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Abstract

Infrared radiation may be absorbed by a ¢ibrational mode of an adsorption
system at resonance. The homogeneous IR absorption line shape of a vibra-
tional mode of an adsorbate is determined by its anharmonic interactions
with other localized and delocalized modes of the adsorbate and substrate.
These anharmonic interactions include both the adsorption potential between
an adsorbed molecule or atom and the surface atoms, and the anharmonic
couplings among the substrate atoms themselves at the adsorption site.

Temperature dependent effects of substrate phonons and local mode self
interactions on the line broadening and frequency shift are studied in a
finite temperature field theory for both the internal stretching mode and
admolecule-substrate stretching mode of a diatomic admolecule at ar on-
top site, and adatom-substrate stretching mode of an adatom absorbed at
a bridge site. Modified phonon emission and elastic phonon scattering pro-
cesses are described in an unified formalism. For the adsorption of an ad-
molecule or adatom at an ontop site, a reduction factor is found which re-
duces 2ll substrate phonon contributions induced by the anharmonicity of
the adsorption potential on the line shift and line width of the low frequency
admolecule-substrate stretching or adatom-substrate stretching mode. For
the adsorption of an admolecule or adatom at a bridge site, reduction factors
are found which reduce only some of substrate phonon contributions induced
by the same anharmonicity on the line shift and line width of the low {re-
quency adatom-substrate stretching mode. A bulk Debye model and a semi-
infinite elastic continuum model for the substrate are employed to describe
the harmonic substrate behavior. The theory is applied to the extensively
studied adsorption systems CO/Pt(111) and O/Cu(110). Qualitative agree-
ment with experimental data is found in considering the partial contributions
and simplicity of the model.
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Chapter 1. Introduction

1.1 Introduction

Photostimulated surface processes have been observed in a variety of situations such
as adsorption, desorption etc.. These surface processes have received considerable
attention in the last couple of decades. Now it is possible to explore an adsorption
system with different experimental techniques such as electron energy loss spec-
troscopy (EELS), inelastic atom beam scattering {IABS), Raman spectroscopy and
surface infrared spectroscopy (SIRS) etc.[l, 2]. Among them, infrared absorption
spectroscopy is one of the most popular experimental techniques in studies of the
vibrational lineshape of adsorbate[2]. The vibrational lineshape analysis will give
an understanding of the surface and adsorbate vibrational modes which is of funda-
mental importance in many areas of the physics and chemistry of surfaces, mostly in
the field of heterogeneous catalysis. It is influenced by both homogeneous coupling
mechanism and surface heterogeneity(l, 3]. It contains valuable information abcut
lifetimes, vibrational frequencies, gas-surface interaction, bonding structures{3] etc..

In this thesis, we will study adsorption systems in a simplified model and unified
formalism. The homogeneous vibrational line shape is shifted and broadened due
to damping and pure dephasing processes, arising from its anharmonic interactions
with other localized and delocalized phonon modes, and/or Jow-lying electronic exci-
tations at a metal surface[4, 5, 6, 7, 8, 9]. These interactions include the interactions

between an admolecule or adatom and surface a.i;oms, and the interactions among
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the substrate atoms themselves. The interaction between an admolecule and sur-
face atoms depends strongly on the geometry of the adsorption site, and affects the
vibrational line shape of an admolecule differently at different adsorption sites on
the same surface. The interactions among substrate atoms themselves depend on
the vibrational properties of the substrate. A theoretical model for a molecule or an
atom adsorbed at a solid surface is presented to predict the IR vibrational lineshape
of an adsorbate local mode in a finite temperature field theory.

The rest of this chapter is organized to give a brief description of adsorption
phenomena in Section 2, then review some previous experimental and theoretical
works mostly on the infrared vibrational line shape of a molecule or atom absorbed
at a solid surface in Section 3, and finally, introduce our work and give a brief outline

for the chapters that follow.

1.2 Adsorption phenomena

When a gas molecule becomes localized at the solid surface in an energetically fa-
vorable configuration, the gas molecule is said to be absorbed at the surface. It
is the result of the interaction of the gas molecule with the solid surface. This in-
teraction is electromagnetic in nature[10]. The gas molecules adsorbed at a solid
surface are called the adsorbate. The weakest form of adsorption at a solid surface is
called physical adsorption, or physisorption. As a gas molecule approaches a solid
surface, it first experiences an attraction due to long range van der Waals forces aris-
ing from the correlation of the fluctvating dipole moments in the gas molecule and
solid. This interaction alone can lead to adsorption, termed pﬁysisorption. The
typical physisorption systems include gases on metal or on alkali halide surfaces.
CO/NaCl(100)[11] is ore of the examples of this kind. The binding energy of a



CHAPTER 1. 3

physisorbed molecule is rather weak and generally less than a few tenths of an elec-
tron volt[12]. For CO/NaCl(100), the binding energy is about 0.2 eV[13]. Another
distinctly different form of adsorption is chemical adsorption, or chemisorption[10].
A gas molecule or atom that strikes the surface of a solid may bind to one of surface
sites through the formation of a surface chemical bond. The typical chemisorption
systems are gases chemnisorbed on metal surfaces. CO/Pt(111), CO/Ni(100) and dis-
sociated oxygen atoms chemisorbed on a metal surface such as Cu(110) are examples
of this kind. The binding force in a chemisorption system is a strong, short range
chemical force between an admolecule or adatom and substrate[14]. The binding
energy can be of the order of an electron volt. For CO/Pt(111), the binding energy
1s about 1.3 eV. At the same surface, the binding energy for O is even stronger, and
about 2 eV[14]. Chemisorption is important in chemical processes.

For both physisorption and chemisorption, the adsorption potential depends
on the details of the interaction between an adsorbed gas molecule or atom and
the solid surface, which are often unknown. However, one can phenomenolog-
icaly approximate it in terms of a few physical quantities such as the heat of
adsorption, the distance of an admolecule or adatom from the surface and the
width of the potential well. Some of these quantities can be determined from spe-
cific experiments{11, 15, 16]. Typically, people have used the adsorption potential
forms of the Lennard Jones potential, Morse potentiai and minimum anharmonicity
potential{17]. In the minimum anharmonicity model, the adsorption potential is a
quadratic function of the adsorbate-surface bond length, with its minimum at the
equilibrium adsorbate-surface bond length. Adsorption potential is important in

understanding an adsorption system.
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Diatomic molecules are interesting adsorbates since they have frustrated transla-
tional and internal degrees of freedom. CO is one of the adsorbates most thoroughly
studied in the past. Consider the possible normal modes of a diatomic molecule ori-
ented with its axis normal to a solid surface[18, 19]. If we neglect the surface struc-

ture, the discrete vibrational modes in the adsorption system is shown schematically

in Fig. (1.1)

O O
O @

() (d)

Figure 1.1: Schematic representation of the normal modes of an adsorbed diatomic
molecule neglecting surface structure.
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where

(a) represents a “frustrated translation” consisting mainly of translational but also

some rotational motion,

(b) represents a “frustrated rotation™ consisting mainly of rotational but also some

translational motion,
(c) represents an adsorbate-surface stretching mode, and
(d) represents an internal stretching mode of the molecule.

When an atom is adsorbed at a solid surface, there are only lateral frustrated trans-
lational modes {a) and the perpendicular adsorbate-surface stretching mode (c)
present. We will study the vibrational line shapes of adsorbate modes represented
by (c) and (d) in this thesis. Note that, in (¢), the internal vibration of an admolecule

will be ignored, and it will be treated simply as an adatom.

1.3 Review of early work by others

When 2 molecule is adsorbed on a solid surface, its vibrational frequency will be
shifted and broadened, compared to the gas phase situation. The vibrational line
shape has attracted many people’s attention and has remained of current interest.
Both experimentalists and theorists have made 2 lot of effort to explain them. Ex-
perimental studies of adsorption phenomena at solid surfaces usually require specific
techniques, of which vibrational spectroscopy has been 2 main one for many years.
Theoretical studies of the vibrational dynamics in an adsorption system have con-

sidered the interactions among the probing electric field, adsorbate and substrate
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to explain the observed experiment results[10]. In IR spectroscopy, the basic prin-
ciple is to apply an oscillating electric field at a solid surface and detect infrared
absorption as one of the results of the interaction between the electric field at a
solid surface and the local mode of adsorbate. The experimental situation consists
of a monolayer of molecules or atoms adsorbed at a metal or alkali halide crystal
surface illuminated by infrared radiation. It is not possible in an experiment to
observe the line shapes of the vibrational modes of a single adsorbed molecule or
atom. Instead, the sample is covered by a layer of adsorbate at a certain coverage.
Coverage is usually defined as the ratio of the adsorbate particle density (atom/cm?)
to the substrate particle density so that one monolayer (coverage § = 1) corresponds
to one adsorbed molecule or atom for each substrate surface atom. The spectrum
observed in experiment is usually recorded as a function of surface coverage. In the
case of infrared reflection absorption spectroscopy (IRAS), the optical theory is fully
developed and predicts strong absorption only if there is a net active dipole moment
change normal to the surface due to the adsorbate nuclear motion associated with
the vibrational mode[20]. The incident infra.réd radiation can be absorbed by a
diatomic admolecule in an adsorption system in several ways shown in Fig. (1.2)

1. Infrared radiation can be directly absorbed by the substrate, as in Fig. (1.2a).
Generally this is a non-resonant process, which leads to localized heating of

- the surface region. This process is particularly important on a metal substrate.

2. Infrared radiation can also deposit its energy into the admolecule-surface bond,
exciting the admolecule-substrate stretching mode at resonance, as in Fig.
(1.2b). We will call the admolecule-substrate stretching mode the “T' mode”
later. The reflected infrared radiation will have less intensity than the incident
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infrared radiation at the resonance frequency due to IR absorption by the “T

mode”.

3. Alternatively, infrared radiation may deposit its energy into the molecule’s
internal bond, exciting the internal molecular stretching mode at resonance,
as in Fig. (1.2¢c) when the incident frequency is close to the internal vibrational

frequency. We will call the internal vibration the “V mode” later.

(b)

(c)

Figure 1.2: Possible channels for the absorption of infrared radiation by an adsorp-
tion system.
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The infrared absorption processes shown in Fig. {1.2b) and Fig. (1.2c) have been
detected experimentally to determine the vibrational line shapes of the adsorbate-
surface stretching and internal stretching modes of diatomic admolecules by de-
tecting the intensity changes between the incident and the reflected or transmitted
infrared radiation. In experiment, the line shape of a vibrational mode is related to

the relative infrared absorption intensity at frequency w, which is given by

AlWw) _ 1w) = Iow)
W) . @) (1.1)

where Iy(w) is the incident infrared radiation intensity, i.e., the incident energy flow
per unit area and unit time at frequency w, while I;(w) is the sum of the reflected and
transmitted infrared radiation intensity at frequency w. Without infrared absorption
by the vibrational modes of the adsorbate or by the substrate, Iy(w) = Jo(w). When
the radiation frequency is near the vibrational frequency of an adsorbate mode,
resonance occurs. As a result, I¢(w) < Io(w). IRAS has revealed that the vibrations

of adsorbate modes considerably

e shift their frequencies from their gas phase value, and

o shift their frequencies with increasing surface coverage up to a saturation value,

and
o shift and broaden depending on temperature for some systems.

It is now possible to detect submonolayers even for very weakly absorbing vibrational
modes with energy under 500 cm™. -

The observed spectrums in IRAS or EELS experiments have shown the tempera-
ture and coverage dependences of the vibrational line shift and width of adsorbates.

Theoretically, it is believed that these dependences are due to dynamical processes
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or inhomogeneity in an adsorption system. In order to calculate the frequency of
a vibrational mode and its line width, one must take into account the coupling
between IR-radiation and the vibrational mode, the coupling between adsorbate
and substrate, and substrate dynamics. In general, using linear response theory or
Fermi’s Gclden Rule, it has been shown that the relative infrared absorption inten-
sity at frequency w given in Eq. (1.1) is proportional to the imaginary part of the
Fourier transform of the time ordered Green’s function of the vibrational coordinate
as follows: [3]

Alfo)

Io(w)
The time ordered Green’s function D(t) of the vibrational coordinate = is defined

by

= C ImD(w). (1.2)

iD(t) =< Tz(1)=(0) >, (1.3)

where the bracket “< ... >" represents a thermal average over the degrees of freedom
of the adsorbate and substrate. The coefficient of proportionality in Eq. (1.2} is given
by

8Q% (E+\? hw
= ,?ﬂ: (E) taﬂh(%ﬁ), (1.4)

where § is adsorbate coverage, Eo and E* are the incident and full perpendicular
components of the electricfield at the solid surface, tke effective charge Q = (9p/3z),
and p is the dipole moment. The detail of the derivation will be given in Chapter
2,

Electron energy loss spectroscopy is another popular method used to study ad-
sorption systems. Comparing to IRAS, EELS has contrasting strengths and weak-

nesses. It is more sensitive over a wider spectral range. However, its resolution
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(> 20 cm™! ) bas limited its use for line shape studies. In an EELS experiment,
a vibrational mode of the adsorbate is excited by an electron beam, instead of the
infrared radiation in IRAS. Near the specular direction, the intensity distribution
shows a sharp peak due to dipole scattering which is a long range effect. The in-
teraction hamiltonian for dipole scattering has the same form H = —ji- E as the
interaction between IR radiation and vibrations of the admolecule which will be
given in Eq. (2.8). Therefore, at metal surfaces, they both have the “normal dipole
selection rule”. The energy absorption rate due to dipole scattering is also propor-
tional to the imaginary part of the Fourier transform of the time ordered Green’s
function of the vibrational coordinate as given in Eq. (1.3). However, the coefficient
of proportionality is different from that given in Eq. (1.4). In off-specular directions
where impact scattering is important, these comments do not apply and the “normal
dipole selection rule” breaks down.

Eq. (1.2) relates the observed spectrum to the Fourier transformed Green’s func-
tion of the relevant vibrational coordinate. The line width and frequency shift thus
are contained in the vibrational self energy of the localized molecular or atomic
vibrational mode, influenced by the interactions in the adsorbate-substrate system.
There are different interactions in the adsorption system such as gas-substrate inter-
action, admolecule-admolecule interaction and the interaction of vibrational mode
in question with other lower frequency molecular or atomic modes. In principle,
all these kinds of interactions will affect the vibrational spectrum. Theoretical at-
tempts to predict the infrared absorption line shape of a vibrational mode of an
adsorbed molecule or atom have mainly concentrated on simplified models of the
actual adsorption situations encountered experimentally.
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The vibrational line width is partly caused by vibrational energy relaxation.
Vibrational energy can be dissipated via multiphonon excitation within surface and
substrate, or via electron-hole pair excitation. Theoretically, the vibrational energy
relaxation of a single diatomic molecule such as CO adsorbed upright on a metal
surface, due either to phonon or electron-hole pair creation in the substrate has
been calculated in lowest order perturbation theory[4, 5, 21]. A vibrational mode
can also decay by emitting a substrate phonon and exciting other lower frequency
local mode[21]. Experimentally, a lack of temperature dependence was taken as a

signature of the electron-hole pair excitation mechanism in Ryberg’s experiment for
CO/Cu(100){22, 1}-

Vibrational line broadening is also caused by vibrational phase relaxation or
dephasing due to the decay of temporal correlation of the mode in question{3].
Vibrational state remains the same. There is no transfer of vibrational energy
but the vibrational mode in question, after a certain time due to its anharmonic
coupling with other localized and delocalized modes, will be out of phase compared
with unperturbed harmonic oscillator[2]. Fig. (1.3) shows the pictorial description
of energy and phase decay from Gadzuk and Luntz[3). Characteristic for this kind
of interaction would be a strong temperature dependence. The so-called exchange
model describes dephasing due to the thermal excitation of another vibrational mode
localized at the adsorbed molecule or atom(23, 24, 25, 26]. In addition, the elastic
scattering of delocalized phonons of the substrate, at the admolecule or adatom,
Jeads to further dephasing, as has been derived in the past[27]. These two processes
are in fact related and can be treated together formally[28, 29], and a cross-term
between these two mechanisms has been independently derived in the context of

photodesorption kinetics in a master equation formalism{30].
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Figure 1.3: Schematic representation of the displacement of an oscillation as a func-
tion of time from Ref. [3].

Beyond the temperature dependence of the vibrational line shift and line width,
the infrared spectrum for different isotopic mixtures showed that as the admolecule
coverage is increased to the monolayer maximum, the vibrational frequency observed
for the internal mode of an admolecule shifts to higher frequency by an amount 25-
130 cm™ {31, 32, 33] depending on the adsorption system. For the adsorption
system CO/Cu(100), the shift of the internal vibrational mode of the admolecule
is about 50 cm™. The coverage dependence of vibrational frequency is mainly due
to dipole-dipole interaction between the vibrating admolecules. This was proposed
first by Hammaker[34]. :

In experiment, the measured vibrational line shape of 2 vibrational mode in a
particular system is the total effect of the different interactions. It is important

‘to sort out the effect of each mechanisms so that we will be able to explain the
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experimental results and predict vibrational line shapes. Now, the previous experi-

mental and theoretical works for a diatomic admolecule and an adatom are briefly

summarized.

1.3.1 Diatomic adsorbate
High frequency intramolecular mode

The vibrational frequency of the internal stretching mode of adsorbed CO on a
metal surface generally decreases from its gas phase value of 2143 cm™?, depending
on the adsorption site. For example, in one of the first systems studied by IRAS,
CO/Pt(111)[31], a single C-O stretching band is observed around 2100 em™? cor-
responding to ontop bonded CO, for all coverages up to § = 0.33M L at which a
(v/3 x +/3) R30°-like LEED pattern is observed[35]. When the coverage is increased
to § = 0.3ML, a second C-O stretching band appears at 1850 cm™, correspond-
ing to bridge bonded CO, as a (4 x 2) LEED pattern is established. A strongly
temperature dependent line shape is found in the experiment. Fig. (1.4) shows
the temperature dependence of the peak position and full width at half maximum
(FWHM) when CO is adsorbed at a Pt(111) surface at ontop sites. A similar tem-
perature dependence is found in the CO/Ni(111) adsorption system[24]. In this
case, the CO adsorbate forms an ordered c(4 x 2) structure at saturation cover-
age § = 0.5ML with all molecules adsorbed at bridge sites. The peak position
and the line width of the C-O stretching mode as a function of temperature were
measured by Ryberg{36, 23]. Since the frequency of the internal vibrational mode
of the adsorbed diatomic molecule is much higher than the maximum frequency of
delocalized phonon in the substrate, the damping of this mode via the creation of
delocalized phonons is a process with small probability, because from pure energy
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Figure 1.4: The temperature dependence of the peak width and peak position of
the “V mode” for CO/Pt(111) at ontop sites from Ref. [37].

conservation, it requires about 6-8 phonons to be created almost simultaneously. It
is believed that the line shift and line broadening are mostly due to phase relax-
ation processes. As seen in the Fig. (1.4), the peak width increases strongly with
increasing temperature and there is a small downward shift of the peak position for
CO/Pt(111). It has been observed that both the peak width and the peak position
reach a constant value for very low temperatures.

The exchange coupling mechanism of vibrational phase relaxation has been used
to analyse the line shape of CO/Pt(}lI) system in addition to CO/Ni(111) and
CO/Ru(001)[25]. In the exchange model, the high frequency vibrational mode with
vibrational coordinate u is assumed to couple anharmonically to a low frequency
vibrational mode with vibrational coordinate v via a quartic term with form u?v?.

This term is the lowest order interaction which gives rise to pure dephasing in

second order perturbation theory. Because of the anharmonic coupling between the
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high frequency and low frequency modes, the frequency of the high frequency mode
depends on the= state of the low frequency mode. The excitation and de-excitation
of the low frequency mode by either resonant energy transfer from neighboring
molecules or by interaction with the thermal phonon modes can cause dephasing.
In order to contribute to the line width of the high frequency vibrational mode via
exchange mechanism, the vibration of the low frequency mode has to be anharmonic.
Persson et al.[23, 25] and Harris{26] groups independently developed their theories
to explain the temperature dependent line shape using the exchange model. Persson
started by considering Brownian motion in a semiclassical theory, while Harris used
a density matrix technique within the constrains of a Markoff approximation. In
the weak coupling and low tempera.ture.linﬁt, both theories agree with each other.

The frequency shift and line width of the high frequency mode are given by

AQ = P,
9 2
T = eﬁ""’:-(-%i)—, (1.5)

where 8 = k/kgT. Basically, both theories contain three parameters, which describe

the dephasing mechanism in the exchange model:
e the frequency wy of the low frequency mode;
o the coupling strength dw;
e the damping rate 7 of the low frequency mode.

The solid lines in Fig. (1.4) are the best fit to the experimental data, giving the
following values for the parameters above:{37, 38]

wp=60cm™}, fw=-2cm™?, p=10cm™.
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This is a good fit to the experimental data assuming an anharmonic coupling to
one specific low frequency mode. The frequency wo agrees with that for the paraliel
frustrated translation obtained by Lahee et al.[39]. More experimental data for low
frequency mode[39, 40] is needed in order to give a definite explanation.

Richardson, Heidberg etc. reported their experimental resuits on the system of
CO adsorbed on the NaCl(100) surface[11, 41]. They studied experimentally the line
shape of the C-O stretching mode over the temperature range from 4 to 55 K with
the coverage remaining unchanged. This mode exhibits temperature dependence in
the peak center position and FWHM. Unlike CO adsorbed on metals, the vibrational
frequency of the C-O stretching mode in CO/ NaCl(100) increases from its gas phase
value of 2143 cm™! to about 2154 cm™! and undergoes a blue shift of about AQ = 0.2
cm™! as temperature increases from 4 to 55 K. The absorption band width is in the
order of 10~ cm™? over the same temperature range. In this adsorption system, the
vibrational frequency of the adsorbate-surface stretching mode is degenerate with
the substrate phonon band. Theoretically, we studied this adsorption system in
a finite temperature field theory. Both the frequency shift and the FWHM have
the same trend as, but are an order of magnitude smaller than, the experimental
result[42].

Since Hammaker first proposed dipole-dipole coupling, now the theory to explain
the coverage dependence of the vibrational frequency shift has been developed[43,
44, 45, 46, 47] to include also 2) the interaction between a dipole and its own image,
and the images of other dipoles; and b) the screening of dipole images and the
external field by the electronic polarisability of the adsorbate at a surface. Although
Lucas and Mahan[43] initially concluded that dipole coupling could only yield a
frequency shift of ~ 10 cn™ when they did not treat the interaction of a dipole
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with its own image properly, Scheffler[44] and Persson[45] have later concluded that
the experimentally observed shifts are compatible with theory for CO adsorbed on
metal surfaces such as Cu(100), Pt(111) and Ru(001) surfaces after they took into
account of the screening of dipole images and the external field by the electronic
polarizability of the adsorbate. The theory showed that when the admolecules in an
ordered monolayer have large dynamic dipole moments, dipole-dipole coupling has
to be considered. Dipole-dipole coupling may also affect the vibrational line width
and cause an asymmetric line shape[48, 49, 50]. Since we only concentrate on the
vibrational line shape of a single adsorbed molecule or atom in this thesis, we will

not discuss this further here.

Low frequency adsorbate-substrate mode

Studies of the admolecule-surface stretching modes are very important for the un-
derstanding of adsorption systems as they give rise to the vibrational levels in the
adsorption potential. The vibrational frequencies of these modes are much lower
compared to the internal stretching modes and usually under 500 ¢cm™!. Experi-
mentalists have for 2 long time tried to extend the infrared measurements to this
region. The infrared measurements on the admolecule-surface stretching modes on
single crystalline surfaces have been carried out by Tobin and Richards[51, 52, 6].
Systems such as CO chemisorbed on Ni(100), Pt(111) and Cu(100) have so far been
investigated. The initial study[52] of the ¢{2 x 2)CO/Ni(100) system was made at
room temperature, and showed a weak absorption peak at 475 cm™! with a width
of about 15 cm™2. The vibrational energy lies in the two-phoron band of the Ni
substrate, so the relatively large width could be caused by the strong vibrational |
damping caused by two-phonon excitation. Such a mechanism should exhibit a
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strong temperature dependence. However, the weak infrared signal did not permit
a more detailed study of the temperature dependence of this system. Instead, Tobin
and Richards applied the technique to the CO/Pt(111) system[6]. They found, for
the c(4 x 2) structure, at 200 K a peak at 460 cm™ with a width of about 7 em™2.
Furthermore, for the CO/Pt(111) system they were able to study the temperature
dependence above 200 K, which was found to be rather weak. Together with a
large spread in the values of the widths, this indicated that the peak width was
determined by inhomogeneous broadening. So far, there is no experimental data
reported on the temperature dependent line width and shift for an admolecule at a
bridge site.

In the theoretical studies of this mode, Persson et al.[53] considered, in a classical
fashion, the surface adiabatic effects on the vibrational modes for the adsorbate at
ontop sites. Taking into account the bilinear coupling between the local vibration of
an admolecule and the continuum phonon modes, they found an important “reduc-
tion factor” which was missed in the previous literature. This dramatically reduces
the effects of some dynamical processes which were previously believed to make
significant contributions to the line shape[54, 55, 56, 57, 58]. For example, the con-
tribution to the line width from multiple phonon emission due to the anharmonicity
of the adsorption potential was made negligible by this “reduction factor” at on-
top sites. Following 2 Green’s function approach, Langreth et al[l7]reconsidered this
“reduction factor” by perturbatively solving a set of Bethe-Salpeter equations, again
for an adsorbate at ontop sites. They commented that all phonon modes polarized
perpendicular to the surface can be neglected when the effect of the anharmonicity
of the adsorption potential on the vibrational line shape of the adsorbate at ontop
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sites is discussed. However, in their study, the renormalization of the wave func-
tion is ignored. They didn’t explicitly consider the relation between the localized
adsorbate field and delocalized substrate phonon field.

Z. Ye and P. Piercy extended their studies for both the delocalized phonon modes
and the localized mode of an admolecule rigorously where the bilinear term is treated
exactly in the sense that the fundamental physical relations such as the Heisenberg
equations and commutation relations are satisfied by the Heisenberg fields[59]. They
studied this in a simple one dimensional model also for an admolecule at an ontop
site and found that the vibrational coordinate of an admolecule has a contribution
from the delocalized substrate phonon modes. In turn, the displacement of the
surface atom underneath the admolecule is affected by the localized mode of the
admolecule. This gives rise to an additional delocalized phonon contribution to
the vibrational line shape of the admolecule due to the anharmonicity of substrate.
They didn’t consider this effect for an admolecule at a bridge site. In fact, when an
admolecule is adsorbed at a bridge site, the “reduction factor” will not be present
for out of phase motion of two bridge atoms at a surface. We will study this in
Chapter 4 and 6.

For the adsorbate-substrate stretching vibration, the dynamical dipole-dipole
coupling is extremely weak and can be neglected{53].

1.3.2 Atomic adsorbate

A class of systems of particular interest is atomic adsorbates, as dissociated molecules
play an important role in most chemical reactions. The experimental problems for
infrared spectroscopy of such atomic adsorbates are severe. First of all, by necessity
they only exhibit adsorbate-substrate vibrational modes with frequencies usually
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lower than the internal vibrational mode of a diatomic admolecule. For a light ad-
sorbed atom such as hydrogen, the frequency of the symmetric stretching mode is
around 1000 em™!, while in other cases, for example, oxygen adsorbed on a metal
surface, this frequency is usually under 500 cm™2. Secondly, they may be sitting
very deep into the surface, making the electronic screening by the conduction elec-
trons strong and hence weakening the infrared absorption. Y. Chabel and coworkers
studied atomic adsorption of H/W{100)[60]. They found a broad infrared absorption
peak at 1070 cm™? which is assigned to the symmetric adatom-surface stretching
mode. Its line shape is described within the theory of Langreth for an electron-hole
pair damped mechanism(5]. Tobin and Richards{6] detected the Pt-O stretching
mode of atomic oxygen chemisorbed on a Pt(111) surface. Even though the vibra-
tional frequency lies in the same region (460 cm™!) as that of the Pt-CO mode, they
found that the peak width is about 5 times larger.

Obviously, the development of infrared spectrometers that can study adsorbate
modes in the low energy region will not only give interesting information about
the low frequency modes of adsorbed molecules but will also make it possible to
probe the equally important field of atomic adsorbates. For a vibrational mode
with frequency lower than 500 cm™?, EELS is sensitive, but its resolution is quite
low. H. Dirr and A. P. Baddorf studied the vibrational line shape of the adatom-
surface stretching mode in the O/Cu(110) adsorption system in EELS over the
temperature range from 100 to 600 X[61). The energy peak found at 48.2 meV
is assigned to the oxygen-surface vibration. The observed peak position and full
width at half maximum (FWHM) are displayed in Fig. (1.5) over the measured
temperature range. Theoretically, for a quantitative evaluation, they assumed that

the vibration of O-Cu stretching is an anharmonic oscillator described by Morse



CHAPTER 1. 21

a) + [} i i [ i i !

g
T

oxygen mode -

£

Luergy (mcV)
&

-
-3
be

8

N |

<

FWIIM (mcV)
T

L] 1 L4

1 1
0 100 200 2300 40 S0 700
Temperanre (K)

2 L]

Figure 1.5: The temperature dependence of the peak position 2) and peak width b)
of the “T mode” for O/Cu(110) at bridge sites from Ref. [61].

potential whose energy eigenvalues can be obtained analytically[61]. The measured
peak position in EELS is the thermal averaged energy level spacing when this Morse
oscillator is in equilibrium with the thermal bath of the substrate phonons. Within
their theory, they have shown that at high temperature, the energy shift increases
linearly with temperature, which agrees with the experimental data. However, they
have not been able to correctly explain the linear relation between the line width
and temperature. We will study this temperature dependent line width in Chapter
6.
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1.4 Scope of our work

The temperature dependence of the vibrational line shape of an adsorbed molecule
is often attributed to the exchange model, phonon-induced dephasing and decay
mechanisms, due to the anharmonic couplings between the admolecule and substrate
and among the substrate atoms themselves. Since Langreth studied the exchange
model in great detail{17], we will devote ourselves mostly to the phoror-induced
vibrational line shape. We are also interested in the vibrational line shape for both
the admolecule-substrate stretching mode and the high frequency intramolecular
vibrational mode shown in Figs. (1.2b) and (1.2c). However, in some cases, the
vibrational line shape of the internal stretching mode is very much dependent of the
information for low frequency modes such as the admolecule-substrate stretching
mode. Hence, we will pay more attention to the line shape of the latter mode.
Since the line shape induced by the electron-hole pair damping process is nearly
temperature independent, we exclude this effect in our entire work.

In Chapter 2, a theoretical model of the vibrational lineshape at a surface will
be presented. Using linear response theory, the IR vibrational lineshape can be pre-
dicted in terms of the imaginary part of the Fourier transform of the time ordered
Green’s function of a vibrational coordinate. The time ordered Green’s function is
calculated in a finite temperature field theory — Thermo Field Dynamics(TFD). As
the first step, in Chapter 3, we consider a diatomic molecule adsorbed at an ontop
site in a one dimension model. The bilinear coupling between the local adsorbate
mode and substrate phonons is treated both perturbatively and nonperturbatively.
In a simple one dimensional model, some specific energy and phase relaxation pro-

cesses will be explored in 2 unified formalism. These processes were considered
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by Persson, Langreth, and others in different methods for each mechanism. For
simplicity, we approximate the substrate in a bulk Debye model. The results are
discussed in terms of two treatments of the bilinear coupling. For this adsorption
situation, a “reduction factor” will be induced by the nonperturbative treatment of
the bilinear term. This “reduction factor” will reduce the anharmonic coupling to
the substrate phonons, by the adsorption potential{59]. The anharmonic couplings
among the substrate atoms themselves at the adsorption site will play a significant
role. However, for an admolecule at a bridge site, both the adsorption potential and
the anharmonicity of substrate are effective. In Chapter 4, we will show this in a
simple one dimensional model.

To improve the description of the substrate and to include the effects of surface
phonon modes on the vibrational line shape, we will review the phonon dynamics of a
solid and introduce generalized density of states in a semi-infinite elastic continuum
model in Chapter 5. This approach to describe the substrate phonon behavior is
compared with the bulk Debye model and lattice dynamics calculations.

