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Abstract = - .. Coy

'fwd Dixﬁenéibnai Ei‘ecgrori'Soh;éti(I)n by Alycdhonlz-M(A)lecA:Aule“s on tﬁe Ag(lll) Sﬁffaéé
by

Sithon' Héiang Tiu "~ -

" Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor Charles B. Harris, Chair

‘Time and angle-resolved-two photon photoemission spectroscopy is used to inves-

i

tigate the electron d’y‘nfafﬁics at tvléle fpbla-?f';dééfbate/Ag(lll) interfaces. Ultrafast.“f)hoto

injection of éléctrons into alcohol molecules/Ag(111) interfapes results in strong electro- ‘
static interactiqns between the electron and surface adsorbates. A series of straight chain

alcohol molecules is used for the experiment. Strong electron-dipole interactions manifested

in electron-induced adsorbate reorganization solvate the electron by means of rotation of
the dipole on the alcohol molecules. Rotation of the molecular dipoles cause dynam‘iéal
relaxation of the observed photoelectron kinetic energy as a function of time delay between -
excitation and photoemission. Dynanﬁcs of Aelectron localization by solvent motion have
been investigated with angle-resolved two photon photoemission. The majofity of the im-
‘age stéte electrons are dynamically localized with the formation of the electro'n" trap site

by dipole rotation. -Examination of early dynamics shows that some of the image state



electrons are localized by pre-existing defect sites in the layer.

A disk dipole model has been proposed to estimate the changes in the electrostatic
potentigl cag_sed by an imagfe potgqtial s‘tatg\elec_tron induced mplegular dipole rotation.
Posit.i.ve and ﬁegative en‘(is of t:he diéé)l;s are; Acor‘x'l;bine;d iﬁto tvs}o épp;)éitely <.:.har>gve’cA1.dis.ks.
Charge densities of these disks are related to the dipole moment and adsorbate density on
the surface. The rotation of the dipo_lesvtp s_dyg!;e, the electron is represented by increasing
separation distance bet.Weenv_l the dlSkS Pqteg'F?g} energy ldi»ffeJrenﬁcﬁe at a few Angstrom away
from the surface for different dipole disk separations corresponds to the solvation energies

measured with two photon phofoémiss'io:rl'.

o ;



iil

[ I




A

Contents

List of Figures

List of Tables

1 Introduction

2 Background
2.1 ImageStateElectron . . . . ... ... ... ... oo oL
2.2 Multiple Reflection Theory and the Image Potentlal State Energy. . . . ..
2.3 Image State Electron Lifetime . . . . . .. .. ... ... .. . 0 0.,
2.4 Two Photon Photoemission . .. ... ........... B
2.5 Time Resolved Two Photon Photoemission . ... ... ...........
2.6 Angle Resolved Two Photon Photoemission . . . . ... ...........
2.7 Prior Studies of Two Photon Photoemission . . . . ... ... ...... L

3 Experimental
3.1 TheLaser System . . . . . . . . . . . . ittt ittt
3.2 Ultrahigh Vacuum System . . . . . . . .. .. ... ... .... e e
3.3 Alcohol Molecules Solvation Experiments . . . .. ... ... ........

4 Electron at a Polar Adsorbate/Metal Interface

4.1 Previous Solvation Experiments . . . . . ... ... .... S e e e
4.2 Work Function and Local Work Function . .. ... ... ...... I
4.3 Experimental Observation of Local Work Function . . .. ... ... . ...
4.4 Measurement of Work Function and Local Work Function with TPPE . . .
4.5 Two-Dimensional Electron Solvation by Alcohol Molecules . . . .. . .. ..
4.5.1 Static Work Function Change by Alcohol Molecule Adsorptlon R
4.5.2. Dynamic TPPE Electron Kinetic Energies . . . . . . .7 .. .. ... -
4.5.3 Coverage Dependent Dynamics . . . . ... ... ... ........

4.54
4.5.5
4.5.6

Alcohol Molecule Dependent Kinetic Energies Dynamics . . . . . . .
Deuterated Alcohol Molecules . . . . . .. ... ... ... .00,
Temperature Dependent Solvation Dynamics . ... .........

vi

viii

10
13
17
21
24
27

32
32
37
42



1scussion .

.7 Di

5

4
6 Dynam

ization . . .

ical Electron Local

4

by Nitrile

ion

4
4

7 Electron Solvat

8 D

101
111

isk Dipole Model

5 Conclusions

hy

Bibliograp

>




vi

List of Figures

1.1

2.1
2.2
2.3

24

2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5

4.6
4.7

4.8

4.9

Schematic representation of two photon photoemlssmn mea.surements of sol-

vation dynamics . . . . . ... L. L e e e e 4
Image charge and image stateelectron . . . . .. ... ... ... ...... 8
Image state electron potential and image state electron wavefunction . . . . 11
Image states electron density and oscillation . . . . e e e e e ... 15
Schematic description of two photon photoemission . . . . . . SR .19
Description of photoemission process from different states . . . . . ... .. 22
Time resolved two photon photoemission . . . . . . . . . . ... .. ... .. - 23
Angle resolved two photon photoemission . . ... ... ... ... ..... 25

Spatially delocalize and localized electron as a function of photoemission angles 28

Experimental apparatus . . . . ... ... ... L oo oL .33
Autocorrelation of thelaserpulse . . . ... ... ... ... .......:. 36
Sample manipulator . . . . ... ... ..o o e e 38
Clean Ag(111) TPPE and Auger spectra e e e e e e e e e e 40

' Evaporatlon doser . .. .. e 41
Methanol/Ag(111) coverage dependent TPPE spectrum ........... 43
Clean Ag(111) and different alcohol/Ag(111) LEED patterns . . ... ... 46
Potential energy diagram of work function . . . . . ... ... ...... .. 57
Electron demnsity distribution at a metal surface . . . . ... ... ... ... . 58
Local surface potential . . . . . ... ... .. e e e e e e e 61
Energy diagram of TPPE time of flight . . . ... ... .. ......... 67
Two photon photoemission electron dynamics at a metal/butanol interface 71
Wavelength survey of alcohol molecules adsorbed on Ag(111) surface . . . . 72
TPPE electron kinetic energies dynamics for two different coverage of deuter- '
ated methanol on Ag(111) . . . . . . . . . . .. L o 74
TPPE population dynamics for two different coverage of deuterated methanol
on Ag(I11) . . . . L e e e e e e 76
Electron solvation at monolayer of methanol adsorbed on Ag(111) . . . .. 78

4.10 Electron solvation at monolayer of propanol adsorbed on Ag(111) . . . . .. 80



4.11
4.12
4.13
4.14

4.15

- butanol on Ag(111) . C e o e e e e e e

4.16

4.17
4.18

-~ 4.19
..4.20
421
4.22

vii

Electron solvation at monolayer of butanol adsorbed on Ag(111) . .. ... 81
Electron solvation at monolayer of pentanol adsorbed on Ag(111) . . . . .. 82
Electron solvation at monolayer methanol and deuterated methanol adsorbed

on Ag(111) . .. ... ... ... ... .. e e e e e e e e e e 84
Temperature dependent electron solvatlon dynamics for butanol adsorbed on )
Ag(111) . . e e 86

n =1 and n = 2 Image state temperature dependent solvation dynanncs for

Schematic description of local work functxon and Iocal Work -4 unctlon.,change P
due todipole solvation . . . . . . .. ... ... . L . 9
Angle-resolved TPPE of monolayer butanol adsorbed on Ag(111) surface .

Angle-resolved TPPE at At = 0 of monolayer propanol adsorbed on Ag(111)
surface . . . . L L L e 98
Electron solvation:dynamits ‘of rienolayer ‘acetonitrilé adsorbed onsAg(111) :-100
Electric potential due to a charged dlsk and an electron ¢ '
Model of alcohol moléctilar dlpoles ona surface L
Disk dipole potential . .. . . ... ... ST E s e 108




viiF




ix -

Acknowledgements

I wish to thank my advisor and colleagues for th.ei__l;_‘_gqidg,nce;}ancfi: assistance in
the. compl.etion_of my doctoral research. Profes_\sor;.,C‘_h@g‘les H@Triﬁipmﬁéﬁﬁi an environment ,
that fosters intellectual growth and independent pursue of scientific research. His invaluable |
advice has taught me to fdcuso_n; the interesting and relevant 'spiéentiﬁ(.::_iiszsugehs as well as the
imporfance in conceptual undeirspanding‘of,the ”big picture”;
I am fortunate; to work with-a group of great colleagues. During .tthe short period.
of time.I spent with Robert Jordan, Robert. Lingle, and _Niegtﬂui:?_,-ﬁe,ygthey ,,haglf made a
lasting. impact on my research work. Steve: Bromberg, :Matt. Asplund,. and, Matt Wilkens:
had provided me with basic.understandings of the Liguid:Side research. ,Chu;ng and Haw are
like big brothers to me. Chung taught me everything I:need to;know abéu‘c Vthe two-photon.
photoemission. André is not only a great coworker, he is also a supportive friend. Together
we had great fun both in the lab and outside. Over-night experiments included coffee at
Strada, snack runs to Safeway and Lucky, meal at Jack in the Box, and of course, lots of
computer games, loud Simon and Garfunkel, and Pet Shop Boys music. When we wéfe
not working, we went skiing, camping, backpacking, and most often, just have dinner and -
lunch together. Kelly has provided many good icieas, especiaﬂy regérding to fixing the laser.
Paul and Sean have been invaluable to the discussion and continuation of the two—phdton
photoemission research. Dr. Ilyét Bezel has shared many unique views on differgnt aspects
of the Harris Group research. I also want to thank fhe Liquid side, Ken, Preston, Christine,
Libby, Jennifer, and Jason for many insightful talks and discussions. It was nice s"ﬂharing'an |

office with Paul, Christine, Libby, Sean, and Steve. We talked about many things beyond



the realm of academic research. And of-course; the group would not function properly
without Vijaya dealing with adminstration issues.

I would like to  thank my family for their suppért throughout my education. My
paréfits have éncoiiraged me to foll-ovfiﬁy dream and to’ pursu¢ a* Career g’oa;l'o'f my ‘own
interest. My sister Julie has always been thére to render & helping hand wherevér I need
it 1 'my Wife Déling, I found a patter for life. I would liké to‘thiank her for ‘her sipport,
patience, and understanding. Most of all I wdtﬂd like t6 thank her for her unteserved love.
Mike, Rob; and Etier ‘have also been the most supportive friends anyotie can ask.

This work was supported by the Director, Office of Enérgy Research, Office of-
Basic ‘Eﬁiiergy’ Sciences, Chemical Sciences Division of the U.S. Department-of Energy, under
Contrict No. DE&ACO3‘-768FOOOQS: The authors acknowledge NSF support for specialized

equipment used in the experiments:describeéd herein.



Chapter 1

Introduction

,Electro_n‘('i‘ynamics a_t_gsu;fac_es\_ and igterfages are Qf central ir{lportance in many
fields of studies. M;_my fgechpologicg_l_irpportant processes dgpend str9ngly on theveneygy
lgvels, transport prqurties, and lifetime gf the e;leptrqn at interfape. ‘VF‘or egamplg, (_:.atélytif:
reactions on the surfgg_e gftep inyolve electron tranﬁfer betwe?n_‘the reactant and the mgtal
substrate [1]. Electron induced desorption results from the electronic coupling between the
n}gtg} agd__ @d_sgrbat_e dissociative states [2] _The efficiency of qnyl_glyectggr;‘irg device depends
on the e__lectrqp tyaqspor&grquti_es at_:t‘_hei ’interface [3,4]. The _dyng_rnics Qf the;se processes
are _fufr'ther.c?:rzx}pvlicaii:ed by !‘thei: presence ‘Qf an elegtrgn_\r:beqausg electron can exert strong
electrostatic forces on both the surface and adso{.rbgtkes.. Knowledge of the .behavi:or_‘ of
e}ggppons at .tl}'e;,sq;i%r}t‘e‘:r‘faggs‘ is critica}‘ 1n ordei{tq_ iimgr_ove gleyicq _efﬁgf}ency and gndqrstagq

chemical processes at interfaces.

. .+ Electron photoinjected into a metal/adsorbate interface can be used as-a probe of,

the dynamics at: the. interface [5]. The energy and lifetime of the electron.at -the interface -
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reveal information about the electronic structure at the interface [6]. In addition, excita-
tion of the electron and the analysis can be accomplished with laser pulses that have time
scales comparable to the nuclear motions of adsorbates on the surface {7]. The ultrafast
spectroscopy of the interface allows real time observation of changes in charge distribution
associated with adsorbate motions. One particular system of interest is the exéess electron at
a metal/polar adsorbate interface with strong charge-dipole interactions. Strong electron-
adsorbate interactions can cause an electron induced adsorbate reorganization, which is
similar to electron solvation in liquids where electron-solvent interactions induce a‘séliren.t;;
reorganization [8-10]. In general, solvation dynamics are known to significantly influence
the rates of a wide variety of processes, including vibrational relaxation [11-13], ion trans-
port [14], molecular isomerization [12, 15], p'r.(.)téiri foldilﬁg'l[.lé];, and electron transfer reac-
tions [17-19]. The Vintrinshically asymmetric environment ét an interface provides an area
of parti'cﬁlaf 'sighiﬁéancé;,.whéfe both récitﬁ:ed dini'ehs’zi‘or'l‘alitv)‘/ and hindered solvent rvno_tionv
result in dynafnicé distinct ?fr‘o.m -Vthosé 1n the iédltfoi){ic‘iﬁatéiv‘iiai [20—23]

g

' Interf-aces'pfoi/idé}t'he é,syrriiheff‘it:al;flvi'rbﬁiflénf that'is é')'c'bér“iénéedj-fs)y the chem-
ical species“,"\ﬁvhe.t‘her 'they are m the Iférm;'é)éf):‘éi\éali'd, or a moledilar species as inb}a'g?a's or’
liquid, or interface charges made up of 'elec;trdnslfb'r ions. "f-lf‘hé‘ébl{réti{dh dyﬂamiCs of species
within an interfacial eﬁ{}irbnment e’X}iib'if':i.fnpditant;'é.:siﬁectls’ ofi adsorbate-solvent intérac-
tions, but the subject has beéii largely ignored [20]. The asymmetrlc interfacial environment
has the properties that differ from the bulk media in terms of 'stfﬁéfu'res, compositions, and
polarities. Likewise, the interfacial solvent-dynamics can differ from the dynamiés'in either

of the bulk media that definés the interface. Solvation describes the influence of the solvent

t



on the relative energy of the electronic states of solutes, which in turn affects the electronic
absorption and emission spectra. The process of electron solvation is schematically illus-
trated in Figure 1.1. At the equilibrated ground state, the polar adsorbates are organized
to minimize the solvent configuration energy. An ultrafast laser pulse then excites a sub-
strate electron from below the Fermii level to the interface without: disturbing the nuclear
coordinates of the solvent, consistent with the Franck-Condon principle (to in Figure 1.1).
Responding to the exchivtatio'n of the electron, the édsorbagavm'c_)ﬂlec‘ule‘s reorganig_e around the
excited electron. This is equivalent to motion along the excited state poten’dél (t1 > to in
Figure 1.1) on the solvation coordinate. The time deperident, sh;ft in thé?‘éle;ct‘ronic épefgy,

AE, during the solvation process can be observed.using two photon photoemission (TPPE).

Two photon photoemission of image state electron provides some uhique advan-
tages to study electron éolx)ation at interfaces. The image potentialv'vstz'ites that -r;es.i(-ie. within
a few Angstroms of the surface can be prulated by photo injecltion of electrons from ;he
bulk. Owing to the proximity of the interfacial states.to.the interface, the image state
electron can be used ,as a probe of the surface dynamics._ With, laser pulses on the o{r'gi_gr;
of ~1OO ,feﬁitoéécohds, TPPE is capable of rnor}litor-ing the fast nqc:_lé_:a: rhb_t!ibn's thattake |
plaée on t_hé s_uifaéé. Angle.—resol?ed TPPE is used to deterﬁine the ext’eptl.c_;f Tthé{ electmn
Wavefuncﬁipﬁfpérallel to the surface. Image _ks‘fbate:ejleéf;r?on Wavefﬁngfion is stronglyaffected

by the adsorbate motions on the surface.

This dissertation reports the direct observation of electron solvation at polar ad-
sorbate/Ag(111) interfaces. In this case, the alcohol adsorbates rearrange in respo‘ﬁse to the

presence of an electron. Time and angle-resolved two photon photoemission spectroscopy is
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D --,:-Solvation..(;oordinatef

Figure 1.1: Schémiatic representation of two photon photoemisgion measurerments of §olva-
tion dynamics. An ultrafast laser pulse excites a substrate electron from below the Fermi
level (Ef) to' thé interface without perturbmg the nuclear coordinates of the solvent (to): ‘
Respondlng to the presence of the electron, adsorbate molecules reorganize around the elec- ‘
tron. The reorganization of the solvent lowers the solvent ‘configuration energy by AE, '
which is equivalent to motion along the excited state potentlal on the solvation coordinate

(t1 > t5). The time depéndent shift in ‘the”électronic energy durmg the solvation process

can be observed using two photon photoemission



used to measure the change in the electronic energy while the electron is being solvated byb
the alcohol adsorbates. The relaxation of the image electrons involves the changes in the
?local” work function due to the surface adsorbates dipole reorientation, which is similar to
dipole rotation observed in electron solvation in liquid. The TPPE investigation of solvation
dynamics and solvation energies have been conducted with a series of:‘. iineat -'Chail,i';élédh'ol’

molecules.



Chapter 2

Background

The detailed mechanisms of electron dynamics at a surface or interface is of great
fundamental importance as well as technological implications. Electron interaction with the
surface and interface plays a critical role in the performance of solid state electronic devices
since all solid state devices require coupling of electrons to and from external sources. In
attempts to study electronic states at a metal surface or at a m_etal/ adsorbafe interface,
another field has grown around the study of electronic states created by the presence of an
electron outside a metal surface and its induced surface polarization which is also known
as an image charge. While the image electron resides outside of the metal surface, the
electronic structure of the surface greatly affects the energy, effective mass, and lifetime of
the electron. In addition, these image state properties can be signiﬁcaptly altered with the
adsorption of an adlayer. This result necessitates the inclusion of the electronic structure of

the adsorbates to model the essential physics of image states at a metal/adsorbate interface.

Ever since the discovery of the photoelectric eﬁect by Einstein, photoemission has
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been an important tool to study the electronic structures of metals [24]. While enormous

amount of information has been acquired with various photoemission techniques, lack of

. time resolution limits the study of electron dyﬁamiés. The effort to study electron dynamics

at surface and interfaces relies on the ability to-time resolve the ultrafast electronic processes
at the surface, such as electron scattering, ené‘rgyvfyansvfer or relaxation, and localization.
The advent of femtosecond lasers.-'allows‘..diréét ﬁlgaéﬁrerpentS»of electron dynamics at the
surface. The technique of twp'phé%on-pﬁptoemiséibn (TPPE) possesses both the required
time resolution and enefgy resolutlop tostudythelmage potential state dynamics at a

i

metal surface and metal/adsorbate interface. - -

2.1 Image State Electron

;When an electron is placed close to a metal surface, the.electron induces a charge
redistribution in the metal. The electric field from the electron is perpendicular to the
surface, at which the ﬁe‘ld‘lv“a,nishde‘jfsﬂ,‘, Chgrge p‘__plarizgpion'{due to v"éhe_v electron results in the
image charge is shown in Fiéure 2.1. Aﬂ electr(;n at distance z away from the surface induces
polarization of ‘the mg’g_a;l.; T)he.polq?fiza’c;ion in‘the rqe’g_a_l is equi\(alent_ to the formation of a
fictitious image charge located at z inside the metal. Due to the mirror symmetry of the
system, the induced charge inside the metal is referred to as an image charge. The resulting

i_rﬁage charge has a-magnitude of —fe; where e is the electron charge and 3 is.defined as ; .

