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Orientation dependence in the dissociative scattering of hydrogen molecules from metal surface
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.
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I. INTRODUCTION

Elementary processes of atoms and molecules on s
surfaces such as scattering, adsorption, and desorption
extensively studied. The dynamical nature of the hydrog
on metal system has recently become one of the most at
tive topics in the field of surface science and detailed inv
tigations on dissociative adsorption and associative des
tion have been carried out. In particular, the dynamics
hydrogen molecules on a potential energy surface~PES! is
studied in the range of translational energies up to;1 eV
within the Born-Oppenheimer approximation, and rema
able effects induced by molecular internal degrees of fr
dom, i.e., vibration and rotation, are clarified.1–10 On the
other hand, in the range of translational energies of a
hundred eV , it was found experimentally that hydrogen m
ecules can be scattered dissociatively by metal surfaces.11–19

In this high energy range, it is considered that the disso
tion of the molecule is induced by an excitation of electr
system in the molecule.13,19 The excitation involves electron
transitions from the bonding state of the molecule to
metal substrate and from the metal substrate to the antib
ing state of the molecule, i.e., the dissociation of the impi
ing molecule is dominated by the electron transition betw
the impinging molecule and the metal substrate.

It is considered that the electron transition probability b
tween the hydrogen molecule and the metal substrate
pends on the hybridization energy between the electron
bital on molecular constituent atoms and that on the m
substrate. As shown in Fig. 1, the absolute value of the
bridization energy becomes larger between the orbital
cated at the molecular constituent atomA1 (A2) and the or-
bital located at the surface positionO1 (O2) that is closest to
A1 (A2), as compared with the other surface position~e.g.,
O3). Therefore, it can be considered that the electron m
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transfer between the molecular constituent atomA1 (A2) and
the surface positionO1 (O2) that is closest toA1 (A2),
dominantly. Then, it is considered that there may be a s
interference of electron waves transferring between the
pinging molecule and the metal substrate because of the
differenced between two electron transition paths,l 1 and l 2,
as shown in Fig. 1. If the metal electron with the wave vec
k transfers to the impinging molecule, the phase differencd
betweenl 1 andl 2 is equal tokxr sinu (kx is the projection of

FIG. 1. The model system for a diatomic molecule@two con-
stituent atoms indicated byA1 and A2, molecular orientation with
respect to the surface normalu, the distance of center of mas
~c.m.! from surfaceZ, and interatomic distancer # approaching a
metal surface.m1 andm2 correspond to the masses of the consti
ent atoms of the diatomic molecule (M5m11m2 in the text!. O1

andO2 are the surface projections of the two constituent atoms.O3

is the surface position apart fromO1.
14 136 ©2000 The American Physical Society
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k in the direction ofO1O2, r is the molecular interatomic
distance, andu is the molecular orientation with respect
the surface normal!. As mentioned in Sec. III, the electro
transition probability between the bonding state of the m
ecule and the metal substrate is large whend
50,2p,4p, . . . , and theelectron transition probability be
tween the antibonding state of the molecule and the m
substrate is large whend5p,3p,5p, . . . . These conditions
are similar to that of the typical interference experiment w
waves~one may find out that the surface positions,O1 and
O2, are analogous to the two holes, and the transitions to
bonding state and the antibonding state of the hydrogen m
ecule are analogous to increasing and dropping of intens
on the screen, as shown in Fig. 2!. So, the hydrogen mol
ecule and the metal substrate behave as the electron
interferometer.

In previous studies,19–21we have investigated the molecu
lar orientation dependence of the probability distribution
the dissociative scattering of hydrogen molecules from m
surfaces, taking account of the coupling between the mole
lar center-of-mass~c.m.! motion and degrees of freedom o
metal electron system, while the molecular interatomic d
tance is fixed at its equilibrium distance, for simplicity. It h
been shown that either a perpendicular orientation or a
allel orientation of the molecule with respect to the surfa
normal will be preferred in the dissociative scattering, d
pending on the characteristics and initial states of the re
tion partners involved.19 Moreover, we have investigate
how the Coulomb interaction between electrons in the m
substrate has an influence on the molecular orientation
pendence of the probability distribution for the dissociat
scattering as a function of the final translational energy.20 We
have shown that as the magnitude of the Coulomb interac
in the metal substrate is increased, the probability distri
tion for the dissociative scattering of the hydrogen molec
increases in the high energy region, where the tail struc
of the probability distribution shows up. It was also show
that in the case that the filled-band width is 4 eV@which is
related to that of thed band in Cu~Refs. 22 and 23!#, at the
main peak of the probability distribution, an orientation d
pendence with a near-perpendicular orientation prefere
can be seen whether we take into account the Coulomb
teraction between electrons in the metal substrate or not
the other hand, at the high energy tail showing up as
magnitude of the Coulomb interaction is increased, an or