Finally, in Chapter 6, we will generalize the theory in the one dimensional model
to a three dimensional model to include the effect of the lateral motions of both
the adsorbate and substrate phonons. A central force approximation is employed
to describe the pair interactions between atoms. For simplicity, the model is con-
structed for an adatom adsorbed at a bridge site. However, the theory can be easily
extended to other adsorption situations such as an admolecule or adatom adsorbed
at a three fold hollow site. As an example, the theory is applied to calculate the
vibrational line width due to two phonon emission processes in the weak coupling
limit. As a model study, we will discuss the influences of the different aspects of an

adsorption system on the temperature dependent line width. The line shift due to
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local mode self interaction is also considered. Numerically, we will apply our theory
to the O/Cu(110) adsorption system. Our theory does not include the contributions
from other processes. Nevertheless, our calculation still provides us some important

information about the line shift and line width of a local mode in a real system.



Chapter 2. IR vibrational line shape model theory

2.1 Introduction

Infrared absorption is the result of the interaction between the IR radiatibn and
the sample. In our case, the sample is an adsorption system. The adsorbate could
be an atom or a molecule. There are different vibrations possible for an adatom
and an admolecule which have been shown in Fig. (1.1). Among them, only those
associated with a dipole moment variation (infrared-active) can give rise to infrared
absorption. More specifically, IR absorption is the result of the interaction between
the IR radiation and the vibrational dipole moment of adsorbate. The infrared
radiation intensity absorbed AJ{w) due to this interaction is usually small compared
to the incident intensity, so that we can treat this interaction as a perturbation to the
adsorption system. The IR absorption occurs only at resonance where the incident
irequency is close to that of the vibrational mode of the adsorbate.

In Section 2, classical electromagnetic theory is used to estimate the infrared
radiation intensity and its change due to IR absorption. The basic formalism of
the vibrational lineshape is presented. We will model the interaction between a
dipole moment and 2 classical IR radiation field, and develop the absorption frac-
tion AI{w)/Io(w) in linear response theory to describe the line shape. The quantum
approach will arrive at the same result. The temperature dependent vibrational line
shape depends on the hamiltonian of the adsorption system itself. Theoretically, in

order to describe this absorption phenomena, we need to consider a specific model
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for an adsorption system. We initially consider a low coverage, homogeneous ad-
sorbate of localized adatoms exhibiting only the low frequency mode and diatomic
admolecules with both the low frequency adsorbate-surface stretching mode and the
high frequency internal vibrational mode. The wavelength of the infrared radiation
is long compared with the interatomic distance so that the excitation will be almost
completely in phase for neighboring dipoles. We ignore the coupling between dipoles
so that each adatom or admolecule can be assumed to be identical. Therefore, in
our model, we only consider a single admolecule or adatom at a solid surface.

We will calculate the vibrational line shape based on the hamiltonian of an
adsorption system. In Section 3, we limit ourselves to a single admolecule or adatom
at an ontop site as an example and construct the hamiltonian of the adsorption
system, including appropriate interaction terms.

For a localized vibrational mode of the adsorbate, interactions with substrate
phonons and with other local modes lead to line shift and broadening. This line shift
and broadening can be calculated in a quantum field theory at finite temperature.
In Section 4, thermo field dynamics (TFD) in the finite temperature field theory is

introduced to calculate the time ordered Green’s function and line shape.

2.2 Line shape formalism

2.2.1 Adsorption system, Infrared radiation field and their interaction

For a molecule or an atom adsorbed at an ‘nfinite crystal surface, Langreth[17] has
shown that the harmonic hamiltonian may be divided into the two parts for the
perpendicular and parallel motions, respectively. By symmetry, these two parts are

independent in the harmonic approximation. Furthermore, when the adsorbate is at
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a metal surface, infrared absorption obeys a “metal-surface selection rule” which de-
mands that only those vibrational modes with a component of their dynamic dipole
moments perpendicular to the surface can be observed since there is no parallel
component of the electric field at a metal surface. To stress the main theory and
to simplify the calculations we assume that the axis of the vibrational coordinate
of an adsorbed molecule or atom is oriented perpendicular to the surface. We will
furthermore restrict atom 1 and 2 of a diatomic molecule to motion along this axis.

See Fig. (2.1). In Fig. (2.1a}, the vibrational coordinate of the internal mode of

«— §t —>
-0—0 -----0
7 —> Z >

(a) (b)

Figure 2.1: Adsorbed molecule and atom configurations.

a diatomic admolecule is denoted by £(t). We will specifically study CO molecule
adsorbed on solid surfaces since it is one of the adsorbates most thoroughly studied
by IRAS. In these cases, CO stands normal to solid surfaces with C inward. The
internal mode of the adsorbate is absent when we consider an atomic adsorbate. In
Fig. ( 2.1), the vibrational coordinate of the admolecule-surface stretching mode or
adatom-surface stretching mode is denoted by Z(t) which dacﬁbes the position of

the center of mass of an admolecule or the position of an adatom. In adsorption
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systems such as CO/Pt(111) and CO/Ni(100), the frequency of this mode is above
the maximum phonon frequency of the substrate.

We intend to describe IR absorption by a single adsorbate-surface stretching
mode (“T mode™) or the internal vibrational mode (“V mode™) and calculate its IR
vibrational lineshape as it is excited by an oscillating electric field normal to the solid
surface. The lateral motions of the adsorbate and substrate atoms are excluded for
now. We will consider a three dimensional model including these lateral motions in
Chapter 6. Since the “T mode” and the “V mode™ are perpendicular to the surface,
it is found that a one dimensional model gives results that are qualitatively similar

to our full, three dimensional theory. We will show this in Chapter 6.

The dipole moment of an adsorbate vibration

The infrared radiation from a source can interact with an infrared active vibration.
The dipole moment of a vibration is a function of its vibrational coordinate. As
an example, let us consider the “T mode™. We can expand its dipole moment in a

Taylor expansion

-

.8 .
BT = floT + (é)z:zo (Z - Zo) +--, (2.1)

where fior is the dipole moment at equilibrium, and Z, is the equilibrium position

of the vibrational coordinate Z(t). Define Qr = (&2

z) 2=2, 25 the effective charge.

Taking fior = 0 and ignoring higher order terms gives
ir = Qr(Z-2)
= QT‘;", (2.2)

where 3 = Z — Z, is the vibrationa! displacement of the admolecule or adatom away

from its equilibrium position.



CHAPTER 2. 29

Similarly, for the “V mode”, we otly need to change the vibrational coordinate
Z (t) into é (t). Assuming &o is the equilibrium position of the vibrational coordinate

£ and defining ¢ = £ — &, then the “V mode” dipole moment can be written as,
v =Qv(. (2.3)
The incident infrared radiation intensity

In our calculation, we classically treat the infrared radiation field as a plane wave

so that the electric field at the surface can be written as[62]
E.ze = Egcos(wt — k- R), (2.4)

where E is the wave vector of IR radiation. Its direction is the direction of wave
propagation. For infrared radiation, the electric field changes very slowly over atomic

distance, E- R < 1, and can be treated as
E ot = Eq cos(wt). (2.5)

The energy flux is described by Poynting vector so that the incident radiation in-

tensity is given by

Lw) = |5

1 — —
= |—E¢.-.-z x Bc::!
Ho

= [ Eg?cos? 6)
- \[;Eo F(wt), (2.6)

where the magnetic field B.. has magpitude 1/c times of that of the electric field
E.... They are perpendicular to each other and to the direction of propagation. For

practical purposes, we are often not interested in the instantaneous energy flux but
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only their time average value. Taking an average over one period of the wave, we

obtain
o(w) = = [ E2. @.7)
2V po

The interaction between IR and dipole moment

When a dipole moment is placed in an electric field, the interaction between the

dipole moment and the electric field can be written as

"y

ffm=—

) E * (2‘8)

where i is the dipole moment in question and E is the sum of the external field E,.,
and the effective field E.;; due to the polarization of electrons in the admolecule
and the polarization of other atoms in the substrate. For simplicity, we assume
the presence of the admolecule does not substantially modify the local electric field.
Hence we ignore this dielectric screening due to the molecule in the later calculation.
Taking the “T mode” as an example, and limiting ourselves to one dimension, we

can simplify this interaction by substituting Eq. (2.2) into Eq. (2.8) to give

Heo = ~Qr2E* cos(wt). (2.9)
For the “V mode”, we obtain a similar interaction by replacing the dipole moment
ur with py and 2 with ¢ in the above equation.

2.2.2 FEnergy absorption rate and line shape

Infrared radiation acts as a probe to detect the vibrational line shape. This weak
field perturbs the adsorption system. The interaction between the infrared radiation

and the vibrational dipole moment causes the excitation of certain vibrational states
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in the adsorption system. The line shape receives contributions from all energy and
phase relaxation mechanisms and is related to the absorption fraction Al(w)/Io(w)

given in Egs. (1.1) and (1.2). Now we show that the absorpticn fraction is given by
Eq. (1.2), ie.

2 Ly 2 "
Al(w)/Io(w) = 0:31 (EE) tanh(%:—j.;)ImD(w). (2.10)

The energy absorption rate AI{w) can be calculated by using linear response theory
since we can treat the IR radiation-dipole interaction as a weak external perturba-
ticn.

In order to calculate the energy absorption rate, let us first look at the linear
response of a vibrational dipole moment to an external field Eoze.

Without the interaction hamiltonian H.., given in Eq. (2.9), the adsorption sys-
tem is in thermal equilibrium. Assume };) is an exact eigenstate of full unperturbed
hamiltonian H and number operator NV with eigenvalues E;(N) and N. If the
adsorption system is perturbed from equilibrium at ¢ = #, by an interaction hamii-
tonian H,., which can be treated as perturbation, the wave function in the presence

of the perturbation in the interaction picture is given by{63]

et =UGLN)  (E>t), 2.11)

where U(%,1o) is the evolution operator that determines the wave function at timet

(t > to) in terms of the wave function at time #, and given by
4
U(t,to) = T{ezp [—iﬁ.-l j Hm(t’)dt']}
ty
¢
= 1-ik? / Hed @)t +--- (> to). (2.12)
b

Therefore, the diagonal matrix element of a dipole moment j in response to an
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external perturbation can be written in terms of the unperturbed wave function as

follows
GlalYee = (lals) +

Glinm L t (Bt @] iy 4 (>0 (219)

where the square bracket ‘[ |’ denotes the commutator
[4,B] = AB — BA. (2.14)

Ignoring the higher order terms in H.¢, the first order change of the diagonal matrix

element of the dipole moment reduces to
Glalee — (lals) =
t
Glin [ (B8] 1) (215

t
The occupation of the different states |j) is determined by the density operator of

the system
eBH=ucN)
TTCB(R_“‘N) !

o= (2.16)

where u. is chemical potential. The first order change in the ensemble average of
the dipole moment can be evaluated by adding the contribution of each state |7),
weighted according to the unperturbed ensemble as

(B = o =87 [ T {paentt) N} (217)

At equilibrium, ()¢ = 0. Substituting Eq. (2.2) and Eq. (2.9) into Eq. (2.17) gives

the ensemble average of the “T mode” dipole moment
t
(Bt = @it [ dTr {palete), eV} BE(E)
to

2 pt
- _% L dt' DR(t, ) EL (), (2.18)
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where for generality, subscript “T" has been ignored. The retarded Green’s function

DR(t,t") evaluated in the equilibrium grand canonical ensemble is defined by

iDR(t,t) = Tr{pnl=(2), =@} 6(t -1t
= ([=(2), =(t))6(¢ — 1), (2.19)

where the bracket “(...)" represents a thermal average over the degrees of freedom
of the admolecule or adatom and substrate. Since the unperturbed hamiltonian of
the adsorption system is time-independent, this retarded Green's function has form
DR(t —t'). The analysis of the linear response is then reduced to the calculation of

a retarded Green’s function. After a variable transformation, we have

Q2
(Bewt = —F dt' DR)EL,(t - 1'). (2.20)

-0
We assume that the external field is a plane wave given by Eq. (2.5) or
EL = E"‘%(e"‘“ +emioty, (2.21)

In an experiment, the energy absorption is recorded over a certain observation period
T. The time average of the energy absorption rate over this period can be calculated

as

v s
Allw) = o% fo dﬁ%i‘l

1 (T 8E*..,.
= —0'1—,, A dt at (Fr)e::

= -;—hawqml’rmpﬂ(w), (2.22)

where 0 is the coverage of adsorbate, DR(w) is the Fourier transform of the retarded

Green’s function D?(t) defined as

DRw) = fn dte™t DR(2). (2.23)
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Its imaginary part is related to the imaginary part of the Fourier transform of
the time-ordered Green’s function D(t) defined in Eq. (1.3) by a thermal factor,

tanh(1}), as follows:
ImD™(w) = tash(> ) ImD(w). (2.24)
2%T

At low temperature, i.e., kgT < hw, the thermal factor is typically near unity. In
most cases, kgT 3> T (half width at half maximum of the vibrational mode) at typi-
cally room temperature, s0 the thermal factor varies slowly with frequency w. It will
not have an important effect on the vibrational lineshape. In our latér calculation,
we ignom this factor and calculate ImD(w) directly to predict the vibrational line
shape. In a quantum treatment, (E*)? is the matrix element between the initial
and final photon states.

Combining Eq. (2.22) and Eq. (2.7) gives energy absorption rate. The line shape
is seen in the energy absorption rate

AI(w)/ Iow) = 9:’?% (%) tanh(%%%)fml)(w). (2.25)

In this equation, the line shape depends on a few factors such as the external field,
coverage, frequency, and the imaginary part of the Fourier transform of a time-
_ ordered Green's function. However, our interest is not in the absolute intensity. of
the infrared absorption peak. We are more interested in the line width and line shift
which contain the important information on the vibrational mode and depend on the
imaginary part of the Fourier transform of the time-ordered Green’s function. We
can also derive the same formula by using Fermi’s Golden Rule. The time ordered
Green’s function will be determined by the hamiltonian of the adsorption system
which will be considered in the next section.
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For the “V mode” line shape, we only need to replace the “T mode” vibrational

coordinate = with the “V mode™ vibrational coordinate { above.

2.3 The hamiltonian of an adsorption system

In this section, we consider the hamiltonian of a single adsorbate at an ontop site in
a one dimensional model. This hamiltonian will be constructed in second quantized
form. We start with a simple case where an atom or a diatomic molecule is adsorbed

at a static solid surface. Then, we will consider the substrate phonon vibrations and

include them in the full hamiltonian.

2.3.1 The static hamiltonian of adsorbate

Fig. ( 2.1b) showed an atom adsorbed at a semi-infinite, static, solid surface. We will
ignore the thermal vibration of the solid surface for now and begin with the adatom-
solid interaction named the static surface potential. This is the interaction that the
adatom experiences when it approaches the surface of 2 solid at zero temperature
without the transition of the electronic states or substrate phonons in the so-called
adiabatic approximation. It is a function of the distance z that the atom is away
from its equilibrium position at the surface, and is denoted by V(z).

Fig. ( 2.2) shows all the bound states due to the potential V(z) labeled by the
quantum index j. Near the bottom of the well, the bound states of the potential
V(z) are nearly the same as the eigenstates of a single harmonic oscillator. At low
temperature, the adatom occupies the low energy level most of the time. Since the
physics of a single harmonic oscillator is well-known, we intend to treat the surface

potential V(z) as a perturbed harmonic oscillator in our calculation. Now, if we
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Figure 2.2: Bound states of an adsorption potential from Ref. [12].

describe an adatom in quantum mechanics, the static hamiltonian of the adatom

can be written as
Hy(z) = —;::% + V (=), (2.26)
where m is the mass of the adatom.

Similarly, for a diatomic admolecule, the hamiltonian can be expressed in terms
of the center of mass variables (see Appendix A). The surface potential is assumed
to depend on the vertical distance from the inward end of the diatomic molecule to
the surface, which is related to the center of mass displacement z from its equilibrium
position and the internal vibrational displacement ¢ from its thermal equilibrium
position. The potential of the outward atom of the diatomic molecule has been
ignored since it is farther away from the surface. The internal vibrational potential
U({) depending on the displacement of the internal bond length from its equilibrium
value can be approximated as a harmonic oscillator so that Usnn(¢)} = 0. This was

used in the calculation of photodesorption kinetics. Therefore, the static hamiltonian
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for a diatomic admolecule is

R & K2 &°
Hu(z,{) = -+ U(() - T

H -
556 + V(== 2=0), (2.27)

where m; is the mass of the inward atom of the diatomic admolecule. The energy

levels of potential U(() is also shown in Fig. ( 2.2).

2.3.2 The thermal vibrations of the substrate atoms

In reality, the solid surface in the experiment can not be kept at zero temperature.
To treat the solid adequately requires the consideration of the thermal phonons in
the solid. The simplest way to approximate the surface displacement due to the
thermal phonons is to use 2 bulk Debye model where the solid is treated as an
infinite elastic continuum. In this model, the displacement of a mass element at
7 can be expanded as a superposition of all possible plane waves with frequency
Wi, i-&., eFF5t) Here [ is the wave vector, and o denotes the polarization of a
wave. For a given wave vector fc., there are two transverse waves with wave velocity ¢,
labeled by T3, T> and one longitudinal wave with wave velocity ¢; labeled by L. If we
introduce by and b:%c as phonon annihilation and creation operators, respectively,
then the displacement field in second quantized form is

a(F, c R ik t o—ilErw,
a(r,t) = zes’ W[b&e (k "‘)+b&c (& ,,:)]

>
= Y &, d(t), (2.28)
"o

[ & . -
Q = be i(kF=wg,t) b- t =ik F=wp t) . 2.9
d:a(t) 2p°wE¢V [ ke + ke © ] ( 9)

with
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Here é;, is a unit polarization vector that for the longitudinal wave (¢ = L) is in the
direction of propagation k, and for the two transverse ones (o = 11, T2) is orthogonal
to k and mutually orthogonal, V is the volume of the solid, w;, represents the phonon

vibrational frequency, and operators by, and b}c obey the bose commutation relation
Bos bL ] = 6z 600 (2.30)

The summation in Eq. (2.28) involves the phonon spectra of bulk acoustic modes.
The bulk Debye model is a crude approximation to the normal mode dispersion
relations in a solid. It replaces all branches of 2 phonon vibrational spectrum with

the same linear dispersion relation
w = ck. (2.31)

In addition, the volume of the first Brillouin zone is chosen to equal the volume of
a sphere with radius kp, so that the cutoff wave vector can be determired by the

relation

4m 5 _ (27)3
T =l (2.32)

where v, is the volume of the unit cell, and kp is magnitude of the cutoff wave vector

for all branches. In practice, it is convenient to define a Debye frequency by
wp = ckp. | (2.33)

Evidently kp is a measure of the inverse inierparticle spacing, and wp is a measure
of the maximum phonon frequency. All branches have an average sound velocity ¢,

which is given by equation

ol
——
Q) =

(2.34)

'Q‘Jf"

1
o
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Hence
1 1,2 1
—_— (= 2 9
wp® 3(0:? + uf‘)’ (2-35)
with
w = ctkDa
w = ekp. (2.36)

The bulk Debye model is appropriate at low temperatures for which long wave-
length phonon displacements dominate in &(F,t). By employing bulk phonon modes
to describe the surface displacement, we have neglected the softening of certain
surface vibrational modes (Rayleigh waves) due to the reduced coordination of the
surface atoms. As a consequence, the mean squared thermal surface displacement
derived from &(7,t) is somewhat small, and its effect on an adsorbed molecule is
correspondingly diminished. Therefore, since the adsorption occurs at a solid sur-
face, the bulk Debye model can not give us a accurate description about surface
behavior. We will improve this model in Chapter 5.

If we include the effect of the thermal phonon vibrations of the substrate into the
full hamiltonian of an adsorption system, the distance of the admolecule or adatom
to the surface now becomes Z — a,. Correspondingly, we can obtain the surface

potential by replacing z in the static surface potential with z — a.(7,1), i.e.
V(z)=V(z — a.(F,1)) | (2.37)
for an adatom, and’
V(z,()=V(z — a.(7,1),() (2.38)

for a diatomic admolecule.
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Note that with the surface displacement given by Eq. (2.28), the hamiltonian of
a solid, in the harmonic approximation, is
1
H = Ezhw;,(b;jb;, +3)- (2.39)

We ignore the anharmonicity of the solid for now and will consider it in Chapter 4.

2.3.3 The complete hamiltonian

We can now construct the complete hamiltonian for an adsorption system. Since we
are dealing with vibrations, naturally, we separate the complete hamiltonian H into
the harmonic part Ho which describes harmonic oscillators and anharmonic part

Hani,. Generally,
1
— (lp. o =
Hy= Z hu(blbs + 3), (2.40)
where i denotes the harmonic oscillators in an adsorption system.
H_.» = sum of all anharmonic ooufling (2.41)

For the adatom case, there are both the adatom-surface stretching mode (“T mode”)
and substrate phonon modes, hence : = (T, {kc}) so that Ho = Hr + H,. As
we mentioned above, we ignore the anharmonicity of the substrate here; thereforé
Hanp = Vinn(z — a:). This includes the anharmonic terms in the Taylor series
expansion of the surface potential V(z— a) about the equilibrium positions of both
the adatom and the surface.

" For a diatomic admolecule, thers is an additional internal vibrational mode (“V
mode”), compared to an a atomic adsorption system, and hence i = (T, V, {ko}) so
that Hy = Hr + Hy + H,. We treat the internal molecular vibration as a harmonic
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oscillator. Therefore, Usnr = 0 and Honp = Vann(z —a. — -‘%C). Vina represents the
anharmonic terms in the Taylor’s expansion of the surface potential V(z—a.— 2= ).

More precisely, in the above discussion

R? &° 1
Hr = ~5m33 +Vy+ sz-’, (2.42)
B @ 1, .,
T ————— — 9
Hy PETC +Uo+ o U, (2.43)
For an adatom,
Hor = Vomn(z —a2),
1 !.m
= 2 ’I!—rn-iw+m(_a=) - . (2.44)
For a diatomic admolecule,
— —a. =
Hnnh = v:mh(z a. mIC)
1 B mon
= Z'mvumﬂ(—a:)x(-;lf) 2" (2.45)

lLimn
Note that the local mode frequencies for the “T mode” and “V mode™ are determined
by Vs = muw? and Uz = uQ?, respectively. Here wp denotes the vibrational frequency
of the “T mode”, Q denotes the internal vibrational frequency of the “V mode”.
The sum in Eqs. (2.44) and (2.45) excludes the harmonic terms V522, 3U2¢*. The
bilinear coupling between the adsorbate and the substrate phonons —V2a.z will be
discussed in a nonperturbative treatment in Chapter 3. In this chapter, we include

the bilinear coupling into the anharmonic hamiltonian and treat it as a perturbation.
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2.4 Thermo field dynamics

In general, with the complete hamiltonian, we are able to calculate the time-ordered
Green's function for a specific vibrational coordinate by using the well-known Mat-
subara method[63, 64]. In this method, all thermodynamics properties of a system
can be directly expressed in terms of a time-ordered Green’s function at a finite
temperature. However, at finite temperature, it is inconvenient to calculate a time-
ordered Green’s function D(t) directly, and it is necessary to introduce a corre-
sponding temperature Green’s function D(r) which depends on an imaginary-time
variable 7 = i#f. Its perturbation expansion is very similar to that for the zero
temperature Green’s function. Wick’s theorem then can be generalized to produce
Feynmam diagrams to calculate the temperature Green’s function in a diagré.m-
matic analysis. The Lehman representation provides a direct connection between
a time-ordered Green’s function and its temperature Green’s function in a finite
temperature formalism. However, the complicated frequency summation makes the
Feynman diagram calculation tedious and extremely difficult.

In our study, to avoid the complicated frequency summation, we use thermo field
dynamics (TFD) instead of the Matsubara method to formulate fhe time-ordered
Green'’s function for an adsorption system[65]. The TFD method was originally de-
veloped in the study of conventional bulk superconductivity. It bas been used exten-
sively in various fields such as magnetic and layered superconductivity[66]. Recently,
TFD has been applied in the surface spectroscopy problems such as desorption[12].
Since TFD starts with the real-time formalism, zero-temperature field theory can
be easily extended to finite temperatures. It has been shown that some of the

techniques employed in zero temperature field theory such as Feynman diagrams
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can be utilized in TFD. In our question, we study the vibrational states of an ad-
sorption system which can be quantized as bosons. Therefore, we only discuss the
time-ordered Green'’s function for bosons here in thermo field dynamics.

Boson fields at finite temperature can be obtained through a simple thermal
Bogoliubov transformation from their zero temperature counterparts. The Fourier
transform of the time-ordered Green’s function at a finite temperature can be ob-
tained in terms of this transformation of boson fields. All the temperature dependent
calculations related to the time-ordered Green'’s function at a finite temperature then

become transparent and systematically easy. We will show the details as follows.

2.4.1 Thermo-ground state and “tilde” field

Some basic elements of TFD theory are now introduced. Details are found in the
text on this subject by Umezawa, Matsumoto, and Tachiki, and in earlier papers
referenced there[65, 66].

In the harmonic approximation, the vibrational states of an adsorption system
are the eigenstates of the harmonic oscillators in the system denoted by |N,) =
II;1N:}. Here 7 describes the normal modes of an adsorption system. The boson

annihilation and creation operators &, b! satisfy the boson commutation relation
(b, B} = i (2.46)

When 2 quantum of energy hw; is annihilated in the system, this process can be
regarded as the action of an annihilation operator b;.

We now associate with the boson field b;, b! a duplicate field or “tilde” field built
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up from a duplicate set of boson operators &; and Ef Let’s use the doublet notation

B b
6?=( )=( ) (2.47)
B b}

where & = 1,2 denotes the original field and “tilde” field, respectively. The “tilde”
field is introduced from the mathematical reasons which will be discussed later. At
a finite temperature, the local vibrational mode of an adsorbate is not isolated but
immersed in a thermal reservoir. The presence of the thermal reservoir maintains
a certain number of excited particles. The absorption of energy by the vibrational
mode ¢ occurs in two ways: it is absorbed either by the excitation of an additional
quanta. b{(8) or by the annihilation of a thermal hole described by 5:(B). Hence,
b} is 2 linear combination of two thermal operations bi(8) and b;(8) which are
called thermal operators. Here § = %k/ksT is used to specify the temperature,
Boson operators b;, 5! and their thermal counterparts b;(8), bi(8) satisfy the same
commutation relation. Therefore, the thermal field operators b;(8) and b!(8) are
related to the original boson field &; and its duplicate field Bf by the Bogoliubov

transformation, i.e.

b; cosh#; sinhé; b () b:(8)
N B . =Up(w) | _ , (2.48)
A sinh8;  coshé; /] \ B}(B) B!(8)
where Up(w) is called the Bogoliubov matrix, and §; is determired by the thermal
average of the number operator n; of the quanta in the system in terms of

1

sinh§; = n}/? = ——.
’ ' eef”'-'" -1

(2.49)

cg dp

Therefore, the Bogoliubov matrix is Ug(w)} =
dg  c¢B

) with cg = cosh 8; =
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(ni + 1)¥? and dp = sinh§; = n}/%. Up(w) depends on the vibrational frequency
through the thermal average of the number operator n;.

The inverse of the above transformation is

b.'( ﬁ ) cosh 8.' —sinh 9,‘ b.'
" = K (2.50)
5'(8) - sinh §; cosh 6; B!

Similar to the “tilde” field, we associate with the boson state |V,) a “tilde” state

|N,) in a’one to one correspondence. Define the thermal ground state (a ground

state at a finite temperature)

10(8)) = P-s”z Z |N.)|I\-f.), (2.51)
N,

where the thermal density matrix is p, = T::_"" o> With Ho being the harmonic

hamiltonian of the adsorption system. The inclusion of the “tilde” states is crucial

to the evaluation of the thermal expectation value

OBIA®IB)) = DD (Nl Ao, NN, INY)
N, N
= Z:(N.[p,.é(i)lN.)
N,
= Trp,A(t)), (2.52)

where the term (N,|N!) = 4N, n; Teduces the double sum above to 2 single one, so
that the trace formula for the thermal average of an operator can be expa.ﬁded as
an expectation value in the thermal ground state.

The thermal ground state satisfies

5:(B)I0(8)) = 0 = 5:(B)|0(8))- | (2.53)

This can be verified by combining the Bogoliubov transformation with the definition
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of [0(8)) and p,. The hamiltonian of the “tilde” field is —H. The negative sign
reflects the fact that the thermal hole carries negative energy. H can be obtained
by the “tilde” operation (changing all real fields to their corresponding “tilde” fields
and all complex coefficients to their complex conjugates) on the real fields in H.

Then the total hamiltonian of an adsorption system is given by
H=H-H. (2.54)

The first part in above equation determines the equations of motion of real fields,
while the second part determines the equations of motion of “tilde” fields.

The inverse Bogoliubov transformation gives
5[0(8)) = tanh 6:5/10(8)), (2:55)

which shows that the addition of the 5;-quantum to the ground state |0(8)) is equiv-
alent to the elimination of the bi-quantum. In this sense, the bi-quantum behaves
as a hole of the brquantum. The Bogoliubov transformation also shows that the
thermal field operators, 5;(8) and 5(8), have independent physical roles. Consider
for a moment the original phoron operators, b; and b; acting on the thermal ground
state. Since [0(B)) is the thermal equilibrium state of the system. It contains ex-
cited states, of course, so 5]0(8)) # 0 and }|0(8)) # 0. This means simply that
it is possible to both annihilate an excitation of the phonon mode “” contained
in |0(8)), and to create an additional excitation of the phonon mode “” in [0(8)).

Actually, using the Bogoliubov transformation, we have

5:l0(8)) = sinh8;3}(8)I0(8)), (2-56)
ti0(8)) = sinh 8H{(B)i0(8))- (2.57)

This clearly tells us b}(8) creates an additional phonon excitation when it operates



CHAPTER 2. 47

on |0(8)), while the “tilde” thermal operator 5!(3) annihilates phonon modes in
|0(8)) by creating “thermal holes™.
The equations of motion of the “tilde” fields are similar to those for the original

fields. For example, the original boson annihilation operator b; obeys the Heisenberg

equation

W d
tﬁab;t = {&i(t), Ho), (2.58)

which gives
bi(t) = by~ (2.59)

by using Ho = 3, hw;(b;'5; + 1) and the boson commutation relation [b;(t), BL(t)] =
;. Similarly, the Heisenberg equation for b: bas a negative sign in front of the time

derivative which leads to
bi(t) = g™, (2.60)

The positive frequency associated with the “tilde” operator above is consistent with
the earlier identification of 5}(8) with the creation of “thermal holes”.

The discussion above has dealt specifically with the bosons in an adsorption
system. The normal modes of this system in the harmonic approximation depends
on the type of adsorbate and substrate. For an adatom, no “V mode” is present
in the system. Hence i = (T, {ko}). For a diatomic admolecule, i = (V,T,{kc}).
Correspondingly, the thermal ground state for an atomic adsorption system can be

written as

0(8)) = [0(8=)) T 10(8z.)) (2.61)
{ke}
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while for an diatomic admolecule, the thermal ground state is given by
10(8)) = 1o(Bv))10(8r)) [T 108z, (2.62)
{ko}
Note the harmonic hamiltoaian Hp excludes the bilinear coupling between the “T
mode” and the substrate phonons.
The theory described above is now applied to the time-ordered Green’s function
calculation.

2.4.2 Green’s function

In thermo field dynamics, to simplify the notation, we introduced the thermal dou-
blet symbol for the boson field in Eq. (2.47). Hence the propagators of vibrational
coordinates are 2x2 matrixes. The time-ordered Green’s function of the vibrational
coordinate z (for the “V-mode”, this coordinate becomes ¢) in an adsorption system

in Heisenberg picture can be writter as
iD*(t) = (0(B)IT=*()="(0)[0(8)), (2.63)

where T is the time-ordering operator, z* is the Heisenberg operator. Green’s
function is an expectation value in the thermal ground state. The (1,1) component
of the time-ordered Green’s function in thermo field dynamics corresponds to the
time-ordered Green’s function defined in Eq. (1.3). The thermal ground state [0(3))
of an adsorptioﬁ system is constructed by the thermal ground states of all vibrational
states in the adsorption system. The total hamiltonian of an adsorption system is

H = H-H
= Ho'!-H’—ffo—ﬂ'
= ﬂO"i'-i‘{,, ] (2-64)



CHAPTER 2. 19

where Hp is the harmonic hamiltonian. We require that H is weakly equal to the
Hp so that the anharmonic hamiltonian H’ can be treated as a perturbation.

