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Information on lattice-gas models of the following surface phenomena is compiled in this
review: phase diagrams; effect of adsorption on surface reconstruction; and, kinetics of
elementary physical-chemical surface processes, including thermodesorption spectra,
isothermal kinetics, and surface diffusion.
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1. INTRODUCTION

Surface science has now been intensively studied for
many decades. This is attributable primarily to the fact that
surface phenomena play an important role in different appli-
cations, ranging from microelectronics to multiton chemical
production processes, most of which are based on heterogen-
eous catalysis. The study of surface phenomena is also of
great interest from the standpoint of academic science, since
it is a multidisciplinary field and there are many interesting
unsolved problems here.

Surface science received a new impetus in the last 15
years, when single-crystal samples became comparatively
widely accessible and diverse physical methods for studying
surfaces were developed. The reproducibility and informa-
tiveness of the results obtained with single-crystal samples
using modern physical methods for studying surfaces stimu-
lated the development of the theory of surface phenomena.

In the case of chemisorption of atoms and simple mole-
cules on close-packed faces of single crystals, the assumption
of surface uniformity is often justified, i.e., it may be as-
sumed that the adsorbed particles are distributed amongst
equivalent unit cells. The nonideality of the adsorbed layer
in this case is due to the lateral interactions between ad-
sorbed particles. In statistical physics a system of interacting
particles distributed among equivalent unit cells is called a
lattice gas. It turns out that many phenomena occurring on
the surfaces of solids (phase diagrams, kinetics of different
processes) can be described on the basis of the lattice-gas
model. This explains the increased interest shown in recent
years in the two-dimensional lattice-gas model—one of the
classical models of statistical physics.

Reviews of the application of the lattice-gas model to

the description of phase diagrams of chemisorbed particles
have already been published by now '"5 (only the adsorption-
induced reconstruction of the surface is omitted in these re-
views ). The discussion of phase diagrams in this review is
therefore brief (we note, however, that we include an exten-
sive bibliography; in particular, there are many references to
papers which were not mentioned in Refs. 1-5).

A detailed analysis of papers in which the lattice-gas
model is used to analyze the kinetics of surface phenomena
has not yet been published. We shall therefore devote our
primary attention precisely to kinetic phenomena.

Our goal is to describe as completely as possible the
theoretical work. The formal theoretical results can be used
to describe both chemical and physical adsorption. In illus-
trating the applications of the theory we present typical ex-
amples of the application of the model to the description of
chemisorption on metals.21 This restriction is determined
partly by our own interests and partly by the fact that at the
present time it is precisely in this area that the most intensive
experimental work is being done. We remind those readers
who are not specializing in surface science that physically
adsorbed particles are particles whose surface binding ener-
gy is less than 10 kcal/mole. The surface binding energy of
chemisorbed particles, as a rule, exceeds 20 kcal/mole.

2. PHASE DIAGRAMS

Information about phase diagrams of adsorbed parti-
cles is of great interest from the general physical standpoint.
Indeed, the detailed experimental and theoretical study of
phase transitions (in particular, two-dimensional phase
transitions) is one of the fundamental physical problems in
which interest has remained undiminished for several de-
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cades. In addition, phase diagrams are of great interest from
the standpoint of the kinetics of surface processes. We call
attention to three facts. First, at temperatures below the
critical temperature, when ordered phases are formed on the
surface, the kinetics of different surface phenomena obvious-
ly cannot be described by simple equations which do not take
into account the ordering of the molecules. Second, informa-
tion about phase diagrams enables the evaluation of the scale
of the lateral interactions between adsorbed molecules; these
interactions, as we shall see below, strongly influence the
kinetics of different surface processes, even at temperatures
above the critical temperature. Third, the problem of de-
scribing the kinetics of the phase transition itself is in itself
important and interesting.

Phase diagrams of the adsorbed layer are studied ex-
perimentally primarily by means of low-energy electron dif-
fraction.1* The systematic employment of this method for the
analysis of the arrangement of adsorbed particles began
about 20 years ago. Since the extensive experimental infor-
mation has accumulated in this field. In particular, informa-
tion about more than 800 surface structures is collected in
the review of Ref. 9. In most experimental studies the ar-
rangement of the adsorbed particles is analyzed only for
some specific coverages and in a comparatively narrow tem-
perature range. The construction of the phase diagram of an
adsorbed layer requires a detailed analysis of the arrange-
ment of the molecules for all values of the coverage and over
a wide temperature range. Such studies were first underta-
ken approximately ten years ago. From the standpoint of
methodology the construction of the phase diagram is a
complicated problem (the difficulties encountered here are
analyzed in Refs. 3 and 8). Nevertheless, phase diagrams
have now been obtained for many systems (Table I). The
lattice-gas model is widely used for interpreting the experi-
mental results. References to theoretical articles, devoted to
the analysis of phase diagrams of specific systems, are also
given in Table I.

The ordered arrangement of adsorbed particles on a
surface can be commensurate as well as incommensurate
with the arrangement of the surface atoms. In the first case,
the lattice spacings of the adsorbed particles, are commen-
surate with the substrate spacing, while in the second case
they are not. The qualitative properties of commensurate
and incommensurate structures are entirely different.8 In

particular, the disordering of commensurate films occurs in
a quite narrow temperature range, while for incommensu-
rate films this process extends over a wide temperature
range. The interpretation of these data is based on the quali-
tative difference between the vibrational spectra of the ad-
sorbed particles. In commensurate structures the adsorbed
particles usually occupy definite unit cells. The vibrational
spectrum of adsorbed particles in this case starts at a non-
zero frequency, determined primarily by the form of the po-
tential well in the unit cell. In a two-dimensional system with
such a spectrum long-range order is possible at very low
temperatures.

Incommensurate films are formed when the lateral in-
teraction energy of the adsorbed particles is comparable to
or greater than the activation barrier for diffusion along the
surface. In this case the adsorbed particles can occupy sites
which are not correlated with the relief of the substrate. In
this connection the vibrational spectrum of an incommensu-
rate film contains an acoustic branch which starts at zero
frequency. In such a two-dimensional system true long-
range order is impossible: fluctuations in the positions of the
adsorbed particles increase logarithmically as a function of
the distance from an arbitrarily selected origin.10 The order-
ing in incommensurate films is sometimes called in the liter-
ature extended short-range (or quasi-ideal) order. Transi-
tions from an incommensurate to a commensurate lattice
can occur as the coverage is varied. The general theory of
two-dimensional incommensurate structures is developed in
Refs. 11 and 12 (see also Refs. 13-16).

We shall study primarily commensurate structures,
since such structures are encountered most often in the case
of chemisorption. The classification of two-dimensional
phase transitions based on the symmetry in commensurate
structures in accordance with Landau's rules10 is given in
Refs. 17-19.

Commensurate structures can be described with the
help of the lattice-gas model. In this model the Hamiltonian
which describes the adsorbed particles has the simple form

(2.1)

where E^ is the lateral interaction energy of particles occu-
pying the rth and y'th cells; «, and n} are the occupation

TABLE I. List of references in which the phase diagrams of chemisorbed particles were studied (Tc
is the maximum temperature at which ordering is still possible).

System

H/Fe(110)
H/Ni( l l l )
N2/Ni(110)
0/Ni(l l l )
0/Ni (001)
H/Mo (001)
CO/Ru (001)
H/Pd (001)
0/Pd (110)

rc, K

265
275
150
450

>800
>250
>400

260
>800

Experi-
ment

33
5

i
37 46

7

B
»

29
50

Theory

34, 35
38-40

10, 37

27, 28, 30
51, 62

System

H/W (001)
0/W(HO)
0/W (112)
Na/W (110)
Ba/W (110)
Au/W (110)
CO/Pt (110)
Na/Ru (001)

Tc, K

390
710
900

~300
130

>1100
>600

440

Experi-
ment

53
31, 72

58
59

43
62
u.3

64

Theory

54-57
31, 32, 72

58
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numbers; and, the factor 1/2 comes from the fact that in the
summation each interaction is taken into account twice.

The nature of the lateral interactions between adsorbed
particles is discussed in Refs. 20 and 21. Van der Waals inter-
action, electrostatic dipole-dipole interaction, as well as in-
teraction via the substrate (this interaction is often said to be
indirect) are possible. The dipole-dipole interaction is the
most significant interaction in the case of adsorption of
strong electron donors and acceptors, such as, for example,
the atoms of alkali and alkaline-earth elements or oxygen
atoms. In the case of covalent chemisorption on metals the
interaction via the substrate is often the strongest; this inter-
action has an oscillatory character: e(R) ~cos(2kfR)/R5,
where kp is the Fermi momentum and R is the distance
between the particles. In addition, the indirect interaction is
not necessarily a pair interaction, i.e., the interaction of, for
example, three particles does not necessarily equal the sum
of the pair interactions between these particles. The Hamil-
tonian (2.1) includes only pair interactions. The nonpaired
part of the lateral interactions can be taken into account to a
first approximation by including in the Hamiltonian of the
lattice-gas model the so-called three-body interactions, de-
scribed by terms of the type elnini+-[ni + 2. Sometimes it is
apparently necessary to take into account interactions of
higher order also, but in practical calculations such interac-
tions are usually ignored. The general properties of lateral
interactions between particles adsorbed on metals have now
been studied comparatively completely. In some papers22'23

attempts were made to calculate the magnitudes of the inter-
actions for specific systems. On the whole, however, reliable
a priori calculations of the magnitudes of the lateral interac-
tions are a task for the future. At the present time the lateral
interactions appearing in the Hamiltonian (2.1) must be re-
garded as empirical parameters.

When the occupation numbers nt are replaced by
(1 — n , ) the coverage Q is replaced by 1 — 9. If the interac-
tion between the particles is a pair interaction, then for all
practical purposes this transformation leaves the Hamilto-
nian (2.1) unchanged. A number of general properties of the
lattice-gas model with pair interactions follow from here.
The most important property is the symmetry of the phase
diagram relative to the coverage 6 = 1/2. It has been estab-
lished experimentally in many studies that full symmetry of
the properties of the adsorbed layer relative to the coverage

0=1/2 often does not occur, which is an additional argu-
ment for introducing nonpair interactions into the lattice-
gas model. When such interactions are included there is no
symmetry in the model relative to the coverage 6 = 1/2.

