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Rate pro esses o urring on a metal surfa e may sometimes be limited by spin onversion. We present a generi
model des ribing this ase. The results obtained are ompared with the onventional two-state Landau  Zener
model and with a multi-state model implying one-ele tron transfer between the rea tant and the metal. In this
ontext, the spe i s of the disso iative adsorption of O2 on Ag(111) are briey dis ussed.
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1. INTRODUCTION

Elementary steps of hemi al rea tions o urring
on a gasmetal interfa e are of high interest from
the standpoints of atomi , mole ular, and solid-state
physi s, surfa e s ien e, dierent bran hes of hemistry,
and numerous appli ations [1℄. For the a ademi so iety, this interest is related to the omplexity of heterogeneous rea tions. Compared to the gas- and liquidphase rea tions, the on eptual basis for interpretation of the kineti s of heterogeneous rea tions is mu h
ri her due to nontrivial features of the rea tion dynami s, adsorbateadsorbate lateral intera tions, surfa e heterogeneity, spontaneous and adsorbate-indu ed
hanges in a surfa e, and/or limited mobility of rea tants [2℄. The orresponding appli ations are asso iated rst of all with atalysis, whi h forms the mainstay of the hemi al industry [3℄.
Mathemati ally, heterogeneous rea tions are des ribed in terms of overage of a surfa e by adsorbed
parti les [4, 5℄. The kineti equations for adsorbate
overages involve rate onstants for elementary rea tion steps. As is usual in hemistry, an elementary
step or pro ess (these terms are used here inter hangeably) is identied with the motion of atomi nu lei
along the potential energy surfa e or surfa es repre* E-mail:

zhdanovfy. halmers.se

senting the ele troni and nu lear-repulsion energy of
the system as a fun tion of nu lear oordinates. This
on ept is based on the Born  Oppenheimer approximation, implying separation of fast motion of ele trons and slow motion of nu lei. At thermal onditions, hemi al rate pro esses often o ur along the
pathways that lead along the lowest potential energy
surfa e from one stable minimum to another. If this
potential energy surfa e is well separated from higher
potential energy surfa es su h that the transitions to
the latter surfa es are negligible, an elementary pro ess
is alled adiabati . Nonadiabati elementary pro esses
in lude transitions between dierent potential energy
surfa es. In hemistry in general and in heterogeneous
atalysis in parti ular, the majority of pra ti ally important elementary rate pro esses are usually believed
to be adiabati . However, nonadiabati pro esses o ur
as well.
Identi ation and s rutinity of nonadiabati rate
pro esses on metal surfa es is one of the entral goals
of the theory of heterogeneous hemi al rea tions [6℄.
At present, the situation in this eld is far from lear.
Although the breakdowns of the Born  Oppenheimer
approximation in rea tions on metals are often anti ipated and the relevant experimental data appear to be
abundant, good spe i examples illustrating in detail
what may happen are still la king. Among a few advan es in this eld, it is appropriate to mention, e.g.,
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Diabati potential-energy urves as a fun tion of the rea tion oordinate. Panel a orresponds to the onventional two-state
Landau  Zener model. Panel b is for the situations where a rate pro ess is limited either by one-ele tron transfer or by
two-ele tron ex hange between the rea tants and metal. Ui is the energy of the initial state. Uf is the energy after the
ele tron transfer or ele tron ex hange with parti ipation of metal ele trons with the Fermi energy. The thin solid lines
orrespond to the formation of ex ited ele trons, holes, or ele tronhole pairs

dire t dete tion of hot ele trons and holes ex ited by
adsorption of atomi H and D on ultrathin Ag and
Cu lms [7℄. In many other ases, the interpretation
of experimental data is often far from straightforward.
One of the reasons for this situation is that the orresponding general models lassifying various s enarios
of the dynami s of rate pro esses are not well developed. Moreover, the onventional software (e.g., the
DFT pa kages) does not allow a urately treating exited states. In this paper, we rst briey re all a few
relevant ingredients of the theory of rate pro esses and
then dis uss in detail the ase of nonadiabati spin onversion in rea tions o urring on a metal surfa e.

