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Hard versus soft dynamics for adsorption-desorption kinetics: Exact results in one-dimension
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The adsorption-desorption kinetics is discussed in the framework of the kinetic lattice-gas model. The master
equation formalism has been introduced to describe the evolution of the system, where the transition prob-
abilities are written as an expansion of the occupation configurations of all neighboring sites. Since the detailed
balance principle determines half of the coefficients that arise from the expansion, it is necessary to introduce
ad hoc, a dynamic scheme to get the rest of them. Three schemes of the so-called hard dynamics, in which the
probability of transition from single site cannot be factored into a part which depends only on the interaction
energy and one that only depends on the field energy, and five schemes of the so-called soft dynamics, in which
this factorization is possible, were introduced for this purpose. It is observed that for the hard dynamic
schemes, the equilibrium and nonequilibrium observables, such as adsorption isotherms, sticking coefficients,
and thermal desorption spectra, have a normal or physical sustainable behavior. While for the soft dynamics
schemes, with the exception of the transition state theory, the equilibrium and nonequilibrium observables have

several problems. Some of them can be regarded as abnormal behavior.

DOLI: 10.1103/PhysRevE.80.051112

I. INTRODUCTION

The study of surfaces and interfaces is of fundamental
importance in the understanding of different processes in na-
ture and in a wide variety of technological applications, such
as heterogeneous catalysis, electronic, magnetic, and optical
devices, sensors, coatings and many industrial systems and
processes [1,2]. The kinetic behavior of the gas-solid inter-
faces is currently one of the most interesting and well refer-
enced phenomena in surface science [3-18].

The kinetic lattice-gas model (KLGM) is the most ad-
equate tool for the treatment of the kinetics when the adsor-
bate does not remain in a quasiequilibrium state during the
adsorption and desorption processes. The model was devel-
oped in close analogy with the time dependent Ising model
for magnetic systems, which was originally introduced by
Glauber [19,20]. In its simplest form the KLGM is restricted
to the submonolayer regime and to the gas-solid system
where the surface structure and the adsorption sites do not
change with the coverage [21]. However, further generaliza-
tions of the KLGM have been made in the past for several
and different problems [18,22-27].

The KLGM is based in the master equation approach
where adsorption, desorption, diffusion, and other phenom-
ena are introduced as Markovian processes through transition
probabilities, which must satisfy the principle of detailed bal-
ance (PDB).

Despite the fact that, detailed microscopic mechanisms of
the surface processes are usually not known, the transition
probabilities can be written in terms of the occupation con-
figurations of all neighboring sites in the KLGM
[9,17,18,21-24,28,29]. In this point, the PDB imposes a set
of restrictions on the coefficients of adsorption A;, desorption
D;, and diffusion C;. This has been discussed in Refs.
[17,18,21,24,30], where the authors have introduced differ-
ent kinetics, according to the relations among those coeffi-
cients.
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On the other hand, it is well known that different micro-
scopic dynamics can yield different equilibrium paths and
equilibrium fluctuations [31] (cluster versus local Monte
Carlo (MC) algorithms being the most extreme examples
[32]) and even noticeable differences in the steady-state mi-
crostructure [33,34]. Nevertheless, the general expectation is
that, if no additional parameters (such as an activation barrier
or a diffusion rate) are introduced into the physical model,
the observables are only affected quantitatively.

Recent studies indicate that different stochastic dynamics
lead to important differences in the nanostructure of field-
driven interfaces [35-39] even when they have the same con-
served quantities and satisfy PDB.

Before defining the transition probabilities, an important
distinction must be made between models with hard dynam-
ics [37,39-44], in which the single-site transition rates can-
not be factorized into one part that depends only on the in-
teraction energy and another that depends only on the field
energy, in contrast with those models with soft dynamics
[36,38,39,45-52], for which this factorization is possible.

In this context, Kang et al. [49] analyzed different choices
for the transition probabilities in MC simulations for study-
ing the growth exponent in the growth of domains. They
showed that the choice of transition probabilities affects di-
rectly the dynamic quantities. Particularly, they found this
dependence on the growth exponent in the ordered domains
out of equilibrium [53].

In the same way, Rikvold et al. showed that the intrinsic
interface width and properties in field-driven solid-on-solid
interface studies depend on the choice of dynamics. They
have found that, in the framework of the soft dynamics, all
dependences on the field are canceled due to the PDB
[36,38,39]. On the other hand, in hard dynamics the intrinsic
interface width and properties, such as the propagation ve-
locity, are strongly affected by the field [36].

Recently, different dynamic schemes have been intro-
duced to analyze the adsorption-desorption kinetics in the
framework of the one-dimensional KLGM [30].
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The interaction energy between the particle and the sur-
face depends on the distance between them. Therefore a par-
ticle near the surface experiences the same interaction energy
during the adsorption or desorption processes. As a conse-
quence of this statement, in a one-dimensional system with
nearest neighbor lateral interaction, one should obtain: (i) for
attractive lateral interaction the adsorption isotherms growth
monotonically without steps, the corresponding normalized
sticking coefficient must be higher than 1-6 growing with
the lateral interaction and the temperature programmed de-
sorption (TPD) spectrum must present only one peak shifting
to higher temperatures for increasing interaction; (ii) for re-
pulsive lateral interaction the adsorption isotherms must be
present a step at half coverage as one lowers the temperature,
the corresponding normalized sticking coefficient must be
lower than 1-6 decreasing with the higher lateral interac-
tions and the TPD spectrum must present three peaks for
immobile adsorbate and two peaks for mobile adsorbates for
low enough temperatures and high initial coverages. Accord-
ing to that, any other behavior could be considered as
anomalous. In Ref. [30] the authors have considered addi-
tional constrains on the adsorption and desorption coeffi-
cients. They have demonstrated that a linear relation between
those coefficients leads to anomalous behavior in the equi-
librium and nonequilibrium observables, while the use of the
transition state theory (TST) [8,14] leads to a correct behav-
ior without physical inconsistencies. However, a detailed
analysis of the influence of the hard and soft dynamics on the
behavior of the adsorption-desorption kinetics has not been
reported yet.

