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Excitation of Xe monolayers on alumina-supported silver nanoparticles (AgNPs) by laser light in the
(1,0) Mie plasmon resonance can lead to desorption of Xe atoms with hyperthermal energy and chaotic
time structure. The chaotic behavior is most likely due to plasmonic coupling between AgNPs. We argue
that the desorption is induced by direct energy transfer to the adsorbate from the Pauli repulsion of the
collectively oscillating electrons of the plasmon at the surface. A simple model calculation shows that this
is possible. A connection between both effects appears likely.
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Metal nanoparticles (MNPs) in the size range 1 to 20 nm
have special properties, not only in catalysis and other near
ground state surface properties, but also with respect to
electronic excitations and, consequently, to photon-
induced surface reactions [1,2]. Important factors are the
confinement of electronic and phononic excitations in the
particles, which may lead to quite strong changes of their
lifetimes. For MNPs containing quasifree electrons the
most drastic change in the excitation spectrum is the
existence of the so-called Mie plasmon [3]. These two
effects can concur, leading to special properties of MNPs
for photoreactions [2]. Drastic increases in photoreaction
cross sections by excitation in the plasmon resonance have
been observed [4-8], with the first work [4] reporting the
nonthermal evaporation of Na atoms from NaNPs in their
plasmon range. However, it appears that—with the pos-
sible exception on ref. [4]—no clear indication of a unique
action of the plasmon itself has been seen; all cases re-
ported, e.g., of photodesorption, may be understood either
in terms of cross section enhancement due to the plasmon-
induced field enhancement without change of the nonther-
mal desorption mechanism [5—7], or by strongly enhanced
thermal effects [8]. Nonthermal photodesorption usually
occurs through the transient excitation of a repulsive ad-
sorbate state. In the energy range concerned (about 2 to
4 eV) the main mechanism goes via transient negative ions
(TNI mechanism): absorption of the light by the metal
substrate creates hot electrons; the latter can form transient
negative ions of the adsorbed species with shifted poten-
tials which leads to momentum transfer and ultimately —
after backtransfer of the excited electron to the substrate—
to desorption [9]. The events appear to be essentially the
same in and off the plasmon resonance. The Mie plasmon
is known to have a very short lifetime (of around 10 fs or
less) [10] and partly decays into electron-hole pairs which
can enter this mechanism. Besides these nonthermal pro-
cesses, confinement of the large energy input into the
MNPs in the plasmon resonance can also lead to strong
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thermal events (diffusion, shape changes, desorption), even
in the MNPs themselves [11].

Here we report a case of nonthermal desorption where
the plasmon is not just a means to drastically increase the
energy input into the MNPs, but where it appears to be
desorption-active itself. The initial idea of our investiga-
tion was to select a case in which no desorption via
transient negative ions is possible, so that such a mecha-
nism should be easy to discern. This is indeed the case.
However, the situation turned out not to be that simple—
we also found strange chaotic behavior in desorption. As
will be explained we believe that these two characteris-
tics—direct plasmon-induced desorption, and chaotic re-
sponse—are intimately connected.

The selected MNP system was the very well character-
ized case of silver nanoparticles (AgNPs) supported on thin
alumina films on NiAI(110) [12]. In order to identify
plasmon-induced desorption we studied monolayers of
Xe physisorbed on the AgNPs. The TNI mechanism will
not work here because no affinity level is stable on Xe
overlayers on metals [13], and desorption via direct exci-
tation of the adatoms [14,15] is not possible with UV
photons due to the large HOMO-LUMO gap (~ 9 eV) of
the Xe layer [16]. In fact, no nonthermal photodesorption
of rare gas atoms from bulk metal surfaces has been
reported in the uv range so far. Nevertheless, we do observe
nonthermal desorption of Xe from AgNP surfaces. This
finding as well as the connected very peculiar behavior
point to novel effects.