FIG. 2. The typical interference experiment with waves. T
surface positions,O1 andO2, are analogous to the two holes, an
the transitions to the bonding state and the antibonding state o
hydrogen molecule are analogous to increasing and droppin
intensities on the screen.
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tation dependence with a parallel orientation preference
be seen. It is found that these orientation preferences of
probability distribution for the dissociative scattering depe
on the wave numbers of electrons involved in the proces

In this study, the probability distributions for dissociativ
scattering are calculated as functions of the released kin
energy and the final translational energy of the molecu
further taking account of the relative motion of the molecu
nuclei ~vibrational motion!, because the molecular inte
atomic distance is the factor that determines the phase
ferenced and it is considered that it has an influence on
dissociation probability of the hydrogen molecule. On t
basis of numerical results, it is found that the molecular o
entation dependence of the probability distributions appe
as a consequence of the self-interference of electron wa
transferring between the impinging molecule and the me
substrate, and it varies depending on the molecular in
atomic distance. In addition, a good account of the exp
mental results can be given for the probability distribution
functions of the released kinetic energy and the molecu
orientation with respect to the surface normal.13,16

II. MODEL

A. Hamiltonian

The Hamiltonian for the dissociative scattering of a h
drogen molecule from a metal surface can be expressed
sum of the Hamiltonians for the electron system in the me
substrate HS , the impinging molecule,HM , and the
molecule-substrate interaction,HM -S, i.e., H5HS1HM
1HM -S . In this paper, it is assumed that the electron tra
fers between the orbitals located at molecular constituen
oms,A1 and A2, and those located at surface positions,O1
andO2, that are closest to the atoms,A1 andA2 ~see Fig. 1!.
Then the Hamiltonian corresponding to the molecu
substrate interaction,HM -S, can be described as

HM -S5(
s

@V1~Z,u!a1s
† CO1s1V2~Z,u!a2s

† CO2s1H.c.#,

~1!

where

CO1s5
1

AN
(

k
Cks expS ik•

r

2
sinu D ,

CO2s5
1

AN
(

k
Cks expS 2 ik•

r

2
sinu D . ~2!

Henceforth, we employ\51 units.Z is the distance betwee
the molecular center of mass and the surface, andu is the
molecular orientation with respect to the surface normal a
may be fixed throughout the scattering processe19

a1s (a1s
† ) anda2s (a2s

† ) are the single electron annihilatio
~creation! operators with spins in the orbitals,f1 andf2 ,
located at atomsA1 and A2, respectively. It is noted tha
these two orbitals,f1 and f2, are modified from the 1s
orbitals of two hydrogen atoms,c1

1s andc2
1s, such that they

are orthogonal to each other.24 CO1s (CO1s
† ) and CO2s

(CO2s
† ) are the single electron annihilation~creation! opera-
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tors with spins in the orbitals,fO1
andfO2

, located at two

surface positions,O1 andO2, which are closest to atomsA1

andA2, respectively.Cks (Cks
† ) is the single electron anni

hilation ~creation! operator with the wave vectork and spin
s in the conduction band of the metal substrate.r is the
molecular interatomic distance.fO1

and fO2
are expanded

in terms of the wave function of an electron with th
wave vector k, fk , multiplied by the phase factor
exp@6ik•(r/2)sinu#. The hybridization energy is assumed
have exponential forms

V1~Z,u!5V0u~Z!, V2~Z,u!5V1~Z,u!exp~2gr cosu!,
~3!

whereu(Z)5exp(2guZu). Here, the positiveZ region corre-
sponds to the path when the impinging molecule approac
the surface and the negativeZ region to the path when th
resulting products of the reaction scatter back.19

In the free electron approximation, the Hamiltonian of t
metal substrateHS is given by

HS5(
ks

«kCks
† Cks , ~4!

where«k is the kinetic energy of an electron in the condu
tion band of the metal substrate. The Hamiltonian for
impinging molecule is separated into that for the c.m. mot
Hc.m., for the relative motion of the molecular nucleiHREL ,
and for electrons of the impinging moleculeHE , i.e., HM
5Hc.m.1HREL1HE , where

Hc.m.52
1

2M

]2

]Z2
, HREL52

1

2m

]2

]r 2
1

1

r
. ~5!

M is the total mass of the molecule, andm is the reduced
mass of the molecule. The Hamiltonian for electrons of
impinging molecule,HE , is assumed as

HE5(
s

«a~r !~na1s1na2s!1t~r !(
s

~a1s
† a2s1H.c.!

1Ua~r !~na1↑na1↓1na2↑na2↓!1J~r ! (
s,s8

na1sna2s8 ,

~6!

where«a(r ) is the energy of an electron in the orbitalsf1
and f2 , t(r ) is the hybridization energy between the tw
orbitalsf1 andf2 , Ua(r ) andJ(r ) are the intra-atomic and
interatomic Coulomb interaction energies, andnais

5ais
† ais . Explicit expressions for«a(r ), t(r ), Ua(r ), and

J(r ) are given in Ref. 24 with their dependence on the m
lecular interatomic distancer.