R o e
ﬂ=6+1 (2.1)
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Surface
Plane.

®)

A 4 4--:-‘-’--”-

Z

‘Image Charge

SPTREE e e . T R 11k

Figure2.1: (a) Schematic diagram of surface polarization by an electron:close to the surface.
(b) Induced image charge resides at equal distance from the surface as compared to image
state electron. The image charge has the magnitude of fe. The value of 3 is determined
by the dielectric constant of the metal.
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The value of § is determined by ¢, the bulk static dielectric constant of the metal. For a
perfect conductor, € is equal to 0o, making 3 = 1 [25]. Because the induced polarization has
an opposite charge from the-electron, the image charge is attracted to the electron outside

the surface by the.Columbic interaction. The image potential can_be written as

V(2) = Eyge — —2 (2.2)

where FEyqc is the vacuum energy, g is thé cilarge, and € is the vacuum permittivity. The
image potential gives rise to a series of Rydberg—like*béund‘ states, i.e. ‘image potential
states, which converge to the E,,.. For a perfect condu‘ctor, the 'imagé’ poterntial equalé"
exactly % of the potential experienced by the electron in a hydrogen atom. Half of this
reduction in the potential arises because the distance between the electron and its'image
charge is 2z rather then z. Also, although the polarization in the surface is considered as a
real charge, no electric field exists .inside the metal. The electric field exists from 0-to +oo
but not from ~—oo to +00, which accounts for the other half of the factor of 4. Wav‘e’fuffcti:b‘n‘-
pe;pendicular to the surface can be obtained by using thism image potential and solving for
the 'dhe aimen316ndl (‘Sé}.ifb{dinger’s equation éerpeﬁdiéuiaf to the 'suffacé.‘ Thé'eigénvalﬁeé
are

et o 085eV”

vac

En = Fyac —

ST (16)2nen? (23)

where m, -is. the :mass of an electron, e is the elementary charge, and n is the quantum.
number of the image states [5]. The factor of 4 in the potential leads to a reduction. of the

energy by -a factor of 16, as-comparedto the hydrogen atom.: Energy difference between
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E,q and E, is called the binding energy, Fp. The quantum .number n assumes values of
1,2,3...00. As the quantum number increases, the energy of the image state moves toward
the vacuum energy and the image electron probability densjty'rrroves away from the surface,
as illustrated in Figure 2.2. The expectation values for the image state electron density are

given by

<z>=31mT2A (2.4)

where n is the quantum number. For n = 1 and n = 2 image states, the expectation values
of the electron density are 3.18 A and '12.7OA away from the surface, respectively. Image
state electrons reside only a few vAnvgsters outside. of a metal surface, especially for the
first few states, making them sensitivé to changes in the surface electronic and physical
structure. At close proximity to the surface, the image state eleétrons can. also induce
electronic or structural changes at the surface. The evolution of these properties can be

probed bby monitoring the image state electron energies and lifetimes.

L

2.2 Multiple Reflection Theory and the Image Potential State
Energy

A more sophisticaytgd_@yeatment of the image state electron takes into account the
eleétfon interaction with th.e"‘metal. !ba,.nd st‘r!’ucture.- In mﬁltipl-e- reflection theory, image
states ‘are represented:asplane waves:that oscillate betwéen :the inner turning point at’
the ‘metal surface bandgap and the outer turniné'point at the image potential [26,27]: The

7

réflections of electron at both turning points add a phase shift in the plane wave. Stationary
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n=2
<z>=12.70 A

1.0 1 <z>=3.18 A
>
©
> 15 B
oo
[P}
==
8|

2.0 -

25 -

0 10 20 30

z(A)

Figure 2.2: Electron induced image state potential leading to a'Rydbérg—like series of bourid
states termed image states. The electron probability den51ty of the n=1 and the n=21i image
states are plotted in the figure. - As the quantum number increases, the’ enérgies of i image
states converge toward the vacuum level whlle the electron dens1ty moves away from the
surface. :
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states exist when the sum of the phase shift equals a multiple of 2. The effects of the phase

shifts lead to a modified expression for the energy of the image states

'0.85eV

En = Evac - m

(2.5)

This is analogovusvtro Equatioh 2.3 except for the quantum defect a, 'v;hiéh takes into account
the effects of wave function phase éhift [28].‘- The quéntum defect a 'dep_en(.is on the phase
of the wavefunéti(;n at 'the surface, and its .value. ;faiies from 0 at the t?)'p of the Eandgap
to 0.5 at the bottom of the band. For a Ag(111) su.rface, thé imége potential states reside
close to the conduction band edge, thus the quantum defect is close to 0.

Quantum defect can also be used to determine the work function of the metal [29].
- Energy separation between two or more image state energies can be used to determine the
quantum defect a. Consequently the vacuum energy relative to the image state .can be de-
termined with equation 2.5. With the knowledge of the Fermi energy from thie photoemitted
electron kinetic energy, work Function <'I>‘ p'an be obtained from <I> = FEyac - Erermi. Note

that the quantum defect a fixes the relative energy separation between the image potential

states and the vacuum energy level. As will be shown later, a constant quantum defect a

Was meésufed_fdf electron soi'\'fation by polar molecule at the metal surface. The ‘eleévtfr('_)x_i_

soli\?atibn by the pdlar molecules caused a dynamical relaxation of .irha'ge state eiettrgn:gi}
netic energies in TPPE. Relaxation of the phdtoelec‘c-ron kinetic energy is attributed to the
dynamical changes in the local vacuum level that reduces the work function of the image
state electron with the binding energy of the electron and the quantum defect of the series

remains. constant.
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2.3 Image State Electron Lifetime

The image state éle_ctron lifetime reflects the rate of electron-hole pair recombi-
nation in the metal. The electron lifetime is determined by two factors: the wavefunction
overlap between the image state electron and the bulk metal, and the electronic structure
of the surface [6,30]. Energetic position of the image state relative to the surface band
structure determines the wavefunction overlap -between.the metal and the electron which
strongly-influences the image state lifetime. The exponential decay of the electron pro_babil—
ity density inside the metal occurs fastest at.the middle of the bandgap, leading to a small
wavefunction overlap and .conéequently. the longest-observed lifetime. . As the energetic posi-
tion of the image state moves toward the band edges, the decay of the electron probability
density becomes slower and the image state lifetime increases. Image states that are degen-.
erate with the conduction. band. of the metal have even-greater-penetration of the electron
wavefunction into the metal and leads to a,shofterlifétim_es (see Figure 2.3(a)) [29,31,32].
For examiple, at the clean Ag(111) surface, .t_he_-image,s_ta,te,_lifet_ime of n.= lis 1.4 times
greater than that of the n.= 2 state. The n = 1 image state has a longer lifetime because
it resides in.the metal bandgap while the n.= 2 state is. degenerate with the conduction -
band. Alternatively, electron lifetime.can be viewed as the elassical oscillation. period be-
tween the surface and-the classical turning.point in _,tihe potential. As shown in Figure
2.3(b), the. distance between. the, surface and the classical turning point is.determined by:
the shape of the image state potential.- The,.oscillatiqn period. between the two turning point..
contributes to the. l;ilfe_tim,e‘ of the image, state electron. The round trip«__di,stancev increages

for higher .image states, which results in.increased lifetimes. Experimental and theoretical
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works have indicated that the lifetime of the im'age'state ele¢tron should be proportional to
(n+ a)® [33,34]. Measurements of image potential state lifetimes at Ag(111) surfaces show
an (n + a)3 dependence for n = 2 to n = 5 states, which are'all degenerate with the silver
conduction band. The n ='1 state does not follow this trend b’\écause it is not ‘degenerate

with the silver baﬁdgap [35]

For electrons residing outside of an insulator layer-on-the dielectric interface, the
image state electron can polarize both the insulating layer ‘and -the metal." In turn; the
polarization in the insulating layer tends to screen the Coluibic attraction:between the
electron and the metal surface. Ba‘nd structures of both the metal sti‘r‘facexﬁand theinsulating
layer play important roles in determining the binding energy and the lifetime of the electron.
TWo‘ models have been developed to describe such a system, the dielectric continuum model
and the two band nearly free electron (NFE) model. The dielectric' ¢continuurii' model-
uses- the static dielectric constant e and eléctron affinity of the layer: to actount: for thé‘f
effects of polarization in the layer [36].:Potential inside the dielectric layer dependsion the’
eleétron affinity; dielectric constant, and'layer thickness:"In‘the vaclium, the potential is:
represénted by ‘the image state potential outside dielectric- layer-as in*Equation 2.5; and:
an infinite series of-image charges due to $uccessive induced imagé cliarges both in' the:
dielectric layer and in the metal. This simple:model his been used extensively ‘to study
dielectric-layer ‘with ‘positive electron “affinity and négative"*élec'trOﬁ* affinity. An overlayer.
with negative electron affinity results in repulsion of the éléc‘trbn probability: density away
from the layer towards the=vacuﬁm, effectively decoupling the €lectrofi from the metal: As

observed in the h—-‘alkané/Afg(-lll)-iexpériment;? presence 4 diélectric layér with:a megative’
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Figure 2.3: Schematic representation of image state electron wavefunction. (a) Image state
that is degenerate with the bandgap has a smaller electron wavefunction.overlap with the
metal. This results in longer image state lifetimes for states that reside in the bandgap
compared to:the state, that are degenerate with the metal conduction band. (b). The round,
trip distance between the surface and the classical turning point influences the lifetimes
of image state electrons. :As the quantum number increases, the round trip distance also
increases, resulting in increased lifetime. Measurements of image state lifetime shows an n?
dependence. i, - . - .- . ' '
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electron affinity served as a tunnelling barrier for image states. The n = 1 lifetime increases
exponentially; with layer thickness. Decoupling of the image electron from the metal also
removes influences of the surface band structure on the image electron lifetime. Image state
electréns showed an (n + a)? lifetime dependen;:e as determined by the intrinsic oscillation
time within the imagév;:;;)teﬁt'ial ‘WQII;:"even.‘=f;)r Statesthat ar?e degenerate with the clean
surface conduction band. For layers with I?dsifive ‘électéon ‘affinity, thé electron prefers
to reside within the dielectric layer and forms a quantum v&éll 'stlate as observed in the
Xe/Ag(111) system. Since the electron mostly interacts with the adsorbate layer, it is
reasonable to believe that the band structure bf?fit‘h'e layer aléo strongly affects the image
state energies and lifetimes. Inclusi(;n of the overlayer band structure gives rise to a more

sophisticated two band NFE model.

The two band NFE model has often been evéi(gd to_; explain the band structure of
a crystal. In this model, the electrons are perturbed by thé ;é‘eriodié potential of the lattice
ion cores [37]. Bulk properties spch as lattice consfant, bulk electron effective mass, and
band gap, are used as parameters in this model. For an adsorbateon Ag(111), two band
NFE adsorbate on two band NFE metal {Teatments is used to tike iﬁfo accoﬁnt of electron

interactions with both the metal and with the adsorbate layer. The electron wavefunction
is ‘'obtained by solving the one di-meﬁsioﬁai' ‘timeiinde’p'eﬁcfént- ‘Schrodinger-eéquationi for ‘all
three regions: inside the metal, in the 'a,déorbate layer; and in the vacuum region." Several

oo

boundary conditions must beé satisfied to obtain a valid solution: the electron wavefunction

rrrr

must vanish at infinity, and both the slope and the amplitude of the wavefunétion:must

match at both the metal/adsorbate and the adsorbate/vacuum interface. The lifetime of the
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image state can be estimated from the calculated electron probability density in the metal.
The two band nearly free electron model has been applied in the study of Xe/Ag(111) and

aromatic molecules/Ag(111) (29,31, 38].

2.4 . Two Photon Photoemission

The techniqﬁe of pho't;oemiesion' has Ioeg.been usee to etudy the eleetronicL‘stetes;
1n soiids end at solid suffaees [391. VA Iphoton with enerigyv 1eréef than the Work fﬁﬁctfon :<I> =
Eyoc — E}ermi cae photoemi;c eleetrlons.v from the.sullface.. By r‘rzleasuri.né the f)hotoefectron
kinetic energy, the‘ Work ﬁincfiexll of the metal, the er;ergy ef éhe ini‘;ial sfete of tﬁe 'eleetv.ren
with: fespect to the vaeuum. energy, and the Ferﬁli level ean be ‘eletermi'ned. W1thknown
ehoton energy used [24] .‘ éingle photon ‘photoemissionllimits the 1n1t1a1 .’stvate to be below
the f‘ermi le§el and the final stete: above the vacﬁuni level. The deéire fo study ﬁnoeeupie;i
stet:es between the Fermi..level and the vacuum le\vrelE .I;);i'ornpt.s; the developreentl volf ether
ﬁhetoemission tecﬁﬁiques. Inversevphot»oemisisio.n wae the i“trsf techmque developed 'te study
theunoccupled sfateé [40] In in;erse phot‘(')e)rvnisvs'ion‘, ae eiecéfeﬁ wi‘th known kmetlc Ee‘ne;r;y -
eﬁd'idnc:ident >angle -iml.)in.ges onthe metal sﬁrfacelar'ld'ex:ni‘ts:a photon The photon energy '
eauais the energy difference Betﬁeen the initial state e:ricll‘/the. final state,whlch 1n thls case
t.he ﬁhal sta’ee 1s the i.rrrAxege‘.petentiel state. Image etafe energy cae Be detefn;ined if the work
function of the surface is known. Image poter;tial states at the Cu(111), Cu(110), Ag(lll),
Au(111), and Au(100) metal s,uffa_ce has been thoroughly studied with'invetse photoemission

by:Straub and Himpsel [41,42].. The energy resolution of the inverse photoemis_'sien%is limited:

by the incoming electron energy distribution; which.is about several hundred meV.In TPPE,
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the energy resolution is limited by the electron energy analyzer, which typically possesses
the resolution of a few hundredth of an eV. Two photon photoemission has become the
" ideal technique to study image states, because it possesses both the capability of studying

unoccupied intermediate states and a higher energy resolution.

In the TPPE, the first ”pump” photon excités an electron from the initial state,
- from below the Fermi level to an intermediate state from which a second ”probe” photon
brings the electron to the r‘inal state above ~the \racuum ene‘rg‘y. The measured kinetic energy
of the photoernitted electron reveals ri»nformation regarding the intermediate state a.nd the.

initial state. The arrival of the probe pulse can be time delayed with respect to the pump
pulse in order to measure the excited state lifetime. A schematic description of TPPE

s

is illustrated in Figure 2.4. Two color TPPE employs photons with different energies for

[

the exc1tat10n and the photoemlssmn processes Typlcally the vrslble light is frequency :
doubled to get the UV photon Wthh serves as the exc1tat10n pulse h1/1 The subsequent
electron photoennssmn uses the remnant visible hght hl/2 Photon energy less than the

work functlon is used 1n TPPE to avoid s1ngle photon photoermssmn Wthh will obscure

Cot i I :t;’T, e , Y s . E . P
the TPPE S1gna1 This hm1tat1on also places constralnts on electrons that can be accessed
With TPPE. For example, states located at more than the work function energy below the
Fermi level or at more than the work function above the vacuum level, can not be probed

A . * P ST

by TPPE.
-+ Theresultsiof TPPE arerepresented by series of peaks with different energy distri-
bution. Intensity of the:peaks represents the number of elettrons as a function. of the kinétic

energy. Photoemitted electron. can origin from initial;: intermediate, ‘or ‘final states. - Fig-
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Figure 2.4: Schematic of two-photon photoemiission. The first photon. excites an electron
into the intermediate state. The probe photpn hva ph(_)to ejects the electron into the vacuum

sl




20 CHAPTER 2. BACKGROUND

ure 2.5 represents different photoemission schemes with TPPE. Due to their different pho-
toemission steps, different states can be distinguished by varying the photon energy while
observing changes in photoemitted electron kinetic energy. In our TPPE experiments, the
UV pump pulse is generated byb frequency doubling the visible probe pulse generated by the
laser. The energy of the UV pulse is exactly twice the visible pulse, Aty =2hvs. Photoemis-
sion of electron from an initially unoccupied intermediate state (such as an image potential
state) is represented in Figure 2.5(a). An electron is ,,:initial,ly. excited by an UV pulse from
the continuum of bulk states below the Fermi level. As the excitation pulse increases .in
energy, the same state is being populated by electrons further below the Fermi level from
the bulk. Increase in the photoelectron kinetic energy equals the chan:égie%;»in the wavelength
used in the photoemission precess. Therefore, the photoelect;enL kinetic energy changes by
hAv, of the photon used. Figure 2.5(b) shows the photoemiesion process from an initially

occupied state (such as the clean Ag(111) surface state). The initial excitation pulse brings

an electron from the fixed energy initial state to a virtual intermediate state. In this case,

the energy of the intermediate state is not constantsmc it i3 rease in the
photoelectron kinetic energy results from bo‘t’h the jéﬁa;%ges-_ln‘. f,he pump pulse ésvw;ell.ae the
probe pulse. Since the UV photon contributes twice the energy of tl-le ‘vvirs.ible, the kinetic
energy- varies as 3hAvy for TPPE from an initial state of constant energy. Single photon
photoemiesion b'y the UV photon is shoﬁ;m in Figu}e 25(c) ‘S‘ince the v‘iei.l.)lev photon oznly‘
have half of the UV photon energy, the visible pulse does not play a role in single photon

photoemission. The photoelectron kinetic energy form a single photon photoemission pro-

cess varies with the energy used for photoemission, which is the UV pulse. Therefore the
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final kinetic energy varies with Ahv1=2Ahvs. Final state photoelectron kinetic energy does
not changes with the photon energy. For a clean Ag(111) surface, an occupied surface state

was observed. Image potential states were considered as unoccupied intermediate states.

