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CHAPTER 1 

Intro ducti on 

Two kinds of investigations are presented in the thesis. One 

is the study of nitric oxide (NO) adsorption-induced structural 

transformation of a platinum (001) surface (Pt(001)) at 

temperatures of 80-410 K using low-energy electron diffraction 

(LEED). The other is the study of ultraviolet-laser stimulated 

desorption of NO chemisorbed on Pt(OOl) induced by valence

electron excitation. The significance and the historical 

background of each investigation are.described. The studies 

related to the present work are reviewed. 

( I ) 

1.1 Significance of the present work 

I have carried out two kinds of investigations. One is the 

study of nitric oxide (NO) adsorption-induced structural trans

formation of a platinum (001) surface (Pt(OOl)) at temperatures of 

80-410 K using low-energy electron diffraction (LEED) and a 

single-domain Pt(001) reconstructed surface. The other is the 

photostimulated desorption study of NO chemisorbed on Pt(OOl) 

induced by valence- electron excitation using an ArF excimer laser 

(A = 193 nm, 6.41 eV). In this chapter, I briefly describe the 

significance and the historical background of each investigation. 

Surfaces often exhibit characteristic structural transforma

tion, which has been one of the most important subjects in the 

history of surface science [1]. Rec e ntly, adsorption- induced 

structural transformations of metal surfaces have offered exciting 

topics in this field [2]. A Pt(001) surface exhibits the 

following remarkable features: (1) The topmost Pt layer of a 

clean Pt(OOl) surface has a hexagonal structure instead of the 

bulk-like (1xl) structure [3, 4]. (2) The reconstructed surface 

is relaxed to the (lxl) structure with adsorption of molecules 

such as NO [5] and CO [6]. In Chapter 2 of the thesis, I report a 

LEED study of the structural transformation of a single-domain 

Pt(001) reconstructed surface induced by NO adsorption at 

temperatures of 80-410 K. The structural transformation of the 

topmost Pt layer and the NO layer growth process are observed to 

be remarkably dependent on the surface temperature. At 330 -390 K, 

a double-domain NO-c(2x4) layer grows while relaxing the topmost 

( 2) 



hexagonal Pt layer into the (lxl) structure . On the other hand, a 

single-domain NO- c(2x4) layer grows anisotropically at 230-270 K. 

The (20x5)~ (1x1) structural transformation of the topmost Pt 

layer was found to occur abruptly in relatively narrow NO exposure 

range of 0.8-1.0 L at 80 K. The mechanism of the single-domain 

reconstructed surface formation is discussed. A detailed model is 

proposed for the microscopic mechanism of the (20x5)~ (1x1) 

structural transformation accompanied by the anisotropic single

domain NO-c(2x4) layer growth observed at 230-270 K. The present 

study will contribute to further understanding of the microscopic 

mechanisms for adsorption-induced structural transformations of 

metal surfaces. 

Recently, study of laser-induced surface processes has 

developed as a new important field in surface science owing to 

rapid progresses in laser and vacuum technology [7]. Especially, 

photostimulated desorption has attracted interest of many surface 

scientists, because it is one of the most fundamental photo

chemical surface processes [8, 9]. There has been, however, only 

few studies on ultraviolet-laser stimulated desorption induced by 

electronic excitations for molecules chemisorbed on metal [10-12]. 

In the latter part of the thesis, I report a study of desorption 

of NO chemisorbed on Pt(001) induced by ArF excimer laser 

irradiation (A = 193 nm, 6.41 eV) using a positive ion detection 

system (Chapter 3), the (2+2) resonance-enhanced multiphoton 

ionization ((2+2)REMPI) technique (Chapter 4), and the (1+1)REMPI 

technique (Chapter 5 and 6). The laser fluence dependences of 

desorption yield, translational and internal energy distributions, 

(3) 

and desorption cross sections were measured. All of the results 

support that desorption of chemisorbed NO is induced by valence

electron excitation. The present results are compared in detail 

with those reported in the other state-selective studies of 

electron-stimulated and photostimulated desorption, and the 

mechanism of the observed photostimulated desorption is discussed. 

The present study will open a way for elucidation of the mechanism 

of photochemical processes of molecules chemisorbed on metal. 

Before describing the present investigations, I briefly 

review the related studies in the following sections. First, I 

introduce the structure and the properties of NO chemisorbed on 

Pt(001) in Section 1.2, then survey the history of study on 

desorption induced by valence-electron excitations in Section 1.3, 

and review the other state-selective studies of desorption induc e d 

by valence-electron excitations for NO chemisorbed on metal or 

modified metal in Section 1.4. 

1.2 Structure and properties of NO chemisorbed on Pt(001) 

The most stable structure of a clean Pt(OOl) surface exhibits 

a (20x5)-like LEED pattern, for which a model is proposed that the 

topmost Pt layer is reconstructed hexagonally with a rotation 

angle of 0.7• [3, 4] (fig. 1-1). Four possible domains are 

usually present in a reconstructed surface. In the thesis, I use 

the customary indication of (20x5) to represent the stable rotated 

hexagonal structure. An almost clean Pt(001) - (1x1) surface can 

also be prepared by NO and fu treatments [13]. The metastable 

(4) 
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Fig. 1-1. (a) Schematic drawings of the LEED pattern and the unit 

cell for the unrecons t ructed and r e consrtructed Pt(001) surfaces. 

The dot size is roughly proportional to average spot intensity. 

Triangular dots represent "hexagonal spots" due to a hexagonal 

layer. (b) Rotated hexagonal model for a Pt(001)-(20x5) surface. 

The top-layer atoms are shown as thi c k c irc les, whil e the next 

layer atoms are shown as thin circles. (From ref. [ 4 ] . ) 

(5) 

Pt(OOl)-(lxl) surface is reported to be stabilized by a residual 

H-coverage of ~o.oa monolayers (ML) ( ~ 1x10 1 • atoms/cm2 ) [6]. The 

metastable (1x1) structure transforms irreversively to the meta-

stabl e (lx5) structure at ~420 K, to the metastable non-rotated 

hexagonal structure above 600 K, then finally to the stable 

rotated hexagonal structure above 1100 K [14]. 

Benzel et al . have studied NO adsorbed on a Pt(001)-(20x5) 

s urface at 300-670 K using LEED, Auger electron spectroscopy 

(AE S ) , and ultraviolet and X-ray photoemission spectroscopies 

(UPS and XPS), and reported the following results: (1) With NO 

ads orption at temperatures lower than 340 K, the LEED pattern 

c h a nges into a double-domain c(2x4) - like pattern, i. e. a (1x1) 

pattern accompanied by f our fuzzy spots located at (1/2 1/4), 

( 1/2 3/4), (1/4 1/2), and (3/4 1/2) in the reciprocal unit cell. 

Th is pattern is not a simple c(2x4) pattern, because (0 1/2), 

(1 1/2), (1/2 0) , and (1/2 1) spots are missing [5]. (2) NO is 

c h e mi sorbed on the Pt(001) surface molecularly with a bent 

con f i g u ration [5]. (3) UPS spectra for a nearly-NO- saturated 

Pt( 001 ) s u rface exh ibit t h ree peaks at 2.7, 9 . 6, and 14.8 eV below 

the Fermi level, which are assigned to the 2rr, 1rr+5~, and 4~ 

orbital of molecular NO, respectively (fig. 1-2) [5]. (4) The NO-

satur ation coverage at 320 K is ~o.38 ML (~5xl0 1 ' molecules/cm2 ) 

[15 ] . (5) A Pt(001)-(20x5) surface is able to adsorb NO at 

temperatures up to 410 K [13]. (6) The initial sticking 

coefficient of NO on a Pt(001)-(20x5) surface is ~o.6 at 300 K 

[13 ] . 

[ 13]. 

(7) The dissociation of adsorbed NO starts above ~400 K 

(b) 
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Fig. 1-2. (a) Difference UPS spectrum for a nearly-NO-saturated 

Pt(001) surface at temperatures lower than 340 K with respect to a 

clean Pt(001)-(20x5) surface, hv = 40.8 eV. (b) Same as (a) but 

(c) Comparison of UPS spectra of gaseous and 
for hv = 21.2 eV. 
adsorbed NO. The spectra of adsorbed NO were shifted relative to 

the gas phase spectrum until maximum overlap occurs between the 

1rr+5o group and the measured peak at 9.5 eV below the Fermi level. 

(From ref. (5].) 
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The same group has investigated NO adsorbed on Pt(001)-(20x5) 

at 300 and 140 K using high-resolution electron energy loss 

spectroscopy (HREELS), LEED, and AES [16]. The HREELS spectra are 

shown in fig. 1-3. The configuration of chemisorbed NO was 

discussed on the basis of symmetry arguments. For NO adsorbed on 

Pt(001)-(20x5) at 300 K, two N-0 stretching peaks were observed at 

1630 and 1805 em· 1 • The former peak is greater than the latter. 

They concluded that 1630 cm· 1 energy loss represents NO chemi-

sorbed on an on-top site in the Pt-(1x1) surface with N-side down 

with a bent configuration, while 1805 em· 1 energy loss corresponds 

to NO chemisorbed on an on-top site at defects probably with a 

straight configuration. With NO adsorption at 140 K, the LEED 

pattern changes into a diffuse (1x5) pattern. With NO exposure of 

0.2 L (1 L = 1x10· • Torr·s) at 140 K, only a single N-0 stretching 

energy loss appears at 1690 cm· 1 , which is assigned to a bent NO 

molecule. With larger NO exposure of 5 L at 140 K, an additional 

N-0 stretching peak appears at 1790 cm· 1 , which is assigned to a 

NO chemisorbed on an on-top site in the Pt-(20x5) surface probably 

with a straight configuration. 

In a study of NO adsorbed on Pt(001)-(20x5) at 300 K using 

reflection-absorption infrared spectroscopy (RAIRS), Banholzer and 

Masel observed a shift of the N-0 stretching energy loss from 1634 

to 1641 em· 1 with increasing NO exposure from 1. 5 to 9 L [ 17]. 

They attributed the shift to the dipole coupling of adjacent NO 

molecules. The N-0 stretching was observed to shift to 1629 em· 1 
, 

when the NO-saturated surface was heated from 300 to 408 K. On 

t he basis of these results, they concluded that the adsorbed NO 



1635 

500 1000 1500 ·I 
ENERGY LOSS (em l 

·2600 (b) 
265 

' 

Ll~---,~00----~,00~0~~~~~~~,~0 
EN[RGY LOSS 

(C) 
~terminal 

straight 

WM m terminal N>trosyls with 
bent known structure 

~ 2-fold bridge ( • halogen 
nitrosyls l 

~ 3-fold bridge 

~ PI- Nitrosyl s (structure unknown l 

~ ~ NO ~dsorbed · on Pt (100) 

1900 1500 1700 

"No (cm'l 
1300 

Fig . 1- 3 . (a) HREELS spectra of NO adsorbe d on a Pt(001)-(20x5) 

surface at 300 K. The peak at 380 ern-> probably represents the 

Pt-N- 0 bending. (lx1o- • Pa· s = o . 76 L. ) (b) HREELS spectra of NO 

adsorbed at 140 K on a Pt(001)-(20x5) surface. The peak at 310-

265 ern- • probably r e presents the Pt-NO stretching . (c) Summary 

plot of the experimentally observed ranges of the N- 0 stretching 

frequency for nitro~yl complexes and NO adsorbed on a Pt(001) 

surface . The notations "terminal (on- top) straight, etc." 

indicate the structure of the metal -NO system. (From ref. [16].) 

islands are formed at 300 K, but the islands bre ak up with heating 

to 408 K. 

Rec e ntly, Gardner et al. measured RAIRS spectra of NO 

adsorbed on Pt(001)-(20x5) at 90 K as a function of NO exposure 

[18] (fig . 1-4(a)). With NO exposure at 90 K, the N-0 stretching 

peak first appears at 1678 ern- 1 , then shifts to 1697 ern- 1 • With 

further NO exposure, however, the peak at 1697 ern- • rapidly 

diminishes while a new peak appears at ~1630 ern- 1 accompanied by a 

broader peak at ~1 800 ern- 1 • This drastic change occurred in a 

relatively narrow exposure range of 0.5 - 0.7 L. They assigned the 

initial peak at 1678-1697 ern- 1 and the new peak at ~1630 e rn ' to 

NO chernisorbed on the Pt-(20x5) surface and NO on the Pt-(1x1) 

surface, r espectively, and concluded that t h e (20x5)~ (lxl) 

structural transformation of the top - most Pt layer occurs at the 

critical amount of NO exposure. The critical amount was found to 

depend on the surface temperature (fig. 1-4(b)). 

Schmidt et al . measured temperature programed desorptio n 

spectra (TPDS) of NO adsorbed on Pt(001)-(20x5) at 120 K [1 9 , 20 ] 

(fig. 1-5(a) and (b)) . Four promine nt NO desorption peaks were 

observed at 550, 500, 340, and 150 K. The low temperature peaks 

at 340 and 150 K were observed to develop only after larger NO 

exposure. The h igh temperature shoulder at 550 K is suggested to 

be induced by the (1x1)~ (20x5) structural transformation of the 

Pt(001) surface. The NO-NO interaction in binding state at 340 K 

is sugge sted to be repulsive, because the desorption peak shifts 

to t h e lower temperature region with i ncreasing NO exposure . The 

activation energy of desorption for the binding states at 500 and 

( 10) 
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90 K, shown as a function of exposure. Top curve is the spectrum 

of an NO-saturated Pt(001) surface after flashing to 300 K 
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(b) surface temperature dependence of the critical amount of NO 

exposure required to induce t he (20x5)~ (1x1) structural trans 

formation. The critical a mount was taken as t h e poin t where the 

~1680 em- • peak reaches its maximum frequency. (From ref. [18] . ) 
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TPDS spectra for NO adsorbed on P t (001)-(20x5) at 300 K for a 

heating rate of 14 K/s . (From ref. [21].) 

( 11) 



340 K is estimated as 36 and 25 kcal/mole, respectively. N2 and 

02 formed by thermal dissociation of NO were observed to be 

desorbed at 500 and 700-900 K, respectively. Gohndrone and Masel 

measured TPDS of NO adsorbed on Pt(001)-(20x5) at 300 K, and 

obtained the sim~lar spectra [21] (fig. 1-5(c) and (d)). 

Schwalke et al. carri e d out an electron-s timulated ion 

desorption study for NO chemisobed on Pt(001)-(20x5) at 300 K 

[22]. Only o· and small amount of 02 · ions were observed to be 

desorbe d from the surface at incident electron energies above 

565 ± 5 ev. 

1.3 History of study on desorption induced by valence-electron 

excitations 

Desorption induced by valence-el ectron excitations has been 

an important subject in surface science , bec ause it is one of the 

most fundamental dynamical processes on surfaces [8, 9]. However, 

there have bee n only a few studies for molecules chemisorbed on 

metal, because deexcitation process usually proceeds rapidly on 

metal (10-"~10- 1 • s) [9]. Menzel and Gomer [23], and Redhead 

[24] proposed a two-s t e p model for the mechanism of desorption 

induced by electronic excitations (MGR model) (fig . 1- 6(a)). The 

first step is a Franck-Condon transition from the ground state of 

an adsorbate to an antibonding state of the system. Then, the 

excited adsorbate moves away from the surface along the repulsive 

potential surface . If the lifetime of the excited adsorbate is 

long enough, the adsorbate acquire enough e nergy, and is desorbed 

( 13) 
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Fig . 1-6. (a) Model for desorption induced by electronic 

excitation (MGR model) . MandA r epresent the metal s urface and 

the adsorbate, respectively. (b) Model for desorption induced by 

electronic excitation proposed by Antoniewicz (from ref . [25]) . 

(c) Model for the intermediate excited state formation from which 

the non-thermal de sorption proceeds proposed by Menzel et al . 

(from re f. [27) ). 
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as a neutral molecul e after deexcitation. Antoniewicz proposed a 

modified two - step mode l [25] (fig. 1-6(b)). The first step is a 

Franck-Condon transition from the ground state to an ionic state . 

The ionic adsorbate starts its motion toward the surface owing to 

the image potential of the metal surfac e. In the following 

deexcitation process in the vicinity of the surface, the adsorbate 

aquire enough energy and is desorbed as a neutral molecule. 

Menzel e t a1. investigated electron-stimulated desorption of 

co chemisorbed on w, and observed the desorption threshold energy 

of 2.5 - 5 eV [26, 27]. For theW-CO system, they also carried out 

a photostimulated desorption study using a mercury discharge lamp 

[28]. The desorption threshold energy was found to be less than 

2 . 75 eV. The desorption cross section was about 5x1~ 21 cm2 at 

~5 eV . A simple MGR model does not account for the observed 

electron-stimulated desorption, because the lowest excitation 

state of co lies 6 eV above the ground state. To account for the 

low threshold, they suggested that the co-w bond formation may 

lead to new low-lying unoccupied molecular orbitals. Two possible 

models are proposed for the intermediate excited state formation 

from which non- thermal desorption proceeds . The first mechanism 

is the electronic excitations in the metal substrate, followed by 

elastic electron tunneling to an unoccupied state of the 

adsorbate-metal complex through the surface barrier (fig. 1-6(c)). 

The second mechanism is similar to the initial process of a MGR 

model, i. e . the Franck- Condon transition from the ground state to 

a neutral repulsive state of the adsorbate-metal complex . 