B. The wave functions

Using the model Hamiltonian described above, the dis
ciation probability of a hydrogen molecule scattering from
metal surface into two neutral hydrogen atoms is calcula
It is assumed that the dissociation is triggered/induced b
following two-step process. Initially,~1! one of the electrons
in the bonding orbital of the impinging molecule transfers
an unoccupied state in the metal substrate, and~2! an elec-
es

-
e
n

e

-

-

d.
a

tron from an occupied state in the metal substrate transfe
the antibonding orbital, or process~2! occurs and then~1!.
The corresponding total wave functions for the initial a
final states,uF i& and uF f&, are given by

uF i&5uL i&uKi&u0& ~7!

and

uF f&5uL f&uK f&uE&, ~8!

respectively.uL i& and uL f& are the initial and final states o
the total electron system in the molecule and the metal s
strate;

uL i&5
1

A2
@xb~r !Cb↑

† Cb↓
† 2xa~r !Ca↑

† Ca↓
† #uF& ~9!

and

uL f&.
1

A3
FCa↓

† Cb↓
† Ck8↓Ck↑

† 2Ca↑
† Cb↑

† Ck8↑Ck↓
†

1
1

2
~Ca↑

† Cb↓
† 1Ca↓

† Cb↑
† !~Ck8↑Ck↑

† 2Ck8↓Ck↓
† !G uF&.

~10!

The Heitler-London wave function is used for the initi
wave function for the electron system of the impinging m
ecule~cf. Ref. 25!. uF& is the wave function for the electro
system of the substrate in the initial state.xb(r ) and xa(r )
are given by

xb~r !5
11S~r !

A11S~r !2
, xa~r !5

12S~r !

A11S~r !2
, ~11!

whereS(r ) is the overlap integral between the 1s orbitals of
two hydrogen atoms,c1

1S(x) andc2
1S(x):25

S~r !5E dx c1
1S* ~x!c2

1S~x!. ~12!

Cas (Cas
† ) and Cbs (Cbs

† ) are the single electron annihila
tion ~creation! operators with spins in the antibonding and
bonding orbitals of the impinging molecule, described as

Cas5
1

A2
~a1s2a2s!, Cbs5

1

A2
~a1s1a2s!. ~13!

The eigenfunctions and energy eigenvalues for the r
tive motion of the molecular nuclei in the initial and the fin
states obey the Schro¨dinger equations,

@HREL1«E,i~r !#u0&5«gu0& ~14!

and

@HREL1«E, f~r !#uE&5EuE&, ~15!

whereu0& and«g are the wave function and the energy f
the lowest vibrational state of the molecule when the el
tronic state isuL i&. uE& is the wave function for the relative
motion of the molecular nuclei with continuous energy
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genvalueE when the electronic state isuL f&. «E,i(r ) and
«E, f(r ) are energies of the molecular electron system in
initial and final states,

«E,i~r !5xb
2~r !@«a~r !1t~r !#1xa

2~r !@«a~r !2t~r !#

1
xb

2~r !1xa
2~r !

2

Ua~r !1J~r !

2

2xb~r !xa~r !
Ua~r !2J~r !

2
~16!

and

«E, f~r !52«a~r !1J~r !. ~17!

The potential energies for the relative motion of the mole
lar nuclei«E,i(r )11/r and«E, f(r )11/r are shown in Fig. 3.
The energy released between the fragments~the released ki-
netic energy12,15 «KIN) is represented by the up-and-dow
arrow in Fig. 3. It is defined as the difference between
energyE and the lowest dissociation limit«E, f(r→`), i.e.,

«KIN5E2«E, f~r→`!. ~18!

uKi& and uK f& are the wave functions for the c.m. motio
of the impinging molecule in the initial and final states, r
spectively. A plane wave function is chosen to represent
state of the c.m. motion, i.e.,̂ZuK&}exp(2iKZ), and the
c.m. motion energies in the initial and final states,«c.m.,i and
«c.m.,f , are given byKi

2/2M andK f
2/2M , respectively.

C. The expression for the dissociation probability

The expression for the dissociation probability that t
impinging molecule and the metal substrate, initially inuF i&,
ends up inuF f& is written as

FIG. 3. In the left-hand box, the potential energies for the re
tive motion of the molecular nuclei are shown as a function of
molecular interatomic distance, and the wave functions for the l
est vibrational state of the molecule when the electronic state isuL i&
and for the relative motion of the molecular nuclei with continuo
energy eigenvalueE(5215 eV) when the electronic state isuL f&
are shown as a function of the molecular interatomic distance.
released kinetic energy«KIN is denoted by the up-and-down arrow
In the right-hand box, an intensity spectrum for the transition
tweenuL i& and uL f& as a function of the released kinetic energy
the case that the molecular interatomic distance and vibrational
tion do not change during the electron transition as a reference
e

-

e

-
e

WD52p(
f

z^F f uHM -S~11GTOTHM -S!uF i& z2d~Ef2Ei !,

~19!

where GTOT is the Green function defined by the tot
Hamiltonian,H5HCM1HREL1HS1HE1HM -S ;

GTOT5
1

Ei2H1 ih
~h→01!. ~20!