Photodesorption measurements have been performed in
a UHV chamber (base pressure <5 X 107!! mbar)
equipped with a quadrupole mass spectrometer (QMS)
with a liquid nitrogen shroud and a sample preparation
chamber with a LEED/Auger system and a QMS for
temperature programmed desorption (TPD). Ag NPs
were formed by depositing Ag atoms from an electron
beam evaporator on an Al,O;/NiAl(110) substrate. The
average size of the AgNPs was set at 8§ nm as calibrated by
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separate STM observations [12]; their (1,0) plasmon reso-
nance is at ~3.6 eV [12,17]. The sample was coolable to
20 K by liquid helium and could be dosed with Xe gas. The
resulting multilayers of Xe were characterized by TPD.
Annealing at 61 K formed a Xe monolayer on both Al,O3
and Ag NPs. Nanosecond light pulses (~5 ns wide, rep.
rate 2 Hz) from the second and third harmonics of a
Nd:YAG laser (2.3 and 3.5 eV, p- and s-polarized) and a
XeCl excimer laser (4.0 eV, nonpolarized) were used for
irradiation. The surface normal was oriented into the QMS
axis, and the light was incident at 45 degrees. The desorp-
tion signals measured by the QMS were recorded simulta-
neously by two multichannel scalers with dwell times of
0.8 us and 5 ms triggered by the laser pulses to obtain
time-of-flight (TOF) distributions (flight path of neutrals
~19 cm), and shot dependences of total photo-induced
desorption (PID) yields of Xe, respectively.

Desorbing Xe atoms were detectable for fluences (/)
above 0.9 mJ/cm?, for p-polarized light in the resonance,
and about 5 times higher fluences off-resonance and for
s-polarized light. Figure 1 shows TOF spectra of desorbing
Xe, accumulated over 500 laser shots, for the parameters
given in the caption. Trace (a), on-resonance (hy =
3.5 eV, p-polarized, I = 1.1 mJ/cm?), can be represented
well by the sum of two shifted Maxwell-Boltzmann dis-
tributions corresponding to mean translational energies
(E,y = 2kT, with T, = 313 K for the main component,
and a smaller contribution with 7, = 44 K. Off resonance,
e.g., for hv = 4.0 eV, unpolarized, a signal was barely
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FIG. 1. Time-of-flight spectra of desorbing Xe atoms from
(a) Xe/8-nm AgNP by excitation in the (1,0) Mie resonance
(hv = 3.5 eV, p-pol., 1.1 mJ/cm?), (b) Xe/8-nm AgNP by off-
resonance excitation (hv = 4.0 eV, unpol., 5.7 mJ/cm?), and
(c) the bare alumina surface (excitation with hy = 3.5 eV,
p-pol., 4.9 mJ/cm?). The fit results by two shifted Maxwell-
Boltzmann distributions are shown as thick solid, thin solid, and
dashed curves for the sum, the fast, and the slow components,
respectively. Intensities of (b) and (c) are magnified by X2.

detectable at / = 1 mJ/cm?; at 5.7 mJ/cm? [Fig. 1(b)]
the leading component has 7, = 161 K, with some 20 K
background. Similar results were obtained at hy = 2.3 eV
(not shown). Figure 1(c), Xe from the bare oxide without
AgNPs, proves that the much stronger signals from the
AgNP-covered surface indeed are induced by the particles.
We estimate that the maximum temperature increase (AT)
of the substrate surface at / = 5 mJ/cm? is about 60 K,
based on a laser-induced thermal desorption (LITD) [18]
measurement of Xe (7, = 90 K) from a bare substrate at
30 K. Thus AT is estimated as 12 K for I = 1 mJ/cmz, as
AT scales with I. Thermal heating of the AgNPs may be
higher than that of the substrate in principle, but here it was
not above 100 K at 1 mJ/cm?, as confirmed by the absence
of photodesorption of physisorbed CO and N,O, which
thermally desorb from the AgNPs at 60 K and 80 K,
respectively. The main conclusion then is that on resonance
most of the desorption is nonthermal (termed hyperthermal
subsequently), while off resonance at necessarily higher
fluences the probable mechanism is thermal.

