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1. INTRODUCTION

Under ordinary conditions the surfaces of any solid
materials and liquids are covered with films of atoms
or molecules adsorbed from the surrounding atmosphere
or which have arrived at the surface in the course of
diffusion. Study of the properties of adsorbed films has
traditionally been one of the fields of physical chemistry.
The development of such branches of technology as emis-
sion electronics, vacuum technology, catalysis, direct
energy conversion, and so forth have led to accumula-
tion of extensive information on the properties of films
on the surfaces of solids (primarily metals), films
whose thicknesses do not exceed that of a monatomic or
monomolecular layer, i. e., submonolayer films. This
is due to the fact that, as experiments have shown, it is
in the course of filling of the first monolayer that the
principal change occurs in the properties of the surface
under the influence of the adsorbed film. The informa-
tion which has been obtained has been mainly of an em-
pirical nature. Measurements of the same quantities
by different workers have frequently led to different re-
sults. Theoretical studies have been extremely few.
However, it must be emphasized that in the study of
adsorption phenomena, as in surface physics generally,
significant progress has been made in the last 10 to 15
years. It is due to the fact that it has finally become
possible to study processes on a surface under well con-
trolled experimental conditions. Thus, ultrahigh vacuum
technique has permitted us to control the composition
and concentration of submonolayer films adsorbed on
carefully cleaned surfaces. Advances in the technology
of crystal growth have given us the possibility to work
with large regions of the faces of single crystals and in
this way to measure all quantities for each face individ-
ually, rather than working with quantities averaged over
the surface of a polycrystalline sample. After the pos-
sibility of working with clear surfaces appeared, in a
relatively short time many precise and very informative
techniques were developed. A number of theoretical
studies on this subject also appeared quickly. Neverthe-
less, it appears to us that many physicists who have not

worked in the field of surface physics do not suspect
what extensive information can be given by contemporary
experiments on the electronic state of adsorbed particles
on metal surfaces, on their interaction with each other
and with the substrate, on the atomic structure of the
films, and on the effect of the films on the work function
and other properties of the surface. The purpose of the
present review is to acquaint readers with some princi-
pal results achieved in this field. In presenting this ex-
tensive and extremely diverse experimental material,
we have attempted to distinguish the most characteristic
features, which are present in many adsorption sys-
tems, and as far as possible to provide corresponding
theoretical ideas.

2. THE ELECTRONIC STATE OF ADSORBED ATOMS

A. Theoretical ideas

The state of a single adsorbed atom (adatom) on the
surface of a metal depends on the nature of the adsorp-
tion bond.

In physical adsorption the binding is accomplished by
polarization forces. For adatoms with low polarizabil-
ity these are mainly van der Waals forces; if the polar-
izability is appreciable the electron shells of the atom
are somewhat deformed as the result of interaction with
the substrate, and an induced dipole moment arises per-
pendicular to the surface. In this case the interaction
forces of the adatom with the surface are mainly of a
dipole-dipole nature. This type of adsorption is char-
acteristic of noble gases on the surface of metals and
also of graphite.

Most elements form a chemical bond in adsorption on
metals. The electronic structure of chemisorbed
atoms on a metal surface was first described qualita-
tively by Gurney.cl] A discrete level of an isolated
atom as the result of interaction with the metal is
spread out into a quasilevel with a density of states ρ(ε)
and is displaced relative to the initial location (Fig. 1).
At T = 0 electrons fill all levels lying below the Fermi
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a) b)

FIG. 1. Density of states pit) in quasilevels of adsorbed
atoms. 1) The case I< φ, adatom positively charged; b) the
case A > φ, adatom negatively charged. 1—valence electron
level, 2—electron affinity level, φ—work function, 2Γ—quasi-
level half-width.

level, which is practically unchanged on addition of the
adatom. Thus, the quasilevel can turn out to be filled
only partially, and the adatom is characterized by a
fractional charge ye which is determined by the rela-
tive location of the Fermi level and the center of the
quasilevel, and also by the width of the quasilevel. The
adatom is positively charged if its quasilevel is partial-
ly free, and negatively charged if the level of the nega-
tive ion is partly filled. The charged adatom in com-
bination with the electron cloud screening it, which is
concentrated in the region near the metal surface,
forms a dipole perpendicular to the surface.

It is clear from the above that the nature of chemi-
sorption binding can be conveniently classified on the
basis of the relation between the ionization potential /
of the atom, its electron affinity A, and the work func-
tion φ of the metal (see Fig. 1). For / < φ or Α >φ the
bond is primarily ionic in nature and the adatom is
charged positively or negatively. On the other hand,
for Α<φ<1 the bond has mainly a covalent nature (or
a metallic nature if the binding is accomplished by de-
localized electrons). Of course, these criteria must
be considered as approximate, since the levels in the
adatom can be substantially displaced with respect to
their locations in the free atom.

A number of reviews18""63 have been published in re-
cent years on the theory of chemisorption on metals.
As in the theory of molecules, two principal quantum-
mechanical approximations are developed in the theory
of chemisorption: the molecular-orbital-self-consis-
tent-field method (MO-SCF) and the valence-bond
method (the Heitler-London approximation).

Up to the present time the MO approximation has been
primarily used in discussion of adsorption, since it is
more natural in that approach to take into account an
extremely important factor—delocalization of the elec-
trons in the metal. In the framework of this ap-
proach""1 3 1 the model Hamiltonian of Anderson1143 is
generally used; this Hamiltonian was proposed for de-
scription of the electronic states of impurity atoms in
alloys. This Hamiltonian has the form

Se = 2 «*"«+ 2 EnM+ 2 (Vkaataaaa+ H.c.)+f/«a»n«..<,; (J.)
Α.σ σ Α,σ

here the index k numbers the energy states in the met-
al, a—those in the adatoms, and σ—the spin states;
ck is the band energy of an electron in the metal; Ε is
the energy of an electron located in the adatom relative
to the Fermi level (i. e., Ε = φ -1 in adsorption of elec-
tropositive elements and Ε = φ -A in adsorption of elec-
tronegative elements); Vka is the matrix element of the
transition of an electron from the adatom to the metal;
U is the Coulomb energy of interaction of the electrons
in the adatom; a*aa, a*^ are the creation operators and
aaa, atm a r e ' n e annihilation operators for electrons in
atomic and metallic states, respectively; na0 = a*aaaaa,
Μ*σ = α*»β*σ a r e the electron filling number operators.

As is clear from Eq. (1), in the Anderson model the
Coulomb interaction of the electrons is taken into ac-
count only inside the adatom.

If we use the Hartree-Fock (HF) approximation and
neglect the overlap of the wave functions of the electrons
of the adatom and the metal, the Hamiltonian (1) is
easily diagonalized. As a result we can find the density
of states in the adatom

Γ (8)

lt_Em_

where

(«ασ)=

(2)

(3)

(4)

(5)

(6)

and wr(e) is the Fermi function.

For calculation of the quantities Eaa, Γ, and Λ, it is
necessary to use specific models of the metal and ad-
atom. The functions Γ and Λ which determine the width
and displacement of the adatom level depend in a com-
plicated way on the value of the matrix elements Vka

and the initial location of the atomic level relative to
the conduction band of the metal. t 3 > 1 3 ] in the case in
which the energy £ α σ falls within the conduction band of
the metal, the quasilevel is extremely broad and the
adatom interacts with the metal as a whole. On the
basis of the known density of states ροσ(ε) it is possible
to find the magnitude of the fractional charge of the ad-
atom y=l -<ηο σ).

Also possible is the situation in which the displaced
level of the adatom turns out to be outside the conduc-
tion band of the metal. For example, if I Vka I is large
in comparison with the width of the band, it Is broken up
into two rather narrow levels, one of which is located
above the bottom of the conduction band of the metal,
and the other—above the top of the band. Ultimately a
localized bond is formed, i .e . , the situation reduces es-
sentially to formation of a "surface molecule" in which
the lower level corresponds to the bonding orbital, and
the upper level to the antibonding orbital. ί 1 5 · 1 β : ι The
criterion of applicability of the concept of surface mole-
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cule is the requirement that the width of the levels cor-
responding to the group orbitals of such a molecule be
sufficiently small in comparison with I Vka I, i. e., that
the interaction with the "residual" metal be relatively
weak. A surface molecule differs from a free particle,
in particular, in that in it all levels below the Fermi
level EF are occupied, and those above are free; in ad-
dition, its total charge can correspond to a nonintegral
number of electrons. The binding energy in it has been
calculated both in the HF approximation115·163 and in the
Heitler-London approximation.t l 7 : The model of a sur-
face molecule has been used to describe adsorption on
a number of metals of hydrogen atoms1 1 3 3 and carbon
dioxide molecules1153 and also of sodium on nickel1163

and of the transition elements of the Sd period on tung-
sten. l 1 8 3 Bennett et al.an have discussed in a similar
way, but with use of the semiempirical method of
Huckel, the adsorption of H, C, N, F, and Ο on graphite,
the substrate being modeled by a group of 16 or 32 car-
bon atoms located in accordance with the surface struc-
ture.

A deficiency of the Anderson model is its neglect of
the Coulomb interaction between electrons everywhere
except the adatom itself. This limits the possibility of
its use in calculation of surface molecules, in which the
Coulomb interaction of the electrons in the rather nar-
row quasilevels of the substrate atoms can be extremely
important. In this case more reliable results are ob-
tained with use of Hubbard's Hamiltonian (see Refs. 18,
20-23).

Coulomb forces play an extremely important role also
in absorption of atoms with low ionization potentials,
for example, alkali and alkaline earth atoms. As we
have noted, such adatoms are partially ionized and in-
teract with the electron cloud screening them—with
their electrical image in the metal. In these cases the
image-force potential is in one way or another specially
included in the Hamiltonian. π . · . " · " · 2 "

Inclusion of the electron correlation energy, which is
ignored in the HF approximation, is a serious problem
in the theory of chemisorption. While each electron,
from the point of view of the one-electron approxima-
tion, tends toward delocalization, the Coulomb interac-
tion U facilitates localization of the electrons at the
maximum separation between them. The criterion of
applicability of the HF model is the requirement U^V,
where 2Γ is the width of the virtual level (or in the case
of formation of a local bond—the energy gap between the
bonding and antibonding orbitals). For small U, Eqs.
(3)-(6) have identical solutions corresponding to <ηβσ)
= («„,_„), i .e . , absence of a magnetic moment in the ad-
atom. On the other hand, for UZ Γ there are two "mag-
netic" solutions with (naff> *<«„,_<,), which in the absence
of an external magnetic field are degenerate in energy.
However, in this case the HF model already is of no
use. Various means of taking into account electron-cor-
relation effects in calculation of the adsorption energy
and the electronic structure of adatoms have been dis-
cussed in Refs. 9, 21, 22, 26, and 27.

