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Abstract
Theoretical aspects and evolution of surface diffusion studies are discussed with an emphasis on non-metallic
adsorbates at metal surfaces. A survey of the existing literature is presented with the main experimental results
tabulated. (The tables and their updates are available online at http://ipent.ep¯.ch/gr_kern/jv_barth/
SD_tables.html) Conception, theoretical and experimental work on transient mobility in the adsorption of gases
on metal surfaces are summarized. # 2000 Elsevier Science B.V. All rights reserved.

1. Introduction
The transport of atoms or molecules at solid metal surfaces plays a vital role in a multitude of surface
physical and chemical processes: in heterogenous catalysis reaction partners usually adsorb and diffuse
at the surface before the products form. Surface mobility is a prerequisite in associative thermal desorption. The equilibration of surface phases or the growth of regular ®lms implies lateral motions of the
respective adsorbed species. The formation of nanostructures at surfaces via self-assembly or diffusion
limited aggregation requires a balancing of the mobility characteristics and the corresponding lateral
interactions. Finally, the adsorption process of atoms or molecules per se may involve transient motions.
Surface mobility thus comprises several aspects.
On the one hand it is the aleatoric thermal mobility of adsorbed particles, which has been
macroscopically observed as early as 1785 for the case of powdered charcoal ¯oating on an alcohol
surface [1]. This is a Brownian motion [2,3] in two dimensions, as illustrated in Fig. 1.
The basic physical principles of Brownian motion have been elucidated early this century (cf. [4±6]).
In the absence of external forces it is a stochastic process re¯ecting the never ceasing energy
¯uctuations of a system in thermal equilibrium. When the particles are adsorbed on a homogenous
surface and do not interact with each other, this leads to simple random walks.
*
Fax: 41-21-693-3604
E-mail address: johannes.barth@epfl.ch (J.V. Barth).
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Nomenclature
a
Ê
A
d
D
D0
D*
~
D
D
eV
Eb
Ed
Em
f.c.c.
h
j
kB
L
m
n
t
T

surface lattice constant
Ê ngstroÈm (1  10ÿ10 m)
A
dimensionality
diffusion coefficient
pre-exponential factor (prefactor)
tracer diffusion coefficient
collective diffusion coefficient
jump diffusion coefficient
electron volt (1 eV  1:6  10ÿ19 J  23:06 kcal molÿ1  96:5 kJ molÿ1  8065 cmÿ1 )
bonding energy of an adsorbate
energy barrier in collective diffusion
energy barrier in tracer diffusion
face-centered cubic
Planck constant (4:1  10ÿ15 eV s)
diffusion flux
Boltzmann constant (8:62  10ÿ15 eV Kÿ1 )
Langmuir (1 L  1  10ÿ6 Torr s)
adsorbate mass
number of adsorbates in an ensemble
time
temperature

Greek letters
b
(kBT)ÿ1
Z
friction coefficient
F
thermodynamic factor
G
hopping frequency
hli
mean jump length
m
chemical potential
Y, y
coverage
particle vibrational frequency in adsorption well
o0
Abbreviations
AES
Auger electron spectroscopy
DFT
density functional theory
FEM
field emission microscopy
FIM
field ion microscopy
HAS
helium atom scattering
HREELS high-resolution electron energy-loss spectroscopy
IRAS
infra-red absorption spectroscopy
LEED
low-energy electron scattering
LITD
laser-induced thermal desorption
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LOD
MC
MD
NMR
PEEM
PES
QHAS
SHD
STM
TDS
TST
UHV
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linear optical diffraction
Monte Carlo
molecular dynamics
nuclear magnetic resonance
photoemission electron microscopy
potential energy surface
quasielastic helium atom scattering
second-harmonic diffraction
scanning tunneling microscopy
thermal desorption spectroscopy
transition-state theory
ultra-high vacuum

On the other hand, a directed ¯ux of adsorbates can be induced by the variation of their density or
chemical potential at the surface. In this case one is dealing with a gradient-driven transport
phenomenon for a system which is not in thermodynamic equilibrium. In its simplest form it can be
described by Fick's law, where the concentration gradient is the driving force [8]. With increasing time,
the resulting surface diffusion will lead to a smearing out of an initial concentration pro®le, as
illustrated by the observations reproduced in Fig. 2. When eventually thermodynamic equilibrium is
attained, there is a uniform adsorbate distribution on the surface and no further net surface mass
transport takes place; nevertheless the aleatoric thermal mobility persists.

Fig. 1. Two-dimensional projection of gamboge particles performing random motions in an aqueous solution; the positions
were determined in equal intervals of time (grid length scale  3 mm; from [7]).
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Fig. 2. Decay of a concentration gradient with time for Na atoms adsorbed on the surface of a tungsten ribbon, as monitored
by spatially resolved photoelectric current measurements; from [9].

In both cases there is a strong temperature dependence. The higher the temperature, the more active
the adsorbate motion and faster the gradient decay.
For the above situations the individual atoms or molecules are considered to be thermalized with the
surface, i.e., on solid surfaces they experience the corrugation of the respective atomic lattice and are
accomodated at distinct, energetically favorable sites, provided that the thermal energies are small.
Surface mobility is thus closely related to diffusion phenomena in the bulk of solids, which have been
extensively investigated (cf. [10±13]).
A further channel for transport of atoms or molecules at surfaces is related to the adsorption
dynamics and the corresponding dissipation of the binding energy. This possible lateral motion of
atoms or molecules in the process of thermalization is called `transient mobility', since it is terminated
upon equilibration. It may re¯ect the existence of a highly mobile precursor, which is only temporarily
occupied. Such a precursor state is illustrated by the one-dimensional potential energy diagram in Fig. 3
for the activated dissociative adsorption of a molecule. An intermediate state for a molecule AB can be
populated before the breaking of the molecular bond and the accomodation of the atomic species at the
surface [14].
The objective of the present paper is to review surface and transient mobility of non-metallic
adsorbates at metal surfaces in the light of recent developments in the ®eld. Albeit comprehensive
reviews [15±24], book sections [25,26], conference proceedings [27±29] and notably a seminal report
[30] on surface diffusion exist, a fair number of new ®ndings and technical developments have been
reported since their publication, and the mobility of transient species at metal surfaces could be
elucidated. Putting the results into perspective along with a critical discussion is believed to be
bene®cial for a better understanding of these topics.
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Fig. 3. One-dimensional potential energy diagram for the activated dissociative adsorption of a diatomic molecule AB. Curves (1)
and (2) represent the interaction of the molecule and two widely separated atoms with the metal surface, respectively. They cross at
K, where the corresponding energy barrier P is indicated. W is the energy of an incoming molecule, W0 the sum of the two vibrational
energies of the two atoms after adsorption, Q the depth of the atomic adsorption well. From [14].

2. Theoretical aspects of surface migration
Atoms coming from the gas phase into contact with a metal surface thermalize with the phonon heat
bath of the crystal upon adsorption, i.e., the substrate thermal energy can be associated with the
adsorbate. The adsorbate similarly experiences the periodic substrate atomic lattice, which is illustrated
in Fig. 4. The binding energy is subject to lateral variation with local minima corresponding to
energetically favorable positions. These adsorption sites are separated by energy barriers being
signi®cantly smaller than the energy barrier for desorption. The minimum energy difference between
adjacent sites is the migration energy barrier Em. In the case of anisotropic surfaces, direction
dependent migration barriers along principal crystal axes can be present.
The excitation and damping of the thermal motion of an adsorbate is predominantly mediated by the
coupling to the substrate phonon bath. The typical frequency of the phonons is  1012 ÿ1013 sÿ1 , with

surface atom vibrational amplitudes of  0:1 A at room temperature. The magnitude of the thermal
energies with respect to the migration energy barrier is decisive for the possible lateral motion of
adsorbates on the surface (for the special case of quantum mechanical tunneling of adsorbates through
the barrier, cf. Section 4.1.1).
It is helpful to discriminate two situations:
1. kB T ! Em : when the thermal energies are small, the adsorbates are con®ned to the adsorption sites,
corresponding generally to high-symmetry positions on the surface. A temperature can be identi®ed
where the adatoms can be considered immobile with respect to a timescale of interest. For temperatures
exceeding this value, surface migration is driven by the continous energy exchange between adsorbate
and substrate. The corresponding energy ¯uctuations result in random jumps from one energy minimum
to another, i.e., a stochastic hopping mechanism is operative. Most of the time the adsorbates remain in
the adsorption well, where they are vibrating, and only rarely the energy necessary to overcome the
migration barrier is accumulated. Hence it is frequently assumed that subsequent jumps are uncorrelated,
i.e., that hopping is a Markov process. Upon averaging over many events, a hopping rate can be de®ned.
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Fig. 4. STM images resolving (a) the hexagonal atomic structure of the close-packed f.c.c.(1 1 1) surface and (b) the
anisotropic f.c.c.(1 1 0) surface of Ag. The surface unit cells and high symmetry directions are marked. (c) Schematic onedimensional potential energy surface experienced by an adsorbate along a high-symmetry surface direction (Em: migration
energy barrier; Eb: bonding energy; a: surface lattice constant).

2. Range kB T  Em to kB T @ Em : with thermal energies close to or exceeding the migration energy
barrier, the effect of the lateral surface corrugation on the adsorbate motion becomes smaller or even
negligible. Surface migration is thus less restricted and the adatoms transport rather freely on the
surface without con®nement to speci®c sites. Consequently, the de®nition of a hopping rate is
senseless. This situation can be described as two-dimensional Brownian motion. The corresponding
diffusion coef®cient for high thermal energies is expected to obey [4,21,31,32]:
D

kB T
;
mg

(2.1)

where g is the friction associated with the uncon®ned particle random motion. The correlation
between D and the associated mobility B describing the behavior of the adsorbate in an external
force ®eld is provided by the Einstein relation B  D=kB T. The same equation is encountered in the
case of Brownian motion in a ¯uid with viscosity coef®cient g. Note that in most cases thermal
desorption becomes appreciable when the thermal energy approaches the migration barrier, and
hence desorption and diffusion coproceed. The migration barrier is usually an order of magnitude
smaller than the bonding energy.
D will be considered in the following as a scalar; for the general description a diffusion tensor must
be invoked (cf. [21,30]):


Dxx Dxy
:
D
Dyx Dyy
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Most surface science experiments dealing with surface migration have been performed in the range
where the condition kB T ! Em holds. Theoretical work suggests that the `!' condition is ful®lled for
kB T < 15 Em (cf. [21,33]). Only preliminary insight has been gained into the nature of surface diffusion
in the transition regime (e.g., [21,34,35]).
It must be underlined that the results obtained in the hopping regime are not a priori of general
validity and care has to be taken in the extrapolation of, say, the migration characteristics of CO on a
catalytically active metal determined at low temperatures to obtain those under reaction conditions in
an industrial process.
2.1. The isolated adsorbate in the hopping model
In the hopping model, the migration of an isolated adatom corresponds to an aleatoric walk from
adsorption site to adsorption site. Upon denoting the starting point of the motion at t  0 as
r0  x0; y0 , the mean jump length along the x, y directions as hlxi, hlyi and the corresponding hopping
frequencies as Gx, Gy, the mean square displacement of the atom is
h r t ÿ r0 2 i  h Dr2 i  Gx hlx i2  Gy hly i2 t;

(2.2)

which reduces for an isotropic surface to
h Dr2 i  Gh hli2 t:

(2.3)

A characteristic property of surface migration is that h(Dr)2i varies linearly with time. Note that the
very de®nition of a hopping frequency Gh tacitly implies statistic averaging over many hopping events.
The time difference between the individual jumps of a speci®c particle varies stochastically. The
corresponding tracer diffusion coef®cient is de®ned as
h Dr2 i
;
(2.4)
t!1 2dt
where d is the dimensionality of the diffusion process (d  1; 2 at surfaces). From (2.3) and (2.4) it
follows that D* can be expressed in terms of the hopping rate Gh and the mean jump length hli
D  lim

1
hli2 Gh :
(2.5)
2d
Experimental evidence demonstrates that quite generally the tracer diffusion coef®cient obeys an
Arrhenius law and accordingly the data are interpreted in terms of the equation
D 

1
hli2 n0 exp ÿ bEm   D0 exp ÿ bEm ;
(2.6)
2d
where n0 is designated as the attempt frequency, D0 as the pre-exponential factor (or prefactor) of the
tracer diffusion, b  kB Tÿ1 . A unique migration barrier is posed. Eq. (2.6) is a fundamental relation in
surface migration.

When nearest-neighbor jumps prevail, hli is equal to the surface lattice constant a. Since a  3 A and
since the attempt frequency can be associated with the vibrational frequency of the adsorbate in the
adsorption well (typically 1013 sÿ1 [36]), the pre-exponential factor is expected to be 10ÿ3 cm2 sÿ1,
which is frequently considered as an universal value.
D 
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An important parameter is the probability Px for ®nding an atom at a speci®c site x after a time
interval t, which was localized at x  0 for t  0. In the case hli  a, Px reads in one dimension [37]
Px t  exp ÿ Gh tIx Gh t;

(2.7)

where x is expressed in units of a, and Ix is the modi®ed Bessel function of the ®rst kind of order x [38].
This allows for the determination of the hopping rate from a measured adsorbate displacement
distribution. In the simplest case, Gh is obtained from the probability P0 that the adsorbate does not
move in the time interval t, given by
P0 t  expÿGh t:

(2.8)

In the spatial continuum limit and for long time intervals the analogous probability distribution Pr is a
Gaussian (e.g., [4]), which reads for two-dimensional isotropic diffusion




1
r2
1
r2
2
2
p



p
(2.9)
exp ÿ  d2 r;
dr
exp ÿ 2
Pr t d r 
2

a
G
t
4D t
pa Gh t
4pD t
h
where (2.5) was used to substitute for D*. Expressions for P with more complicated hopping
mechanisms in one and two dimensions can be found in Refs. [16,39,40].
As an illustration for hopping migration of an adsorbate on low-index f.c.c. surfaces, consider the
model in Fig. 5. De®ning the hopping rate in one direction as Gs, the diffusivity in two dimensions can
be determined. Next-neighbor hopping is assumed.
The mean square displacement along a direction labeled x is
h Dx2 i  t

B
X
a1

Gs x2a ;

(2.10)

and hence the one-dimensional tracer diffusion coef®cient
Dx 

B
1X
Gs x2a ;
2 a1

(2.11)

Fig. 5. Ball model for next-neighbor hopping on the f.c.c.(0 0 1), f.c.c.(1 1 1) and f.c.c.(1 1 0) surface. Arrows mark the
possible jumps from an adsorbate at the origin. For the f.c.c.(1 1 1) symmetry two inequivalent hollow sites exist (marked light
and dark gray, respectively).
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where xa is the projection length of the jump vector on the x-direction, and z the number of attainable
sites. The total hopping frequency is accordingly Gh  zGs.
Due to the symmetry of the f.c.c.(0 0 1) surface, Dx  Dy  D . Since z  4 for two-dimensional
hopping, D  a2 Gs  14 a2 Gh .
For the f.c.c.(1 1 1) surface, Dx  Dy  32 a2 Gs  D . Since z  6, D  14 a2 Gh .
When the adsorbate
are energetically degenerate, the jump length
p binds at the hollowsites, and 1these
2
1 2
a Gh .
is reduced to a= 3 with z  3. Hence Dx  Dy  4 a Gs and D  12
The f.c.c.(1 1 0) surface has a rectangular unit cell. Thus distinct energy barriers for hopping along
the principal directions exist and anisotropic diffusion associated with different directional hopping
rates Gsx and Gsy is expected. The diffusivities along the principal directions are Dx  a2 Gsx  12 a2 Gx
and Dy  b2 Gsy  12 b2 Gy (since z  2; a and b are the lattice constants along the x and y directions,
respectively).
The application of this concept for other geometries is straightforward [13].
Theoretical ansaÈtze justifying the Arrhenius relation in (2.6) and thus providing Gs are as follows.
2.1.1. Transition state theory
An expression for the hopping frequency can be obtained by means of transition state theory (TST),
which is based on a semiclassical description of the problem [20,21,41±43]. In TST a thermodynamical
equilibrium distribution of adsorbates in the transition state at the saddle point of the energy barrier
separating the energy minima of neighboring adsorption sites is posed. Implicitly assumed are (i) nextneighbor hopping (due to strong coupling between adsorbate and substrate), i.e., hli  a, and (ii) the
transition state is a point of no return, a classical mechanics statement which excludes dynamical
effects such as recrossing and quantum mechanical tunneling through the barrier. The corresponding
rate Gs is determined to
Gs 

kB T Z 6
expÿbEm 
h Z0

(2.12)

or, equivalently

 6 
kB T
DS
expÿbEm ;
Gs 
exp
h
kB

(2.13)

where Z0 and Z6 are the partition functions of the ground and transition state, respectively, and
DS6  S6 ÿ S0 denotes the corresponding formal entropy change. When it can be neglected, the
prefactor reduces to kB T=h, which amounts to 6:3  1012 sÿ1 at 300 K. For the simple case of a onedimensional system without coupling to a bath the rate reduces as [42]
o0
(2.14)
expÿbEm ;
2p
p
where o0  U 00 x0 =m is the particle vibration frequency at the well bottom, as illustrated in Fig. 6.
This is formally similar to a useful estimate for the TST hopping rate, which can be formulated with
the frustrated translational mode nT, i.e., the vibrational mode of the adsorbate parallel to the surface.
When hvT ! kB T, Gs can be approximated as (e.g., [44])
Gs 

Gs  nT expÿbEm :

(2.15)
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Fig. 6. One-dimensional representation of the escape from a particle con®ned to a binding site at x0 by the migration energy
barrier Em at xb. o0 and ob are the angular vibration frequencies associated with the minimum and the saddle point of the
potential energy.

