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Abstract

Thermal and photoinduced processes on Ag(111) and supported Ag nanoparticles
(NPs) are investigated by temperature programmed desorption (TPD), mass-selected
photoinduced desorption (PID) and time-of-flight (TOF) measurements by using nano-
and femto-second laser pulses. The Ag NPs were formed by depositing Ag atoms from an
electron beam evaporator on an Al,O3/NiAl(110) substrate.

The photoreactivities and photodesorption dynamics of individual NO species are
investigated selectively by controlling their adsorption states. Interestingly, the direct
photochemical formation of N, with a very high translational temperature has been
observed for the first time as a result of strong repulsion by the surface upon its formation
as well as N,O in photoreactions of NO dimers on Ag(111) induced by irradiating photon
energy > 2.3 eV. To elucidate the formation mechanism of N, the incident angle and
polarization dependences as well as the photon energy dependence of N,O on Ag(111)
have been investigated. However, N,O on Ag(111) shows its own peculiar
photodesorption dynamics. These results lead us to propose that the N, forms via
simultaneous cleavage of the two N-O bonds followed by the formation of an N-N triple
bond of N, and can be regarded as mutual abstraction of the N atom from each nitrosyl
in (NO), on Ag(111).

The thermal- and photoreactions of NO on Ag NPs are compared to those on Ag(111)
by means of the same experimental setup and procedures adopted in the study of NO on
Ag(111). The nanosecond laser irradiation shows that the photodesorption yield of NO on
supported Ag NPs are enhanced off plasmon resonance as well as at on plasmon
resonance of the (1,0) mode. The photodesorption yield from Ag NPs is further
dramatically enhanced by the femtosecond laser irradiation whereas that from Ag(111) is
almost unchanged. The overall enhancements are dealt with confinement effect, plasmon
excitation, and desorption models by calculating the number of hot electrons and
desorbates.

The unique photodesorption of Xe with hyperthermal energy and chaotic time
structure is observed from Xe monolayers on the Ag NPs by the nanosecond laser pulses
in the (1,0) Mie plasmon resonance. The chaotic behavior is most likely due to coupling
between the plasmon fields of suitably distributed AgNPs. To explain the results, it is
argued 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.
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Chapter 1. Introduction

1.1. Motivation

Photoinduced processes of molecules on solid surfaces have long been actively
investigated due to not only fundamental interest in physics and chemistry but also their
vast application potential in industry [1, 2]. Irradiation of photons brings sudden
electronic transitions of adsorbates, so called Frank-Condon transitions, from the ground
state potential energy surface (PES) to the excited state PES. Since the excited PES is
generally very different from the ground state PES, the adsorbates undergo strong
distortion on the excited PES and then are deexcited to the ground state PES after a
lifetime. This is a unique process in photoreactions, thus, it may open new reaction
channels which are not accessible by thermal reactions.

One immediately realizes that surfaces are very important in the electronic transitions
of adsorbates. The surface not only modifies the electronic structure of the adsorbate but
also offers electrons to the adsorbate if it is metal. This suggests that we can control and
enhance surface photoreactions by adopting proper surfaces. Therefore, photoreactions on
well-defined solid surfaces have been investigated extensively [2-9].

Recently, clusters (diameter d < 1 nm) or nanoparticles (NPs, 1 < d < 100 nm)
fabrication techniques have been developed aggressively [10-12]. Clusters are an
intermediate state of matter between atomic or molecular structure and corresponding
bulk material, which often show, however, significantly modified physical and chemical
properties which are size dependent [1, 13-16]. Therefore a very intriguing question is
how photochemistry of molecules adsorbed on metal clusters/NPs are modified by their
unique electronic/geometric properties compared to bulk metal surfaces. However, there
have been only few studies that address those questions so far.

In the last two decades, the technique to fabricate and characterize metal clusters
(MCs) or metal nanoparticles (MNPs) supported on solid surfaces have been developed
and established. In these systems, surface analytical methods such as XPS (X-ray
photoelectron spectroscopy) [17] and STM (scanning tunneling microscopy) [18, 19]
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under ultra high vacuum (UHV) conditions can be employed. Especially, well-defined
MCs and MNPs grown on inert substrates such as thin oxide films have been utilized as
model systems of real catalysts. Such model systems are also very suitable for the study
of photochemistry on the surfaces of MNPs; one can benefit from the full capability of
surface analytic methods and compare photochemistry as well as adsorption states of
adsorbates between MNPs and bulk metals.

Furthermore, the use of supporting thin dielectric layers such as alumina has several
advantages in photochemistry. They are transparent in visible and ultraviolet (UV) ranges,
but the transport of hot electrons through the layer is strongly suppressed, though
tunneling of electron is still possible. Thus the MNPs supported on a thin oxide layer can
be electronically decoupled from the underlying metal substrate, whereas the energy
exchange by phonons are still efficient. This means the decay of electronic excitations
within the MNP can be significantly suppressed. Since the interaction of the nonthermal
and thermalized electrons to the adsorbate induces exclusively photochemistry on metal
surfaces [2], the elongation of lifetimes of hot electrons in the MNPs can result in
enhancement of photoreaction cross sections.

The optical properties of MCs and MNPs play a crucial role in photochemistry.
Above all, excitation of the Mie plasmon, the collective motion of free electrons in MNPs
can enhance the electric field near the surface. Plasmon have been addressed for various
MNPs [20], and their spectral resonance positions are strongly influenced by their size
[18, 21], shape [22-25], dielectric surrounding, structure, and composition of the NPs [26].
In the presence of surface plasmon excitations which do not exist in bulk metal, overall
photoexcitation of the MNP is enhanced by the increased surface electric field. The
plasmons decay via dephasing and Landau damping into electron-hole pairs increasing
non-thermal electrons, radiation damping into photons, and scattering by adsorbates
(Chemical interface damping, CID). The plasmons can couple among the MNPs, which
may lead to collective nonlinear response of the MNPs system [27-30].

The peculiar electronic and optical properties of MNPs mentioned above suggest that
photoinduced processes of molecules on MNPs are very different from those on
corresponding bulk material. Therefore, this thesis is intended to compare photoinduced
processes of molecules on Ag(111) and Ag NPs grown on an Al,O3/NiAl(110) substrate.
Ag NP is good candidate for the study of surface plasmon effects because the interband
transition from the fully occupied d-bands below the Fermi energy to the s-p band in Ag
is near 4 eV, which is well above the surface plasmon resonance of Ag [31]. Also, the
thin alumina oxide film on NiAl(110) has several advantages as a support. It can be easily
prepared with good reproducibility, and its structure and related properties such as defect
density are well documented [14]. Furthermore, it is chemically inert [32], which enables
the study of pure interactions between adsorbed molecules and MNPs supported on its
surface.
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We have chosen three kinds of reactants, namely, NO, N,O and Xe. NO is the
prototypical molecule in the studies of surface photochemistry, for which state-resolved
methods such as LIF (laser-induced fluorescence) [33] and REMPI (resonance-enhanced
multiphoton ionization) [34, 35] can be applied to study desorption dynamics.
Photoreactions of N,O on Ag(111) were investigated in this thesis work because it is one
of the products and intermediates of photo/thermal reactions of NO, and its
photoreactions had to be studied separately from those of NO. Xe is one of the rare gases
and chemically inert. It is sensitive to the local change of the electronic states on metal
surfaces as demonstrated in PAX (photoelectronspectroscopy of adsorbed xenon) [36],
for example.

The structure of the present thesis is the following. After the motivation of the studies,
properties of Ag NPs on Al,O3/NiAl(111) surfaces and photoinduced processes related to
photoreactions on their surfaces are summarized in the Introduction. In Chapter 2, the
experimental methods and the procedures of data analyses used commonly in this thesis
work are described. The early part of Chapter 3 deals with the studies of adsorption states
and photochemistry of NO dimers and monomers on Ag(111) using mass selected time-
of-flight (TOF) and temperature programmed desorption (TPD) measurements. The
direct photochemical formation of N, from NO dimers is also discussed. In the later part,
results of N,O on Ag(111) by using the same methods will be presented, which are
supplemental to elucidate the formation mechanism of N, from NO dimers on Ag(111).
Also, measurements of incident angle and polarization dependences as well as photon
energy dependence are detected. However, N,O on Ag(111) also shows its own peculiar
photodesorption dynamics. Based on the results from the NO on Ag(111) system,
Chapter 4 presents photoreactions on NO on Ag NPs. Especially, the effects of the Mie
plasmon of Ag NPs on photoreactions of NO will be contrasted by comparing with the
results from Ag(111) surfaces without plasmon excitation. In Chapter 5, the effects of
excitation by femtosecond laser pulses are compared between Ag NPs and Ag(111). Very
exotic phenomena, hyperthermal and chaotic photodesorption of Xe from Ag NPs where
plasmon excitations play a major role, are presented in Chapter 6. Finally, In Chapter 7
the results are summaried and the conclusions of this thesis are given.
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1.2. Properties of nanoparticles

Any change in the geometric and electronic properties of MNPs from bulk metals
may lead to changes in surface photochemistry. Adsorption states of molecules will be
influenced by these factors, and this will modify photochemical processes. These
situations have been thoroughly discussed in ref [1]. Here we focus on the electronic and
optical properties of MNPs, which decisively distinguishe photochemistry on MNPs from
that on bulk metal surfaces.

1.2.1. Electronic properties

The electronic structure and the electron dynamics of MNPs have considerable
implications for their photochemical performance especially in the case where chemical
reactions are initiated by electrons from MNPs. Here we discuss how they evolve with
particle size.

Fig. 1.1 shows the change in the energy levels from a single atom to a bulk metal [1,
14]. The gradual development of metallic bands from single atomic orbitals is observed
in the valance band region with increasing particle size [37]. The metallic properties
appear at about 1 nm and a bulk-like band structure is formed at ~ 3 nm in diameter [38].
The average size of the Ag NPs used in the present thesis was set above 3 nm, thus the
bulk-like band structure can be assumed.

Thanks to the presence of the thin alumina film, which is an insulator, the Ag NPs
can be regarded as being electronically decoupled from the NiAl(110) substrate in a static
picture. However, charge transport through the film is possible by tunneling, which
prevents permanent charging of the NP. Electrons in the metal substrate will affect those
in the supported NPs dynamically via image charge interactions, especially when they
interact with electromagnetic waves. This will be mentioned in the subsequent section.

The dynamics of the hot carriers (electrons/holes) photogenerated in the MNPs can
excite adsorbates, leading to chemical reactions. This is of central importance in
photochemistry on MNPs. The time sequence of the elementary processes can be
classified into 4 steps [1].

1: Absorption of a photon by a MNP and creation of an electron-hole (e-h) pair.

2: Development of athermal e-h distribution by electron-electron (e-e) scattering
(within tens of femtoseconds)

3: Thermalization of electrons and establishment of electronic temperature (some
100 fs to 1 ps)
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Fig. 1.1. Diagram illustrating the evolution of electronic states from a single atom to a
metal (BE: binding energy; I,: first ionization energy; e: electron charge; ¢: work
function). Reprinted from ref. [14], Copyright (1999), with permission from Elsevier.

4: Cooling of electronic temperature by electron-phonon interactions (several to some
hundred picoseconds)

In contrast to extended bulk metals, the confinement within the MNPs can influence
e-e scattering. First, the confinement of electrons could act positively on e-e scattering,
since the wave functions of the hot electrons should become standing wave states. Second,
e-e scattering can be increased by reduced screening at the surface of the MNP. These
aspects may strongly affect the relaxation of hot electrons. Needless to say, such electron
dynamics are decisive for hot electron-driven surface photochemistry.

The particle size effects on the electron dynamics have been discussed previously [1].
The electron thermalization time will decrease with decreasing particle size, i.e., with
increasing the surface to volume ratio. This is due to the reduction of Coulombic
screening of sp electrons spilling out to the vacuum by d electrons localized inside the
MNP [39] especially of noble metals [18, 39, 40]. This aspect becomes significant for a
particle size < 5 nm [39].

1.2.2. Optical properties

Optical properties of MNPs are of primary importance concerning photochemistry on
their surfaces. For MNPs of noble metal (Cu, Ag, Au) and alkali metal (Na, K, etc.), their
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optical spectra are dominated by pronounced resonant features induced by surface
plasmon excitation. A plasmon is the collective oscillation of free electrons in a
conduction band against the positive ion cores. The plasmon itself is sometimes
considered as a quasiparticle. The surface plasmon is the plasmon which is confined at
the surface and interacts strongly with light.

The optical properties induced by plasmon excitation can be derived directly from
Maxwell’s equations. The analytical solution of Maxwell’s equation for the scattering of
electromagnetic radiation by spherical boundary conditions was derived by Gustav Mie in
1908 to explain the color of stained glass and solutions of metal colloids. If the particle
size is much smaller than the incident light wavelength, the so called quasi-static regime,
the incident electro-magnetic field is spatially uniform over the particle. Thus, retardation
effects are neglected. In this regime, the resonance frequency w; for a sphere and w, for a
ellipsoid are

) 2

o, =—", 0, = ne (1.1)
3P \em,

0, =o,L, (1.2)

where n denotes the electron density, m, the electron mass, and L,, the geometrical
depolarization factors.

The plasmon mode is expressed by (L, m), where L denotes the multipole order, i.e. a
dipole mode for L = 1, quadrupole mode for L = 2, octupole mode for L = 3, and so on.

p-polarized light s-polarized light

(1,0) mode (1,1) mode

T &
“7//
4

Fig. 1.2. Schematic representation of the surface plasmon excitation for oblate ellipsoidal NP/ AL,O;/
NiAl(110). Left: (1,0) mode excited by p-polarized light. Free electrons in the NP oscillate along the
short axis. Image dipole in the NiAl superposes constructively. Right: (1,1) mode excited by s-
polarized light. Free electrons in the NP oscillate along the long axis. Image dipole in the NiAl
superimposes destructively.
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v
Y . Fig. 1.3. Photon emission
o Mg spectra of differently sized Ag
- i mE NPs (accumulation time 500 s,

Usip =-10 V, Ly, = 10 nA). The
inset shows the corresponding
STM image. Reprinted with
permission from ref. [18].
Copyright 2000 by the
American Physical Society.
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There are L+1 eigenmodes, m, for each L. For oblate ellipsoidal particles which are
typical for supported particles the resonance splits into two modes, the (1,0) mode along
the short axis and the (1,1) modes along the long axes. Fig. 1.2 presents two plasmon
modes for a NP supported on Al,O3/NiAl(110). The orientation of the (1,0) mode dipole
and induced image dipole in the substrate is collinear, and they superimpose
constructively, whereas the (1,1) mode plasmon excitation is weakened by the induced
image dipole.

Fig. 1.3 shows photon emission spectra from Ag NPs of different sizes deposited on a
thin ALLO; film on NiAI(110) excited by electron injection through a STM tip. The inset
shows the STM image for corresponding Ag NPs. A clear resonant peak was observed
around 3.6 eV in all the spectra. This peak corresponds to the resonant excitation of the
(1,0) mode of the Mie plasmon of the Ag NPs. The peak intensity becomes stronger with
increasing Ag NP size because the number of electrons in the NPs is increased. The red
shift of the peak position with increasing the size can be explained in terms of Mie theory.
Similar resonant features have also been observed by 2PPE measurement [41].

In the present thesis work, the same recipe as used for the experiments shown in Fig.
1.3 has been employed for the preparation of the Ag NPs. Thus, it can be assumed that
the Ag NPs used in the thesis work had similar optical properties as shown Fig. 1.3.
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1.3. Excitation mechanisms

Photon irradiation of adsorbates on surfaces opens up at least three different
pathways: (1) adsorbate localized excitation (often called direct excitation): direct
electronic excitation localized in the adsorbate or photoexcitation of the adsorbate-
substrate bond by absorbing photons; (2) substrate mediated excitation (often called
indirect excitation): the photon is absorbed by the substrate, resulting in electron-hole pair
creation. The created hot electrons or holes are then transferred to an adsorbed molecule
to form a transient negative ion state or transient positive ion state that undergoes
photochemical processes; (3) thermal reaction: relaxation of the initial excitation energy
results in surface heating, leading to surface reactions.

Generally, the reactions induced by an adsorbate localized excitation or a substrate
mediated excitation before energy thermalization are considered as photochemical
mechanisms. In this study, laser irradiance was kept below ~ 2 mJ/cm*/shot, for which
renders thermal reaction negligible. Therefore, an overview of non-thermal
photochemical processes will be presented in this section.

1.3.1. Adsorbate localized excitation (direct excitation)

. . Vacuum level
If photochemistry on the surface is ~ e————

initiated by direct electronic excitation from
an occupied electronic state to an
unoccupied state, which is localized in the ¢
adsorbate, such as Mo(CO)g on graphite and
Ag(111) [42], CO on Pt(001) [43], Methane  Fermi level
on Pt(111) [44], it is called adsorbate
localized excitation or direct excitation, as

hv

illustrated in Fig. 1.4. This excitation is
qualitatively similar to the excitation of
isolated molecules. The geometric and Metal

electronic structure of molecules adsorbed

) Adsorbate
on the surface are, however, different from
Fig. 1.4. Adsorbate localized excitation or

direct excitation. Photoexcitation takes place
the surface and reduced symmetry, e.g., within the adsorbate substrate complex.

broadening and shifts in the energetic Adopted from ref. [45].

those in the gas phase due to interaction with
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position of the molecular orbital, and reduced degeneracy. Therefore, the direct excitation
mechanism is conceivable, even though excitation of molecules in the gas phase would
be inaccessible with a given photon energy.

For laser power densities < 10'° W/cm?, the transition rate between the initial (@)

and final state (¢, ) is given by Fermi’s Golden rule [8, 46]:

L, = (elimhv (o, |E- g, )| 5(6E, ~hv) (1.3)

where E is the electric field vector, u the electronic transition dipole moment vector,
AE,, the energy difference between the initial and final states, 4 v the photon energy, e

and m are the elementary charge and mass, respectively.
If only the adsorbate localized excitation is involved in a photoreaction, the cross
section is scaled as
2
o, ~|(E-u) (1.4)

where j denotes polarization. A schematic diagram of the geometry during optical
excitations and the orientation of dipole moment of the electronic transition g is

illustrated in Fig. 1.5.
In the calculation of equation (1.4), the mixed term, < E_-E_ >, can be solved by

considering rotational symmetry. It can be assumed that transition dipoles of the
adsorbate or the adsorbate-substrate complex are not distributed isotropically, but rather

N

Fig. 1.5. Schematic drawing of incident light and the orientation of the
transition dipole moment (¢ at the surface.
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oriented to give the same or higher rotational symmetry. For surfaces with > C; rotational
symmetry, e.g., fcc(111) and fee(100) surfaces, the cross sections are given by [44, 46]

o, ~(0.5sin* @< E} >+cos’ @< E >)/cosy (1.5)
o, ~(0.5sin’ < E: >)/cos y (1.6)

where @ is the angle of the transition dipole moment with respect to the surface normal,
0°< @ <180° and y is the incident angle of light.

In the case of a surface with > C, rotational symmetry, e.g., the fcc(110) surface, the
cross sections are given by

o, ~(cos’ ¢gsin® @< E2 >+cos’ @ < E’ >)/cosy (1.7)
o, ~(sin’ gsin® O < E; >)/cosy (1.8)

where ¢ is the azimuthal angle, 0° < ¢ < 180°. The factor of 1/cosy is included to

compare the experimental data normalized to the intercepted irradiance at the surface [44,
47]. Fig. 1.6 displays the calculated surface electric field strengths and substrate
absorbance as a function of incident light angle on Ag at 4.7 eV. 4, and 4, denote the
absorbance for p- and s-polarization, respectively. The curves are calculated from

Fresnel’s equations with the optical constants for Ag tabulated in ref. [48]. In the case of
s-polarized light, the electric field has only a E, component. The A; and

20 T T T T T T

15k <Ez>/cosy— - -

Electric field strength, absorbance

0.0

T

' | ' | ' |
0 25 50 75
Angle of incidence (degrees)

Fig. 1.6. Angular dependence of the electric field strengths and substrate
absorbance for p- and s-polarized light, A, and A, respectively, on Ag at 4.7
eV. The results are calculated from Fresnel’s equations and Ag optical
constants.
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<E f >/ cos y decrease monotonically to zero with increasing angle of incidence, whereas
p-polarized light has two components, £ and E,. 4, has the same value as 4 at normal
incidence, rises slowly to 60°, and then decreases to zero. < E. >/cosy decreases
monotonically to zero, whereas < EZ >/cosy starts from zero at normal incidence,

maximizes at 70°, and declines towards zero rapidly. The differences illustrated in Fig.
1.6 can be used to distinguish excitation mechanisms. For substrate mediated excitation,
the photoreaction cross section scales with the absorbance of the substrate. In contrast,
the photoreaction cross section in the case of adsorbate localized excitation should be
proportional to the electric field intensity.

Fig. 1.7 plots photoexcitation cross sections for the transition dipole moments with 6
=0° 30° and 60° on Ag at 4.7 eV as a function of the incidence angle. Equations (1.5)
and (1.6) were used for the calculations. The rise of the curve with increasing angle of
incidence becomes more obvious for smaller @

Comparison of measured angle- and polarization dependences of the photoreaction
cross section with calculated surface electric field strength and surface light absorbance
can be used to determine the photoexcitation mechanism, if the transition dipole moment
has a component perpendicular to the surface, i.e., along the Z-direction. When @ is close
to 900, the calculated cross section is indistinguishable from that for the surface
absorbance.

20 T T T T T T

Cross section (arb. units)

Angle of incidence (degrees)

Fig. 1.7. Incident angle dependence of cross sections in adsorbate localized
excitation on Ag at 4.7 eV for p- (upper) and s-polarized (lower panel) light. The
curves are calculated from equations (1.5) and (1.6) using x = 0°, 30°, and 60°.
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1.3.2. Substrate mediated excitation (indirect excitation)

When photochemistry is mediated by hot carriers at a surface, such as NO on
Ag(111) [49] or Pt surfaces [50-53] and O, on Pd(111) [54, 55], it is called substrate
mediated excitation or indirect excitation. The excitation process at a metal surface is
shown in Fig. 1.8. The first step in the substrate mediated excitation is electron-hole pair
creation by photon absorption within the
substrate. The second step is propagation of
the generated hot carriers to the surface, and
the third step is tunneling of the generated

Vacuum level

hot carriers through the surface potential
barrier to resonant states of the adsorbate. A
The photoreaction cross section, therefore,

strongly depends on the hot -carrier germiievel
dynamics. The longer the life time of the hot
carriers involved in the photoreaction, the

hv

higher the photoreaction cross section,
because the rate of charge transfer to the
adsorbate increases. Since an understanding Metal

of the hot carrier dynamics is essential in
photoreactions on the surface when
substrate mediated excitation is the active  Fig. 1.8. Substrate mediated excitation.
mechanism, femtosecond time resolved Photochemistry is mediated by hot carriers

at the surface. Adonted from ref. [45].
2PPE and pump-probe measurements have

been intensively employed to observe the

Adsorbate

hot carrier relaxation dynamics [56-59].

If only the substrate mediated excitation is involved in the photoreaction, the cross
section is determined by the number of hot carriers reaching the surface. The absorption
of the substrate is proportional to (1-R(A)) , where R(A) is the polarization and
wavelength dependent reflectivity of the substrate. The ratio of produced hot carriers
from the surface to the distance z is

[ ez
A Le dz (1.9)

where the wavelength dependent absorption coefficient is [60]

82 /2

/12

a(2) = {[(K2+sin2y—n2)2+4lc2n2} +(K2+sin2}/—n2)2} (1.10)
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and the complex dielectric constant ¢ is related to the refractive index »n and the
extinction coefficient x by Je =n+ix.

Since only the hot carriers reaching the surface are expected to participate in the
photoexcitation, the ratio of the effective number of the hot carriers is (1 —e *WA ), where
A 1s the mean free path of the carriers. Thus, the wavelength dependent effective
absorbance is given by [8, 61, 62]

o ~(1=R(A)(1—e“PM) (1.11)

Fig. 1.9 displays the dependences of the absorbance and absorption coefficient on the
incident light wavelength for p- and s-polarization. The refractive index » and extinction
coefficient x is from ref. [48] at 45° incidence angle. 4, and A4; are the absorbance of Ag
for p- and s-polarized light, respectively. Apeff and 4,7 are the effective absorbances at A
= 10 nm for p- and s-polarization, respectively. The absorption coefficient (1) is

calculated from equation (1.11). 4, and 4, rapidly increase and are maximized at ~ 4 eV,
whereas a(A4) steeply decreases and is minimized at ~ 4 eV.

1-00 L) I L) f' L)
Ap_’_/. \.\
| I ~—_ 1
.I" .'\
075k Ty j;hem A
FS
ath) R

0.50

0.25

Absorbance and o (10°/cm)

0.00

Photon energy (eV)

Fig. 1.9. The incident photon energy dependences of absorbance and
absorption coefficient for p- and s-polarization.
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1.4. Photodesorption Mechanisms

1.4.1. Photodesorption in the linear regime

Photodesorption has been widely explained by the Menzel-Gomer-Redhead (MGR)
model [4, 63] proposed in 1964. A schematic of the MGR model for desorption induced
by electronic transitions (DIET) is represented in Fig. 1.10. The important constituents in
this model are a ground state PES, a Frank-Condon type electronic transition, and an
excited state PES. The ground state PES is determined by an adsorption state on the
surface, which is influenced by several conditions such as adsorption sites, adsorption
structures, coverage, etc. The absorbed photon transfers the adsorbate via a Frank-
Condon type electronic transition from the ground state PES to the excited state PES,
which is repulsive in the MGR model. Since the excited state PES depends on the nature
of the excited state, e.g., the excitation level of intermolecule or adsorbate-substrate,
electron or hole attachment, and so forth, the motion of the molecule on the excited PES
depends on the excitation processes. During residence time on the excited state PES, the
adsorbate is accelerated and gains kinetic energy £ k'. After quenching to the ground state

PES, it has gained potential energy, since the position of the adsorbate with respect to the
surface is different from the situation before excitation due to the motion of nuclei on the
excited state PES [2]. If the sum of the gained potential and kinetic energies in the
reaction coordinate are sufficient to overcome the desorption barrier E,, the adsorbate
desorbs with kinetic energy E, . As a result, different adsorption states and excitation

processes are reflected by different translational temperatures (7, = (Ex)/2kg) and
photodesorption cross sections. Although the MGR model was developed to describe
desorption of adsorbates, it can be generally used for photoinduced dynamics by choosing
the appropriate reaction coordinate.

