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Strong fluence dependence of photodesorption cross sections is observed in femtosecond laser photo-

desorption of NO from ðNOÞ2 on silver nanoparticles, in contrast to femtosecond photodesorption on bulk

metals. The time scale of excitation buildup is found to be equal or less than the pulse duration of�100 fs;

NO translational energies are independent of fluence and pulse duration.We propose a nanoparticle-specific

nonlinear mechanism in which, due to confinement, strongly nonthermal hot-electron distributions are

maintained during the femtosecond pulses, enhancing the normal desorption pathway.
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Metal nanoparticles (NPs) show remarkable changes of
electronic and optical properties vs the bulk metals [1]. In
particular, confinement of excitations in the NPs and plas-
mon excitation can influence photochemistry proceeding
on them [2]. Strong plasmon enhancement and particle size
dependence were observed for photoreactions of NO
dimers on silver NPs compared to bulk Ag(111) [3,4].
This work used nanosecond (ns) excitation, which leads
to linear response of yields to fluence, so that cross sections
are independent of fluence. In this regime the final state
energy distributions are constant and compatible [3,4] with
a desorption mechanism via a transient negative ion (TNI)
state [5].

Photodesorption on surfaces of bulk single crystals has
long been studied in detail [5,6]. Besides the range of linear
behavior, nonlinear desorption processes induced by fem-
tosecond (fs) laser pulses have been seen which enhance
the yield, and mechanisms have been established [7–9].
The different response of NPs to excitations [1,2] suggests
that fs excitation could act differently on them. The only
published fs desorption data for NPs, for H2O desorption
from Ag NPs [10], were interpreted as due to transient
heating of the NPs. We present here an investigation of the
photodesorption from NPs by fs excitation in our well-
defined test system, photodesorbed NO from adsorbed
ðNOÞ2 on supported Ag NPs [3]. We find a strong fluence
dependence of cross sections for fs excitation implying
nonlinear effects on the yield; with plasmon enhancement
this occurs at very low fluences. Constant NO translational
energies suggest that no change of the desorption dynamics
occurs. The relevant excitation lifetime indicated by two-
pulse correlation measurements is found to be very short.
These results cannot be explained by the mentioned non-
linear desorption mechanisms for single-crystal surfaces
[7–9], as these would call for longer excitation lifetimes
and varying translational energies, nor by thermal effects.
We propose a mechanism specific to NPs which depends
on the reexcitation of confined hot electrons in the NPs
during a single laser pulse. While we here explain fs

photodesorption in a particular system, we believe that
this mechanism can generally work in fs photodesorption
from NPs and that its main ingredient, nonlinear reexcita-
tion within the NPs, might even have implications for
other fast electronic processes on NPs, such as two-photon
photoemission or nonlinear interaction of plasmons, which
necessitate the use of fs pulses.
The experiments were done in a two-chamber ultrahigh

vacuum system, for sample preparation and characteriza-
tion and for measurement. In the latter chamber the sample
can be irradiated by ns (�5 ns, 3.5 eV) or fs (�100 fs,
3.1 eV) laser pulses. Ag NPs (mean diameter 8 nm) on
double layers of Al2O3 on NiAl(110) [11] were prepared;
identical measurements on an Ag(111) crystal were done
in situ for comparison. Saturated ðNOÞ2 monolayers [3]
were produced at 75 K on the NPs (no NO is adsorbed
on the oxide as proved earlier [3,4]) and cooled to 30 K
for irradiation. Desorbing NO molecules are detected
in a mass-selected time-of-flight (MS-TOF) [3] setup.
Desorption yields (from the signal strength), cross sections
(from the logarithmic signal decay normalized to fluence
[3,5,6]), and translational energies (from the TOF spectra)
have been determined. Thermal effects can be safely ex-
cluded [12].
Figure 1 shows the irradiation-induced decay of the

