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Orientation dependence in the dissociative scattering of hydrogen molecules from metal surfaces:
Interference of electron waves in the scattering process
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The molecular orientation dependence of the dissociation probability of hydrogen molecules scattered from
metal surfaces is investigated. It is assumed that the dissociation of the molecule is induced by an excitation of
electron system in the molecule, involving electron transitions from the bonding state of the molecule to the
metal substrate and from the metal substrate to the antibonding state of the molecule. The probability distri-
butions are calculated as functions of the released kinetic energy and the final translational energy of the
molecule in the cases when the impinging molecule has various orientations. On the basis of the numerical
results, it is found that the orientation dependence of the probability distribution appears as a consequence of
the self-interference of electron waves transferring between the impinging molecule and the metal substrate. In
addition, a good account of the experimental results can be given for the probability distribution as functions
of the released kinetic energy and the molecular orientation with respect to the surface normal.

[. INTRODUCTION transfer between the molecular constituent afon(A,) and
the surface positiorD; (O,) that is closest toA; (A,),
Elementary processes of atoms and molecules on solidominantly. Then, it is considered that there may be a self-
surfaces such as scattering, adsorption, and desorption argerference of electron waves transferring between the im-
extensively studied. The dynamical nature of the hydrogeminging molecule and the metal substrate because of the path
on metal system has recently become one of the most attradifferenced between two electron transition pathgsandl,,
tive topics in the field of surface science and detailed invesas shown in Fig. 1. If the metal electron with the wave vector
tigations on dissociative adsorption and associative desorgk transfers to the impinging molecule, the phase differafice
tion have been carried out. In particular, the dynamics ofetweer ; andl, is equal tok,r siné (k, is the projection of
hydrogen molecules on a potential energy surfdRES is
studied in the range of translational energies up-tb eV A
within the Born-Oppenheimer approximation, and remark-
able effects induced by molecular internal degrees of free-
dom, i.e., vibration and rotation, are clarifid® On the 0 r
other hand, in the range of translational energies of a few 4, \
hundred eV , it was found experimentally that hydrogen mol- a
ecules can be scattered dissociatively by metal surfdcés.
In this high energy range, it is considered that the dissocia-
tion of the molecule is induced by an excitation of electron ﬂ
O,

system in the molecul° The excitation involves electron
transitions from the bonding state of the molecule to the
metal substrate and from the metal substrate to the antibond-
ing state of the molecule, i.e., the dissociation of the imping-
ing molecule is dominated by the electron transition between
the impinging molecule and the metal substrate. <——-—>’
It is considered that the electron transition probability be- '?:>
tween the hydrogen molecule and the metal substrate de- *
pgnds on the hybridizati_on energy between the electron or- FIG. 1. The model system for a diatomic molecitao con-
bital on molecular Co_nstlt_uent atoms and that on the meta':l,tituent atoms indicated %, andA,, molecular orientation with
substrate. As shown in Fig. 1, the absolute value of the NYregpect to the surface normal the distance of center of mass
bridization energy becomes larger between the orbital 101c.m) from surfacez, and interatomic distance] approaching a
cated at the molecular constituent atédm (A;) and the or-  metal surfacem, andm, correspond to the masses of the constitu-
bital located at the surface positi@y (O,) that is closestto  ent atoms of the diatomic moleculdl(=m,+m, in the texi. O,
A1 (Ay), as compared with the other surface positiery.,  andO, are the surface projections of the two constituent atddas.
0O3). Therefore, it can be considered that the electron mighis the surface position apart fro@;.

vacuum

O
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: Screen H, tation dependence with a parallel orientation preference can
1 - be seen. It is found that these orientation preferences of the
R | N Antibonding state probability distribution for the dissociative scattering depend
Waves == (0[)\\(11) o on the wave numbers of electrons involved in the process.
e ; J— . In this study, the probability distributions for dissociative
@) _\_‘_ T e : scattering are calculated as functions of the released kinetic
Ty — : energy and the final translational energy of the molecule,
(@ further taking account of the relative motion of the molecular
Motall Vacuum ﬁ; nuclei (vibrational motion, because the molecular inter-

atomic distance is the factor that determines the phase dif-
FIG. 2. The typical interference experiment with waves. Thel(‘jgrencgé_and It 'E ctglnSldefreg thﬁtd't has an n;ﬂuelnceoon tr?e
surface positionsQ; and O,, are analogous to the two holes, and Issociation probability of the hydrogen molecule. On the

the transitions to the bonding state and the antibonding state of thléaSIS of numerical results, it is found that the molecular ori-

hydrogen molecule are analogous to increasing and dropping &ntation dependence of the pr_obability distributions appears
intensities on the screen. as a consequence of the self-interference of electron waves

transferring between the impinging molecule and the metal
k in the direction 0f0,0,, r is the molecular interatomic SuPstrate, and it varies depending on the molecular inter-
distance, and is the molecular orientation with respect to &0mic distance. In addition, a good account of the experi-
the surface normal As mentioned in Sec. lll, the electron mental results can be given for the probability distribution as

transition probability between the bonding state of the molfunctions of the released kinetic energy and the molecular
ecule and the metal substrate is large when orientation with respect to the surface norrhai®