Since the pioneering works described above, desorption 

( 15) 

induced by valence-electron exci tations have be e n investigate d 

using an electron gun, a discharge lamp, or a lase r for a wide 

range of the metal - adsorbate and modified metal - adsorbate systems 

such as Ni-NO [29], Pt(111)-NO [10, 12, 30], Pd(111)-NO [11], 

Pt(111)-02 +NO [31], Ru(001)-CO [32], Ru(001) - N2 [32], W- fu [27], 

Pd(l11)-02 [33-35], Pt(111)-02 [36], Ag(110) - 02 [37], Pd(l11)-0 

[34], Ni(001)-Ni0-NO [38], Ni(111) - Ni0-NO [39], Ni(111) - 0 - NO [3 9 ], 

Ni(111)-S-NO [39], and so on. In the thesis, however, I confine 

the survey to the state selective electron- stimulated or photo -

stimulated desorption studies of NO chemisorbed on metal or 

modified metal surfaces, which are most related to the present 

work. In these studies, desorbed NO molecules in the ground 

electronic states (X2 no· (v",J"), where n", v", and J" repres e nt 

the z-principal axis component of the total electron angular 

momentum, vibrational quantum number, and rotational quantum 

number, respectively) are detected using a (1+1) resonance -

enhanced multiphoton ionization ((1+1)REMPI) or a laser- induced 

fluorescence (LIF) technique, which has proved to be a powerful 

tool in elucidation of desorption mechanisms [40] . 

1.4 State-selective studies of desorption induced by valence-

electron excitations for NO chemisorbed on metal or modified 

metal surfaces 

Burns investigated electron- stimulated desorption of NO 

chemisorbed on aNi film at 80 K using (1+1)REMPI [29] . The 

translational energy distribution peaks at 0.1 eV, corresponding 
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to a transla tional temperature of 1200 K, if a Maxwell 

distribution is assume d. The X' n(v" =1)/X2 n (v" =O) population ratio 

corresponds to a vibrational temperature of 700 K. The rotational 

energy was characterized by a nearly-Boltzmann distribution with a 

rotational t e mperature of ~400 K. On the basis of these results, 

they concluded that the desorption is induced by valence-electron 

excitations. 

Using (1+1)REMPI, Burns et al . carried out a rather thorough 

electron-stimulated study for NO chemisorbed on Pt(111) at 80 K 

[30]. The translational energy distributions of desorbed NO 

indicated that two desorption channels are present, i. e. a 

dominant low- energy channel (peaks at 0.05 eV, corresponding to 

~580 K, if a Maxwell distribution is assumed)) with a threshold of 

~6 eV, and a high-energy channel (peaks at 0.35 eV) with a 

threshold of ~20 eV. The high-energy channel was attributed to 

multiple-hole states created by complex electronic excitations. 

Desorbed NO in the two spin orbit states (the X2 ri1 · 2 (v"=O) and 

X' n, . 2 (v"=O) states) exhibited similar rotational distributions 

characterized by nearly-Boltzmann distributions with rotational 

temperatures of 500~640 K. On the basis of these results, they 

concluded that NO is desorbed via a long-lived relatively-free

rotor excited state created by the 2rr , .,_ 5u transition of chemi

sorbed NO. A calculation based on a single-atom approximation 

indicated that the lifetime of a 5u hole is relatively long 

(~1x1o - ' • s). This model was supported by calculations using a 

two-dimensional wavepacket propagation method, where the NO-Pt 

distance and the NO-Pt polar angle are considered. A simple model 
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potential surfac e wa s used in the c al c ul a tions on the basis of the 

assumption that the intermediate excited sta t e r e sembles an o, 

molecule adsorbed on Pt(l11). 

Buntin et al. have investigated las e r - stimulated desorption 

of NO chemisorbed on Pt(111) at 120 K f or 10 64, 532, and 355 nm 

(1 . 2, 2.3, and 3.5 eV, respectively) us ing an LIF t echnique [10] . 

Two desorption channels were observed to b e present. One was 

assigned to a laser- induced thermal desorption a ssociated with 

weakly bound NO . The other was assigned to a non- thermal de s orp

tion associated with chemisorbed NO on on-top site. The latter 

channel exhibited the following characteristics: (1) The desorp -

tion yield is proportional to laser fluence. The quantum yields 

for desorption are 5xlo-' , 4xlo- • , 5x1o- • for 1064, 532, and 

355 nm, respectively. (2) The translational energy is independent 

of laser fluence. (Non-Maxwell distributions, ~ 1200 K for 532 and 

355 nm, if a Maxwell distribution is assumed). (3) The internal 

energy exhibits a non-Boltzmann distribution with markedly 

inverted spin-orbit population. (4) The X' ri(v" =1)/X' n(v"=O) 

population ratios for 355, 532, 1064 nm are 0.04, 0.04, and 

<0.004, respectively. (NO in thermal equibilium at 840 K gives a 

v"=1/v"=O ratio of 0.04.) (5) The desorption flux exhibits a 

cos'' e distribution for NO in the X2 n,., (v" =O,J" =17.5) state. On 

the basis of these results, Buntin et al. proposed a model that NO 

is desorbed by an Antoniewicz-type mechanism (See Section 1.3 and 

fig. 1-6(b)) via a temporal negative ion state created by an 

elastic electron tunneling from photogenerated hot carriers in the 

metal substrate to an unoccupied state of chemisorbed NO (See 
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fig. 1-6(c}). Comparison of the pump laser polarization 

dependence of the desorption yield between the incident angles of 

o• and 70• supported the conclusion that excitations not in the 

chemisorbed NO but in metal substrate is responsible for the non

thermal desorption. 

Budde et al. have investigated laser-stimulated desorption of 

NO adsorbed on a non- metallic Ni(001)-Ni0 surface at 140 K for 193 

and 248 nm (6.41 and 5.0 eV, respectively) using LIF, and observed 

two desorption channels [38]. One channel was tentatively 

assigned to a laser-induced thermal desorption. The following 

results ar.e reported for the other desorption channel: (1) The 

quantum yield for desorption is of the order of 10· • for 193 nm, 

corresponding to a cross section of ~2x10" 1 7 em' . (2) The 

translational temperature increases from ~1000 to ~3000 K with 

increasing internal energy, if a Maxwell distribution is assumed. 

(3) The rotational energy of desorbed NO in the X' n,, 2 (v"=O) state 

exhibits a nearly-Boltzmann distribution with a rotational 

temperature of ~360 K for 193 nm. However, the rotational energy 

in the x• n3 , 2 (v"=O) state is markedly non-Boltzmann for low J" 

levels, and the x• n 1 , 2 (v"=O)/X• n, ,, (v"=O) population ratio reaches 

values of ~40 in the low J" region. (4) The X2 fl(v"=1)/X' fl(v"=O) 

population ratio is 0.01 , corresponding to a vibrational 

temperature of ~sao K. On the basis of these results, they 

concluded that desorption is induced by electronic excitations. 

However, the detailed mechanism was not proposed. 

Prybyla et al. have carried out a photostimulated desorption 

study for NO chemisorbed on Pd(111) at 300 K using 200-fs laser 
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pulse of 2.0-eV photon energy and (1+1)REMPI [11]. They report e d 

the following results: (1) The laser fluence dependence of the 

desorption yield is represented by a power- law relation with an 

exponent of n = 3.3 . The quantum yield for desorption is 3x1o· • 

for an absorbed fluence of 3 mJ/cm' , corresponding to a cross 

section of 4x10· 1 • em' . (2) The translational temperature is 

~1200 K for an absorbed fluence of 3 mJ/cm' , if a Maxwell 

distribution is assumed . (3) The rotational energy is represented 

by two Boltzmann distributions with rotational temperatures of 400 

and 2600 K. The two spin-orbit states exhibit similar populations 

for most J" levels, corresponding to a very high spin-orbit 

temperature. (4) The X' fl(v"=1)/X2 n(v"=O) population ratio is ~o.3 

corresponding to a vibrational temperature of 2200 K. They 

concluded that high density of electronic excitation in the met a l 

substrate induced by the 200-fs laser pulse leads to novel 

desorption channels involving both the ground and excited 

electronic states of the chemisorbed NO. 

Recently, Schwarzwald et al. have carried out a preliminary 

study of photostimulated desorption for NO chemisorbed on Pt(111) 

at 90 K for 193 nm using a (1+1)REMPI two- dimensional imaging 

technique [12]. The following results are reported: (1) The 

desorption yield is proportional to laser fluence. The quantum 

yield for desorption is in the range of 10 · • ~1o·• . (2) The 

translational energy is independent of laser fluence. (A non-

Maxwell distribution, ~1620 K, if a Maxwell distribution is 

assumed). (3) The rotational energy distribution appears non-

Boltzmann in general with the high rotational levels much more 
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populated than those in equibilium with the substrate temperature. 

(4) The desorption flux exhibits a cos•o distribution. These 

results indicate that photostimulated desorption is induced by 

electronic exc itations . However, difinitive conclusion was not 

drawn for the mechani s m. 

Most of the electron-stimulated and the photostimulated 

desorption studies described in the present section were carried 

out contemporaneously with the present work. Recently, these 

phenomena have begun to attract interest of more and more 

researchers in the field of not only surface science, b u t also 

molecular science, photochemistry, and applied physics concerned 

with the technological processes such as photoetching and 

sputtering. Nevertheless, the elementary processes of the non

thermal desorption are far from being understand. This field will 

be developed the more in future. 
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CHAPTER 2 

LEED Observation of NO 

Adsorption-Induced Structural 

Transformation on Single-Domain 

Pt(001)-(20x5) Surface 

NO adsorption-induced structural transformation of Pt(001) 

surface at temperatures of 80-140 K is studied us ing LEED and a 

single-domain Pt(001)-(20x5) surface. The structural transforma

tion a nd the NO layer growth process are observed to depend on the 

surface temperature remarkably . At 330-390 K, a double-domain 

NO-c(2x4) layer grows while relaxing the topmost hexagonal Pt 

layer into the (1x1) structure. On the other hand , a single

domain NO-c(2x4) layer g rows anisotropically at 230-270 K. At 

80 K, the (20x5)~ (1x1) structural transformat i on of the topmost 

Pt layer occurs abruptly in an NO exposure range of 0.8-1.0 L. 

The mechanism of the sing le-domain Pt(001) - (20x5) surface 

formation is discussed. A detailed model for t h e microscopic 

mechanism of the anisotropic growth of the single-domai n NO-c(2x4) 

layer at 230-270 K is proposed. 

( 2~) 

2.1 Introduction 

As is stated in Section 1.2, a clean Pt(001) surface is known 

to exhibit a (20x5)-like LEED pattern, for which a model is 

proposed that the topmost Pt layer is reconstructed hexagonally 

with a rotation angle of 0.7" [1, 2] (see fig. 1- 1). In detailed 

investigations using LEED, Behm et al. have proposed a "nucleation 

and growth" mechanism for the structural transformation of a 

Pt(001)-(20x5) surface into the bulk-like (1x1) structure induced 

by CO adsorption, i. e. the (20x5)~ (1x1) transformation starts at 

some parts of the s urface owing to the nucleation of adsorbed CO, 

and proceeds from there over the rest area of the surface [3, 4] . 

This model was supported by s canning tunneling microscopy (STM) 

studies [5, 6 ] and a Rutherford backscattering (RBS) study [7]. 

The (20x5)~ (1x1) transformation of a Pt(001) surface is also 

induced by adsorption of NO [8 , 9]. Bonze! et al. investigated NO 

adsorbed on Pt(001)-(20x5) at 300 K, and reported that NO is 

chemisorbed mol ecularly [8] with N-end down on an on-top site [9] 

(see Section 1 .2) . In an STM study of a Pt(001) - (20x5) surface, 

Ritter et al. observed striped h illocks after submonolayer NO 

adsorption at 295 K, and assigned them to the Pt - (1x1) islands 

with mono-atomic height (fig. 2-1) [6]. Ritter et al. have also 

reported the following results [6]: (1) The step does not act as 

an especially active center for the striped Pt-(1x1) island 

formation. (2) The Pt-(1x1) islands grow preferentially in the 

direction coincident with t he corrugations of the reconstructed 

Pt-(20x5) area. (3) Then, the islands begin to grow laterally, 
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Fig. 2-1. (a) STM image of a Pt(001)-(20x5) surface after 

submonolayer adsorption of NO at 295 K. A monoatomic step 

separates two flat terraces in the left-hand side of the image. 

(b) Sequence of STM images of a Pt(001)-(20x5) surface during NO 

exposure at 295 K (NO pressure= 4xlo- • Torr). Arrows mark a 

monoatomic step passing through the area . (From ref. [6].) 
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normal to the preferential growth direction . 

To elucidate the detailed microscopic mechanism for the 

anisotropic (20x5)~ (1x1) structural transformation of topmost Pt 

layer and the NO layer growth process, I have carried out a LEED 

study of NO adsorption on a single-domain Pt(001)-(20x5) surface 

at 80-410 K. The structural transformation a nd the NO layer 

growth process were observed to depend on the surface temperature 

remarkably. At 330-390 K, a double - domain NO- c(2x4) layer was 

observed to grow while relaxing the topmost hexagonal Pt layer 

into the (1x1) structure. On the other hand, a single-domain 

NO-c(2x4) layer grows anisotropically at 230-270 K. At 80 K, the 

(20x5)~ (1x1) structural transformation of the topmost Pt layer 

was found to occur abruptly in a relatively narrow NO exposure 

range of 0.8-1.0 L. The mechanism of the single-domain 

Pt(001)-(20x5) surface formation was discussed. A detail e d model 

for the microscopic mechanism of the anisotropic growth of the 

single-domain NO-c(2x4) layer observed at 230 - 270 K is propos e d. 

2.2 Experiment 

Measurments were carried out in an ultra- high-vacuum (UHV) 

chamber (base pressure< 7x10- 1 1 Torr) equiped with four-grid 

LEED/Auger electron spectroscopy (AES) optics (ULVAC-PHI 15 - 120). 

APt single crystal (purity= 99.999%, Aremco Products) was 

oriented with an X-ray diffraction technique, and cut with a 

multi-wire saw within 2• of the (001) plane. A Pt crystal disk of 

6-mm-diameter with 0 . 7-mm-thick was polished mechanically to 
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1/4 ~m with diamond paste, and was mounted on a sample holder 

attached to the end of a low-temperature manipulator [10]. An 

electron bombardment gun was placed just behind the Pt crystal, so 

that surface cleaning could be carried out without changing the 

sample position. The Pt(001) surface was cleaned through a 

standard procedure [2]. The surface temperature was monitored 

with a Pt-Pt·Rh13% thermocouple spot-welded on the side of the 

crystal. The cleanliness of the surface was checked by LEED and 

AES. Before every LEED observation, the Pt(001) surface was 

cleaned with a combination of o, treatment (3x10- 7 Torr, 1190 K, 

10 min) and flashing in UHV (1400 K, 30 s). Then, the clean 

Pt(001)-(20x5) surface was exposed to NO (purity 99.9%) at 

various surface temperatures, and quickly cooled down to 80±3 K 

with liquid nitrogen. The surface temperature during NO exposure 

was kept at a constant value by controlling the filament current 

of the electron bombardment gun behind the Pt crystal. The NO 

pressure measured with a B-A ionization gauge (typically 

1x10- ' Torr, unless otherwise stated) and the expos u re time were 

recorded with a transient recorder. NO exposure was corrected by 

a facter of 1.16 for the gauge sensitivity against NO gas. Every 

LEED observation was carried out under a pressure of lower than 

1x10· • Torr at the surface temperature of 80±3K. 

2.3 Results 

2.3.1 Single-domain clean Pt(001)-(20x5) surface 

The clean Pt(001) surface exhibits a sharp (20X5)-like LEED 

pattern. In some area of the surface, only a single-domain out of 

the four possible domains is present, as is shown in fig. 2-2(a). 

I have prepared an almost clean Pt(001)-(1x1) surface through NO 

and H, treatments [11] (fig. 2-2(b)) (see Section 1.2), and 

observed how the atomic and domain structure changes after 

annealing at various temperatures (fig. 2-2(c)-(f)). The results 

are consistent with those reported in a LEED study by Heinz et al. 

[12], i. e. the (1x1) structure transforms to a (1x5) structure, 

and to a non-rotated hexagonal structure, then finally to a 

rotated hexagonal structure above ~1100 K (see Section 1 . 2). The 

single-domain pattern is observed to be enhanced after annealing 

at 950 K, and becomes predominant after annealing above 1100 K. 

2.3.2 NO adsorption at 330-410 K 

Figure 2-3 shows the LEED patterns of the single-domain 

Pt(001)-(20x5) surface after various NO exposures at various 

surface temperatures. The LEED pattern remained almost unchanged 

after NO exposure above 410 K (fig. 2- 3(a)), which is in agreeme nt 

with a study by Bozel et al. [11] (see Section 1.2). With NO 

exposure of ~2.0 L (1 L = 1x1o·• Torr·s) at 330 - 390 K, a c(2x4) 

and c(4x2)-like pattern appears (fig. 2-3(b) - (e)), which is known 

to characterize the double-domain NO layer on a Pt(001)-(1x1) 

surface [8, 9, 11]. The contrast of the c(2x4)-like pattern to 

the (20x5) pattern shows that the sticking coefficient of NO on a 

Pt(001)-(20x5) surface increases as the surface temperature 



Fig. 2- 2. (a) LEED pattern of a clean single-domain Pt(001)-(20x5} 

surface . (b) LEED pattern of an almost clean Pt(OOl)-(lxl) 

surface. (c} - (f) LEED patterns of an almost clean Pt(OOl)-(lxl) 

surface aft e r annealing at (c) 500 K, (d) 650, (e) 950, and 

(f) 1100 K. The primary electron energy (E,) was 85 eV for every 

pattern. The LEED patterns are slightly distorted by the voltage 

applied to the l e ns system of the electron gun in the LEED optics . 