A similar scenario of photodesorption, in which an ionic excited state of the
adsorbate is involved, was proposed by Antoniewicz in 1980 [9]. The Antoniewicz model
created in Fig. 1.11 describes the transient negative (positive) ion state on the excited
PES by electron (hole) transfer from the metal substrate to the adsorbate. Therefore, in
contrast to the MGR model, the excited state PES is attractive due to the image potential
by the metal substrate. In the transient negative (positive) ion state of adsorbate, the
adsorbate is accelerated to the surface and gains kinetic energy £ k'. After a residence time
on the excited state PES, the electron (hole) attached to the adsorbate hops back into the

metal substrate, and the adsorbate experiences a repulsive force due to a different
adsorbate-surface distance. Similar to the MGR model, when the sum of gained potential
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and kinetic energies in the reaction coordinate are sufficient to overcome the desorption
barrier E,, desorption occurs with kinetic energy E, .

Energy

Fig. 1.10. Schematic drawing of MGR model. The
excited state PES is repulsive.

Energy
/
O

v

Distance from surface

Fig. 1.11. Schematic drawing of Antoniewicz model.
The excited state PES is attractive due to image charge
on the metal substrate.
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1.4.2. Photodesorption in the nonlinear regime (Femtosecond
laser excitation)

Femtosecond (fs) laser irradiation can create many hot electrons in a short time,
opening up new desorption channels. The most peculiar features in fs laser induced
desorption (FID) are as following: (1) highly enhanced photodesorption yield; (2) laser
fluence dependence of photodesorption yield, 7;, and branching ratio; (3) high vibrational
excitation of desorbates [64-67]. To quantitatively describe FID dynamics, two
conceptually different models have been proposed. First, the desorption induced by
multiple electronic transitions (DIMET) [68, 69] process is illustrated in Fig. 1.12 (a).
The adsorbate which gained insufficient energy to overcome a potential barrier is
vibrationally excited after a single DIET process. If that adsorbate is excited several times,
however, before adsorbate-surface vibrational energy relaxation, the desorption
probability will be significantly increased. This model is generally applied for high lying
adsorbate resonance states from the Fermi level.

The other approach, the so called friction model, is illustrated in Fig. 1.12 (b). It is
rationalized in terms of electronic frictional coupling between an adsorbate and
thermalized substrate hot electrons [70-72]. This frictional coupling has been proposed as
a mechanism for excitation of intramolecular vibration in low energy scattering of
adsorbates from substrate hot electrons [73-75] and further extended for coupling to the
adsorbate center of mass degree of freedom, leading to a desorption mechanism [76]. The
adsorbate resonance is broad near the surface due to strong interaction with the substrate.
Thus, once the adsorbate is vibrationally excited, the adsorbate resonance is shifted and
intrinsically affected by damping. In contrast to the DIMET model, the Friction model is

(@) E (b) E
A A
i Acited :"
' PES

W W,
c - E
F ground PES il
substrate adsorbate substrate adsorbate

Fig. 1.12. FID mechanism. (a) DIMET process: iteration of DIET process before adsorbate-surface
vibrational energy relaxation leads to desorption. (b) Friction process: the coupling between
substrate hot electrons and vibrational excitation of the adsorbate and/or adsorbate-substrate
bond leads to desorption.
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usually applicable for low lying adsorbate resonances with respect to the Fermi level
[77].

In both models, hot electrons whose energies are resonant to the adsorbate play a
critical role in FID. When the hot electronic temperature is denoted as T,;, the desorption
probability should depend on T, The temporal evolution of 7,; and 7,, have been
evaluated by a two-temperature model [77-79], described by:

d

CdETe, =V.&V.T,-g(T,-T,)+S(z1) (1.12)
d

cphanh =g(T,-T,) (1.13)

where C, =T, and C,, are the electron and lattice heat capacities, respectively, with
the electron specific heat ¥ . k¥ and g denoting the thermal conductivity and the
electron—phonon coupling constant, respectively. 7,, is the phonon temperature.
Generally, the laser beam diameter is much larger than the electron diffusion length. Thus,
lateral diffusion can be neglected, resulting in reducing the dimensionality to the distance
z along the surface normal. The laser source term is given by,

S(z.) = (1- Ry EPL=22]
o

(1.14)

where R is the reflectivity, o the optical penetration depth, and /(¢) the temporal laser

beam profile. The lattice heat capacity is given by the Debye model,
0T,  x'e*
[ (1.15)

— Tph 3
Cph = 9nkB 91) b (ex —l)z

where n is the atomic density, k, the Boltzmann constant, and 6, the Debye temperature.

In the Friction model, the coupling of electron and phonon baths to the adsorbate can

be described by the harmonic oscillator master equation [70]. Within fs laser excitation
Ter and Ty, are not equilibrated, therefore the friction coefficient 7, and 7, should be

considered separately. In such a case, the temporal evolution of the average vibrational
energy U, 1s represented by [66],

S

d

EUads = 7721 (Uel - Uads )+ nph (Uph - Uads ) (1 . 16)
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h :
Yo , T_is the temperature of the
Exp[hvads /kBTx]_l )

desiginated heat bath, and v, the vibrational frequency of the adsorbate along the

where the vibrational energy U, =

reaction coordinate. T

ads

can be obtained from equation (1.16) with equation (1.12) and

(1.13). The desorption rate R, the so called empirical Friction model, is given by an
Arrhenius—type expression

d n Ea
R(?) =—59=9 ko Expl— ] (1.17)

B~ ads

where 6 is the coverage, n the order of desorption, and k, is the attempt frequency.

Finally, the desorption yield measured in experiment, Y, can be obtained by
Y = [R(t)dt (1.18)

It is worth mentioning that equations (1.16) - (1.18) are originally proposed for the
Friction model because they are based on the coupling of a thermalized electron bath to
the adsorbate. However, the derived equations might be still applicable for the DIMET
model. In this case, the friction coefficient 77, can be understood as the energy gained by

a single DIET process, and 7,; is the parameter for the iteration of the DIET process in
the DIMET model.
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Chapter 2. Experimental

This chapter outlines experimental details of the apparatus used in this work,
principles of measurements, and data analyses. The UHV system is described in section
2.1. Then, the sample preparation for Ag(111) and the formation of Ag NPs are
mentioned in section 2.2. Section 2.3 and 2.4 describe the principle, experimental setup,
and data analysis of TPD, mass selected TOF, and PID measurements.

2.1. UHYV system

To study photochemical processes on the clean solid surfaces at the atomic scale, the
use of a UHV system was required. Thus, a UHV chamber was used in this study. It
consists of two chambers with cylindrical shape (diameter = 40 cm), which are vertically
separated by a gate valve. Both chambers are pumped independently by single turbo
molecular pumps. Both turbo molecular pumps are connected with a rotary pump which
achieves 10~ mbar. The lower chamber is also equipped with an ion pump and a Ti-
sublimation pump. Base pressures in the upper and the lower chambers are below 1x107'°
and 5x107'" mbar, respectively. The arrangements of the UHV devices in the two
chambers are displayed in Fig. 2.1. The upper chamber is equipped with an ion sputtering
gun, LEED/AES optics, a differentially pumped, multiplex QMS (HIDEN HAL/3F PIC)
with a skimmer (2 mm entrance) for TPD measurements, a Ag evaporator, and a quartz
micro balance. The lower chamber consists of a QMS (Balzers QMS311) with a liquid
nitrogen cooled shield for the ionizer for mass selected TOF. It also includes detectors for
2PPE and REMPI [80] which were not used and not shown here. On top of the upper
chamber, a sample manipulator consisting of a rotation stage, a Z-translator, and an x-y
stage was attached. Sample preparation and TPD measurements were performed in the
upper chamber and mass selected TOF was measured in the lower chamber.
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(B)

F)
A)
(D) m > F)

(©)

0)

(E)

(F)

F)

Fig. 2.1. Schematic drawing of the UHV chamber. Left: preparation (upper) chamber, Right:
measurement (lower) chamber. (A) sample, (B) LEED/AES, (C) Ag evaporator, (D) QMS for TPD,

(E) micro balance, (F) window, (G) Sputter gun, (H) QMS for mass selected TOF, (I) detector for
2PPE.
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2.2. Sample manipulation and preparation

A single crystal Ag(111) and NiAl(110) disks (10 mm in diameter, 2 mm thick) were
used in this study. The samples were mounted at the bottom of the cold head, coolable
with both liquid nitrogen and helium. Two crystals were supported in opposite surface
directions. Thus, the crystal for preparation or measurement can be chosen by rotating the
manipulator. The detailed sample installation, cleaning procedures, and Ag nanoparticles
growing method on alumina oxide are given in this section.

2.2.1. Ag(111)

The Ag(111) crystal was supported by a pair of tantalum wires (0.25 mm in diameter)
connected to the cold head. To enable spotwelding of the supporting wires with the Ag
sample, the edge of the Ag(111) crystal was tightly wrapped with a 2 mm wide tantalum
ribbon (0.1 mm thick) on which the wires were spotwelded. This is because a Ta wire
cannot be spotwelded directly on the edge of the Ag sample whose thermal conductivity
is too high. The sample temperature was measured by a Chromel-Constantan
thermocouple (type E, 0.08 mm in diameter) spotwelded to the Ta ribbon around the
crystal edge. The sample was heated by electron bombardment from a tantalum filament
(0.19 mm in diameter) near its back and could be cooled to below 30 K by liquid helium.
The sample surface was cleaned by repeated cycles of Ar” sputtering (500 V, 3 pA, 20
minutes) at 527 K and annealing to 723 K for 20 minutes. To obtain a mirror surface of a
newly polished Ag(111) crystal, it was crucial to sputter right after its first installation
into the vacuum (~10® mbar), before any heating or baking of the UHV chamber.
Otherwise, the surface turned milky and never became clear even after prolonged
cleaning cycles. The crystal structure was checked by LEED and the surface purity was
measured by AES and TPD of NO.

2.2.2. Ag Nanoparticles on thin alumina films

The Ag NPs used in this study were grown on an Al,O3/NiAl(110) substrate. The
NiAl sample was mounted in a similar way to that for the Ag (111) sample; the edge of
the NiAl(110) was directly spotwelded to a pair of supporting tantalum wires (0.25 mm in
diameter) connected to the cold head. A Chromel-Constantan thermocouple (type E) was
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also spotwelded to the crystal edge. The NiAl(110) surface was cleaned by Ar' sputtering
(1500 V, 5 pA, 60 minutes) at 700 K and annealing to 1250 K for 5 minutes.
Subsequently, the crystal was exposed to 4x10° mbar oxygen at 540 K for 15 minutes
and annealing at 1200 K for 2 minutes, which leads to an ordered film structure. The
oxidation procedure was repeated 3 cycles, resulting in a well ordered and smooth
structure of an alumina oxide film which consists of two aluminum-oxygen double layers
and whose thickness is close to 5 A [81-83].

After the oxidation, Ag atoms were subsequently deposited from an evaporator with a
molybdenum oven heated by electron beam acceleration (voltage: 800 V, emission
current: 10 mA, flux of evaporant: 1 pA). The deposition rate was calibrated before each
Ag evaporation by the quartz micro balance (~1 A per 90 s). A sticking coefficient of
unity was assumed like many other transition metals on clean oxides at room temperature
[84-86]. During evaporation, the sample temperature was kept at room temperature and
the sample was positively biased at a higher voltage than the electron beam voltage to
prevent the damage of the alumina oxide layer by Ag" formed in the evaporator.

The sample position for Ag evaporation had to be adjusted carefully, because the
diameter of the Ag atom beam (11.5 mm) was only slightly larger than the sample
diameter (10 mm). To achieve a uniform Ag distribution on the Al,O3/NiAl(110), AES
was used to monitor the coverage of deposited Ag to optimize the sample position for
evaporation. Fig. 2.2 shows results of Ag AES measurements as a function of distance
from the center of the sample after the sample position for evaporation was optimized.
Here Ag atoms are distributed on the whole sample surface. X and Z denote the distance
from the center of the sample along the horizontal and vertical directions, respectively.
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Fig. 2.2. Ag AES intensity as a function of the distance from the center of the sample
in the horizontal (left) and the vertical (right) directions.
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Fig. 2.3 STM (constant current
topography)
nanoparticles on an AlLO; film.
Ag was
temperature. Uy, = -2 V, average
thickness is 2 A. Reprinted from
ref. [87], Copyright (2002) with
permission from Elsevier.

image of Ag

depositied at room

It is known that Ag atoms deposited on a Al,O3/NiAl(110) surface form particles via
the Volmer-Weber growth mode. Fig. 2.3 displays an STM image of Ag nanoparticles
grown on the alumina film [87]. As interaction between Ag and the oxide film is weak,

Ag grows as 3D particles on defect sites such as domain boundaries or step edges.

Since the density of nucleation sites is known to be constant (= 4x10''/cm?), the
mean particle size can be varied by controlling deposition time. In Fig. 2.4 , the mean
particle size measured by STM is plotted as a function of the total amount of Ag

deposited at room temperature. It is proportional to the cubic root of the deposited Ag

atoms on the alumina oxide film. In the case of mean particle size > 10 nm, coalescence
of the particles is expected [88]. As the sticking coefficient and the particle density

decreased with increasing substrate temperature [28, 89], Ag deposition was always

performed at room temperature. The mean particle size was estimated by the plot in Fig.

24.

Mean particle diameter (nm)

|

1 1 " 1

0.3

0.6 0.9 1.2 1.5
Deposition (nm)

Fig. 2.4. Mean particle diameter
as a function of Ag deposition on
the AL, O3/NiAl(110). The closed
symbol is taken from STM
measurements by the Photon
STM group [90]. The data are
fitted to the cubic root of the
deposition (solid line) based on
the 3D growth mode,
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2.2.3. Adsorption of reactant molecules

The reactant gases, namely, NO, N,O, and Xe, were adsorbed on the sample surface
in vacuum after the preparation. The gases were introduced through a copper tube (~8
mm in diameter) ending about 3 cm in front of the sample and connected to a pulsed
valve (General Valve Corp.). Prior to gas dosage, the sample was flashed to room
temperature to remove contaminants (mainly CO, and H,O) and cooled down to
temperatures suitable for the respective gases. The sample temperature was kept constant
during dosage. The pressure in front of the sample was estimated to be in the order of 10~
mbar, whereas the background pressure during gas dosage was kept below ~ 2 x 107
mbar. This minimized the condensation of gases on the cold head. The gas dosage per
opening of the pulsed valve (for ~1 ms) was calibrated by measuring TPD peak areas of
adsorbates. Either by keeping the substrate temperature above the condensation
temperature of the gas or by controlling the number of gas pulses, a well-defined
monolayer (ML) of molecules/atoms was formed.

The purities of NO, N>O, and Xe gases were 99, 99, and 99.999 %, respectively. The
N,O and Xe gases were used without further purification. In contrast, the NO gas was
purified by a cold trap connected after the gas cylinder. The trap was cooled by a mixture
of ethanol and liquid nitrogen (-114 °C) and impurities such as N,O were removed.
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2.3. Temperature programmed desorption (TPD)

TPD measurement is a widely used and versatile technique to study adsorbate
coverage, adsorption species, surface-adsorbate binding energy, and so forth [91, 92].
The main concept is observing desorbed molecules from a surface when the surface is
heated.

The theory of this method can be explained as following. The desorption rate against
temperature is generally expressed by the Wigner-Polanyi equation,

_deins_v 9 Vl‘eX _Edes (2 1)
dt n ins p RTY .

where 6, is the instantaneous coverage, v, the frequency factor, n the desorption order,

ms

E . the activation energy for desorption, R the gas constant, 7, the surface temperature.

During TPD, the sample can be heated linearly by means of a computer control,

7,=1,+%,
‘ dt (2.2)

=T +pt

where S is the heating rate (K -s™").

In practice, four reaction types of desorption order are frequently observed. The
typical behaviors of zero-order desorption kinetics (# = 0) are having a common leading
edge for all initial coverages, a rapid drop after the desorption peak and a shift of peak
temperature with coverage. It has been commonly observed in thick multilayers. In the
case of first-order desorption (# =1), Redhead has derived an equation to estimate £, by

assuming coverage independent v, and £, [93]

E, = RTmax(ln—vlgna" - 3.64j 2.3)

where T, ,

. 1s the peak temperature. The typical features are that the desorption rate is
proportional to the instantaneous coverage, the peak temperature is constant with
increasing initial coverage, and the peak shape is asymmetric. Second-order desorption
(n=2) 1s observed for recombinative desorption. In this case, the desorption rate is

proportional to the square of instantaneous coverage, the peak temperature moves to
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lower temperature with increasing initial coverage, the peak shape is almost symmetric
and all coverages have common trailing edges. Finally, fractional-order desorption
(0<n<1) is occasionally observed. A characteristic property is that the peak
temperature shifts to higher temperature as the initial coverage is increased. It may
indicate cluster formation on surface.

It should be noted that TPD is a destructive measurement. The adsorbate sitting on a
certain adsorption site can be modified before thermal desorption or reaction during
sample heating, resulting in a loss of initial information before sample heating. To study
initial adsorbate states on the surface, other methods, e.g., IR spectroscopy, STM, SFG,
etc., should be used.

TPD was used for two situations throughout this thesis, i.e. pre-irradiation and post-
irradiation TPD. The pre-irradiation TPD was performed to investigate the initial
adsorbate coverage, adsorption species, and thermally induced chemical reaction. The
post irradiation TPD, on the other
hand, was wused to observe

reduced adsorbate  coverage, [ ' ' ' ' ' '
photoproducts on the sample _ (518 uA, 2,400 V)

surface, and modified surface g 6 - /® .
binding energy compared to those > )

) ) . o | (269 pA, 2,400 V)

in the pre-irradiation TPD. The 8 /@ P

QMS in the upper chamber for 24 9 pO 7
TPD is mounted to a linear % é@ /O

translator which allows it to move E ? O/O

to the sample and is differentially g 2 § O,o/ 7
pumped. Its entrance (2 mm) is o | / (150 A, 1,800 V)
smaller than the size of the laser § g
beam irradiated area on the O pd——— " §
sample. Thus, the signal from an (I, ' |2 ' :1 ' é
unirradiated region was Pressure (X10~ mbar)
minimized in  post-irradiation  Fig. 2.5. QMS signal intensity as a function of pressure.
TPD. (emission current, SEM voltage)

The QMS signal count can be
nonlinear at high desorption rate.
Thus, the QMS signal against N,O gas pressure was measured in a separate experiment,
which is presented in Fig. 2.5. In this study, emission current: 269 pA and secondary
electron multiplier (SEM) voltage: 2400 V of the QMS ionizer was used, and it was
confirmed that the desorption signal was in the linear regime throughout all of the TPD
measurements.

The sample temperature was measured by using an E-type thermocouple, which is
non-magnetic and suitable for low temperatures to high temperatures (<1200 K). The
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wire thickness (0.08 mm) was thin enough to neglect heat flow through it. The sample
temperature was feedback controlled and increased linearly at a rate of 0.5 K/s. The
measurement software has been programmed in a LabVIEW environment previously
(homemade data acquisition system developed by Kazuo Watanabe). The sample is
heated by electron bombardment from a tantalum filament near its back and could be
cooled below 30 K by liquid helium. The accuracy of the temperature reading was
investigated by TPD of mutilayers of xenon on the surface by comparing to ref. [94]. The
error was estimated +2 K at 60 K.

During TPD measurements, the sample was positioned ~ 0.5 mm in front of the QMS
skimmer. The distance of 0.5 mm was small enough to minimize signals from the sample
holder and rear side of the sample. The sample was biased at around -100 V to repel stray
electrons from the QMS ionizer which can cause electron beam damage of adsorbates.

Multiple mass numbers were observed quasi-simultaneously by multiplexing the
QMS signals. The relative sensitivity, for example, NO, N,, and N,O, were calibrated by
measuring the cracking patterns and the relative sensitivity for this QMS, which are
shown in Table 2.1. The signal intensities for N, N,O, and NO were measured in steady-
state pressure, 1x10” mbar by backdosing. The relative intensities of parent and fragment
signals depend on the ionizer conditions, such as emission current and SEM voltage. The
relative sensitivity for each molecule at the same pressure is calculated with respect to
NO. The cracking pattern of N,O was 100 : 14 : 4 for N,O, NO, and N,, respectively,
with emission current = 269 pA and SEM voltage = 2.400 V, for example.

Table 2.1. Relative QMS sensitivity and fragments under pressure = 1x10” mbar.
(emission current =269 nA, SEM voltage = 2.400 V)

Dosed Counts/second Relative
molecule N, N,O NO sensitivity
N, 529000 0 0 2.12
N,O 11500 280000 38000 1.12
NO 0 0 250000 1.00
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2.4. Investigation of photodesorption dynamics by
mass-selected TOF and PID

2.4.1. Principles

Photodesorption has been successfully explained by the MGR model [4, 63] or the
Antoniewicz model [9] as mentioned earlier. The translational energy distributions and
the photodesorption cross sections reflect the details of photodesorption dynamics and
intial adsorption states, etc. In this thesis work, mass selected-TOF and PID
measurements were used.

In the case of photodesorption initiated by a laser pulse, the velocity of a desorbed
molecule can be determined by measuring its flight time ¢ from the surface to the detector.
The basic idea of the TOF method is estimating the translational energy E; of the
desorbed molecule by the measured flight time # with an equation,

2

E =—mv

1
2

1 [LJZ
= —m| —

2 t

where m is the mass of the desorbed molecule, L the distance from the surface to the
detector. A QMS with an electron impact ionizer has been used to measure TOF spectra

(2.4)

throughout this thesis. The detected signal intensity, therefore, is proportional to the
density of the desorbed molecule. This means that faster molecules spend less time in the
QMS ionizer than slow molecules, resulting in less signal intensity. Thus, the TOF
distribution of desorbed molecules is different from the measured TOF spectrum. The
velocity distribution of desorbed molecules on the surface can be fitted by a flux-
weighted Maxwell-Boltzmann distribution in the functional form of [2, 45, 95]

f(v) oy’ exp(— b(v— vo)) (2.5)

where v, is a shift from Maxwellian, which is zero for the molecules produced by a

supersonic free jet expansion. For the TOF spectra measured with a QMS with an
electron impact ionizer, a modified flux-weighted Maxwell-Boltzmann functions for the
TOF distribution is used;

g(0) o % )= t%exp[— b - mj 2.6)
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where a, b are the parameters for amplitude and spread, respectively. The 1/¢ in equation
(2.6) stems from the speed of molecules in the ionizer, which is mentioned above. The
desorption flux and the mean translational energy <E> can be obtained by numerical
integration of the fitted function. The translational temperature 7, is expressed by
T—=<E>/2kg, where kg is the Boltzmann constant.

The term PID is used for measurements in which the time evolution of the total
photodesorption signal (at a single mass number) integrated by flight time is studied. The
signal intensity in PID measurements can be assumed to be proportional to the coverage
of photoactive adsorbates. If there are only single adspecies and a single photodesorption
pathway, the rate of PID signal change corresponds to the photodesorption cross section.
The procedure of the PID data analysis will be presented below.

2.4.2. Setup for mass selected-TOF and PID measurements

The optical setup and data acquisition for the TOF measurement is represented in Fig.
2.6. Nanosecond and femtosecond laser pulses have been alternatively used. Two PMTs
are adopted for laser pulse detection, which are connected to Quad CFDs to produce
accurate timing information from analog signals of varying heights but the same rise time.
PMT1 is assigned to start pulses for a multichannel scaler (FAST MCS 7882), and PMT2
is used for the shutter drive.

The laser beams were introduced to the UHV chamber through a magnesium fluoride
viewing port. The incident angle of the laser beams is usually 45 degrees from the surface
normal, but it is varied by rotating the manipulator when it is necessary. The frequency of
photoirradiation was reduced from 1 kHz (the repetition rate of the femtosecond laser) to
50 Hz so that the data acquisition system can follow all the photodesorption events. The
master clock of the regenerative amplifier was divided by five with a TTL frequency
divider, and its output triggered an optical chopper (New Focus Model 3501, with a
modified wheel) with a 20:1 rate, resulting in a 100:1 division in total.

Photodesorbed molecules were detected for each laser pulse by the QMS in the lower
chamber in pulse counting mode. The signal pulse (Fast NIM) from the LN, cooled QMS
was sent to an ORTEC preamplifier to amplify with very fast rise times and was
distributed to a ORTEC 100 MHz discriminator for noise filtering, which had two kinds
of output, Fast NIM and TTL pulse. The TTL pulse was counted by a LOG/LIN
ratemeter, and the Fast NIM pulse was used as a stop pulse for the MCS 7882 to
determine the mass selected TOF. The distance between the sample surface and the exit
of the QMS ionizer, the flight length of neutral desorbates, was ~19 cm.



- 30 - 2.4 Investigation of photodesorption dynamics by mass-selected TOF and PID

Balzers QMS 311 Controller | —
(@]
o | | QMS Balzer ———»| ORTEC VT120 Preamplifier
ignal
v
UHV ORTEC 436 100MHz Discriminator
() *
Ve LOG/LIN
7 Ratemeter
Stop
Q MCS 7882 (2 ps)
P | Start
7’
Quad CFDs
Shutter .
y
Shutter driver NI DAQ PCI-6229
PMT2
Nd:YAG GCR-190 o ..
(532 nm, 355 nm, 266 nm) Z
Excimer LPX140i (308 nm) 2

Optical Chopper
Ti:Sa SHG (400 nm, 110 fs)

Fig. 2.6. Optical setup and data acquisition system for mass-selected time-of-flight
measurements.

2.4.3. Laser system

For photodesorption measurements the sample surface was irradiated with the output
from nanosecond lasers or a femtosecond laser. In the case of nanosecond-laser induced
desorption, the second (532 nm, 2.3 eV), the third (355 nm, 3.5 e¢V), and the fourth (266
nm, 4.7 eV) harmonics of a Nd:YAG laser (Spectra Physics GCR-190) and the output of
a XeCl excimer laser (4.0 eV, Coherent Lambda Physik LPX140i) operating at 10 Hz
were used. The polarization of the light from the former was chosen by rotating the
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harmonic generator housing. The light from the latter was non-polarized. The laser beams
were introduced to the UHV chamber through a MgF viewing port. The transparency of
the viewing port was measured at normal incidence angle for each laser beam, and the
results are shown in Table 2.2. The transmittance is defined as transmitted laser intensity
/ input laser intensity. Since transmittance at normal incidence is polarization independent,
the results are used to estimate PCS for each wavelength in p-, s-, and non-polarized laser
irradiation.

The nanosecond laser beam from the Nd:YAG or XeCl excimer laser was expanded
threefold using a telescope in order to use only the center of the Gaussian beam profile, in
order to avoid nonuniform coverages over the irradiated spot during irradiation. The
incident angle of the laser beam was 45 degrees from the surface normal. The beam size
was set to 7 mm by an iris so that only the sample surface was irradiated.