The aim of the present paper is to study the influence of
different dynamic schemes in the behavior of the adsorption-
desorption kinetics. It is observed that for five different sce-
narios of soft dynamics and for three examples of hard dy-
namics the equilibrium and nonequilibrium observables,
such as the adsorption isotherms, sticking coefficients, and
thermal desorption spectra present different behaviors (some
of them anomalous).

The outline of the paper is as follows: in Sec. II the
KLGM is set up, the master equation is introduced and the
transition probabilities are expanded in terms of the occupa-
tion configurations of all neighboring sites. In Sec. III, the
observables such as the adsorption isotherms, the sticking
coefficients, and the TPD spectra are introduced. The general
trends for each of them are discussed. In Sec. IV the dynamic
schemes are introduced and the influence on the kinetic ob-
servables is discussed. Finally, in Sec. V the conclusions are
given.

II. KINETIC LATTICE GAS MODEL AND THE MASTER
EQUATION

To set up the KLGM, one restricts the analysis to a gas-
solid system in which all relevant processes, such as diffu-
sion, adsorption, desorption, reactions, etc., are Markovian.
One assumes that the system can be divided into cells, la-
beled i, for which one introduces microscopic variables n;
=1 or 0 depending on whether cell i is occupied by an ad-
sorbed gas particle or not. To introduce the dynamics of the
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system is written down a model Hamiltonian

H=Eszni+lvzninj+---. (1)
P2 W
Here E; is a single particle adsorption energy and V is the
two particle interaction between nearest neighbors (ij). Inter-
actions between next-nearest neighbors, etc. and many par-
ticle interactions can be easily added to Eq. (1).

As long as the number of particles in the adsorbate does
not change, which is the case for systems in equilibrium or
diffusion studies, the first term in Eq. (1) is constant and can
be dropped from further consideration. However, if the goal
is the study of the adsorption-desorption kinetics, the number
of particles in the adsorbate changes as a function of time
and a proper identification of E is mandatory. Arguing that
the lattice-gas Hamiltonian should give the same Helmbholtz
free energy as a microscopic Hamiltonian (for noninteracting

particles) one can show that the proper identification is given
by [54]

E, =~ Vo= ~In(qsgum) - é[ln(BVP) “Z)] @)

B
where B=1/kgT; kpz and T are the Boltzmann constant and
the absolute temperature, respectively. V; is the (positive)
depth of the surface potential, g5 is the single particle parti-
tion function of an adsorbed particle, g;,, is the internal par-
tition function for (frustrated) vibrations and rotations of the
adsorbed molecule, P is the pressure in the gas phase above
the surface, and N=h/v2mmkgT is the thermal wavelength of
the adparticle with mass m which partition function for (free)
vibrations and rotations is Z;,,.

A function P(n,7) which gives the probability that a given
microscopic configuration n=(n,n,,...,ny) exists at time ¢
is introduced, where N is the total number of adsorption sites
on the surface. It satisfies a master equation

@ =2 [W(n;n)P(n’;1) - W(n';n)P(n;1)],  (3)

n

where W(n’;n) is the transition probability that the mi-
crostate m changes into n’ per unit time. It satisfies detailed
balance

W(n';n)Py(n) = W(n;n')Py(n’), (4)
where

Py(n) =Z " exp[- BH(n)], (5)

is the equilibrium probability and Z is the partition function
given by

Z=, ¢ P, (6)
{n}

In principle, W(n’;n) must be calculated from a Hamiltonian
that includes, in addition to Eq. (1), coupling terms to the gas
phase and the solid that mediate mass and energy exchange.
However, depending of the system, different expressions for
the transition probabilities can be proposed. In the transition
dynamic approximation (TDA) [46,50], transition rates can-
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not be factorized into one part that depends only on the in-
teraction energy and another that depends only on the field
energy [39] (hard dynamics [40]).

Usually, the procedure introduced by Glauber is followed
and guesses of an appropriate form for W(n';n) are made. It
is further assumed that the duration of an individual transi-
tion, e.g., hopping to a neighboring site, is much shorter than
the residence time in the initial state. In this situation there
will be only one transition at any given time and the total
transition probability can be written as a sum of individual
terms.

In order to analyze the simplest cases, let us consider the
one-dimensional lattice gas with nearest-neighbor interac-
tions where only direct adsorption and desorption processes
are taken into account (no other process is considered).
Therefore, the transition probability can be written as

Woad-des(n’:n) = E wa(1 =n)[Ag+ Ay (g + 1)

+Aoni i ]+ wan Do+ Dy(ni_y +niyy)
+Doni_yni J18(n, 1 = n)Il,;8(n),n;)).
(7)
Here adsorption into site 7 occurs if initially n;=0, with a rate
controlled by prospective neighbors if A; # 0. The Kronecker
delta for sites j#i excludes multiple transitions.

The equation of motion for the coverage can be obtained
by multiplying the master equation by the occupation num-
ber n; and summing over all sites. A similar procedure can be
used for higher correlation functions [10-12,25,29,55]. Here
and elsewhere, some intermediate factorizations and manipu-

lations of correlators are conveniently carried out in diagram-
matic form. For instance, the coverage is defined as

60 =(*)=N"2 2 nP(n:v). (8)
1 n
Similarly,
(0)=N"2 2 (1-n)P(n;t) ©)
l n
gives the probability that a site is empty and

()=(e) = (o) =N"2 2 (1= nnz Pnst)  (10)

is the conditional probability that out of two neighboring
sites one is empty and one is occupied.