For U > Γ, in general, it is more desirable to use not

the molecular-orbital approximation, but the Heitler-
London approximation (the valence-bond method). In
the framework of this method Schrieffer and GomerC173

introduced into adsorption theory the concept of an in-
duced covalent bond formed between the adatom and the
metal. For / > φ transfer of an electron from the ad-
atom to the metal is disadvantageous, and bonding can
be accomplished only as the result of exchange. This
turns out to be possible as a result of the fact that the
adatom induces in the metal a spin density with which
the electron of the adatom can interact, i. e., antifer-
romagnetic pairing of the spins occurs. The energy of
such a bond can be calculated in several limiting cases
with use of perturbation theory in the exchange interac-
tion. By this means a quite reasonable energy value of
several electron volts has been obtained for hydrogen on
a model m e t a l . m }

In concluding this section let us mention an additional
chemisorption model which is based on the theory of an
inhomogeneous electron gas1 2 9'3 0 1 and is developed by
Lang and others. Β 1 - " ] in this theory the ground-state
energy of an inhomogeneous multielectron system is
represented by a functional which depends on the densi-
ty of the electron gas (and generally also on its gra-
dient) and includes terms describing the kinetic and ex-
change-correlation energy and the reaction of the sys-
tem in an external electric field. The positive charge
of the ionic cores in the metal is assumed to be uni-
formly distributed over space (the "jellium" model). On
the (plane) metallic surface is distributed an adatom
with nuclear charge Ze, and then from the condition of
minimum energy the equilibrium distribution of the
electron gas is calculated. This gives the possibility
of determining the energy and dipole moment of the
bond, the distance of the adatom from the surface and
the frequency of its vibrations, and the location of the
quasilevel of the adatom. Unfortunately, the model dis-
cussed does not take into account the details of the elec-
tronic and atomic structure of the substrate, and the
only characteristic of the metal considered is the den-
sity of the electron gas. However, the problem can be
solved rather accurately in this formulation, so that the
final results of the calculations of these quantities for
hydrogen, oxygen, and lithium on tungsten agree within
20-20% with the experimental data.C 3 2 · 3 3 3

The conclusions of the theory of the electronic state
of adatoms of various types and of the adsorption bond
can be summarized as follows.

1. In chemisorption of gases on metals, where /> φ ,
the main contribution to the bond is from the covalent
component, and as a rule the charge of the adatoms is
negative and small (~ 0.1 e). The quasilevels are rather
narrow (~0. 5 eV) and the surface-molecule model can
serve as a good approximation, n'·*'·**·2" This*applies
to a significant degree also to adatoms of the transition
elements such as Hf, Ta, Re, and Os on refractory
metals. Ι 1 β · 8 1 · 3 4 ] in this case the theory is capable of
correctly predicting the ratio of the heats of adsorption
for different systems. However, as a consequence of
the major simplifying assumptions (in particular, in-
sufficiently correct allowance for the electronic struc-
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TABLE I. Spectroecopic methods of investigation of electronic properties of surfaces.

Name of method

Field emission
spectroscopy

Photoemission
apectroscopy

Ion neutralization
spectroscopy

Auger electron
spectroscopy

Plasma spectroscopy

Ionization spectroscopy
Spectroscopy of the
threshold potential for
appearance of χ rays

X-ray photoelectron
spectroscopy (ESCA)

Optical reflection
spectroscopy

Means of probing
surface property

Tunneling electrons

Ultraviolet light

Slow inert-gas ions

Slow electrons

Μ

I t

IT

X-ray photons

Light

What is analyzed

Emitted electrons

Photoelectrons

Auger electrons

11

Inelastically
scattered electrons

X-ray photons

Photoelectrons

Reflected light

References

8, 36, 37

38-40

41-43

44-50

51, 52

53, 54
54, 55

54, 56-58

59-62

ture of the substrates) the calculated absolute values of
the heats of adsorption may differ from those observed
experimentally by 1. 5-2 times.

2. In adsorption of alkali elements on refractory
metals (Ii φ) the width of the quasilevels reaches 1-2
eV, and their displacement upward along the energy
scale is about 1 eV, so that the degree of ionization of
the adatoms must be close to unity. t 9 · 1 0 · 2 5 ' 2 " Here up to
80% of the binding energy is provided by the ionic com-
ponent, M J and the dipole moment of the bond amounts to
5-10 debyesB 4 3 (1 debye = 10"18 cgs esu = 3.33χ 10"30

coulomb-meter). In the alkaline earth adatoms—barium
and strontium (/= φ)—the positive charge according to
Ref. 26 is (0. 3-0. 5)e, and the contributions of the
ionic and "metallic" components to the binding energy
are comparable. The theory predicts"3 that the width
and displacement of the virtual level in this case should
amount to about 1 eV.

B. Experimental data

Up to the present time there have been developed a
significant number of experimental methods which to-
gether provide rather complete information on the state
of both individual adsorbed particles and of the films as
a whole. The most extensively used spectroscopic
methods, which are based on analysis of the energy dis-
tributions of various particles which have interacted
with the surface, are listed in Table I. We have also
given in the table references to reviews (if they exist)
or original articles. A rather complete review1353 de-
voted to electron spectroscopy of surfaces has been
published recently. We shall dwell here only on three
methods, which have turned out to be most effective in
study of the energy structure of adsorbed atoms.

1) In the method of field emission spectroscopy (FES)
a comparison is made of the energy distributions of elec-
trons emitted in field emission from a clean metallic
point and from this same point covered by an adsorbed

film (Fig. 2a). The points are placed in an electron
projection tube whose luminescent screen has a probe
aperture. By observing the field-emission image, one
can direct onto the aperture (by means of a deflecting
system of some type) the current from any part of the
tip of the point. Since the field-emission image is
greatly magnified, this portion can in principle be made
so small that it contains only one adsorbed atom. The
FES method was first used in Refs. 63 and 64, and tun-
neling of electrons through adatoms was discussed theo-
retically in Refs. 8 and 65. Electrons with energies
corresponding to allowed states in the film have an ex-
aggerated probability of tunneling through the ad-
sorbed film.

Thus, in the FES method electrons of the substrate
itself are used for illumination of the energy spectra
of the adatoms. The method has high sensitivity to

--

dj/αε 'xtI
b) c)

FIG. 2. Methods of investigation of the energy spectra of ad-
sorbed particles, a) Field emission spectroscopy. Tunneling
electrons probe the distribution of density of states in the
quasilevel of the adatom £„. At the right is the energy dis-
tribution of the field emission electrons, b) Photoemission
spectroscopy. hv is the photon energy and £ , is the kinetic
energy of the photoelectron. c) Ion-neutralization spectroscopy.
The energy released in transition of an electron from the
adatom level Ea to the level of an inert gas ion J is expended
in emission of an electron from the level EM. EF is the Fermi
level. The energies are measured from the vacuum level.
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changes in the conditions on the surface, but permits
investigation of only a limited range of energies 1—2 eV
below the Fermi level in the metal, since the probability
of electron tunneling at lower energies is too small.

2) The method of photoelectron spectroscopy (PES) is
based on analysis of the energy distribution of photoelec-
trons emitted in bombardment of samples by ultravio-
let light and permits probing of electronic states over a
wide range of energies (see Fig. 2b). The sensitivity
of photoemission to the state of the surface and the near-
surface region is due to the fact that in solids the mean-
free paths of "hot" electrons with respect to inelastic
collisions are extremely small (5-20 k for electron
energies in the range 10-1000 eVtee3). In these experi-
ments one records the energy distribution of photo-
electrons first from the clean substrate, and then from
the substrate covered by a film. Subtraction of the
spectra obtained permits one to find the peaks in the
distribution due to emission of electrons from the levels
of the adsorbed particles. The PES method can provide
information also on the geometry of the adsorption
bonds. c«-«e] Us resolution is » 0.2 eV (in comparison
with 0.02 eV in the FES method).

3) Ion-neutralization spectroscopy (INS) permits in-
formation to be obtained on the energy structure of ad-
sorbed particles by analysis of the energies of Auger
electrons emitted in surface neutralization of inert-
gas ions"1"4'1 (Fig. 2c). This method provides the pos-
sibility of more selective recording of the spectrum of
just the adsorbed particles (or "surface molecules"),
while use of the PES method probes a somewhat more
extended region in the near-surface layer. " 0 ] At the
same time INS is substantially more complicated, both
experimentally and from the point of view of decipher-
ing the initial data.

Let us now discuss some of the most characteristic
results.

The electron energy spectra of adatoms of the alkaline
earth elements Ba, Sr, Ca, and also Zr on W, investi-
gated by the FES method, Ι 8 · 3 β · 7 ΐ : are qualitatively simi-
lar. For Ba, for example, the half-width of the virtual
level is 0.75 eV, and the center of the level is displaced
upward relative to the level of the free atom by about
1 eV (Fig. 3). Here the level of the Ba adatom must be
filled to less than one half, i. e., the adatom must have
a significant charge, which is consistent with other
data.