Corresponding to the Hy hamiltonian, the bare propagator of the vibrational
coordinate = in TFD is defined as

iD”(t) = (0(B)IT=5(2)=5 (0)10(8))- (2.65)

It is the propagator for the non-interacting boson field z(t). The Heisenberg operator
z5(t) is related to the thermal operator z§(t, 5) via the Bogoliubov transformation
given by Eq. (2.48). Therefore, after some simplification (see Appendix B for

details), the bare propagator in w-space in TFD can be written as
Do(w) = Updo(w, BYUE, (2.66)

where we bave ignored the indices «, 8. The thermal Green's function in w-space

do(w, B) is defined as the Fourier transform of the propagator

id3® () = (0(B)|T=°(t, B)=°(0, B)I0(B)), (2.67)
and is given by
Rt | 1 1
do(w, B) = 2mu W —wo + T W -+ wo -irrr)’ (2.68)
where wy is the vibrational frequency of the local mode with vibrational coordinate
1 0
z(t), 1 is real, positive and infinitesimal, and 7 = . Note that the
0 -1

Bogoliubov matrix Up is not unitary, but it satisfies the relation UprUp = 7. Now,

we can write

E;z - i:ra'g(w)U B{w)Us(w), t2°69)

2 —
mw? — W

Do(w) =
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with 62(w) = F=[8(w — wo) + 6w + wy)] which is the spectral function of the bare
propagator Do(t). This free Green’s function has a resonance at w ~ wo. The §
function in the imaginary part of the bare Green’s function represents a sharp peak
at w = wy for the single harmonic oscillator with the frequency wo.

The spectral representation of the full Green’s function requires that the full

Green’s function has the same form as the bare Green’s function, i.e.[67]
D(w) = ReD(w)r — iro{w)Us(w)Us(w), (2.70)

where o (w) is the spectral function of the full Green’s function in w-space D(w)
which will be given in Appendix C.
The relation given in Eq. {2.66) for the bare propagator is also true for the full

Green’s function.

2.4.3 Dyson’s equation
In the interaction picture, the full Green’s function defined iz Eq. (2.63) becomes
iD*(t) = (0(8)|TS=5(2)=6(0)|0(8)), (2.71)

where the S matrix can be expanded in the powers of the interaction hamiltonian

H' = H' — H' in TFD as follows

fol [ 50])

;%(3—5 n [_: drydry...draT [ﬁf(f,)f;rr(r,)...ﬂ'(rn)]. (2.72)

S

[

Note that H’' and H' in H’ are given by the vibrational fields and their “tilde” coun-
terparts, respectively. Furthermore, the vibrational fields and their “tilde” coun-

terparts are linear combinations of the annihilation and creation thermal operators
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and their thermal “tilde” operators as defined by the Bogoliubov transformation.
Wick’s theorem is therefore applicable in terms of the vibrational fields. This leads
to a standard Feynman diagram expansion which can be formally summed to yield

an integral equation called Dyson’s equation shown in Fig. { 2.3). Double (single)

iD(Y) iDy() Hz

Figure 2.3: Dyson’s equation.

lines in Fig. ( 2.3) are the full (bare) Green’s function and the shaded oval is the
proper self energy insertion which is the summation of various dynamic processes.
The Feynman diagram rules will be given in Appendix D. In w-space, the Dyson’s
equation given in Fig. { 2.3) reads

D**(w) = D’ (w) + D§*(w)2**(w) D¥ (w). (2.73)
In principle, the calculation of the full Green’s function now amounts to
1. evaluating the self energy corrections to the desired accuracy;
2. solving the Dyson’s equations for the vibrational propagators.

In practice, we only keep the first few terms in the Taylor’s expansion of H.;
and calculate their lowest corrections to the self energy. Since the apharmonic
hamiltonian H,ns is a power expansion of all vibrational coordinates in an adsorption
system and they are small quantities, the higher order terms of these coordinates
are expected to provide small, quantitative corrections to the vertex functions, but
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will not cause qualitative differences. In perturbation theory, the full hamiltonian
is close to the harmonic hamiltonian Hy, hence the higher order corrections to self

energy are small. Usually we only take the lowest order into account.

2.4.4 Solution of Dyson’s equation

The solution of Dyson’s equation given by Eq. (2.73) will give us the time-ordered
Green’s function in w-space. The imaginary part of its (1,1) component will give

the line shape. In the limits kT < Awg, and |w — wp| < wo, the vibrational line

shape has the form
Al(w) n k r
L~ ImD Y (w) S (@ — w0 — B T2 (2.74)

where the real frequency shift Aw and the line width I’ (half width at half maximum)
are given in terms of the real and imaginary parts of the self energy of an adsorption
system. 7

Combining Dyson’s equation given by Eq. (2.73) and the spectral representation
of the Green’s functions given by Eqs. (2.69) and (2.70) requires that the self energy
T28(w) has the form (see Appendix E)[67]

2%(w) = ReB(w)r™* —io(w)[Up* (w)U3" ()], (2.75)
where

Sw) = 5,
olw) = —Us(w)ImE(w)Us(w). (2.76)

Taking this form of the self energy into account and solving the 2x2 Dyscn’s equation
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matrix gives (as shown by Ye[67])
[2(w? —wd) — ReZ] v +icU}
[2(w? = w?) = ReZ)* + 02
= Ugd(w,8)Us, (2.77)

where the thermal Green’s function has form

D(w) =

. T
d(w, B) = Y S (2.78)

At resonance,

h .k
w 2 wy+ 2mReE(w)+zmar

= wr+ilT, (2.79)
where the real part represents the line position or shifted frequency, and gives us
the line shift Aw = wgr — wp which is given by the real part of the self energy, while
the imaginary part represents the inverse of the lifetime of the vibrational mode or
the line width which is given by the imaginary part of the self energy, i.e.

Aw = wrp—wp

R

k
r = S o(wr)

= -3 R Up(wr)ImZ(wr)Us{wr). (2.81)

T

In summary, we have shown that the self energy is an important part in the
line shape calculation. Both the line shift and the line width are related to the self
energy. For a vibrational mode, its self energy depends on its.interactions with the
other modes in the system. The Feynman diagram rules provide a tool to calculate
the self energy. In the next chapter, we will apply the theory above to some sample

systems.



Chapter 3. The treatments of bilinear coupling

3.1 Introduction

Now we apply the theory introduced in the last chapter to a specific local mode
of the adsorbate at ontop sites. In this study, the. bilinear coupling between the
molecular or atomic vibration of the adsorbate and the surface phonon vibrations
plays an important role. Treating this coupling differently can lead to contrasting
results for the same system. In this chapter, we will show two treatments of this
bilinear coupling and discuss the results from both treatments.

Firstly, for simplicity without losing the main components of the line shape
theory, we include the bilinear coupling between the local mode and the substrate
pionons into the anharmonic hamiltonian, treat it as a perturbation in Section 3.2.
The perturbative treatment of the bilinear term makes the harmonic hamiltonian
simple, obvious and exactly solvable. In this way, we can easily demonstrate our
theory and summarize the Feymman diagram rules in the self energy calculation.
The same treatment has been considered by other people[54, 27, 55, 57] using Fermi’s
Golden Rule or a master equation to calculate the line shape. In the last chapter, we
did not actually calculate the self energy which determines the vibrational line shape.
Here we will concentrate on the self energy expansion and consider the line shape
contributions of some specific dynamic processes. However, this approximation is
limited due to the strength of the bilinear term and has to be improved. Since the
line shape of the internal vibrational mode (“V mode”) of a diatomic admolecule due

54
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to the exchange mechanism is very much dependent on the line shape of adsorbate-
surface stretching mode (“T mode”), we will study the “T mode™ line shape first
and then the “V mode” in a similar way.

Secondly, we will show the improvement in the line shape calculation by in-
cluding the bilinear term into the harmonic hamiltonian and treating it nonpertur-
batively, as described in Section 3.3. The so-called “reduction factor” induced by
this improvement will reduce phonon effects on the vibrational line shape due to
the anharmonicity of the adsorption potential in this adsorption situation. On the
other hand, the anharmonicity of the substrate will result in an additional phonon
contribution to the line shape. The nonperturbative treatment of the bilinear term
was previously introduced by Piercy and Ye[59] using TFD. We extend their work to
include the combined effects of both the adsorption potential and the anharmonicity
of substrate on the vibrational line shape. Since the bilinear term will mostly affect
the “T mode”, we thus concentrate on the “T mode” line shape in the revised line
shape formalism.

In this chapter, the substrate phonons are described by the simplest model for
the substrate — a bulk Debye model introduced in Section 2.3.2. At this stage,
we would rather emphasize the basic features of the relaxation mechanisms in an
adsorption system than go into the details of the substrate.

Finally, we will apply the line shape theory to a2 model system in Section 3.4.
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3.2 The perturbative treatment of the bilinear term and
its limitations

In this section, we study the vibrational line shape of an admolecule at an ontop site
in a one dimensional model using the perturbative treatment of the bilinear term.
In this treatment, at the harmonic level, the vibrations of an admolecule and the
substrate phonons are independent simple harmonric oscillators. Their hamiltonians
are given by Eqgs. (2.39), (2.42) and (2.43) in Chapter 2, respectively. The solutions
of these harmonic hamiltonians will give the normal modes with the vibrational
coordinates a°, z° and (°, respectively. The time-ordered Green’s functions of these
coordinates at a given temperature are easy to calculate as bare propagators given
in Appendix B. The general form of the anharmonic hamiltonian has been given
in Eq. (2.44) or Eq. (2.45) in Chapter 2 depending on the adsorption system. All
dynamic processes due to the anharmonic interactions among the localized and
delocalized modes can be expanded in terms of the different combinations of the
bare propagators. However, this treatment assumes that the bilinear term is much
smaller than the harmonic term which is not true in this case. We will take this
fact into account in the next section. The results of this section will be modified by
including the bilinear term into the harmonic hamiltonian there. Nevertheless, it is
still worth while to study the perturbation treatment in TFD based on this simple
model, to calculate the vibrational line shape due to different relaxation mechanisms
such as elastic iﬁhonon scattering, exchange mechanism and “cross term”™ between

them which have been considered in different methods by other people[54, 17, 4].

;\\
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3.2.1 The “T mode” vibrational line shape

We start with the line shape of the adsorbate-surface stretching mode {“T mode™).
The anharmonic hamiltonian for a diatomic admolecule case in the one dimensional
model are given by Eq. (2.45) in Cbapter 2. There we have limited the molecule to
motion perpendicular to surface and ignored all the lateral motion and rotations of
the adsorbate and substrate atoms. Since the frequency of the internal vibrational .
mode (“V mode™) Q is much higher than the frequency of t‘ile admolecule-surface
stretching mode (“T mode™) wo, we therefore can ignore the effect of the “V mode”
on the “T mode” line shape, i.e., all terms with the internal vibrational coordinate
¢ can be ignored when we consider the “T mode” line shape. The “T mode” is
then broadened and shifted by its interactions with the phonon bath, and the self
interaction terms with form #V,‘z". Hence the anharmonic term's‘ éontributing to
the “T mode” line shape for a diatomic admolecule are same as those for an adatom
given by Eq. (2.44) in Chapter 2 in this model. Therefore, from now on, when we
study the “T mode” line shape, we treat an admolecule as an adatom by ignoring
the internal-morion of the admolecule. Its displacement (as a whole) is described
by the displacement of its center of znass.

We only consider the anharmonic terms up to the 4t* derivative of the adsorption -

potential, 1.e.
1 | o
Hop = —Vaa.z2+ ng,(z —a.)’ + Eﬂ(z —-a;)*. f (3.1)

In this treatment, we have one localized vibrational coordinate z for the “T mode”
and the delocalized phonon vibrational coordinate a, for the perpendicular displace-

ment of the surface atom at the on top site underneath the adatom. At very low
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temperature, the substrate surface is nearly static, i.e., The displacements of the sur-
face atoms a, = 0. The adsorpiion potential is a function of the localized vibrational
coordinate = and can be expanded in powers of .

Define the free Green’s function or bare propagators for = and a. as

iD3P(t) = (T0°(1)="4(0)), (3:2)
iB°8(t) = (Ta%(£)a24(0)), (3.3)

represented by the dashed lines and the wavy lines in the Feyman diagram expan-
sion, respectively. (a,f) = (1,2) are the doublet notation for a boson operator
defined by in Eq. (2.47) in Chapter 2. With the anharmonic hamiltonian given by
Eq. (3.1) above, the lowest order contributions to the “T mode™ self energy Xz can
be expanded by using Feymman diagram techniques in terms of the bare propaga-
tors D3°(1) and B%*8(1). According to the diagram expansion rules, the proper
self energy jnsertion is given by diagrams in Fig. (3.1), where we only include the

_f;.}.- + -.:‘w‘.‘.- + --.i--.. + ..--.E--. + -..?.-- _,_{_,
1 2 3 4 S 6

-
- -

POV U st N T . WS
7 8 9
10 1 12

Figure 3.1: “T mode™ self energy expansion for an adatom at an ontop site.

diagrams with one and two vertices.
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The “T mode” line shift and line width in TFD

We start our discussion with the line shift. In principal, all the self energy diagrams
with non zero real part will contribute to the line shift. However, the lower order
terms shown in the diagrams 1 to 6 in Fig. (3.1) are expected to dominate the
contribution.

The first two diagrams contain only a single vertex due to the anharmonic in-
teractions 1Va2z? and L;Viz*. Note V, > 0. They both give blue shifts. The first
diagram can be interpreted as follows. The displacements of the substrate phonon
modes change very slowly with time compared to that of the “T mode” since in most
cases substrate phonon frequencies {wi} < wp. In a very short time duration, we
can approximately take g, as a constant, then the anharmonic interaction }Via2z?
will just add an extra factor to the harmonic coupling constant mw3 and enlarge the
“T mode” vibrational frequency wp so that we say this diagram gives a blue Sl;lft
The explicit calculation gives,

3Vih
Aw, = Y ]u dww(2n, + 1), (3.4)

where we have used the replacement

. 3N, [“°
-Z |eEa|2 — ;D_s./:, dwwz, (3.5)
ke

by assuming a bulk Debye model for the substrate phonons and assuming wg, is
independent of the phonon polarization o. The same replacement will be used in

the following calculation. The second diagram gives a similar line shift

Vik

szsz

—(2ny + 1), (3.6)

The diagrams 3 to 6 have two vertic&s due to the different combinations of
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the anharmonic interactions —3Vsa.z%, V5242, $V4z° and —1Vial. The propagator

8
connecting the two vertices in these diagrams is evaluated at zero frequency which
is required by energy conservation at each vertex. The self energies contributed by
these diagrams have only real parts and give red shifts to the vibrational frequency.
The actual shifts due to the diagrams 3 to 6 depend on the propagators connecting

two vertices and the propagator loops and are given by

Auwy = szffz:% f" duwo(ny + 1), 3.7)
By = — :gf’ 2 on, +1), (3.8)
Aws = “ﬁﬁ?ﬁ /: dww(2n, +1), (3.9)
Aws = - smzﬁfzwpz(z"““)' (3.10)

Diagrams 8, 9 and 10 in Fig. (3.1} also have two vertices but due to the anhar-
monic interactions 3Vse.z?, 1V4z® and 2Vaa2z, respectively. The two vertices are
the same i~ each self energy diagram of diagrams 8, 9 and 10. The shifts contributed
by diagrams 8 and 9 are always negative, while the shift contributed by diagram 10

is always positive for wg > 2wp. The actual shifts due to these diagrams are

_ SRVE [ 1 1
Awg = " 8m2M,wolwp® _/ dumey (2&:0 —-w + 2wy + w) » 311
Tsz
9?‘LV2

Awy = fw dwy duipwywn(2nu, +1)

8mM?2wowp® Jo
[ wy — W w2 4wy ]
we? — (w2 —w)?  we? = (we +w1)?]’

(3.13)

These are principal value integrals. It is easy to see that the temperature dependence
of each frequency shift contribution is contained either in the delocalized phonon
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mode or the localized phonon mode occupation number at equilibrium. This depen-
dence becomes linear at the high temperature region.

The shift contributed by diagram 7 is temperature independent and therefore
ignored here since we are considering the temperature dependent line shifts.

The shifts contributed by the two-vertex diagrams 11 and 12 due to the inter-
action gVialz and Via2:? are expected to be small and therefore neglected. Note
that the line shifts contributed by the self energy diagrams 2, 4 and 9 are purely
due to the self interactions of the local mode of the form -:—!V,,:“ with n > 3.

In this treatment, the low order contributions to the line width of the “T mode”
are given by the imaginary parts of the two-vertex diagrams 7, 8, 10, 11 and 12 in Fig.
(3.1). Diagrams 7, 10 and 11 describe the excitation of the local mode by absorbing
one, two or three phonons from the thermal phonon bath and de-excitation of the
local mode by emitting one, two or three phonons to the thermal phonon bath, due
to the couplings —Vza.z, 1Vaalz and —}Vialz, respectively. One phornon emission
process will contribute to the line width pnly if the vibrational frequency wg of
the adsorbate-surface stretching mode is less than the maximum phonon frequency
wp of the substrate. The physisorption system CO/NaCl(100) is an example of this
case[68, 69, 70]. The two phonon emission processes are important in the adsorption
system for which the local mode vibrational frequency wy lies between the maximum
phonon frequency wp and 2wp in this purely perturbative treatment. One example
is the chemisorption system CO/Ni(100) at an ontop site with wy = 1.7wp[52].
Similarly, three phonon emission processes are nonnegligible when the local mode
vibrational frequency wp lies between 2wp and 3wp. The chemisorption system
CO/Pt(111) at an ontop site with wp = 2.3wp is one example of this kind(71].

According to tﬁe Feyrmﬁan diagram rules given in Appendix D, the “T mode”
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line widths (balf width at hal{ maximum) contributed by these phonon emission

processes are given by

3 V3

— —_2 —
I = 4mM.wn°0(wD wo): (3.14)
9rh V2 wD
Pro = Temiti ), 9o =)+ ra +1)
% 0(wp — wo + w)f(wp — w), (3.15)
9xRVE [P
Trn = s | dwrdwawiwy(wo — wy — wn)

32me‘ Wold, Dg 0

X [("'w: + 1)(n., + 1)("%-»:1-&*: +1)— nw:nuanw—w:-w:]

X8(wp — wo + wy + w2)f(wo = Wy — wz). (3.16)

They are the thermal averages of the transition rates for emitting one, two or three
phonons to the phonon bath from all local mode excited states minus the thermal
averages of the transition rates for absorbing one, two or three phopons from the
phonon bath. I'ryo and I'zyy involve a single and double integral, respectively, over
the substrate phonon frequencies which are in the range 0 < w < wp. The step
function 8(w) insures that the phonon frequencies are in this range.

Diagram 12 in Fig. (3.1) represents a dephasing process which may be interpreted
as elastic phonon scattering by the “T mode” of an adsorbate due to the anharmonic
interaction 1V;a2z?. The phoron wave vector will not change its magnitude but
only its direction during this process, as is required by energy conservation. The
line width contributed by this diagram is given by

9rh2V2 D 2 ’

Diagram 8 in Fig. (3.1) represents the absorption or emission of a soft phonon
(wx = 0) by the “T mode” of the adsorbate due to the anharmonic interaction
—1Vae.2%. Applying the Feymann diagram rules gives the line width contributed
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by this process as

3RV T

Trg= ——rvs 1
8m2M,wiwp? Tp’

(3.18)

where Tp is the Debye temperature of the substr;ate solid. This width is a linear
function of temperature. As the temperature increases, the width gets unreasonably
large due to the mistreatment of the bilinear coupling. This gives us an indication
that we need to include the bilinear coupling into the harmonic hamiltonian.

The total line width of the “T mode” will be the sum of the contributions from
all the self energy diagrams considered above. Each diagram represents a dynamical
process and plays a different role for a particular adsorption system. We will discuss
this in terms of the numerical calculation for a sample system in Section 4. The
“T mode” line width will enter the “V mode” line width calculation only when the

exchange mechanism is considered.

A simple treatment of the line shift by time-independent, quantum me-

chanical perturbativn theory

In order to give 2 more intuitive picture about the “T mode” line shift, we now show
an alternative derivation of some line shift contributions using the time independent
perturbation theory in quantum mechanics. In quantum mechanics, up to the sec-

ond order, the energy correction of an energy level E; due to a time independent

- perturbation H’ is given by

AE; = (i|H'li) + Z ’ (i”’;lg)_(jg B, (3.19)

where (i|H’|j) is 2 matrix element, |i) and E? are the eigenstate and eigen energy

of the harmonic potential. The sum X’ excludes the terms j = z. In the presence of
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a thermal phonon bath, this energy correction needs to be evaluated as a thermal

average over all the thermal phonon states [{ko}) of the substrate, i.e.

AE; = Y o({Fo)) [Gl({Fa} &' 1{Ra)) i)+
{ka}
5 QENTHENDGUEMNTEND] (g

b

Now let us look at some examples in this simple picture. First, we take one term

H' = 1V,a22? in the anharmonic hamiltonian given in Eq. (3.1) and calculate the
energy correction it gives to the energy level E;. The lowest order energy correction

to the energy level E; is

AB = Y s({Eo))li{Redipvicts {Ra )

{ke}
> p({EeN Ve Rl (R 1) le21)
{ko}

3V4ﬁ.2 . wp
W(2z + 1) A dww(2n.., -+ 1). (3.21)

Therefore, the spacing between the energy levels E; and E;;; in considering the

perturbation of H' = 1V,e22% is

EH-I - E:' = E?+1 + AE\'-H. - E? - AEI

_ 3V;A? /wn
= hup+ g | duw(2na +1), (3.22)

which gives a blue shift from the harmonic energy level spacing Awp of the local

mode. The corresponding frequency shift is same as that given by Eq. (3.4) and

corresponds to the shift contribution of the self energy diagram 1 in Fig. (3.1).
Secondly, we take two terms H' = ;Vaa2z+ :V32® in the anharmonic hamiltonian

given in Eq. (3.1) and calculate the energy correction due to the cross term of these
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two terms to the energy level E;. In quantum mechanics, this corresponds to the

second order energy correction given by the second term in Eq. (3.20) and can be

calculated as follows:

AE;

]

> p({’w})—V2
{&)

[E,(il({rw}|ag=|{za}>|,->(,-|({za}|:s|{1:a})[,-)
3 E? — E®

(zl({lfw}I--sl{kcf})l.?)(JI({kcf}l<z I{Efr})li)]

E? - E?

_ {% B h L [zj:,({ka}la’l{gg})(;:lo 2|j)51=)
. {EaMa2l{Fo}) itz 3l:)(:lzlz)]
E} - E?

3R2V3? fo: [
= TTemiMapup 2 T j, (e +1). (3:23)

Therefore, the energy spacing between levels E; and E;;; is

En-E = E?.,.l +AEy, — E} - AE;

52 2 wp
SV ] duno(2ny +1), (3.24)

hwy - ——"—
8m2M,wodwp® Jo

which gives a red shift from the harmonic energy level spacing fwy of the local mode,
indicated by the negative sign. The corresponding frequency shift is the same as
that given by Eq. (3.7) and corresponds to the shift contribution of the self energy
diagram 3 in Fig. (3.1)..

In analogy to the above discussion, we find that all the self energy diagrams
" with the same shape as diagram 1 in Fig. (3.1) give blue shifts, while all self energy
diagrams with same shape as diagram 3 in Fig. (3.1) give red shifts.

-~
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Some of the anharmonic terms in Eq. (3.1) are purely due to the local mode
self interactions in form 3;V,z" without the presence of the thermal phonon coordi-
nate. Thermal average over the local mode states will be involved in the line shift
calculation. We will aow extend the present intuitive picture about the line shift
calculation in terms of a one mode Green’s function to show the thermal average

over the local mode states in the following.

The one-mode Green’s function of the local vibration

The line shifts we have calculated in Egs. (3.6), ( 3.8) and (3.12) are due to the
anharmonic self interaction terms of the local mode: 3V3z° and £Viz*. Their sum
represents the thermal average of the frequency shift from the harmonic frequency of
the harmonic oscillator. However, without the presence of the thermal phonon bath,
all the self interaction terms together with the harmonic term 3Vaz? give 2 series
of non equally spaced discrete energy levels as shown in terms of the bound states
labeled by the index j in Fig. (2.2). In other words, instead of one peak broadened
and shifted by the local mode self interactions, there are a series of discrete peaks.
The positions of the energy levels are found by solving the Schrodinger equation
for the adsorption potential V(z). If we define |z} as the eigenstate of the potential
V(z), {E;} as discrete energy levels, then w;; = (E; — E;)/h describes the peak
position due to a transition between the energy level E; and E;. Note that only the
local mode is now present in the system without the presence of the thermal phonon
bath.

As we know, the ﬁbmtional line shape is given by the imaginary part of the

Fourier transform of the retarded Green’s function of the local mode vibrational
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coordinate z. The retarded Green’s function is defined by

iDR(2) = 8(t)([=(2), =(0))), (3.25)

where “(---)” represents the thermal average over all discrete local mode states. Its

Fourier transform is given by

DR(w) = f dwe™t DR(t). (3.26)

Therefore

Al x Im DRw)
= -7 Y pilzs 6w + wi) — 8w — wij)]

i

- [Z pilzisPo(w +wig) = Y pilzisl26(w — wij)
G

>

i

i

=1 > (pi = p5) 1255 28(w — wjd), (3.27)
G

where z;; is the matrix element (j|z[7), and |z;]® = |2;]%, pi is the matrix element
(¢|p|?}). This represents all discrete lines at frequencies {w;;}. The first term repre-
sents local mode excitation from the energy level E; to E; by absorbing a photon
with frequency wy;, while the second term represents local mode de-excitation from
the energy level E; to E; by emitting a photon with frequency w;;. The peak at wj;
is weighted by the net absorption rate (p; — p;)|;]2. The envelope of these peaks at
{w;;} is a large asymmetric broad peak or distribution of discrete peaks. Only the
envelope of these peaks is seen in experiments when each discrete peak is broadened
enough by 6ther sources.

In the harmonic approximation, the possible transition from the energy level :

to a higher energy level j occurs only for ; = ¢ + 1, for which, Iz:;,,-.,.lll2 o (i +1).
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The anharmonic terms 3;V3z° and V424 shift the harmonic energy levels. Taking
the 3V,z* term in first order perturbation theory and 3;V3z® in second order gives

the lowest order contributions to the line shift, 1.e.
Bwipg = (AEi —AE)/R
Vik 5V2h

8miup? - 24m3wgt

] (i+1). (3.28)

At zero temperature, the adsorbate only occupies the ground state, i.e., i = 0.
There is no excited vibrational state occupied. The local vibrational mode can be
excited from its ground state by absorbing a photon. In this case, the frequency
shift Aw;yy, for 2 = 0 agrees with the sum of Aw;, Awy, Awsg calculated in TFD in
the zero témperature limit with n,, 2 0as T — 0.

However, at non zero temperature, the higher energy levels other than the ground
state are thermally occupied so that both local mode excitation and de-excitation
can occur for all energy levels £ =0,1,---, 00. From the one-mode Green'’s function
formula, the peak at w;yy; is weighted by (p; — pi+1)|z:i+1|%- Therefore, the thermal
average of the line shift Aw;y; over all the local mode states can be calculated as

o0
(Aw) = D Awiaipi = pist)lzierl?
=0
Vb 5V2h
- [szwgz - 24m§wo‘] (3 1), 29

where normalization Y. {pi|zi+1[* — pi+1]zi41,:°} = 1 has been used. This thermal
average of the line shift gives the weighted average position of the asymmetric en-
velop of all the discrete peaks of the one mode Green’s function, and also corresponds
to the sum of Aw,, Aw, and Awg calculated in TFD.



CHAPTER 3. 69

3.2.2 The “V mode” vibrational line shape

Now we study the vibrational line shape of the internal mode of a diatomic ad-
‘molecule with vibrational coordinate {. Compared to the “T mode” line shape cal-
culation, there is an additional coordinate ¢ here. The interaction between the “T
mode” and the “V mode” also contribute to the line shape in addition to the phonon-
“V mode” interaction. The anharmonic interaction between the fields ¢(t), z(¢) and
a:(t) can be assumed to take the form given in Eq. (2.45) as

1
E 'W+m+nm(—miiot3m(-az)"s . (3‘30)

Lmmn
with Vigman = %V(y) |equitibrium being coupling constant. This sum ¥’ ex-
cludes the terms I + m +n < 2. Since V2 & pQ? with 1 being the reduced mass
of the diatomic molecule, the bilinear terms V2e.¢ and —V;2¢ will not affect the “V
mode” shift and width significantly in the perturbation theory. We therefore ignore
them in the calculation. Note that this anharmonic hamiltonian is based on the one

dimensional model introduced in Chapter 2. Expanding the sum, we have
How = W3 [a('z + -21—!(—412(' +a*z = (Pa+ %z - 2P0 - 2%()
+%(—a3 -+ z"')]
+V, [ii-(a‘ ++ 2N+ % S —a’z+(Pa—(Pz~ 2% - )+
+§il§(ﬂzzz +(2a® + (%2%) + %(—a’z(’ - (Paz +a'2?)| +---,(3.31)
where (' = (£-)¢. The lowest order diagram expansion of the “V mode” self energy

is presented in Fig. (3.2), where the solid lines denote the free Green’s function

D2%P(2) for the “V mode” vibrational coordinate ¢ defined by

Dy (t) = (T¢(£)¢P(0)). o (3.32)
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Figure 3.2: The “V mode” self energy expansion for an admolecule at an ontop site.

The dashed lines and wavy lines have the same meaning as that in Fig. (3.1). Similar
to the “T mode”, the first three diagrams contain only a single vertex due to the an-
harmonic interaction 1V4a2¢?,1V,2?(? and 3V (*. They all enlarge the vibrational

frequency Q and give blue shifts as follows:

_ _ 3Vihp f -2 5
Ay = SM,m3n? Jo dww(2n, + 1), (3.33)
_ _Vike
A = (o, 1) (3.34)
2
pVih

Here m; is the mass of the inward atom of the diatomic molecule, and A2z can be
ignored since the frequency of the internal vibration § is so high that AQ, is nearly

temperature independent.
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The diagrams 4 to 12 in Fig. (3.2) all have two vertices due to the different com-
binations of the interaction terms 3V3z(?, 1Vsa.(?, 1VA(3, 1Vaza?, 1V427¢, $Vaal(,
$Vaz®, 1Vaz%a. and {Vhad. The self energies contributed by these diagrams have
orly real parts and give red shifts to the frequency . After a detailed calculation,
we find

A94+A95+“‘+AQ12__V_32[ A 2 1 + 1 3
AL +AL+ARs Ve |\mi) w7 mud T Mwp?

The diagrams 13 to 18 also contribute to the line shift, but their contributions are

(3.36)

very small compared to the contributions of the diagrams 1 to 12 and therefore
ignored.

The lowest order line width of the “V mode” is possibly contributed by the two
vertex diagrams 13 to 18 in Fig. (3.2). Similarly to the “T mode”, diagram 13
now represents the absorption or emission of one soft phonon by the “V mode™. It
has non-zero imaginary part due to the lack of adiabaticity in this treatment. The
diagram 14 and 15 have no imaginary parts. The decay of the “V mode” via the
creation of the substrate phonons is a process with only small probability, because
the “V mode” frequency {2 is much higher than the maximum substrate phonon fre-
quency wp. From pure energy conservation, it requires about 6-8 substrate phonons
to be created almost simultaneously. The diagrams 16 to 18 all describe the vibra-
tional dephasing processes. The line width contributions due to these diagrams are
given by the imaginary parts of the self energies corresponding to each diagram. The
diagram 16 due to the interaction 1V;(2a? describes the elastic phonon scattering
by the “V mode” of a diatomic admolecule. The diagram 17 due to the interac-
tion 3Vi(%a.z is called “cross term” contribution which describes the absorption of
a substrate phonon and excitation of the “T mode™ vibration by the “V mode”,

or vise versa. Diagram 18 due to the interaction 1V4(?2? describes the exchange



CHAPTER 3. 72

mechanism of dephasing of the “V mode” due to the anharmonic coupling with the
“T mode”. The “T mode” propagator in this diagram now represents a full Green’s
function with line width I'r. How well we determine the “T mode” line width will
affect the “V mode” line width due to this exchange mechanism.