=0,2m,4, ..., and theelectron transition probability be-

tween the antibonding state of the molecule and the metal Il. MODEL

subst'raFe is large whef—= 17,377,577, ... . These co'nditions_ A Hamiltonian

are similar to that of the typical interference experiment with o _ o _
waves(one may find out that the surface positiofs, and The Hamiltonian for the dissociative scattering of a hy-

0,, are analogous to the two holes, and the transitions to thdrogen molecule from a metal surface can be expressed as a

ecule are analogous to increasing and dropping of intensitietubstrate Hs, the impinging molecule,Hy, and the

on the screen, as shown in Fig.. B0, the hydrogen mol- Mmolecule-substrate interactiortly.s, i.e., H=HstHy

ecule and the metal substrate behave as the electron waveHwu-s- In this paper, it is assumed that the electron trans-

interferometer. fers between the orbitals located at molecular constituent at-
In previous studie$’>~?!we have investigated the molecu- 0ms,A; andA,, and those located at surface positiods,

lar orientation dependence of the probability distribution forandO,, that are closest to the aton#s, andA; (see Fig. 1

the dissociative scattering of hydrogen molecules from metalhen the Hamiltonian corresponding to the molecule-

surfaces, taking account of the coupling between the molecigubstrate interactiord s, can be described as

lar center-of-mass$c.m) motion and degrees of freedom of

metal electron system, while the molecular interatomic dis- _ i i

tance is fixed at its equilibrium distance, for simplicity. It has Hu-s g [V1(Z.6)81,Co,0+ V2(Z,6)85,Coy0 + Ho.,

been shown that either a perpendicular orientation or a par- (D)

allel orientation of the molecule with respect to the surface

. . ) o . where

normal will be preferred in the dissociative scattering, de-

pending on the characteristics and initial states of the reac-

tion partners invo_lveéi? Moreover, we have inv_estigated 0= i 2 Cro ex;{ik Lsin 0)'

how the Coulomb interaction between electrons in the metal N K 2

substrate has an influence on the molecular orientation de-

pendence of the probability distribution for the dissociative 1 r

scattering as a function of the final translational enéfgi/e Co,o= "= > Cuo ex;{ —ik- zsing

have shown that as the magnitude of the Coulomb interaction VN 2

in the metal substrate is increased, the probability distribu

. 2

Henceforth, we emplo¥ =1 units.Z is the distance between
&he molecular center of mass and the surface, @uisl the
fholecular orientation with respect to the surface normal and
may be fixed throughout the scattering procesges.
ay, (al,) anda,, (a},) are the single electron annihilation

of the probability distribution shows up. It was also shown
that in the case that the filled-band width is 4 pMhich is

related to that of thel band in Cu(Refs. 22 and 243, at the (creation operators with spin in the orbitals,¢; and ¢, ,

main peak of the probability distribution, an orientation de-I cated at atoms, and A,, respectively. It is noted that

pendence with a near-perpendicular orientation preferenc : e
can be seen whether we take into account the Coulomb inl: E_steltw? torb':]alzﬂsl andtd)z, alrse m(;)dllf;ed frgTh t?fhg‘
teraction between electrons in the metal substrate or not, O P'taIs of two hydrogen atomsgi; ™ and 5, such that they

5
the other hand, at the high energy tail showing up as th&'€ orthogonal to each oth&r.Co,, (C5,,) and Co,,
magnitude of the Coulomb interaction is increased, an orienecgzo) are the single electron annihilatidgoreation opera-
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tors with spino in the orbitals,¢o, and¢o,, located at two  tron from an occupied state in the metal substrate transfers to
surface positionsQ; andO,, which are closest to aton#s,  the antibonding orbital, or proce¢g) occurs and thertl).
andA,, respectivelyC,, (C!.) is the single electron anni- 1he corresponding total wave functions for the initial and
hilation (creation operator with the wave vectdrand spin  inal states|®;) and|dy), are given by

o in the conduction band of the metal substratas the _

molecular interatomic distanceﬁo1 and $o, are expanded @) =[A)IK;)|0) ™
in terms of the wave function of an electron with the and
wave vector k, ¢, multiplied by the phase factor,

exf =ik (r/2)sind]. The hybridization energy is assumed to [P0 =[AIKDIE). ®)
have exponential forms respectively|A;) and|Ay) are the initial and final states of
the total electron system in the molecule and the metal sub-

V(Z,0)=Vou(Z), Vo(Z,0)=V(Z,0)exp — yr cosa)(,3 strate:
whereu(Z) =exp(—Z|). Here, the positiv& region corre- 1 ot +
sponds to the path when the impinging molecule approaches |A)= E[Xb(r)cmcbl_Xa(r)CaTCal:”F> C)
the surface and the negativeregion to the path when the
resulting products of the reaction scatter b&tk. and

