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Electronic interaction
Far away from surface (> 10•) classical 
dipole coupling (Chance et al.)

¥ No charge transfer, only energy damping

¥ Excited molecule is regarded as oscillating 
point dipole

¥ Solid is regarded as continuous medium 
with dielectric constant ε(ω)

¥ radiation lifetime

   (d distance from surface)

¥ i.e. 1/d3 law

¥ Tested for organic dyes on spacer layers

¥ e.g. Xe*(5p ! 6s) on Ag τNR-1 = 3*10-14 s, 
width 0.02 eV

¥ In close vicinity resonance picture

¥ Resonant tunnelling of electrons between 
adsorbate and substrate states

¥ Akali s-state on jellium Γ > 0.3 eV 
(Nordlander & Tully, 1988)

The width of the level Γ and the lifetime are 
related by
  (uncertainty principle)
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Experimentalist´s approach

¥ Typical linewidth seen in UPS or inverse 
photoemission ~1 eV

¥ e.g. Xe 5p ~0.5 eV, Xe 6s ~1 eV, i.e. for 5p 
! 6s transition 1.5 eV

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

¥ Inhomogeneous broadening due to 
Franck-Condon e%ects, between neutral 
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 10-14 - 10-15 s.



2-Photon-Photoemission: CO/Cu(111)

¥ CO a&nity level detectable by 2-Photon PhotoEmission

¥ Kinetic energy shifts ! 1 × hν Hertel et al., SS Lett. 317, 1147 (1994)
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Knoesel, Hertel, Wolf & Ertl, CPL (1995)

Autocorrelation of signal from Surface State 
measures temporal pro)le of laser



Photochemistry on metals
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¥ 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 Ôvibrational 
frequencyÕ of an electron of 10-16 s:

 !  " 10-15 s

¥ The time needed for a chemical 
process, e.g. breaking a bond is on the 
order of 10-13 s.

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

On insulators:

¥ electronic systems are decoupled

⇒ no quenching



Experimental choices

 h! < 10 eV Laser Spectroscopy
Mass Spectrometry

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

Skimmer

NH3 beam

Excimer laser
193 nm

Mirror

outgoing
dye laser beam
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focus

reflected excimer
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¥ Biggest problem: stray light from the crystal

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



Laser heating
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Pd : T0 = 100 K

Laserpuls :
FWHM = 13 ns

h"! = 6.4 eV

¥negligible heating e%ects for 

F ≤ 10 mJ/cm2

¥heating rates ≥ 108 K/s for 

F ≥ 100 mJ/cm2

one-dimensional heat transport

D. Burgess, et al., J. Vac. Sci. Technol. A 4, 1362 (1986)
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NO/Pt(111)
N2O4/Pt(111)

N2O4/Pt(111)
h" = 6.4 eV

Large translational energies

Rotational temperature larger than 
surface temperature

High extent of vibrational excitation

positive coupling between rotational 
and translational energy

Trot = 260 K



¥ Accelerated motion and re*ection at 
the di%erence potential

¥ Transformation dE ! dv and

1D ! 3D distribution

¥ Linearise energy transfer around 

zcritical

⇒ Hence, close similarity to a Maxwell-

Boltzmann distribution
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Vibrational Excitation
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Translation-Rotation Coupling

¥Energy *ow into rotation and translation is 
coupled and limited by the lifetime in the 
upper state

Hasselbrink, CPL 170, 329 (1990)

¥NO- has a larger equilibrium bond length 
than NO (electron in 2π*)
! bond stretches in the upper state

¥Lifetime τR determines extent of vibrational 
excitation

Gadzuk et al., SS 235, 317 (1990)



Excitation mechanism

e-
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+

Absorption of the photon, where?

¥in the adsorbed molecule

¥in the metallic substrate

Excitation by the electro-magnetic 
)eld at the surface

" direct

Creation of electron-hole pairs within the 
penetration depth of the light. Subsequent 
scattering of these with the adsorbate

" indirect



Polarisation Analysis
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Goal: Discriminate between adsorbate and substrate excitations
Absorption in metal bulk
¥FresnelÕs formula, complex index of 

refraction

¥Creation of hot electrons

¥Interaction with the adsorbate

Absorption in adsorbed molecule
¥Absorption

¥Standing em wave at the surface
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O2/Ag(110)
E

Light

¥No indication for a cos2 
variation with the angle 
between the molecular 
axis and the )eld vector

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



Dissociation and desorption mechanisms
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Universal Curve

Absorption in metal bulk

Light is refracted into the substrate with 
the absorbance

 A = 1 - R

It penetrates into the substrate as

with the penetration depth λ = 10 nm (Pd, 

hν = 5 eV)
The number of excited carriers η in a layer 
at distance z:

With the e%ective free path length for 
excited carriers δe% the number of carriers 
reaching the surface is given by:
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Why is the substrate mediated channel dominating?