To generate femtosecond laser pulses, a two-stage regenerative amplifier system
(Spectra Physics Spitfire, beam energy ~2 ml/pulse at 800 nm, pulse width ~80 fs,
repetition rate of 1 kHz) was used. It was seeded by a Ti:Sapphire laser (Tsunami)
pumped by a Millenia diode laser, and pumped by two pulsed Nd:YLF lasers (Merlin).
The second harmonic pulses (400 nm, ~ 110 fs) were generated by a BBO crystal from
the output of Spitfire and were then separated from the fundamental beam by a dichroic
mirror. The second harmonic beam was directed on to the sample after being trimmed to
2 mm in diameter by an iris without expansion by a telescope in order to achieve higher
laser fluences.

Table 2.2. Transmittance of viewing port at normal incidence for different wavelengths. The

transmittance is defined as transmitted laser intensity / input laser intensity.

Wavelength (nm) 532 400 355 308 266
Transmittance (%) 943 910 90.6 87.7 81.0
2.4.4. Ton drift time

The measured TOF consists of the flight time of neutrals between the sample and the
ionizer and that of ions between the ionizer and the detector (channeltron). To obtain
information about the kinetic energy of desorbates, the neutral flight time must be
extracted from the total (measured) flight time by subtracting the ion flight time. Fig. 2.7
shows a schematic diagram of TOF measurements of photodesorbed molecules from the
sample surface. The sample covered with adsorbates is irradiated by a laser pulse. Neutral
desorbates fly to the QMS with a certain kinetic energy and are ionized at the ionizer
(shown as a rectangle). Then they are accelerated and mass-selected by the quadrupoles.
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The flight time (length) from the sample
surface to the end of ionizer is denoted
as T, (Ln: ~ 19 cm), and the ion drift
time (length) from the end of the ionizer
to the detector is expressed by 7 (L;).
Thus, the measured flight time T}, is a
sum of 7T;, and 7;. The laser pulse width
(~ 10 ns or ~ 110 fs) is negligibly short
compared to the typical flight time T},
(> 10 ps) and not considered.

The translational energy of the
desorbates at the detector is written as

2
E :lm(%j —E +IE (2.7

i

where m is the mass of the desorbate, £,
the kinetic energy of the neutral
desorbate, and I[E the acceleration
energy after ionization. Therefore, the
ion drift time ¢ can be written as:

_ m
t =1L /—Z(E,, TR (2.8)

Fig. 2.8 shows calculated ion drift
times of NO and Xe as a function of
total flight time (measured flight time)
at I[E = 30 eV (field axis = 50 V, grid =
80 V). The Li (~ 022 m) was
determined by a separate measurement
with directly dosed gas into the chamber
(En = 0). The higher the initial kinetic
energy of desorbates, the shorter
becomes the ion drift time. The ion drift
times are almost constant over 50 and
150 ps for NO and Xe, respectively.

Fig. 2.7. Configuration of TOF measurements. L,
and L; denote distance from the sample surface
(center) to the end of ionizer and from the end of
ionizer to the detector, respectively.
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Fig. 2.8. Ion drift time # as a function of total flight
time. It depends on the initial kinetic energy and
mass of the desorbed molecules.
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2.4.5. Analyses of TOF spectra and PID data

All the measured TOF spectra were corrected considering the ion drift times
mentioned above. The neutral flight time #, is expressed with a constant /E =30 eV,

tn:tm_ti:tm_l’i ’ 2
2 lm(L”j +30eV (2.9)

The desorption signals as a function of ¢, (raw data) and ¢, (corrected data) are
compared in Fig. 2.9. The raw data is peaked at ~200 us, and the peak of the corrected
spectrum is shifted by ~15 us to earlier time. This is derived from the curve in Fig. 2.8. It
should be noted that all TOF spectra appearing in this thesis are plotted as a function of

flight time of neutral desorbates.
The corrected TOF spectra were fitted by a sum of the modified flux-weighted

Maxwell-Boltzmann functions given in equation (2.6) in order to estimate the
translational temperature of the desorbed molecules. The TOF spectra often show a long

T T T T T T T
> 4 - Corrected data 1
5 %> | Rawdata
z ;2w
5 3 T\ :
3 o
=S e v ';a;%
7 28
2 2t o o .
S .o "%
a 5
O ® O N @
3 1k 2 *
D ® O
7
- Y I
0 J . | | | -
0 100 200 300 400 500

Time of flight (us)

Fig. 2.9. TOF of NO from NO dosed at 75 K on Ag(111) by using 4.7
eV, p-polarization. The data is accumulated from the 1% to 4,000™ laser
shot. Raw data is shifted to earlier time because of ion drift time

subtraction.
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tail, in addition to the main peak(s). In such a case, an additional Maxwell-Boltzmann
function is used to fit the tail. It is attributable to secondary processes among
adsorbates/desorbates or multiple scattering near the QMS ionizer, for example. Its
translational temperature is usually lower than the thermal desorption temperature of the
adsorbate on the surface and its origin is discussed in this thesis.

Fig. 2.10 displays a fitting result of the corrected TOF spectra shown in Fig. 2.9 with
a sum of two modified flux-weighted Maxwell-Boltzmann functions. The sum of the two
functions is shown by the blue solid curve. The mean translational energy <E> is
calculated by the numerical integration of the fitted function using software programmed
in the Excel VBA environment based on the fitted parameters in equation (2.6). The
translational temperature 7; is calculated by the relationship 7i\=<E>/2kg, where kg is the
Boltzmann constant.

The PCS is defined as the overall cross section of photoinduced processes of the
reactant including desorption, dissociation, and site conversion, etc. This definition is
based on the fact that the decay of PID data represents the loss of the reactant. It is
obtained by fitting the PID data to either a mono-exponential or a bi-exponential function.
If photodesorption is the only reaction pathway, the photodepletion cross section is equal
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| — Corrected TOF distribution |
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'CEG I Modified flux-weighted ]
‘_c; Maxwell-Boltzmann function
c 2} 880 K _
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e
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Fig. 2.10. Fitting of TOF distribution after flight time correction with two
modified flux-weighted Maxwell-Boltzmann functions. The Blue solid
curve represents the sum of two contributions.
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to the photodesorption cross section.
Fig. 2.11 displays an example PID data measured from NO/Ag(111), fitted with a
single-exponential function,

Y=Aexp(— aNph) (2.10)

where Y is the desorption signal, N,y the irradiance (photons/cm?), A the intensity, and o
the photodepletion cross section 14.6 x 10'® cm”. The data was fitted from the desorption
signal driven by the first laser shot to 50% of the maximum desorption signal.

Data: Data7_B

Model: ExpDecayl

Equation: y = y0 + Al*exp(-(x-x0)/t1)
Weighting:

4 y No weighting |
Chin2/DoF =5224.78345
R"2 = 0.99489

yo 0 +0
3L X0 01 40 4
Al 481565831  +35.25859
tl 2.87072+0.06368

Desorption signal (arb. units)

0 H . 1 . 1 . 1 . ]

10 15 20
Time (sec.)

o
4]

Fig. 2.11. PID curve of NO from NO dosed at 75 K on Ag(111).
The curve is obtained from integrations of desorbed molecules
in the TOF spectra for 2 ms by single laser pulse, 266 nm, p-
polarization. The data is fitted with a single exponential until
50% of the maximum desorption signal.
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Chapter 3. Thermal- and photoreactions
of NO and N,0 on Ag(111)

This chapter presents thermal- and photoreactions of NO on Ag NPs as well as
Ag(111), and those of N,O on Ag(111). The first section deals with thermal and
photoreactions of NO dimers and NO monomers on Ag(111). Their electron affinity
levels, photodesorption dynamics, photoreaction cross sections, and reaction pathways
are investigated. Photochemical formation of both N, and N,O from NO dimers on
Ag(111) have been observed by photoirradiation at > 2.3 eV. To elucidate the formation
mechanism of N, thermal- and photoreactions of N,O on Ag(111) have been investigated.
Thus, section 3.2 presents angle-resolved photodesorption measurements of N, and N,O
from a N,O monolayer on a Ag(111).

3.1. Thermal- and photoreactions of NO on Ag(111)

This section presents thermal and photochemical reactions in NO dimer and
monomer layers on Ag(111) investigated by TPD, mass-selected PID and TOF
measurements. The adsorption states of the NO species were controlled by dosing
procedures and annealing temperatures. Their different photoreactivities were further
differentiated by photon energy dependent measurements (2.3 — 4.7 e¢V). While NO
dimers are by far the most photoreactive species, NO monomers are shown to be
photoreactive as well. Furthermore, direct photochemical formation of N, with a very
high 7; (~ 5700 K) has been observed for the first time as well as N,O in photoreactions
of NO dimers on Ag(111) induced by irradiating with photon energies > 2.3 eV. We
propose that this reaction occurs via the simultaneous cleavage of the two N-O bonds
followed by the formation of a N-N triple bond of N,, and can be regarded as mutual
abstraction of the N atom from each nitrosyl in (NO),. Photochemical interconversion



-38 - 3.1 Thermal- and photoreactions of NO on Ag(111)

processes between NO dimers and monomers are identified and their significance in the
analysis of NO photodesorption is discussed. The photon energy and polarization
dependences of the action spectrum of NO photodesorption from NO dimers are shown to
be fully understandable by the hot electron yield at the surface. These results clear up
some open or controversial points in previous publications and will serve as a reference
for an investigation of the same process on Ag nanoparticles for Chapter 4.

3.1.1. Introduction

Photodesorption of NO from metal and semiconductor surfaces has been widely
studied owing to the importance of NO as a key molecule in many heterogeneous
reactions [96-99]. Because of its particular suitability for state-resolved laser
spectroscopic methods [2], very detailed understandings of photoexcitation mechanisms
and microscopic desorption dynamics have been obtained for NO chemisorbed on a
number of surfaces, for example, Pt [52, 53, 100], NiO [101-104], Pd [65, 105] and Si
[106-109]. At low temperatures (below ~ 80 K) NO forms metastable dimers on several
solid surfaces [110]. When dimers and monomers coexist, it is essential to distinguish
their contributions to photo- and thermal reactions because they possess very different
chemical properties.

The complex adsorption structures and thermal reactions of NO on Ag(111) have
been studied in detail before. Fig. 3.1 summarizes the adsorption structures of NO [111,
112] and relevant thermal reaction pathways [113] as a function of surface temperature.
Below 65 K NO exists as a monomer at low coverages; it condenses to form 3D clusters
or multilayers of dimers at higher coverages. Above this temperature a monolayer (ML)
of NO dimers are formed [114] in four phases labeled as ¢, £ y Jin Fig. 3.2 [112]. It has
been found that the structure a is the least prevalent, while the structure ¢ is dominant,
covering roughly half of the surface. Above 77 K some of the NO dimers, (NO)x(a),
dissociate and form N,O(a) and O(a). NO dimers in the a~, -, and o~phases decompose
at 94 K, leading to desorption of NO(g) and N,O(g) [113]. Here and in the following, (a)
and (g) denote adsorbates and desorbates, respectively. Above 77 K, B-phase NO dimers,
NO(a) perturbed by O(a), and disordered N,O(a) and O(a) coexist. At 120 - 125 K,
N,O(a) stabilized by O(a) desorbs. This desorption temperature of the N,O formed from
the reaction of NO on Ag/Ru(0001), which reaches the same behavior as on Ag (111)
[115], is higher than N,O adsorbed on a clean or oxygen-covered surface [116].
Ludviksson et al. [116] speculate that NO, which interacts with N,O causes higher
desorption temperature of the N,O from NO dimer. Carlisle and King [112], however,
observed an absence of any other species in the STM images whereas the ringlike
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Fig. 3.1. A summary of reactions and structures of NO on Ag(111) as a function of temperature,
derived from TPD [113] and STM studies [112].

structures of an oxide after heating to 130 K for 5 minutes, leading to desorption of the
N,O and any remaining NO. Thus, they concluded that optimized interactions between
N>O and O atoms in well ordered phases leads to a high desorption temperature of N,O
formed from the reaction of NO on the Ag surface. The fphase NO dimers decompose
into N2O(g) + O(a) at 120 - 125 K. Some N,O desorbs at ~ 200 K from defect sites [113].
At ~ 400 K NO(a) perturbed by O(a) finally leaves the surface. At ~ 600 K, remaining
oxygen atoms desorb associatively as O,.

The photochemistry of NO on Ag(111) has been investigated by several groups.
Natzle et al. studied photodesorption of NO from thick condensed films of NO (up to
2000 MLs) at 25 - 50 K, where the interaction with the Ag(111) substrate was
negligible[117]. Photochemistry of submonolayer NO on Ag(111) and on Cu(111) at 80 -
85 K were studied in detail by Ho and coworkers [62]. They measured photodesorption
cross sections of NO and of the photoproduct N,O for a range of photon energies (2.1 -
4.8 eV). Meech and coworkers [49] measured action spectra (initial photodesorption yield
as a function of photon energy) of NO photodesorption and explained them in terms of
substrate mediated excitation mechanisms via the polarization dependence — i.e. transfer
of hot electrons created in the substrate into an affinity level of the adsorbate and
momentum transfer to the desorbing species in the resulting transient negative ion [2] -
using a phenomenological model assuming two adsorbate attachment levels located at 1.2
and 3.9 eV above the Fermi level. Later [113] they investigated the photodesorption
dynamics and the photochemistry of NO on Ag(111). Depleting the NO dimers by
sample annealing, they showed that NO monomers are also photoactive though less
efficiently than NO dimers, and that NO is photodesorbed with higher kinetic energy
from the monomer than from the dimer.

Recently, Nakamura and Yamashita [118] studied the photodesorption mechanism of
NO on Ag(111) using density functional theory (DFT) and a nonequilibrium Green's
function approach. They could reproduce the action spectrum measured by Meech and
coworkers [49] reasonably well by considering NO dimers as the photoreactive species
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Fig. 3.2. STM images of the four
phase structures of NO dimers on
Ag(111) at 77 K. Each dimer
appears as an elongated bright
feature. All were recorded with a 1
V bias and a 1 nA tunneling
current. (a) A 30 A x 30 A area
with a local coverage of 0.125 ML
of (NO),. (b) A 33 A x 33 A area
with a local coverage of 0.25 ML of
(NO),. (¢) A 30 A x 30 A area with
a local coverage of 0.25 ML of
(NO),. (d) A 44 A x 44 A area with
a local coverage of 0.25 ML of
(NO),. (Reprinted with permission
from ref. [112]. Copyright 2001
American Chemical Society.)

whose calculated resonant level was located at 2 eV above the Fermi level. However, the
calculated resonance level for a hypothetical NO monomer (0.6 eV above the Fermi
level) was too low to account for the measured action spectrum. This led them to
conclude that the NO dimer is the only photoactive species.

In this section, we reexamine the photochemistry of NO on Ag(111) in the range
between 2.3 and 4.7 eV. Our main incentive comes from our interest in photochemistry
on metal NPs for comparison. A detailed quantitative knowledge of NO photodesorption
on Ag(111), obtained by using the same techniques and procedures, is essential as the
principle comparison point in this work to assess the changes induced by the small and
varied size of the particles. At the same time we wanted to clear up the mentioned
discrepancies between previous works. To achieve this we carried out measurements in
which we control the adsorption states, for which photodesorption is measured, by the
substrate temperature used for preparation.

In the present study, NO was dosed at 75 K on the Ag(111) sample cooled by liquid
helium so that only a ML of NO dimers was formed. This is in contrast to the previous
photochemistry experiments [49, 62, 113] in which liquid nitrogen was used for cooling
and typical sample temperatures were between 80 and 90 K resulting in mixtures of NO,
(NO),, N,O, and O on the surface (Fig. 3.1) prior to photoirradiation. A monolayer of NO
monomers was prepared by heating the NO dimer layer to 130 K to desorb all the NO
dimers and N,O. Photoreactions of NO dimers and monomers were then investigated on
these NO layers at ~ 30 K (base temperature) and 130 K, respectively. The use of these
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substrate temperatures enabled to be distinguished and compared the photoreactivities of
the NO dimer and the monomers.

The reactivity was measured by using the decay of the PID signal at several photon
energies (2.3 — 4.7 eV). It will be compared to the calculated surface absorbance as well
as to the action spectra in the literature. We confirm that NO monomers are also
photoactive. Photodesorption dynamics of NO from both NO dimers and monomers were
monitored and distinguished by mass selected-TOF. Photochemical interconversion
between dimers and monomers, (NO),(a) <> 2NO(a) is revealed by combining TPD and
mass selected-TOF data.

3.1.2. Experimental

Pre- and post-irradiation TPD, mass selected TOF, and PID measurements have been
performed to investigate thermal- and photochemistry of NO on Ag(111). The sample
was dosed at 75 K with NO gas to the saturation coverage, then subsequently cooled
down to ~ 30 K for studying of the NO dimer on the surface or heated up to 130 K,
holding the sample at this temperature for investigation of the NO monomer on the
surface. The dosing temperature of 75 K was chosen to avoid thermal reactions of NO
dimers at the higher temperatures and the condensation of NO at the lower temperatures.
The second (2.3 eV), the third (3.5 eV), and the fourth (4.7 eV) harmonics of the
Nd:YAG laser and the output of the XeCl excimer laser operating at 10 Hz were used.
The incident angle of the laser beam was set to 45 degrees from the surface normal.
Experimental detail and data analysis are described in Chapter 2.

3.1.3. Thermal reaction and photodesorption of NO on Ag(111)

Pre- and post irradiation TPD of NO

Fig. 3.3 (a) and (b) show the pre- and post-irradiation TPD results from Ag(111)
dosed with NO at 75 K to the saturation coverage measured at mass numbers m/e = 30
and 44, respectively. The post-irradiation TPD spectra were measured after the
photodesorption signal of NO had decreased nearly to the detection limit: The required
total irradiances were ~ 2.0x10", 1.4x10"°, and 1.1x10" photons/cm2 at 2.3, 3.5, and 4.7
eV in p-polarization, respectively.
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Fig. 3.3. TPD results from Ag(111) dosed with NO at 75 K to the saturation
coverage before and after irradiation, measured at mass numbers m/e=30 (a) and
44 (b). The thick solid curves show the data before irradiation. The thin solid, the
dashed, and the dotted curves correspond to the results after 2.3, 3.5, and 4.7 eV
irradiation in p-polarization, respectively.

The pre-irradiation TPD spectrum at m/e = 30 (the thick solid curve) consists of three
peaks at ~ 97, 115, and 400 K. Although NO (m/e = 30) was dosed at 75 K, the
desorption signal started at ~ 65 K, suggesting structural rearrangements after dosage
during sample cool-down. The peak at ~ 97 K originates from dissociation of (NO); to
emit NO. The peak at 115 K is not due to NO desorption but stems from cracking of
desorbing N,O in the ion source. The broad feature peaked at 400 K starting from ~ 320
K and ending at ~ 500 K is assigned to desorption of NO monomers perturbed by O
atoms [113]. In the pre-irradiation TPD result at m/e = 44, two peaks at ~ 97 and 116 K
are observed. Both originate from N,O formation from NO dimers: the former stems
from the @, », o-phases and the latter from the [(-phase (see Fig. 3.1). The relative
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Table 3.1. Relative desorption yields in pre- and post-irradiation TPD of Ag(111) dosed with NO at
75 K (1 ML = the saturation coverage of NO). The numbers in parentheses are desorption peak
temperatures.

Eﬂ;’:‘m Polari | Total NO-a NO-B N,0 N,
vy | zation | ML | (=97~ 115K) | (~400K) | (=97.~116K) | (~53K)
wa | na | 1.00 0.39 0.15 0.46 0.00
23 P | 040 0.04 0.15 0.20 0.00
35 p | 03 0.03 0.09 0.20 0.00
40 | non | 0.19 0.013 0.013 0.17 0.05
47 p | 015 0.007 0.007 0.14 0.06

desorption yields (8 ;) of NO from the dimers (hereafter NO-o), NO from the monomers
(hereafter NO-B), N,O, and N, as well as their peak temperatures are summarized in
Table 3.1. The 8, before irradiation were 0.39, 0.15, and 0.46 ML for NO-a, NO-f3, and
N,O, respectively. Note that the relative yields were calculated with respect to the total
amount of N atoms on Ag(111) saturated with NO molecules at 75 K (8,= 1.00 ML); the
64 of N,O appears larger than the observed peak intensities at m/e = 44, as an N,O
molecule contains two nitrogen atoms. It should be noted that as much as ~50% of the
initially adsorbed NO dimers preferentially desorb as N»O in pre-irradiation TPD.

The post-irradiation TPD results of NO show marked photon energy dependence.
With 2.3 eV photon irradiation (thin solid curves), the NO-a peak at ~ 97 K is reduced to
6 .= 0.04 ML whereas the NO-3 peak at ~ 400 K is almost unchanged (6 ,= 0.15 ML).
The N,O peak (m/e = 44) at ~ 97 K has disappeared and the amount of N,O is reduced
almost by a factor of two (€, = 0.20). At hv = 3.5 eV, the total amount of nitrogen
atoms is decreased by A@,; = 0.08 ML compared to that at v = 2.3 eV. This reduction is
mainly due to the decrease of the NO-f peak. At ~Av= 4.0 eV (not shown) and 4.7 eV,
NO-a and NO-3 were almost totally removed, but the N,O peak remained (€, = 0.17
ML and 0.14 ML, respectively) and shifted to ~100 K. At 4.7 eV, an N, desorption peak
(64 = 0.06 ML) at 53 K was also observed (not shown). The formation of N is
attributable to photodissociation of the photoproduct N,O, which has been confirmed by
separate post-irradiation TPD measurements of N,O/Ag(111) (See section 3.2).

It should be noted that the areas of the NO-a, the NO-f3, and the N,O peaks do not
indicate the coverages of NO dimers, monomers, and N,O before the TPD measurement.
Thermal conversions of NO species occurring in the TPD measurements lead to loss of
information about the initial coverages and adsorption states. For example, the
photoproduct NO(a) reacts to form (NO),(a) thermally; even though NO dimers were
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depleted by irradiation, the NO-a peak appears due to this reaction. This suggests that
some NO(a) can also contribute to the N,O peak by the reaction (NO), — N,O+O.

In spite of the complexity due to the thermal reactions of NO species, the post-
irradiation TPD revealed another photoreaction channel of NO(a). On Ag(111) dosed
with NO at 75 K and annealed to 300 K, an N,O peak was observed in post-irradiation
TPD after 4.7 eV irradiation. In contrast, this peak did not appear without irradiation. As
both NO dimers and N,O are depleted by annealing to 300 K, the formation of N,O can
only be explained by a photoreaction of the NO monomers, 2NO — N,O+O.

Finally, we compare our post-irradiation TPD results with those of Meech et al. In
the latter, the NO-B peak persisted even after irradiation with 4.3 x 10" photons/cm® at
4.7 eV [113] whereas we found that it disappeared after prolonged irradiation at 2v > 4.0
eV. There is also a difference in the post-irradiation TPD of N,O. No shift of the N,O
peak was observed between pre- and post-irradiation TPD in Ref.[113], whereas the peak
shifted from ~115 K to ~100 K in our case. The downshift of the N,O peak indicates a
reduction of the coverage of oxygen atoms; N,O on a clean Ag(111) desorbs at ~ 80 K
whereas the N,O peak is shifted to ~ 120 K after photodissociation of N,O into N, and O
(See section 3.2). These differences between Meech’s and our post-irradiation TPD may
have resulted from the different sample temperatures during gas dosage and
photoirradiation.

Photoinduced desorption of NO

Fig. 3.4 displays PID signals of NO (30 amu) from NO adsorbed on Ag(111) at 75 K,
measured at hv= 2.3 eV (triangles), 3.5 eV (squares), and 4.7 eV (circles) in p- (solid
symbols) and s-polarization (open symbols), respectively, up to a total number of photons
of 1.6x10'™ cm™, in a logarithmic scale. The signal intensities were normalized by the
number of photons per pulse (per-shot irradiance) for comparison. With increasing
photon energy, the PID intensities increase, and decay faster. At hv=2.3 eV, the slope of
the PID signal is almost constant; it can be fitted to a single exponential decay function.
In contrast, at ~v = 3.5 and 4.7 eV, the decay slows down as the number of photons is
increased. PID measurements of NO dimers (60 amu) were attempted, but no signal was
observed.

Fig. 3.5 presents PID results of NO measured at #v= 4.7 eV in p-polarization from
Ag(111) covered with differently prepared NO adsorbates. The small solid circles show
the PID result from Ag(111) dosed with NO at 75 K, which is identical to that in Fig. 3.4.
The open squares correspond to PID from Ag(111) dosed with NO at 85 K. With the
dosing temperature at 85 K, the initial intensity of the fast decaying component is reduced
to 55% of that of 75 K dosing, whereas the slow component is almost unchanged. This
change is attributed to thermal decomposition of NO dimers to form N,O and O at 85 K
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Photo induced desorption signal (arb. units)
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Fig. 3.4. PID results of NO from Ag(111) with the saturation coverage of NO
dosed at 75 K measured at hv = 2.3 eV (triangles), 3.5 eV (squares), and 4.7 eV
(circles), in p- (filled symbols) and s- (open) polarizations, respectively.

(see Fig. 3.1). The large solid circles show a PID result from Ag(111) dosed with NO at
75 K and subsequently annealed to 300 K to deplete NO dimers and N,O. In this case,
only NO monomers should contribute to the PID signal, which decays linearly at the
same rate as the slow component in the other cases.

The photodepletion cross section (PCS) of NO at different photon energies, i.e., the
cross sections derived from the decay of PID signal with irradiation, is summarized in
Table 3.2. Note that the PCS is the overall cross section of photoinduced processes of the
reactants which lead to a decrease of their concentrations, including desorption,
dissociation, and site conversion, etc. Obviously, the PCS can be changed with
progressing photoreaction. If photodesorption is the only reaction pathway, the PCS is
equal to the photodesorption cross section. Limiting values are obtained by fitting the
PID data to either a single-exponential or a bi-exponential function.

In fitting by a single-exponential function, data from the desorption signal driven by
the first laser shot to 50% of the maximum desorption signal were fitted by the formula,
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Photo induced desorption signal (arb. units)
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Fig. 3.5. PID results of NO from Ag(111) measured at hv =4.7 eV in p-
polarization for the saturation coverages of NO formed at 75 K (small
solid circles) or 85 K (open squares); and at 75 K followed by
annealing to 300 K (big solid circles), respectively.

Y= Aexp(— oN ph), where Y is the desorption signal, Ny is the irradiance (photons/cm?),

A the intensity, and o the PCS. The signal in the initial decay originates mainly from NO
dimers as discussed above. Therefore, the PCS obtained by the single-exponential
function can be regarded as those of the NO dimers.