After some straightforward calculations the following ex-
pressions for the correlators can be obtained [30]:

do
E = Wﬂ[dis<o ° O> + 2Qids<. ° 0> + des<. ° .>] - wd[Q263<o *

o) + 200 (* 2 °) + QF(* * )], (11)

&)

dt = 2wa[Q111ds<' ° °> + szzdx<. ° .>] - 2wd[chies<. ° O>

+ Q% (o0 9], (12)
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d(eoe
% = w2004+ 0 09+ 204+ 0 ) = Qo0+ %)
(o e N]=w200,(s 0+ o) +2Q) (o0 + )
= Qhs((s e e o)+ (2o o o))], (13)
d<.d; ) = Wa[thlzds<. e 0o} szzds«. o e0)+3(s0 ee))]

_ Wd[szes<° o 00y 4 szes«' o 00y +3(se e o).
(14)

The PDB imposes a set of restrictions on the coefficients A;
and D; [24], which are the following:

waAo=waDoe PEs, (15)

Wo(Ag+ A1) =wy(Do + Dy)e PEHY) (16)
and
WCI(AO + 2A1 + Az) = Wd(DO + 2D1 + Dz)e_B(Es+2v) . (17)

w, and w, cannot be fixed by detailed balance because they
contain the information about the energy exchange with the
solid in the adsorption and desorption processes, which is not
in the static lattice-gas Hamiltonian [24]. However, if one
consider that w,=w,=w,, and by comparison with the phe-
nomenological expression for adsorption one can identify it
as

P\ag
P

wo = So(T) (18)
where S(7) is the temperature-dependent sticking coefficient
at zero coverage and a, is the area of a surface unit cell. It
contains the dynamic information about the energy transfer
from the adsorbing particle to the solid which gives rise to its
temperature dependence, for instance, an exponential Boltz-
mann factor for activated adsorption. It can be calculated
only on the basis of a dynamic theory that accounts for the
coupling of the adparticles to the vibrational and electronic
degrees of freedom of the substrate and must be postulated
ad hoc within the context of the kinetic lattice-gas model.

The long-range interaction introduces similar constraints
on the other coefficients. Each of such constraint introduces
two new coefficients. However, detailed balance provides
only half the number of relations to fix these unknown coef-
ficients in the transition probabilities. Again, the static
(lattice-gas) Hamiltonian cannot completely dictate the kind
of kinetics possible in the system. As it is pointed out in
Refs. [17,21,24], any functional relation between the A and
D coefficients must be postulated ad hoc or calculated from
a microscopic Hamiltonian that accounts for coupling of the
adsorbate to the lattice or electronic degrees of freedom of
the substrate.

In order to get new conditions on the coefficients, note
that <ooo>’ <ooo>, <ooo>’ <ooo>, <ooo>’ and <ooo>, as well as <o
000>’ <.OO.>’ <.0..>’ <.0.0>, <.. .0>’ <.. ..>’ and <..OO> are
mutually exclusive conditional probabilities that lie between
0 and 1. Besides that, those quantities that multiply the con-
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ditional probabilities in Eqs. (11)—(14) should be interpreted
as rates and must be non-negative. After some calculations
one can obtain the following relations [30]

Qoas =A0 =0, (19)
0hgy=(Ag+A) =0, (20)
Q% =(Ag+24,+A) =0, (21)
0%,,=Dy=0, (22)
Qles=(Dg+ D)) =0, (23)
and
Q2,.=(Dy+2D, + D,) = 0. (24)

These inequalities must be fulfilled in addition to the PDB in
order for the dynamic yield correct results.

II1. DESCRIPTION OF THE OBSERVABLES
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ben-Avraham and Kohler in Ref. [56] considered a mean-
field (n,m)-cluster approximation for different lattice mod-
els. The simplest closure approximation is the Kirkwood ap-
proximation in which all higher correlation functions are
expressed in terms of two-body correlation functions. There-
fore, in equilibrium the equations of motion for the coverage
and the two-site nearest-neighbor correlation function are re-
tained. On two-dimensional lattices the two-site closure
yields the quasichemical approximation which is exact on a
one-dimensional lattice. However, away from equilibrium
this closure scheme no longer holds exactly.

A. Adsorption isotherms

To obtain the exact expression for the adsorption isotherm
and two-body correlation function, after using a closure
scheme, Egs. (I1) and (12) must be set equal to zero
[25,30,55]. These expressions depend on the adsorption and
desorption coefficients. However, when both the principle of
detail balance as the relations given in Eqgs. (19)—(24) are
fulfilled, the expression for the chemical potential is given by

P20V = 1)(e0) + (P = 1))

. . S et (25)
In this section the observables, such as adsorption iso- o(1 - 0)
therms, sticking coefficients, and (TPD) spectra, are de- .
scribed. The general trend for each of them is discussed. To or equivalently
make that the set of coupled equations of motion for corre- a—-1+26
lation functions be the basis of an analytic theory of surface P = 1—206[3 Y, (26)
processes, the hierarchy must be truncated. Several works atli-
have been written about closure approximations, particularly and the two-body correlation function is
|
(oo} = (€PV=2)0-ePV(1 - 0) + VBV + ePY(1 - 0)(PV(1 - 36) + 40) @
- 20V - 1)
|
or based on experimental evidence for a particular system or
some simple arguments.
(s0) = 0{1 _zﬂ}’ (28) In order to calculate the normalized sticking coefficient
l+a the following definition is used [18]:
with
, S(0,T) =Ag() +2A,(e0) + Ay{e o *). (30)
a=\1-46(1-60)(1-e""). (29)

These equations represent the functional relation among the
coverage, two-site correlation function, and the chemical po-
tential provided that the detailed balance principle and Eqs.
(19)—(24) are fulfilled.

B. Sticking coefficient

The sticking coefficient is a measure of the efficiency of
the energy transfer in the adsorption and desorption pro-
cesses. Therefore, it cannot be obtained from thermodynamic
arguments but it must be either calculated from a micro-
scopic theory or postulated in a phenomenological approach

For a system in which surface diffusion is much faster
than adsorption, the adsorbate remains in quasiequilibrium
during adsorption so that the equilibrium expressions and
properties of the correlators can be used [55]. Also, a (2,1)-
cluster approximation is used to factorize the three-site cor-
relators in Eq. (30). In this context, the expressions for these
correlators are the following:

(s00)= (31)

and
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_20(1—0)
T lta

(*°) (32)

Next, the sticking coefficient is calculated in the limits of
null, large attractive, and large repulsive interactions.

(i) For null interaction, V=0, the particle-hole correlator
is exactly given by (e0)=0(1-6) and similarly (soe)=6*(1
—6). Then, the normalized sticking coefficient can be written
as

i =1=0

S(6,T) (
5(0,7)

A A
1+2—‘0+—2¢92>. (33)
Ao Ao
(ii) For large attraction, BV <0, the expression for the nor-
malized sticking coefficient must be written as

S(6,7) Ay, A ()
—=(1-0)+2— >+A0—(1—0)‘

S(0,7) Ao (34)

Due to the fact that the particle-hole correlator tends to zero
as ePV'? increases, the limits in the second and third terms in
the rhs of Eq. (34) must be considered for each dynamic
scheme in particular.