Ei andEf are the energies in the initial and final states, giv
by

Ei52 (
u l u<kF

« l1«c.m.,i1«g ~21!

and

Ef52 (
u l u<kF

« l1«k2«k81«c.m.,f1E. ~22!

We define the Green functiong by the Hamiltonian for the
molecular c.m. motion,Hc.m., and the electron system
HS , HE , andHM -S , i.e.,

g5
1

«S,i1«c.m.,i1«E,i2~HS1Hc.m.1HE1HM -S!1 ih
,

~23!

and GTOT is described as the expansion in terms of«REL,i
2HREL ,

GTOT5g1g~«REL,i2HREL!g1g~«REL,i2HREL!g~«REL,i

2HREL!g1•••. ~24!

Here, we take into account the first term, which leads to
Born-Oppenheimer approximation,26 and g is expanded in
terms of the perturbation HamiltonianHM -S . Finally, GTOT
becomes

GTOT.G01G0HM -SG01G0HM -SG0HM -SG01•••,
~25!

whereG0 is the unperturbed Green function, defined by t
Hamiltonian of the unperturbed system,H05HS1HE
1Hc.m.:

G05
1

«S,i1«c.m.,i1«E,i2~HS1Hc.m.1HE!1 ih
. ~26!

Using Eq.~25!, up to the fourth order in the perturbatio
HamiltonianHM -S , the probability distribution for the disso
ciative scattering from the metal substrate at finite tempe
tures is written as

WD5
3~V0Mg!4

2KiK f
E d«r~«!r~«1A!@12 f ~«!# f ~«1A!

3E dr1^Eur 1&^r 1u0&

3E dr2^Eur 2&^r 2u0&F~r 1 ,r 2 ,«!, ~27!

where

-
e
-

e

-

o-
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F~r 1 ,r 2 ,«!5xb~r 1!xb~r 2!@X1~«!1Y1~«!#@X1~«!

2Y1~«!#T(1)~B1 ,B2 ,«!T(2)~B1 ,B2 ,«!*

1xa~r 1!xb~r 2!@X2~«!2Y2~«!#@X2~«!

1Y2~«!#T(1)~B3 ,B4 ,«!T(2)~B1 ,B2 ,«!*

1xb~r 1!xa~r 2!@X2~«!1Y2~«!#@X2~«!

2Y2~«!#T(1)~B1 ,B2 ,«!T(2)~B3 ,B4 ,«!*

1xa~r 1!xa~r 2!@X1~«!2Y1~«!#@X1~«!

1Y1~«!#T(1)~B3 ,B4 ,«!T(2)~B3 ,B4 ,«!* .

~28!

Herer(«) is the electron density of states in the metal su
strate, f («) is the Fermi distribution function, andA is the
difference between the energies of the impinging molecul
the initial and final states, given by

A5«c.m.,f2«c.m.,i1E2«g . ~29!

T( l ) ( l 51,2) is the molecular orientation independent te
given by

T( l )~a,b,«!5(
p

F ^K f uu~Z!uKp&^Kpuu~Z!uKi&
«c.m.,f2«c.m.,p1«1a~r l !1 ih

1
^K f uu~Z!uKp&^Kpuu~Z!uKi&

«c.m.,i2«c.m.,p2«1b~r l !1 ihG ~30!

and

B1~r !5E2«g1«E,i2~3«a1t1U12J!,

B2~r !5«E,i2~«a1t !,
~31!

B3~r !5E2«g1«E,i2~3«a2t1U12J!,

B4~r !5«E,i2~«a2t !.

X6 and Y6 are the molecular orientation dependent ter
given by

X6~«!516e2(r 11r 2)g cosu

3
2 sin$A2~«1D !@~r 12r 2!/2#sinu%

A2~«1D !@~r 12r 2!/2#sinu
, ~32!

and

Y6~«!5~e2r 1g cosu6e2r 2g cosu!

3
2sin$A2~«1D !@~r 11r 2!/2#sinu%

A2~«1D !@~r 11r 2!/2#sinu
. ~33!