(31) 

Fig. 2-3. LEED patterns of a single-domain Pt(001)-(20x5) surface 

after NO exposure of ~2 L at various surface temperatures: 

(a) 2.1 L at 412±5 K, (b) 2.3 L at 387±3 K, (c) 1.8 L at 359±3 K, 

(d) 2.0 L at 246±3 K, (e) 2.1 L at 332±5 K. E, = 75 ev for every 

pattern. 

(32) 



decreases. The c(2x4) - like pattern was observable for a wide 

primary electron energy range of 30-120 eV (fig. 2-4(a)-(e)) . 

With increasing NO exposure at 359 K, the double-domain 

c(2x4)-like pattern becomes bright, while the (20x5) pattern 

gradually disappear (fig . 2-5(a)-(c)). Thes e observations are 

consistent with a study using reflection-absorption infrared 

spectroscopy (RAIRS) by Banholzer and Masel, which reported that 

adsorbed NO form islands at 300 K [13] (see Section 1.2) . A trace 

of the (1x5) spots we re observable even after NO exposure of 8.5 L 

at 1x10· 7 Torr, (fig. 2- 5(c)). The c(2x4)-like pattern, however, 

becomes streaky and fuzzy with prolonged annealing at 358 K in UHV 

(fig. 2-5(d)) . With NO exposure of 70 L at 2x1o- • Torr, the LEED 

pattern changed into a (1x1) pattern with high background 

intensity (fig. 2-5(e)). The (1x1) pattern, however, changes into 

a streaky double-domain c(2x4)-like pattern after flashing at 

359 Kin UHV (fig. 2- 5(f)). These observations suggest that the 

(1x1) and c(2x4)-like structures at 359 K are stable only in an NO 

atmosphere of ~2x1o·• and ~1x10 · 7 Torr, respective l y. 

2.3.3 NO adsorption at 230-300 K 

Figure 2-6 shows the LEED patterns of t he single-domain 

Pt(001) - (20x5) surface after NO exposure of ~ 2 L at surface 

temperature s of 220 - 300 K. The (1/2 1/ 4) and (1/2 3/4) spots wer e 

found to be brighter than the (1/4 1/2) and (3/4 1) 2) spots at 

280-300 K (fig. 2- 6(a) and (b)). Only the (1/2 1/4) and (1/2 3/4) 

spots were observable at 230-270 K (fig. 2-6(c) -(e )). Fuzzy 

( 33) 

Fig. 2-4. LEED patterns of a single-domain Pt(001)-(20x5) surface 

after NO expos ur e of 6 . 7 L at 358±6 K. Eo = (a) 39 eV, (b) 65 eV , 

(c) 85 eV, (d) 92 eV, (e) 115 eV, respectively. 

(34) 



Fig . 2- 5. LEED patterns of a single-domain Pt(001)-(20x5) surface 

after various NO exposures at 359=5 K: (a) 0.68 L, (b) 3 . 4 L, 

(c) 8 . 5 L, (d) 8.5 L followed by annealing at 359±5 K for 30 s in 

UHV, (e) 70 L, (f) 70 L folla~;ed by flashing at 359±5 K for 2 s in 

UHV. E, = 75 eV for (a) and (b), and 65 eV for (c)-(f) , 

respectively. NO pressure was 1x1o- • Torr for (a)-(d), and 

2x10 • Torr for (e) and (f), respectively . 

(35) 

Fig . 2-6. LEED patterns of a 

after NO exposure of ~2 L at 

(a) 2.0 L at 300±3 K , (b) 1.8 

(d) 2.1 L at 24 3±4 K, (e) 1.7 

E, = 75 ev for every pattern. 

single-domain Pt(001)-(20x5) surface 

various surface temperatures : 

L at 283±4 K, (c) 1.9 L at 272±4 K, 

L at 231±5 K, (f) 2.2 L at 216±6 K. 



(1/2 1/4) and (1/2 3/4) spots with high background intensity were 

observed at 216 K (fig . 2-6(f)). Streaky spots at (1/2 1/4) and 

(1/2 3/4) are observable even after NO exposure of 0.26 L at 260 K 

(fig. 2-7(a)). The NO coverage is supposed to be less than 

0.08 monolayers (ML) in this stage, even though the sticking 

coefficient is unity. This observation indicates that NO is 

aligned with twofold periodicity along the [110] derection. The 

most area of the Pt(001) surface is supposed to remain 

reconstructed, because the (1x1) spots are hardly enhanced. With 

increasing NO exposure, the (lxl) spots are enhanced, and the 

(1/2 1/4) and (1/2 3/4) spots become brighter and less streaky 

(fig. 2-7(b)-(e)). These observations indicate that (1) single-

domain NO-c(2x4) islands are formed, that (2) the (20x5)~ (lx1) 

transformation of the topmost Pt layer occurs only in the vicinity 

of adsorbed NO molecules , and that (3) t h e order of the NO-c(2x4) 

structure is higher in the [110] direction than in the [liO] 

dire~tion during the island growth. The (20x5) pattern was 

scarcely observable after NO exposure of 2.2 L (fig. 2-7(e)), 

i. e . the (20x5)~ (1x1) transformation is almost completed. With 

further NO exposure, the streaky (1/2 1/4) and (1/2 3/4) spots 

become spotty and gradually disappear (fig. 2-7(e) and (f)). The 

(lx1) pattern changes into a double-domain c(2x4)-like pattern 

with prolonged annealing at 260 Kin UHV (fig. 2-7(g)). These 

observations suggest that the NO-(lx1) structure is compressed as 

compared with the NO- c(2x4) structure, and that the (lx1) 

structure is metastable in UHV at 260 K. 

Fig. 2-7. LEED patterns of a single- domain Pt(001)-(20x5) surface 

after various NO exposures at 260±5 K: (a) 0.26 L, (b) 0.73 L, 

(c) 1.43 L, (d) 2.2 L, (e) 6 . 4 L, (f) 6.4 L followed by annealing 

at 260±5 K for 90 s in UHV. E, = 75 eV for every pattern. 

(21) ( .3??) 



2.3.4 NO adsorption at 80-190 K 

With NO exposure of ~2 L at 80-190 K, the LEED pattern 

changed into a diffuse (20x5) (or (1x5)) pattern with enhanced 

(1x1) spots and high background intensity (fig. 2-8(a)-(c)). The 

c(2x4)-like pattern was not observed in this temperature region. 

The enhancement of the (1x1) pattern, however, was not observed 

for NO .exposures up to 0.7 L at 80 K (fig. 2-9(a) and (b)). The 

(1x1) spots is enhanced in a relatively narrow NO exposure range 

of 0.8-1.0 L (fig. 2-9(c) and (d)). In a recent study using 

RAIRS, Gardner et al. have reported that the ( 20x5) ~ ( 1x1) 

structural transformation of the topmost Pt layer occurs in a 

narrow NO exposure range of 0.5-0.7 L at 90 K [14] (see fig. 1-4). 

The discrepancy in the amount of the critical NO exposure is 

probably because of the uncertainty in the calibration of the 

pressure gauge. The abrupt change of the LEED pattern was not 

observed when the LEED filament was turned on during NO exposure, 

probably because of disturbing influence of electron impact . The 

LEED pattern remains unchanged for increasing NO exposure, except 

for the increase of background intensity (fig. 2-9(e) and (f)). 

These results indicate that some portion of the NO-saturated 

Pt(001) surface is relaxed to the (1x1) structure, while the rest 

remains reconstructed. Figure 2-10 shows LEED patterns of a 

single-domain Pt(001)-(20x5) surface after NO exposure of 

5.2±0.2 L at 80 K followed by brief annealing at various 

temperatures. The diffuse (20x5) pattern is hardly observable 

after annealing at 260 K (fig. 2-10(a)). The double-domain 

Fig. 2-8. LEED patterns of a single-domain Pt(001) - (20x5) surface 

after NO exposure of ~2 L at various surface temperatures: 

(a) 2.4 L at 80±3 K, (b) 1.9 L at 145±27 K, (c) 2.2 L at 192±5 K. 

E, = 75 eV for every pattern. 

( 4-0) 



Fig. 2- 9 . LEED patterns of a single-domain Pt(001)-(20x5) surface 

after various NO expos ures at 80!3 K: (a) 0 . 44 L, (b) 0.71 L, 

(c) 0 . 84 L, (d) 1.04 L, (e) 14 . 7 L, (f) 55 L. E, = 75 eV for 

every paLLern. NO pressure was 1x10 • Torr for (a) - (d), 

1x10 • Torr for (e) and (f), respectively . 

(4/) 

Fig. 2-10. LEED patterns of a single-domain Pt(001)-(20x5) surface 

after NO exposure of 5.2!0.2 L at 80 K followed by brief annealing 

at (a) 260!4 K, (b) 280!4 K, (c) 300!3 K, (d) 329!3 K, 

(e) 358±4 K, (f) 385±4 K. E, = 75 eV for every pattern. 

(42) 



c(2x4)-like pattern becomes brighter with increasing annealing 

temperature from 280 to 330 K (fig. 2- lO(b)-(d)), and becomes 

streaky and fuzzy from 360 to 390 K (fig. 2- lO(e) and (f)). 

2.4 Discussion 

2.4.1 Mechanism of single-domain clean Pt(001)-(20x5) s u rface 

formation 

As is stated in Sec tion 2.3 . 1, only a single-domain out of 

the four possible domains was observed in the present clean 

Pt(001)-(20x5) surface. The single-domain formation h as been also 

reported in LEED studies of Pt[4(00l)x(lll)] and Pt [ 9(00l)x(lll)] 

stepped surfaces [11] and a Pt(OOl) surface misorented by 3.8 • 

[15] . Sequences of monoatomic steps parallel to the directions of 

the reconstruction (±4.4• against the [110] direction) are 

observed in a recent study using reflection electron microscopy 

(REM) [16] (fig . 2- 11). STM i mages also exhibit preferential 

presence of a monoatomic step along the [110] direction separating 

the Pt-(20x5) terraces with the corrugation almost parallel to the 

step [6, 17] (see fig . 2-1). Therefore, the most probable mode l 

for the single-domain Pt(001)-(20x5) surface formation is a 

heterogeneous nucleat io n and growth mechanism, i . e. the single-

domain Pt- (20x5) layer begins to grow at the steps parallel to the 

.direction of the reconstruction, and develops from there ove r the 

rest area of the surface. The single- domain formation, however, 

is not likely to requi re a high step density, because the almost 

(4-3) 

Fig. 2-11. REM images of the (001) facets of a Pt single crystal 

sphere recorded with the 10 . 00 reflection near the [110] azimuth . 

The specimen was transfered through air into the microscope after 

cleaning in UHV. Straight steps are developed in two different 

directions marked by A and B. The distance between the 

neighboring steps is approximately 6.1 nm. These steps are 

parallel to the unit cell of the rotated hexagonal reconstruction 

(±4.4• against the [110] direction, see fig. 1- 1) . This small 

angle is enormously enlarged in the images because of the 

foreshortening. (From ref. [16]. ) 



clean Pt(001) - (1x1) surface exhibited a sha rp (1x1) LEED pattern 

without splitt ing (s ee fig. 2- 2(b)). The single-domain formation 

process becomes predominant above 1100 K (see fig. 2-2(e)), 

probably be cause the surface diffusion of the topmost Pt atoms is 

highly activate d in this temperature r e gion. 

2 . 4. 2 Mechanism of ( 20x5) ~ ( 1x1) structural transformation 

accompanied by single-domain NO- c(2x4) layer growth 

at 230 - 270 K 

On the basis of the LEED observations stated i n Section 

2.3 . 3, I propose a mode l for t h e microscopic mec h a ni s m of t h e 

( 20x5) ~ ( 1x1) structural transformation of the topmost h exago nal 

Pt layer accompan ied by a n is otropic growth of the s i ng l e-domain 

NO- c(2x4) layer at 230-2 70 K, as is shown in fig. 2-12 . Th e 

initial stage is NO adso r pt i on on (1x1)-type sites in t h e 

Pt(001) - ( 20x5) s u rface wit h t wofo l d periodic i ty alo ng t h e [ 110 ] 

direction (fig. 2-1 2(a) ) . The (1x1) - type site represe nts t h e 

on-top site of t he Pt atom located in the holl ow s i te of t h e 

second Pt layer . This type of NO adsorption is expected to occ u r 

most prefere ntially, because the ( 20x5) ~ ( 1x1) transformation of 

the topmost Pt layer is not required . The full c overage in this 

initial stage is 0 . 1 ML, which is consistent with the LEED 

observation that t h e (1x1) spots are hardly e nh a n ced after NO 

expo sure of 0.26 L at 260 K (see fig . 2- 7(a)) . Studies of CO 

adsorption on Pt(001) us ing LE ED [ 4 ] , STM [5 ] and RBS [7] h a v e 

also reported that the ( 20x5) ~ ( 1x1) t ransformation does not occ u r 

( 45) 

(a) 

(b) 

(c) 

® : ADSORBED NO 

@D :RECONSTRUCTED Pt 

Q : (1x1) - STRUCTURE Pt 

• : Pt ISLAND 

Fig . 2-12. Schematic drawings for the microscopic mechanism of the 

( 20x5 ) -? ( 1x1 ) transformation of the topmost Pt laye r accompanied 

by a n isotropic growth of the single- domain NO- c (2x4) layer a t 

230-270 K. The h exagonally reconstructed Pt layer is repre s e nt e d 

as t h e simplifie d (1x5) structure with the t op/hollow r e gi stry . 

(a) I nitial stage: NO is adsorbed at (1x1) -typ e sites on t he 

reconstructed topmost Pt layer with twofold periodicity along the 

[1 10 ] direction. (b) Next stage: The s ingle- domain NO- c(2x4) 

layer begins to grow while relaxing the r ec ons tructe d topmost Pt 

l ayer into the (1xl) structure. (c) Ani s otropi c (20x5) ~ (1 x l) 

t r ansformation of the topmost Pt layer sque ez e s out striped 

Pt-( l xl) islands . NO is adsorbe d also on the Pt island. The unit 

ce ll of the NO- c(2x4) structure is shown with a solid line . 

(If-b) 



below the threshold CO covarage of 0.05 - 0.08 ML. 

In the n ext stage, the NO-c(2x4) layer begins to grow while 

relaxing the topmost reconstructed Pt layer into the (1xl) 

structure (fig. 2-12(b)). The adsorbed NO molecules aligned with 

twofold periodicity along the [110] direction act as a nuclear for 

NO island formation, and causes the preferential growth of the 

single-domain NO-c(2x4) layer. The Pt(lx1)-NO-c(2x4) structure 

grows faster in the [110] direction than in the [110] direction, 

because the boundary along [110] can be commensurate with the 

neighboring Pt-(20x5) area . Thus the order of the NO-c(2x4) 

structure becomes higher in the [110] direction than in the [lTO] 

direction. The anisotropic ( 20x5) ~ ( lxl) transformation of the 

topmost Pt layer squeezes out striped Pt islands, because the 

atomic density of the (20x5) structure is 20% higher than that of 

the (1xl) structure (fig. 2-12(c)). The Pt islands take the (lx1) 

structure so that the boundary along the [110] direction can be 

commensurate with the neighboring Pt-(20x5) or Pt-(1xl)-NO-c(2x4) 

area. NO is adsorbed also on the striped Pt-(lxl) islands. The 

striped Pt islands with the (lxl) structure of monolayer-he ight 

are observed in an STM study of NO adsorption on Pt(001)-(20x5) at 

295 K [6] (see fig 2-1 and Section 1.2). The NO-c(2x4) layer 

continues to grow until the entire area is transformed into the 

(1xl) structure. 

The proposed me chanism of the ( 20x5) ~ ( 1x1) transformation of 

the topmost Pt layer accompanied by anisotropic growth of the 

single-domain NO-c(2x4) layer is formulated as follows: 

Pt(001)-(20x5)+N08 , , ~ [Pt(001) -(20x5)+NO, '] (2-1) 

(Lf-'7) 

[Pt(001)-(20x5)+NO, , ]~ Pt(001) - (20x5) , 1,11 +NO,, 

[Pt(001)-(20x5)+NO, , ]~ [Pt(001) - (20x5) , 1 1 •, +NO,, ] 

~ Pt(OOl)-( lxl) l 1 1 • 1 +NO,' 

[Pt(001)-(20x5)+NO,, ]~ [Pt(001) - (20x5) 1 1\ e 1 +NO, '] 

~ Pt ( 001)- ( lXl) 1 1 T 0 1 +NO,' 

[ Pt(001)-(20x5)+NO,, ]~ [Pt(001)-(20x5) 1 1 T • 1 +NO,' ] 

~ Pt(001)-(1x1)• ''' 1 +NO,, +Pt(001)-(lxl) ;, 1, ,, 

Pt(001)-(1x1) ;,1 ,,,+NO,, , ~Pt(001) - (lx1) ;,1,, ,+NO,, 

(2 - 2a) 

(2-2b) 

(2-2c) 

(2 - 3) 

(2-4) 

The brackets indicate the metastable intermediate state. The 

subscript of (1xl) in eq. (2-2a) indicates the (1xl) - type sites on 

the reconstructed Pt-(20x5) area, as is shown in fig. 2- 12(a). 

The subscripts of [ 110] and [!TO] in eqs. ( 2-2b) , ( 2 - 2c) , and 

(2-3) indicate the adsorption site at the boundary of the · 

Pt-(1xl)-NO-c(2x4) structure in the [110] and the [110] direction, 

respectively, as is shown in fig. 2- 12(b). The subscript of 

"island" in eqs. (2-3) and (2-4) indicates the sites on the Pt 

island, as is shown in fig. 2-12(c). The single- domain NO layer 

is formed when the priority order of the adsorption process is 

(2-2a) > (2-2b) > (2-2c). The priority order, however, changes to 

(2-2a) ~ (2-2b) ~ (2-2c) at higher temperatures, because the 

mobility of the surface Pt atoms increases. Thus the double

domain NO-c(2x4) layer is formed at temperatures of 330-390 K. 