The thermodynamic properties of the adsorbed layer, in
particular, the phase diagram, can be determined by calcu-
lating the grand partition function for the adsorbed parti-
cles. The difficulties involved in the exact solution of this
problem are well known. With the exception of a few parti-
cular cases24 this problem has to be solved approximately.
Existing approximate methods for solving the problem can
be conditionally divided into the following groups: the
mean-field approximation, the cluster approximations
(quasichemical approximation, Bethe-Peierls approxima-
tion, etc.), the series expansion method, renormalization-
group methods, and finally the Monte Carlo method. The
advantages and disadvantages of approximate methods have
been discussed repeatedly,r>24'25 so that we will not dwell on
this question.

We proceed now to the description of phase diagrams
for different types of lattices. The simplest diagrams occur
for square lattices. We shall first study the case of lateral
interactions between nearest neighbors only. In this case, as
is well known, some analytical results have been obtained. If
the adsorbed particles attract one another (the lateral-inter-
action energy el is negative), then a "surface gas—surface
liquid" first-order phase transition is possible. The critical
temperature Tc for such a phase transition is determined by
the well-known Onsager formula:

sh
IkT- = 0.567 (2.2)

Onsager's solution gives the following expression for the
density (scaled to one unit cell) of the surface liquid Q+ and
of the surface gas 9_:

This equation determines the phase diagram of the system
(Fig. la).

Phase diagrams of the adsorbed layer can be construct-
ed in different coordinates. The "temperature—coverage"
coordinates are most convenient and informative, and are
most widely used. The diagram shown in Fig. la as well as

T/L,
LG-

LG + LL C(2*2)

O • O

0 0.2 O.it 0,B 0,8 B 0 0.2 0.4 0.6 0.8 8
a b

1.0

0.5

FIG. 1. Phase diagrams for particles arranged on a square lat-
tice, taking into account the lateral interactions between nearest
neighbors only, a) Attraction, b) Repulsion (the solid line
shows the calculation by the Monte Carlo method,26 the broken
line corresponds to the mean-field approximation). LG denotes
lattice gas, LL denotes lattice liquid, and Tc is the critical tem-
perature. The arrangement of the particles corresponding to a
c(2x2) structure is shown in the upper right-hand corner of
Fig. Ib; the dark and light circles denote occupied and unoccu-
pied cells.

757 Sov. Phys. Usp. 29 (8), August 1986 V. P. Zhdanov and K. I. Zamaraev 757



a 0,2 OA O.B o.s a a 0.2 o.k 0.5 o.s g

FIG. 2. Phase diagrams for particles arranged on a square lattice
in the case of repulsion (f, >0) between nearest neighbors, a)
Calculation of Ref. 28 fore2/e, = - 0.5, e, = 0. b) Calculation
of Ref. 27 taking into account three-body interactions, e, > 0.
The lateral interactions between particles are shown in the upper
right-hand corners; the dark and light circles denote occupied
and unoccupied cells.

subsequent diagrams are constructed precisely in these co-
ordinates. We recall that the solid lines in the phase dia-
grams separate regions of temperatures and coverages corre-
sponding to different phases (the different phases are
characterized by the different symmetry of the arrangement
of the molecules), or they separate one-phase regions from
regions in which different phases coexist. In the case of the
coexistence of different phases (for example, the region
LG + LL in Fig. la) the relative fraction of adsorbed mole-
cules in one or the other phase is determined by the well-
known "lever" rule.

The phase diagram shown in Fig. la is of interest for
describing physically adsorbed particles. In the case of che-
misorption the lateral interaction between neighboring par-
ticles is, as a rule, positive. In this case an "order—disorder"
second-order phase transition occurs in the adsorbed layer.
The lattice-gas model with repulsive interactions between
neighboring particles corresponds, within the framework of
the Ising model, to an antiferromagnetic substance. There is
no spontaneous magnetization of the antiferromagnetic ma-
terial in the absence of a field. In the language of the lattice-
gas model this means that Onsager's solution in the absence
of a field describes the characteristics of the adsorbed layer
with a coverage of 9 = 1/2 only. In particular, the critical
temperature with this coverage is determined as before by
the formula (2.2), and the order parameter, equal to the
difference of the average coverages of the two sublattices, is
given by <p = {l - [sh(f,/2)tr)]-4}1/8. The complete
phase diagram (i.e., the dependence of the critical tempera-
ture on the coverage for all values of the coverage) for a

square lattice with repulsive interaction between nearest
neighbors (Fig. Ib) was first calculated26 by the Monte
Carlo method. It is evident that the ordered phase corre-
sponds to a narrow coverage range near Q = 1/2. Figure Ib
also shows the diagram obtained in the mean-field approxi-
mation. This approximation substantially overestimates the
region corresponding to the ordered phase. We recall that
the mean-field approximation also overestimates by approx-
imately a factor of two the critical temperature, giving at
B = 1/2*7; = e, instead of kTc = 0.5675!.

The phase diagram for a square lattice, taking into ac-
count repulsion between nearest neighbors (f, > 0) and at-
traction between next-to-nearest neighbors (£2<0), is
shown in Fig. 2a. This diagram is a unique combination of
the diagrams shown in Fig. 1. Taking into account the three-
body interaction gives an asymmetry in the diagram relative
to the coverage 0 = 1/2 (Fig. 2b).

An example of a real phase diagram for a square lattice
is the diagram of the H/Pd(001) system shown in Fig. 3. In
the experiment the ordered region was slightly shifted to-
ward low coverage, and it was also broadened. This diagram
is analyzed in Refs. 27, 28, and 30. The asymmetry of the
diagram relative to the coverage 0=1/2 was explained by
taking into account the three-body interaction. The broad-
ening of the ordered region was not reproduced. The experi-
mentally observed broadening is apparently attributable to
the nonuniformity of the surface.30 In addition, the broaden-
ing could be caused, in part, by the method used to determine
the temperature of the phase transition. In the experiment of
Ref. 29 the phase-transition temperature was taken as the

300

250

200

150

100

SO

T,K LG- H/Pd.(001)

1 1 1 1

a O.Z O.B 0.8 6

o
cyjlsfoo
OOJDCLp
O-pO-pO
O O O O O

C(2*2)

b

FIG. 3. a) Phase diagram of the system H/Pd (001); the sym-
bols indicate the experimental data,29 the solid line shows the
theoretical calculation.30 b) Assumed arrangement of particles
on the surface corresponding to the c (2 X 2) structure; the dark
circles are the hydrogen atoms and the light circles are palla-
dium atoms.
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500

0.50 a

FIG. 4. a) Phase diagram of the system O/W (110)." b) As-
sumed arrangement of particles on the surface corresponding to
the s t r u c t u r e p ( 2 x 1); the dark circles indicate oxygen atoms
and the light circles indicate tungsten atoms.

temperature corresponding to the inflection point on the
graph of the intensity of elastic scattering of low-energy elec-
trons as a function of the temperature. This method for de-
termining the phase-transition temperature is not entirely
correct (see the discussion in Ref. 30).

The next type of two-dimensional lattices is the rectan-
gular centered lattice. An example of a real phase diagram
for such a lattice is the diagram of the system O/W (110)
shown in Fig. 4a. This diagram was analyzed theoretically in
Refs. 31 and 32. When different types of lateral interactions
are taken into account, separate sections of the diagram are
reproduced. Another example of a phase diagram for ad-
sorption on a rectangular centered lattice is the diagram of
the system H/Fe (110) shown in Fig. 5. This diagram is
discussed in Refs. 34 and 35. The best agreement with exper-
iment is obtained (Fig. 6a) for the following values of the
lateral interaction energies: £,=0.3, £2 = 1.9, £3 = 0.5,
£, = — 0.8 kcal/mole.

The phase diagrams for particles located at the vertices
of a rectangular lattice (or, what is the same thing, at the
centers of the cells in a hexagonal lattice), are studied in
Refs. 1 and 36; a list of previously published references on
this subject is also given there.

The diagram constructed in Ref. 36 taking into account
the lateral interactions £, and £2 is shown in Fig. 7. An inter-
esting feature of this phase diagram is the degeneracy (mix-
ture) of ordered phases for coverages 9~ 1/2.

The phase diagrams for particles occupying the vertices
of a hexagonal lattice are calculated in Refs. 16 and 37-40.

Taking into account a limited number of lateral interactions
enabled describing on a semiquantitative level the diagrams
of the systems O/Ni (111)l6-37 and H/Ni (111) .38^°

The results of systematic theoretical calculations and
typical experimental data on phase diagrams of chemisorbed
particles were presented above. Extensive experimental data
are given in the original papers cited in Table I.

The values of the critical indices, characterizing the be-
havior of different thermodynamic quantities near the criti-
cal point, are of special interest for the general theory of
phase transitions.25 Experimental studies of critical indices
in the case of phase transitions in an adsorbed layer are just
beginning. The critical indices for the following structures
have now been determined: p ( 2 X 2 ) — O/Ni (111) , 4 1

p (2x l ) - andp(2x2) - H/W (HO),42 p(3x2) - Ba/
W (110),43 p(2x 1) - O/W (112).44 Not all the results ob-
tained are in agreement with the theory (the classification of
critical indices according to symmetry is given in the reviews
of Refs. 2 and 19 for two-dimensional phase transitions).

