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the step and polarized along the step. Irrespective of thethe step and polarized along the step. Irrespective of the
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I. Introduction

Surface or crystal/vacuum interface dynamics is a very

important area of solid state physics and chemistry. When

a surface is formed, the number of nearest neighbours of

external layer atoms decreases. This breaks the symmetry of

distribution of masses and forces that act on a surface atom

from the other atoms. In addition, interatomic interactions

on a free surface change upon its structural relaxation and/

or reconstruction. A change in the type and number of

interatomic bonds may alter the coordination number of

surface atoms, especially in the presence of defects such as

steps and adatoms. The listed factors result in crucial

differences between the dynamic properties on the surface

and in the bulk; in particular, the energy of the normal

vibrational modes of the crystal lattice near the surface

markedly decreases and a new class of vibrational modes

appears, which were called surface phonons.

The surface phonons are vibrational excitations in which

the amplitude of atomic displacements is maximum on the

surface but exponentially decreases in the bulk.1, 2 Study of

the surface phonon spectrum provides information about

the atomic structure, type of bonds and force constants in

the surface layers. These characteristics determine the

structure and phase transformations on the surface and

the surface resistance to external effects. Detailed knowl-

edge of the dynamic properties of the surface is needed in all

cases where the surface plays an important role Ð for the

design of electronic and optical instruments, for heteroge-

neous catalysis, photochemical reactions, charge and spin

transfer processes over the surfaces and through interfaces

and for materials science.

Vigorous research of the vibrational properties of the

surface was started at the end of the 20th century and still

goes on. There are objective reasons responsible for the

persistent attention to the surface phonons. The advent of

new experimental methods and increase in the resolving

power of existing methods such as low-energy electron

diffraction, inelastic helium atom scattering, high resolution

electron energy loss spectroscopy, photoelectron spectro-

scopy, inelastic tunnelling spectroscopy/microscopy provide

the possibility of more accurate measurements of the sur-

face atomic structure and dispersion curves for increasing

number of materials. The increase in the accuracy of

theoretical methods, which permit direct comparison of

theoretical and experimental data, stimulates investigation

of surface phonon-related phenomena. With the advent of

supercomputers, it became possible to carry out calcula-
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tions for the surface force constants and phonon dispersion

curves not only for atomically smooth but also for defective

surfaces Ð having steps, kinks and adsorbates.

Methods based on density functional theory (DFT), in

particular, methods of ab initio molecular dynamics, self-

consistent linear response and frozen phonons have been

applied most extensively to surface phonon investigations.

Apart from ab initio methods, model approximations using

both parametric data and density functional theory are

being actively developed.

Quite a lot of information about equilibrium structures

and dynamics of clean metal surfaces has been accumulated

to date. Data on the structures and vibrational properties of

metal surfaces with adsorbates are much more scarce.

Lately, surfaces of exactly this type have received consi-

derable attention of theorists and experimentalists. The

reviews 3 ± 5 on surface phonons published before 2003

describe the experimental and theoretical methods for

determination of dispersion curves for both clean metal

and semiconductor surfaces and adsorbate-bearting surfa-

ces and also present the dispersion curves for some materi-

als. More recently, new data appeared, which markedly

supplemented the views on surface phonons.

The purpose of this work is to acquaint the interested

readers with the latest achievements in investigations of the

surface dynamics and, on the basis of analysis of published

data, to draw general conclusions, which could be useful for

better understanding of the mechanisms of surface pheno-

mena and processes. The dependence of surface dynamics

on the chemical nature of the material, crystallographic

orientation of faces and the presence of steps and adatoms

on the surface is discussed in detail. In terms of a unified

approach (which avoids ambiguous data interpretation),

modifications of the vibrational characteristics of the sur-

face upon complication of the surface structure and in the

presence of adsorbed structures are analyzed. An earlier

review 4 surveyed in considerable detail the relaxation and

dynamics of simple (low Miller index) metal surfaces; there-

fore, in the present review, this issue is addressed to an

extent that is necessary for the understanding of the ground

principles of formation of the phonon structure and its

dependence on the crystallographic orientation of the sur-

face and the chemical type of the metal. Primary attention is

paid to phonons in vicinal (high Miller index) surfaces and

in superstructures that are formed upon sub-monolayer

adsorption of one metal onto another.

The review is composed in the following way. Section II

gives a brief historical account of the milestones of expe-

rimental and theoretical studies of phonons on metal

surfaces. We believe that this review covering not only the

last 10 ± 15 years but also much earlier years will be useful

for comprehensive perception of the evolution of this

important area of metal surface physics and chemistry.

Section III deals with the key aspects of the microscopic

theory of surface phonons and various approaches for their

theoretical description. One of the semiempirical methods

used widely and successfully for the construction of inter-

atomic interaction potentials that are needed for calculating

the structural relaxation and surface phonons, the so-called

embedded atom method, is described in detail. Section IV

gives the results of calculations of the structural relaxation

and phonon spectra for simple and vicinal surfaces for some

FCC metals and for the surface structures formed by alkali

metal adatoms on low Miller index surfaces. The obtained

results are compared with the results of experiments and

ab initio calculations (continuous testing of the adequacy of

model potentials is performed in this way). The generalizing

conclusions about the phonon structures of metal surfaces

and modification of their vibrational properties on going

from chemically pure and smooth metal surfaces to surfaces

having steps and adsorbates are presented in the Conclu-

sion, which also discusses the prospects of the development

of the theory of surface phonons as applied to electron ±

phonon interactions and metal cluster dynamics.

II. Brief historical account

The dynamic processes on the surface have long aroused the

interest of natural scientists. Rayleigh,6 who studied the

propagation of acoustic waves along the surface of an

elastic isotropic medium in 1887, was one of the first to

consider these processes. In the long-wave limit, the solu-

tion of the equation of motion gives a vibrational mode

corresponding to displacements in the sagittal plane (the

plane containing the Rayleigh wave vector and the normal

to the surface). In 1911, Love 7 studied the type of surface

waves (Love waves) that arise when a macroscopic layer of a

material is deposited on the surface of another material.

Finally, in 1924 Stoneley 8 considered the type of waves

(Stoneley waves) that propagate along the interface between

two materials. Only a quarter of a century later, was surface

dynamics further developed in the works of Livshitz and

Rozentsveig,1 Maradudin et al.,2 and Wallis,9 who theoret-

ically substantiated the existence of localized surface pho-

non states. In 1971, Allen and co-workers 10 ± 12 proposed a

classification of surface vibrational modes in which they

distinguished true surface states (the maximum localization

of the vibrations on the surface and fast decay in the bulk)

and surface resonances (predominant surface localization

and deep penetration into the bulk).

With the advent in the 1980s of experimental methods

able to detect vibrations of surface atoms and to determine

the dynamic characteristics of these atoms, vigorous

research of the surface dynamics started. These methods

are based on measurement of the inelastic component of

scattering of low-energy particles (atoms, molecules, elec-

trons) by surface atoms. The distribution of scattered

particles (e.g., electrons) would be different depending on

whether they are scattered by short-wave vibrations of

lattice atoms that create space-localized potential fluctua-

tions or by long-wave vibrations of surface charges.

Among the multitude of experimental methods for the

study of surface dynamics, the most widely used are

inelastic He atom scattering (HAS) 13 ± 15 and electron

energy loss spectroscopy (EELS).16 The HAS technique is

used to study the surface phonons in metals, ionic crystals

and semiconductors.13 ± 15, 17 ± 20 The EELS method was first

employed in 1971 to study the phonons of a reconstructed

Si(111) surface 21 and later for determining the dispersion

curves (phonon spectra) for clean metal surfaces 22, 23 and

for the surfaces bearing adatoms and molecules.24 ± 27 In the

last decade, inelastic electron tunnelling spectroscopy

(IETS) 28 and inelastic electron tunnelling spectroscopy ±

scanning tunneling microscopy (IETS-STM) proposed in

1986 by Hamers et al.29 have been actively used. These

methods are utilized most beneficially to determine the

vibrational characteristics of adsorbates.30
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Theoretical investigations of surface phonons develop in

parallel with experimental studies, because, on the one

hand, they serve as the basis for interpretation of the

obtained results and, on the other hand, they stimulate

new experiments. In the general form, the theory of surface

dynamics of crystals includes several levels that differ by the

number of parameters determined beyond the theory, e.g.,

in experiment. One end of this raw is occupied by the

phenomenological method of Born ± von Karman force

constants,31 while the other end belongs to ab initio calcu-

lations of phonon spectra and other lattice characteristics.4

Between these extremes are the semiempirical model theo-

ries in which the description of interatomic interactions in

the condensed medium is based on the idea of the depend-

ence of the system energy on the electron density.32 ± 34 The

force constant method was first used by Maradudin et al.2

and Wallis 35 for the studies of low Miller index surfaces of

FCC metals.

A great contribution to the surface phonon theory was

made by Black and Wallis,36 ± 38 who employed various

force constant models; the most complex model took into

account the interactions up to the third coordination

sphere. The calculations for (100), (110) and (111) surfaces

for a number of BCC and FCC structures were carried out,

parameters of the method being adjusted to experimental

data as regards elastic characteristics and phonon modes of

the bulk material. As was shown,13 ± 15, 20 ± 23 the results

obtained by the force constant method are qualitatively in

rather good agreement with the experimental data for these

surfaces. However, while being rather simple, this method

does not take into account the changes in the force con-

stants on the surface and charge density redistribution

caused by the bond rupture. The relationship between the

change in the calculated values of electron density and the

change in force constants is taken into account by itself in

the ab initio self-consistent methods;4, 39 however, their

applicability is mainly restricted to simple surfaces, as

more complex surface structures require an extended unit

cell basis and bring about the necessity to take into account

a large number of atoms, which requires too much compu-

tation time.

In model calculation methods such as the effective

medium theories (EMT) 32 and embedded atom method

(EAM),33 the tight-binding approximation (TBA),34 the

total energy of a system is determined by the sum of pair

potentials and the atomic energy. The atomic energy

depends on the local electron density of the atom embedded

into the electron density created by all other atoms. This

approach describes the many-particle character of inter-

atomic interactions and takes account of the electronic

contribution to the structural relaxation of the surface.

The model methods are plain, provide high computation

rate and correctly reproduce the key atomic characteristics

of the bulk metal: elastic constants, the equilibrium lattice

parameters, bond energy and the vacancy formation energy.

The key shortcoming of these methods, namely, the non-

self-consistent construction of the electron density, preclude

the accurate description of redistribution of charge density

or change in the shielding properties.33 However, these

methods use characteristics (lattice parameters, elastic con-

stants, vacancy formation energies) that are adjusted to

experimental data and, hence, self-consistency may be

effectively taken into account in the construction of charge

density.