2.4 .3 (20x5)~ (1x1) structural transformation at 80 K 

As is stated in Section 2.3.4, the (20x5)~ (1x1) structural 

transformation of the topmost Pt layer was found to occur abruptly 

( 48) 



in the NO exposure range of 0.8-1 .0 L at 80K. Furthermore, the 

Pt-(20x5) area remains locally even after prolonged NO exposure of 

55 L. These results suggest that the mobili ty of the Pt surface 

atoms is decreased , and that the diffusion of the adsorbed NO is 

frozen . The structural transformation of the remained Pt-(20x5) 

area is probably blocked by the surrounding Pt-(lxl) area. 

Lesley and Schmidt observed four NO desorption peaks at 550, 

500, 325, and 150 K in temperature programed desorption spectra 

for a Pt(001) - (20x5) surface after NO exposure of 10 L at 120 K 

[18] (see fig. l-5(a) and (b), and Section 1.2). The desorption 

peak at 150 K is probably derived from NO chemisorbed on the 

remained Pt - (20x5) area, because the (20x5) pattern is not 

observable after anealing at 260 K (see fig. 2-lO(a)). The 

NO-(lxl) layer on the Pt-(lxl) structure is probably resposible 

for the desorption peak at 325 K, because the (lxl) pattern have 

changed into a bright double-domain c(2x4)-like pattern after 

annealing at 330 K (see fig. 2-lO(d)). 
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CHAPTER 3 

Ultraviolet-Laser Stimulated 

Desorption of NO Chemisorbed 

on Pt(OOl) Studied Using 

Positive Ion Detection System 

Photostimulated desorption of NO chemisorbed on a Pt(001) 

surface at 80 and 300 K has been studied using a positive ion 

detection system. An ArF excimer laser (A = 193 nm, 6.41 eV) is 

used as the pump laser. NO' is the only ion species detected when 

an NO-saturated Pt(001) surface is irradiated by the pump laser . 

The NO' yield is proportional to the third power of laser fluence. 

The translational energy distribution of the NO' ions is 

independent of laser fluence. A two-step model is proposed as the 

most probable NO' formation mechanism. The first step is 

desorption of neutral NO induced by valence-electron excitation 

from chemisorbed NO with one-photon absorption. Then, the 

desorbed NO is ionized in the vicinity of the surface by the two

photon ionization process. Relatively large desorption cross 

sections estimated from the decay of the NO' yield support the 

above NO' formation mechanism. 

(51) 

3.1 Introduction 

Desorption induced by valence-e lectron excitations has been 

an important subject in surface science, because it is one of the 

most fundamental dynamical processes on surfaces [1] (see Sections 

1.1 and 1.3). For molecules chemisorbed on metal, however, there 

have been only a few studies on ultraviolet- laser stimulated 

desorption induced by electronic excitations [2 - 4], partly because 

thermal processes often dominat e over photochemical processes, and 

partly because deexcitation of molecules proceeds rapidly on metal 

(see Section 1.3). Buntin et al. found that thermal as well as 

photochemical channel is operative for laser-induced desorption of 

NO on Pt(11l) at 1064, 532, and 355 nm [2]. In a photostimulat ed 

desorption study of NO [5] and CO [6] adsorbed on a clean Ni and 

Ni-NiO surface, only the non-metallic Ni-NiO surface exhibited 

measurable photostimulated desorption. 

In this chapter, I report an ultraviolet-laser stimulated 

desorption study of molecules chemisorbed on metal induced by 

valence-electron excitation. An ArF excimer laser (A = 193 nm, 

6.41 eV) is used as the pump laser. I detected positive ions 

generated on an NO-saturated Pt(001) surface at 80 and 300 K 

irradiated by the pump laser. NO ' was the only ion species 

detected. The yield and the translational energy distribution of 

the NO' ions were measured as a function of laser fluence. The 

NO' yield is proportional to the third power of laser fluence over 

a wide laser fluence range. The translational e nergy distribution 

of the NO' ions is independent of laser fluence, and is peaked at 

CS1) 



~o.25 eV. On the basis of these observations, I proposed a two-

step model as the mo st probable NO' formation mechanism. The 

first step is desorption of neutral NO induced by valence -e lectron 

excitation from the chemisorbed NO with one-photon absorption. 

Then the desorbed NO molecule is ionized in the vicinity of the 

surface by a two-photon ionization process. The cross section for 

photostimulated desorption was estimated from the decay of the NO' 

yield. The relatively large values of the cross section supports 

the above NO' formation mechanism . The desorption cross section 

was found to depe nd on the adsorption state of NO. 

3.2 Experiment 

The apparatus used is composed of two ultra-high-vacuum (UHV} 

chambers (fig. 3-1), a pump laser, and a positive ion detection 

system. The Pt(001) surface is cleaned in a UHV chamber for 

sample preparation (base pressure = 5x10- 1
' Torr) through a 

conventional method [7]. The cleanliness of the surface is 

verified by LEED and Auger electron spectroscopy (AES). The 

surface temperature during the sample preparation is monitored 

with an optical pyrometer. After surface cleaning, the Pt crystal 

is transferred to the manipulator in the other UHV chamber for the 

desorption meas ureme nts (base pressure = 2xl0- 1
• Torr) and placed 

on the pump laser path. The sample t e mperature is monitored by a 

chromel - alumel thermocouple attached to the sample holder . 

Figure 3-2 shows a schematic drawing of the experimental 

arrangement for the ultraviolet-laser stimulated desorption study. 

(53) 
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A: ANALYZER CHAMBER 
B: SAMPLE PREPARATION CHAMBER 

a QUARTZ WINDOW b : SAMPLE GAS INLET 
C I'MCP(MICRO CHANNEL PLATE) 
d DRIFT TUBE e : ALKALI SOURCE 
f LEED-AES OPTICS g: GRIDS 
h ELECTRON BOMBARDMENT GUN . i: ION GUN 
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Fig. 3-1 . Schematic drawing of the UHV c hambe rs . Pumps, some 

valves, B- A ion gauges, and the manipulator are omitted. 
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An ArF excimer laser (Lambda Physik EMG 150 MSC, X = 193 nm, full 

width at half maximum (FWHM) of the laser pulse = 11 ns, the 

standard deviation of laser fluence = !6%) is used as the pump 

laser. The original laser beam with (5x25) - mm2 rectangular size 

is apertured with a 1.28-mm-diameter iris to produce a laser beam 

with an approximately uniform spacial distribution. The 

uniformity of the laser is checked by a burn- pattern measure ment 

using a Poraloid film. The laser is gently focused onto the 

Pt(001) s ur face at 65" from the surface normal via a quartz lens 

a nd a quartz window. The alignment of the laser optics was 

performed with a He-Ne laser. The typical laser spot area on the 

surface was 1.73x10- ' em'. A set of neutral density (ND) filters 

was used to vary laser fluence. The typical laser shot repetition 

rate was 3 Hz. Laser fluence on the surface was restricted to 

below 60 mJ /cm2 to avoid damage and plasma formation on the 

surface. I calculated the surface temperature rise induced by 

laser irradiation using an equation for laser-induced surface 

heating [8], optical constants of Pt for 193 nm [9 ] , and thermal 

properties of Pt at 80 and 300 K [10]. In the calcul ation I hav e 

employed a laser intensity whi ch is uniform in space and Gaussian 

in time with FWHM of 11 ns . A laser shot with laser fluence of 

60 mJ /cm' was found to induce surface temperature rise with 

maximum temperature of 350 and 530 K for a Pt surface at 80 and 

300 K, respectively. The FWHM of the surface temperature rise was 

22 ns for the both cases. No significant ion desorption was 

observed from a clean 

Pt(001)-(20x5) surface for a laser shot with laser fl uence below 



60 mJ/cm• . Unless otherwise stated, measurements in this chapter 

were carried out under the above typical conditions. 

The clean Pt(001) - (20x5) surface was exposed to NO to the 

saturation coverage at 80 or 300 K. NO gas with 99.9% purity was 

used without further purification. When NO gas was introduced to 

the UHV chamber, it was pumped only with a turbo-molecular pump. 

A titanium sublimation pump and an ion sputtering pump were 

separated from the chamber by a gate valve so that NO molecules 

would not be decomposed on the active titanium surface. A B-A ion 

gauge filament was turned off during measurements to reduce the 

noise. Positive ions generated on the NO-saturated surface under 

laser irradiation were accelerated in the surface normal direction 

to the front mesh of a drift tube biased at a negative voltage. 

After flying through the electric-field-free region of 320-mm 

length in the drift tube, the ions were again accelerated and 

detected by a 20-mm-diameter dual microchannel plate (MCP) 

assembly. The distance between the Pt surface and the front mesh 

of the drift tube was typically 30 mm. The drift tube voltage was 

adjusted to attract all the ions into the detector. The ion 

signals were amplified with a preamplifier and an amplifier, and 

stored as a time-of-flight (TOF) spectrum in a transient recorder 

with a signal averager (Electronica ELK-5120AVE, memory volume 

16 kwords, minimum sampling clock = 20 ns/word, resolving power 

10 bits). The transient recorder was remote-controlled with a 

personal computer (EPSON PC-286) via a GP-IB interface. After 

averaging signal over several laser shots, the TOF spectrum was 

transferred to the computer for storage, display, printout, and 

analysis. The TOF spectrum during signal averaging can be 

monitored by an oscilloscope. A typical TOF spectrum is shown in 

fig. 3-3. An intense peak at o ~s accompanied by a large 

undershoot is the incident photon signal. The mass number of the 

ion species was deduced from the TOF. The integrated ion signal 

was calculated numerically with the computer. 

In order to ascertain that the integrated ion signal gives 

the accurate relative ion yield, the photo-ionization yield of 

gaseous NO for 193 nm was measured as a function of laser fluence 

with the present system. The result is shown in fig. 3-4. The 

ambient NO pressure was 2.0x1o· • Torr. The laser shot repetition 

rate was 10 Hz. The diameter of the iris was about 5 mm. The 

volume of laser irradiation region in front of the positive- ion 

detection assembly was about 1.6x10· 2 cm3 , which contains about 

1.0x10• NO molecules. Laser fluence at each datum was calculated 

with transmissivity of the ND filter and laser fluence averaged 

over 30 laser shots before and after the measurement. Laser 

fluence was measured with a pyroelectric joulemeter (Molectron 

J3). The horizontal error bar was estimated from the standard 

deviation of laser fluence and the error in transmissivity of the 

ND filter. Laser fluence for the following photostimulated 

desorption measurements was also calculated in this manner . The 

NO· yield was estimated from the integrated NO· signal in the TOF 

spectrum averaged over 32 laser shots. The vertical error bar for 

the NO" yield of fig. 3-4 was estimated from the standard 

deviation of five data. The NO" yield was proportional to the 

square of laser fluence, which is consistent with the fact that 
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Fig. 3-3 . Typical TOF spectrum of NO" ions generated on an 

NO-saturated Pt(OOl) surface irradiated by the pump laser. The 

inset is the enlarged figure of the NO" signal. 
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Fig. 3-4. Laser fluence dependence of the integrated NO' signal 

fo r the photo-ionizaton of NO in gas phase. The abscissa is laser 

flue nce at the center of the ionization region. The solid 

straight l ine is the regression line fitted by the least-squares 

method. The slope of the regression line is 2.021 with a 

correlation coefficient of 0.9996. 
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gaseous NO is ionized by a two-photon process for 193 nm [11]. 

This result demonstrates that the ion yield obtained in this 

manner is linearly proportional to the true ion yield. 

When the generated ions comprise only one species, its 

translational energy distribution can be measured by grounding the 

drift tube. In this case a discriminator was connected between 

the amplifier and the transient recorder. Since the discriminator 

converts every signal to a pulse signal without any undershoot, 

the distortion in the TOF spectrum due to the large undershoot of 

the incident photon signal (see fig. 3-3) is eliminated. In this 

case, however, the detectable ions were confined to those ejected 

in the direction of the acceptance angle of the detector. To 

improve the efficiency of the ion detection, I used a short drift 

tube of 29.9- mm length for these measurements. 

NO' was the only ion species generated on the NO-saturated 

Pt(OOl) surface irradiated by the pump laser. Figure 3-5 shows 

the sequence of the NO' yield from the NO-saturated Pt(OOl) 

surface at 80 and 300 K irradiated by a sequence of laser shots. 

During these measurements the ambient gaseous -NO pressure was kept 

at 2.0xlO- ' Torr to compensate the loss of the amount of adsorbed 

NO. Since the laser repetition rate was 3Hz, the amount of NO 

exposure during the laser shot interval was 0.07 L (1 L 

= lxlo-• Torr·s). The NO' signal from ambient NO molecules, which 

can be easily measured by removing the Pt sample from the laser 

path, was found to be three or two orders of magnitude smaller 

than that from adsorbed NO. At 80 K the NO' yield remained 

unchanged from the first to BOOth laser shot. This result 
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Fig. 3-5. Plots of the NO' yield averaged over every 6 laser shots 

against the number of the pump laser shot (n), when the ambient 

gaseous NO pressure is kept at 2.0xlO-' Torr. (a) At 80 K. Laser 

fluence on the surface is 55±3 mJ/cm2 (b) At 300 K. Laser 

fluence on the surface is 54±3 mJ/cm2 
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suggests that the state of the adsorbe d NO under laser irradiation 

is the same as that before laser irradiation, i. e. laser 

irradiation does not modify the NO- saturated Pt(OOl) surface. NO 

physisorbed on chemisorbed NO is not responsible for the NO" 

formation, because no incubation period was observed before a 

steady state is reached. This result is consistent with the LEED 

observation at 80 K mentioned in Section 2.3.4. 

on the other hand, for the NO-saturated surface at 300 K, the 

NO' yield increased gradually and reached a steady state after 

about 800 laser shots. This result shows that a laser-induced 

process gradually modifies the NO- saturated Pt(OOl) surface. A 

favorable candidate for such a process is laser- induced 

dissociation of chemisorbed NO followed by adsorption of atomic 

oxygen and atomic nitrogen. In a study of ultraviolet-laser 

stimulated desorption of the Ni(OOl)-NO system, Budde et al. also 

observed that the desorption yield of NO neutral molecules 

increases continuously with a sequence of laser irradiation [5]. 

They attributed the result to buildup of surface oxide on the 

Ni(OOl) surface, and identified the species responsible for the 

photostimulated desorption with NO adsorbed on the non-metallic 

Ni(OOl)-NiO surface. In this respect a Pt(OOl) surface is much 

different from a Ni(OOl) surface. According to studies by several 

groups, homogeneous NiO layer with thickness of a few monolayers 

is formed on a Ni(OOl) surface with oxygen adsorption [12], while 

platinum oxide is not formed on a Pt(OOl) surface [13] . Platinum 

nitride is also not formed on a Pt surface. Bonzel and Pirug 

measured the difference curve in ultraviolet photoelectron 

(b3) 

spectroscopy (UPS) for a Pt(001) - (lxl) surfac e contaminated with 

adsorbed atomic oxygen (and possibly atomic nitrogen) with respect 

to a clean Pt(001)-(20x5) surface [14]. They found that the 

difference UPS curve is nearly identical with that for a clean 

Pt(001)-(1xl) surface with respect to a clean Pt(001) - (20x5) 

surface. Their observation seems to indicate that adsorbed atomic 

oxygen and atomic nitrogen do not change the metallic property of 

a Pt(OOl) surface. Furthermore, in a study of NO adsorbed on a 

Pt(001) surface at 120 K, Gorte et al. found that the temperature 

programmed desorption spectrum of NO is essentially unchanged by 

preadsorption of atomic oxygen at room temperature [15]. 

Therefore, I tentatively assign the species responsible for the 

NO' formation at 300 K to NO chemisorbed on the metallic Pt 

surface, which is modified probably with adsorbed atomic oxygen 

and atomic nitrogen. All of the following measurements at 300 K 

in this chapter were carried out after the steady state was 

reached . 

3 . 3 Results 

The NO' yield from NO adsorbed on a Pt(001) - (20x5) surface at 

80 and 300 K is shown in fig. 3-6 as a function of the pump laser 

fluence. The ambient gaseous NO was kept at 2.0xl0- 7 Torr during 

the measurements. The NO' yield was obtained from the TOF 

spectrum averaged over 32 laser shots. The vertical error bar was 

estimated from the standard deviation of three data. The No· 

yield is proportional to the third power of laser fluence over the 
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Fig. 3-6. Laser fluence dependence of the NO· yield for photo

ionization of NO adsorbed on a clean Pt(001)-(20x5) surface at 80 

(open circle) and 300 K (closed circle) . The abscissa is laser 

fluence on the surface. The solid lines indicate the regression 

lines fitted by the least-squares method. The gradients of the 

regression lines for 80 and 300 K are 2.92 and 3.04, respectively . 

laser fluence range from 9 to 54 mJ/cm' at both 80 and 300 K. Th e 

NO' yield for NO adsorbed at 80 K was about one order of magnitude 

larger than that at 300 K. 