desorption signal of neutral NO vs total number of im-
pinged photons, comparing ns (3.5 eV, p-polarized) and fs
(3.1 eV, p-polarized) irradiation of ðNOÞ2 on Ag(111)
[Fig. 1(a)] and on Ag NPs [Fig. 1(b)] [the ð1; 0Þ mode of
the Mie plasmon of these Ag NPs is excited only by
p-polarized light (p-polarized) [3,4]]. From such data the
photodesorption cross sections (PCSs) can be derived
[3,5,6]. On Ag(111) the PCSs for ns and fs excitation are
about the same up to 2 mJ=cm2 [Figs. 1 and 2(a)], while on
the Ag NPs fs pulses lead to a strong enhancement (sixfold
even at�0:3 mJ=cm2). The energy of 3.1 eV is away from
the plasmon maximum (intensity about 20% of that of the
maximum at 3.5 eV [13,14]), so that the PCS enhance-
ments are even larger than seen in Fig. 2(a). The true ratios

PRL 107, 047401 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

0031-9007=11=107(4)=047401(4) 047401-1 � 2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.107.047401


are probably even larger, because the first fs laser pulse
reduces the signal by about 30%, so that subsequent pulses
probe areas in the wings of the laser intensity profile. Our
PCS determination then yields a lower bound.

Indeed, the fluence dependence of the fs desorption yield
is distinctly nonlinear [roughly to the third power up to
�0:2 mJ=cm2 on (p-polarized), with weaker dependence
at higher fluence due to the mentioned depletion effect; see

[15]]. Consistently, the PCS [Fig. 2(a)] strongly increases
with fluence, as expected for a nonlinear yield response.
We stress again that linear yield translates into constant
cross sections, and any increase of cross sections with
fluence indicates nonlinear effects in the yield. So, fs
excitation of NPs at the plasmon frequency leads to strong
nonlinearity of the desorption yields at low fluences, even
though the depletion effect makes an exact determination
of the nonlinear exponent impossible. Without plasmon
enhancement (s-polarized light), nonlinear yields are ob-
served as well, but about 10 times higher fluences are
needed for noticeable PCS enhancement by fs excitation.
On Ag(111) even at more than 10 times higher fluences (up
to about 2 mJ=cm2), no trace of yield nonlinearity (or cross
section increases) is observed, in agreement with Fig. 1(a).
Previous nonlinear desorption on surfaces of bulk material
necessitated fluences >1 mJ=cm2 [8,9].
Despite these strong efficiency changes, the translational

energies of NO desorbed by ns and fs excitation from NPs,
investigated by MS-TOF, were found not to change [see
Fig. 2(b)], suggesting unchanged desorption dynamics.
The data can be represented by shifted Maxwell-
Boltzmann distributions [3] corresponding to a mean
energy of �700 K.
The yield nonlinearity for the NPs might be expected to

be due to one of the nonlinear mechanisms of desorption
by fs laser irradiation, desorption induced by multiple
electronic transitions (DIMET) [7,8,16], or frictional en-
ergy transfer [8,9,16]. These mechanisms, well docu-
mented for surfaces of compact materials, both work by
accumulation of vibrational energy of the adsorbate up to
desorption, due to repeated electronic excitation of the
same adsorbate during the lifetime of its excited nuclear
motion. For DIMET this happens directly, in a few large
energy transfers; for frictional coupling many small incre-
ments are transferred from the thermalized hot electrons.
Both paths can lead to desorption under conditions of very
low desorption probability for a single excitation. The
lifetimes of vibrational excitations of adsorbates are in
the range of many picoseconds (ps) [8,17]; the lifetime
of thermalized hot electrons is limited by electron-phonon
coupling to a similar range [8]. Two-pulse correlation
measurements [8,18,19] for the desorption yield should
tell whether one of these mechanisms could apply here.
Figure 3 shows the result of such a measurement where the
desorption signal for the first shot pair is plotted as a
function of pulse delay. Clearly, nonlinear enhancement
is seen at short delays (i.e., delays <200 fs), but no con-
tribution from longer lifetimes exists which could be as-
cribed to vibrational lifetimes or long-living thermalized
hot electrons, as required for DIMET or frictional energy
transfer. Two-pulse correlation of the total electron current
from the sample, here due to two-photon photoemission,
gave the same result as Fig. 3. While narrow two-pulse
correlations do not necessarily exclude contributions from
longer-living processes with low yield [20], the high rates
observed here exclude such a possibility.