The “V mode” line width based on the above considerations is now

Tv = Tvia + T'vie + Tviz + Tvas, (3.37)
with
T = gk, (3.38)
Ty = 7 [R%r j: 7 dow?ng(ne + 1), (3.39)
Dvir = g e + Dl = ), 3.0)
Tvis = [ 4m’.;,zz‘2w°]2 "“(g;“: _1). (3.41)

The 6(w) function in T'vyz refiects the fact that the “cross term™ contributes to the “V
mode” line width only in the situation where the local mode frequency wy is within
the substrate phonon band. The dephasing processes represented by the diagrams 16
to 18 were also considered by other people by using different methods. Persson[54]
calculated the transition rate due to the elastic phonon scattering by using Fermi’s
Golden rule. Similar exchange terms were studied by Langreth, Persson and Harris
etc.[17, 53, 72]. The “cross term” has been previously derived in the context of
photodesorption kinetics[4].

~ 8.2.3 Discussion and limitation

‘We have calculated the line shift and line width of the localized adsorbate-surface

stretching mode and the internal vibration of a diatomic adsorbate, respectively, in
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a purely perturbative approach. In this treatment, these two modes are equivalent
since both modes play equivalent roles at the harmonic level. For simplicity, we
have calculated the line width in 2 one dimensional model and excluded the effects
of other modes such as the lateral translational modes and some frustrated rotational
modes of the adsorbate and substrate atoms. For each additional mode, we will have
an additional propagator. This propagator will result in some additional self energy
diagrams in the Feymann diagram expansion. The results obtained above can easily
be reformulated by adding a propagator for each additional mode and including its
interaction with other modes[19]. We will extend our picture to a three dimen<ional
model and include lateral motion in the line shape theory in Chapter 4.

All higher order diagrams[73] in the self energy expansion are neglected here,
such as the terms with derivatives of the potential higher than the fourth order
and the terms with the number of vertices greater than 2. Langret..[55] showed in
1987 that the fourth order perturbation of a cubic term would give a contribution
which is comparable to the second order perturbation of a quadratic term. Since
the “reduction factor” will reduce the substrate phonon contributions due to the
anharmonicity of the adsorption potential and our aim in this section is to show the
method in a simple and obvious way, we do not consider the cubic term to higher
order perturbation of the perturbation here.

The above calculation has shown that the relaxation processes involving the sub-
strate phonons can be important processes in the “T mode” line shape calculation.
On the other hax;d, some unphygical result is revealed such as the one phonon de-
phasing term, which réprgsents the absorption and emission of a soft phonon by the
“T mode” or the “V moci;;’ with phonon frequency wy = 0. This is due to a lack

of adiabaticity in the purely perturbative approach. At low frequency, wy ~ 0, the
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substrate phonons will not affect the motion of the adsorbate. But in the purely
perturbative approach the one phonon dephasing term could incorrectly give a large
line width contribution which we will show in Section 4.

‘We noticed that the bilinear coupling of the localized lower frequency mode to the
substrate phonons —Vza. = has the same coupling constant as the harmonic coupling
constant of the adsorbate-surface stretching mode, and the phonon displacement
a; has the same order of magnitude as that of the adatom or admolecule when
the “T mode” frequency is not much greater than the maximum substrate phonon
frequency. Thérefore, [ — Vaa.z] & |3V27%, and the bilinear term —Vza.z should
be treated at the same level as the harmonic term %1"2:2. As the result of pure
perturbative treatment of the bilinear term, the “T mode” and the “V mode” vi-
brational line shift and line width contributed by the dynamical processes invol;ring
the delocalized phonons of the substrate are incorrectly overestimated.

In the recent study of the IR absorption by the “T mode”, the interaction term
—V,za. was treated in a nonperturbative method, for the case in which this lo-
calized mode has a frequency greater than the maximum phonon frequency of the
substrate[53]. .In that case, a modified interaction hamiltonian was derived. As
a result, the amplitude of the k** phonon displacement df of the substrate atom
was reduced by the “reduction factor” wi?/wy® — wi?, leading in turn to a dramatic
reduction of the effect of the anharmonic coupling to the substrate phonon modes
in that case. This would be reflected in above calculations involving the substrate
phonon motions. We will show how the “reduction factor” reduces the phonon effect
in the next section. Ye and Piercy studied the bilinear term exactly for the case in |
which the “T mode” is degenerate with the phonon continuum, and compared with
the purely perturbative approach introduced in this section. CO/NaCl(100) was
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considered there as an example. See Ref.( 42) for details. In both cases, whether
wp > wp or Wy < wp, the unphysical line width in the purely perturbative approach
from the one-phonon dephasing term vanishes, when the bilinear coupling of the “T
mode:;” to the substrate phonons is treated nonperturbatively, for an admolecule at

an ontop site. We will show more details in the next section.

3.3 Nonperturbative treatment of the bilinear term

As we noticed in the last section, the bilinear coupling between the “T mode” and
substrate phonon modes —Vsza; is comparable in magnitude to the “T mode” bare
harmonic potential V522, The purely perturbation treatment is not good enough
to describe this situation. Now, we include the bilinear term into the harmonic
hamiltonian for the same adsorption situation and solve the problem in a nonper-
turbative manner. Cur previous results on the vibrational line shape will undergo a
dramatic change by treating the bilinear term in this way. The effect of phonons on
the “T mode” vibrational line shape induced by the adsorption potential is almost
negligible for the case where the “T mode” frequency wy is outside of the substrate
phonon band. However, the new solution to the harmonic hamiltonian makes it
possible to look into an additional phoron effect on the “T mode” vibrational line
shape due to the anharmonicity of the substrate. Ye and Piercy have considered the
lowest order contributions of the substrate phonons on the v‘ibra.tiona.l line shape
purely due to the anharmonicity of the substrate in a one dimensional model. How-
ever, they have not included the contribution due to the “cross-interaction” between
the anharmonicities of the adsorption potential and the substrate which might be
important in some cases such as adsorption at a bridge site. We will include all

line shape contributions due to the anharmonicities of the adsorption potential and
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substrate individually, as well as their “cross-interactions”, in this section as well as
in Chapter 6.

The temperature dependence of vibrational lineshape is often attributed to
phonon-induced dephasing and decay mechanisms. Decay mechanisms are more
efficient on the “T mode” because its vibrational frequency is closer to substrate
phonon frequency so that fewer phonons are excited in the process. Since the “V
mode” line width due to the exchange mechanism is very dependent on the “T
mode” line width, we are more interested in the dynamics of the “T mode”. From
now on, we will concentrate on the phonon-induced vibrational lineshape of an
adatom vibrating against the surface.

In this section, we will show a nonperturbative treatment of the bilinear coupling
between the adsorbate and substrate, which was introduced by Ye and Piercy using
TFD[59]. In this treatment, the anharmonic coupling by the adsorption potential,
of long wavelength acoustic phonons to the localized vibration of an adatom against
the surface, is relatively inefficient at an ontop site, because the adsorbate follows
the motion of the surface approximately adiabatically. The vibrational coordinate
of the admolecule is expanded as a superposition of the normal modes of the local
vibration of the adsorbate and delocalized phonons of the substrate after the bilinear
coupling is included in the harmonic hamiltonian. The surface atom displacement,
in turn, is also affected by the local mode vibration, which give rise to an additional
phonon effect on the “T mode” vibrational line shape due to the anharmonicity of
the solid. This expansion can be found by solving the equation of motion for the
harmonic bamiltonian including the bilinear term in the present one dimensional
model. We start with the sé.me simple one dimensional model as that in Section 2,

and introduce a solution to the equation of motion for the harmonic hamiltonian
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with the bilinear term for an admolecule at an ontop site.
The perturbation expansion will involve a weighted vibrational coordinate of the
local mode. As a result, the vertex and propagator in the Feynman diagram rules

given in Appendix D will be modified.

3.3.1 The harmonic hamiltonian including the bilinear term

®:
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Figure 3.3: A model adsorption system, shown for the (100) surface of a simple
cubic substrate.

Fig. (3.3) shows a model adsorption system of an admolecule at an ontop site at a
simple cubic solid (100) surface. The perpendicular displacements from the equilib-
rium of the adsorbed molecule, the surface atom at an ontop site and the atom in the

second layer beneath the surface atom have compornents z,a;; and az;, respectively.
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Adsorption is modeled by a single pair-wise central force potential to the surface
atom under the admolecule. The Taylor series expansion of the adsorption poten-
tial V(z — a1.) gives three second derivative terms Vx(3al, + 12° — ay.2). The term
320}, acts as a point mass defect in a harmonic solid due to the adsorbate since we
consider the substrate as an infinite medium here. If we ignore this term, then the
barmonic problem here reduces io a single harmonic oscillator coupled bilinearly to

a harmonic phonon continuum with the hamiltonian
Hiorm = Hr + H, — mun’ay.z, (3.42)

where, Hr describes the motion of an admolecule at a static Surfa.ce, and H, de-
scribes a harmonic solid without the adsorbate, approximated here by a bulk Debye
model with the maximum phonon frequency wp. In the final term, the bilinear
coupling constant is that of the bare local mode of the perpendicular vibration
of the admolecule defined by V2 = mwo®. The bilinear term —V;a;.2 couples the
motion of the admolecule to that of the surface atom beneath it in the harmonic
approximation.

It is worthwhile to recall the normal modes of the single harmonic oscillator
denote& by z°(t) and the harmonic substrate phonons denoted by {d3(¢)}. From
Chapter 2, we know

2(t) = 4 golbr(t) + 8500 (3.43)

is the normal mode of the single harmonic 65cilla.tor with the hamiltonian Hr =

-2 2
3m20 () + 1rmuwg®2%° ().

£0) = | gl + 81,000 (344
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is the phonon displacement of the delocalized phonon mode with the wave vec-
tor k which is the solution of the harmonic hamiltonian H, = 3", [AM,Nd}'d3 +
1M, Nuw;?d'dY]. The free vibrational displacement of a substrate atom at the lat-

tice position R;, in the direction perpendicular to the surface, is thus given by
o (t) = 3 efe™ R, © (3.45)
k

where e} is the perpendicular component of unit polarization vector €, and the
index ¥ = (k,o) includes both the phonon wave vector and the polarization. In
other words, z°(2) and a?.(t) are the solution of the harmonic hamiltonian without
the bilinear interaction. If lattice positions are defined with respect to the on-top
site, then we can set B; = 0. Since it is hard to solve harmonic hamiltonian with
bilinear term given in Eq. (3.42), we will try to approximate the displacements of

the admolecule z(t) and the surface atom a;.(t) in terms of z%(t) and af,(2).

3.3.2 The equations of motion for Hi..n and their solutions

We are specifically interested in the relationship between the displacement fields z(t)
and di(t) since they are the quantities which enter the anharmonic hamiltonian given
by Eq. (2.44). Following Ye and Piercy’s consideration[59], the time dependence of
these fields are governed by the harmonic hamiltonian Hiarm, and the free fields 2%(2)
and d}(t), which independently follow the hamiltonians Hr and H,, respectively.
The displacement of the surface atom at the ontop site can be written in terms of

the delocalized phonon amplitude di(t)
as{t) = ) €d(t). (3.46)
k ,
Based on the Hygem in Eq. (3.42), from the Heisenberg equation

ihs =[5 Hiarm], (3.47)
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we find the equation of motion for the adatom
(_ﬁ - w°2):(t) = —wozalz (t). (348)

Similarly, for the phonon amplitude,

(——-t——-wkz)dk(t) = —Luj’;z(t), (3.49)

where we have used the boson commutation relation at equal time and assumed
that = and @), obey the same commutation relation as z° and a?., respectively. The
equations of motion given by Eq. (3.48) and Eq: (3.49) are hard to be solved exactly.
Here, we will introduce Green's function soluticas to these equations of motion for
the case in which the perpendicular molecule-surface vibrational frequency is outside
of the substrate phonon band, i.e. w, > wp. The solutions for wy < wp can be found
in Ref. [64, 42].

Define the retarded Green’s functions for 2°,d9 as

ARt —t) =t - t') [z°(2),2°(t")] , (3.50) |
ARt —t) = i0(t - ¥') [R(2), B(2)] (3.51)

in terms of the boson commutator. The Green’s function solutions of their equations

of motion therefore can be obtained as

A(t) = D)+ j d A5 (t —¥')(—wo?)are(t), (3.52)
di(t) = &)+ ] dt'Ag(t-t')(—Et’;’;)z(t'). (3.53)

They are the integral equations for the Green’s function. The detailed calculation
can be found in Ref. [74].
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Substituting the Green’s functions given by Eq. (3.50) and Eq. (3.51) into
Egs. (3.52) and (3.53), and simplifying them gives

2
() = LB+ ei#di(t), (3.54)
k
di(t) = &)+ ¢ A:IN °(t) (3.55)
Hence
- A0 zpz ™ “’02 o
a1z = al:(t) + ; Iek[ M.N wkz — woz "o(t)’ (356)

where we have taken the prefactors in front of = and d? as 1. This is only valid in
the weak coupling limit, i.e., m/M, € 1 and wp is not too close to wp. For other
situation, these prefactors can be determined so that the displacements = and e,
are normalized to satisfy the boson commutation relations.

Note that in the above equations, z%(t) is the displacement of the harmonic
oscillator with frequency wo’ shifted slightly from wy[64]. On the other hand, the
frequency wy of the delocalized phonon modes are assumed to be negligibly affected
by the single adsorbed molecule or atom.

Eq. (3.54) and Eq. (3.56) may be regarded as the approximate normal mode
expansions in terms of the free field 2° and d9. They show that at the harmoniclevel,
the vibrational motion of the adatom includes not Snly a localized component 2°%(t),
but also a delocalized phonon component dj(t), while the surface atom displacement
takes on a local mode component 2°(t), due to the bilinear coupling —Vba;,z. As

a result, the difference of the vibrational amplitudes between the adatom and the

surface atom beneath it becomes

z—ay, = 1—ZekMka — °(t)+Zek ,dz(t)
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= Rz°+) €R(&, (3.57)
k

where we have defined

v
- ~1, 3.58
# - e o5

wkz

R, = SR (3.59)

The coefficient Ry is nearly unity in the weak coupling Limit, i.e., miM < 1,
while the coefficient in front of the phonon amplitude d) above is given by the so-
called “reduction factor” R} = —;—1:, which is the result originally derived by
Persson and Ryberg(53]. This also describes nearly adiabatic motion of an adatom
in response to long wavelength phonon (w; ~ 0) motion of solid surface. This
“reduction factor” si/gniﬁca.ntly reduces the adsorbate coupling to acoustic-phonon
field df. Therefore, the phonon effects, due to the anharmonicity of the adsorption
potential, on the “T mode” lineshape can be igunored for an adatom at an on top
site.

On the other hand, we noticed the fact that the surface atom displacement takes
on a local mode component z°(t), due to the bilinear coupling —Vza;.z. The an-
harmonic interactions between the surface atom underneath the admolecule and jts
nearest neighbors in the substrate couple the delocalized phonon modes to the lo- |
calized vibrational mode. These couplings lead us to consider the additional phonon
effects, from the anharmonicity of the interatomic interactions of the substrate, on
the vibrational lineshape of the local mode: of the admolecule. The jﬁ'erence in
displacements between the surface atom at the ontop site and its nearest neighbor
J in the second la.yer of the substrate becomes

woz

-
a1z — 25 = a?z(t) + [Zk: e;MN wi? — wgz] zo(t) - a?(t)
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= Rp®+) iR, (3.60)
*
where we have defined,
R = Y e (T (361
— *MNwd —ao? M,
R = MR GRR, (3.62)

In Eq. (3.61) , we have included the spread of the localized vibrational mode as far as
‘the first layer surface atom i = 1 only. The local component of the vibrational field
decays rapidly with distance from the adsorbed molecule or atom, and is estimated to
be about 0(10~2) times smaller for the second layer atoms in the substrate, although
the exact amplitude depends on the details of the phonon-band structure and on
wp. We have therefore let the substrate atoms in the second layer have displacement
a;: = aj,. The differences in atomic displacements given by Eg. (3.60) allow the free
vibrational coordinate of the localized mode z° to be coupled by the anharmonicity

of the substrate to 2 modified phonon amplitude 3, R,

3.3.3 Anharmonic hamiltonian and self energy

Anharmonic hamiltonian

The total anharmonic hamiltonian of the adsorption potential and solid in our one

dimensional model that we study here is

Hows = Vons(2~ 1)+ 3 fant(ri). (3.63)

(s.5)pair
The anharmonic expansion of the adsorption potential depends on the difference in
the vibrational displacements of the admolecule and the surface atom beneath it,
as given by Eq. (3.57). The “reduction factor” given by Eq. (3.59) significantly



CHAPTER 3.

7]

4

reduces the coupling of the local mode to the acoustic phonon field di(t). In
2(‘.&) pair Panh(ri;), it is the anharmonic interactions ¢unn(ry ;) (j=nearest neighbors
of the surface atom 1) of the surface atom i = 1 (at the ontop site), with its nearest
neighbors in the substrate, that explicitly couple to the localized vibrational mode.
The other anharmonic interactions between the substrate atoms will not affect the
local mode and therefore are ignored[75, 76, 77]. As an example, here we consider a
special case of adsorption at an ontop site on a (100) surface of a simple cubic solid
which has also been considered by Ye and Piercy and showed in Fig. (3.3)[59). The
surface atom ¢ = 1 only has one nearest neighbor beneath it denoted by 7 = 2. The
anharmonic hamiltonian due to the substrate depends on the difference in atomic
displacements ay; — az., which is given by Eq. (3.60). In our perturbation theory,

we only consider the anharmonic terms up to the 4** derivatives. Hence

Va Va
Hoi = grlz=acf’+ 1z — ) +--
+'§"?‘((11; - a2:)3 + %(al: - ‘12:)4 + - (364)

Self energy

Based on the anharmonic hamiltonian given by Eq. (3.64), the lower order diagrams
of the self energy are same as those in Fig. (3.1) except diagram 7 due to the bilinear
term is absent since we include it in the harmonic hamiltonian. Furthermore, the
vertices and propagators in the Feymann diagram rules given in Appendix D have
to be modified due to the nonperturbative treatment of the bilinear term. Each
diagram in the self energy expansion now represents the total contribution from
both the anharmonicities of the adsorption potential and the substrate. The phonon
propagator denoted by the wavy lines comes with a corresponding prefactor (R} )?,

(R2)? or RY RS, while the local mode propagator denoted by the dash lines comes



CHAPTER 3. 85

with a corresponding prefactor (RY)?, (R3)? or RY R depending on the interactions.
The superscripts V and ¢ in all prefactors denote the contributions of the adsorption
potential and the substrate, respectively. The vertex function can be produced by
the derivatives of the adsorption potential V(= — a;.) or the interatomic potential

of the solid ¢(a;: — a;.).

Line shift and line width

According to the new rules, we now take the self energy diagram 1 and 12 in Fig.
(3.1) as examples and write out their contributions to the vibrational line shift and
line width in the nonperturbative treatment of bilinear term. Diagram 1 only gives
a contribution to the line shift due to the anharmonic couplings of the adsorption
potential and the substrate

By = — [ oo, +1)
“r = 8mM,wowp? Jo itk

[(RT")’K (wo:,__zwz)z + (R7)*642 (1 - %)] , (3.65)
where kp is the Debye wave vector and ro is the distance between the nearest
neighbors of the substrate atoms. The first term due to the anharmonicity of the
adsorption potential can be ignored since the “reduction factor” reduces its effect
at least by (w—of—’fj—py)z, which is very small for wy 3> wp case. This term was
considered by Zhang[78]. He also considered the line shift contributions of self energy
diagrams 3, 8 and 10. In his calculation, ke simply enlarged the coupling constant
to fit observed shift. The second term due to the anharmonicity of the solid Ponk
dominates the line shift contribution which was considered by Ye and Piercy[59].
They also considered the line shift contribution of the self energy diagram 5 and the

line width contribution of the self energy diagram 10.
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Diagram 12 gives contributivns to both the line shift and the line width due
to the anharmonic couplings of the adsorption potential and the substrate. Its
contribution to the line shift is small compared to the contribution of diagram 1.

Its contribution to the line width is given by

orh? 4
Tz = 16m2M2wiwps / dow’ny(ny +1)

4 in-=- 2
[(R}’)‘m’ ("’—) + (R2)'6 (1—_—""—) +

w02 - w?

(Br)*Va (;{-@)2 (R7)¢42 (1 - M)] . (366)
Similarly to the line shift contribution, the first term due to the anharmonicity of the
adsorption potential can be ignored since the “reduccion factor” reduces its effect
at least by (m“—’_f-}‘:?-)‘, which is very small for wp > wp case. The second term due
to the anharmonicity of solid @,.x is significant compared to the first term. The
third term due to the “cross interaction” between the two anharmonricities for the
two vertex diagram may also be significant in some cases. ‘
The imaginary part due to the one phonon dephasing term given by diagram
"7 in Fig. (3.1) vanishes since both the prefactors RY and R} — 0 when w; —
0. The effects of phonon on the “T mode” line shape due to the anharmonicity
of the adsorption potential V is reduced by the “reduction factor” dramatically.
However, the anharmonicity of the substrate will give an additional delocalized
phonon contribution to the “T mode” line shape. In the next section, we will show
this numerically in terms of a sample system.
In principle, above results can be applied to any a.dsorpﬁon systems with an
adatom at an on top site. However, the theory is not limited to this site. One

can generalize the calculation to any other adsorption situations such as at a bridge



CHAPTER 3. 87

site etc. with only some modification in the hamiltonian. The kinds of relaxation
processes permitted are governed by the interaction hamiltonian or anharmonic
hamiltonian. Using the Feymann Jdiagram rules, we can also calculate the line shape

due to the different processes for other adsorption systems.

3.4 Model system results with numerical calculation

In this section, the line shift and line width of the adsorbate-surface stretching mode
(“T mode”) and the internal mode (“V mode”) of a diatomic adsorption system are
explicitly calculated for the adsorption system CO/Pt(111) with the CO sitting at
an ontop site and the C atom inward to the surface. A detailed experimental study
of this system has been carried out in Ref. [37].

We assume the shape of the adsorption potential to be a Morse potential which

has the form
V(z) = Vo(e™2 — 2¢7°%), (3.67)

where the depth and the range of the potential are given by V; and o™, respectively.
For the temperature range in which the IR experiment was performed, kT < V.
In thermal equilibrium, the system occupies the ground state and the excited states
near it so that we can treat the anharmonic terms of the Morse potential as a

perturbation. The n** derivative of the Morse potential is given by
Vo =W {(=2a)" - 2(-a)"]. (3.68)

Only the anharmonic terms up to the 4** derivative of the adsorption potential are
considered in our calculation. The coupling constants are specifically given by

V2 = 2Vd?, (3.69)



CHAPTER 3. 88

Table 3.1: Input and derived parameters for CO/ Pt(111) at an ontop site

substrate atom mass M, (amu) 195.1
adsorbate mass m (amu) 28.0
reduced mass for adsorbate (amu) 6.9

mass of atom C (amu) 12.0
well depth V5 (eV) 1.3
_potential well width o™ (A) 0.34
local mode frequency wp (cm™?) 470

Debye frequency of substrate wp (em™) 167
internal vibrational frequency £ (cm™!) 2090.0

Vi = —6Vad, (3.70)
Vi = Wpa' - (8.71)

The input and derived parameters for CO adsorbed at an ontop site of the Pt(111)
surface are listed in Table (3.1).

The local mode frequency wy is taken from IR absorption experiments at one
monolayer coverage for this system[71]. The experiment shows the “T mode” ab-
sorption peak at about 462 cm™? at the temperature T= 100 K. As the temperature
is increased from 100 K to 250 K, the peak position shifts downwards by about
1.6 cm™*. The vibrational line width [full width at half maximum (FWHM)=2T7]
increases by about 2 cm™ over the same temperature range. See Fig. (3.4) for the
experimental results. The internal vibrational frequency §? is studied in other IR
experiments{37, 79]. As temperature is increased from 50 K to 300 K, the peak
position shifts from 2106 cm™ to 2100 cm™! and the line width increases from 4
cm™? to 7 em™?. See Fig. (1.4). The depth of the potential well is taken from the
experimental result of Ertl etc.[15], and its width is fixed via the relation V3 = muw,>.
We do not expect to fully explain this data in our simple model, but at least show

some partial contributions due to the substrate phonons.



CHAPTER 3. 89

402 404
T

*
L]

PEAK POSITION (em*))
400
L

PEAX WIDTH {em1)
'

TEMPERATURE ()
Figure 3.4: IR experiment results for the “T mode” of CO/Pt({111) system from
Ref. [71].
3.4.1 Perturbative treatment of the bilinear term

“T mode”

Using the input parameters in Table 3.1, the line shift of the “T mode” for CO
adsorbed at an ontop site of the Pt(111) surface is computed from the results given in
. Eqgs. (3.4-3.13). The temperature dependence of the “T mode” shift is plotted in Fig.
(3.52). Fig. (3.52) shows red shifts due to both the phonon-“T mode” interactions
and the local mode self interactions. The dash line represents the temperature
dependence of the line shift contributions due to the thermal phonon excitation. At
high temperature, this shift is extremely large compared to the experimental result
due to the perturbative treatment of the bilinear term. We will see this corrected

in the next subsection. The dotted line represents the temperature dependence of
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the line shift contributions related to the thermal occupation of the local mode.
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Since the “T mede” frequency is in the range 2wp < wy < 3wp, energy conserva-
tion requires at least three phonon emission processes contributing to the “T mode”
line width. The line width due to the one phonon dephasing process, the three
phonon emission processes and the elastic phonon scattering processes are shown
in Fig. (3.5b). The line width contributed by the one phonon dephasing process is
proportional to temperature and gives an unreasonably large result over the tem-
perature range from 50 to 300 K. This contribution will disappear after we treat
the bilinear term properly. The dephasing processes of the elastic phonon scattering
processes give the smallest contribution.

As we mentioned in Section 3.1, this treatment is not quite right due to the
coupling strength of the bilinear term. It enlarges the contributions of the substrate
phonons due to the anharmonicity of the adsorption potential. The total line width
is unreasonably larger than the experimental results. All the line width contributions
dmlated here need to be modified by the nonperturbative treatment of the bilinear

term.

“V mode”

The line shifts due to the phonor-V-T mode interaction, the T-V mode interaction
and the “ V mode” self interaction V-V are shown in Fig. (3.6a). Similarly to the “T
mode”, the phonon effects on the “V mode” line shape are also over-estimated due
to the purely perturbative treatment of the bilinear term. The overall shift is about
5 times larger than the experimental result. The “V mode” line width is mainly
due to the one phonon dephasing term. The line width contribution of the exchange
mechanism is‘ very small due to the large “T mode” line width in this treatment.

See Fig. (3.6b). People usually believe that the “V mode” line width is due to the
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interaction with lower {requency local modes. If we reduce the “T mode” line width
to the experimental result, the contribution of the exchange term will increase to

2.6 cm™! which is in the range of the experimental result.

AQ (cm")

-70 T T + K]

0 100 200 200
Temperature {K)

FWHM ( e )
o

Temperature (K)

Figure 3.6: The “V mode” line shift (a) and line width (b) of the CO/Pt(111)
system in the purely perturbative approach.
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8.4.2 Nonperturbative treatment of the bilinear term

In this treatment, the difference in displacement z — @;; between an admolecule
and the surface atom from their equilibrium positions, which will enter Vg4, can be
expanded as a combination of the normal modes z° and d}. The prefactors are Ry
and RY, respectively. The phonon propagators due to the anharmonic interaction
Vina come with a factor (R} ). Considering the three phonon emission processes
of the CO/Pt(111) as an example, the “reduction factor” reduces the line width by
(RY, )*(RY.)*(RL)?, which is

2 2 2 ¢
ki k3 wa ) o | (3.72)
wii —we?) \wid—wo?/ \wid —wo? 1— 3|’ )

wp*

This factor is less than 10~° for the CO/Pt(111} which makes the line width con-
tribution of the three phonon emission processes due to the anharmonicity of the
adsorption potential very small. Similarly, elastic phonon scattering due to the same
anharmonicity will come with a factor less than 10~ which makes its contribution
negligible. The line width contribution of the one phonon dephasing process disap-
pears due to the fact that the “reduction factor” R} goes to zero for the soft phonon.
Therefore, ali phonon effects on the “T mode” line width due to the anharmonicity
of adsorption potential alone are. negligible. Numerical calculation shows that at
room temperature, the phonon-induced “T mode” line shift and line width due to
the anharmonicity of the adsorption potential are -0.15 cm™and 1.26x10™° cm™?,
respectively.

Ye and Piercjr did some numerical calculation for the contribution from the
anharmonicity of the substrate @onn[59]. The “T mode” line shift due to this an-
harmonicity is calculated for the CO/Pt(111) and the result due to diagrams 1 and
5 in Fig. (3.1) is plotted in Fig. (3.7).
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Figure 3.7: Th.: “T mode™ line shift contributed by the ¢gny for CO/Pt(111) from
Ref. {59].

This is the total contribution of the self energy diagrams 1 and 5. The contribu-
tion of diagram 1 is the second term in Eq. (3.65). The calculated frequency shift
over the temperature range from 100 to 300 K is -1.8 cm™! which is in the same
order of magnitude as the experimental results of -2 cm™! observed by Ryberg[71]
and by Malik and Trenary([80] at the coverage of 0.5 and 0.19 ML, respectively.
This result shows that the anharmonicity in the substrate plays an important role
in determining the frequency shift in this system. Also, the theoretical prediction
compares remarkably well with the experimental result, considering the simplic-
ity of the model used. They completely ignored the line shift contribution due to
anharmonicdity of adsorption potential. _

Tﬂe line width of the “T mode” is also contributed by the anharmonic coupling
with other lower frequency modes, such as the parallel frustrated translation, via
phase relaxation. Many people have interpreted the temperature dependent line shift

and line width of the “T mode” in terms of exchange mechanisms with a few fitting
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parameters[17, 53]. Since Laagreth et al.[17] have summarized this contribution in

great detail, we do not discuss this dephasing contribution further here.



Chapter 4. A simple model for adsorption at a bridge site

4.1 Introduction

Up to now, we have considered adsorption at an ontop site. We have shown that the
coupling of the local mode to the substrate phonons, mediated by the anharmonic-
ity of the adsorption potential, is negligible for an adsorbate at ontop sites. An
adsorbate may sit at different sites even at the same surface{37]. The IR absorption
line position and line width will be affected by the adsorption geometry. In order to
understand the influence of the adsorption geometry on the local mode vibrational
line shift and line width, we study the phonon-induced vibrational line shape of an
adatom at a bridge site mediated by the anharmonicity of the adsorption potential
in a simple one dimensional model in this chapter. The method used in the last two
chapters also can be applied to this adsorption situation with some modifications
of the hamiltonian of the adsorption system, for an adatom at a bridge site. The
theory is applicable to an admolecule at a bridge site if we ignore the internal motion
of the molecule.

When an atom is adsorbed at a bridge site, it is bound symmetrically to two
neighboring surface atoms nearest to it. The thermal phonon motion of these neigh-
boring surface atoms are generally not in phase, in accordance with the spatial de-
pendence of the substrate phonon field. Qur study will show that the out of phase
phonon motion of the two bridge atoms is coupled to the local mode, mediated by

the anharmonicity of the adsorption potential, and gives an additional contribution

96
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to the vibrational dynamics that is absent in the previous ontop site model. We will
concentrate on this enhancement contributed by the adsorption potential in this
chapter. Although the anharmonicity of the solid as well as the cross interactions
between both the anharmonicities are also expected to contribute significantly at a
bridge site, we will not put much effort on them here and will study a full three di-
mensional picture including both the anharmonicities and cross interaction between
them in Chapter 6. From now on, we purely concentrate on the dynamics of the “T
mode”, corresponding to the symmetric stretch of the adatom bonding to the two
bridge atoms at the surface since it contains both decay and dephasing mechanisms.
The decay of the local vibrational mode may occur efficiently via the interactions
with acoustic phonons.