Aside from the calculation of phase diagrams, in recent
years appreciable attention has been devoted to the study
(primarily by the Monte Carlo method) of the kinetics of
phase transitions.73'74 When the temperature is lowered
sharply, in the case of phase transitions of the order-disorder
type, domain growth and relaxation of the energy of the sys-
tem to a new equilibrium value obey the laws R (t) ~tx and
E ( t ) — E( oo ) ~ty. In the case when there are two thermo-
dynamically equivalent methods for realizing an ordered
structure (p = 2),x =y = l/2.73~75 If, on the other hand,

250

H/Fe (770)

0.<* 0.6
a

(2*7; (-3*7)

FIG. 5. a) Phase diagram for the system H/Fe (110)"; the
shaded regions correspond to incommensurate structures, b)
Proposed arrangement of particles on the surface corre-
sponding to ( 2 X 1 ) and (3x1) structures; the dark circles
denote hydrogen atoms and the light circles denote iron
atoms.
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1

r\
(3x1)

-

0,2 0.2 O.tf 0.5
b

250

150

50

FIG. 6. Phase diagrams for a rectangular centered lattice with
different types of lateral interactions, calculated34 in order to
reproduce the phase diagram of the system H/Fe (110).

the structure is multiply degenerate ( p > 2 ) , then the relaxa-
tion to equilibrium can be slower. For example, in the case of
repulsive interactions e, = £2 > 0 on a square lattice for cov-
erages 0 ;s l /2a(2xl ) four-fold degenerate structure is re-
alized.73

In this case ordering occurs by the diffusion mechanism
with the indices x = y~ 1/3.73

Let us summarize. Extensive experimental data on sur-
face phase transitions have now been accumulated. Real
phase diagrams assume diverse forms, ranging from com-
paratively simple diagrams, such as, for example, the phase
diagrams of the systems H/Pd (001 )29 and H/Ni (111),45

up to very complicated diagrams, such as, for example, in the
case of the system Na/Ru (001).64 The phase-transition
temperatures, as a rule, range from 300 K to 700 K (Table
I). Such temperatures correspond to lateral nearest-neigh-
bor interaction energies of 1 to 3 kcal/mole. Appreciable
attention has also been directed toward theoretical calcula-
tions of the phase diagrams of the adsorbed layer. Based on
the accumulated experience it may be concluded that phase
diagrams calculated on the basis of the lattice-gas model,
taking into account a small number of lateral interactions,
reproduce the experimental results qualitatively and some-
times even quantitatively.

Further development of the theory in this field will ap-
parently be directed toward the construction of a more de-
tailed classification of the phase diagrams as a function of the
type of lattice and type of lateral interactions.

3. EFFECT OF ADSORPTION ON SURFACE
RECONSTRUCTION

The surface of many metals is rearranged under absorp-
tion. There are two large groups of metals.

a) Metals whose clean surface is reconstructed, i.e., the
symmetry of the arrangement of the atoms on the surface
differs from that of the atoms in the volume of the crystal.
Under the action of adsorption the surface of the metal is
rearranged in such a way that the arrangement of the atoms
on the surface reverts to the spacing characteristic for the
volume of the metal. Such systems include the (110) and
(100) faces of the heavy metals Pt, Ir, or Au. In particular,
the reconstruction of the Pt (100) surface accompanying
adsorption of CO, NO, and hydrogen was studied in detail in
Refs. 65 and 66. It was shown that absorption-induced re-
construction can be regarded as a first-order phase transi-
tion. This result is based on the fact that when even a small
quantity of adsorbent is adsorbed patches of a new phase are
formed on the surface. Hydrogen-induced reconstruction of
the Ir (100) surface was studied in Ref. 60. In the case of
both Pt and Ir, the atoms of the clean reconstructed (100)
surface are arranged nearly hexagonally, and they form a
structure of the (5 X 1) type. Adsorption stimulates the sur-
face atoms to revert to the ( I X l ) structure characteristic
for the volume of the metal.

b) Metals whose clean surface is not reconstructed, i.e.,
the symmetry of the arrangement of atoms on the surface

1.5

1.0

0.5

- XT/e

iff LI

• o o • o
o • o o

• o o • o
o • o o

• o o • o
o • o o

o • • o •
• o • •

o • • o •
• o • •

o • • o •
• o • •

(Y3 « vHf

FIG. 7. a) Phase diagram for particles arranged at the ver-
tices of a triangular lattice, calculated36 taking into account
the lateral interactions £ ,>0 and £2= —£,. b) Arrange-
ment of particles corresponding to the structures (V3xv3)
and (V/3XV3)*. The dark and light circles denote occupied
and unoccupied cells.

0 0.2 CIA 0.5 0.8
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corresponds to that of the atoms in the volume of the crystal.
Adsorption changes the symmetry of the arrangement of the
atoms on the surface. This group includes primarily the
(110) faces of face-centered and (100) and (110) faces of
body-centered metals. The adsorption-induced reconstruc-
tion of the type under discussion has been studied for the
following examples (references are given in Ref. 65):
O/Cu (110), H/Ni (110), O/Ni (110), N/Mo (100),
H/Pd ( 1 1 0 ) , H/ W ( 1 00 ) , N/ W ( 1 00 ). Of these systems the
hydrogen-induced reconstruction of the W (100) surface
has been studied in greatest detail.63 It was established that
at temperatures above room temperature the arrangement of
the atoms on a clean W ( 100) surface corresponds to the
arrangement in the volume. As the temperature is lowered
the atoms on the surface are displaced, forming a c (2x2)
structure. This second-order phase transition is reversible.
Adsorption of a small quantity of hydrogen raises the phase-
transition temperature. When a significant amount of hy-
drogen is adsorbed, the structure of the surface layer be-
comes incommensurate with the arrangement of atoms in
the volume of the single crystal.

A semiphenomenological model of the effect of adsorp-
tion of a small quantity of hydrogen on the reconstruction of
the W (001 ) surface is proposed in Ref. 54. This is the first
model of the complicated phenomenon of adsorption-in-
duced surface reconstruction. For this reason, we shall give a
brief exposition of the basic ideas of Ref. 54.

The Hamiltonian describing the interaction of adsorbed
atoms with one another and the interaction of adsorbed
atoms with atoms in the lattice has the form

(3.1)

where £{j is the energy of lateral interactions between ad-
sorbed hydrogen atoms, «, is the occupation number of the
surface cells for hydrogen atoms. U(R) is the interaction
potential between the hydrogen and tungsten atoms, /?, is
the coordinate of a hydrogen atom, R ° is the coordinate of
the tungsten atom before reconstruction, and u: is the
change in the coordinates of the tungsten atom accompany-
ing reconstruction. The Hamiltonian (3.1) differs from the
standard lattice-gas Hamiltonian in that it allows for the
possibility of displacement of tungsten atoms.

The experimentally observed c (2x2) structure of the
reconstructed surface corresponds to displacements of tung-
sten atoms in the directions K = (IT/a)(!,!) or K' = (IT/
a) (I,- 1), where a is the lattice spacing (see Fig. 8). If
attention is confined to displacements in the direction K, the
displacement vector can be represented in the form

u, = oq)Kcos(KR' (3.2)

where <p is the order parameter. The hydrogen atoms on the
surface occupy bridging positions. Since there is an interac-
tion between the hydrogen and tungsten atoms which de-
pends on the mutual arrangement of these atoms, the dis-
placement (3.2) of tungsten atoms changes the average
occupation numbers of the cells of the lattice. This change
evidently has the form

(n.).= *- + m s i n ( K R i ) , (3.3)

where m is a free parameter and 6 is the coverage of the
surface, defined so that 6 = 1 corresponds to one hydrogen
atom per tungsten atom on the surface. The change in the
occupation numbers (3.3) does not cause the average occu-
pation numbers of the two interpenetrating sublattices,
shown in Fig. 8 by the small circles and squares, to become
different. Nevertheless, the average occupation numbers of
the two sublattices can become different as a result of an
order-disorder phase transition in the adsorbed layer. Anal-
ysis54 shows, however, that a phase transition of this type
and the modulation (3.3) of the average occupation
numbers are mutually exclusive. We shall therefore ignore
here the possibility that the average occupation numbers of
the two interpenetrating lattices are different.

In the mean-field approximation the free energy corre-
sponding to the Hamiltonian (3.1) and the lateral interac-
tions shown in Fig. 8 has the form

(3.4)
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FIG. 8. a) Diagram showing the arrangement of particles on the
W (001) surface; the large circles denote tungsten atoms and the
small circles and diamonds denote the locations at which hydro-
gen atoms are adsorbed, b) Relative intensity of additional (1/2,
1/2) LEED spots; the broken lines correspond to experiment53

and the solid lines correspond to calculations54 based on Eqs.
(3.5); the graphs 1-5 were constructed for coverages 6 = 0,
0.036, 0.072, 0.107, and 0.143, respectively.
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where Ns is the number of tungsten atoms on the surface and
A is a coefficient, which is proportional to the Fourier com-
ponent of the gradient of the potential U(R ) and describes
the interaction of hydrogen and tungsten atoms. We did not
include in the free energy (3.4) a term proportional to the
lateral interaction energy £,, since this term does not depend
on the parameters m and <p and therefore does not aifect the
reconstruction. The free energy (3.4) is the free energy of
adsorbed particles. To describe the free energy of the tung-
sten surface it is necessary to know the microscopic nature of
the phase transition on a clean surface. Possible factors re-
sponsible for the reconstruction of a clean surface are dis-
cussed in Refs. 55, 76, and 77, but this problem has not yet
been solved completely. For this reason, in Ref. 54 Landau's
phenomenological expression was used to describe the free
energy of the tungsten surface itself:

where rs is the temperature of the phase transition of the
clean surface, and r and v are constants which, to a first
approximation, are temperature independent. Minimization
of the total free energy F = Fad + Fs with respect to the pa-
rameters <p and m gives the following equation for determin-
ing these parameters:

r (T —
kT ,- in

<p + 2wp3 — 'km = 0,
(3.5)

For low coverage Eqs. (3.5) imply a linear dependence of
the phase-transition temperature on the coverage

- C V - / - - 8 I 2rkJ,s .

The physical reason for the growth in the critical tempera-
ture is the ordering of the adsorbed layer accompanying re-
construction. The increase in the free energy (and, as a con-
sequence, the increase in Tc) accompanying ordering is all
the smaller the higher the coverage.