The studies of metal surface phonons that are consid-

ered in this review successfully use the EAM 33 and its

modifications.40 The calculations of the vibrational states

on low Miller index surfaces 41 ± 45 demonstrated that the

EAM affords for such surfaces a phonon structure that is in

good agreement with experimental 15 ± 23 and ab initio calcu-

lation results.4, 39 Even more effective is the application of

EAM to calculate the vibrational states of the high Miller

index surfaces,46, 47 surface structures, interfaces and

adsorbed clusters.48 ± 57

The first theoretical investigations of the phonon struc-

ture of vicinal surfaces were performed by Black and

Bopp 58 and Knipp.59 They used the force constant method

to calculate the phonon spectra of perfect vicinal surfaces of

a model FCC crystal and introduced the notion of step

mode, which is a mode that propagates along steps and does

not penetrate to the terrace. Most of the theoretical data on

the vicinal surface dynamics were obtained using semi-

empirical models 5, 47, 60 and ab initio calculations.61, 62

While exploring various aspects of sub-monolayer

adsorption, systems containing alkali metal atoms

(Li, Na, K, Cs) adsorbed on a metal surface are often

considered as models.63 ± 71 The interest in these systems is

not accidental, because they represent the simplest type of

chemical adsorption. At low coverages (y) by the alkali

metal (y4 1 monolayer), lattices with large periods in

which the adatoms occupy identical adsorption sites are

formed, which is suitable for investigating the nature of

adsorbate ± substrate interactions.72 The adsorption of

alkali metals induces electron density redistribution on the

surface and, as a consequence, the physical properties of the

surface change crucially and various quantum effects are

manifested. It was shown 73 ± 76 that adsorption of sodium

on the Al(100) and Cu(111) surfaces results in the formation

of quasi-two-dimensional electronic states with long life-

times. The alkali metal adatoms affect the electron ± elec-

tron and electron ± phonon interactions, the mechanism of

electron/hole excitation being often changed.77 ± 80 Alkali

metals also play a significant role in heterogeneous cata-

lysis:81 they substantially accelerate catalytic reactions on

metal surfaces and decrease the electron work function of

the substrate surface.

Data on more than 60 geometries of alkali metal

adsorption on metal surfaces are available to date; analysis

of these data is useful for better understanding of the

bonding of alkali metals to the metallic substrate. However,

it is still difficult to exactly predict the type of adsorption

structure: depending on the position of adsorption, it can be

formed according to substitutional pattern (to give a surface

alloy) or adatom adsorption pattern (to give a surface

structure).70, 82 ± 84 Apart from the data on atomic structure,

experimental and theoretical information on the electronic

structure of such systems has been gained.83, 84 Their

dynamics has been studied to a much lesser extent (due to

the complexity of experimental and theoretical procedures).

Toennies and co-workers 63 ± 65 performed a series of

experimental works devoted to the dynamics of adsorbed

alkali metal films (y=2± 20 monolayers). Using the HAS

method, growth conditions of sodium, potassium, rubidium

and caesium thin films on the Cu(100) surface were studied.

An unusual vibrational mode was found in the film (y>5

monolayers) and interpreted as collective motion of atoms.

The behaviour of this mode resembles the behaviour of the

Einstein oscillator, its frequency being independent of the
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total parallel momentum transferred to the substrate sur-

face. The authors defined this mode as a longitudinal

acoustic standing wave arising upon simultaneous synpha-

sic displacements of the film atoms (longitudinal) and the

substrate atoms (vertical) and propagating normally to the

film surface. The mode and overtone frequencies were

directly dependent on the film thickness and reflected

information about the force constants in the film and at

the interface with the substrate. A specific feature of the

identified mode is the transverse displacement of adatoms

caused by the energy transfer from the high-frequency

stretching S-mode to the translational T-mode. As a result

of this interaction, it was classified as the frustrated trans-

lational mode (FT mode). It is this mode that determines

the possibility of adatom migration over the substrate

surface.

Some authors 66 ± 68 used the HAS method to study the

phonon dispersion upon the adsorption of sodium, potas-

sium and caesium monolayers on Ni(111) and Cu(111)

surfaces. In this case, the frustrated translational mode,

similar to the mode of multilayer films, was also deter-

mined. Not less interesting results were obtained for sub-

monolayer degrees of adsorption (y 4 1 monolayer) where

ordered adsorption structures are formed. The most com-

prehensive experimental studies were carried out for alumi-

nium surfaces with lithium, sodium and potassium adatoms.

Using transitional methods such as low-energy electron

diffraction (LEED), scanning tunnelling microscopy

(STM) and EELS, for these structures only the high-

frequency S-mode polarized strictly perpendicularly to the

surface and corresponding to hybridized displacements of

the adatom and nearest substrate atoms was identified.69

This result was not unexpected, because the sensitivity of

the methods used is suitable for the clear-cut interpretation

of only high-energy vertical vibrational modes. The excita-

tion energy of the FT mode was shown 63 ± 65 to depend on

the film thickness and may be expected to be very low in the

case of sub-monolayer adsorption. However, Nagao et al. 85

were able to measure the energy of the FT mode for the

ordered structures formed upon sub-monolayer adsorption

(y=1/3 ± 1/2 monolayers) of sodium and lithium on the

Al(111) surface using high resolution electron energy loss

spectroscopy (HREELS). Finberg et al.69 used the HAS

method to determine the energy of the translational mode

for potassium adsorption (y=1/3 monolayers) on the

Al(111) surface. The energy of the FT mode actually proved

to be low, being *3.1 and *2.3 meV for sodium and

potassium adsorption, respectively.

The experimental determination of the equilibrium bond

lengths of the adsorbate and the substrate and the energies

of some vibrational modes, which can serve for testing the

calculation methods, stimulated further theoretical inves-

tigations of dynamic characteristics of adsorption struc-

tures. The first attempts of theoretical analysis of the

adsorbate dynamics made use of simple force constant

models considering the interaction of the first neigh-

bours.86, 87 Nagao et al.85 performed calculations for

sodium adatoms on the Al(111) surface with a periodicity

of � ���3p 6
���
3
p �R308 in parallel with HREELS experiment.

However, these calculations described the localized vibra-

tional states only at the centre of the Brillouin zone (BZ),

and this precluded estimation of the dynamic stability of the

adsorption structure along all directions. The ab initio

calculations 3, 4 are also mainly limited to the BZ zone centre

(point G
7

) due to the necessity to take into account a large

number of atoms in the unit cell. Owing to their simplicity

and efficiency, semiempirical methods dominate in the

studies of vibrational structure of adsorbate-bearing surfa-

ces.53 ± 56 Unlike ab initio approaches, they are suitable for

calculation (requiring acceptable computation and time

resources) of the dispersion curves along all of the sym-

metrical directions of the two-dimensional Brillouin zone

for the unit cells with a large basis.

III. Theoretical methods for the calculation of
surface phonons

1. Principal aspects of the microscopic theory of lattice
dynamics
The microscopic theory of lattice dynamics is based on two

approximations Ð adiabatic and harmonic ones. The cal-

culation of crystal energy in the adiabatic approximation

(Born ±Oppenheimer)88 is based on the idea of adiabatic

separation of slow motion of ions and fast motion of

valence electrons. In this case, the motion of atoms in the

system is determined by the effective potential Vef{R},

which depends only on the ion coordinates {R}. In the

harmonic approximation, the effective potential describes

the spectrum of phonon excitations of the crystal. Expan-

sion of this potential into the Taylor series is restricted to

the quadratic term for small atomic displacements Sma from

the equilibrium position R0
m:

Vef({R})=Vef({R0})+
X
mai

dV

dRmai

����
Rma �R0

ma

Smai�

� 1

2

X
mai; nbj

d2V

dRmaidRnbj

����
Rma �R0

ma;Rnb �R0
nb

Smai � Snbj � ::: (1)

Here Rma is the position of atom a in unit cell m

Rma=R0
ma+Sma

R0
ma =R0

m + tt0a

The subscript 0 implies the equilibrium position of unit

cell m; the position of atom a in unit cell m is specified by

the vector tt0a , while the atomic displacement is determined

by the vector Sma. The values Rmai; R
0
mai; Smai are compo-

nents of the vectors Rma , R0
ma , Sma , respectively. The

dynamic properties are determined by the force constants

Fh
ai;bj �

d2V

dRmaidRnbj

����
Rma �R0

ma;Rnb �R0
nb

(2)

The Fourier transform of the matrix of force constants

in the harmonic approximation is the dynamic matrix

Dai, bj (q)=ÿ 1��������������
MaMb

q X
h

Phi hai;bj exp[iq(h+ ttb7tta)] (3)

which defines the equation for normal modes or phonons

X
bj

�
Dai;bj (q)ÿo2dabdij

�
ebj(q)=0 (4)

where Ma and Mb are the masses of atoms a and b,
h=R0

m+R0
n is the direct lattice vector, dab and dij are
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Kronecker indices, o and ebj are the frequency and polar-

ization of normal modes, respectively, which are determined

by the wave vector q and the dispersion curve index l.
In the application of lattice dynamics to a surface, it is

necessary to take into account the disruption of the three-

dimensional periodicity of the crystal along the direction

perpendicular to the surface. This gives rise to additional

modes on the surface that are missing in the crystal bulk.

For the theoretical description of the surface dynamics, a

crystal is often represented as having a surface as a film of

finite thickness in which atomic planes are arranged parallel

to the surface.89 When the number of atomic layers in the

film is large enough, most of atoms have environments

corresponding to the coordination spheres in an ideal three-

dimensional crystal; therefore, such films reproduce well the

bulk properties. The atomic layers that confine the film

simulate the free surfaces of the crystal. The film thickness

is chosen in such a way that the force constants for atoms at

the film centre are the same as in the bulk and the two

opposite surfaces do not dynamically interact. On the film

surface, there is translational periodicity, which is inherent

in all film surfaces. The wave vector in this case forms a

two-dimensional lattice in the plane (x, y) and dynamic

matrix (4) is determined by the two-dimensional wave

vector

q=(qx, qy, 0)

For n atoms in the unit cell of the film, the dynamic

matrix has dimensions (3n63n). Diagonalization of the

Hermitian matrix for every value of the wave vector in the

planar BZ affords 3n real non-negative eigen values o2(q,l)
corresponding to 3n values of the polarization eigenvectors

ebj (q,l), which are derived from Eqn (4). The normal modes

of the film (3n) defined for every q can be classified

according to their polarization and the squared displace-

ment amplitude in different layers of the film. The character

of localization of atomic vibrational amplitudes and the

frequencies of surface phonons form the basis for their

calculations in terms of the film model. All of the vibra-

tional states of the film for the sets of points of the

eigenvector q are thus calculated. Then the surface states

are distinguished and classified according to polarization

and frequency positions.

The method of representing the calculated phonon

structure of the surface as dispersion curves along the

symmetrical directions of the planar BZ is most popular

due to its clearness and complete information coverage.10

The dispersion curves of all states (except for those distin-

guished as surface states) form the location areas of bulk

phonons and make it possible to easily follow the positions

of the dispersion curves of surface phonons against the bulk

states. As the film thickness increases, the number of surface

phonon modes does not change and the number of bulk

dispersion curves increases.

Two types of surface vibrational states are

distinguished Ð true surface states and resonance states.10

The true surface states are mainly localized in surface layers

and can be located in forbidden gaps (energy bands for-

bidden for propagation of bulk vibrations), which are

formed at the boundary of planar BZ as a projection of

bulk vibrational states. In this case, the amplitude of atomic

vibrations decreases exponentially toward the central layer

of the film. The resonance states propagate in the bulk

vibrational region; however, the displacement amplitude is

maximum in the surface layers. When the wave vector q

propagates along the symmetrical directions of the two-

dimensional BZ, the vibrational modes are polarized either

in the sagittal plane or in a plane in which all atoms shift

perpendicularly to the plane. The atomic displacements are

in this case of the plane-shift nature. For other directions of

the propagation of vector q, these two types of polarization

are hybridized.