In Section 2, the hamiltonian of the adsorption system of an adatom at a bridge
site is constructed. In Section 3, the normal mode expansions of vibrational co-
ordinates are obtained by solving the harmonic hamiltonian in the weak coupling
limit. In Section 4, the self energy expansion is given in terms of Feynman diagrams
based on the anharmonic hamiltonian for this adsorption situation. Finally, the line
shift and line width are calculated and the results is applied to the CO/Pt(111) and
0/Cu(110) adsorption systems.

4.2 The hamiltonian

We consider an adatom of mass m, adsorbed at a bridge site on the (100) surface of
a simple cubic lattice as in Fig. (4.1). As an initial study, in this simple model here
we only include the components of the atomic displacements perpendicular to the
surface. Adsorption at a bridge site is assumed here to be governed by the pairwise

interactions with the two bridge atoms which have equilibrium positions at £ and
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Figure 4.1: Adsorption configuration for an adatom at a bridge site on the (100)
surface of a simple cubic lattice.

I-ig with respect to the adatom. The adsorption potential
Vt-otcl(:, ax:, a2=) = V(z - al:) + V(z - 32:) (41)

is composed of identical pair potentials V(z — a;.) which are assumed to depend
on the vertical distances between the adatom and the two bridge atoms and can
be expanded in terms of their equilibrium. z,a,: and a;: denote the perpendicular
components of the vibrational displacements of the adatom and the two bridge
atoms at the surface, respectively. The pair potential V(z — a;.) can be expanded
in powers of the perpendicular displacements z and ¢;. with ¢ = 1,2. The harmeonic
part of the adsorption potential couples the local vibrational coordinate z to the
displacements a;; of the two bridge atoms (i=1,2) it is bound to. Similarly to the
nonperturbative treatment of the bilinear coupling for an adatom at an ontop site

cases, we ignore the terms 1Vsa3, and 2Vsa3,. Therefore the harmonic hamiltonian
gn 2 1z 2 2
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reads
-thrm = HT + Hs - 1;2:(01: + a2=): (4°2)

where V, = %mwo"’ is the second derivative of the potential V(z — a;.) since the
adatom is bound to two bridge atoms at the surface now. Hr describes the hamil-
tonian of the free oscillator of the adatom vibrating with frequency wp at a static
surface, while H, describes the harmonic hamiltonian of the substrate which we
again approximate in a bulk Debye model for an infinite solid. H,, Hy and their
solutions are given by Egs. (2.39), (2.42), (3.44) and (3.43), respectively. The
bilinear terms Vzza;.; and Vza,. couple the motion of the adatom to that of the two
bridge atoms it is bound to. This harmonic hamiltonian describes a localized mode
interacting with all delocalized phonon modes in the substrate via the two bilinear
terms.

The anharmonic hamiltonian is made up of the anharmonicities of the adsorption
potential and the substrate. In this chapter, we intend to see the role of the anhar-
monicity of the adsorption potential for an adatom at a bridge site; we therefore will
pay more attention to it. For completeness, we also include the anharmonicity of
the substrate in our calculation. The pair potentials are assumed to depend on the
perpendicular components of the vibrational displacements of the pair atoms so that
the differences z —a;. and z — a. will enter the anharmonic terms of the adsorption
potential, while a;. — @;,; and @3 — a;,- (51,72 are the nearest neighbors of bridge
atoms 1 and 2, respectively) will enter the anharmonic terms of the substrate pair

potentials, i.e.

Han}‘ = I/c“h(z -_ a]_z) + ‘Vcnh(z - az:) + Z ¢aﬂh(alz - ajlz)
A
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+ Z Gann(@2: — @j,2), (4.3)
R

where we have assumed that all the pair interactions in the solid are described by
the same potential ¢. This anharmonic hamiltonian can be expanded in powers
of the differences z — ay,, = — @3;, @1; — @j;: and az: — @5,. Once we have found
the differences by solving the harmonic hamiltonian, we can draw the Feynman

diagrams based on the anharmonic hamiltonian expansion.

4.3 Equation of motion and its solution in the harmonic
approximation

Similar to the case of an adatom at an ontop site case, the perpendicular displace-

ment of a surface atom can be expanded in form
ax(t) = Y ezeRdy(), (4.4)
k

where E; is the equilibrium position of bridge atom i=1 or 2, k is the wave vector, e
is the perpendicular component of the unit polarization vector €, and dy is the kth
phonon amplitude. Based on the Hhorm given in Eq. (4.2), the Heisenberg equations
of motion lead to

(& —ad)et) = —urlen(t) + ante, (45
(—g—; —wt)dilt) = —ef 5 I; Nwozz(e"z'ﬁ‘ + e R Ay, (4.6)

These are the equations of motion for an adatom and the substrate delocalized
phonon displacements, respectively. The right hand sites of them are due to the
bilinear coupling between an adatom and the two bridge atoms at surface —V5z(a1.+

a2:). They act as forces on the free vibrations of the localized and delocalized phonon
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modes. We only consider the case in which the local mode frequency wy is outside
of the continuum phonon band.

In the weak coupling limit, the Green’s function solution of the equations of
motion gives the approximate normal mode expansion of the vibrational coordinates

in analogy with the ontop site case as follows:

=(t) = :0(:)+Zezw—;%‘:°—22-(e“'ﬁ* + eFRa) 04y, (4.7)
k
dG(t) = &1)-¢ J‘Nwo"“ Fe R L e FRY0),  (48)

where z%t) describes the local mode amplitude of the atomic motion at a static
surface with a;; = 0; d2(2) is the displacement of the k** phonon mode of the har-
monic substrate, and w; is the delocalized phonon frequency. Combining Eq. (4.4)
and Eq. (4.8) gives the displacements of the two bridge atoms

1
m Sl ' -
alt) = o)~ Dl si o L ERR L0, ()

1uo®

ax() = ad.(t)- ZlekPMNw: F(eER) £ 1)200).  (410)

Define

sz ™M Fwo® —ik( Ry

1,2
E > m SWo $Fi E -
k IekleNwo:— w2 [e R 1] ) (4.11)

In the second line above we have replaced k with —k which does not change the
value of the sum since Z; includes all wave vectors in all directions. The constant ¢
gives the vibrational amplitude of the local mode at the surface atom <. It is small
but not negligible in the weak coupling Iimit. With this definition, we can rewrite
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Eq. (4.9) and (4.10) as

a:(t) = ai.(t) - g="(2), (4.12)

an(t) = a%.(t) - g="(2). (4.13)

The displacements a;;(t) and @;.(t) of the surface atoms gain a localized con-
tribution proportional to z%(t) as given in Eqgs. (4.9) and (4.10). Similarly, the
vibrational displacement z(t) of an adsorbed atom also includes both the localized
and delocalized phonon components in Eq. (4.7). Eqs. {4.9) and (4.10) are analogies
to Eq. (3.56). If By = R; = 0, i.e., the two bridge atoms at the surface overlap
and are positioned at zero, Eqgs. (4.9) and (4.10) reduce to Eq. (3.56) given for an
adatom at an ontop site.

The vertical distance between the adatom and either bridge atom (1=1,2) may

be written as

z(t) — ai(t) = (1 + 9)2°(2) + (—1)'AQ2) + B(2), (4.14)
where we have defined,
Alt) = %Z ei(eF R _ PR R (1), (4.15)
k
1 = 2 s-2 ik-Ba
B@t) = 5; ek;;-zf:"-;:;(e BRy . ERa) 0 (1), (4.16)

The effects of the phonon motions of the two bridge atoms are included in A(t) and
B(t) given in Eq. (4.15) and Eq. (4.16). B(t) describes the phonon displacements
of the in-phase motion of the two bridge atoms, modified by a “reduction factor”
ﬁ. This term gives relatively weak coupling effects as we showed in the case
of an adatom at an ontop site and is therefore ignored here. A(t) describes the out

of phase components of the motions of the two bridge atoms. The atomic vibration
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coupling to the delocalized phonons can occur much more efficiently via A(t), which
is due to the difference in the phonon displacements of the two bridge atoms. Ve
will specifically calculate the line shape contributed by this effect later.

The anharmonicity of the substrate is also expected to contribute to the “T
mode” vibrational lineshape. Following a discussion similar to the ontop site case,
we assume the second layer atoms will not be affected by the adsorbate, i.e., the
second layer substrate atoms have a displacement a; = aJ. Hence the difference of

the displacements between the surface atom ¢ and its nearest neighbor j beneath it

becomes
@ =0 = af,—aj. —gz°
= Ay-—- g2°, (4.17)
where
Ais(t) = al(t)—a}(t)

= et - Fha), (4.18)
k

is the vertical difference in the displacements of the surface atom ¢ and its nearest
neighbor j. In this expression, we have included the spread of the localized vibra-
tional mode as far as the first layer surface atom ¢ = 1,2 only. This difference
a;: — @;; in the atomic displacements will enter the anharmonic terms of the sub-
strate pair potential ¢ and show that the free vibrational coordinate of the localized
mode 2° is coupled by the anharmonicity of the substrate to the difference of the
phonon amplitude A;;(t).
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4.4 Feynman diagrams and self energy

We still consider the anharmonic terms with the coupling constant up to the 4t
derivative of the pair potentials. The in phase motion contribution of the two bridge
atoms to the line shape is ignored due to the “reduction factor™ as we discussed
above. The out of phase motion of the two bridge atoms A(t) has opposite sign in
the two vertical distances between the adatom and either bridge atom, in Eq. (4.14),
due to the symmetry of the bridge site. Therefore, the anharmonic terms of the two
adsorption bonds with the odd powers of A(t) always cancel each other and only
the anharmonic terms with the even powers of A(2) in the total adsorption potential
make contributions to the vibrational relaxation and line shape of the molecular or

atomic vibration, i.e.
1
V::}:‘! - Vf;(RTZo)Az + 2—'!V4(RTZO)2A2 e
+%V3(er°)3 + 11—214(er°)‘ +--, (4.19)

where Ry = 1 + g is the prefactor of the local mode. A(t) is composed of the
free phonon displacement d2(t) whose Green’s function can be easily calculated.
Eq. (4.19) excludes, for example, the three phonon emission channel for vibrational
energy relaxation. For a (100) surface of a simple cubic lattice, each bridge atom
has one nearest neighbor beneath it as in Fig. (4.1). In this adsorption situation,
there are only two anharmonic bonds in the substrate which affect the “T mode”
line shape since we have ignored the parallel motions of the substrate atoms. The
total anharmonic hamiltonian of the solid which affects the “T mode” line shape is
composed of these two anharmonic bonds due to the anharmonic pair potentials in
the substrate between surface atom 1 and the substrate atom 3, and between the

surface atom 2 and the substrate 4. The other anharmonic pair potentials for the
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atoms in the substrate are independent of the local mode coordinate z°(¢); and thus
will not affect the local mode vibration. Therefore, the anharmonic potential of the

substrate we need to Include here is

bout = Ry = g + Sy — g2 +

+ %[Au - 9P+ A - g2 +-+-, (4.20)

where the prefactor of the local mode now is —g, and A;3 and Az are also composed
of a sum of the free phonon displacements d} with different prefactors which are
determined by the equilibrium positions of the substrate atoms 1, 2, 3, and 4. See
Fig. (4.1).

Based on the anharmonic hamiltonian given by Egs. (4.19) and (4.20), the
lowest-order diagram expansion of the self energy is given by Fig. (4.2). The vertex

....;.-- + . G F eeed + i + ---;--..

1 2 3 4 S

Figure 4.2: The “T mode™ self energy expansion for an adatom at a bridge site on
the (100) surface of 2 simple cubic lattice.

and wavy lines now have different meanings from those in the last chapter. The
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Feynman diagram rules in Appendix D change slightly due to the nonperturba-
tive treatment of the bilinear terms. Each diagram in the self energy expansion
now represents the total contribution from both anharmonicities of the adsorption
potential and the substrate. Compared to the displacement differences of the in-
teraction bonds included for an adatom at an ontop site, prefactors Ry, Ry, RY
and R} given in Eq. (3.58), (3.61), (3.59) and (3.62) are now replaced by 1 +
99,3 [e“ER? - e":’m] , and [c";'ﬂ‘ - e"z‘}‘i], respectively. The wave lines in the
self energy expansion represent the delocalized phonon propagators (T A(t)A(0)),
(T Ai;(2) Ay (0)), {TAi;(t)A(0)}, and (TA(2)A;i;(0)) depending on the anharmonic
interaction represented by the vertices in the self energy diagram. Similarly, the
dash lines in the self energy expansion represent the localized phonon propagators
(T(L + 9)=°(t)(1 + 9)2°(0)), (T(=9)z"(t)(—9)2%(0)), (T(1 + 9)=°(t)(—g)="(0)), and
(T(~g)=°(t)(1 + 9)z°(0)), respectively.

The three phonon emission term is purely contributed by the anharmonicity of
the substrate. The “cross interactions” between the two anharmonicities for the two
vertex diagrams are also expected to contribute to the “T mode” lineshape. The
self energy diagrams given in Fig. (4.2) together give the dominate contributions
to the “T mode” vibrational line shift and line width. Since we approximate the
pair potentials between the atoms in terms of the vertical displacement differences
between the atoms, the self energy diagrams due to the self interactions are similar
to that for an adatom at an ontop site which we have discussed in details in last
chapter. Here, we only consider the phonon-induced vibrational line shape.

The line shift is mainly given by the diagrams 1 and 3 in Fig. (4.2). Following
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the Feynman diagram rules, we can write out the shift contributed by diagram 1 as

Awy, = Auw+BDuwyg = m[ dww(2n._, -+ 1)

eI - sinbon)] | imgpe 1 - S )

where the first term is contributed by the anharmonicity of the adsorption potential,
while the second is from the substrate anharmonicity, ¥ = w(kp/wp) with kp being
the maximum wavevector, and a;» and a;3 are the distances between the atoms 1
and 2, and between the atoms 1 and 3, respectively.

Similarly, the line width is contributed by the diagrams 9, 10 and 11 in Fig. (4.2)

and reads
' =Tev + Tgy + Troe + v + g (4.22)

The two phonon emission process denoted by diagram 9 and the phonon elastic scat-
tering process denoted by diagram 11 are possibly initiated by both anharmonicities
of the adsorption potential and the substrate. Their line width contributions are
given by

IFe = Tov+Tgs

m—%[@w(% — w)(ny + Nug—w + 1){wp — wo + w)B(wo ~ w)
2 2 [, _ sin(kaia) sin((kq — k)an)

{VQ (1+9) [1 kay2 ] [1 (ko — K)a1z

sin(ka;3) [1 __ sin((ko — k)an)]

i

2/ \2 -
¢3(—9)"16 [1 kays * (ko= ka2

] )
b ). o

AVA(L + g)da(—=3) [1 -

4V3(1 + g)¢a(~-9) [1 -
T'n = Tuv+Tus



CHAPTER 4. 108

9rh? .
T 16m2M2wiwps ,/ dwnu(ry +1)

{Vf(l +g)' [1 - %{%ﬁr +¢i(-9)'16 [1 - qu—

kam

1 + o= |1 - Sl [y sibanl ]}, (424)

’Cdlg kdls
The three phonon emission process denoted by diagram 10 is purely due to the
substrate anharmonicity since the odd powers of A(t) are absent in the anharmonic

expansion of the adsorption potential. The line width contributed by the three

phonon emission process is given by

97kl
Tiee = Wfd&hdihwiﬁh(wo-hh —wy)

(7 + 1)(Re; + 1)(Pup—in—uz F 1) = R Ty Py iy =
[1 _ sin(k;am)] [1 _ sin(kgam)] [1 _ sin(ksa1)

kia13 keaxa kaaia
8(wp — wo + w1 +wz)(wo — w1 — w2}, (4.25)

where k3 = ko — ky — k2. For a specific adsorption system, the (w) functions
above ensure the energy conservation in the local mode vibrational decay processes
by emitting delocalized phonons. The line shifts and line widths contributed by
the anharmonicity of the substrate above are similar to those in Ye and Piercy’s

calculation[59]. The differences in our model are

e there are two anbarmonic bonds in the substrate which affect the local mode
line shape.

e the prefactor ¢ depends on both bridge atom positions.

e the local mode vibrational frequency for the admolecule CO at a bridge site
is smaller than that at an ontop site at the Pt(111) surface.
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Table 4.1: The input and derived parameters for the CO/Pt(111) and O/Cu(110)

with the admolecule or adatom at a bridge site
CO/Pt(111) O/Cu(110)

substrate atom mass M, (amu) 195.1 63.6
adsorbate mass m (amu) 28.0 16.0
well depth 215 (eV) 1.3 10.0
potential well width o2 (A) 0.42 1.5
local mode frequency wy (cm™?) 380 389
Debye frequency of substrate wp (cm™1) 167,195 219

4.5 Numerical results for CO/Pt(111) and O/Cu(110)

To demonstrate the dynamic effects of these anharmonic interactions proposed
above, the model is now applied to study the adsorption of CO/Pt(111) and
O/Cu(110) for the adatom at a bridge site. The input and derived parameters
are listed in Table (4.1). For simplicitj, the dependence of the pair potential on the
perpendicular motion is approximated by a Morse potential, with depth and width
parameters fixed by the heat of adsorption and the local mode frequency we. When
the potential well depth V4 and the vibrational frequency wq are fixed, the width of
the potential well is determined by the relation 4Vpa® = mw?. As we mentioned,
we would like to understand the influence of the adsorption site, more specifically,
to study the phonon effects on the vibrational line shape due to the adsorption po-
tential for different sites. In Chapter 3, we have shown the anharmonicity of the
adsorption potential is negligible in the calculation of the vibrational line shift and
line width when an adatom is adsorbed at an ontop site. Now we numerically study
the same anharmonicity in the calculation of vibrational line shift and line width
for an adatom at a bridge site. Since the anharmonic terms with the odd powers

of the delocalized phonon coordinate A(t) are canceled out due to the symmetry of
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the two bridge atoms at the surface in this model, as a result, only the self energy
diagrams 1 and 3 in Fig. (4.2) will contribute to the phonon-induced vibrational
line shift. Diagrams 2, 5 and 8§ in Fig. (4.2) will contribute to the “T mode” line

shift via the local mode self interaction, due to V.

4.5.1 CO/Pt(111)

For the CO/Pt(111) a.dsorptioﬁ system, as the coverage increases, CO will occupy
both ontop and bridge sites. When CO is adsorbed at a bridge site, the CO-Pt
symmetric stretching mode has the vibrational frequency measured by EELS to be
wo = 380 cm™~1[35]. The heat of adsorption of CO/Pt(111) for the admolecule at a
bridge site is very close to that at an ontop site[37]. We thus approximate it with
the same value as that at an ontop site, i.e., 2V = 1.3 eV. The cut-off frequency
wp used to model the substrate phonon spectrum is estimated in two ways here.
The low temperature specific heat data for Pt gives the Debye frequency wp =
167 cm~1[81]. However, lattice dynamics calculations(82, 83] suggest the maximum
phonon frequency of about 195 cm™. Choosing the latter cut-off frequency allows us
to consider the two phonon emission processes which are expected to be important
in this adsorption situation. |

The line shift contributions for this adsorption system are plotted in Fig. (4.3)
with these two choices of cut-off frequency. Figs. (4.32) and (4.3b) show the line
shifts due to the diagrams 1 and 3 over the temperature range from 50 to 300 K for
the two cut off frequencies 167 cm™? and 195 cm™?, respectively. The self energy
diagram 1 in Fig. (4.2) gives a blue shift, while diagram 3 gives a red shift for both
' cuteoff frequencies. The red shift is almost canceled by the biue shift, and the net -
shift is negative. At T= 300 K, it is -2.76 cm™" for wp = 167 cm™’. The net shift
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Figure 4.3: The “T mode” shifts due to the phonon effects of the adsorption potential
for wp = 167 em™? (2) and wp = 195 em™? (b).-
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contributed by the substrate phonons due to the anharmonicity of the adsorption
potential depends slightly on the cut-off frequency. We have discussed in detail the
line shifts contributed by the local mode self interaction terms in the last chapter.
The spectrum for a Morse oscillator gives a series of discrete peaks. The shift due to
the local mode self interactions in our calculation corresponds to a weighted average
of the discrete peak positions. For this system, the frequency spacing between the
two nearest discrete peaks is much larger than the line widths in our calculation and
in the experiment so that the discrete peaks will not overlap with each other. In
the temperature range in which the experiment was performed, only the transition
from the ground state can be observed if the resolution in the experiment is sharp.
Therefore we ignore the line shift due to the local mode self interactions here.
Contributions to the vibrational line width for the CO /Pt(111) system are also
calculated for the two different choices of the phonon cut-off frequencies discussed
above. For wp = 167 cm™, the two phonon emission term (diagram 9) is cut off
since wp = 2.3wp, and elastic phonon scattering (diagram 11) alone gives a line width
(FWHM) increasing with temperature to 1.6 cm=" at 300 K. The contribution of the
three phonon emission processes is zero due to the symmetry of two bridge atoms
in this case. When we increase the cut-off frequency to 195 cm™!, the two phonon
emission processes (diagram 9) as well as the elastic phonon scattering (diagram
11) contribute to the “T' mode” line width. The elastic phonon scattering processes
give a smaller contribution compared to the lower cut-off frequency case. The total
line width increases from 0.7 to 2.3 cm™~! over the temperature range 50 to 300 K,
and is dominated by the two phonon emission processes, as expected. The resuits

are plotted in Fig. (4.4).
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Figure 4.4: Phonon-induced “T mode” line width due to the anharmonicity of the
adsorption potential for wp = 167 cm™ (a) and wp =195 cm™? (b).
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Although we are not aware of an experimental infrared absorption line shape
study of this vibrational mode for CO absorbed »t a bridge site at present, it is
nevertheless interesting to note that these theoretical data are of the same order of
magnitude as the experimental line width data for CO adsorbed at ontop sites on
Pt(111) surface[71], as well as the estimated phonon-induced line shift due to the
substrate anharmonicity at an ontop site, discussed by Ye and Piercy[59].

4.5.2 0/Cu(110)

The adsorption of oxygen on the Cu(110) surface is more complicated than CO
on the Pt(111) surface. H. Diirr and A. P. Baddorf also studied the temperature
dependent lineshape of the perpendicular oxygen vibrational mode in high resolution
electron energy loss spectroscopy (HREELS). They found that this “oxygen mode”
at 48.2meV (389 cm™?) is the symmetric oxygen-copper bond stretching vibration
which is localized at the surface. The negative energy shift over the temperature
range 100 — 700 K is about 3.2 cm™ and the FWHM increases over the same
temperature range by about 33 cm™!. See Fig. (1.5). For this adsorption system,
a surface reconstruction has been observed in the experiment. In the simple one
dimension model, we will not go into the details of the substrate structure, but
simply assume that the oxygen is attached to the two bridge atoms and consider
the line shift and line width contribution of the anharmonicity of the adsorption
potential only. We will reconsider this adsorption system with a more detailed
calculation in Chapter 6. In Table (4.1), we choose the depth of the adsorption
potential well for this system as 10 eV[84]. The Debye freﬁuency wp is taken as 219
cm™*[81]. Therefore, the local mode frequency wp is within the range wp < wp <
2wp.
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For this system, the line shift is contributed by the interaction of the local mode
with the substrate phonons, and the local mode self interaction since the discrete
peaks due to the self interaction are broadened enough by the interaction with
other modes and instrument resolution so that a single large peak is observed in the
experiment. The line shift due to the interaction with the substrate phonons shifts
from -0.29 to -1.46 cm™?, while the line shift due to the local mode self interactions
decreases from -0.02 to -4.5 cm™!, over the temperature range 100 to 700 K. The
total shift in this simplified model is in the same order of magnitude of the observed
experimental result.

Similar to CO/Pt(111), the line width is contributed by two phonon emission
processes and elastic phonon scattering. The total line width (FWHM) increases
from 0.9 to 4.3 cm™? over the temperature range 100 to 700 K, and is dominated by
the two phonon emission processes. This line width is a partial contribution since
the one dimensional model has eliminated the contributions due to dephasing via
other lower frequency modes and the contributions of the lateral phonon motion.

We will discuss more about this adsorption system in Chapter 6.

4.6 Summary

In this chapter, a simple model has been used to calculate and compare the anhar-
monic coupling effects of the a.dsorption‘potential and the substrate anharmonicity
on the line shape of the localized perpendircular vibration of an adatom at a bridge
site. The nonperturbative treatment of the bilinear term, in the adsorption systems
with the adatom sitting at a bridge site and for which the local mode is outside of
the substrate phonon band, leads to a dramatic reduction of the phonon effects due

to in-phase motion of two bridge atoms on the vibrational line shape. On the other
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hand, the anharmonicity of the adsorption potential couples effectively to the out of
phase motion of the two bridge atoms, as demonstrated via the cubic and quadratic
terms in the adsorption potential. This gives increased contributions of the an-
harmonicity of the adsorption potential to phonon-induced vibrational relaxation,
dephasing and line shift compared to the adsorption system-at an ontop site. The
anharmonicity of the substrate also contributes to the vibrational lineshape. We ex-
pect that the “cross interaction” between the adsorption potential and the substrate
anharmonicities will be important for an adatom at a bridge site. For completeness,
we will consider, in Chapter 6, the phonon effects of both the anharmonic-itis of the
adsorption potential and the substrate, on the vibrational line shape in a unified
and complete form in a three dimensional model. In this way, the lateral motion
of both adsorbate and the substrate atoms will be included. Meanwhile, a better
description of the substrate is necessary. Before we get into a full three dimensional
picture, we will improve the bulk Debye model, which we have been using, with a

semi-infinite elastic continuum model in the next chapter.



Chapter 5. Phonon dynamics of a solid

5.1 Introduction

Up to now, for simplicity, we have been working with an idealized model of an
infinitely extended solid —~ the bulk Debye model to describe the phonon motion in
the substrate. In doing this, we have neglected an important effect of the surface.
However, a better description of the substrate is necessary. We are now going to
improve the bulk Debye model of the substrate and include surface phonon modes
in the line shape theory.

Since the microscopic structure of the surface of most specimens tends to be
irregular such as with surface steps, defects etc. inhomogeneity, the actual physics
at a surface is quite complex. We have no intention to look into the detail of
surface physics, but consider phonon behavior of a semi-infinite medium with no
defects. The surface is approximated as a stress free plane boundary of a semi-infinite
medium. As we have seen in the previous calculation, the dynamical interaction of
a gas particle with a solid surface is largely controlled by the vibrational degrees
of freedom of the solid. The densities of states play a crucial role in our theory
since we are mostly considering the phonon induced vibrational line shape which is
dependent on the specific model of solid. In this chapter, we will just review the
phonon dynamics of the substrate with an infinite clean surface which will be used
in Chapter 6.

Basically, as we know, there are two kinds of major approaches to a harmonic
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solid, namely the elastic continuum approach and lattice dynamics. In continuum
mechanics, the substrate can be treated as a semi-infinite, isotropic, elastic medium,
bounded by a single stress free planar surface. Although the results from the use
of continuum mechanics are valid only in the limit of long wavelength and low fre-
quency, they provide useful insights about surface phonon modes in a simple way.
On the other hand, lattice dynamics provides the true description of surface vibra-
tions at all wavelength, but it requires the knowledge of the interaction potential
between atoms which is hard to determine accurately. For simplicity, we will con-
centrate on elastic continuum approach and discuss some results of lattice dynamics
by others[85, 86, 87).

‘We will introduce the elastic continuum approach for a solid in Section 2, where
the standard elastic continuum theory can be found in any text book on elasticity(81).
The solid with surface can be approximated in the semi-infinite elastic continuum
model. The orthogonal and complete set of eigenfunctions of the wave equations
in the semi-infinite elastic continuum model was originally developed by Ezawa|[88].
Section 2 is an outline of his derivation.

The wave functions derived by Ezawa will be used, in Section 3, to calculate the
generalized phonon density of states in the semi-infinite elastic continuum model,
based on the definition of Gortel and Kreuzer{10, 89]. A similar definition of density
of states can be found in other works[85]. In contrast to the bulk Debye model,
Gortel and Kreuzer introduced 2 surface Debye model in which each ph'oz.mn branch
has a cutoff frequency. In calculating the diagonal density of states, they average
these cutoff frequencies so that the diagonal density of states is normalized. Qur
calculation differs in that we will not average the cutoff frequencies. Instead, we
will normalize generalized density of states in a different way in the next chapter.
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In addition, we will also include off-diagonal densities of states in our calculation.
In order to understand the roles of different phonon branches — especially sur-
face phonon modes — we define a partial density of states for each phonon branch,
which will be used in the line shape calculation in the next chapter. Finally, we
will compare the generalized density of states in the semi-infinite elastic continuum

model with that in the bulk Debye mode! and in the lattice dynamics calculation.

5.2 Phonons in elastic continuum model

The classical theory of elasticity ignores the microscopic atomic structure of a solid,
and treats it as a continuum in which the atomic displacements vary slowly from
atom to atom. A general deformation of a solid is described in terms of a continuous
displacement field &(r), specifying the vector displacement of the part of the solid
that ir equilibrium occupies position 7. The fundamental assumption of elasticity
theory is that the contribution to the energy density of the solid at point ¥ depends
only on the value of (r) in the immediate vicinity of 7, or, more precisely, only on the
first derivatives of @(r) at point . One can derive the continuum theory of elasticity
from the theory of lattice vibrations, by considering only lattice deformations that
vary slowly on a scale determined by the range of the interatomic forces. One
must also assume that one can specify the defcrm2ation of the basis ions within each
primitive cell entirely in terms of the vector field &(7), specifying the displacement
of the entire cell.

The continuum approximation is usually valid in the long wavelength or low
frequency limit. The propagation of sound waves is described by the macroscopic
equation of motion of the elastic medium. The basic idea is to use Hooke’s law and

Newton’s second law to find the equations of motion for the deformation &(F) of a
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mass element at 7. The solution of the equation of motion will give the displacements

of the substrate atoms.

5.2.1 Equation of motion in elastic continuum approach

Letting @(7,t) be the displacement at time t of a mass element at point ¥ =

(z1,Z2,23) in the elastic continuum, the strain tensor is defined as

L +%],

5= 2 5:';:: oz;

(5.1)
Hooke’s law states that for a sufficiently small deformation the strain is directly
proportional to the stress, so that the strain components are linear functions of the
stress components; conversely, the stress components are linear functions of strain
components. Let o;; denote the j** component of the forces per unit surface area

perpendicular to the i** direction, on a volume element at point ¥, then

i; = Cijktent, (5.2)
where Einstein’s summation convention over double indices is implied. {C;;u} are
called elastic constants. The symmetries oi; = 0, € = €, and Cizi = Chyi; imply

that there are at most 21 independent elastic constants in an anisotropic elastic

medium. Newton’s equations of motion are closed and read

60, azak
Po atzal = Z: = "’Ha?;a?,-' (5'3)

where po 1s mass density of the sohd. For an isotropic continuum, there are only

two independent constants which one conventionally chooses as the Lame constants
# = Cuzn = Cuas = Caas, (5.4)

. A = Caz = Cia1z = Chanz, (5-5)
A+2p = Cn = Cazzz = Cazas, (5.6}
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so that the equations of motion can be written as

d* 0%ax -
PogE% = pViai+ (p+ X755 (5.7)
where the Laplacian is defined as
3* 6" i
2
Vi=ezteg Tod (58)

For a cubic crystal, the constant g, combined with A + 2 gives the bulk modulus,
while ) is the shear modulus in (100) direction on (100) plane.
It is easy to show that the velocities of longitudinal and transverse waves are

given by the Lame constants ), gt and the mass deosity of the solid po as follows[88]

A+2p ¢
&= , == 5.9
1 2 G o0 (5.9)
Eq. (5.7) can be rewritten as a vector equation in terms of g and ¢
9 _
5 w5d = & grad div @— ¢ eurl curl @ (5.10)

This is the well-known elastic wave equation. Obviously, the longitudinal sound

velocity ¢ is greater than the trapsverse sound velocity ¢:.