D is the value of the filled-band width of the electron syste
in the metal substrate.
-

in

s

III. NUMERICAL RESULTS

A. The probability distribution as a function of the released
kinetic energy

The probability distributions for the dissociative scatte
ing are calculated in the case when the impinging molec
has an initial orientationu510°, 70°, and 90° with respec
to the surface normal. The value that is roughly related
that of thed band in Cu is used for the filled-band widthD
@54 eV ~Refs. 22 and 23!# of the metal substrate. The nu
merical results are shown in the cases when«c.m.,f 5 184.0
eV, 188.5 eV, and 190.0 eV as a function of the relea
kinetic energy of the impinging molecule in Fig. 4.

It is shown in Fig. 4 that in the probability peak whe
«c.m.,f5184.0 eV and on the left side of the probability pe
when«c.m.,f5188.5 eV («KIN<7 eV), an orientation depen
dence of the dissociation probability with a nea
perpendicular orientation preference can be seen, and on
right side of the probability peak when«c.m.,f
5190.0 eV(«KIN>5 eV), an orientation dependence with
parallel orientation preference can be seen. We can show
the orientation dependence of the probability distribution
pears as a consequence of the self-interference of elec
waves transferring between the impinging molecule and
metal substrate in the following way.

~1! We calculate the electron transition probability b
tween the antibonding orbital of the impinging molecule a
the metal substrate. Up to second order inHM -S , it is found
that the electron transition probability is proportional
sin2@k8•(r/2)sinu#, and that the transition probability be
comes large whenk8•(r/2)sinu is equal to (2m11)p/2, i.e.,
k8•r sinu5(2m11)p, wherem is the positive integer. Here
the factork8•r sinu is the phase differenced mentioned in
Sec. I. We can also calculate the electron transition proba
ity between the bonding orbital of the impinging molecu
and the metal substrate in the same way, and it is fo
that the electron transition probability is proportional
cos2@k•(r/2)sinu#, and that the transition probability be
comes large whend(5k•r sinu)52mp. That is to say, when
phase differenced is equal to 2mp, the probability of the
electron transition between the bonding orbital and the m

FIG. 4. Dissociation probability as a function of the releas
kinetic energy«KIN for molecular orientations,u510°, 70°, and
90°. We calculate the probability distributions for«c.m.,f

5184.0 eV, 188.5 eV, and 190.0 eV, and the parameter valueg
50.7 bohr21, the metal substrate temperatureTS5500 K, the
filled-band widthD54 eV ~the value is roughly related to that o
the d band in Cu!, and«c.m.,i5200 eV for the impinging molecule
The Fermi level is chosen as the origin of energy.
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substrate becomes large, and whend is equal to (2m11)p,
the probability of the electron transition between the an
bonding orbital and the metal substrate becomes large. T
results coincide with those shown in the study of Gadz
where he has investigated the orientation dependenc
charge transfer into the bonding and antibonding orbitals
simple diatomic molecule.27 The transition probabilities can
be summed up with respect to the azimuth angle and
polar angle ofk (k8). The results in the case when the im
pinging molecule has an initial orientationu510°, 70°, and
90° are shown as a function ofkr (k8r ) in Figs. 5~a! and
5~b!. In the case that the electron transfers between the a
bonding orbital and the metal substrate@Fig. 5~a!#, it is found
that the three curves in the cases ofu510°, 70°, and 90°
cross around the value ofk8r 51.2. When the value ofk8r is
small (k8r ,1.2), an orientation dependence of the elect
transition probability with a near-perpendicular orientati
preference can be seen. On the other hand, when the val
k8r is large (k8r .1.2), the orientation dependence with
parallel orientation preference can be seen@labeled orienta-
tion dependence~a!#. In the case that the electron transfe
between the bonding orbital and the metal substrate@Fig.
5~b!#, it is found that in the considerable range ofkr (0
,kr,1.5), an orientation dependence of the electron tra
tion probability with a parallel orientation preference can
seen@labeled orientation dependence~b!#. As mentioned in
Secs. I and II, it is considered that in the scattering proc
the dissociation of the molecule is induced by an excitat
of electron system in the molecule involving electron tran
tion from the bonding state of the molecule to the me
substrate and from the metal substrate to the antibon

FIG. 5. Transition probability as a function ofkr (k8r ) sum-
ming up with respect to the azimuth and the polar angle ofk (k8),
for molecular orientations,u510°, 70°, and 90° between~a! the
antibonding orbital and the metal substrate, and between~b! the
bonding orbital and the metal substrate
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state of the molecule. Therefore, the orientation depende
of the probability distribution of the dissociative scatterin
can be determined by both the orientation dependence~a!
and~b!. However, it is found that the orientation dependen
~a! is dominant because orientation dependence~b! modifies
orientation dependence~a! just slightly, and is determined by
the wave numberk8 of the electron transferring from th
metal substrate to the antibonding state and the molec
interatomic distancer. As a matter of course, it is importan
that the amplitude of the wavelength of the electron,;1/k8,
is comparable to the amplitude of the interatomic distancr
for showing the orientation dependence described above

~2! Under the assumption that the positions and veloci
of the molecular nuclei do not change during the elect
transition involving an excitation of the electron system
the molecule from the bonding state to the antibonding s
~the Franck-Condon principle!, the electron transition pro
cess indicated by the up arrows in Fig. 3 occurs dominan
and it is found that as the molecular interatomic distancer is
larger, the released kinetic energy«KIN becomes lower~in-
dicated by the right arrow 1 in Fig. 3!, and asr is smaller,
«KIN becomes higher~indicated by right arrow 2!.