The effective potential [see Eqn (1)] is constructed using

both ab initio methods 3, 4 and semiphenomenological

approaches.32 ± 34 In the ab initio calculations of the elec-

tronic energy of the ground state of the crystal, the density

functional theory (DFT) has found wide use.90, 91 The

essence of this approximation is that all properties of the

electronic structure of the system in the non-degenerate

ground state are fully determined by the electron density.

The use of the DFT approximation to explore the bulk

lattice dynamics is described in detail in the publication of

Savrasov and Maksimov.92 Reviews devoted to the appli-

cation of DFT to describe the surface dynamics of semi-

conductors and metals were also reported.3, 4, 93 However,

as noted above, self-consistent ab initio calculations are

highly time- and computation resource-consuming, espe-

cially in the case of systems with large numbers of atoms in

the unit cell. It is more efficient to use model (semiempir-

ical) methods, which take into account the many-particle

nature of interatomic interactions inherent in metals and

reproduce with good accuracy the bulk and surface proper-

ties.

2. Model many-particle potentials
Among semiempirical methods, most popular as applied to

metals are DFT-based methods Ð EMT,32 EAM33 and

TBA.34 The difference between them is only in the proce-

dure for description of electron density: in the case of EMT

and EAM, this is the overall electron density created by the

atomic environment at the location site of a given atom,

while in the case of TBA, this is the width of the density of

states function. A detailed description and comparison of

these approaches was reported.94 In this review, we give the

results of calculations of surface phonons by means of the

embedded atom method; therefore, we will describe in detail

only this method.

The key idea of the EAM for the description of intera-

tomic interactions proposed by Daw and Baskes 33 is that

each atom, except for some chosen atom, is considered as an

admixture to the system of the rest of atoms. The next basic

statement is that the total electron density is well approxi-

mated by the linear superposition of the contributions of

separate atoms. The theoretical substantiation of the EAM

within the framework of the local density approximation

(LDA) carried out in two publications 95, 96 demonstrated

that the EAM is valid for metals with electron density

adequately described by a superposition of atomic densities

(simple sp metals and metals with almost fully occupied

d-shell).

In terms of the EAM, the configurational energy of the

metal determined with respect to the sum of energies of free

atoms is expressed by two contributions

E �
X
i

Fi��ri� �
1

2

X
i j

0Fi j�Ri j� (5)
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The first term reflects the energy benefit caused by

embedding the given atom into the electron density created

by a superposition of all other atoms at the location site of

the chosen atom. The second term is the sum of pair

potentials describing the repulsion of two shielded ions.

Here Fi� �ri� is the energy of embedding of atom i as a

function of local density, �ri, Fi j�Ri j� is the pairwise inter-

action potential of atoms i and j located at distance Ri j ; the

prime mark at the summation sign implies the absence of

items with i= j.

The local electron density is determined by the super-

position of atomic densities rai �R�

�ri �
X
i 6� j

raj �Ri;j� (6)

The atomic densities raj �R� can be derived from the

solution of the atomic problem for a neutral atom in the

LDA approximation.90 In this case, the atomic densities are

set equal to the electron density of the outer-shell electrons

ra�R� � nsr
a
s �R� � �nÿ ns�rap�R� (7)

where n is the number of outer-shell electrons, ns is the

number of outer-shell s electrons ras , rap are the densities

related to wave functions of s and p electrons.

The charge density of the metal atom is calculated from

the configuration of the valence electrons. The selection of

the formula for the pair potential was discussed.97 It was

concluded that it is admissible to express the pairwise

interaction potential of shielded ions in a metallic conduct-

ing medium in the following form:

Fi j�R� �
Zi�R�Zj�R�

R
(8)

where

Z�R� � Z0�1� bRn� exp�ÿaR� (9)

Z0 is the number of outer-shell electrons; for reproducing

the elastic characteristics of the metals, the parameter n was
taken to be 1 or 2, b and a are free parameters.33

In the case of a monoatomic system, the configurational

energy described by Eqns (5)7(9), with known embedding

energy F��r�, as a function of the local density �r depends on

only two free parameters a and b. In the works,95, 96 the

embedding function F��r� was constructed using the univer-

sal equation of state (Refs 98 and 99) expressed by empirical

formula relating the sublimation energy (Esub) to the char-

acteristic linear dimension of the crystal lattice (the lattice

constant a for FCC and BCC lattices)

Esub � E0�1� a�� exp�ÿa�� (10)

where E0 is the sublimation energy at the equilibrium value

of the lattice constant a= a0;

a� � a=a0 ÿ 1

�E0=9BO�1=2

B is the bulk modulus of elasticity, O is the crystal volume

per atom.

The equation of state (10) adequately describes exper-

imental volume vs. pressure dependences at low temper-

atures for some metals with close-packed cubic structures,

including FCC transition metals.98 This justifies the use of

the given formula together with formula (5) for the con-

struction of the embedding function F ��r�. The selection of

experimental information for determination of the fitting

parameters used in the EAM was considered and substan-

tiated by Foiles.97 The parameters a and b of Eqn (9) were

fitted to the experimental values of the sublimation energy,

elastic constants, equilibrium volume and the energy of

vacancy formation in the metals being studied (the fitting

was performed to experimental data used in Ref. 96). The

calculated bond energy, lattice constant and bulk modulus

B for each metal upon the use of the universal equation of

state (10) exactly reproduce the experimental values at any

variation of the adjustable parameters a and b.
For a non-monoatomic system, the pair potential has

the form of a screened Coulomb potential and is used in the

form proposed by Johnson 100

FAB�R� �
1

2

�
rB�R�
rA�R�

jA�R� �
rA�R�
rB�R�

jB�R�
�

(11)

where jA and jB are pair potentials and rA and rB are the

charge densities of the substrate and the adsorbate, respec-

tively.

Table 1. Lattice constants (a0), sublimation energies (Esub), elastic constants (C11, C12, C44) and vacancy formation energies (En) for pure metals
that we used to construct the interatomic interaction potentials.95

Parameter Cu Ag Al Ni Pd Li Na K

a0 /�A 3.61 4.09 4.08 3.52 3.89 3.51 4.21 5.23

Esub /eV 3.54 2.85 3.93 4.45 3.91 1.63 1.11 0.94

C11 /erg cm73 1.68 1.21 1.84 2.33 2.28 1.45 0.87 0.46

1.70 a 1.24 a 1.86 a 2.46 2.34 a 1.48 b 0.86 b 0.45 b

C12 /erg cm73 1.23 0.96 1.58 1.51 1.81 0.11 0.78 0.37

1.22 a 0.93 a 1.57 a 1.47 a 1.76 a 0.11 b 0.79 b 0.36 b

C44 /erg cm73 0.76 0.46 0.43 1.28 0.76 0.11 0.59 0.26

0.75 a 0.46 a 0.42 a 1.24 a 0.71a 0.10 b 0.58 b 0.25 b

En /eV 1.31 1.09 0.88 1.55 1.37 0.34 0.42 0.34

1.3 a 1.1a 0.9 a 1.6 a 1.4 a 0.34 b 0.41 b 0.34 b

a From Ref. 96. b From Ref. 101.
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The experimental data on the dispersion curves of the

phonon spectrum (except for the long-wavelength region,

which determines the elastic constants) were not included in

the constructed potentials. Due to this circumstance, it is

possible, on the one hand, to perform additional testing of

the constructed potentials by comparing the calculated and

experimental phonon dispersion curves; on the other hand,

this increases the reliability of the calculated surface pho-

nons for which experimental information is missing or

scattered. This seems to be especially important for the

potentials used for theoretical investigation of atomic

vibrations in intricate objects such as vicinal surfaces of

metals and surface structures. The experimental 101 and

calculated 96 values of the characteristics employed to con-

struct the potentials of interatomic interactions are pre-

sented in Table 1. Thus, using EAM it is possible to

reproduce with good accuracy some experimentally deter-

mined characteristics of metals by varying only two fitting

parameters.

IV. Results of investigations of surface phonons

A necessary condition for the description of the dynamics of

a metal surface is the structural optimization of the atomic

configuration, i.e., consideration of the surface relaxation.

The relaxation of the metal surfaces with different crystallo-

graphic orientations was studied in detail both experimen-

tally 102 ± 108 and theoretically;4, 61, 62, 108 ± 110 therefore, we do

not dwell on this issue here. Note only that the results of

calculations of the relaxation of both simple and vicinal

surfaces of the considered metals carried out using EAM

interatomic interaction potentials are consistent with exper-

imental data 101 ± 107 and ab initio calculations.109 ± 113

The adequacy of using EAM potentials for the study of

phonons on surfaces having steps and adatoms is verified by

comparing the dispersion curves calculated for the bulk

material and for ideal and relaxed simple surfaces with

results of experiments 114 and ab initio calculations.115

1. Phonons on low Miller index metal surfaces
The bulk dispersion curves along symmetrical directions of

the BZ for sodium and copper calculated using the EAM

potentials are shown in Fig. 1. It can be seen that EAM

potentials reproduce with good accuracy the long-wave-

length region of the bulk spectra. The deviations are present

only near the BZ boundary. For alkali and noble metals, the

deviation from the experimental data does not exceed 3%.

The greatest deviations of *7%± 10% are inherent in FCC

d transition metals. These deviations are due to the method

used to construct the potentials of interatomic interac-

tions.33 When determining the fitting parameters of the

potentials, experimental data on the elastic constants are

used; this reflects information only on long-wavelength

atomic displacements with a wave vector in the central

area of the BZ. The lack of information on short-wave-

length phonons in the fitting parameters additionally attests

to the good quality of EAM potentials.

For calculation of the phonon structure of simple clean

metal surfaces and adsorption structures on these surfaces,

a film consisting of 31 atomic layers is chosen. In the case of

vicinal surfaces, the film thickness varies from 45 to 72

atomic layers depending on the surface geometry. This

thickness is sufficient to exclude the interference of vibra-

tions from the opposite surfaces of the film and to obtain

bulk phonons in the central part.

Detailed analysis of the experimental results and ab

initio calculations on simple surfaces for a number of FCC

metals was reported in a review.4 The results of EAM

calculations of the phonon spectra of simple Al, Li, Na,

Cu, Ag and Pd surfaces are presented in several

works.43, 45, 46, 116 ± 123 Comparison of the EAM calculation

results with experimental 13 ± 22, 124 ± 126 and theoreti-

cal 44, 127 ± 133 data demonstrated excellent agreement.

Using the EAM, it was possible to describe in detail the

acoustic longitudinal resonance arising on all surfaces of

these metals, which is located near the lower boundary of

bulk vibrations and corresponds to the displacements of

atoms in the sagittal plane (yz-polarization). A specific

feature of this resonance is the abnormally low frequency

of longitudinal vibrations (lower than the frequency of

transverse vibrations), whereas the longitudinal vibration

branch in the bulk spectrum is located much higher than the

transverse vibration branches. At low values of the wave

vector q, the acoustic resonance penetrates into the region

of bulk vibrations and only near the BZ boundary it

acquires the surface character.