Vacuum

e-

h!

EFermi

Oad

O2
" - O2

3#u

¥Absorption of a monolayer
cross section: 10-18 cm2;
density: 1015 molecules/cm2

¥Absorption by the solid
 !  0.5

¥I.e. the substrate mediated mechanism starts with 103 times 
more initial excitations

¥ Even if electron attachment has only 1% probability (σ ≈ 10-17 
cm2) this channel is likely to dominate

¥1 mJ/cm2 laser *uence " 1015 photons/cm2

⇒ current > 100 A

! Nphotons

N photons

" 10#3



The role of secondary electrons
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2-photon photoemission probe of hot electrons
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What determines photo-cross section?
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Electron and nucleii on an equal footing
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Application to O2/Pd(111)

hot electron 
distribution
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Isotope Effects
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Isotope effects allow to 
determine the 
efficiencies of the 
excitation transfer steps

Probability to escape quenching

with life time of excitation, $, and 

potential energy, V(x).

The desorption cross section %i for a 

particle with mass mi is given by the 

primary excitation cross section %ex and 

Pdes

This yields for the isotope effect:
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Desorption Induced by Multiple Electronic Transitions

¥Observed when using 
femtosecond lasers

¥Multiple electron scattering 
events within vibrational 
relaxation time

¥Hot electron thermalise among 
themselves and heat molecular 
degrees of freedom due to 
e%ective coupling via 
resonance

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

O2/Pd(111)



Transition

single electron regime
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It is believed that most catalytic 
reactions follow the Langmuir-
Hinshelwood route

Their reaction dynamics is hard to 
study by molecular beam methods

Only in special cases analysis of the 
desorbed products yields significant 
insights (e.g. Matsushima)

Little is known about the transitions 
state, i.e. how the reactands move 
prior to reaction

Reaction O + CO -> CO2

Mieher & Ho, JCP 91, 2755 (1989)  

thermal desorption

Transient mobility of nascent oxygen 
atoms
Reaction of nascent hot O with 
COad

CO2 formation
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Chemical Reactions
O2,ad + COad ! CO2(&) + Oad

hν = 5 eV

Ukraintsev & Harrison, JCP 96, 6307 (1992)



© 1999 Macmillan Magazines Ltd

!"##"$% #& '(#)$"

!"#$%& ' ()* +,- ' ./ "0%1* .,,, ' 22234567893:;< *+,

./3 =5>?4@ 13 13 A B5C;D94C;@ (3 =3 !9768;4 E:56698?4F 54G E7H98:;4G7:6?4F ;8G98 H585<9698 ?4
BI5JK7+)L3 !"#$% &'(% )'**%!"# M.+MNM.+L O.,,/P3

.Q3 )47R8?9D5@ S3 A %;EE56T=?F4;G@ U3 #V9;8W ;R EH?4 GW45<?:E ?4 V?FVT+: :;HH98 ;X?G9 E7H98:;4G7:6;8EY
"HHZ?:56?;4 6; 49768;4 E:56698?4F3 !"#$% &'(% ,"$#L/LJNLQ[+ O.,,/P3

.L3 )47R8?9D5@ S3 &D?G94:9 R;8 - . J !#J EW<<968W ;R 6V9 E7H98:;4G7:6?4F ;8G98 H585<9698 ?4 BIK) R8;<
49768;4TE:56698?4F G5653 !"#$/01 2$"%#+M-N+/M O.,,/P3

.-3 =?ZZ?E@ "3 U3 A =;4?94@ \3 I?Z5W98 :;7HZ?4F ?4 6V9 W668?7<N]58?7< R5<?ZW ;R V?FVT69<H9856789
E7H98:;4G7:6;8E3 !"#$% &'(% ,"&#.Q.LJN.Q.L- O.,,QP3