The reconstruction of the W (001) surface is recorded
experimentally by observing the additional (1/2,1/2) spots
in the elastic scattering of low-energy electrons. If the nar-
row temperature range near Tc (d)—the temperature of the
phase transition—is excluded from the analysis, then the in-
tensity of the additional spots is proportional to tp 2—the
square of the order parameter. According to Eqs. (3.5) the
value of the order parameter depends on the temperature,
the coverage, and the five parameters 7^, r, v, ̂ ^ and A. The
first three parameters were determined in Ref. 54 from data
on the reconstruction of the clean surface, the parameter E2

was determined from the thermodesorption data, and the
fifth parameter A was chosen so as to obtain the best descrip-
tion of the experimental results from LEED. The experimen-
tal and theoretical results are compared in Fig. 8. With the
exception of the narrow temperature range \T — Tc (6)\/
Tc (0) <0.05, near the phase-transition temperature the ex-
perimental and theoretical results are in good agreement
with one another. In the immediate vicinity of Tc (0)—the
phase-transition temperature, both long- and short-range
order in the arrangement of the tungsten atoms on the sur-

face make a significant contribution to the intensity of the
elastic scattering of low-energy electrons. In the mean-field
approximation short-range order is actually excluded from
the analysis. For this reason, disagreement between theory
and experiment in this temperature range is not unexpected.

Thus it turns out that the eifect of adsorption on recon-
struction can be described on the basis of a semiphenomeno-
logical model.54 This model reproduces the experimental re-
sults on the adsorption of a small quantity of hydrogen on
the W (001) surface. It is further developed in Refs. 55-57,
and in particular the effect of adsorption of a significant
quantity of hydrogen on the reconstruction of the W (001)
surface is studied in Ref. 57. In this case the structure of the
surface layer becomes incompensurate with the arrange-
ment of tungsten atoms in the volume of the single crystal.

A simple model of adsorption-induced surface recon-
struction as a first-order phase transition is proposed in
Refs. 67 and 68. This model describes qualitatively the re-
construction of the type described above for the Pt (100)
surface accompanying adsorption of CO, NO, and hydro-
gen. It is presumed that the atoms on the surface can occupy
two positions, I and II. On a clean surface the position I is
stable, while the position II is metastable. The adsorbed par-
ticles can be described by a lattice-gas model. The free ener-
gy of the system (per unit surface area) is calculated in the
mean-field approximation:

— x)ln(l-x)],

Pint
= — ZOC0X,

(3.6)

where Fad is the free energy of the adsorbed particles, Fs is
the free energy of the atoms on the surface, Fint is the interac-
tion energy of the adsorbed particles and the surface atoms
(this interaction stabilizes the metastable phase), Ns is the
number of atoms of the metal per unit area of the surface,
E3d is the adsorption energy, 9 = N/NS is the coverage of the
surface by adsorbed particles, N is the number of adsorbed
particles per unit surface area, z is the number of neighboring
cells, f ] is the lateral interaction energy of two adsorbed
nearest-neighbors, &.E is the difference between the energies
in positions II and I in the case of a clean surface, K is the
relative fraction of surface atoms occupying II positions, and
a is a parameter characterizing the interaction energy of ad-
sorbed particles and surface atoms.

The following expression can be obtained67'68 from Eqs.
(3.6) for the chemical potential of the adsorbed particles:

T}}\ •

(3.7)

This equation determines the phase diagram of the system.
At temperatures below the critical temperature, T<TC, the
right side of Eq. (3.7) is a nonmonotonic function of the
coverage. Thus phase separation occurs for T<TC. The
physical reason for the phase transition is that the metasta-
ble phase is stabilized by the adsorbed particles.
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Equation (3.7) can also be used to construct adsorption
isotherms or isobars. For example, in the case of monomole-
cular adsorption the chemical potential of the adsorbed par-
ticles equals the chemical potential of the particles in the gas
phase. The chemical potential of the gas phase is given, as is
well known, by the expression

H = rin45s!-, (3.8)

where JVgas is the density of molecules and Zgas is the parti-
tion function. Equations (3.7) and (3.8) determine the ad-
sorption isotherms and isobars.

The possible effect of adsorption-induced reconstruc-
tion on the kinetics of surface processes was discussed in Ref.
68. The simplest consequence of reconstruction (as a first-
order phase transition) could be sharp changes in the surface
coverage by adsorbed particles as the pressure or tempera-
ture varies in adsorption-desorption or adsorption-reaction
equilibria. A sharp change in the coverage is accompanied
by a transition of the surface from one phase into another.
The first-order phase transition proceeds via the formation
and growth of nuclei of the new phase. In the case of recon-
struction the kinetics of the phase transition can be slow,
since the change in the positions of the surface atoms is an
activated process. For example, the energy of activation of
the transition of an almost clean Pt (100) surface from a
( l X l ) structure into a (5x1) structure equals approxi-
mately 20 kcal/mole, while the characteristic transition time
at a temperature of 413 K equals several minutes.66 Hystere-
sis phenomena in transitional states could be a consequence
of slow restructuring. Hysteresis of this type was apparently
observed to accompany the adsorption of CO65 and oxida-
tion of hydrogen.69

Interesting experimental results were obtained in Refs.
70 and 71 in the study of the oxidation of CO on a Pt (100)
surface. At temperatures 7^500 K and pressures
P0, zs 10.PCO ~ 10~4 torr the reaction rate oscillated with a
period of several minutes. Surface reconstruction was ob-
served during the oscillations. Unfortunately, at the present
time it is difficult to construct a model which would ade-
quately describe such oscillations and would enable clarify-
ing the role of adsorption-induced surface reconstruction in
them.

The study of the extent to which induced surface recon-
struction, as a second-order phase transition, affects the ki-
netics of surface processes is only beginning. In particular,
the effect of induced reconstruction of the W (100) surface
on the thermodesorption spectra of hydrogen has been stud-
ied experimentally161 and theoretically.162

4. GENERAL APPROACH TO THE DESCRIPTION OF THE
KINETICS OF ADSORPTION, DESORPTION, AND CHEMICAL
REACTIONS ON A SURFACE

The study of the kinetics of adsorption, desorption, and
chemical reactions on a surface is of great practical interest.
This is attributable to the fact that many important chemical
reactions occur in the gas phase, or with a low rate, or with a
low yield of useful products. The realization of the reaction

on the surface of a catalyst with the required properties
makes it possible to accelerate the reaction and to increase
the yield of useful products. At the present time heterogen-
eous catalysis is the cornerstone of the chemical industry.
Optimization of catalytic reactions is impossible without de-
tailed data on their kinetics.

The simplest model for describing the kinetics of the
elementary stages of a chemical reaction on a surface is the
model of an ideal adsorbed layer (lattice-gas without lateral
interactions). On the basis of this model the kinetics of ele-
mentary processes is described by simple power-law equa-
tions (the monomolecular desorption rate is proportional to
the coverage of the surface by adsorbed particles, the rate of
bimolecular reactions between adsorbed molecules is pro-
portional to the product of their coverages, etc.). The model
of an ideal adsorbed layer is attractive because of its simpli-
city. For this reason, it is widely used for qualitative analysis
of surface phenomena. A real adsorption layer, as a rule, is
substantially nonideal, owing to the nonuniformity of the
surface, lateral interactions between adsorbed particles, or
the different nature of adsorption-induced restructurings of
the surface.

The simplest method for describing a nonuniform sur-
face is based on the idea that the surface consists of a collec-
tion of ideal sections. The nonideality of the kinetics in this
case is obtained by averaging the ideal kinetics over some
parameters, for example, the surface binding energy of ad-
sorbed particles. This method is formal. The construction of
a more detailed theory is precluded by the fact that the struc-
ture of a nonuniform surface is often too complicated to be
adequately described theoretically.

In the case of a uniform surface, i.e., a surface consisting
of equivalent unit cells, the nonideality of the kinetics is de-
termined by the lateral interactions between adsorbed parti-
cles. In this section we shall present the basic principles of
the description of the kinetics of elementary processes on a
uniform surface taking into account lateral interactions.

The calculation of the rate of an elementary surface pro-
cess is a difficult problem, involving the description of both
the dynamics of motion and the statistical characteristics of
the adsorbed particles (for definiteness, we assume that they
are molecules). To a first approximation the effect of the
molecules surrounding a molecule or a pair of molecules en-
tering directly into the elementary transformation reduces
to a shift of the bottom of the potential well and the top of the
potential barrier owing to the lateral interactions. In this
approximation the dynamic and statistical parts of the prob-
lem are decoupled, and the dependence of the rate of the
process on the surface coverage by the molecules is deter-
mined wholly by the statistical characteristics of the mole-
cules. Analysis of the dynamics of the nuclei is necessary
only for determining the absolute magnitude of the preex-
ponential factor in the rate constant of the process. Here we
are interested only in the statistical part of the problem. We
refer readers who are interested in the dynamics of the mo-
tion of adsorbed particles to the reviews given in Refs. 78-80.

The effect of lateral interactions on the rate of elemen-
tary surface processes has been discussed in many arti-
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cles.81 101 In all of them the decoupling of the dynamic and
statistical parts of the problem, described above, was em-
ployed. Nevertheless Refs. 81-101 differ substantially from
one another with respect to the formalism employed as well
as the level of generality, rigor, and clarity of exposition. The
most general results were obtained, in our opinion, in Ref.
93; different approaches are discussed and compared, and in
particular it is demonstrated that some of them are equiva-
lent.

The general formulas for describing the rates of elemen-
tary processes in the lattice-gas model have a simple form.
The rate of an elementary process, as usual, is expressed in
terms of the energy difference between the bottom of the
potential well and the top of the potential barrier for the
motion of the molecules. We shall call the state of the system
near the top of the potential barrier, as is customarily done in
chemistry, an activated complex. As an example, we present
an expression for the rate of the bimolecular reaction
As + Bs — (AB)gas between adsorbed molecules:

(4.2)

where Rr is the reaction rate, /*AB „• is the probability that the
pair AB of neighboring adsorbed particles has an environ-
ment denoted by the index /', £a (0) is the activation energy
of the reaction in the limit of low coverage, A£,- = e* — £, , Et

and E* are the lateral interaction energies between the pair
AB and the surrounding particles and between the activated
complex A*B* and the same environment,31 and visa preex-
ponential factor whose value is of the order of the vibrational
frequency of the atoms in the molecules v^ 1013 — 1014 s~ '.

The formulas (4.2) have a simple physical interpreta-
tion. The particles surrounding the reacting pair change the
magnitude of the activation energy of an elementary trans-
formation act. Summation of all possible configurations of
the surrounding particles gives the observed value of the rate
of the process.

