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Laser-Induced Surface Processes
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Using increasingly bigger hammers (photons)
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Electronic interaction

Far away from surface (> 10°) classical
dipole coupling (Chance et al.)

Solid Molecule
N~
~
S
'
E. _ s
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— -
metal resonance split and broadened far away

The width of the level and the lifetime are
related by
I =1"*"  (uncertainty principle)

¥
¥
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¥
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No charge transfer, only energy damping

Excited molecule is regarded as oscillating
point dipole

Solid is regarded as continuous medium
with dielectric constants(w)

radiation lifetime
R = (%) L 1 S

- =1Im

NR %(w)‘i_lg' d3
@ distance from surface)

l.e. 143 law

Tested for organic dyes on spacer layers

e.g. Xe*(5p— 6s) on Agnr! = 3*1014 s,
width 0.02 eV

¥ In close vicinity resonance picture

¥

Resonant tunnelling of electrons between
adsorbate and substrate states

¥ Akalis-state on jelliumr > 0.3 eV

(Nordlander & Tully, 1988)



Experimentalist s approach
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Figure 4 Potential-energy curves for atomic and ionic Xe interaction with a surface.
g&—hw/2 and €, —he* /2 are atom and adsorbed-ion desorption cnergies. The structure

labeled |y,,(z; T)|” represents the initial-state charge distribution. (Ref. 44.)
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Typical linewidth seen in UPS or invers
photoemission ~1 eV

e.g. Xe 5p ~0.5eV, Xe 6s ~1 eV, l.e. fc
— 6S transition 1.5 eV

However, EELS measurements of the
excitation Xe 5p— 6s show < 0.2 eV

Inhomogeneous broadening due to
Franck-Condon ffects, between neutra
and ionic states

Apparent width is larger than width
corresponding to lifetime

Natural width of states that decay by
resonant tunnelling 0.1 - 1 eV, I.e.
lifetime 1014 - 1015 s.



Energy

2-Photon-Photoemission: CO/Cu(111)
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¥ CO dhnity level detectable by Zhoton PhotoEmission
¥ Kinetic energy shiftsx 1 x hv

Hertelet al, SS Lett. 317, 1147 (1994)




Time resolved
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Autocorrelation of signal from Surface State
measures temporal prole of laser

Knoesel, Hertel, Wolf & Ertl, CPL (1995)

|10 fs

2PPE
SS-Cu(111)

FWHM
(98 7)fs

-200 -100 O

100 200 300 400
Delay [fs]




Photochemistry on metals

¥

¥
¥

Strong coupling between substrate
and adsorbate electronic states

Resonant tunnelling of electrons

Tunnelling probability through a
barrier of 1 eV height and 1 ¢ width is
1/e. With the typical Ovibrational
frequencyO of an electron of-10s:

1 "10-15s

The time needed for a chemical
process, e.g. breaking a bond is on tf
order of 1013 s,

Both processes, non-radiative
guenching and photochemistry,
compete with each other on the same
time scale

Metal Adsorbate

Vacuum Level

e- hot electron
[ >

h!

occupied

On insulators:

¥ electronic systems are decoupled

— Nno quenching

unoccupied



Experimental choices

0 ©

o A4

.00 hv<i0eV Laser Spectroscopy
° 00 Mass Spectrometry

¥ ¥

5 { Surface

° /Analysis ¥

Many of the standard techniques
are used

Complementary data about
desorption dynamics and state of
the adsorbate are helpful

Experiments using laser
spectroscopy for detection have
long run times and work only for
systems where the state of the
adsorbate does not change during
the experiment



Realisation

Lens
Dye laser .
350nm - 330nm Mirror
Dye Laser
focus
reflected excimer
laser beam
Cu(111) Beam stop
TOF tube

molecular beam
. ~—
Signal

Anode

MCP's
Deflecting Skimmer
grid NH, beam
Excimer laser
193 nm

Mirror

outgoing
dye laser beam

¥ Biggest problem: stray light from the crystal

¥ Variation of time delay between both lasers allows to record state-
resolved time-offlight spectra



Laser heating

penetration depth ~ 10nm —»

one-dimensional heat transport
| t

AT =1 K'cttly F(t —%$)/3d$
0

D. Burgessgt al, J. Vac. Sci. Technol. A 4, 1362 (1986)
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Pd:To=100K ¥negligible heating dfects for

F<10 mJ/cn?

¥heating rates> 13 K/s for
F >100 mJd/cn?