This vibrational state was detected experimentally for

the first time using the HAS and EELS methods on simple

surfaces of almost all FCC metals.14, 15, 21, 124 It was impos-

sible to describe the nature of the acoustic longitudinal

resonance within the framework of a simple force constant

model,127 because it is impossible to take into account the

structural relaxation of the surface. On the basis of the
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Figure 1. Dispersion curves of bulk phonons along the [001], [011]
and [111] directions of the BCC lattice of sodium (a) and FCC
lattice of copper (b).
L, T, T1, T2 are bulk modes; the dots correspond to experimental
data; the curves show the EAM calculation data.61
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model EAM calculation of ideal and relaxed simple surfaces

of FCC metals (Al, Ni, Cu, Ag, Pd, Pt) and analysis of the

variation of the surface force constants, a correlation was

established between the relaxation and the change in the

force constants in the surface atomic layer, on the one hand,

and the character of surface dispersion curves on the other

hand.134 The relaxation in the indicated metals enhances

interlayer interactions and weakens the interactions within

the surface layer.134 For both types of interaction, this

factor becomes more pronounced with decreasing surface

packing density and increasing atomic mass and is most

significant for d transition metals (Pd, Pt). A study of the

phonon spectra of the ideal and relaxed surfaces ascertained

that the character of atomic interactions in the surface

layers changes upon structural relaxation of the surface,

and low-frequency longitudinal resonance appears. Force

constant analysis demonstrated that the longitudinal reso-

nance is caused by the interatomic interaction in the surface

layer and is especially pronounced in the vibrational spectra

of metals having large atomic mass for which the transverse

interactions are considerably weakened.

The phonon spectra of Al(111) and Pd(111) surfaces

calculated using EAM potentials 43, 121 are presented in

Fig. 2. The calculation for aluminium and palladium surfa-

ces demonstrated that due to relaxation, the interactions

within a layer are weakened by 10% and 50%, respectively.

This results in a decrease in the energy of the longitudinal

resonance (LR) mode. For Al(111), the LR mode is located

at the edge of the projection of bulk phonons and is mixed

with them (see Fig. 2 a). In the case of Pd(111), the LR

mode is split from bulk vibrations and has clear-cut surface

character in the symmetrical point K
7

located at the BZ

border (see Fig. 2 b).

A EAM calculation 119 also identified a high-frequency

resonance in the G
7

point on the (110) surface of FCC

metals, this resonance being formed by coupled vibrations

of the first- and second-layer atoms polarized along the

direction strictly perpendicular to the surface. In early

experiments, this resonance was not detected, probably

because of the fact that helium atoms in the HAS method

are scattered by oscillations of the surface electron density

by *2 ± 3 �A distances from the first atomic layer. This

mechanism of helium atom scattering is suitable for detect-

ing only displacements of first-layer atoms parallel to the

surface.15 However, for the (110) surface considered, it is

significant to take into account the vibrations of second-

and even third-layer atoms, because it is prone to multilayer

and alternating-sign relaxation. With increase in the reso-

lution of the HAS and EELS experimental methods, similar

high-frequency resonances were detected for silver, nickel,

copper and palladium (110) surfaces.15, 135 ± 138 Indeed, on

the Pd(110) surface, which is characterized by markedly

shortened first interlayer spacing (D12=78.3%), the reso-

nance was detected experimentally 22 at 16.80 meV. This

value is consistent with the data of EAM calculation

(16.34 meV), whereas the ab initio calculation for Pd(110)

afforded an overestimated value for the energy of this

resonance (18.1 meV).4

Generally, the phonon spectra of simple surfaces of

FCC metals with the same atomic geometry are similar

(see Fig. 2). They always contain a Rayleigh mode, and in

the short-wavelength limit (large wave vector q), this mode

is located below the bottom of the projection of bulk

phonons and is of the clear-cut surface nature. At small q

(long-wavelength limit), the Rayleigh mode penetrates deep

into the bulk and, being coupled with bulk vibrations,

becomes a resonance that is polarized in the sagittal plane.

In the short-wavelength region where the bulk vibrations

are forbidden (forbidden gap), there always exist surface

vibrational states with longitudinal polarization caused by

displacement of atoms of the two first layers parallel to the

surface. Along the directions from the BZ centre to boun-

dary, surface resonances resulting from coupled vibrations

of surface and bulk atoms are always detected. The vibra-

tional spectra of FCC metals differ by the energies of the

surface vibrational states and the degree of localization of

these states in the surface layer. The general influence of the

surface relaxation on the phonon spectra of simple surfaces

of FCC metals is manifested as a high-frequency shift of the

transverse and low-frequency shift of the longitudinal sur-

face modes. Furthermore, relaxation gives rise to a new

surface vibrational state with the longitudinal-shear polar-

ization, which has a resonance nature at the planar BZ

boundary for metals such as Al, Cu and Ni and clear-cut

surface nature for Ag, Pd and Pt. Presumably, the presence

of exactly this mode and its `softening' determine the

phonon contribution to the structural rearrangement of

the simple surfaces of some FCC metals (e.g., Pd and Pt).
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Figure 2. Dispersion curves of phonons of relaxed 31-layer
Al(111) (a) and Pd(111) films (b) along symmetrical directions of
the planar BZ.43, 45

The surface states are designated by dots; LR is longitudinal
resonance (light dots); RW is the Rayleigh wave, S2, S3, S4 are
longitudinal gap modes, MS2, MS3 are resonance modes. The
surface modes are designated according to the classification pre-
sented in Refs 10 and 11. Here and in other figures, the subscript
numerals correspond to the number of those layers the displace-
ments of whose atoms make the largest contributions to the vibra-
tional mode.
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In the case of BCC alkali metals, experimental values for

surface phonon relaxation and dispersion were found only

for sodium and potassium.125, 139, 140 Theoretical data for

these metals were obtained by using the parameterized force

constant method 36 and ab initio calculations.125, 140, 141 This

enables testing of the EAM potentials and verification of

the reliability of calculation results when considering the

alkali metal adsorption on the surface of FCC metals.

The optimization of the atomic structures of the alkali

metal (100) and (110) surfaces in the EAM approximation

demonstrated that the interlayer spacings increase.48, 120, 122

For example, the changes in the interlayer spacings D12, D23

and D34 for the Na(110) surface are +2.4%, +0.1% and

+0.6%, respectively. As in the case of FCC metals, a

decrease in the surface packing density induces enhance-

ment of relaxation effects. For the Na(100) surface, the D12,

D23 and D34 values are +8.6%, +0.7% and +0.1%,

respectively. The surface relaxation also increases with

increase in the lattice parameter and the atomic mass, for

example, on going from lithium to potassium. However, in

only one experiment,139 was minor decrease in the first

interlayer spacing, D12=70.3� 0.3%, detected for the

Na(110) surface. The same relaxation pattern for the

Na(110) surface results from ab initio calculation.141 The

differently directed D12 values in ab initio and EAM calcu-

lations may be due to the use of different atomic config-

urations in the construction of interatomic potentials.

However, since the energy difference between the relaxed

and ideal surfaces does not exceed 1%, this does not make a

noticeable contribution to the phonon spectrum.120, 122

Detailed description and analysis of the phonon spectra

for sodium and lithium (100) and (110) surfaces were

reported;48, 120, 122, 125 therefore, we restrict ourselves to

considering the phonon spectra for similar potassium sur-

faces.

The dispersion curves obtained in the EAM approxima-

tion are presented in Fig. 3. Characteristic features of the

phonon spectra of potassium are very low vibrational

frequencies of surface atoms and high density of resonance

states with shear-planar or shear-vertical polarization in the

sagittal plane. Only at the boundary of the planar BZ, are

true surface states, i.e., Rayleigh modes, are manifested.

Note that EAM calculation on the K(100) surface reprodu-

ces the vibrational mode that propagates along the X
7

M
7

direction and is located at the boundary of the bottom of

the bulk phonon projection. This mode is largely degenerate

with bulk vibrations and is mainly localized in the first three

surface layers the atoms of which vibrate in the sagittal

plane. It is believed that the presence of this shear mode is

typical of the (100) surfaces of all BCC metals.37 Good

quantitative agreement of the EAM-calculated energy of the

shear mode at the X
7

point and ab initio calculation results is

observed,140 namely, 4.30 and 4.71 meV, respectively. Com-

parison with the phonon spectra of the corresponding

surfaces of sodium and lithium demonstrated that the

phonon spectra of all alkali metals are qualitatively sim-

ilar.36, 120, 125, 140 As in the case of FCC metals, the differ-

ence is only in the vibrational state energies and degrees of

localization on a particular surface layer.

Force constant analysis for relaxed Li(110) and Na(110)

surfaces demonstrated that the intralayer interaction in the

surface layer is enhanced (by *3%± 6%), while the inter-

layer interaction weakens (by 25%± 30%) as compared with

the corresponding interactions in the bulk. As the lattice

parameter and the metal atomic mass increase, the inter-

layer force constants decrease to even a greater extent (for

potassium, the decrease is 45%). The intralayer interaction

(it is stronger than the interlayer interaction) can lead to

shear of the surface layer in the direction parallel to the

surface. Thus, presumably, due to weakening of the inter-

layer interaction, increase in the density of shear modes and

decrease in the frequency of alkali metal (100) and (110)

surfaces in the phonon spectrum, these surfaces become

dynamically unstable to shear displacements. This is con-

firmed by the low-temperature martensite-type structural

transition occurring in alkali metals. For example, lithium

tends to transform from BCC to 9R structure, while sodium

has a BCC to HCP transition 48, 122 along the (110) plane.

2. Phonons on high Miller index metal surfaces
The geometric model of the vicinal surface can be repre-

sented as a section of a bulk lattice by a high Miller index

plane at a small angle to a low-index plane. These surfaces

consist of equally wide terraces formed by ideal planes with

low Miller indices separated by regularly arranged monoa-

tomic steps. As the size of the terraces increases, the normal

vector to the vicinal surface approaches the normal vector

to the terrace.{ The corresponding angles (j) between the
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Figure 3. Dispersion curves of phonons in relaxed 31-layer K(110)
(a) and K(100) films (b) along symmetrical directions of the planar
BZ.134

SV is the shear vertical mode, SH is the shear horizontal mode.

{This is the reason for the surface name `vicinal' (from Latin vicinus), i.e.,

nearly close packed.
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normals for different classes of vicinal surfaces are sum-

marized in Table 2.

The classification of vicinal surfaces in terms of Miller

indices evidently does not reflect the atomic structure of the

plane. A more vivid notation was proposed by Lang et al.142

The structure of the vicinal surface in this case is given by

m�htktlt�6 n�hsksls�

where m is the width of the terrace with orientation (htktlt)

determined by the number of atomic rows parallel to the

step edge on the terrace; n is the height of the step with

orientation (hsksls), which is equal to the number of atomic

diameters. For example, the notation 2(111)61(100) means

that the vicinal (211) surface has (111) terraces with a width

of two atomic rows and (100) step with a height of one

atom. For FCC metals, surfaces in which the step-edge

atoms occur at the first coordination sphere distance from

the neighbouring terrace atoms located in the step corner

are energetically most favourable. These steps may occur in

the (100) or (111) planes. The model of an FCC crystal

confined by a vicinal (211) surface and the relaxation

displacements of surface atoms are shown in Fig. 4. Lower

symmetry of vicinal surfaces results in larger surface unit

cell. The unit cell of the (211) surface comprises two terrace

atoms and one step-edge atom (see Fig. 4 b).

Depending on the structure (geometry), the two-dimen-

sional BZ of vicinal surfaces may be either simple rectan-

gular or centred rectangular, being determined by the size

and symmetry of the planar unit cell. The Brillouin zones of

the vicinal surfaces are shown in Fig. 5.