(iii) For large repulsion, BV>0, one can expand the
particle-hole correlator in power series of the factor
(1-e#Y) to the first order, distinguishing two cases: for
0<<0.5,

eo 6 0
o) [1 - e-ﬁv], (35)
(e) (=0 (1-20)
then, the normalized sticking coefficient can be written as
S(0,T A A F
SOD) _(_gertigte O (36)
S(0,7) Ay Ag(1-10)
while for 6>0.5,
(=) ( -1 )
=1-|——]e*, 37
(o) 20-1)° G37)
then, the normalized sticking coefficient is given by
S, T A A
u=(1—6v)(1+2—1+—2>. (38)
S(0,7) Ay Ay

As for the attractive case, the limits are calculate to take into
account each dynamic scheme in detail. In all the former
cases, S(0,7)=A, is assumed [30].

C. Thermal desorption spectra

To analyze the desorption process it is necessary to go
beyond the two-site closure scheme. It is well known [55]
that a (3,2)-cluster approximation is enough to obtain the
exact solution of the TPD spectra in absence of diffusion. All
higher-order correlation functions will be factorized in terms
of three-site correlation functions in the numerator with two-
site overlap. After that, the TPD spectra are obtained from
the solution for the first four correlations [Egs. (11)—(14)]
where the adsorption terms are neglected [25,55,57].

Although the diffusion process is not taken into account in
the present work, it is well established that, for very fast
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diffusion, the desorption kinetic are known exactly because
the adsorbate remains in quasiequilibrium throughout de-
sorption. In this way, the desorption rate is given by [58]

270

9O __ s, T)as%exp[ﬂ(e, TVksT).  (39)
dt h

The TPD spectrum resulting from this phenomenological
equation and the spectrum obtained from the solution of the
kinetic equations with the inclusion of the diffusion terms in
the limit of high mobility are in complete agreement [25,55].
Then, the phenomenological equation [Eq. (39)] is more
practical in order to obtain mobile TPD spectra.

In all TPD spectra the desorption is considered as an ac-
tivated process, where the activation energy is 10 kcal/mol,
the pre-exponential factor is 10'3 s~ and the initial coverage
is 6y=0.95. In the last equation m=40 u.m.a and a,
=10 A2 is considered.

In what follows the different dynamic schemes are intro-
duced and a detailed analysis of the consequences on the
adsorption isotherms, sticking coefficients, and TPD curves
will be done.

IV. DYNAMIC SCHEMES AND THE BEHAVIOR
OF THE OBSERVABLES

In this section, different dynamic schemes are introduced
by means of defining the transition probabilities. Then, the
adsorption (A;) and desorption (D;) coefficients are obtained
and used to calculate the adsorption isotherms, the sticking
coefficients, and the TPD spectra.

As it pointed out in the introduction, two different dy-
namic schemes can be distinguished. The first one corre-
sponds to those models with hard dynamics in which the
single-site transition rates cannot be factorized into one part
that depends only on the interaction energy and another that
depends only on the field energy. The second corresponds to
those models with soft dynamics, for which this factorization
is possible.

In what follows we introduce the different schemes for a
one-dimensional lattice gas with nearest-neighbor lateral in-
teraction. The behavior of the observables is also obtained
for each dynamic scheme. In particular, in case of the nor-
malized sticking coefficient, the limits for large lateral inter-
action (attractive and repulsive) are calculated.

A. Ising kinetics (hard dynamics)

The Ising kinetics has been discussed, in the framework
of the two-dimensional KLGM by Kreuzer and Zhang [21]
and is used in most papers that deal with surfaces in the spin
language [59-62]. Originally, the authors have introduced
the following relations between the coefficients instead of
the transition probabilities;

AO = 1 N (40)

Ai = 'yDl', (4 1)
with i=1,2. The last relations together with PDB lead to
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FIG. 1. Normalized sticking coefficient for Ising kinetics with
y=-1 and different values of the lateral interaction. Top to bottom:
BV=-4,-2,-1,0,1,2,4,20.

Dy = ePEs, (42)
D, =D0( Gt >7 (43)
1 — yDyeP?
PV — 1
D, = D()(W) -2D,. (44)

These relations are equivalent to the following transition
probabilities:

) — yePEs
N bl il 45)
ads 1- ,yeB(ES+zV)
and
. 1- 76'853
Wieo= gz o’ (46)

The last two equations must be positive according to Eqs.
(19)—(24). Therefore, y<<0 for any value of lateral interac-
tions. When >0, the adsorption isotherms present an
anomalous behavior.

The normalized sticking coefficient for the Ising kinetics
is shown in Fig. 1. As is observed, the sticking coefficient
grows with the increasing attractive lateral interaction. This
is because for large values of attractive interaction, BV <0,
both terms, [A(*°)/A] and [A,({*))?/(Ao(1—-6))] diverge as
eBV2 and ¢7P" increase. As expected, all the curves drop to
zero at monolayer coverage [see Eq. (30)].

For large repulsive lateral interaction and for coverage
6<<1/2, the normalized sticking coefficient is given by

SOy _3pe T (47)
S(0,7) (1-9
This occurs because [A(*°)/A,]——6, while [A,((*°))?/
(Ag(1-6))]— 6*/(1-6), when BV>0.

Note that §(6,7)/S(0,T) does not depend on y. However,
for coverage 6>1/2, the term A;/Ay—0, while the term
Ayl Ag—{v0(1-0)/[(26-1)>=y6(1-6)]} [to calculate those
limits it is necessary to considered that e PEs—e2fY(20
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FIG. 2. Thermal desorption spectra using Ising kinetics with y
=-1 for different lateral interactions: (a) attractive case: left to
right, mobile (line) V(kcal/mol)=-2,-4 and immobile (dash)
V(kcal/mol)==2,-4; (b) repulsive case: left to right, mobile (line)
V(kcal/mol)=4,2, and immobile (dash) V(kcal/mol)=4,2. The
case of null interaction is also included in both figures.