2.5 Time Resolved Two Photon PhOf_oe’mission

The width of the peaks in TPPE has been used in fdetefmining %he lif(;,time of ;he
corresponding staté, provvide(.i. the peiék'.orlﬂy reﬂectsla single State. The Lorentzian width of
the TPPE peaks represents the lifetime ;‘broadening of; tl}e étate. The @easﬁref‘;d linewidth
T is related to the lifetime 7 by T" T =h =_§60 meVﬂ,; . fs [5]. Although this fnethod has
been widely used to measure the lifetilﬁ;a (;f image‘state} eléctrohs, the :ggneasu%ed lifetime
is somewhat 'ambig-i;‘o'us :i)ec'ause TPPE 1s a @vo steps_prqcéss. The linewidth reflects the
dephasing times for both t'h‘e.‘:sta’ce transition and system inhomogeneity.:

The lifetime of an intermedi?tef state can also bg measured by time ;esolved spec-
troscopy. Figure 2.6 shows the schematics of the time resolved TPPE. The probe pulse,
hvs, is time delayed with respect to the pump pulse, hvq, which populates the,,,intermediate
states. The changes in the peak intensity as a function of time delay is a direct measuArebof '
the intermedi;pgq §t5t§' l@fe’_bime. As mer{tionéd'izi" the “p're‘:x';)ious _se__c?ioh? thg interfaéié;l elgb-
tfoﬁ li'fétime‘ﬁ:éﬂezéits the g}l?ctrénic’stfgf}?lctﬁfg of the _'intérf»z_“a:ce, The fpimé résolgf.ionsqf: this
techmquels hmltedby the Wldth of‘thi? laserpulse,the pulse w1dth must be comparable or
shorter than the lifetime. A different lifetime profile of image state signiﬁes‘di;ff‘é’rjén't- neéch-

anism in electron excitation and relaxation. It has been determined that the coherent effect

contributes to the observed rise time in the time resolved TPPE [34,43-45]. The intraband
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Figure 2.5: Schematic of two photon photoemission from different initial states and in-
termediate states, where hu1 is the UV pump pulse hvy is the visible probe pulse, and
hr=2hvy. Ejsy is the measured electron kinetic energy. In case (a), the intermediate state
is excited from the valence band by hvy and photoermtted by hvy. Varying wavelength
results in AEy, = Ahvy. In case (b), photoemlssmn from the occupied initial state occurs
through a two photon process. Varying Wavelength results in AEkm = 3Ahvy. In case
(c), the occupied initial state is photoemitted by a smgle Uv photon R, resulting in
AE{‘Im,n = 2Ahl/2
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Figure 2.6: Schematic description of time resolved two photon photoemission. a) A pump
pulse, hvy, excites an electron from below the Fermi level of the substrate into an unoccupied
intermediate state at initial time ¢;. b) A second pulse, fivy, photoemits the intermediate
state electron into the vacuum at delay time At. The kinetic energy of the photoemitted

electron is measured with a time of flight analysis. (c) Intensity of the TPPE signal as a
function of At reflects the excited state dynamics.
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relaxation, where an electron at higher momentum states decays into lower momentum

states via electron-electron scattering, was also observed at the Ag(111) surface [38].

2.6 Angle Resolved Two Photon PhdtoemiSSion

The ability to perfo:rm‘ angle resélved}_’ photoemission offers the oppor’cun;i_%cgr »-tdst'udy
the angle dependence of the photoemitted ;léctron., which. provides information ;-_albout the
three dimensional band structure of the metal or a metal/adsorbate interface. The electron
wavefunction in a periodic potential is ;iesc'ribed by Bloch functions, where the wavéfﬁnction
is determined by wavevector, k [37]. At the surface the wavevector k can be decomposed
into two components, the perpendicular momentum, k;, and the parallel momentum, ky,
with respect to the surface. f During the photoemission foocéss. k, is not conserved. The
perpendicular component ch}mges as the electron moves across the surface b:;arriegbecause
the potential is aperiodic in.nature. However, the perigiiici:éyﬁ .o'f the _poten_ﬁial p;ipallel to

s

the surface is invariant in the direction normal to the sﬁ‘rfa'ce,. gtﬁe'r'efbre ky for an ordered
periodic surface is conserved: The refraction of electrons pho':toériii-t-ted from the bulk into

the vacuum is illustrated in Figure 2.7. For an intermediate state, the binding energy Ej, is

related to the measured kinetic energy Eg;, by

By =tw — Egin~ - - . - (26)

t

where Fuw is the energy of the photon used for photoemission. As seen in Figure 2.7, k|

and k| are given by
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Figure 2.7: Schematic of angle resolved two,photon photoemission. The parallel momentum,
ky, is conserved in the photoemlssmn process. By varying the angle between the surface
normal and the detector, kj, can-be determined.
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2meEgin
R*

k| ='cosf 1/:-27”;7_5’@, (2.8)

where me is the free electron mass and 6 is the angle between the surface normal and the

k| =sin6 (2.7)

detector. As the angle 8 is changed, the Reaké in the TPPE épectrq changes jaccording to
the band dispersion along the direction parallel to the surfézce. The dvi“spersién relation is
determined by the electron transport properties in the metal. The dispersid:n relation is

given by

2.k2 oo

E(ky) = Vo — zmil + Eo, ' (2.9)

where m* is the effective mass of the electron, and Ej is the perpendicular component of
the electron energy. The value of Fy can be measured from surface normal photoemission
in which kj = 0. The value of effective mass can be determined by fitting measured E(kj)
versus kj to Equation 29A free electtoﬂ is 'delocaliz‘éd ancil 1thas anveﬁé‘fc;tiye mass of
1 with a parabolic dlspersmn Larger effe?icivg mass mears étrongecouphng strength
between the interface andthe electron, thus leading to a larger dlsperswncurvature Fot.
a spatially localized electron, E(kj) is independent of &, and the dlspersmnplot is a flat

line. Localized electron has been observed in various adsorbates. For example, electron

dynamically localizes at the ‘alkane/ Ag(111) interface due ‘tfo‘"s"t'roﬁg i_'rite’ir‘a'cfibns"i b'e‘twééﬁf ‘

the electron and adsorbates, which results in' the formation of polarons46].-A disordered

benzene layer localizes electron in defect sites [31]. Localized electrons were also observed
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in self assembling monolayer islands [47]. In the current study, the dynamical electron

localization is due to electron solvation by the adsorbate polar molecules.

2.7 Prior Studies of Two Photon Photoemission

Early TPPEi exper1ments have been focused on studying the two and three dimeﬁ-’
sional band jstrﬁctyrg‘sfésr"ildéle’vcifrlon‘qynamics ét metal or semiconductor surfaces. Aléng
with the ad;fanceméqts_ ig femitqsecc_;nd lasers, TPPE has also been employéd in the ‘;fol‘-
lowing studiés: electron Qyna@ics, in adsorbate ovérlayers, cohe;ent excita‘tic_m of ele‘ctiron
wave packet; i4?;],mo;‘)ti’c-alhdep‘hasing ;)feleAc)t.rons in met;al‘s [48], nuclear motion in pho-
todesorption préces§gs [7], two-dimensional band structure development in self-assembling

monolayer [47,49,50], and spir%—resolved electron relaxation in ferromagnetic systems [51].
The cohere;teg exc1tat10n of several higher order image states (quantum n > 4)
results in dynamics E;di;st;inct"'ly:_v different from &ynamics of a single quantﬁm jstate.‘ The
quantum beéts observedlnthe aynamiCS'W% attribuf_ed to the coherent interfegéhbe betwee'l:q
the wave fugnctions-of'“diﬁereqfimage'states';‘ }}Thez energy separation of mi>§ed quant,urh
states was calquvl_at‘e'dwfror_r_lqﬁhé bea’clng ._periqd._‘;Aesj(_:hlyi“manp and’ coworkers us;ed‘TP;PE to -
measure the lifetimes of excited electron with different spins in ferromagnetic solids [51]. The
ﬁjlajvgri’ty's‘vj.)in.;sjtét‘e"elefc“qfénS" hiave lifetimés twice as long as that of minority-spin ’elecrt'rqr'isb
Pgteii’ éﬁd"»cbv;(’)jrkevrs @é@oﬁstratéfl’ the ablhtyto céﬁtrol;vékcited ‘eléctron r‘dist‘r_ib}iltion‘ 1n
él'lﬁeté;l through 'Ft:'hé"c‘)»pti’éalfpha'se of l‘t‘lije.éit.citatiéﬁ light! [48] The électronic’bdéphasir.lé
dynamics were observed utilizing phase resolved pulses with time durations of ~ 20 fs.’ B

The behavior of hot electron gases at or near surfaces has been a subject of intense
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Figure 2.8: Angle resolved TPPE for monolayer butanol adsorbed on Ag(111) at different
At between laser pulses. a) A delocalized n=1 state was observed with angle resolved TPPE
at At=0.. For a spatially delocalize electron, photoemltted glectron kinetic energy increases
as the angles between the sample normal and the detector axis increases. b) At At= 500
fs, a localized n=1 state was -observed. For a. locahzed electron the kinetic energy is angle
independent.
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research. Ultrafast laser induced NO desorption from Pd(111) surface was attributed to the
non-equilibrium hot.electrons generated by the laser pulse. Hot electrons generate by an:
ultrafast laser pulse in the CO/O/Ru(0001) system were also found to be_feSponsible for the
oxidation of CO adsorbate and resulting in the formation of C02 molecules [52]. The COq
formation was caused by a hot electron transfer reactionfrom the substrate to adsorbates.
On a longer time scale, hot electron relaxation in the metal is coupled to phonon excitations,
wh1‘chv 1;1t1.rnately fesults in a phononvlnduced CO ciesérptlon Pe;tek aﬁd cov;rorkers used
TPPE to obsérve electron photodesorptlon of Cs atomns from a Cu( 111).surface [7] Wha;t
tht;; fouﬁd 1‘s that the excitation pulse alters the electron dlstrlbutlon of the Cs atom
prémétiné elec&on from the. Cs—Cu bonding state to the antibonding state. The subséc;ﬁéﬁt
nlimieér r—né;cion of Cs—éu bénd relaxatién also changeé ;he eneéy of ‘the antibondiﬁg: ééaté.
A comi)lége‘ picture of Cs atém nuclear motion was gbtained by ;;hotoemifting t:he excite‘dv
stafé electron iﬁ t};e a>r:1tib.o.ndin.g ‘srtat'e af .d:ifferent puxﬁp—probe time dejlaysi, 1e étildi;fefent
Cs-Cu nuclear distance, and by measuring fhe elecfron energy >c.han.g‘e‘s: associated w1th the
Cs-Cu bond stretching. This represents the first femtosecond tirne resolved observation of

.. T B . . Y
nuclear motion of atoms on surfaces.

-+ Wolf and coworkers used the Cu(111) and CO/Cu(111) to.study TPPE excitation:
mechanisms for: clean surface image states-and-adsorbate.induced states [53,.54]. - A-direct
excitation: versus-an-indirect  excitation mechla;nism can be. distinguished by-using-s. and:p.
polarized light to populate the:unec¢cupied intermediate states. Direct excitation means.
that the intermediate state is populated-by directly: coupling; between. a-n.._initieﬂ ét,atg-andj

the firial state. For indirect excitation, the intermedidte states are populated by scattering.
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and relaxation of photoexcited nonequilibrium hot electrons from the substrate. On the
Cu(111) surface, they observed a direct excitation for the n = 1 image state. .For CO
induced o, 7, and 27* states, an indirect ex.cit'ation process was determined for the o state
and a direct excitation for both the m and 27* states.. They also measured the transition

dipole orientation for the excitation process.

- f{ecent interesfé int utilizing thé self—aff;adhgémeﬁt vproperty of the self assembled
monola&ér (SAM), as méieéular eiectréni;: deviceé ht;;wé pr;mptved the studies éf SAM elé;:—
tronic si:?uct;ures on rﬁe;ca;l surfé,ces .[47].7 A seriles:“of" é(;rﬁplicated adéorbate iﬁduced s‘tates
wére observed. Most i;nbélgtantl};;j fhe elé;ctron 1s lyocalized.at low adsorbate coverage, whi<l:I.1
corféspdﬁds to vthe fo;rm‘ati.(’).n- IOf isllar‘1ds‘ ;ﬁn the 'surf.zlxce. At higher coverage; where the‘ is-

lands began to coalesce, electron was delocalize throughout the surface. This is important in

determining the critical distance between the nearest molecular devices before cross linking

RE N ¥ : o
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can iﬁterfere Qith the perfqrmance 6f each ~devic-e.

Two.,phot'onf photoemission has'also. been .used. in:studying the effects of adsor-:
bates on image state electron properties. It has been shown -that. for a physisorbed. layer,
the electron affinity of the adsorbate is most critical in determining the binding energies,
lifetime, and effectiveimass of image states electrons. For attractive adsorbates siich as Xe,
irnage state electrons ténd to reside‘in the Xe layer, resulting in the formation of quantum
well states (6,32, 55].1On.the other hand, a repuls‘iv_e.f‘adsorbate’ like alkane molecules tends
to push electron outside the layer, effectively decoupling the electron from the metal and
leading ‘to a longer electron lifetime. The long lifetime allows' the: image state electron to

induce structure rearrangement that’leads to electron localization and solvation at the in-
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terface [6,30]. With growing interest in the physics of image state, excited state electron
dynamics, and transport properties at surfaces and interfaces, TPPE has become an impor-

tant tool in the study of surface chemistry, electrochemistry, and electro-optic materials.



Chapter 3

Experimental

Twov photon photoemission experiments combine the use of an ultrafast laser and
an ultra high vacuum system. The ultrafast laser with pulse width on the order of electron
lifetime at the sample meta‘l surface is used to probe the electron dynamics on the Ag(111) °
surface. The Ag(111) sample reside within an ultra high vacuum chamber that ensures the
cleanliness of the metal surface for the duration of the experiments. The diagram of TPPE
apparatus is shown in Figﬁre 3.1. A briéf overview of the vacuum and laser system will be
presented in the current thesis since many details regarding the experimental setups have

‘been reported in prior theses [35,56-59].

3.1 The Laser System

The laser system used in the experiment is purchased from Coherent, Inc. The
system consists of an Innova 400 Ar-ion laser, a Mira Model 900-F Ti:Sapphire oscillator, a

RegA Model 9000 Ti:Sapphire regenerative amplifier, and an optical parametric amplifier
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(OPA). Innova 400 Ar-ion laser that operates at multiline emission produces a 22 watts
light that is used to pump both the oscillator and the amplifier. The oscillator is pumped
by 8 watts of power that was split from the Ar-ion laser to create a population inversion in
the Ti:Sapphire crystal that serves as the gain media in the cavity. Since the Ti:Sapphire
: ampl@ﬁés all v;r:ayelength betWee'rvl"GSOnm t0 1100 nm, the redﬁctio‘n ‘of the amplified wave-

lengtil is accomplished with laser mirrors and a birefringent filters. “Currently the Mira

pulse is centered at 798 nm with 10 nm full width at half maximum (FWHM). A saturable

absotber system is used in the oscillator to achieve passive ,;nod_elb'(":king. As the intense

laser pulséK alters the index of the Ti:Sapphire crystal, the crystal na‘rrdv@ the laser beam
that passes through the slit. This is known as the opti(;‘a;l Kerr effect. The ‘phasebif a large

number of modes are timed to add constructively in o;'de'r'to crféate‘a mode 1Q¢l:<ed, high
peak intensity pulse for the formation of Kerr lens. The ultraféét p}llse,,»iS-"less intense at
both its leading and trailing edges compared to the center of the pulse, therefore the two

edges will cause less change in the index compared to the center. This is kriown as self phase

modulation (SPM). In fact, SPM alters the pulse shape because d‘ " : varts of the pulsé

move at different speeds. In addition to SPM, the pulse is broadgj d ini-time to group
velocity dispersion (GVD) while traveling through lenses, resulti;lg in a ”chirped” puls%;. To
compensate for SPM and GVD pulse broadening, a pair of prisrr;s. 1s used as rle'.g:t—;v:GVD
to recompress the pulse. "Autocorrelation of the oscillator is 198 fs w1th a width of 140 fs.

The repetition rate of the oscillator is 76 Mhz with 850 mW mode locked output power.

The Ti:Sapphire regenerative amplifier, RegA 9000, is pumped by 14 watts of

power generated by the Ar-ion laser. An acoustic-optic Q-switch holds off spontaneous
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lasing in the amplifier cavity until a 140 fs seed pulse from the oscillator has been injected
into the cavity. The injected oscillator pulse is broadened first by a cubic polarizeﬁr, then
by the:Q—switch TeOs crystal. After 20 to 30 round trips id the cavity, the injected pulse
reachee the maximum energy before being ejected by an S5iO2 acousto-optic cavity dumper..
The amplified pulse is about 40 ps in length. The index of refraction of the SiO; crystal is
altered by an acoustic pulse and thus diffracts the dump pulse away frofn the cavity: Thg
broadened RegA pulse is then recompressed with a 4-pass pulse grating compressor. The
final obtput pulse centers around 800 nm with 760 mW power and 260 fs pulse width a’f

200 kHz repetition rate.

- Optical paraTbetrieAampliﬁer (OPA) uses 25% of the RegA output to generate a
wbite—light corﬁjibuum that containe spectrdrn from ultravidlet to mid;'i:nfrared The white-
~ light continuum is used to seed the BBO ‘crystal -1n the OPA. The rest of the RegA output
is frequedey dodbled by focusmg the 800 nm RegA beam 1nto a 1. mm thlck Type I BBO-:
crystal to generate the 400 nm "pump” beam. Through optical mixing of T;he ”pump”’ beam
in a second BBO crystal, the ”signal” beam and the ”idler” beam that conserve the energy of
the” pump”-beam are generated.:Changing the-direction of the "puinp” beam entering the
BBO crystal tunes the ?signal” beam from-500 nﬁ to 700:nm, and changes the idler beam:
simultaneously from 2000 nm-t0:933-nm. The OPA output.at 680 .nm is. __approxima;tely'-25;
mW in:power. Group velocity -dispe‘rsibn-cor,dpénsated by . two prisms result:in 120fs ;pdlsfé
width -measured by aitocorrelation:: A spectra of TPPE autocorrelation of kthe surface state:

is shown in:Figure 3.2.- Part.of the compressed:pulse is frequency doubled by -,ado{:ber BBO

crystal to generate the UV (the pump) beam in TBPE.;The first’ dichroic mirror separates,
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Flgure 3.2: Autocorrealtlon from the dynamlc data of TPPE The result of TPPE is ﬁt to
a Gaussian function with a FWHM of 113 fs. o : S

the UV and the visible (the probe) beam: The‘visible beain goes through a delay stage then
récombines with-the UV beam using a second dichroic mirror.. The recombined beams must
be overlapped both in tintie-and- space to produce a-two photon e‘xcitatio;i in bulk metal.
The spatial overlap is accomplished by:‘*turmngamirro.rs in the beam path to assure both the
visible and the: UV lights travel parallel to each othér; By adjuétiﬁg the delay stage for the
visible light; the two beams can be overlapped temporally.. Both. beanis-are seﬁt:throug-fi a

chamber view port onto the sample surface: =~ = ..or o0 w0 T e T
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3.2 Ultrahigh Vacuum System

In order to conduct studies of image potential state on a surface with minimum
contamination, the sample crystal is placed in an ultra high vacuum (UHV) environment.
A variety of equipments were built onto the chamber for the TPPE experiments. Detail
descriptions of the chamber has been reported in the thgsis of Merry [56]. The ultra high
vacuum chamber is equipped with a Varian 400 L/s triode ion pump and an Edward EXT
250 ::urbomoblec’ular pump system. Under normal operé,tions, only one pump will be used
on the chamber at a time. The turbomolecular pump is used to remove molecules from the
chamber Wkﬁle the pressure is above 1% 1078 torr, or while the molecules are desorbing

from the sample. Thereafter the ion pump is used to achieve a base pressure of 5 x 1071}

torr.

g A Ag(111)'single crystal sample is used fbr experiments described in this disserta-
tion. The éilyér érystal is mounted to a sample manipulator that provides prgcise translation
of thé_‘ sample along three' Carﬁe'sian coordinates and.fﬁbi}é;tations. Rotation about the x-
y plan;z ‘;aJHOWS ele&tfons to be pho’qoeniitt.éc:i.ét, dilf‘ferénjci,aﬁéles for angle-resolved TPPE.
Rotation about the z-axis of the sarvnpgl'e allows apﬁlicafi@éls of other instruments installed
on the chamber. Heater and iiqujd helium ﬁéw éfyostat‘ equipped on the sample holder
allovs}s the Ag(111) saﬁlple to reach temperaturgsnbetween:5_0'K and 725 K. Thermocouple
attacﬁéd to the‘.s“ample a,llov;fs preéise ré#ciing of the sample %‘.c'emperature.