Measurement of the evolution of the Xe signals with the
number of shots exhibited very unexpected behavior
[Fig. 2(a)]. Off resonance at all fluences “normal’ behav-
ior was observed [Fig. 2(a)]: the Xe signal decreases
roughly exponentially with the accumulated number of
photons and is essentially gone after 300 shots. The noise
on the signal is due to instabilities of laser and QMS.
Similar behavior was seen on resonance at high fluences
(I > 2 mJ/cm?; not shown). Drastically different behavior
resulted on resonance for low fluences [Fig. 2(b), example
shown: 1.8 mJ/cm?. Groups of 500 shots were separated
by pauses of ~1 min]. As seen, the signal does not decrease
monotonically, but consists of a herd of spikes with
strongly fluctuating intensities. When the laser beam is
blocked during the pauses, the signal drops to the back-
ground level. A trend is seen that the heights of spikes seem
to decrease by half after ~2000 shots, and the number of
prominent spikes decreases with increasing number of
shots. However, the height does not decrease monotoni-
cally and often even increases (in the case shown see the
second bunch of laser shots where three large spikes are
observed). It is noticeable that there is an offset at the
bottoms of spikes which decays slowly. With higher laser
fluences, this decaying offset became more significant,
suggesting this offset is due to LITD. It was confirmed
that the chaotic behavior is not due to the fluctuation of the
laser intensity nor the inhomogeneity of the beam profile.
The chaotic behavior is not observed in the case of photo-
desorption of NO from the AgNPs, for example, (there the
TNI mechanism is operative).

To characterize the chaotic behavior shown in Fig. 2(b)
we have calculated the Fourier transforms of the data. The
insets in Fig. 2 show the resulting power spectra. In the
normal case [Fig. 2(a)] the power spectrum has a broad
decaying distribution. In contrast, for Fig. 2(b) only a flat
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FIG. 2. Dependences of the Xe signal intensity on the total
number of laser shots (2 shots per second), given as the time after
starting the irradiation, for (a) excitation by hv = 2.3 eV, p-pol.,
5.7 mJ/cm? for 300 continuous shots and (b) excitation by hv =
3.5eV, p-pol., 1.8 mJ /cm?, with 1-min pauses after each
500 shots. The numbers of laser shots are shown by arrows as
guide. The insets show the power spectra of the data obtained by
Fourier transformation.

spectrum is obtained. No peak, i.e., periodicity, can be
recognized. Such a flat spectrum is a typical feature for
chaotic systems [19].

Both the chaotic behavior and the hyperthermal energies
of Xe were suppressed when multilayers of Xe were
present, i.e., when the sample was not annealed to 61 K
after dosing a thick Xe layer at low temperatures. This
indicates that only Xe atoms in direct contact with the Ag
NPs are responsible for the hyperthermal and chaotic
desorption on resonance with the (1,0) mode of the Mie
plasmon (which lies at hv = 3.6 eV, p-polarization [17])
at low laser fluences. This suggests that the Mie plasmon
plays a critical role in the hyperthermal chaotic desorption
of Xe from Ag NPs.

The two outstanding and at least concurring (if not
connected) features which we have to explain then are
the hyperthermal desorption under resonant plasmon exci-
tation, and its chaotic behavior. The latter property sug-
gests that we have a case of plasmon coupling as derived by
Stockman from calculations [20]. He has shown that the
interaction of the plasmon fields of neighboring particles

can lead to strong localization of excitation on a small
number of particles (‘“hotspots’), which also leads to a
drastic increase of the plasmon lifetime. While this effect is
most obvious for fs excitation and fractal particle distribu-
tions, it does exist also for c.w. excitation. If a small part of
our AgNP ensembles has the fitting properties, then such a
strong but erratic removal of Xe for a comparatively small
part of the total coverage is understandable. Fluctuations of
the coupled fields then may introduce the chaotic behavior.

However, if we maintain that this type of desorption is
hyperthermal, i.e., does not result from thermal heating of
AgNPs but from an electronic action of the plasmon itself,
a new mechanism of plasmon-induced desorption is
needed as the usual mechanisms do not work here (see
above). We propose that this is due to the modulation of the
Pauli repulsion which defines the adsorption potential of
Xe together with the van der Waals (vdW) attraction. To
first approximation, the vdW attraction, which is estab-
lished by the long-range dispersion force integrated over
all Ag atoms of the AgNP, stays constant, whereas the Pauli
repulsion, which stems from the short-range interaction
between electrons of Xe and s-electrons spilling out from
the AgNP surface, oscillates at the plasmon frequency.
Under the plasmon excitation, the induced Pauli exclusion
exerts a strong repulsive force on Xe towards the vacuum at
a frequency of the plasmon ( ~ 1 fs) which is much higher
than the natural frequency of the ground state Xe (some
ps). Although the impulse per plasmon cycle is small, Xe
can be desorbed if it accumulates a sufficient momentum.
A similar picture in terms of integrating over many small
energy transfers has been used in the frictional or desorp-
tion induced by multiple electron transitions model [21] of
electronically induced desorption; our model is very differ-
ent in terms of the physical nature of the acting forces,
however. Also, it is very different from the mechanism
proposed [22] for the plasmon-mediated acceleration of
(thermally evaporated) Ag* ions from Ag [5] by inverse
bremsstrahlung.