In the free electron approximation, the Hamiltonian of the

metal substratélg is given by A 1
= =

V3

1
+5(C4;Chy+CL Ch)(Chr Gy = Cior Tl | IF).

t ot T t ot t
Hs=2 &1C,Cor 4

o
whereg, is the kinetic energy of an electron in the conduc-
tion band of the metal substrate. The Hamiltonian for the (10)
impinging molecule is separated into that for the c.m. motion . o o

and for electrons of the impinging moleculé:, i.e., Hy wave function for the electron system of the impinging mol-

=H.pn+Hge +He, where ecule(cf. Ref. 25. |F) is the wave function for the electron
o system of the substrate in the initial stagg(r) and x.(r)
1 2 1 92 1 are given by
Hom="5y 3+ Hrel=— 5. —5++.
2M oz 2mor? T 148 C1-sn ”

M is the total mass of the molecule, apdis the reduced Xo(1) = Tisa)? Xa(r)= Jirsn? (1D
mass of the molecule. The Hamiltonian for electrons of the

impinging moleculeHg, is assumed as whereS(r) is the overlap integral between ths trbitals of

two hydrogen atomsy1°(x) and ¢3°(x):2°

He=20 o) (Nago+ Nazo) +1(1) 2 (a],82,+H.C) o e
v v S(r)=f dx 17" (X) h37(X). (12
+U (1) (Na1Nag) + NazNaz)) +3(1) 2 NazoNazyr Ca (CI ) andC,, (C/,) are the single electron annihila-
0! tion (creation) operators with spirr in the antibonding and

(6) bonding orbitals of the impinging molecule, described as

wheree,(r) is the energy of an electron in the orbitatg 1 1
and ¢,, t(r) is the hybridization energy between the two Cav=-——=(a1,—82,), Cpy=-——=(a,+ay,). (13
orbitals¢, and ¢,, U,(r) andJ(r) are the intra-atomic and V2 V2

interatomic Coulomb interaction energies, and;,

=al a,,. Explicit expressions fok,(r), t(r), Uu(r), and The eigenfunctions and energy eigenvalues for the rela-

J(r) are given in Ref. 24 with their dependence on the mo-ive motion of the molecular nuclei in the initial and the final

lecular interatomic distance states obey the Schdimger equations,
[HreLteg,i(r)]]0)=£4|0) (14

B. The wave functions

Using the model Hamiltonian described above, the disso‘—"Ind

ciation probability of a hydrogen molecule scattering from a _

metal surface into two neutral hydrogen atoms is calculated. [HreteeN1IE)=E[E), (9

It is assumed that the dissociation is triggered/induced by ahere|0) and e, are the wave function and the energy for
following two-step process. Initially1) one of the electrons the lowest vibrational state of the molecule when the elec-
in the bonding orbital of the impinging molecule transfers totronic state i§A;). |E) is the wave function for the relative
an unoccupied state in the metal substrate, @ién elec- motion of the molecular nuclei with continuous energy ei-
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— 2

A [ Wo =272, (®ylHyo(1+GrotHu.o)| @) *8(Es—E)),

ol :!;w:;;?;aﬁondmte :f (19)
z - e 3; where Go71 is the Green function defined by the total
@'15 g’ Hamiltonian,H:HCM+HREL+H5+HE+HM_S;
2 o g
M.20 u |

ne‘nsn 0 g G - = . *>0+ . 20
25 | (aIrk: unil(s) TOT Ei —H+i 7 ( n ) ( )
30 E; andE; are the energies in the initial and final states, given
0.2 1.2 2.2 3.2 4.2 by
Interatomic Distance [bohr]
FIG. 3. In the left-hand box, the potential energies for the rela- E=2 ; eitecm,teg (21
tive motion of the molecular nuclei are shown as a function of the IH<kg ’

molecular interatomic distance, and the wave functions for the low-
e . - and

est vibrational state of the molecule when the electronic statejs

and for the relative motion of the molecular nuclei with continuous

energy eigenvalu&(= — 15 eV) when the electronic state |i& ;) Ei=2 z gtex—eptecmstE. (22

are shown as a function of the molecular interatomic distance. The I<ke

released kinetic energyy is denoted by the up-and-down arrow. \we define the Green functiom by the Hamiltonian for the

In the right-hand box, an intensity spectrum for the transition be-mglecular c.m. motion.H ., and the electron system
tween|A;) and|A;) as a function of the released kinetic energy in Hs, He, andHy.s, i.e. em

the case that the molecular interatomic distance and vibrational mo-

tion do not change during the electron transition as a reference. 1
g= —,

. + tepi— + +He+ +
genvalueE when the electronic state {8\¢). eg;(r) and esiteem;eei~ (HstHomHHet Huo) |77(23)
eg¢(r) are energies of the molecular electron system in the
initial and final states, and Grot is described as the expansion in termse@gt, ;