—1)2/6(1-6) for large attraction, BV>0, see Eq. (25)].
Then, the expression for the normalized sticking coefficient
is given by
S(6.1)  (1-6)(26-1)°
S(0,7) (20-1)*=y0(1-6)

(48)

The effect of y on the sticking coefficient can be analyzed as
follows: for y— —cc, the term A,/Ay— —1. Therefore, the
sticking coefficient S(6,7)/S(0,T) — 0; while for y— 0, the
term A,/Ayp— 0 and consequently the sticking coefficient
S(6,7)/S(0,T)—(1-0).

The immobile and mobile TPD spectra, for both attractive
and repulsive lateral interactions, are shown in Figs. 2(a) and
2(b), respectively. In the first case, the temperature of the
peak corresponding to the mobile TPD is lower than the
temperature of the peak corresponding to the immobile TPD,
considering the same lateral interaction. For repulsive lateral
interactions, the TPD curves for immobile adsorbate present
the three characteristic peaks. The low-temperature peak cor-
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initial transition  final
state state state

FIG. 3. Schematic picture of the transition barrier in the sym-
metric Butler-Volmer approximation, used to calculate the TDA and
OSD transition rates. After Ref. [46].

responds to desorption of particles which have two neigh-
bors, the middle peak is due to desorption of those particles
that have one neighbor, and the last peak corresponds to
desorption of isolated particles. On the other hand, mobile
TPD curves present only two peaks. The middle peak disap-
pears due to the redistribution of the particles. In both fig-
ures, the case V=0 is included.

Note that, in Ref. [21], the authors analyzed a two-
dimensional square lattice with nearest-neighbor interac-
tions. They have used a Kirkwood closure scheme to truncate
the rate equations systems. Under these conditions, for very
large attractive interactions, the sticking coefficient increases
very strongly with coverage. On the other hand, desorption is
trivially first order throughout the coverage regime. They
have concluded that very few, if any, physical systems show
such behavior. However, for one-dimensional system, where
exact solution is possible, the Ising kinetics does not present
such anomalous behavior provided that the restrictions on y
are fulfilled.

B. Two-steps transition dynamic approximation
(hard dynamics)

The two-step TDA [50-52] has been introduced to explain
the anomalous diffusion anisotropy of H adatoms on a
W(110) surface and to study the microscopic structure and
the stationary propagation velocity of (1+1)-dimensional
solid-on-solid interfaces in an Ising lattice-gas model [39]. In
the TDA scheme the transition probability is defined by

1 1
Wipa = ( Tt gB(ET—Ef)>< 1+ eﬁ(Ef—ET)) ) (49)

with the condition that

E/+E;
Er=—L—4u. (50)
2

U determines the energy barrier between the two states (see
Fig. 3). From the last two equations it is possible to obtain
the expression for the transition probabilities for the adsorp-
tion process as
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; 1 1
ads = ( 1+ eﬁ[(ES+iV)/2+U])< 1+ eﬂ[(ESH'V)/Z—U])’ (51)

while for the desorption process is

. 1 1
Wies = ( 1+ e—ﬁ[(ES+iV)/2+U])< 1+ e—ﬁ[(ES+iV)/2—U]>' (52)

The expressions for the adsorption and desorption coeffi-
cients are given by

| 1 1 E o
17| 1 4 oBLEs+iVI2+U] 1 + ePlESs+V)/2-U] j=0] j-1

(53)
and
1 ! i
D;= - i h Djr-
{ | 1 o AlEs +,V)/2+U]}{ 1+ e—B[(ES+zV)/2—U]} EOJ Jj-1
(54)
respectively.

The normalized sticking coefficient for the TDA is shown
in Fig. 4. For a fixed value of the transition state energy U,
the behavior of S(6,7)/S(0,T) can be explained as follows.
As the lateral interaction increases, the normalized sticking
coefficient increases monotonically in the range, 0<<0<1,
dropping to zero at monolayer. This occurs because the ratios
A,/A and A,/ A, diverge for large attraction (8V<<0).

For large repulsive lateral interactions (8V>0) and cov-
erage #<<1/2, one obtain the following limits A;/Aj——1
and A,/Ay— 1 (this is because (**)—0). Then, the sticking
coefficient is given by Eq. (47).

For 6>1/2,A;/Ay—0 and the expression for the normal-
ized sticking coefficient is given by

S(6.7) (1-6(260-1)>
SO,7)  [260-1+ePU a1 - 0)][20-1+eP\o(1 - 0)]
(55)

The TPD spectra for the TDA scheme are similar to the
Ising kinetics. This behavior is valid provided that U<V.
However, for U>V, the TPD spectra for mobile adsorbate
present a different behavior with respect to the corresponding
to immobile adsorbate. In fact, in Eq. (49) the main contri-
bution to the transition probabilities is due to U. Particularly,
for repulsive lateral interaction the immobile TPD curves
have only two peaks instead of three, as is observed in Fig. 5.

C. Standard Glauber dynamics (hard dynamics)

This dynamic scheme is one of the most well known and
widely used; there are several cases that can be cited, for
instance, very recently it has been implemented to analyze
the distribution of gold and palladium atoms on Au/Pd(111)
alloys [63]. The approach to equilibrium is ensured by a
single-spin-flip (nonconservative) dynamics which satisfies
detailed balance, such as the Metropolis or Glauber algo-
rithms [19,20,53]. Any such algorithm applied to adsorption-
desorption processes is defined by the following transition
probabilities:
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FIG. 4. Normalized sticking coefficient for TDA with different
values of parameter U. (a) Attractive (8V=-4) and (b) repulsive
(BV=4) lateral interactions. In both figures, BU=0,2,4,10 from
top to bottom at #=0.6. The sticking coefficient for V=0 (dash) is
also included.

; 1
Weas = ( 1+ e,B(ES+iV)> (56)
and

; 1
Wdes = ( 1+ e—,B(ES+i )) . (57)

The corresponding adsorption and desorption coefficients are
given by

| o
Ao rrgmm) e

and

1 -
b= ) "o

respectively.

The adsorption isotherms, the sticking coefficients and
TPD spectra calculated with the standard Glauber dynamics
present the same behavior that the corresponding to the Ising

PHYSICAL REVIEW E 80, 051112 (2009)
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FIG. 5. Mobile (line) and immobile (dash) TPD spectra using
TDA for repulsive lateral interaction, V=2 kcal/mol and two dif-
ferent values of parameter U: U<?2 kcal/mol (left) and U
=20 kcal/mol (right).

kinetics with y=—1. In particular, the ratio between the ad-
sorption coefficients A;/A, and A,/Ag in both schemes are
the same.