The virtual levels of adatoms of the alkali elements
are still wider, and therefore the FES method is in-
adequate to determine their shape and location.C3e]

The energy structure of the atoms and molecules of
adsorbed gases has been investigated most completely
by means of the PES and INS methods. The photoelec-
tron spectra of oxygen, M . » « . W . T " hydrogen, «β.*8'73-™
and nitrogen,C38·733 on tungsten, of carbon dioxide on the
transition metals, t3 8·5 8·7 3 3 and so forth contain peaks
with a width 1-3 eV at energies 5-10 eV below the Fer-
mi level of the substrate, which are associated more or
less uniquely with the levels of the free particles. The
effect of adsorption of gases on clean (100) and (110)

*,eV

Ρ Μ

a) b)

FIG. 3. Energy levels in a free atom of barium (b) and den-
sity of states in the corresponding quasilevels of a barium
atom adsorbed on the (111) face of tungsten (a) (field emission
spectroscopy).1361

faces of tungsten has been studied. t37»74-TC] For the oxy-
gen-tungsten system a distinct correlation has been
demonstrated between the changes in the energy spec-
trum of the adatoms and the rearrangement of the struc-
ture of the film.t38·581 The transition from the d levels
of copper and palladium on increase of the film thickness
to the d-band of the massive metal in deposition on sil-
ver has been followed. № 1

We believe that the examples presented above are
quite sufficient to show how extensive and informative
is the experimental information regarding the electron
energy spectra of adsorbed particles accumulated in re-
cent years by spectroscopic methods. It is therefore
not surprising that in theoretical studies of recent years
there has been a leaning toward calculation of specific
systems. In fact, while ten years ago authors wishing
to carry their calculations through to the numerical
stage had at some stage to use crude models (see for
example Bennett and Falicov1103), the possibility has now
appeared of taking part of the information from some ex-
periments and on that basis predicting the results of
other experiments. The time has arrived to construct
more realistic models for numerical calculations, check-
ing their applicability in an extensive set of experi-
mental data.

In addition to study of such detailed properties of ad-
sorbed films as the adatom energy spectrum described
above, measurements of the broader characteristics of
adsorption systems continue in full swing. Important
information on the nature of the bonding of adatoms to
the substrate can be obtained by recording the change in
the work function of a particular face of a single crystal
on absorption on it of a known amount of a given materi-
al. Actually, in the case I ~ Ψ (see Sec. 2A of Chap. 2)
the adatoms are positively charged, the magnitude of the
charge can reach a value close to the electronic charge,
and the distance between the centers of gravity of the
charge and the effective surface of the metal, where the
field of the charge begins to be screened, is of the order
of atomic dimensions. We recall that the work function
of a clean metal is due in a significant degree to dis-
placement of the electron fluid outward relative to the
surface layer of ions by an amount of the same order as
the arm of the dipole formed by the charged adatom and

436 Sov. Phys. Usp., Vol. 20, No. 5, May 1977 Bol'shov et al. 436



its image. It is not surprising that on adsorption of a
complete monolayer of positively charged atoms the
work function can decrease by an amount of its own or-
der. A classical example which has found important
practical applications is the system Cs-W. The W(110)
work function is 5.35 eV, and the work function of this
same phase covered by a monolayer of Cs is (at the
minimum) 1. 5 eV. In the case A > φ adsorption leads
to a corresponding increase in the work function. Semi-
quantitative information on the dipole moment of the
bond is usually extracted from measurements of the de-
pendence of the work function on the degree of coverage,
associating the change in work function Αφ with the drop
in potential in the double electric (dipole) layer formed
by the charged adatoms and the surface charges which
screen them,

= Annp, (7)

where p is the dipole moment of the bond and η is the
surface concentration of adatoms.t79J The quantity
(l/4v)dA<p/dn as n - 0 determines the so-called initial
dipole moment p0 characterizing the adsorption of a
single atom. In the region of not too high coverages,
where the shells of neighboring atoms do not overlap
(in this case it is meaningful to speak of the dipole mo-
ment or charge of an individual atom), the change in the
dipole moment with increase of the coverage is due
mainly to the decrease of the charge of the adatoms.
Consequently, it is possible to extract quantitative in-
formation on the dependence of the charge of the adatoms
on the degree of coverage from measurements of the
work function.

Up to the present time, concentration dependences of
the work function have been measured in a large number
of adsorption systems.

The most completely studied systems have been those
consisting of an alkali or alkaline earth atom on a tran-
sition metal: cesium, [8°-*41 potassium, M 5 t 8 e ] sodi-
um, C 8 7-9 0 ] lithium,t9n barium, [ 9 2 - β 4 ί and strontium C 9 5 ' 9 e ]

on tungsten; cesium, potassium, and sodium on nick-
el [ 9 7 ]; barium on molybdenum1923 and rhenium.t98: For the
systems enumerated the initial dipole moment is PO*1Q
debyes, which corresponds to a charge » e. These data
are consistent with the results of investigation of the
drift of adatoms in a nonuniform electric field. [ 9 β-1 ( Β 1

Thus, adatoms of alkaline and alkaline earth elements
on refractory metals have a significant positive charge.

It is interesting to note that even individual atoms de-
posited on the surface of a crystal of identical chemi-
cal nature (for example, tungsten on tungsten), have an
appreciable positive charge, which is due to the tenden-
cy to smoothing of the contours of the electron cloud on
the surface. t l 0 3 - l M i

Data on the dipole moments of adsorbed atoms and
molecules of such gases as O2, N2, CO, and the halogens
indicate that these, particles usually have a small nega-
tive charge (~ 0.1 e), which corresponds to the case A
£ φ; see Sec. A of Chap. 2 . [ 1 0 5 : We note that data ob-
tained by spectroscopic methods confirm the results
presented above.

3. INTERACTION OF ADSORBED PARTICLES.
DEPENDENCE OF HEAT OF ADSORPTION AND WORK
FUNCTION ON CONCENTRATION OF ADATOMS

A. Nature of the interaction. The electronic state
of interacting adatoms

So far we have been talking about electronic states of
isolated atoms. Let us now consider how the state of
adatoms changes as the degree of coverage of the sur-
face increases. The interaction between the adatoms
depends on the nature of their bonding to the substrate.

In the case of physical adsorption the interaction
forces between adatoms are made up of van der Waals
and dipole-dipole forces, dipole-dipole repulsion domi-
nating at large distances. If the bond is preferentially
ionic, then at almost all distances dipole-dipole repul-
sion is dominant. For larger interatomic distances the
potential of this interaction has the form

(8)

(8')

for an electropositive film and

Μ = -

for an electronegative film; here d is the distance from
the center of gravity of the charge in the adatom to the
plane which imitates the surface of the metal, and r is
the distance between atoms a and β (it is assumed that
r » d); (naa) and («&,) are the average populations of the
corresponding levels by electrons. The coefficient 2
in the expressions above (in place of the coefficient 4
which would be used in describing the interaction of free
dipoles with a length 2d) is due to the fact that interac-
tion of the adatoms occurs only through the vacuum
half-space. On approach of the adatoms, their charge
decreases (see below) and then the direct exchange in-
teraction becomes important.

In addition to the Coulomb interaction through the
vacuum half-space, it is predicted that there will be
long-range exchange interaction of the adatoms through
the electron gas of the substrate (the so-called indirect
interaction). α ι - 1 0 β 1 it is due to the existence of slowly
damped oscillations of the electron density around the
impurity atom, arising as the result of interference of
electron waves scattered by it. α ο ϊ 1 According to Grim-
ley and Walkercloe: for interatomic distances large in
comparison with the lattice constant the energy of this
interaction has the form

(/•)=·£cos (2*,/·), (9)

where kr is the momentum of an electron at the Fermi
surface. In the case when the dipole moment of the bond
is small (< 1 debye), the energy of the indirect action
may be higher than the energy of dipole repulsion. In
contrast to Ref. 106, Gabovich and Pashitskii[108] con-
cluded that in view of the cylindrical symmetry of the
conditions in the problem the Friedel oscillations of the
electron density at the surface and the energy υ£Λ

should die out more slowly—according to a r'5/z law
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(for a spherical Fermi surface). If the Fermi surface
is cylindrical and the crystal face is perpendicular to
the axis of the cylinder, then υ£ά ~ r*. Finally, if
there are large plane portions of the Fermi surface,
υ£Λ ~ r"1 in the directions perpendicular to these por-

t ions and falls exponentially in directions parallel to the
plane portions.

We have been speaking above about the asymptotic be-
havior of ϋ£Λ at large r. Einstein and Schrieffer'10»3

used the strong-coupling approximation to study the in-
direct interaction through the electrons of the substrate
in the adjacent region and found that here υ£Λ decreases
exponentially with distance.

The indirect interaction between adatoms can occur
also through the phonon field of the substrate, like the
deformation interaction of impurity atoms in crystals
(see Khachaturyan's book,tU0J Chap. 7). However, the
potential of this interaction is small and in most cases
need not be taken into account.t l l l ]

As the result of the superposition of all of the enu-
merated types of forces, the interaction of adatoms with
each other, generally speaking, has a very complex na-
ture and depends strongly both on the chemical nature
of the adsorbate and substrate, and on the atomic struc-
ture of the surface. A wealth of information on the in-
teraction of particles on the surface has been obtained
in investigation of the structure of films by diffraction
methods. We will discuss this in Chap. 4. However,
this information is indirect in nature, since the same
structures can be produced in different types of inter-
actions. Important information on interactions on the
surface is obtained by studying the combined adsorption
of different materials.I121] In recent years there has
been a substantial development of the methods of ion
microscopy, which have permitted a start in studying
the interaction of individual adatoms. For example,
the method of field ion microscopy permits observa-
tion with atomic resolution (2. 5-3 A) of processes on
the surface of metallic points having a perfect atomic
structure.C11ZI

Up to the present time studies have been made of the
interaction of atoms of Ta, W, Re, Zr, Pt, and Mo on
the (110) and (112) faces of W, and also of the surface
diffusion of isolated atoms, their dimers, and larger
clusters. C l l 3-1 2 o ] it has turned out that even on close-
packed faces the interaction of these atoms is isotropic
and nonbinary.

Nevertheless, we can point out systems in which the
interaction is of a rather simple nature. These are
mainly systems in which the adatoms have a substantial
charge (alkali and alkaline earth metals on refractory
metals) or dipole moment (noble gases on metals). In
most cases the principal role (at least for small cover-
ages) in these systems is played by the dipole-dipole
interaction. In addition, we can cite the adsorption of
molecules of various gases (Xe, N2, He) on graphite.
The small dipole moment of the adsorbed particles
leads in this case to a dominant role of the van der
Waals' interaction.