- HRELy

egi(N=xp(N[ea(r) +t(r)]+xa(N[ea(r) —t(r)]
= b , 2 , a 2 Gror=9+9(ereLi—Hre) 9+ 9(ereLi—HreD 9(eRreLi
r)+ r)y U,(r)+J(r
Here, we take into account the first term, which leads to the
U,(r)—J(r) Born-Oppenheimer approximatiéh,and g is expanded in
~xo(NDxa(N) ———— (16 terms of the perturbation Hamiltonidty,_s. Finally, Grot

becomes

and
Gror=Go+ GoHm-sGo+ GoHm-sGoHm-sGot - - -,
e 1(r)=2g,(r)+J(r). 17 29

The potential energies for the relative motion of the molecuWhereGo is the unperturbed Green function, defined by the
lar nucleisg ;(r)+ 1/ andeg ¢(r)+ 1/r are shown in Fig. 3. Hamiltonian of the unperturbed systentlo=Hs+He
The energy released between the fragméthis released ki- T Hem.:

netic energ¥?!® e y) is represented by the up-and-down 1

arrow in Fig. 3. It is defined as the difference between the Go= . (26)

energyE and the lowest dissociation limitg ¢(r —), i.e., esitecmteei—(HstHemtHe) +in
exin=E—eg (r—o). (18) Using Eq.(25), up to the fourth order in the perturbation

HamiltonianH g, the probability distribution for the disso-
ciative scattering from the metal substrate at finite tempera-

|K;) and|K;) are the wave functions for the c.m. motion - =L
tures is written as

of the impinging molecule in the initial and final states, re-
spectively. A plane wave function is chosen to represent the 3(VoMy)*
state of the c.m. motion, i.e(Z|K)xexp(-iKZ), and the Wp=—oo 0
c.m. motion energies in the initial and final stateg,, ; and 2KiKs
Ecm.f» are given byK?/2M andK#/2M, respectively.

f dep(e)p(e+A)1—-1f(e)]f(e+A)

x [ dry(Elrayefo)
C. The expression for the dissociation probability
The expression for the dissociation probability that the Xf dro(E|ro){r,|0)F(rq,ry,e), (27

impinging molecule and the metal substrate, initiallydn),
ends up in®y) is written as where
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F(ri.ra,e)=xp(ro)xp(r2)[Xs(e)+ Y. (e)][ X (e) 4
35 = —~— 10°184.0eV) |
=Y, (e)]TY(By,B,,e) T®(B,By,e)* 2 g 7///”\.\ :;gg}gigzzg
3 ] --=- 10°(188.56V)
+ Xa(r) xp(r2)[X_(e)—Y_(g)][X_(e) £25 /,/ ~+- 70°(188.56V) [ ]
‘é 2 /-I-* —‘—90:(188.5&1\7) L
+Y_()]TW(B3,B,,e) T?(By B, ,)* & V2 N\ T loasoe ||
510 / / /’ \\ “\ 90°E1900 3))
+xp(r)xa(r2)[X-(e)+Y_(e)][X_(e) g 1 £4 A '
(1) (2) * § 05 //’,: / & X \
—Y_(&)]TV(By By &) (B3, By, 2) N I k. T

N
'S
co

+xa(r)xa(r2)[ Xy (e) =Y (e)][X;(e) 10 12
(1) (2) *
Y. (e)]T (B3, By &) TH7(Bg, By e)™. FIG. 4. Dissociation probability as a function of the released
(28) kinetic energyey,y for molecular orientations¢=10°, 70°, and
90°. We calculate the probability distributions fog q ¢
Herep(e) is the electron density of states in the metal sub-=184.0 eV, 188.5 eV, and 190.0 eV, and the parameter vajues

6
Released Kinetic Energy [eV]

strate,f(&) is the Fermi distribution function, and is the ~ =0.7 bohr?, the metal substrate temperatulies=500 K, the
difference between the energies of the impinging molecule ifilléd-band widthD=4 eV (the value is roughly related to that of
the initial and final states, given by thed band in Cy, ande ,, ;=200 eV for the impinging molecule.
The Fermi level is chosen as the origin of energy.
A=gmi—&cmjtE—gq. (29 IIl. NUMERICAL RESULTS
T (I=1,2) is the molecular orientation independent term A. The probability distriputign as a function of the released
. ! kinetic energy
given by
The probability distributions for the dissociative scatter-
(Kelu(2)[Kp) (K p|u(2)|Ky) ing are calculated in the case when the impinging molecule

TO(a,B,6)=, has an initial orientatiord=10°, 70°, and 90° with respect
p to the surface normal. The value that is roughly related to
that of thed band in Cu is used for the filled-band widh
+ (Kf|u(Z)|Kp><Kp|u(Z)|K,.> (300 [=4 eV (Refs. 22 and 23 of the metal substrate. The nu-
gemj " Eemp e+ BN)+iny merical results are shown in the cases whep, ; = 184.0
eV, 188.5 eV, and 190.0 eV as a function of the released
and kinetic energy of the impinging molecule in Fig. 4.