The Ag(111) crystal is subjected to repéated éycles of sputtering with Ar at 500
K for 20 minutes and annealing at 725 K for 20 minutes to maintain the cleanliness of the

surface. Sample cleanliness is verified with an Omicron LEED /Auger spectrometer along
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manipulator

Ag(111) sample

goniometer

Figure 3.3: Sample manipulator provides precise motion required for experiments in the
UHV chamber. Goniometer provides the angle rotation needed in angle-resolved TPPE
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with TPPE. Auger spectrometer is used to identify the atomic species present on the surface.
The LEED is used to determine the orientatioﬁ of the surface as well as the orientation of
the layer growth. Detailed description of the operation procedure and technical information
of the Omicron LEED/Auger spectrometer has been reported in the thesis of Wong [35]. A
TPPE and Auger spectra for clean Ag(111) surface is shown in Figure 3.4. A quadrupole

mass spectrometer is also used to identify molecules inside the UHV chamber.

A leak valve or a miniature evaporation system is used to grow thin adsorbate
layer(s) on the sample surface. The leak valve is attached to a high vacuum sample line at
which the gaseous sample is first purified via freeze-pump-and-thaw technique before being
introducing into the chamber. Layer growth by vapor deposition is accomplished by opening
the leak valve and expose the Ag(111) sample to the vapor of desired adsorbates. Layer
by layer growth is calibrated by comparing different surface exposures to TPPE spectra
and LEED pattern. The evaporation system produces metal or semiconductor molecular
beam which is used for epitaxy growth of refractive materials. Picture of the purchased
E-vap 100 is shown in Figure 3.5. The E-vap 100 uses an electron beam power source for
thermionic emission to generate a constant beam of electron. The electron beam is then
used to bombard an 1-millimeter diameter metal wire of material to be deposited in order
to generate a constant stream of mplecular beam. Source aperture collimate the molecular
beam as it exist the evaporation system. The .wire is mounted on a manual linear drive feed
through, and must be feed periodically in order to maintain a constant evaporation rate.
During deposition, the Ag(111) saxﬁple is placed in direct line of sight of the evaporation

head to maximize the deposition rate.



40 CHAPTER 3. EXPERIMENTAL

09 }

0.7 |

05 }

Intensity (a.u.)

03

0.1

05 07 09 11 13
Electron kinetic energy (eV)

1.24

)

=k
)
N

Intensity (a.u.
N

1.18 |

200 250 300 350 400 450
Auger electron energy (eV)

Figure 3.4: (a) TPPE spectra of a clean Ag(111) surface at 708 nm. Two peaks shown in
the spectra are the surface state (left) and the n=1 image potential state (right). (b) Auger
spectra of a clean Ag(111).
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Figure 3.5: Evaporation doser, E-vap 100, from MDC. Evaporation doser is used to grow
refractive materials on Ag(111).
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3.3 Alcohol Molecules Solvation Experiments

Alcohol molecules adsorption on a Ag surface has been studied by Gellman, et
al. [60,61], Kleyn, et al. [62], and Weinberg, et al. [63]. Through high-resolution electron
energy loss spectroscopy, Gellman and coworkers were able to identify vibrational structures
of alcohol molecules adsorbed onto a Ag(110) surface. Comparison of vibrational stretch
between monolayer, :multileyer, and liquid phase alcohol molecqles rhave shown that the
presence of the Ag surface only slightly perturbs the alcohol molecules. Angular dependence
of the electron energy loss cross section‘identiﬁed the C-O bond to be roughly align parallel
to the surface from methanol to octanol moleeules. X-ray photoemission spectroscopy was
also used to identify the adsorption g'eometr-y of the alcohols molecule’S on the Ag(110)
surface. Experimental results 5,150 indica.tedv thet;";the alcohol molecules adsorbed on the
surface with alkyl chains parallel to the surface. The work function change associated with
the adsorption of alcohol molecules has also been measured. This work function change
is attributed to electron donations by the oxygen atom [60]. Increasing alcohol adsorbate

chain length reduces the work function change because of the decrease in oxygen density.

For the alcohol molecules on Ag(111) experiments, Aldrich spectra grade anhy-
drous methanol, (1)d-methanol,1-propanol, 1-butanol, and 1-pentanol were used. Samples
were transferred in a nitrogen dry box onto the sample line with a base pressure of 5 x 10~/
torr. Alcohol sample was then purified by repeated freeze-pump-thaw before being intro-

duced via a leak valve into the UHV chamber.

The layer growth characterization of different alcohol molecules on Ag(111) sur-

face was accomplished with TPPE and LEED. Adsorption temperature was determined by
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keeping a.back pressure of the adsorbate mo_lécu_les_ in the chamber while slowly 1owering
the substrate temperature until adéorption was observed with TPPE. Holding the substrate
at the adsorption temperature while incréasing the surface coverage results in a steady de-
crease in the work function. For methanol adsorption on the Ag(111) surface, Figure 3.6
shows TPPE spectra ‘of' incteasing methanol coverage. In this case, monola’ye‘r adso'rption
temperature is 120 K, apdvtheicomplete mopolayer surface coverage was det;ermined ‘go be
between 2 to 3.5 Lan_ggmir_»egpospre. No ap;parent work function change'c'ari be observed
between those two: coverage. . Monb‘layer 'determinétion was validafed Wif;h. the obser;/atio‘:n
of sharp LEED spots w1thmthls range of coverage. | At monolayer cove‘r'age, the ﬁ':: 1 and
n = 2 states wer:.é observed 1n .the TPPE s;;ectra. Increased methanol exposure at 120 K
yields a slow adsorptﬂiq.r}v qf__;pu}ltil::myers, which resulted in broadening of the peaks with no
visible LEED splt;‘t:s.. The broad and featureless peaks in TPPE spectra at high exposure

reflect the disordered nature of multilayer adsorption.

Loy e s

For all of the alcohol adsorbates used in the elé_ctron solvation preriments, oniy
ordered monola,}fgg ,LEEDijtifernéwege observed. The LEED pattern observedl for a‘mdno-
layer coverage of different alcohol aidsorbaté§ is sketched in Figurga 3.7. Asa common feature
observed for all 6f the alcohol ‘ﬁioléculés used for the experiinent, increased exposure«zfa,boye

the monolayer coverage ‘inevitably resulted in the growth of: multilayers that réflectad in
T ' N o0

the disappearance of the LEED patterns .a,lq;ig with broadened TPPE. peaks.- The mono-
layer adsorption temperature and exposure that resulted in monolayer growth and LEED
pattéf:n for each élc;)hoiéspfeéiéfsf used in the ‘é;éf)é:rin;éht is';éuﬁﬁﬁériied in "I"zviblé'fﬁf.{'l_. Asthe

alcohol molecules increase in chain length, the adsorption temperature become higher and
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Table 3.1: Monolayer adsorption temperature and coverage exposure

Adsorbates Monolayer adsorption temperature Monolayer coverage exposure

Methanol 120 2-3.5
Propanol - 160 B o1 -
Butanol S 170 - ¢ 0.5-1.5

- Pentano! S 180 , 1

the exposure required for a monolayer adsorption decreases.
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Figure 3.7: Observed LEED patterns for different alcohol molecules monolayer adsorbed
on the Ag(111) surface. Observation of LEED pattern indicates alcohol molecules form
order layer on Ag(111). Electron beam energies used to obtain the LEED patterns are also
included in the figures. '
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Chapter 4

Electron at a Polar

Adsorbate/Metal Interface

- 'The interactions of solutes with their surroundings is a subject of great importance
siﬁée’ these interactions determine many of the physical and chemiéal phenomenon that take
place‘in the condense phase. The rate of chemical reaction that takes place in the condense
phase largely depends on:the'mechanistic’détails of the solvation process. Electron solvation
represents one'of the most fundarmental type of solvént-solite interaction. Two dimensional -
electron solvation at the 'metal/alcohélf interface represents the first: ever studies of electron:
solvation in reduced geometry as well as:-at-an interface. The first part of the chapter is
devoted: to an-overview of previous ,s_olVation‘»zexper'iment's that take place in the liquid or
glass. medium’:-:;:AThe .conceépt of work function and local work function-is presented in the. -
second'section in this:chapter:: It is necessary to present these twa‘see’minglyrtfiv"ial;but;iin_,

reality:not so-simple concepts because the-observation of electron selvation by TRPE relies.
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on applications of the local work function theory. The last part of the chapter includes
the experimental results and discussions of the systematic studies of electron solvation by
alcohol molecules on a Ag(111) surface. Electron solvation in alcohol is used to compare

with electron solvation observed in nitriles.

4.1 Previous Solvation Experiments

Ever since the first observation of _§Ql§aﬁed\ éiect;rgn m ‘ammonia by Kraus 164],
kinetic and thermodynamic properties of solvation has been a topic of intense research.
The development of the pradi_-oly‘sisi,» expgriryeﬁts durmgthe 60’s opens ,tlzlf,?»-YVaY: fqr‘_elecitr_on
solvation studies by préviding aﬁ .eﬂicieﬁt‘:a;ld ;eiiabie méané té genér;te —excéss electroﬁs.
Radiation pulse photo ionize electrons from the medium, "hot” excess electron can then
inferax;t with the surrounding molecules. Absorptien:spectra taken immediately: following
the radiation.pulse pr_ovidés the: energy..of .the’ excess .elegtrqns,»,é,s they . interact with.the
solvent molecules. The first: direct: observation of the electron solvation precess.was reported
by =Bax’endale and Wardman -[65)- - _Afte’r .irradiating; alecohols .sample,. they observed, an
appearance: of the optical absox;ption:'baﬁd tof ,-splvate,_electrcm'.‘ . Time: evolution of the
absorption spectra was used to explain the process:of: electron solvation. .. , ..

'Following Baxendale and ‘Wardman;, numerous-experithental. [66-77] and theoret-
ical ‘works [78-83] contributed to furthe:rf‘undefstand{ng of the physics of electron solvation.
Kevan and coworkers [67] -studied electron solvation in' various alcohol ‘glasses:at 77 K by

pulse radiolysis:and later by photoionization {73).:In-each-alcohol glass; trapped -electron

-----
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diffusion occurs faster for more polar solvent. They suggested dipole reorientation around
the solute is responsible for the transient spectra shift. Initially the electron is trapped
in a shallowv potential well, eleétrostatic vinte?action between the trappéd electron and the
s;lrrouﬂaing ;iipple proﬁbtes the reoriéntation of the moié;uiar dipolé to produce a déeper
éoteﬁtiél weil. Sfrongér short range iriteréction between the electron. an\d the mo.re’;')o-
lar sélveﬁt résﬁlts in faster blue shifts. Temperature depen&eﬁt studies indicéteisa;nqll;le.sJ
piaced at higher temperature results in higher electroﬁ sovlrvation 'rate cq;lstan:cs. At lo§ver
temperature, the moleéﬂar dipoles.>still underéo reorienlté'tiop% .ali)eit 'é hind‘.ér’éd>mot‘i~on.b
A semicontinuuﬁ; model wa,s brof)osed b}; Kevan |78, 79];.t0 explain the effect o;f dip()'ie re—
orientation; spectvrz-i -sh‘ifts, an(i tem;;erature effects. Paramete‘rs »such as solvation radlus
aﬁd solvent arél-e were calculated as a function ‘:c.)f temperatu;’e to combare With experi-

mental results. The fastest solvent response was obtained by Kevan with nanoseconds time

resolution.

' . Higashimura and coworkers studied electron solvation in.various organic glasses
between 4:-K-and 77K’ by gamma ray radiolysis [66] ... At 4 K} the absorption band.was.
attributed to trap electrons at pre-existing traps. where molécular dipoles remain unrelaxed.
Upon annealing the:sample.from 4 K.up to 77 K, they observed ﬁhe band; blue shifts, which-
they: explained as the gradual reorientation of the molecular dipole as .”t,r'appe‘d”-‘ 'elec\t.r_o_n-
transforms to:”solvated” electron.. Cooling; the ~ inivtialiy\ solvated :electron from.77.K: down
to 4:K also resulted in-absorption band:blue shifting. In this case, although ithe: molecular
dipele has relaxed:and reached equilibrium structure r-wi;th,»?ché presence of .the - eie;c;t,ron-, at

77 K; lowering the temperature causes the contraction of:electron traps in the Gr_ganic,glassf



50 CHAPTER 4. ELECTRON AT A POLAR ADSORBATE/METAL INTERFACE

and results in the spectrum blue shifting. -

A drfferent solvation model was proposed by Kroh [83] Salmon [76] and Fun->
abashi [80 81] to e)cplaln electron solvatron' Funabashl argues that the two absorptlon
band observed in alcohol glasses should not be described as” trapped” or ”solvated” elec-
trous, but insteed they were'electrohs at turo different t'rap sites:b thehydrogeh bonded‘ OH
chains and the aikahe part .of the moleculle” I\;Ilgratlon of trapped electron from shallowl
traps | the alkane site, to deep traps the OH- cham traps caused the change in absorptlon
spectra. Salmon and Kroh [76] further pAdmts out the change in spect‘r‘a is not due to dlpole
reorientation, it is due to e‘lther the loss of electron to recombmatloh reaction in the glass
or ruigration of electrou frorh ehellow traps to deep treps. At extrerhely low temperature,
about '4 K, -thevviscos.ity in these eystem is too hiéh, which reieéates the ;reorientation of the.

dipole to a minor role in electron solvation. Instead the migration seems to be the more

likely explanation for the spectral changes at shorter times and lower temperature.

Similar to results observed in-alcohol-glasses studies; electron solvation in liquid
alcohols-also exhibits two distinct species of- electrons; trapped ele¢trons and solvated elec-
trons [84-88]. ‘.‘Initiallynt'irapped electrons’ absorb in the infrared-spectrum; :subeequently-
the electrons rapidly solvate and transform into visible absorption. The formation time of
the solvated'electrons: have been measured by many different research groups. Measured
with: ‘picosécond. time resolution; the solvation time ;raried betwéen 1 to 50 picoseconds for
various aliphatic alcohols. ‘At short. times, initial‘localization:of the quasi-free state takes
place &ither by a configuration fluctuation or by a.preéxisting trap in the liquid.- Subsequent.

solvent rearrangement niear the trapping site results in.a-solvated electron. Two differetit
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time scales were obtained from the experiments, an instrument limited fast component (less
than a picosecond) and a slower component. The slower component was found to correlate
with dielectric relaxation time of the liquid, indicating that the orientational relaxation was

the dominant mechanism in structural reorganization.

Time dependént fluorescence Stokes shift éxp:e;rilryne.ntss» haé also. beén ﬁsed to in.ves.-
tigaté solvation dyrlémiés of laréer ébluté mc;lééﬁleé [89—93] The uI‘lch‘arged, 'rigid mbleé:uleé,
inside a polar sélveﬁt is e);éited .byv a vs‘h,<;)rt pulse. E);cited; s.tat:e. solute creéfes{a stron; locél
ﬁeid on the surrou:nd‘ing séﬂverlt ‘;o rearranéé’ah;i form a..con.ﬁ}‘g’ﬁra:ti;h ,tﬁaf scl)lvat;slstllle
excited vstate éolute. As thése' s;)v.l‘ve.’nt rveafvraﬁgverllleht.t;kéé pllace, fhe.éol;eﬁt pertﬁfbs thé
electr;)r;ic stéte bf tﬁé molecule, and causes achange‘:s- m the sélute err:lissi<):11-.:spectrﬁr.1c1. The
emiséion spéctrum of the exc.ited ététe chaﬁ:g:eél“as thé solvént felaxes aro’un‘d the exc.it‘ed
molecﬁie. Time resolvéd spectrya changes ‘are ﬁnkeci to thé d}.fln;mic.al nibvéfnent vovf the
solvent.. ’fhrough oﬁf ;he .dipole solvatioh experivrvr;ents‘, :the“ot.)s.é.rpvicjd sblvétioﬁ:time.dbéé
not dépend on the brob.é mol.ecu‘l:é ﬁ;sed é,;ld épbear .to reﬂ;(.::f‘“pri:mairily ’ktilhle p.r:o'perties\ é)f

the polar solvent studied. Time scales observed in these solvation studies are shown to be

related to the longitudinal and Debye relaxation time of the solvént.

- . ' Recent development of the ultrafast laser  allows, probing of the solvation dynamics
on a femtosecond time scale. Examination of ,shgp‘q time solvation dynamics reveals an ul-
trafast component of energy relaxation that Was not able to be observed before. Transient
absorption feintosecond ‘studies .of :electron 'sﬁlvati'on. inalcohol liquids:conducted by Bar-
bara and co-workers show that:the solvatién process:is complex, especially in the s-.h‘o,r_titimer

regime ‘after electron creation: 8,94, 95]. They.suggest that. the observed 300. fs.relaxation



52 CHAPTER 4. ELECTRON AT A 'POLAR ADSORBATE/METAL INTERFACE

time is due to either the radiationless transition from the electronically excited ”p” to the:
”s” .ground state or to the alcohol molecules solvation iof the excited ”p” p” state electron..
The slower time scale seen in the experiment is attributed to the slower diffusive solvation
motion, similar to those observed in photoionization and photolysis experiments. Ultrafast
fluorescence Stokes shift studies of chromophore in polar solvent by Fleming illuminated
-the comple-x1ty ;)f the ultrafast solvatlon dynamlcs [17 89, 96 97] Multlple solvation time
scales were obse'rved for coumarin 343 (a le.),rgé.ﬂuorescence dye molecule) solvation in hqmd
etha;xllol. 'I“he' fést relicxxat‘io# has;la time conétant of ~ 607fs tha"c accounts for-‘the ma;jof;‘
ityl of the eneréy relaxatiér;. :"';I'his ultrafast:pha‘se of solvavtviorrlr h‘as'bgren ol;served 1n méﬁy
soiQent sjtudies .';Lnd ;raries litﬁe ﬁém solvéf;t to solvéntE t98]. ;The nature (;f thé short—-tAixr;e
solv;ant response Awan‘s”éttri"buted to the isoiatedvindividual molec.l;l.lar intéractién betwveen‘
tile solute and solyénf, which isllabel'led as ‘c‘he inerti'al niofion. Eaéh solven‘F .m-ollec{l-les
reéponded as individuali’éolvent,molc;culers. without the presence of chéf s_olvent‘molecuies.
S‘in‘lilar results ‘vxbrérve la‘lscv)'ogsevrved in the mole(_:ulaf dynéﬁic s;i;r;ﬁla‘éions by Mar.cv?nceliiv [99]
Moléé:ﬁlari dyhamic s_in.lvl‘llatbioné have alsé’shown ;hat thé ir;erfi;ml motlon in\./olv.ed ;mo‘stisf the
ré;rientatién of“‘thv.ev S(;l;fer(lt\‘;ncl)ulecul.e.s m the ﬁrst few so‘l.'vent“s..hells:ground fﬁe\,s:olﬁté. Sol—
vation experiments of dye kni14olecule in p.olymé.thylmet}llacryla‘te byFlemmg énd C(;—;Js;orke;;g
demonstrated that the inertial component of solvation is temperature indépendent between

300 to 30 K, unlike the slower diffusive component of the ‘solvation [96,97]. -

Along with the experimental advancement of observing solvation, different models
were proposed to explain the results. Theoretical: treatments of the dynamics of. solvation

can be divided-into two -approaches: the continuum model and the:molecular model.. Con-:
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tinuum model treats the condense phase as a collective object deseribed by bulk parameters.