At hv > 3.5 eV, the PID decay deviates from a single-exponential function and must
be fitted at least by a bi-exponential function, ¥ =4, exp(— o,N ph)+ A, exp(— o,N ph),

where Ay and A, are the intensities, and oy and o; the PCS of the fast and the slowly
decaying components (oy > o), respectively.

The fitted values of o and oy are close to each other. Therefore oy can also be
regarded as the photoreaction cross section of the NO dimers. However, caution is
necessary for the interpretation of o. It cannot be simply taken as the photoreaction cross
section of the NO monomers because the bi-exponential fitting is only phenomenological;
it assumes that some NO monomers exist already at N,, = 0, which is not the case under
our experimental conditions (Ag(111) dosed with NO at 75 K), where only NO dimers
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Table 3.2. Photodepletion cross sections of NO from Ag(111) dosed with NO at 75 K. (Unit: 10
2
cm’)

Cross Section, o Cross sections (Bi-exponential fit)
Photon .
. (Single-
Energy Polarization i
V) exponential fit to Fast, o, Slow, o
50% decay) 4 *
)3 P 0.86 N/A N/A
' S 0.39 N/A N/A
P 3.9 4.5 0.17
3.5
S 2.8 2.8 0.083
4.0 Non 6.3 5.8 0.11
P 15 16 0.33
4.7
S 12 12 0.30

exist before irradiation. The coverage of NO monomers will initially increase with N, by
photodissociation of NO dimers, (NO), — 2NO, and then decrease with the depletion of
NO dimers. Also, the bi-exponential fitting does not include photoinduced association,
2NO — (NO),. However, this reaction path is minor compared to others and can be
disregarded here.

No PID signal at m/e = 60, i.e., of NO dimers was observed from the pre-annealed
Ag(111) at hv=4.7 eV. This suggests that all NO dimers dissociate before desorption, or
that all photodesorbed NO dimers are dissociated before being detected by the QMS.

Mass selected time-of-flight of NO

The 7; and the yield of photodesorbed NO were measured by the mass selected TOF
method. Fig. 3.6 shows the TOF spectra of NO from Ag(111) dosed with NO at 75 K and
irradiated with 3.5 eV photons in p-polarization. The traces (a), (b) were measured for the
numbers of laser shots (accumulated numbers of photons, x 10" cm™) between the 1st
and 100th (0.03 — 3), and between the 1001st and 1500th (33 — 49), respectively, and
normalized by the irradiances. The shift of peak time of the TOF spectrum to shorter
times at larger irradiance is noticeable. The spectra were deconvoluted by two shifted
Maxwell-Boltzmann distributions (see details in Chapter 2) and the 7; were calculated for
the fast (slow) component, yielding 660 K (41 K) and 890 K (82 K) for traces (a) and (b),
respectively. The relative fluxes of the fast and the slow components are 0.88 : 0.12 and
0.85 : 0.15 for traces (a) and (b), respectively. The fast component is relevant to
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Fig. 3.6. Time of flight spectra of NO photodesorbed from Ag(111) hy = 3.5 eV in p
polarization with a laser fluence of 1.8 mJ/cm” accumulated for numbers of laser
shots (accumulated number of photons, x10"® cm™): (a) 1 - 100 (0.003 - 0.3) and (b)
1000 - 1500 (3.3 - 4.9), respectively. The intensity of trace (b) was magnified by 4
times and shifted for clarity. The thick curves are the best fit by the sum of two
shifted Maxwell-Boltzmann functions (thin curves). The dashed line is to guide the
eye.

photodesorption of NO, whereas the slow component is attributable to secondary
processes such as collisions among adsorbates/desorbates and with the walls of the flight
tube. Laser induced thermal desorption should be negligible for the irradiance used in this
measurement (1.8 mJ/cm?). The speed ratio [95] S was found to be 1.2 for trace (a) and
0.86 for trace (b), which indicates that the fast component in trace (a) is broader and that
in (b) is narrower than the normal Maxwell-Boltzmann distribution (S = 1), respectively.
Fig. 3.7 displays the evolution of 7; of the fast component in the TOF spectra of
photodesorbed NO as a function of the number of photons (N,;) at various photon
energies. The solid, open, and half symbols correspond to p-, s-, and non-polarized light,
respectively. The small symbols show the results measured for NO dimer-covered
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Ag(111) dosed with NO at ~ 75 K and kept at ~ 30 K during photoirradiation at various
photon energies. The large solid circles show those measured for NO monomer-covered
Ag(111) dosed with NO at ~ 75 K and kept at ~ 130 K during photoirradiation at 4.7 eV
(cf. Fig. 3.1). The solid circles with a white cross correspond to the data measured for NO
monomer-covered Ag(111) dosed with NO at 75 K and annealed to 300 K, then kept at ~
30 K during photoirradiation at 4.7 eV.

At hv =23 eV (triangles), 7; slightly increases with N, from ~ 570 K to ~ 650 K.
The initial values of 7, can be extrapolated to 550 — 650 K. At hv = 3.5 (squares), 4.0
(diamonds), and 4.7 eV (circles), T; increases from ~ 600 K and levels off around 900 K.
The initial rise in 7; becomes faster with increasing photon energy, in accord with the
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Fig. 3.7. Evolutions of translational temperatures of the fast component of
photodesorbed NO from NO/Ag(111), measured at 2.3 (triangles), 3.5 (squares), 4.0
(diamonds), and 4.7 eV (circles), respectively. The solid, the open, and the half
symbols correspond to p-, s-, and non-polarized light, respectively. The small
symbols represent the data from Ag(111) dosed with NO at 75 K (i.e., covered with
NO dimers only) whereas the solid crossed circles are the data from Ag(111) dosed
with NO at 75 K and annealed to 300 K to remove NO dimers. The sample
temperatures were 30 K for the above data. The large solid circles correspond to
data measured at 4.7 eV at the sample temperature of 130 K (i.e., covered with NO
monomers and oxygen atoms only). The lines between symbols are to guide the eye;
data points at higher photon numbers exist.
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PCS (cf. Table 3.2). The two thick bars between the data points at ~zv = 3.5 eV in p-
polarization (solid squares) show the segments of N, for the TOF spectra in Fig. 3.6 (the
starting point at N,, = 0 is extrapolated.). The segments N,;, < 0.3 x 10" cm? and 3.3 x
10" < Npp £4.9 x 10'® cm? correspond to the traces (a) and (b) in Fig. 3.6, and thus to
photodesorption of NO stemming mainly from NO dimers and NO monomers,
respectively.

For the 300 K preannealed NO monomer/Ag(111) surface irradiated with 4.7 eV
photons, 7; decreases slowly from ~ 1040 K to ~ 950 K (large solid circles with a cross).
It is therefore concluded from the comparison beween the NO dimer and the NO
monomer covered Ag(111) surfaces that the characteristic 7; of photodesorbed NO from
NO dimers is ~ 600 K and that from NO monomers is ~ 900 K (~ 1000 K for the NO
monomers annealed to 300 K). The evolution of 7; seen at the 75 K dosed NO/Ag(111)
sample reflects the gradual change of the surface reactants from NO dimers to NO
monomers. The 7, can be regarded as the average translational temperature weighted by
the coverages of NO dimers and monomers. This means that 7; can be used as a semi-
quantitative in-situ relative coverage parameter.

From 7; measured for the sample kept at 130 K (the large solid circles), it can be
concluded that 7; for pure NO monomers is ~ 1100 K. The T; for the sample annealed to
300 K (the solid circles with a cross) suggests that some of the NO monomers dimerize
when the sample is cooled to ~ 30 K. The gradual decrease of 7; for this case results from
photoreaction of NO monomers to form NO dimers.

3.1.4. Direct formation of N, by photoinduced abstraction
reaction within NO dimers on Ag(111)

The photochemical formations of dinitrogen (N;) in addition to N,O from NO dimers
adsorbed on Ag(111) are investigated. Fig. 3.8 displays PID signals as a function of
photon irradiance, i.e. while the initial (NO), coverage was converted to products. The
signal intensities were corrected by the QMS sensitivities at corresponding mass numbers.
The NO signal measured at a substrate temperature (7s,) of 30 K decays initially as the
reactant NO dimers are consumed. Later it decays more slowly, when the NO dimers are
depleted and photoproduct NO monomers become the main reactant. This is corroborated
by the NO signal measured at 7,, = 130 K where only NO monomers exist on the surface
(see Fig. 3.1). The slopes of signal decays of N,O, N», and O, (7,,=30 K) are almost the
same as that.of NO in the early stage. The similarity in decays of the PID signals
indicates that these photoproducts are formed from single-photon photoreactions of
(NO),. The initial short plateau seen in the N,O signal is attributable to the accumulation
of photoproduct N,O on the Ag surface which is depleted by subsequent photoirradiation.
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A similar PID signal of N, from NO adsorbed on Ag(111) at 85 K has been reported
before [62]; however, it was ascribed to the fragmentation of photodesorbed N>O and NO
in the QMS. By contrast, the intensity of the N, signal in Fig. 3.8 is about half that of
N,O, which is significantly larger than the cracking pattern of the QMS, and does not
exhibit the initial plateau seen in the N,O signal.

Fig. 3.9 shows the TOF spectra of these molecules accumulated for an irradiance of
2x10" (2x10" for NO) photons/cm®. One immediately notices that the TOF peak in the
N, data (Trace A) appears much earlier and is narrower than those of the other species. In
contrast, the peak in the TOF spectrum of N, photodesorbed from a monolayer of N,O on
Ag(111) at 71 K (Trace B) occurs later, and is similar to the shoulder in Trace A. The
translational temperature of the fast component of N, (the peak in Trace A) is about 5700
K, whereas those of N, (Trace B), O,, N,O, and NO are 1200, 810, 1200, and 770 K,
respectively.

The photon energy dependence of the TOF spectra of N, from Ag(111) with the
saturation coverage of NO dosed at 75 K, subsequently cooled down to ~ 30 K is shown
in Fig. 3.10. Extremely fast N, signals were also observed for incident photon energies
2.3 and 3.5 eV. When the spectra were deconvoluted by three shifted Maxwell-
Boltzmann distributions, the T7;s for the fast, middle, and slow components were
independent of photon energy and were 5700 K, 1100 K, 40 K for 2.3, 3.5 and 4.7 eV
laser irradiation, respectively. The slow component can be ascribed to the secondary
processes as mentioned before. The speed ratios [95] S for the each component were also
independent of irradiated photon energy and were 0.47, 1.25, and 1.30 for the fast, middle,
and slow components, respectively. The relative fluxes of the fast, middle and slow
components were 0.63 : 0.30 : 0.07, 0.62 : 0.30 : 0.08, and 0.60 : 0.35 : 0.05 for 2.3, 3.5
and 4.7 eV laser irradiation, respectively. Thus, there are almost no differences in the
branching ratio and photodesorption dynamics among these photon energies. This
suggests that the N, is formed via the same excited states of (NO), even at 2.3 eV photon
energies.
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Fig. 3.8. PID results of NO, N,O, N,, and O, from Ag(111) with the saturation
coverage of NO dosed at 75 K, subsequently cooled down to ~ 30 K (closed
symbols) or annealed to ~ 130 K and kept at that temperature (open square),
measured at 4.7 eV in p-polarization. The signal intensities were corrected by the
number of irradiated photons and the QMS sensitivities at corresponding mass

numbers.
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Fig. 3.9. Time of flight spectra of photoproducts desorbed by 4.7 eV, p-polarized laser
irradiation of (NO),/Ag(111) (Traces (a), (c) - (¢)) and N,O/Ag(111) (Trace (b))
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Fig. 3.10. Time of flight spectra of N, from Ag(111) with the saturation coverage
of NO dosed at 75 K, subsequently cooled down to ~30 K, measured at 2.3, 3.5
and 4.7 eV in p-polarization. The signal was accumulated for 2 x 10"
photons/cm’. The thick solid curves are the best fit by the sum of three shifted
Maxwell-Boltzmann functions. The thin solid curves (fast), dashed curves
(middle) and dotted curves (slow) represent each of the functions.
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3.1.5. Discussion

Photoreaction pathways

As was shown above, NO species on Ag(111) undergo not only photodesorption but
also photoinduced interconversion between dimers and monomers of NO, and
photochemical reactions to form N, + 20 and N,O + O. The coexistence of several
adspecies complicates the analysis of the photodesorption data. Furthermore, strong
coverage-dependent  inter-adsorbate  interactions = significantly  influence  the
photochemical properties of the adsorbates. The biggest problem is that the thermal
reactions during post-irradiation TPD inevitably lead to loss of information about the
photoproducts. Keeping these difficulties in mind, we discuss photoreaction pathways of
each NO species in the following.

NO dimers. According to the photoproducts observed in post-irradiation TPD,
mass selected PID and TOF, the possible photoreactions of NO dimers are summarized as

follows:
(NO)y(a) > rNO(g) + (2 -r) NO(a) (0 <r<2) (3.1)
(NO),(a) > N,O(x) + O(x) (3.2)
(NO)z(a) = Na(x) + 20(x) (3.3)

Some of these photoproducts desorb (x = g) and others remain on the surface (x = a).

Photodesorption of NO is explained by (3.1), the dissociation of the N-N bond
emitting NO(g) into the gas phase and/or producing NO(a) on the surface. The ratio
between NO(g) and NO(a) can be written as » : (2 - r), which is, however, not readily
determined because of the thermal conversion of NO(a) during TPD measurements.

N0 is produced from NO dimers by (3.2), the photosynthesis to form N,O and O.
Also in this case, there are two possibilities: the product N,O is either desorbed (g) or
adsorbed (a) on the surface after formation. N,O(g) was clearly observed by the PID and
TOF measurements in accordance with the previous studies by the groups of Ho and
Meech in which the action spectra of NO and N,O photodesorption track each other [49,
62], indicating (3.1) and (3.2) share the same primary excitation [118]. The formation of
N,O(a) should also be possible. However, it is not possible to distinguish by post-
irradiation TPD a photochemically produced N,O(a) from one formed by thermal
decomposition of remaining NO dimers occurring in the TPD measurements, because
both reactions give the same products. Thus, post-irradiation TPD of N,O cannot be used
to measure the coverage of photochemically produced N,O. On the other hand, the
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HREELS (High Resolution Electron Energy Loss Spectroscopy) data by Ho et al. suggest
an increase of the coverage of N,O by photoirradiation; in the data presented in Ref. [62],
the peak at 271 meV, assigned to the N-N stretching vibration of N,O, was increased
more than twice by irradiation, although it was not mentioned explicitly.

The photoreaction (3.3) accounts for the direct formation of N, from NO dimers on
Ag(111) for photon energy > 2.3 eV, shown in Fig. 3.8 - Fig. 3.10. On the other hand, N,
is also formed by photodissociation of N,O(a) from reaction (3.2), proven by separate
measurement of N,O on Ag(111) adsorbed at ~ 71 K with photon energy > 4.0 eV (will
be shown in section 3.2),

N,O(a) = Ny(x) + O(a) (3.4)

However, the two reaction pathways can be easily distinguished by mass selected TOF as
shown in Fig. 3.9 due to quite different dynamics of N, from reaction (3.3) and (3.4). The
details of reaction (3.4) will be presented in section 3.2.

NO monomers. The photodesorption of NO from Ag(111) dosed with NO at 75 K
and annealed to 300 K indicates that the NO monomer is also photoactive, which agrees
with Ref. [113] but disagrees with Ref. [118]. Photodesorption of NO from the NO
monomers is distinguished by its higher 7; ( ~ 900 — 1100 K) than that from dimers (7; =
~ 600 K). NO monomers simply photodesorb by

NO(a) — NO(g) (3.5)

NO monomers also dimerize photochemically, as is evidenced by the appearance of
an N,O peak in the post-irradiation TPD from the 300 K pre-annealed NO/Ag(111). A
likely reaction mechanism is the following (The asterisk denotes an energetic species
which undergoes a further reaction):

NO(a) - NO'(a) (3.6)
NO'(a) + NO(a) = (NO), (a) (3.7)
(NO), (a) > (NO)y(a) (3.8)

N2O(a) is either formed by the thermal reaction of the (NO),(a) produced by (3.8) or
by a reaction of the energetic NO dimer of (3.7),

(NO)g*(a) — N;0(a) + O(a or g) (3.9)
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The re-formation of NO dimers (3.8) may explain why the increase of 7; in Fig. 3.7 is
generally slow compared to the initial decay of the PID signal (i.e. decrease of NO
dimers) at ~Av> 3.5 eV in Fig. 3.4. Since T, of photodesorbed NO is the coverage-
weighted average of the contributions from NO dimers (7; = ~ 600 K) and monomers (7;
= ~ 900 K), the increase of 7; will be slowed down when the processes (3.6) — (3.8)
compete with (3.1). Note that (3.7) is a second-order reaction of NO(a). Therefore, the
dimerization of NO(a) will become less efficient as its coverage is reduced. The evolution
of T; results from the balance of the photoreactions of NO dimers and monomers on
Ag(111) mentioned above.

Photoexcitation mechanisms

We discuss the photoexcitation mechanisms of the NO dimers and monomers by
comparing the PCS with calculated surface absorbances. The groups of Ho [62] and
Meech [49] have already confirmed that the substrate mediated mechanism plays the
major role according to the action spectra of NO photodesorption. However, in view of
several disagreements between the two groups mentioned above, it is still of interest to
check if there is any difference between their and our results. In their previous studies, the
Ag(111) was most probably covered with a mixture of N,O and O as well as (NO), and
NO because the base sample temperature was above liquid nitrogen temperature. In
contrast, we used liquid-helium cooled Ag(111) surfaces covered with (NO), only, so that
coadsorption effects are avoided at least in the early stages of photoreaction.

In Fig. 3.11, the PCS data of NO from Ag(111) dosed with NO at 75 K are plotted as
functions of photon energy. The filled, the open, and the half-filled circles correspond to
the data from Table 2 for p-, s-, and non-polarized light, respectively. The curves are
effective absorbances of Ag surfaces calculated by the equation used in Refs. [62] and
[49], which take into account the penetration depth of light and the mean free paths of
photoelectrons, A(E): (I—Reﬁ. (E )ﬁ—e“w)"), where (E) is the wavelength-dependent

absorption coefficient of the metal and A is the electron mean free path, set to 10 nm [49,
62] (the classical model, hereafter). The solid curves were calculated for non-polarized
light by using the optical constants tabulated in [48], respectively. The dashed and dotted
curves correspond to p- and s-polarized light calculated after ref [48]. The action spectra
measured with non-polarized light by Ho [62] and Meech [49] are also plotted as " x" and
"+" respectively. The absorbances and the action spectra were rescaled according to the
average value of photodepletion cross sections for p- and s-polarizations at 3.5 eV. The
light incident angle was 45 degrees (40 degrees in Ref. [62], a negligible difference).

The surface effective absorbance curves calculated after Ref. [48] show significant
discrepancies - up to 85 % - between 2.0 and 3.4 eV and between 3.8 and 4.0 eV. If the
action spectra are rescaled according to the curve at a lower photon energy as in Ref. [62]
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and [49], a large deviation results at higher photon energies; In fact, this deviation was
explained in terms of the involvement of direct excitations of the adsorbate-substrate
complex [62]. Nevertheless, the polarization dependence of the PID signal intensity did
not show any evidence of the direct excitation mechanism [49]. In spite of the variations
in the optical constants, however, the classical model can reproduce the overall trend of
the experimental data.

The probability of electron attachment-induced reactions of the adsorbate is thought
to be dependent on three energy-dependent factors [49]: The hot electron distribution at
the surface, the electron tunneling probability, and the electron attachment levels of the
adsorbates [119]. The good agreement between the classical model and the PCS data
supports the substrate mediated excitation mechanism for the NO dimers at hv >~ 2 eV,
although it precludes the determination of these factors.

18

Photodepletion cross section (X10™*°cm?)
H
(6]

=
o

)]
Effective surface absorbance (arb. units)

o

Photon energy (eV)

Fig. 3.11. Photodepletion cross sections (circles) of NO from Ag(111) saturated
with NO at 75 K. The filled, the half-filled, and the open circles correspond to
the data measured with p-, non-, and s-polarized light, respectively. The “x” and
“+” show the action spectra (initial PID intensities) of NO photodesorbed from
Ag(111) dosed with NO at 80 - 86 K by Ho et al. [62] and Meech et al. [49],
respectively. The solid, the dashed, and the dotted curves plot the effective
surface absorbances (see text) for non-, p-, and s-polarized light, respectively.
All datasets were scaled at 3.5 eV.
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The excitation mechanism for the NO monomers can be discussed based on the o; in
the bi-exponential fitting of the PID data shown in Table 3.2, though we recall that o; is
not a very reliable parameter. Above the onset of the photoreactions of NO monomers at
~ 3.5 eV, o, generally increases with photon energy as in the classical model and there
seems no resonance-like feature. Thus, it is likely that the substrate mediated excitation
plays a major role also in the photochemistry of NO monomers on Ag(111). The
photoexcitation of monomeric NO on metal surfaces such as Pt and Pd in the UV range is
generally interpreted by the substrate mediated excitation mechanism [2].

As mentioned earlier, the adsorption states of the NO monomers on Ag(111) are
perturbed by the oxygen atoms produced by the reaction (3.2). The discrepancy in the
affinity level of the NO monomer between the experiments and the theoretical
calculations [118] can be partly explained in terms of the perturbation by oxygen atoms
in the experiments. Meech et al. showed that NO monomers (NO-fB) are perturbed by
neighboring oxygen atoms to various extents depending on the local adsorption structures
of coadsorbed oxygen [113]. They also showed that some of NO monomers are
photoinert even at 4.7 eV. This is probably due to the higher concentration of oxygen
atoms on their sample than ours.

Photoreaction mechanisms

Photodesorption of NO originates from several reaction pathways. It originates from
photodissociation of NO dimers on Ag(111) as in (3.1). Photodesorption of NO from the
NO monomers is understood as dissociation of the N-Ag bond. Both cases can be
explained by the excitation/deexcitation mechanisms in terms of the MGR or
Antoniewicz models, which have been frequently used in general for photodesorption of
NO from metal surfaces. In the framework of the substrate mediated excitation
mechanism, the photoreactions of the NO dimers and the monomers take place via a
transient negative ion (TNI) state. The fact that the T; of NO from NO dimers and
monomers are insensitive to the photon energy indicates that the same TNI states are
accessed by the photon energies from 2.3 to 4.7 eV.

The direct formation of N, from NO dimers on Ag(111), was clearly shown in Fig.
3.8 - Fig. 3.10. This photoreaction channel has not been identified before, neither on solid
surfaces nor in the gas phase. For the mechanisms of the photoproducts, i.e., NO, N,O,
N, from (NO),, we suggest the following scenario. The resonance orbital responsible for
the photoreactions has antibonding character for both the ON-NO and the N-O bonds
[118]. With this orbital being populated by an electron, both the ON-NO and the two N-O
bonds will start to elongate. When the weak ON-NO bond (bond energy 700 cm™) [120-
122] is broken first, two NO molecules desorb; this is the most efficient path as shown by
the yields in Fig. 3.8. If one of the N-O bonds is broken earlier than the ON-NO bond, the
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N atom is abstracted by the other NO and an N-N double bond is formed to produce N,O
(NNO). When the two N-O bonds split simultaneously, the two nitrogen atoms abstract
each other to form dinitrogen, N,. No atomic nitrogen is deposited on the Ag surface, as
evidenced by the absence of N, formed by its thermal recombination [113]. Theoretical
calculations [118, 123] show that by adsorption of a free (NO), onto Ag(111) its N-N
bond is contracted from 2.26 A to ~1.63 A, whereas the N-O bond is stretched from 1.15
A to ~1.21 A. Thus, the N-N bond formation becomes feasible for the adsorbed (NO)..

Once an N; is formed from an adsorbed (NO),, it finds itself on a very steep repulsive
potential since it is too close to the surface. The height of the N atoms in an (NO),
molecule on Ag(111) is 2.11 — 2.27 A4 [124], whereas the equilibrium distance between
N, and Ag(111) is 3.68 A [124]. The resulting strong repulsion causes the extremely high
translational temperature (~ 5700 K) of the photodesorbed N».

An interesting question poses itself regarding the oxygen atoms which have to be
produced in the photoreaction to N,. They could remain on the surface or be
photodesorbed as well. As to the split-off oxygen, only a small part photodesorbs by
associative recombination to form O, (see Fig. 3.8 and Fig. 3.9), and only with 3.5 and
4.7 eV irradiation, but not with 2.3 eV. The initial decay of this weak signal is steeper
than those of the other products. This indicates that the molecular O, signal stems from
secondary processes between nascent and/or adsorbed oxygen atoms, O + O’ — O,
and/or O" + O(a) — O,, and not from a first-order process of the NO dimers, (NO), > N,
+ O,. The signal of photodesorbed atomic oxygen (mass 16) was below the detection
limit at all the photon energies, which could still be a detection problem due to its high
sticking probability on the ion source walls. However, the splitting-off of two O atoms
from the NO dimers is thermodynamically impossible at 2.3 eV; an estimate based on
heats of formation shows that splitting off two O atoms from the NO dimers would cost
at least 3.4 eV i.e., not possible for 2.3 eV photons, and even for 3.5 eV photons would
require that almost all the excitation energy would be channeled into the desorptive
fragmentation. These results suggest that the majority of oxygen atoms produced by N,
formation from (NO), are adsorbed on the silver surface; some may go subsurface upon
heating

More detailed information about photodesorption mechanisms of NO and N, may be
obtained by state-resolved methods such as LIF and REMPI. In particular, the REMPI is
able to probe NO dimers, which were not detected in the present study.
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3.1.6. Summary and conclusions

The combination of TPD, PID, and mass selected-TOF measurements were used to
reveal photoreactions of NO dimers and monomers on Ag(111). Photoreactivities and
photodesorption dynamics of each NO species have been studied selectively by
controlling their adsorption states. The main results and conclusions are summarized
below.

(1) The affinity levels (£,) of the NO dimers and monomers are determined as
follows: The E, of the NO dimer is situated below 2.3 eV. That of the NO monomer is
higher than 2.3 eV and situated partially below 3.5 eV, and lower than 4.0 eV. The latter
can be shifted above 4.7 eV by the perturbation of coadsorbed oxygen atoms.

(2) NO molecules photodesorbed from NO dimers and monomers are characterized
by translational temperatures of ~ 600 K and 900 ~ 1100 K, respectively. Photodepletion
cross sections of each species have been measured as a function of photon energy. They
are in agreement with the substrate mediated excitation mechanism.