It is shown in Fig. 4 that in the probability peak when
eem.f=184.0 eV and on the left side of the probability peak
wheneg, , 1=188.5 eV g y=<7 eV), an orientation depen-
Bo(f)=eg;— (ga+1), dence of the dissociation probability with a near-
(31) perpendicular orientation preference can be seen, and on the

right side of the probability peak whenggp s
=190.0 eVEk =5 eV), an orientation dependence with a
parallel orientation preference can be seen. We can show that
Bu(r)=egi—(ga—1). the orientation dependence of the probability distribution ap-
pears as a consequence of the self-interference of electron
X+ and Y. are the molecular orientation dependent termswaves transferring between the impinging molecule and the

sc.m.,f_Sc.m.,p+8+a(rl)+i7/

Bi(r)=E—e4+eg;—(3e,+t+U+2J),

Ba(r)=E—gg+teg,;—(3e,~t+U+2]),

given by metal substrate in the following way.
(1) We calculate the electron transition probability be-
X.(g)=1xe (ratra)ycoss tween the antibonding orbital of the impinging molecule and

the metal substrate. Up to second ordeHig.s, it is found
that the electron transition probability is proportional to

><2 si{\2(e+D)[(r,—ry)/2]sin 6}

— ; .+ (32 sirdk - (r/2)sing], and that the transition probability be-
2(e+D)[(r1=r2)/2]sinG comes large whek' - (r/2)sinéis equal to (In+ 1) /2, i.e.,
and K’ -rsin#=(2m+1)m, wherem is the positive integer. Here,
the factork’-rsiné is the phase differencé mentioned in
A t17COSO.p oty COSO Sec. |. We can also calculate the electron transition probabil-
Ya(e)=(e te 2 ) ity between the bonding orbital of the impinging molecule
s . and the metal substrate in the same way, and it is found
XZsm{ 2(s+D)[(r1+r2)/2]sm0}. (33 that the electron transition probability is proportional to
V2(e+D)[(r{+r5)/2]siné coglk- (r/2)sing], and that the transition probability be-

comes large whea(=Kk-r sin §)=2ma. That is to say, when
D is the value of the filled-band width of the electron systemphase difference is equal to Znr, the probability of the

in the metal substrate. electron transition between the bonding orbital and the metal
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0.4 state of the molecule. Therefore, the orientation dependence
£035 100 of the probability distribution of the dissociative scattering
% 0.3 B can be determined by both the orientation dependéace
< 0.25 S and(b). However, it is found that the orientation dependence
& 0.2 Lz (a) is dominant because orientation dependegihgenodifies
g o orientation dependenda) just slightly, and is determined by
Iﬁ 0.15 A the wave numbek’ of the electron transferring from the
g 0.1 T metal substrate to the antibonding state and the molecular
& 0.05 == interatomic distance. As a matter of course, it is important

0 === : that the amplitude of the wavelength of the electreri,/k’,
0.5 1 15 is comparable to the amplitude of the interatomic distance
(@ kr for showing the orientation dependence described above.
(2) Under the assumption that the positions and velocities
25 of the molecular nuclei do not change during the electron
g transition involving an excitation of the electron system in
B 2 the molecule from the bonding state to the antibonding state
215 (the Franck-Condon principlethe electron transition pro-
- E e cess indicated by the up arrows in Fig. 3 occurs dominantly,
g 4 and it is found that as the molecular interatomic distanise
b= larger, the released kinetic energy,y becomes lowe(in-
2 05 . dicated by the right arrow 1 in Fig.)3and asr is smaller,
T . . . .
= 90° ey iy becomes highetindicated by right arrow R
0 : From methodg1) and(2), we can explain numerical re-
0.5 1 15 sults. Whene , =184.0 eV (located in the high released

(b)

kr kinetic energy region; see Fig),4he molecular interatomic
distancer is small in all of the range of the peak, and the
value ofk’r is small for any wave numbeis of the elec-

tron transferring between the impinging molecule and the
metal substratek( r<1.2). So, it is found from Fig. ®) that

the orientation dependence with a near-perpendicular orien-
tation preference can be seen. On the right-hand side of the

substrate becomes large, and whiis equal to (2n+1)w,  Probability peak, whern =190.0 eV(located in the low

the probability of the electron transition between the anti-"éléased kinetic energy region; see Fig.rds large, and the
bonding orbital and the metal substrate becomes large. The¥@lue ofk’r is large for anyk” (k'r>1.2). So, it is found
results coincide with those shown in the study of Gadzukthat the orientation dependence with a pgrallel orientation
where he has investigated the orientation dependence @(eference can be seen. On the left-hand suje of the probabil-
charge transfer into the bonding and antibonding orbitals of &Y Peak, whene., (=190.0 eV, electrons with small wave
simple diatomic molecul&’ The transition probabilities can NuUmMber transfer to the molecule, ant large. So, the value

be summed up with respect to the azimuth angle and thef _k’r is almost compar_able to that of the curve crossing
polar angle ofk (k’). The results in the case when the im- POINt (~1.2), and there is no difference between the prob-
pinging molecule has an initial orientatigh=10°, 70°, and  ability distributions in the cases @f=10° and 90°. On the
90° are shown as a function & (k'r) in Figs. 5a) and eft-hand side of the probability peak, whescp