Figure 3-7 shows TOF spectra which reflect the translational 

energy distributions of NO· ions generated on the NO-saturated 

Pt(OOl) surface at 80 K. As stated in Section 3.2, a grounded 

short drift tube and a discriminator were used for these 

measurments. The length of the field-free region between the Pt 

surface and the rear mesh of the drift tube was 57.2 mm. Every 

spectrum was averaged over 1024 laser shots. The intense peak for 

the incident photons at 0 ~s was omitted in the figure. The peak 

position and the FWHM of the TOF spectra were independent of las e r 

fluence. The temperature of a Maxwell distribution, the peak 

position of which was fitted to that of the TOF spectra, was 

3200 K. The FWHM of the observed spectrum was a little smaller 

than that of the Maxwell distribution. The translational energy 

distributions of the NO' ions can be easily transferred from the 

data in the TOF spectra using the appropriate Jacobian. The 

translational energy distribution was found to be peaked at about 

0. 25 eV. The translational energy distributions of NO" ions 

generated on the NO-saturated Pt(OOl) surface at 300 K were not 

measured because of the small signal. 

I also carried out preliminary measurements of decay curves 

of the NO" yield for the NO-saturated Pt(OOl) surface at 80 and 

300 K irradiated by a sequence of laser shots. The results are 

shown in fig. 3-8. The Pt(OOl) surface was initially exposed to 

NO to the saturation coverage and the residual NO gas was quickly 
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Fig . 3- 7 . TOF spectra reflecting the translational e nergy 

distribution of NO• ions from an NO-saturated Pt(001) s ur face at 

80 K for las e r fluence of (a) 54!4, (b) 44±4, (c) 34±2, and (d) 

21±2 mJ/cmz . The dashed line indicates the peak position. The 

solid lines represent Maxwell distributions of the form 

f(v) = Av' exp( - mvz /2k8 T), where A is a fitting parameter, v the 

velocity of the molecul e s, m the mass, ks the Boltzmann constant, 

and T the translational temperature of 3200 K. The transformation 

of coordinate system from v to TOF was performed using t h e 

appropriate Jacobian . 
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Fig. 3- 8 . Semilogarithmic plots of the No · yi e ld agains t th e n'th 

laser shot without further NO expos ure. 

fluence on t h e surface is 52±4 mJ/ cm2 . 

(a) At 80 K. Laser 

(b) At 300 K. Laser 

fluence on the surface is 51±4 mJ/ cm2 • The both decay curves are 

fitted by a curve (solid line) composed of the fast (dashed line) 

and the slow exponential decays (do t - da sh line) . 
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pumped out. The NO pressure was less than 4x1o· 10 Torr during the 

measurements . Since the laser repetition rate was 3 Hz, the 

amount of NO exposure during 250 laser shots was less than 

0.033 L. To improve the signal-noise raitio, every point of the 

decay curves at 80 and 300 K was averaged over three and four 

measurements, respectively. The decay curves at 80 and 300 K can 

be fitted by a curve composed of the fast and the slow exponential 

decays. 

3.4 Discussion 

As stated in the former section, the NO" yield was 

proportional to the thi rd power of laser fluence over a wide laser 

fluence range. The translational energy distribution of the NO· 

ions was independent of laser fluence. The translational 

temperature of the NO· ions (3200 K) is b eyond the melting point 

of platinum (2047 K). The most probable mechan ism accounting for 

these results is a three-photon process involving photostimulated 

desorption of chemisorbed NO. There are three candidates for the 

three-photon process: (1) One-photon desorption of neutral NO 

followed by two-photon ionization. (2) Two-photon desorption of 

excited NO followed by one-photon ionization. (3) Three-photon 

desorption of NO'. The first model is most probable, because the 

desorption cross section for neutral molecules is usually a few 

orders of magnitude larger than that for excited neutrals or ions 

[1, 16-19]. As mentioned in Section 3.2, neutral NO is efficient

ly ionized by a two-photon process for 193 nm. Since the spectra 

(b9) 

in fig. 3-7 show that the maximum velocity of a desorbed NO is 

3000 m/s, a desorbed NO travels 33 ~m at most during the 11-ns 

laser shot duration. Since the diameter of the laser beam on the 

surface was ~300 ~m, every desorbed NO has a opportunity to be 

subsequently ionized by the same laser shot. The second model is 

less probable, because the cross section of two- photon desorption 

is expected to be much smaller than that of one-photon desorption. 

The third model is much less probable, because no NO" desorption 

channel was observed in an electron-stimulated ion desorption 

study of NO chemisorbed on Pt(001) for the incident electron 

energies below 2000 eV [20] (see Section 2.1). 

As stated in the former section, the decay curves of the No· 

yield at 80 and 300 K can be fitted by a curve composed of the 

fast and the slow exponential decays. The fast exponential decay 

clearly reflects the decrease of an NO species on the surface due 

to the photostimulated desorption. The double exponential decay 

suggests that there are at least two NO species with a different 

desorption cross section at both 80 and 300 K. Some of the 

previous electron-stimulated desorption studies have also reported 

that the desorption cross section is strongly dependent on the 

adsorption state of adsorbates [1, 17, 18] . Assuming that the 

photostimulated desorption is a one-photon process, the desorption 

cross section for a specific NO state rr, (em' ) is given by 

(3 - 1) 

where G is the gradient of the exponential decay of the NO' yield 

in the semilogarithmic plots (see fig. 3-8), and~ the photon flux 

density per one laser shot (photons/em' ). The fast and the slow 
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decays at 80 K, and the fast and the slow decays at 300 K give 

desorption cross sections of 3. 5x10· 1 8 , 1. 0x1o · 1 9 , 1. 4x10- 1 8 , and 

1.6x1~ 1 ' cmz , respectively. These values contain a little 

uncertainty due to arbitrariness of the fitting curve and the 

incomplete uniformity of the incident laser beam. The reduction 

of electric field in the vicinity of a metal surface is not 

considered in the calculation. The relatively large values of the 

desorption cross section support that one-photon desorption of 

neutral NO followed by the two-photon ionization is the dominant 

process. 

There are two probable mechanisms for the photostimulated 

desorption. One is an MGR-type mechanism (see Section 2.3 and 

fig. 1-6) in which the desorption is induced by the valence

electron excitation in the chemisorbed NO. This mechanism is most 

probable, because the values of the desorption cross section 

estimated in the present study were comparable with those 

estimated for electron-stimulated desorption of neutral molecules 

induced by valence-electron excitations in chemisorbed molecules 

[1, 16-18]. The incident photon energy of 6.41 eV is expected to 

be large enough to excite the valence-electron of the chemisorbed 

NO, because the threshold energy for electron-stimulated 

desorption was reported to be ~a eV for NO chemisorbed on Pt(111) 

[21] (see Section 1.4). In the other probable mechanism, the 

initial step is the one-electron excitation from the conduction 

band of the metal to a state above the Fermi level. Then, the 

excited electron tunnels into an unoccupied state of chemisorbed 

NO. The motion of NO along the potential surface of the 

((I) 

intermediate negative ion state followed by deexcitaion leads to 

the desorption of the neutral molecule. This mechanism was found 

to be responsible for the laser stimulated desorption of NO 

chemisorbed on Pt(11l) for 1064, 532, and 355 nm (1 . 2, 2.3, and 

3.5 eV, respectively) (see Section 1.4) [2]. The desorption yield 

per photon was reported to be ~5x10 " 8 for 355 nm, corresponding to 

a desorption cross section lower than 1x10· z 1 cmz . This value is, 

however, three or four orders of magnitude smaller than those 

estimated in the present study. Therefore, this second mechanism 

is not likely to be the dominant process in the present case. 

Laser-induced thermal desorption (LITD) of neutral NO 

followed by the two-photon ionization in the vicinity of the 

surface is another probable mechanism for the NO" formation. This 

model is, however, excluded by the present results. Several 

groups have investigated the laser fluence dependence of the LITD 

yield for molecules chemisorbed on metal surfaces, and reported 

the following results: (1) There is an apparent threshold of 

laser fluence necessary to induce LITD [22-25]. (2) When the 

laser beam distribution is Gaussian, the LITD yield increases 

approximately linearly above the threshold laser fluence, and 

reaches a saturation value [22-25]. (3) When the laser beam 

distribution is uniform, the LITD yield increases exponentially 

above the threshold and quickly reaches a saturation value 

[22, 23]. (4) At the saturation region, most of the adsorbates in 

the laser irradiation area are desorbed with one laser shot 

[22-25]. (5) Even at medium laser fluence, the yield for the 

second laser shot is about one order of magnitude smaller than 
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that for the f irs t laser shot [24]. The pres e nt experimental 

results are thoroughly in contrast to those of the LITD studies . 

Figure 3-9 shows the laser fluence dependence of the NO desorption 

yield, which was calculated from the data shown in fig. 3-6 

assuming two - photon ionization. The NO desorption yield is 

linearly proportional to the laser fluence over a wide range from 

0 to 54 mJ/cm• . There is no apparent threshold laser fluence for 

the NO desorption. Furthermore, even at laser fluence of 

52 mJ/cm2 , the NO' yield for a sequence of laser shots showed 

relatively gradual decay (see fig. 3-8). 

The translational e nergy distribution of mol ecules desorbed 

from metal surfaces has been also measured in several LI TD studies 

[24, 26-29]. The common results in those studies are as follows: 

(l) The translational e nergy distribution fo llows a Maxwell 

distribution when the effect of collisions among the desorbed 

molecules is negligible . (2) The translational temperature (T, 

increases as the maximum surface temperature (T, ) increases. 

( 3) T, is equal to or smaller than T, . The present results are 

again much different from the above results in the LITD studies. 

The translational energy distr ibution is independent of laser 

fluence, and consequently independent of the maximum surface 

temperature. The temperature of a Maxwell distribution, t he peak 

position o f which is fitted to that o f the present translational 

e nergy distribution, is 3200 K (see fig. 3-7). The temperature is 

one order of magni t ude higher than the calcul ated maximum surface 

temperature of 350 K. On the basis of the above discussion, I 

conclude that the photochemical desorption process dominate over 

('73) 

~ 1.5X105 
::::; 

0 

0 
_j 
w 
>-
z 
0 
f--
Q__ 
0::: 
0 
(f) 
w 
0 

0 
z 

1X10
5 

5X104 

BOK 

20 30 
FLUENCE 

10 
LASER 

60 

Fig. 3-9. Laser fluence dependence of the NO desorption yield at 

80 (open circle) and 300 K (closed circle), which was calculated 

from the data shown in fig. 3- 6 assuming two-photon ionization. 

The NO desorption yie ld at 300 K is expanded by a factor of five . 

The solid lines indicate the curves of the form y = Ax fitted by 

the least-squares method, where y is the NO desorption yield, A a 

parameter, and x laser fluence. 
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the LITD process under the present experimental conditions. 
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CHAPTER 4 

Ultraviolet-Laser Stimulated 

Desorption of NO Chemisorbed on 

Pt(OOl) Studied Using 

(2+2) Resonance-Enhanced 

Multiphoton Ionization 

Photostimulated desorption of NO chemisorbe d on Pt(001) at 

80 K is studied using an ArF excimer laser (X = 193 nm, 6.41 eV) 

and a (2+2) resonance-enhanced multiphoton ionization ((2+2)REMPI) 

technique. The rotational temperature of desorbed NO in the 

v" = o level of the ground electronic state (x• n, •I ) is found to 

be ~300 K. The temperature of the Maxwell distribution, the peak 

position of which is fitted to that of the observed translational 

energy distribution of desorbed NO in the x• n, .• (v"=O,J"=23/2) 

state, is 530 K. These results support that desorption of NO 

chemisorbed on Pt(001) is induced by valence- ele ctron excitation. 



4.1 Introduct ion 

In the former chapter, I have stated photostimulated 

desorption of NO chemisorbed on a Pt(001) surface at 80 and 300 K 

using a pump laser (X = 193 nm, 6 . 41 eV) and a positive ion 

detection system. This study presented the first evidences of 

ultraviolet- laser stimulated desorption induced by valence-

electron excitation of molecules chemisorbed on metal. To clarify 

the detail e d mechanism of photostimulated desorption, I have 

constructed an apparatus to detect neutral NO molecules desorbed 

from metal using a (2+2) resonance-enhanced multiphoton ionization 

((2+2)REMPI) technique. The rotational temperature of desorbed NO 

in the v" = 0 level of the ground electronic state (X2 n ,, 2 ) was 

found to be ~ 300 K. The temperature of the Maxwell distribution, 

the peak position of which was fitted to that of the translational 

energy distribution of desorbed NO in the X' n1 , 2 (v"=O,J"=23/2) 

state, is 530 K. These results support t hat desorption of NO 

chemi sorbed on Pt(001 ) is induced by valence electron excitation. 

4.2 Experiment 

The apparatus used was improved as compared with that 

describedin Section 3.2. Surface cleaning, characterization, and 

photostimul ated desorption measurements in the present chapter 

were carried out in one UHV chamber (base pressure< 1x10·1 • Torr) 

equipped with LEED/AES optics. The details of the sampl e prepara-

ti on are same as those described in Section 2.2 . Figure 4-1 shows 
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Fig. 4-1 . Experimental arrangement for the state- selective study 

of ultraviolet-laser stimulated desorption using (2+2)REMPI. 



the experimental arrangement for the s tate-sele c t ive study of 

ultraviolet - laser stimulated desorption using ( 2+2)REMPI. An ArF 

excimer las e r was used as a pump laser. The pump laser irradiated 

the Pt(OOl) surface at 25" from the surface normal via a q uartz 

window. The typical pump laser spot di a me ter on the surface was 

3 mm . The typical lase r shot repetition rate was 10 Hz. A 

tunable pulsed Coumarin 460 dye laser (Spectra-Physics Quan ta- Ray 

PDL-2, A = 44 9 ~4 54 nm, 1 ine width = 0. 2 e m- 1 , pulse duration 

= 6 ns) pumped by the t h ird harmon ic (355 nm ) of Nd : YAG l a s e r 

(Spectra-Ph ysics Qu anta-Ray DCR-11 - 3 , X 1064 nm) was us ed as a 

probe l aser. The probe l as e r was fired after t h e p ump lase r 

irradiation at a certain i nterv a l . Wavelength of the p r o be l aser 

was scanned with a stepping motor controlled by a pe r so na l 

comp uter . Th e jitter of t h e interval fro m t h e p ump l aser 

irradiation to t h e probe laser firing was less than !20 ns. The 

pulse- to- p u lse power stability of the probe laser was !8%. The 

probe laser was foc used by a quartz lens with a foca l l e ng t h o f 

250 mm , a nd ionized desorbe d n e u tral NO mo lec u les in a s p e c i f ic 

rotati ona l state of the v" = 0 l evel of t he ground e l ec tronic 

state (x• n1 , 2 . 3 , 2 ). The probe l aser spot diameter at the focal 

point was supposed to be some ten s of ~m . 

The upper part of fig. 4- 2 s h ows the experimenta l arrangeme n t 

i n t h e UHV chamber for the detection of desorbed neu t r a l NO. The 

NO' ion s generated by t h e pro be laser irradiation were accelerated 

to a flight tube, and detected by a microchannel plate ( MCP) 

assemb l y. The NO ' signals were a mplified, and stored as a time-

of-flight (TOF) spectrum. The lower part of fig . 4 - 2 shows a TOF 
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F i g . 4-2. Upper part: Experimental arrangement in the UHV chambe r 

for the detection of desorbed neutral NO. Lower part : Time - of 

fli ght (TOF) spectrum for the NO · signals from NO d e sorbed from 

Pt(OOl) . 
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spectrum. Since the e lectric potential at t he focal point of 

probe laser beam is different from that in the vicinity of the Pt 

surface, the signal for the NO' ions g e nerated by the probe laser 

irradiation appears at a different position in a TOF spectrum fro m 

that for the NO' ions generated by the pump laser irradiation in 

the vicinity of the surface. Therefore, the peaks of the two NO' 

signals are easily distinguished. I have measured the NO' signal 

as a function of the probe laser wavelength . When the two-photon 

energy of the probe laser is equal to the transition e ne r gy of 

A2 ~ ( v ' = 0 , J ' ) ~ X2 ll1 , 2 . , , 2 ( v" = 0 , J" ) , 

the ionization cross section of NO is resonantly enhanced 

( (2+2)REMPI) (fig . 4- 3) a n d a s harp NO' signal peak appears in the 

spectrum (v and J represent t he quantum numbers of the vibration 

and the total angular momentum (the rotation), respectively [1].) 

Figure 4-4 shows a part of the (2+2)REMPI spectrum of NO desorbed 

from an NO - saturated Pt(001) s u rface at 80 K. The ambient gaseous 

NO was kept at 2.0x10 8 Torr to compensate the loss of t h e amount 

of adsorbed NO. The NO ' signal from ambient NO molecules was 

found to be two orders of magnitude smaller than that fro m 

desorbed NO. The NO' signal was obtained from the data averaged 

over 32 laser shots. The scanning step of the probe laser 

wavelength was 0.004 nm (0.2 cm· ' ). The interval from the pump 

laser irradiation to the probe laser firing was fixed at 1.78 us . 

Since the distance between the Pt surface and the focused probe 

laser beam was fixed at 1.20 mm, desorbed NO molecules with a 

velocity of 670 m/s were detected in the measurement. 
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Fig. 4-3. Potential curves for NO free molecule in the X2 n and A2 ~ 

sta tes . The (2+2)REMPI process is shown with arrows. 
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4.3 Results 

0, P, Q, R, and S branches (~J J' - J" = -2, - 1, 0, +1, and 

+2, respectively) are observable in a (2+2)REMPI spectrum. The 

ground state (X' D) is split by the spin-orbit interaction into two 

sets of rotational levels corresponding to the X2 n, ,, and the 

X2 n, ,, states, where the subscript represents the z-principal axis 

component of the total angular momentum (n) [1]. On the other 

hand, eac h level of the A'~ state with the given quantum number of 

the total angular momentum apart from spin (K) consists of two 

components, i.e. the A'~ (v' ,K',J') and A'~ (v' ,K' ,J'+1) l e vels [1]. 