2.1.2. Langevin dynamics
It has been shown that the TST result principally represents an upper bound for the true hopping rate
(see [42]). A starting point for a wider treatment is the Langevin equation [45], which reads for the onedimensional motion of a particle with mass m in the periodic potential U(x)
m@ t v  ÿ@ x U x ÿ Zmv  x t;

(2.16)

where v  @ t x. The motion is subject to a dynamical damping with a friction coef®cient Z and excited
by a stochastic force x(t), which satis®es the ¯uctuation±dissipation theorem:
hx ti  0;

hx tx t0 i  2mZkB Td t ÿ t0 :

(2.17)

The physical idea is to incorporate the random excitations driving the stochastic motion in the
Langevin force. The excitation force has a mean value of zero. Its temperature-dependent noise strength
2mZkBT ensures that the average energy of the adsorbate obeys the classical statistical physics
equipartition law (hEi  12 kB T per degree of freedom). The excitations are opposed by the continous
damping force Zmv. It has been pointed out that these are drastic assumptions since it is supposed that
for the former `the discontinuity of events taking place is essential', while for the latter `it is trivial and
can be ignored' [4].
The time evolution of the particle's probability density P  P x; v; t is then given by the related
Fokker±Planck equation, the Klein±Kramers equation [42,46±48]


F x ÿ mZv ZkB T 2

@ P x; v; t;
(2.18)
@ t P x; v; t  ÿ@ x v ÿ @ v
m
m v
where F x  ÿ@ x U x. Kramers employed this equation to model the escape rate from a potential
well, which for the case of moderate to strong friction under the condition Z=ob > kB T=Em was
determined as [42,47]
q
2
1 2
1
4 Z  ob ÿ 2 Z o0
exp ÿ bEm ;
Gs 
(2.19)
2p
ob
p
where ob  U 00 xb =m denotes the vibration frequency at the barrier (cf. Fig. 6). Interesting are the
limits of moderate friction, for which the TST result formulated in Eq. (2.8) is recovered, and that for
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strong friction (Smoluchowski limit)
o0 ob
exp ÿ bEm :
Gs 
2pZ
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(2.20)

On the other hand, in the case of Z=ob < kB T=Em and weak friction (Z ! 0), the rate is given by
[42,47]
o0
exp ÿ bEm :
(2.21)
Gs  ZbEm
2pob
A striking consequence of the rate behavior derived for the limiting cases is that for both strong and
weak friction the transition rate is proportional to the damping coef®cient, i.e., Gs is reduced either with
decreasing and increasing Z. This implies a turnover behavior of the rate with varying friction. The rate
maximum is found at Z=ob  kB T=Em , where the TST result is approached [33,42].
Comprehensive treatises on the Fokker±Planck equation and Kramer's reaction rate theory can be
found in Refs. [4,5,42,48±51]. Over the last years several groups studied surface migration in this
framework or generalizations thereof [25,33,52±68].
An important feature of the Kramers approach is that the TST restriction of next-neighbor hopping is
lifted when the damping is weak. Since, according to Eq. (2.5), both jump length and hopping
frequency determine the diffusion coef®cient, this allows for a more complete description of surface
migration. There is a general agreement now that long jumps occur naturally in the weak friction limit
[33,44,56,62,66,67,69]. The increased jump length may even overbalance the effect of the reduced
hopping rates and lead to an increase in diffusivity in this regime, which exceeds the values expected
from TST. However, for the comparison with experimental results a thorough understanding of the
friction at the atomic level is required. Most calculations performed so far concentrate on the friction
parameter via the phonon-coupling between adsorbate and substrate (e.g., [56,62,70±72]). This seems
to be the most important process for energy dissipation [73±75]. Nevertheless, signi®cant electronic
friction (via creation of electron±hole pairs) may exist [72,76±78]. Typically, the friction coef®cient in
surface migration is a mere fraction of the adsorbate vibrational frequency (Z  0:1o0 [62,72]).
In recent work, a microscopic memory function has been introduced which accounts for the friction
parameter [21,69,79±84]. This approach bears the advantage that the memory function can be related to
the surface vibrations and on its basis a `uni®ed picture of the qualitative, universal properties of
surface diffusion' was proposed [21].
2.1.3. Computation of hopping migration parameters
Molecular dynamics (MD) simulations of hopping adsorbates are widely employed and have been
reviewed in Refs. [20,85]. With such simulations the dynamics are calculated by solving the classical
mechanics equations of motion. The temporal and spatial evolution of an adsorbate interacting with
vibrating surface atoms are obtained. MD simulations elucidate real systems and provide a means to
test the above rate theories. A link between experimental ®ndings and basic theoretical studies can thus
be established. MD investigations of the surface migration of single chemisorbed species have been
reported in Refs. [44,74,86,87]. MD simulations were similarly employed to address the complex
diffusion mechanisms of large adsorbed molecules, where conformational changes of the adsorbate
may exist [88±93].
On the other hand, it is possible to perform total energy calculations to elucidate the potential energy
surface (PES) relevant in surface migration [94±101]. For this purpose the surface corrugation is mapped by
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calculating the energies for different static con®gurations. The dynamical aspect may be treated in the
framework of TST, via calculation of the frustrated translation frequency or other approaches.
It must be noted that the interpretation of both migration barrier and attempt frequency may be
complicated by dynamic effects mediated by substrate phonons or lattice distortions. This is discussed
in a number of theoretical investigations [21,57,80,81,102±108]. Substantial variations of the migration
barrier and attempt frequency with the temperature were proposed in some cases.
It is also possible that the migration barrier calculated for a static substrate±adsorbate con®guration
may be unequal to that relevant for the migration at ®nite temperatures. In this case it is convenient to
speak of a dynamic migration barrier.
Similarly, care must be taken when the limits of the validity range of the rate theories is approached
and the nature of the surface diffusion mechanism is expected to undergo severe changes
[21,34,35,109±111].
2.2. Collective processes at ®nite coverages
From the consideration of isolated adsorbates hopping from site to site on a homogeneous surface
basic mechanisms governing surface migration are elucidated. With real systems, however, typically a
situation is encountered where the surface is covered by a ®nite adsorbate concentration Y.
The tracer diffusion coef®cient for an ensemble of interacting adsorbates can be formulated
straightforward, analogous to Eq. (2.4), as
n
1 X
h Dri 2 i;
t!1 2dnt
i1

D  lim

(2.22)

where n is the total number of particles in the ensemble.
An equivalent expression for D* can be written in terms of the Green±Kubo velocity±velocity
correlation formalism [30,112]
n Z 1
1 X

hvi 0  vi ti dt:
(2.23)
D 
dn i1 0
Upon considering the stochastic motion in a microscopic picture, it becomes clear that the existence
of an adsorbate layer leads to modi®cations of the atomic environment of an adsorbate under
consideration, whose effect must be considered. Provided that kB T ! Em , the simplest consequence of
a ®nite coverage is site blocking, i.e., the reduction of the number of accessible sites for a moving
adsorbate. When there is exclusively mutual site blocking of adsorbates on a ®xed array of bonding
sites (the Langmuir lattice gas), the tracer diffusion coef®cient varies according to the relation
D Q  D Q  01 ÿ Q [30,113]. In reality the adsorbates are furthermore subject to lateral
interactions, which result in the deformation of the PES experienced by an adatom in the vicinity of
another one. These adsorbate interactions may lead to correlated motions. Furthermore, surface mass
transport via soliton diffusion [114,115] or other complex mechanisms [116±118] are envisioned.
Depending on the nature of the adsorbate±substrate complex the lateral interactions are either
repulsive or attractive. This is illustrated in the diagram in Fig. 7, where it is assumed that only the
nearest-neighbor ground state is affected. A direct consequence of these deformations is that for
interacting adsorbates the migration energy barrier is locally reduced or increased in the case of
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Fig. 7. Schematic potential energy deformation due to (a) repulsive and (b) attractive interactions for an adatom interacting
with another adatom at the origin. Em is the isolated adsorbate migration barrier and DEm the additional interaction energy.

repulsions or attractions, respectively. When the interactions are small, i.e., jDEm j ! Em the attempt
frequency is hardly affected, whereas substantial changes in the respective hopping rate due to a
modi®cation of the Boltzmann factor are expected: expÿbEm  ! expÿb Em  DEm .
2.2.1. Surface diffusion and mass transport
Diffusion at ®nite coverages is usually described in macroscopic terms via an adsorbate ¯ux density
~ is accordingly de®ned through
in two dimensions. The chemical or collective diffusion coef®cient D
Fick's laws [8]. The ®rst of these empirical laws describes the diffusion ¯ux density j across a
boarderline, which results from a coverage gradient in a continuum
~ Yrr Y r; t
j  ÿD

(2.24)

upon combination with the continuity equation ÿ@ t Y r; t  rr j, Fick's second law is obtained
~ Yrr Y r; t:
@ t Y r; t  rr  D

(2.25)

The collective diffusion coef®cient is thus relevant for the mass transport at surfaces. It generally
depends on coverage. Note that these laws disregard the atomic structure of surfaces and are applicable
only when the coverage variation is small at the atomic scale [13,30].
~ since the adsorbate concentration
The diffusion equation (2.25) is widely employed to determine D,
is a measurable quantity. In practice, often the decay of an adjusted coverage gradient is analyzed and
(2.25) is solved numerically or analytically for a given geometry. This task is considerably simpli®ed
when diffusion coef®cients independent of coverage exist or may be assumed and
~ 2r Y r; t:
@ t Y r; t  Dr

(2.26)

When the temporal decay of a coverage gradient can be spatially resolved, the coverage dependence
~ can be determined by the Boltzmann±Matano method [30,119,120]. The corresponding solution of
of D
the diffusion equation forR an initial step pro®le with Y x > 0  Y0 and Y x < 0  Ymax provides:
~ Y  1=2t dY= dxjY Y x dY0 where t is the elapsed diffusion time, measured from the start of the
D
Yo
pro®le decay.
In most experimental observations collective diffusion can be interpreted in terms of an Arrhenius
law. Accordingly, the data are usually analyzed assuming that the energetics and dynamics can be
factorized, i.e.
~ Y  D
~ 0 exp ÿ bEd :
D

(2.27)
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The diffusion barrier Ed is then obtained via the relation
~
Ed  ÿ@ b ln D:

(2.28)

It is clear that the migration barrier Em of isolated adsorbates and Ed are a priori unequal, although
they are related and should become identical in the zero coverage limit.
2.2.2. The thermodynamic factor
From a thermodynamics point of view surface mass transport is an irreversible process, i.e., the
diffusion equations apply for systems which are not in thermal equilibrium and there is no Fickian
diffusion once it is established. For a description from ®rst principles, non-equilibrium thermodynamics
are mandatory. In contrast, the thermal aleatoric motion of adsorbates is a natural property for
equilibriated systems. They are re¯ected in the tracer diffusion coef®cient, which is de®ned in the limit
t ! 1, thus excluding transport effects. The two coef®cients are related. On the one hand the diffusive
mass transport is a net ¯ux averaging over a multitude of random displacements, which may be, due to
their stochastic nature, directed partly against a chemical potential gradient. On the other hand, the
random adsorbate motions of systems in equilibrium give rise to density ¯uctuations, whose relaxation
can be in turn related to collective diffusion (following Onsager's hypothesis that ¯uctuation relaxation
can be described by macroscopic laws [30,121±123]).
A unifying approach is the description of transport diffusion in the framework of irreversible
thermodynamics [13,124]. The general diffusion ¯ux at constant temperature is driven by a position
dependent chemical potential m on the surface [18,30,125,126]
j  ÿLrr m;

(2.29)

where L is a phenomenological transport coef®cient. Note that this expression does account for the
adsorbate interactions, disregarded by Fick's laws. An expression comparable to Fick's second law is
obtained upon reformulating Eq. (2.29) in one dimension
j  ÿL@ Y m@ x Y;

(2.30)

~  L@ Y m in this case. Upon employing speci®c expressions for
which allows for the identi®cation D
the chemical potential, this relation can be used as a starting point to describe collective diffusion
[126].
A more rigorous description can be formulated in terms of velocities, where j(t) is expressed as
n
X
vi t:
(2.31)
j t 
i1

It is obvious that the diffusion ¯uxes must change with time when mass transport at the surface
occurs and that the diffusivity is a function of this change. In the Green±Kubo formalism this relation is
established and can be formulated as [30,112]
+
Z 1
Z 1 *X
n
n
X
1
1
~
h j 0  j ti dt 
vi 0 
vj t dt;
(2.32)
D
dh Dn2 i 0
dh Dn2 i 0
i1
j1
where h Dn2 i  h n ÿ hni2 i is the corresponding mean square ¯uctuation of the number of adatoms
n(t) in the area element A of the ensemble, which is embedded in an in®nite adsorbate layer providing
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an ideal reservoir. The thermodynamic mean value of the particle number in A is hni. This formulation
has the advantage that a correlation between tracer and collective diffusion can be expressed
straightforward as [30,127]
E 3
2
R 1 DP
i6j vi 0  vj t dt
5:
~  D hni 41  R01 Pn
(2.33)
D
2
dh Dn i
i1 vi 0  vi t dt
0
Thus the two diffusion coef®cients have in general a complex interdependence. However, in the case
where the cross-correlations between the particle velocities are absent or can be neglected, the two
coef®cients are simply related via the particle number ¯uctuations
~  D
D

hni
dh Dn2 i

:

(2.34)

Now, the mean square number ¯uctuation is related to m, b and Y by the expression [30,126,128]
hni
2

h Dn i



@ mb
@ln Y

T

 F;

(2.35)

whereby the de®nition of the thermodynamic factor F is introduced. This allows for the formulation of
the so-called Darken equation [129] (originally proposed in the context of volume diffusion in alloys
(cf. [13,130])) for the present case [30]
~ Y  D Y@ mb  D YF:
D
@ln Y T

(2.36)

For the case of a Langmuir gas, where no adsorbate interactions exist: F  1 ÿ Yÿ1 . Since in this
case D Y  D Y  01 ÿ Y (in the absence of memory effects [131]), the chemical diffusion
coef®cient is independent of coverage, which result nicely illustrates the different nature of the
respective coef®cients (cf. [18,30]).
When the chemical potential of an adlayer is expressed as the sum of that of a Langmuir gas and the
differential heat of adsorption q Y  @ Y H a Y as interaction term [115,126,132]


Y
m  m0  kB T ln
ÿ q Y
(2.37)
1ÿY
the thermodynamic factor is
1
ÿ b@ Y q Y:
(2.38)
1ÿY
In the limit of Y ! 0 the interactions between the particles become negligible and it is found that
F  1, i.e., for isolated adsorbates the diffusion coef®cients become identical. Accordingly, the
Gaussian distribution (2.9) is a solution of Fick's second law for an initial d-function. For the relation of
the thermodynamic factor to observable quantities and other approximations for F, see Refs. [18,126].
It is well known that in the vicinity of phase transitions both ¯uctuations and chemical potential
exhibit anomalies (e.g., [133]). Surface phase transitions thus strongly affect collective diffusivity in an
adsorbate layer [18,21,30,115,134].
F
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2.2.3. Collective diffusion and the hopping model
For a comprehensive description of collective diffusion from a microscopic point of view, the
atomistic processes taking place in an ensemble of mobile adsorbates should be considered.
By approximation, collective diffusion can be reconciled with the hopping model by associating a
coverage dependent effective jump rate with the motion of individual adsorbates. The ad hoc effective
jump rate G Y accounts for the adsorbate interactions and the site exclusions at ®nite coverage. Thus
collective diffusivity may be expressed as [126]
2
2
~ Y  a G Y @ mb  a G YF:
D
2d
@ ln Y T 2d

(2.39)

The leading term on the right-hand side of this expression is designated as the jump diffusion
coef®cient D
a2
G Y:
(2.40)
2d
Note the formal similarity of (2.39) with the Darken equation and that of D with the tracer diffusion
coef®cient for an isolated adsorbate (2.4). (cf. [30,135±137] for a more rigorous discussion of the jump
diffusion coef®cient, see also [123,138,139].) Accordingly, (2.39) is designated as the generalized
Darken equation [135,140]. In fact, another formulation for D was suggested, which similarly
demonstrates its close relation to D* [127,141]
*"
#2 +
n
X
1
:
(2.41)
D  lim
Dri
t!1 2dnt
i1
D Y 

The subtle difference between D and D* is the averaging procedure. It is easily veri®ed, taking this
expression, that D and D* are indeed identical in the absence of correlated motions, since then the
average contribution of displacements associated with different adatoms is zero hDri Drj i  0 [127].
Casting D in the form (2.40) bears the advantage that a relation to the Kubo±Green equation can be
obtained [30,141]
~
D

hni
h Dn2 i

D  FD;

(2.42)

which reveals that tracer and jump diffusion coef®cients are identical when the Darken equation holds.
~ over a conWith diffusivity measurements involving transport frequently a coverage independent D
centration interval is assumed. Combining (2.28) and (2.39), the following relation is obtained [30,126]:
 
Ed  ÿ@ b ln GF  E ÿ Fÿ1

@2m
@H a
 E  Fÿ1
 E  Fÿ1 Yq;
@ ln Y@b
@ ln Y

(2.43)