5.2.2 Semi-infinite elastic continuum model

If we approximate the substrate as a semi-infinite elastic continuum, in order to

solve the wave equation gi\:ren by Eq. (5.10), we bave to specify boundary conditions.
Following Ezawa’s denvatlon[SS], for a free surface, the boundary conditions reflect
the fact that there are no net forces acting on it. With n; being the j** component
of a unit vector normal to the surface, they read

On; = 0, (5.11)
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implying for an isotropic medium

3 da;  da;
(& —2c) == “"5.,-1-«; (a;"’a—:f)] nj = 0. (5.12)

We consider an elastic continuum filling the half space (z < 0) with a stress-free
plane boundary at z = 0. The (z,y)-plane is parallel to the surface.

With the boundary condition given by Eq. (5.12) and the lateral symmetry of the
solid surface, the displacement vector @(F,t) can be expanded in a set of vibrational

normal mode eigenvectors &V)(&, z) as

aFty =Y
J

where & and z are the lateral and perpendicular positions of the substrate atoms,

ﬁw [b,a“)(fz', 2)em st 4 phadn(§, :)ei”"] : (5.13)
J

respectively, by and 63 are the annihilation and creation operators for the J** phonon
in the substrate. In Eq. (5.13), the index J labels different eigenmodes which Ezawa

has identified as consisting of (&, ¢, o) with eigenvalue w; and cigenvector

dNR,z) = \/IZ #R3(x,¢,032)

= = R0(E) fix,02) (5.14)

where x = |&| is the magnitude of a two-dimensional wave vector & parallel to the
exposed surface area A of the solid, ¢ = wy/x is the apparent sound velocity with
which the elastic wave propagates along the surface, and the discrete index ¢ labels
five different acoustic branches in the semi-infinite continuum model. The rotation
operator O.(f) is in the (z,y) plane around the z-axis and is defined by the equation

K kl

o'(:)- 0|l=|k|, (5.15)



CHAPTER 5. 123

where & = (ky, kz) so that the wave function fin Eq. (5.14) can be calculated for a
wave propagating in the direction of £ as follows.

If the f-function is calculated for a wave propagating in direction z, as given
below, O - f gives wave traveling in other directions of X. All the eigenvectors
g)(R, z) form a complete and orthogonal set of the eigenmodes which is ensured
by the index J = (%, ¢,0) as follows

Y (R, 2)a"(R,2) = ;8(R— R)b(z—=)
J
.[V FN(R,z)-ENByz) = bran (5.16)

We now list the f-functions for a wave propagating in the x-direction{10, 88].

SH-mode

This wave is polarized perpendicular to both the directions of the propagation
& and z-axis; the mode with such a polarization is called the shear horizontal mode

or ¢ = SH mode. The wave function is given by

0
f(rre0 = SHi ) = 8(c — &)y /:—;% cos(x82) | , (5.17)
0
with
6= {Jay —1. (5.18)

Its apparent velocity along the surface ¢ = wy/x is restricted to &; < ¢ < 0. This is
a bulk-like mode. The horizontal component of the incident shear wave is completely
reflected at the surface. As a result, the amplitude of the wave oscillates into the
solid with the wave vector &5.
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Mixed P-SV Modes

There are two mixed P-SV modes (¢ = £). The component polarized perpen-
dicular to both the directions of propagation X and the z-axis are zero. The other
components are the combinations of the pressure wave (P-wave) or longitudinal wave
and the shear wave with vertical polarization (SV-wave). After the normalization,
the wave function is given by
£

4re
:Fvla(eim: _ e:hc-im::) + i\/B‘(eiuﬂ.: + 6*6-?sﬁz)

flr,e0=2;2) = 8(c—-a)

X 0

:i:\/a(eim: + eie—l'mz) + Vis(eisﬁz - E:ke—inﬂg)

(5.19)
with
a = cfa) -1, (5.20)
= (ﬁ(';: _13221@2, (5.21)
and
<] = 1; (5.22)

The apparent velocity along the surface is restricted to ¢ < ¢ < 0. [§z] =1
carries the physical meaning that the energy flux is conserved upon reflection at the
surface. These two modes are also bulk-like modes. In the case of P-wave incidence,
the reflected waves are P-wave and SV-wave. Or the other hand; in the case of
SV-wave incidence, reflected waves are also P-wave and SV-wave. The mixing upon

reflection at the surface is controlled by £1. The P-wave propagates into the solid
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with wave vector ax, while the SV-wave propagates into the solid with wave vector
Bx.

Rayleigh mode

If the apparent velocity ¢ gets smaller than ¢, then a and § defined in Egs. (5.20)
and (5.18) become imaginary, so that the terms in the mixed P-SV modes can no
longer coexist. Choosing the positive imaginary root of #* and o* as n and -, the
terms with e**** and ¢*#* in Eq. (5.19) will disappear inside the solid. With the

normalization condition, the Rayleigh mode (¢ = R) wave function is given by

) &27RT%
K,e,o=R;z) = ib(c—cr
it ( )\/('m —1r)(9R = 1R + 27R7R)
e~TRT %If%f-e‘m"

x 0 : (5.23)

: = _ 2 =
tyRe RS — 1__;__‘% e"MR

R
m o= 4l (2P (5.24)
R o= \/1-(55)& (5.25)

<

with

where yr and ng are decay constants and both are real; cg is the velocity of the

Rayleigh wave along the surface, which is a root of the equation
dyrrr — (1 +1np)° = 0. (5.26)

This equation, called the Rayleigh condition, is known to have, apart from the trivial

root cg = 0, a single, positive root cg which is smaller than ¢;. The Rayleigh mode

is completely confined to the surface region. It decays into the solid exponentially.
The generalized Rayleigh mode
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Similar to Rayleigh mode, if the apparent velocity ¢ is in the range ¢; < ¢ < a1,
o defined in Eq. (5.20) becomes imaginary, but 8 is still real. In the mixed P-SV
waves, the terms from P-wave with ¢ disappear. It means the total reflection
of the P-wave at the surface. The SV-wave will have the same form. This mode is
called the generalized Rayleigh mode (¢ = GR) since part of it decays exponentially
into the solid. Defining v = 1/1 — (¢/c)?, the normalized wave function is given by

fle,e,0=GR;z) = 6(a—c)b(c— cz)i\/%
Be™™ + B + Aeinfz)

X 0 , (5.27)

iy Be ™ 4 (%P7 — Aem%)

with
_ (B=1)—4irB
A= FEorrae (523)
_ -
P = T-rruw (529)
and
lA]=1. (5.30)

It differs from the mixed P-SV modes (¢ = %) in that part of its amplitude decays
exponentially into the solid. The identity |A] = 1 is again an expression of the

energy flux conservation.

Substituting the above f-functions into Eq. {5.14) gives the eigenvectors
G R, z) of a semi-infinite elastic medium. We have noticed that these eigenvectors
satisfy the following relation

&R,2) = c@)(R,z2), (5.31)
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with
(-1, o=SH;
£, o==
e = (5.32)
A, o=GR;
L 1, o=

where |c,| = 1. If we define

80 =/ [0+ vE i), (539

the displacement field can be simplified as

aF) =) (R 2)Vedi(e). (5-34)
J

5.3 Phonon propagator, the generalized density of states

and surface Debye model

Using the substrate atom displacement given by Eq. (5.34), we can calculate the
phonon propagator in the semi-infinite elastic continuum model. Unlike isotropic
bulk solids, where all parts in the substrate are equivalent in directions z,y and z, in
the semi-infinite elastic continuum model, the behaviors of surface atoms are much
different from that of the atoms deep inside the substrate. Phonon motions in the
directions perpendicular and parallel to the surface also will be much different due
io the existence of the surface. Generally, the phonon propagator depends on the
atomic positions and the components of their displacements in z,y and =z directions,

and can be defined by

iBY(t) = (Taia(t)a;n(0))
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= 3 allalM (T (e, (0)), (5.35)

J

where ai,(t) is the ath component of the displacement of an atom at site i, and
{Td%(t)d® ,(0)) is the time-ordered Green’s function of the J** phonon. We can
calculate it in the same way as that in the bulk model given in Egs. (2.28) and (3.3)
by replacing wi with wy. In order to evaluate this time-ordered Green’s function
and explore the related phonon processes such as two phonon emission in the line
shape calculation, in this section, we will introduce the generalized dénsity of states
and a surface Debye model. This is a extension of the model introduced by Gortel
and Kreuzer[10], in which we also included the off-diagonal terms ¢ 3 j or & # B in
Eq. (5.35).

5.83.1 Definition of the generalized density of states

The generalized density of states is defined as[85]
P (w) = Z el §(w — wy), (5.36)

where J denotes mode, wy is the frequency of the J** normal mode of the system,
and a{) is the o™ component of the normalized eigenvector of the equation of
motion evaluated at site i. This generalized density of states enables us to write the

phonon propagator given in Eq. (5.35) as

(Tesat)osa(0)) = [ dapf () (Tes(t)d-s0) 31)

The generalized density of states p;; P(w) provides some information on the charac-
teristic frequencies which contributes to the phonon correlations between the dis-
placements a;, and a;s. The phonon propagator in the special case where i = j

and & = B is equal to, for ¢ — 0+, the mean square displacement of the atom at
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site i in the direction a. The diagonal density of states p2*(w) describes the fre-
quency spectrum of the motion of atom i in the direction . This diagonal term
was evaluated by Gortel and Kreuzer{10] Deep inside the substrate, i.e., 2 — —0%,
the pf*(w) are necessarily equal and independent of ¢ for a = z,¥,z- As we move
from deep inside the solid into the near surface region, the three directions are no
longer equivalent by symmetry in the semi-infinite elastic continuum model, i.e.,
functions pFF{w) = pff (w) # P& (w). Fort # 3, p%ﬁ(w) may differ dramatically near
the surface from the form appropriate to the bulk of the solid.

There is a sum rule obeyed by p‘gﬁ

{w) due to the completeness of the set of
normal modes. Integrating Eq. (5.36) over w, we find that the total number of the
vibrational states per unit volume which is normalized to a & function in this model,

ie.,
[ donif ) = busb(Re- Bl (5.38)

where v, is the volume of a unit cell. This can be used as a check on our numerical
calculation of p;-'e () in the semi-infinite elastic continuum model.

Since the quantum number J is composed of (K, o,¢), and o denotes a branch of
the phonon spectrum in the semi-infinite elastic continuum model, we then introduce
a partial density of states p}:-‘e () (w) for branch o so that we can study the properties
of each branch separately. The generalized density of states p;-ﬁ(w) then is the sum
of the partial densities of states for all branches, i..[10]

p2w) =Y pFOw) (5.39)

In the semi-infinite elastic continuum model, there are five branches labeled by
o = SH,%,GR, R in the last section. It is found that the partial density of states
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of branch &, for a given polarization and atom sites, has form

p:;_ﬁ(ﬂ)(w) = S:.’jﬂ(’)(w, }E, éj, 2 ..J) B(wp - w), (5.40)

27 nq"
where S,f;-ﬁ M(w, R;, R.,-,z.-, z;) is defined as a weight function and wp(®) is the max-
imum frequency of the phonons in branch ¢. Only at z; = z; = 0 are all partial
densities of states proportional to w?, which is similar to the behavior of the density
of sta.i&s of an infinite solid in the bulk Debye model. For z; # 0, the weight function
depends on the frequency and gives a deviation from the w?-dependence.

5.3.2 Weight function

Now the question comes to calculate weight function Sjj Ao} *(w) in the semi-infinite
continuum model in order to find the generalized density of states. After some sim-
plification, the weight function becomes a single integral over the apparent velocity
c parallel to the surface, and is given by

Szﬂ(c)(wy -R.h Rfr iy 2_,') = L dz [Ml ) Nl{'a) + M2 ] N-‘?)] ’ (5-41)
with
Ct
z = —
c
3[Jo(rs;) — cos2ai; Ja(ris)] —Jsin2ai;J(ri5) coscti;Ji(ris)
M; = —}sin2a4;02(ri;) 2Jo(riz) + cos2ai;0a(r;)]  sinenjhi(ris) |

cosa;; J1(r5) sineg; J1(ris)] Jo(ri;)
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%[Jo(r.-,-) + cos2a.-ng(r.-,-)] -;-sin2o:.~_.,-J3(r.-_,-) 0
M, = %sin?a;,-Jg(r.-,-) %[Ju(r,',') - 00820;5.]3(1';,-)] 01];
0 0 0

f('-') (o) f(°‘) f(’)" i f_(f-') f(f)‘
w o - - -
wo = o o wen |

f(") f(o')- f(cl ;:)- f('),f;(f)'

(0) (0)- f,(, L(:)-

N = LA fO e felger o 1. ond

w y Jiy ‘V ¥
0 0 0
ry = x|Ri—Rl;
: -1 | Biy
. = 5.42
«i; sin l:lRu R;I] (5.42)

where J, is the n*® order of Bessel function, the *’ product of matrixes means
element-by-element operation, i.e., if A- B = C, then Cy; = A;;B;;, and A, B,C
have the same number of rows and columns. The integral limits for modes o =
SH, %, R,GR are (27,5, 70ez) = (0,1), (0, ), (Ir, 1n), (I, 1), respectively, with [, =
c/c and Ip = ¢;/cr- The weight function is dimensionless .

We begin the discussion of the weight function S #(%) defined in the partial
densities of states in Eq. (5.40) with a special case i = j and @ = 8. For this

case, since B; = ff,- and 2; = z;, ie., r;; = 0, we have the symmetry relation
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S = §W) for all branches.

1. e =SH

For a wave propagating in z direction along the surface, the wave function for
this mode is non-zero only for the a = y component. Therefore the weight
functions are non-zero only for the lateral polarizations and independent of
I, = 2. The oscillations represent, for fixed w, standing waves that decay into
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Figure 5.1: The weight function S5=™ defined in the partial densities of states.

the solid towards the bulk value of 0.5. For 2 fixed substrate atom position z,
the oscillation will be cut off at wp(S¥)z/c,. ST is plotted in Fig. (5.1).

2.0=%

For these modes, the weight functions are non-zero for all polarizations and

depend on the ratio of sound velocities I,. S5 and (%) are plotted in Fig.



CHAPTER 5. 133

(5.2) and Fig. (5.3) for I, = 0.5, respectively. These two modes exhibit two
oscillation periods due to the mixing of the P-wave and SV-wave, and oscillate
far into the solid. Near the surface region, the parallel components are larger
than the perpendicular components.
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Figure 5.2: The weight function S*) defined in the partial densities of states.

3. c=GRand R

The weight functions for these two modes depend on ratio I, = ¢;/¢; and
Ir = ¢;/cr, respectively. Ig is determined by [, through Rayleigh condition
given in Eq. (5.26). The weight functions are plotted in Fig. (5.4) and Fig.
(5.5) for the lateral and perpendicular polarizations for I, = 0.5.

The localization of the Rayleigh wave in the surface region is clearly displayed.

Note that the decay in the z direction is proportional to w™! so that the long-
wavelength Rayleigh mode can penetrate deeply into the solid, but it still
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Figure 5.3: The weight function Si"*) defined in the partial densities of states.

decays. The perpendicular polarization in the surface region is significantly
larger than the lateral polarization. The generalized Rayleigh mode decays
to its asymptotic value over the same depth. Note that its z-polarization is

depleted in the surface region.

Total

In Fig. (5.6), we finally give the total contributions for x-, y- and z-polarizations
and their sum. Some of features displayed by the individual modes actually
are canceled in their sum. Near the surface region, the Rayleigh mode o = R
dominates the wntﬁbutions to the perpendicular polarization, while the shear
horizontal mode ¢ = SH dominates the contributions to the Jateral polariza-
tion for I, = 0.5. As I, increases, both z and z polarizations are dominated by

the Rayleigh mcde. Our study is mostly limited in the first few layers near the
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Figure 5.4: The weight function S;; (GRR) Jefined in the partial densities of states.

surface. We thus leave out the detailed discussion for the atoms deep inside

the solid here.

When a weight function represents the correlation between different substrate
atoms in the same layer or different layers, i.e., ¢ # j, we no longer have symmetry
in z and y pclarizations. For a = §, all components of the weight function will be
non-zero and different. As an example, let’s consider the Rayleigh mode and the
correlation of the two nearest atoms i = 1 and j = 2 sitting on the z axis. The
weight functions for z,y and z polarizations are plotted in Fig. (5.7) for [, = 0.5,
where S3; ®) and S are no longer the same. Since Ry is in the z-direction, the
correlation in the z-direction is stronger than that in the y-direction. The correlation

in z-direction is independent of the orientation of vector ﬁlg.
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Figure 5.5: The weight function S:2(°®R) defined in the partial densities of states.
5.3.3 Surface Debye model

In principal, with the corresponding weight function, one can find the generalized
density of states defined by Eq. (5.36). However, the actual solid is a discrete Jattice.
The wave vector is limited to a finite maximum because of the boundary of Brillion
zone. Correspondingly, in order to ﬁatisfy the sum rule obeyed by the generalized
density of states, one needs to limit the upper frequency of each branch. In analogy
to the bulk Debye model for an infinite solid, Gortel and Kreuzer constructed a
surface Debye model for the semni-infinite elastic continuum model of the substrate
and determine the maximum phonon frequencies of each branch wp(?). Firstly, they
imposed two dimensional Born-Von Karman boundary conditions on a finite surface
A Asa rf.;sult, the two dimensional wave vector X ¢can assume only discrete values,

Introducing the two dimensional lattice periodicity explicitly with R, being Bravais



CHAPTER 5. 137
5.00

4.00

3.00

2.00

.00

o-oo ¥ i L] ] L] L *
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Jattice translational vector, one must restrict £ to the two-dimensional first Brillouin
zone. Secondly, to construct a Debye model for surface waves, they recalled that in
the bulk Debye model, one equates the volume of the three-dimensional Brillouin

zone to that of a sphere of radius kp suck that

—kp = , (5.43)

where v, = ‘% is the volume of a crystal unit cell. This relation determines the
maximum wave vector in the bulk Debye model. In analogy, in the surface Debye
model, they equated the arez of the two dimensional Brillouin zone to that of 2 disc

of radius xp so that

2 .
KD = (2:') , (5.44)
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Figure 5.7: The weight function S defined in the partial densities of states.

where a, is the area of a surface unit cell. For the (100} surface of a simple cubic
lattice with lattice constant g, a, = ¢®. Consequently, in the surface Debye model,

one must restrict the two-dimensional wave vector to disc

Kk < kp = +/4n/a,. (5.45)

The two dimensional wave vectors of all the phonons have the same cutoff at xp.
In the bulk Debye model, the cutoff frequency or Debye frequency is defined by
the dispersion relation of the acoustic phonons wp = c|kp|, where ¢ is the average
velocity of the sound wave. However, in the surface Debye model, since the apparent
velocities of sound waves are limited in different ranges for different branches, the

cutoff frequencies will be different. Using the relation

wy = wy(c, &) = ex, (5.46)
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one can get
wy . wy wp'® -
K= TSy SRS a (5-47)
Cmin Crmin
where cs,':,)n is the minimum apparent velocity of branch & along the surface, i.e.,

cf,—':) = ciﬁf’ = ¢, 2 = ¢ and R = cp. The surface Debye cutoff frequencies

wp'®) thus depend on the minimum apparent sound velocities along the surface cf,‘:,-)n
and maximum wavevector xp which is determined by the surface structure. How
well one can determine the sound velocity will affect the cutoff frequencies. Let

I, = ¢;/c and I = ¢;f¢cr, then, the cutoff frequencies for a simple cubic lattice are

given by
2+ 8 (4x)}?
wplH) = wpBR = ( 3 )1/3(6W2))mwm (5.48)
wp® = ?l_wptsm, (5.49)
1
wp® = gwo‘sm, (5.50)

where wp is the bulk Debye frequency and given by

pol8w? ] 13
y

m (5.51)

-
in terms of Eq. (5.43) and the definition of the average Debye frequency given by

Eq. (2.36). For branch o, phonon frequency will be cutoff at wp),

5.4 The generalized density of states at surface — compar-

ison of different methods

With the cutoff frequencies, we now can plot the generalized density of states in the

semi-infinite elastic model which we will use in the next chapter. In this section,
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we will show the generalized density of states in the semi-infinite elastic continuum
model for some special cases considering both vertical and parallel polarizations and
compare themn with that in the bulk Debye model and qualitatively with the results
from lattice dynamics calculation[90].

In the semi-infinite elastic continuum model, we have noticed the cutoff frequen-
cies and most weight function depend on the ratio I, = ¢;/¢; which is related to the
details of the lattice interactions in the solid. As an example, in this section, we will

show the generalized density of states for a simple cubic lattice for I, = 0.5.

5.4.1 Vertical polarization

Fig. (5.8) shows the diagonal density of states of a simple cubic lattice for I, =
0.5 in vertical polarization in the bulk Debye model (dashed line} and the surface
Debye model (solid line) for the atoms at the surface, the second layer and the 10
layer, respectively. The cutoff frequencies for bulk-like modes in the surface Debye
model are similar to those of the corresponding modes in the bulk Debye model.
In surface Debye model, the generalized density of states projected onto a surface
atom exhibits a huge peak mainly contributed by Rayleigh mode. When we move
to the second layer, the Rayleigh mode rapidly decays into the solid and gives a
smaller contribution. The generalized Rayleigh mode is depleted near the surface.
The peak near the Rayleigh cutoff frequency becomes much smaller than that in
the previous case. Also an oscillation occurs in this case due to the mixed modes.
When we get deeper into the solid to the 10% layer, the wavelength of the oscillation
decreases, the Rayleigh mode has no contribution but the generalized Rayleigh mode
now contributes with its asymptotic value. The peaks look very similar to the bulk
Debye model, but the peak positions and peak heights are a little different. As ,
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increases, the generalized Rayleigh mode becomes less important than other modes
and the two major peaks in the semi-infinite elastic continuum model becomes closer
and the difference of the peak heights is larger.

J. E. Black[86) studied the diagonal density of states for Ni(111) using lattice
dynamics. He found that the diagonal density of states for the vertical motion of
a surface atom has one huge peak which is contributed by the surface modes such
as Rayleigh wave. This peak is positioned at about half of the maximum phonon
frequency similarly to the result from the surface Debye model for /, = 0.5. However,
unlike the surface Debye model, near the maximum phonon frequency, there is no
peak in his calculation. For the atoms in the second layer, the diagonal density
of states oscillates and there are two major peaks looking similar to the bulk case.
When he moved to deeper inside the solid, the two peaks look more and more like
the diagonal density of states of an atom in the bulk. Our calculation has shown
the same conclusion as his results for the substrate atoms in the second and deeper
layers. In our results, the peak height near the maximum phonon frequency is always
lower than that of the lower frequency peak contributed by surface modes and the
shear horizontal mode. The lattice dynamics calculation shows similar results for
the atoms in the second and third layers below the surface. Deeper than the third
layer in the substrate, pZ¥ has settled down to its bulk behavior.{86]
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Figure 5.8: The diagonal density of states g of a simple cubic lattice for [, = 0.5
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5.4.2 Lateral polarization

In the semi-infinite elastic continuum model, the diagonal density of states corre-
sponding to the lateral motion is independent of the lateral directions due to the
symmetry of the surface, i.e., z and y directions are equivalent for the lateral po-
larization of the diagonal density of states. Fig. (5.9) shows the lateral polarization
of the diagonal density of states of a simple cubic lattice for /, = 0.5 in the bulk
Debye model (dashed line) and the surface Debye model (solid line) for the atoms
at the surface, the second layer and at the 10** layer, respectively. For the atoms
at the surface, the diagonal density of states exhibits three peaks. The one near
Rayleigh cutoff frequency and the one near the SH cutoff frequency have almost
the same height which shows that the SH mode dominates the contribution and the
Rayleigh mode is not important for the lateral motion. The height of peaks are not
as different as the vertical case. When we move to the atoms at the second layer,
the Rayleigh mode rapidly decays into the solid and gives very small contribution.
The peak at Rayleigh cutoff frequency almost disappears. Differently from the ver-
tical motion, the lateral component of the generalized Rayleigh mode decays slower
than its vertical component. The heights of peaks are closer to each other and look
like the diagonal density of states of a bulk atom. The oscillation also appears due
to the mixed modes & = =. When we get to deeper inside the solid to the 10%*
layer, similarly to the vertical motion, the wavelength of the oscillation decreases.
The Rayleigh mode gives no contribution but the generalized Rayleigh mode now
contributes with its asymptotic value, SH mode still dominates the contribution.
The peaks now look more like that in the bulk Debye model. Similar to the ver-
tical motion, as I, increases, the generalized Rayleigh becomes less important than

other modes and the two major peaks in the semi-infinite elastic continuum model
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becomes closer and the difference in the peak heights is larger.
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Figure 5.9: The diagonal density of states g7~ of a simple cubic lattice for I, = 0.5 for
the atoms at the surface (a), the second layer (b) and the 10 layer (¢), respectively.
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In J. E. Black’s calculation, the diagonal density of states for the lateral motion
of the surface atoms differs only slightly from the result for atoms in the bulk. Even
in the first layer below the surface, pZ7 is very similar to the bulk behavior. Our
calculations have shown the same trends. These two models have also shown that
the motion of substrate atoms parallel to the surface is less strongly perturbed by

the presence of surface than the motion normal to the surface.

5.4.3 About normalization

In above, we have considered and compared the diagonal density of states for both
the perpendicular and parallel polarizations in the bulk Debye mode, the surface De-
bye model and the lattice dynamics calculation. In the bulk Debye model, all atoms
in the substrate are equivalent. The diagonal density of states satisfies the sum
rule and is normalized. However, in the surface Debye model, all weight functions
depend on the phonon frequency and atom positions. Since we replace the surface
Brillouin zone by a disc with radius xp and simply choose the cutoff frequencies in
terms of the surface dispersion relation wg) = cf,f,?ﬂ:cp, as a result, the weight func-
tions for the surface atoms for all branches are larger than those for atoms much
deeper inside the solid for [, = 0.5. There are not enough contributions of oscillating
branches to compensate the decay of the Rayleigh mode and generalized Rayleigh
mode. The diagonal density of states are no longer correctly normalized for all sub-
strate atoms in this model. For the surface atoms, the normalization depends on
the choice of l,. For the atoms deep inside the solid, the diagonal density of states is
pearly normalized. Some of the generalized density of states representing the corre-
lations of different atoms are normalized to a small number instead of exactly zero

given in Eq. (5.38). These discrepancies in normalization is not important in the
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long wavelength region where w < wp(®), but it is important in the high frequency
region where w ~ wp®). This normalization will strongly affect our calculation on
the line width of the adatom at a surface.

Since the generalized density of states strongly depends on the vertical position
of the atoms in the substrate, there is no simple way to normalize all generalized
densities of states in the surface Debye model. Following the approximation of
the generalizcd density of states in the bulk Debye model, Kreuzer and Gortel[10]
introduced the average surface density of states in the surface Debye model for
vibrations parallel and perpendicular to the surface, respectively. In either direction,
they averaged the weight functions for all branches and assumed all branches are
cutoff at the same frequency so that normalization is satisfied. The new cutoff
frequencies are close to the Rayleigh mode cutoff frequency. For c0 < z < 0,
both average densities of states and cutoff frequencies for the vibrations parallel
and perpendicular to the surface depend on w through the product wz. Although
the averaged density of states can be perfectly normalized in this way, the phonon
dynamics in the high frequency region are eliminated. In our calculation, the higher
frequency phonon modes play an important role. We should not normalize the
generalized density of states in this way.

To keep the basic properties of the surface Debye model in the semi-infinite elastic
continuum approach, we normalize the generalized depsity of states at the surfa.ce
in an “ad hoc” way by scaling the weight function. Since the generalized density
of states for the atoms deep inside the solid are not too much off normalization, we
will not consider the “ad hoc” scaling for them. More details on this will be shown
in Chapter 6.



Chapter 6. A detailed study of vibrational decay by two

phonon emission processes

6.1 Introduction

When a gas molecule is adsorbed at a solid surface, the molecule moves laterally as
well as perpendicularly. The number of normal modes depends on the symmetry of
the adsorption system. For an adatom adsorbed at a solid surface, there are only
three localized normal modes which depend on the symmetry of the adsorption site.
Fig. (6.1) shows the motion of an adatom adsorbed at a bridge site of 2 solid surface.

A /I\ A FAAS A /.\ e
/ ~ 7/ \ rd ~
7’ N\ 7/ A Fd A O
s O OS S O OS SO S
A B, B>

Figure 6.1: Motion of an adatom at a bridge site.

At a bridge site, an adatom is bounded to two surface atoms. The vibration A; is an
adatom-surface bond stretching mode. The lateral mode B, represents a vibration
along the bridge, while B; denotes the motion perpendicular to the SAS plane. A
description of the three modes A;, B, and B, in terms of the bond stretching and
angle bending depends crucially on the SAS angle. Such a description is closely
related to the vibrational frequendes associated with the modes. The expected

frequencies of these three modes are a sensitive measure of the SAS bond angle. We

147
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will see more details in Section 2. Only the A; mode is active in the infrared.

A molecule adsorbed at a solid surface would have more normal modes. When we
study the adsorbate-surface vibration or “T mode”, we ignore the internal motion
of the molecule itself and treat it as an adatom.

In Chapters 2, 3 and 4, in terms of the one dimensional model, we have shown
that the phonon-induced vibrational Line shape due to the anharmonicity of the
adsorption potential is negligible for an adatom at an ontop site, but not at a bridge
site. In order to understand the roles of the geometry of an adsorption system, we
study the vibrational lineshape of the “T mode” for an adatom at a bridge site in
more details in a three dimensional model in this chapter. Both the anharmonic
couplings with the surface atoms and among the substrate atoms themselves will
be included. Both the lateral and vertical couplings play roles in the line shape
calculation.

Near the surface, the phonon behavior is much different from the bulk case due
to the existence of the boundary. There are different approaches to describe the
substrate with the consideration of the boundary. We will use the semi-infinite
elastic continuum approximation introduced in the last chapter, which enables us
to include surface phonon modes absent in the bulk Debye model, in a simple way.

Above all, we can see that it is essential to study an adsorption system in a three
dimensional model to have a better understanding of the vibrational line shape of
the adatom.

To avoid duplication and complexity, we do not reconsider all the dephasing
and decay processes which we have discussed in the one dimensional model, but
look into the details of the two phonon emission process. For the typical system

CO/Pt(111), the frequency of the “T mode” lies between the maximum substrate
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phonon frequency wmar and 2wmaz. We have shown that the two phonon emission
process gives the lowest order contribution to the vibrational line width in the per-
turbation theory. The vibrational mode localized on the adatom may decay via the
energy-conserving two phonon emission processes. Moreover, the line width calcu-
lation in the one dimensional model also has shown that the two phonon emission
process dominates the “T mode” line width.

In Section 2, the full hamiltonian of an adsorption system in the three dimen-
sional model is constructed and the solution of the h=rmonic hamiltonian is given.
New reduction factors are found in Section 3. The general discussion about the line
shape for an adatom at a bridge site is given in Section 4. The vertex function for
the two phonon emission process is derived in Section 5. The self energy for the two
phonon emission process will be discussed, and ité contribution to the vibrational
line width is calculated in Section 6. Finally, the theory is applied to the O/Cu(110)
adsorption system, in which the adatom-surface stretching frequency lies between
the maximum substrate phonon frequency wmer 20d 2mez, and for which the two
phonon emission process may be important. H. Dirr and A. P. Baddorf[61] studied
this system in EELS experiments. We will compare our numerical results with their

experimental data.

6.2 Hamiltonian in a three dimensional model and its har-
monic solution for an adatom at a bridge site
In this section, we construct our model for an adatom at a bridge site, and develop

a theoretical description of the hamiltonian of the adsorption system which is the
basis of the lineshape calculation.
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6.2.1 Model structure of an adatom at a bridge site and its hamiltonian

Similar to Chapter 4, we consider an adsorbed atom at a bridge site. The adatom
only interacts with the nearest surface atoms it is bound to, and the substrate
atoms interact with their nearest neighbors. All these nearest neighbor interactions

are described in terms of pair-wise central force model here[56]. The basic geometry

Figure 6.2: Model structure of the adatom at a bridge site of a simple cubic (100)
surface. :

is illustrated in Fig. (6.2), where we show the adatom sitting 2t a bridge site on 2
(100) surface of a simple cubic lattice. The adatom vibrates against the surface with

a displacement @ = (z,¥,z) from its equilibrium position, while the surface bridge
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atoms and their nearest neighbors have displacements d; from their equilibrium
positions. They are composed of a cluster (i = 0,---,10), in which each atom bas
an equilibrium position R; (i =0,-++,10). The separation between two atoms ¢ and

j can be written as
(& —&;) + (R — B;) = &; + Ri;. (6.1)

We assume that the adatom interacts with the two bridge atoms with identical
potentials V(@— &) = V(@)(i = 1,2), and the substrate atoms interact with their
nearest neighbors with identicél potentials ¢(a; — &;) = ¢{(@;;) where ¢ = bridge
atoms, and j = nearest neighbors of the bridge atom i. Hence, we can write these

interactions in a unified form

V(&.i'i)’ i=0, j=1,2;
h(di;) = (6.2)

#(&;), i=1,2, j=n.nofi.