The above-described geometry of the vicinal surfaces

corresponds to an ideal crystal. A description of the surface

dynamics has to take into account the relaxation. By now,

the relaxation of the vicinal surfaces of copper has been

studied most comprehensively; the (211), (311), (511), (711),

(331), (210) and (310) surfaces were studied both theoret-

ically 44, 47, 60 ± 62, 143 ± 149 and experimentally.108, 150 ± 155 For

vicinal surfaces of copper, (911), (221), (551), (310), (410),

(510), (710), (910), (332), (553), (775) and (443), only

theoretical calculations (both model and ab initio) are

available.44, 60, 62, 63, 146 ± 149 This is due to the sensitivity of

Table 2. Classification of vicinal surfaces with close-packed terrace
and step planes.59

Class Miller Terrace/step j /deg Step BZ type
index plane edge

direction

A (211) 3(111)6(100) 19.50 [011�] simple rec-

tangular

B (311) 2(100)6(111) 25.24 [011�] centred

rectangular

(511) 3(100)6(111) 15.80 [01�1] the same

C (331) 3(111)6(111) 22.00 [1�10] "

(221) 4(111)6(111) 18.24 [1�10] simple

rectangular
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experimental methods,152 which are unsuitable for describ-

ing relaxation of surfaces with interlayer distance of <1 �A.

The relaxation of the palladium (210), (320), (430), (211),

(511) and (331) vicinal surfaces has been studied in consid-

erable detail (mainly theoretically).47, 155, 156 Data on the

relaxation of vicinal surfaces of other FCC metals are

disembodied, and only for some surfaces, either experimen-

tal or theoretical data were reported: Al(210), Al(311),

Al(331); 47, 112, 157 ± 161 Ni(311),162 Ni(977),112, 163

Ag(410).47, 112, 164 ± 166 Note rather pronounced discrepan-

cies of both experimental and theoretical data on the

relaxation of vicinal surfaces. Indeed, the changes in the

second interplanar spacing D23 found by LEED 153, 154 and

X-ray diffraction 153 for the Cu(511) surface are 76.1% and

+8.1%, respectively. Upon the use of one and the same

full-potential linear augmented plane wave (FLAPW)

method, different authors 147, 164 obtained D12 values for

the Cu(511) surface of 711.2% and 722.1%, respectively.

Since the most complete information on surface relaxa-

tion is available for copper vicinal surfaces (Table 3), we

will illustrate the adequacy of using EAM potentials in

relation to relaxation of the vicinal surfaces of this FCC

metal. For the (211), (311) and (511) surfaces, a clearly

defined correlation can be followed between the relative

change in the interlayer spacing and the number of atoms

that form the terrace. The number of upper layers that are

compressed is most often equal to the number of atoms on a

terrace (N). With increase in the serial number of the

interlayer spacing, every (N+1)th interlayer spacing

increases. The pattern of sign alternation of the relaxation

is still retained for deeper atomic layers.

Comparative analysis of the relaxation of vicinal surfa-

ces for the FCC metals in question (Al, Cu, Ni, Ag, Pd, Pt)

indicated that the qualitative multilayer relaxation pattern

is determined to a large extent by the number of atoms that

form the terrace of the particular surface. In most cases, the

number of upper atomic layers that are compressed coin-

cides with the number of terrace atoms. The cases where this

is not true can be attributed to local influence of the step on

the relaxation of atoms located near the step. This statement

is validated unambiguously by invariability of the deviation

of the number of upper atomic layers being compressed

from N following increase in the terrace size. The chemical

nature of a particular element is manifested most clearly in

the step. The value of relaxation of vicinal surfaces gener-

ally tends to increase for heavier FCC transition metals.

Comparison with the data of other calculations and experi-

ments showed agreement for the EAM potentials used (they

reproduce both the sign and the value of relaxation).

The formation of a step (linear defect) on the surface

gives rise to a new type of coupled vibrations of atoms with

the amplitude being located on the step (step mode).58, 59, 167

The new type of vibrations can be better conceived by

drawing analogy with the surface phonons. The existence

of surface phonons is due to the appearance of a two-

dimensional defect, a free surface, in the crystal. The surface

phonon propagates over the surface and does not penetrate

deep into the bulk. By analogy with the surface phonon, the

step mode propagates only along the step and does not get

in the terrace. The energy of the step mode is transferred to

the terraces and into the crystal bulk upon interaction with

surface and/or bulk phonons. The possibility for the step

mode to propagate only along the step is limited by the

direction of its wave vector (step modes can exist only along

one direction of the surface BZ, which coincides with the

direction along the step). The vibrational spectra of vicinal

surfaces are most often simulated in the thin film model.

The orthogonal coordinate axes are chosen in such a way

that the x-axis is directed along the step for all surfaces and

corresponds to the reciprocal space direction G
7

X
7

. The

phonon spectra of vicinal surfaces of various classes found

in the EAM approximation are shown in Figs 6 ± 8. The

Table 3. Change in the distances Dij between the surface atomic layers i and j of copper (in percent relative to the bulk interlayer spacing).

Surface Method D12 D23 D34 D45 D56 D67 D78 Ref.

Cu (211) EAM 710.3 75.1 +7.3 75.6 71.1 +3.7 72.5 47

DFT 712.2 79.5 +8.7 72.1 71.6 +1.5 70.1 61

DFT 714.4 710.7 +10.9 73.8 72.3 +1.7 71.0 62

LEED 714.9 710.8 +8.1 7 7 7 7 150

Cu (311) EAM 78.9 +3.8 73.6 +2.0 71.3 +0.8 7 47

FLAPW 712.9 +4.2 70.6 +0.2 +0.4 7 7 146

LEED 77.3 +3.7 0.0 7 7 7 7 167

LEED 711.9 +1.8 7 7 7 7 7 149

Cu (511) EAM 79.5 77.4 +8.7 74.2 73.8 +4.6 71.6 47

DFT 79.3 710.7 +7.2 72.9 +1.1 +1.7 71.5 61

FLAPW 710.5 79.8 +6.2 74.3 +2.8 +1.3 72.3 146

LEED 713.2 76.1 +5.2 70.1 +2.7 73.1 73.3 151

X-ray 715.4 +8.1 71.1 710.3 +5.4 70.7 76.9 153

Cu (331) EAM 710.5 +2.0 71.5 70.4 70.2 7 7 47

DFT 712.7 73.3 +4.5 72.0 +0.1 70.1 +0.8 61

FLAPW 712.3 73.1 +5.2 72.5 +0.6 +0.6 +0.1 147

FLAPW 722.0 +1.6 +6.9 72.4 70.6 70.4 7 148

LEED 713.8 +0.4 +4.0 74.0 7 7 7 151

Cu (221) EAM 710.9 76.8 +6.0 71.0 75.4 +2.6 +1.0 47

FLAPW 715.1 74.4 71.1 +6.2 75.3 70.4 +2.1 146

Note. Negative (positive) Dij implies compression (expansion) of the interlayer space.
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Figure 6. Dispersion curves of phonons of relaxed 48-layer Al(211) (a) and Cu(211) films (b).47

The surface modes are designated according to Knipp classification.59 The polarization atomic displacements X, Y, Z coincide with the
[01�1], [1�11] and [211] directions, respectively.
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spectra are presented for two FCC metals, copper and

aluminium, which are subsequently considered as the sub-

strates for the sub-monolayer adsorption of alkali metals.

According to the classification of the possible polarizations

of step modes on vicinal surfaces with close-packed terraces

and steps [(111) or (100)] proposed by Knipp,59 there are

three step modes, two transverse and one longitudinal

modes, which are designated by E1, E2 and ME3, respec-

tively. The mode E1 has the lowest frequency and is located

below the Rayleigh mode. The mode E2 occurs near the

lower edge of the bulk vibrational frequency but above the

Rayleigh mode. The high-frequency longitudinal mode ME3

is always coupled with the bulk states.59

The effect of relaxation on the phonon structure of

vicinal surfaces was analyzed by comparing the spectra of

ideal and relaxed films of all considered FCC metals. The

relaxation is critical for the step modes located at the

boundary of bulk vibrations, because it induces either

increase or decrease in their energy. As this takes place,

either step modes lose their localized nature being mixed

with bulk vibrations or surface modes that are split from the

bulk phonon spectrum appear. In the general case, relaxa-

tion leads to an increase in the energy of transverse and

longitudinal shear modes (by *0.4 ± 1.2 meV) and virtually

does not influence the energy of longitudinal modes prop-

agating in the surface plane.

a. Phonon spectra of class A vicinal surfaces

The (211) surface refers to class A and is formed by terraces

in the (111) plane and steps with (100) orientation. The

dispersion curves for relaxed Al(211) and Cu(211) surfaces

are presented in Fig. 6. The phonon spectra of both metals

were found to display typical step modes.59 The most

pronounced surface nature of the step modes is seen at the

BZ boundary. Consider the G
7

X
7

and G
7

Y
7

directions corre-

sponding to the directions along the step and normal to the

step. Along the G
7

X
7

direction, the Rayleigh mode and the

step modes E1 and E2 are manifested.

At the X
7

point, the lower mode related to transverse

vibrations of atoms located on the step and below the step is

the mode E1. The displacements of step atoms mainly occur

in the (211) plane. This state is (*50%) localized in the first

and third layers. As the wave vector decreases, the mode E1

gets into the region of bulk vibrational states and becomes a

resonance. Simultaneously, the degree of localization on the

step decreases, while the penetration depth into the bulk

increases. The second lowest state localized (*70%) on the

terrace atoms is the Rayleigh mode of the (111) surface a

fragment of which is the terrace. The third state at the X
7

point is the step mode E2 caused by vertical displacements

of atoms localized (*85%) on the step. When the wave

vector decreases, all three modes lose rather rapidly the

surface character and at qx& 0.75jG7X
7j, they already

become resonances. The lower mode on the forbidden gap

(point X
7

) is the step mode ME3 corresponding to the

longitudinal displacements of the step atoms and corner

atoms. The two upper gap states have closely similar

frequencies and are completely defined by the longitudinal

vibrations of the terrace atoms.

The modes that propagate along the G
7

Y
7

direction

(normal to the step) are reflected modes that are inherent

in the given direction of the simple (111) surface.59 The

reflection appears due to the change of the unit cell

dimensions caused by the decrease in the surface symmetry.

For the Cu(211) surface, both experimental 108, 160 and

theoretical 47, 60 data are available, including ab initio calcu-

lation data 62 for the energy of phonon modes in sym-

metrical points of the BZ, which are presented in Table 4.

It can be seen that EAM calculation reproduces the phonon

spectrum of the Cu(211) surface with good accuracy.

Analysis of the phonon spectra of the (211) vicinal surfaces

of other FCC metals (Al, Ni, Ag, Pd) demonstrated their

full qualitative similarity with the phonon spectrum of the

Cu(211) surface.47, 60, 62 The differences are only in the

energies of the vibrational modes and localization degrees

of these modes on surface layers.

b. Phonon spectra of class B vicinal surfaces

The (311) and (511) surfaces refer to class B (see Table 2)

and are formed by terraces in the (100) plane and steps

with (111) orientation. The unit cell of the (311) surface

comprises two atoms (a terrace atom and a step-edge atom),

and that of the (511) surface contains three atoms

(two terrace atoms and a step-atom). The dispersion curves

for these copper surfaces are shown in Fig. 7. The calcu-

lation was performed for ideal and relaxed films, a 45-layer

film for Cu(311) and a 81-layer film for Cu(511). In both

cases, the phonon spectra exhibit step modes. However,

whereas the (311) surface has the transverse modes E1 and

E2, in the (511) surface, shear modes with vertical (SV) or

horizontal (SH) polarization predominate. The relaxation

of the (311) surface increases the step mode energy: at the

BZ boundary, along the X
7

S
7

direction, they shift towards

the bulk vibrational region and partially lose their surface

nature. Owing to relaxation, an additional surface

state with the longitudinal polarization appears in the

forbidden gap.