AT [ K/ mJd/cm?]
N
|

Laserpuls :
1~/ » FWHM =13 ns

‘ / hvl = 6.4 eV

s, | | | |
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Results

N2O4/Pt(111)
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Buntinet al, JCP 91, 6429 (1989)

60 K

e Large translational energies

o Rotational temperature larger than
surface temperature

o High extent of vibrational excitation

@ positive coupling between rotational
and translational energy

Hasselbrinket al, JCP 92, 3154 (1990)



¥ Accelerated motion and réection at
the difference potential

neee) = mo () ()

exp(! 1)

\Y

dE fin
dz z= Zjump

¥ TransformationdE — dv and

1D — 3D distribution
dEﬁn:vdvanddsv! vidod"

¥ Linearise energy transfer around

Zcritical

N(v)dv! v'e Edv;n! 3

— Hence, close similarity to Maxwell-

Boltzmann distribution



Vibrational Excitation

NO™ ¥NO has a larger equilibrium bond length
than NO (electron in 2*)
lmk I bond stretches in the upper state
" ” q ¥Lifetimetr determines extent of vibrational
/B wtbey excitation
I Gadzuket al, SS 235, 317 (1990)

Transiation-Rotation Coupling
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¥ Energyflow into rotation and translation is
coupled and limited by the lifetime in the
upper state

=,

Hasselbrink, CPL 170, 329 (1990)



Excitation mechanism

Absorption of the photon, where?

¥in the adsorbed molecule

b

Excitation by the electro-magnetic
field at the surface

direct

S

¥in the metallic substrate

Creation of electron-hole pairs within the

0/0 e penetration depth of the light. Subsequent
\ / scattering of these with the adsorbate

Y

indirect



Polarisation Analysis

Goal: Discriminate between adsorbate and substrate excitations
Absorption in metal bulk

Absorption in adsorbed molecule
¥FresnelOs formula, complex index of

¥ Absorption

refraction Ax( | Eﬁ\ >2

\ COS®, — N, COSo® -
A=1-rr; 1 = S : E: electric field strength
COS¢, + N, COSQ, B
H: dipol transition matrix element
A —1_ 1 "y _ N, Cosp, —Cosg, _
, P P" P n_cos¢, + Cos, ¥Standing em wave at the surface

<Ef’y>: (1+ R)+ QJESCOS 6
¥ Creation ofhot electrons <E§y>: cos? ¢1{(1+ Rp)_z\/R*pcosép}
¥Interaction with the adsorbate

<Eiy>: sin” ¢1{(1+ Rp)+ 2\/R7pcosép}

with 6. = tan [Im(ri)/Re(ri)] and R, =, -ri*
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Hasselbrink, AP A 53, 403 (1991)



0:2/A9(110)

O2 molecules adsorb with
their axis aligned along the
[110] azimuth

Surface photochemistry 15: On the role of substrate excitation

S. R. Hatch, X.-Y. Zhu, J. M. White. and Alan Campion
Department of Chemustry. Universiy of Texas. Austin. Texas 78712

J Chem Phys 92 (4) 15 February 1980
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Figure 3. For O, on Ag(110), average rates (30-s irradiation of 0.25 ML
of O,) for photoinduced desorptiion by HREELS (open squares) and
TPD (solid squares) and dissociation, by HREELS (open circles), as a
function of azimuthal angle (¢). 0° is parallel to the O, bond axis.



Dissociation and desorption mechanisms

Dissoclation

Dl

¢ 20 m;
B i

1#,,

1#,,

1#UII

Desorption

Energy

Desorption results from temporary attraction
caused by image charge forces



Absorption in metal bulk

Light is refracted into the substrate with
the absorbance

A=1-R Universal Curve
It penetrates into the substrate as

I=1I, exp% AZ

with the penetration depthA =10 nm (Pd,

hv=5eV)
The number of excited carriengin a layer
at distance z:

12~ B exp i, 8z

With the dfective free path length for ; :
excited carrieress the number of carriers S S P RV RS UTVTH R
reaching the surface is given by:

2z

0, ~ 777(2)66‘”‘7” dz=A(1+)6, )
0

A (monolayers)




Why is the substrate mediated channel dominating?

Vacuum

¥Absorption of a monolayer
cross section: 1@ cny;

density: 10> molecules/cn?
! N photons n 10#3
Nphotons
¥Absorption by the solid
1 0.5

¥ |.e. the substrate mediated mechanism starts with31ines
more Initial excitations

¥ Even if electron attachment has only 1% probability£ 1017
cm?) this channel is likely to dominate

¥ 1 mJ/cn? laserfluence = 105 photons/cn?
= current > 100 A



The role of secondary electrons

Ephoton:hV
1 B1st | 2nd | 3rd

Energy

4th Generation

hv

Sum

¥ Electron-electron collision time (Fermi

liquid theory)
I =#(E, " E)

= 2 hot electrons partition the energy

(swave scattering)
E!' E
N(E)dE = s

2
0

dE

¥ Electrons difuse into the bulk

N(E) [arb. units]

EFermi

100 E

h! =4eV

1 [ N NN B B M |
3 4567891 2

Hot Electron Energy [eV]




2-photon photoemission probe of hot electrons

Energy

Scheme
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What determines photo-cross section?