.,3 =;88@ 3̂ _3 A 0?49E@ 3̂ #V9 89E;454:9 H95C ?4 :7H8569 E7H98:;4G7:6;8E3 !"#$% &'(% )'**%'%#.[-QN
.[-, O.,,-P3

J[3 B?4@ *3@ KV5C85D586W@ `3 A "4G98E;4@ 03 a3 #V9 49768;4 H95C ?4 6V9 ?4698Z5W98 67449Z?4F<;G9Z ;R V?FV
69<H9856789 E7H98:;4G7:6;8E3 !"#$% &'(% )'**%!'# +//,N+/QJ O.,,LP3

J.3 bV54F@ `3 K3 " 74?c9G 6V9;8W ]5E9G ;4 `)O/P EW<<968W ;R E7H98:;4G7:6?D?6W 54G 546?R988;<5F496T
?E<3 30/'40' $!"# .[-,N.[,Q O.,,LP3

JJ3 ^9<Z98@ &3@ _;V4;@\3 AbV54F@ `3 K3"T9X:?656?;4 ;R 6V9 *T5<;G9Z3 !"#$% &'(% ,"'# /L.,N/L+[ O.,,-P3
J+3 `:5Z5H?4;@ 3̂ U3 A aV?69@ `3 %3 #V9 E7H98:;4G7:6?4F :;4G94E56?;4 9498FW 54G 54 546?R988;<5F496?:

9X:V54F9 ]5E9G H5?8?4F <9:V54?E<3 !"#$% &'(% ,"'# -JJJN-JJM O.,,-P3
JM3 ^9<Z98@ &3 A bV54F@ `3 K3 d7546?656?D9 G9698<?456?;4 ;R 5 <?:8;E:;H?: <9:V54?E< ;R V?FV +:

E7H98:;4G7:6?D?6W3 61*78' ()*# L++NL+/ O.,,-P3
J/3 !;8<54@ =3 %3 '* 193 ^9E687:6?;4 ;R 6V9 S98<? E78R5:9 ?4 74G98G;H9G V?FVT+: E7H98:;4G7:6;8E3

61*78' ()$# ./LN.Q[ O.,,-P3
JQ3 `V94@ b3 e3 '* 193 #9<H9856789T?4G7:9G <;<9467<TG9H94G946 EH9:685Z 29?FV6 6854ER98 ?4 I?J`8JK5T

K7J)-f!3 30/'40' $'+#J/,NJQJ O.,,-P3
JL3 g7@ g3 ^3@ #5C5<7C7@ _3@ _;EV?>7C5@ !3 A #545C5@ `3 *58F9 E?4FZ9 :8WE65Z I?TJJ.J 5Z;4F 0T5X?E

H89H589G ]W h;56?4F >;49 <96V;G3 5% 28#$*% :8;<*"%(+#+J/N+J, O.,,-P3
J-3 I;78F9E@ 03 '* 193 \?FVT9498FW EH?4 9X:?656?;4E ?4 BI5JK7+)Q3/3 !"#$% &'(% ,"*# %..M+,N%..MMJ

O.,,LP3
J,3 S;4F@ \3 S3 '* 193 &RR9:6 ;4 4;4<5F496?: ?<H78?6?9E ;4 6V9 <5F496?: 89E;454:9 H95C ?4 BI5JK7+)L3

!"#$% &'(% )'**%'$# .,+,N.,MJ O.,,,P3
+[3 !;8<54@ =3 %3 A ^?4F@ \3 K;ZZ9:6?D9 <;G9E 54G 6V9 E7H98:;4G7:6?4FTE6569 EH9:685Z R74:6?;4 ;R

I?J`8JK5K7J)-3 !"#$% &'(% ,"!# %..[-,N%..[,J O.,,-P3
+.3 `V94@ b3 e3 A `:V8?9RR98@ U3 %3 =;<9467<@ 69<H9856789@ 54G G;H?4F G9H94G94:9 ;R HV;6;9<?EE?;4

Z?49EV5H9 54G ?<HZ?:56?;4E R;8 6V9 456789 ;R 6V9 H5?8?4F H;6946?5Z ?4 V?FVT+: E7H98:;4G7:6?4F
<5698?5ZE3 !"#$% &'(% )'**%!'# .LL.N.LLM O.,,LP3

,-./012345363/789 a9 5:C4;2Z9GF9 G?E:7EE?;4E 2?6V "3 \3 =;7GG943 #V9 2;8C 56 08?4:96;4
$4?D98E?6W 25E E7HH;869G ]W 6V9 =%`&K H8;F85<<9 ;R 6V9 !56?;45Z `:?94:9 S;74G56?;4@ 54G ]W 6V9
05:C58G 54G `Z;54 S;74G56?;4E3