where E  ÿ @ b ln G is an effective energy barrier for jumps, H a Y is the heat of adsorption and q the
differential heat of adsorption per adatom. From this result it is inferred that the activation energy for
collective diffusion depends on both temperature and coverage. This dependence can be associated with the
varying adsorbate distribution on a surface, which, due to the lateral interactions, affects the effective
hopping rate G and the differential heat of adsorption q. An important consequence is that Arrhenius
behavior may not be expected over a wide temperature range for collective hopping diffusion. Note that in
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the derivation of (2.43) the dependence of the prefactor on temperature and thermodynamic factor is
~ and thus
~ 0 is obtainable by T ! 1 extrapolation of D
neglected [126]. From experimental data D
~
necessarily depends on the temperature range under investigation for a temperature-dependent D.
2.2.4. Computational methods for collective diffusion
Monte Carlo (MC) simulations (cf. [142±144]) are frequently employed to get insight into the
microscopic diffusion scenario and to relate the microscopic processes to experimental observations.
The basis for MC simulation of collective surface diffusion are two-dimensional lattice gas models
(e.g., [140,145±147]). The motion of adsorbates in the lattice gas description consists of random hops
of individual adsorbates between neighboring sites, i.e., it is assumed that adsorbates are localized at
speci®c sites and that collective motion corresponds to a sequence of elementary jumps.
In a simple MC scheme the jump probability oij of a randomly selected adatom at an initial site to a
randomly selected adjacent ®nal site is calculated. When the ®nal site is occupied, oij  0. When the
®nal site is free, the jump probability is calculated and jumping is allowed when oij exceeds a random
number r (0  r  1). The jump probability thus accounts for the microscopic environment and the
temperature. It may be represented by oij  kÿ1 expÿbEij , where Eij is the energy barrier for the
adsorbate site change and k a scaling factor [148,149]. This choice for the transition rate satis®es the
condition of detailed balance (or microscopic reversibility), which ensures evolution of the system
towards thermal equilibrium [142±144] oij Pi  oij Pf where Pi, Pf are the corresponding probability
distributions of equilibrium con®gurations. Detailed balance does not provide a unique condition for
the transition probability and several distinct expressions for oij are in practice for MC simulations of
surface diffusion, notably the Metropolis or the Kawasaki form and the recently introduced transition
dynamics algorithm (cf. [21,137,149±151] and references therein). Note that the conversion from
simulation time to real time, being of primary interest for the description of the system dynamics, is
non-trivial [142±144,150,152]. Frequently it is assumed that the energy of the transition state is
constant and that the interactions are re¯ected exclusively by variations in the depth of the adsorption
well. When phase diagrams of the systems under consideration are known, the interaction parameters
can be adjusted for their reproduction. In addition to pairwise interactions three or multiple body
interactions have been suggested in this context [146,153,154].
MC simulations have been employed to address a variety of questions in collective surface diffusion
in an ensemble of adsorbates.
~ is independent of coverage for a Langmuir gas and demonstrate increased or
They con®rm that D
reduced diffusivity in the presence of next-neighbor repulsions or attractions, respectively [155]. MC
simulations were employed to reproduce the decay of density pro®les, such as in laser-induced thermal
desorption (LITD) experiments (cf. [134,156±160]). Also the Boltzmann±Matano analysis can be
checked including the case of interacting adsorbates [155,161,162]. When applied to two-dimensional
concentration pro®le decay, the Boltzmann±Matano method was shown to underestimate the diffusion
coef®cient [161]. Recent simulations indicate that the chemical diffusion coef®cient obtained strongly
depends on the chosen time regime [163].
MC simulations provide a means to determine the thermodynamic factor via analysis of the particle
number ¯uctuations in a small area element of the total area employed to model the lattice gas
[123,126,137,164,165]. They were performed to systematically investigate interaction effects on
particle ¯uctuations and their relation to the collective, tracer and jump diffusion coef®cients [141,166±
169]. Local reconstructions and the substrate symmetry effects were investigated (cf. [21,170]). The
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effect of adsorbate ordering and phase transitions on collective surface diffusion have been analyzed
[134,137,153,164,171±175]. A lattice model and MC simulations were developed to investigate the
complex collective diffusion of large molecules such as n-alkanes and others [92,93,176]. A
combination of MC and an analytical approach was proposed in Ref. [136].
Besides MC methods, other computational means to study collective surface diffusion were
employed, such as quasichemical models [126,140], MD simulations [85,122], the real-space
renormalization-group approach [177], an analytic kinetic theory within the hard-particle approximation [178], and the stochastic resonance concept [179].
3. Evolution of surface mobility studies
The earliest observations of surface mobility at metals date back some 80 years from now [180,181].
It was noted in particular that the growth speed of small mercury crystallites from a supersaturated
vapor proceeding along speci®c directions was much faster than the rate of condensation from the gas
phase [181]. These ®ndings led to the statement that `adsorbed molecules can migrate on the surface by
virtue of thermal motion' [182]. Soon thereafter it could indirectly be shown that `two-dimensional
mobility also in the case of adsorbed foreign molecules' exists [182±184].
More direct observations of surface diffusion were accomplished around 1930 by thermionic
methods [185±188]. Most of these experiments were performed with adsorbed alkali and alkaline earth
metals, but also the ®rst evidence of mobility of adsorbed gas layers was reported for oxygen on
tungsten [185,189]. At the same time the signi®cance of surface diffusion for heterogenous catalytic
reactions was discussed [185,190±193].
The thermionic observations led to the concept of `hopping atoms', i.e., `atoms whose nuclei describe
hopping paths that originate and terminate on the surface' [187,188] and revealed accordingly `a
de®nite exponential temperature coef®cient indicative of an energy of activation being requisite for the
process of lateral diffusion, i.e., in passing from point to point in a non-uniform atomic ®eld' [191].
These ideas constitute the foundation for the interpretation of surface mobility observations in the
following years.
3.1. Field emission microscopy
Modern surface science investigations of surface diffusion employing well-de®ned and impurity-free
surfaces at tungsten and other refractory metal tips under UHV conditions became possible with the
development of the ®eld emission microscope (FEM) conceived in the 1930s [194±196]. From now
quantitative data about the mobility of chemisorbed gases on metal surfaces could be obtained [197]
and many systematic investigations were performed in the following decades [198]. FEM similarly
allowed for an elucidation of directed surface diffusion induced by the anisotropy of single crystal
substrates [199].
The FEM technique has been reviewed at length [30,127,198,200,201]. In an FEM experiment,
electrons emitted from a small area at a metal tip under the in¯uence of a high electric ®eld are
Ê . Since the ®eld
magni®ed on a ¯uoroscent screen. The instrumental resolution obtainable is 25 A
emisson current depends sensitively on the local work function at the surface, the presence of
adsorbates affecting this quantity can be observed. This is the basis of the FEM shadowing method,
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where only a fraction of the investigated area is exposed to an adsorbate beam, and the spreading of this
adsorbate distribution is monitored.
With the introduction of the ¯uctuation method the capabilities of FEM were greatly enhanced
[30,127,201,202]. This technique allows for the observation of the relaxation of concentration
¯uctuations in a homogeneous adsorbate layer. The basis of the ¯uctuation method is the relation
between the particle number ¯uctuations in a small investigated area A (with a typical diameter of
Ê ), which is related to the collective diffusivity (cf. Section 2.2) and is apparent in the measured
100 A
¯uctuations of the ®eld emission current. In practice, the decay of the time autocorrelation function
fn t  hDn 0Dn tijA of the ¯uctuations is determined, where Dn t  n t ÿ hni. fn(t) corresponds to
the mean square ¯uctuation for t  0 and becomes zero in the long time limit. In two dimensions it is
related to the collective diffusivity by [30,127]
Z
Z
~
h Dn2 i
exp ÿ jr ÿ r0 j2 =4Dt
:
(3.1)
d2 r d2 r0
fn t 
~
A
4pDt
A
A
By integration of this formula, the theoretical decay is calculated. It can be ®tted to experimental
~
data, which allows for determination of D.
Anisotropic diffusion can be investigated by probing rectangular areas (e.g., [200,203,204]).
Both the FEM shadowing and the FEM ¯uctuation method were extensively applied to study surface
diffusion of adsorbed gas layers, notably H, CO, O. A rich database could be established and many
aspects of surface diffusion were elucidated.
Among the disadvantages of FEM are the limited choice of substrate materials (W, Mo, Re, Ta; Pt or
Ni with dif®culty). In addition the adsorbate systems must induce substantial work function changes
and withstand the employed high electric ®elds without the surface mobility being affected. With the
FEM shadowing technique it is also rather dif®cult to extract the diffusion characteristics for a speci®c
crystallographic orientation at the tip [30].
3.2. Field ion microscopy
The next leap forward in the experimental instrumentarium applicable to surface mobility was the
invention of the ®eld ion microscope (FIM) in the 1950s [205,206]. This technique allows to image
Ê ), and its potential to monitor movements of individual adsorbed
surfaces with atomic resolution (1 A
atoms was recognized soon after [207] and realized only a few years later [208]. FIM studies
contributed a wealth of information on surface migration and other atomic processes, particularly for
metal atoms and clusters adsorbed on refractory metal tips [15,16,23,209,210].
In a typical FIM experiment for surface migration of adsorbed atoms, the adsorbate distribution on a
metal tip at a low temperature is visualized by an inert imaging gas ionized at the surface by a high
electric ®eld. In a subsequent step, the tip is heated to a desired temperature in the absence of the
imaging ®eld to induce adsorbate migration. The respective motions are analyzed by imaging after
cool-down to the low temperature and determination of the changed particle distribution. From a series
of images, the mean square displacement of adatoms is obtained and the tracer diffusion coef®cient is
calculated using Eqs. (2.7) or (2.8).
FIM was successfully applied to investigate the diffusion of single metal adatoms and clusters
strongly bound at metal surfaces. However, studies on the migration of adsorbed non-metals were
published only scarcely [211±214]. The main problem with FIM investigation of non-metals is that they
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tend to be easily desorbed by the high imaging ®elds or to be simply invisible in the FIM imaging
process [30].
3.3. Laser-induced thermal desorption
With the development of modern UHV technology and surface characterization methods, systematic
experiments employing well-de®ned single crystal metal surfaces became possible.
In the 1980s a versatile technique based on LITD was introduced for the investigation of surface
diffusion phenomena [215±218]. LITD is conceptionally straightforward. A speci®c homogeneous
concentration of adsorbates is established on a surface. Subsequently a well-de®ned area at the surface
is depleted from the adsorbate layer by a focused laser pulse. Since thermal equilibrium at the surface is
rapidly recovered [219], the bare spot can be re®lled only by surface diffusion of adsorbates from the
surrounding areas. A second laser impulse is applied to desorb the transported adsorbates after a time
interval t from the ®rst pulse. The corresponding amount of material can be quanti®ed by mass spectrometry. For the idealized case of a circular depletion region, with a step-like coverage gradient and a
concentration-independent diffusivity, the time-dependent re®lling from Fick's ®rst law is [216,220]
 !  
Z 1 2
~ r 2
S t
J1 r=r0 
r
Dt
1ÿ2
exp ÿ 2
d
;
(3.2)
S 1
r=r0
r0
r0 r0
0
where S(t) is the measured signal, r0 the radius of the depleted area and J1 a Bessel function of order 1,
r0 is typically in the 100 mm range.
Upon measuring the fractional re®lling for several time intervals at a given temperature, the
diffusivity can be determined from ®ts using Eq. (3.2) or analogous expressions for other geometries to
the experimental data. Experiments performed with different initial coverages provide trends for the
coverage dependence of the diffusivity.
The LITD technique has been employed for investigating surface mobility of adsorbed gases (notably
H, O, CO, noble gases), physisorbates and large molecules on single crystal surfaces. Among its
advantages are its simplicity and the possibility to study virtually all adsorbates, which can be thermally
desorbed and detected by a mass spectrometer, and coadsorbate systems. LITD is of course limited to
adsorbates which are not too strongly bound and can be desorbed without destructive laser powers. A
frequently discussed problem is the possible effect of substrate imperfections in the area under
investigation, which may be even created upon irradiation [221,222]. Diffusion over atomic steps is
inevitable for the long-range mass transport in the experiments. Another drawback is the lack of spatial
information which prevents for the application of the Boltzmann±Matano method (see Ref. [223] for a
notable exception). Coverage-independent diffusivities are thus frequently assumed for the data
interpretation, and it was pointed out that the concentration variation in the depletion area affects the
corresponding results (cf. [134,159,160]). To account for this an iterative data evaluation method has
been suggested [224].
3.4. Scanning tunneling microscopy
The advent of the scanning tunneling microscope (STM) [225,226] had a tremendous impact on
surface science. STM allows in particular for structure determination and direct observation of
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atomistic processes on any conducting surface, which greatly enhances the spectrum of other
microscopic techniques such as FIM, FEM, or electron microscopy.
Basic studies on surface diffusion were reported already in the early days of STM [227]. In these
measurements characteristic spikes were observed in the tunneling tracks, which were ascribed to
highly mobile adsorbates moving much faster than the tunneling tip. This corresponds essentially to a
measurement of the ¯uctuating adsorbate density in the area probed by the STM tip. It was hence
suggested that the collective diffusivity can be measured by recording the current ¯uctuations of the
tunnel junction [30,228±230], quite analogous to the FEM ¯uctuation method. An experiment along
this line was performed to study Si adatom diffusion on Si(1 1 1) [231]. Unfortunately the data
interpretation is not unambigous as pointed out in two recent studies employing MC simulations to
attack this problem [232,233]. Further investigations are required in order to establish STM current
¯uctuation measurements as a reliable method for surface diffusion [234].
On the other hand, STM measurements can be employed to systematically study tracer diffusion by
following adsorbate migration at the atomic level in situ. This was achieved for a variety of systems
[235±238], including adsorbed gas atoms and molecules at metal surfaces (cf. Section 4). When metal
substrates are employed, the temperature dependence is preferentially investigated by low-temperature
[239] or variable-temperature STM [240±242]. In most cases, hopping frequencies were determined
from a statistical analysis of series of STM images and Eq. (2.8), whereupon the corresponding
activation energies and prefactors can be extracted from Arrhenius plots. In favorable cases, where the
mean square displacement of adatoms is determined, data can be analyzed in terms of Eq. (2.7) and the
jump mechanims can be elucidated [117,238]. The recently presented `atom tracking' method allows to
follow the migration path of an individual moving adsorbate [236]. When fancy instruments have been
developed, surface mobility can be even recorded at video rates and visualized by STM movies
[238,243]. The complete analysis and interpretation of such data can only be achieved with the
development of adequate computer techniques [238,244,245]. From video data sets, the concentration
¯uctuations in adsorbate layers can also be obtained, as demonstrated recently [245]. This allows in
principle for the characterization of collective diffusion, analogous to FEM.
Care must be taken to exclude the possible effect of tip±surface interactions in STM experiments.
Both theoretical and experimental studies indicate the possibility of modi®ed migration energy barriers
under the STM tip [246±251]. However, frequently such effects are negligible or can be excluded by
working at large tunneling electrode distances.
A further approach to tackle adsorbate tracer diffusion is the analysis of saturation island densities on
surfaces as a function of temperature [252±256]. So far, this method has been applied exclusively to
metal or semiconductor epitaxial growth, where the lateral interactions between adsorbed atoms are
strong and stable islands readily evolve from two-dimensional condensation of mobile adatoms in the
course of deposition.
Among the advantages of STM are atomic resolution, its conceptional transparency and versatility,
and the appeal of direct visualization. STM can be applied to study anisotropic surface mobility,
diffusion on inhomogeneous surfaces, or adsorbate interactions and collective transport effects on a
local scale. It is also a technique where a simultaneous characterization of tracer and chemical diffusion
on single crystals is feasable.
Limitations of the STM technique are that only rather low diffusivity ranges are accessible, its
principal application to small adsorbate concentrations so far and the possible interference of the
tunneling tip. Surface mobility studies by STM are currently in plain progress.
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3.5. Quasielastic helium atom scattering
About 10 years from now, a promising scattering technique for the analysis of surface diffusion was
developed: quasielastic helium atom scattering (QHAS) [108,257±260]. This method provides a mirror
image in reciprocal space to the real-space informations of random motions in two dimensions obtained
by microscopic measurements. The early development and theory of QHAS have been reviewed in Ref.
[258]. QHAS is the surface analogon to quasielastic scattering of neutrons, which was extensively
applied to study bulk diffusion phenomena [261]. In a QHAS experiment, an atomic He beam with a
sharp energy distribution is directed on a surface. In the presence of a mobile adsorbate layer,
diffusively scattered He experience characteristic energy exchanges with the adatoms, which lead to a
slight broadening of the energy distribution of the re¯ected He beam. The width of the so-called
quasielastic peak is thus related to the adatom diffusivity. It can be determined by time-of-¯ight (TOF)
measurements of the re¯ected He beam at different temperatures, which allows for a systematic
investigation of the mobility in the adsorbate layer.
The theory for QHAS [258,262] was developed following ideas from neutron scattering [263,264]. It
can be summarized as follows [260,265,267]. QHAS measures the Fourier transform of the timedependent adsorbate pair correlation function G(r, t). In a continuum description, G(r, t) gives the
probability that an adatom can be found at position r at time t, under the condition of the presence of an
adatom at the origin at t  0. G(r, t) can be viewed as the sum of two contributions [264], the adatom
autocorrelation function Gs(r, t), due to the motion of an individual adsorbate, and a second term
Gd(r, t), arising from the pair correlation of distinct adsorbates.
The measured signal, i.e., the differential re¯ection probability, is related to the pair correlation
function by
d2 r
 YF 2
dO do

Z Z

G r; t expi Dk  r ÿ otdr dt  YF 2 S Dk; o;

(3.3)

where Dk is the parallel wave vector change, ho the energy shift and F an atomic form factor
accounting for the He±adsorbate interaction. The dynamic structure factor S(Dk, o) is the Fourier
transform of the pair correlation function and contains the information of interest. When the pair
correlation between distinct adsorbate motions is appreciable, it is related to the collective diffusivity.
However, the data interpretation is dif®cult in this case [108,258]. Hence, it is advantageous to perform
experiments in the low-coverage limit with weakly interacting adsorbates, where island formation can
be excluded. Note that the length scale of scattered He atoms probing the dynamics of adatoms is 2p/
Dk. When the coverage is suf®ciently small, correlations can be neglected and Gd(r, t) is zero. For small
correlations, upon application of the Vineyard approximation [264], the dynamical structure factor can
be expressed as the product of a static structure factor S(Dk) and the term Ss(Dk, o) originating from the
autocorrelation function [258]
S Dk; o  S DkSs Dk; o:

(3.4)

The system dynamics is thus re¯ected in Ss(Dk, o).
For the description of isolated diffusing adsorbates in the continuum limit, the pair correlation
function reduces to the Gaussian distribution encountered in Eq. (2.9) and the dynamic structure factor
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is calculated as [258]
Ss Dk; o 

1
Dk2
p o2  D 2 Dk4

(3.5)

corresponding to a Lorentzian energy pro®le with a width (FWHM) of
De Dk  2
hD Dk2 :

(3.6)

For next-neighbor hopping diffusion on a square lattice the Lorentzian energy pro®le is retained and
the peak width is given by [258,266]
X


De Dk  4
h Gs l sin2 12 Dk  l ;
(3.7)
l

where Gs(l) is the hopping rate associated with the jump vector l (in units of lattice constants).
Analogous De expressions can be derived for varying jump lengths and other geometries [258].
In practice, for determination of the diffusivity from a measured signal, the peak broadening due to
the adsorbate mobility and the instrument response function must be deconvoluted (cf. [267]).
Complementary MD simulations have proven to be very useful [268].
The QHAS technique can be applied over a wide temperature range and to anisotropic diffusion. One
of its striking features is that it simultaneously provides additional informations on the dynamics of
adsorbed species, such as the energy of the frustrated translation mode. On the other hand, QHAS is
limited to the case of high diffusivities exceeding  5  10ÿ6 cm2 sÿ1 and requires extensive data
interpretation. Recent theoretical studies emphasize the role of additional contributions to the
dynamical structure factor from the frustrated translation [82,83,108]. It has been pointed out further
that non-diffusive processes may contribute to the peak broadening [269]. QHAS was successfully
employed to obtain diffusion characteristics for weakly bound adsorbates at metal surfaces, as
summarized in Refs. [260,267,270]. For the case of gases at surfaces, adsorbed CO, H and Xe have
been studied so far [34,260,265,271±273].
3.6. Optical methods
The ®rst observations directly monitoring the thermal spreading of a concentration pro®le on a
surface have been performed by spatially resolved photoelectric current measurements [9,274] (cf.
Fig. 2). Essentially the same principle, albeit with a magnifying lens providing signi®cantly improved
performance and working under UHV conditions, is followed in modern photoemission electron
microscopy (PEEM) measurements. Similar to FEM, this method exploits the local work function
changes induced by adsorbates. However, by means of PEEM, a complete image of the photoelectron
energies from adsorbate layers on single crystal surfaces can be obtained [275±277]. In PEEM
experiments for surface diffusion, a coverage gradient is generated on the surface by LITD or
deposition through a mask. The subsequent spreading of the adsorbate layer is monitored for various
temperatures. Due to the spatial resolution of 100 nm, a Boltzmann±Matano analysis is usually
performable. This has been demonstrated for several systems, including adsorbed CO and O on Pd and
Pt surfaces [278,279], and alkali metal surface diffusion [280]. PEEM bridges the gap between atomic
resolution microscopies and macroscopic measurements. It is thus an excellent technique to investigate
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the possible interference of defects in macroscopic surface diffusion measurements, as demonstrated in
a recent study of the CO/Pd(1 1 1) system [222].
Two related, elegant optical diffraction techniques to study collective surface diffusion were
introduced around 1990 [281,282]. With these methods, a regular array of one-dimensional
concentration pro®les on an initially uniform adsorbate layer is created by LITD, using the interference
pattern of two laser beams. Typical grating periodicities are in the range s  2ÿ5 mm. The grating
amplitude is detected by the diffraction signal from a low-power probe laser. As adsorbate diffusion sets
in, a uniform distribution is restored. The corresponding decay of the diffraction signal is a measure of
the diffusivity. Initially, the ®rst-order second-harmonic diffraction signal was monitored. This is the
second-harmonic diffraction (SHD) technique [281,283±285]. In later sudies, it became clear that it is
frequently more advantageous to employ the linear optical diffraction (LOD) method, where the ®rstorder diffraction signal is recorded. It obeys an exponential decay law [282,286,287]