In order to check the above mechanism, we performed
molecular dynamics simulations. A potential in the Born-
Mayer form V(z) = Aexp(—Kz) — (L was used, where

—29)°
z is the Xe-surface distance, A and K are parameters of

Pauli repulsion, C5 the dispersion coefficient, and z; the
vdW reference plane position, with the values for Xe on
Ag(111) [23]. The plasmon-modulated Pauli repulsion was
implemented as a time-dependent displacement &(r) =
8o sin(%), where 8,(>0) is the amplitude, T the oscilla-
tion period. The displacement was included in the Pauli
repulsion term as V(z, 1) = Aexp(—K(z — 8(¢))) — (Zfﬁ
The steeply repulsive part of the potential (we call it the
“Pauli wall” because of its spatial coherence over the NP)
moves back and forth by 6 with time #, and largely coher-
ently in space. The motion of a Xe atom on this 1-
dimensional potential was simulated by the velocity verlet
method with 7 = 1.14 fs (plasmon frequency at 3.6 eV).
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We find that Xe can desorb (E, > 0) when 8, > 0.6 A,
which seems realistic for the plasmon-induced spread of
electrons at silver surfaces [24]. E,/2k strongly depends on
8y: With 6, = 0.68 A and 0.78 A, E,/2k reaches 300 K
and 1000 K, respectively.

The above simulation showed that the Xe atom must
collide with the “Pauli wall” 250 ~ 300 times before
desorption. If the plasmon lifetime is only 10 fs or less
[10], giving only of the order of 10 cycles, then the accu-
mulated energy should not suffice for most realistic pa-
rameter sets.

This last conclusion may establish a connection between
the plasmonic coupling and the plasmon-induced desorp-
tion, via the required plasmon lifetime. Plasmonic coupling
should lead to enhanced plasmon lifetimes [20], so the
selective conditions of hotspot formation by coupling
may at the same time enable the plasmon-induced desorp-
tion mechanism.

We realize that there are many rather strong approxima-
tions in this rough model, and many refinements are
needed. For instance, the real process occurring is most
likely not the desorption of individual Xe atoms. Rather,
because of the lateral van der Waals attraction between the
Xe atoms—which is not much smaller than that between
AgNP and Xe—patches of Xe are more likely to desorb.
This is compensated by the fact that the collective electron
motion in the plasmon is in phase over the NP also. In fact,
such a picture may give an additional explanation of the
strong irregular bursts. Furthermore, the high field en-
hancements expected in the hotspots may lead to nonlinear
effects which at present we cannot disentangle because of
the chaotic behavior but which might be necessary to
provide enough energy. On the experimental side, experi-
ments with fs laser pulses, which should make it possible to
obtain the time scale of the relevant processes directly, are
clearly needed. We are tooling up for this at present.

In conclusion, we have observed hyperthermal, chaotic
desorption of Xe from Xe monolayers on alumina depos-
ited AgNPs by resonant excitation of the (1,0) Mie plas-
mon with ns lasers. The chaotic behavior is observed at low
laser fluences which do not cause thermal effects. It is most
likely due to plasmonic coupling leading to hotspots of the
electric field. Both unexpected characteristics are observed
only for Xe monolayers and are quenched in multilayers;
this shows that the hyperthermal energy of the desorbing
Xe cannot be due to thermal heating of AgNPs, but must be
connected to an electronic mechanism. Since Xe cannot
desorb via transient negative ions, we suggest a new
mechanism of plasmonic desorption by the accumulated
momentum transfer of the repetitive Pauli repulsions be-
tween the collective motion of surface electrons and the Xe
atom in its shallow physisorption well. A simple model
calculation suggests that this mechanism can lead to suffi-
cient energy transfer, but requires an interaction time lon-
ger than the plasmon lifetime of a single AgNP. As plas-

monic coupling leads to an enhancement of plasmon life-
time, the two effects might well be intimately connected.
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