F/ h(l)o

p=3

D/ hiwg = 2 P $jEefin(Ee)$#in(Ee) I:)(Ein’Efin)"l‘l:l&out(Efin)dEfin

Probability to cause transitiofcin —
Efin by scattering an electron witlke

f.,(E.): incoming electronflux distribution

Tunneling Prob. / Cross Section

0.10

0.08
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0.02

0.00

P(E..E. ): modelled by a displaced, truncated

In?
harmonic oscillator
Gadzuk, PRB 44, 13446 (1991)
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Electron and nucleii on an equal footing
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Application to 0;/Pd(111)
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Harris, Halloway & Hasselbrink, NIM B 101, 31 (1995)



Isotope Effects

Probability to escape quenching

P, = exp

xC
_ | _dx_
v(x)!

)

des

with life time of excitation, T, and
potential energy, V(X).

The desorption cross section 0j for a
particle with mass mj is given by the

primary excitation cross section Oex and
P des

o =P.0

des™ ex

This yields for the isotope effect:
My /my -1 VM /my 1
o (G_ex] , (i)

o, o -

des

_ I m
_ exp[ f! \/Z(V(x)V(xO)) dx

01/02 Oex Py
- j
H0/D0 | ocorvedt] ™M™ 11018 emel| = g1/oex
D@ﬁﬂlﬁﬂﬁi@lﬂ 1.4 20/18 18.4 1/400
Dissociation 2.2 2 0.6 1/7

Isotope effects allow to
determine the
efficiencies of the
excitation transfer steps




Desorption Induced by Multiple Electronic Transitions

800

Desorption Yield
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[ OPd(111) .

Absorbed Laser Fluence (mJd/cm?)

0 1 2 3
Position (A)

0 1 2 3 4 5

Y¥Observed when using
femtosecond lasers

¥\/Iu|tiple electron scattering
events within vibrational
relaxation time

¥Hot electron thermalise amoni
themselves and heat molecul¢
degrees of freedom due to
effective coupling via
resonance

Misewich, Heinz, Newns, PRL 68, 3737 (1992)



Transition

O/Pt(111)
. 1 1 1 1 | L I 1 1 1 1 | L I 1 1 1 1 1
10" =
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Busch & Ho, PRL 77, 1338 (1996)

single electron regime



Reaction 0 + CO -> CO;

CO(g) +1,04,(9) ?
284
v .
247 N thermal desorption

[ 1 ,

o N 134 | E=-101 )

: O CO.(q) Single Adsorbate

g
38 CO ,(a) 0 ? 02 (b)

r CO

~-33
co 0y

@ It is believed that most catalytic
reactions follow the Langmuir-
Hinshelwood route

Coadsorption

9
9
£
4

(a)

Mass
CO2

@ Their reaction dynamics is hard to
study by molecular beam methods

0+CO

@ Only in special cases analysis of the wt’ Mo
. . . 00 300 S00 700 9 1100
desorbed products yields significant ™ Nemperature (k).

. . . Mieher & Ho, JCP 91,2755 (1989)
insights (e.g. Matsushima)

ittle i e ' ility of n nt oxygen
@ Little is known about the transitions e T‘:an5|ent mobility of nascent oxyge
atoms

state, i.e. how the reactands move , ,
. . @ Reaction of nascent hot O with
prior to reaction CO..
a



Chemical Reactions
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Photochemistry of oriented molecules coadsorbed on solid surfaces: cost |

The formation of CO,+ O from photodissociation of O, coadsorbed
with CO on Pt(111)

W. D. Mieher and W. Ho
Laboratory of Atomic and Solid State Physics and Material Science Center, Cornell University, Ithaca,
New York 14853-2501

J. Chem, Phys. 91 (4], 15 August 1989
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e O> and CO adsorb preferentiall
at the step edges

e By dosing!3Ct8Ofirst to
decorate the steps and then
12C160 to go onto the terraces

@ The product CO molecules car
be discriminated by there mas:

@ Reaction at the step sites is tv
times faster

@ I.e. the hot O atomély along
the step edge

@ I.e. the alignment has a

significant efect
Tipa & Yates, Nature 398, 591 (1999)



Where is the reaction site?
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@ hot oxygen atoms run along the
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Yamanaka ... Matsushima, ASS 121,601 (1997)