~
2p2 D
(3.8)
S t  S 0 exp ÿ 2 t ;
s
where t is the diffusion time and S is the signal strength. This expression holds in favorable cases
similarly for the ®rst-order second-harmonic signal [287]. For the derivation of Eq. (3.8) a coverageindependent diffusivity is assumed and the corresponding diffusion equation, Fick's law in the form of
Eq. (2.26), is solved. This is often a good approximation as minute concentration modulations
(0.02 ML) proved to be suf®cient for LOD measurements. Hence coverage and temperaturedependent diffusivity can be studied.
Since the gratings are formed by LITD, SHD and LOD have been employed exclusively to adsorbed
gas layers, mostly CO [281,283,285,287,288], NH3 [289], or hydrogen [284,290±295]. A striking
feature of LOD is the wide dynamical range recently achieved, which allows for diffusivity
measurements from 10ÿ15 to 10ÿ7 cm2 sÿ1 [295]. Anisotropic surface diffusion can be investigated
since the fabricated gratings are one-dimensional. LOD was employed to study the effect of step
barriers and coadsorbed impurities in collective surface diffusion [296±298]. Higher-order SHD or
LOD peaks have been analyzed to gain insight into adsorbate interactions [299].
Child diseases of the SHD and LOD techniques have been cured over the last years. Some results
from the early literature thus have been reinterpretated (concerning diffusion of hydrogen [292±295]
and CO [285,287] on Ni surfaces). Both SHD and LOD are techniques averaging a signal from
macroscopic areas, which comprises the usual problem of substrate imperfections.
The main features of the currently most important techniques for surface mobility observations of
non-metallic adsorbates are compared in Table 1. These methods cover a wide range of diffusivities and
length scales. Hence they provide complementary information when similar systems are investigated.
Note that the only `oldtimer' in this collection is the FEM.
3.7. Miscellany
In addition to the aforementioned principal methods, other techniques were sporadically employed to
investigate the surface mobility of adsorbed gases.
Spatially resolved work-function measurements were performed with the vibrating capacitor
technique to study surface diffusion of oxygen on W(1 1 0); a resolution of 50 mm could be achieved
[125].
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Table 1
Principal methods for surface diffusion studies of non-metallic adsorbates on metals
Method

Remarks

Studied adsorbates

STM

Tracer diffusion, direct observation,
study of interactions
Tracer diffusion, frustrated translation
Refractory metal tips
Collective diffusion
Collective diffusion, averages over planes
Collective diffusion, coadsorbate systems
Collective diffusion, study of defects
Collective diffusion, `macroscopic'
coadsorbate systems

N, O, S, CO, O2, C60,
organic molecules
CO, S, H, Xe
H, N, O, CO

QHAS
FEM
Fluctuation
Shadowing
LOD/SHD
PEEM
LITD

H, CO, NH3
CO, O
H, CO, O, organic
molecules

Length
scale
Ê
10 A

Range of D
(cm2 sÿ1)

Ê
10 A

> 5  10ÿ6

Ê
100 A
Ê
100±1000 A
1 mm
0.1±1000 mm
100±1000 mm

10ÿ14±10ÿ9
10ÿ12±10ÿ10
10ÿ15±10ÿ7
10ÿ9±10ÿ5
10ÿ8±10ÿ5

10ÿ19±10ÿ16

The diffusion of N on W(1 1 0) was studied by scanning Auger electron spectroscopy (AES) [300].
In a related approach, the coverage-dependent secondary electron emission was employed to
investigate oxygen diffusion on a W(1 1 0) surface [301]. Both methods require intense electron beams,
which may in¯uence the adsorbate motion or pollute the surface.
Helium atom scattering (HAS) studies have been performed for the observation of macroscopic
collective diffusion [302,303]. With these experiments a small gas concentration was adsorbed on a
well-de®ned small spot on a surface. The temperature-dependent decay of the concentration pro®le was
observed and analyzed in terms of Fick's laws.
HAS was initially employed to surface diffusion by exploiting the preferential trapping of adsorbed
CO at the steps of a Pt(1 1 1) surface [304]. At low temperatures the mobility is frozen and upon
exposure the uniformly distributed CO leads to a substantial intensity decrease of the specular beam
intensity. In a subsequent heating step, the migrating CO is trapped at the steps and the onset of
diffusion can be determined by the corresponding reincrease in the specular beam intensity. A similar
defect-decoration approach was followed by infra-red adsorption spectroscopy (IRAS) for the same
system [305,306]. By STM, the inverse phenomenon could be monitored: steps on a Ru(0 0 1) surface
were decorated by N atoms (due the preferential dissociation of NO there) and the decay of the created
coverage gradient could be directly analyzed [307].
Scanning high-resolution electron energy-loss spectroscopy (HREELS) with a spatial resolution of
0.3 mm was applied to study CO/Pt(1 1 1). Due to the limited resolution, high temperatures, close to
thermal desorption conditions, were required [308].
Nuclear magnetic resonance (NMR) was employed to estimate the surface mobility on metal clusters
(notably Pd [309] and Pt [310]) supported on oxide surfaces. With these measurements, the surface
mobility related narrowing of the 13C line of adsorbed 13CO is determined as a function of temperature
(cf. [311]). Averaging over all cluster facets and their boundaries is of course included.
3.8. Role of defects and impurities
Whenever experiments to study of surface mobility are performed, for the interpretation of the
observations possible effects of the ubiquitous imperfections or contaminations must be considered.
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These include in particular impurities from the crystal volume or from the residual gas pinned at the
surface. Similarly, the presence of atomic steps or other lattice defects such as vacancies may severely
affect surface diffusion. Steps may even represent sources for two-dimensional substrate atom
evaporation. Both formation and concentration of defects may be temperature dependent.
For instance, adsorbates may preferentially bind to surface steps or other defects which implies
reduced surface mobility (e.g., [97,98]). This can be exploited to study the adsorbate diffusion (e.g.,
[304,306]). More frequently, however, such effects are implicitly contained in the experimental data
and it is a challenging task to disentangle their contribution and that of the mobility on the perfect
substrate areas.
The effect of substrate steps has been systematically studied by MC simulations. In general, they
cause diffusion to be anisotropic as crossing of steps costs an extra activation energy [312±316]. The
MC methodology was similarly employed to investigate surface diffusion in the presence of point traps
and blocks [317,318].
4. Observations of surface diffusion: non-metals on metals
Surface diffusion is certainly more than an activation energy and a pre-exponential factor, even in the
case of isolated adsorbates. Nevertheless, it is customary and useful for practical reasons, to tabulate
experimental observations with these parameters. In the following, available data sets will be classi®ed
accordingly and brie¯y discussed (updated tables will be available online at http://ipent.ep¯.ch/gr_kern/
jv_barth/SD_tables.html). For comparison, the adsorption energies are included, where available. The
adsorbates and substrates are arranged according to their position in the periodic system. Related
theoretical work will be discussed in the respective context.
4.1. Atoms
4.1.1. Hydrogen
The surface mobility of adsorbed H and its isotopes was investigated by FEM, LITD, LOD and
QHAS. In Table 2 a survey on available data is presented.
Hydrogen diffusion is a peculiar case. Due to the small mass of the adsorbate quantum mechanical
tunneling through the classical migration barrier is possible. Deviations from the universal Arrhenius
behavior are accordingly found at low temperatures. Quantum effects become similarly apparent in the
variation of the diffusivity with different hydrogen isotopes. Both phenomena are illustrated by the data
reproduced in Fig. 8.
In the high-temperature, semiclassical regime, hydrogen diffusion can be described by an Arrhenius
law. The corresponding energy barriers are typically in the range 150±200 meV and amount thus to a
small fraction of the respective binding energies (5%). The coverage variation of the diffusivity is
generally not very pronounced (cf. [223,273,324,328]), indicative of small interactions between the
adsorbed H atoms. With the hydrogen on W(1 1 0) system, the application of the FEM ¯uctuation
method to anisotropic diffusion could be demonstrated. However, the effect is weak [203].
The prefactors in LITD, LOD and QHAS measurements are close to the universal 1  10ÿ3 cm2 sÿ1
value, which suggests the validity of a TST-type description for activated diffusion (with the exception
of the LITD observations of the `pathological' hydrogen on Pt(1 1 1) system, where trap-limited

Table 2
Hydrogen diffusion on metals (y is given in terms of the saturation coverage; DT: tunneling diffusion constant; Tt: transition temperature between high- and
low-temperature regime)
System

Em
(meV)

1

2

H/Rh(1 1 1)

1

H/Ni(0 0 1)

2

H/Ni(0 0 1)

1

H/Ni(1 1 1)

2

H/Ni(1 1 1)

1

H/Pt(1 1 1)

2

H/Pt(1 1 1)

68  5
76  7

D0
(cm2 sÿ1)

y

T (K)

DT
(cm2 sÿ1)

177  4
170  9
208  9
170  20
180  20
160
140  20
190  20
140  20
170  20
150
140
150
190  20
160
220
130  10
196
140  10
218
300  40

1:7  10ÿ7
3:5  10ÿ5
3:3  10ÿ3
6:3  10ÿ4
4:6  10ÿ4
1  10ÿ3
6:5  10ÿ3
8  10ÿ4
5:7  10ÿ4
4:5  10ÿ3
2:5  1  10ÿ3
1  10ÿ5
1  10ÿ6
8:5  2  10ÿ3
2  10ÿ5
5  10ÿ5
4  10ÿ41:5
2:8  10ÿ3
5  10ÿ41:5
3:4  10ÿ3
1.0
1:1  0:5  10ÿ3
0.5
1:4  0:6  10ÿ3

0.1
0.1
0.1
0.3
0.3
0.33
0.3
0.33
0.4
0.1
1
0.25
0.7
1
0.15
0.7
0.08
0.3
0.05
0.3
0.24
0.1
0.24
0.1

150±180
100±130
110±120
260±300
260±300
150±250
160±210
180±280
180±220
220±280
210±260
100±130
160±200
210±260
100±130
170±200
100±120
110±220
110±120
80±150
210±250
140±250
190±260
140±250

2  10ÿ13
9  10ÿ14
5  10ÿ14
±
±
±
±
±
±
±
±
1  10ÿ12
±
±
1  10ÿ12
±
2  10ÿ10
±
1  10ÿ10
6  10ÿ12
±
±
±
±

300  40

Tt
(K)
160
70
70

100
160a
100
170a
100
110a
100
100a

Method Reference

Eb
(eV)

Reference

FEM
FEM
FEM
LITD
LITD
LITD
LITD
LITD
LITD
LITD
LITD
FEM
LOD
LITD
FEM
LOD
FEM
LOD
FEM
LOD
LITD
QHAS
LITD
QHAS

3.0

[320]

2.9

[323]

2.7

[325]

2.7

[326]

2.7

[326]

2.5

[330]

[319]
[319]
[319]
[321,322]
[321]
[324]
[223]
[324]
[223]
[216]
[327]
[328]
[290,291]
[327,329]
[328]
[290,291]
[328]
[295]
[328]
[295]
[217]
[273]
[217]
[273]
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H/W(1 1 0)
H/W(1 1 0)
3
H/W(1 1 0)
1
H/Ru(0 0 0 1)
2
H/Ru(0 0 0 1)
1
H/Rh(1 1 1)
2

Ed
(meV)

a

Assuming additive classical hopping and activated tunneling diffusion ®tted by an Arrhenius law with activation energies and prefactors for Ni(0 0 1):
50 meV (H, D) and 1:5  10ÿ9 (H), 9  10ÿ10 cm2 sÿ1 (D) [291], Ni(1 1 1): 105 meV (H, D) and 2:4  10ÿ7 (H), 1:6  10ÿ8 cm2 sÿ1 (D) [295].
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Fig. 8. Diffusivity of hydrogen, deuterium and tritium on W(1 1 0) determined with the FEM ¯uctuation technique. In the
low-temperature regime temperature-independent tunneling diffusion is encountered. From [331].

diffusion seems possible [30]). In contrast, prefactors obtained with the FEM ¯uctuation method are
substantially smaller, in the range 10ÿ4±10ÿ5 cm2 sÿ1. A strong `anomalous' isotope effect exists with
some systems; i.e., the prefactor increases with the mass of the isotope. This cannot be rationalized in
semiclassical models, where the opposite behavior is expected (cf. [331]). Reasons for presence or
absence of isotope effects are discussed in Refs. [292,328,331±336]. Static diffusion barriers for H on
low-index Pd surfaces were recently determined by LDF calculations to 1H/Pd(0 0 1): 120 meV,
1
H/Pd(1 1 0): 100 meV, 1H/Pd(1 1 1): 190 meV [100] and con®rm the trend of small Em/Eb ratios, as
the corresponding experimental binding energies are 2.8 [337], 2.8 and 2.7 eV [338], respectively.
Tunneling diffusion effects could be observed by FEM for hydrogen on W(1 1 0) [319,339], W(0 0 1)
[340], W(1 1 1) [341] and Ni surfaces [328]; by LOD for hydrogen on Ni(1 1 1) [295] and Ni(0 0 1)
[290,291]. The more recent LOD observations on Ni(1 1 1) [295] outdate earlier studies [292±294].
Presently, the transition from the high-temperature to the low-temperature regime is controversely
discussed. On the one hand, the FEM observations indicate a sharp transition from activated diffusion,
where the hydrogen atoms overcome the barrier, to tunneling diffusion, where quantum mechanical
tunneling through the barrier prevails. This interpretation is substantiated by recent theoretical studies
of hydrogen and deuterium on Ni(0 0 1) [334±336]. On the other hand, the LOD studies (cf. Fig. 9)
indicate a rather smooth transition between two regimes with different thermal activation
characteristics: hopping diffusion at high temperatures compatible with TST, and a low-temperature
behavior associated with activated small-polaron mediated diffusion [295,331,342]. A smooth
transition was similarly obtained in calculations based on the embedded-atom method (EAM)
[343,344]. It was further concluded that tunneling diffusion is appreciable well above the transition
temperature, which accounts for the small prefactors from FEM measurements [343,344].
While the QHAS and LITD results for hydrogen diffusion on Pt(1 1 1) agree on a weak coverage
dependence [217,273], very different activation energies were derived (cf. Table 2). The higher LITD
values have been associated with the larger length scale relevant for this technique, where the presence
of atomic steps interferes [273]. For comparison, the migration barrier for H/Pt(1 1 1) has been
calculated to 120 meV with the EAM [345]. An analysis of QHAS data indicates that the H diffusion is
mainly due to single jumps between f.c.c. sites [273].
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Fig. 9. Diffusion rates for hydrogen and deuterium on Ni(1 1 1) obtained from LOD measurements. The ®ts of the data were
performed assuming additive classical hopping and activated tunneling diffusion. From [295].

Extensive theoretical studies for hydrogen atom diffusion on Cu(0 0 1) have been performed (cf.
[346] and references therein).
4.1.2. Group IIIA±VIIA elements (C, Si, N, O, S)
Early investigations dealing with the surface mobility of non-metallic adatoms from the group IIIA±
VIIA elements have been performed with the FEM shadowing technique [197,347]. Relatively few
systematic studies on single crystal surfaces are currently available, although these adsorbates play an
important role in heterogeneous catalysis. The main reasons for this de®ancy are the experimental
dif®culties encountered with the investigation of such systems. The adatoms frequently give a very
weak or no contrast in FIM. Due to the typically strong chemical binding at metal surfaces they cannot
be studied by LITD or LITD-based techniques. Hence it is not surprising that the majority of the more
recent results have been obtained by STM. In Table 3 a survey on the available data is presented.
The only study of C diffusion was performed on Pt(1 1 1) by AES. The decay of a C spot pro®le was
analyzed in terms of Fick's second law and a barrier of 1.3 eV with a rather high prefactor of
0.2 cm2 sÿ1 were derived [348]. MD calculations employing optimized Lennard±Jones potentials
roughly agree with the energy value (providing Em  1:1 eV) but signal a much lower prefactor of
3:4  10ÿ3 cm2 sÿ1 [86].
The motion of an Si atom on a W(1 1 0) tip was evaluated by FIM in the temperature range 250±
280 K, which allowed for an Arrhenius analysis. The migration barrier is high (700 meV) with a
prefactor of 3:1  10ÿ4 cm2 sÿ1 , close to the universal value [212,213]. Between the Si adatoms
oscillatory interactions with an amplitude of 50 meV were found [211,367].
The surface diffusion of adsorbed N atoms on W(1 1 0) was studied by FEM [347] and AES [300]
meaurements. The determined diffusion barrier (900 meV) amounts to 15% of the binding energy
[300]. Recent STM measurements with strongly bound N atoms on Fe(0 0 1) [101] and Ru(0 0 0 1)
[307] follow this trend. In all cases the prefactors are close to the TST value.
From an analysis of STM movies resolving N diffusion on Fe(0 0 1) the migration barrier of
individual adsorbed atoms could be determined to Em  920  40 meV, with an attempt frequency of
4:3  1012 sÿ1 [101]. The height of the migration barrier was con®rmed by DFT calculations, which
furthermore indicate that strong lattice distortions accompany the diffusion process [101]. They
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Table 3
Non-metal IIIA±VIIA adatom diffusion on metals (y is given in number of adatoms per substrate atom; estimates for D0 by original authors in {})
System

O/Pt(1 1 1)
O/Pt(1 0 0)
O/Pt(1 1 0)
O/Ru(0 0 0 1)
O/Al(1 1 1)
S/Re(0 0 0 1)
S/Ni(1 1 1)
S/Pt(1 1 1)
S/Cu(1 1 1)
a

700  70
920  40
940  150

430  40
700
1000
290±300
570  50
250

Ed (meV)