The rate of nonadiabati pro esses is redu ed due to
the need of jumps from one potential energy surfa e to
another, and therefore the orresponding rate onstant
is usually represented as

k = kT ST ;

where kT ST is the transition-state-theory rate onstant
and  
is the so- alled transmission oe ient.
This oe ient an often be al ulated by analyzing
the one-dimensional nu lear motion along the rea tion
oordinate q near the rossing of the diabati potential
energy surfa es (at q  q0 ). A ording to this approximation, the transmission oe ient is given by

1

1

Z

P (v)f (v) dv

 = 0 Z1

2. GENERAL EQUATIONS

Under thermal onditions, the rates of adiabati elementary hemi al pro esses an be al ulated using
the transition-state theory (TST) [8℄. A ording to
transition-state theory, the minimum-energy path onne ting two stable onformations is identied as the
rea tion oordinate. The maximum-energy position
along the rea tion oordinate, representing a saddle
point on the potential energy surfa e, is alled the transition (or a tivated) state. The rea tion rate is identied with the rea tant ux along the rea tion oordinate a ross the saddle point in the dire tion of the nal
onformation. The ux is al ulated assuming thermodynami equilibrium between the a tivated and initial
states.

(1)

()

0

f (v) dv

;

(2)

where P v is the transition probability, v is the partile velo ity at q q0 , and f v is the Maxwell velo ity
distribution.
Near the rossing of the diabati potential energy
urves Ui q and Uf q (see Figure a), their dependen e
on the rea tion oordinate an often be onsidered linear. This approximation orresponds to the famous
Landau  Zener model [9℄. In the most interesting ase
where the pro ess rate is limited by weak oupling of
the diabati states, this model yields

()

=

()

()

P (v) =
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is the transition matrix element,

F

=

Uf
q q=q0

Ui
q

is the dieren e of the potential-energy slopes, and q0 is
the oordinate orresponding to the rossing of the potential energies (we note that this expression for P v
takes into a ount that this oordinate is passed two
times during the parti le motion along Ui q ). The
transmission oe ient is a ordingly given by
 3=2 m1=2 V 2
;
(4)

~F kB T 1=2

()

()

= (2 ) (

)

where m is the parti le mass.
The Landau  Zener model is widely used to des ribe nonadiabati pro esses o urring in gas and liquid phases. In the literature, one an also nd examples where the onventional version of this model is employed to interpret pro esses on a metal surfa e. In that
ase, the two-state approximation may fail, however,
be ause the ele troni states in a metal form a ontinuum (see Figure b), and the Landau  Zener model
should be modied a ordingly. The modi ations depend on the spe i s of rea tions. If a rate pro ess
is limited by one-ele tron jumps, e.g., from the states
lo ated below the Fermi level in a metal to a va ant adsorbate orbital (this results in the formation of a hole),
we have [5℄

P (v) =
and

=
where

4mvV 2 ;
~Fi

(2)3=2 (mkB T )1=2V 2 ;
~Fi

(5)

(6)

 is the density of the ele tron states and
Ui
Fi =
q q=q0



p1 [g+ (1)g (2) g (1)g+ (2)℄ (1) (2);

2

(7)