Molécular model allows different molecular motions for individual molecules.

The continuum model treats.the .solvent_a;q -ahomogeneous medium in which:the
only relevant prop:)erty is.its bulk, a frequency-dependent dielectric correlation function [89,
100]: The-polar selute is.replaced by a melecular cavity of some.simple shape. The. solvation
energy is obtained by evaluating” the reaction field of the. polar solute molecule inside the
molecular cavity. The dynamics are simply related to the solvent dielectric properties and
the detailed-solitte-solvent interactions: are; igriored.” More specifically, solvation time scale
is proportional to the dielectric constant of the solvent in an infinite frequency electric field, .
the dielectric constant of the solvent in-a static electric. field, and the Deby‘e~ relaxation time
of the solvent:~Continuum model predicts that. s‘qlvation time in a fluid should be equal to -
the longitudifial relaxation titme of the solvent.: The-continuum predicts single relaxation
time-scale, which is contrary to experimental observation. Experimental results indicate
multiple solvatiori time scales, in which the long solvation time scales show qualitative
agreements to 1loﬁgitudi=ﬁal relaxation  time of the solvent.. Minding the molecular nature:of:
the solvént, Wolynes [101], Rips {102,103], and Nichols and Calef:[104], proposéd theories
that involve more sophisticated treatments of the solvent. These theories model the solvent
me&iuﬁl ‘as a colléction of-hard polarizable spheres; whose dynamic properties are handled
by the ‘meai’spherical approﬁimation:'(uMSA).{- The MSA model:demonstrates that solvation -
dynamics proceed on ‘multiple time scales.-Most solvent exhibits two distinct time scales.
The fast solvation-time eorresponds to the bulk relaxation time:7r, and the long time scales

is ‘associated ‘with Debye relaxation' time of -the solvent;: 7p. Depending on the distance.
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from the solvent to the solute, solvent responds to the perturbation in solute at different
time scales. Another approaches to model solvation dynamics was proposed by Nichols
and Wolynes [104, 105], and Bagchi and Chandra [106,107]. They derived a generalized
Smioluchowski equation to describe the solvent relaxation. In this description the dipolar
solvent -molecules undergo rotational and translational diffusion in'a potential of mean force
along with the mean force of the other surroynding 'solvent dipoles; This theory predicts

that the solvation-time-correlation function will generally be non-exponential. -

With the development of increasingly powerful computational capabilities;. com-
puter simulation of solvation becomes accessible. Maroncelli performed molecular dynamic
simulation.of electric field correlation function at a polar Lennard-Jones solute in spherical
clusters for various solvents [99]. Simulation results indidéuted,fchat_s_ol-vation proceeds on
multiple time scales. Analysis of the simulation data.revealed:that: the majority of the en-
ergy relaxation occurs within the first few. hundred femtoseconds.  Furthermore, Maroncelli
found that the ultrafast solvation dynamics was independent -of solvent-solvent interac-.
tions.. Identical ultrafast dynamiics results were:obtained for molecular udynamic-simulations.
thati included . solvent-solvent ‘interactions and-those that :excluded:the.interactions... To
explore the undeflining,physics -of solvation, Rossky and:co-workers ;-{have performed nu--
merous ‘quantum molecular dynamics computer simulation; of-electron. solvation .in :various
solvents [9;108-110].. The quantum energy ,g'zip; betw,-een ‘the-electron ground state.and: the’
excited state was used as the probe.of the solvation process.. A:0.3-0.5 picosecond :solvent.
response, which aceounts for the majority of the.energy. relaxation, .was .observed . for the

electron solvation-in methanol simulations.. They -attributed this fast-solvation.component;
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to the relatively fast, adiabatic response of the solvent. In separate studies, they pointed out
that the ultrafast inertial component was the OH bond rotation. To solvate the electron,
the methanol‘molecules orient the OH bonds toward the electron with the positive charge

hydrogen closest to the solute.

o

4.2 Work Function and Local Work Function

Work funétion is the minimtim energy réquired to 'remove an electron from the
metal to 4 distance far away. More precisely, for an infinitely large uniform metal s"l/i'rfa(':e, ‘
the wotk funétion ¢ is the potential energy diﬁerénée between two states of the system:
the initial neuttal sample at 0 K, and the final state with ah electron at rést iﬁﬁnitel§
away from 'the surface (not affected by the electrostatic image force of the rrfetal)'wi'th the
ionized metal remain at grofiﬁd'é't‘é{te [37,111]. Potential energy of these two states are bf’ceﬁ
referred to as the Fermi energy, Ef,; and the vacuﬁrh energy, E,, respectively. ’?I;‘hé"energy'v
separation. between E, and Fy or the work function is composed of two contributions: the

bulk-chemical potential, ji, and the electrostatic surface potential, A® (Figure 4.1). Work

function. is.expressed as [111] .

The bulk chemical potential represents the electron’s potential energy deep inside the bulk
owing: to the formation of .the .chemical bonds. :Chemical potential is the bulk:metal contri-
bution’to-the work function, and depends-on the nature.of the solid: On the other hand;:

Adis a pure surface contribution to:the work function. :As shown-in Figure4.2(a); electron”
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distribution at the surface is a step function at 0 K. However, at elevated temperature the -
electron density spills out beyond the surface, creating an excess electron density outside the
. surface while-leaving a: positive charge density inside the metal. As a result, the formation

of the dipole layer at the surface (Figure 4.2(b)) contributes to the: work. function.

The surface potential contribution to the work function arises because the asym-
metrical environment, Wiéh‘. the bulk metal ‘on one51de and Vacuum on the other éi.de-. T:he‘
potential energy of the electron inside phe rr.letal‘:_isvlgweir’e_cil_ ,:by: AP begaqsg the electron is
closer to the positive charged dipole layer compared to tha,t in ;/acuum._ For an infinitely
large surface, the dipole layer is equivalent to two infinitely large paralvlel charged Plates' '
The surface potential varies linegrly with distance z from within the two plates, but it is a
constant outside the pla,tes,.‘ Pqtgntial energy diagram of the work function for an inﬁnitely
la_;ge su;fa_ce is ghpwn_i:n Figuxe 4.1. Since_ the surfa;mcgf_poten_tigllfor an:inffinitgl‘y. larige m_etal

is a constant in z, the work function is also a constant in z.

- The ‘idéﬁn‘it'i'c'in' of work function‘usually appliés to an ”idealized” surface with the
foilovs}ing pfopertié%: the nietal is infinité in size and the'surface of the metal is homoge:
neous. However, real surfaces are of finite s@ze and composed of discreté atoms that create
corrugation in electron density on the surface. For a real surface with finite size dipole layer
at jthe interface, the electrostatic surface potential is not constant in distance z outside the

charged plates.

. .As shown in.Figure 4.1(b),-the solid angle Q. to .thé periphery.of-the:finite.dipole.
layer decreases: with increasing z; and so does the-surface potential ¢1(z) in Figure 4:1(a).:

At sufficiently. far away .from. the surface; both the -dipole dayer’ and-the:surface potential .
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a)
vacuum
EV
Ee
b)
surface
dipole layer

Figure 4.1: a) Potential energy diagram of the work function ¢ for materials. The work
function equals the sum of surface potential, A<I> and the chemical potential, /] As the
by A®. E, is the surface potential for an mﬁmtely large metal which remains constant.
inthe vacuum.’ It is the vacuum enéigy of an Inﬁmtely large ‘metal: < ¢y (£) is the surface
potentlal of a finite size surface.- The surface: potentlal decreases with- mcreasrhg i At
2= 5 the dipole layer can be consideted ds 1nﬁmtesrmal and: the work- funetion: equals to”
thé bulk chemical potential. E;i is the "global™ vaculini’ ‘energy for'a’ finitesize surface: by
The solid angle Q to the peripheral of the dipole layér Tepresents the surface potential of &
finite size surface. Larger {2 results in a higher surface potential. At z = oo where 2 = 0,
the surface potential vanishes.
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Figure 4.2 a) The electron density distribution at a metal surface. Electron density extends:
beyond the surface, ;causing an.accumulation of negative charges outside the metal and.
positive charges inside .the metal:;b) Surface potential at, the ,metal, surfage: A surfa;cet
dipole layer arises due to the accumulation of charges at both sides,of, the surface The.
potential energy across the dipole layer is A®.. . .. .. T ST -
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can be considered as infinitesimal as 2 approaches zero. However, if the dipole layer is
surrounded by other dipole layers, ¢(z) will acquire an average value determined by the
weight of the solid angles of the respective dipolar region. At infinitely far away from the
surface, all surface potentials go to zero, and the work‘ function of the metal reduces to only
the bulk chemical potential, which is precisely the work function defined at 0 K (since no
surface dipolei layer éxists at 0 K). The Bulk chernical potential that the surface potential
converges to far away from the surface is considered as the ” global” vacuum level of the
syéterh. At Iarée z, the ’Wérk function is a constant 'W’ith're‘s'bec‘t' to the surface (parallél’ or
perpendicular to the surface), as define by Equation 4.1. However, the work function ¢lose
to the surface is niot a constant since the siirface potential ¢ is not a constant. In fact, the

work function depends on where it is measured. *

Unlike an'ideal surface, real surfaces are ‘m#de up of discrete atoms. A realistic.
surface contains atomic-scale defects such as point-defécts; steps, adatoms, islands, patches,
and heteroatoms. ' Thé atomistic nature of the surface results in coriugation of electron
density [111]. For example, the orientation of the exposederystal face affects the value of the
work function because of ‘different:lattice arrangement and electron’ density. Figure 4.3(a) -
shows the picture of a typical:surface with structures:: Surface roughness leads to a:charge
redistribution and hence, variations in the surface potential, ¢(z, ¥, z). Close to the surface, -
where the solid angle 2 is large, the surface ,p(-)téntial,'-‘ #1(z5y, 2), d2(z, y;2),and ¢3(z,y:2),
are’ distinct. ,Thesefsur‘face potentials, are termed “local” surface:potential because each
potential acquires the-characteristic charge distribution of the surface structure.” A "local”

work function of surface:structures can be measured at a few: Angstrom »a"ﬁvay from the
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surface where the local surface potential reflects the atomic detail of the surface. The.local

work function is defined as

. | Coc(T,y,2) = d(z,9,2) — By, (4.2)

where gploc(a:,_ y,‘z) varies parallel and perpendicular to the sugfape [111, 1_1_2]. Further away
from t,he_surfape, sqlid:“angle Q2 includgs di}ferent surface i;lhomqgeneit?ies. The sqrfa,ge
pptgntial takes on an average value from all the surface features‘z?nd n.lerges_j’r}po a common
? ngbal” vacuum energy, Ey.

The local work function must be probed at a distance that is comparable to the
size of the surface inhomogeneity in order to be sensitive to the:,‘s,u,;r;fa;ce featqres.' Local
work function should be measured at a distance z < 2R from the surface, where R is the
radius of the surface structure. An image state electron that resides at few Angstrom away
from the surface can. be used to measure the local work function of atomic scale surface
inhomogeneities.. The expectation value of the:n=1-and the n=2 image state electron.is
3-A:and 12 A from the surface, respectively: .-

: An electron which is removed from-the metal also experiences an-image potential
while being moved. toward the positive z direction: - The -image potential,: ®;,,, has been
discussed extensively in the earliet' chapter-of this:thesis. -An image potenﬁal;'arises due:
to the electron polarization of the surface charge dezhlsity,',wh-ichv‘results;in-a.n"electr’ostatio
attraction to an image charge in the metal: The imagepotential.is:z; leng range intéraction
that dis on the order of ~ 10* A..This is much longerscompa.red';;to':zs_urfaceapotenti-al-i:Hat:_

converges to the vacuum energy. within a few Angstrom’vfr'om:t-he--surfacé. Although:the-
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local
surface
structures

/////[

Flgure 4. 3 A real surface contalns atomlstlc defects such as steps 1slands patches and
pits. Photoemission:along different local surface structures will.experience different surface.
potential, ¢, ¢2, and ¢3. Close to the surface, at solid angle €y, the surface potential
reflects;the charge- distribution of.a small area on.the surface. Further away, at solid.angle
Q,, the surface potential includes a large surface area of different structure. At far eway
from the surface, all the local surface potentials merge into one that.takes on,an average
value of the entire surface.
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complete potential should be expressed as ¢(z,y, z) + ¢rm(z), the image potential is not
expressed in the definition of local work function chdlisg;,ii; can be considered as a constant

SR

compared to a local surface potential.

4.3 Experimental Observation of Local Work Function

The variation of the local work functlon perpendlcular«to #tﬁe surface is proportional
to the size of the local structure. In order to -Obs;er\'/e the Changes in local work function
caused by an atomic size surface structure, the work function probe must be located at
a few Angstroms away from the surface. Obser\{altions of local work function have béen
accomplished with several different ’experimentél 'f’:c.echniqué.s':. photoemission of adsorbed
xenon (PAX) [111,112], scanning tunnelling microscopy (STM) _[i-13, 114], and TPPE .[5,
115-117]. | |

Measurement of local work-function~;_was: ﬁrst achieved .by':Wa‘ndelt using PAX [111,
112,118]. At below 80 K, Xe is adsorbed on the s:ﬁffaCe' wjth s'u(;;lta‘g,si_ve exposure. Due to
the difference in adsorption energy, Xe atoms adsorb selectivelyr .o.n 'afhéterogeneous surface;
e.g. step-sites and terrace-sites. Because of the weak bonding energy bétween the Xe atoms
and any surface, the binding energy of Xe electron with respect to Ferr;rii level 1s constant
Mga.nwhilg, the bipdipg energy is ‘mod_if'ied. by tye localﬂ surface pofcen;ial, which changes
the' electrOn blndmgW1threSpect to thé vacuum level Slnce Xe aféms‘ res1declose to the

. ".1: ’ o : : ) £
surface, photoemission of adsorbed "Xe electron carni bé used to probe the variation in local

surfacé structures. ‘Comparisons of the energy difference iri'the electron photoemission yield:

changes in local surface potential, i.e. local work function.
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The PAX experiments carried out by Wandelt demonstrate the sensitivity of ad-
sorbed" Xe to a local work function. Photoemission from adsorbed Xe-atoms en a 0.5
monolayer ‘Cu on top of Pt(111) surface shows both the characteristics of Cu and Pt. The-
successive. PAX spectra for increasing: Xe coverage-indicates-a selective site adsorption for
Xe. Because the adsorption energy of Xe on a Pt surface is higher compared to'that of Cu,
Xe preferentially adsorbs on Pt instead of Cu. Exposure of surface to:hydrogen cause Pt to
undergo a -Cu:induced surface rearrangement from:Pt(111). to Pt(111)’1x1’ recenstructed.
Subsequent PAX can resolve Cu sites, Pt(111) sites, and Pt(111)’1x1’ sites. . This result
demonstrates. the extreme sensitivity of adsorbed Xe atoms_'to the local surface potential

close to the.surface.

Advent of the scanning tunnellrng rnicroscopy; allows the det.ermination of surtace_
structures with atomic precision. Utilizing the STM tip’s close prokimity to: the surface an(i
1tsv sen81t1v1ty to the tunnelling current, Sakura1 and coworkers [i13 114] were ahle to obtarn.
the topographlc image of Au/ Cu(lil) as well as the local work functlon They measured

ISP N

the local work functlon for bare Cu large Au terrace the Au/ Cu steps and the Au/ Au
steps The local work functlon measured at bare Cu and Au terrace agrees well Wlth the.
Cu( 111) and Au(lll) work functlons On the other hand the local work functlon measured

at steps agrees w1th the Smoluchowsk1 [119] smoothrng model of mduced surface drpole

moments.

The local work function has also been observed by TPPE for metal overlayer on
a metal substrate. The first system studied by TPPE was Ag/Pd(111) [115]. For a clean

Pd(111) surface, only one peak that corresponded to the n = 1 image state of the Pd was
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observed. At full monolayer coverage, only one peak appeared in the spectrum, the n =1
image state of the Ag overlayer. This peak remained unchanged with further Ag deposition.
Between the two coverage, two n = 1 states. were observed, which corresponded .to-areas of
different layer thickness..The image states assignment was substantiated by fitting.a series
of image states Rydberg series. The linear decrease of the work function reflects the growth
of thé Ag-island- prior to-the completion-of a monolayer.: The image states reside close
to the surface and its energies are perturbed by the surface electrostatic potential .of the
patches. The photoemission spectra of image states electrons reveal the work function of
the individual patch at which the electrons reside. From the coverage dependent evolution
of the TPPE spectra, Steinmann and coworkers were able to conclude layer-by-layer growth
of Ag on Pd(ll 1) In addition, local work function for Ag on Au(lll) surface was observed
by Borensztem [116] and Chambhss [117] and Ag on Cu(111) surface was observed by
Wallauer and Fauster [5] In each case, image states of the substrate decreasem.mtenslty
as.therco;rersgﬂe of the overlayer mcreases: bFor each system, the work funct;ont decreeses
n‘lonotbn‘ivcallsf witb increasiug overlayer debesition untilva‘ coulpiete monoiayer coverage. Aib;‘
full ruono-lsyeb eouerage, enl;f the_ ima,ée strates of‘ the ov-erla;yevr can be ebser\;ed. V‘For tbe
Ag on Au(lil) 'ssrstem, ac{(iitioual depositien ab.ov‘e 41:nonelay'elr ceuerage causes fbe vn' '= 1
ir.nege state beai(s to sharpen as well as the appea.rance of the n =2 image s‘uate peak of

e

the Ag overlayer.
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4.4 Measurement of Work Function and Local Work Func-
tion with TPPE

Two photon photoemission first populates the unoccupied intermediate states,
such as the image states, apd subsgquently phptoemits ele___ptrons, from these intermediate
states. vTh,e, photoele.ct_ron kinetic energy was measured. via. Aa:ti‘r‘ne-_of—ﬂ_ight, method. A ﬁeld
free region between the metal surface and the electron _detect_qr is_rqquired to ensure an
accurate determinatigr}_ ’o‘f thq pl_loto‘,ete.c‘tron energy. ‘Ther electric field Wlthln the flight re-
gion alters thg yelocity_ and kipetic_ energy of the qlec;tron._, The ﬁeld:;_ijere vregiqn”i_s,_ achiq\(egi
with 1) a cglloidql graphite cpate_:d ﬂlght tu?g: thatt shields most, of the glect;qn flight pa.th
from stray electric field and 2) a batter_y powered bias _}pptent}ial thqt_ compensates for the
contact potential di_f.felzrencei_betweelnﬂthq _‘sample'and‘ ,thelf}i‘g_ht tube-detector assemble (Fig-
ure 4._4(a)v), - ‘ -

-The contact potential tt)gtwegnithve: sample and the detector arises _be(;a:tuse their
work functions are different. While both the sample and the detector are grounded to
prevent surface charging, the difference in their vacuum energies causes the photoelectron
tq_ experience an electric field before epterirtg the:ﬂight t_ubAe:.‘ By applying a battery powered -
floating dc bias between the sample and the flight tube-detector assembly, the difference
in vacuum energies is removed (Figure 44(b)) Boththe blas and .the ﬂlght tvub:é‘ensure a

constant electron kinetic energy throughout most of the flight path.

