, we approach this problem for the first time
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a the transmitted light intensity. The signal from the detector was
connected to a lock-in amplifier tuned at 220 Hz by a chopper

L O5F o modulating the pump beafn.
: —5ps Figures la shows differential transient absorption spectra
o /W recorded with delay times of 200 fs and 5 ps upon pumping at
2 00 480 nm for 2.5 nm adsorbate-covered metal NPs and illustrates
5 Conduction] the different optical responses between the nonthermal and
S os| I band thermal electron distribution. The spectral signature of a
8 2 RN nonthermal electron distribution consists of a broad featureless
2 & doband bleach with a minimum close to the interband transition
< -1.0F L l L il | threshold ¢520 nm)2°-21For a thermal distribution, the bleach

is narrower, and the spectrum exhibits absorption for wave-
lengths longer than 580 nm as shown by the spectrum at 5 ps.
The temporal evolution of the transient spectra shape, revealed
by the shift of the intersection with the baseline from 620 to
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— s 580 nm, reflects the transition from a nonthermal to a thermal
5 004r o distribution20° Figure 1b shows the changes in signal shapes
© i T . . . .
b 4’0‘:‘:11;5%—3:;;::%3 as a function of the probe wavelengths in the interesting spectral
g 0.02+ ettt | a-o-0-a-0-0-0-9-9-0-04 region where the signal becomes positive. The change of sign
5 el observed at 590 and 605 nm is direct evidence for the existence
g 0.00 of a long-lived nonthermal distributiof?. By probing further
§ —o—625nm from the dband to Fermi surface transitions (with wavelengths
5 -0.02 o mm longer than 520 nm), more energetic electrons are monitored
< —9—590 nm and faster dynamics (rise at 615 and 625 nm and recovery at
-0.04 590 and 605 nm) are observed in accordance with the Fermi
: T T . T T liquid theory?® The probe wavelength dependence is due to the
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Figure 1. (a) Normalized differential transient absorption spectra of Brillouin zone:#729
adgsorbate/metal nanosystems of 2.5 nm. The spectra \F/)vere reF():orded after Figure 2 shows transient absorption data obtained for 9.2 and
pumping at 480 nm with a pump fluence of 400 nJ/pulse. Inset Figure 2.5 NM AMNSs with different probe wavelengths and pump
la: Schematic band structure of gold around tipmint in the Brillouin fluences. The bleach observed for a probe at 590 nm indicates
zone (after refs 20, 27, 28). The colored arrow illustrates the electronic the instantaneous generation of nonthermal electrons. The decay
ELG;”TSMO”_S p{obbed b){_ferfgofecg?d tr%”?(iﬁrx GRSSO(V)%OS zﬁfgtfo?gggy-of nonthermal electrons can be followed by the recovery of the
ransient absorption aata obtaine . H H :
wavelengths of 590,p605, 615, and 625 nm with pump fluences c?f450, S|gna_l at_ 590 nm. However, the_ signal _also contains a \_Neak
420, 425, and 450 nJ/pulse, respectively. contnbut_lon of elgctrOﬁphonon interaction (se(_a Supporting
Information). The internal thermalization dynamics can unam-
by femtosecond transient absorption spectroscopy in bulk biguously be foIIc_)wed by the rise of th_e signal recorded at 61_5
metal€®21 and naked metal nanoparticRs3 It gives us the and 625 nm, wr_uch reflect the establ@hmen@ of an eIe_ctronlc
opportunity to directly compare the internal thermalization times t€mperature (build-up of a Fermbirac distribution). The rises
between naked and adsorbate-covered metal NPs. The tempord}'® Very close to the instrument response at low pump fluence
evolution of the electron distribution around the Fermi level in PUt @ slow component appears by increasing the pump fluence
the gold NPs is monitored by probing the absorption changes (€€ Figure 2b,c). For high pump fluences, the maximum of
close to the threshold of thelsnd to Fermi surface transitions ~ the signal is reached only after delay times~g.5 and~1.5
in the vicinity of theL-point of the Brillouin zon& (see inset ~ PS at 615 and 625 nm, respectively. For the three probe
of Figure 1a). wavelengths, the dynamics exhibit a common feature: the
We use “soft” surface science to prepare the samples (seePresence of two distinguishable dynamical regimes. Within
Supporting Information* The AMNs (sulfate-covered gold ~ '€9ime A, the recoveries (Figure 2a) and the rises (Figure 2b,c)
NPs) were grown in the pores of a metal oxide thin film by a ©f the signals are pump fluence dependent and exhibit slower
heat treatment techniq@e? Elementary Au NPs with an average ~ dynamics as the pump fluence increases, whereas in regime B,
diameter of 1.7+ 0.4 nm derivatized with mercapto succinic time constants become pump fluence independent. Additional
acid were first inserted by wet-grafting into the mesoporous Measurements were performed with AVMNs of 2.5 nm wit00
thin film. This preparation method leads to sulfate-covered gold 90ld atoms in total {250 atoms forms the core, wherea250
NPs as confirmed by our FT-IR and XPS spectroscopic data gold atoms are on the surface). Figure 2d shows transient
and as reporte#®. Transmission electron microscopy revealed absorption data obtained at 625 nm for the 2.5 nm AMNSs. In
that the sizes of the resulting nanoparticles are-2.6.5 nm  contrast to the 9.2 nm AMNSs, no fast component is observed;
and 9.2+ 1.8 nm. The femtosecond transient absorption setup Nowever, we also note the presence of the two regimes A and
features a compact CPA-2001 Ti:sapphire amplified femtosec- B like for 9.2 nm AMNs.
ond laser with a repetition rate of 1 kHz, a fundamental = To gain quantitative information on the internal thermaliza-
wavelength at 775 nm, a pulse width of 120 fs, and an energy tion, the signals have been fitted to extract the internal
of 1 mJ per pulse. The output beam was split into three parts thermalization times (for details, see Supporting Information).
for pumping two double-stage noncollinear optical parametric For data obtained at 590 nm, time constants increase from 190
amplifiers (NOPA) and to produce a white light continuum in to 1.26 ps for 110 to 485 nJ/pulse, respectively, as shown in
a 2-mm-thick sapphire plate. For the monochromatic probing, Figure 3a. Since the rates presented here at low pump fluence
a silicon diode was placed directly after the samples to measureare too fast (190 fs), the recovery at 590 nm cannot only be
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Figure 2. Normalized transient absorption data recorded at different probe wavelengths after pumping at 535 nm with different pump fluences for
9.2 and 2.5 nm AMNS. Inset panel (d): Transient absorption data for 2.5 nm AMNs on a longer time scale. The red and black lines represent,
respectively, the instrument response time (puipmbe cross-correlation) and the fits according to the functions described in the Supporting