However, the energy difference between the two components is 

smaller than the energy resolution of the probe laser. Therefore , 

twelve branches in all are expected to be resolved in a (2+2)REMPI 

spectrum. The lower part of fig. 4-4 shows the transition 

energies for J" 5 39/2 calculated using a table of expressions for 

e nergy levels of the A2 ~ and X2 n, ,,, ,,, states [2] . The first 

number of the subscript in the branch representation indicates the 

level of the A2 ~ state , i.e. the numbers 1 and 2 denote the 

A' ~(v',K',J') and A' ~(v',K',J'+1) levels, respectively. The 

second number of the subscript in the branch representation 

indicates the level of the X' D state, i.e. the numbers 1 and 2 

denote the x• n, -• and X' n, ,. levels, respectively. Some of the 

NO' signal peaks are exceptionally enhanced because of a 

(2+1+1)REMPI process [3). 

To estimat e the rotational temperature of desorbed NO 

qualitatively, I compared the R,' +S,' branch of the (2+2)REMPI 



spectrum of NO desorbed from Pt(001) at 80 K with that of gaseous 

NO at 300 K (fig. 4-5). The intensity of the No· signal of the 

low rotational levels for the gaseous NO is enhanced, owing to the 

NO molecul es scattered from the Pt(001) surface at 80 K which was 

placed close to the ionization region. The intensity ratio of the 

NO' signal of the higher to the lower l eve ls in the high 

rotational e nergy region ( ~2 1/2 < J" < ~3 7/2) for desorbed NO is 

comparable with that for the gaseous NO at 300 K. This result 

suggests that the rotat ional temperature of deso rbed NO is ~300 K. 

I have estimated the Pt surface temperature rise using an equation 

for laser-induced surface heating derive d by Ready [4], and found 

that the temperature rise is 6 K (see Section 3.3). Since the 

initial surface temperature is 80 K, this result indicates that NO 

is desorbed by a photochemical process. 

I have also preliminarily measured the NO· signal as a 

function of the interval from the pump laser irradiation to the 

probe laser firing, which corresponds to the time- of - f l ight (TOF) 

of neutral NO fro m desorption to ionization. Since the distance 

between t he Pt(001) surface and t he focused probe laser beam was 

fixed at 1 . 20 mm during the measurement, the TOF spectrum reflects 

the translational energy distribution of desorbed NO . Figure 4-6 

shows one of the TOF spectra for the X' Jh ,, (v"=O,J"=23/2) state 

(S> , branch). The Pt(001) surface was initially exposed to NO to 

the saturation coverage at 80 K, and the residual NO gas was 

pumped out. The reduction effect in the amount of adsorbed NO 

induced by photostimulated desorption is not corrected. The 

effect, however, is not serious , because the shape of the TOF 
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Fig. 4-5. (2+2)REMPI spectrum of (a) NO desorbed from an 

NO-saturated Pt(001) surface at 80 K (pump laser fluence on the 

sur face is 1.2±0.1 mJ/cm2 ) and (b) gaseous NO with the pressure of 

5.0x1o· ' Torr at 300 K. The effect of the probe laser fluence 

change during wavelength scanning is not corrected in both cases . 
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Fig. 4-6. TOF spectrum reflecting the translational energy 

distribution of desorbed NO in the X2 n, .2 (v"=O,J"=23/2) s tate. 

Pump laser fluence on the surface is 0.38±0.04 mJ/cm2 . The curved 

solid line represents the Maxwell distribution of the form 

f(v) = Av'exp{ - mv2 /2koT), where A is a fitting parameter, v the 

velocity of the molecules, m the mass, ko the Boltzmann constant, 

and T the translational temperature of 530 K. The transformation 

of coordinate system from v was performed using an appropriate 

Jacobian (dv/dz ~ 1/t ~ v, where z is the distance between the 

Pt(001) surface and the focused probe laser beam, and t the TOF) . 

spectrum was not significantly changed when the spectrum was 

reversely scanned. The NO' signal was obtained from the data 

averaged over 16 laser shots .. The vertical error bar in the 

figure was estimated from the standard deviation of three data . 

The signal-to-noise ratio is not good especially in the large TOF 

region. The peak position and the shape of the TOF spectra were 

independent of laser fluence. The temperature of a Maxwell 

velocity distribution of the form f(v) = Av' exp(-mv2 /2ko T) [5], 

the peak position of which was fitted to that of the TOF sp e ctra, 

is 530 K. The Maxwell distribution is peaked at ~o.05 eV, whe n 

the coordinate system was transformed from velocity v to trans -

lational energy E using an appropriate Jacobian (dv/dE ~ 1 / v). 

The calculated Pt surface temperature rise is 2 K for laser 

fluence of 0.4 mJ/cm2 . Since the initial surface temperature is 

80 K, this result also shows that NO is desorbed by a photo -

c h emical process . 

4.4 Discussion 

As is stated in the former section, the translational energy 

distribution of desorbed NO in the X2 111 •2 (v" =O,J"=23/2) state was 

fitted by the Maxwell distribution with a translational 

temperature of 530 K. This result differs from the result in 

Chapter 3, in which I detected NO' ions generated by a three-

photon process under the pump laser irradiation. As is stated in 

Section 3.3, the translational energy distribution of NO' ions was 

fitted by the Maxwell distribution with a translational 



temperature of 3200 K. There are a few probable origins 

responsible for the discrepancy. The two-photon ionization of 

neutral NO at 193 nm may be preferential to vibrationally excited 

NO (v" > 0) [6], which has a different translational energy 

distribution from that for NO in the v" = 0 level. Or, the NO· 

ions might have been accelerated by a stray electronic field in 

the previous study. Further experiments are required to find the 

true origin. 

The mechanism of the observed photostimulated desorption will 

be discussed in Section 6.4 after every results obtained in the 

present study are discribed. 
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CHAPTER 5 

Ultraviolet-Laser Stimulated 

Desorption of NO Chemisorbed on 

Pt(001) Studied Using 

(1+1) Resonance-Enhanced 

Multiphoton Ionization I 

Photostimulated desorption of NO chemisorbed on Pt(001) at 

80 K is studied using an s-polarized ArF excimer laser 

(A =193 nm, 6.41 eV) and a (1+1) resonance- enhanced multiphoton 

ionization ((1+1)REMPI) technique. The internal energies up to 

1000 em· 1 for desorbed NO in the x• n, ,. (v"=O) and x• n,,. (v" =O) 

states are found to be represented by nearly - Boltzmann 

distributions with rotational temperatures of 303 and 283 K, 

respectively. In the higher energy region ( >1000 em- '), however, 

the internal energies deviate from the Boltzmann distribution to a 

higher rotational temperature. The results are compared in detail 

with those of the other state-selective studies of electron

stimulated and photostimulated desorption studies . 



5.1 Introduction 

In the former chapter, I have stated a study of photo

stimulated desorption of NO chemisorbed on Pt(001) at 80 K using a 

pump laser (A = 193 nm, 6.41 eV) and a (2+2) resonance-enhanced 

multiphoton ionization ((2+2)REMPI) technique. However, the 

detailed informations on the internal -energy distributions for 

desorbed NO were not obtained, because the (2+2)REMPI method does 

not provide quantitative internal energy distributions. To 

overcome the problem, I have improved the apparatus, and detected 

desorbed neutral NO using a (1+1)REMPI technique. (1+1)REMPI, as 

well as laser-i nduced fluorescence (LIF), is a state-selective 

detection technique, which has proved to be a powerful tool in 

elucidation of desorption mechanisms [1] (see Sections 1 . 3 and 

1.4). The internal energy distributions were quantitatively 

measured for NO in the X2 n, , 2 (v"=O) and X2 n, , 2 (v"=O) states 

desorbed from an NO-saturated Pt(001) surface at 80 K irradiated 

by an s-polarized ArF excimer laser . For the internal e nergies 

less than 1000 em· 1 , the distributions are found to be represented 

by nearly-Boltzmann distributions for both the spin-orbit states. 

The population for low rotational quantum numbers in the X2 n, ,2 

state, however, was found to be slightly enhanced than that in the 

x 2 n 1 , 2 state. The rotational temperature in the low-energy region 

was 303 and 283 K for the X2 n,,2 and X2 n, ,2 states, respectively. 

Furthermore, in high internal energy region, the internal energies 

deviate from the Boltzmann distribution to a higher rotational 

temperature. The present results were compared in detail with 

those reported in the other state-selective studies of electron

stimulated and photostimulated desorption. 

5.2 Experiment 

Figure 5-1 shows the improved experimental arrangement for 

the state-selective study of ultraviolet-laser stimulated 

desorption using (1+1)REMPI. An ArF excimer laser was linearly 

polarized using a quartz plate placed at Brewster's angle. The 

polarized laser (typical polarization > 95%) was us ed as the pump 

laser. The direction of the polarization can be changed with a 

A/2 wavelength plate. The typical pump laser spot diameter on the 

Pt(001) surface was 3 mm. A tunable pulsed Coumarin 460 dye laser 

was frequency-doubled in a a-barium borate (BBO) crystal to 

generate a tunable s-polarized probe laser (A = 225~227 nm) for 

the (1+1)REMPI detection. The probe laser path was adjusted 

during the wavelength scan, so that the position of the ionization 

region did not change. The probe laser was gently focused by a 

quartz cylindrical lens with a focal length of 500 mm, and ionized 

desorbed NO molecules state-selectively. The probe laser spot 

size at the ionization region was 1x3 mm2 Both the pump laser 

and the probe laser power were monitored, and adjusted to a 

constant value during a sequence of measurements. The NO· ions 

generated by the probe laser irradiation were accelerated to the 

flight tube, and detected by an MCP assembly. An ion deflector 

was mounted between the flight tube and the MCP, so that the pump 

laser photons could not impinge on MCP. Figure 5-2 shows the 
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for the detection of desorbed neutral NO. Lower part: TOF 

spec trum for the NO" signals from NO desorbed from Pt(OOl). 



experimental arrangement in the UHV chamber for the detection of 

desorbed neutral NO, and the Time-of-flight (TOF) spectrum for the 

NO· signals from NO desorbed from Pt(OOl) . The other details of 

the apparatus and the experimental conditions are same as t hose 

described in Section 4.2. 

5.3 Results 

I have measured the NO" signal as a function of the probe 

laser wavelength. When the one-photon energy of the probe laser 

is equal to the transition energy of 

A2 ~ ( v' =O, J' ) +- X2 n1 , , . , , , ( v"=O, J") , 

the ionization cross section of NO is resonantly enhanced 

((l+l)REMPI) (see fig. 4-3) and a sharp NO· signal peak appears in 

the spectrum. The upper part of fig. 5- 3 shows a (l+l)REMPI 

spectrum of desorbed NO from Pt(OOl) at 80 K under the pump laser 

irradiation. Ambient gaseous NO was kept at 2.0x1o· • Torr to 

compensate the loss of the amount of adsorbed NO. The No· signal 

from ambient NO molecules was found to be two orders of magnitude 

smaller than that from desorbed NO. The NO" signal was obtained 

from the data averaged over 32 laser shots. The interval from 

the pump laser irradiation to the probe laser firing was fixed at 

3.0 ~s. Since the distance between the Pt surface and the probe 

laser beam was 2.2 mm, desorbed NO molecules with a velocity of 

570~900 m/s were detected in the measurement. Fluence of the pump 

laser and the probe laser were 2. 2 and 0. 87 mJ /cm2 , respectively. 

The lower part of fig. 5-3 shows the transition energies for 
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s-polarized pump laser irradiation. 



J" ~ 59/2 calculated using a table of expressions for energy 

levels of the A2 ~ and X2 n, , 2.,, 2 states [2]. R, Q, and P branches 

correspond to the transition sets with <~.J = J'-J" = +1, 0, and -1 , 

respectively (see Section 4.3). 

To ascertain that the present experimental arrangement gives 

the accurate internal energy distribution, a (1+1)REMPI spectrum 

for the gaseous NO mol ecul es was measured under the ambient NO 

pressure of 5.0xl0- 7 Torr. The other conditions are the same as 

those in the above photostimulated desorption measurement except 

for no pump laser irradiation. The population in a particular 

internal energy was calculated from the (l+l)REMPI spectrum using 

the intensities for the A' ~~X2 fl transitions formulated by Earls 

[3], and taking the ionization cross section of the A2 ~ state as 

independent of the internal energy . R, Q and P branches for the 

X2 n, , 2 and X2 n, , 2 levels gave the same internal energy 

distribution curve, as is shown in fig. 5-4. This result 

indicates that the saturation of the A' ~~ X2 n transitions is not 

significant under the presen t conditions. The distribution can be 

represented by two Boltzmann d istributions with rotational 

temperatures of 115 and 302 K. The former distribution was 

attributed to the NO molecules scattered from the Pt(001) surface 

at 80 K, which was placed 2.2 mm apart from the ionization region. 

The latter can be assigned to the NO molecules in thermal 

equilibrium with the UHV chamber. Since the room temperature was 

299 K, this result demonstrates that the accurate internal energy 

distributions can be obtained in the present procedure . 

Figure 5- 5 shows the internal energy distributions for 
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desorbed NO molecules calculated from the (1+1)REMPI spectrum in 

fig. 5-3. The data were corrected by subtracting the (1+1)REMPI 

signal from the ambient NO molecules. R, Q, and P branches gave 

the same internal energy distribution curves. This result 

indicates that 2w electron in the desorbed NO occupies the orbital 

parallel or perpendicular to the plane of rotation with an equal 

probability [4]. For the internal energies less than 1000 em· 1 

(J" s 23+1/2 and J" s 21+1/2 in the X' 111 ,2 and X2 n, , 2 states, 

respectively), the distributions were found to be nearly Boltzmann 

for both the spin-orbit states. The population for low rotational 

qu antum numbers in the X2 n, ,2 state, however, was found to be 

slightly enhanced than that in the x• n, ,, state . The rotational 

temperature in the low-energy region was 303 and 283 K for the 

X2 n,, 2 and X' n, , 2 states, respectively. These values are much 

higher than the maximum surface temperature of 86 K, which was 

estimated using an equation for laser-induced surface heating [5]. 

Fur t h ermore, in high internal energy region, the internal 

e nergies deviate from t he Boltzmann distribution to a higher 

rotational temperature. These results demonstrate that the 

observed desorption is induced by a non-thermal process. 

5.4 Discussion 

In an electron-stimulated desorption study of NO chemisorbed 

on Pt(111) using (1+1)REMPI, Burns et al. proposed a detailed 

model in which NO is desorbed via a long-lived relatively-free-

rotor excited state created by the 2w, ~ 5a excitation of 
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chemisorbed NO [6] (see Section 1 . 4). The internal energy 

distributions of the desorbed NO reported by Burns et al. are in 

good agreement with the present results in the following aspects 

(fig. 5-6(a) and (b)): (1) The internal energies are character-

ized by a nearly- Boltzmann distribution in the low-energy region. 

(2) The internal energies deviate from the Boltzmann distribution 

to the higher rotational temperature in the high-energy region. 

Furthermore, the translational energy distribution of desorbed NO 

measured in the present study using (2+2)REMPI (see Chapter 4) is 

also in good agreement with those reported by Burns et al. (see 

fig. 5-7). However, there are also several differences between 

the two studies: (1) The rotational temperature observed in the 

electron-stimulated desorption study (543 K) is higher than those 

found in the present study (283 and 303 K). (2) The 2rr electron 

in the desorbed NO was found to have a tendency to occupy the 

orbital perpendicular to the plane of rotation (antisymmetric h 

doublets) in the electron-stimulated desorption study, while such 

a preference was not measurable in the present study. 

The above common characteristics in the translational and 

internal energy distributions of desorbed NO were also reported by 

Prybyla et al. in a photostimulated desorption study of NO 

chemisorbed on Pd(111) using (1+1)REMPI and 200-fs laser pulse of 

2.0-eV photon energy [7] (see fig. 5-6(a) and (c), and Section 

1.4). The laser fluence dependence of the desorption yield was 

found to be represented by a power-law relation with an exponent 

of n = 3.3. The X2 n(v"=1)/X2 n(v"=O) population ratio is ~o.3 

corresponding to a vibrational temperature of 2200 K. They 
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Fig. 5-6. Comparison of the internal energy distributions of 

desorbed neutral NO molecules measured in the present study with 

those measured in the other state-selective studies of electron-

stimulated and photostimulated desorption of adsorbed NO. (a) The 

present study. Pt(001)-NO, hv = 6.41eV. (b) Pt(111)-NO, incident 

electron energy= 325eV (from ref. [6]). (c) Pd(111)-NO, 

hv = 2 .0 eV (200 fs) (from ref. [7]). (d) Pt(111)-NO, hv = 2.3 

and 3.5eV (from ref. [8]) . (e) Ni(001)-Ni0- NO, hv = 6.4eV (from 

ref. [9]). (See Section 1.4.) 
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concluded that high density of electronic excitation in the 

substrate induced by the 200-fs laser pulse leads to novel 

desorption channels involving both the ground and excited 

electronic states of the chemisorbed NO. The short-pulse laser 

stimulated desorption, however, may be induced by the same 

photochemical process responsible for the electron-stimulated 

desorption reported by Burns et al., because the three photon 

energy of the short-pulse laser is comparable with the threshold 

energy obseved in the electron-stimulated desorption study 

(~6 eV). Burns et al. have also reported that desorbed NO 

molecules show a high degree of vibrational excitation 

(X' n (v"=1)/X2 n (v"=O) population ratio is ~o. 58) [6]. 