(3) Direct photochemical formation of N, has been identified for the first time in
photoreactions of (NO), adsorbed on cold Ag(111), induced by UV and visible light. We
propose that this reaction occurs via simultaneous cleavage of the two N-O bonds
followed by the formation of an N-N triple bond of N,, and can be regarded as mutual
abstraction of the N atom from each nitrosyl in (NO),. The Ag surface serves as reducing
the N-N bond length of (NO), to enable the formation of N, as well as N,O.
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3.2. Dynamics and excitation mechanisms of N,O and
N, photodesorbed from N,O on Ag(111)

This section provides nanosecond-laser-induced photoreactions of N,O adsorbed on
Ag(111) by means of TPD and mass-selected TOF and PID measurements. It is shown
that N,O molecules in the first monolayer are thermally inert but photodissociate into N,
+ O or photodesorb moleculary at photon energy #v> 3.5 eV. The desorption flux of the
fastest component of N,O is peaked ~ 25° off the normal, whereas the others are directed
at the surface normal. Origins and photodesorption mechanisms of the N,O and N, are
discussed.

3.2.1. Introduction

N,O is known as the important intermediate in automobile catalysts for NOy
reduction to form N, and molecular-level studies have been performed in catalytic NO
decomposition on Pd(110) [125, 126], Rh(110) and Rh(111) [127], and TiO»(110) [128§]
for example. On Pt(111) [129] and Ag(111) [130], on the other hand, N,O does not
dissociate thermally and desorbs molecularly at 80 — 90 K. However, the photochemistry
of N,O has been studied in detail on Pt(111) [131-133] as well as Si(100) [134-137]. On
Pt(111), N>O is photodissociated at photon energies exceeding 4.35 eV [131]. On Si(100),
N,O undergoes photoreactions over 2.3 eV [134]. In both cases, the photoreactions are
initiated by the substrate mediated excitation [132, 134].

In contrast, photochemistry of N,O on Ag(111) has not been reported until recently.
Instead, electron stimulated dissociation of multilayer N,O to form gas-phase N, and
oxygen adatoms was reported by Schwaner et al [130]. They concluded that the reaction
is induced by the attachment of secondary electrons produced by the primary electron
beams (50 eV and 2500 eV) via N,O formation. In the monolayer regime, no
dissociation nor desorption of N,O was observed; they ascribed this to the strong
quenching of anions formed by attachment and cations formed by impact ionization.

Interestingly, however, N>O is formed photochemically [113] as well as thermally
[96, 114] from NO dimers on Ag(111). In the previous section, we showed that not only
N>O but also N, is also formed from the NO dimers under irradiation of 2.3 — 4.7 eV



Chapter 3 _Thermal- and photoreactions of NO and N,O on Ag(111) -63 -

photons and the kinetic energy distributions of photodesorbed N, and N,O from NO
dimers are very different; the translational temperatures are 5700 and 1200 K,
respectively. Such a high translational energy of desorbing N, had never been observed
for any other surfaces including Si(100). This led us to study the photochemistry of pure
N,O adsorbed on clean Ag(111), in order to distinguish whether the very energetic N, is
formed from N,O or (NO)s.

In this section we present photoreactions of N,O adsorbed on Ag(111). The N,O
adsorbate is photoreactive at Av> 3.5 eV. N,O either photodesorbs molecularly or
dissociates into N, and O. The photoexcitation mechanisms are studied by light
polarization and incident-angle dependences of photodepletion cross sections. Both direct
and indirect (substrate-mediated) excitations are involved, depending on the photon
energies. Also, photodesorption dynamics of N,O and N, are studied by angle-resolved
mass-selected time-of-flight measurements. It was found that the mechanism of
photodesorption is not single for these species; it consists of two components with
different angular distributions.

3.2.2. Experimental

Pre- and post-irradiation TPD, mass selected TOF, and PID measurements have been
performed to investigate thermal- and photochemistry of N,O on Ag(111) (disk type, 10
mm in diameter). Saturated monolayers of N>O on Ag(111) were used for all the
experiments and prepared by dosing the sample surface at 71 K with N,O gas from a
pulsed valve through a copper tube (inner diameter of ~ 6 mm) ending about 3 cm in
front of the sample. The gas dosage was controlled by the number of valve openings so
that the TPD peak from the first monolayer was saturated but none from multilayers
emerged.

Angular dependences of the PCS and the TOF spectrum of photodesorbing molecules
were measured by rotating the sample at the crossing point of the laser beam and the
QMS center axis. The measurement configuration is schematically drawn in Fig. 3.12.
The angle between the laser beam and the QMS axis was fixed at 45°. Therefore, the
desorption detection angle 6, and the light incident angle 6, with respect to the surface
normal were varied under a constraint 6= 45° — 6;,. This means both parameters cannot
be changed independently; however, the determination of the photoexcitation mechanism
and the desorption dynamics was still possible as will be shown later. The data were
normalized with respect to relative sensitivities of the QMS to the target molecules (here
N0 and N,) after subtracting the QMS cracking signal from N,O" (m/e =44) to N," (m/e



- 64 - 3.2 _Dynamics and excitation mechanisms of N,O and N, photodesorbed from N>O on Ag(111)

Fig. 3.12. Configuration of PID

ot measurement. The angle between the

X 0 QMS and laser beam is fixed at 45°

des A The direction of the surface normal is

_____________________ n varied in the experiment by rotating
the sample manipulator.

Laser

= 28). Also, a change of irradiated area on the sample surface by rotation was taken into
account for the normalization.

3.2.3. Thermal- and photoreactions of N,O on Ag(111)

Pre- and post-irradiation TPD of N,O on Ag(111)

Fig. 3.13 displays pre- and post-irradiation TPD results at mass numbers (a) m/e = 44,
(b) m/e = 28, and (¢) m/e = 32 from monolayers of N,O on Ag(111). The sample was
irradiated with 5000 laser shots (1 mJ/cm® per shot) of 3.5 (dashed), 4.0 (thin solid), or
4.7 eV (dotted curves) photons at 6;, = 45°.

The pre-irradiation TPD spectrum at m/e = 44 shows only a single peak at ~ 82 K
which corresponds to molecular desorption of N,O. At m/e = 28, a replica of the signal at
m/e = 44 due to cracking of N,O at the QMS is seen. No products such as N, and O, (m/e
= 32) were observed. This indicates that N,O on Ag(111) is not thermally dissociated;
this result is consistent with previous work [130]. After irradiation of 3.5 eV photons, the
N2O peak height was reduced to ~ 80 % without any shift. However, a small tail was
observed from ~ 83 K to ~ 95 K as shown in inset of Fig. 3.13 (a). After 4.0 and 4.7 eV
photon irradiation, the N,O peak was shifted to ~ 102 K.

At m/e = 28, the same features were observed in the post-irradiation TPD spectra
measured in the temperature range between 70 K and 120 K because of the cracking of
N,O at the QMS ionizer. However, an additional peak was observed below 60 K. This is
attributable to molecular N,. Also, at m/e=32, a recombinative desorption peak of O,
around 540 K was observed at 4.0 and 4.7 eV. At 3.5 eV, the O, peak was below the
detection limit most probably because of the low reaction yield of oxygen atoms. These
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Fig. 3.13. TPD results from Ag(111) dosed with N,O at 71 K to the
saturation coverage before and after irradiation, measured at mass
numbers (a) m/e=44, (b) 28, and (c) 32.

results indicate that N,O is photodissociated at 3.5 eV or higher. The other reaction
products, i.e., NO (m/e = 30), NO, (m/e = 46), were not observed in both pre- and post-
TPD.

Mass selected time-of-flight of N,O and N,

Fig. 3.14 shows TOF spectra of (a) N,O (m/e = 44) and (b) N, (m/e = 28)
photodesorbed from a monolayer of N,O on Ag(111) measured at desorption angles 0ges
= -25° 0°, 25° and 45° by 4.7 eV photons in p-polarization. The desorption signals were
accumulated until they were almost depleted: The necessary irradiances were ~ 1 x 10'®
photons/cm?. The N, signals were corrected by the relative sensitivity of the QMS after
taking into account the cracking pattern of N>O into the m/e = 28 signal. Therefore, the
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N, signal is attributable to the photofragment N, produced by photodissociation of N,O
on Ag(111). The data were further normalized by the actual area on the sample irradiated
with the laser beam, i.e., 61.5, 65.4, 87, and 100% at 0;, = 0°, 20°, 45°, and 70°,
respectively.'

All the spectra were fitted by a sum of three modified flux-weighted Maxwell-
Boltzmann functions for each mass number, where i < 3

F(f) = Z%exp[— b, (é—vi)J (3.10)

in which a;, b,, and v, are the parameters for amplitude, spread, and a shift from

Maxwellian, respectively, L the distance from the surface to the detector. The data were
globally fitted; common parameters b, and v, were shared for the data sets of all the

desorption angles. Instead, the parameter a, was optimized independently for each angle.

This procedure should give the information about the angular distribution of each speed
component.

The two fast components (indicated in the figure as P; and P, for N,O and Q,; and Q;
for N,) will be mainly discussed in this section. The slowest component is attributable to
secondary processes such as among adsorbates/desorbates. The translational temperatures
of these components are obtained as 3100, 1100, 2200, and 600 K, respectively.

The TOF spectra of N,O in Fig. 3.14 (a) show distinct desorption angle dependences.
The P, intensity is larger at 6, = +25° than at 6, = 0°, indicating P, is peaked off-
normal. On the other hand, the P, intensity is strongest at at 6., = 0°. The P, to P, ratio is
almost the same at 6,,; = £25°, as a result of the symmetry. The small variation in the
intensity is probably due to errors in estimating the beam irradiated area mentioned above.
It is seen that the P; intensity is more sensitive to 6, than the P, intensity, indicating that
the spatial distribution of the former is narrower than that of the latter. The ratios of the
fluxes of Py to P, were ~ 0.92, ~ 0.15, ~ 0.93, and ~ 0.04 at 0., = -25°, 0°, 25°, and 45°,
respectively. The fitting of the angular dependent photodesorption fluxes of P; and P, to a
cos"8, function gave n = 20 (at 6, = 25°), and 1.7 (at 6, = 0°), respectively.

The 6,45 dependence of the photofragment N, signal in Fig. 3.14 (b) shows
remarkably different features compared to those of N,O. The desorption fluxes of Q; and
Q> were the highest at 6,.; = 0°. Q; is peaked more sharply than Q,. The ratios of Q; to Q,
are ~ 0.70, ~ 1.22, ~ 0.59, and ~ 0.22 at 6, = -25°, 0°, 25°, and 45°, respectively. The
fitting of the angular dependent photodesorption fluxes of Q; and Q; to a cos"6, function
resulted in n =12 (at 6, = 0°), and 5 (at 6, = 0°), respectively.

! Since the irradiated area on the sample varied with the 6;,, whole beam wass shinned on the sample
surface when 6;, < 45°, but 44% of irradiated laser beam was out of the sample at 8;, = 70°. This factor was
taken into account in an estimation of irradiated area.
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Fig. 3.14. TOF spectra of (a) N,O and (b) N, photodesorbed from the N,O monolayer on
Ag(111) measured at different desorption angles, -25°, 0°, 25° and 45° (6;, = 70°, 45°, 20°, and
0°) from the bottom, by using 4.7 eV photons in p-polarization. The fitting results from a sum
of three shifted Maxwell-Boltzmann distributions are shown with thick (sum), thin (fast
component, indicated), thin (slow component, indicated), and dashed (secondary process
components) curves.
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TOF spectra of N,O accumulated for (a) 1 — 25 shots and (b) 501 — 3001 shots
measured at 0., = -25° by irradiating with 4.7 eV photons in p-polarization are compared
in Fig. 3.15. One laser shot corresponds to 1.1 x 10" photons/cm’ on the surface. In this
case, fitting was done independently for the two traces. The spectral shape of each speed
component is almost the same for the two traces, but the relative intensity is significantly
different. The fast component is dominant at low irradiance, and it becomes minor at
larger irradiances, i.e., the fast component decays faster than the slow component. This
suggests that the origins of the two components are different, which is consistent with the
difference in the angular dependences of them shown in Fig. 3.2.

501-3000 shots

Desorption signal (arb. units)

0 200 400 600 800 1000
Time of flight (us)

Fig. 3.15. Irradiated number of photon dependence of TOF spectra of m/e =
44 at 0, = -25° by means of 4.7 eV, p-polarization. The fast component decays
faster than the slow component.
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Photoinduced desorption of N,O and N,

Fig. 3.16 presents the PID signal of (a) N,O and (b) N, on a logarithmic scale as a
function of accumulated number of photons at 4.7 eV in p-polarization. Each data point is
an integrated ion signal of desorbed molecules for 2 ms after a single laser pulse and is
normalized by the QMS sensitivity, the photon density on the sample, and the irradiated
area. In the case of N, PID, the cracking from N,O is also subtracted. The signal intensity
and slope strongly depend on the incident angle (desorption angle). For example, the
largest intensity and the fastest decay of the N,O PID signal was observed at 0., = -25°
(6;» = 70°), whereas that of the N, signal was detected at 0., = 0° (6;, = 45°).

The N, PID signals generally decay more slowly than those of N,O. More
interestingly, they do not decay linearly (exponentially). Rather, they start with a small
rise in the early stage especially at 0,5 = -25° (6;, = 70°) and Oy = 45° (6;, = 0°). The
rising N, signal becomes more obvious with lower laser intensity (0.2 mJ/cm?*/shot) for
all desorption angles (data is not shown). This indicates that there are multiple desorption
channels contributing to the overall N, PID signal. The initial rise is attributable to the
accumulation of molecular N»(a) produced by photodissociation of N>O on the surface. In
the early stage the N(a) formation rate is higher than the N, photodesorption rate because
of the high N,O(a) coverage. However, as N,O(a) is depleted, the overall N,
photodesorption rate becomes higher than the N»(a) formation rate, resulting in the decay
of the N, PID signal in the late stage. Simultaneously, N, photofragments produced by
N,O photodissociation photodesorb. The photoreactions involved in the PID of N,O and
N, are summarized as follows:

N>O(a) — N,O(g) (3.11)
N20O(a) = O(a/g) + Na(g) (3.12)
Na(a) > Na(g) (3.13)

The N, PID rises and decays more slowly at larger 6., than at 0., = 0°. This suggests
that the contribution from the photodesorption of molecular N»(a), Reaction (3.13), is
larger at larger 6. In contrast, the initial rise is insignificant at 6, = 0° as shown in Fig.
3.16 (b), suggesting that the contribution from the photofragment N,, Reaction (3.12), is
dominant. Thus, photodesorbed N, by Reaction (3.12) is sharply peaked at 6., = 0°.
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Fig. 3.16. PID of the desorption signal at incident angle 6;, = 70°
(filled circles), 45° (open squares), and 0° (filled triangles) for (a)
m/e = 44 and (b) 28 by irradiating with 4.7 eV photons in p-
polarization.
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Based on the angular dependences of the N, PID results, it is possible to assign the
speed components in the mass selected-TOF spectra shown in Fig. 3.14 (b). As the
angular distribution of Q; is narrower than that of Q,, Q; and Q; can therefore be
assigned to Reactions (3.12) and (3.13), respectively.

On the other hand, the N,O PID signals decay almost linearly. By using the results of
the angle-resolved mass selected-TOF measurements, however, it is still possible to
differentiate the contributions from P; and P; to the PID signals. According to the mass
selected-TOF spectra shown in Fig. 3.14 (a), it can be concluded that the N,O PID data
measured at O = 0° (0, = 45°) and Oy = 45° (0, = 0°) stem mainly from the P,
component, whereas both Py and P, contribute almost equally to the data at 6.5 = -25° (65,
= 70°). This can be used for the analysis of the polarization and incident angle
dependences of photodesorption cross sections to determine the photoexcitation
mechanisms, which will be described in the next section.

Secondary processes such as

O* + NgO(a) —> Nz + 02 (314)
0* + N,0(a) - 2NO (3.15)
0* + N,0(a) > N>O(g) + O(a) (3.16)

may also be possible. Reaction (3.14) is not distinguishable from Reactions (3.12) —
(3.13) as far as N, photodesorption is measured. Measurement of O, photodesorption was
not attempted in this study. Reaction (3.15) may be possible. For example, desorption of
O, by a photofragment O atom is reported on O,/Pt(112) [138], however, the formation
of NO was not observed in the post-irradiation TPD.

Distinguishing photoexcitation mechanisms by incident-angle and
polarization dependences of photodesorption cross sections

In order to distinguish the photoexcitation mechanisms involved in the
photodesorption of N,O and N, light incident angle and polarization dependences [46] of
the PCS have been studied. The PCS was estimated by fitting a single exponential decay
function to the PID data in the range between the maximum and the decay to the half
maximum. The PCS values at 4.7 eV are summarized in Fig. 3.17. The error bars for N,O
at O = £25° in Fig. 3.17 were estimated from a difference caused by fitting the region in
the N>O PID signal from the signal for the first laser shot to that decayed to 50 - 10 %
(upper limit) and 50 + 10 % (lower limit). For the N,O PCS data, the calculated
absorbances of Ag by assuming the indirect excitation (substrate mediated excitation) are
plotted as blue solid and dashed curves for p- and s-polarized light, respectively. Also, the
results of the model calculations assuming the direct excitation mechanism with an angle
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of 74° between the transition dipole vector and the electric field vector for the surface
with > Cs rotational symmetry [46] are plotted as red solid and dashed curves for p- and
s-polarized light, respectively. It is obvious that the data points cannot be fitted by a
single function. For example, in the case of the PCS of N,O measured with p-polarization,
the PCS at 6, = 45° is lower than that at 6;, = 20°, although both direct and indirect
excitation mechanisms predict an increase of PCS for p-polarized light in this angular
range.

Such a discrepancy is caused by the fact that the main photodesorption mechanisms
of N,O are different between 6;, = 45° (04 = 0°) and at 0;, = 20° (O4es = 25°). The P,
component is dominant in the former case whereas the P; component is dominant in the
early stage of the latter case (See Fig. 3.14 (a) and Fig. 3.15). The situation is similar for
the N, PID; the PCS of N, is about three times larger at 6;, = 45° (645 = 0°) than at the
other angles. This is because the Q; component is dominant at 6,,; = 0°, whereas the Q,
component is larger at the other angles as shown in Fig. 3.14 (b). In order to distinguish
the main photodesorption mechanism at each angle, the corresponding speed components
in Fig. 3.14 are indicated next to the data symbol.

With the help of the marking of data symbols, it is now clear that the data points
assigned to P, are fitted best by the theoretical curves of the direct excitation mechanism,
whereas the data points for P, are fitted well by the surface absorbance curve. Those for
Q; can be fitted well by the surface absorbance curve (not shown). However, it was not
possible to apply these fitting procedures to the single data point for Q; at 6;, = 45°. For
Qy, its PCS could be measured if only 6;, was changed with a constant 6,,. However,
unfortunately this was not possible due to the limitation in the experimental configuration
where 6, and 6,.; cannot be changed independently.

The PCS of N,O at 6;, = 45° for 3.5 €V in p-polarization, 4.0 €V in non-polarization,
and 4.7 eV in p-polarization, were estimated to be ~ 1.5 x 10%° cm?, ~ 2.1 x 1077 cmz,
and ~ 5.7 x 10" cm?, respectively”. Significant discrepancy between the effective
absorbance of the Ag surface and the PCS of N,O as a function of incident photon
energies is found. The ratio of the effective absorbances at the Ag surface [49] is 0.17:
1.0: 2.0, however, that of the PCS is 0.07: 1.0: 27 for 3.5 eV in p-polarization, 4.0 eV in
non-polarization, and 4.7 €V in p-polarization, respectively, at 6;, = 45°. The deviation of
the PCS from the effective absorbance can be explained by (1) involvement of the direct
desorption mechanism at higher photon energies and (2) the existence of multi-
resonances of the electron affinity level as in the case of N,O on Si(100) [134].

? Since the photodesorption signal by 3.5 eV in p-polarization irradiation was hardly detectable with the
QMS due to a low photodesorption cross section, the integration of the desorption signal in the pre- and
post-irradiation TPD shown in Fig. 3.13 (a) are compared with the irradiated number of photons in order to
estimate the PCS.
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Fig. 3.17. PCS of N,O (open symbols) and N, (solid symbols) as a
function of angle of incidence and QMS detection angle by using 4.7 eV
photons. Blue curves and red curves show the best fit of the calculated
surface absorbance and photoexcitation probability, respectively. Solid
and dashed curves correspond to p- and s-polarization, respectively.
The captions Py, P,, Q;, and Q, (See Fig. 3.14) indicate the main speed
component contributing to the PID signal at each desorption angle.



-74 - 3.2 _Dynamics and excitation mechanisms of N,O and N, photodesorbed from N>O on Ag(111)

3.2.4. Origins and photodesorption mechanisms of N,O and N,
from N,0/Ag(111)

So far, at least two different speed components have been identified for both N>O and
N, photodesorbed from Ag(111) at 4.7 eV (See Fig. 3.14). They also show differences in
angular distributions and photodesorption cross sections. Here we discuss their origins
and possible photodesorption mechanisms.

Photodesorption of N,O

The two speed components, P; and P,, show clear differences in their angular
distributions, photodesorption cross sections, and photoexcitation mechanisms. Table 3.3
summarizes their characteristic features.

Table 3.3. Comparison of P, and P, in photodesorption of N,O from N,0/Ag(111) at 4.7 eV.

Translational
Excitation | Photodesorption ransiationa Direction of nin
Component . . Temperature . n
Mechanism | Cross Section ) Photodesorption | cos"8,
Off- 1
P, Direct High 3100 K rormat, 20
edes =~25°
N 1
P, Indirect Low 1100 K ) Orrfa(‘); 1.7
des —

and P, lies in their excitation
mechanisms, which suggests that a photodesorption channel via direct photoexcitation of
N,O is responsible for P, whereas one via excitation by hot electron attachment into the
resonance state of N,O gives rise to P,. These two components seem to evolve differently
(cf. Fig. 3.15), suggesting that their origins are different. This excludes parallel excitation
of a single state N,O by direct photon absorption and electron attachment.

Then the question is the multiplicity of N,O adspecies. The only experimental

The most remarkable difference between P;

evidence concerning the adsorption states of N>O on Ag(111) is the pre-irradiation TPD
result which shows only a single molecular desorption peak at 82 K. This is against the
coexistence of multiple N,O species. However, there may be several different
configurations of N,O at the sample temperature for photodesorption experiments at ~ 30
K, which is well below the desorption temperature. The N,O molecule has one oxygen
atom and two distinguishable nitrogen atoms which can bonud to the surface. Therefore,
(1) oxygen-end-down, (2) central nitrogen-end-down, (3) terminal nitrogen-end-down,
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and (4) flat lying structures, etc., may be possible. Also, the difference in the adsorption
sites on Ag(111) may lead to different adsorption states of N,O. The perturbation by
photofragments such as O and N; may influence the adsorption states and photoreactions
of N>O. However, this is not the main effect causing the multiple
photoexcitation/photodesorption mechanisms, because P; and P, appear from the very
beginning of photoirradiation.

The correlation between the initial adsorption states and photodesorption channels
cannot be distinguished at present, because there is little information about either the
geometrical or electronic structures of N,O on Ag(l111). It is clear that further
experimental and theoretical studies are necessary to determine the adsorption states of
N,O. Also, the determination of photodesorption mechanisms like the MGR model [4,
63] or the Antoniewicz model [9] is not possible, because the nature of the excited states
of N,O on Ag(111) is unknown.

The involvement of direct excitation at 4.7 eV strongly suggests that the absorption
band of N,O is red shifted. The absorption of gaseous N,O starts from 5.6 eV [139]. Thus,
the corresponding excited state must be lowered by at least 0.9 eV. The lowering of the
direct photoexcitation energy of a weakly bound adsorbate has been observed for CH4 on
Pt(111), Pd(111), and Cu(111) [44, 140], in which CH4 either dissociates or desorbs at
6.4 eV. In the CH4 on Pt(111) and Pd(111) cases, theoretical studies revealed that the
Rydberg states of CHy interact with empty states of the metal surfaces. The situation for
N,O/Ag(111) would be quite similar; N,O has Rydberg states. Thus, the red shift of the
excitation energy via the same mechanism seems plausible. Also, the molecular structure
of N,O is known to dramatically change the potential energy surface and absorption cross
section [141-143]. Thus interaction between N,O and Ag(111) can open up new
excitation channels which are accessible with a 4.7 eV photon.

Next, we discuss the dynamics of photodesorption. The most striking feature is that
photodesorption of the P; component is peaked in off-normal direction. This requires that
a lateral force is exerted on the adsorbate in the electronically excited state. Hasselbrink
et al. reported that photodesorption of a3 superoxo O, coadsorbed with p(2 x2) oxygen
atoms on Pd(111) is peaked at ~ 60° from the surface normal [144]. In this case, the
atomic-molecular oxygen repulsion in addition to the orientation of the molecular axis
was thought to be the origin of the off-normal desorption.

However, in the case of N,O/Ag(111), there are no other adsorbates like oxygen
atoms which may affect the adsorption geometry and the PES of N,O as in the case of O,/
p(2 x2)-O/Pd(111). Note that off-normal photodesorption of N,O is observed from the
early stage of photoirradiation; thus, this is not due to the influence of oxygen atoms
produced by photodissociation of N,O. Since the Ag(111) surface is flat and in the
sixfold or threefold symmetry, it is unlikely that only a tilted structure of N,O results in
the off-normal photodesorption. In many systems where the molecular axis of the
adsorbates are tilted from the surface normal, off-normal photodesorption is seldom
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observed [2]. Off-normal photodesorption of O, has been observed for O, adsorbed on a
stepped Pt(112) by 4.0 eV photons [138]. However, in this case, the primary step is
photodissociation of an O, molecule and neighboring O, molecules are hit by the
energetic O fragment and gain a surface-parallel momentum. Matsumoto and coworkers
observed off-normal photodesorption of N, from N,O on Si(100) at 5.0 and 6.4 eV [133].
Also in this case, the interaction between the adsorbate and oxygen atoms is thought to
give a surface-parallel momentum. However, off-normal photodesorption was not
observed in the case of N,O and N, photodesortpion from N,O/Pt(111) studied by the
same authors [133]. In contrast, Kummel and coworkers observed off-normal
photodesorption of oxygen atoms emitted from N,O/Pt(111) irradiated with 6.4 eV
photons [145]. They concluded that oxygen atoms (both OCP) and O('D)) are emitted
along the molecular axis of the parent N,O molecule tilted at 35° from the surface plane
[146]. However, photodesorption of N,O tilted from the surface normal has not been
observed. In the case of N,O/Pt(111), oxygen atoms are accumulated by
photodissociation of N,O. Thus, coadsorption with oxygen atoms does not significantly
change the molecular photodesorption of N,O, probably because the adsorption of N,O
on Pt(111) is weak and it is not modified by coadsorbed atomic oxygen.

The off-normal photodesorption of N,O from Ag(111) requires that a mechanism in
which photodesorbing N,O gains a surface-parallel momentum is involved. However, no
force parallel to the flat Ag(111) will be applied on the transiently formed N,O by
electron attachment, which will be attracted by the image charge, in terms of the
Antoniewicz model. If the PES of the excited N,O is repulsive, as in the MGR model, the
high symmetry of the flat Ag(111) should not apply a significant surface-parallel
momentum on the weakly bound N,O.