The conditions of applicability of formulas of the type
(4. 1 )-(4.2) are actually the same as those of the lattice-gas
model for adsorbed particles. The particles must occupy
equivalent cells, and in addition an individual cell can con-
tain only one particle. These conditions usually hold in the
case of chemisorption on a uniform surface.

The algorithm for constructing general expressions of
the type (4.1)-(4.2) for the rates of different processes is
obvious. In particular, the expressions for the rates of the
reverse processes have the same form. It is shown in Ref. 95
for the example of monomolecular adsorption and desorp-
tion that formulas of the type (4. 1 )~(4.2) correctly describe
the thermodynamic equilibrium, i.e., for example, the fact
that the rates of adsorption and desorption are equal implies
that the chemical potentials of the molecules in the gas phase
and in the adsorbed layer are equal,

Formulas of the type (4.1)- (4.2) are not so much a
solution as a formulation of the problem of calculating the
rate of an elementary process, since the main difficulty lies in

calculating the probabilities appearing in these formulas.
The kinetics of real surface processes is usually studied

at comparatively high temperatures, where there is no long-
range order in the arrangement of the adsorbed molecules.
In this temperature range the cluster method is the most
suitable method for calculating the rates of elementary pro-
cesses. As a rule, the practical calculations take into account
the lateral interactions only between nearest neighbors and
the quasichemical approximation or the Bethe-Peierls ap-
proximation is used. In particular, the quasichemical ap-
proximation has been used93 to describe monomolecular ad-
sorption and desorption, associative desorption, dissociative
adsorption, bimolecular reactions between adsorbed mole-
cules, and bimolecular reactions between adsorbed mole-
cules and molecules from the gas phase.

In concluding this section we shall compare some re-
sults obtained in the quasichemical approximation93 with
the results of calculations performed by the Monte Carlo
method.91 The Monte Carlo method is still not used widely
for describing the kinetics of elementary surface processes.
Reference 91 is one of the few works on this subject. In Ref.
91, the process of associative desorption of nitrogen atoms in
the presence of oxygen atoms on the surface is studied (the
nitrogen and oxygen atoms on the surface of platinum-group
metals are formed as a result of dissociative adsorption of
NO molecules, and then under heating associative desorp-
tion of nitrogen primarily occurs). The dependence of the
activation energy of desorption of nitrogen on the coverage
of the surface by nitrogen and oxygen was calculated. The
calculations were carried out for three sets of lateral interac-
tions (Fig. 9). In the cases of Figs. 9a and b the results ob-
tained by the two methods are in good agreement with one
another. In the case of Fig. 9c there is strong disagreement.
This disagreement is apparently caused by the fact that the
magnitude of the following combination of lateral energies is
very large: |£AA +£BB —2eA B| = 10 kT. In this case the

FIG. 9. Dependence of the quantity A£a (0N>6>0) = £a(0N,00)
— £„ (0,#0) on 0N—the coverage of the surface by nitrogen atoms. The

coverage of the surface by oxygen atoms is constant and equals 60 = 0.5;
£.d (0N ,#„) is the activation energy for associative desorption of nitrogen
atoms. The solid lines correspond to the calculation91 by the Monte Carlo
method and the broken lines correspond to the quasichemical approxima-
tion.93 A combination of the type ( — 2, — 4,4) denotes eAA /kT = — 2,
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FIG. 10. The potential energy for the motion of a molecule as a
whole in the direction away from the surface, z is the distance
between the molecule and the surface, a) Diagram with a real
preadsorption state; 1 and 2 denote the chemiadsorbed and pread-
sorbed states, b) No real preadsorbed state; the role of the pread-
sorbed state is played by a group of strongly excited vibrational
states (shown by the hatch marks) of molecules as a whole in the
adsorption potential.

quasichemical approximation is apparently not valid. In ad-
dition, it is not completely clear whether or not thermody-
namic equilibrium is achieved in the layer with such a large
value of the parameter \£AA + £BB — 2eAB \/kT, since the
computing time required for reaching equilibrium increases
very rapidly as the parameters £AA/kT, £BB/kT and
^AA + ^BB — ̂ £AB \/kT increase.

5. EFFECT OF PREADSORPTION STATES ON ADSORPTION
AND DESORPTION KINETICS

In the derivation of formulas of the type (4.2) it was
assumed that the unit cell on the surface can be occupied by
only one adsorbed molecule, i.e., processes like hopping of a
molecule from one cell into an occupied cell were excluded
from the analysis. Such processes are possible, however, and
they affect the dependence of the adsorption and desorption
rates on the coverage. From the standpoint of formal kinet-
ics it is convenient to describe processes in terms of the so-
called preadsorption states. Preadsorption states above an
occupied cell and above an unoccupied cell are distin-
guished. The preadsorption state of a molecule hopping into
an occupied cell is the physically adsorped state above an
occupied cell. The nature of the preadsorption state above a
free cell is more complicated and not unique. On the one
hand, a real preadsorption state, corresponding to the exci-
tation of electrons in the adsorbate + solid system (Fig.
lOa), may exist. On the other hand, a real preadsorption
state may not exist, i.e., the particle-surface interaction po-
tential can have the standard form of one well (Fig. 10b).In
the latter case, the group of strongly excited vibrational
states of a particle in the adsorption potential plays the role
of the preadsorption state. Indeed, in such states an adsorbed
particle can hop over to neighboring occupied as well as un-
occupied cells. If the entire group of weakly excited vibra-
tional states of a particle in the adsorption potential is char-
acterized by one effective state, then from the standpoint of
formal kinetics the situations with the real and the effective
preadsorption state above an occupied cell are completely
equivalent. It is usually difficult to determine unequivocally
from the experimental data whether the preadsorption state
above an unoccupied cell is real or effective. It should only be
noted that the presence of a real preadsorption state is an
additional obstacle for absorption. For this reason, other
conditions remaining the same, the existence of such a state
should lead to a reduction of the sticking coefficient, and
therefore it may be expected that in this case, in the limit of
low coverage, the sticking coefficient must be much less than
unity. If this is not the case, then the picture without a real

preadsorption state should apparently be given priority.
The formulas describing the effect of preadsorption

states on the kinetics of monomolecular and associative de-
sorption were first derived in classical papers102 from a cal-
culation of the probabilities of chains of different processes.
The arrangement of molecules on the surface was regarded
as random, i.e., lateral interactions between adsorbed mole-
cules were ignored. Analogous results were obtained later in
Refs. 103-107. The problem was solved by two methods:
either the probability of the chains of different events was
calculated or the method of kinetic equations was used. It
was shown in Ref. 107 that these two approaches are equiva-
lent. The method of kinetic equations, however, is formally
simpler.

The kinetics of adsorption and desorption, taking into
account both lateral interactions between adsorbed mole-
cules and preadsorption states, was studied in Refs. 84, 85,
and 93. The most general results for monomolecular adsorp-
tion and desorption were obtained in Ref. 93.4I It was shown
that the ordering of the molecules in the adsorbed layer has
virtually no effect on the sticking coefficient. The physical
reason for this is that a molecule, wandering over preadsorp-
tion states above occupied cells, will ultimately encounter an
empty cell and will be adsorbed onto it, irrespectively of
whether or not the arrangement of adsorbed particles is or-
dered. The typical dependence of the sticking coefficient on
the coverage in the case of monomolecular adsorption is
shown in Fig. 11. For the example shown in Fig. 11, for high
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FIG. 11. Dependence of the desorption activation energy and the sticking
coefficient (at 300 K) on the coverage for the system CO/Ni (111) . The
circles denote the experimental points,10* and the solid line corresponds to
the calculation of Ref. 93.
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0.6

eN, 10 atoms/cm2

FIG. 12. Dependence of the sticking coefficient on the coverage for disso-
ciative adsorption of N, on the W (001) surface."4 The light and dark
circles correspond to the experimental values at temperatures of 300 and
663 K; the solid lines show the calculation taking into account the pread-
sorbed states.

coverage a CO molecule, having collided with the surface
and having occupied a preadsorption state, completes up to
10 hops along the surface before it is adsorbed or desorbed
back into the gas phase.

The effect of preadsorption states on the monomolecu-
lar desorption rate reduces to premultiplication of the right
side of expression (4.2) by the factor S ( 0 ) / [ S ( Q ) ( l — 6 ) } ,
where S(d) is the sticking coefficient, calculated taking into
account the preadsorption states.

Ordering of adsorbed molecules has a substantial effect
on the kinetics of dissociative adsorption. For dissociative
adsorption the molecule must hit in collisions with the sur-
face a section of the surface consisting of two adjacent empty
cells. As a result of repulsion between adsorbed particles the
probability for finding two adjacent empty cells decreases
rapidly as the coverage increases. This leads to a rapid drop
in the sticking coefficient as the coverage increases. Pread-
sorption states have the effect of smoothing this effect for
low coverages. As a result, in a narrow range of low coverage
the sticking coefficient remains approximately constant,
after which it decreases rapidly (see, for example, Fig. 12).
Equations describing the effect of preadsorption states and
ordering of molecules in the adsorbed layer on the kinetics of
dissociative adsorption are analyzed in detail in Ref. 85.

6. EFFECT OF LATERAL INTERACTIONS BETWEEN
ADSORBED PARTICLES ON THE PREEXPONENTIAL
FACTOR IN THE DESORPTION RATE CONSTANT

The desorption rate constant is usually described by the
phenomenological equation

In accordance with the representation (6.1) the activation
energy and the preexponential factor are determined by the
relations

(8) = i (6), (6.2)

(6.3)

The preexponential factor calculated according to the for-
mulas (6.2) and (6.3), generally speaking, differs from the

preexponential factor appearing in formulas of the type
(4.2), since the sum in expressions of the type (4.2) is not
represented in the form of a simple exponential. In particu-
lar, the preexponential factor (6.3) can depend on the cover-
age.