D0(cm2 sÿ1)

y (ML)

T (K)

Method

Reference

Eb (eV)

Reference

1300  200

0.2
3:1  10ÿ41:3
1:4  10ÿ2
8:9  10ÿ4
1  10ÿ1:71:5
1  10ÿ1 ÿ10ÿ2
0.38±0.2
2  10ÿ7 ÿ1  10ÿ4
1  10ÿ4
0.2/0.4
4:5  10ÿ4
2.5
5  10ÿ71
1
2  1031
f2  10ÿ3 g

±
Atom
±
Atom
Atom
0.07±0.5
0.4±0.9
0.15±0.3
0.56
0.25/0.5
0.6
±
Atom
±
0±0.2
Atom

860±970
250±280
800±900
299±325
300±350
400±600
1033±1153
500±770
500±770
930±1320
600±720
400±450
190±205
580±640
600±670
300

AES
FIM
AES
STM
STM
FEM
CPDa
FEM
FEM
SEEb
FEMc
FEMd
STM
FEMd
PEEMe
STM

[348]
[212,213]
[300]
[349]
[307]
[353]
[125]
[355]
[355]
[301]
[153]
[356]
[242]
[356]
[279]
[243,244]

±
±
6.6
6.1
5.7
±
5.4

[300]
[350]
[351,352]

3.7

[357,358]

f5  10ÿ3 g
f2  10ÿ2 g
f2:2  10ÿ4 g
4  10ÿ5
f1  10ÿ4 g

<0.1
0.25
Atom
Atom
<0.16

440
300
105±115
185±200
820

STM
STM
FIM
STM
QHAS

[362]
[363]
[214]
[245]
[366]

900
940  150
740±1130
1170  90
610
950
1040
1050
1200
1500
1300  170k

790  10

Contact potential difference (work function measurements).
Secondary electron emission.
c
Along [0 0 1].
d
Shadowing technique.
e
1  1 ! 1  2- areas, along 1 1 0.
b

±
±
4.4±5.6
7.6
4.3
2.6
±
±

[354]

[359±
361]
[94]
[364]
[365]
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C/Pt(1 1 1)
Si/W(1 1 0)
N/W(1 1 0)
N/Fe(0 0 1)
N/Ru(0 0 0 1)
O/Mo(1 1 0)
O/W(1 1 0)

Em (meV)
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Fig. 10. STM observation of N atom diffusion on Ru(0 0 0 1). In (a) a sharp concentration pro®le of N at an atomic step
was created by dissociative adsorption of NO at 300 K; (b) after 2 h at 300 K the N distribution is smeared out (image
2
sizes 180  200 A ). N atoms are imaged as triangular depressions; dashes are due to highly mobile oxygen atoms.
From [307].

indicate that the bridge site between adjacent hollow sites is actually a metastable position with an
energy of 0.83 eV, whereas the highest energy barrier calculated is 0.91 eV. It could also be shown that
the barrier is lowered by ÿ7 meV when the N±N distance is 2a due to attractive lateral interactions.
Using STM data, these interactions could be quanti®ed from a con®guration distribution analysis [349].
In addition to the dominant pair interaction the effect of three-body interactions drives the preferential
formation of compact islands [349].
Elegant STM observations with the N/Ru(0 0 0 1) system demonstrate that at low coverage the tracer
diffusivity in a uniform N layer is equal to the collective diffusivity, thus directly con®rming
expectations (cf. Section 2.2; note that the lateral interactions of the N atoms are weak [368]). The
collective diffusion was analyzed from the decay of a sharp N concentration pro®le created at atomic
steps by the dissociative adsorption of NO there [369,370]. This is illustrated by the topographs
reproduced in Fig. 10 [307].
The mobility of oxygen on W(1 1 0) was investigated by FEM [197,203,355] work-function
measurements [125] and secondary electron emission [301]. The early FEM shadowing [197] results
are in accordance with later ¯uctuation data [203,355]. With the latter measurements, a pronounced
anisotropy of the diffusion was found for coverages below 0.6 ML [203]. The results have been
critically discussed in Refs. [30,371]. In overall agreement the diffusion barrier is 1 eV at high
coverages and substantially reduced at lower coverages, as demonstrated by the FEM data compilation
in Fig. 11 [371]. The O/W(1 1 0) system was extensively analyzed by lattice gas models (cf.
[21,136,137,140,153,164,174,372]. There is an ongoing debate about the behavior of the collective
diffusivity near a continous phase transition in the O layer [137,149,164,174]. The strong changes of
the collective diffusivity with the coverage have been associated with polaronic effects [371] and O
interactions [137,153].
Investigations of O diffusion on high-index tungsten surfaces are discussed in Refs. [30]. A complex
diffusion scenario was recently reported for O/W(0 0 1) on the basis of FEM observations [373].
Oxygen diffusion on Ni(0 0 1) was monitored by STM for an intermediate coverage at 300 K [374].
An activation energy Ed  0:99 eV was estimated using an attempt frequency n0  1  1013 sÿ1.
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Fig. 11. Activation barrier (a) and prefactor (b) for the diffusion of oxygen on W(1 1 0) as a function of coverage. From FEM
observations [371].

Oxygen diffusion on Pt(1 1 1) was studied by FEM shadowing measurements [356]. The high
diffusion barrier and prefactor (1.2 eV, 2.5 cm2 sÿ1) obtained disagree with later estimates
(Ed  0:7 eV [375]) and MD simulations (0.8 eV, 1:5  10ÿ3 cm2 sÿ1 ) [86,87]. Recent STM
observations performed around 200 K indicate even lower parameters for isolated O atoms (0.43 eV,
10ÿ6:31 cm2 sÿ1 ) [242]. The STM ®ndings stimulated DFT calculations, where these and other
experimental data were reinterpreted and Em  0:55 eV was found with a prefactor of 10ÿ3 cm2 sÿ1,
estimated from the frustrated translation frequency [99]. Hence, with the latest values:
Em =Eb  0:12ÿ0:15.
Observations of O diffusion on Pt(0 0 1) [356] and Pt(1 1 0) [279] included in Table 3, which were
performed with appreciable coverages at higher temperatures and involve long-range oxygen transport,
indicate much higher barriers and prefactors. The reasons for these strong discrepancies remain to be
clari®ed. PEEM results for the anisotropic diffusion of oxygen on Pt(1 1 0) are reproduced in Fig. 12.

Fig. 12. Sequence of PEEM images (50 mm  190 mm) showing anisotropic diffusion of oxygen on Pt(1 1 0) at 606 K.
Oxygen is initially concentrated in an elliptical spot, oriented along the 1 1 0 direction. Time lap between subsequent images:
120 s. From [279].
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Fig. 13. (a, b) Constant-height STM images monitoring the random motion of isolated O adatoms coexisting with ordered
O-islands on
a Ru(0 0 0 1) surface for y  0:09 ML at 300 K (time lap between subsequent images: 0.17 s; image size
2
80  190 A ). (c, d) Corresponding ball model; the atoms colored lighter in (d) have moved between the measurements. From [243].
(e) O±O pair interaction potential as a function of distance derived from a statistical analysis of Oad-pair hopping events. From [244].

Due to the preparation technique O transport took place from (1  1) to (1  2)-missing-row
reconstructed areas [279].
The thermal migration of adsorbed O atoms on Ru(0 0 0 1) was monitored at 300 K by STM
[243,244]. Meaurements were performed with isolated adatoms and in the coexistence regime with
local (2  2)-patches, as illustrated by the series of STM images reproduced in Fig. 13. Upon assuming
a standard attempt frequency of 1013 sÿ1, Em  700 meV is obtained for isolated atoms. Since the
binding energy is in the range 4.4±5.6 eV [359±361], the Em/Eb trend found with O/Pt(1 1 1) is
con®rmed. From the decay of con®gurations with interacting adatoms, the O±O interaction energies at
the surface could be analyzed. A detailed investigation of the behavior of oxygen atom pairs revealed,
in accordance with the preferential arrangement of O atoms in a (2  2) structure, a dominating
attractive interaction of 50 meV for a distance of 2a [244]. The complete interaction potential is
reproduced in Fig. 13(e).
For high oxygen coverages a 3O(2  2) structure is formed on Ru(0 0 0 1) with three O atoms per
unit cell. STM observations at 300 K demonstrate the highly directional thermal motion of single
vacancies within this layer leading to vacancy self-trapping [376].
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Indirect evidence on the mobility of O an Al(1 1 1) was obtained from STM data [362]. Whereas
measurements at 300 K indicate immobile Oad, from the island formation at higher temperatures a
migration barrier of 1.0±1.1 eV was derived (setting D0  5  10ÿ3 cm2 sÿ1 ). This interpretation is at
variance with the Oad-motions at 300 K deduced from more recent STM observations [377]. A large
migration barrier is roughly con®rmed by DFT calculations, providing Em  0:8 eV[94]. The binding
energy of oxygen atoms was calulated to 7.6 eV [94], thus Em =Eb  0:1ÿ0:2.
The surface diffusion of adsorbed sulphur atoms was investigated under very different conditions: by
STM on Re(0 0 0 1) [363] and Pt(1 1 1) [245], on Ni(1 1 1) by FIM [214] and on Cu(1 1 1) by QHAS
[366]. With the exception of S/Pt(1 1 1), Arrhenius analysis was not possible. Assuming standard
prefactors the diffusion barriers are estimated to 0.8, 0.3 and 0.25 eV, respectively. The corresponding
Em/Eb ratios are in the 0.1±0.2 range.
4.1.3. Noble gases
Noble gases bind to metal surfaces predominantly by weak interactions. As a consequence, the
potential variation experienced by the adatoms is generally small and surface mobility investigations
require very low substrate temperatures. Early FEM shadowing measurements accordingly indicated
small diffusion barriers for adsorbed noble gases on tungsten surfaces [378,379]. It is also important to
recognize that the lateral adsorbate interactions may come close to the diffusion barrier.
Systematic surface diffusion studies with noble gases on metals have been performed by FEM, LITD
and QHAS. The results are summarized in Table 4.
The FEM ¯uctuation method was employed for a study of the Xe/W(1 1 0) system [380]. It was
found that the diffusion barrier is 50 meV at y  0:3 and 0.9ys, and thus amounts to an appreciable
fraction of the binding energy, which has been estimated to 170 meV [381]. Both repulsive and
attractive interactions were invoked to explain the coverage dependence of the mean square ¯uctuations
[30,380]. The pre-exponential factor was very small, 10ÿ8 cm2 sÿ1. This minute value could be
rationalized neither by calculations employing the Fokker±Planck formalism [52] nor by MD
simulations [122]. The theoretical studies agreed on prefactors of 10ÿ4 cm2 sÿ1, even in the lowcoverage limit. The reasons for these discrepancies are unclear. It was speculated on inherently small
attempt frequencies for the adsorbed noble gases [52]. For Xe/W(0 0 1) a diffusion barrier of
110 meV was deduced from FEM ¯uctuation measurements [384].
In LITD studies of Xe diffusion on Pt(1 1 1) at low coverages a strong fall-off of the diffusivity was
observed, associated with attractive adatom interactions [383]. LITD studies of Kr on Pt(1 1 1) at a
constant temperature of 45 K indicate similar trends [382]. At higher Xe coverages between y  0:25ys
and ys, the diffusion barrier of 50 meV did not change and prefactors of 3:4  10ÿ40:5 and
1:1  10ÿ40:2 cm2 sÿ1 were determined for 0.25ys and ys, respectively [383]. In Fig. 14 the LITD
results are shown. They were associated with two-dimensional diffusion in a layer of condensed Xe
Table 4
Noble gas diffusion on metals (y is given in terms of the respective saturation coverage; estimates from original authors in {})
System
Xe/W(1 1 0)
Kr/Pt(1 1 1)
Xe/Pt(1 1 1)

Em (meV) Ed (meV)

<9.6

50  10
48
50  10

D0 (cm2 sÿ1)
ÿ8

7  10
f1:5  10ÿ4 g
3:4  10ÿ40:5
±

y

T (K)

Method

Reference

Eb (eV)

Reference

0.3
1
0.25
0.05

50±70
45
50±80
105

FEM
LITD
LITD
QHAS

[380]
[382]
[383]
[34]

0.17
0.16
0.29

[381]
[382]
[383]
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Fig. 14. (a) Arrhenius representation of the surface diffusion coef®cient for Xe on Pt(1 1 1) at y  0:25ys ; (b) Xe surface
diffusivity vs coverage at T  80 K. From a LITD analysis [383].

islands coexisting with isolated Xe atoms, evaporated from the edges of the former. The signi®cance of
islands re¯ects the magnitude of the lateral Xe±Xe interactions estimated in earlier studies to 35 meV
[385,386], in qualitative agreement with the recent HAS data based statement that the lateral
interactions of adsorbed Xe are similar to that of the gas phase [387].
For comparison, an indirect estimate for the Xe diffusion barrier on Pt(1 1 1) of 30 meV was derived
from the energetics of the commensurate±incommensurate phase transition [385], in rough agreement
with theoretical predictions [388±390] and an indirect STM estimate from the observation of single Xe
migration on Pt(1 1 1) [391]. The STM observations further signal a barrier for two-dimensional
evaporation of Xe at Xe-island edges of 64 meV [391].
MD simulations indicate long and correlated jumps of diffusing Xe on Pt(1 1 1) due to the small
substrate corrugation but agree with the LITD results of `normal' diffusion [392].
In a recent QHAS study the Xe/Pt(1 1 1) system was investigated for a small coverage at T  105 K.
Under these conditions a two-dimensional gas phase should exist [385]. It was found that the
corresponding quasielastic peak broadening does not exhibit the Lorentzian shape expected from
hopping diffusion mechanisms (cf. Section 3.5). Rather, a Gaussian pro®le was observed, as illustrated
by the plot in Fig. 15. It was associated with a fully mobile two-dimensional gas of adsorbed Xe atoms
experiencing a surface corrugation falling below 10 meV [34]. This barrier suggests that kB T  Em
under the conditions where the measurements have been performed, i.e., the surface diffusion is
expected to proceed beyond the hopping regime.
An upper limit for the corresponding friction parameter was determined to Z  0:25 psÿ1 by MD
simulations, consistent with recent theoretical estimates for phononic and electronic friction of Xe on
silver surfaces [73,76,393].
In marked contrast to the results obtained on Pt(1 1 1), LITD indicates that Xe diffusion on the
stepped Pt(11,11,9) surface is coverage independent and proceeds without Xe island formation or
trapping at steps [394]. Evidence was obtained for the preferential diffusion of Xe in the direction
parallel to the steps, where the data evaluation provided an extraordinarily high prefactor of 50 cm2 sÿ1
and a barrier of 120 meV [394]. However, in view of recent results (by STM for Xe/Pt(1 1 1) [395] and
by HAS for Xe/Pt(9 9 7) [396,397]), demonstrating substantial attractive interaction of noble gas atoms
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Fig. 15. Gaussian broadening of the QHAS peak observed for y  0:05 ysat Xe on Pt(1 1 1) at T  105 K. The plot shows the
origin of the broadening. The observed dependence of the intensity on the momentum transfer in (a) combines with that of the
energy transfer (scan curve (b)) to enhance the intensity of the quasielastic peak with Gaussian shape in (c). (d) The resulting
peak shape, convoluted with the instrument response function, ®ts the experimental data (whereby a linear background has
been added to (c)). From [34].

with Pt atomic steps, a data reevaluation seems to be appropriate. Presumably both lateral attractive
Xe±Xe interactions and the repulsions between Xe located at steps and Xe in terraces suggested from
STM observations [395] account for a complex diffusion scenario.
In summary, agreement on the smallness of the barriers for diffusing adsorbed noble gas atoms exists.
The pronounced lateral interactions may strongly affect their surface mobility. Further investigations
are required to clarify the physical origin of the wide range of the prefactors reported.
4.2. Molecules
With the diffusion of adsorbed molecular species, additional degrees of freedom exist, since
molecular rotations, reorientations or conformational changes may correlate with the lateral transport.
4.2.1. Carbon monoxide
The earliest CO surface diffusion studies have been performed with the FEM shadowing method on
platinum surfaces [398] and W(1 1 0) [399]. With the latter system, dissociation sets in before
diffusion. Over the last years, all modern techniques have been employed. The results are summarized
in Table 5.

Table 5
CO diffusion on metals (1 ML corresponds to 1 CO molecule per substrate atom; estimates from original authors in {}; k is the 1 1 0 and ? the [0 0 1]
direction on an f.c.c.(1 1 0) substrate)
System
CO/Mo(1 1 0)
CO/Ru(0 0 1)
CO/Rh(1 1 1)
CO/Ni(0 0 1)

CO/Ni(1 1 1)

27  3 h1 0 0i
33  3 h1 1 0i
57  4k
35  4?