FIG. 2 (color online). (a) PCS from Ag NPs as a function of
fluence for fs and ns pulses. Filled circles: 3.1 eV p-polarized fs
pulses at low fluences. As discussed in the text, the results show
lower bounds for the increase of cross sections. Filled squares:
3.1 eV s-polarized fs pulses, constant at low and enhanced at
much higher fluences. Open square: 3.5 eV s-polarized ns pulses
(2 mJ=cm2); open circle: the same, p-polarized (1 mJ= cm2).
The dotted line is a guide for the eye, indicating the constancy of
cross sections for fs s polarization at low fluences, agreeing with
ns s polarization. (b) Comparison of the time-of-flight spectra,
indicative of the translational energy distribution, of desorbing
NO from Ag NPs via ns (open circles) and fs (filled circles,
0:4 mJ=cm2, p-polarized) excitation. The much smaller signals
in the fs case lead to the large scatter. Nevertheless, it is clear that
the translational energies are unchanged (mean energy�700 K).

FIG. 1. Irradiation-induced decay of NO desorption signal as a
function of the accumulated number of arrived photons in
successive shots, for ns (open symbols) and fs (filled symbols)
irradiation (a) on Ag(111) (3.5 eV p-polarized, fluence
2 mJ=cm2) and (b) on Ag NPs (8 nm mean diameter; 3.5 eV
p-polarized, fluence 1 mJ=cm2 for ns; 3.1 eV p-polarized,
0:34 mJ=cm2 for fs pulses). Resulting cross sections are 3.9,
3.5, 59, and 320� 10�18 cm2, respectively.
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These results exclude the applicability of both estab-
lished nonlinear desorption mechanisms and indicate that
the fs enhancement seen is governed by electron dynamics
within the NPs. The unchanged translational energies
[Fig. 2(b)] support this conclusion, since quite different
and fluence-dependent translational energies are expected
for both DIMET and frictional transfer [21]. This shows
that while nonlinear buildup of excitations does proceed
with fs excitation on NPs even at very low fluences, the
individual desorption event is the same as for ns excitation
and even on Ag(111); i.e., the TNI mechanism via short-
lived negative adsorbate ions produced by transfer of hot
electrons of sufficient energy prevails. Only the attempt
frequency of these excitation events is increased by the
high temporal density of energetic hot electrons in the NPs.
We propose, therefore, a nonlinear buildup of sufficiently
energetic hot electrons by multiple excitations in the NPs
during each laser pulse as the basic mechanism. The
involvement of such athermally hot electrons in the elec-
tron dynamics of NPs has been discussed before in a
different context [22].

Theoretical calculations [23] as well as our excitation
energy-dependent results [3] show that the lowest unoccu-
pied molecular orbital (LUMO) of the ðNOÞ2 adsorbate,
which accepts a hot electron to form its TNI, lies at�2 eV
above the Fermi level (EF). Absorption of 3.1 or 3.5 eV
excites Ag s electrons and creates athermally hot electrons
up to�3 eV (subsequently ‘‘primary hot electrons’’) in the
NP. Using p-polarized light enhances this process by the
plasmon excitation, which decays within about 5–10 fs,
mainly by Landau damping [1,2,24]. For s polarization,
electron-hole pairs are directly created by photon absorp-
tion. The primary, athermally hot electrons also decay very
rapidly—on a time scale of 5 to at most 10 fs [2,22,24]—by
colliding with ground state electrons below EF and (within
a few hundred fs) lead to a thermal distribution of hot
electrons. These thermalized hot electrons then cool
by electron-phonon interaction (describable by a two-
temperature model [25]), on a time scale of some ps