D. Interaction Kinetics (soft dynamics)

This scheme was introduced by Payne and Kreuzer
[17,18,21,24]. Tt is based on the following relation between
the adsorption and desorption coefficients:

A.

L

D (60)
R

Ao "Dy

where vy is a proportionality coefficient and Aj=1. The PDB
imposes that

PV -1
D,:D()(m), (61)
D2=DQ<EZBV—_21) —-2D, (62)
1 — ye?hV
and
Dy = ePEs. (63)

These relations are equivalent to the following transition
probabilities:

- (1-7y)
W= Y (64)
BT e PV~ y)
and
; (1-7y)
W, = ePEs————. 65
des e (e—ﬁ;v_ y) ( )

According to the discussion given by Manzi er al. [30] it is
easy to see that Egs. (19)—(24) impose new restrictions on
the A; and D; coefficients. Considering these additional re-
strictions certain values of vy are not allowed. These forbid-
den values depend on the lateral interaction V and they are
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FIG. 6. Normalized sticking coefficients for interaction kinetics
with y=-1 and different values of the lateral interaction.

shown in a phase diagram [Fig. 1(a)] in Ref. [30].

The adsorption isotherms calculated for those values of y
and V belonging to region I are well-behaved. For those val-
ues of y out of this region, the adsorption isotherms have
kinks at nonzero temperatures. Since the adsorption iso-
therms are equilibrium properties, this would indicate that
this dynamics, as well as Ising kinetics, do not satisfy the
principle of detailed balance. However, as it is pointed out in
Ref. [30], the PDB is not enough to guarantee the correct
behavior of the equilibrium and nonequilibrium quantities,
and additional constrains are necessary. In particular for
those values of y belonging to the forbidden region, the re-
lations given in Egs. (19)—(24) are not fulfilled and conse-
quently the behavior of the observables will be anomalous.

In Fig. 6, the normalized sticking coefficient is shown as a
function of the surface coverage with y=-1. As it is ob-
served, for repulsive lateral interactions, V>0, the curves are
below (1 - 6). This behavior is well discussed in the literature
[3,14,18,17,21,24]. Particularly, Kreuzer in Ref. [18] ana-
lyzed, in the framework of the interaction kinetics, the cov-
erage and temperature dependence of the sticking coefficient
in the presence of intrinsic and extrinsic precursor states with
different lateral interactions.

Note that when BV>0, the ratios A;/Ay——1 and
A,/Ay— 1, independently of y. Therefore, for §<<1/2, the
sticking coefficient is given by Eq. (47), while for 6>1/2,
S(0,7T)/5(0,T)—0. However, the main feature appears for
attractive lateral interactions (V<<0). In this case, the stick-
ing coefficient increases reaching a limit value, and then di-
minishes until reaching the limit (1-6). Up to now, this re-
sult has not been discussed in the literature. To explain this
behavior, note that when BV <0, (*¢)— 0 [see Eq. (27) or
Eq. (28)], A;/Ay— —v and A,/A,— . Consequently, the last
two terms in rhs of Eq. (34) vanish and the normalized stick-
ing coefficient goes to (1—#6), which coincides with the one
corresponding to V=0.

The TPD spectra are analyzed in what follows. For attrac-
tive lateral interactions the behavior is similar to the Ising
kinetics. However, for repulsive lateral interactions, the be-
havior of the immobile and mobile TPD curves are certainly
anomalous for finite values of vy (see Fig. 7). The tempera-
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FIG. 7. Thermal desorption spectra using interaction kinetics
with y=-1 for repulsive lateral interaction. V=0 (dot), immobile
(dash) TPD spectra V=3 kcal/mol and mobile (solid) TPD spectra
V=3, 10 kcal/mol.

ture separation of the two peaks, corresponding to the mobile
TPD, does not depend on the lateral interaction. On the other
hand the three peaks in the immobile TPD can be obtained
only in the limit y—0.

E. Transition state theory (soft dynamics)

The transition state theory (TST) provides a way to obtain
the constant rates of the involved processes through the
knowledge of the appropriate kinetic  equation
[14,30,64—69]. The expressions for the transition probabili-
ties in the framework of the TST are [30] the following:

Wiy = e PES ) (66)
and
sz = e,e(ES/z-(ej-e,))_ (67)

Then, the corresponding adsorption and desorption coeffi-
cients are given by

Ag= e—B(ES/2+53)’ (68)

A, = e PES2(eBel — gBey), (69)

A, = e‘BES/z(e_'BEZ —2ePe 4 e‘B%) , (70)
Dy= eB[ES/Z—(ES—EO)]’ (71)

D, = eﬁES/z(e—B(eT—e]) _ e—ﬁ(%—eo)) (72)

and
D, = ePES2 (e Plera) _peBleimea) 4 p-Blera))  (73)

where ¢; and €, are the lateral interactions (with i neighbors)
in the initial (ground) and activated (transition) states. These
interactions can be calculated using density functional theory
(DFT) [70-78].
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FIG. 8. Normalized sticking coefficients for TST with Bronsted-
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The PDB imposes that
€=iV. (74)

In many cases, TST can be combined with the Bronsted-
Polanyi-type relations between the lateral interactions in the
ground and activated states [79], for instance:
1%

€ . 75
=3 (75)
Then, one can obtain the following expressions for the A and
D coefficients:

A;=exp[- BE,/2](exp[- BV/2] - 1)’ (76)
and
D; =exp[ BE/2](exp[ BV/2] - 1)}, (77)

with i=0,1,2 for the one-dimensional case.

A detailed analysis of the sticking coefficient for the TST
is given in Ref. [30]. In Fig. 8, the sticking coefficient for the
TST is shown (combined with the Bronsted-Polanyi-type re-
lations). As it is observed, for large repulsive interactions, the
sticking coefficient behaves as in the interaction kinetics.
However, for attractive lateral interactions, the sticking coef-
ficient increases monotonically for large lateral interactions.
This is because the ratios A;/Ay— > and A,/Ay— % when
BV<0.