CO/Pd(1 1 1)
CO/Pt(1 1 0)(1  2)
CO/Pt(1 1 0)0 (1  1)0
CO/Pt(1 1 1)

155  30

CO/Cu(0 0 1)
CO/Cu(1 1 0)

130  20
31  10
97  4k
103  5k

Ed (meV)
220±560
480±270
310  20
280±200
170±90k
200±120?
300
290
520  30
175  12
570  10k
480  30?
430  20k
390  30?
300
170  30
260  10
540±550
540
204  4ÿ
130  4

D0 (cm2 sÿ1)
ÿ3

4

10 ±10
0.38±0.06
2  10ÿ3 ±3  10ÿ2
0.25±0.03
5  10ÿ30:3
7  10ÿ30:3
1:5  10ÿ6 ÿ2  10ÿ8
4:5  10ÿ6 ÿ2  10ÿ8
1:8  10ÿ4
7:3  10ÿ5
1:2  10ÿ5
1  10ÿ3
1  1002
2:2  10ÿ30:3
1:5  1001
6  10ÿ21
5  10ÿ31
7  10ÿ41
f6  10ÿ5 g
4  10ÿ7
5:0  0:1  10ÿ7
0.6±1.2
±
7:5  102
1:4  0:4  10ÿ6 ÿ
4:5  1  10ÿ7
 1:4  10ÿ4
±
2:5  10ÿ80:4
3:6  10ÿ70:4

y (ML)

T (K)

Method

Reference

Eb (eV)

Reference

0.1±0.8
0.27±0.58
0.01±0.4
0.25±0.66
0.1

115±220
290±370
260±400
200±300
±

FEM
LITD
LITD
LITD
QHAS

±
1.6
1.3
1.2

[401]
[402]
[404]

0.1±1

140±220
180±240
200±360
240±360
219±273
130±220
321±400
160±260
320±370
320±370
320±440
320±440
150±200
90±200
273±373
320±360
37±42
480±520
130±320

LOD

[353]
[400]
[324]
[403]
[260]
[270]
[287]

1.3±1.4

[405,406]

QHAS

[265]

SHD
FEM
PEEM
PEEM
PEEM
PEEM
PEEM
PEEM
HASa
IRASa
HAS
LITD
IRASb
HREELS
LOD

[281]
[408]
[278]
[222]
[279]
[279]
[279]
[279]
[304]
[306]
[302]
[410]
[411]
[308]
[288]

1.1

[407]

1.5

[309]

1.9±2.1

[269]

1.4

[409]

400
115±150
40±55

QHASc
QHAS
STM

[272]
[271]
[413]

0.6
0.65

[412]
[414,415]

0.15
0.5
0.1±0.5
0.1
±
±
±
<0.05
<0.03
0.01
0.1±0.4
0.11
±
0.1±0.67
0.05
0.06
Monomer
Dimer
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CO/Ni(1 1 0)

Em (meV)

a

Step decoration.
From bridge-to-top site hops.
c
Estimate from frustrated translation.
b
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The collective diffusion of CO on Mo(1 1 0) was investigated by the FEM ¯uctuation method at
temperatures below 220 K, where dissociation is inhibited [416]. For y < 0:4 ML the diffusion barrier
is 220 meV with prefactors in the range 10ÿ3±10ÿ4 cm2 sÿ1. For higher coverages both prefactor and
barrier rise substantially reaching 560 meV and 104 cm2 sÿ1, respectively, at y  0:8 ML. Possibly a
coverage dependent change in the CO adsorption geometry is at the origin of this behavior [416].
The collective diffusion of CO on Ru(0 0 1) was investigated by LITD [400]. It was found that the
CO diffusivity is almost constant up to y  0:3 ML and then increases markedly with the coverage: the
diffusion barriers fall from 480 to 270 meV and the prefactors from 0.38 to 0.06 cm2 sÿ1. Repulsive
nearest-neighbor CO interactions (supported by earlier LEED observations [401]) were invoked for the
strong coverage dependance. An earlier LITD study of the CO/Rh(1 1 1) system indicated only a weak
variation of the diffusivity with coverages up to 0.4 ML, and prefactors in accordance with TST [324].
Ab initio calculations revealing a barrier between top and bridge site have been reported for CO on
Rh(0 0 1) [417].
Several reports exist on the mobility of CO on Ni surfaces:
The CO/Ni(0 0 1) system has been studied by both LITD [403] and QHAS [260,270]. While the
QHAS data indicate a `normal' prefactor, from the LITD results rather high values were derived.
Contradictory are also the energetics obtained, where the QHAS result signals minute diffusion barriers
falling below 50 meV, which is a tiny fraction of the adsorption energy. A modeling of CO/Ni(0 0 1)
diffusion taking into account the possibility of top and bridge sites for adsorption is described in Refs.
[418]. Diffusion studies of coadsorbed CO and D on Ni(0 0 1) have been performed by LITD [329].
The in¯uence of defects on CO diffusion was investigated by exposing the surface to heavy laser
irradiation. As a result reduced diffusivities were observed [221].
Discrepancies exist similarly with the CO/Ni(1 1 0) system, which was investigated by LOD [287]
and QHAS [265]. The studies only agree on anisotropic diffusion, re¯ecting the symmetry of the
f.c.c.(1 1 0) substrate lattice. The LOD results indicate a coverage-independent diffusivity for
y < 0:7 ML with a strong decrease of both barriers and prefactors for higher y (cf. Fig. 16). This
behavior correlates with the coverage dependence of the desorption energy [406] and short-range CO±
CO interactions were invoked to account for the reduction [287]. For comparision, the low-y diffusion
barriers derived from the QHAS data are substantially smaller and the corresponding prefactors are

Fig. 16. Coverage dependance of anisotropic CO diffusion on Ni(1 1 0) obtained from LOD observations: (a) diffusion
barriers along with the coverage dependence of the desorption energy; (b) corresponding prefactors. From [287].
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Fig. 17. Molecular dynamics simulation for CO diffusion on a Ni(1 1 1) surface. The representative molecular trajectory at
200 K in (a) shows a long jump with a correlated sequence of transition state crossings (crosses mark the CO position at 0.1 ps
intervals, total time: 10 ps). (b) Dividing surfaces crossed per ¯ight for diffusion at 200 K. Crosses mark an exponential ®t
with a lifetime of t  3 ps. From [44].

higher (cf. Table 5). Effects of impurities such as S, O and K on CO diffusion on Ni(1 1 0) were
investigated by LOD [296,297].
The diffusion of CO on Ni(1 1 1) was observed by SHD [281] and the FEM ¯uctuation technique
[408]. The FEM results indicate coverage-independent parameters in the range investigated (0.1±
0.5 ML). Both studies agree on a diffusion barrier of 300 meV.
An extensive theoretical investigation of single CO diffusion on Ni(1 1 1) was performed by MD
[44]. It was found that Arrhenius behavior is obeyed in the temperature range 175±1000 K (with
Em  95 meV and D0  8:4  10ÿ3 cm2 sÿ1 ). A representative trajectory at 200 K is reproduced in
Fig. 17a demonstrating that molecules acquiring suf®cient energy to overcome the migration barrier
usually remain excited and cross another transition state. The corresponding jump length distribution is
reproduced in Fig. 17b. It can be ®tted by an expression suggested for one-dimensional diffusion [16]
with the jump probability over n sites given by Pn  c expÿna=vt, where t is a lifetime for the
p
relaxation of the lateral translational motion, v  2kB T=pm the average velocity through the initial
dividing surface for an equilibrium ensemble of particles of mass m; c a normalization constant.
Ab initio calculations have been performed to gain insight into the diffusion of CO on Pd(1 1 0) [96].
An adsorption heat of ÿ1.43 eV and migration barriers of 300 and 600 meV along [0 0 1] and 1 1 0
were calculated, respectively. Furthermore a coupling between the translational and the rotational
motion of the molecule was found, which is possibly equally applicable for the CO/Ni(1 1 0) system
[96].
For the CO/Pd(1 1 1) system PEEM results have been obtained [222,278]. With the ®rst study the
re®lling of a 200 mm bare spot created by LITD on the CO covered surface was analyzed [278],
whereupon a migration barrier of 520 meV and a prefactor of 1 cm2 sÿ1 were derived from a
Boltzmann±Matano analysis. The second study [222] indicates a substantially smaller barrier of
175 meV and a `normal' prefactor from a detailed analysis on a more local scale of the spreading of a
100 mm wide CO strip created via adsorption through a mask, as shown in Fig. 18 [222]. In particular, it
was pointed out that unresolved defect features sensitively in¯uence the adsorbate diffusion even on a
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Fig. 18. PEEM observation of a CO strip with a coverage of 0.33 ML adsorbed through a mask on Pd(1 1 1). (a) as prepared
at 100 K; (b) temporal evolution after heating to 200 K. The adsorbate mobility is guided by morphological features at the
surface leading to quasi-one-dimensional diffusion of CO-`streamers'. From [222].

well-prepared surface and that results comparable with those of the ®rst study could be obtained on a
mildly sputtered surface [222].
PEEM studies have been performed for the CO/Pt(1 1 0) system where the re®lling of a desorption
spot created by LITD was monitored [279]. The clean Pt(1 1 0) surface exhibits a (1  2)
reconstruction, whereas upon CO adsorption the bulk (1  1) termination is restored. The experiments
demonstrated that the structural transformation of the Pt surface strongly affects the CO diffusion.
Diffusion experiments performed at T < 380 K exhibit two different diffusivities depending on the state
of the surface. Since only the initial state of the (1  1) phase is well known and structural changes may
occur in the diffusion region, it is designated as `(1  1)'. Ab initio calculations of the surface diffusion
PESs for CO on (1  1) and (1  2) Pt(1 1 0) were reported recently [269]. It was found that the
Ê away from the bridge site with barrier heights 0.13 and 0.17 eV,
diffusion saddle points are 0.4 A
respectively.
The diffusion of CO on Pt(1 1 1) was studied by a variety of techniques, including notably defectdecoration methods [304,306], HAS [302], LITD [410], scanning HREELS [308], LOD [288] and
QHAS [272] (cf. Table 5). Recent LOD data are compared with earlier results in Fig. 19 [288]. The
obtained diffusion parameters scatter strongly and it seems clear that either different processes have
been actually observed or some data interpretations are erroneous. It was argued that the substantial
deviations in the data sets are due to the employment of different techniques investigating different
length scales and the presence of substrate defects, particularly atomic steps [288]. This idea relies on
LOD data taken on a sample with a high density of steps, where markedly increased diffusion barriers
and prefactors were observed as compared to a substrate with a lower step density investigated with the
same apparatus (cf. Fig. 19).
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Fig. 19. Arrhenius plot comprising different CO/Pt(1 1 1) surface diffusion data sets. The dashed lines symbolize results
from IRAS [306], HAS [304], FEM [398], LITD [410], and HREELS [308] studies. LOD results obtained on <0.18 (28) miscut
surface at a coverage of 0.1 ML (0.3 ML) are represented by circles (triangles). From [288].

The LOD observations on a small-miscut crystal are in line with the time-resolved IRAS results,
where step decoration was analyzed [306], and HAS data [302], indicating a diffusion barrier in the
vicinity of 200 meV and low prefactors in the range 10ÿ6±10ÿ7 cm2 sÿ1. In recent MD simulations a
somewhat larger barrier of 252 meV and a prefactor of 3:3  10ÿ4 cm2 sÿ1 were obtained [419]. Even
smaller barriers of 130 and 155 meV were estimated from the frustrated translation energy by QHAS
[272] and from IRAS measurements (where hopping rates from the bridge to the top sites could be
determined [411]), respectively. The CO diffusivity is weakly growing with increasing coverages,
which re¯ects the operation of repulsive CO±CO interactions, in agreement with recent theoretical
results [420]. Effects of steps and P-contaminations on the CO diffusion were systematically studied
recently [421±423].
The CO/Cu(0 0 1) system was studied by LITD [215]. Data taken at T  140 K indicate
Ed  100 meV, assuming a prefactor of 0.1±0.01 cm2 sÿ1. In a recent HAS/IRAS study the lateral
PES experienced by the CO molecules was addressed [271]. Based on a simple model analysis it was
concluded that subtle molecular reorientations occur in the diffusion process, substantiating the CO/
Pd(1 1 0) ab initio calculations [96]. A schematic contour plot is depicted in Fig. 20b (note, however,
that related recent theoretical work with CO/Pt(1 1 0) revealed a more complex potential [269]).
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Fig. 20. (a) Arrhenius plot of the temperature dependence of the quasielastic peak width for 0.059 ML CO on a Cu(0 0 1)
surface. The solid line ®t yields an activation energy of 31  10 meV. (b) Two-dimensional cut in the (x, y) plane for CO/
Cu(0 0 1) along [1 1 0] with transient CO con®gurations indicated. x and y are the lateral displacement and the tilt angle with
respect to the surface normal, respectively. Equipotential lines have a spacing of 10 meV. (c) Potential energy along the
reaction coordinate in [1 1 0] with the barrier at the bridge site derived from (a). From [271].

Corresponding QHAS data indicate a dynamic migration barrier of 31  10 meV [271] (cf. Fig. 20).
Recent MD simulations of equilibrated CO on Cu(0 0 1) demonstrate that the friction they experience is
mainly of phononic origin. For the diffusion an Arrhenius law was con®rmed over a wide temperature
range (200±400 K) with Em  132  6 meV and D0  2:4  0:4  10ÿ3 cm2 sÿ1 [74].
Low-temperature STM observations have been reported for CO on Cu(1 1 0) [413]. The diffusion is
anisotropic along 1 1 0. For single molecules an activation energy of 97  4 meV along with a rather
small prefactor of 2:5  10ÿ80:37 cm2 sÿ1 was found. Attractive lateral interactions between the CO
exist leading to the formation of CO-strings in [0 0 1] (cf. Fig. 21a). Surprisingly it turned out that the
molecular diffusion is enhanced by the CO interactions and that the dimers move more rapidly than the
monomers, as shown in Fig. 21b. This enhancement is predominantly driven by a substantial increase of
the dimer diffusion prefactor by a factor 1:44  1010:55 with respect to the monomers', which result
was associated with entropy effects [413].
Summarizing, it turns out that many results concerning CO diffusion are contradictory although
strong efforts have been undertaken and considerable insight has been gained. There is a conspicuous
overall trend that the diffusion characteristics correlate with the length scale of the methods employed,
i.e., larger diffusion barriers and prefactors from macroscopic observations of surface diffusion (LITD,
etc.) contrast results where surface diffusion is probed on a local scale (QHAS, STM) indicating
smaller values. Recent studies furthermore signal extraordinarily small prefactors, for which a
theoretical explanation is currently lacking.
4.2.2. Other anorganic molecules
A small number of studies on surface mobility of anorganic molecules other than CO at metal
surfaces exists, which is presented in Table 6.
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Fig. 21. (a) The STM topograph of CO adsorbed on Cu(1 1 0) recorded at 9 K reveals the coexistence of CO monomers and
oligomers oriented in the [0 0 1] direction. Monomers, dimers and trimers are marked by m, d and t, respectively. (b)
Arrhenius plot of the diffusion of CO molecules (®lled circles) and CO dimers (open circles) in 1 1 0. The hopping
frequencies were extracted from STM observations at T  42ÿ53 K. From [413].

The diffusion of ammonia on Re(0 0 1) was studied by SHD [289]. For coverages below 0.12 ML
the diffusion barrier is 150  30 meV. With higher coverages repulsive lateral NH3-interactions
in¯uence the diffusion process and lead to an increased mobility [424]. The magnitude of these
interactions was analyzed in detail by MC simulations [429] and ab initio calculations [420], which
agree on a repulsive energy of 90 meV for an intermolecular spacing of 2a.
The operation of repulsive interactions was similarly deduced for NO adsorbed on Pt(1 1 1), a system
studied by HAS [303]. From the analysis of the decay of a NO covered spot at the surface, a diffusion
barrier of 510  50 meV and a prefactor of 2:4  10ÿ3 cm2 sÿ1 were derived [303].
The lateral PES of the NO/Pt(1 1 0)(1  2) system was explored by a combined IRAS and density
functional theory investigation [430]. Distinct potential energy minima could be identi®ed by the
calculations and hopping barriers of metastable NO species could be estimated by IRAS from the
disappearance of the corresponding vibrational modes at speci®c threshold temperatures.
In recent MC simulations the role of surface diffusion for the ordering of NO on Rh(1 1 1) was
addressed. The results demonstrate that the increasing saturation coverage and lateral ordering at higher
temperatures are due to the enhanced molecular surface mobility [431]. The diffusion parameters were
Table 6
Diffusion of anorganic molecules on metal surfaces (y is given in number of admolecules per substrate atom; estimates by
original authors in {}; k is the 1 1 0 and ? the [0 0 1] direction on an f.c.c.(1 1 0) substrate)
System
NH3/Re(0 0 1)
NO/Pt(1 1 1)
O2/Ag(1 1 0)

Em
(meV)

220  50k
300?

Ed
(meV)

D0
(cm2 sÿ1)

y (ML)

T (K)

Method

150  30
510  50

2:8  10ÿ3
2:4  10ÿ3
4  10ÿ33
f4  10ÿ3 g

0.12
0.1
Monomer

110±140 SHD
310±360 HAS
60±100 STM

Reference Eb (eV)

Reference

[289]
[303]
[425]

[424]
[303]
[426±428]

0.9
1.3
0.4±0.8
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Fig. 22. (a, b) STM topographs of molecular oxygen adsorbed on Ag(1 1 0) recorded at 76 K with a time lap of 200 s. The
migration of single oxygen molecules and the decay of O2-pairs and diagonal arrangements are marked by arrows m, p and d,
respectively. (c) Arrhenius representation of the respective rates (plus signs: monomer migration, open circle: decay of
diagonal couple and ®lled diamonds: pairs). (d) Schematic potential diagram in 1 1 0 for an O2-molecule interacting with
another molecule located at the origin; Em (Ep) corresponds to the barrier for monomer migration (pair decay). From [425].

optimized to ®t LEED results: for T  200 K a barrier of 560 meV and an attempt frequency of
3  1013 sÿ1 was found.
Direct observations of both molecular migration and interactions could be achieved for oxygen
molecules on Ag(1 1 0) by STM [425]. The data reproduced in Fig. 22 demonstrate that already at very
low coverages the O2-distribution at the surface is strongly in¯uenced by the lateral attractive
intermolecular interactions, which induce the formation of O2-strings in the Ag 1 1 0 troughs and a
diagonal coupling of molecules in neighboring troughs, both with equilibrium distances of 2a along
1 1 0. Since the interactions are weak, the thermal decay of such aggregates could be monitored
simultaneously with the monomer diffusion, which is exclusively directed along 1 1 0 for T < 100 K.
From the determination of the rates for the respective processes, the monomer migration barrier was
determined to 220  50 meV, the next nearest-neighbor attractive energy in 1 1 0 to 40  10 meV, and
the coupling energy for molecules in adjacent troughs to 20  10 meV [425]. The measured migration
barrier is in agreement with the calculated difference in energy of 180 meV for O2 in fourfold hollow
sites and long bridge sites [432]. An analysis of the jump length distribution furthermore indicated that
an appreciable fraction of the molecules performs long jumps [433].
A theoretical investigation of the diffusion mechanisms of a rigid homonuclear dimer employing a
Lennard±Jones potential revealed a variety of diffusion mechanisms which were associated with the
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molecular degrees of freedom [434]. Note that rotation of single oxygen molecules adsorbed ¯at on
Pt(1 1 1) could be indeed induced and viewed by STM at 8 K [435].
4.2.3. Organic adsorbates
A fair number of studies on the surface mobility of adsorbed organic molecules can be found in the
literature. A survey of the reported results is given in Table 7. The techniques applied so far are LITD
and STM. The investigated adsorbates cover the range from small molecules with simple adsorption
con®gurations to large organic molecules which exceed by far the dimensions of the respective surface
unit cells. In any case additional degrees of freedom need to be considered. These include rotational
motions or the occupation of different adsorption sites. With large and ¯exible species also
conformational changes may be of importance in the molecular mobility.
Systematic observations on the mobility of n-alkanes (propane, n-butane, n-pentane and n-hexane
with the chemical formula CnH2n2) on Ru(0 0 1) were performed with the LITD technique [436]. It
was found that Arrhenius behavior is obeyed in all cases and that the diffusion barrier increases linearly
with the alkane chain length from 130  10 to 210  10 meV, whereas only small variations in the
prefactors (0.15 cm2 sÿ1) exist [436] (cf. Fig. 23). The observed diffusion coef®cients are quite
independent of coverage, indicating small lateral interactions. It was suggested that the n-alkanes move
in a rigid con®guration on the surface [436]. In related investigations employing pentane isomers it was
found that the diffusion barriers scale inversely with the degree of branching of the isomers [437]. Upon
¯uorination of n-butane both the diffusion barrier and the prefactor were found to be lowered [438].
Recent HAS observations with octane on Ru(0 0 1) indicate that electron±hole pair creation is involved
in the damping of the molecular motion [78].
The observations of the n-alkane diffusion triggered extensive theoretical investigations, mostly
employing MC and MD simulations [88±92,176,447]. From systematic simulations of a series of