The electronic state of individual adsorbed atoms

changes as the result of the interaction of the adatoms
with each other, as we have already mentioned in Sec.
Β of Chap. 2. Experiments carried out by means of
PES have revealed directly the substantial shift and
change of shape of the quasilevels on change of the de-
gree of coverage of the faces of W single crystals by
molecules of H2, Oa, and CO. [ Μ·7*· τ β 1 The quasilevel
of each atom undergoes a Stark shift in the electric field
produced by its neighbors. For this reason the filling
of the quasilevels, and consequently also the charge of
the adatoms, change with change of the density of the
film. It is easy to see that, both for / < φ (positively
charged adatom) and for A>φ (negatively charged ad-
atom), the charge falls off in absolute value with in-
crease of coverage. In classical language we can say
that there is a depolarization of the dipoles formed by
the charged adatoms and their images in the metal, un-
der the influence of the field of the surrounding ad-
atoms. t l 2 2 ]

Under certain conditions the depolarization can be so
great that two-dimensional condensation of the adsorbate
becomes possible (see Sec. A of Chap. 4).

As yet a small number of studies have been devoted
to the microscopic theory of the electronic state of in-
teracting adatoms. For the most part these studies
treat the adsorption of alkali metals on refractory met-
als; this is due both to the relative simplicity of these
systems and to their practical importance in emission
electronics.

Several workerstl0>1Z3~12e: have used Anderson's model
for self-consistent calculations of the charge of the ad-
atom, taking into account its interaction with neighbors.
The Hamiltonian (1) with addition of a dipole-dipole in-
teraction potential u% (8) is diagonalized in the HF ap-
proximation. For the density of states in one adatom
(on the assumption that the states of all atoms are iden-
tical) we retain Eq. (2), where we now have

(10)

The expression (6) for (ηασ), when Eqs. (2)-(4) and (10)
are taken into account, permits us to obtain a closed
equation for (nas> and to find the dependence of the ad-
atom charge on the degree of coverage. A discussion of
this type is given in Refs. 10 and 123 for films of K,
Rb, and Cs on W. It should be noted, however, that the
distance from the adatom to the surface is introduced
into the calculations as an external parameter and that
the treatment in terms of Anderson's model is limited
to low degrees of coverage where it is possible to ne-
glect the contribution of the direct and indirect exchange
interaction.

A similar procedure has been used in Refs. 126 and
127, where it is shown that, in addition to the homoge-
neous solution, where all adatoms in the film have iden-
tical charge, the case is possible in which adatoms hav-
ing different charges alternate on the surface in a defi-
nite order. This type of superlattice of the electronic
structure turns out to be energetically more favorable
than the uniform charge distribution for the condition
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(for a film with a square unit cell on the surface of a
crystal with the same symmetry) e2rf2/as>0.6 Γ , where
a is the lattice constant in the film. This condition is
obtained on the assumption that the quasilevel has a
Lorentz shape and that Γ does not depend on E. Some
of u s c u e : have introduced an even more general criterion
for the existence of electron super lattices. The ques-
tion of the possibility of observing the electronic phase
transition predicted in Ref. 126 is discussed in detail
in Bol'shov's thes i s . l w i y Another variant of the micro-
scopic theory of the electronic state of absorbed films
is being developed by Lang. t s l J In his work the ionic
lattices of the film and substrate are replaced by a uni-
form distribution of positive charge, and the electron
distribution is found by numerical solution of the Schro-
dinger equation with allowance for correlation and ex-
change effects. The results obtained on the basis of this
model will be discussed when we consider the question
of the effect of films on the work function (Sec. C) of
Chap. 3).

It is evident that further work on the microscopic de-
description of the electronic state of adatoms as a func-
tion of their concentration on the surface will be of great
interest.

The difficulties in constructing a rigorous theory and
the practical requirement of predicting the properties
of metal-film systems has resulted in the appearance of
semiphenomenological theories which describe the in-
teraction of adatoms. t l 2 8 ~ 1 3 2 J For example, in Refs.
128-130 the concept of electronegativity has been used
for this purpose. The contribution to the binding energy
of the covalent and ionic components is calculated on the
basis of semiempirical relations, data on the sublima-
tion energies of the adsorbate and substrate being uti-
lized, as well as data on the difference in the electro-
negativities. It is further assumed that the electroneg-
ativity of the substrate can be perturbed under the in-
fluence of the electric field of the adatom-dipoles. The
covalent interaction of the adatoms on their approach to
small distances is also taken into account. The depen-
dences obtained for the charge of the adatoms, the heat

n, 10 H.cm'

FIG. 4. Concentration dependences of heat of adsorption of
cesium on the faces of a tungsten crystal: 1—(100), 2—(110),
3—(111), 4—(112); qm±l is the heat of sublimation of ce-
sium, '".".'«l

FIG. 5. Concentration dependences of the heat of adsorption
of barium: a) on the faces of a tungsten crystal (1—(100),
2—(110), 3—(111), 4—(112)); b) on the (110) faces of crystals
of tungsten (1) and molybdenum (2)."2·9 4 1

of adsorption, and the work function on the degree of
coverage contain a number of free parameters. It is
obvious, however, that with this approach is not pos-
sible to learn the physical nature of the phenomena oc-
curring.

B. Dependence of the heat of adsorption on the
concentration of adsorbed particles

The heat of adsorption q is affected by the structure
of the substrate, particularly by the degree of its uni-
formity, and by the interaction of the particles. Only
recently have we begun to study adsorption on mono-
crystalline substrates, to avoid the effect of nonunifor-
mities of the surface. The systems which have been in-
vestigated are: alkali metals on the faces of tung-
sten, C84,85,88,91,94.133J ^ m c k e l j [H] g a Μ ( , g r Qn ^

faces of tungsten and molybdenum, [ β 2~β 4'β β'1 0 2 : ι Cu, Au,
and Ag on tungsten, t l 3 4~l 3 eJ and carbon dioxide on a num-
ber of metallic single crystals. C 1 3 S '1 3 9 : | We have shown
for illustration in Fig. 4 the concentration dependence
of the heat of absorption of Cs on the principal faces of
a tungsten crystal. The repulsion of the positively
charged adatoms leads to a rapid decrease in the heat of
absorption with increase of the degree of coverage. The
observed change in the heat of adsorption in the low-
coverage region can be explained in terms of the clas-
sical dipole model.[ 1 3 7 3 As the second monolayer is
filled, the heat of adsorption is already not very differ-
ent from the heat of sublimation of massive cesium.
Other systems of this type also behave in this manner.

The concentration dependence of the heat of adsorp-
tion is greatly affected by the atomic structure of the
substrate. For example, the heat of adsorption of bar-
ium on different faces of a tungsten crystal differs ap-
preciably more than on faces of tungsten and molyb-
denum of the same type (Fig. 5).

When a first-order phase transition occurs in a film,
the heat of adsorption does not depend on the degree of
coverage. It is known that a phase transition of the con-
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FIG. 6. Dependence of the heat of adsorption of CO molecules
on the (100) face of nickel, on the degree of coverage.11381

densation type can occur when the adsorbed particles
are attracted. An example of a dependence of the heat
of adsorption on the degree of coverage in this case is
given by Fig. 6, which is taken from the work of J. C.
Tracyt l s 8 ] and is for adsorption of CO on the (100) face
in Ni. The decrease of the heat of adsorption for a high
degree of coverage is explained by packing of the film,
in which the repulsive interaction appears.

As will be discussed in more detail in the next sec-
tion, condensation is possible also with a purely repul-
sive interaction. In this case there appears in the de-
pendence of the heat of adsorption on the degree of cov-
erage the same characteristic plateau, although the
measurements of the heat of adsorption are carried out
at increased temperatures, where the phase transition
is not observed.

Up to the present time no satisfactory explanation has
been obtained of the measured thermal desorption of
films of copper, gold, and silver from tungsten. cls*~13e]

At the present time there are no systematic quantum-
mechanical calculations of the dependence of the heat of
adsorption on the degree of coverage. The accuracy of
the predictions of the semiempirical theory based on use
of the concept of electronegativitytl2e~1303 are unsatis-
factory from the practical point of view.ten

C. Change of work function with adsorption

As was noted in Sec. Β of Chap. 2, changes in the
work function on adsorption have been most completely
studied up to the present time for alkali and alkaline
earth metals on refractory metals. These changes are
usually characterized by curves with rather deep min-
ima (Fig. 7). Recent studies in which the work function
and structure of these films were investigated in paral-
lel have shown reliably that the minimum of the work
function is achieved with a submonolayer coverage, and
with formation of a dense monolayer the changes in the
work function are for the most part completed (see for
example Refs. 88, 91-93, 97, and 140).υ

/7,/JV

FIG. 7. Dependence of work function of the faces of a tungsten
crystal on the surface concentration of cesium adatoms: 1—
(100, 2—(110), 3—(111), 4—(112). T = 77*K. Contact poten-
tial difference method."».«.»«

For a close-packed monolayer coverage the work
function usually is within a tenth of an electron volt of
that for the massive absorbate, as which we take the
limiting value obtained on extensive evaporation of the
adsorbate.2)

In the simplest modelc m i the change of work function
of a surface covered by a uniform film is due to the jump
in the potential in the electrical double layer formed by
the charged adatoms and the electrons which screen
them, which are concentrated in the near-surface re-
gion of the substrate. This model is applicable for
those degrees of coverage in which the direct exchange
interaction of adatoms is negligible. It is clear that
when the film "metallizes" and screens the substrate, .
the dipole moment found from Eq. (7) loses its physical
meaning. It is evident that the work function would
change even in that case if the adatoms had no charge. l n :

Thus, work-function measurements do not permit us to
separate reliably the contribution of the dipole layer.

In order to obtain independent information on the
strength of the dipole layer, the drift of adatoms over
the surface of a metallic point in a nonuniform electric
field has been studied near the t ip." 0 1 · 1 0 "

By this method the dipole moments of the adatoms of
a number of alkaline and alkaline earth elements on the
faces of a tungsten crystal have been determined in the
range of coverage from Θ = 0.05-0.1 to θ = 0.7-0.8.
The measurements showed that in this coverage region
the main contribution to the change in work function is
from the dipole layer. In particular, as proposed by
Langmuir,1141·1 the minimum of the work function corre-
sponds to the coverage at which the strength of the elec-
tric dipole layer is greatest. The very existence of a
minimum is due to the decrease of the adatom charge

"We have in mind a so-called physical monolayer, i. e., the
least coverage for which the adatoms densely populate the
surface, leaving no appreciable gaps. In principle the
adatoms in a physical monolayer need not be located in a
single plane.