In a laser-stimulated desorption study of NO on Pt(111) at 

1064, 532, and 355 nm (1.2, 2 . 3, and 3.5 eV, respectively) using 

LIF, Buntin et al. concluded that NO is desorbed via a temporal 

negative ion state created by electron tunneling from photo-

generated hot carriers in the metal substrate to the unoccupied 

state of chemisorbed NO [8] (see Section 1 . 4). The present 

results, however, are greatly different from those reported in 

their study such as markedly inverted spin-orbit population, non-

Boltzmann rotational energy distributions (see fig . 5-6(a) and 

(d)), translational energy distributions peaked at high energy, 

and low desorption cross sections ( < 10· 2 1 cm2 ) • The present 

results are also different from those in a photostimulated 

desorption study of NO on non-metallic Ni-NiO, where pronounced 

spin-orbit selectivity in low rotational levels (see fig. 5 - 6(a) 

and (e)) and translational energy distributions peaked at high 
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energy were observed (see Section 1.4) [9] . 
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CHAPTER 6 

Ultraviolet-Laser Stimulated 

Desorption of NO Chemisorbed on 

Pt(001) Studied Using 

(1+1) Resonance-Enhanced 

Multiphoton Ionization II 

Photostimulated desorption of NO chemisorbed on Pt(001) at 

80 K is studied using (1+1)REMPI. An s- and a p - polarized ArF 

excimer laser are used as the pump laser. The desorption yield 

rapidly i ncreases when the a mount of NO expos ur e exceeds ~1.8 L. 

This result suggests that the majority of the observed photo 

stimul ated desorption is derived from NO chemisorbed on the on-top 

sites in the reconstructed Pt-(20x5) area probably with a straight 

configuration. The NO desorption yield is proportional to pump 

laser fluence for both the polarizations. The translational and 

internal energy distributions of desorbed NO are independent of 

the polarization of the pump laser . On the basis of t hese 

results, the mechanism of photostimulated desorption is discussed. 

The perspectives of the present work are described. 
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6.1 I ntroduction 

In the present chapter, I report an advanced study of photo

stimulated desorption of NO chemisorbed on Pt(001) at 80 K using 

(1+1)REMPI. An s - and a p-polarized ArF excimer laser are used as 

the pump laser . The desorption yield was found to increase 

abruptly when the amount of NO exposure exceeds ~1 .8 L. This 

result suggests that the majority of the observed photostimulated 

desorption is derived from NO chemisorbed on the on-top sites in 

the reconstructed Pt - (20x5) area probably with a straight 

configuration. The NO desorption yield was found to be 

proportional to pump laser fluence for both the polarizations. 

This result indicates that NO is desorbe d by a one-photon process . 

The translational and internal energy distributions of desorbed NO 

were, however , found to be independent of the polarization of the 

pump laser within the errors. These results suggest that both the 

s- and the p - polarized laser irradiations create the same excited 

state, from which photostimulated desorption proceeds. 

6 . 2 Experiment 

The apparatus us e d is improved compared with that described 

in Sect ion 5.2 as follows: (1) An ArF exc imer laser is linearl y 

polarized efficiently using a polarizer (Showa Kouki). (2) The 

polarized laser irradiates the Pt(001) surface at 81" from the 

surface normal. (3) The second harmonic of a high - r esolution 

tunable Coumarin 460 dye laser (Spectra-Physics Quanta-Ray PDL-3, 

( 1oq) 

line width = 0.07 em- ' ) is used as the probe laser . The typical 

pump laser spot area on the surface is 0.16 mm2 • The other 

details of the a pparat us and the experimental procedure are same 

as those described in Section 5.2. 

6.3 Results 

Figure 6-1 shows the decays of the NO desorption yie ld 

against a sequence of the p-polarized pump laser irradiation. 

Before every measurement, the Pt(001) -(20x5) clean surface was 

exposed to NO at 80 K, and the residual NO gas was quickly pumped 

out . The probe laser wavelength is fixed at the band edge of the 

p21 +Q11 branch, i.e., NO in the X' n, ,, (v" = O,J"=1/2~9/2) states are 

probed. The probe laser spot size at the ionization region is 

~1x1 mm' The interval from the pump laser irradiation to the 

probe laser firing is fixed at 2.5 ~s. Sinc e the distance between 

the Pt(001) surface and the probe laser is 2.0 mm , desorbed NO 

molecules with a velocity of 600~1000 m/s were detected in the 

measurement. Fluences of the pump laser and the probe laser are 

~1.0 and ~3.2 mJ/cm' , respectively. The initial fast decay from 

the first to the ~ 5oOth laser shot is probably derived from NO 

chemisorbed on defect sites (steps or kinks), becaus e the 

desorption amount was much smaller than the total desorption 

amount after NO exposure of 6.0 L. The NO desorption yield 

increases rapidly when the amount of NO exposure exceeds ~1.8 L. 

The desorption yields of NO in the X2 n, ,, (v"=O,J"=11/2) state 

are shown in fig . 6-2 as a function of pump laser fluence. The 
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ambient gaseous NO is kept at 2.0x1o· • Torr during the measure-

ments to compensate the loss of the amount of adsorbed NO . The 

NO' signal was obtained from the TOF spectrum averaged over 32 

laser shots. The data were corrected by subtracting the NO' 

signal from the ambient NO. The vertical error bar is estimated 

from the standard deviation of three data. The probe laser spot 

size at the ionization region is ~1x3 mm• . The interval from the 

pump laser irradiation to the probe laser firing is 3.3 ~s. Since 

the distance between the Pt(001) surface and the probe laser is 

1.7 mm, desorbed NO molecules with a velocity of 360~660 m/s were 

detected in the measurement. The NO' signal is proportional to 

laser fluence for both the s- and the p-polarized pump laser. The 

desorption yield for the p - polarized light was observed to be ~2.9 

times larger than that for the s-polarized light. 

Figure 6-3 shows the preliminary results of TOF spectra for 

the s- and the p-polarized pump laser which reflect the 

translational energy distributions of desorbed NO molec u les i n the 

x• n, ,z (v"=O,J" =11/2) state (see Section 4.3). The NO· signal was 

obtained from the data averaged over 16 laser shots. The data 

were corrected by subtracting t he NO' signal from the ambient NO. 

The vertical error bar was estimated from the standard deviation 

of three data . The distance between the Pt(001) surface and the 

focused probe laser was 1.8 mm . The peak position and the shape 

of the TOF spectra are independent of the polarization of the pump 

laser within the errors. The temperature of a Maxwell velocity 

distribution, the peak position of which was fitted to that of the 

TOF spectra, is 400 K. The temperature of the fitted Maxwell 
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distribution is lower than that for desorbed NO in the 

X2 n1 ,, (v"=O,J" =23/2) state (530 K, see Section 4.3 and fig . 4-6). 

These results suggest that the translational energy of desorbed NO 

increases as the rotational quantum number increases . 

Figure 6-4 shows the preliminary data of the internal energy 

distributions of desorbed NO molecules for the s- and p-polarized 

pump laser. The data were not correcte d for the NO· signal from 

the ambient NO . The internal energy distributions are independent 

of the polarization of the pump laser within the errors. 

6.4 Discussion 

6.4.1 NO species responsible for photostimulated desorption 

According to a RAIRS study by Gardner et al. [1] and a HREELS 

study by Pirug et al. [2], three chemisorbed NO species are 

supposed to be present on a Pt(001) surface exposed to NO at 80 K. 

The first is NO with a bent configuration in the reconstructed 

Pt-(20x5) area (v• - o "'1680 em- 1 ) , and the second is NO with a 

bent configuration in the Pt-(1x1) area (v• - o = "'1630 e m- 1 
) • The 

first and the second NO species are reported to be present before 

and after the ( 20x5) ~ ( 1X1) structural transformation of the top -

most Pt layer at 90 K, respectively [1] (see Section 1.2 and fig. 

1-4) . In the present study the ( 20x5) ~ ( 1x1) transformation 

occurs in the NO exposure range of 0.8 - 1.0 L, as is stated in 

Section 2.3.4. The third species is NO in the Pt - (20x5) area 

probably with a straight configuration (v • -o = "'1790 em- 1 
), which 
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is reported to be present after NO exposure of 5 L at 140 K [2] 

(see Section 1.2 and fig. 1-3). On the other hand, NO desorption 

yield is found to increase rapidly when the amount of NO exposure 

exceeds ~1.8 Lin the present study (see fig. 6-1). This result 

suggests that the third NO species is most sensitive for 

photostimulated desorption, while both the first and the second NO 

species with a bent configuration exhibit similar small 

sensitivity. Therefore, the majority of the observed photo

stimulated desorption from an NO-saturated Pt(001) sruface at 80 K 

is probably derived from the third NO species on the Pt-(20x5) 

area probably with a straight configuration. 

The adsorption state selectivity is also reported in the 

other photostimulated desorption studies. Buntin et al. assigned 

the species responsible for photostimulated desorption of NO on 

Pt(111) for 1064, 532, and 355 nm to NO chemisorbed on an on-top 

site [3] (see Section 1.4). In a photostimulated desorption study 

of NO on Ag(111) and Cu(111) for 250-680 nm, Franchy et al. 

reported that NO chemisorbed on an on-top site is sensitive for 

photostimulated desorption, while NO on a bridge site is not 

sensitive [4]. The present results are in agreement with these 

previous reports in the respect that NO species on on-top sites is 

sensitive for photostimulated desorption. 

6.4.2 Lifetime of excited molecules on metal surfaces 

Before discussing the mechanism of the observed photo

stimulated desorption, I briefly review the related studies. 

(I II) 

First, I introduce several theoretical and experimental studies on 

the lifetimes and the potential energy curves of excited states 

for molecules adsorbed on metal surfaces in this section. These 

issues are extremely important for understanding the mechanism of 

desorption induced by electronic excitations [5] . Then, I survey 

the mechanisms proposed by the other groups in photo- or electron

stimulated desorption studies of NO chemisorbed on metal surfaces 

in Section 6.4.3. 

The most rapid deexcitation process on metal is the resonant 

electron tunneling. The characteristic time (T) of the resonan t 

tunneling is given by T = h/2rrr, where I' is the width of the 

resonance. Nordlander and Tully have carried out calculations of 

the shifts and lifetimes of the excited states for a hydrogen atom 

and alkali atoms interacting with jellium surfaces, using density 

functional potentials, non-local exchange and correlation 

energies, and the complex scaling theory [6]. For an excited 

hydrogen at a typical metal-adsorbate distance of ~3 A from a 

model Al surface (jellium with r , = 2), the resonance widths are 

calcu lated to be ~o.3 eV for the 2s+2p, state, and ~3 eV for the 

2s-2p, state (corresponding to the lifetimes of ~2x1o - 1 
• and 

~2x1o- 1 • s, respectively) , as is shown in fig. 6-5 (a) . The 

lifetime of the 2s+2p, state is longer than that of the 2s -2p, 

state, because the 2s+2p, orbital is oriented away from the 

surface whereas the 2s-2p, orbital is oriented toward the surface. 

The resonant widths can also be estimated in the linewidth 

measurements . In an electron spectroscopic study using 

synchrotron radiation, Schonhense et al. reported that the 
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Flg. 6-5. (a) Calculated energy level s h ifts (left) a nd resonan ce 

widths (right) in atomi c units (a.u., 1 a.u. = 27.2 eV a nd 1 a . u. 

= 0.529 Xll for the lowest hydroge n states on Al. Das h ed lines in 

the right-ha nd figure a re the results rr o m an earlier calculation. 

(From ref. [6] .) (b) Schematic drawing or effective o ne-electron 

potential curves for Xe on Pt(lll), and free Xe. (From ref. [7].) 

(c) Calculated (solid lines) a nd experlmcntal (symbols) valence 

band structure of Pt. (From ref. [8] .) 

linewidth of the 6s<i-5p transition for Xe on Pt(lll) to be 

<0 . 08 eV [7] . The 5p level of the physisorbed Xe is locate d ~ 4 e V 

below the Fermi level (fig. 6-5(b)), whereas the valence band of 

Pt locates in the region of o~5 eV below the Fermi level [8] 

(fig . 6-5(c)). Therefore, this result indicates that the 

characterstic time of t he resonant tunneling from the Pt valenc e 

band to the 5p hole of xe · is at l east longer than ~9xlO · ' 5 s. 

The time taken for desorption (t) is estimated to be ~10 · '• s 

[5]. Since the probability of desorption depends on the exponent -

ial o f the decay rate of the intermediate excited state, the abov e 

calculated and observed characteristic time of the resonant 

tunneling for mol ecules chemisorbed on metal (lo · • •~1o · • • s) 

suggest that desorption may proceed with substantial probability 

for certain systems even when the intermediate excited state can 

decay by the resonant electron tunneling. 

Avouris et al. carried out self-consistent calculations of 

the potential energy c urves for ions interacting with a model Al 

surface on the basis of a local density functional theory, which 

fully accounts for screening by the electrons within t h e metal 

valence band [9] . The calculated potential e nergy curves for the 

F- (2s ' 2p' ), F(2s' 2p' ), F" (2s ' 2p' ), and F· (2s 2 2p') states are shown 

in fig. 6-6(a). The ground state for an adsorbed fluorine atom is 

found to be the F· state, which is bounded by a potential curve 

described by the balance between image-like attraction and short 

range electron-electron repulsion. The neutral F(2s' 2p• ) and 

F· ( 2s' 2p' ) states are fo und to be repulsive, because the image 

attraction has been removed. The potential energy curve for F" 
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however, was found to be much less attractive as compared with 

that for r . The difference between the negative and positive 

ionic states was attributed to the differen t c haracter of the 

screening. For the negative ionic state, the screening is image-

like, and the e lectronic configuration is nominally F· ( 2s 2 2p6 
) • 

For the positive ionic state, in contrast, the low- lying fluorine 

3s and 3p levels are pulled down in e nergy by the presence of the 

2p hole. These broadened 3s and 3p levels now extend partly below 

the Fermi level, and are thus partially occupied by electrons from 

the metal surface. The charge-difference plots illustrating this 

behavior are shown in fig. 6-6(b). The image-like attraction 

between F' and metal is reduced, because the net charge in F' is 

decreased . The short range electron-electron repulsion between F' 

and metal is increased, because the electron de nsity in bo th the 

surface region of the metal and the large radius 3s and 3p 

orbitals of F' is increased. Therefore, the pote nti al energy 

curve for F' ( 2s> 2p' ) state is weakly bonding with the potential 

mini mum located at a great distance from the surface. 

The same group have also carried out density-functional 

calculations for Ar' ions interacting with metal surfaces [10]. 

For intermediate distances from the surface, the attractive force 

was found to be considerably smaller than that predicted by the 

classical image potential (fig . 6-6(c)) because of the charge

transfer screening {fig. 6-6(d)). The calculated potential energy 

curves indicate that the ionization of Ar adsorbed on metal leads 

to the desorption of neutral Ar atoms by the Antoniewiz mechanism, 

i.e., the Ar' ion starts its motion toward the surface and decays 

( 12J) 



into the ground electronic state, then the neutral Ar atom is 

repelled by the repulsive region of the potential e nergy curve and 

desorbed from s ur face (see Section 1 . 3 a nd fig. 1-6(b)). The 

calcu lations based on the Antoniewiz -type model reproduced the 

translational energy distributions of the neutral Ar atoms 

desorbed from a Ru(001) surface observed in an electron-stimulated 

desorption study by Steinacker and Feulner [11]. 

6.4.3 Review of proposed mechanisms for stimulated desorption 

In a photostimulated desorption study of NO on Pt(111) at 

120 K for 1907, 1064, 532, and 355 nm (hv = 0.65, 1.2, 2.3, and 

3.5 eV, respectively) using laser-induced-fluorescence, Buntin et 

al. reported the following results (see Section 1.4) [3]: (1) NO 

is not desorbed when hv < D ~ 1 eV, where D is t he NO desorption 

energy. (2) The desorption yield is proportional to laser 

fl uence. The desorption cross sections are 7x1o· 2 • , 1x1o· 2 2 , 

and 2. 5x10· 2 2 for 1064, 5 32, and 355 nm, respectively. (3) The 

translational energy distribution is independent of laser fluence. 

(Non- Maxwell distributions, ~soo K for 1064 nm, and ~1200 K for 

532 and 355 nm, if Maxwell distributions are assumed.) (4) The 

X2 n(v"=l)/X2 n(v" =O) population ratios for 355, 532, and 1064 nm 

are 0 . 04, 0.04, and <0.004, respectively. (NO in thermal 

equibili um at 840 K gives a v"=1/v"=O ratio of 0.04.) (5) The 

internal energy exhibits non- Boltzmann distributions with markedly 

inverted spin- orbit population (see Fig. 5-6). (6) The desorption 

Oflux exhibits a forward-peaked distribution of ~cos' 1 B . (7) The 

( /13) 

desorption yields for s- and p-polarized light at the incidence 

angles of o• and 70• are propotional to the calculated absorption 

coefficient of the Pt substrate rather than the magnitude of the 

electric field normal or parallel to the surface. On the basis of 

these results, Buntin et al . proposed a me c hanism as follows. The 

initial step is the electronic excitations in the Pt substrate. 

Then, inelastic electron scattering from the photogenerated hot 

electrons in the substrate into the unoccupied 2~. orbital of 

chemisorbed NO creates the temporal negative ionic state 

(fig. 6-7(a)). The NO· ion starts its motion toward the surface 

owing to the image potential of the metal surface. After the 

succeeding deexcitation into the ground electronic state, NO is 

repelled by the repulsive potential energy curve and is desorbed 

from the surface, if the lifetime of the negative ionic state is 

long enough (Antoniewicz model, see Section 1.3) (fig. 6-7(b)). 