5(b). In the case that the electron transfers between the anti= 188.5 eV(see Fig. 4 electrons with small wave number
bonding orbital and the metal substrffég. 5a)], it is found transfer to the molecule, and the valuekof is small for any

that the three curves in the cases@f10°, 70°, and 90° I (k'r<1.2). So, it is found that the orientation dependence
cross around the value &fr=1.2. When the value df'r is  With a near-perpendicular orientation preference can be seen.
small (k'r<1.2), an orientation dependence of the electrorOn the right side of the probability peak whesr f
transition probability with a near-perpendicular orientation=188.5 eV, electrons with large wave number transfer to the
preference can be seen. On the other hand, when the value'®Plecule, and is small. So, the orientation preference can-
k'r is large k'r>1.2), the orientation dependence with a Nnot belgeen in the same way as the Ieft—hapd side of the
parallel orientation preference can be s@beled orienta- Probability peak, whens¢, =190.0 eV. In this way, the
tion dependencéa)]. In the case that the electron transfersorientation preferences of the probability distributions for the
between the bonding orbital and the metal substf&ig. d!ssouatlve scattering depend on the molecula}r interatomic
5(b)], it is found that in the considerable range lof (0  distance and the wave numbers of electrons, i.e., the inter-
<kr<1.5), an orientation dependence of the electron transiterence of electron waves transferring between the impinging
tion probability with a parallel orientation preference can bemolecule and the metal substrate has an influence on the
seen[labeled orientation dependend®]. As mentioned in orientation dependence of the probability distributions.

Secs. | and Il, it is considered that in the scattering process,
the dissociation of the molecule is induced by an excitation
of electron system in the molecule involving electron transi-
tion from the bonding state of the molecule to the metal The numerical results of the probability distributions for
substrate and from the metal substrate to the antibondinthe dissociative scattering are shown in the case whegg

FIG. 5. Transition probability as a function &fr (k'r) sum-
ming up with respect to the azimuth and the polar angli ¢k'),
for molecular orientationsg=10°, 70°, and 90° betweefta) the
antibonding orbital and the metal substrate, and betwegrhe
bonding orbital and the metal substrate

B. The probability distribution as a function
of the translational energy
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¥ 400 whereU is the Coulomb interaction between electrons Bind

3,50 T TAY is the total number of lattice sites in the substrate. Within the

3.00 _gggm o framework of the Hubbard modéB4), we can derive the

2,50 —e= 10°7.06V) /\ expression of the probability distribution for the dissociative

2.00 S o I / \\ scattering. The expression for the interacting electron system
/! / \ can be produced by replacing the facfdr—f(e,)]f(ex

‘ 3 +A) with (1-n(e)){(N(ec+A)) and g, with g,+U/2 in

the energy denominator of the expressigf), in the single-

site approximatio’>?® Here, (n(g,)) is the occupation

178 180 182 184 186 188 190 192 194 196 probability for an electron in the state of energygiven by
Translational Energy [eV]

1.50

1.00

0.50

0.00

Dissociation Probability [V,

FIG. 6. Dissociation probability as a function of the translational (n(gp))=— if de f(&)IM[((Crr;CLNF]. (35
energye. m ¢ for molecular orientationg=10°, 70°, and 90°. We )=

calculate the probability distributions faf,y=4.7 eV and 7.0 eV
and the parameter values=0.7 bohr !, the metal substrate tem-
perature Ts=500 K, the filled-band widthD=4 eV, anden ; 1

=200 eV for the impinging molecule. ((Cyy ;CE‘T»SR:TE(&-)' (36)
p—

where((C, ;C},))R is the one particle Green function,

= 4.7 eV and 7.0 eV as a function of the final translationalands.(¢) is the self-energy. In order to carry out the numeri-
energy of the impinging molecule in Fig. 6. It is shown in cal calculation of the probability distribution for the disso-
Fig. 6 that in the probability peak whesy,y=7.0 €V, an  ciative scattering, a second-order perturbation calculation
orientation dependence of the dissociation probability with awith respect toU is made for the self-energy of a single

near-perpendicular orientation preference can be seen. Whelfectron in the metal substrat®?® and the occupation prob-

exin="7.0 €V, which corresponds to the high released ki-gpjjity for an electron in the state of energy, (n(e,)), can
netic energy, the molecular interatomic distanég small as

el X be derived by Eq(35). Here, the half-filled and nonmagnetic
shown in Fig. 3, and the value &fr is small for any wave

) wavs  case for the electron system in the metal substrate at finite
numbersk’ of the electron transferring between the imping- temperatures is considered for simplicity.