In the last few years attempts have been made to mea-
sure accurately the dependence on the coverage of the acti-
vation energies and preexponential factors in the rate con-
stants for the desorption of atoms and some simple
molecules. The following systems are examples of systems
which have been studied: CO/Ru (001),109'110 CO/Ir
(110),11M12 CO/Ni (111),108'"3 NO/Pt (111),"4 Ba/W
(001)."5 To determine the dependence of the parameters in
the rate constant of the process on the coverage it is neces-
sary to measure the rate of the process with a constant cover-
age over a comparatively wide range of temperatures. From
the experimental viewpoint this is a difficult problem, since
as the temperature is raised the coverage of the surface by
adsorbed molecules has a tendency to decrease rapidly. The
problem is usually solved by the thermodesorption method
combined with variation of the heating rate (by approxi-
mately not less than two orders of magnitude) or by the
method of adsorption isobars (or isotherms). The most reli-
able data have apparently been obtained for the system CO/
Ru (001).109'110 Four methods were used to determine the
parameters of the desorption rate constants. The results of
different types of measurements agree satisfactorily with one
another. It was established that the preexponential factor
has a singularity for coverages at which the activation ener-
gy has a break (Fig. 13). In the case of the systems CO/Ir
(110), NO/Pt (111), Ba/W (001) a compensating effect
was found: as the coverage increases the activation energy
and the preexponential factor both decrease (see, for exam-
ple, Fig. 14); thus the preexponential factor partially com-
pensates the increase in the rate of desorption, accompany-
ing an increase in the coverage, owing to the decrease in the
desorption activation energy. Data for the system CO/Ni
(111) are inconsistent: according to Ref. 108 as the coverage
increases the desorption activation energies decrease, and

FIG. 13. The dependence of the activation energy and of the preexponen-
tial factor in the desorption rate constant on the coverage for the system
CO/Ru (001). The circles show the experimental points,109-"0 and the
solid lines correspond to the theory of Ref. 94.
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The activation energy and the preexponential factor in the de-
rate constant as functions of the coverage for the system CO/Ir

the preexponential factor remains approximately constant;
it was found in Ref. 113 that as the coverage increases the
preexponential factor increases approximately by four or-
ders of magnitude, while the activation energy remains con-
stant.

Experimental investigations108"113 stimulated theoreti-
cal work,88'89'94 in which the effect of lateral interactions
between adsorbed molecules on the preexponential factor in
the desorption rate constant was analyzed with the help of
the lattice-gas model. It turned out that lateral interactions
have a substantial effect on the dependence of the preexpon-
ential factor on the coverage when E^kT. In particular, in
the case of a square lattice, when repulsive lateral interac-
tions between nearest neighbors are taken into account, the
dependence of the desorption activation energy and of the
preexponential factor on the coverage has the form94'97

v(0)

for

(6.4)

The formulas (6.4) were obtained in the quasichemical ap-
proximation under the assumption that \6 — (I/
2) |>exp( — £{/kT), so that they are inapplicable near
6= 1/2. The physical meaning of the result (6.1) can be
understood starting from general formulas of the type ( 4. 2 ).
Consider, for example, the case 0< 1/2. In this case, mole-
cules on a square lattice can become arranged so that no
molecule has a neighbor in adjacent cells. In the region
E^kT the probability for a molecule to have neighbors is
exponentially small, but in this case the rate of desorption is
exponentially high owing to the lateral interactions. The two
exponential terms compensate one another, and as a result
lateral interactions affect not only the desorption activation
energy but the preexponential factor also.

For lattices of a different type, a break in the activation
energy and singularities in the preexponential factor occur
for other coverages, for example, in the case of a hexagonal
lattice for 0 = 1/3 and 0 = 2/3.

The nature of the effect of lateral interactions on the
preexponential factor is in good qualitative agreement with
the experimental results for the system CO/Ru (001) (see
Fig. 13). We emphasize that in Fig. 13 0 is the coverage
normalized to the absolute maximum value of the experi-
mental coverage 0m = 2/3. For this reason, the point 9 = I/
2 corresponds to the absolute coverage 6 = 1/3. The preex-
ponential factor was calculated in the quasichemical approx-
imation based on the formulas (6.2) and (6.3) without mak-
ing the assumption that \0 — ( l /2) |>exp( —£,/^r).The
theoretical curves are somewhat smoother than the experi-
mental curves, apparently, for two reasons. First, only the
interaction between nearest-neighbors was taken into ac-
count in the calculations. Second, the quasichemical approx-
imation does not take into account fully the effect of correla-
tion on the arrangement of the particles. In the case of
attraction between neighboring molecules the dependence of
the desorption activation energy and of the preexponential
factor on the coverage at low temperatures has the form

v(9) 1 — 0
Ea (0) = const, v(0)

T<TC (6.5)

These formulas hold in the region of coexistence of the sur-
face gas and the surface liquid. The physical significance of
the formulas (6.5 ) is as follows. Desorption at temperatures
T<TC occurs primarily from the surface-gas phase51; the
volume of the surface gas is proportional to ( 1 — 6) , where 0
is the total coverage of the surface; and, the rate of desorp-
tion is proportional to Rd~v(0)0~(l —9). The rate of
adsorption is also proportional to 1 — 0. It follows from
here, in particular, that in adsorption equilibrium and at a
fixed temperature the surface gas and the surface liquid can
coexist only at a strictly determined pressure in the volume
phase.

We shall now discuss briefly the compensation effect. In
the lattice-gas model the compensation effect apparently
cannot be explained taking into account solely the lateral
interactions (i.e., neglecting the dynamics). At the present
time there do not exist lucid models explaining the compen-
sation effect in the case of chemisorption. The compensation
effect was predicted theoretically"6 for physically adsorbed
particles, but, as the authors themselves emphasize, the ar-
guments in Ref. 1 1 6 are useless in the case of chemisorption.
In some articles' 12 the compensation effect is explained for-
mally on the basis of the theory of absolute reaction rates by
the strong dependence on the coverage of the partition func-
tions of the activated complex or of the adsorbed molecules.
Such explanations do not clarify the situation as long as the
reasons for the above-mentioned dependence are not indi-
cated.

In discussing the compensation effect the accuracy of
the experimental measurements should also be considered.
An elementary analysis gives the following relationship
between 5Ea (the accuracy of the measurements of the acti-
vation energy of the process) and 89 (the accuracy of mea-
surements of the coverage):

(6)
66;

where T is the working temperature and A T is the tempera-
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ture range in which the rate of the process is measured.
Usually T/ATZ4, so that small systematic errors in the
measurement of the coverage can cause substantial errors in
the activation energy and the preexponential factor of the
desorption rate constant. This could result in a false com-
pensation effect. Unfortunately, the accuracy of coverage
measurements is usually not discussed in experimental arti-
cles.

Summarizing, we note that systematic experimental
and theoretical studies of the dependences on the coverage of
the parameters in the rate constants of the simplest physical-
chemical surface processes were begun only recently. Much
remains unclear here. New experimental and theoretical
work is required in order to gain a deeper understanding of
how and on which factors the preexponential factors in the
rate constants of surface processes depend. The magnitude
of the preexponential factor, as is well known, is strongly
affected by the dynamics of the motion of the nuclei. For this
reason, in future theoretical studies of this problem the
above-described (see Sec. 4) decoupling of the dynamic and
statistical parts of the problem of calculating rate constants
will have to be rejected.

7. THERMODESORPTION SPECTRA

The most widely used method for studying the kinetics
of elementary surface processes is the thermodesorption
method. The essence of thermodesorption measurements
consists of the following. Molecules of one species (if de-
sorption is studied) or molecules of two species (ifareaction
is studied) are adsorbed on a surface at low temperatures,
after which the chamber is evacuated and the sample is heat-
ed. Desorption or the reaction (followed by desorption of
the reaction products) occurs as the temperature is raised,
and the coverage of the surface decreases. The number of
molecules entering the gas phase per unit time, i.e., actually
the rate of the process of interest, is measured experimental-
ly. The temperature dependence of the intensity of the mea-
sured signal is called the thermodesorption spectrum. The
kinetics of the process can be studied for all values of the
coverage—from complete coverage to zero coverage—in the
course of a thermodesorption experiment over a short period
of time. Analysis of thermodesorption spectra yields the de-
pendence of the rate of the process of interest on the tem-
perature and coverage. This is the advantage of the thermo-
desorption method and the reason for its widespread
popularity.

The thermodesorption spectrum usually consists of one
or several peaks. The most informative parameter, which
makes it possible to evaluate the activation energy of the
process, is the position of the thermodesorption peak. The
formulas relating the position of the peak to the parameters
in the rate constant of the process in the case of a process
with "ideal" kinetics (i.e., the activation energy of the pro-
cess does not depend on the coverage) were first derived in
Ref. 117. The equations describing the "ideal" kinetics of
some processes and the functional relationship between Tm

(the temperature corresponding to the maximum of the rate
of the process) and the parameters in the rate constant of the

process are monomolecular desorption, as follows:

jj§. = _ve-at (7.1)

associative desorption,

Ji^-ve-
(7.2)

P£a

and a bimolecular reaction between adsorbed molecules
As+Bs-(AB)g a s :

— — --ve a A B, (?J)

where P is the rate of heating, and the index m for the cover-
ages indicates that the coverages are evaluated at the maxi-
mum of the rate of the process. Without loss of accuracy the
formulas (7.1) and (7.2) can be somewhat simplified"7:

kT, - = ln- 3.64,

kTr
- = ln

(7.1')

(7.2')

where 60 is the initial coverage.
In determining the activation energy using the formulas

(7.1 )-(7.3) the value of the preexponential factor must be
postulated. The so-called "normal" values of the preexpon-
ential factors, v~ 1013-1016 s~', obtained using the theory of
absolute reaction rates, are usually used in the calculations.
The activation energy for real processes, as a rule, depends
on the coverage. In this case, the relations (7.1 )-(7.3) give
the average value of the activation energy.

Another important parameter of the thermodesorption
spectrum is the half-width of the peak. The analytical formu-
las relating the half-width of the thermodesorption peak to
the parameters of the rate constant were obtained for the
case of "ideal" kinetics in Ref. 118 by approximating the
results of numerical calculations. These formulas are not,
however, widely used, since the width of real thermodesorp-
tion peaks is affected substantially by the dependence of the
desorption activation energy on the coverage, even if this
dependence is weak. The computational results of Ref. 118,
enabling the analysis of thermodesorption spectra under the
assumption that the desorption activation energy depends
linearly on the coverage, turned out to be more useful.