Fig. 23. Arrhenius plots of the surface diffusion coef®cients for a series of n-alkanes adsorbed on Ru(0 0 1) at y  0:2 ysat .
From a LITD investigation [436].
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System
C3H8/Ru(0 0 0 1)
n-C4H10/Ru(0 0 0 1)
n-C5H12/Ru(0 0 0 1)
n-C6H14/Ru(0 0 0 1)
Isopentane/Ru(0 0 0 1)
Cyclo-pentane/Ru(0 0 0 1)
Neopentane/Ru(0 0 0 1)
Per¯uoro-n-pentane/Ru(0 0 0 1)
Tetramethyl-silane/Ru(0 0 0 1)
C2H2/Pd(1 1 0)
C2H2/Pd(1 1 1)
C6H6/Pd(1 1 0)
PVBA/Pd(1 1 0)
C60/Pd(1 1 0)
C2H2/Cu(0 0 1)
CH4/Pt(1 1 1)

Em (meV)

570
180
570?
830  30k
1500
530  10

Ed (meV)

D0 (cm2 sÿ1)

y (ML)

T (K)

Method

Reference

Eb (eV)

Reference

130  10
150  10
200  10
210  10
180  10
140  10
130  10
130  10
140  5

0.11
0.11
0.30
0.16
5:5  10ÿ20:1
6:0  10ÿ40:1
4:0  10ÿ20:1
5:9  10ÿ20:2
5:9  10ÿ20:1
f8  10ÿ4 g
f2  10ÿ3 g
f8  10ÿ4 g
7:6  10ÿ60:4
±
1:6  10ÿ2:40:2
f3:3  10ÿ4 g

0.2
0.2
0.2
0.2
0.1
0.1
0.1
<0.1
0.4
Monomer
Monomer
Monomer
Monomer
Monomer
Monomer
Low

95±115
110±140
130±160
140±190
130±160
130±160
130±160
95±120
100±130
250±260
65±70
210±230
330±370
440±480
180±210
45

LITD
LITD
LITD
LITD
LITD
LITD
LITD
LITD
LITD
STM
STM
STM
STM
STM
STM
LITD

[436]
[436]
[436,437]
[436]
[437]
[437]
[437]
[438]
[439]
[440]
[441]
[442]
[444]
[445,458]
[446]
[382]

0.48
0.52
0.60
0.65
0.59
0.52
0.46
0.56
0.53
±
0.36
1.10.2
±
±
±
0.16

[436]
[436]
[436]
[436]
[437]
[437]
[437]
[438]
[439]

23

[441]
[443]

[382]
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Table 7
Diffusion of organic molecules on metals (y is given in terms of the respective saturation coverage; estimates by original authors in {}; k is the 1 1 0 and ?
the [0 0 1] direction on an f.c.c.(1 1 0) substrate)
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Fig. 24. Selected molecular con®gurations involved in (a) n-hexane and (b) n-butane and n-octane hopping on Pt(1 1 1)
along easy migration paths. The molecular motion follows the sequence 1±2±3 in (b). Filled (open) circles indicate the carbon
backbone position of the molecule at the binding site (transition state), diamonds correspond to Pt surface atoms. From [92].

n-alkanes (n-C3H8, n-C6H14, n-C10H22 and n-C20H42) on W(0 0 1) the trends observed experimentally
on Ru(0 0 1) were con®rmed in the 300±1000 K range (i.e., Arrhenius behavior, increase of Em with the
chain length), albeit with signi®cantly smaller prefactors close to 1  10ÿ3 cm2 sÿ1 [88]. In a recent
detailed TST study of n-alkane (n-butane±n-decane) diffusion on Pt(1 1 1) the respective mechanisms
were addressed in detail [92]. It was found in particular that the hopping between nearest-neighbor sites
is not strictly obeyed and directional anisotropy can be induced by the molecular orientation [92]. In
addition, the motion of larger molecules involves transient occupation of local minima. Some typical
diffusion paths are illustrated by the model in Fig. 24 [92]. Again, the theoretical prefactors were found
to be close to the universal value.
In related theoretical studies the diffusion and spreading of chain-like molecules on solid surfaces
was considered [93,448]. Chains were modeled as connected segments occupying sites on a square
lattice, whereby the chain ¯exibility and attractive interactions can be varied [93]. The coverage and
interaction dependence of tracer and collective diffusion coef®cient calculated from MC simulations
are displayed in the diagrams in Fig. 25. Further aspects are considered in Refs. [449±451]. Note that

Fig. 25. Surface diffusion of ¯exible chain-like molecules consisting of six segments on a square substrate as a function of
coverage. The collective diffusion coef®cient and the tracer diffusion coef®cient are shown in (a) and (b), respectively. Circles
symbolize the case of non-interacting molecules; with increasing interactions the diffusivity is lowered (squares and triangles).
Both curves are normalized by the single monomer diffusion coef®cient D1. From Ref. [93].
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the conformational adaption of a large and ¯exible molecular species (Cu±tetra (3,5,di-tert-butylphenyl) porphyrin) upon adsorption on different metal substrates (Cu(0 0 1) and Ag(1 1 0)) was
recently observed [452].
The mobility of various organic adsorbates on low-index Pd surfaces has been observed by STM.
With adsorbed ethylene and benzene on Pd(1 1 0) only rough estimates were possible. Using standard
attempt frequencies, the same barrier of 570 meV for motion of benzene in [0 0 1] perpendicular to the
Pd atomic rows [442] and for the diffusion of C2H2 [440] was obtained. For comparision, adsorbed
benzene on Cu(1 1 1) is highly mobile already at T  77 K [453].
On Pd(1 1 1) both rotational and translational motions of adsorbed acetylene could be monitored
[441]. The molecules rotate among three equivalent orientations at the same threefold site at the
timescale of seconds for T  44 K. Using a prefactor of 1013 sÿ1, an activation barrier for rotation of
113 meV was estimated. Molecular migration became observable only at higher temperatures. From
the rates determined at 65 and 70 K a migration barrier of 180 meV was calculated using the same
prefactor [441].
A systematic study was reported for the thermal migration of PVBA (4-trans-2-(pyrid-4-yl-vinyl)
benzoic acid) on Pd(1 1 0) [444]. This rigid and large organic molecule interacts strongly with the Pd
substrate and binds diagonally to two neighboring Pd troughs (cf. Fig. 26). No changes in the
adsorption geometry exist at different coverages [454]. The diffusion of single molecules is strictly onedimensional in 1 1 0, i.e., along the Pd surface atom rows, whereby the molecular orientation is strictly
retained, as demonstrated by the data reproduced in Fig. 26. It obeys an Arrhenius law with a migration

Fig. 26. Surface diffusion of the rigid rodlike molecule 4-trans-2-(pyrid-4-yl-vinyl) benzoic acid on Pd(1 1 0). In (a) and (b)
two consecutive STM images taken at 361 K are shown which demonstrate the one-dimensional motion. Arrows indicate
molecules whose position changed; circles mark fractionally imaged molecules moving under the STM tip in the course of the
measurement. (c) Model for the ¯at adsorption geometry explaining the two observed molecular orientations in the STM data.
Ê . (d) Arrhenius plot of single molecule hopping rates. From [444].
The length of the molecule is 12.5 A
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Fig. 27. (a) Complex diffusion limited aggregation of 4-trans-2-(pyrid-4-yl-vinyl) benzoic acid lying ¯at on Ag(1 1 1). The
hydrogen bonding between the molecular endgroups stabilizes a molecular network upon adsorption at T  125 K. (b) For the
H-bond mediated self-assembly of molecular twin chains at 300 K both rotational and translational molecular mobility is
required. Measured at 77 K. From [455,458].

barrier of 830  30 meV and a prefactor of 7:6  10ÿ60:4 cm2 s ÿ 1 [444]. In related investigations of
the C60/Pd(1 1 0) system, it was found that the migration of the adsorbed C60 depends sensitively on the
state of the STM tip and the tunneling conditions. As a consequence, the diffusion barrier could merely
be estimated to 1500 meV [445].
A complex diffusion limited aggregation scenario was observed in the PVBA/Ag(1 1 1) system at
low temperatures. The operation of anisotropic hydrogen bonding between the molecular endgroups in
conjunction with the smoothness of the substrate leads to the formation of molecular networks, as
demonstrated by the STM data in Fig. 27. At higher temperatures, the molecules self-assemble at the
surface to extended molecular chains, which are again stabilized by hydrogen bonding. The formation
of this structure provides indirect evidence of both rotational and translational molecular
rearrangements [455], similar with other systems [456,457].
LITD observations demonstrate a coverage independent mobility of methane on a Pt(1 1 1) surface,
indicating weak lateral interactions. At a temperature of 45 K a diffusion coef®cient of
1  10ÿ6 cm2 sÿ1 was found [382].
In a recent STM study of C2H2 on Cu(0 0 1) molecular rotation and diffusion could be monitored
[446]. Both processes were found to obey an Arrhenius law. The activation energy for diffusion
(rotation) is 530  10 meV (169  3 meV) with a prefactor of 1013:60:2 sÿ1 (1011:80:2 sÿ1 ). At lower
temperatures, rotations induced by the tunneling current could be monitored (cf. Fig. 28). It was
proposed that they are mediated by the coupling of vibrational excitations to the rotational motion
[459]. The continous rotation of a single large organic molecule laterally con®ned in a small surface
area has been observed by STM at room temperature [460].
5. Conception of transient mobility at surfaces
Transient mobility stands for the lateral motion of molecules (or atoms) being in metastable states or
in the process of thermalization at a surface, i.e., it is surface mobility prior to the accomodation in the
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Fig. 28. Frustrated rotational motion of C2H2 on a Cu(0 0 1) surface induced by tunneling electrons at 8 K. The model shows
top and side views of the molecular adsorption site and angular orientations. In the corresponding STM data the con®gurations
of a speci®c C2H2 molecule at the same adsorption site with respect to the Cu substrate (indicated as a square lattice) are
illustrated. From [459]. At higher temperatures thermal rotation occurs [446].

thermodynamic equilibrium state. The adsorption dynamics and the shape of the PES experienced by
the adsorbing species need to be considered for an understanding of this phenomenon.
5.1. Precursors and `hot' species
Any molecule is subject to attractive van der Waals forces in the vicinity of a metal surface. In the
case of physisorption, the molecules are bound to the surface by such weak interactions. The adsorption
energy gain is increased upon chemisorption, where chemical bonds between the molecule and the
surface atoms are formed. A further energy gain is feasible in exothermic dissociative chemisorption,
where intermolecular bonds are disrupted and reinforced bonding of the dissociation products to the
surface occurs.
In many cases surface chemical bond formation or dissociative adsorption at a surface can be
supressed by a reduction of the substrate temperature. Physisorbed or molecularly chemisorbed species
can thus be stabilized. Translated into a one-dimensional energy diagram, this behavior suggests energy
barriers between physisorbed and chemisorbed state viz. between molecular and dissociative
chemisorption, as illustrated in Fig. 29. With the existence of such energy barriers, it seems clear
that even at high temperatures molecules can be brie¯y trapped in the physisorbed state prior to
chemisorption viz. molecularly chemisorbed prior to dissociation. Such transiently physisorbed or
chemisorbed molecules are called precursors. Much insight on their nature has been obtained by
molecular beam studies [461±465]. Kinetic models incorporating mobile precursor states have been put
forward in several studies [466±471] to explain the temperature or coverage dependence of the sticking
of molecules on metal surfaces.
Now consider the time evolution of adsorption per se. It implies the dissipation of the released
binding energy within the substrate. The energy dissipation in physisorption and molecular
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Fig. 29. One-dimensional energy diagram for precursor-mediated dissociative chemisorption of a diatomic molecule with
physisorbed, chemisorbed molecular and chemisorbed atomic state. The corresponding lateral surface corrugation is expected
to vary with the potential energy of the respective states as indicated.

chemisorption is mediated mainly by the coupling to the substrate phonon bath (e.g., [74,473±475]).
With large chemisorption energies electron±hole pair formation may additionally contribute [476]. In
extreme situations even chemisorptive particle emission was observed [477]. In any case, the
equilibration of the adsorbate will take place on a ®nite timescale. It is thus expected that an adsorbing
molecule climbing down the energy ladder has hyperthermal energies prior to the stabilization in an
energy minimum. The corresponding time-dependent variation of the vertical position of an adsorbing
molecule at a surface is schematically illustrated in Fig. 30 [472]. Similarly, an ef®cient lateral
transport of the hyperthermal molecule at the surface can be envisioned [478]. In order to make a
distinction to the precursor states introduced above, the hyperthermal species are designated as hot
precursors (following [479]). They may be relevant both in the case of a single potential energy

Fig. 30. Evolution of the vertical distance from the surface in typical trapping events for N2 at an Ag(1 1 1) surface. From
[472].
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minimum in the PES of an adsorbate (e.g., the case of noble gas atoms which are exclusively
physisorbed on metals) and in the access of a local minimum in the PES.
Note that the reasoning based on the one-dimensional precursor picture may be inadequate [480].
Particularly with molecular adsorption, due to the molecular degrees of freedom, a multi-dimensional
PES must be considered for a complete description of the system dynamics [481±483]. The respective
physisorbed or chemisorbed states are not always unique, since different con®gurations (binding sites,
molecular orientations) may be possible for the same adsorbate.
Transient species can similarly evolve in the exothermic bond scission of a molecular species at a
surface. Consider for simplicity a diatomic chemisorbed precursor that has come to equilibrium with
the substrate at a low temperature. The precursor is subsequently dissociated by increasing the
temperature. The released chemisorption energy gain may be transferred as kinetic energy to the
evolving atoms. These hyperthermal `hot adatoms' may transport ef®ciently at the surface in the
dissipation of the excess energy. When the dissociation occurs in the chemisorption process from the
gas phase, the total energy gain is even higher. The corresponding hot-diffusion scenario may be rather
complex.
The following terminology will be employed here:
1. a precursor is a molecule in a metastable state at a local minimum of the PES,
2. a hot precursor is a hyperthermal adsorbing molecule (or atom) in the process of thermalization with
the substrate lattice,
3. a hot adatom is a hyperthermal dissociation product in the process of thermalization, which evolved
in exothermic bond scission of a molecule at a surface.
Transient mobility comprises the lateral motion of any of such species at a surface. Note that with the
present de®nition exclusively transport on the pristine surface is addressed. The precursor species
introduced above include both `intrinsic precursors' and `trapped molecules' in the common sense
[17,464,470,484,485], but exclude the `extrinsic precursors' invoked for the lateral diffusive transport
of molecules on top of already adsorbed particles in the formation of an adsorbed layer
[17,186,188,464,470,484±486].
Some interesting consequences for surface chemical reactions arise from transient mobility.
Traditionally, it was believed that `the reaction which takes place at the surface of a catalyst may occur
by interaction between molecules or atoms adsorbed in adjacent spaces on the surface, . . . or it may
take place directly as a result of a collision between a gas molecule and an adsorbed molecule or atom
on the surface' [487], which distinctions were termed later: (i) the Langmuir±Hinshelwood mechanism
involving adsorbed reactants in thermal equilibrium with the surface, and (ii) the Eley±Rideal
mechanism, where a reaction occurs directly at the point of impact between an incident particle from
the gas phase and an adsorbate. Precursors and hot adatoms are believed to open new channels for
surface chemical reactions [479,488±490] (note that the corresponding semantics are unfortunately not
unique [479,485,490]). In particular, transient mobility may allow adsorbing species to attain reaction
sites or reaction partners on a surface, not accessible for the equilibrated state by thermal migration.
With the operation of hot adatom or (hot) precursor mechanisms, energy barriers may be overcome or
reaction pathways can be envisioned which are out of scope for equilibrated species with thermal
energies [479,490]. They may be effective either in the course of (dissociative) adsorption or with the
induced dissociation of an adsorbed molecule and the subsequent interaction of the formed hot adatoms
with a coadsorbed species at the surface.
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Speculations on transient mobility, put forward in metal-on-metal epitaxial growth [491] could not be
con®rmed by recent investigations (cf. [256,492,493]).
5.2. Theoretical aspects
Most theoretical studies for transient mobility phenomena employed MD simulations. There is an
overall agreement that the typical timescale for thermalization is in the picosecond range.
Early MD investigations on the dynamics of the interaction of noble gases with the Pt(1 1 1) surface
led to the suggestion that in adsorption the `atoms may glide across the surface for several hundreds of
aÊngstroÈms before equilibration of tangential momentum' [478,494], i.e., the noble gas atoms remain
`laterally hot' due to the small surface corrugation [478].
The dynamics of H-atom adsorption on Cu(1 1 1) were investigated by MD [495] and quasiclassical
calculations [496,497]. It turned out that the hydrogen equilibration with a 2.4 eV energy gain requires a
large number of collisions with the surface, which is related to the small H-to-Cu mass ratio.
Exemplaric trajectories of hot hydrogen are shown in Fig. 31. In addition to the lateral movement the
Ê above the surface. Considering phononic
atoms were found to oscillate vertically at a height of 1±3 A
energy transfer only, a dissipation timescale of 4 ps was estimated at 300 K [497]. All studies agree
on the formation of hot precursors which are relevant for surface chemistry.
For the case of strong chemisorption of atomic species only MD calculations for the deposition of
metals on a metal surface exist, which indicate no transient mobility due to ef®cient dissipation of the
adsorption energy [493].

Fig. 31. Simulated trajectories of three hot hydrogen atoms in the plane of a 300 K Cu(1 1 1) surface with initial points of
Ê above the surface with 70 meV translational energy. The symbols indicate
impact near the origin. H-atoms started 7 A

successive collisions with the surface (the atom marked by 's travels  200 A beyond the plotted area). From [497].
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Fig. 32. (a) Ballistic motion of nascent CO adsorbates, impinging with indicated energies at 458 on Cu(0 0 1) held at 100 K
along the [1 1 0] azimuth. The ®rst contact with the surface appears at t  0. The mean molecular displacement along the
surface projection of the incident velocity is plotted for the case of phononic friction only (circles) and with the additional
effect of electronic friction via creation of electron±hole pairs (triangles). (b) Hot diffusion under the same conditions. The
r.m.s. deviation from the mean of the displacement along the surface projection of the incident velocity is shown. From [74].