b

Information.
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Figure 3. Internal thermalization times and proportions of slow component in the signal rise as a function of pump fluence (see Supporting
Information for the extraction procedure of the internal thermalization times).

due to electrorrphonon coupling dynamics+(l ps). Further-

respectively, for pump fluences varying from 120 to 425 nJ/
more, an examination of the proportion of the negative part of pulse (see Figure 3b,c). A similar behavior is observed with a
the signal as a function of the pump fluence indicates that the probe at 625 nm, however, with faster dynamics and a lower
change of dynamics is not linked to changes in the shape of proportion of the slow component. Figure 3d indicates that the
the spectra. For data obtained at 615 and 625 nm, the proportioninternal thermalization times vary from 340 to 630 fs depending
of slow components increases with the pump fluences as shownon the pump fluence at 625 nm for 2.5 nm AMNSs.

in Figure 3b. For example, for a probe at 615 nm, the internal
thermalization time as well as the proportion of the slow the dynamics of internal thermalization in these adsorbate-
component increase from 125 to 385 fs and from 0% to 75%, covered metal NPs exhibits anomalous behavior with respect

From the experimental results presented above, it appears that
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Figure 4. (a) Schematic energetic diagram illustrating the inelastic electron scattering processes between the metal and the adsorbates: (1) inelastic
electron scattering into empty electronic states of adsorbates with eri&yg{3) hot electron residence into adsorbates with dissipation (black
arrows) or gain of energy (red arrowAE = E; — Es; (2) scattering back into the metal conduction band with enefgly The black arrows show

an incident nonequilibrium electron dissipating energy in the adsorbatepdsitive), whereas the red arrows illustrate an incident nonequilibrium
electron gaining energy\E negative) by scattering back from a hot adsorbate. (b) Schematic illustration of the interconnection between the dynamical
processes. NEs stands for nonequilibrium electrons (hot electron)-ak/ dor electron—molecular vibration interaction.