Expanding these interactions in Taylor expansion gives
- 1 - - -
h(@5) = D — (& — &) - V1" h(@;) lay=o, (63)

The derivative hg-‘) of the interaction potential 2(;;) with respect to the sepa.ra.tidn
between atoms { and j is a function of R;; = #;R;;, where #i;; 2 unit vector. We can
assume that the first derivative of the pair potential 2{; = 0, 2 condition requifed if
the atoms in the cluster vibrate witk respect to their equilibrium positions. Then
the total potential energy is

z h._, h" K )2

t,jpairs
(alJ n‘:) a'sj - (a"J n'J )2 ai; 5(EIJ " ﬁ"f )2
[(a" ") R;; *2 R; R;; ]
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1 wl ) 3 - ' (a. nu)
+ ghi.[(aij‘nij)a'!'—(ab ;) . R.: . ]

+ 5 (@ - )+ (6.4)
where A}, k(] and h“) are the second, third and forth derivatives of the pair potential
h(a;;), respectively. With this potential energy, we can write out the hamiltonian

of the adsorption system as

H = Hporm + Honn, (6.5)

where the harmonic hamiltonian

" 1 "oe= = arm
Hizemn = [Tno + = z: ho'(ao fioi) ] + [5 E km-(a; . 1'20‘-)2 + H: ]

t—l 2 =12

- [Z Rol(Go - fios) (& - ﬁo.-)]

i=1,2

= Hogd + Hos + Hoad-s- (6.6)
In this harmonic hamiltonian, Hoea represents the free hamiltonian of an adatom,
while Hp, represents the free hamiltonian of the substrate. Hggg—, describes the
bilinear coupling between them which reduces to —V"z(a;: + a2:) cos? @ if we only
keep the z component. Note that this is different from the one dimensional model
in Chapter 4 since we take the central force model of the pair interaction between
atoms.

The anharmonic hamiltonian with only the lower order ir &;; is

- | a' 1 Iy = -
Hoh = ), [h"( ;+ fiig) (R,-J,- i) + ki a,-,--n,-,-)s]
(3.9) pairs
+§th:)(¢:‘5 3 T At (6.7)

For an adatom at a bridge site, Ro; = Ro2 = Rp because of the symmetry. If we only



CHAPTER 6. 153

consider the nearest neighbor interactions in the substrate, all the nearest neighbor
separation-R;; = a, where (i, j) are substrate atoms and a is the lattice constant.

Based on Eq. (6.2), the n* derivative of potential (;;) at equilibrium is

V(Ro), i=0,j=1,2;
hg-') - (6.8)
¢ (a), i=1,2,j=n.nofi.
If we define
R
LY = M
ha(R:;) TR (6.9)
R
hS(R“J) = ? - 2}2‘_’_3 (6-10)
the anharmonic hamiltonian given by Eq. (6.7) can be simplified as
Hon = 3 [ha(Ri5)(&; - fij)ads + ha(Ris)(@; - 25)°]
1)
IR 11

24

We will treat this anharmonic hamiltonian as a perturbation in the finite tempera-

ture field theory introduced in Section (2.4).

6.2.2 Free fields

B-fore we get into the equation of motion for the harmonic hamiltonian of the
adsorption system, let us look at the free fields for the adatom and substrate in the
three dimensional model.

As illustrated in Fig. (6.2), let 8 be the angle made by Ry, and the vertical. The

free hamiltonian of the adatom can be simplified as

Hoga = Tz, + (V" sin® 8)z* + (V" cos® §)2°. (6.12)
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This free hamiltonian shews that the adatom vibrates in the x and = directions

independently as a harmoric oscillator with frequencies

Wey = 1/2V"sin? §/m,
Wi = /2V" cos28/m, (6.13)

respectively. In this simple model, when the angle 8 is 45°, the local modes in the =
and z directions have the same frequency; while when the angle § < 45°, the local
mode in the = direction is at a higher frequency having the more bond—stiiétching
character. The local vibration of the adatom with the vibrational coordinate = and
frequency w,, is perpendicular to the surface. In the y direction, the adatom is
free to move due to the adoption of a central force model of the pair interactions
between the atoms. In the real system, the vibrational frequency in the y direction
is usually much smaller than the vibrational frequencies in the other two directions.
If it is too small, it will not provide efficient decay channel for the perpendicular
localized phonon mode. On the other band, since the dephasing process by this lower
frequency mode was already coﬁsidered by oth=r people such as D. C. La.ngreth[l?],
we will concentrate on the dynamical processes induced by the. dciocalized phonon
modes of the substrate and do not intend to include the eﬂ'ect of this lower frequency
mode on the vibration line shape in our model.

Based on this harmonic bamiltonian, we have the free displacement fields of the

normal modes in the z and z directions as follows:

1/ R [b et + pleton’] (6.14)

2L0) = [b e"nt 4 pletnt] . (6.15)

2°(t)

They are the displacements of the two independent oscillators at a static surface
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for an adatom at a bridge site. For an adatom at an on top site, z%(t) disappears
and there is only one free field for the adatom just like what we had in the one
dimensionzal model.

In the harmonic approximation, the hamiltonian of the subsiraic phonons in the
three dimensional model is

Hoy = H ™ + %v" ,-;,(a‘ - fioi)- (6.16)
The first term describes a perfect harmonic bamiltonian for the substrate. The
second term is ignored as that in Chapter 3 and Chapter 4. However, we will treat
the substrate as a semi-infinite elastic continuﬁm here based on the discussion in
Chapter 5, where the displacement of an atom in the substrate can be expanded in
terms of the phonon normal modes given in Eq. (5.34). In Chapter 2, 3, 4, we treated
the substrate as an infinite elastic continuum, and described the displacement of a
substrate atom in a bulk Debye model.

According to the definition in Eq. (5.36), the components of the generalized
density of states depend on the positions of the atoms in the substrate and the
choice of the substrate model. In considering the phonon-induced vibrational hine
shape of an adatom, our results partly depend on the choice of the substrate model in
calculating the generalized density of states. In the previous calculations, we ignored
lateral motion and used the bulk Debye model to describe the phonon motien in
the direction perpendicular to the surface. In this chapter, we will calculate the
generalized density of states with the normal modes solution of Hy, in the semi-

infinite elastic continuum model, i.e., the displacements of the substrate atoms are

described by Eq. (5.34).
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6.2.3 Vibrational coordinates for the adatom and bridge atoms at the

surface

Now let us come to the bilinear couplings between the adatom and the substrate

which can be specifically written as

Ho“d_,, = _hgl [Si!.'.'l2 8 3(013 + azx) -+ (.‘.082 /) Z(dlx + ag,)]

_hgl [Sino cos 8 .‘B(dz: - al:) +sinf cosf :(ah -— G]r)] . (6.17)

Compared to the one dimensional model, there are the perpendicuiar and lateral
couplings as well as the cross terms between them in these bilinear interactions.
The first term describes the bilinear couplings of in-phase motion of the two bridge
atoms at the surface, while the second term describes the out-of-phase motion. The
coupling constants depend on the angle 6. Similar to w., given in Eq. (6.13), we
further define w,.2 = 2k"(R)sin # cos 6/m. Along with the definition of w,, and

Wy, , We can write the bilinear coupling as

1 1 .
HOa.d—a = _Emw:nzx(alz + a2z) - Em“":ozz(alz + 022)
1
—Emw.-::’ [z(a2: — @12) + z(@2: — @12)] (6.18)

In this adsorption situation, when 6 < 45°, we have w;, > ws: > wx,, otherwise,
Wsy < Wrz < Ws,. In the extreme case, R > a, ie, 8§ = 0, the bilinear coupling
reduce to muw;,?z(e1: + a2;)- In this case, the adatom seems to sit at an ontop site
with the two surface atoms underneath. If these two atoms move in-phase with the
average displacement a; = 3(a1:+ @2:), and ignoring their out-of-phase motion, the
model reduces to the case of an adatom at an ontop site. In the opposite extréme
case, when the adatom is very close to the surface, R = af2, i.e., 0 = 90°, and the

bilinear couplings reduce to imw.,2z(a1z + @2:). There are no bilinear couplings
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present in the z direction, in this case, and there is no localized phonon mode
~ vibrating perpendicular to the surface which is IR active. We will consider physical
system with 0 < 6 < 90°.

When the adatom is placed on a solid surface, each normal mode may involve
both the motion of the adatom and the motion of the substrate atoms. Similarly to
that in one dimensional model, the displacement of a surface atom &;(t) is expanded

in the same form as a(t), i.e.
&ft) =y dN(E)/edi(), (6.19)
J -

where @Y)(R;) are the phonon eigenfunctions given in Chapter 5, and dj(t) is the
~ amplitude of the J* phonon mode when the bilinear terms are included in the
harmonic hamiltonian. We are specifically interested in the relationship between the
displacement fields z(t), z(t) and d;(t) since they determine the quantities @;; which
enters the anharmonic hamiltonian. The time dependencies of z(t), z(t) and d;(t)
are governed by the harmonic hamiltonian Haarm and the free fields z°(t), z°(t) and
&5(t), which independently follow the hamiltonians of Hos and Ho,, respectively.

Based on Hpqpm, the equations of motion now become

(—;f?—2 —wat)z(t) = —%wm?[al:(t) + aa:(t)] - %w,_:z[az,(t) —aw(t)], (6.20)

(- g:, wg, )z(t) = —%wz,,’[au(t)ﬂh(t)]—1w,,2[a2,(t)-a1:(t)], (6.21)
L) = e e ) )

2(‘1”)- ag)-) + ‘-‘-’:zz(a[ ai‘:)')] )

(6.22)

m
TN [“""

where ()" is the complex conjugate of @). We only consider the case where the
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local mode frequencies w;, and w;, are outside of the continuum phonon band, i.e.,
Wiy Wrg > Wmes. Green’s function solutions of the equations of motion give the
expansions of the vibrational coordinates in analogy with the one dimensional cases
studied in Chapter 3 and Chapter 4.

In the weak coupling limit, the solutions to these equations of motion read

z(t) = @B+ _¥n [a”’ “’] Ve di(t)
- wzcz —wy? J

1 2
%z

; [0 - of?] vEas© (6.23)

Wro2 — Wy

z(t) = z°(t)+z:w%f_=°; [al_)-i-a ],/_ d5(2)
J =0

dwed [y _ )
¢ 22T — o] Vi) (6.24)

ds(t) = d3(t)

2
J - J - - J -
(" + a0 + __w; o — ot )] (1)

m [
2Po\f_ Wz, —w.r

J)n - w:- J- -
Fal" + ‘f‘)+w2_w,(a” aii?)]z%t).

2p0\/_ [ - wjy?
(6.25)

Substituting d; into Eq. (6.19) gives the displacements of the two bridge atoms

(: = 1,2) at the surface in the harmonic approximation as
Gia(t) = Fuz®(t) +Giz®(t) + Z eNd(2), (6.26)

where the prefactors Fi, 20d Gi, in front of the normal mode coordinates z°(t) and

2%(t) are defined as follow:

«= 3 [ e G )+ o (a""-a&i")],(ﬁ-z?)
J

Wey? — wy?

== "5, = Si’[ s (el + “")+ (et - a&i")] {6.28)
J
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They depend on the lateral and perpendicular amplitudes of the phonon modes. In
the weak coupling limit, m/M < 1, Fi, and Gj, are small.

The solutions of the harmonic hamiltonian given in Eqs. (6.23), (6.24) and (6.25)
are similar to those in Chapter 3 and Chapter 4, except that the lateral motions of
both the adatom and substrate atoms are included here.

To understand the motions of the adatom and bridge atoms at the surface iz
the harmonic approximation, we now look at two extreme cases. First, ignoring the
localized mode of the adatom, the displacement of the adatom is induced by the
motions of the two bridge atoms. The adatom tends to follow the in-phase motion
of the delocalized phonon modes of the two bridge atoms. On the other hand, the
out-of-phase motion of the delocalized phonon modes of the two bridge atoms in
the z direction will result in the adatom moving in the z direction, and vise versa;
see Fig. (6.32). Second, if we instead look at the effect of the localized mode on
the bridge atoms, we find that the motion of the adatom in the localized mode will
induce out-of-phase motion of the two bridge atoms, in response to the motion of

the adatom. See Fig. (6.3b} which shows the motion of the normal mode of the
A

Ai AI

SC{ \OS | s O Q. s

Ud

(a) g ®) *
Figure 6.3: Normal modes of an adatom and bridge atoms.
adatom and its effect on the two bridge atoms.

Following the same approximation in Chapter 3 and Chapter 4, the spread of
the localized vibrational modes go as far as the first layer surface atoms ¢ = 1,2
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only. The substrate atoms other than the nearest neighbors of the adatom are not
affected by the adatom. Their displacements are denoted by &;(t) = @j(t). Similar
to the one dimensional model, since the bridge atoms are affected by local modes,
the anharmonic coupling between the bridge atoms and their nearest neighbors will
affect the line shape of local mode. The quantities entering the anharmonic coupling
is the displacement difference between pairs i and j. For the atom pairs (0,1) and
(0,2) in Fig. (6.2), the amplitudes of the adatom due to the J* delocalized phonon

. a2 wen 2 2 wer?
mode always come with prefactors, wj,:"w, , u’i}f’w, , u.f::.w.:’ or u;%’:.uﬁ . The first

two prefactors will induce a reduction factor similar to that in the one dimensional
model for the in-phase motion of the bridge atoms, while the last two prefactors will
induce similar reduction factors for the out-of-phase motion of the bridge atoms,
when we calculate the distances between atoms 0 and 1, or 0 and 2, that is @p; and
g2, as shown in the next section. In our calculation, we will include both effects of
in-phase and out-of-phase phonon motions on the vibrational line shape.

Purely for numerical reasons to simplify our caiculation, we can rewrite the
displacements of all atoms in the cluster systematically in matrix form. If we define
each vector as a row matrix @& = [aiz aiy @i:], then the displacements of 11 atoms in

the cluster become 2 11 X 3 matrix as follows
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Comparing Egs. (6.23), (6.24) and (6.26) with the matrix expression gives

FO: = la F0y=0a F0:=0a
Go; = 0, Gov=0, Go==1,

(6.30)
(6.31)

(6.32)

W _ 39 o ) """2 “ o
o) = r[a (Ry) +at (Rz)] —o [a= (R2) — a3 (Rl)]s
af) = 0,
1,2 2w
W = Simag W)+ e (R +—2 [aY(Ra) =~ oV (R1)]
and

F;=0,Gi=0 fori=3,--+,10.

6.3 Reduction factors in the adsorption potential

(6.33)

In the central force model, the adsorption potentials depend on the components of

the atomic displacements of the adatom and surface atoms both parallel and per-

pendicular to the adsorption bond directions. From the solution of the harmonic

hamiltonian, we find these parallel components of the atomic displacement differ-

ences between the adatom and bridge atoms are

Go1- o1 = °(g=sin9+9=0059)
+Z[ smB

W’ o) wi? W
onl—w? +ccn50nk’°2__w.,2 g I

2%(g- sin 8 + g, cos §)

2
&)
a + cos 0——a
+z w 2 _ UJJ +z

—sinf

a2~ N2 =

(6.34)
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+ z sin 0 ) = + cos 0—-—sz ol
Wl —wy?
sin ¢ sz a? — cosd wr’ a (6.35)
wpl—uwy? 7 w2 —wy? 7|’ )

where g: = Gz = ~Gary g2 =1 — G1: =1 - Gay,y G, and G, describe the bridge

atom motion induced by the local mode vibration, and 55,.’) = §(¢'z'§’) + @) and

! = (-(J') -(J)) describe the in-phase and out-of-phase motion of the two

2
—UJ

bridge atoms. In low frequency region, the reduction factors P ZJ, and -
are very small and will reduce the substrate phonon amplitude for both m-phase
and out-of-phase motions of the two bridge atoms at the surface.

Tn the anharmonic hamilloaian given by Eq. (6.7), some terms depend purely on
these parallel components of the atomic displacement differences of the adsorption
bonds, of the form (&o; - fic:)". In considering the phonon-induced vibrational line

shape, these anharmonic terms only give small contributions due to the presence of

wyd
wygd=uwy

wy?
u:

. We will show some numeric illustrations

the reduction factors = and

of this in Section 6.5.

6.4 Vibrational line shift and line width for an adatom at
a bridge site in the three dimensional model
Based on the anharmonic hamiltonian for an adatom at a bridge site in the three

dimensional model given in Eq. (6.7}, we now discuss some aspects of the line shift

and line width of the localized vibration of the adatom in this adsorption situation.
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6.4.1 Line shift contributed by the self interaction terms

Instead of considering all the line shift contributions due to the local mode self inter-
actions and the interactions with the substrate phonons, here we only consider the
line shift contributed by the local mode self interaction terms which is proportional
to 2% to compare with the similar calculation of H. Diirr and A. P. Baddorf in a one
dimensional model. This will provide us some information about the improvement
of the three dimensional model compared to the one dimensional model. Note that
in the three dimensional model, the term proportional to 22° contains the second

and third derivatives of the adsorption potential. Similarly, the term proportional

0

to 2% contains the secor:d, third and forth derivatives of the adsorption potential

due to the adoption of the central force model for pair-wise interactions between

the atoms. As a result, the line shift due to the self interaction of the perpendicular

local mode alone is given by
Thuwg,? ‘ 15 , 18271
Aw = 6V (1-Gi:) [1 - 7(1 - G1:)* = ?E tan“§
300! |, , 15 (a-l)’ ‘ ,
== I o AT el o1 ~ C.. . ,
+ T e tan®4(1 - G,.) T\ tan®8(1 ~ Gi.)* | (2n,, +1)

(6.36)

where we have taken the adsorption potential of the Morse form with depth V} and
- width a™1. R, is the separation of the adatom and the bridge atoms at surface,
and G is the coefficient of the local mode component in the displacement of the
bridge atoms. The first two terms in the square bracket gives the same result as
that in the one dimensional model. The rest are due to the adoption of the pa.irrv;rise
central force model. Some parts of them will cancel out. The net deviation from

the one dimensional model will be small. We will show some numerical results later.
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From Eq. (6.36), we can see that the line shift due to the local mode self interaction

strongly depends on the local mode frequency and the depth of the potential well.
When the a.da.tﬁrn is assumed to be adsorbed at a static surface, G1: = 0, which

was considered by H. Dirr and A. P. Baddorf for the O/Cu(110} adsorption system.

6.4.2 Line width contribution in the lowest order

As we mentioned in Section 6.1, the anharmonic damping via the two phonon emis-
sion process of the localized vibrational mode are expected to give a significant
contribution to the vibrational line width. We therefore exclude the line width con-
" tributions ﬁoﬁ the other sources such as dephasing. In the one dimeasional model,
for 0/Cu(110), we have shown that the latter contribution is much smaller. More-
over, the line width of the local mode due to decay is directly related to the life time
of the mode, so in this chapter, we will concentrate on the decay processes of the
local mode.

A local mode may decay through three processes. The first is the process in
which the local mode of the adatom with frequency ws, decays into 2 pair of sub-
strate phonons with frequencies wy and wy'. The energy conservation requires that
Wy, = wy +wr, with 0 < wpwry < Wmer and Wner < W < 2Wmoz- A descrip-
tion of such a decay process may be obtained by retaining terms proportional to
d%(t)d% (1)2°(2) in the anharmonic hamiltonian given by Eq. (6.7). We will study
in details of this decay channel in the next section. For an adatom adsorbed at a
bridge site which we consider, there is a local mode along the bridge and parallel to
the surface. In our model, its frequency is determined by Eq. (6.13). The presence
of this local mode makes two other decay dmds possible in some instances. If

Wi, > Wso, the perpendiculaf local mode may decay into a parallel polarized local
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mode and a substrate phonon, with w,, = w,, +w required by energy conservation.
A description of this second decay process may be found in the terms proportional to
d3(t)=°(¢)=°(t). Similarly, if w, < wx,, the perpendicular localized phonon mode of
the adatom can absorb a delocalized phonon of the substrate, exciting to a parallel
localized mode of the adatom, with w., = w;, —w; required by energy conservation.
A description of this third process is also contained in the terms proportional to
d5(2)z%(t)z°(t). Note that in the second and third processes, § < wy < winax.

When 0 < |ws — wey| < Wmaz, the second or third process may contribute
significantly to the vibrational line width of the local mode. On the other Hand, when
lwz — wzy| ~ 0, the second or third process is not important since the generalized
density of phonon states with frequency wy ~ 0 is very small. In this case, the
anharmonic damping is dominated by the two phonon emission process.

The damping mechanisms of the parallel localized mode of an adatom is analo-
gous to those of its perpendicular localized mode. We do not consider them here.

In this chapter, we only concentrate on the first decay channel described above.

6.5 Vertex functions for two phonon emission processes

To avoid unmnecessary duplication and numeric complexity, as we mentioned, we -
now concentrate on the vibrational decay by the two phonon emission process. We
start with the lowest order anharmonic coupling terms given in Eq. (6.11). The
vertex function for the two phonon emission process is the coupling constant in the
anharmonic hamiltonian for terms proportional to d%(t)d%.(t)z°(t). In this section,
we calculate the vertex function based on the lowest order anharmonic coupling
terms.

In the last section, we have shown the free vibrational coordinates z° and 2° of the
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localized modes are coupled by the anharmonicity of the substrate and adsorption

bond to the phonon modes. The couplings depend on the displacements of each pair

of atoms (¢,7), with ( = 0,1,2; j = n.n. of i) in each anharmonic bond and are

determined by the bond structure of the adsorption system.

For the (100) surface of the simple cubic lattice we initially start with, the bond

structure determines that there are 11 pairs in question. To simplify the calculation,

the displacement difference of cach pair can be expressed by

[ 41)=
@(0,2)z
a1,2)z
¢ 3)=
a(1,4)=
a(1,8)=
a(1.9)c
a(2,5)x
2(26)z

@(2,7)=

\ a(2,10)c

a{o,1)y
%(0,2)y
21,2y
2(1.3)y
Gty
%(1.8)y
a(1,9)y
@(2,5)y
@(2,6)y
G(2,7)y

@(2,10)y

a(0,1)= \
a(0,2)=
@(1,2)=
a1,3)=
Q(1,4):
a(1,8)=
a(1,9):
2(2,5)=
a(2,6)=

a(2,7)=

2(2,10)= }

( Mo An
Ao A2
\ Ao Aua

or, In a compressed notation, as

(] = [Aim) [Em)]

LY

A1,10 \

A2,10

/\11,10}

Q1z

Q2

a3z

Qy4r

Q52

Qgz

ars

ags

Goz

\ a10=

aly

azy

azy

Gy

a-;y

agy

ag,

QIOy

Q-

az:

G3:

aIOz)

(6.37)

(6.38)
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where @; = &;;, {I} denotes the bonds {ij} with ({ =0,1,2; j = n.n. of {), and the
matrix [Am] is determined by the cluster structure. Similarly, the unit vectors also

can be expressed in matrix form

P[]
| D] [ B 1

[fr] = (6.39)
where I-?'.,,.. denctes the position of the atom at site m. Now the coupling terms in

Eq. (6.11) can be written in terms of i, #; as

Ry (@ - )uf = By [ Mm@ - 2] [Mimim] - [Ea i), (6.40)

RL(d; - ) = B[ Aimm - 1) (6.41)

We consider the decay of the perpendicular local mode with the vibrational coor-
dinate z. Substituting & given in Eq. (6.29) into Eq. (6.40) and Eq. (6.41), and
expanding them in terms of the normal mode coordinates z°(t), 2%(t) and dj(t) will
give all possible decay channels in the lowest order. For the two phonon emission
process, we keep the terms proportional to d5(t)d3,(¢)z%(t). The ankarmonic hamil-
tonian representing the two phonon emission process therefore can be written as
Han = ) B pd3(6)d5.(8)2°(2), - (642)
JJl
where the vertex function is

Eip= Y MmaflH P Ncs, (6.43)

afmmn

with

HP® = By [(§ - 71)0ap + ntagip + nigta] + 3h3(3: - ) risrs, (6.44)
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and
3 = AmGm. (6.45)

Here @ or 8 denote the z,y and = components of the vectors 77 and #,.. For
each bond I, the vertex function E} ;. is contributed by all the components of the
delocalized phonon amplitudes a%) and a%’? of all atoms in the cluster. This means
that both the perpendicular and lateral motions of the substrate atoms in the cluster
contribute to the two phonon emission process. H, ,"ﬁ stands as the coupling constant

~ of bond I with one substrate atom moving in the direction « at frequency wy and
the other substrate atom moving in the direction # at frequency w;’. It depends on
the strength of the couplings and the structure of the surface. The polarizations of
the delocalized phonons are included in the index J.

6.6 Self energy and line width

With the anharmonic hamiltonian between the perpendicular local mode and the
substrate phonon modes given by Eq. (6.42), the lowest order terms of the self

energy are shown diagrammatically in Fig. (6.4). This self energy represents the total

Figure 6.4: Self energy of two phonon emission processes.

-

contribution from both the anharmonicities of the adsorption potential and the solid.
The effect of each bond is reflected by the coupling constant H;® and the phonon

-amplitudes. This self energy diagram has two vertices, and therefore can receive
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contributions from the anharmonicities of an individual bond or two different bonds.
In the weak coupling limit, since the perpendicular local mode components 1G] <1
and |G,| < 1 are much less than Gy, = 1, the line width contributions of the bond
1 =(0,1) and ! = (0,2) are expected to be dominate ones if the coupling constant
&n 1s less than V,. The contributions from two different bonds may be hega.tive due
to the signs of the coupling constants. This causes some cancellations. The wavy
lines now represent the phonon propagators < Ta?(t)aj-"(O) >, which is made up
of a weighted combination of the free phonon propagators < T'd5(t)d%;(0) >. The
weight is determined by the amplitudes of the delocalized phonon motions, or the
generalized density of states defined in Chapter 5. The dashed lines represent the
local mode propagator < T'z%t)z%(0) >. Here we still use thermo-field dynamics
introduced in Chapter 2 to calculate the free phonon propagator and local mode
propagator. As we derived in Chapter 2, the line width is givén by the imaginary
part of the self energy, the contributions of the two phonon emission process in the

three dimensional model read

R
r = C— Us(wz, ) ImE{w:, YUp(ws,)
ﬁ Gﬁ Q'ﬁ'
T 2nw,, ;Hi H; %ﬂ:'\ﬂ/\jm)tii’o\jmn

J.oo"B I'm'

JRE AT AL (6.46)

where ¢ or j now denotes bonds, {af} or {’8'} indicate the components of the
phonon displacements, pi2'(w) is the generalized density of states and Flw,u') 1s
defined as |

2r B h

F(w,w') = 200 I [y + 7., + 1] 8(wzy = w — ). (6.47)
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This function depends on the occupation number of the phonons n, = woagr—-
The function &(w,, ~w —w’) insures the energy conservation and reduces the double
frequency integral to a single one.

In principle, our theory is applicable to any surface structure. As arn example, in
Fig. (6.2) and Eq. (6.29), we have employed (100) surface of a simple cubic lattice to
illustrate our theory, which is applied to O/Cu(110) in an “ad hoc” way. The theory
will be improved by considering the fec structure of the O/Cu(110) system. In the
weak coupling limit, the calculation for a system with an fcc lattice substrate struc-
ture can be approximated in terms of the simple cubic lattice. The determination
of the interatomic potential derivatives ¢; and ¢5 from the bulk properties depends
on the specific lattice structure. The bulk modulus B determines the harmonic co-
efficient ¢ = aBrg, where the factor q is related to the structure of the crystal, for
an fcc lattice, @ = 3v/2/4, and rg is the distance between nearest neighbors. The

cubic anharmonic coefficient of the solid ¢; is estimated from the linear thermal
expansion coefficient ¢ of the substrate by the relation ¢3 = —4(e/kp)ro(¢2)*[92].

6.7 Applications

Since there are some experimental results available for the O/Cu(110) adsorption
system, now, we apply our theory to calculate the line shift and line width of an
oxygen vibration against this surface.

Bulk copper has a face centered cuBic, lattice structure. There are two bridge
struﬁtures at the (110) surface of an fcc lattice: a long bridge with 2 separation of the
lattice constant @ and a short bridge with a separation of the pearest neighbor dis-
tance ro = a/v/2. On the Cu(110) surface, a (2x1) structure has been observed after

the adsorption of a half a monolayer of oxygen. An early low-energy ion-scattering
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experiment(93] suggested a missing-row model of the reconstructed surface, where
every second of the Cu rows in the [001] direction were missing. Adsorbed oxy-
gen atomis occupy the long bridge sites as shown in Fig. (6.5). In the top layer,
the copper and oxygen atoms form a chain at the ideal spacing as the copper bulk
structure. Since the oxygen and copper atoms in the chain have almost the same
vertical positions, we expect the vibrations in the chain will weakly couple to the
vertical local mode of the adatom. As the first step, we Jeave out the anharmonic
interaction of the copper atoms in the chains, and will include them later. Conse-
quently, the adsorbed oxygen atoms sit at the short bridge sites of the second layer
Cu atoms. The input and derived parameters are listed in Table (6.1).

P

Figure 6.5: Surface structure of O /Cu(110) from Ref. [61].

The adsorption potential of the Of Cu(110) system is not well known[14]." In
order to explain the linear increase of the line shift with temperature theoretically,
H. Diirr and A. P. Baddorf assumed that the oxygen is bound to the Cu(110) surface
with a Morse form potential and the line shift is contributed by the Jocal mode self
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Table 6.1: Input and derived parameters for O/Cu( 110! at a bridge site

“substrate atom mass M, (amu) = 63.5

mass of adatom O (amu) 16.0
well depth 2V, (eV) 4.0
well width a~! (4) 0.68
Iocal mode frequency w,, (cm™?) 389
Debye frequency of substrate wp (cm™?) 219
angle ¢ 44.3°
bulk modulus {N/m?) 1.37x10"
thermal expansion coefficient (K™!) 1.67x103
lattice constant a (A) 3.61
ratio [, 0.7

interaction alone. By fitting this line shift with their experimental result, they
assumed that the oxygen is simply attached to the surface by one adsorption bond,
and estimated the depth of adsorption potential well is about 2.0 eV. However,
they misweighted the discrete peaks due to the self interaction terms of the local
mode. In correction, we would estimate the depth of the potential well to be about
4.0 eV. Other study shows the total binding energy of the oxygen bonded to four
nearest neighbors of the copper atoms is about 10.5 eV[84]. If the adsorption energy
is equally divided among the four bonds, the depth of each adsorption potential
well is about 2.6 eV. Practically, as a model study, we will vary the depth of each
potential well V; and see how it affects the vibrational line shape contribution. By
assuming that the adsorption potential has a Morse form, the width of potential well
—1 is fixed by relation muw,,? = 4Vsa? cos? 8 which is different from that in a one
dimensional model in Chapter 4 due to the use of the central force pair potential.
The angle @ between the adsorption bond and the vertical will determine the
relation between the frequencies of the lateral and perpendicular localized modes
of the adatom; see Eq. (6.13). In Table 6.1, this angle is taken from the geometric
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structure of the (2x1)0-Cu(110) system([94] which is 44.3° < 45° so that wx, < wyy.
On the other hand, since this angle determines the relation between w,, and wy,,
we will also take it as 55° so that w,, < ws,, to study the influence of the adatom’s
relative position on the surface when it sits at a bridge site.