For the vicinal (511) surface, relaxation brings about

modification of the phonon spectrum in the vicinity of the

forbidden gap. The energy of the surface state localized on

the third layer of an ideal surface increases; while being

displaced to the region of bulk vibrations, this state

becomes a resonance. As in the case of the (311) surface, a

new longitudinal surface state localized on the step atoms

and the corner atom of the terrace appears in the forbidden

Table 4. Energies of phonon modes at the symmetrical G
7

, X
7

and Y
7

points of relaxed Cu(211) film.

BZ Mode Our EAM EAM5, 60 Ab initio HAS 108

point calculation 47 calcula-
tion 62

G
7

X1X3 9.5 7 7 7
Z2Z3 10.8 9.8 11.5 10.9� 0.2

Y2 23.6 25.9 24.7 7
X
7

E1(YZ)13 10.3 11.3 7 11.7

(ZY)2 12.0 7 7 13.3

E2(ZY)1 13.3 14.0 7 14 � 0.1

ME3(X)13 26.1 7 7 26.6

Y
7

(X)12 4.9 7 7 7
(ZY)1, (Z)34 6.2 6.2 7 5.5 � 0.2

Z3 6.6 6.7 7 7.6 � 0.4

(YZ)12 11.6 11.7 7 10.5� 0.3

Note. The polarization atomic displacements X, Y, Z coincide with the

[01�1], [1�11] and [2�11] directions, respectively.
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gap. A typical feature of the phonon spectrum of the (511)

surface is the presence of longitudinal resonance localized

on the step along the G
7

X
7

direction. First, it is manifested as

a surface mode with simultaneous localization of the vibra-

tional state (*80%) on step and terrace atoms. However,

when qx& 0.25jG7X
7j, it transforms into a longitudinal

resonance localized only on the step and reaching the BZ

centre.

Experimental 108, 160, 166 and theoretical 47, 60 ± 62 studies

of the surface phonon dispersion were carried out for

Cu(511). While comparing the energies of surface modes

presented in Table 5, one can see good agreement. The

experimental value of the SV mode at the X
7

point is

somewhat higher than the calculated value, which may be

associated with the difficulty of experimental determination

of the energy of this mode. There is some uncertainty caused

by low intensity of the recorded vibrational peaks near the

zone boundary.108

Rahman et al.5 analyzed the change in the force con-

stants on the Cu(511) surface. It was shown that the force

constant Fxx in the plane between atoms located along the

step in the direction normal to the step is attenuated

(softened) by 93% compared with its analogue in the bulk.

The softening is caused by a decrease in the number of

neighbours and results in the decrease in the frequency of

the longitudinal mode propagating along the direction y

(normal to the step). The force constant Fzz between the step

atoms and their close neighbours in the bulk is enhanced by

35%, which is a consequence of the bond shortening by

2.3%. Similar results were obtained for the (211) and (331)

surfaces: Fxx decreases by 86% and 85%, and Fzz increases

by 30% and 45%, respectively. Unlike simple surfaces, the

off-diagonal elements of the force constant matrix also

change. For example, Fxz and Fyz for the (511) surface

increase by 30% and 35%, respectively. This change in the

force constants was also found for Ni(977), Au(511) and

Al(511).61, 167 It is evident that similar trends are also

inherent in other transition metals. The phonon spectra of

the (511) surfaces of other FCC metals (Ni, Ag and Pd) are

qualitatively similar and differ only by the energies of the

principal modes.

c. Phonon spectra of class C vicinal surfaces

The class C vicinal surfaces, (331) and (221), are formed by

a terrace and a step, which have the same (111) orientation.

The phonon spectra of the relaxed Cu(331) and Cu(221)

surfaces are shown in Fig. 8. The unit cell of the (331)

surface contains three atoms as in the case of the (211)

surface, i.e., geometrically these surfaces are similar. In the

phonon spectrum of Cu(331), as in the spectrum of Cu(211),

three step-localized surface states were detected Ð E1, E2

and ME3 (see Fig. 8 a). The main distinction from the (211)

surface is in the fact that the mode E1 lies much closer to the

surface states localized on terrace atoms and exists as the

step mode only in the range from point X
7

to qx& 0.8jG7X
7j.

Then it transforms into a resonance mode having polar-

ization similar to that of the Rayleigh mode of the (111)

surface. This behaviour of the step mode does not contra-

dict the data of Knipp;59 the energies of the mode E1 at the

X
7

point also agree: 11.99 and 12.06 meV, respectively.

Upon decrease in the wave vector (from point X
7

to

point G
7

), the second step mode E2 caused by SH displace-

ments of atoms is mixed with the bulk states and transforms

into a resonance. Note that unlike the (211) surface, in this

case, the type of atomic displacements relative to the normal

to the surface changes. Whereas in the (211) surface, the

step mode E1 is mainly caused by SH vibrations and the step

mode E2 is caused by SV vibrations, in the (331) surface

they change the type of vibrations to the opposite one. One

more difference is that the step mode ME3 in the (331)

surface has a weak localization being highly coupled with

bulk vibrations. Such a character of vibrations and their

lower degree of localization on the step are consequences of

the abnormal type of relaxation of the given surface. Since

the corner atom shifts towards the bulk (the corner atoms of

all other surfaces tend to shift upon relaxation away from

the bulk), this shortens the bond to the nearest bulk atom

located below the step and corresponding to the increase in

the force constants.5

At the G
7

point, there is a high-frequency state Ð a

reflected surface mode located in the forbidden gap of the

(111) surface and corresponding to the SH displacements of

the terrace atoms. The Rayleigh mode is formed by coupled

vibrations of the terrace and step atoms in the sagittal plane

and is manifested in the vibration spectrum only as a

reflected mode in the G
7

Y
7

direction.

On going from the (331) to (221) surface, the number of

atoms in the unit cell increases to four and one should

expect complication of the phonon spectrum of this surface.

For the Cu(221) surface (see Fig. 8 b), it is usual that at the

X
7

point, there is a group of surface states located below the

boundary of bulk vibrations and having very similar energy

values differing by only *0.5 meV. The lower state is a

typical step mode E1 mainly with SV displacements of

atoms. This is followed by the Rayleigh mode localized on

the terrace (*60%), which is due to the vibrations of the

second- and third-layer atoms. In the case of the ideal, non-

relaxed (221) surface, the step mode E2 is located below the

bottom of the projection of bulk states and has a clear-cut

surface character. As a result of relaxation displacements of

atoms, it gets into the region of bulk vibrations and

becomes a resonance along the whole X
7

S
7

direction. At

the Y
7

point and along the G
7

Y
7

direction, the lower mode is

associated with longitudinal displacements along the step.

Other states in this direction are the reflected modes of the

(111) surface that propagate in the sagittal plane. At the G
7

Table 5. Energies of phonon modes at the symmetrical G
7

, X
7

and Y
7

points of the relaxed Cu(511) surface.

BZ Mode Our EAM EAM HAS 108

point calculation 47 (see 5, 60) (LEES 166)

G
7

X1X3 7.0 7 11.3

Z12 10.8 11.7 11.5 � 0.2

X
7

SH 9.9 11.4 11.2

SV 12.9 13.4 13.5 � 1

(YZ)13 14.3 14.5 16.0 � 1

Z1, (YZ)2 25.6 25.5 25.5 ± 26.6

Y
7

(X)13 4.6 5.8 5.8

(YZ)13 6.6 6.5 6.3 � 0.3

(YZ)12 11.8 13.4 14.4

Note. The polarization atomic displacements X, Y, Z coincide with the

[01�1], [2�55] and [511] directions, respectively.
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point, there are two resonance states localized mainly on the

step. Each comprises two virtually degenerate states with

energies differing by *0.4 meV. The low-frequency state is

characterized by transverse displacements of atoms in the

sagittal plane and has an energy of 10.34 meV, which is

consistent with the experimental 167 value of the energy of

this mode (10.95 meV).

For the (221) surface, experimental data are available

only for aluminium. Using the HAS the method,160 a

resonance step mode with SV polarization was detected in

the vicinity of the G
7

point. The step mode propagates along

the G
7

X
7

direction without any dispersion to qx& 0.4jG7X
7j,

which is consistent with the behaviour of the lower of the

two step modes obtained by EAM calculation for the G
7

point. The same step mode is also found in the G
7

Y
7

direction at low values of the wave vector. At the G
7

point

at the energy of 10.95 meV and along the G
7

Y
7

and G
7

X
7

directions, a mode whose polarization remained not entirely

clear was found experimentally. According to EAM calcu-

lation, at low qx values, this mode has an SH polarization,

its energy (11.34 meV) being in line with the experimental

value (10.95 meV). The phonon spectra for the (331) and

(221) surfaces of other FCC metals are qualitatively similar

and differ only by the energy of vibrational modes.

Analysis of the phonon spectra of the considered Al, Cu,

Ag, Ni and Pd vicinal surfaces demonstrated that they have

common features determined only by the structural type of

the metal and do not depend on its chemical nature. The

vibrational spectra of the vicinal surfaces of FCC metals

display the dipole-active resonance at the centre of the

Brillouin zone; this resonance is determined by strictly

z-polarized coupled vibrations of step atoms and the nearest

terrace corner atom. In all vicinal surfaces of FCC metals,

coupled vibrations of a new type localized on the step

appear. Depending on the structural type of the surface,

the step phonon is associated with atomic vibrations per-

pendicular to the step (mainly in the surface plane) or along

the normal to the surface. In the phonon spectra of vicinal

surfaces at the centre of BZ (point G
7

), there is a pseudo-

gap, which appears upon reflection of the phonon modes of

the simple surface whose fragment is the terrace. In this

pseudogap, a longitudinal resonance localized on the step

and propagating deep into the bulk is always present. The

nature of the metal affects the energies of the phonon modes

and degrees of their localization on the step or terrace

atoms. The structural relaxation is critical for the vibra-

tional modes located on or near the step, because this leads

to a change in their localization on the step atoms. Com-

parison of the results of EAM calculation of the energies of

principal step modes with the experimental results and data

from other calculations showed a good agreement. This

validates the use of EAM for description of phonons on

surfaces having step defects.

3. Phonons in adsorption structures
It was shown both theoretically and experimen-

tally 52 ± 56, 63, 69, 89, 168 ± 199 that at low coverages (41 mono-

layers), the phonon subsystem of the adsorption structure is

determined by two principal modes localized on adatoms.

One of these, the stretching S mode, is polarized strictly

perpendicular to the surface and is due to coupled vibra-

tions of the adatom and the nearest substrate atoms. The

second one, the longitudinal mode of frustrated translations

(FT mode) has a reciprocating translation nature due to the

interaction with vertical vibrations excited in the surface

layer of the substrate. It was shown 54, 69 that the energy of

the S mode for coverages y5 0.25 monolayers (ratio of the

number of adatoms to the number of surface atoms con-

tained in the unit cell) almost does not depend on the

coverage up to a saturated monolayer state but the mode

localization on adatoms decreases. The FT mode, con-

versely, is highly dependent on the coverage, the energy of

the FT mode being increased as the coverage increases.