K;889EH;4G94:9 54G 89i79E6E R;8 <5698?5ZE EV;7ZG ]9 5GG89EE9G 6; I3_3 O9T<5?ZY C9?<98jH7HFF3
H8?4:96;439G7P3

-)$.(/"0(!12'"3 $"(/#1&'&.
45&#&2"'"$(#"3&672"'(#&8%
91#5/($:&'8&'&613" #($2"#%
!" #$%& '(%)* + ,-./ '" 0*123 ,(

='>18*?'4* ;@ 2"'?/$*8#A 378@10' 30/'40' 2'4*'8A B4/('8$/*# ;@ !/**$C78D"A
!/**$C78D"A !'44$#9(14/1 EFGHIA B3J
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

,706:- ;/4 6023-<2;= 8>3-:38 53/3=;734 ?@ 7A3 >A0702@8:8 0B
;2:5/34 6023-<238 ;480=?34 0/ -=@87;22:/3 802:48 73/4 70 60C3
>=3B3=3/7:;22@ :/ >;=7:-<2;= 4:=3-7:0/8 =32;7:C3 70 7A3 -=@87;2
8<=B;-3%9 DA:8 ?3A;C:0<= =38<278 :/ 8<=B;-3E;2:5/34 >A070E
=3;-7:0/%#$:B 7A3 >A07053/3=;734 8>3-:38 :8 4:=3-734 701;=48# ;/4
=3;-78 1:7A# ;480=?34 ;/4 ;2:5/34 7;=537 6023-<2389 F=3C:0<82@#
530637=:-;2 4:=3-7:0/;2:7@ A;8 ?33/ :/B3==34 B=06 7A3 =3;-7:0/
>=04<-7 @:324# 7A3 ;/5<2;= 4:87=:?<7:0/ ;/4G0= 7A3 .:/37:- ;/4
:/73=/;2 3/3=5@ 4:87=:?<7:0/8 0B 43>;=7:/5 >A070-A36:-;22@

>=04<-34 8>3-:38(H*9 I3=3 13 =3>0=7 63;8<=363/78 0B 7A3 =32;7:C3
=;73 0B 7A3 =3;-7:0/ ?37133/ 0J@53/ ;7068 K>A07053/3=;734 B=06
;480=?34 ;/4 8<=B;-3E;2:5/34 6023-<2;= 0J@53/L ;/4 -;=?0/
60/0J:43 6023-<238 ;480=?34 0/ 3:7A3= 7A3 873> 0= 7A3 73==;-3
8:738 0B >2;7:/<6 8:/523 -=@87;289 M@ <8:/5 :8070>:-;22@ 4:87:/-7
-;=?0/ 60/0J:43 6023-<238# 13 ;=3 ;?23 70 8A01 7A;7 7A3 0J:4;E
7:0/ =;73 ;7 873> 8:738 :8 71:-3 7A3 0J:4;7:0/ =;73 ;7 73==;-3 8:7389
DA:8 0?83=C;7:0/ 8<553878 7A;7 7A3 607:0/ 0B 7A3 >A07053/3=;734
0J@53/ ;7068 :8 ;2:5/34 ;20/5 7A3 873> 3453# 80 7A;7 7A3 ;7068 ;=3
N;:634O ;7 -;=?0/ 60/0J:43 6023-<238 ;480=?34 ;7 873> 8:7389
S?F789 . F?D9E 5 E:V9<56?: ?ZZ7E6856?;4 ;R 6V9 E78R5:9T5Z?F49G

HV;6;:V9<?:5Z O`"0P 895:6?;4 29 V5D9 ?4D9E6?F569G3 )78 9XH98?T
<946E 2989 :588?9G ;76 ;4 62; E69HH9G 06 E?4FZ9 :8WE65ZE3 #V9
06O++/P E78R5:9 !06!E"N#!.[["# M!..."$:;465?4E O.[[P E69H E?69E ;R
E?4FZ9T56;< V9?FV6@ E9H58569G ]W O...P 69885:9 E?69E 6V56 589 R;78
56;<E ?4 2?G6V3 #V9 06OLL,P E78R5:9 !06!E"N#!.[["# -!..."$5ZE;
:;465?4E E?4FZ9T56;<TV9?FV6 O.[[P E69HE ]76 V5E 69885:9E ;R G;7]Z9
6V9 2?G6V ;R 06O++/P3 )XWF94<;Z9:7Z9E 589 H89R98946?5ZZW 685HH9G 56
E69H E?69E R8;< 5 <;]?Z9 H89:78E;8 E6569 ;4 5GE;8H6?;4 56 -/N,[_
O89R3 LP 54G ;8?946569G 2?6V 6V9?8 )N) 5X9E H585ZZ9Z 6; 6V9 E69H
9GF9-@,3 #V98<5Z G?EE;:?56?;4 ;R :V9<?E;8]9G )J G;9E 4;6 ;::78 ;4
06O++/P 56 69<H9856789E ]9Z;2 .M[ _ O89RE .[@ ..P3
"6;<?:5ZZW :Z954 06 E78R5:9E 2989 9XH;E9G 56 -- _ 6; )J G;E9E