The possibility of reconstructing the dependence of the
activation energy and the preexponential factor on the cov-
erage from the form of the thermodesorption spectrum was
discussed in Refs. 119-121. It was shown in Ref. 120 that
when the real uncertainty in the thermodesorption spectra is
taken into account, this problem cannot, as a rule, be solved
uniquely. The problem can be solved111 if the experiment is
performed by varying (by two or more orders of magnitude)
the rate of heating.

The effect of lateral interactions between adsorbed mol-
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FIG. 15. Thermodesorption spectra in the case of monomole-
cular desorption. a) e, = — 1 kcal/mole; b) £, = 0 kcal/
mole; c) c, = 1 kcal/mole; d)e, = 2 kcal/mole. The initial
coverages equal 0.2, 0.4, 0.6, 0.8, and 1.

r.K

ecules on the thermodesorption spectra was first discussed in
Refs. 83 and 86. It was shown that lateral interactions can
give rise not only to broadening of the thermodesorption
peak, but also to the appearance of several peaks. The ap-
pearance of several peaks is due to the nonlinear dependence
of the activation energy of the process on the coverage (see,
for example, Fig. 13). References 83 and 86 substantially
influenced the interpretation of thermodesorption spectra.
The idea that the complicated form of thermodesorption
spectra can be equally a consequence of both surface nonuni-
formity and lateral interactions between adsorbed molecules
is now generally accepted.

The typical scale of the effect of lateral interactions on
thermodesorption spectra of different processes is demon-
strated below in Figs. 15-17. All calculations were carried
out for a square lattice, taking into account the lateral inter-
actions between nearest neighbors only. Aside from this, it is
assumed that the activated complex does not interact with
the environment (£* = 0). In the case of adsorption or reac-
tions involving the formation of products which escape di-
rectly into the gas phase, this assumption is reasonable, since
the activated complex in these processes is usually weakly
bound to the surface. The starting temperature was set equal
to 300 K, and the rate of heating equaled 50 K/s. The equa-
tions derived in Ref. 93 in the quasichemical approximation
were used to describe the kinetics of the processes.

The thermodesorption spectra for monomolecular de-
sorption, calculated with the parameters £a (0) = 35 kcal/
mole and v = 1015 s~', which are typicalfor the desorption

of CO from the surface of platinum-group metals, are pre-
sented in Fig. 15. In the "ideal" case (see Fig. 15b) the posi-
tion of the peaks is independent of the initial coverage. The
attraction between molecules (see Fig. 15a) gives rise to be-
havior which is characteristic for zeroth-order desorption:
the rate of the process is virtually independent of the initial
coverage. Moderate repulsion (f, = 1 kcal/mole) between
adsorbed molecules causes a weak splitting of the spectrum
(see Fig. 15c). Comparatively strong repulsion (el = 2
kcal/mole) leads to the appearance of two distinct peaks
(see Fig. 15d); the integral intensities of the peaks are equal
to one another—this is another consequence of the symme-
try of the lattice gas model with pair interactions relative to
the coverage 9=1/2 mentioned in Sec. 2. Taking into ac-
count the second interaction e2 does not qualitatively change
the thermodesorption spectra.95 When three-body interac-
tions122 are taken into account the integral intensities of the
peaks are no longer equal. In the case of other types of lat-
tices the quasichemical approximation gives the correct re-
sults only for weak lateral interactions. Detailed calcula-
tions of thermodesorption spectra for more complicated
lattices than the square lattice have not been performed.

The thermodesorption spectra for associative desorp-
tion, calculated with the parameters^ (0) =65 kcal/mole
and v = 10'3 s~', typical for desorption of oxygen atoms
from the surface of platinum-group metals, are presented in
Fig. 16. Here, lateral interactions of the same magnitude as
in the case of monomolecular desorption studied above have
a somewhat weaker effect on the thermodesorption spec-
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woo 1WO 1200 1100 moo FIG. 16. Thermodesorption spectra in the case of associative
desorption. a) £, = — 1 kcal/mole; b) E, = 0 kcal/mole; c)
e, = 1 kcal/mole; d) e, = 2 kcal/mole. The initial coverages
equal 0.2, 0.4, 0.6, 0.8, and 1.
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trum. This is attributable to the fact that, owing to the high
activation energy, oxygen is desorbed at high temperatures
and the dimensionless parameter e,/kT, which affects the
nature of the thermodesorption spectrum, is small. The ther-
modesorption spectra for associative desorption of particles
of one species in the presence of particles of a different spe-
cies on the surface are analyzed in detail in Ref. 95, in which
the thermodesorption spectra under the conditions of de-
composition of NO on platinum-group metals are analyzed
(see the discussion of this point in Sec. 4 also).

The thermodesorption spectra for the bimolecular reac-
tion As + Bs -»(AB)gas, between the adsorbed molecules,
calculated in Ref. 123 with the parameters.^ (0) = 35 kcal/
mole and v — 1014 s, are presented in Fig. 17. The energies of
different lateral interactions were assumed to be equal to one
another: £AA = eAB = £BB. Two families of thermodesorp-
tion spectra were analyzed. In the first case, the initial cover-
age of the surface by the B molecules equals 0B = 0.2, and
the initial coverage of the surface by the A molecules as-
sumes the values 0.8,0.6,0.4,0.2, and 0.1. In the second case
<9B = 0.5, while 0A assumes the values 0.5,0.4,0.3,0.2, and
0.1. The spectra in the first and second families were normal-
ized independently. A detailed discussion of the qualitative
features of the spectra, presented in Fig. 17, is given in
Ref. 123.

Figures 15-17 give a general idea of the effect of lateral
interactions on thermodesorption spectra. In many articles
(Table II) the lattice-gas model was used to describe real
thermodesorption spectra. Experience accumulated thus far

indicates that the experimental results can usually be de-
scribed at the semiquantitative level only. This is apparently
attributable to the fact that in almost all theoretical papers
the lateral interactions between nearest neighbors only were
taken into account; in addition, the arrangement of the mole-
cules on the surface was often assumed to be simpler than
that occurring in reality. In future, attempts will apparently
be made to describe the experimental results taking into ac-
count lateral interactions of a more complicated type. There
are no fundamental difficulties here; only more computer
time is required.

Real thermodesorption spectra are often nonideal as a
result of surface nonuniformity also, i.e., the presence on the
surface of several forms of adsorbed molecules or even a
continuous description of adsorbed molecules as a function
of their surface binding energy. Generally speaking, surface
nonuniformity is apparently a more common reason for the
nonideality of thermodesorption spectra, especially in the
case of desorption from polycrystalline surfaces. Both sur-
face nonuniformity and lateral interactions produce effects
of the same order of magnitude in the thermodesorption
spectra. In many cases both surface nonuniformity and lat-
eral interactions are apparently manifested simultaneously.
If, however, one of the factors responsible for the nonideality
of thermodesorption spectra dominates, then this factor can
in principle be established experimentally. The classical ex-
ample here is the isotopic method, consisting of the succes-
sive adsorption of different isotopes, followed by their de-
sorption. If different isotopic molecules are desorbed in an
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FIG. 17. a-d) Thermodesorption spectra in the case of a bimolecular
reaction between adsorbed molecules, a) e, = — 1 kcal/mole; b) e, = 0
kcal/mole; c) £, = 1 kcal/mole; d) c, = 2 kcal/mole.

order inverse to that in which they were adsorbed, then the
surface is obviously nonuniform. Unfortunately, the isoto-
pic method gives no information in the case when the transi-
tions of molecules from one form into another occur more
rapidly than does desorption from different forms. In the

latest methods for studying surface nonuniformity different
forms of the adsorbed molecules are recorded directly (with
the help, for example, of infrared spectra, photoelectronic
spectra, or spectra of the energy losses in low-energy elec-
tron scattering).

8. ISOTHERMAL KINETICS

Together with thermodesorption measurements, the
nonstationary kinetics of elementary surface processes is of-
ten studied under isothermal conditions (see references giv-
en in Refs. 136 and 137). The experimental nonstationary
isothermal kinetic data usually cannot be described on the
basis of "ideal" kinetics. This is partially attributable to the
lateral interactions between the adsorbed particles. The ef-
fect of lateral interactions on isothermal kinetics has been
discussed qualitatively in many experimental works. De-
tailed calculations of the isothermal kinetics of monomole-
cular desorption, associative desorption, and the bimolecu-
lar reaction As + Bs -> (AB)gas were carried out in Refs.
136 and 137. It was shown that taking into account lateral
interactions gives kinetic curves of two types (see, for exam-
ple, Fig. 18). In the first case, the coverage of the surface
decreases rapidly initially, after which the desorption pro-
cess or the reaction slows down markedly. In the second
case, an induction period is observed initially, after which
the process is accelerated. For monomolecular and associ-
ative desorption the kinetic curves of the first type occur for
repulsive interactions between adsorbed molecules, and ki-
netic curves of the second type occur for attractive interac-
tions. For the bimolecular reaction proceeding according to
the Langmuir-Hinshelwood mechanism, kinetic curves of
both types are possible with both positive and negative later-
al interactions. Physically, the features mentioned above are
a result of the coverage-dependence of the activation energy
of the processes.

The features of isothermal kinetics described above are
traditionally explained by invoking either complicated ki-
netic schemes, including, for example, topochemical stages
(growth and destruction of patches), or surface nonuni-
formity. The calculations carried out in Refs. 136 and 137
show that the complicated nature of the isothermal kinetics
can also be a consequence of lateral interactions between
adsorbed molecules.

9. SURFACE DIFFUSION

Surface diffusion is of interest from the general physical
standpoint as an example of diffusion in strongly nonideal
systems. In addition, information about surface diffusion is
useful for describing chemical reactions on a surface. Sur-
face diffusion is characterized, as a rule, by times which are
significantly shorter than desorption times, since the activa-
tion energy of diffusion hopping is usually less than or of the
order of 30% of the desorption activation energy. Neverthe-
less, surface diffusion can have a nontrivial effect on the ki-
netics of surface chemical reactions.