2 'Thick films deposited on substrates with different atomic
structure often have somewhat differing values of work func-
tion, as the result of a difference in the structure and (or)
crystallographic orientation of the growing films.
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on increase of their density as the result of interaction
of adatoms with each other.

Of the studies devoted to the microscopic theory of
the work function, we shall discuss only two which char-
acterize the level achieved in this subject.

Muskat and Newnsc l 2 4 > 1 2 S 1 used Anderson's model
Hamiltonian to calculate the change in the dipole mo-
ment of the bond and of the work function with change
of the concentration of cesium adatoms on tungsten and
rhenium. In their calculation the distance from the
atom to the plane of the substrate was left as an adjust-
able parameter. Since the direct exchange interaction
of adatoms is ignored, this approach is useful up to the
beginning of metallization of the film.

On the other hand, for a sufficiently high density of
the film, there is justification for the theory of Lang,C 3 U

who generalized the "jellium" model used previously in
calculation of the work function of clean metals"*2 1 (see
also the review by G. N. Shuppecl43]). Calculations of
the potential barrier arising at the metal-adsorbate-
vacuum interface, in agreement with experiment, gave
a nonmonotonic dependence of φ(θ). In Lang's calcula-
tions the thickness of the positive charged layer corre-
sponding to adsorbate ions also is a free parameter.

At some degree of coverage the film metallizes. For
example, a layer of cesium on tungsten at β = 0. 8 al-
ready has the properties of metallic cesium. U 4 4 ]

It has been found experimentally"4 5·1 4 8 3 that at Θ
= 0. 53 ) a peak is formed in the energy spectrum of elec-
trons scattered at the surface, which corresponds to ex-
citation of plasmons in the film. In Refs. 145 and 147
the analogy of film metallization with the well-known
Mott dielectric-metal transition is pointed out. In the
region of film metallization the Lang model is apparent-
ly close to reality.

According to Lang's calculations, the work function
for a monolayer covering differs from the work func-
tion of a massive alkali metal by 0.05—0.1 eV, which
is in agreement with experiment.

However, a quantitative calculation of the functions
φ(θ) for specific situations is not available at the pres-
ent time. In order to carry out such calculations it is
necessary to take into account the features of the atomic
and electronic structure of the substrate. A number of
experiments indicate the need of taking into account
these factors. For example, the chemical nature of the
substrate, when the atomic structure and work function
of the clean surfaces are very similar, greatly affects
the work function of the adsorption systems.C148: l

In the general case the dependence φ(θ) turns out to
be complicated and difficult to interpret. This is char-
acteristic of films of the noble meta l s , t l 3 4 l l 3 5 ] the rare
earth metals, c l 4 9 ] and the transition meta l s/ 1 5 0 · 1 5 " and
also of films of gases, for example, oxygen on the (110)
face of tungsten.c l 5 2 ]

In concluding this section let us mention the question
of the relation of the work function to the structure of
the films. On the one hand, it has been shown that the
work function is affected not by long-range order, but
by short-range order in the film, t81·88·»5^ on the other
hand, it has been shown for a large number of systems
that structural transformations which take place in the
films (see Sec. Β of Chap. 4) are correlated with fea-
tures in the concentration dependence of the work func-
tion. ΐ8ΐ.ββ.Μ,β8,95.ΐ53,ΐ54] F o r m a n y s y s t e m s the minimum

of the work function is reached for a filling by adatoms
of the maximum number of identical centers on the sub-
strate, as was predicted earlier by Shrednik"5" on the
basis of crystal geometry considerations.

4. ATOMIC STRUCTURE OF SUBMONOLAYER
FILMS AND PHASE TRANSITIONS IN THEM

A. Main types of structures and regularities of
transitions between them

The beginning of studies of phase transition in mono-
layers was marked by the study of films adsorbed on
liquid surfaces. [ 1 5 β · 1 5 7 ] it is known that, depending on
the substrate temperature and the average density of the
film, these layers exist in two aggregate states—a two-
dimensional liquid and a two-dimensional gas. The
transition between them is a first-order phase transi-
tion. The crystalline phase of monolayers absorbed on
a liquid does not exist. This is due to the fact that in a
two-dimensional film absorbed on an ideally smooth sub-
trate (or, as in the present case, on a disordered sub-
strate), fluctuations of long-range order diverge loga-
rithmically. [ 1 5 β~1 β 1 ] in other words, if we choose some
atom as the origin, the mean square deviation of the co-
ordinate of a distant neighbor of this atom relative to its
value in an ordered (at Γ = 0) two-dimensional lattice
increases logarithmically with the distance.

Thus, at T>0 and a sufficiently large interatomic dis-
tance the correlation in the relative location of the ada-
toms is completely lost, i. e., in such a film there is
only short-range order.4 > Monolayers adsorbed on a
crystalline substrate are in a completely different situa-
tion.

The periodic field near the crystal surface, which is
formed by volume forces, suppresses the fluctuations
in particle location in the film so strongly that it be-
comes possible for two-dimensional crystalline phases
to exist. Jancovici1-1*2·1 has shown that in a two-dimen-
sional harmonic model which usually demonstrates the
absence of long-range order in a monolayer on a smooth
substrate, as the temperature is reduced a unique
transformation occurs to a state with infinite suscepti-
bility with respect to the external periodic field. In this
state it is sufficient to turn on an arbitrarily small peri-
odic field, since long-range order arises in a film de-
scribed by this model. Actually the phonon spectrum of

"The article of MacRae et al.[U51 gives coverages which by
error are three times too large (see Ref. 82).

4)However, since a logarithmic divergence is weak, the region
of short-range order can be rather extensive and can include
the entire surface region studied with dimensions of the or-
der of the coherence width of the electrons in diffraction ex-
periments.
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a film adsorbed on a real surface with a periodic relief
of finite depth differs substantially from the phonon
spectrum of a film on the surface of a liquid. For ad-
sorption on a smooth substrate (or in the complete ab-
sence of structural consistency between the film and the
substrate) the spectrum of vibrations of the film begins
with a frequency ω = 0. "β 1 · " 3 · 1 * " The abundance of
"soft" modes of vibrations with low excitation energy
also is a primary cause of instability of such a two-
dimensional crystal for T> 0. On the other hand, for
location of the adatoms in potential wells on a crystal-
line substrate the spectrum of frequencies of the film
begins with ω, > 0, where co, is the frequency of vibra-
tions of a solitary atom in the potential well. [ 1 β 1 · 1 β 5 ] For
just this reason long-range order is possible in such
films at T> 0.

Extensive experimental data indicate the existence of
a large number of ordered two-dimensional structures
in monolayers adsorbed on faces of single crystals, the
phase diagrams often being extremely complicated (see
below). The reason for this diversity is that the com-
plicated periodic field of the substrate Uan{r) is imposed
on the interaction Uat(r) of the adatoms with each other.

Uan{r) describes the potential relief for an isolated
adatom. The characteristic depth of this relief is the
activation energy for surface diffusion of isolated adat-
oms qM, which usually amounts to ~ 0.1-1 eV.5> It
should be emphasized that the potential relief "felt" on
the surface by the adatom depends both on the nature of
the adatom itself and on the nature of the substrate, i.e.,
it characterizes the system as a whole.

For sufficiently low T, when the principal role in the
free energy is played by the energy term rather than the
entropy term, the nature of the film structure formed is
determined by the ratio of the quantities Uan(r) and
UM(r). In regard to the correspondence of the film and
substrate lattices, we can speak of the following basic
types of two-dimensional structures observed experi-
mentally. α β β ]

1) Matched structures are characterized by a ratio of
the periods of the film and substrate expressed by an
integer (simple matched structures) or a rational frac-
tion (vernier structures). In the first case all adatoms
occupy equivalent adsorption centers on the surface; in
the second case only a fraction of the adatoms turn out
to be in identical locations (for example, every second
or third adatom).

2) unmatched (incoherent) structures are character-
ized by an irrational ratio of the periods of the film and
substrate. In correspondence with the statements above
in this case only a more or less extended short-range
can be established in the film.

It is clear that a potential relief on the substrate suf-
ficiently deep in comparison with Um will facilitate for-
mation of structures matched with the substrate. On

5'The measured value of qM usually characterizes the depth
of the relief for those directions on the surface for which
this depth is minimal.

the other hand, if the interaction between the adatoms is
large, the potential relief of the substrate cannot local-
ize the adatoms in its own potential wells and an un-
matched structure is formed.

Let us now consider the main regularities of the
changes in film structure with increase of the degree of
coverage of the surface by the adsorbate.

The simplest phase diagram is obtained in the case in
which short-range attractive forces—for example, ex-
change forces—act between the adatoms. Here, after
a critical concentration (which depends on T) of the two-
dimensional gas is reached, with increase of the cover-
age the growth of condensate islands begins, i. e., a
phase transition of the first type is observed: These
islands are two-dimensional if the binding energy of the
adatoms with the substrate is higher than the binding en-
ergy between adatoms,cl34>1353 or three-dimensional in
the opposite c a s e . c m i Usually in adsorption on metals
two-dimensional islands grow in the first stage, until
the entire surface is covered with a continuous mono-
layer.

Let us discuss in more detail the effect of a long-
range repulsive interaction of adatoms on the structure
of films.