To properiy coinpensatte for the contact pbté'ntiva'l,ﬂttle work function difference
between ‘the sample and the:detector must first be determined. The true” ,in‘iage state

binding énergies can be determined by subtracting the-photon energy from the photoelectron
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kinetic energies in TPPE and then fitting the image state binding energies to Equation 2.5.
The difference between the "measured” and the ”true” image state Binding energy is the
proper contact potential or the work function difference. With the properly adjusted contact
potential, further changes in the photoelectron kinetic enetgy would indicate either a change
in the image state binding énergy or a change in tﬁe'safﬁfﬂe work function. These changes
can be brought about by altering the charge distribution at the surface, i.e. the surface
potential (¢(x,y, z,t) in Figure 4.4).

As mentioned above, the first few image state electrons reside at a fow Ang’strbm
from the surface, making them sensitive to local surface inhomogeneities. Patches of surface:
dipole have different local work functions. The imagé state electrotis with différent’ local
Wérk functions that are photoemitte(i ffom the same surface and same photofi energy Wil’lv
manifest at different kinetic energies in the TPPE spectra (see Figure 4.4). ‘As will be
shown in the following sections, an electron solvated by dynamical reorganization of the
surface dipole, which manifests in the time dependent 16cal work ‘function.’ Ti ‘this case,

RPRE B N

Equation 4.2 can be rewritten as

‘Ploc(.&?,y,z,’t) =¢(m,y,z,t)—Ef, I ' . (43)
where both ¢, and ¢ are time dependent quantities.

st

4.5 Two-Dimensional Electron Solvation by Alcohol Molecules

‘Two dimensional -electron dynamics upon photo-injection -into a metal/alcohol’ -

monolayer interface has been studied with time-resolved and angle-resolved TPPE: A thin
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Figure 4.4: a) A*fight tube and & battery powered bias that compensate for the contact
potential difference create a field free flight reglon between the sample and the detector. b)
By properly applying a bias between the sample and thé flight tube-detector ‘dssembly, the
difference in vacuum energles is removed Dynamical reorganization of the surface dipole
changes the surface’ potentlal é(, vy, z ,t). Irmage staté electrbn photoemitted from different
surface potentlals W1th the same photon energy (dotted lme) mamfests in dlfferent kmetlc‘
energles , !
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layer of adsorbates with a strong molecular dipole, in this case the alcohol molecules, inter-
acts strongly with the photo injected electron that resides closeto the surface. The strong
electron-adsorbate interactions result_;;-;éiectvron induced molecular réorganization similar
to solute induced solvent reorganiza‘ti’én_ ,-(;bser”\'r‘e'd:‘i‘n‘the liqu_"id solvaition. The tr%ééhanisms
of molecular reorganization, dynafmics iq‘f'fénergy stabiliéation and localization aré investi-
gated with straight chain alcohol molecules (mgthaﬁol; llprope{nol, 1-butanol, i-pentaﬁol)

and deuterated molecules ( deuterated methanol, deuterated I-but'anol).”

4.5.1 Static Work Function Change by Alcohol Molecule Adsorption -

In general the adsorption of molecules on a metal surface, such as alcohol molecules
on Ag(111) surface, modifies the work function of the sysfem. The electroépqtic surface
potential contribution to the WOI‘k; function is_modiﬁed by a nev;/ é_ipélé' !ayef; "If‘.hevchemical
potential of the metal is also modified by th;é adsorptlonof 5 t'ihin lr_ayt;,r dipole molecules,
however, this effect is small.- | | S S -

The adsorption of an adl;_a_fyerggf alcoholmolecules on Ag(l 11) ;smrface changes A®
in Equation 4.1 and hence, the work?u 1C tlon Thls change is terr;né(i':‘égé static” work
function change. This ”static” work flmcnonChaIlge is caused be thelmtlal adé;orpt;on ge-
ometry of the alcohol molecules that modiﬁes theelectron den51ty énd‘ thesurfacepotentlal
A ”dynamic” _chz;mge in the work function, as W}ll ‘b% introduced later, results from the_,tig}e
dependent _feorgariizapi;)n @f thedeolesonthesurface : e

. The stétic \;vofk functlonchange -Cé.%l‘,: l;e etei*mmed ut111z1ng TPPE at:;llzér‘(j) tlme
delay, At = 0, where the pﬁmp and the probepulse ovériém;; 3 temporally, arildHt:hg‘ti}riflége

state electron has no time to interact with surface adsorbates. Using the energy separation



4.5. TWO-DIMENSIONAL ELECTRON SOLVATION BY ALCOHOL MOLECULES 69

between the image state pe@ks in the At =0 speét;a and _Equ_ation 2.5, the quantum defect
"a” can be obtained for the image state series. The quantqm defect a is then inserted
back into Equation 2.5 to 'obtaiﬁ the "true” binding .enérg.ies of imgge states. The energy
difference between the expe;imentally measured binding eneréy.: and ‘the true binding energy
is the static work funct_if_)n- cha_nge. |

Static work function change owing to the adsorption on Ag(111) was measured
with TPPE for methaiiol, déuterated methanol (CH3OD), I-propanol, 1-butanol;-deuterated:
butanol (C4HyOD), and 1-pentanol. Previous measurements of work futiction change due °
to-linear chain alcohol molecules adsorption were performed by Gellmian and"coworkeis
on’a Ag(100) surface [60]. They measured:the work function change with a Kélvin probe
during the temperature programmed desorption of the alcohol miolecules from the' Ag(100)
surface. ' The expérimentally messtred static work function charige on a Ag(111) surface
with TPPE s listed in-Table 4.1 along with work function change on' Ag(100) measured by -
Gellmhan. ‘The subsequent TPPE measutements were-conducted with a properly adjusted
coritact-potential difference between the:sample and the detector as described inthe previous .
section. Theredfter the measured imagé statebinding energy ¢oincides with the true binding
energy at’iA't'=0. o : ' : coEE L e e BT A N

4.5.2 Dynamic TPPE Electron Kinetic Energies

Two photon photoemission of alcohol:‘molecules: adsorbed onto: a mietal surface
shows a time:dependent photoelectron kinetic:energy. Figure 4.5(a) shows.the time depén- ,
dent dynamies of peaks obsérved in TPPE for a typical metal/monolayer alcohol adsorbates .

interface, in which the TPPE of a monolayer of butanol molecules:adsorbed:on Ag(111) sur-.;
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Table 4.1: Work function change for alcohol molecules adsorption

Adsorbates Ag(111) surface Ag(110) surface

Methanol -1.24 eV -1.15 eV
Propanol -0.98 eV -0.98 eV
Butanol -0.86 eV -0.88 eV

Pentanol -0.83 eV -0.81 eV

face. Both the peak-intensities-and the photoelectron kinetic energies decrease as a function
of time delay-between the pump and the probe pulse. The time dependent photoelectron
kinetic energies observed in Figure 4.5(a) is more clearly depicted in Figure 4.5(b)., The
time, evolution of the TPPE spectra involves complex dynamics of energy relaxation. as well
as additional appearance of new states.

A TPPE wavelength survey is used to identify the photoemission mechanism, of
the electron. Several different wavelengths are used for the excitation/photoemission of
the electrons while observing the kine.tic energy change. Figure 4.6(&) shows the TPPE
spectrum of ‘monolayer methanol/Ag(111) photoemitted .at At = 0 using several different
wavelengths.; The At.= 0, TPPE is-used. for-wavelength survey to avoid energy relaxation.
Two photon photoemission peaks maximum in Figure 4.6(a) is plotted in Figure 4.6(b).
versus photoemission photon energies, hAvy. The lines represent best fits, which shows the
kinetic energy changes by about ll‘u/g.i"I.‘.he slope of 1hAV2 i“il'(-iic;t;s. that the eléctrons é;re
photoemitted from fixed energy intermediate states jé;lch'-a's:image potentia"l states. The two
peaks observed in At:= 0 TPPE spectrum can:be fit to a hydregenic: series of -Equation 2.5
as the h ='1:and n = 2 states with quantum defect of a'=0.12, further substantiating. their

assignment ds image potential states.
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Flgure 4. 5 Two photon photoemlssxon electron dynamlcs at A metal/butanol 1nterfacc
(a) Two photon photoemlssmn populatlon and photoelectron klnetlc .energy dynamlcs (b)..
Time evolution of photoelectron kinetic energy. Peak shifts are gulded by lines.
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Figure 4.6: Wavelength survey of alcohol molecules adsorbed on Ag(l 11) surface at At = 0.
(a) TPPE of monolayer methanol adsorbed on Ag(111) with different wavelength. (b)
TPPE peak maximums as a function of photon energies. The fit (line) shows a slope of
1hAl/2, iridicates the electrons are photoemltted from fixed energy mtermedlate states such
as imagé potentlal states . S T
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4.5.3 Coverage Dependent Dynamics

Electron dynamics of two different adsorbate surface coverage are studied with
TPPE. The adsorbate surface coverage is determined with exposure time and pressure
while at constant sample temperature. Figure 4.7 shows the time evolution of TPPE peaks
maximum for two'différent surface cevere,ge of deuterated methanol on Ag(111). At a lower
coverage {solid lines)i, 2.8 langmuire, three peaks are observed: a peak initially at 1.18 eV
(circle) that decays in energy exponentially with a time constant of 7 = 200 fs, a second
peak initially at 0.97 eV (x) that decays exponentially with 7 = 264 fs, and a third pea:}%
(diamond) initially at 0.77 eV that remains constant in energy. At higher coverege _.(dotted
line), 4.5 1agmuire, oniy two peaks are observed: one peak initially at 0.96 eVr(singi.; sq'uare)
and the other peak initially at 0.94 eV (solid triaﬁgle) that decay exponentially with 7= 46;%

fs and 469 fs, respectively.

The population dynemics of :chese- stetes for '—each surface coverage is sho_wﬁ in
Figure 48 The--popglationdynan%es in.Figure 4.8 has bee% ﬁt by.convol_ving the .instre,ment;
function with a single exponential decay. Li_nes. through data points shows the best fit. At
low, coverage (Flgure 4. 8(a)) -the peak. mltlally at.1.18 eV (c1rcle) has an extremely short - -
hfetlme of 52 fs whlle the peak 1n1t1ally at. O 97 eV (x) has a hfetlme of 1100 fs. Llfetlme
for thei‘j,thlrd.,peak ‘_can,.rllot be,iob_ta;_r;ed beqaus_e 1\t15 onlyLV1s;b1e wlpl}ln the ﬁrs{t;:}%&}O f_s_._
Populatlon dynamlcs of the45 Iangmulre :c_lelvlt'erauteél{:5 meth;mol coverage (sohd hne) and
5 langmuire methanol coverage (dotted line) is shown in Figure 4.8(b) for comparsion.

The two deuterated methanol peaks have lifetimes of 1220 fs (solid square) and 1190 fs

(solid triangle) while the two methanol peaks have lifetimes of 1550 fs (x) and 1440 fs (+).



74 CHAPTER 4. ELECTRON AT A POLAR ADSORBATE/METAL INTERFACE

1.3 - - T T - T - T L
) —— 2.8 Langmuire coverage = ‘- . 4.5 Langmuire coverage
1.2k O Cleansurface state 8 cotee

Image states 7

X
Image states -
o g

Photoelectron kinetic energy (eV)

NE

R 1 . . L or i i) t;‘ o . ‘:1 : )
1000 2000 3000 4000 5000 6000

0.6
0
Timé delay (fs)°

Figure 4.7: Itage state photoelectron dynamics at two different siitface coverage of deuter-
ated methanol on Ag(111). Photoelectron kinetic energy is plotted against delay time
between the pump and the'probe pulse. At 2.8 langmuiire (in solid line); three peaks are ob-
served (circle, x, and diamond), while at 4.5 langmuire (in dotted line), only two peaks are
observed’ (solid square and solid triangle). Energy relaxation for the ‘two different coverage
exhibits similar dynamics, indicating similar. molecular reorganization caused the energy
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Lifetimes of ~ 1000 fs for a monolayer coverage indicate that the methanol or deuterated
methanol monolayer effectively decouples the image state electron from the metal substrate,
shifting the image state electron derrsity partially outside of the adsorbate layer, irrto the
vacuum. The low coverage peak (circle) has a lifetime that is comparable to the clean
surface n = 1 image state lifetime of 36 fs. This indicates that 2.8 langmuire exposure
results in an incomplete surface coverage. Image state with longer lifetime suggests that
electron interacts strongly with patches of deuterated methanol, while the peak w,ithv shor-ﬁ
lifetime implies that electron interacts strongly with patches of clean Ag(111) surface. At a
complete monolayer coverage of 45 flangniuire, electron i‘riter'acts'only Wifh the edsorbate;
Although the tr;vo peaks ert low coverarge have different lrfetimes, energy relaxation of the"sfe
two states have similar time constants of 7 ~ 300 fs, indicating similar molecular motloh

that caused the energy stabilization.

4.5.4 Alcohol Molecule Dependent Kinetic Energies Dynamics

A series of straight chain alcohol molecules are used to study the electron dynamics
upon photo injection from bulk metal to a metal/alcohol r‘ﬁ%nolayer iriterface. The magni-
tudes and the dynamics of the TPPE kinetic energy relaxation are used'z:‘:for comparison in

attempts to understand delectron—edsorbates_ .‘i‘rltera;ctio_rrs.v 1
Methanol . .

M‘et‘hdﬁol'(CHgoH)' is the smallest al'cohol mblec‘ulés 's';tﬁdiéd:with T’P"PE; 'Mc‘sho::
_ layer methanol adsorbed on Ag(lll) at about 120 K and forms an ordered monolayer (at'

5 langmulre exposure) that can be observed with LEED (Flgure 3. 7(b)) Dlpole mometit
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Figure 4.8: Normalized photoelectron counts plotted as a function of delay time. Lines
represent the best fit. (a) At 2.8 langmuire deuterated methanol, incomplete surface cov-
erage results in the appearance of a clean surface ithage state (circle) that has a lifetime of
52 fs. (b), TPPE population dynamics for. the 4.5. langmuire, deuterated methanol (dotted
hne) and 5 langmuire methanol (sohd hne) on Ag(lll) Similar populatlon dynamics are
(sohd square) and 1190 fs (sohd trlangle), while the two methanol peaks have hfetlmes of
1550, fs. (x) and:1440,fs (+), respectively. :
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of 1.70 Debye for methanol is the strongest dipole compared to other straight chain alcohol
molecules [120]. The kinetic energies of the n = 1 image state electrons as a function of time
delay between the pump and the probe pulses are shown in Figure 4.9. At At = 0 only one
n = 1 image state can be seen. Within 200 fs, a second n = 1 image state appears in the
TPPE spectra. The kinetic energies of both states are obseri/fed to decrease as a,vfunction
of At. The kinetic energy of the initial n = 1 image state shifts by 0.106 + 0.0l'Q_eV and
the kinetic energy of the other n = 1 image state shifts by 0.237 + 0:0‘10 e’V.:The mammum
change in the kinetic energy is defined as the solvatiqn energy. -The n =2 s;tate_ ;is not. seéﬁ
in the spectra due to low signal to noise ratio: 'Populatidn dynamics of thése t\%vo states 1s
displayed iﬁ Figure 48. The twon =1 image states have lifetimes 'éf 1556' fs (cifél'é’) aﬁ_é:l

1440 fs (x).

Propanol

Propanol (C‘H3CH20H20H), with an dipole moment of 1.68 Debye, adsorbs on

Ag(111) surf'éce:at about 140 K [120]. Adsorption of 1 langmuire offpropan(_‘)'l at. 160 K

equals to one mdnolayer. LEED pattern of ordered ‘propanoal rfxonolayer is indicated in Fig-
ure 3.7(c). The time evolution of kinetic éﬂ'e'rg}y of the monolayer propanol image electrons

ph(éjgoeﬁiitfcea w1th hvy =.:6(8’2'[ nm light areshowanlgure 4.10. For propanol/Ag(lll),

image stafe n = 1, n = 2, and n = 3 are observed in the TPPE spectra.” At At <2005,
only one set of image state series with a quantum defect of a = 0.12 appears in the spectra.
All three image states change kinetic energies in unison, maintaining a constant quantum

defect. Between At = 200 fs to At = 1600 fs, an additional image state series appears in

the spectra. The new image state series also shifts in kinetic energies while maintaining a
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Flgure 4.9: Image state electron kinetic energies as a function of time delay between the
pump and’ probe pulses at a monolayer of methanol ad$orbéd on Ag(111).. Two'n = 1
1mage state are observed. Energy relaxation of photoelectrons can fit to exponentlal decay:
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constant quantum defect of a = 0.12. The initial image state series (circle) shifts in energies
exponentially with 7 = 302 fs. The second image state series (x) has an exponential decay

time constant of 510 fs. The overall solvation energy is 0.251 + 0.010 eV.

Butanol

Monolayer butanol (CHgCHgCHgCH_;QH) adsorbed_‘on.bAg(lll) at 160 K with
about 1 langmuire exposure. The wor’k fuuction cuange owing to adsorption of a monolayer
is 0.86 eV. Straight chain bu’.c:anol has a molecular dipole of 1.66 Debye [120]. Eigure 4.11
shows both the n. =1 and n = 2 image s‘oate electron kinetic energy dynamics. Butano"’l
photoelectrons kinetic energy dynamics present a strong resemblance to those of a ‘monolayer-
of methanol and propanol. Multiple image state series relax simultaneously with a cons’cauf
a = 1.11 quantum defect. The first image stateﬁseries (cucle) relax with 7 = 260 fs. Boﬁl_l
energies of t.he second n =1 and n = 25-"imatgje ;tate series (x) decrease exbonen}tially with

7 = 530 fs. Total change in energy for butanol is 0.254 + 0.010 eV. -

Pentanol I S RS

Stralght cham pentanol (CH3CH2CHQCH20H20H) is the longest alcohol molecules

stuuled ;mth TPPE in thls dlssertatlon Pentanol has a molecular dloole og 1. 64 Debye [120]
As the “alco}Alol r‘rflole‘culesl 1ncre1a)se 1n" sme,vthe.adsorptl‘on ’uemoefature of ’che molecule al;o
mcreases Pentanol adsorbed on the Ag(l_ll) surface at about 180. K. The vuork func":
tion change due to alcohol molecule adsorption also decreases with the increase in alcohol

molecule size. Monolayer pentanol lowers the Ag(111) work function by 0.83 eV. Photoelec-

tron kinetic energy relaxation for pentanol adsorbed on Ag(111) is shown in Figure 4.12.
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Figure 4.10: TPPE kinetic energy dynamics at monolayer of propanol adsorbed on Ag(111).
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Figure 4.11: TPPE kinetic energy dynamics at monolayer of butanol adsorbed on Ag(111).
The error bars indicate 95% confidence intervals. All three hydrogenic series have a quantum
defectiof a =.1.11.. The first (circle) and second. (x)-image state series: have a exponential
decay time constant of 260 and 530 fs, respectively. The third series appears to have a
constant. energy. - The total solvation energy equals to 0.25 eV. . :
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The dynamics of energy relaxation for pentanol shows a strong resemblance to other:alcohol
molecules. The initial image state series shift in ‘energy exponentially with 7= 269 fs‘and
a quantum defect of @ = 0.11. The second n = 1 image state relaxes exponentially with

T = 545 fs. No n = 2 image state is observed for the second image state series. Total

solvation energy for pentanol is 0.231 & 0.010 eV.
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4.5.5 Deuterated Alcohol Molecules

Two photon photoemission electron dynamics at deuterate methanol
(CH30D)/Ag(111) and deuterated butanol (CH3CH,;CH,CH;0D)/Ag(111) interfaces
are stq@ied to compare with those of non;deuterated al?ohql/ Ag(.l 171_) %nterfaces. In. general
tﬂere is no discernable difference between the deuterated species and the non—deu’.cerated
specie-s.b Figur¢'£f4'.13 shqws the image state electron kinetic energy dynamics for both
methanol a;1d deut.erﬂated methanol. Image state electron relaxes w1th similar t'im.e“ scal’éi
ar';ld energy for both alcohol species. Population dynamics for both alcohol spe;:};é.af;é
shown in Figure 4.8(b), where both deuterated methanol and_ methanol have a lifetime of
about ~ 1500 fs. Similar electron dynamiésﬂ‘ are also observed for butanol and déuterate(i

butanol.