Due to the fact that TST does not impose any restriction
on the value and sign of the lateral interaction in both, the
ground and activated states, several scenarios can be ob-
tained for the desorption processes. It is well known that the
immobile TPD for high initial coverages present three peaks
[80,81]. However, the presence of three peaks in the TPD
curves for immobile particles is not caused only by repulsive
lateral interactions. In fact, a TPD curve with three peaks can
be obtained with €; <0 and <0, while the sticking coeffi-
cient for these interactions is higher than the Langmuir’s
sticking coefficient. On the other hand, a TPD spectra with
only one peak for repulsive lateral interactions, with a peak
temperature higher than for the noninteracting case can be
obtained [30].
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FIG. 9. Thermal desorption spectra using TST for attractive lat-
eral interaction V=2 kcal/mol and different values of the lateral
interaction in activated state. The case V=0 (dot) is also included.
Immobile (dash) TPD spectra: left to right eT:V,V/Z,O; and mo-
bile (solid) TPD spectra: left to right €=V, V/2,0. Here €,=2¢ is
considered

Another particularity of the TST spectra is that both the
mobile and immobile TPD curves shift to lower temperatures
as soon as € — € for a fixed value of attractive lateral inter-
action, V<<0. This effect can be explained by considering the
desorption probability, where the activated state lateral inter-
action shields the effect of the lateral interaction, V. On the
other hand, the peak of the TPD curve, corresponding to the
immobile adsorbate, moves from higher to lower tempera-
tures with respect to the mobile adsorbate, as it is observed
in Fig. 9.

F. Soft Glauber dynamics (soft dynamics)

In the soft Glauber dynamics the adsorption and desorp-
tion probabilities are defined as

o (i m i)
W = - 78
W\ 4 e PEs )\ 14 PV 78
and
) ePEs ePv
Wdesz 1+€'BES 1+€Biv ’ (79)
respectively. The corresponding adsorption coefficients are
the following:
A ! 80
(U 1+eBES > ( )
BV
—e
Ay (81)

T (1+¢PEs)(1 + eFY)’
and
26PV — P2V 4 PV

A, = .
27 (1 +€PE)(1 + P2)(1 + €P)

(82)

Similarly for the desorption coefficients,
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FIG. 11. Immobile (dash) and mobile (solid) thermal desorption
spectra using soft Glauber dynamics for repulsive and non-
interacting lateral interaction. Left to right V(kcal/mol)=10,1,0.

1 _ LBEg2+iV)

Dy (H—BE> (83) Di= e 59

¢ for i=0,1,2. This is equivalent to consider the followin
q g

transition probabilities:
_ BV
D, = L) (15 e P’ (84) i = e PES(] 4 oYY (89)
and and
20-BY _ B2 4 o~B3V W= ePES2(1 + PY) (90)
D,= (85)

(14 e BEY1 +e PV (1 + 7B

The normalized sticking coefficient for the soft Glauber dy-
namics is shown in Fig. 10. For attractive lateral interactions,
the sticking coefficient presents an upper limit given by
S(0,7)/S(0,T)=(1-6). This is because, A;/A;—0 and
A,/Ap—0 when BV <0.

For large repulsion (8V>0) and <1/2,A,/Ay— -1 and
A,/Ay—1, then the normalized sticking coefficient is given
by Eq. (47), while for #>1/2, . Note that, for V=0, the
ratios are A;/Ay=-1/2 and A,/Ay=1/2, consequently the
corresponding sticking curve is given by

S(6,7) 3 1
— L1 -20+ =6 - -F. (86) !
S(0,7) 2 2
. . . Growing attracti
The TPD spectra for attractive lateral interactions do not , lar; ‘;;lln ign;rziig;e
present any particularity. However, they do for null and re-
pulsive lateral interactions. These spectra are shown in Fig. =
11. As it is observed for V>0, the mobile and immobile TPD N
curves present almost the same behavior even for large re- g .
pulsion. On the other hand, for null interaction, the mobile H
. . . )
and immobile TPD curves do not coincide. S o= -
1 ez S~
~ - -
G. Inverse relation (soft dynamics) Growing repulsive RS
. . lateral interaction S
Other example of symmetric relation between the adsorp- 00 T o, " T

tion and desorption coefficients is introduced by considering

the following relations:
A= e BEs/2+iV) (87)

and

The normalized sticking coefficients versus coverage are
shown in Fig. 12. As it is observed, the normalized sticking
coefficient tends to the limit curve (1 - 6), for large repulsion.
In fact, when BV>0, the ratios A;/Ay,—0 and A,/A,—0.
Note that, for V=0 the ratios are A;/Ay=1 and A,/Ay,=1.
Therefore, the corresponding sticking curve is given by

S(6,7)

——=1+0-6-¢.

$(0,7) O

On the other hand, for attractive lateral interactions (V<0)
the sticking coefficient presents the usual behavior, growing

T T T T
0.4 9 0.6 0.8 1.0

FIG. 12. Normalized sticking coefficient for Inverse relation
where different values of lateral interaction are considered. The
sticking coefficient for V=0 (dash) is also included.
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FIG. 13. Thermal desorption spectra using inverse relation for
different values of the attractive and null lateral interaction. Immo-
bile (dash) TPD spectra: left to right V(kcal/mol)=0,-2,-6; and
mobile (solid) TPD spectra: left to right V(kcal/mol)=0,-2,-6.

with increasing interaction. For large attraction, SV <0, both
A /Ay and A,/A, diverge. Then, the sticking coefficient in-
creases monotonically in the range 0 << 6<1.

In this case, the behavior of the TPD spectra for repulsive
lateral interaction is similar to the Ising kinetics. However,
for attractive lateral interactions, the behavior of the mobile
and immobile TPD spectra is different from the cases ana-
lyzed above. In fact, the shifting of the peaks as a function of
lateral interactions is smaller for the immobile TPD spectra,
compared to the mobile case. Moreover, for null interaction,
the mobile TPD spectra do not coincide with the immobile
(see Fig. 13).