A plausible mechanism for the off-normal photodesorption of N,O is that the P,
component stems from photodissociation of a dimer or a cluster of N,O. It is well known
that N,O forms van der Waals dimers in the gas phase [147]. On a cold Pd(110) surface,
small aggregates of N,O extending along the [110] have been observed by STM [148,
149].

The assumption of formation of N,O dimers or small clusters on Ag(111) can explain
the three main features of the experimental results:

(1) Off-normal photodesorption of N,O. Splitting of N,O dimers/clusters aggregating
parallel to the surface should lead to the acceleration of the N,O monomer in an off-
normal direction.

(2) Red shift of photoexcitation energy from 5.6 eV to 4.7 eV; The LUMO or
Rydberg states of N,O may be lowered by the hybridization as a result of clustering. This
may enable direct photoexcitation from the HOMO to the hybridized states.

(3) Direct excitation of adsorbates inferred by the results of the incident angle
dependence of the PCS measurements.
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These agreements strongly support the assumption that photodissociation of N,O
aggregates is responsible for the P; component. Structural information of N,O on
Ag(111) below liquid nitrogen temperatures is not available. However, it is not unlikely
that N,O forms dimer or clusters on Ag(111) at 30 K. In fact, clusters of NO are observed
at the same temperature range.

A secondary process like Reaction (3.16), O* + N,O(a) - N,O(g) + O(a), can also
explain the off-normal desorption of N,O. However, the mean translational energy of P,
(0.53 eV) seems too high considering the possible kinetic energies of O* (0.4 — 0.67 eV)
[145] and the mass ratio 44:16 between N,O and O. The heat of adsorption of O atoms on
Ag(111) might add some kinetic energy to the desorbing N,O, however, the heating of
the substrate should enhance thermal desorption only along an off-normal direction. Also,
production of O* results from photodissociation of N,O, which is most probably via
substrate mediated (indirect) excitation. Thus, Reaction (3.16) is not fully consistent with
the experimental results.

The P, component, on the other hand, is peaked at the surface normal with a 7; of ~
1100 K, which is between the values (1700 K and 810 K) observed for N,O
photodesorption from Pt(111) [150]. The angle-of-incidence dependence of the PCS
suggests that this component stems from indirect excitation of N,O by hot electron
attachment. Thus, photodesorption of the P, component can be explained successfully by
the Antoniewicz model [9]. The spatial distribution of P, is rather broad; n=1.7. This may
suggest scattering of N,O™ by neighboring adsorbates.

Photodesorption of N,

The characteristic features of Q; and Q, components in N, photodesorption from
N,O/Ag(111) are summarized in Table 3.4. Both components are peaked at the surface
normal, similar to the case of N,O/Pt(111) [145, 150]. The T;s of Q; and Q, are also
similar to those observed for N,O/Pt(111) [150]. However, the photodesorption cross
sections and the breadth of spatial distributions are different between Q; and Q;.

Table 3.4. Comparison of Q; and Q, in photodesorption of N, from N,O/Ag(111) at 4.7 eV.

Component Excitation | Photodesorption T, (K) Direction of nin

P Mechanism Cross Section ! Photodesorption | cos"6,
N |

Q, N/A High 2200 ormas, 12
ades =0

. N 1,

Q2 Indirect Low 600 orma o 5

Hdes =0
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Since N,O/Ag(111) photodissociates upon 4.7 eV photon irradiation, either Q; or Q;
is responsible for the photofragment N, produced by Reaction (3.12). The growth of the
PID results in Fig. 3.16 suggests that the Q, component stems from photodesorption by
Reaction (3.13) of N, photoproducts accumulated on the surface. Thus, Q; is attributed to
photodesorbed N, by photodissociation of N,O (Reaction (3.12)).

The photodesorption cross section of Qi, oq1, measured at 6, = 45° is ~ 4 x 1078 em?.
This is about 2/3 of that of P, of N,O, opy, ~ 6 X 107" cm?. However, if Q; and P,
originate from photodissociation and photodesorption of N,O(a), respectively, og; must
be equal to opy. The reason that og; is smaller than op; is likely to be that the Q,
component contributes the PID signal of N,. The ratio of Q; to Q; is 0.55:0.45 at 6;, = 45°,
according to the analysis of the TOF spectra in Fig. 3.14 (b). Assuming og,=~ 1.5 x 10*
cm’ (cf. Fig. 3.17), one obtains an averaged photodesorption cross section of N, as ~
4x107"® cm? by simple weighted averaging, 0.55 x op; + 0.45 x o2=(0.55 x 6 +0.45 x
1.5) x 10" = 4 x 10" cm® This calculation confirms that Q; stems from
photodissociation of N,O.

Next, we discuss the photodesorption mechanism of Q,. That its 7, is much higher
than the substrate temperature shows that this process is nonthermal. Nonthermal
photodesorption of N, from Ag(111) by infrared irradiation (1.17 eV) has been reported
by White and coworkers [151]. Their results suggest that “physisorbed adsorbates can
couple directly to the nascent-phonon distribution or the nascent electron—hole pairs in
the photoexcited substrate without heating of the surface.” They observed photodesorbed
N, with 7,= ~ 100 K from Ag(111) at ~ 30 K. However, the 7; of Q, is ~ 600 K, far
above their value. Thus, the photodesorption mechanism of Q; is likely different from
that proposed for IR induced desorption by White et al [151]. As the LUMO
corresponding to the 2n* antibonding orbital of the weakly bound N, on Ag(111) is
located from ~ 0.5 eV to ~ 3 eV above the vacuum level with a peak at 1.5 eV [152, 153],
this state may be accessible with the photon energy of 4.7 eV and the work function of
silver (4.3 eV). However, photodesorption of molecular N, on Ag(111) by visible and
UV light has not been studied yet, and this is out of the scope of the present study.
Another possible desorption mechanism is a secondary process in which Nj(a) is hit by
an energetic O atom, O* + Ny(a) —> Nj(g) + O(a). Such a process was observed for
photodesorption of O, adsorbed on the stepped Pt(112) surface [138]. However, in this
case the desorbing O, is peaked at an off-normal direction; the surface parallel
momentum is conserved. As the Q, component is peaked at the surface normal direction
and its spatial distribution is relatively broad with n = 5, a thermal process is more
plausible where Nj(a) is desorbed by the local heating of the substrate by adsorption of
O*.

It’s worth mentioning that the 7; of the Q; and Q, components are much lower than
that observed in photodesorption of N, (~ 5700 K) from (NO),/Ag(111) described in
section 3.1. It is therefore concluded that photoreactions of N,O on Ag(111) do not
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account for the photochemical formation of very energetic N, from the NO dimers on
Ag(111).

3.2.5. Summary

N>O on Ag(111) is photoreactive at photon energies > 3.5 eV. N,O photodesorbed at
4.7 eV shows two distinct desorption dynamics. The fast component (7:= ~ 3100 K) is
directed in an off-normal direction (~ 25°) with a sharp angular distribution, and the slow
component (7; = ~ 1100 K) is desorbed to the surface normal with a relatively broad
angular distribution. Photodesorption of N, also consists of two components (7;= ~ 2200
K and ~ 600 K), but both are directed to the surface normal. Based on the angle-of-
incidence dependence of the PCS, it is concluded that the fastest component of
photodesorbed N,O stems from direct photoexcitation of the adsorbates, which is
proposed to be aggregates of N,O on Ag(111). This is the first example of off-normal
molecular photodesorption from a monolayer of homogeneous adsorbates on a flat metal
surface. The other desorption components of N,O and N, are ascribed to primary or
secondary processes of a transiently formed N,O" via substrate mediated excitation. The
T, of photodesorbed N, components are far below that observed for N, photodesorbed
from (NO),/Ag(111) at 4.7 eV. Thus, a contribution of N,O intermediates to the
photochemical formation of the very fast N, (7=~ 5700 K) from NO dimers is excluded.
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Chapter 4. Comparision of thermal- and
photoreactions of NO on Ag
nanoparticles and Ag(111)

This chapter presents thermal- and photo-reactions of NO on Ag NPs compared to
those on Ag(111) by means of the same experimental setup and procedures shown in
section 3.1. Ag NPs were formed by depositing Ag atoms from an electron beam
evaporator on an Al,O3/NiAl(110) substrate. The average size of the Ag NPs was set at ~
8 nm as calibrated by separate STM observations. The enhanced PCS of NO on
supported Ag NPs were observed on plasmon resonance as well as off plasmon resonance,
and broadened mass-selected TOF spectra from NO on Ag NPs were found at all photon
energies used (2.3 — 4.7 eV). Comparison of the PCS and TOF spectra of NO
photodesorbed from Ag NPs between on and off Mie plasmon resonance reveals that
there is no difference in the photodesorption mechanism between on and off resonance
although the PCS is significantly enhanced at on resonance.

4.1. Introduction

Studies of metal NPs have been an area of intense scientific research over the last
several decades [1, 14, 20] due to a wide variety of potential applications such as sensors
[154], SERS [155-163], diagnosis and treatment of cancer [164], Fabry-Perot resonators
[165], and surface photochemistry [1, 166]. This interesting research is based on distinct
optical and electronic properties of metal NPs, typically smaller than 10 nm, compared to
those of corresponding bulk.

In the previous chapter it has been shown that hot electron attachment is the main
photoexcitation mechanism for the photochemistry of NO on Ag(111) by comparing the
PCS with calculated surface absorbance, indicating that the photoreaction cross section is
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directly influenced by hot electron dynamics. Since the energy dissipation processes of
created hot electrons in small metal NPs supported on dielectric films are expected to be
modified from those in corresponding bulk material, it is interesting to investigate the
modified hot electron dynamics from a photochemical point of view.

Surface plasmon excitation, which is the collective motion of free electrons in the
conduction band, is a unique property for metal NPs and has been studied by photon
STM [18] and 2PPE [41]. Meech and co-workers have compared the PCS of adsorbates
on Ag(111) and Ag surfaces roughened by sputtering and have shown that the PCS
exhibits a resonant enhancement against photon energy, which is absent for Ag(111)
[167]. The resonance was located at ~ 3.5 eV, corresponding to the typical Ag surface
plasmon resonance, and the resonant features were independent on the adsorbates. Thus,
they suggested that surface plasmon excitation enhanced the available number of hot
electrons for photodesorption via the plasmon decay into electron-hole pairs and surface
electric field amplification.

It should be mentioned that the 7, are different between Meech’s [113] and our
results in section 3.1 for NO on Ag(111). The Tis in our TOF measurements are higher
than those of Ref. [113]. Their 7; of NO photodesorbed by 3.5 eV photons from NO
adsorbed on Ag(111) at ~ 87 K was ~ 490 K and that from a sample annealed to ~ 300 K
was ~ 730 K. The corresponding values from our TOF measurememts are ~ 600 K (3.5
eV) and ~ 1000 K (4.7 eV). These T; differences are probably due to different accuracies
of the flight lengths and of the calibration of the ion flight time in the mass filter of QMS,
and possibly to the pumping speeds near the ionizer of the QMS (flux vs. density detector
properties). Differences in 7; as much as 80 % have been reported in SO,/Ag(111)
systems, for example [168, 169]. We do not want to argue which setup gives the better
absolute values, but do wish to point out the importance of using the same experimental
setup and procedures if comparisons of the photodesorption data between different
samples are intended.

In this section thermal and incident photon energy and polarization dependent
photoreactions of NO on Ag NPs supported on Al,Os film are presented and compared to
the results from NO on Ag(111) by means of the same experimental setup and procedures
shown in section 3.1. An enhancement of the PCS for NO on Ag NPs is observed, and the
enhancement factor is peaked at the plasmon resonance of Ag NPs. The TOF of NO
desorbed from Ag NPs is broader than that from Ag(111). The differences are discussed
with the adsorption state of NO and the properties of the surfaces.
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4.2. Experimental

The fabrication of Ag NPs was described in Chapter 2. NO was dosed at 75 K on 5 A
deposited Ag/ Al,03/NiAl(110) whose mean particle diameter is ~ 8 nm to the saturation
coverage, and then the sample was subsequently cooled down to ~ 30 K or kept at ~ 120
K. Nanosecond laser pulses from the second, third and forth harmonics of a Nd:YAG
laser (2.3, 3.5, and 4.7 eV in polarized light, respectively) and a XeCl excimer laser (4.0
eV, non-polarized light) were used in this section. The sample surface normal was
oriented into the QMS axis, and the beam incident angle was fixed to 45 degrees. For
details see experimental in Chapter 2. In order to estimate 7; of photodesorbed NO, TOF
spectra were deconvoluted by two shifted Maxwell-Boltzmann distributions. The 7;
shown in this section represents the main component in the TOF spectra.

4.3. NO adsorption on Ag NPs and Ag(111)

Fig. 4.1 presents pre-irradiation TPD results from Ag NPs and Ag(111) dosed with
NO at ~ 75 K to the saturation coverage measured at mass number m/e = 30. The three
NO peaks from Ag(111), ~ 97, ~ 115, and ~ 400 K, originate from dissociation of NO
dimers to emit NO, cracking of N,O, and NO monomer, respectively (see section 3.1 for
detail). Similarly, NO desorption signals from Ag NPs peaked at ~ 86 K and ~ 102 K can
be assigned to NO from NO dimer and cracking of N,O, respectively. The broad feature
from ~ 120 K to ~ 450 K from Ag NPs originates from NO monomers, consisting of two
peaks (~ 160 K and ~ 250 K). We designate the desorption signals of NO from NO dimer
and NO monomer as NO-« and NO-/, respectively.

The peak temperatures of NO and N,O from Ag NPs are lower than those from
Ag(111). When the particle size was varied, the desorption peaks from Ag NPs shifted to
higher temperatures with increasing size and approached those from Ag(111) with a 1/R
function, where R is the particle radius [170]. It has been explained by three effects: (i)
changes of the van der Waals attraction (decrease with 1/R by the particles' curvature and
the fact that all Ag atoms in NPs contribute. R is particle radius); (ii) possible weakened
chemisorptive contribution by the change of Ag surface states; and (iii) a shift to larger
distances of the repulsive part of the surface interaction, due to increasing spill-out of the
Ag surface sp-electrons for smaller NPs [40].

The pre-irradiation TPD results at m/e = 44, shown in the inset of Fig. 4.1, present
the different thermal reaction of NO dimer on Ag(111) and Ag NPs. The detail of N,O
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formation from NO dimer on Ag(111) is described in section 3.1. According to the
studies by King’s group [112], the peak at ~ 96 K stems from decomposition of the ¢, ,
and o-phases and the peak positioned at ~ 115 K from that of the f~phase of NO dimers
on Ag(111). In contrast, only one N>O peak is observed in the TPD from Ag NPs, which
is located at ~ 102 K, in between the two peaks in the Ag(111) TPD.

The relative desorption yields of NO and N,O from NO dosed at ~ 75 K on Ag NPs
and Ag(111) are summarized in Table 4.1. The NO dimers on Ag NPs compared to that
on Ag(111) were preferentially dissociated to NO monomers and converted to N,O. The
relative signal intensity NO-£ / NO-« is ~ 2.3 times higher for Ag NPs. N,O signal
intensity compared to the total amount of NO signal (NO-a + NO-p) is also slightly
higher for the Ag NPs. Note that the signal intensities were corrected by relative QMS
sensitivity for NO and N,O.

Table 4.1. Relative desorption yields in pre-TPD of Ag
NPs and Ag(111) dosed with NO at 75 K.

Surface NO-f4/NO-«a N,O/NO
Ag(111) 0.53 0.42
Ag NPs 1.23 0.62

The pre-irradiation TPD measurement of NO dosed at 75 K on bare AlLO; was
performed in order to investigate the contribution of desorption signals from the
supporting film. Neither parent NO molecules nor any reaction products which could be
formed from NO species (N,O, NO,, Ny, O, and O,) were detected; this fact allows us to
investigate thermal and photoreactions of NO adsorbed only on Ag NPs.

Fig. 4.2 displays post-irradiation TPD spectra for m/e = 30 and 44 (inset) from Ag
NPs measured after the photodesorption signal of NO is depleted. The incident photon
energy dependence of the NO-o and NO-/ peak are very different. Irradiating with a 2.3
eV laser beam, the NO-« peak is significantly reduced whereas the NO-£ peak is almost
unchanged. At a photon energy of 3.5 eV, the NO-« peak is totally depleted and the first
NO-g peak (~165 K) is also reduced whereas the second NO-/ peak (~ 260 K) is almost
unaffected. All of the NO peaks are depleted after prolonged irradiation at photon
energies > 4.0 eV. All the post-irradiation TPD results were independent of the
polarization of the incident laser beam. Since overall photon energy dependencies of NO
on Ag NPs in post-TPD results are comparable to those on Ag(111) except the desorption
temperatures, we conclude that the affinity levels of the NO dimers and monomers on Ag
NPs and Ag(111) are comparable. Summarizing, the affinity level of the NO dimer is
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Fig. 4.1. Pre-irradiation TPD results from Ag NPs/Al,O3/NiAl(110) (solid curves)
and Ag(111) (dashed curves, multiplied by 1/3) dosed NO at 75K to the saturation
coverage, measured at m/e = 30. The inset was measured at m/e = 44.

distributed below 2.3 eV, while that of the NO monomer is higher than 2.3 eV and
distributed partially below 3.5 eV, and lower than 4.0 eV.

The N,O peak from Ag NPs (Fig. 4.2 inset) in the post-irradiation TPD compared to
that in the pre-irradiation TPD 1is almost the same for 2.3 eV laser beam irradiation;
however, it was shifted to ~ 96 K by 3.5 eV photon irradiation and almost depleted by
irradiation at 4.7 eV. The photo-reactivity of N,O formed from NO dimers on Ag(111) is
described in detail elsewhere (see section 3.1). The ~ 96 K desorption peak of N,O
formed from the o, y, and &phases of NO dimers on Ag(111) was depleted by laser
irradiation at > 2.3 eV, whereas the N,O peak at ~ 115 K stemming from the fphase of
NO dimers was slightly reduced. The latter N,O peak position was not altered by 2.3 eV
laser irradiation but shifted to a lower temperature by > 3.5 eV laser irradiation. Thus, the
photo-reactivity of N,O formed from Ag NPs is similar to N,O formed from the f-phase
of NO dimers on Ag(111).
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Fig. 4.2. Pre- and post-irradiation TPD at m/e = 30 and 44(inset) at various
photon energies from Ag NPs measured after the photodesorbed NO signals
were depleted.

4.4. Enhanced photodesorption cross section of NO on
Ag NPs

PID signals of NO from Ag NPs being dosed with NO at 75 K to the saturation
coverage and subsequently cooled down to ~ 30 K are presented in Fig. 4.3 using a
logarithmic scale. Data measured at the sample covered with the NO saturated monolayer
and annealed and kept at ~ 120 K are shown as closed stars. Keeping the sample
temperature at ~ 120 K after NO dosage at 75 K leads to removal of NO dimers and N,O
on the surface. The inset shows the same data as in the main figure but plotted with an
extended number of photons. The desorption signals were corrected by the number of
irradiated photons and the transmittance of the viewing window at the corresponding
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photon energies. The decay of the PID signal strongly depends on the incident photon
energy and polarization. The decay at 2.3 eV is linear (i.e., exponential, whereas fast and
slow decays are observed for photon energies > 3.5 eV). These results indicate that at a
photon energy of 2.3 eV only the NO dimers on Ag NPs are photoactive, whereas at > 3.5
eV both the NO dimers and monomers are photoreactive. When the PID was measured at
~ 120 K only the slow component was observed even though the incident photon energy
was higher than 3.5 eV, indicating that only NO monomers contributed to the PID signal.
These results are consistent with the post-irradiation TPD results shown in Fig. 4.2 and
NO on Ag(111) (see section 3.1).

Fig. 4.4 displays PID signals of NO dosed at 75K, measured at various photon
energies and polarizations, and normalized by the desorption signal intensity for the first
laser shot. The decay becomes faster with increasing photon energy in the case of the s-
polarized laser irradiation, whereas the fastest decay is observed at 3.5 eV in the case of
the p-polarized laser irradiation.

The PCSs of NO photodesorbed from Ag NPs and Ag(111) dosed with NO at 75 K
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Fig. 4.3. PID results of NO from Ag NPs with saturation coverage of NO dosed
at 75 K, and then subsequently cooled down to ~ 30 K, measured at photon
energies 2.3 eV (triangles), 3.5 eV (squares), and 4.7 eV (circles), in p-(closed
symbols) and s- (open symbols) polarization, respectively. Closed stars are
data measured at 120 K after dosing at 75 K using 3.5 eV in p-polarization.
Laser irradiances on the sample were ~ 1.0 mJ/cm’/shot for the 3.5 eV in p-
polarization and ~ 1.7 mJ/cm?*/shot for the others. The inset is PID results
plotted with extended number of photons.
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are estimated from PID curves by a single exponential fitting function, from the
desorption signal driven by the first laser shot to 50% of the maximum desorption signal,
and are summarized in Table 4.2. It should be mentioned that the PCS shown here
represents only the decay of the NO dimer because it is much faster than the decay of the
monomer. There are two noticeable phenomena: (i) the PCS of NO from Ag NPs is
higher than that from Ag(111) except for at 4.7 eV in s-polarization; (i1) the PCS of NO
on Ag(111) monotonically increased with increasing photon energy of the incident light
in both polarizations, whereas that on Ag NPs showed a strong resonance feature at 3.5
eV laser irradiation only for p-polarized laser irradiation.

The increase in the PCS of NO from the Ag NPs is probably related to modified hot
electron dynamics because the substrate mediated mechanism plays a major role in the

photoexcitation of NO on Ag surfaces (see section 3.1). The electron mean free path is
given by [, , =7-v, where 7 is the electron lifetime and v the electron velocity. Since

the electron affinity level of NO dimers on Ag NPs is located ~ 2 eV from the Fermi level,
[, , for hot electrons hopping from the surface to the adsorbate is ~ 8 nm with 7 =51s

[171] and v=~1.6x10°m/s > [172]. The height of an average Ag NP is ~ 2 nm. Thus,
the hot electrons can be reflected several times at the interface between the NP and the
alumina before dissipating their energy via electron-electron scattering; this increases the
rate of hot electrons scattering with the adsorbates, leading to a high PCS for NO dimers
on Ag NPs compared to Ag(111).

It is worth mentioning that no enhancement of the PCS of NO from Ag NPs was
observed compared to that from Ag(111) at 4.7 eV in s-polarization, which is not
consistent with the above arguments. This may suggest that an additional effect plays a
role at 4.7 eV irradiation, which is beyond our discussion at the moment.

The most noticeable result is the large enhancement of PCS at 3.5 eV in p-
polarization. This is the direct consequence of the optical properties of Ag NPs, i.e. the
Mie plasmon excitation. The enhanced PCS on plasmon resonance has been found in
OCS, NO, and SO; on roughened Ag(111) [167]. Since the (1,0) mode of plasmon
excitation for alumina film supported Ag NPs has been observed in Photon-STM [18]
and 2PPE experiments [41] showing resonance ~ 3.5 — 3.6 eV, the enhancement at 3.5 eV
in p-polarization can be interpreted in terms of increased hot electron populations via
plasmon decay into electron-hole pairs and electric field enhancement [173] at the NP
surfaces.

3 The electron velocity at 2 eV from the Fermi level. The Fermi energy and velocity in
Agare 5.5eVand v, =~1.4x10°m/s , respectively.
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Fig. 4.4. PID results of NO from Ag NPs with saturation coverage of NO dosed
at 75 K, measured at photon energy 2.3 eV (triangles), 3.5 eV (squares), and
4.7 eV (circles), in p-(closed symbols) and s- (open symbols) polarization,
respectively, normalized by desorption signal intensity for the first laser shot.

Table 4.2. Photodepletion cross sections of NO from Ag NPs and Ag(111) dosed with NO at

75 K.
PCS of NO (<1018 ¢cm?)
Photczr;\]/i)n T8Y | Polarization Ratio
AgNPs | Ag(LID 1 o Nps 7 Ag(111))

P 2.13+£0.06 | 0.86 2.48

= S 136 +023 | 039 3.49

P 58.8+445 | 3.9 15.1

> S 730179 | 2.8 2.6

4.0 Non-pol. 9.5 5.8 1.64

i P 37.8£290 | 14.6 2.59

S 112+057 | 115 0.97
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4.5. Mass-selected time-of-flight measurements of
photodesorbed NO

TOF measurements of NO photodesorbed from Ag NPs and Ag(111) were performed
in order to distinguish effects of the peculiar properties of Ag NPs on photodesorption
mechanisms. The normalized TOF spectra measured at 2.3 eV in p-polarization are
compared in Fig. 4.5. Note that only the NO dimers are photoactive with 2.3-eV laser
irradiation on both surfaces. The peak positions are almost the same, however, the
spectrum from Ag NPs is somewhat broader than that from Ag(111). The spectrum from
Ag NPs rises earlier than that from Ag(111); however, the deviation is almost negligible
after ~ 150 us before the peak. After the peak, the deviation becomes significant at ~ 300
us and is maximized ~ 550 ps. We speculate plausible explanations for the different TOF
spectrum in the following.

NO/Ag NPs
NO/Ag(111)

Normalized desorption signal

400 600 800 1000
Time of flight (us)

Fig. 4.5. Normalized TOF spectra of NO from NO dimers on Ag(111)
and Ag NPs by p-polarized 2.3 eV laser irradiation. The desorption
signals were accumulated for 5x 10'7 photons/cm’.
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First, the pre-TPD result shows that the binding energy of NO dimer on Ag NPs is
slightly different from that on Ag(111). Furthermore, there might be several facets on the
Ag NP surface unlike Ag(111), which may lead to more complex adsorption states of NO
dimers on Ag NPs. Thus, inhomogeneous adsorption structures of NO on Ag NPs
compared to those on Ag(111) may cause broader TOF spectra in the former case.