From methods~1! and ~2!, we can explain numerical re
sults. When«c.m.,f5184.0 eV~located in the high release
kinetic energy region; see Fig. 4!, the molecular interatomic
distancer is small in all of the range of the peak, and th
value ofk8r is small for any wave numbersk8 of the elec-
tron transferring between the impinging molecule and
metal substrate (k8r ,1.2). So, it is found from Fig. 5~a! that
the orientation dependence with a near-perpendicular or
tation preference can be seen. On the right-hand side of
probability peak, when«c.m.,f5190.0 eV~located in the low
released kinetic energy region; see Fig. 4!, r is large, and the
value of k8r is large for anyk8 (k8r .1.2). So, it is found
that the orientation dependence with a parallel orientat
preference can be seen. On the left-hand side of the prob
ity peak, when«c.m.,f5190.0 eV, electrons with small wav
number transfer to the molecule, andr is large. So, the value
of k8r is almost comparable to that of the curve cross
point (;1.2), and there is no difference between the pro
ability distributions in the cases ofu510° and 90°. On the
left-hand side of the probability peak, when«c.m.,f
5188.5 eV~see Fig. 4!, electrons with small wave numbe
transfer to the molecule, and the value ofk8r is small for any
r (k8r ,1.2). So, it is found that the orientation dependen
with a near-perpendicular orientation preference can be s
On the right side of the probability peak when«c.m.,f
5188.5 eV, electrons with large wave number transfer to
molecule, andr is small. So, the orientation preference ca
not be seen in the same way as the left-hand side of
probability peak, when«c.m.,f5190.0 eV. In this way, the
orientation preferences of the probability distributions for t
dissociative scattering depend on the molecular interato
distance and the wave numbers of electrons, i.e., the in
ference of electron waves transferring between the imping
molecule and the metal substrate has an influence on
orientation dependence of the probability distributions.

B. The probability distribution as a function
of the translational energy

The numerical results of the probability distributions f
the dissociative scattering are shown in the case when«KIN
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5 4.7 eV and 7.0 eV as a function of the final translation
energy of the impinging molecule in Fig. 6. It is shown
Fig. 6 that in the probability peak when«KIN57.0 eV, an
orientation dependence of the dissociation probability wit
near-perpendicular orientation preference can be seen. W
«KIN57.0 eV, which corresponds to the high released
netic energy, the molecular interatomic distancer is small as
shown in Fig. 3, and the value ofk8r is small for any wave
numbersk8 of the electron transferring between the impin
ing molecule and the metal substrate (k8r ,1.2). So, it is
found from Fig. 5~a! that the orientation dependence of t
dissociation probability with a near-perpendicular orientat
preference can be seen.

On the left-hand side of the probability peak when«KIN
54.7 eV, an orientation dependence of the dissocia
probability with a near-perpendicular orientation preferen
can be seen, because electrons with small wave num
transfer to the molecule, and the value ofk8r is small forr at
«KIN54.7 eV (k8r ,1.2). On the right-hand side of th
probability peak when«KIN54.7 eV, an orientation depen
dence with a parallel orientation preference can be seen
cause electrons with large wave number transfer to the m
ecule, and the value ofk8r is large forr (k8r .1.2).

C. Electron correlation effects

In this subsection, we investigate how the Coulomb int
action between electrons in the metal substrate has an i
ence on the molecular orientation dependence as function
the released kinetic energy and the translational energy
the case for which the metal substrate has a highly correl
electron system, such as a transition metal substrate,
Hamiltonian for the electron system in the metal substr
HS is assumed to be described by the Hubbard model,

HS5(
ks

«kCks
† Cks

1
U

N (
k1 ,k2 ,k3 ,k4

Ck1↑
† Ck2↓

† Ck3↓Ck4↑dk11k2 ,k31k4
,

~34!