If the quasilevel of the electron in the adatom is suf-
ficiently narrow and is located some distance from the
Fermi level, its shift on change of the coverage will not
lead to a substantial change of the charge of the adatom
(as long as the quasilevel does not approach the Fermi
level). In this case we can assume that the interaction
of the adatoms is due to dipole-dipole repulsion and is
binary. On a smooth substrate at Τ = 0 such a film ob-
viously would have hexagonal symmetry whose period
would decrease smoothly with packing of the film. How-
ever, on the surface of a crystal, as we have already
noted, the depth of the potential relief is (10"1-!) eV,
and as a result even at room temperature the adatoms
will be located preferentially in minima of the potential
relief in equivalent adsorption centers (at least for
small coverages). The structure of this lattice is de-
termined by the symmetry of the corresponding crystal
face. The ground state and thermodynamics of such a
film can be described by the model of a lattice gas with
binary interaction, which corresponds to the Ising Ham-
iltonian

(ID

here % is the energy of adsorption of an isolated atom;
na = 1 if site a is occupied and na = 0 if the site is empty;
US* is determined by Eq. (8) or (8'); <«„>=© is the de-
gree of coverage of the surface (in a dense monolayer
Θ = 1). The qualitative features of structural transitions
in a lattice gas with a repulsive interaction can be re-
vealed in the example of a one-dimensional model.Cle7]

It is evident that the ground state of a free string of
particles repelling each other corresponds to their or-
dered location with a period which decreases with in-
creasing concentration. Let us place this string in a
periodic external field of infinitely large amplitude with
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unit period. If the interaction of the particles with each
other is finite

(£•*")•
they all will turn out to be on the bottom of some kind of
well. For concentrations θ = Ι/τη, where w is an inte-
ger, the energy of the string, measured from the bot-
tom of the wells, does not change; for all other concen-
trations it increases, since some particles must be
shifted, and the initial state had the minimum energy.
The question of the structure for intermediate concen-
trations arises. For the case

it would be possible to distribute the particles in large
lumps of structures with periods m and m+ 1, choosing
their length such that the average concentration is equal
to Θ. However, such a distribution turns out to be en-
ergetically less advantageous than for maximal mixing
of these cells. Thus, for θ = l/[w + (l/2)] this corre-
sponds to alternation of cells of the types l/w and 1/
(w+ 1), i. e., to a structure with two atoms in a cell
2w + 1. The energy of an arbitrary periodic structure
with period / and with s particles in the unit cell inter-
acting according to a law {/"/~r"* can be represented in
the form»™

(12)

where ζ{k, v) is the generalized Riemann zeta function
(£(fe, 0) = 0), 0 « x( « 1 are the integral coordinates of the
particles, measured from the origin of the unit cell.
Analysis of Eq. (12) shows that the energy of the string
is a continuous function of θ with breaks at each ra-
tional point.6' This means that for an increase of the
average concentration the transition from the structure
l/(m+ 1) to the structure l/w would occur at Γ = 0
through an infinite number of successive phase transi-
tions. In these structural transitions structures with
arbitrarily large periods take part, and for a small
change of energy a large rearrangement of the structure
occurs.7 > Phases with concentration near Θ = l/w, for
example, for 0 = s/(sw+l), where s> 1, can be consid-
ered as consisting of antiphase domains. This means
that after s cells of phase l/w a break in the phase oc-
curs, and the next s cells are shifted by one period of
the external field. An additional energy (~ l/w**1) is
associated with the boundary between domains; in addi-
tion, these defects themselves repel each other.
Therefore at T = 0 even very infrequent defects are or-
dered, which corresponds to formation of periodic
structures with a large period.

6'The dependence of the surface energy of a two-dimensional
crystal on the orientation of the face is similar.l l 6 8 )

7>Gradmann11691 has shown that the energy of such structures
increases on rearrangement of any atom. However, any
periodic structure has this property, and therefore the ques-
tion of the choice of a periodic structure with minimal en-
ergy has not been solved in Ref. 169.

In the two-dimensional case at T = 0 the transition pat-
tern is similar to that discussed above with the distinc-
tion that it is necessary to take into account the sym-
metry of the potential relief and the energy of the "cor-
ners" in mixing of the gas (in addition to the "surface"
energy). The simplest structures could be revealed by
considering the interaction of only a limited number of
closest neighbors, and the realization of specific struc-
tures depends on the ratio between the interaction en-
ergies of the various neighbors. In a recently published
article1 1 7 0 3 Klaburagi and Kanamori have studied the
ground state (11) for two-dimensional lattices of vari-
ous symmetries with inclusion of the interaction of sev-
eral neighbors (see also Ref. 127).

Let us now consider the situation at T>0. In a truly
one-dimensional case the fluctuations destroy the order,
although traces of the existence of an ordered structure
can be observed in the corresponding maxima of the cor-
relation function. In a two-dimensional lattice system
at low temperatures a finite number of structures with
not very large periods survive. The point is that long-
range order is maintained by the interaction at distances
of the order of the period, and at temperatures greater
than the energy of this interaction, disordering sets in
(first of all, naturally, of structures with a large peri-
od). However, if the temperature is less than the ener-
gy of short-range interactions, the order cannot disap-
pear at all. For example, for β= l/w the superstruc-
ture formed by the boundaries of antiphase domains is
destroyed at some temperature, although inside the do-
mains there remains an order maintained by the short-
range interaction. Unfortunately, accurate results have
been obtained only for the case of interaction of nearest
neighbors in certain plane lattices.C 1 7 1 1 With increasing
concentration of adatoms at sufficiently low tempera-
tures a systematic change of the structures occurs by
means of phase transitions, whose nature is associated
with the symmetry of the alternating phases. In a first-
order phase transition, where the phases are separated
in space, their symmetry can be arbitrary, but for a
type Π transition definite limitations are imposed on the
change of symmetry at the critical point (Ref. 160, §
139). In particular, for T>0 a transition from one or-
dered phase to another can in principle occur through an
intermediate disordered phase. Finally, for a constant
concentration with increase of the temperature, a film
can undergo a polymorphic transition, i. e., it can
transform from one ordered phase to another and then
transfer to the disordered state (see below). The theory
of these transformations is in its early stages. Many
questions are not even qualitatively clear.

Similar phenomena have been considered in the theory
of ordered substitutional and interstitial alloys, for ex-
ample, in solutions of hydrogen in metals . l n 0 2 The ap-
proaches developed there are based on the method of
self-consistent fields, which evidently is not completely
suitable for analysis of structural transitions in the case
considered, if only because in the interesting low tem-
perature region, strictly speaking, there is no region
far from the phase transition point. Transitions follow
each other at closely spaced adatom concentrations.

443 Sov. Phys. Usp., Vol. 20, No. 5, May 1977 Bol'shov et al. 443



We have described above structural transformations
in a monolayer of repulsive particles with a binary in-
teraction. It is important that in such a system at a suf-
ficiently low temperature the uniformity of the film is
preserved at all coverages. For a smooth substrate
this statement is obvious, and for a periodic potential
relief the uniformity is apparently achieved as the re-
sult of structures with large periods. (We note that the
latter circumstance is not described by the self-consis-
tent field theory.)

In spite of numerous investigations of the structure of
charged films by diffraction methods and even observa-
tion of diffraction patterns from two different structures
simultaneously (see for example Ref. 88), the condensa-
tion of films has been discussed in the literature only in
connection with classical adsorption experiments, i lst l

in which attractive forces act between adsorbed mole-
cules. It was assumed that charged films must be com-
pressed with increase of coverage, remaining uniform.
However, as one of the authorstl72] has shown, taking
into account mutual depolarization (i. e., the nonbinary
nature of the interaction) of the adatoms leads to the
possibility of condensation of films with a rather large
polarizability of the particles. The phenomenon is due
to the fact that for a sufficiently high density of the film
an increase of the coverage and the increase associated
with it of the electric field produced by the adatoms is
felt in the decrease of the dipole moment of the parti-
cles more substantially than in their repulsion. Break-
up of a film into rarefied and dense phases leads to a
greater gain in energy as the result of the rarefied
phase than the loss due to the denser phase.

The theory of such a transition has been developed
both in the model of classical dipoles with linear polar-
izability'1721 and in the more realistic model in which the
electronic states are described by Anderson's Hamil-
tonian with inclusion of the electrostatic interaction of
the adatoms.cl2e] The boundary of the two-phase region
in the phase diagram is determined by the question

Γ - - θ ( Ι - θ ) ^ . (13)

where Ε is the internal energy of the film per lattice
site and Θ is the degree of coverage. Since the differ-
ential heat absorption q~ - 9Ε/&Θ, then it follows from
Eq. (13) that condensation is possible in that region of
coverage where dq/dQ>0. In terms of the models stud-
ied, the condition of existence of condensation is a large
polarizability of the adatoms, which corresponds to the
requirement that the quasilevel of the adatoms be not
too wide and be located near the Fermi level. Criteria
have been obtained112'·127·17" for the existence of two-
dimensional condensation in films on faces with quadrat-
ic symmetry, and in addition it has been shown that tak-
ing into account the potential relief of the substrate can
substantially complicate the phase diagrams of such
films, leading to the existence of several two-phase re-
gions.

B. Experimental data

Up to the present time the most extensive information
on the atomic structure of adsorbed films has been ob-

tained by means of low energy electron diffraction
(LEED) and field ion microscopy (FIM). We shall not
describe in detail these methods, which have been the
subject of special reviews and monographs (for LEED
see Refs. 166 and 173-175; for FIM see Refs. 112 and
176). We shall confine ourselves to certain remarks.
In the LEED method electrons with energy 10-100 eV
are used (De Broglie wavelength - 1-4 A). The diffrac-
tion patterns obtained with them are formed in the sev-
eral layers of atoms closest to the surface. The coher-
ence width of the electrons in contemporary low-voltage
electron diffraction patterns is usually ~ 10̂  A (just this
region of surface is covered by the electron in diffrac-
tion). For this reason the LEED method has compara-
tively low sensitivity to imperfections of the surface
structure. At this stage, when the main efforts are di-
rected toward study of how the type of two-dimensional
lattice formed depends on the crystal symmetry of the
surface and the nature of the absorption bond, this can
be considered more an advantage than a deficiency. In
most studies up to this time information on the struc-
ture of the films has been obtained by analysis of the
geometry of the electron diffraction patterns with qual-
itative use of the ratio of intensities of the various re-
flections. Strictly speaking, such an analysis permits
determination only of the symmetry of the surface lat-
tice, and therefore for construction of a probable model
of the film it is necessary to draw on additional data—
on the nature of the bond, the potential relief of the sur-
face, the concentration of adatoms, and so forth. In
recent years as a result of advances in the development
of the dynamic theory of LEED the possibility has ap-
peared of carrying out a more correct deciphering of
diffraction patterns on the basis of a quantitative analy-
sis of the intensities of the reflections. For many sys-
tems complete data on the structure have already been
obtained, i. e., data on the composition of the surface
unit cell and the relative location of the atoms in it (see
the review of these studies in Refs. 177 and 178).