The adsorption of CO on Ni(1 1 1) was simulated by MD for model PESs with different precursor
states [481]. It was concluded that transient mobility of hot precursors exists on the picosecond
timescale. The transport characteristics depend on the detailed shape of the PES employed. They were
found to be different for molecules being temporarily trapped in the precursor well and those which are
accelerated into the chemisorption well. On a simulation timescale of 10 ps equilibrium was not
reached [481].
In a recent study the accomodation of CO on a Cu(0 0 1) surface was investigated by MD
simulations, in particular with regard to the contribution of electron±hole pairs [74]. With this system
the molecules equilibrate with the surface within 6 ps without passing through an intermediate
precursor state. The adsorption energy gain is 0.59 eV. A distinction could be made between ballistic
transport in adsorption (where the original adsorbate momentum is maintained) and `hot diffusion'
(where the memory of the original momentum is lost but excess kinetic energy is retained). The results
Ê
reproduced in Fig. 32 demonstrate transient mobility of nascent adsorbates over distances of 5±10 A
within 2 ps following initial surface contact. The energy dissipation is mediated predominantly by
phononic friction. Electronic friction results in stronger damping of hot diffusion and a reduction of
Ê of the ballistic mean displacement at the surface [74].
1 A
The transient mobility of hot adatoms at a surface was modeled for the case of dissociative
chemisorption of oxygen on Al(1 1 1) [498,499]. The O atoms were placed in the chemisorption
potential with a corrugation of 0.4 eV. Based on realistic estimates and calculations, an initial excess
Ê psÿ1. Results
energy of 3.5 eV per oxygen atom was chosen, corresponding to a start velocity of 65 A
of MD simulations with this initial condition indicate that the transient motion in the surface plane is
Ê is reached. The
terminated within 0.2±0.3 ps, whereby an average lateral displacement of 6±8 A
representative trajectories reproduced in Fig. 33 demonstrate that the initial momentum is rapidly
randomized and ballistic motion prevails only in the very initial stage of the hot oxygen transport [498].
These conclusions were substantiated by further dynamical simulations employing ab initio results. An
Ê on the chemisorption potential surface was found with the
upper transient mobility limit of 10±15 A
maximum initial energy possible [499].
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Fig. 33. Molecular dynamics simulation for trajectories of hot oxygen atoms on an Al(1 1 1) surface. (a) Ball model for the
starting con®guration. (b) Time evolution of the lateral oxygen position from 64 simulations (total time is 0.45 ps, positions are
Ê ). From [498].
indicated in 9 fs steps). The equilibrium positions of the substrate atoms are marked by dots (units of axes are in A

6. Observations of transient mobility phenomena
Experimental indications pointing to the existence of mobile precursor species came rather late. They
were ®rstly deduced from the nitrogen atom distribution formed in dissociative N2 adsorption on
stepped W(1 1 0) surfaces [500]. During the last few years a fair number of studies employing indirect
observation tools were performed, where the existence of hot atoms or hot precursors needed to be
invoked for the understanding of reaction pathways at surfaces. Examples include oxidation of
coadsorbed CO via thermal or UV dissociation of chemisorbed O2 at Pt surfaces [501±504], surface
chemical reactions involving hot precursors with hydrogen on metals (e.g., [490,505±510]), and hot
adatom mediated desorption of coadsorbed species [511±513].
However, to date, STM is the only technique allowing for the elucidation of transient mobility
phenomena at the atomic level. This is usually achieved by an a posteriori analysis of the local adsorbate
distribution on a surface evolving in (dissociative) adsorption or upon dissociation of a precursor. The
experiment must be performed under conditions where the effect of thermal diffusion of the ®nal products
can be neglected or distinguished from transient mobility contributions. Accordingly, the adsorption
mechanism and the diffusion characteristics of the equilibriated species must be known or determined.
6.1. Precursors and hot precursors
The conceptionally simplest case where transient mobility can occur and was theoretically suggested
[478,494] is the physisorption of a noble gas atom on a metal surface, where a PES with a single
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Fig. 34. STM topograph revealing the decoration of an atomic step upon adsorption of a small amount of Xe on a Pt(1 1 1)
surface at 4 K. Since the temperature was too low to allow for appreciable thermal diffusion of Ar atoms and the sticking
2
coef®cient is close to unity, this arrangement must be associated with transient mobility (image size 100  100 A ; from [514]).

minimum exists. Since the migration barrier with such systems is expected to be small (cf. Section 4.3),
the experiments must be performed at very low temperatures. STM observations on the adsorption of
Xe on Pt(1 1 1) at 4 K indeed revealed that the noble gas atoms travel over hundreds of aÊngstroÈms
before they reach their ®nal adsorption site [514]. This was inferred from the decoration of Pt atomic
steps and surface defects at dilute Xe coverages. A typical result is reproduced in Fig. 34. Since the Xe
sticking coef®cient is high and the upper limit of the hopping rate falls below 0.1 sÿ1 under the
employed conditions, these ®ndings are a clear indication of transient mobility of a hot precursor
[514,515]. The preferential step decoration is associated with the increased binding energy at the step
sites [391,397]. In contrast, no indications of transient mobility were found in earlier STM observations
of the Xe/Ni(1 1 0) system, where a higher surface corrugation and stronger bonding is expected
[239,514]. Step decoration due to transient motions was observed for benzene adsorption on Ni(1 1 0)
at 4 K, but attributed to a modi®ed corrugation potential in the step vicinity [516].
The possible operation of hot precursor mechanisms in noble gas adsorption was con®rmed by HAS
investigations of Ar, Kr and Xe adsorption on Cu(1 1 0) [517]. Transient mobility was inferred from an
analysis of the initial increase of the sticking coef®cient with the coverage, which is mediated by the
formation of two-dimensional noble-gas islands. The trapping ef®ciency of such islands exceeds that
expected from geometric considerations. It could be rationalized with a highly mobile hot precursor
[517].
With the adsorption of molecular oxygen on the Ag(1 1 0) surface molecular beam experiments
[518,519] and ab initio calculations [95,428] suggest that the chemisorption well is reached directly,
i.e., without passing through an intermediate precursor (the earlier reported physisorption state [520]
seems to interfere only with appreciable oxygen coverages [521]). The molecular distribution at the
surface upon O2-exposure could be resolved by STM measurements at temperatures around 65 K,
where thermal diffusion is minute on the timescale of the experiments [522]. The data revealed that
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Fig. 35. (a) The one-dimensional agglomeration of molecular oxygen upon adsorption of 0.02 ML molecular oxygen on an
Ag(1 1 0) surface at 65 K is associated with transient mobility of a hot precursor species. Molecular oxygen monomers, pairs
and strings are marked by m, p and s, respectively. (b) Proportions of single (black), pairs (light gray) and strings (dark gray)
of O2 vs. coverage from STM observations at T  60ÿ67 K. (c) Schematic potential of two O2 molecules along 1 1 0 and
trajectory for pair formation with a hot precursor molecule dissipating its excess energy by collision with a second molecule
accomodated at x  0. From [522].

O2-pairs and strings, which are oriented along the substrate 1 1 0 troughs, evolve from the lowest
coverages, as illustrated by the image reproduced in Fig. 35a [522]. These distributions could be
attributed neither to statistical adsorption, where the molecules rest at the surface at the point of initial
impact (since the fraction of the molecules found in aggregates is too high) nor to a local increase of the
small initial sticking coef®cient in the vicinity of already adsorbed molecules (since the sticking
probability decreases strongly with increasing coverage). Hence a hot precursor state in which the
molecules are skating across the surface must exist. The one-dimensional oxygen agglomeration was
associated with the ef®cient energy release by impact of hot precursors onto the equilibrated species
[522], as sketched in Fig. 35c. This interpretation is in line with molecular beam studies of the O2/
Ag(1 1 1) system, where transient trapping±desorption without complete thermalization of the
molecules was observed [523].
The existence of a mobile molecular oxygen precursor could be similarly demonstrated by STM
observations of O2-adsorption on Cu(1 1 0) at 4 K [524]. The observed adsorption scenario is rather
complex since dissociative and molecular chemisorption coproceed. It could not be conclusively
elucidated. However, the formation of adsorbate clusters and the immobility of the equilibrated species
provide clear evidence for long-range transient mobility of a (possibly hot) precursor [524].
The signi®cance of transient mobility for surface chemical reactions could be demonstrated with the
adsorption of oxygen on Pt(1 1 1). With this system a precursor-mediated adsorption scenario,
following the physisorption±chemisorption±dissociation route is widely accepted [483,525±527] (cf.
Fig. 29). STM observations in the temperature range 95±160 K, where surface diffusion of chemisorbed
atoms is suppressed, demonstrate the formation of atomic oxygen clusters [528]. This indicates the
existence of a mobile O2-precursor state, which preferrably is dissociated and comes to rest in the
vicinity of atomic oxygen. For similar oxygen exposures increased clustering evolves with reduced
substrate temperature, as demonstrated by the data shown in Fig. 36. The corresponding strong
temperature dependence of the sticking (which had been noticed earlier [529]) was associated with the
competition between the thermal desorption of precursors and their surface mobility, which allows

134

J.V. Barth / Surface Science Reports 40 (2000) 75±149

Fig. 36. Precursor-mediated aggregation of atomic oxygen in low-temperature adsorption of O2 on Pt(1 1 1). (a) At
2
T  140 K groups consisting of 4±6 Oad-atoms have formed from dissociation of 2±3 molecules (3 L dose, image 100  60 A
with the Pt atomic lattice resolved). (b) The one-dimensional islands from strings of O-pairs in 1 1 0 at T  105 K re¯ect
an
2
increased precursor lifetime at the surface and anisotropic precursor±atom interactions (1 L dose, image 70  40 A ). (c)
Schematic illustration of the one-dimensional growth of Oad-chains. In (i) an oxygen precursor molecule (shaded) approaches
an atom island; (ii) on its dissociation a chain string evolves. From [528].

them to attain the preferred dissociation sites. Increased precursor surface lifetimes at lower
temperatures are expected to go along with growing mean lateral transport. This signals that the
precursor thermalizes with the substrate to some extent. The fact that with temperatures falling below
90 K islands from molecular oxygen are formed [528,530] and molecular surface diffusion could be
excluded for T < 70 K [530] indicates that the diffusion of the chemisorbed species is not relevant.
Accordingly, the suggested island growth via competition between lateral precursor mobility and its
thermal desorption can be qualitatively rationalized using the depth of the physisorption potential
(100 meV [531]) and assuming thermal diffusion with an estimated
p barrier 1 being 1/5 of the
physisorption energy. The corresponding mean free path hli  2 D t  a exp2 b Eb ÿ Em  at the
surface matches the requirements for the aggregates found (t  nÿ1
0 expbEb  is the surface lifetime).
By shadowing the exposed surface area with the STM tip, the precursor mobility could be estimated to
Ê at T  51 K [530].
1000 A
The mobility of a molecular precursor is similarly decisive in the dissociative adsorption of NO on a
Ru(0 0 1) surface [369]. This could be deduced from the decoration of atomic steps at the crystal
surface with atomic N (cf. Fig. 10) [369], which result from the preferential precursor dissociation at
these `active sites' [532].
6.2. Hot adatom mechanisms
The earliest indications for a hot adatom mechanism were reported for the O2/Al(1 1 1) system.
Oxygen adsorbs dissociatively on Al(1 1 1) down to 20 K [533], whereby no molecular precursor states
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exist [534]. This is con®rmed by recent ab initio calculations for O2 on Al(1 1 1), indicating direct
dissociation [535±537]. STM observations at 300 K were interpreted in terms of the formation of
isolated, immobile Oad-atoms evolving upon exposing the surface to small doses of molecular oxygen
[538,539], i.e., it was suggested that there is no indication for the expected pairs of oxygen adatoms,
which could be associated with the two oxygen atoms necessarily formed in the disruption of the
intermolecular bond at the surface. In order to rationalize these ®ndings, a mobile hot adatom species
was proposed which draws its hyperthermal energy from an internal energy transfer in the dissociative
Ê per atom. However,
adsorption and traverses the surface ballistically with a mean free path of 40 A
more recent STM observations, performed both at room and low temperature, indicate short-range
transient motions with the formation of oxygen atom pairs [377]. A preferential O±O distance of H3a
was found at low temperature. It was suggested that the complex imaging characteristics of neighboring
O had led to a misinterpretation in the earlier work [377]. Accordingly, the theoretical results and
simulations discussed in Section 5.2 demonstrate short-range transport of hot O adatoms on the
corrugated chemisorption PES [498,499]. With regard to the initial STM ®ndings, it was pointed out
that the abstraction channel (i.e., chemisorptive oxygen atom emission [540,541]) is energetically open
since the sum of the Oad binding energy exceeds the molecular bond by 2±3 eV [499]. In addition were
discussed: the effect of lateral transport of weakly bound oxygen species as well as motions via ballistic
`canonball' trajectories resulting from dissociation of molecules with their axis perpendicular to the
surface [499].
A clear-cut demonstration for the formation of hot adatoms moving laterally on a surface was
achieved for the dissociative adsorption of O2 on Pt(1 1 1). The energy gain with this system is 1.1 eV/
atom, when equipartition between the dissociation products is assumed [242]. The STM image
reproduced in Fig. 37a demonstrates a random distribution of individual pairs of adsorbed oxygen
atoms, each of which originated from the breaking of the intermolecular bond at the surface [242]. In
contrast to the clustering observed at lower temperatures (cf. Section 6.1), these pairs are the exclusive
low-coverage species formed at T  160 K. Since the Oad-atoms are immobile on the timescale of the
experiment, they re¯ect the situation right after the dissociation event. Thus it can be inferred that hot
oxygen adatoms have formed which travel only over short distances from the point of dissociation

Fig. 37. (a) STM image of oxygen
atom pairs on a Pt(1 1 1) surface resulting from the dissociative adsorption at T  154 K
2
(1.2 L dose, image 110  92 A ); the distance between the O atoms in the pairs are indicated in multiples of a. (b) Histogram
of the lateral intrapair separation from 55 events. The average frequencies of 1a, H3a, 2a, H7a and 3a were 7.3, 21.8, 56.4,
12.7 and 1.8%. Gray tops of the bars indicate variations between two data sets at 160 and 163 K. From [242].
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[242]. From a statistical analysis of a large number of atom pairs, it could be deduced that the
interatomic distance scatters between 1a and 3a (cf. Fig. 37b), whereby all O atoms occupy f.c.c.
substrate sites. The preferred Oad±Oad-spacing is 2a, similar with that of the thermodynamic
equilibrium p(2  2) structure on Pt(1 1 1) at higher coverages. The observed distributions agree well
with the simulations performed for transient mobility in dissociative adsorption of oxygen on Al(1 1 1)
[498,499] (cf. Section 6.1). This suggests that the atoms formed in the dissociation event indeed
transport on the chemisorption PES (with a corrugation of 0.5 eV, cf. [242] and Section 4.2). Note
that short-range repulsive interactions between the oxygen atoms are expected to cause a deformation
of the surface corrugation potential (cf. Section 2.2) with a lowered barrier for migration in Oad±Oad
con®gurations where interatomic distance fall below 2a. Their effect in the transient motion could not
be conclusively disentangled so far.
Further STM investigations of the O2/Pt(1 1 1) system were performed with molecular oxygen in
equilibrium with the surface, which is known to bind in a ¯at con®guration [527]. It could be
demonstrated that principally the same transient mobility occurs when their dissociation is induced by
thermal heating or UV radiation [530,542]. Furthermore, inelastic tunneling electrons were employed
to dissociate the molecular species using the STM tip as a chemistry tool [542]. In any case the product
atoms were found close to the site of the original molecule and their preferential distance was 2a [530],
albeit in the non-thermal dissociation processes also the population of h.c.p. sites was observed.
In related STM experiments, the tunneling current was employed to excite and laterally displace
single CO atoms on a Cu(1 1 1) surface at 15 K [543]. Most of the molecules perform next-neighbor

Fig. 38. (a) STM
image of atomic (depressions) and molecular oxygen (protrusion) on Cu(1 1 0) upon adsorption at 4 K
2
(image 37  37 A ). The orientation of the atom pairs formed in the dissociation with respect to the Cu atom rows is clearly
visible. (b) The histogram of the lateral intrapair separation from 296 dissociation events signals that the hot atoms moved
principally along the two high-symmetry directions at the surface. From [524].
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jumps, but also long jumps over 2a±3a directed preferentially along the high-symmetry lattice
directions were found. The latter were associated with hot diffusion. However, since long jumps with
similar characteristics were suggested for the thermal diffusion of adsorbed CO on Ni(1 1 1) [44], this
interpretation seems to be not unique.
Recent STM experiments with the O2/Ag(0 0 1) system indicate transient mobility in dissociative
adsorption at T  140 K with the preferential separation of the Oad-atoms being either 7a or 14a. It was
speculated that two distinct dissociation mechanisms exist [544].
The role of substrate anisotropy in hot adatom mechanisms could be demonstrated by STM
observations of oxygen adsorption on Cu(1 1 0) [524]. Even at 4 K molecular and dissociative
adsorption coproceed. Again the hot atoms travel only over short distances, as demonstrated by the
STM image in Fig. 38a. The corresponding statistics of the intrapair separation in Fig. 38b reveals that
they are preferentially oriented either along the 1 1 0-direction of the substrate atomic rows, or
perpendicularly to it in [0 0 1]. Based on these observations it was suggested that ¯at-lying molecules
with their axis oriented along either 1 1 0 or [0 0 1] have an enhanced dissociation probability. In
agreement, ab initio calculations for the O2/Ag(1 1 0) system indicate that these orientations are
energetically favorable for molecular chemisorption [95].
7. Resume
The comprehensive analysis of surface mobility is a challenging issue from both the experimental
and theoretical point of view. During the last years powerful new methods have been developed and
applied to investigate the characteristics of surface diffusion and the transport of transient species at
metal surfaces.
In particular, it became possible to elucidate tracer diffusion at the nanometer scale for many atomic
and molecular adsorbates at well-de®ned single crystal surfaces. Furthermore, methods are at hand
which allow for the characterization of collective diffusion phenomena in great detail. The combined
study of surface diffusion and adsorbate interactions with both direct and indirect methods is necessary
for complete system description. Complementary state of the art theoretical investigations can lead to
an in-depth insight into the nature of the underlying physics and chemistry. There are still awesome
obstacles on this avenue, as obvious from the frequent contradictions when results obtained with
different techniques or approaches are jointly discussed.
Transient motions of precursors and hot species in the adsorption of gases at metals have been
suggested on indirect ®ndings and rationalized on theoretical grounds. Today they can be evidenced by
STM observations. Depending on the respective adsorption or dissociation scenario, the resulting
transport can be restricted to a few surface lattice constants or amount to distances of thousands of
aÊngstroÈms. Transient mobility studies are at an early stage and further insight into this intriguing
phenomenon can be expected in the near future.
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