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Rate processes occurring on a metal surface may sometimes be limited by spin conversion. We present a generic
model describing this case. The results obtained are compared with the conventional two-state Landau—Zener
model and with a multi-state model implying one-electron transfer between the reactant and the metal. In this
context, the specifics of the dissociative adsorption of Oz on Ag(111) are briefly discussed.
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1. INTRODUCTION

Elementary steps of chemical reactions occurring
on a gas—metal interface are of high interest from
the standpoints of atomic, molecular, and solid-state
physics, surface science, different branches of chemistry,
and numerous applications [1]. For the academic soci-
ety, this interest is related to the complexity of hetero-
geneous reactions. Compared to the gas- and liquid-
phase reactions, the conceptual basis for interpreta-
tion of the kinetics of heterogeneous reactions is much
richer due to nontrivial features of the reaction dy-
namics, adsorbate—adsorbate lateral interactions, sur-
face heterogeneity, spontaneous and adsorbate-induced
changes in a surface, and/or limited mobility of reac-
tants [2]. The corresponding applications are associ-
ated first of all with catalysis, which forms the main-
stay of the chemical industry [3].

Mathematically, heterogeneous reactions are de-
scribed in terms of coverage of a surface by adsorbed
particles [4, 5]. The kinetic equations for adsorbate
coverages involve rate constants for elementary reac-
tion steps. As is usual in chemistry, an elementary
step or process (these terms are used here interchange-
ably) is identified with the motion of atomic nuclei
along the potential energy surface or surfaces repre-
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senting the electronic and nuclear-repulsion energy of
the system as a function of nuclear coordinates. This
concept is based on the Born—Oppenheimer approx-
imation, implying separation of fast motion of elec-
trons and slow motion of nuclei. At thermal condi-
tions, chemical rate processes often occur along the
pathways that lead along the lowest potential energy
surface from one stable minimum to another. If this
potential energy surface is well separated from higher
potential energy surfaces such that the transitions to
the latter surfaces are negligible, an elementary process
is called adiabatic. Nonadiabatic elementary processes
include transitions between different potential energy
surfaces. In chemistry in general and in heterogeneous
catalysis in particular, the majority of practically im-
portant elementary rate processes are usually believed
to be adiabatic. However, nonadiabatic processes occur
as well.

Identification and scrutinity of nonadiabatic rate
processes on metal surfaces is one of the central goals
of the theory of heterogeneous chemical reactions [6].
At present, the situation in this field is far from clear.
Although the breakdowns of the Born— Oppenheimer
approximation in reactions on metals are often antici-
pated and the relevant experimental data appear to be
abundant, good specific examples illustrating in detail
what may happen are still lacking. Among a few ad-
vances in this field, it is appropriate to mention, e.g.,
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Diabatic potential-energy curves as a function of the reaction coordinate. Panel a corresponds to the conventional two-state

Landau—Zener model. Panel b is for the situations where a rate process is limited either by one-electron transfer or by

two-electron exchange between the reactants and metal. Uj; is the energy of the initial state. Uy is the energy after the

electron transfer or electron exchange with participation of metal electrons with the Fermi energy. The thin solid lines
correspond to the formation of excited electrons, holes, or electron—hole pairs

direct detection of hot electrons and holes excited by
adsorption of atomic H and D on ultrathin Ag and
Cu films [7]. In many other cases, the interpretation
of experimental data is often far from straightforward.
One of the reasons for this situation is that the cor-
responding general models classifying various scenarios
of the dynamics of rate processes are not well devel-
oped. Moreover, the conventional software (e.g., the
DFT packages) does not allow accurately treating ex-
cited states. In this paper, we first briefly recall a few
relevant ingredients of the theory of rate processes and
then discuss in detail the case of nonadiabatic spin con-
version in reactions occurring on a metal surface.

2. GENERAL EQUATIONS

Under thermal conditions, the rates of adiabatic el-
ementary chemical processes can be calculated using
the transition-state theory (TST) [8]. According to
transition-state theory, the minimum-energy path con-
necting two stable conformations is identified as the
reaction coordinate. The maximum-energy position
along the reaction coordinate, representing a saddle
point on the potential energy surface, is called the tran-
sition (or activated) state. The reaction rate is iden-
tified with the reactant flux along the reaction coordi-
nate across the saddle point in the direction of the final
conformation. The flux is calculated assuming thermo-
dynamic equilibrium between the activated and initial
states.