The advantage of the FBI method is that it gives more
direct information about the processes on the surface
than does the diffraction method. In addition, its use
turns out to be extremely informative in the region of
very small degrees of coverage, which is poorly served
by the LEED method. However, the range of materials
which can be studied in FIM is limited by the need of
maintaining without destruction electric fields of ~(2-5)
xlO8 V/cm.

Recently there has been intensive development of a
method based on study of the elastic scattering of ions
by a surface.[177·"1823 This method permits investigation
first of all of short-range order in the location of the
atoms on the surface. Note that the scattering of con-
duction electrons at the surface of metallic crystals also
turns out to be sensitive to its structural state.t l 8 3·1 8 4 3

In regard to the structure of clean metal surfaces,
the existing data indicate that the surface layer of most
metallic crystals retains in the surface plane the trans-
lational symmetry present in the bulk. Only a small
number of exceptions are known (certain faces of the
crystals of gold, palladium, iridium, and platinum"85-1).
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In this sense metals differ substantially from semicon-
ductors, for which formation on the surface of a specif-
ic structure ("reconstruction" of the surface) is ob-
served very frequently. l i a t l

The interplanar distance measured along the normal
to the surface may differ in the near-surface region of
metallic crystals by about 10% from its value in the in-
terior (see for example Ref. 187 and references cited
there). The mean square amplitude of thermal vibra-
tions of the surface atoms (along the normal to the sur-
face) is 1.5-2 times larger than in the interior.C I 8 5 ' 1 8 8 3

As has been stated above, the main factors which de-
termine the type of atomic structure of a submonolayer
film are the nature of the adsorption bond and the atom-
ic structure of the substrate. Let us consider from this
point of view the film structures most characteristic for
systems of different classes. Here we shall use the
means of designation of surface structures most fre-
quently used at the present time, proposed by E. A.
Wood. t m ] A designation (jVxM) corresponds to a lat-
tice whose period in one direction is Ν times greater
than the substrate period, and in the other direction—
Μ times greater. The index p in front of the parenthe-
ses (sometimes omitted) denotes that the unit cell is
primitive, and the index c—that the cell is centered.
The existence of azimuthal rotation of the film lattice
relative to the substrate is noted after the parentheses
by the letter R with indication of the rotation angle in
degrees.

Before presenting the experimental results on struc-
tural transformations in adsorption systems of differ-
ent types, let us make the following remark. The
structure of films, like the adatom electronic state,
heat of adsorption, and film work function described
above, is determined by the nature of the interaction of
the adatoms with the substrate and with each other. As
we have already stated, these interactions in adsorbed
films are rather complicated. It is not surprising that
phase diagrams in the systems considered can have a
very complex form. l K 1 Two-dimensional crystallog-
raphy turns out to be richer than three-dimensional.
For example, in massive Li, only two crystalline mod-
ifications are known, but Li on just one surface, the
(112) face of tungsten, forms at 77°K eight different or-
dered structures. c l 3 3 ] However, in analysis of the di-
verse experimental material we can distinguish two
simple situations: 1) In the presence of attraction (long-
range van der Waals or short-range exchange forces)
condensation occurs into two-dimensional islets; 2) in
the presence of repulsion (due to polarization of the ad-
atom or strong polarity of the bond) the film is more
or less uniformly compressed on increase of the cover-
age, passing through a succession of ordered structures.
A first-order phase transition, due to depolariza-
tion, : I 7 2 : is also possible.

In adsorption of metals of inert gas atoms, in most
cases the principal role is played by dipole-dipole in-
teraction of the adatoms due to their strong polariza-
tion at the surface. t l e 0 3 As a consequence of isotropic
long-range repulsion {Uaa~ r"3) for small degrees of

coverage complicated films are formed with large in-
teratomic distance and a lattice matched to the sub-
strate. Of this type, for example, are the structures
Ir(001)-(5 x 3) Xe,C W 1 ] Ir(001)-(5 x 3) K r . c l 9 2 ] As θ - 1
the match with the substrate is generally lost as the re-
sult of increase of the interaction between adatoms, and
a hexagonal monolayer is formed (an exception is in
cases of pseudomorphism when the lattice periods of the
adsorbate and substrate are close together). On other
substrates, for example, on graphite, the polarization
of the adatoms is small and the film is formed mainly
with participation of van der Waals forces, which are
attractive and isotropic (Uaa~ r"e). In this case after
reaching some critical concentration of the two-dimen-
sional gas in the film, a first-order phase transition be-
gins—growth of the two-dimensional islets occurs, with
a structure matched or not matched with the substrate,
depending on the ratio of Um and Uan. For example, it
has been established by the LEED method that xenon
on the basal face of graphite is condensed into islets
having a structure (/J Χ / Ϊ ) Λ 30°. " β ' · ι β 4 ] Similar tran-
sitions in films of nitrogen on the basal face of graphite
have been observed by means of neutron diffraction.cl951

Interesting results have been obtained in study of sub-
monolayer films of helium on the (0001) face of graph-
ite. ""Ί*5 ' 1 1*» on the basis of data on the temperature
dependence of the heat capacity of these films, a phase
diagram has been constructed in which there are re-
gions of a two-dimensional phase, of ordered phases
matched with the substrate (6 = 0.2-0. 3), liquids, and
finally at θ — 1 a "solid" two-dimensional film not
matched with the substrate. The heat capacity of the
unmatched films varies at low Τ in proportional to T2,
as predicted by the Debye theory for a two-dimensional
crystal.

In adsorption of nonmetals the main role is played by
the covalent component of the bond. Systems of the type
under discussion are characterized by formation of a
series of structures matched with the substrate. Sur-
faces are extremely specific and depend on the number
and directionality of the orbitals of the substrate and ad-
sorbate. α β 7 ~ 2 0 4 : | For illustration we have shown in Fig.
8 the structures formed by oxygen on the (110) face of
W.

To explain the geometry of such two-dimensional lat-
tices, Tamm and Schmidt1-lee:l drew on quantum-mechan-
ical representations of the structure of the orbitals of

FIG. 8. Geometry of two-dimensional lattices formed on ad-
sorption of oxygen on the (110) face of tungsten.l l 9 7 )
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a)

FIG. 9. Formation of the structure c(2 x 2) of hydrogen atoms
on the (100) face of tungsten according to Tamm and
Schmidt. " 9 8 1 a) Free surface atoms of tungsten (large circles)
each have four symmetrically located 5d or bitals. On ad-
sorption of a hydrogen atom (small circle) a hybridization of
the 5d and 6s orbitals occurs and separated adsorption centers
appear, b) A completely formed c(2x2) structure. The solid
line shows the unit cell of tungsten ( lx l ) , and the dashed line
the unit cell c(2x2).

the substrate. For example, an adatom of hydrogen
produces on the W(100) face a rearrangement of the or-
bitals such that among the initially equivalent adsorption
centers there appear some which are energetically more
advantageous, corresponding to a lattice c (2x2) (see
Fig. 9). The hydrogen atoms are distributed over the
sites of this lattice and interact through hybrid 5rf6s
orbitals of tungsten. Islets of the phase c (2 χ 2) expand
with addition of adsorbate, and only after coverage by
this phase of the entire surface are locations with lower
binding energy filled. The phase diagram of this sys-
tem is described in terms of the model of a lattice gas
on a substrate with two types of adsorption centers and
attraction between adatoms, which has been considered
by one of the authors.Cl723

Einstein and Schrieffer"091 have discussed in more
detail the interaction of adatoms through the substrate.
They found that for a definite relation of the adsorbate
and substrate parameters the interaction of nearest
neighbors on the face of a cubic single crystal can be
repulsive, and that of second, third, and fourth neigh-
bors attractive, which explains the formation of the
structures c(2x2), />(2x2), and c(4x2), which are fre-
quently observed in experiments with nonmetals. α 8 5 ' 1 β 9 : ι

In a number of cases the adatoms of nonmetals have
an appreciable negative charge, for example, iodine on
tungsten,[205] and sulfur and oxygen on various met-
als. «oe-2103 T n e lattices which arise for not too large
coverages are typical for adatoms with dipole-dipole
repulsion (see Sec. A of Chap. 4).

It should be noted that in discussion of adsorbed films
with covalent binding the assumption is rather frequent-
ly made that the substrate atoms are substantially
shifted from their previous positions and mixed with the
adsorbate atoms, forming specific surface compounds.
Such adsorption has been called reconstruction.C18e·2111

However, there is not enough reliable information on
reconstruction adsorption on metals, and the conclu-

sions of different authors frequently are inconsistent
(see for example Refs. 154, 182, 212). Apparently the
clarification of this question is an event of the near fu-
ture.

Phase transitions in films with covalent binding are
accompanied by substantial changes in the properties
of the system—heat of adsorption, work function, and
so forth, i" 8 · 1 8 4 1 For example, Zandberg et al.uu·»"
by simultaneous investigation of surface ionization and
thermionic emission observed two-dimensional conden-
sation in films of carbon on Ir(lll). It turns out that
in the two-dimensional-gas state carbon increases the
work function of iridium from 5.8 to 6.0 eV, and in the
two-dimensional-crystal state (which probably has the
structure of graphite) it reduces the work function to
4.8 eV. At the same time the catalytic activity of the
surface also changes greatly.