[8,26]. For ns excitation we estimate that, even by includ-
ing plasmon enhancement [3], less than one primary hot
electron is formed per ps and NP; it has a small chance
(within 5–10 fs) to form a TNI before it loses half of its
energy by collision with a ground state electron, so neither
can access the LUMO any more [Fig. 4(a)]. This explains
the linear behavior. With fs excitation the temporal density
of primary hot electrons increases by a factor>104 for the
same fluence per pulse, and there are of the order of 103

such electrons per NP and pulse (of�100 fs). Then during
one pulse, while the hot electrons are thermalizing, they are
continuously reexcited to energies sufficient to enter the
LUMO, due to the confinement of hot electrons in the NP.
In contrast, at a single-crystal surface the hot electrons
largely escape into the bulk. In addition, now the primary
hot electrons can also collide with intermediate or ther-
malized hot electrons, so that both may receive sufficient
energy for the TNI formation [see Figs. 4(b) and 4(c)]. For
excitation in the plasmon resonance (p-polarized), even a
direct plasmon–hot-electron interaction might exist. This
could explain that the ratio of cross sections for p and s
polarization exceeds the plasmon enhancement seen in
absorption. All these processes nonlinearly increase the
number of electrons initiating the TNI sequence which
leads to desorption. However, the nuclear dynamics of
the evolution of each TNI, i.e., each individual desorption
event, remains the same. The main basis for the suggested
mechanism is the confinement of the excited electrons in

FIG. 3 (color online). Two-pulse correlation measurements at
fluences of 0:2 mJ=pulse. Despite the scatter, it is obvious that
the nonlinear enhancement is confined to the pulse duration and
does not extend into the ps range. The solid line is a Gaussian
distribution best fit.

FIG. 4 (color online). Sketch of the suggested new nonlinear
excitation mechanism working only in NPs, compared to the
linear process. (a) Single desorption attempt via TNI in the linear
regime (ns excitation). (b) Strong excitation of primary hot
electrons in the early stage (before thermalization sets in) of a
fs pulse. (c) Situation at the end of a fs pulse, with high density
(exaggerated) of energetic hot electrons created by repumping
and collisions between hot electrons, and a thermalized tail of
hot electrons.
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the NP which makes them accessible to reexcitation.
Therefore, this mechanism is specific to NPs.

In summary, for NO photodesorption from adsorbed
ðNOÞ2 on Ag NPs we observe a strong increase with photon
fluence of desorption cross sections by fs excitation, com-
pared to ns excitation. In the range of the Mie plasmon this
sets in at very low fluences; somewhat higher fluences are
necessary for s polarization (direct electron-hole creation
without plasmon enhancement). No such effect is seen on
Ag(111), where excitations can escape into the bulk. Two-
pulse correlation measurements show that the involved
excitations possess a very short lifetime (of the order of
or below the laser pulse width), so that energy accumula-
tion in the adsorbate vibrations by repetitive excitations
(direct or by thermalized hot electrons), as operative in the
known nonlinear mechanisms DIMET and frictional cou-
pling, cannot be responsible. The translational energies of
the desorbing NO remain unchanged compared to linear ns
processes, showing the individual desorption event to be
the same in the linear and nonlinear ranges. We propose a
new desorption mechanism induced by nonlinear accumu-
lation of energetic hot electrons in the NPs, which is based
on hot-electron confinement and therefore works only for
NPs: buildup and repumping of energetic hot electrons
within the NPs by the high temporal and spatial density
of excitations. It may be further enhanced by plasmon
excitation. Theoretical modeling of the suggested nonequi-
librium distributions of the confined hot electrons would
be highly desirable. We believe that this mechanism has
broader applicability for fs photochemistry on NPs and
other fast processes on them.
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