The rate of nonadiabatic processes is reduced due to
the need of jumps from one potential energy surface to
another, and therefore the corresponding rate constant
is usually represented as

k = IfkTST, (1)

where krgr is the transition-state-theory rate constant
and x < 1 is the so-called transmission coefficient.
This coefficient can often be calculated by analyzing
the one-dimensional nuclear motion along the reaction
coordinate ¢ near the crossing of the diabatic potential
energy surfaces (at ¢ & qo). According to this approxi-
mation, the transmission coefficient is given by

o

/ P(o)f(v) dv

0

where P(v) is the transition probability, v is the parti-
cle velocity at ¢ = qo, and f(v) is the Maxwell velocity
distribution.

Near the crossing of the diabatic potential energy
curves U;(¢) and Uy (q) (see Figure a), their dependence
on the reaction coordinate can often be considered lin-
ear. This approximation corresponds to the famous
Landau—Zener model [9]. In the most interesting case
where the process rate is limited by weak coupling of
the diabatic states, this model yields
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where V is the transition matrix element,

ou: _ou;
dq dq

F=

q=4qo

is the difference of the potential-energy slopes, and gy is
the coordinate corresponding to the crossing of the po-
tential energies (we note that this expression for P(v)
takes into account that this coordinate is passed two
times during the particle motion along U;(¢)). The
transmission coefficient is accordingly given by

B (27r)3/2m1/2V2

- hF(kgT)/2 )

where m is the particle mass.

The Landau—Zener model is widely used to de-
scribe nonadiabatic processes occurring in gas and lig-
uid phases. In the literature, one can also find exam-
ples where the conventional version of this model is em-
ployed to interpret processes on a metal surface. In that
case, the two-state approximation may fail, however,
because the electronic states in a metal form a con-
tinuum (see Figure b), and the Landau—Zener model
should be modified accordingly. The modifications de-
pend on the specifics of reactions. If a rate process
is limited by one-electron jumps, e.g., from the states
located below the Fermi level in a metal to a vacant ad-
sorbate orbital (this results in the formation of a hole),
we have [5]

drmupV?
Pv) = ——— 5
(v) = T, 5)
and
97)3/2 TV1/2 )12
o = (WY ks )22 .
hF;
where p is the density of the electron states and
q a=q0

is the potential-energy slope.

Here, we treat a more complex situation where a
rate process on a metal surface is limited by spin con-
version. A likely example of such processes is the disso-
ciative adsorption of Q5. This molecule is well known to
be in the triplet state 32;. In particular, the simplest
representation for the wave function of two electrons
forming this state is [10]

1
E[ﬂ-g*(l)ﬂ-g’(2)_Wg’(l)ﬂg+(2)]a(1)a(2)v (7)

where m 4+, m,—, and a are the spatial and spin
one-electron wave functions. The lowest excited states
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are the singlets 'Ay and 'SF. If the Oy-metal inter-
action is repulsive in the triplet state and attractive
in one of the singlet states, the dissociative adsorption
of Oy may be limited by the transition between these
states.

To our knowledge, the first attempt to scrutinize
the effect of spin conversion on the rate of O, adsorp-
tion was performed by Kato, Uda, and Terakura [11].
They analyzed Oy adsorption on Si(001). The triplet—
singlet transition was described using the conventional
Landau - Zener model. The coupling matrix element
V' was considered to be related to the spin—orbit inter-
action. More recently, Behler et al. [12] discussed the
influence of the triplet—singlet transition on the rate
of Os adsorption on Al(111) (for the experiment, see
Ref. [13]). Using the DFT packages, the latter authors
have illustrated that the existence of the potential bar-
rier for adsorption seems to be related to slow transition
between the triplet and singlet states. The dynamics
of this transition were not treated explicitly, however.