On adsorption of metal atoms, the bonding with the
substrate, as we have already noted, is provided by
several main components—ionic, metallic (delocalized
electrons), and covalent (localized electrons). If the
bond polarity is high, then the most important factor af-
fecting the film structure is dipole-dipole repulsion of
the adatoms. This is especially characteristic for ad-
atoms of the alkali and alkaline earth elements on vari-
ous metals. tei,ee.M.9s.»n j ^ u u s c a s e a t s m a l l θ lattices
with large periods are formed, and the adatoms occupy
identical adsorption centers on the substrate (Fig. 10).
To observe these structures in an ordered state, the
substrate must be cooled to rather low tempera-
tures. t M l 9 S : i

Analysis of the observed structures permits the con-
clusion that on close-packed faces the interaction of ad-
atoms at small coverages is close to isotropic, al-
though some contribution can be made also by an iso-
tropic interaction of adatoms through the substrate.11701

As the degree of coverage of an adsorbate with a
highly polar bond is increased, denser and denser lat-
tices are formed, matched with the substrate, then

FIG. 10. Two-dimensional lattices of strontium atoms on the
(110) face of tungsten: a) c(7x3), b) c(6x2), c) e(5x2),
d) c(3x 1), e) hexagonal with smoothly changing period. " 5 1
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FIG. 11. Two-dimensional lattices of strontium atoms on the
(112) face of tungsten, a) Clean (112) face, b) (1x7) structure,
c) c(2x2) structure, d) one-dimensional unmatched structure
of the first layer.C961

vernier lattices, and finally in the general case un-
matched lattices (on smooth faces—of hexagonal sym-
metry) with a smoothly decreasing period (Figs. 10
and 11). The formation of unmatched structures is en-
ergetically advantageous: Actually, at this stage the
heat of adsorption in the first layer is significantly
greater than in the second layer. Packing of the first
monolayer is continued until the heat of adsorption,
which decreases as the result of the repulsive inter-
action of the adatoms, approaches the heat of adsorp-
tion in the second layer. 8 ) The shortest interatomic
distance in a dense monolayer is frequently 10-15%
less than in the massive adsorbate.t 8 I > 9 7 J Usually the
region of existence of unmatched structures is wider,
the greater the dipole moment of the adatoms. For ex-
ample, for cesium films on W(110) this region, mea-
sured at T= 77°K, extends from Θ = 0. 46 to Θ= 1. [ 8 l ]

Transitions between matched structures in films with
repulsion occur in accordance with the ideas developed
in Sec. A of Chap. 4. The film is gradually packed with
increase of Θ, remaining macroscopically uniform, and
in the electron diffraction patterns the reflections of the
first structure are smeared (the intermediate struc-
tures are fused), or are broken up and shifted (inter-
mediate structures with large periods), until they turn
out to be at the sites of the reciprocal lattice of a new
structure.C 2 0 0 ] As we have noted above, with a strong
repulsion of the adatoms, unmatched lattices can be
formed whose period smoothly decreases with increas-
ing degree of coverage.

With careful measurements of the work function at

8'Eventually this close-packed monolayer turns out to be
stressed—compressed in the surface plane. This is mani-
fested, in particular, in the nature of the surface diffusion
from multilayer coverages. Here on the leading edge of the
diffusion distribution there is formed not a dense monolayer,
but the more rarefied phase. " 2 1

low temperatures, breaks have recently been observed
in the dependence of the work function on the degree of
coverage, which are correlated with structural transi-
tions in the film.

It may be worth mentioning specially the extremely
unusual interaction of adatoms on faces with a sharply
anisotropic atomic relief, such as the (112) face of a
body-centered-cubic lattice and the (110) face of a face-
centered-cubic lattice. These faces are constructed
of parallel close-packed rows of atoms separated by
furrows of atomic depth. On such surfaces, atoms of
metals and nonmetals form structures with a clearly
expressed one-dimensional nature. As an example we
mention Na on Ni (110).C97] In the coverage region 1/6
<Θ 1/4, the Na atoms fill every second trough on the
surface, and inside a trough with increasing degree of
coverage an ordered alternation occurs of cells of the
phase Θ = 1/3 and the phase Θ = 1/2. No less astonish-
ing is the behavior of oxygen on the same face. c l 9 7 ]

Here already in the region ΐ/2<Θ<2/3 the rows of oxy-
gen atoms themselves, located identically in troughs,
are distributed over the surface in a certain sequence,
so that the lattice of the film consists of a mixture of
cells of structures corresponding to Θ = 1/2 and Θ = 2/3.
We note that the one-dimensional model discussed in
Sec. A of Chap. 4 is directly applicable to both of these
systems. The point is that even a weak lateral interac-
tion can preserve one-dimensional order at finite tem-
peratures. In addition, on surfaces with a furrowed
atomic structure the interaction of the adatoms is
sharply anisotropic in nature, t89·96·9''·133] and therefore
in addition to the general regularities due to repulsion
between the adatoms in one direction, specific features
are observed in each system of this type (see for ex-
ample Fig. 11).

In recent years in films with a highly polar bonding
(for example, alkali and alkaline earth elements on re-
fractory metals), a large number of first-order phase
transitions have been observed. ΐΜ.Μ.β.«ΐ.Μ,ι».«ι«-ί«]
In the phase-transition process the coverage becomes
spotlike, and in the electron diffraction pattern reflec-
tions from the two phases co-exist, and with increase
of the average degree of coverage the reflections from
the rarefied phase become weaker and those from the
denser phase become stronger. A nonuniformity in the
work function over the surface is also observed, and
the experimentally measured average work function de-
pends linearly on the average coverage. In the inter-
vals of homogeneity of the film the heat of adsorption
decreases substantially with increase of coverage (Fig.
12), which indicates a repulsive interaction between
adatoms. Regions of first-order phase transition cor-
respond to the plateau portions on the curve of heat of
adsorption versus degree of coverage. The available
experimental facts are in agreement with the theory of
a depolarization phase transition in a film of repulsive
particles,[ 1 7 2 : l which was described in Sec. A of Chap. 4.

We have been discussing above the changes in struc-
ture of films of different nature with change in the de-
gree of coverage and for T= const. If we now raise the
temperature with a constant degree of coverage, poly-
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FIG. 12. Correlation of work function, heat of adsorption,
and structural transformations in a film of barium on the (110)
face of molybdenum."21 φ is the work function, q is the heat
of adsorption, and η is the surface concentration of barium
adatoms. The arrows indicate the regions of existence of the
structures: a) single-phase region terminated by the (2x3)
structure, b) region of coexistence of two structures (2 χ 3) and
(2x2), c) single-phase region (hexagonal structure with
smoothly decreasing period), d) filling of second monolayer.

morphic transitions and (or) order-disorder transitions
are observed.

These transitions are studied by means of
LEED, «•.".•MM."·' F E M , 1 2 2 0 · 2 2 " surface ionization.[214]

nuclear magnetic resonance,tZ2Z3 and also by investiga-
tion of the temperature dependence of the heat capacity
of the adsorbed films. [ 1 β 1 · 1 β β ] These investigations per-
mit information to be obtained on the interaction of the
adsorbed particles.

For example, the regularities of disordering of films
of sodium on the (110) face of tungsten are consistent
with the idea that the interaction between sodium atoms
at small coverages is a dipole-dipole repulsion.t 8 8 > 8 2 s ]

Data have also been obtained on the interaction of hydro-
gen atoms 1 2 1 8 · 2 2 " and oxygen atoms" 0 1 · 2 1 " on the crystal
faces of tungsten.

The disordering of submonolayer films of helium on
graphite matched in structure with the substrate can be
described on the basis of the two-dimensional Ising
model . t l 8 1 l i e e i For coverages close to a dense monolay-
er, films of helium are incoherent with the substrate
and fuse gradually in a certain temperature range (but
not sharply, as in the three-dimensional case). J. G.
Dash and his colleagues α β 1 · 1 β 5 ' 1 β β ] explain this by the
fact that in unmatched films, as theoretically pre-
dicted, [ 1 5 β ' 1 β 0 ] there is no long-range order, but only a
more or less extended short-range order.

Even this short list of the results obtained in recent
years shows that the study of phase transitions in ad-
sorbed films is now one of the most interesting direc-
tions in surface physics.

In connection with the discussion of two-dimensional
phase transitions, let us briefly discuss the question of
the dynamics of establishment of an equilibrium state
of films. Equilibrium is achieved as the result of mi-
gration of adatoms, characterized by an activation en-

ergy qM. As model calculations show, I2(B»a84] equilibri-
um of a film is essentially established when each atom
completes about 10 migration jumps on the surface. If
we know the value of qM, we can estimate the tempera-
ture T№ at which this number of jumps will be completed
in a given time interval. On the other hand, ordering
of film is in principle possible only for T<TC, where
Tc~ % ο is the critical temperature of the order-disorder
transition (£0 is the interaction energy of nearest neigh-
bors in the film). It is evident that on faces with a deep
potential relief (large qM) a situation is possible in which
TC<TII, so that a very long time may be required to
reach an equilibrium ordered state in this case.

5. CONCLUSION

The physics of adsorption is experiencing a period of
violent development at the present time. For example,
the annual number of publications devoted to study of
the structure of adsorbed films by the LEED method
alone has increased from several articles in the fifties
to 200-250 articles at the present time.

There has also been a substantial increase in the
number of theoretical articles devoted to phenomena on
surfaces. A number of important results have been ob-
tained which relate to the theory of interaction of ad-
atoms with the substrate and with each other, phase
transitions in films, the dynamical theory of low energy
electron diffraction, and so forth. Nevertheless, the
extensive information accumulated during the last ΙΟ-
Ι 5 years is only now beginning to find reliable explana-
tions. Many phenomena are not understood even quali-
tatively. The situation regarding films of alkali and
alkaline earth elements on refractory metals is now
somewhat more understandable (here we can also in-
clude films of noble gasses on metals). In these sys-
tems a substantial role is played by electrostatic repul-
sion between adatoms, which leads to regularities com-
mon to different specific systems, although many fea-
tures are observed in them which are specific for each
adsorption system. The last remark applies to an even
greater degree of films of nonmetals. However, in our
opinion we can expect in the near future achievement
of a higher level of understanding of the processes oc-
curring on the surfaces of solids. On the one hand, ex-
perimental investigations should be stimulated by the
advances which these studies can provide in such re-
gions of technology as emission electronics, microelec-
tronics, catalysis, vacuum technique, crystal growth,
protection of metals from corrosion, and many other
fields. On the other hand, in spite of the complexity
and diversity of the interactions which are important for
description of the phenomena occurring in adsorbed
films, theoreticians should extract a wealth of diverse
and detailed information enabling them to check models
not only on the basis of the final result but also with re-
gard to the intermediate dependences of the quantities
used in the calculation on experimentally measurable
parameters. The theory of adsorption has still to trav-
el the path traveled, for example, by solid-state
theory.
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