ing molecule and the metal substrate’(<1.2). So, it is The probability distributions for the dissociative scatter-
found from Fig. $a) that the orientation dependence of the jhg are calculated in the cases when the impinging molecule
dissociation probability with a near-perpendicular orientation 55 an initial orientatiord=10°, 70°, and 90° with respect
preference can be seen. 3 to the surface normal, by changing the magnitude of the
On the left-hand side of the probability peak whein  Coulomb interactiorU. The numerical results are shown as
=4.7 eV, an orientation dependence of the dissociatiolynctions of the released kinetic energy and the final transla-
probability with a near-perpendlcular_orlentat|0n preferencgional energy in Figs. @ and 7b). The results of the prob-
can be seen, because electrons with small wave numbepjity distribution as functions of the released kinetic energy
transfer to the molecule, and the valuekér is small forr at (Fig. 4 and the final translational enerd¥ig. 6) are the
exin=4.7 eV ('r<1.2). On the right-hand side of the cross sections of Fig.(@ cut by the planes for which the
probability peak wherzyy=4.7 eV, an orientation depen- fina| translational energy and the released kinetic energy are
dence with a paral_lel orientation preference can be seen, bgpnstant, respectively. It is found from E@9) that the en-
cause electrons with large wave number transfer to the mokrgy of the metal electron system at finite temperatures is
ecule, and the value d&f'r is large forr (k'r>1.2). unchanged on the solid line in Fig. A€0), increases on
the low energy side of the solid linéA&0), and decreases
C. Electron correlation effects on the high energy side of the solid lind%0). It is shown
) . , ) . in Fig. 7 that as the magnitude of the Coulomb interaction is
In this subsection, we investigate how the Coulomb inter{creased, the dissociation probability increases on the high
action between electrons in the metal substrate has an '”ﬂ‘é‘nergy side of the solid line, i.e., the energy of the metal
ence on the molecular orientation dependence as functions @feciron system in the initial state at finite temperatures de-
the released kinetic energy and the translational energy. Ipreases. It is also shown that an orientation dependence with
the case for which the metal substrate has a highly correlated arallel orientation preference can be seen in the high en-
electron system, such as a transition metal substrate, thgqy region where the dissociation probability increases as

Hamiltonian for the electron system in the metal substratg,q magnitude of the Coulomb interaction is increased.

Hs is assumed to be described by the Hubbard model, The cross sections of Fig() cut by planes for which the
released kinetic energy is constant(y=4.7 eV and 7.0
eV) are shown in Fig. 8which is the probability distribution

Hs= E 8kclacka as a function of the translational energy in the case when the
ko Coulomb interaction is taken into account is found from
Figs. 6 and 8 that as the magnitude of the Coulomb interac-
TN kZ? ; Ci,1Ck,1Cieyl Cry1 6y iy iy tion is increased, the probability for the dissociative scatter-
1h2:Tema ing increases in the high energy region of the probability
(39 distribution, where the tail structure of the probability distri-
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o4 3.50
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Z s Yo 3.00 A=
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(a) Released Kinetic Energy [¢V]

FIG. 8. Dissociation probability as a function of the translational
energys. , ¢ for molecular orientationg=10°, 70°, and 90°, tak-
ing account of the Coulomb interaction in the metal substrate. We
calculate the probability distributions in the cases thaty
=4.7 eV and 7.0 eV, and the parameter valges0.7 bohi !, the
metal substrate temperatuiieg="500 K, the filled-band widthD
=4 eV,U=2 eV, ande., ;=200 eV for the impinging molecule.

Dissociation Probability [V,*]

excitation of electron-hole pairs in the dissociative scattering
to proceed, the electron-hole pairs must be present across the
Fermi level in the initial state of the electron system at finite
temperatures. Such electron-hole pairs are present naturally
185 in the initial state of the interacting electron systetd (
Translational 190 .. . . .
Energy [V] : 5 >0) at finite temperatures, but scarcely in the noninteracting
Released Kinctic Energy [¢V] electron systemly =0). As a result, the probability distribu-

(b) tion for the dissociative scattering in the interacting electron
FIG. 7. Dissociation probability as a function of the releasedSYSIeM increases on the high energy side of the solicffine.
kinetic energyey and the translational energy, ., ¢ for molecu- Then, the enhancement of the parallel orientation prefer-
lar orientationsd=10° and 90°. The region of a near-perpendicular €Nce at the high energy region of the probability distribution
orientation preference is shown by the dotted lines, and the regiol$ considered. In the noninteracting electron system at finite

of a parallel orientation preference is shown by the broken lines. Ifeémperatures, occupied states are mainly located below the
the calculation, the following parameter values are usgd: Fermi level, from which electrons can transfer to the mol-
=0.7 bohr!, the metal substrate temperatufie=500 K, the ecule. In the interacting electron system, on the other hand,
filled-band widthD=4 eV, ande. ;=200 eV for the impinging electron-hole pairs are naturally present around the Fermi
molecule. level and electrons with large wave number can exist, so
electrons with large wave number can transfer to the mol-