Gazuk et al. have carried out dynamical calculations using a one 

dimensional wavepacket propagation method, where the Pt-NO 

distance is considered [12, 13] . The potential energy curve for 

the temporal negative ionic state is modeled on the basis of the 

classical image potential argument. They estimated the lifetime 

of the temporal negative ionic state as ~10 · 1 5 s from the observed 

vibrational energy distributions. The calculations showed that 

the above Antoniewicz-type mechanism leads to the considerable 

desorption even for such a short-lived intermediate excited state. 

Using the same theoretical method, Gazuk et al. also showed that 

the Antoniewicz -type mechanism can explain the results of an 

electron-stimulated desorption study of atomic oxygen chemisorbed 

( !2t.f.) 
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Fig. 6-7. (a) Energy level diagram for the hot electron scattering 

through the 2rr. resonance of chemlsorbed NO. (From t·ef. [12].) 

(b) Potential energy c urves for chemisorbed and negative ionic NO 

on metal illustrating the Antoniewicz model for desorption. 

ref. [12].) (c) Wavelength dependences of the desorption yield or 

NO from Ag(ll.l) ( 0 ), Cu(ll.l) ( e ), and Si(ll.l)-(7x7) ( Ll.. ). Inset 

shows a decay of the desorption yield of NO from Cu(lll). (From 

ref. [ 4].) (d) Schematic drawing of the band structures for Ag 

and Cu, and the occupied and unoccupied levels of chcmisorbed NO. 

Two probable initial processes responsible for photostimulated 

desorption, i. c., the Zrr .. .o-2rr• transition in adsorbed NO (A) and 

the hot electron scaltering from the substrate into the Zrr. level 

of NO (S) arc illustrate d. (From ref. [4].) 
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on Pd(111) [12, 14 1 15] carried out by Hoffman et al. [15]. 

In a photostimulated desorption study of NO on Ag(111) and 

Cu(111) at 85 K for 250-680 nm (hv = 5.0-1 . 8 eV) using HREELS and 

TPDS 1 Franchy et al. reported the following results [4]: 

(1) There are two NO species for Ag(111) and Cu(111). One is 

chemisorbed on an on-top site, while the other is on bridge site . 

Only the NO species on an on-top site is sensitive for photo-

stimulated desorption. (2) The wavelength dependence of the 

desorption yield is found to be simmilar for Ag(111) and Cu(111) 

(fig. 6-7(c)), although the valence band struc ture is greatly 

different between the two metals (fig . 6- 7(d)). The desorption 

cross sections for 320 nm are 3 . 1x1Q- 1 8 cm2 for Ag(lll), and 

2. 2x1o· 1 • cm2 for Cu( 111). On the basis of these results, Franchy 

et a l . suggested that the valence-electron transition from the 2rr , 

orbital to the 2rr , orbital in the chemisorbed NO molecules is 

responsible for photostimulated desorption of NO on both Ag(111) 

and Cu(111) for photon energies~ 3.4 eV (see fig. 6-7(d)). 

In an electron-stimulated desorption study of NO on Pt(111) 

at 80 K using (1+1)REMPI 1 Burns et al. observed a dominant low-

energy desorption channel [16] (see Section 1.4) . The desorption 

channel exhibited the following characteristics : (1) The 

desorption threshold energy is ~6 eV. The desorption yield 

exhibited an enhancement at ~12 eV with total width of ~6 eV (fig. 

6-8(a)). (2) The translational energy distribution is peaked at 

~o.05 eV for the excitation energy of 325 eV (corresponding to 

~580 K, if a Maxwell distribution is assumed) (fig. 6 - 8(b)). 

(4) The X2 n(v"=O):X2 n(v"=l):X2 n(v"=2):X2 n(v" =3) population ratios 

( 12 6) 
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Fig. 6-8. (a) Excitation energy dependences of the desorption 

yield of NO and CO from Pt(lll). (b) Theoretical and experimental 

translational energy distribution of NO in the X2TI(v"=O) state 

desorbed from Pt(lll). (c) Theoretical and experimental vibra-

tional energy distribution of NO in the X2TI(v"=O) state desorbcd 

from Pt(lll). (d) Boltzmann plot of the theoretical and experi

me ntal rotational energy distribution of NO in the X2TI(v"=O) state 

desorbcd from Pt(lll). (From ref. (16) .) 

for the excitation energy of 325 eV are 1.00, 0.58, 0.26, and 

0.43, respectively (fig. 6-8(c)). (3) The two spin orbit states 

(the X2 n1,2 and x 2 n,,2 states) for the excitation energy of 325 eV 

exhibited similar rotational energy distributions characterized by 

nearly-Boltzmann distributions with rotational temperatures of 

543, 581, 642, and 481 K (±5%) for the v" =O, 1, 2, and 3 levels, 

respectively (fig. 6-8(d)). On the basis of these results, they 

proposed a mechanism that the valence-electron transition from the 

5u orbital to the 2rr, orbital in the chemisorbed NO is responsible 

for electron-stimulated desorption. The 2rr , .,... 5u transition is 

expected to be resonantly induce by the excitation energy of 

12 eV. The 2rr , .,_5u transition creates an almost neutral excited 

state with a screened 5u hole. The 5u hole locating below the Pt 

valence band is expected to have a relatively long lifetime, 

because the resonant electron tunneling from the Pt substrate is 

blocked (see Section 6.4.2). They also carried out a calculation 

based on a single-atom approximation, and found that the 5u hole 

has a relatively long lifetime of 10- 1 '~ 10 - 1 • s. The calculation 

showed also that the 1rr hole decays ~20 times faster than the 5u 

hole. They speculated that the potential energy curve for the 

intermediate excited state with a screened 5u hole is simmilar to 

that for an 02 molecule on Pt(111). Since 02 is known to be 

weakly adsorbed on Pt(111) by ~o.3 eV with a configuration 

parallel to the surface, they concluded that the succeeding 

deexcitation creates a rotated NO molecule in the ground electron-

ic state in a repulsive potential curve, from which desorption 

proceeds. They carried out dynamical calculations using a two-
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dimensional wavepacket propagation method, where the Pt-NO 

distance and the Pt-NO polar angle are considered. The potential 

energy curve for the intermediate state is modeled on the basis of 

the assumption that NO with a screened 5cr hole resembles o, on 

Pt(lll). The calculations reproduced the experimentally observed 

translational and rotational energy distributions as is shown in 

figs. 6-8(b) and (d). The experimentally observed vibrational 

energy distribution is also reproduced in the dynamical calcula

tions where the N-0 distance is assumed to be enlonged by 0.13 

atomic units (0.069 A) as is shown in fig. 6-8(c). 

6.4.4 Initial electronic excitations r esponsible for 

photostimulated desorption 

As is stated in Section 6.3, the NO desorption yield is 

proportional to pump laser fluence for both the polarizations (see 

fig. 6-2). This result indicates that NO desorption is induced by 

a one-photon process for both the polarizations. As is stated in 

the former section, there are two probable mechanisms for the 

initial one-photon process. The first is the direct valence

electron excitation in the chemisorbed NO. The second is the 

electronic excitations in the Pt substrate followed by electron 

scattering from the photogenerated hot electrons in metal into the 

unoccupied orbital of the chemisorbed NO. The first mechanism is 

more probable, because the probability of the electron scattering 

in the second model is expected to be too small to account for the 

relatively large desorption cross sections (cr,) of 10- 1 • "-10- 1 • em> 

estimated in the present study (see Section 3.4). As is stated in 

the former section, photostimulated desorption of NO on Ag(lll) 

and Cu(lll) for 320 nm with large cross sections (cr, = 3 . lxl0- 1
' 

and 2.2x1o- 1e em> for Ag(lll) and Cu(lll), respectively) is 

suggested to be induced by the direct valence-electron excitation 

of the chemisorbed NO [4], while photostimulated desorption of NO 

on Pt(lll) for 1064, 532, and 355 nm with small cross sections 

( cr, = 7x1o- > • , 1x1o- > > , and 2. 5x1o- » cm2 , respectively) is 

concluded to be induced by the valence-band excitations in the Pt 

substrate [3]. 

Table 6-1 shows the substrate absorption coefficient (1 - R) 

and the surface mean square electric field components (<E2
x >, 

<E>,>, and <E>, >) for 193 nm at the incidence angle (0) of 81" 

calculated on the basis of classical electromagnetic theory [17] 

using optical constants of Pt [18]. The z-direction is defined as 

the surface normal, and the x-z plane is taken to be the plane of 

incidence. As is stated in Section 6.3, the observed desorption 

yield ratio for the p-polarized pump laser to the s-polarized pump 

laser is "-2.9. If direct valence-electron excitations in the 

chemisorbed NO are responsible for the observed photostimulated 

desorption, this result indicates that both the normal and 

parallel electric fields (<E2 x> +<E2 , >and <E>, >, respectively) 

contribute to photostimulated desorption with 1:3 weighting ratio. 

The desorption mechanism initiated by electronic excitations in 

the Pt substrate, however, is not excluded by the present data, 

because the substrate absorption ratio for the p-polarized light 

to the s-polarized light is calculated to be 3.22 (see Table 6-1). 
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Table 6-1 . Substrate absorption coefficients and surface mean 

square electric field components for 193 nm at the incidence 

angles of 25" and 81", and t heir ratlos between the two angles. 

s-polarized p-polarized 

1 - R <E2v> <E2 , > 1-R <E2 X> <E2,> 

e 81" 0.185 0.025 o:O 0.596 0.005 0.203 

e 25" 0. 714 0.503 o:O 0.787 0.527 0.115 

( e 25")/(9 81°) 3.86 20.0 1 . 32 105 0.57 

(131) 

The valence- electron excitations allowe d by the Fermi's 

golden rule and the consideration based on symmetry are shown in 

fig. 6-9 for NO chemisorbed with a straight configuration 

irradiated by the s- and the p-polarized laser with photon energy 

of 6. 41 eV. The 2rr, «- 5<T and 6<1«- 2rr, excitations , and the 2rr , «- 2rr ' 

and 2rr , «- 1rr excitations are supposed to be allowed for the s - and 

the p-polarization, respectively. The translational and internal 

energy distributions of the desorbed NO are, however, indepe ndent 

of the polarization of the pump laser (see figs. 6-3 and 6 - 4). 

These results s uggest that both t he s- and the p-polarized laser 

irradiation create the same excited state, from which photo 

stimulated desorption proceeds. Further investigations are 

required to determine the initia l electronic excitation process 

responsible for photostimulated desorption. 

6.4.5 Probable mechanisms of photostimulated desorption 

On the basis of the discus sion in the above section s , I 

discuss several probable me c hanisms for the observed photo

stimulated desorption in this section. The first is t he model 

proposed by Burns et al, i.e., NO is desorbed via an almost 

neutral excited state with a screened 5<T hole created by the 

2rr, «-5<T transition in t he chemisorbed NO (see Section 6.4.3). 

This mec hanism is the most favorable candidate, because the 

2rr, .,_ 5<T transition is accessib l e for an s-polarized laser with 

photon energy of 6 .41 eV (see fig. 6-9), and because t hi s 

mechanism can account for the relatively large desorption cross 
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Flg. 6-9 . Allowed valence-electron excitations for NO c h e mi sorbed 

with the straight configuration irradiated by the s- and the p

polarized laser with photon energy of 6.41 eV. The position of 

the occupied or:bitals (4a, 1TT+5a, a nd 2TTb) is estimated from a UI'S 

study of NO chcmisorbcd on Pt(OOl) at 300 K by Donzel and Plrug 

[19] (see Section 1.2 and fig. 1-2). The position of the 2TTa 

orbital is estimated from a study of NO chcmisorbed on Pt(lll) 

using inverse photocmission spectroscopy (IPS) by Dose [20]. The 

2TTb and the 2TTo orbital are created by the hybridization of the 

half-filled 2TT orbital of NO and the d orbital of Pt. where the 

subscripts represent the bonding character between the chemisorbed 

NO and t h e metal. The positions, however. contains uncertainty of 

2~3 eV because UPS a nd IPS probes positive and negative ionic 

states instead of a neutral state, respectively. The 6a orbital 

which cor r esponds to the A2 E state of a NO free molecule (see 

fig. 4-3) has not yet been measured for chemisorbed NO. 
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sections of 10 · • • ~1o · • • em' . Furthermore, the observed and 

calculated translational and internal energy distributions 

reported in the electron-stimulated desorption study by Burns et 

al. [1 6] are in excellent agreement with the present results (see 

Section 5.4, fig. 5-6, and fig. 5-7). One objection to this 

mechani sm is that the 2rr, ~ 5u transition is not allowed for p-

polarized light, if NO is chemisorbed with a straight configura-

tion (see Section 6.4 .4). The 2rr,~5u transition, however, can b e 

induced by p-polarized light, when NO is chemisorbed in a slightly 

bent configuration. Although Pirug et al. suggested that the NO 

species responsible for photos timulated desorption is probably in 

a straight configuration on the basis of the N-0 stretching 

frequency (see Sections 1.2 and 6 . 4.1), NO may be chemisorbed in a 

slightly bent configuration, because the N-0 stretching frequency 

can not predict the configuration of the chemisorbed NO exactly . 

Another probable mechanism is an MGR-type model that NO is 

desorbed via an almost neutral excited state with a screened 1rr 

hole created by the 2rr , ~ 1rr transition in the chemisorbed NO (see 

fig. 6-9). The 1rr hole is also expected to decay mainly by the 

intramolecular Auger process, because it is located below the Pt 

valence band (see Section 6.4.2). However, this mechanism is less 

probable as compared with the first one, because the calculations 

by Jennison et al. showed that the lifetime of the 1rr hole is much 

shorter than that of the 5u hole [16] (see Section 6.4.3). 

The third probable mechanism is an MGR-type model that NO is 

desorbed via a intermediate excited state with a screened 2rro hole 

created by the 2rr , ~ 2rro or 611~ 2rr o transitions followed by the 

( 13<'1-) 



resonant tunneling of the excited electron into the Pt conduction 

band. The potential energy curve for the intermediate excited 

state is expected to be repulsive, because the 2n , orbital has a 

bonding character between Pt and NO. This mechanism, however, is 

much less probable, because the lifetime of the 2n , hole is 

expected to be extremely short (~l0 - 1 ' s) owing to the resonant 

tunneling into the Pt valence band (see Section 6.4.2). 

The fourth mechanism is an Antoniewicz-type model that NO is 

desorbed via a temporal negative ionic state created by the 

2n, .,__ 2n,, 2n, .,__ ln, or 2n, .,__ 5<T transitions followed by t h e resonant 

electron tunneling from the Pt valence band into the hole of NO. 

This mechanism is simmilar to the model proposed in a photo

stimulated desorption study by Buntin et al . [3], in which the 

temporal negative ionic state is created by the resonant electron 

scattering from the photogenerated hot electrons in the Pt 

substrate into the unoccupied 2n, orbital of the chemisorbed NO . 

Although the excited 2n , electron can decay by the resonant 

tunneling into the Pt conduction band, the lifetime of t he 2n, 

electron is expected to be longer than that of the 2n, hole, 

because the 2n, orbital is oriented away from the surface whereas 

the 2n, obital is oriented toward the surface (see Section 6.4.2). 

Indeed, Franchy et al. also suggested that the 2rr , .,__ 2n , transition 

is responsible for photostimulated desorption of NO adsorbed on 

Ag(ll1) and Cu(lll) for photon energies ~ 3.4 eV [4] (see Section 

6.4.3) . This mechanism as well as the model proposed by Buntin et 

al., however, is not likely to be the dominant desorption channel 

in the present case, because the translational and internal energy 
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distributions, and the desorption cross sections reported by 

Buntin et al. are greatly different from those observed in the 

present study (see Sections 3.4 and 5.4, and fig. 5- 6). 

6.5 Perspectives 

As is stated in the former sections, further investigations 

are required to elucidate the mechanism of photostimulated 

desorption of NO chemisorbed on Pt(OOl) . The most effective 

approach to determine the initial electronic excitation 

responsible for photostimulated desorption is to measure the 

desorption yield as a function of the incidence angle, the 

polarization, and the wavelength of the pump laser. I am now 

making the preparations for the desorption yield measurements for 

s-and p-polarized pump lasers of 193, 248, and 353 nm (6 . 4, 5 . 0, 

and 3.5 eV, respectively) at the incidence angles of 25" and 81 " . 

Since the substrate absorption coefficient and the surface mean 

square electric field components are known to depend on the 

polarization and the angle of incidence of the pump laser (see 

table 6-1), these experiments are expected to determine whether 

the excitation of the metal substrate or the direct excitation of 

the chemisorbed NO is responsible for photostimulated desorption . 

The desorption yield for s-polarized light at the incidence angle 

of 25", for example, is expected to be enhanced by a factor of ~20 

as compared with that for s-polarized light at the incidence angle 

of 81", if the direct excitaion of NO induced by the surface 

electric field parallel to the surface is responsible for photo-
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stimulated desorption (see table 6-1). Furthermore, measurements 

as a function of the photon energy of the pump laser are also 

expected to offer valuable information, because the 2rr, .,_. 5<7, 

6<1.,_. 2rr o , and 2rr, .,_. 1rr transitions in the chemisorbed NO are not 

accessible for the pump laser with photon energies of 5.0 and 

3.5 ev. 

The comprehensive measurements of translational, vibrational, 

and internal energy distributions, and the rotational al i gnment of 

desorbed NO is expected to bring about new information o n the 

potential energy surface and the lifetime of the intermediate 

excited state responsible for photostimulated desorption as is 

shown in fig. 6-10. The translational and internal energy 

distributions of NO in the X2 n,. ,. ,., (v"=1) states can be measured 

by a (1+1)REMPI technique using a probe laser of 222~224 nm . The 

rotational alignment of desorbed NO can be estimated by the probe 

laser polarization dependence of the (1+1)REMPI signal [ 21]. 

These investigations can be also realized by further modification 

of the present apparatus. 
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