4.5.6 Temperaturé Dependent Solvation Dynamic.s

The temperature dependence of the solvation dy.na;nics is investigated fof a mono-
ldyer'of bu’ganol on Ag(lll)'. TPPE ‘énergy”r}cilejbtat‘i’on dynamics are taken at four different
sample tex;iperatures: | .1v70‘K, 130 K, 100 K, and 50 K. Inltlal buta,noixlayer is deposited at -
180 K prior to lowering the sample temperature. Figure 4.14 _shgws the _timglgvolutionfs of,-
phbééeleéffbri i&iihétic.‘ehevréy at foﬁf t%emperatures. At 100 KandéOK, TPPE s1gnalmlscan
be observed until At ~ 1200 fs. For the 170 K and 130 K n‘leasurements, TPPE peaks can
only be seen within 600 fs time delay owing to fast signal decaying. Lowering the sample
temperature improves the signal to n;)ise ratio, thus allowing the observation of the TPPE

signal at loﬁger time delay. Both n=1 and n=2 image states are observed in the TPPE spec-
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tra. Lowering the éample temperature shifts the binding energy of the image state closer to
the Fermi level, thus lowering the photoelectron kinetic energy. Similar shifts in the peak
position of the image states have been observed on clean Ag(111) [58], Cu(100) [121], and
Cu(111) [122]. However, lowering the sample temperature do not change the rela.xation
dynamics lof image states. Figurg :‘4.15' depicts a close up view of the n=1 and n=2 image
state energy dynamics. At tlh:;s-e f;)ur temi).érat»urés,f‘th;a n;'l 1mage state relaxétion can be
fit to a singlé exponeﬁtial decay with a 7 ~ 205 £ 40 fs and the n=2 image state with a
7~ 180 440 fs; sﬁ?wing that the solvation dynamics and the solvation process is identicgi
at all four temperatures. Both the n=1 and n=2 image state shift in unison and relax by

about 0.03 eV from 0 to 500 fs, which is similar to the energy shift observed in other alcohol

solvation.

4.5.7 Discuss-ion

Two bhoton photoemission f:OlI“ all Qf the alcohol/Ag(111) interfaces shows image
state electron enefgy rela;);ca;fi'én; An important resPlt iq fgle»se _e:_nergy- _rglaxationsA is ﬁlllat
they always shift in uniksﬁ(')xn; while both the n= 1 and‘{};;é: 2 (sometimes n = 3) image
state shift in energies. While the image state series (iéc;feases in energy, the quantum defect -
» g that ckalaf_aéi.:er‘i.zes;'7t}li1veu§‘e_i'ieé_ remams cépétgpt giqung w1ththe blndlng énergy::éf each
image state. To malntalnthe samelrnage s.tétéhglect}(‘)risb bmdmgenergles, the ehérgj} 1éVél
to which image states are converging must b.e decreasing in energy as well. Equation 2.5
in Section 2.2 states that the image state series converges to the vacuum level, FEyqc, of the

system. Further examination on the definition of work function in Section 4.2 shows that for

a finite size metal, the vacuum level only exists at a distance very far away from the surface.
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For the first few image states that reside at a few Angstrom from the surface, the image
states converge to a local _surfaée potential‘, Dioe, which reflects the local surfavcga~ electron
density. As indicated in ﬁhe image staté';iynamics, the local surface potential to which the
image states convefge is decreasing in energy. Equation__2.5 can be more accuratqu written

as

- .0.85eV o
E= ¢lo_9($,y, z,t) ~ (n—-i—a_)2 _ _ - (4.4)

where the energies are referenced to the local surface potential ¢oc(, ;;, z,t), Which is both
a function of time and pesition.

Description ’(»)‘fx:work func’;ioﬁ in Secti(;n 4.2 shows fhéut at a few Angstrom from
the surface, the local work funct-ion reflects the charge distribution of local surface are.é;_'.

Simultaneous appearance of r'nultiple' image potential state series in TPPE spéctﬁfm also
P )

indicates.that an elect;;ron‘ close to the surface has different local work function, depending

on local surface structures. Energy relaxation observed in electron solvation by alcohol

molecules can be attributed to changes in the work function, i.e.  the local éﬁrfaée'ﬁ'i)tential

doc(x, Y, 2,t) adjacent to the surface. To be more é}ieciﬁc, the local surface potential,

d1oc(T,y, 2,t) can be separated into these.componefxﬁfsf -

¢100(x, v, Z,‘ t) = ¢statié(m, Y, Z) + ¢dyna;mzc(x: Y, z, t) + ¢IP (Z) (45)

where $1p(2) is the image potential, ¢grariz(z, Y, 2)'is the surfaéé"po_’c'ént‘ial due to'the initial

adsorption of the polar adsorbate, and ¢aynamic(Z,¥,2,t) is the dynamical change in“the-

local surface potential observed in TPPE. The simultaneous appearance of multiple image
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state series, and the dynamical change in local surface potential result from time dependent
variation of the local work function caused by the adsorbate reorganization on the surface.
In this case, the reorganization is the rotation of the alcohol molecular dipoie to solvate the

image state electron.

An image state electron that reside_s at only a few Angstroms ouﬁéide the surface
significantly perturbs the equilibrium structure of the alcohol layer. The lai';gl‘iol_&molgplli_les
respond to the perturbation by rotating the positive end of their molecular filpoles 5’cowards
the electron, i.e. by ”solvating” it. This reorientation results in an increaséﬂ%i prOJectlon Lof
the molecular dipole along the surface normal from the initial adsorption geometry. Dipole
rotation also results in a redu:(_:_tion‘of the surface potential, ¢dynamic(az,y}:;z,t), to which
the image state progression converges. Tﬁe_ difference _betweeq the static _tsﬂ}:i’v'rfa‘c‘eigofcxgn_tial,
$static(2, Y, ), and the dynamic surface potential, Pdynamic(T, v, z,it_)' is théi:{s;élv"étion energy.
Figure 4.16 schematically iliustreites the sdlgétﬁior.l. prg;céss_ at an adéérbaté;;letdi interface.
Initial adsorption of alcohol molecules ll'c;wérisv the work function of the me?t;al by lowering

the surface potential component of the wérki function, ®. At At = 0, the 1n{age potentlal

3

states converge t0 Pstatic(T,y, 2). As molecules rotate its dipole to solvate thelmage 'str_g{te
Rt IR

Hoove e

electron, the local surface potential and local work function are also lowered. By aligning

the ‘dipoles ‘toward vacuum, thé positive charge accumulation on the vacuum side of the

surface increases, thus lowering the work function.: -, -

= Two photon photoemission studies-of electron solvation by alcohol-molecules indi-

gt .

cate that thesolvation time scales and solvation-energies are relatively similar from methanol

Ty g LA

to pentanol. The maximum solvation energy for these alcohols is ~ 2.5 eV, and the longest
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Figure 4.16: Schematic description of local work function and local work function change
due. to dipole solvation. At At =0, the dipoles are aligned. parallel to the surface. -Liocal
work function experienced by image state electrons equals to @s¢aic — Ef. Surface potential,
Pstatic, results from the initial adsorption of -the polar -molecules. As the polar moleeciles..
rotate to solvate the electron, the surface potential and the image state series decrease in
energy. The new surface potential energy d)dynamic'arise due to the rotation of the dipole
patch. - Changes. in. the local work function (or in the:surface potential) is the electron
stabilization energy, i.e. solvation energy. The kinetic energy of the electron is measured
with respect. to a fixed vacuum level, Ey.: Thus, energy. relakation in image state electron.
is the solvation energy.
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solvation energy relaxation is exponential with time constant of ~ 500 fs.. The same sol-
vation energy and relaxation time scale suggest that the solvation motion is similar for all
species of stra_,ight chain alcohols. In this case, the solvation motion is the rotational motion
of the O-H group on the alcohol that points the O-H bond toward the electron. Computer
simulation of electron so_lyated by met_hanol shows §hat at .eqvuilibriun_q,‘ _’che electron is lo-
calized within a solvent shell of mgt;hanol with the O—H bond of each met_harml directed
toward the electron (108]. Analysis of spec»ific. solvent modes in the relaxation of an excess
electron in hquid meth\anol by Rossky and coworkers shows tha’g the O—ﬁ bond mopidn is
the fastest solvent response cqmpared to ot_her” methanol rptétiqqgl motions [110]. In their
nonadjabatig molecular dynami_s:s sim__qlation rof solv,ated e_leqtron 1n m.e_th_an_ql,. Rogsky_ ar}q
coworkers attributed the fast adiabatic response of the solvent to the observed fast expo-
nential energy relaxation on the time scale of about 500 fs [109]. This is comparable to the
longést solvation tirlne ob_ser\'/ed .in'TPJK—.-’E' electron solvatlon ?-ﬁ;ﬁp—probé ép'ectroscopy of
the .equilibrated solvated élec.tron'iAri .quu'idv ‘élC(-)}‘lOlS by Barbaraand coWorkérs also observe({ .
a Ifastispéctré evolufioh of ~ 500 fs [95] In the solvatlon gifhulati;)ﬁ, Ro.ssky-(;:t;serVed
e; Garu.ssi‘a”r.l' relaxatlon that 1son thé tiirﬁé. vsce!x.lle‘ of 10—30fs, Wthh t‘hey attributed tothe

ultrafast inertia part of the solvent response.

" Two bhotoh"phb"‘coérlﬁisisionv té;n;;é}atﬁré ‘d"ep:cindéﬁtg studies ﬂh\}.e' ého;;vn -terﬁphera—
ture iﬁdépéndenf solvation dynamlcsThls resultexcludes t’hefpossibi'lif).? of diffusive sol-
vation mechanism. The diffusive solvation motion scales with the solvent viscosity, which
would be slow for @ solvent:at:a glassy or crystalline state. of ~ 100.K:{13; -96,-123, 124]. If

the diffusive: solvation can be-observed, the: solvationn time should scale with the temper- -
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ature; since viscosity is proportional to the temperature. The rotational motion, on the
other hand, varies with the dipole density on the surface, which is comparable between 300
t0:80 K. The temperature independent solvation dynamics indicates a rotational solvation

mechanism as well.

Partial charges of straight chain alcohol calculated with density functional fhedry
are shown in Table 4.2. The O-H group is the strongest dip'ole onlgll of the alcohol molecules
exémined. While the alcohol hldleéule increases in siz'e-,‘ the (iip(;ie‘ moment on the \‘IOI—H
group remains inostly unchanged. The ébility of the O-H étoup {0 stabilize excess electron
remains unchanged for different alcohol molecules. This agfées well with the éxpefimental
ﬁ‘n.d.ing éf constant solvation energy and solvétion dyhafniés for all'vfhe sitrdi.gﬁt chain alcohol
molecules.

Withi‘nvour experimental time resolution, no vdifference iﬁ solvation dynamics _is
observed for image state electror} so_lvate_d by deuteratgd methanol or metvl‘lan‘ol?v as w%all
as by deute;a;ted butanql and bl_litran(v)l. This“is consistent vyith experimgnﬁs éérfqrme_d By
Yoshiha;a and coworkers on Coumarin 102 solvati(;n b)‘{‘deuteratmtef'i metha:nol and normal

[ ..

methanol [125]. Within the first 500 fs, no difference in solvation dynamics is observed for

R [

these two solvents. The isotope effect only appears in the secoﬁd and third solva’cionitime
const@qt of about 2 picosecogd and 15 Picosecond;-r_espec‘ti\_relx.ﬁ Ow1(ng QO.;§he lack of time
resolution, they did not observe thg ultrafast solvent response t}}la‘,tv wa;s on the orde_r ‘of: '\.Jv‘5.-0
fs. |

. Multiple image potential state series are observed in all of the aleohol. solvent

experiments: Except for methanol, the appearance-of the second image.state series: oc-'
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‘Table 4.2: Alcohol molecules charge density

y -

Methanol PAropanc-)ul B Butanol Pentanbl

H 03375 H 0.3042 H 0.3042 H 0.3041 .
O -06516 O -0.5402 O -0.5410 O -0.5410
C 00064 C 00716 C 00650 C 0.0646
H 01237 H 00723 H 00726 H 0.0727
H 0092 H 00723, H 00726 H 00727
H 00920 C 01772 “C- -01728' "C " -0.1795
H 01054 H 0.1015 H 0.1018
H 01054 H 01015 H 0.1018
C -03209 C -0.1767 - C -0.1708
H 01056 H 0091 H 0.0860
"H 01008 H 0.0901 " H 0.0860 -
H 01008 C -03092 C -0.1667
ool S UH o 0.0978 CH O 0.0916
H 0.1020 H 0.0916
H +0.10200° -C - -0.3119
H 0.0987
H ' -0.0992
H

0.0992
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curs at ~ 400 fs. Initially, a single observed image state series indicates that the local
electrostatic environment is uniform over the entire surface sampled by the electron. The
appearance of multiple image state series signifies surface inhomogeneities that cause vari-
ation in ¢yoc(z, v, 2,t), and different solvation pathways characterized by different values of
the surfa;:e dipole moment. Surface inhomogeneities cause variations in surface potential,
which in turn results in areas with different local work functions. Smaller energy relaxation
observed for some of the image s:tate_.series .mig-l.lt; .tv)e cjause_jd by igcomplete, rotation of the

O-H bond to solvite the electron. =~ i

4.6 Dynamical Elvectvl"?()n;‘LOCaliz";lhti(')n

The pr(;cesé-of eleétron -solQat’ion* in li:jﬁid is often accompanied by localization
of the solute. Thé 'quination of ;olyént caée supr&iri_ding the initially delocalized electron
was observed bothm experi:mehtslv.énd_ in compu’;e;r simulééions. Upon the creation of the
electron, solvent--xﬁole;:ules ;earr-ae;I;ggvev kand 1é)calize the solute. At equilibrium, the solvated
electron is localizé;i: in.a ca;aity with radius of ~ 3 A surrounded by a solvent shell of ~ 6
molecules [108]. For éélvatié)n in crystalline solvent, the process is less clear. Excess electron
in frozen polar solvent is obser;red to be solvé,ged andwlc;calgze‘d‘ by tﬁé polérwsolvent, but the
order of occurrence is unclear.

Apart from energy relaxation due to solvént rearrangement, electrons are also v
observed to be dynamically locaiized by the solvent motion. Dynamical localization of

electrons has been observed in all alcohol solvation experiments in this dissertation. Angle-

resolved TPPE is used to measure the electron wavefunction parallel to the surface. Delo-



4.6. DYNAMICAL ELECTRON LOCALIZATION : 95

calized electron shows a parabolic dispersion, while the localized electron possesses a flat
dispersion. The mass of the electron can be c‘orhphtéd from the TPPE dispersion spectra,
where a'disi)ersion of 1 is equivalent to a freq electron mass Figure 4.17 shows the plots
of localized and delocalized TPPE spectra as well as the n = 1 image state dispersioln at
various time; delays for the butanol solvation experiment. image state electron excited from
the bulk metal initially possesses a parabolic dispersion with an effective mass of ~ 1 By
increasing the delay time, a new localized feaé{llfe caﬁi be “seervlwin:. theTPPE spectfa. ‘Th"e
locaiized peak can only be observed clearly at hﬁgh angle (22.4°) becéuse thé: ‘tl‘ie"s'idcalyize;(ii
and the aélocalized peaks overlap at low angle. At 187 fs, both the localiz:ed and delt;)ca.g.
ized peaks are visible. The amplitude of the deid_calized state decreases as A"t‘ increases: By
At = 300 fé, only the localized state is visible in the TPPE spectra. Similar-result ha\;e
beer‘_l.;.j observed for other alcohol solvation experiments. Initially c}el‘o‘galizgd el?ctrqréé aré

¢

localized within the first 300 fs.

'fWo differentvmecharijsms have been'proposgd for the-ptrpcesvs of,_e_{eétron}qéaliza— v
tionin a frovZe'.ﬁr'polar solvent. One theory sﬁééesté ﬁhat initially delocalized el.‘ectron saxr;lples
a largé areaf before it localizes in pre-existing trap sites or defect sites in the medlum [66] '
The othk-er(‘_cheory suggests fchat the stl:_o'gg electrostatic interactions between- Ithe ele’ctron ~and
surroundiﬁg medium induée the vformation of trap site and then: folli')WS-:b&".-.electrbn lécal—

ization in the dynamic_all-y formed trap site [73.,.78, 79]. These two chalvizati}on mecha’nisr.uns;

$

can be dxstmgulshed by - exammmg the short time dynamlcs of locahzatlon Flgure 4. 18‘:

shows» the zero-time delay TPPE spectrum at dlfferent angles for propanol Sohd and dashé

lines represent the deconvoled localized and delocalized states in TPPE respectxvely As
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Figure 4:17:' Angle-resolved’ TPPE’ of monolayer butanol adsorbed on Ag(111) surface. At.
At = 0 fs, only delocalized image state electron appears in the spectra. As time delay
ificreases; a‘new localized peak grows in the spectra. At At = 187 fs, both docalized and
delocalized n = 1 image states are observed in the spectra. By At = 300 fs, only localized
peak appears. Even after'it is localizéd, the electron continues:to decrease in énergy owing

to solvation by adsorbates.
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can be seen in At = 0 spectrum, a small localized peak exists. At At = 0 the solvent does
not have time to reorganize, thus the forméfic)n of the localiied électroﬁ must oécur due to
trapping in pre-existed defect sites. ‘Similar observation has been observed for localization
in benzene, where""electrdh was observed to'b_e ldééliééd by:defelctsi ’A's At increases, the
localized peak increases in amplitude compéred to ;ﬁé'-»delocalized state, which suggests the
dynamical localization by solvept motioﬁs. Tk}e observed 1oc,z;tjlizati'0ndynz_1;mi_cs is sifnilar to
that of the polafén formation where an electron indu‘Ced lattiée distortion cause the electron
to localizes at a single lattice site due to favorable energet‘iés "[46‘]“.__ Although it appears that
most electrons are-docalized via dynamicéié;lvent réféti(_)n, rIfPPEresults suggest that both
localization mechanisms are active in the electron sql\‘r’atior; by adsorbed alcohol mqleculeg.
Because of the inability to separate the localize_d,‘aﬁd~delgéaliz;{a peak intensities, fhe pr;—'
cise rate of population trar;sfer bétween the localized and "ch(;_a delocalized el(;ctrons can not

be obtained.