Both modes are sensitive to the adsorption geometry

and the substrate structure.53, 55 By investigating the varia-

tion of the energy of these modes, it is possible to gain

information about the dynamically stable adsorption geo-

metry for different sites and degrees of adsorption on the

substrate surfaces with different crystallographic orienta-

tions. However, until recently these aspects of the dynamics

of adsorption structures have not been studied. Only two

papers 69, 168 report analysis of the dependences of the S

mode energy on the adsorbate mass and demonstrated that

the energy depends linearly on a quantity equal to the

reciprocal square root of the adsorbate mass. However,

since this conclusion was based on scanty experimental data

obtained for surfaces with different orientations and cover-

ages and for different substrate materials, and mainly for

the BZ centre, this complicates elucidation of the general

trends of formation of dynamically stable adsorption struc-

tures. It is evident that analysis of the effect of various

factors on the behaviour of the principal vibrational modes

requires that the vibrational structure of the adsorbates be

considered under equal conditions, in particular, adsorption

geometry, coverage and orientation and chemical type of

the substrate. Important also is the description of the

dispersion curves along all symmetrical directions of two-

dimensional BZ of the adsorbate and the substrate.

Data on the investigation of the vibrational character-

istics of alkali metal/metal adsorption systems are summar-

ized in Table 6. It can be seen that experimenters pay quite a

lot of attention to this issue. The most comprehensive

theoretical study of the dependence of vibrational proper-

ties of adsorption structures on the adsorption geometry

and coverage and the substrate material and orientation was

carried out using EAM potentials.52 ± 56 Below we summa-

rize the experimental and theoretical studies on the depend-

ence of the principal vibrational modes of the adsorbate on

the above-indicated factors. All theoretical calculations

were carried out using the EAM potentials.

The Al(111)7(
���
3
p

6
���
3
p

)R3087(Li, Na,K) systems are

very convenient for the study of the effect of the atom

masses and adsorption geometry on the phonon spectrum as

the atomic masses of lithium, sodium and potassium are

considerably different, while the chemical type of the

adsorbate remains the same. It is known that at room

temperature, alkali metal atoms are adsorbed according to

the substitutional mechanism into six-fold sites.69 As this

takes place, they form a surface alloy with the substrate

atoms 72, 83 ± 86, 169 ± 180 with a period of (
���
3
p

6
���
3
p

)R308. This
is due to the fact that thermally activated vacancies appear

on the surface of the aluminium substrate; adatoms occupy

these vacancies and form a substitutional superstructure. A

similar structure but consisting only of adatoms is formed

when the atoms are adsorbed at three-fold sites at low

temperature. If the substrate is then slowly heated to room

temperature, transition to the substitutional structure takes

place. This transition is irreversible and the structure

G G Rusina, E V Chulkov Russ. Chem. Rev. 82 (6) 483 ± 510 (2013) 497



formed at low temperature is metastable.171 For the

Al(111) ± (
���
3
p

6
���
3
p

)R308 ± (Li, Na,K) systems, the energies

of vibrational modes have been determined experimentally

(see references in Table 6), which can be used to verify the

adequacy of EAM calculations.

a. Effect of the atom size and adatom mass on the phonon spectrum

Experimental HREELS studies of the phonon spectrum of

the Al(111) ± (
���
3
p

6
���
3
p

)R308 ±Na system were carried out

by Nagao et al.85, 169 The dispersion curves along the G
7

K
70

direction of a planar BZ were studied in detail and two

resonance acoustic modes, R1 and R2, were described: both

modes are localized on adatoms and are polarized peren-

dicular to the surface. The mode R1 is found at the G
7

point

at an energy of 12.5� 0.2 meV, while the mode R2 demon-

strates a strong dispersion dependence and propagates deep

in the bulk in the G
7

K
70 direction. At the BZ boundary

(point K
70), in the gap between the bulk band and the lowest

surface mode, the vibrational mode S1 occurs in the energy

range of 10.8711.5 meV.177 Using the HAS method, a

similar S1 mode with the energy of 9.2 meV was found 69

at the K
70 point. A DFT calculation gives the 12.8 meV

energy for the mode R1.83 For the Al(111) ±

(
���
3
p

6
���
3
p

)R308 ± Li system, experimental values of the

energy of the mode R1 at the G
7

point have also been

obtained (17.6 ± 18.1 meV).177 Nagao et al.169 studied the

dispersion of phonons along the G
7

K
70 and G

7
M
7

directions in

the Al(111) ± (
���
3
p

6
���
3
p

)R308 ±K structure. A state was

found that corresponds to the Rayleigh mode of the clean

surface but is shifted by 1 ± 2 meV to higher frequencies.

The surface mode R1 was found at the G
7

point at 6.4 meV.

The ab initio calculation for the non-relaxed Al(111) ±

(
���
3
p

6
���
3
p

)R308 ±K structure afforded the value of energy

for this mode to be 8.2 meV.83

The model of adsorption structure (
���
3
p

6
���
3
p

)R308 with

adatoms in three- and six-fold sites and the corresponding

two-dimensional BZ are shown in Fig. 9. Since the BZ of

the (
���
3
p

6
���
3
p

)R308 unit cell is three times smaller than the

BZ of the ideal (161) cell, it reflects the symmetrical points

of the BZ of the ideal unit cell (see Fig. 9 c). The reflection

occurs according to the following principle:

(
���
3
p

6
���
3
p

)R308 (161)

(G
7/K

7
, G
7
); (K

70/ 2/3G
7
M
7
); (M

70/ 0.5G
7

K
7
, M
7
)

When sodium adatoms are in six-fold sites, they displace

every third atom of the substrate and form an ordered

surface alloy with the periodicity of (
���
3
p

6
���
3
p

)R308 (ada-

toms and atoms of the substrate surface layer are nearly in

one plane). The equilibrium bond length (between the

sodium adatom and the nearest aluminium atom) calculated

using the EAM potentials is dNa7Al=3.22 �A. This value is

in good agreement with the experimental values,

3.31� 0.03, 3.10� 0.06, 3.21 and 3.21� 0.01 �A, obtained

in a number of publications.172 ± 174, 181 The adsorption

induces relaxation effects in the substrate: the first inter-

layer spacings decrease by D12=75.4% and

D23=70.15%, which is in qualitative agreement with

Table 6. Experimental and theoretical data on the phonons in the adsorption superstructures.

System Structure Phonons

y /monolayer periodicity experiment Ref. calculation Ref.

Li/Al(100) 0.5 c(262) 7 7 EAM 55

Na/Al(100) 0.5 c(262) 7 7 EAM 55

Li/Al(111) 0.33 (
���
3
p

6
���
3
p

)R308 HREELS 85 EAM 53

Na/Al(111) 0.33 (
���
3
p

6
���
3
p

)R308 HREELS, HAS 85, 69 EAM, DFT, FC 53, 83, 169

K/Al(111) 0.33 (
���
3
p

6
���
3
p

)R308 HAS 69 EAM 53

Cs/Al(111) 0.33 (
���
3
p

6
���
3
p

)R308 HAS 69 DFT 83

Li/Cu(111) 0.11 p(363) HREELS 183 7 7
Na/Cu(111) 0.25 p(262) HREELS 184 EAM, DFT, jelly model 56, 76, 190

K/Cu(111) 0.33 (
���
3
p

6
���
3
p

)R308 HREELS 184, 198 7 7
Cs/Cu(111) 0.44 (3/263/2) HAS 193 7 7
Li/Cu(100) 0.02 ± 0.5 c(262) HREELS 199 EAM 56, 134

Na/Cu(100) 0.02 ± 0.5 c(262) HREELS, HAS 63, 192, 198 EAM, FC 56, 64, 134

K/Cu(100) 0.02 ± 0.5 c(262) HRLEES, HAS 64, 198 7 7
Cs/Cu(100) 0.02 ± 0.5 c(262) HAS 191 7 7
Li/Cu(110) 0.14 (162) HREELS 199 EAM 134

Na/Cu(110) 0.31 (163) HREELS 198, 199 EAM 134

K/Cu(110) 0.31 (163) HREELS 198, 199 7 7
K/Ni(100) 2 ± 5 (163) HAS 193 7 7
K/Ni(110) 0.26 ± 0.48 c(262)LT-Ni(161) HREELS 194 7 7

(162)RT-Ni(162)

Na/Pt(111) 0.22 ± 0.41 (262) HAS 193 7 7
K/Pt(111) 0.22 ± 0.41 (

���
3
p

6
���
3
p

)R308 HREELS 195, 196 EAM, DFT 57, 195

TRSHG 186 7 7
Cs/Pt(111) 0.22 ± 0.41 (

���
3
p

6
���
3
p

)R308 TRSHG 197 7 7

Note. The following designations are used: LT is low temperature, RT is room temperature, TRSHG is time-resolved second harmonics

generation, FC is the force constant model.
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LEED data 81 (D12=73%) and ab initio calculation

(D12=72.5%).83 The subsurface layer is rippled (the

atoms located directly below the adatom shift toward this

atom by larger distances than other atoms). The calculated

rippling value is d=0.0017 �A, which is comparable with the

experimental result d=0.0015 �A.174 Analysis of the intera-

tomic interactions demonstrated that the force constants

between the closest atoms of the first and second layers of

the substrate increase by 16%± 19% with respect to the

values for clean surface. The z-component of the force

constants of the surface layer change insignificantly,

whereas for the second and third layers it increases by 9%.

In these layers, the tangential components of the force

constants are also markedly enhanced.

The phonon spectrum of the Al(111) ±

(
���
3
p

6
���
3
p

)R308 ±Na system (substitutional adsorption)

simulated using the EAM potentials is shown in Fig. 10.

Apart from the reflected states related to the substrate

vibrations, point G
7

has a z-polarized resonance mode R1,

which can be considered as reflection of the mode R2

related to the new periodicity (
���
3
p

6
���
3
p

)R308. The calcu-

lated energy of the mode R1 (12.76 meV) is in good agree-

ment with the experimental value (12.5 meV).169

Investigation of the character of localization and polar-

ization of this mode showed that this is a coupled surface

resonance with vertical displacements of adatoms and the

substrate surface atoms. The upper state at the G
7

point

(23.74 meV) is localized on the sodium and aluminium

atoms in the surface alloys and involves atomic displace-

ments in the surface plane. The other modes at the centre of

BZ are typical of a clean Al(111) surface but now they are

caused by cooperative displacements of sodium and alumi-

nium atoms.

Along the K
70M7 direction at large values of the wave

vector q, there are surface modes located below the bottom

of the projection of bulk phonons. One of these (along the

G
7

M
7

direction) is coupled with longitudinal vibrations of

the first-layer substrate atoms, while the other is similar to

the Rayleigh mode of the substrate. When the q values are

small they are mixed with bulk phonons and become

resonances. At the K
70 point, the energies of these modes

are 10.6 and 11.2 meV, respectively, which is in line with

experimental data.169, 176 The calculated energy of the mode

S1 (9.6 meV) at the M
7

point is also in good agreement with

the experimental value (9.2 meV).176 Polarization and local-

ization analysis demonstrated that S1 is the coupled mode

caused by vibrations of adatoms and substrate surface layer

atoms in the sagittal plane. This type of vibrations in the

sagittal plane is inherent in the Rayleigh mode of the

substrate.

The other experimentally 176 determined mode (R2) is a

transverse resonance propagating along the G
7

K
70 direction.