R8;< 54 5]E;Z769ZW :5Z?]8569G 54G :;ZZ?<569G ]95< G;E98 6; 5:V?9D9
89H8;G7:?]ZW !.+k ;R 5 <;4;Z5W98 )J :;D985F9 ;4 06O++/P 54G
!Lk )J :;D985F9 ;4 06OLL,P O2?6V /[k cZZ?4F ;R 6V9 E69H E?69E ?4
95:V :5E9P3 .+K.-) O,,k .+K 54G ,/k .-) ?E;6;H?: H78?6WP 25E 6V94
5G<?669G 6; 6V9 E78R5:9 56 -- _ 6; cZZ 6V9 E69H E?69E@ 54G 6V9 5]E94:9
;R K) <;Z9:7Z9E ;4 6V9 69885:9 E?69E 25E :;4c8<9G ]W ;]E98D56?;4

[111]

[100]

CO2

h!

O=O

C
   

 O O

Pt(779)

C

4%56(2 7!"#$%&'(" )("'*+$ ,- '#$ )+$-$++$. /0 )#,',1,2(.&'(,3 ,3 & 4'$))$. 5'

4(367$1"+84'&7 4*+-&"$9

Wavenumber (cm–1)

1,9002,0002,1002,200

A
b
s
o
rb

a
n
c
e

0.000

0.002

0.004

0.006

1,9002,0002,1002,200

0.000

0.002

1981 cm–1

2091 cm–1

13C18O on
steps   

12C16O on
terraces
   

1,800

1,800

0.004

0.006
1985 cm–1 T = 88 K

T = 88 K

13C18O on
steps

4%56(2 8!$7$"'(:$ ;77(36 ,- '#$ &.4,+)'(,3 4('$4 <('# /0 (4,',),%$+4 ,3 '#$

4'$))$. 5'=>>?@ 4*+-&"$9 A#(4 )+,"$44 (4 %,3(',+$. B8 +$C$"'(,3D&B4,+)'(,3

(3-+&+$. 4)$"'+,4",)8 =EFGE@9 A#$ 4'$) 4('$4 &+$ ;+4' 4&'*+&'$.<('# 0H =3,' :(4(B7$

(3 '#(4 GE 4)$"'+*%@ &3. '#$3 <('# I>/IJ0 =IKLJ? "%!I@K &4 4#,<3 (3 '#$ *))$+

4)$"'+*%9 F-'$+ '#$ 4'$) 4('$4 &+$ B7,"M$. (3 '#(4 -&4#(,3K '#$ IH/IN0 (4,',),%$+

=HKOLI "%!I@ "&3 ,378 ,""*)8 '#$ '$++&"$ 4('$4 ='#$ 7,<$+ 4)$"'+*%@9 F !HOP
(3'$34('8 4#&+(36 $--$"' (4 ,B4$+:$.K Q*.6(36 -+,% '#$ .$"+$&4$ (3 4'$)1I>/IJ0

&B4,+B&3"$ &4 '$++&"$1IH/IN0 (4 &..$.9

O2 and CO adsorb preferentially  
at the step edges

By dosing 13C18O )rst to 
decorate the steps and then 
12C16O to go onto the terraces

The product CO molecules can 
be discriminated by there mass

 Reaction at the step sites is two 
times faster

i.e. the hot O atoms *y along 
the step edge

i.e. the alignment has a 
signi)cant e%ect

Tipa & Yates, Nature 398, 591 (1999)



Where is the reaction site?

Reactions on a corrugated surface

hot oxygen atoms run along the 
troughs

Yamanaka ... Matsushima,  ASS 121, 601 (1997)