Although an idealized image state electron is cor:s'i:dé'réd delocalized throughout the
entire space at At = 0, in reality, the delocalized eleqtf(;n is fcoﬁ%in_gd within some bhysical
boundaries. A f;urelj} delocalized electron has inﬁnitesimaﬁy small charge &éﬁsity above
each molecular dipole, thus can not exert adequate electf:()stzz}mtib force to induce rotation of
dipoles. The spatial extend of the delocalization clectron is limited b the electron scattering
off surface defects, i.e. tile cohex:er;i(;‘:e::le,ugtl‘li oé the ele(‘;trq;n‘.-,g {;I‘g;};;fe}icgherent‘ léngth of the
electron can be estimated from the angle dependence of-the Lorentzian peak widths (T'))
in TPPE [126]. The scéééieriﬂé processparallel t.oi Qt‘;}l.e surface contrlbutes tQ. t.ltlé,ﬁbr:ent,:iz:aih

widths in parallel momemtum, py, which can be determined with:
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Ly=T(py) —T(p =0) (4.6)

where p| is the momentum of the electron parallel to the surface. The Lorentzian peak
widths can be used to estimate the coherence length, Az, of an electron with the following

equation:

R

Ax =
.I‘ m*F”

(47)

Angle resolvedg.;I‘PE of‘“pr;)pé;c;l/ Ag(lll) in Figure 4.18 is used to estimate the cdherené%
length. At p =0.2 A-1 and I =0.015eV, Az is ~ 100 A. A size of ~ 100 A’-‘corfésponciisir
to a few hundred alcohol molecules that have the length of ~ 3.48 A (methanol) to ~
9.64 A (pentanol). The size of the surface patch ‘that solvates the electron -can also b:e
estimated from the perspective of thermodynar_gigg. :mIf _tﬁe énergy reqtiir‘}f,d for a dipolve.},

rotation is on the order of .k’iI‘,->51;he'r‘di;'éti011' éﬁergy is about 4 meV to 9 me:V‘ifo‘r experiments.

that take place between 50 K to 100 K. For a solvation energy of ~0.25 eV, the size of the

patch is also on'the otdet 6f ~ 100:A.

4.7  Electron Solvation by Nitrile

Two dimensional electr(.).n sol;\r;tion by polaf molecules has ralso been observed
in nitrile/Ag(111) [126]. Acetonitrile and gutyomtrile have bee‘n used in the studies of
electron solvation. - Observation of photoelectron kineticmenergy relaxation in both nitriles
is also attributed to the changes in the local work function caused by the reorientation of

nitrile molecular dipoles. Figure 4.19>displays the monolayer acetonitirle/Ag(111) image
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potential state energies as a function of delay time. For monolayer acetonitrile, a 0.25 eV
shift in loeal work function was observed. Dynamical localization can oply be observed in
bilayer nitrile coverage. The appearance of the localized and delocalized states in the nitrile
system is distinctly different from the alcohol systemé. In the nitrile system, the localized
and ‘delocalized states appear as separate peaks rather: then one single peak in electron-
solvation: by alcohol molecules. For monolayer acetonitrile, no localized state was observed.
For:two layers of acetonitrile, the population evolution:showed a population transfer from
the ‘delocalized; state to the localized state. The delocalized state decays within 300 fs.
At 300 fs; only theilocalized state remains in-the TPPE spectra. Both the localized :and
delocalized electron-decrease in kinetic energy on the same time scale, suggesting that'same-
type of molecular motion—molecular dipole rotation—is responsible for solvation of both

states.

4.8 Disk Dipole Model

A simple model is used to estimating the changes in the electrostatic potential
due to molecular dipole reorientation induced by an image potential state electron. The -
reorientation of the molecular dipoleé.causes the initially delocalize electron to localize

parallei to the surface. At very large distances, the eléctron is not able to "see” the dii)élé

is strongly
influenced by the charge distribution of the dipole patch. As described in Section 4.6, the
size of the surface patch can be estimated from the width of the TPPE peak width and

from the thermodynamic consideration... - oo i L
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An image state electron residing at a few Angstroms outside the surface signifi-
cantly perturbs.the- structure of the polar molecule layer." The polarmolecules respond to
the perturbation by rotating the positive end of their molecular dipoles toward the electron.
Rotation of the molecular dipole results in the increase ‘of the dipole projection -along the-
surface normal, thus changing the electron static forces felt by the image state electron.

‘The molecular surface charges can be represented by an uniform charged disk.
Figure 4.20 illustrates an electron residing at a distance z:along the central axis of a circular-
charged disk with a radius-R:that has a uniform positive surface charge density o. The:
electrostatic potential of such-a system ‘can: be calculated by:first considering that the disk
is made up of concentric rings of width da. The potential between two elementary :charges,

q,is

AN U (48)

T dme,r?
where ¢, is the vacuum permittivity. The potential due to a positive charged ring with a-

width da can be expressed as

Pt ¢(T)=(/027ra4;7rzzo_r_cis)da R o (49)

The electron is represented by charge ¢ and o is the surface charge density of the ring.

Simple geometry consideration allows Equation 4.9 to be rewritten as

B

cooe ot Lo g,r'd .— - :d . o ‘ I
= ([ P (W)

For a circular charge distribution, the electric field perpendicular to the central axis cancels, -

\
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Figure 4.20: An electron resides at distance z along the central axis of a uniform positive
charge disk with surface charge density ¢ and radius R. A differential element of charge

A

occupies a length.ds with:an infinitesimal width.da. - .., w. -~.- , -2 .
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leaving only the parallel component, which is cos § = (—2——2—2)—{ Integrating only the parallel
z4+ta

component over both the length element ds and radial element da gives

R 27ma  _ ‘ — R — i
60 = [ ([ e e = L [7 O - SR ) ()
0 0 4me, (22 5 2€,

+ a?) = 471’60“0 (z2+a2)% B

For two dimensional electron solvation by rotafcion of molecular dipoles, the two
oppositely charged disks represent the surface baﬁch or reor‘ientAed‘ alc(j.hdl“"fhdl‘écules, as seen
in Figure 4.21. The radius of the disks, R, accounts fd?;thé §§ze;'§)f-the sjtbi"r'faceupatch ‘sélvafli'flg
the electron. The solvating dipole consists of two ch&‘téés,_ 5+ and 6, Which .ar.ei sépa‘r’atedvf':
by a distance I. The charges arise from tﬁe partisl"gharges (;h-gtomslinked by poiaff’bﬁpds.
The two opposi‘lcely charged disks represent poiléctively £he ‘positi'\}e ends and neéafiye en&s
of the molecular dipoles. The uniform surface charge density o equals to 6 x p, whiere p is
the two dimensional concentration of molecular _aipoles on th‘é,;su_‘r'facé énd dtis the partial
charge on the dipole. Equivalently, all ‘negativ'eupa:r‘;i;l éﬁarées are irlcluded in a negatively
charged disk with a unifor\m charge density —a | ‘Pr‘ofmthe'potential along the z axis, [ is
the separation between the two partial charges projected on to the surface normal axis.
The rotation of the dipole, which changes the dipole projection along the surface norinal,
is represented by increasing the separation between the two charged disks, as depicted in
Figure 4.21.
" At At = O,. béforé rﬁolecuiar dipoles ;f;e(')rg-anize ’infresponsé to »t‘he:? brés‘én‘ce 'of the
electron, the dipoles lie parallel to the surface. Tlllus, the net dipole projection is zero. As

molecular dipoles rotate, the dipole projection increases. The dipole projection along with

surface normal reaches maximum when the dipole aligns perpendicular to the surface. The
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separation of the two disks, [, is equivalent to the length of the dipole when the dipole aligns
perpendicular to the surface.

For | = 0, the electrostatic pbtgﬁtial of an image state electron, which resi'(ies at
z from the two oppositely charged dlSkS -élong the central axis, results in a potenpiél that
equals to zero. As dipoles rotate to solvaté £he electron, the dipole projection increéxée}s and
the potential also increases. ‘, For an irﬁagg state electron resiailr;g_‘at- z and z+I frér_n the
positively charged and negatively vclzlargé&édi?sk? respectively (as -shé)wn in Figure 4.‘21)“," the
electrostatic potential along the sur,‘faceﬁ:,_r‘lt_)rm%l, z, can be obtained using Equati_o'; 411
The total potential equals to the sum og.ij‘éfentials due to the positive and negative vc{;érged

disk. The potential due to the negativély_ éharged disk can be obtained with Equation 4.21

by replacing z with z +{. The poaentidl is

2¢,

$(2) = = (VE + R? . 3)%%‘(\_/‘('&1)%32'— (z+1). @)

(24 02+ R +1) |

A

where ¢, is the magnitude of the change in potential due to dipole rotation, and ¢ is the -
elementary cl:l_grge._' N
o _Tﬁéiyaéip‘s:byf the d}s'lg:‘éregfe‘s'eﬁ’gér the size of ‘fﬁé'Surfa:(:e pd:t'-Chv"'SQl\'/a"'ﬁliﬁg théiélec'fcir’;dn:. '

The description of the dipole patch estimation was preseiited in Section 4:6. The erergy

relaxation dynamics for each n = 1 and its corresponding n = 2 states are identical as
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I

Figure 4.21: Model of alcohol molecular dipoles on a surface. Orlentatlon o the molecular
dlpoles with respect to the surface normal modifies the surfacevpotentlal In the.proposed
model two parallel disks represent a patch ‘of molecular dipoles. The collectlve rotation of
the dipoles is equivalent to increasing the g‘?},‘-:@?@@ﬁlog’;? .

oot oay ey e
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observed with TPPE. This experimental observation agrees with the model estimation for
R ~ 100 A. Close to the surface, the behaviqf of the potential can be dbgéri}ed by expanding
Equation 4.13 -

z-{-é

#z) = —gol1 - 21

2 N 4 (4.15)

For R > z, the potential can be approximated by a constant -¢,. Although the n \=: 2‘ state
electron resides at z ~ 12 A from the surface, which is 4 times further away compére to the _
n = 1 state, the surface patch of R ~*100-A ié stili much greater than z. Thereforé Both
the n=1 and n=2 image‘«s“téfe électr‘oﬁ expérienc'e the same potenti-‘é'l;"—d)-o. For R > I, the
changes in the disk radius would not significantly inﬁuence the electrostatic potential in the
z direction. For a probe fo bé, sef;;iti;}e to {he \féfiat{oh in 4t7he'local_bs’urfa_xce poteptial, the
size of the local surface po‘tentia'f'ﬁnis‘t 'be greater than twice the distance of the pfogé from
the surface. Therefore the size of _ﬁ‘lliesurface patch must be > 24 Afor tﬁe n =2 vibmag.‘e;
state electrdn (which resides at ~ 12'K ‘from the surface) to be sensitive to ;he locél'wofﬁ

function. This 24 A patch size serves as a lower limit for the size of surface patch.

For electron sc;lvétion by rotation of -OH group on the alcohol molecules, ‘équals '
to the O-H bond length Lof 0.97 A fqr all alcohol molecules. Figure 4.22a shows the
electrostatic potential oﬁthe two dlSk model for. three diffgfential pgtch size of methanol
molecules: R=1A, R=100 A, and R= 100-000 A{ ‘;;I;I;e van der Waa_ls radius of methanol

mqlecules can be estlmated fromthe bond lengthsof the molecule Eachmethémol molecule

1

1sest1mated to occupyrv 25 A2 Thecharge den31ty of cr= 233 ><10*21—/% 1sobta1ned Wlth

!
s

the dipole moment of 5.67 x 1073 C - m divided by the dipole bond length (0.96 A) and by
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Energy (eV)

q2 R = 100000 A ]
0 - 200.:. - - 400 . 600 - 800 +~ 1000 -
b) —
— .- methanol :
. — propanol |
3 . == butanol -
>
S ,--=--pentanol
& , i
i ]
“0 " 200 4000 " eoo’” 800 " ‘1000 ¢

z(R),

AN

Figure 4.22: Disk dlpole potentlal generated from Equatlon 4.15 for a) methanol surface
patch with three different radius, R = 1 A,"R"="100 A, arid’ R ‘= 100000"A and b) fotir
different alcohol molecules with R = 100 A. As the alcohol molecules increase in size, the
dipole densﬂ;y decreases, and thie change in potential due to dlpole rotation  also decreases.

Sy
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the estimated area per molecule. All three potentials show a similar trend. As z approaches
0; all- three potential approach 1.2 eV. As z approaches 0o, the potentials approach 0. The
radius, R, determines how fast the potential approaches:the asymptotic value, 0.  For a
small surface pa‘tch, the potential approaches 0 rapidly: Consequently; for a small surface

patch the n =1 and n = 2 image states would experience different local work functions. -

" The change inlocal work function is determined by -¢,, which.depends on the disks
separat‘ion,a 1,-and the charge density, o. Figure 4.22b. s,hows,the-;electrost.at,ic potential. of
the two disks model generated for. methanol,'propa'nol, butanel, and pentan.ol,.--In-‘each case,
the electron is solvated by the -OH group ofithe alcohol molecules. The dipele moment, for
each alcohol melecule changes slightly-, from.1.70 to 1.66' Debye from 'methanel to pentanol.
The charge density of each molecul€ is obtained with. the dipole moment of.each molecule,
divided by the dipole bond length and by the estimafe per area -molecule. The surface
patch size of 100 A is used as the radius, R. The disk dipole model results in a change
of work function of -1.2 eV, -0.63 eV, -0.48 eV, and -0:33 eV for methanol, propanol,
butanol, and pentanol, respectively. The measured change of ~0.25 eV lies within this
range. While the dipole moment remains relatively constant, the dipole density decreases -
from methanol to pentanol. Assuming electrons delocalized over the same ~100 A radius
surface patch, the number of molecules contained in the surface patch decreases as density
decreases. Therefore the energy relaxation dué to dipole rotatioﬁ decreases. This is contrary
to the experimental observation of constant solvation energy (~0.25 eV) for different alcohol
molecules. Oné plausible explanation is that the dipole density might remain uhchanged

from methanol to pentanol. Another possibility is that the solvation energy is determined
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by the number of dipoles that interacts with the electron. While the methanol is more
densely packed compared to pentanol, the electron delocalizes over a larger area for the
larger' alcohol molecules; and therefore the electron interacts with .the same number of
dipoles regardless the density of the dipoles. In-another word, the radius R changes from
| methanol to pentanol:: A third possibility points.to incomplete d,ipoie rotation, which can
also contribute to éhanges in the potential. The electron-dipole interaction induces a smaller
rotation when the electron interacts with a greater number-of dipoles (such as methanol).
When 'the electron interacts with a fewer number of dipoles (like butanol molecules); the
electron-induces a larger dipole rotation. Therefore thé total potential relaxation is constant
for all-alcohol molecules. For example, the solvation energy measured experimentally: for:
a monolayer acetonitrile of 0.28 eV is comparable to-those measured in alcohols, despite
acetonitrile has a much larger dipole moment of 3.9 Debye compared to that of alcohol

molecules-of ~ 1.7 Debye.
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Chapter 5

Conclusions '

This dissertation presents the study of electron solvation at polar adsorbate/Ag(111)
interfaces with TPPE. Eléctron solvation in condensed medium has long been the subject
of intense research owing to its broad implication .in physics-and chemistry. Although:the
phenomenon of solvation is ubiquitous, the subject:of electron solvation at an interface has
been largely ignored. Two photon -photoemi’ssio‘n investigations of electron solvationat-a
alcohol/metal interface not only-represernt the first: study of electron solvation in:reduced.
dimension, but also:show that TPPE ‘is‘a’ powerful tool in-studying -dynamical electron
interactions at an interface. Previous TPPE studies have shown that electrons can interact
strongly with nonpolar-adsorbate. to form self:tfapped: polaron via electron. transfer reac-
tion:. .In. the present: study, electrons »interac.t. strongl‘y,with.polar adsorbates; and induce.
adsorbates reorganization, which is similar to that of solute-induced solvent reorganization
observed in liquid- solvation -experiments. .. Two photon iphotoemission provides ‘a unique -

perspective in determining the:mechanism and dynamics of electron solvation. -
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Ultrafast photon excitation results in electron photo injection from the bﬁlk metal
into image potential statés at a two dimensional interface. Since the image state electron
resides at only a few Angstroms from the surface, the energy of the image state electron is
sensitive to local variations in charge distribution at the surface. Residing adjacent to the
surface/polar adsorbate interface allows the strong charge-dipole interactions betwe’en;t}he-

electron and polar adsorbates to induce a solvation of the electron.

A series of monolayer straight chain alcohol molecules a;glsqrbe:d on Ag(lll)ls use@
for the experiment. Electron induced reorganization involves the rotation of the O-H bond
of the alcohol molecules toward the electron. Since electron only interacts strongly with

_dipoles that are close to the electromn, the molecular reorganization occurs.locally around
the electron, creating a local variation in: charge distribution: Rotation of the-molecular:
dipole lowers the' local surface potential, i.e. ‘the local work functien.:-The decreése in
the. workéfuncfioh manifests as image state electron kinetic energy shift:in TPPE: Thus,
monitoring the time depéndence:of the photo,electron"énergy:—aprovides direct access to probe

.the dynamics of .two-dimensional solvation: A ~500-fs time constant-for energy relaxation:
and. a ~0.25:eV.solvation energy are observed-for dll‘6f the. alcohol molecules-studied!
A constant relaxation time scale -and eneigy indicate that the solvation’ motion -is simila;:
for all of the alcohol molecules. The. O-H bond. rotation solvation mechanism is further.
supported by the results of temperature dependent :solvat-ion «dynamicand :the- calculated:
partial charges on. alcohol molecules. - Between :170: K -t0;50 K ,.the solvation dynamics:
showed no observable difference. Temperature invariant: dynamics: ex‘clude’s the: possibility : .

of diffusive solvation mechanism, but not the O-H bond rotation mechahism.e_fPa.rtial charges.
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of alcohol molecules calculated with density functional theory show that the O-H group is
the strongest dipole on the alcohol molecule. The -'d‘i'pole' strength of the O-H group remains
relatively the same while the alcohol molecule increases in size. Same dipole strength would"

result in similar solvation time scale and energy for all the alcohol molecules.

Dynamical localization of electron has also been studied with angle-resolved TPPE.
At zero time delay between the pump/probe pulses, TPPE spectra éhowed a large popu-
lation of delocalized electron as well as a smali population of localized electron. Localized
electron at At = 0 was attributed to electron trapping by pre-existing defect sites in the
layer. Increasing population in the localized state with increasing At was attributed to the -

dynamical electron localization with induced dipole rotation.

A simple disk dipole model is used to represent the changes in the electrostatic
potential caused by dipole rotation on the surface. Two oppositely charged disks were used
to model the positive and negative end of the dipole patch. Rotation of the dipole that
increases the dipole projection along the axis perpendicula}r to the surface is represented by
the separation distance of the two disks. For the disk dipole model, an energy difference of
~ 0.6 eV is obtained for a patch of R ~ 100 A dipoles rotating from parallel to perpendicular
orientation. Experimentally measured 0.25 eV is within the range of this energy change.

Difference in solvation energies might result from an incomplete dipole rotation.

The observation of multiple image potential state series with different energies
and dynamics indicates the existence of multiple solvation pathways for the image state
electron. These solvation pathways may result from different local environments, such as at

defect sites or step edges, or at which the rotation of the dipoles might be hindered. While
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a complete understanding of the dynamics, has not been échieved, the ﬁndihg’s reported in
this dissertation demonstrate the potential of tirme and angle:resolved TPPE ‘in s’t~udyihgg

two dimensional solvation-dynarics at-interfacés:: - -+ . ..
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