Indeed, molecules or atoms of different species usually
participate in reactions, and diffusion of the particles which
are most strongly bound to the surface can, in principle, be
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TABLE II. List of references in which the lattice-gas model was used for interpreting
the thermodesorption spectra.

Monomolecular desorption

System

Hg/W (001)
CO/W (210)
C0/Ir(110)
CO/lT (111)
CO/Pt (111)
CO/Pt (110)
CO/Pd (111)

References

125
8»

126, 135
127, 136

131

135

139

Associative desorption

System

02/Ag (110)
H2/W (001)
N,/W(001)
02/Ir (110)
Os/Ir (111)
H,/Pt(lll)
OJPt (001)
02/Pt(lll)
02/Pd(lll)
H,/Ni (100)

References

129
86,162
86

126, 135
127. 135

128

130

135

135

131

Chemical reactions

Process

Oxidation of CO
Oxidation of H2
Decomposition of NO
Decomposition of HCOOH
Oxidation of methanol

Surface

Ir(HO), Ir(lll)
Ft (111)

Co, Ni, Ru, Re
Ni (110), Ni (100)

Ag (110)

References

126 12?
128

90, 91, 95, 132
183, 134

slower than desorption of less weakly bound particles or a
reaction. For example, the diffusion of oxygen atoms on a
transition-metal surface at temperatures r<400 K is char-
acterized by times exceeding tens of seconds. Such times can
be long compared with desorption times for weakly bound
reagents or with reaction times. For this reason, the arrange-
ment of oxygen atoms on the surface at temperatures T < 400
K is often unbalanced. In this case, the correct description of
the adsorption layer in the course of the oxidative reaction
must include a detailed microscopic analysis of the displace-
ments of different particles along the surface (i.e., the calcu-
lation of the probabilities of different configurations of the
arrangements of adsorbed particles).100

Aside from the unbalanced nature of the adsorbed layer
described above relative to the arrangement of strongly
bound particles, information about surface diffusion is re-
quired for describing diffusion-controlled chemical reac-
tions. For example, a reaction can occur only on separate
sections of the surface (the so-called active centers). Diffu-
sion of reagents toward active centers can in principle limit
the reaction. Formal models of such processes are studied in

Refs. 138-140. Unfortunately, as far as we know, at the pres-
ent time there are no reliable data indicating real reactions to
which the models of Refs. 138-140 are applicable.

Considerable attention has been devoted in recent years
to the experimental and theoretical study of the diffusion of
adsorbed atoms and of the simplest molecules.84'137-141'159

Two experimental methods for studying the dependence of
the coefficient of surface diffusion61 on the coverage are
widely used. The first method for determining the coefficient
of diffusion is based142 on the measurement of fluctuations in
the number of particles on a selected section of the surface
followed by the use of relations (of the Smoluchowski type)
between the coefficient of diffusion and the rate of fluctu-
ation of the concentration. The second method143 reduces to
measuring the concentration profile of the particles diffusing
from the occupied half-plane into the free half-plane and
then using the Boltzmann-Matano procedure for determin-
ing the diffusion coefficient. Neither method is rigorously
substantiated. The first method is limited by the fact that
there are no sufficiently accurate and simple relations
between the rate of fluctuation of the concentration and the
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FIG. 18. Time dependence of the coverage of the surface by A
molecules in the case of the reaction As + Bs -• (AS)gas. It is
assumed that the concentration of B molecules in the gas phase
is high, so that the B molecules occupy all locations on the sur-
face freed in the course of the reaction, i.e., the condition
<?A + #B = 1 holds at all times. The calculation was performed
fora square lattice. The notation (2,0; 1,0; 1,0) denotes £AA/
kT= 2.0; eAB/kT= 1.0; em/kT= 1.0.

t/t.
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w -TZ FIG. 19. Dependence of the diffusion coefficient on the cov-
erage for the systems O/W (110)'" (a) and H/W (110), D/
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diffusion coefficient in the case of interacting molecules. The
second method is based on the assumption that the concen-
tration profile c(x,t) is a function of the parameter x/tl/2

only. This assumption must be checked experimentally,
since it is justified theoretically only in the case of noninter-
acting particles.

The experimetnally measured diffusion coefficients de-
pend very strongly on the coverage of the surface by the
diffusing particles (see, for example, Fig. 19). One reason
for this are the lateral interactions between the adsorbed par-
ticles. The effect of lateral interactions on the diffusion was
discussed in Refs. 84, 137, and 146-159, where different ap-
proximations or the Monte Carlo method were used. Some
papers (for example, Refs. 84, 146, and 148) were based on
obviously simplified models of the effect of intermolecular
interactions on diffusion. The exact expression relating the
flux of adsorbed particles to the concentration gradient has
the form

dc 6 (9.1)

where a is the distance between neighboring cells, z is the
number of neighboring cells, T ( 9 ) is the probability per unit
time of hopping into one of the neighboring cells, and^ (9) is
the chemical potential. The formula (9.1) was derived phe-
nomenologically.'4^'5" A simple kinetic derivation of the
formula (9.1) is given in Refs. 137 and 157. The expression
(9.1) for the coefficient of diffusion is valid if the diffusion
occurs as a result of individual hops. This is the case if for a
diffusion hop the particle must overcome an activation bar-

rier (in this case, the probability that adjacent particles
make a hop simultaneously is negligibly small). It is this
situation that, as a rule, occurs in the case of chemisorption.

The results of the calculations carried out in Ref. 137,
illustrating the effect of different types of lateral interactions
on the dependence of the diffusion coefficient on the cover-
age, are presented in Figs. 20 and 21. In accordance with
experiment, the theory gives a strong dependence of the dif-
fusion coefficients on the coverage, and it also predicts the
possibility that this dependence is nonmonotonic. The non-
monotonic nature of the dependence of the diffusion coeffi-
cient on the coverage is linked with the fact that the different
factors entering into the formula (9.1) depend differently on
the coverage.

There is practically no experience at the present time in
the use of the lattice-gas model for describing real data on
surface diffusion rates. This is attributable to two factors. On
the one hand, there are as yet few experimental data on the
coverage dependences of diffusion coefficients. On the other
hand, in order to describe existing data lateral interactions of
a complicated type must be taken into account. In the case,
for example, of the diffusion of oxygen in the W (110) face
this fact already follows from the form of the phase diagram
of the system (see Fig. 4). Model calculations of the diffu-
sion of oxygen on the W (110) surface were carried out in
Ref. 156.

The formula (9.1) describes diffusion occurring as a
result of individual hops of separate molecules into adjacent
free cells. The possibility of molelcules hopping in pairs was
discussed in Ref. 158. In Ref. 154, together with this possi-

n.s -

O.B

0.4 -

0.2 -

FIG. 20. The diffusion coefficient as a function of the coverage,
taking into account lateral interactions between nearest neigh-
bors. The calculation was performed for a square lattice. The
broken lines correspond to the mean-field approximation and
the solid lines correspond to the quasichemical approximation.
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FIG. 21. The diffusion coefficient as a function of the coverage taking into
account lateral interactions, E, and £2 are the lateral interactions between
adsorbed molecules; cf is the lateral interaction of the activated complex
with nearest neighbors. The calculation was carried out for a square lat-
tice.

bility, the so-called "chain" mechanism of diffusion was
studied. The idea of chain diffusion dates back to Ref. 160.
The essence of this mechanism reduces to the fact that hops
into occupied cells are permitted, and in addition it is as-
sumed that as a result of such a hop molecules already pres-
ent in an occupied cell are "pushed out" into a neighboring
cell, etc. In our opinion the chain mechanism of diffusion has
not been adequately substantiated. This mechanism could be
important, if the activation energy of the process of displace-
ment of molecules is lower than the activation energy of hop-
ping into a neighboring empty cell. It is difficult, however, to
imagine that such a ratio between the activation energies can
be realized in reality.

The effect of the order-disorder phase transition on sur-
face diffusion was studied in Ref. 153. It was shown that in
the case when a (2x1) structure is formed on a square lat-
tice the diffusion coefficient becomes strongly anisotropic.
From the physical standpoint this result is completely natu-
ral.

10. CONCLUSIONS

The information collected in this review indicates that
over the last decade the two-dimensional lattice-gas model
came into widespread use for describing different phenome-
na occurring on the surfaces of single crystals. Interest in
this model will persist in the immediate future. Indeed, sur-
face physics is going through a blossoming period; an enor-
mous amount of experimental data here requires theoretical
interpretation. From the methodological standpoint further
development of the two-dimensional lattice-gas model will
apparently be linked with more extensive use of the Monte
Carlo method not only for calculating the phase diagrams of
the adsorbed layer, but also for describing the kinetics of
different surface processes.

In concluding this review it should apparently be em-
phasized that our exposition was based primarily on the
analysis of the applications of the lattice-gas model for de-

scribing surface phenomena. In this model the surface is as-
sumed to be uniform. For this reason, we did not discuss
surface nonuniformity in detail. However, the effect of sur-
face nonuniformity on surface phenomena is often signifi-
cant even in the case of adsorption on surfaces of single crys-
tals. There is a large volume of experimental data on
adsorption on nonuniform surfaces. Interest in the theory of
the phenomena occurring on nonuniform surfaces is also in-
creasing. Analysis of such questions, however, falls outside
the scope of this review.

In conclusion, we are deeply grateful to V. L. Pok-
rovskii for useful discussions of the material collected in this
review and for a number of valuable remarks.

"Review lecture presented at the 1st Ail-Union Symposium on Theoreti-
cal Problems in Chemical Physics, Chernogolovka, Moscow Province,
June 11-14, 1984.

^'Physical adsorption is discussed in the reviews of Refs. 6 and 7.
3)One of the consequences of lateral interactions between an activated

complex and the environment can be the dependence on the coverage of
the average energy (translational, vibrational, or rotational) of the prod-
ucts of desorption from the surface. This effect is studied in Ref. 163.

"'We note that the formula (47) in Ref. 93 contains a misprint. The correct
expression for the braces has the form {...} = Km + K^
+ KefPffKfd/(Kf,Pre+Kfd).

5)In the case, for example, of a square lattice the ratio of the density of the
surface gas to that of the surface liquid equals ~exp(2£,/&7') (see Sec.
2), while the ratio of the rate constant for desorption from the surface gas
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