Second, secondary processes such as scattering of desorbates by adjacent Ag NPs
may be responsible. Generally, molecules are photodesorbed towards the surface normal
with cosine power distributions. The Ag NPs on Al,O3/NiAl(110) used in this study are
almost hemispherical [18], which implies that the desorption angle with respect to the
surface normal (of the sample) varies with the position on the surface of the Ag NP.
Molecules desorbed from the region near the boundary of Ag NPs may be directed
towards adjacent Ag NPs, resulting in inelastic scattering or re-adsorption. In order to
roughly estimate the rate of such processes, we assume that the the Ag NPs are
hemispherical and uniformly distributed over the substrate, and a desorption angle is
normal to the surface of Ag NPs with a cosine distribution. The re-adsorption of the
desorbate on neighboring Ag NPs is neglected for simplicity. Since the density of the Ag
NP is ~ 4 x 10'!/cm?, the distance (edge to edge) between two nearest Ag NPs is ~ 8 nm.
Schematic drawings of the desorption geometry of NO from Ag NPs are depicted in Fig.
4.6 (a) side view and (b) top view. In Fig. 4.6 (a), the NO on top of the Ag NP will be
detected without any collision, whereas the NO sitting near the boundary of the Ag NP
will collide with adjacent Ag NPs. The collision probability of the desorbate with
adjacent Ag NPs is estimated by comparing total surface area of single Ag NP with the
integration of the Ag NP surface whose normal vectors intersect with the adjacent Ag
NPs. The simplified model calculation shows that ~ 13 % of desorbates collide with
adjacent Ag NPs. Thus, such collision processes are not negligible. They should give rise
to desorption with lower energies and may be responsible for the broader tail in the TOF
spectrum of NO from Ag NPs than that from Ag(111).

Fig. 4.7 shows TOF spectra of NO photodesorbed from Ag NPs with 3.5 eV photons
in (a) p-polarization, on (1,0) mode Mie plasmon resonance, (b) s-polarization, off
plasmon resonance. The spectra are fitted by a sum of two shifted Maxwell-Boltzmann
distributions. The 7, for the fast component was 686 K and 677 K on and off Mie
plasmon resonance, respectively. The spectra are qualitatively the same within the
experimental error, indicating no difference in photodesorption dynamics regardless of on
and off Mie plasmon resonance, although the PCS is significantly different. This result is
consistent with ref [168]. Meech and co-workers studied effects of surface plasmon
excitation of roughened Ag surfaces on the photochemistry of SO, or OCS adsorbates.
Their results also showed that the surface plasmon enhances the photoreaction cross
section, but no new photochemical processes were found.
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(b)

Fig. 4.6. Schematic drawings of desorption geometry. (a) side view (b) top view. The
filled circles in (b) represent Ag NPs which collide with desorbates from the bottom
left Ag NPs.
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Fig. 4.7. TOF of NO on Ag NPs: on plasmon resonance (upper panel,
accumulated 1x 10" photons/cmz) and off plasmon resonance (lower
panel, 1.5x 10" photons/cmz).

Evolutions of 7; for NO photodesorbed from Ag NPs are compared to those from
Ag(111) at various photon energies in Fig. 4.8. The initial values of 7}, resulting mainly
from NO dimers on the Ag NPs, are ~ 700 K; they are ~100 K higher than those from
Ag(111). As the peak positions of TOF spectra are almost the same for the Ag NPs and
Ag(111), the difference in the initial value of 7; is attributed to the rising part of the TOF
spectrum as shown in Fig. 4.5. The T;s at 3.5 and 4.7 eV after the leveling-off represent
the 7; of NO stemming from NO monomers. There, NO dimers are almost depleted
because of their larger PCS than that of NO monomers. As was discussed in Chapter 3, T;
can be regarded as a phenomenological parameter reflecting the ratio of concentrations of
NO dimers and monomers. The evolution of 7, measured for the Ag NPs at 3.5 eV is
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much slower than that for Ag(111), suggesting that the efficiency of the photoinduced
dimerization of NO monomers discussed in Chapter 3 is higher on Ag NPs than on
Ag(111). This is supported by the lower binding energy of NO monomers on Ag NPs
than on Ag(111) (Fig. 4.1) implying a higher NO mobility on Ag NPs than on Ag(111) at
low temperatures. Also, NO photodesorbed in a low grazing angle may collide with
adjacent Ag NPs, as discussed above, and dimerize with an existing NO monomer.
However, at 4.7 eV the T; measured for Ag NPs rises similarly to the Ag(111) case. This
can be explained as follows; the affinity level of the NO monomer spans below 4.0 eV
above the Fermi level and both the dimer and the monomer can be photoexcited with 4.7
eV photons. On the other hand, a 3.5 eV photon can access only a part of the affinity
level of the monomer and thus photodesorption is less efficient than at 4.7 eV.
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Fig. 4.8. Evolutions of translational temperatures of NO on Ag NPs
(symbols) and Ag(111) (curves) using 2.3 eV (squares), 3.5 eV (circles),
and 4.7 eV (triangles). Closed and open symbols are for p and s
polarizations, respectively.
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4.6. Summary

The thermal- and photo-reactions of NO adsorbed on Ag NPs of ~ 8 nm diameter
deposited on a thin Al,O; film formed on NiAl(110) were investigated by TPD, PID, and
mass-selected TOF measurements. The overall results were compared with those on
Ag(111). The TPD results showed that the affinity levels of the NO dimers and
monomers on Ag NPs and Ag(111) are comparable. However, the PCS of NO on the Ag
NPs is enhanced compared to that on Ag(111) by a factor of ~ 3 off-plasmon resonant
photon energies and by a factor of ~ 15 at the (1,0) mode Mie plasmon resonance (3.5 eV
in p-polarization). The former enhancement is ascribed to confinement effects due to the
particle diameter being shorter than the electron mean free path and the isolation by the
thin ALOs film. The latter is attributable to the surface electric field enhancement effect
of plasmon and enhanced electron-hole pairs creation by plasmon decay (Landau
damping). The TOF results revealed no difference in photodesorption dynamics between
on and off Mie plasmon resonance. The broader TOF spectra of NO photodesorbed from
Ag NPs were explained by inhomogeneous adsorption states of NO and collisions of
desorbates with adjacent Ag NPs. Furthermore, the evolution of 7; suggested that
photoinduced dimerization of NO is more efficient on Ag NPs than on Ag(111), which
was explained in terms of higher mobility of NO monomers and collisions with NO
photodesorbed from neighboring Ag NPs.
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Chapter 5. Femtosecond laser induced
desorption of NO from Ag NPs and
Ag(111)

This chapter presents femtosecond laser induced desorption of NO from (NO), on Ag
NPs (width of 8 nm) and Ag(111) by means of the same experimental setup and
procedures shown in Chapter 3 compared to nanosecond laser induced desorption. The
photodesorption yield from Ag NPs is dramatically enhanced by femtosecond laser
irradiation whereas that from Ag(111) is almost unchanged. The enhancement is
discussed in terms of the DIMET and Friction models by calculating the number of hot
electrons and desorbates.

5.1. Introduction

Femtosecond (fs) laser induced desorption (FID) has been studied for several solid
surfaces [64-66, 77, 174-181] and metal films [182]. The most distinctive features
compared to nanosecond (ns) laser induced desorption (NID) are as follows: (1) highly
enhanced photodesorption yield, (2) laser fluence dependent photodesorption yield and
translational temperature (7;), (3) high vibrational excitation of desorbates, and (4)
different branching ratio. The fact that desorption is driven by relaxation of hot electrons
has been confirmed by two-pulse correlation experiments [174-176, 178, 180]. To
quantitatively describe FID dynamics, two conceptually different models have been
proposed. In the model of desorption (or more generally dynamics) induced by multiple
electronic transitions (DIMET) [68, 69], many cycles of electronic transition of the
adsorbate occur before vibrational excitation is quenched. In the other approach, the
Friction model, electronic frictional coupling between an adsorbate and the thermalized
substrate hot electrons is assumed [70-75]. Generally, the former is applicable for an
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adsorbate resonance state high above the Fermi level and the latter is applied for low
lying adsorbate resonances. In the first case, energy transfer happens in a few cycles of
electronic transitions, each with large energy transfer: In the second, many small energy
transfers occur. These are conceptually different coupling processes.

In this chapter, we present nonthermal photodesorption of NO adsorbed on Ag NPs
(~ 8 nm) at ~ 75 K existing as (NO), using fs laser pulses. It has been observed in
Chapter 3 that the affinity levels of the (NO), on Ag(l11) and on Ag NPs are
qualitatively similar and are located ~ 2 eV above Er. In the case of NID, the desorption
yield of NO on supported Ag NPs is enhanced by a factor of ~ 3 off the plasmon
resonance and a factor of ~ 15 at the (1,0) mode of the plasmon resonance (3.5 eV in p-
polarization), compared to Ag(111). When fs laser pulse irradiation was used,
qualitatively similar PCS of NO from (NO), on Ag(111) was observed below fs laser
intensity ~ 2 mJ/cm?*/shot, whereas the PCS from (NO), on Ag NPs was drastically
enhanced compared to ns laser irradiation. The enhanced PCS will be discussed based on
calculations of the number of hot electrons and reacted (NO),.

5.2. Experimental

NO gas was dosed to saturation at 75 K on Ag(111) or on 5 A deposited Ag/
Al,O3/NiAl(110) which led to a mean particle diameter of ~ 8 nm and then the sample
was cooled down to ~ 30 K. The femtosecond laser systems are described in Chapter 2.
Here pulses with duration of ~ 110 fs at 3.1 eV in p-polarization at a repetition rate of 50
Hz were used. For NID, the laser beam was expanded threefold using a telescope, to
irradiate uniformly over the sample surface, whereas the fs laser beam was used without
expansion in order to achieve high fluences at the center of the beam. Since the irradiated
spot sizes on the sample have to be larger than the QMS skimmer diameter (2 mm in our
setup) for post-irradiation TPD measurements, beam diameters of 5 and 7 mm adjusted
by an iris were used for fs and ns laser irradiation, respectively. In order to measure PID
and mass-selected TOF, the sample surface normal was oriented into the QMS axis, and
the beam incident angle was fixed to 45 degrees. For further experimental details see
Chapter 2. The measurements have been done at various fs laser intensities up to ~ 2.1
mJ/cm?/shot. The beam sizes for photodesorption measurements were 2 and 7 mm
diameter for fs and ns laser irradiation, respectively.
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5.3. Comparison between femto- and nanosecond laser
induced photodesorption

Pre- and post-irradiation TPD results of mass number, m/e = 30 and 44 (inset), from
Ag NPs measured after depletion of the photodesorbed NO signal are shown in Fig. 5.1.
The fluences were ~ 1 mJ/cm® for the ns laser and ~ 0.5 mJ/cm® with a 5 mm beam
diameter in the center for the fs laser. The latter corresponds to ~ 2 mJ/cm” measured for
a 2 mm beam diameter in the center due to the Gaussian beam profile. In this chapter, we
do not discuss the (photo)chemical reactions of (NO), on Ag surfaces (the details can be
found in Chapter 3) but stress the similarity of post-irradiation TPD between ns and fs
laser irradiation. In both cases the NO peak from (NO), located at 86 K was depleted by
irradiation, and the broad desorption peak of NO monomers was partly reduced. The
remaining NO monomers suggest that multi-photon processes are negligible; otherwise
the NO monomers should be depleted because their affinity level is below 4.0 eV above
the Fermi level (see Chapter 4). Note that the NO peak at ~ 100 K is due to cracking of
N>O in the QMS.

Post-irradiation TPD allows not only to probe the photoproducts and quantify the
reduction of a photoreactive species on the surface, but also to inspect effects of laser
heating if there exist photo-inert adsorbates with known desorption temperatures, which
may serve as substrate temperature indicators. On Ag surfaces this is the N,O species
produced at photon energy < 3.5 eV but barely photodesorbed itself. The areas of N,O
peaks before and after laser irradiation did not change, as shown in the inset. This
indicates that the surface temperature of Ag NPs did not exceed their desorption
temperature during ns and fs laser irradiation.

The normalized PID results of NO from Ag(111) by irradiating ns and fs laser are
compared in Fig. 5.2 (a). The PCSs of NO on Ag(111) are ~ 3.9 and 3.5 x 10"® cm? for
ns and fs laser irradiation, respectively. Qualitatively similar PCSs were observed at
various fs laser intensities up to ~ 2.1 mJ/cm?/shot. By taking into account the effective
absorbance, depending on the incident photon energy, the PCS for fs laser irradiation is
slightly higher than that for ns laser irradiation. On the other hand, a remarkable
enhancement of the PCS for NO on Ag NPs by fs laser irradiation was observed as shown
in Fig. 5.2 (b). Note that the scale of the x-axis (number of irradiated photons) in Fig. 5.2
(a) is 10 times larger than that in Fig. 5.2 (b). Since 3.1 eV light from the ns laser was not
available, the results of ns 3.5 eV irradiation in p- and s-polarization are shown for
comparison. The signal decays almost 50 % by a single fs laser shot of ~ 0.2 mJ/cm?,
corresponding to a PCS of about 2000 x 10™'® cm?®. This decay is much faster than that for
ns 3.5 eV in s-polarization irradiation with a PCS of 7.3 x 10™"® cm® (off plasmon
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resonance), and even for 3.5 ¢V irradiation in p-polarization with a PCS of 59 x 10™® cm?

(on plasmon resonance). Increasing the fs laser intensity, the desorption signal ratio for
the second/first laser shot was increased; however, the PCS was somewhat decreased.
This may be due to too high a PCS because the simple PCS estimation is valid only when
the change of adsorbate coverage per laser shot is small.

The very high PCS of NO from (NO), on Ag NPs in FID manifests itself that the
desorption is not due to laser induced thermal desorption. The fs laser intensity adopted in
Fig. 5.2 (b) is ~ 1/10 of that used in the experiment on post-TPD, indicating that sample
heating should be much lower than reported in ref [166]. Thus, if the desorption is mainly
thermal, the signal decay would be slower than that in ref [166], which is not the case.

TOF spectra of NO from Ag NPs (inset) and Ag(111) at different fs laser fluences
and the 7; of desorbates calculated by a sum of shifted Maxwell-Boltzmann distributions
are shown in Fig. 5.3. The fast component in the TOF spectra is relevant to
photodesorption of NO, whereas the slow component is attributable to secondary
processes such as collisions among adsorbates/desorbates with the walls of the flight tube.
Thus, only the fast component will be discussed. The 7; of NO photodesorbed from
(NO), reactions has been calculated from the data in the early stage of photoreactions
(accumulated for ~ 4x10'® photons/cm?) where the majority of photodesorbed NO stems
from (NO), (see Chapter 3 and 4), and that from NO monomers has been evaluated at a
later stage (accumulated from 1x10" photons/cm® to end) where NO dimers are almost
depleted. The 7;’s of NO from both the dimers and monomers on Ag(111) by fs laser
irradiation show almost no fluence dependence and are similar to those by ns laser
irradiation. This is consistent with the above PID results in terms of DIET. The same
results were observed for NO from NO monomers on Ag NPs. In contrast, the 7; of NO
from (NO), on Ag NPs shows a strong fluence dependence. The TOF spectra are
displayed in the inset of Fig. 5.3. At low intensity ( < 0.2 mJ/cm?) the 7} is comparable to
that by ns laser irradiation; however, it increases to ~ 1700 K at higher fluences.

5.4. Estimation of photodesorption probability on Ag
NPs

Here we estimate the photodesorption probability per hot electron in FID and NID.
This quantity will be used to compare the efficiency of photodesorption between ns and
fs laser pulses and between Ag NPs and Ag(l111), and also to elucidate the
photodesorption mechanisms.

In the case of FID with ~ 0.2 mJ/cm® at incident angle of 45° shown in Fig. 5.2 (b),
the number of irradiated photons is ~ 3.7x10'*/cm?/shot. Since the density of Ag NPs is ~
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4x10"/cm? and the Ag coverage is ~ 0.2 about 200 photons irradiate one NP in each shot.
Note that this number would be higher in the presence of plasmon excitation because of
the so-called antenna effect [183, 184]. However, all of the enhancement will be taken
into account later. The absorbance of Ag NPs cannot be simply calculated because of
plasmon excitation whose resonance and strength strongly depends not only on their size
and shape but also on the supporting material. Thus, let us estimate the absorbance of
NPs by multiplying with an enhancement factor, F, the absorbance of a thin film of
corresponding mean thickness, expressed by

A =A4,+(1-4,)R A, (5.1)

where 4, = F(1-R,)(1-¢**"), a(E) is the photon energy dependent corresponding

bulk absorption coefficient related to the refractive index »n and extinction coefficient x
by Je=n+i k,R, and R, are the polarization and photon energy dependent reflectivity

of the Ag bulk and NiAl, respectively, and d is the film thickness. Here, direct reflection
from Ag film and absorption by the alumina film are neglected. The first and second
terms denote absorbance of incident light and of light reflected from the NiAl substrate,
respectively.

The 2 nm height of NPs at an incident angle of 45° corresponds to ~ 2.2 nm of mean
optical path length. By taking F' = ~ 4 obtained from cathodoluminescence results [87],

which is attributable to remnants of plasmon excitations, and the optical constants » and
x from ref. [48] and [185], we obtain 4, =~ 0.15. The number of hot electrons produced

per NP by one shot (,) is then ~ 30.

The number of desorbed or rather removed (NO), per NP per laser shot (N,,) can be
deduced from the PID results. The average number of Ag surface atoms per NP is found
to be ~ 1000 for the Ag NP size (width) of 8 nm and aspect ratio of 0.5 (height/width).
Since the number of (NO), per Ag surface atom is assumed to be 0.25 at saturation
coverage (due to the two tilted NO molecules consisting of (NO), against the surface
normal), there would be about 200 (NO), molecules per NP. The NO desorption signal
decays by about a factor 2 from first to second shot in FID shown in Fig. 5.2 (b) then
corresponds to the removal of about 100 molecules in the first shot, i.e. for a total of
about 30 hot electrons produced. Thus, the removal probability of (NO), on Ag NPs per
hot electrons induced by a (low fluence) fs laser pulse is more than 3. Note that the
removal probabilities were also estimated for (NO), on Ag NPs and Ag(111) in NID with
3.5 eV in s-polarization shown in Fig. 5.2 for comparison, then we obtained ~ 0.1 and ~
0.03, respectively.
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Fig. 5.1. Pre- and post irradiation TPD of NO on Ag NPs, measured at m/e = 30 and 44
(inset). No thermal desorption and multi-photon process.
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Fig. 5.2. PID results of NO from (a) Ag (111) and (b) Ag NPs with a saturation coverage of
NO dosed at 75 K, and then subsequently cooled down to ~ 30 K by means of a ns laser
(open symbols, 3.5 eV) and a fs laser (solid circles, 3.1 eV) in p-polarized irradiation. Open
diamonds are for ns laser in s-polarization. The signals are normalized by maximum signal.

Fs laser intensities are ~ 2.1 and 0.2 mJ/cm’ for Ag(111) and Ag NPs, respectively.
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Fig. 5.3. The T, of NO from (NO), (closed symbols) and NO monomer (open symbols) on
Ag(111) (triangles) and NPs (circles). TOF spectra of NO from Ag NPs by p-polarized 3.1
eV fs laser irradiation is shown in the inset. The desorption signals were accumulated for
~4x 10" photons/cmz. The laser fluences are 0.2, 0.9, and 1.9 mJ/cm’® from the bottom.
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5.5. Discussion and conclusions

Comparison with the H,O/Ag NP/quartz system

Wolf and coworkers have studied the FID of water adsorbed on quartz supported Ag
NPs and concluded from two-pulse correlation measurements that it is a purely thermal
process [166]. This is in contrast to our observations in which NO photodesorbs
nonthermally and the heating of the Ag NPs on Al,O3/NiAl(110) seemed to be negligible.
The disagreement with our results is probably due to the very different thermal
conductivity of their supporting material and the different absorbance of their Ag NPs. In
order to obtain a narrower (1,1) resonance peak, located at 3.1 eV, the NPs were tailored
in their experiment, whereas here the Ag NPs were not shaped, and the (1,1) mode of the
plasmon is suppressed by image dipole interaction on the NiAl substrate. Therefore,
although our fs laser intensity (Fig. 5.1) is comparable to their experimental condition for
two-pulse correlation, ~ 1 pJ in 0.3 mm of beam diameter which corresponds to ~ 1.7
mJ/cm?, the absorbed energy in our Ag NPs is much lower (~ 1/4, as discussed above).
Furthermore, our Ag NPs are more efficiently cooled down through the Al,O3/NiAl
support in our experiment. The surface temperature rise is inversely proportional to the
square root of thermal conductivity [186] which depends on substrate temperature as well
as material. The thermal conductivities of Ag and supporting materials in our
experimental conditions and those in ref [166] are given in Table 5.1. This difference
causes more than 1/10 of Ag NP temperature rise. Thus, our Ag NP temperature rise is
lower than the desorption temperature of (NO), on Ag NPs even though Wolf and
coworkers obtained a surface temperature rise of ~ 700 K.

Table 5.1. Thermal conductivity (from ref. [172])

Ag AlLO; Ni Al Quartz

Thermal conductivity 19.3° b a a d
(W om’! K'l) 460 ° 60 9.56 49.5 0.2

The values are given at * 30 K, ° 35 K, €90 K, and ¢ 194 K.

Photodesorption mechanism in FID

The estimates given above for FID of NO from (NO), on Ag NPs show that a
mechanism here cannot be the same as for NID. Obviously the increased desorption
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effect must be a consequence of the temporal compression of excitations in the fs case.
However, it appears that also a DIMET process is not possible if the single electronic
transition process is the same as in NID. The N, is obviously too small for multiple
electronic transitions even if we make the most extreme assumptions. These would be:
(1) all hot electrons stem from excitation of filled NP states between Er and — 0.3 eV [88],
(2) all hot electrons are equally effective for formation of a TNI leading to desorption,
and (3) all hot electrons have an electron attachment probability close to unity. To be sure,
the hot electrons are confined in the NP which means that they scatter inside and can visit
the adsorbate layer several times. However an estimate of this effect shows that it is far
from sufficient. The lifetime of a hot electron is ~ 5 fs for ~ 8 nm particle size [171], and
the Fermi velocity is ~ 1.4 x 10° m/s [187], so that they can only scatter 2 - 4 times to the
adsorbate before they decay to too low energy by electron-electron scattering.

The translational energies of desorbates shown in Fig. 5.3 further support the above
argument. The 7; of NO from (NO), on Ag(111) is independent of fs laser fluence until <
~ 2 mJ/em?, suggesting that the desorption process is in the DIET regime. This agrees
well with the absence of any significant difference in PID between ns and fs laser
irradiation until < ~ 2 mJ/cm®. In contrast, the 7; of NO from (NO), on Ag NPs strongly
depends on fs laser fluence. At very low intensity (~ 0.01 mJ/cm?) the 7} is the same as
NID from (NO), on Ag NPs (680 + 50K, see Chapter 4) within experimental error,
whereas it is somewhat decreased then increased to ~ 1700 K at ~ 2 mJ/cm®. We stress
that the 7, from (NO), on Ag NPs in FID at ~ 0.2 mJ/cm” is slightly lower than that in
NID even though the PCS is dramatically enhanced. Since the 7; by the DIMET process
is expected to be higher than that by the DIET process, this clearly indicates that the
DIMET process is not simply the iteration of the DIET process in NID. At ~ 0.2 mJ/cm’
another desorption mechanism already contributes significantly, and this mechanism
should explain the increasing 7; with increasing fs laser intensity.

The second mechanism based on multiple interactions at high excitation density is
the friction mechanism. In it the pile-up of energy at the adsorbate occurs by frequent
energy exchange of low energy hot electrons not far above the Fermi level, or even by
corresponding dipole-dipole interactions. The attractive feature for our fs processes
would be that the number of such low energy excited electrons is much larger than those
with high energy. The problem is that such an interaction requires some adsorbate density
of states at these low energies. While the main LUMO resonance of adsorbed (NO),
appears to lie around 2 eV above Ep, there could be a tail of excitations caused by
coupling of adsorbate and substrate states at much lower energies. For adsorbed NO this
1s well accepted. Zimmermann and Ho proposed a molecular-orbital bonding scheme for
NO/Pt by considering the interaction of the 2z* orbitals of NO with the Pt valence bands
[188] and found such states. Indeed state-resolved two-pulse correlation measurements
[189] are compatible with this. If such an energy level splitting is applicable also for
(NO), on Ag NPs, it could be effective in our case. Thus, excitation of the high lying
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energy state may be the main desorption channel for NID; however, desorption via
multiple excitation of a low lying energy state can be opened when the number of
thermalized electrons near the Fermi level is large enough, i.e., at high temporal densities
of excitations, and more effective at higher fs laser intensity; this also can explain the
slightly decreased then increased 7; from (NO), on Ag NPs with increasing fs laser
intensity shown in Fig. 5.3.

Then, why is FID from Ag NPs extremely high? It has been shown that non-
thermalized electrons play a critical role in NID and thermalized electrons drive FID in
terms of the Friction model. Fs laser irradiation leads to strong non-equilibrium of
electron and phonon temperatures due to the small heat capacity of the electrons
compared to the lattice (the so-called two-temperature model [78, 190, 191]). The T,
rises several thousand Kelvin, implying that the electron energy distribution is
significantly spread above the Fermi level. Only when the T, is high enough, the internal
vibrational mode of the adsorbates which can be transferred to the translational energy
[192] and/or the adsorbate-substrate bonding mode are highly excited. Since maximum
T.; is significantly increased [193] and a hot electron gas cooling time is longer [194] for
NPs compared to corresponding bulk material, the FID from Ag NPs is drastically
enhanced. This indicates that the NP size is one of the parameters affects the ratio
between DIET and DIMET/Friction processes, and therefore, the branching ratio in
addition to the fs laser intensity. Finally, we emphasize that the fluence dependent
dynamics is already dominant in the case of (NO), on Ag NPs with a fs laser intensity of
~ 0.2 mJ/em®, whereas such processes are not seen for (NO), on Ag(111) with ~ 2
ml/ecm” .

5.6. Summary

We have observed a drastic enhancement of nonthermal photodesorption of NO from
(NO), on Ag NPs by irradiation with fs laser pulses. A large PCS enhancement of NO
from (NO), on Ag NPs in FID has been observed at intensities as low as ~ 0.2 mJ/cm’.
However, the comparison between the N, and N,, for FID from Ag NPs reveals that
multiple electronic transitions of adsorbates in the DIMET sense is not possible if the
single electronic transition process is the same as in NID. This led us to propose an
additional resonance state near the Fermi level for (NO), on Ag NPs with which
thermalized electrons can interact in order to apply the Friction model to the FID results.
The roles played by thermalized electrons are expected to be important in supported Ag
NPs where electron confinement may cause a fast 7,; rising and slower 7,; cooling,
compared to Ag(111).
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Chapter 6. Photodesorption of Xe on Ag
nanoparticles

This chapter presents the study of plasmon-induced photodesorption of Xe from Xe
monolayers on Ag NPs. It is shown that photoexcitation of alumina supported Ag NPs
covered with Xe monolayers 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 silver NPs. To explain the
results, it is argued 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.