FIG. 6. Dissociation probability as a function of the translation
energy«c.m.,f for molecular orientationsu510°, 70°, and 90°. We
calculate the probability distributions for«KIN54.7 eV and 7.0 eV
and the parameter valuesg50.7 bohr21, the metal substrate tem
peratureTS5500 K, the filled-band widthD54 eV, and «c.m.,i

5200 eV for the impinging molecule.
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whereU is the Coulomb interaction between electrons andN
is the total number of lattice sites in the substrate. Within
framework of the Hubbard model~34!, we can derive the
expression of the probability distribution for the dissociati
scattering. The expression for the interacting electron sys
can be produced by replacing the factor@12 f («k)# f («k

1A) with ^12ñ(«k)&^ñ(«k1A)& and «k with «k1U/2 in
the energy denominator of the expression~30!, in the single-
site approximation.20,28 Here, ^ñ(«k)& is the occupation
probability for an electron in the state of energy«k given by

^ñ~«k!&52
1

pE2`

`

d« f ~«!Im@^^Cks ;Cks
† &&«

R#. ~35!

where^^Cks ;Cks
† &&«

R is the one particle Green function,

^^Cks ;Cks
† &&«

R5
1

«2«k2S~«!
, ~36!

andS(«) is the self-energy. In order to carry out the nume
cal calculation of the probability distribution for the diss
ciative scattering, a second-order perturbation calcula
with respect toU is made for the self-energy of a sing
electron in the metal substrate,20,28 and the occupation prob
ability for an electron in the state of energy«k , ^ñ(«k)&, can
be derived by Eq.~35!. Here, the half-filled and nonmagnet
case for the electron system in the metal substrate at fi
temperatures is considered for simplicity.

The probability distributions for the dissociative scatte
ing are calculated in the cases when the impinging molec
has an initial orientationu510°, 70°, and 90° with respec
to the surface normal, by changing the magnitude of
Coulomb interactionU. The numerical results are shown a
functions of the released kinetic energy and the final tran
tional energy in Figs. 7~a! and 7~b!. The results of the prob-
ability distribution as functions of the released kinetic ener
~Fig. 4! and the final translational energy~Fig. 6! are the
cross sections of Fig. 7~a! cut by the planes for which the
final translational energy and the released kinetic energy
constant, respectively. It is found from Eq.~29! that the en-
ergy of the metal electron system at finite temperature
unchanged on the solid line in Fig. 7 (A50), increases on
the low energy side of the solid line (A,0), and decrease
on the high energy side of the solid line (A.0). It is shown
in Fig. 7 that as the magnitude of the Coulomb interaction
increased, the dissociation probability increases on the h
energy side of the solid line, i.e., the energy of the me
electron system in the initial state at finite temperatures
creases. It is also shown that an orientation dependence
a parallel orientation preference can be seen in the high
ergy region where the dissociation probability increases
the magnitude of the Coulomb interaction is increased.

The cross sections of Fig. 7~b! cut by planes for which the
released kinetic energy is constant («KIN54.7 eV and 7.0
eV! are shown in Fig. 8~which is the probability distribution
as a function of the translational energy in the case when
Coulomb interaction is taken into account!. It is found from
Figs. 6 and 8 that as the magnitude of the Coulomb inter
tion is increased, the probability for the dissociative scatt
ing increases in the high energy region of the probabi
distribution, where the tail structure of the probability dist

l
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bution shows up in both cases of«KIN54.7 eV and 7.0 eV. It
is also found that at the main peak of the probability dis
butions for«KIN54.7 eV («c.m.,f5183 eV– 190 eV) and 7.0
eV («c.m.,f5186 eV–192 eV!, the orientation dependence o
the probability distribution for the dissociative scattering
the interacting electron system turns out to be qualitativ
the same as that in the noninteracting electron system. On
other hand, at the high energy tails («c.m.,f>190 eV when
«KIN57.0 eV and«c.m.,f>192 eV when«KIN54.7 eV, re-
spectively!, an orientation dependence with a parallel orie
tation preference can be seen. The cross sections of Fig.~b!
cut by planes for which the final translational energy is co
stant («c.m.,f5184.0 eV, 188.5 eV, and 190.0 eV! are shown
in Fig. 9 ~which is the probability distribution as a functio
of the released kinetic energy in the case that the Coulo
interaction is taken into account!. In Fig 9, we can see the
same tendency as shown in Fig. 8.

The increase in the dissociation probability in the hi
energy region is explained as follows. In the high energy
(A.0), the energy of the metal electron system in the ini
state at finite temperatures decreases due to deexcitatio
electron-hole pairs in the dissociative scattering. For the

FIG. 7. Dissociation probability as a function of the releas
kinetic energy«KIN and the translational energy«c.m.,f for molecu-
lar orientationsu510° and 90°. The region of a near-perpendicu
orientation preference is shown by the dotted lines, and the re
of a parallel orientation preference is shown by the broken lines
the calculation, the following parameter values are used:g
50.7 bohr21, the metal substrate temperatureTS5500 K, the
filled-band widthD54 eV, and«c.m.,i5200 eV for the impinging
molecule.
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excitation of electron-hole pairs in the dissociative scatter
to proceed, the electron-hole pairs must be present acros
Fermi level in the initial state of the electron system at fin
temperatures. Such electron-hole pairs are present natu
in the initial state of the interacting electron system (U
.0) at finite temperatures, but scarcely in the noninteract
electron system (U50). As a result, the probability distribu
tion for the dissociative scattering in the interacting electr
system increases on the high energy side of the solid lin28