where g+ , g , and
are the spatial and spin
one-ele tron wave fun tions. The lowest ex ited states
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are the singlets 1 g and 1 +
g . If the O2 metal intera tion is repulsive in the triplet state and attra tive
in one of the singlet states, the disso iative adsorption
of O2 may be limited by the transition between these
states.
To our knowledge, the rst attempt to s rutinize
the ee t of spin onversion on the rate of O2 adsorption was performed by Kato, Uda, and Terakura [11℄.
They analyzed O2 adsorption on Si(001). The triplet
singlet transition was des ribed using the onventional
Landau  Zener model. The oupling matrix element
V was onsidered to be related to the spinorbit intera tion. More re ently, Behler et al. [12℄ dis ussed the
inuen e of the tripletsinglet transition on the rate
of O2 adsorption on Al(111) (for the experiment, see
Ref. [13℄). Using the DFT pa kages, the latter authors
have illustrated that the existen e of the potential barrier for adsorption seems to be related to slow transition
between the triplet and singlet states. The dynami s
of this transition were not treated expli itly, however.
The spinorbit intera tion is weak, V / = ( is
the velo ity of light). Therefore, the spin onversion in
rate pro esses on a metal surfa e seems to o ur more
likely via spin ex hange with the metal. In the ase of
O2 adsorption, for example, one of the ele trons forming the triplet state may jump from the g state to a
va ant state lo ated above the Fermi level in the metal,
and simultaneously an ele tron with spin may jump
to O2 from a state lo ated below the Fermi level in the
metal.
A ording to the s enario outlined in the paragraph
above, the spin onversion is a ompanied by ex itation of an ele tronhole pair. This means that this
pro ess is possible in the region to the right of q0 (i.e.,
at q > q0 ), where Ui > Uf (see Figure b). In this region, the spin- onversion rate an be al ulated at a
given nu lear oordinate by using the golden rule as

1

r(q) =

is the potential-energy slope.
Here, we treat a more omplex situation where a
rate pro ess on a metal surfa e is limited by spin onversion. A likely example of su h pro esses is the dissoiative adsorption of O2 . This mole ule is well known to
be in the triplet state 3 g . In parti ular, the simplest
representation for the wave fun tion of two ele trons
forming this state is [10℄

òîì

2 V 2 Z
~

 (Ee ) (Eh ) 

Æ[Ui (q) Uf (q) Ee Eh ℄ dEe dEh ;

(8)

where V is the average spin-ex hange matrix element,
 Ee is the density of va ant ele tron states with spin
above the Fermi level,  Eh is the density of o upied ele tron states with spin below the Fermi level,
Æ E is the delta fun tion, and Ee and Eh are the ele tron and hole energies dened su h that the Fermi energy is equal to zero. Assuming the metal to be nonmagneti and negle ting the energy dependen e of the
density of ele tron states, i.e., using the relation

( )

( )

( )

 (Ee ) =  (Eh ) = =2;

846

ÆÝÒÔ,

òîì

129, âûï. 5, 2006

Nonadiabati rate pro esses on metal surfa e

where  is the density of states of ele trons with both
spin dire tions, we obtain from Eq. (8) that

r(q) =

 2 2
2~  V [Ui (q)

Uf (q)℄:

(9)

In the ase of weak oupling, the total transition
probability is given by integration of r q along the
parti le traje tory determined by the potential Ui q ,

()

P

=

()

r(q) dq
;
v(q)

Z

()

(10)

where v q is the parti le velo ity. Substituting expression (9) in the integrand and assuming the dependen e
of Ui on q to be linear, we obtain

4m2v32V 2F ;
(11)
3~Fi2
where v is the parti le velo ity at q = q0 . Substitution
P (v) =

of the last expression in Eq. (2) yields

=

25=23=2m1=2 (kB T )3=22V 2F :

(12)

~Fi2

3. DISCUSSION AND CONCLUSIONS

Equations (1), (11), and (12) allow one to understand what may happen in the ase where a rate proess o urring on a metal surfa e is limited by spin
onversion. In parti ular, Eq. (11) an be used to interpret the mole ular-beam experiments performed at
a xed energy of s attering mole ules. In the simplest
ase, the initial kineti energy E of a mole ule and its
velo ity at q q0 are related as

( f. Eq. (5)), i.e., the rea tion probability in reases with
in reasing energy, although mu h slower ompared to
Eq. (11).
Equation (12), des ribing rea tions o urring at
thermal onditions, indi ates that the transmission oe ient may be a few orders of magnitude lower than
unity.
Finally, it is instru tive to briey dis uss a real
pro ess limited by spin onversion. One of the probable andidates is the O2 adsorption on Ag(111). The
mole ular-beam experiments [14℄ indi ate that in this
ase, the disso iation probability rapidly in reases with
in reasing the kineti energy of O2 mole ules. In parti ular, the results obtained an be tted as

P

v=
where Ea  Ui
to Eq. (11),

2(E Ea)



1=2

m
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