to bulk gold®2! and naked gold NP%:23 (i) At high pump known to be very weak within the nonthermal reg#thand
fluence, the internal thermalization dynamics is slower for 2.5 does not play a significant role on the time scale of interest
nm AMNs compared to bulk gold; (ii) the internal thermalization here.
time increases with the pump fluence; (iii) two components are  The proposed mechanism is supported by recent reports
present for 9.2 AMNSs; (iv) the internal thermalization times demonstrating that highly vibrationally excited adsorbates can
are longer for 2.5 nm compared to 9.2 nm AMNSs; (v) a plateau emit nonequilibrium electrons in a metal by a coupling involving
is present for 2.5 nm AMNs from-1.5 to~4.5 ps. a charge transfeél®=42 In the present AMNSs, the energy stored
All these features can be rationalized by the effect of the hot in the hot adsorbates is also converted into hot electrons in gold
sulfates, acting as a transient energy reservoir that slowly releaséby a coupling mechanism involving the partial occupation of
energy back to the metal electrons. Indeed, the existence of athe sulfatez* orbital by gold electrons. Finally, the hot
coupling between the gold electrons and the sulfate vibrations adsorbates operate a negative feedback, since they respond to
via the partial occupation of the sulfat® orbital differentiates reverse the direction of the change (energy dissipation of NESs)
the present system from naked metal NPs. In addition, the by transferring energy back to NEs, leading to an inhibition of
increase of the internal thermalization time with the pump the internal thermalization. Our results indicate that the negative
fluence suggests that energy of NEs is transiently stored in anfeedback can be enhanced by increasing the pump fluence within
energy reservoir, which is coupled to metal electrons. The regime A or by decreasing the size of AMNs within regime B.
buildup of a population of hot adsorbates results from the In regime A, as the pump fluence is increased, the effect of
excitation of sulfate vibrations by inelastic nonequilibrium energy reabsorption by NES from the hot sulfates becomes more
electron scattering into and out of the sulfateorbital, within important and thus changes the dynamics. Within regime B,
the frame of the multiple sequential electronic transiicfor the dynamics essentially reflects the hot adsorbates relaxation
electronic friction modél—33 (see Figure 4a). After the buildup ~ dynamics leading to a pump fluence independent behavior.
of the population of hot adsorbates, which occurs in hundreds Indeed, we note that the dynamical locking time is comparable
of femtosecond?d?1533the subsequent inelastic electron scat- to the time scale of a vibrationally excited adsorbates molecule
tering occurs into vibrationally excited sulfates. Thus, NEs can on metal surfaces (typically a few picosecon#sp similar
gain kinetic energy when scattering into hot adsorbates by behavior is observed in semiconductors where the lifetime of
reabsorbing energy deposited earlier during the previous inelasticthe hot phonons, acting as a transient energy reservoir, controls
scattering events. In other words, hot adsorbates can emitthe hot charge carrier cooling dynami€<2 Evidence for the
nonequilibrium electrons. The time scale of interaction between control of NE dynamics in the metal by the transient energy
NEs and adsorbates is on the order efl® fs3415whereas the reservoir (hot adsorbates) comes from the data obtained with
lifetime of hot adsorbates on metal surfaces corresponds to a2.5 AMNs shown in the inset of Figure 2d. As indicated by the
few picosecond®>38 Thus, the lifetime of the transient reservoir  similar rise time and the plateau, the dynamics are locked during
is about 3 orders of magnitude larger than the duration of the about 4.5 picoseconds, then a change between the two signals
system/reservoir interaction. We note that there are two otherduring the decay can be observed. This effect is understood as
possible energy reservoirs besides the adsorbates: the “coldfollows: Since the dynamics of electrephonon coupling is
conduction electrons and the lattice. Thus, the whole dynamicspump fluence dependent, a difference can be observed when
corresponds to a competition between electromlecular the dynamical locking by the hot adsorbates is no longer

vibrations and electronelectron and electrenphonon interac- operating. The duration of dynamical control is given by the
tions. As the size of the AMNs decreases, the eleetelactron lifetime of the vibrational adsorbates, which is governed by the
scattering process will be less efficient than electritVv metal phonorvibrational modes coupling, the heat dissipation

(molecular vibration) interactions. The presence of both com- towards the surrounding medium, and the substrate electronic
ponents for the 9.2 nm AMNs~22 000 gold atoms with 13%  excitation. Figures 4 summarizes the mechanism involved in
of these total gold atoms forming the surface) may illustrate the retardation of the internal thermalization based on the
the competition between cold metal electrons (fast component) reabsorption effect by the metal electrons of the energy stored
and the adsorbates (slow component) as a reservoir for thein the hot sulfates, which have a much longer lifetime compared
energy dissipation of NEs. The electrephonon coupling is to NEs (see Figure 4a). As long as the adsorbates are in a
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vibrationally excited state (duringv4 ps), they can emit (15) Petek, H.; Nagano, H.; Weida, M. J.; OgawaJSPhys. Chem. B
nonequilibrium electrorf$leading to the negative feedback loop 200%6105‘ g7|67'L_W o E- Miter D Knoessel. E.- Heing. T. Bcien
(see Figure 4b). A strong manifestation of the negative feedbackzoé4 éoaasig_‘ - wang, =, Ter, D, Knoessel, £, heinz, 1. iscience
is revealed by the _plateau_ observed k_Je_:tw_een 1.5and 4.5 ps for (17) Logunov, S. L.; Ahmadi, T. S.; El-Sayed, M. A.; Khoury, J. T.;
the 2.5 nm AMN:s, illustrating the stabilization of the electronic Whetten, R. L.J. Phys. Chem. B997, 101, 3713-3719.
temperature (still higher than the lattice temperature) during the 74%3)7r7egtland, G. V.; Hu, M.; Sader, J. E. Phys. Chem. B003 107,
lifetime of the hgt adsorbates.. Indeed, t.he purpose of a negative (19) Fann, W. S.: Storz, R.: Tom, H. W. K.: Bokor, Bhys. Re. B
feedback I_oop_|n a system is to stabilize the system againstggy 16, 13592.
external stimulf* (20) Sun, C. K.; Valle, F.; Acioli, L. H.; Ippen, E. P.; Fujimoto, J. G.
Phys. Re. B 1994 50, 15337.
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