Then, the enhancement of the parallel orientation pre
ence at the high energy region of the probability distributi
is considered. In the noninteracting electron system at fi
temperatures, occupied states are mainly located below
Fermi level, from which electrons can transfer to the m
ecule. In the interacting electron system, on the other ha
electron-hole pairs are naturally present around the Fe
level and electrons with large wave number can exist,
electrons with large wave number can transfer to the m

FIG. 8. Dissociation probability as a function of the translation
energy«c.m.,f for molecular orientationsu510°, 70°, and 90°, tak-
ing account of the Coulomb interaction in the metal substrate.
calculate the probability distributions in the cases that«KIN

54.7 eV and 7.0 eV, and the parameter valuesg50.7 bohr21, the
metal substrate temperatureTS5500 K, the filled-band widthD
54 eV, U52 eV, and«c.m.,i5200 eV for the impinging molecule

FIG. 9. Dissociation probability as a function of the releas
kinetic energy«KIN for molecular orientations,u510°, 70°, and
90°, taking account of the Coulomb interaction in the metal s
strate. We calculate the probability distributions in the cases
«c.m.,f5184.0 eV, 188.5 eV, and 190.0 eV, and the parameter
uesg50.7 bohr21, the metal substrate temperatureTS5500 K, the
filled-band widthD54 eV, U52 eV, and«c.m.,i5200 eV for the
impinging molecule.
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ecule. In addition, from Eqs.~27!, ~32!, and~33!, even if the
magnitude of the Coulomb interaction is increased, the w
number of electron states involved in the process rem
practically unchanged in the single-site approximation
though the number of electrons involved in the proc
increases.20 So, in the main peak, qualitatively the same
sults are obtained for the orientation dependence of the p
ability distribution whether we consider the interacting ele
tron system or the noninteracting electron system. At
high energy tail that appear as the magnitude of the Coulo
interaction increases, electrons with large wave num
transfer to the molecule and the value ofk8r is large for any
molecular interatomic distancer. Here the orientation depen
dence of the dissociation probability with a parallel orien
tion preference can be seen.

D. Comparison of the experimental and numerical results

The probability distribution as functions of the releas
kinetic energy and the molecular orientation with respec
the surface normal is experimentally reported by Har
et al.13,16 In the experiment, hydrogen molecules with t
high translational energy~500 eV–1000 eV! are scattered
from metal substrate. The numerical result is shown as fu
tions of the released kinetic energy and the molecular or
tation with respect to the surface normal in Fig. 10. T

FIG. 10. Distribution of released kinetic energy as a function
the molecular orientation for dissociative scattering, summing
with respect to the final translational energy«c.m.,f . Contour spac-
ing is 1.2V0

24, and the height of the probability peak in the case
the molecular orientationu510° and the released kinetic energ
«KIN57 eV is approximately 21.4V0

24. For the case ofu590° and
«KIN57 eV the height is approximately 22.5V0

24. In the calcula-
tion, the following parameter values are used:g50.4 bohr21, the
metal substrate temperatureTS5500 K, the filled-band widthD
54 eV, U50 eV, and«c.m.,i51000 eV for the impinging mol-
ecule.
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probability distribution is summed up with respect to t
final translational energy«c.m.,f . The orientation dependenc
of the probability distribution in the interacting electron sy
tem is qualitatively the same as that in the noninteract
electron system, because the characteristic structures s
ing up as the magnitude of the Coulomb interaction increa
cannot be seen in the probability distribution summed
with respect to«c.m.,f . It is found from Fig. 1 in Ref. 13 and
Fig. 10 that the orientation dependence of the probabi
distribution of the numerical results are qualitatively t
same as that of the experimental results for the dissocia
scattering at small incident angles, in that the dissociat
probability increases in the cases when the impinging m
ecule has an initial orientation ofu510° and 90°.

IV. SUMMARY

The probability distributions for dissociative scatterin
are calculated as functions of the released kinetic energy
the final translational energy in cases when impinging m
ecules have various orientations. On the basis of the ca
lation results, it is found that the orientation dependence
these probability distributions appears as a consequenc
the interference of electron waves transferring between
hydrogen molecule and the metal substrate. Furtherm
probability distributions are calculated taking account of t
Coulomb interaction between electrons in the metal s
strate. It is found that as the magnitude of the Coulomb
teraction is increased, a parallel orientation preference is
hanced at the high energy region of the probabil
distribution. The probability distributions are summed wi
respect to the released kinetic energy«KIN . The obtained
results for the probability distribution as a function of th
final translational energy are qualitatively the same as
previous results for the case in which the molecular int
atomic distance is fixed at its equilibrium distance.20 It is
also found that the orientation dependence of the probab
distributions of numerical results is qualitatively the same
that of the experimental results reported by Harderet al.
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