From the discussion in Chapter 5, we know that the sound wave velocity ratio I,
of the transverse and longitudinal waves combined with the bulk Debye frequency
determines the cutoff frequencies for the different branches in the semi-infinite elastic
continuum model. For an fcc metal solid, Maradudin showed this ratio is about
0.7[92). On the other hand, we also choose this ratio to be 0.5 from the peak

position of the generalized density of states spectrum similar to the lattice dynamics

calculation[95, 86].

6.7.1 Line shift due to the self interactions of the perpendicular local

mode

In Chapter 4, we assurned that the oxygen atom is attached to the two bridge atoms
at the surface via two adsorption bonds. The adsorption potentials only depended
on the vertical displacements of the adatom and the two bridge atoms. The line
shift contributed by the self interaction terms of the perpendicular local mode of the
adatom is the same as H. Dirr and A. P. Baddorf’s result (but corrected by a factor
2) if we assume that the Cu surface is static. For 2V4=4.0 eV, we find that the line
shift will shift by -3.8 cm™! at T=T700 K which agrees with the experimental result.
Of course, we do not expect the self interaction alone to explain the experimental
result on the vibrational line shift of the O/Cu(110) adsorption system. In the three
dimensional model, the line shift contributed by the self interaction we discussed in
Section 6.4. is different from that in the one dimensional model, and only shifts by
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2.6 cm™! at T=700 K for 2V, = 4.0 eV if we also assume that the oxygen adatom
sits at a static surface.

In comparing with the one dimensional model including the motion of the two
bridge atoms for 2Vp = 10.0 eV in Chapter 4, the line shift contribution by the
local mode self interaction alone is -3.5 em™! at T=700 K which agrees with the
experimental measurement. However, we expect the interaction of the local mode
with the substfa.te phonons or the other local modes also contribute to the line shift.
Since we have shown the route of calculating the line shift in the three dimensional

model, we will not go into more details here.

6.7.2 Line width of the perpendicular local mode

For the model O/Cu(110) adsorption system, since the angle § is so close to 45° that
oz, = wzy| ~ O, the decay channels via one substrate phonon and one lateral local
mode have very small rate constants. We therefore ignore them here and concentrate
on the contribution of the emission of two substrate phonons.

First, as a model study, we approximate copper substrate as a simple cubic
lattice. All bond lengths of substrate are equal to the lattice constant, which is
taken to be equal to the nearest neighbor distance of the fcc copper lattice. Second,
we adopt the reconstructed fcc structure of O/Cu(110){94].

Simple cubic lattice model

A simple cubic lattice is the simplest lattice structure of 2 solid. In our model
theory, we use the (100) surface of a simple cubic lattice as an example, applied
to the O/Cu(110) adsorption system. The separations of the long bridge and short

bridge are approximated by the nearest neighbor distance ry of the copper atoms



CHAPTER 6. 176

Table 6.2: Line width contributions for fixed § at 44.3°, 215 at 4.0 eV and two
choices of I,

I,=05 I, =07

TE)||[Tvy Teg I've T ||[Tvy Tes vy T
200 26 14 23 174 3.0 15 -18 27
400 49 26 -42 33| 55 27 -32 5.0
600 7.2 38 -62 48| 81 40 -47 74

in the substrate. In this approach, we ignore the effect of the copper atoms in
the copper-oxygen chain since their effect on line width is considered small and
will include them later when we consider the reconstructed structure of O/Cu(110).
Here, we assume that the oxygen atom sits at the bridge site of the two copper atoms
in the second layer. Besides the parameters listed in Table 6.1, as model study, we
will calculate line width with more sets of V4, 8 and [,. Through this study, we expect
to understand the influences of the different aspects of the adsorption system on the
vibrational line width of the adatom via the two phonon emission process.

A. Dependence on [,

Fixing 0 at 44.3° and V; at 4.0 eV, the line width contributions, from the anhar-
monicities of the adsorption bond and substrate, due to the two phonon emission
process are listed in Table (6.2) for I, = 0.5 and 0.7, respectively. As [, increases,
the maximum phonon frequency decreases since we kept the bulk Debye frequency
fixed. Consequently, the integral range over phonon frequency in the line width for-
mula decreases. On the other hand, near the surface region, the weight function of
the Rayleigh mode increases so that the perpendicular component of the generalized
density of states will be incorrectly normalized toa larger number, but the normal-

jzation of the parallel component of the generalized density of states stays about the
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Table 6.3: Line width contributions for fixed & at 44.3° and I, at 0.7.
Vo=2eV Vo=4eV Vo=10eV
T (K) " Tvv Tge Ive I §Tvv Tes Ive T |Tvv Tes Ive T

200 28 15 -1.7 26[ 30 15 -1.8 27f 34 15 -18 3.1
400 50 27 -31 46| 55 27 -32 50 61 27 -32 56
600 73 40 -46 6.7 81 40 -47 74| 9.0 4.0 -47 83

same. In consequence, the coupling strength given by Eq. (6.44) decreases in mag-
nitude. However, the line width contributions from the anharmonicity of substrate
and from the adsorption bonds alone increase due to the increased perpendicular
component of the generalized density of states. The line width contributed by ihe
“cross interaction” V¢, between the two anharmonicities decreases because it de-
pends mainly on the lateral motion of the two bridge atoms. This contribution is
negative due to the orientation of the anharmonic adsorption bond and the motion
of atoms in the cluster, and is mostly contributed by the “cross interaction™ between
the two adsorption bonds and substrate bond connecting the two bridge atoms. The
total width becomes larger. See Appendix F for the contributions from each bond
and from the “cross interactions”.

B. Dependence on V;

Fixing 6 at 44.3° and [, at 0.7, we now vary binding energy 2V, from. 2.0 eV to
10.0 eV. This variation will not affect the line width contribution of the substrate
bonds at all, and only slightly affects the line width contribution of the adsorption
bond. Numerically, when we increases 2V; from 2.0 eV to 4.0 eV, the line width
due to the two phonon process increases 2 few percent; see Table 6.3. Note that in
this calculation, we have kept w., fixed so that when Vo increases,  decreases. The
second derivative of the Morse potential will not cha:nge, but the third derivative

will vary with V5 and a. However, this change will not significantly affect the line
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Table 6.4: Line width contributions for fixed I, at 0.7, 2V} at 4.0 eV and two choices
of angle

f § = 55° 0 =443°
TE)||[Tvy Tas Fve T [[Tvy Tge Tve T
200 96 25 -55 66| 30 15 -18 2
400 || 174 4.5 -100 119 55 27 -3.2 50

600 [{[256 6.6 -146 176 81 40 4.7 7

width contributions of the two phonon emission process due to the reduction factors
;’—;,‘1_27_’; and m‘ﬁ%ﬁ in the anharmonic term ha(@o; - 7i:)° as we have discussed in
Sec. 6.3.

C. Dependence on §

Fixing I, = 0.7 and 2 V, = 4.0 eV, we now change the angle § to 55°, but still
keep w., fixed. Then w., becomes much larger than that for § = 44.3°. The line
width contributions from the anharmonicities of the adsorption bond and the sub-
strate due to the two phonon emission process are listed in Table (6.4) for § = 55°
and @ = 44.3°, respectively. As 8 increases to 55°, the lateral coupling component
of the adsorption bonds becomes much stronger due éo the changing of w;, and 4,
but its perpendicular component becomes smaller. The line width contribution of
the adsorption bond is much larger than that for § = 44.3° since the contribution
of the “cross interaction” BV, of the two adsorption bonds changes sign due to the
strengthening of the coupling of the lateral polarizations. The line width contribu-
tion of the substrate bonds increases due to the stronger effect of the adatom on
the two bridge atoms at the surface. As a result, the total contribution increases
a lot. See Appendix F for the contributions from each bond and from the “cross
interactions”. This calculation has shown the strong dependence of our model to

the geometry of the adsorption system.
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Table 6.5: Line width contributions from different branches for I, at 0.7, 215 at 4.0
eV and angle § = 44.3°_
Feon | SH + - GR R
SH {00 011 010 0.0 0.0
+ {011 035 0.08 010 0.52
- 1010 0.08 0.09 0.03 0.23
GR | 00 010 003 00 0.0
R 0.0 052 023 0.0 0.0

D. The role of the Rayleigh branch

In the above, all the line widths we calculate are the total contributions of all
phonon branches. In order to understand the role of the phonon modes induced by
the surface, we have studied the line width contributions of the different branches.
For the two phonon emission process, each phonon may be from a different phoﬂon
branch. For the O/Cu(110) system we consider, it is impossible to emit two Rayleigh
phonons, two generalized Rayleigh phonons or two SH phonons, due to the require-
ment of energy conservation. In Table 6.5 we list all the line width contributions
from different pairs of branches for I, = 0.7, § = 44.3° and Vo = 4 eV at T=200 K.
From this calculation, we find that the Rayleigh mode gives a dominant contribution
to the line width. Although Iy is significant, we think that it is overestimated due
to the model, seen by comparing the spectrum of the generalized density of states at
the surface with that in lattice dynamics calculations. Nevertheless, this calculation
has delivered a important message: the surface phonon modes are important when
we study surface phenomena. Some of the above phonon processes are cut off for
some of .the choices of the cutoff phonon frequencies.

E. Normalization |

So far, we have approximated the Cu(110) surface as a simple cubic (100) surface.
The gener.;:lized density of states at the surface is unnormalized in the semi-infinite
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elastic continuum model as we discussed in the last chapter. The (110) surface unit
cell of an fec lattice is also different from that of the (100) surface in a simple cubic
lattice structure. We modify the above model by choosing the true area of the (110)
surface unit cell. The cutoff frequency for each phonon branch will be smaller since
the two dimensional wave vector cutoff becomes smaller due to the enlargement of
the surface unit cell. Furthermore, we scale the generalized density of states to give
correct number of modes per unit volume in an “ad hoc” way. For I, = 0.7, we
will no longer have the two phémon emission process involving one surface Rayleigh
phonon mode which we believe is important. Instead, we choose I, = 0.5 by com-
paring the cutoff frequencies in the phonon band structure in the lattice dynamics
calculation[95], for the calculation here and later for the fcc structure. Fig. (6.6)
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Figure 6.6: Temperature dependent line width contributed by the two phonon emis-
sion process. The Cu substrate is treated as simple cubic lattice in (2); fcc lattice
after ignoring the first layer Cu atoms in (b); and full fcc structure in (c).

shows the FWHM changing with temperature in three approximations. In tke high
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temperature region, the FWHM almost linearly increases with temperature. The
total increase of FWHM in this approximation is about 20 em~!when the tempera-
ture increzses from 100 K to 700 K. See line (a) in Fig. (6.6). In H. Dirr and A. P.
Baddorf’s experiment, this increase is about 34 cm™!. This consistency tells us that
two phonon emission processes are important and give a dominant contribution to
the vibrational line width.

In the simple cubic approach above, we did not consider the Cu(110) surface
reconstruction after absorbing oxygen atoms. Next, we will calculate the vibrational
line width in terms of the reconstructed structure of the O/Cu(110) adsorption

system.

Results for fcc(110) surface structure

When an oxygen is adsorbed on the Cu(110) surface, the adsorption of the oxygen
atom causes Cu(110) surface reconstruction. H. Diirr et alstudied the actual surface
geometry of the (2x1)0-Cu(110) system[94]. In the missing-row type reconstruc-
tion, the layer distance between the first and lsecond layers is modified to 1.51 A
compared to the bulk value 1.28 A, and the second layer atoms show a row-pairing
like shift 0.12 A in [110] direction towards the missing first-layer rows. Oxygen
atoms are adsorbed in the long bridge sites of every other [001] copper row below
the first copper layer by 0.08 A. In the ideal bulk structure, the separation of the
long bridge ﬁnd short bridge are the lattice constant a and the nearest neighbor dis-
tance ro, respectively. Since the oxygen atoms sit at about same vertical positions
as the first layer copper atoms, the perpendicular local component of the first layer
copper atoms is smaller than that of the second layer copper atoms nearest to the

adatom. As 2 first approach, we ignore the effect of copper atoms in the chain on
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the vibrational line width of the oxygen mode, and assume that the oxygen atoms
sit on the short bridges of the second layer copper atoms. In the second layer down
from the surface, there are six atoms nearest to the two bridge atoms. In the third
layer down from the surface, there are two atoms nearest to the two bridge atoms.
"The atoms in the cluster we consider here are numbered by 1 to 10 in Fig. (6.7).

Using the same method as we discussed above to normalize the generalized density
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Figure 6.7: Fec {110) surface structure for an adatom at 2 bridge site.

of phonon states, we calculated the FWHM for the same temperature range in this
approximation for § = 44.3°,1, = 0.5 and 2V, = 4.0 eV. The result is shown by line

(b) in Fig. (6.6). The total increase is about 18.3 cm™? over this temperature range.
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This increase is coincidentally very close to the result in the simple cubic lattice ap-
proach and is in the same order of magnitude as the experimental result. However,
the reconstructed structure makes the line width contributions due to the anhar-
monicity of the substrate phonons comparable with that due to the anharmonicity
of the adsorption potential. In both cases, the coniributions from the “cross inter-
action” between two anharmonicities always causes some cancellation which brings
down the contributions due to each anharmonicity alone.

Finally, in order to learn the effect of the Cu atoms in the oxygen-copper chain
in the first layer. we now include the two adsorption bonds in the chain into our
calculation. We then have a local mode in the direction along the chain or the y
direction with the frequency w,,. The phonon amplitude af,';) in Eq. (6.32) is given
by

1y 2
o) = =2 [a(Ry) + o)) (6.48)

2
Wy

The prefactor ;ﬁ;%}' will induce a reduction factor for the in-phase motion of the
two surface atoms in the chain when we calculate the bond distances. This reduction
factor reduces the phonon-induced line width contribution from fhese two bonds.
In the cluster we consider now, there are 12 substrate atoms and 15 bonds
contributing to the vibrational line width of the two phonon emission process. Note
that the layer distance between the first and second layers is larger than the ideal
layer spacing for bulk Cu due to the surface reconstruction. The generalized density
of states of the second layer atoms are also not correctly normalized due to the rapid
decay with z of the Rayleigh mode and the depletion of the generalized Rayleigh
mode. In this case, we need to normalize the local density of states for both the
first and second layer atoms as described in Section 6.7.2E. In doing this, some of
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the off diagonal generalized density of states involving the second layer atoms are
incorrectly normalized.

The line {c} in Fig. (6.6} shows the FWHM changing with temperature after we
include the effect of the two Cu atoms in the first layer. When the temperature
changes from 100 to 700 K, the FWHM increases about 34 cm™! which agrees
remarkably well with the experiment result. However, our calculation may not be
so accurate compared to the experimental result due to the slight distortion of some
off-diagonal generalized density of states and the simplicity of the phonon model.
This does not allow us to exclude the line width contributions from other sources

completely. We will explore them in the near future.

6.8 Summary

A three dimensional model has been used to calculate and compare the anharmonic
coupling effects of the adsorption potential and substrate on the line width of the lo-
calized perpendicular vibration of an adatom at a bridge site in terms of two phonon
emission processes. The theory includes the anharmonicity in the oxygen-copper and
copper-copper bonds for the O/Cu(110) adsorption system. The calculatizn shows
that two phonon emission is an important relaxation process and can not be ignored
for an adatom adsorbed at a bridge site. Since we exclude the line width contri-
butions from dephasing processes, our result is a partial contribution to the total
vibrational line widih. However, our calculations have shown good agreement with
the experimental data on the vibrational line width for the O/Cu(110) adsorption
system. As a trivial extension of the one dimensional model, we also calculated the
line shift due to the perpendicular local mode self interaction. This shift is sensitive

to the depth of potential well and the substrate phor.xon dynamics.
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The theory presented in this chapter can be easily extended to include the Jine
widths contributed by dephasing processes and to calculate the line shift contri-
butions due to substrate phonons for the adsorbate mode, and to apply to other

adsorption systems with different adsorption geometry.



Chapter 7. Conclusions and outlook

In surnmary, we have endeavored to present a theory to calculate the homogeneous
vibrational line shape of the adsorbate mode in an adsorption system due to different
relaxation mechanisms in a unified treatment. We have considered both 2 diatomic
molecule and a dissociated atom adsorbed at solid surfaces. Although we have also
studied the dephasing process of the high frequency internal vibrational mode of a
diatomic admoleczle by a low frequency mode, and the line shift contributed by the
low frequency local mode self interaction, our main attention was devoted to the
delocalized phonon induced vibrational line shape of an adsorbed atom at a surface.
The phonon induced vibrational line shape of the low frequency local mode is shown
to be crucially dependent on the interaction of the adsorbed atom or molecule with
the solid, and on the anharmonicity of the solid.

We started with a simple one dimensional model and pair wise interaction ap-
proximation between atoms. By comparing the different treatments of the bilinear
coupling between the adsorbate and substrate, we have found this bilinear coupling
plays an important role in the adsorption system. For an admolecule at an ontop
site, a reduction factor is induced in some of the anharmonic terms in the adsorption
potential, by the nonperturbative treatment of the bilinear term. This reduction fac-
tor almost eliminates the delocalized phonon contributions to the vibrational line
shape of both the low frequerllcy local mode and the high frequency internal stretch-
ing mode of an admolecule, from the anharmonicity of the a.dsoi;tion potential.

186
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We have shown there is no such reduction factor present in the case where an ad-
molecule is adsorbed at a bridge site for the out of phase motion of two bridge atoms
at a surface in the one dimensional model. On the other hand, a nonperturbative
treatment of the bilinear term revealed additional delocalized phonon contributions
to the vibrational line shape from the anharmonicity of the substrate.

Based on a one dimensional model, we first calculated all possible line shift con-
tributions to the high frequency internal mode of an admolecule and to the low fre-
quency a.d;orba.te-surfa.ce stretching mode, in lower order perturbation theory. Then
we calculated the vibrational line width contributions to the internal mode, medi-
ated by elastic phonon scattering, the exchange mechanism and a cross-interaction
between them, for an admolecule at lan ontop site. We also calculate the line width
contributions to the adsorbate-surface stretching mode, mediated by phonon emis-
sion and elastic phonon scattering for an admolecule at an ontop and at a bridge
site. The approximation of pair-wise interactions between atoms has prevented us
from including other exchange mechanisms for dephasing of the low frequency local
mode via interaction with librational or bending modes.

The theory in the one dimensional model bas been applied extensively to the
CO/Pt(111) adsorption system since CO occupies both ontop and bridge sites in
this system and there are some experimental results available to compare with, and
also applied to O/Cu(110) in discussion of the low frequency mode of an adatom
absorbed at a bridge site. For an adatom at a bridge site, our practical calculation
has shown the same trends as the experimental measurements and are accurate only
to order of magnitude, as we expected, because of assumptions and simplifications
employed for the adsorbate-surface interaction. In the one dimensional model, we
employed 2 bulk Debye model to describe the substrate phonon dynamics, which is
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a very crude model since we ignored the presence of the surface, at which surface
phonon modes may be important in some cases.

Later, we have improved on the one dimensional model by extending to a three
dimensional picture and treating the substrate as a semi-infinite elastic continuum.
The adatom and substrate atoms ‘a.re allowed to move in all directions. The interac-
tions between atoms are described in terms of a central force model. Surface phonon
modes are included in a semi-infinite elastic continuum model. These improvements
have increased considerably the complexity of the calculation of the line shape con-
tributed by substrate phonons. Our calculations have shown that the lateral motions
of substrate phonons can give important contributions to the vibrational line width.
New reduction factors are found in the three dimensional model which reduce the
line width contributions from some anharmonic terms in the adsorption potential.
Furthermore, the improved theory have provided a possibility to compare lire width
. contributions from different processes in a systematic way, and study the line width
dependence on adsorption geometry and on the anharmonicities of the adsorption
potential and substrate bonds. This theory can be easily generalized to describe
other adsorption systems such as an adatom at three fold or four fold hollow sites.

We have specifically calculated the line width contributed by two phonon emis-
sion processes in detail, which is the lowest order vibrational energy decay process
when the frequency of the adsorbate mode lies between wmsr < W < 2wWmez. The
new reduction factors make this contribution insensitive to the depth of the poten-
. tial well when the adsorption potential is approximated by Morse potential with the
local mode frequency held constant. Since we adopt a central force pair potential
to describe the interaction between atoms, the second derivative of the potential

also contributes to the two phonon emission process, and proved to be the main
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contribution to the vibrational line width from the anharmonicity of the adsorption
potential. This contribution is absent in the one dimensional model. Besides, we
have also calculated the vibrational line shift contributed by the local mode self
interaction, which is a minor development on the self interaction term treatment of
Chapter 4. However, the line shift and line width may also receive additional contri-
butions from other sources such as dephasing processes. Therefore, only qualitative
agreement between our theory and experiment results can be expected.

The improved theory has been applied to the O/Cu(110) adsorption system.
The line shift due to the local mode self interaction is a little less than that in
the one dimensional model in Chapter 4 and close to experimental result. In the
calculation of the line width contributed by the two phonon emission processes, we
approximated the Cu substrate as a simple cubic lattice and also considered its true
reconstructed surface structure in considering the anharmonic bond structure at the
surface. However, even when we consider the reconstructed O/Cu(110) surface, we
still treat the substrate phonons as those of semi-infinite elastic continuum. This
simple treatment revezled the importance of surface pbonons but neglected the
detailed description of the phonons of the fcc lattice structure. The calculated line
width for this process is a few times larger than that in the one dimensional model,
and is much closer to the experimental measurements.

Note that even our improved theory describes only a single adsorbed atom.
We have neglected the interactions between an adatom and neighbouring adsorbed
atoms which could have an important effect on the vibrational line shape in some
cases[49]. Also note that we neglected the internal degrees of freedom of the ad-
molecule and treat it as an adatom. The interactions between atoms have been

approximated in a central force model. In doing this, we have neglected some
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possible low frequency lateral modes which might be important in some dephasing
processes such as the exchange relaxation mechanism. For some adsorption systems,
the decay of the vibrational local mode via emitting one delocalized and exciting a
lateral Jocal mode, and higher order terms, may give significant contributions to the
line width and need to be included(78, 56].

In order to have a more complete picture of vibrational line shapes, further

improvements need to be considered, such as

1. a detailed study of the phonon spectrum at the surface with or without an

adatom. These spectrums should be correctly normalized;
9. the influence of dipole-dipole coupling;

3. the influence of other modes besides what we have included in the model, such

as frustrated rotatinal mode.

In experiment, the observed line shape is due to many complex sources. In order
to fully explain the observed vibrational line shape, we need to consider all possible
line shape contributions. Besides the temperature dependent vibrational line shape
we have considered here, electron-hole pair creation is another important rel;_:.xation
channel. Inhomogeneous line broadening due to surface heterogeneity and adsorbate
ordering may also play important roles in determining the vibrational line shape
They may explain the temperature independent part of the experimenta.llj oBserved
vibrational line shape. ‘

Vibrational relaxation of adsorbed atoms and molecules has been of consider-
able intrinsic interest in recent years, and is also important for understanding the
mechanisms of rate processes on solid surfaces such as diffusion and desorption. Ex-

perimental data on vibrational relaxation of adsorbed particles are mainly based on
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the analysis of vibrational line widths and vibrational lifetimes. However, for low
frequency adsorbate-surface stretching modes, many experimental techniques have
difficulty giving accurate line widths. The agreement of our theoretical calculations
with experiment has shown that our theory provides a way to predict vibrational

line widths.
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Appendix A. The center of mass variables for diatomic

molecule

Fig. (2.12) showed the diatomic admolecule configuration. Here we introduce the
center of mass variables for this adsorption system. Define the total mass m, the
reduced mass g, the center of mass position and interatomic distance of admolecule

as follow

m = my+my,
11 1
B my mg’
7 = ;—;(mlzl + myz;)
E = -1, (A.l)

so that the positions of two atoms composing admolecule are given by

= £
2 = 2 15’
U
zo = '+ zf. (A.2)

Further more, if the zo is the mean spacing between static surface and the center
of mass of an admolecule, & is the mean interatomic spacing, the deviations from
these equilibrium positions

C = f _601

z = z' =2z, (A.3)
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are small. Therefore the static hamiltonian of admolecule

52 az ﬁ2 32
_2m1 dz2 - 2mg, 0252

H.g(Z) =

+ V'(Zl) + U’(:g - 21), (A.4)

can be written as,

R 32 R , ’
Hy(z) = “OmBds ﬂ@ +V (2 - 'n%f) + U'(¢). (A.5)



Appendix B. Bare boson propagator

The bare boson propagator is defined as

iDZ®(2) = (0(B)IT="(£)="(0))10(8)), (B.1)

where z(t) is a Heisenberg operator and describes the displacement field of a har-

monic oscillator. Using the Bogoliubov transformation given by Eq. (2.48) in terms
¢g dp

of transformation matrix Up = ( ), the bare boson propagator can be

ds cB
written as

iDFP() = U*(0(B)IT="(t,8)="(0, B))I0(BNUE
= Ugeids(t, )UY, (B.2)

where the thermal propagator

id2(t,8) = (0(8)IT=°(t, B)=(0,8)(0(8))
= 8()(0(8)|T=°(z, B)2*(0, B)I0(B))
+6(—2)(0(8)IT2*(0, B)z°(t, B)|0(8)), (B.3)

where 8(t) is step function and can be given by

N
o0 =l [ dorme™ )
or
* 1wt — i
/_ _dte0(t) = . (B.5)
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The displacement field = of a harmonic oscillator is the linear combination of boson

creation and annihilation operator as follow

k

z=2mwo

(b+ b1 (B.6)

Using the properties of a thermal operator in TFD, we obtain

8(t)e=t + B(—t)eint 0
idg’(t, B) = _ _ (B.7)
0 B(t)er0t + §(—t)ernt
Fourier transform of thermal Green’s function gives
&) = 5 LT (B8
YU Oy \w—wp 267 w+we—167)’ )

1 0

where 7 = ( . Therefove, the Fourier transform of bare boson propagator
0 -1

is given in terms of d3*(w, B) in Eq. (B. 8) by

D5’ (w) = Ug*dy’ (w, B)U - (B.9)



Appendix C. The spectral representation of Green’s

function

In Thermo Field Dynamics, the time ordered Green’s function for boson is defined
by
iD°(t) = (0(8)IT="(1)="(0))I0(8))
= 6(t)(0(B)IT=*(t)="(0)[0(8)) + 6(—t){0(B)T=*(0)="(2)|0(8))-
(C.1)

The Fourier transform of the time ordered Green’s function can be given by

afl W' af W'
D,a(w)=%/dw,[ CfW) G ] ©2)

w—w+id w—w—18
where function C2(w'), C5#(w") are Fourier transforms of correlation functions
Gi(2) = (0(B)|=*(t)="(0)I0(8)), (C3)
and
Ca(t) = (0(8)=°(0)2>(2)10(8)) (C.4)
Now let’s calculate these correlation functions by inserting the complete set
3" In, ), ml, (C.5)
n,m
between the two operator z2(t), z°(0), we have

Cit) = 3_(0(B)1z"(t)In, }irR, nl="(0)10(8)) (C.6)

nm
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= Y e {EmEmN(8)|2°(0)In, e} (1R, n]="(0)[0(B))

Y e HEEmi0(8)]2(0)n, ) (7R, n|=(0) 0(B))

nm

1 BlEn—Em)/2
(C.7)
¢BEn=Em}/2  oB(En—Ewm)
The Fourier transform of this correlation function is therefore given by
1 e—Pwi2
Ci(w) = C(w) ( ) , (C.8)
e=Pwl2  g=Bu

with
C(w) = Y 276w — (B — En)/R} (0(B)|2(0)In, )7, nl=(0)0(8)).  (C.9]

Similarly, the Fourier transform of the correlation function C,(2) is given by

e—ﬁw e-ﬁwﬂ
Ca(w) = C{w) (C.10)
e~Pul? 1
Introduce the transformation matrix
cg dp
Ug = , (C.11)
dB CB
with
es = (1+n)"2,ds = n¥2n = — (C.12)
B = y8B = M= T .
By substituting Eq. (C.8) and Eq. (C.10) into Eq. (C.2) and making use of
¢ dp :
Bogoliubov transformation matrix Ugp = , we obtain the spectral rep-
JB Ccp
resentation of the time ordered Green’s function
1 T
of —_ 1y _ =B ’
D) = 5 f &/ (1 — )0 (W g 7=Us

T

- f &l oYU ——— ==V, (C.13)
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where the spectral function is

0elw) = 5=(1 = )OS,

and
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(C.14)



Appendix D. Feynman diagram rules in w-space

The Feynmann diagram rules in w-space for the evaluation of time ordered Green’s

function in Eq. (2.71), based on the expansion of S matrix given in Eq. (2.72) are,

1. Draw all distinct connected diagrams for unlabeled vertices, included the in-
ternal and external lines. The external lines are due to single z(2),z(0) in the
Green'’s function, while the internal lines are due to interaction hamiltonian
with form a'z™. The vertex functions are from both expansion of interaction

hamiltonian and S matrix coefficient.
2. Calculate the permutation factors when any of {,m > 1.

3. Each phonon line is a.ssignéd to the propagator which is Fourier transform
of Green’s function {0(8)|Ta"(t)e?(0)|0(8)). Similarly, each adsorbate line

is assigned to the propagator which is Fourier transform of Green’s function
(0(B)IT22(¢)="(0){0(B))-
4. Label each vertex withi = 1,2,---,n andeachpropagatorwithk =1,2,---,N.

Note N > n+1. The internal lines are labeled by frequency w;, while external
line are labeled by frequency w only.

5. Each vertex with form a'z™ contributes a vertex function

1
thllm!

1 a=1
where % =
-1 a=2.

(=1)'Vigme® with I +m > 2, (D.1)
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6.

-]

Sum over a; = 1,2 at each vertex to include “tilde” fields.

. At each vertex, energy conservation gives n relations between frequencies of

propagators so that there are only N — n — 1 independent {requencies. Each

independent frequency contributes a factor 1/2=x.

Integrating over all independent frequencies and summing over all diagrams

gives the Fourier transform of time ordered Green’s function.

Example: Evaluz‘ion of the two phonon emission process.

1. Feyman diagram

2. Permutation factor=2.

3. One phonon lineis assigned to the propagator i B3*(w, ), the other phonon
line is assigned to the propagator iB¥(w,).. The left adsorbate line is
assignéd to the propagator :C}%(w), the right adsorbate line is assigned

to the propagator iC5 (w).
4. Label each vertex with ¢ = 1,2 and each propagator with £ =1,2,3,4.

5. The vertex functions are ;-V5¢® and Z;Vae?.
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7. At each vertex, energy conservation gives two relations between the fre-
quencies of the propagators so there is only one independent frequency.

This independent frequency contributes a factor 1/2x.

8. Integrating over the independent frequency and summing over o; = 1,2

at each vertex gives the value of two phonon emission process.

G- wic ) =2 (52 ) e (55 ) &

( ).[ diniC(w)i By (wn)iBg (w = w)iC' (@) (D2)



Appendix E. Solution of Dyson’s equation

Dyson’s Equation Eq. (2.64) is
D*(w) = DgP(w) + D§*(w)E*(w) D¥ (w). (E1)

From the spectral representation of the Green’s function Eq. (C.13), we easily find
the full Green’s function has the following form

D*®(w) = ReD**(w)+ iImD*P(w)

= ReD(w)r — inoUsUs. | (E2)

On the other hand, the bare boson Green’s function as calculated in Appendix B

has the following form

D®(w) = ReDgP(w)+iImDS(w)
I .k
= T om0t w0) + 8 —wo)lUsUp.  (E3)

If the self energy due to the anharmenic interaction has non zero imaginary part, we
can ignore the imaginary part of bare Green’s function. Substituting the Eq. {E.2),

Eq. (E.3) into Dyson’s equation Eq. (E.1}, we find that the self energy is required

to have the form

£%%(w) = ReZ®(w)+ilmZ®(w)
= ReZ(w)r —ic(w)Uz'Ug". (E4)
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With Eq. (E.4) in addition to Eq. (E.2), Eq. (E.3), the solution of Dyson’s equation

is given by
_ At +i0(w)UsUs
D) = ST (E5)
where
m o2_.2
A= E(w ~wy) — Rell. (E.6)
At resonance, the energy pole is determined by
A2+o®=0. (E.7)
This gives the line shift and line width
Aw = i ReZ,
2muwg
R
T = 2mw06
Rk
= - UpImZUs. (E.8)
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