The spin-orbit interaction is weak, V o 1/¢ (c is
the velocity of light). Therefore, the spin conversion in
rate processes on a metal surface seems to occur more
likely via spin exchange with the metal. In the case of
05 adsorption, for example, one of the electrons form-
ing the triplet state may jump from the m a state to a
vacant state located above the Fermi level in the metal,
and simultaneously an electron with spin § may jump
to Oy from a state located below the Fermi level in the
metal.

According to the scenario outlined in the paragraph
above, the spin conversion is accompanied by excita-
tion of an electron—hole pair. This means that this
process is possible in the region to the right of ¢o (i.e.,
at ¢ > qo), where U; > Uy (see Figure b). In this re-
gion, the spin-conversion rate can be calculated at a
given nuclear coordinate by using the golden rule as

T2 [ puEo)ps(En)

x0[Ui(q) —Us(q) — Ee — Ep] dE, dEj,

r(q) =
(8)

where V' is the average spin-exchange matrix element,
pa(E.) is the density of vacant electron states with spin
a above the Fermi level, ps(E}) is the density of occu-
pied electron states with spin 3 below the Fermi level,
0(E) is the delta function, and E. and Ej, are the elec-
tron and hole energies defined such that the Fermi en-
ergy is equal to zero. Assuming the metal to be non-
magnetic and neglecting the energy dependence of the
density of electron states, i.e., using the relation

pa(Ee) = pB(Eh) = 0/27
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where p is the density of states of electrons with both

spin directions, we obtain from Eq. (8) that
™

r(q) = 550"V [Ui(a) = Us(q)] 9)

In the case of weak coupling, the total transition

probability is given by integration of r(q) along the

particle trajectory determined by the potential U;(q),

_ / r(q) dg

v(q)
where v(g) is the particle velocity. Substituting expres-
sion (9) in the integrand and assuming the dependence
of U; on ¢ to be linear, we obtain

: (10)

_Am*0® p?V2F

Pl = (1)

where v is the particle velocity at ¢ = go. Substitution

of the last expression in Eq. (2) yields

B 25/2773/2m1/2 (kBT)3/2p2v2F
B hE? '

K (12)

3. DISCUSSION AND CONCLUSIONS

Equations (1), (11), and (12) allow one to under-
stand what may happen in the case where a rate pro-
cess occurring on a metal surface is limited by spin
conversion. In particular, Eq. (11) can be used to in-
terpret the molecular-beam experiments performed at
a fixed energy of scattering molecules. In the simplest
case, the initial kinetic energy E of a molecule and its

velocity at ¢ = o are related as
] 1/2

|

where &, = U;(qp) is the activation barrier. According
to Eq. (11),

2(E — &)

P xv® o« (E —&,)%?,

i.e., the reaction probability rapidly increases with in-
creasing energy. For comparison, it is interesting to
note that the conventional Landau—Zener model pre-

dicts
1 1

v S (E_&)?
(cf.Eq. (3)), i.e., the reaction probability decreases

with increasing energy. For the one-electron transfer,
we have

P x

P xvox (E—E&)?
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(cf. Eq. (5)), i.e., the reaction probability increases with
increasing energy, although much slower compared to
Eq. (11).

Equation (12), describing reactions occurring at
thermal conditions, indicates that the transmission co-
efficient may be a few orders of magnitude lower than
unity.

Finally, it is instructive to briefly discuss a real
process limited by spin conversion. One of the prob-
able candidates is the O, adsorption on Ag(111). The
molecular-beam experiments [14] indicate that in this
case, the dissociation probability rapidly increases with
increasing the kinetic energy of O, molecules. In par-
ticular, the results obtained can be fitted as

P o (E— &)

An attempt to interpret these results on the basis of a
model implying one-electron transfer was performed in
Ref. [15]. The one-dimensional version of this model
(Eq. (5)) did not allow fitting the experimental data.
To reach agreement with the experiment, it was ne-
cessary to take the three-dimensional corrections into
account. In contrast, the one-dimensional model im-
plying spin conversion (Eq. (11)) makes it possible to
describe the experiment. Thus, the rate of O, ad-
sorption on Ag(111) is likely to be limited by spin
conversion.

The author thanks B. Kasemo for useful discussions.
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