180

bution shows up in both cases«f,y=4.7 eV and 7.0 eV. It

is also found that at the main peak of the probability distri-  3°°

butions forexy=4.7 €V (ecm =183 eV-190 eV) and 7.0  + , 4, /f\ e 1oasioen) ||

eV (ec.m. =186 eV-192 eV, the orientation dependence of / ! ——70°(184.0V)

the probability distribution for the dissociative scattering in 2 AN T s

the interacting electron system turns out to be qualitatively - 70°(188.56V)

the same as that in the noninteracting electron system. On the —'—i’ggzzzeg I

other hand, at the high energy tails.(, (=190 eV when ‘

exin="7.0 eV ande., s=192 eV whengy=4.7 eV, re-

spectively, an orientation dependence with a parallel orien-

tation preference can be seen. The cross sections of fg. 7

cut by planes for which the final translational energy is con- 22 . .

stant €., s=184.0 eV, 188.5 eV, and 190.0 g¢¥re shown 2 4 6 8 10 12

in Fig. 9 (which is the probability distribution as a function Released Kinetic Energy [eV]

_Of the r_elea_sed klne_tlc energy In the_ case that the Coulomb FIG. 9. Dissociation probability as a function of the released

interaction is taken into aqcoo_nﬂn Fig 9, we can see the |inetic energyey for molecular orientationsg=10°, 70°, and

same tendency as shown in Fig. 8. o ~90°, taking account of the Coulomb interaction in the metal sub-
The increase in the dissociation probability in the highstrate. we calculate the probability distributions in the cases that

energy region is explained as follows. In the high energy tail . =184.0 eV, 188.5 eV, and 190.0 eV, and the parameter val-

(A>0), the energy of the metal electron system in the initialyesy=0.7 bohr %, the metal substrate temperatdig=500 K, the

state at finite temperatures decreases due to deexcitation fafed-band widthD=4 eV, U=2 eV, ande, ;=200 eV for the

electron-hole pairs in the dissociative scattering. For the dempinging molecule.

2.00

Dissociation Probability [V,
—
o
=)
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probability distribution is summed up with respect to the
final translational energy, ., . The orientation dependence
of the probability distribution in the interacting electron sys-
tem is qualitatively the same as that in the noninteracting
. electron system, because the characteristic structures show-
ing up as the magnitude of the Coulomb interaction increases
cannot be seen in the probability distribution summed up
with respect tae. ¢ . It is found from Fig. 1 in Ref. 13 and

- Fig. 10 that the orientation dependence of the probability
distribution of the numerical results are qualitatively the
same as that of the experimental results for the dissociative
scattering at small incident angles, in that the dissociation
probability increases in the cases when the impinging mol-
ecule has an initial orientation @¢f=10° and 90°.

40 r

50 u

60 -

70 F

80 r

90

Molecular Orientation 6 [deg.]

5 10
Released Kinetic Energy [eV]

FIG. 10. Distribution of released kinetic energy as a function of
the molecular orientation for dissociative scattering, summing up
with respect to the final translational energy, . Contour spac- The probability distributions for dissociative scattering
ing is 1.5, and the height of the probability peak in the case of are calculated as functions of the released kinetic energy and
the molecular orientatio®=10° and the released kinetic energy the final translational energy in cases when impinging mol-
exin=7 eV is approximately 21, . For the case 0f=90° and  ecules have various orientations. On the basis of the calcu-
exin=7 eV the height is approximately 23/§". In the calcula-  |ation results, it is found that the orientation dependence of
tion, the following parameter values are use@: 0.4 bohr?, the  hage probability distributions appears as a consequence of
metal substrate temperatufie=>500 K, the filled-band widthD o jnterference of electron waves transferring between the
=4 eV, U=0 eV, andecy,;=1000 eV for the impinging mol- 1y qrogen molecule and the metal substrate. Furthermore,
ecule. probability distributions are calculated taking account of the

. . Coulomb interaction between electrons in the metal sub-
ecule. In addition, from Eq€$27), (32), and(33), eveniif the  gyate |t is found that as the magnitude of the Coulomb in-

magnitude of the Coulomb interaction is increased, the wavgyaction is increased, a parallel orientation preference is en-
number of electron states involved in the process remainfsnced at the high energy region of the probability

practically unchanged in the singl_e-site approximation algistribution. The probability distributions are summed with
though tgf number of electrons involved in the procesgegnact 1o the released kinetic energyy. The obtained
increases.’ So, in the main peak, qualitatively the same re-yoq its for the probability distribution as a function of the

sults are obtained for the orientation dependence of the prol | yransiational energy are qualitatively the same as the
ability distribution whether we consider the interacting elec-

; ) revious results for the case in which the molecular inter-
tron system or the noninteracting electron system. At th%

. : : tomic distance is fixed at its equilibrium distarf€dt is
high energy tail that appear as the magnitude of the CoulomByq,, tond that the orientation dependence of the probability

interaction increases, electrons with large wave numbegisyribytions of numerical results is qualitatively the same as
transfer to the molecule and the valuekdf is large for any o+ of the experimental results reported by Hareleal.
molecular interatomic distance Here the orientation depen-

dence of the dissociation probability with a parallel orienta- ACKNOWLEDGMENTS
tion preference can be seen.
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