6.1. Introduction

Metal NPs 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, 195]. Important
factors are the confinement of electronic and phononic excitations in the particles, which
may lead to quite strong changes of their lifetimes. For metal NPs containing quasi-free
electrons the most drastic change in the excitation spectrum is the existence of the so-
called Mie plasmon [20]. These two effects can concur, leading to special properties of
metal NPs for photoreactions [1]. Drastic increases in photoreaction cross sections by
excitation in the plasmon resonance, due to the concomitant field enhancement, have
been observed [167, 196, 197] with the first work [198] reporting the nonthermal
evaporation of Na atoms from Na NPs in their plasmon range. However, to the best of
our knowledge no clear indication of a unique action of the plasmon itself has been seen.
All cases reported, e.g., of photodesorption, may be understood in terms of cross section
enhancement without change of the desorption mechanism, or by strongly enhanced
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thermal effects [166]. In the energy range concerned (about 2 to 4 eV) the usual
mechanism of nonthermal photodesorption of a chemisorbed adspecies proceeds via TNI
mechanism: absorption of the light by the metal substrate creates hot electrons; the latter
can form TNI of the adsorbed species with shifted potentials, leading to momentum
transfer and ultimately — after backtransfer of the excited electron to the substrate — to
desorption [2]. 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) [199] and partly decays into electron-hole pairs which can enter this mechanism.
Besides these nonthermal processes, confinement of the large energy input into the metal
NPs in the plasmon resonance can lead to strong thermal events (diffusion, shape changes,
desorption), even in the metal NPs themselves [200, 201].

In this chapter, we report a case of nonthermal desorption where the plasmon is not
just a means to drastically increase the energy input into the metal NPs, but where it
appears to be desorption-active itself. The initial idea of our investigation was to select a
case in which no desorption via TNI is possible, so that such a mechanism 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 behaviour in desorption. As will be explained we
believe that these two characteristics; direct plasmon-induced desorption and chaotic
response, are intimately connected.

The selected metal NP system was the very well characterized case of Ag NPs
supported on thin alumina films on NiAI(110) (see detail Chapter 2). In order to identify
plasmon-induced desorption we studied monolayers of Xe physisorbed on the Ag NPs.
The TNI mechanism will not work here because no affinity level is stable on Xe
overlayers on metals [202], and desorption via direct excitation of the adatoms [4, 63] is
not possible with UV photons due to the large HOMO-LUMO gap (~9 eV) of the Xe
layer [203]. In fact, no nonthermal photodesorption of rare gas atoms from bulk metal
surfaces has been reported in the UV range so far. Despite these facts, we did find
nonthermal desorption. Its very peculiar behaviour points to novel effects.

6.2. Experimental

TPD, mass selected TOF, and PID measurements have been employed in the study
presented here. Xe was dosed at ~ 30 K on Ag NPs/Al,03/NiAl(110) and sequentially
annealed to 61 K, resulting in a Xe monolayer on both Al,O3; and Ag NPs. Nanosecond
laser pulses 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, non-polarized) were used for
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irradiation. The surface normal was oriented into the QMS axis, and the incident angle
was ~ 45 degrees. Experimental details can be found in Chapter 2.

6.3. Adsorption of Xe on Ag NPs

TPD results from a bare alumina film and a Ag(111) surface dosed with Xe at ~ 30 K
over saturation coverage is shown in Fig. 6.1 (a). The heating rate was set at 0.5 K/second.
The desorption peak at ~ 61 K is attributed to the Xe multilayer. The desorption peak
from the first monolayer of Xe on the alumina film and the Ag(111) surfaces were
observed at ~ 66 and ~ 78 K, respectively.

Fig. 6.1 (b) shows TPD of Xe from Ag NPs of various sizes on alumina films. All the
TPD spectra consist of three peaks. The peaks at the lowest, the medium, and the highest
desorption temperatures are assigned to desorption of Xe from multilayers of Xe, the first
monolayer on the alumina film, and the first monolayer on the Ag NPs, respectively,
according to the peak assignments in Fig. 6.1 (a). The integrated desorption signal from
the alumina film decreases with increasing Ag deposition time (NP size), indicating a
diminished area of the bare alumina film, whereas that from Ag NPs increases. This is
consistent with the fact that Ag does not wet on alumina film but forms 3D particles [18].
The Xe desorption peak temperature increases with increasing Ag deposition, indicating
that the interaction between Xe and Ag NPs becomes stronger with increasing the particle
size. [40].

For photodesorption experiments, the sample was annealed to ~ 61 K in order to
remove Xe multilayers and form a monolayer of Xe as shown in Fig. 6.1 (c).

6.4. Hyperthermal chaotic photodesorption of Xe on Ag
NPs

TOF spectra of desorbing Xe from 5A deposited Ag on Al,O3, accumulated over 500
laser shots, for the parameters given in the caption, are shown in Fig. 6.2. Desorbing Xe
atoms were detectable with fluences (/) above 0.9 mJ/cm? for p-polarized light in the
resonance, and about five times higher fluences off-resonance and for s-polarized light.
Trace (a), on-resonance (hv=3.5 eV, p-polarized, /=1.1 mJ/cm?®), can be represented well
by the sum of two shifted Maxwell-Boltzmann distributions corresponding to mean
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translational energies <E,>= 2kgT, with T, = 313 K for the main component and a
smaller contribution with 7, = 44 K. For off resonance (e.g. for /v= 4.0 eV) unpolarized
light a signal was barely detectable at / = 1 mJ/cm?; at 5.7 mJ/cm® (Fig. 6.2 (b)) the
leading component has 7; = 161 K with some 20 K background. Similar results were
obtained at 4v = 2.3 eV (not shown). In Fig. 6.2 (¢), Xe from the bare alumina without
AgNPs proves that the much stronger signals from the Ag NP-covered surface indeed are
induced by the particles. We estimate that the maximum temperature increase (A7) of the
substrate surface at / = 5 mJ/cm® is about 60 K, based on a laser-induced thermal
desorption (LITD) [204] measurement of Xe (7;= 90 K) from a bare substrate at 30 K.
Thus AT is estimated to be 12 K for 7 = 1 mJ/cm® as AT scales with /. Thermal heating of
the Ag NPs 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 Ag NPs at 60 K and 80 K, respectively. Then,
the main conclusion 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 behaviour. Off-resonance at all fluences “normal” behavior was
observed as shown in Fig. 6.3 (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. Drastically different behavior resulted on-
resonance for low fluences (Fig. 6.3 (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 background 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 monotonically and often even increases (e.g., 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 bottom of spikes which decays slowly. With higher laser
fluences, this decaying offset became more significant, suggesting that this offset is due
to LITD. It was confirmed in separate experiments 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 photodesorption of NO from the AgNPs,
for example (there the TNI mechanism is operative) as shown in Chapter 4.

To characterize the chaotic behavior shown in Fig. 6.3 (b) we have calculated the
Fourier transforms of the data. The insets in Fig. 6.3 show the resulting power spectra. In
the “normal” case (Fig. 6.3 (a)) the power spectrum has a broad decaying distribution. In
contrast, for Fig. 6.3 (b) only a flat spectrum is obtained. No peak, 1.e., periodicity, can be
recognized. Such a flat spectrum is a typical feature for chaotic systems [205].
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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 at resonance with the (1,0) mode of the Mie plasmon (which lies at 4v = 3.6
eV, p-polarization [206]) at low laser fluences. This suggests that the Mie plasmon plays
a critical role in the hyperthermal chaotic desorption of Xe from Ag NPs.

Fig. 6.4 displays PID signals from 8, 6, and 4 A deposited Ag NPs/Al,O; from the
bottom, respectively, using 3.5 eV, p-polarized light with 10 shots per second. No clear
dependence on repetition ratio of input laser beam was observed (see Fig. 6.3 (b) and Fig.
6.4 (b)). However, the strongest desorption signal intensity observed within 2500 laser
shots increases with increasing mean particle size. There might be two reasons. First,
since photodesorption of Xe is related to plasmon excitation, the increased plasmon
strength due to increased number of Ag atoms per NP may play a role. Second, the
increased number of Xe atoms on Ag NP is responsible, although that on alumina film is
decreased, because only Xe on Ag NPs is desorbed nonthermally. When the stronger
laser beam (below 2 ml/cm?/shot) was introduced, the maximum desorption signal
intensity also increased and the spikes appeared more frequently in earlier time,
supporting that the desorption was induced by plasmons (compare Fig. 6.4 (a) and (b)).

In the case of high laser intensity ( > 2.5 mJ/cm®/shot), the chaotic PID signals
compete with an exponential decay due to LITD. Fig. 6.5 shows incident laser intensity
dependence of the PID signal of Xe on 5 A deposited Ag NPs/Al,O3/NiAl(110) using the
(1,0) mode of Mie plasmon resonance. As laser intensity increases, the maximum
desorption signal becomes stronger and decays more monotonically, which suggests that
LITD becomes dominant at higher intensities. In 4.38 mJ/cm*/shot laser irradiation, the
PID signal decays almost exponentially with cross section ~ 2.5 x 10™"7 cm®. These results
clearly indicate that the chaotic behaviour and the hyperthermal desorption cannot be
explained by thermal heating of Ag NPs.
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6.4 Hyperthermal chaotic photodesorption of Xe on Ag NPs
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Fig. 6.1. TPD of Xe dosed at ~ 30 K to more than saturation coverage. (a)
and (b) before annealing, and (c) after annealing to 61 K. The deposition of
4, 6, and 8 A Ag correspond to NP size of ~ 8, 9, and 10 nm, respectively.
The intensity of Xe signal from Ag(111) is divided by a factor of 2.
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Fig. 6.2. Time-of-flight spectra of desorbing Xe atoms from (a) Xe/5A deposited Ag NP
by excitation in the (1,0) Mie resonance (hv=3.5 eV, p-pol., 1.1 mJ/cm?), (b) Xe/5A
deposited Ag NP by off-resonance excitation (2v= 4.0 eV, non-pol., 5.7 mJ/cm?), and
(c) the bare alumina surface (excitation with Av=3.5 eV, p-pol., 4.9 mJ/cm?). The
results fit 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.
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6.4 Hyperthermal chaotic photodesorption of Xe on Ag NPs

PID Signal Intensity (counts)

1000
1(2) ,
800 - g 10
- 5 10°
600 | §10
I % 10? |
400 7 a 10-3 1 T T T 1 T U T T ‘,I'
T 0.0 02 04 06 08 1.0
200 Frequency (Hz)
T YOI, VYN YO .Y O
O Vv ! I‘:
. | 300 shots o
T 1 T T - T T T
O 20 40 60 80 100 120 140 160 180
600 -
(b) 1,?10
- "§ 10-2
400 - £10°
S .4
| 500 shots 10
— . Ul
200 - 0.0 02 04 06 08 10

MM it i ad b Pttt i g T

Frequency (Hz)

I |
0

|
500

1000 1500 2000

Elapsed Time (s)

Fig. 6.3. 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= 3.5 eV, p-pol., 1.8 mJ/cm’, with 1-minute 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.



Chapter 6 _Photodesorption of Xe on Ag nanoparticles - 117 -

3000
1 (a)
2000
:('B‘ |
S 1000 -
S ]
®
N O -
e T T T T T T T T T T
c 0 50 100 150 200 250
B
= 1
2 9000 - (b)
o
S ]
@ 6000 ll”
a ]
3000 -
O -
T T T T T T T T T T
0 50 100 150 200 250

Elapsed time (sec.)

Fig. 6.4. Dependencies of the Xe signal intensity on the total number of laser shots
(3.5 eV, p-polarized, 10 shots per second) from 8, 6, and 4 A deposited Ag
NPs/AlLO; from the bottom, respectively. (a) 0.8 mJ/cm?*/shot(b) 1.4 mJ/cm?*/shot



-118 - 6.4 Hyperthermal chaotic photodesorption of Xe on Ag NPs

4.38 [mJ/lcm’]

5 4
4.03

4
o
c
>
- 3
E 2.53
= J
c
(@]
B 2-
) _
o | L\\%\‘\INA,

2.13 —
) MMMMMM
11.93
04

I I
200 300
Number of Laser Shots

Fig. 6.5. Input laser intensity dependence of PID signal from Xe on 5 A deposited Ag
NPs/AlL,O;3/NiAl(110) using 3.5 eV, p-polarized laser beam.



Chapter 6 Photodesorption of Xe on Ag nanoparticles - 119 -

6.5. Photodesorption mechanism

The two outstanding and at least concurring (if not connected) features which should
be explained are the hyperthermal desorption under resonant plasmon excitation and its
chaotic behavior. The latter property suggests that we have a case of plasmon coupling as
derived by Stockman from calculations [27, 207-211]. 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
distributions, it does exist also for continuous wave excitation. If a small part of our Ag
NP 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 established 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 the 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 DIMET model [76, 77] of electronically
induced desorption; our model is very different in terms of the physical nature of the
acting forces, however. Also, it is very different from the mechanism proposed [212] for
the plasmon-mediated acceleration of (thermally evaporated) Ag' ions from Ag [213] by
inverse bremsstrahlung.

In order to check the above mechanism, molecular dynamics simulations were
performed. A potential in the Born-Mayer form is given by

V()= dexp(- Kz)-— 6.1)

(z-2,)
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where z is the Xe-surface distance, 4 and K are parameters of Pauli repulsion, Cs the
dispersion coefficient, and zj is the vdW reference plane position with the values for Xe
on Ag(111) [214]. The first term is a short-ranged repulsive potential arising from the
overlap of the electronic clouds of the atom and of the surface. The second term is a long-
ranged attractive polarization potential. The Cs and z, are obtained from ref [214], 3277
meV-A’, and 1.455 A, respectively. The depth of the Ag surface-Xe potential and
equilibrium position of Xe on Ag are known (211 meV [124], 3.55 A [215, 216]), which
allow us to estimate A and K parameters in the ground state.

The plasmon-modulated Pauli repulsion is implemented as a time-dependent
displacement

5(t)=0, sin(z?m] (6.2)

where 6, ( > 0) is the amplitude and 7 is the oscillation period. Then, the displacement

can be included in the Pauli repulsion term as

C3

V(z.t)=dexp(-K(z —dt)))—m (6.3)

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
coherently in space. The oscillating potentials with 6 are presented in Fig. 6.6. The

equilibrium position of Xe atom is 3.54 A. At this equilibrium position the potential
energy with 6, = 0.4 A att/T =0, 0.125, 0.25, -0.125, and -0.25 are -210, 40, 240, -304,

and -324 meV, respectively. The potential energy at t/T = 0.25 is smaller than the
absolute value of the lowest potential energy (at t/T = -0.25), indicating that Xe cannot

gain energy during oscillation. However, the potential energies at the equilibrium
position at t/T = 0.25 are rapidly increased with increasing J,, whereas the lowest

potential energies are almost constant. The former are 240, 488, 837, 1330 meV, and the
latter are -323, -335, -343, -348 meV for 6, = 0.4, 0.5, 0.6, 0.7 A, respectively. This

indicates that a Xe atom gains energy from an oscillating PES at §, > 0.5, and the

gaining of kinetic energy is drastically increased with the increasingd,, .

The Pauli repulsion exerted on Xe strongly depends on the Xe-Ag distances as shown
in Fig. 6.6. The zero point energy motion was considered for the Born-Mayer potential
shown in Fig. 6.6 at #/7' = 0. The PES near the equilibrium position of Xe on the surface
can be approximated to a harmonic potential as shown in Fig. 6.7, and the zero point
energy for simple harmonic oscillator is given by
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Ezeru =4 (64)

where 7 is the reduced Planck constant and @ is the angular frequency. From the best
fitting, the zero point energy is calculated to be ~ 2.4 meV, which is comparable to the
value in ref [215, 217], and the closest and farthest position of a Xe atom on the Ag
surface are ~3.47 and 3.63 A, respectively.

The motion of a Xe atom on 1-dimensional potential is simulated by the velocity

verlet method with 7= 1.14 fs (plasmon frequency at 3.6 eV), and the results are shown
in Fig. 6.8. It is found that Xe can be desorbed (E;> 0) when &, > 0.6 A at the M point in

Fig. 6.7, which seems realistic for the plasmon-induced spread of electrons at silver
surfaces [40] and Ey/2kp strongly depends on &, ; with &, = 0.68 A and 0.78 A, E/2kp

reaches 300 K and 1000 K, respectively.
It is worth noting that a Xe atom at M point in Fig. 6.7 can gain kinetic energy when
0, > 0.5 as shown above; however, it can be desorbed only when o, > 0.6 A. This

difference is due to a movement of Xe atoms in the oscillating PES, taken into account in
our simulation. The gaining kinetic energy of a Xe atom strongly depends on the Xe-Ag
distance (see Fig. 6.6). In the case of &, = 0.5 A in Fig. 6.6, the Xe atom gains the energy

at the equilibrium position, resulting in acceleration of Xe to further the Xe-Ag distance
direction. However, at a Xe-Ag distance of ~ 3.7 A the sum of potential energy when t/T
= 0.25 and -0.25 is negative, implying no more energy gain. Therefore, the Xe atom
should obtain enough energy before the Xe-Ag distance is ~ 3.7 A to be desorbed, which
is not the case for 5, = 0.5 A.

The simulation results in Fig. 6.8 show 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 [199],
giving only of the order of 10 cycles, then the accumulated energy should not suffice for
most realistic parameter sets.

This last conclusion may establish a connection between the plasmonic coupling and
the plasmon-induced desorption, via the required plasmon lifetime. Plasmonic coupling
should lead to enhanced plasmon lifetimes [210], so the selective conditions of hotspot
formation by coupling may enable the plasmon-induced desorption mechanism at the
same time.

We realize that there are many rather strong approximations in this rough model and
that 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 vdW attraction
between the Xe atoms, which is not much smaller than that between Ag NP 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
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picture may give an additional explanation of the strong irregular bursts. Furthermore, the
high field enhancements 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, experiments with fs laser
pulses, which should make it possible to obtain the time scale of the relevant processes
directly, are clearly needed. The suggested model is compared with Friction model in
Table 6.1.

Finally, we propose another plausible desorption model. In the presence of the
plasmon excitation a Xe atom on Ag NP is highly polarized. Since an electron cloud in
the Xe atom asymmetrically oscillates with respect to the surface normal at the plasmon
frequency, the polarized Xe can be also accelerated. It might be interesting to simulate
molecular dynamics under this mechanism as well for further discussion.

Table 6.1. Comparison between the electronic friction and plasmon induced desorption models

presented in this chapter.

Electronic Plasmon-induced
friction desorption
Photon energy low: friction / lasmmon resonance
dependence high: DIMET P
Laser pulse width <100 fs ~5ns
Electroni
eetronic up to 5000 K up to ~100 K (8-nm NP)

temperature

hot electrons from

Energy carrier plasmonic s-electrons at surface

bulk
thermalized,
Coherence incoherent (Friction) / coherent
coherent (DIMET)
Driving force Langevin noise Pauli repulsion

Brownian motion,

Motion of adsobates )
stochastic

Oscillation at plasmon frequency
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Fig. 6.6. Time dependent oscillating potential energy surfaces for different displacement in
equation (6.3). In order to calculate the potential energy surface at t/T = 0, the parameters
A =29958995.75 meV, K =3.4441 / A, C;=3277 meV-A®, and z = 1.455 A are used.
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6.6. Conclusions

We have observed hyperthermal, chaotic desorption of Xe from Xe monolayers on
alumina deposited Ag NPs by resonant excitation of the (1,0) Mie plasmon 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 Ag NPs, but must be connected to an electronic mechanism. Since Xe
cannot desorb via TNI, we suggest a new mechanism of plasmonic desorption by the
accumulated momentum transfer of the repetitive Pauli repulsions between 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 sufficient energy transfer, but
requires an interaction time longer than the plasmon lifetime of a single AgNP. As
plasmonic coupling leads to an enhancement of plasmon lifetime, the two effects might
well be intimately connected.
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Chapter 7. Summary and conclusions

The effects of plasmon excitation and electron confinement on the photoreactions of
molecules adsorbed on Ag NPs/Al,O3;/NiAl(110) have been investigated by a
combination of TPD, PID, and mass selected-TOF measurements, and their results are
compared with Ag(111). The main findings and conclusions in this thesis are the
following.

New photoreaction

The measurements were performed on Ag(111) dosed with NO at 75 K to saturation,
leading to NO dimers formation, in order to be served as a reference for the comparisons.
Interestingly, however, N, in addition to N,O signals have been observed from NO
dimers on Ag(111) by irradiating with 2.3 to 4.7 eV nanosecond laser pulses. Direct
photochemical formations of N, and N,O from NO dimers are found by their similar PID
signal decay with NO from the NO dimers. A contribution of N (7; = ~ 2200 K and 600
K) from N,O on Ag(111) as an intermediate state to the photochemical formation of N,
(T = ~ 5700 K) from NO dimers is excluded by comparing their TOF spectra. For the
mechanism of the N, formation from NO dimers on Ag(111), we proposed simultaneous
splitting of the two N-O bonds in the NO dimers followed by the two nitrogen atoms
abstracting each other to form N.

Plasmon effect

The PCS of NO from NO dimers on Ag NPs (~ 8 nm width) showed a resonant
feature at 3.5 eV in p-polarization, at which the Mie plasmon resonance of the (1,0) mode
of Ag was located, whereas that from NO dimers on Ag(111) agreed well with the
absorbance of Ag(111), indicating a substrate-mediated excitation mechanism.
Qualitatively similar TOF spectra of NO from NO dimers on Ag NPs were observed,
regardless of on or off the plasmon resonance. Thus, we concluded that the enhancements
of the surface electric field and of electron-hole pair creation by plasmon decay increase
the PCS of NO from the NO dimers on Ag NPs; however, the photodesorption dynamics
are the same. In contrast, the plasmon induced photodesorption of Xe with hyperthermal
energy and chaotic time structure was observed from the monolayer of Xe on Ag NPs by
nanosecond laser pulses in the (1,0) Mie plasmon resonance. We propose a new
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mechanism of plasmon-induced desorption by the accumulated momentum transfer of the
repetitive Pauli repulsions between the collective motion of surface electrons and the Xe
atom in its shallow physisorption well. A simple model calculation shows that this
mechanism can lead to sufficient energy transfer, but requires an interaction time longer
than the plasmon lifetime of a single AgNP. As plasmonic coupling leads to an
enhancement of plasmon lifetime, the hyperthermal photodesorption of Xe and chaotic
behavior might well be intimately connected.

Confinement effect in alumina supported Ag NP on photodesorption

The PCS of NO from NO dimers on Ag NPs (~ 8nm width) was enhanced by a factor
of ~ 3 for off-plasmon resonant photon energies in a nanosecond laser excitation,
compared to that from NO dimers on Ag(111). This is ascribed to the hot electron
confinement effect due to a NP diameter shorter than the electron mean free path and the
isolation by the thin alumina film. Moreover, the PCS enhancement of the NO from the
NO dimers on Ag NPs compared to that on Ag(111) was a factor of ~ 500 at 3.1 eV in p-
polarization in the case of femtosecond laser irradiation at intensity as low as ~ 0.2
mJ/cm®. We suggested that the Friction process already played a role at an intensity of ~
0.2 mJ/cm® for the Ag NPs due to the thermalized electron confinemet, whereas such
processes were not observed for the NO dimers on Ag(111) at ~ 2 mJ/cm®.
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Deutsche Kurzfassung

In dieser Arbeit wurden durch Nano- und Femtosekunden-Laserpulse hervorgerufene
thermische und photo-induzierte Prozesse auf Ag(111) und getrdagerten Ag-Nanopartikeln
(NPs) mit Hilfe von thermischer Desorptionsspektroskopie (TPD), Masse-selektierter
photoinduzierter Desorption (PID) und Flugzeit-Messungen (TOF) untersucht. Die
getrdgerten Ag NPs wurden durch Deponierung von Ag-Atomen auf einem
Al,O3/NiAl(110)-Substrat gebildet.

Die photoinduzierte Reaktions- und Desorptionsdynamik von einzelnen NO-Spezies
wurde durch Kontrolle der jeweiligen Adsorptionszustinde selektiv untersucht. In dieser
Arbeit wurde zum ersten Mal die direkte photochemische Bildung von N, und N,O aus
NO-Dimeren auf Ag(111) bei Photonenenergien > 2.3 eV beobachtet. Das gebildete N,
weist eine hohe Translationsenergie auf welche durch starke AbstoBung von der
Oberfliche verursacht wird. Um den Bildungsmechanismus von N, aufzuklidren wurde
die Abhéngigkeit des Adsorptionszustands von N,O auf Ag(111) in Bezug auf
Einfallswinkel, Polarisation und Photonenenergie untersucht. Es zeigte sich, daBl N,O
selbst eine besondere Photodesorptionsdynamik aufweist. Diese Ergebnisse fiihren zur
SchluBfolgerung, daB3 N, durch das gleichzeitige Brechen von zwei N-O — Bindungen
gefolgt von der Bildung einer N-N — Dreifachbindung erzeugt wird. Dies kann als
gleichzeitige Abstraktion des N-Atoms der Nitrosyl-Gruppen eines (NO),-Dimers
aufgefaf3t werden.

Die fiir Ag(111) erhaltenen Ergebnisse wurden mit den thermischen und
photoinduzierten Reaktionen von NO auf Ag NPs verglichen, wobei der gleiche
experimentelle Aufbau sowie die gleichen Methoden eingesetzt wurden. Bei Bestrahlung
mit Nanosekunden-Laserpulsen konnte eine Erh6hung der Photodesorptionsausbeute fiir
NO auf Ag NPs bei verschiedenen Energien, einschlieBlich der Resonanzenergie des
(1,0)-Plasmons,  festgestellt ~werden. FEine weitere starke Erhohung der
Photodesorptionsausbeute von Ag NPs tritt bei Verwendung von Femtosekunden-
Laserpulsen auf. Im Gegensatz dazu bleibt die Photodesorptionsausbeute von Ag(111)
nahzu unverindert. Die beobachtete Erhohung wird im Rahmen von rdumlichen
Beschriankungseffekten, Plasmonenanregung, und Desorptionsmodellen, wobei die
berechnete Anzahl von heiflen Elektronen und Desorbaten einbezogen wurde, diskutiert.

Eine einzigartige, mit hyperthermaler Energie und chaotischer Zeitabhingigkeit
auftretende Photodesorption von auf Ag NPs adsorbierten Xe-Schichten wurde bei
Bestrahlung mit Nanosekunden-Laserpulsen im Resonanzenergiebereichs des (1,0) Mie-
Plasmons beobachtet. Das chaotische Verhalten kommt vermutlich durch die Kopplung
der Plasmonenfelder von geeignet verteilten Ag NPs zustande. Um diese Ergebnisse zu
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erkliren wurde angenommen, dafl die Desorption durch direkte Energietlibertragung auf
das Adsorbat aufgrund der Pauli-Abstoung der kollektiv oszillierenden
Oberfldchenplasmonen hervorgerufen wird. Eine einfache Modellrechnung zeigt, daf3
dies moglich sein kann.
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