H. One-step dynamics (soft dynamics)

In the one-step dynamics (OSD) [48,49] the expressions
for the transition probabilities of the adsorption and desorp-
tion processes are given by

szds - e—BUe—ﬁ(ESH'V)/Z (92)
and
Wi{es — e—BUeB(ES+iV)/2, (93)

respectively. The parameter U has the same meaning that in
TDA. After some algebra, the following expressions for the
adsorption and desorption coefficients can be obtained:

A= e PY exp[- BE,/2], (94)

A, = e PU exp[— BE,/2](exp[- BV/2] - 1), (95)
A, =ePY exp[— BE/2](exp[- BVI2] - 1)},  (96)
Do =ePY exp[BE,/2], (97)

D, = e PV exp[ BE/2](exp[ BV/2] - 1), (98)

and
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FIG. 14. Thermal desorption spectra using OSD for different
values of the parameter U. (a) attractive V=-2 kcal/mol lateral
interaction, immobile (dash) and mobile (solid) TPD spectra: left to
right U(kcal/mol)=10,5,2,0; (b) repulsive V=2 kcal/mol lateral
interaction, immobile (dash) and mobile (solid) TPD spectra:
U(kcal/mol)=0 (left), 10 (right). In both figures V=0 (dot) is also
included.

D, =e PV exp[ BE,/2](exp[ BV/2] - 1)2. (99)

The OSD can be reduced to the Bronsted-Polanyi-type TST
dynamics setting U=0.

The sticking coefficient for the OSD behaves similar to
the one corresponding to the TST. It is easy to verify that the
sticking coefficient does not depend on U.

One of the main features observed in the OSD is the in-
fluence of the transition state energy U on the TPD spectra.
In fact, for attractive lateral interactions, the TPD curves
move to lower temperatures with respect to the noninteract-
ing desorption curve for increasing values of U (see, Fig.
14). On the contrary, for repulsive lateral interaction, the
TPD curves shift to higher temperatures than the ones corre-
sponding to the noninteracting curve. Moreover, in the last
case, the middle peak of the TPD curve disappears for in-
creasing values of U.

V. SUMMARY AND CONCLUSION

The aim of this work is the study of the influence of the
dynamic scheme in the adsorption-desorption kinetics. The
analytical treatment has been done in a one-dimensional sys-
tem, mainly due to two reasons. The first one is the avail-
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ability of the exact solutions for the coverage and two-site
correlation function (which is not possible in higher dimen-
sions). The second one, is the presence of phase transitions in
two and higher dimensions. This could mask the possible
anomalous behaviors in the observables, which is precisely
the objective of the present investigation.

A complete kinetic description should contemplate certain
coherence in the behavior of the observables.

Since adsorption isotherms are equilibrium properties, all
dynamic schemes (hard and soft) give the same results. How-
ever, for interaction kinetics and Ising kinetics, restrictions
on the lateral interaction and the parameter y have been
found. Out of the range of validity, the adsorption isotherms
have shown kinks at nonzero temperatures for both dynamic
schemes. Certainly, this behavior has no physical meaning in
one-dimensional systems with short-range interactions.

The normalized sticking coefficient is calculated for all
dynamic schemes. The limits for large interactions (attractive
and repulsive), as well as for V=0, are exactly obtained in
several cases.

The hard dynamic schemes, Glauber, Ising, and TDA
(provided that V and U are of the same magnitude) give a
well-behaved normalized sticking coefficient. In other word,
it increases with attractive lateral interactions and drops to
zero at monolayer coverage, while for repulsive lateral inter-
actions it decreases below the line 1— 6, which corresponds
to null interaction. The only difference between Ising and
TDA occurs for repulsive lateral interactions and 6>1/2,
where for Ising kinetics the sticking coefficient is not null,
while for TDA it can be null for higher values of U.

In the soft dynamic schemes, with the exception of the
TST and OSD, the normalized sticking coefficient is not well
behaved. In fact, for the interaction kinetics the sticking co-
efficient increases reaching a limiting value and then dimin-
ishes until reaching the limit (1-6). On the other hand, for
the inverse relation and soft Glauber dynamics the normal-
ized sticking coefficient for null interaction, V=0, does not
correspond to 1—6. In fact, a large repulsion gives this limit
in the interaction kinetics scheme, while a large attraction is
necessary to reach this limit in the soft Glauber dynamics
scheme.

In order to compare both desorption regimens, the immo-
bile TPD spectra are exactly calculated using a (3,2) cluster
approximation, while the mobile TPD spectra are obtained

PHYSICAL REVIEW E 80, 051112 (2009)

by using the phenomenological equation [Eq. (39)] which is
valid for very fast diffusion.

The hard dynamic schemes give a well-behaved desorp-
tion spectra, namely, starting from high enough initial cover-
age and repulsive lateral interactions the TPD curves for im-
mobile adsorbate must present the characteristic three peaks,
while the mobile TPD must present two peaks. On the other
hand, for attractive lateral interactions the TPD spectra
present only one peak that shifts to higher temperatures with
increasing interactions.

In the case of Ising kinetics, the only restriction is im-
posed on the free parameter. The standard Glauber dynamic
is a particular case of the Ising kinetics. On the other hand, in
the TDA the energy barrier between the final and initial
states cannot take an arbitrary value.

On the contrary, the soft dynamic schemes present several
problems. The exceptions are the TST and the OSD. How-
ever, in the first one, the lateral interaction of the activated
states must be carefully chosen, according to the lateral in-
teraction in the ground states. For the OSD, the restriction is
similar to the TDA.

For example, for the hard dynamic schemes with attrac-
tive lateral interaction the peak of the mobile TPD occurs at
lower temperatures than for the immobile TPD, while for the
soft dynamic schemes, this behavior is not observed in all the
cases. In fact, this effect is the opposite for the OSD, while
for the TST it depends on the relation between the values of
€ and €.

Then, it can be concluded that the principle of detailed
balance is a necessary but not sufficient condition to guaran-
tee the consistency in the kinetics. As it is demonstrated in
this work, the hard dynamic schemes and the transition state
theory show a good consistency between the three observ-
ables, while most of the soft dynamic schemes present sev-
eral problems, some of which can be considered as anoma-
lous behaviors.

Finally, this paper can be used as a guide to define a
realistic kinetic Monte Carlo algorithm, where the large ki-
netic and structural effects can arise from seemingly minor
modifications of the transition rates.
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