As regards the character of vibrations, it also resembles the

Rayleigh mode of the substrate but, unlike S1, it is located

above the boundary of the bulk phonon region. Some

authors 69, 160 detected a similar mode by means of HAS

but at 1 ± 2 meV higher energy compared with the energy of

the clean-Al(111) Rayleigh mode.182 This behaviour is

related to the normal (z) component of force constants

between the neighbouring aluminium and sodium atoms.

In the presence of a superstructure induced by the adsor-

bate, the normal component of force constants is non-zero

(unlike the clean aluminium surface). Sodium adatoms are

not completely embedded into the upper layer of the

substrate, being partially located above the surface; there-
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Figure 9. Geometric model of the (
���
3
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6
���
3
p

)R308 adsorption
structure (a, b) and the corresponding two-dimensional BZ (shaded
area) in comparison with the BZ of the (161) unit cell (c).53

(a) Adatom adsorption; (b) substitutional adsorption; dz is the
distance from the adatom to the substrate, dAl7Li, Na, K is the bond
length, d12 Al7Al is the first interlayer spacing in the substrate, d is
the rippling parameter of the subsurface layer of the substrate.
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fore, normal interactions appear and the mode R2 shifts to

the region of bulk vibrations. It should also be noted that

the modes of the clean Al(111) surface are reproduced in the

phonon spectrum along all directions of the BZ; however, in

the case considered, they are degenerate with the adsorbate

phonons and are coupled. The presence of the adsorbate

induces also their frequency shift but does not affect polar-

ization.

Due to their small size, the lithium atoms penetrate into

the surface layer of the aluminium substrate much deeper

than sodium atoms. After relaxation of the

Al(111) ± (
���
3
p

6
���
3
p

)R308 ± Li system, the calculated bond

length between the lithium atom and the nearest substrate

atom is 3.10 �A and the experimental value determined by

Nielsen et al.177 is 2.88 �A. The first interlayer spacing in the

substrate is shortened (D12=75.1%), which is also qual-

itatively consistent with experimental data (72.1� 1%).177

As in the case of sodium adsorption, a minor (d=0.0016 �A)

rippling of the structure in the subsurface layer of the

substrate occurs. The interlayer spacings for deeper layers

correspond to the bulk values.

The z-polarized surface resonance localized on adatoms

was detected at the G
7

point at 21.3 meV energy. The same

resonance was found experimentally 85 at an energy of

*17.6 ± 18.1 meV. As in the case of sodium adsorption,

there are surface modes along the K
70M7 direction, below the

bottom of the projection of bulk phonons. However, they

are localized only on substrate atoms. The modes related to

the vibrations of lithium adatoms are shifted to higher

energies and propagate deep into the bulk phonon region.

Force constant analysis showed enhancement of the inter-

action between the lithium adatoms with atoms of the

subsurface layers of the substrate. The Li7Al3 interaction

(third layer) increases by 27% compared to interlayer

Al17Al3 interaction of the clean surface.

Potassium atoms are larger than lithium or sodium

atoms; therefore, potassium cannot be embedded into the

substrate to a considerable depth; it is actually located
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Figure 11. Local densities of surface vibrational states for the
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)R308 ± (Li, Na, K) adsorption structures. Localization
on adatoms (a), on the substrate surface layer (b) and in the clean Al(111)
surface (c).53

Here and in Figs 13, 15 and 16, the dashed lines designate xy-polarized
states and continuous lines designate z-polarized states.
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above the six-fold vacancies of the substrate. For the

surface structure Al(111) ± (
���
3
p

6
���
3
p

)R308 ±K, the equili-

brium bond length dAl7K after the relaxation was 3.67 �A
(for comparison, dLi7Al=3.10 �A, dNa7Al=3.22 �A). This

EAM value is consistent with experimental results

(LEED) 175, 176 and ab initio calculations (DFT),83 which

are 3.58 and 3.70 �A, respectively. Due to this position of

adatoms, the K7Al interaction along the normal to the

surface becomes weaker but simultaneously the interaction

of adatoms with one another becomes stronger. Examina-

tion of the force constants demonstrated that the Al7K

interaction is 4.5 times weaker than the Al7Al interaction

in the surface layer of the substrate. This behaviour of force

constants is related to the fact that for potassium adsorp-

tion, shielding is weak, which was estimated during the

calculation of the electronic structure.71 The presence of

potassium adatoms also leads to relaxation of the surface

layers (D12=74.15%, D23=70.13%); however, unlike

adsorption of sodium and lithium, no rippling of the

structure was noted for subsurface layers

A state corresponding to the Rayleigh mode of the clean

surface was found in the phonon spectrum along the G
7

K
70

and G
7

M
7

directions. A similar mode was detected in the

HAS experiment.69 At the G
7

point, the Z mode (4.22 meV)

mainly localized on the potassium adatom corresponds to

the z-polarized mode experimentally 69 detected at 6.4 meV.

It propagates along all symmetrical BZ directions without

changing its energy. Apart from the direct calculation, the

energy of this mode was estimated from force constant and

adatom mass analysis.53, 134 The normal component of the

force constant between potassium and the nearest substrate

atom is *5.3 times lower than in the case of the sodium

adatom and the potassium atomic mass is 1.7 times greater

than the sodium atomic mass. Thus, the frequency of

z-polarized vibrations of the potassium adatom on the

Al(111) surface should be *3 times lower than the fre-

quency of the corresponding sodium mode, which was

actually confirmed in our EAM calculation.53 The group

of states located below the bottom of the projection of bulk

phonons corresponds to longitudinal vibrations of potas-

sium and surface aluminium atoms. The decrease in energy

of longitudinal vibrations of the substrate atoms (compared

with the energy of similar vibrations in the case of sodium

or lithium adsorption) is related to the decrease in the

intralayer Al7Al force constants by 12%, whereas in the

case of sodium and lithium adsorption, they almost do not

change with respect to the force constants for the clean

aluminium surface. As in the case of sodium adsorption, x-

and y-polarized potassium modes are split, which is related

to the substrate surface geometry (non-uniform atomic

environment along the [11�0] and [112�] directions). Note the

key distinction of the vibrational spectrum for the K/

Al(111) system: all of the adatom-localized modes, except

for the G
7

point, are located below the bottom of the bulk

phonon region.

The effect of adsorbate type is manifested most clearly in

the distribution of the local density of vibrational states

presented in Fig. 11. It can be seen by the arrangement of

localized peaks that the excitation energy of the transverse S

mode, which represents coupled vibrations of adatoms and

substrate atoms, is lower than the energy of the mode of

coupled translational displacements of adsorbate atoms.

This energy ratio of the adsorbate vibrational modes reflects

the dominance of the adatom ± substrate bonding. Also, one

can follow the dependence of the energy of the principal

vibrational modes of the adsorbate on the adatom atomic

radius and mass (see Figs 11 and 12).

The effect of adatoms on the phonon structure of the

substrate can be followed by comparison with the local

density of vibrational states of clean Al(111) surface (see

Fig. 11 c). This effect is manifested only for the first two

atomic layers as softening of all longitudinal modes of the

substrate. The Rayleigh mode of the substrate is most

affected by sodium adatoms: it completely smears, local-

ization reduces more than twofold and high-frequency shift

occurs. The potassium and lithium adatoms induce minor

changes in the vibrational spectrum of the substrate, mainly

increasing the energy of the Rayleigh mode. It is noteworthy

that despite the change in energy and localization degree, all

modes of the substrate retain their polarization. Also, new

vibrational states appear that are initiated by the presence

of adatoms and are not typical of a clean Al(111) surface.
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b. Effect of the adsorption geometry on the phonon spectrum

Effect of the adsorption geometry on the vibrational prop-

erties were studied in relation to the Al(111) ±

(
���
3
p

6
���
3
p

)R308 ±Na system. As described above, at low

temperature (T4 100 K), the sodium atoms being adsorbed

in three-fold sites, form an adatom-type superstructure on

the Al(111) surface with the periodicity of (
���
3
p

6
���
3
p

)R308,
as also in the case of high-temperature substitutional

adsorption 180 (see Fig. 10). The equilibrium adatom ± sub-

strate distance (hNa7Al) for this geometry was 2.72 �A, which

is almost twice greater than in the case of substitutional

adsorption (1.4 �A). Force constant analysis demonstrated

weakening of the adatom ± substrate interactions.

In the phonon spectrum of the Na/Al(111) system, a

very soft, a low-frequency longitudinal mode appears due to

the coupled translational displacements of adatoms parallel

to the substrate surface. Note that the longitudinal mode

energy equal to 3.4 meV remains invariable along all BZ

directions. Upon elastic interaction with the substrate, it

excites low-frequency transverse vibrations of the surface

layer atoms in the substrate. About 93% of localization of

the vibrations is on adatoms and only 7% is on the first-

layer atoms of the substrate, which are displaced in the

sagittal plane. Actually this is the mode of translation of

adsorbate atoms weakly connected to the substrate.

Although this vibrational state is manifested along all sym-

metrical directions of the two-dimensional BZ, its exper-

imental detection is difficult, because it propagates strictly

parallel to the surface.69, 169

A low-frequency longitudinal mode highly localized on

the subsurface layer atoms of the substrate appears in the

phonon spectrum of the substrate in the vicinity of the G
7

point. The presence of this mode is not inherent in a clean

surface; it appears due to interaction of a sodium adatom

with the second-layer atoms of the substrate located directly

below it. At the K
70 point, a z-polarized mode with the

energy of 11.25 meV was detected experimentally; it was

assumed that this mode is completely localized on the
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sodium adatoms.69 EAM calculation showed 57 the presence

of this mode at the K
70 point at 11.4 meV but it was found to

be localized on adatoms (*30%) and on the first-layer

substrate atoms (*42%).

The state density distributions for both adsorption geo-

metries are presented in Fig. 13. It can be seen that the

three-fold adsorption is accompanied by low density of

z-polarized vibrational modes localized on adatoms and

the surface layer atoms of the substrate. The highest peaks

of the density of states of these modes appear at energies of

18.3 ± 19.4 meV. A low-frequency region exhibits an intense

peak of adatom translational displacements. These displace-

ments give rise to states in the substrate surface layers that

were missing in the case of the clean aluminium surface and

that coincide in energy with the mode of adatom transla-

tional displacements. The intensity of peaks corresponding

to the characteristic vibrations of clean surface atoms

decreases several-fold.

A different pattern of vibrational state distribution is

observed for sodium in six-fold substitutional adsorption

sites. In the region of 11.5712.5 meV, an intense peak of

Z-vibrations of adatoms and substrate surface layer atoms

is detected. The Z-vibrations of atoms of the second surface

layer of the substrate occur in the same region. The surface

layer atoms execute vibrations in the sagittal plane at these

energy values. In the low-frequency region, a peak for

translational displacements is missing, which is indicative of

stronger interactions of the adatoms with the substrate and

of more stable state of the (
���
3
p

6
���
3
p

)R308 ±Na structure on

the aluminium surface. Comparison with the state density

distribution for clean Al(111) surface showed that the

presence of sodium adatoms induces a low-frequency shift

of the Rayleigh mode, and the high-frequency shear vibra-

tions shift to the upper boundary of the bulk phonon

region. All vibrations of the surface layer atoms are sup-

pressed and low-frequency vertical and high-frequency

longitudinal vibrations of atoms in the subsurface layers of

the substrate are enhanced.

Thus, the EAM calculation of the vibrational character-

istics of the sodium adsorption on the Al(111) surface in

different adsorption positions demonstrated substantial

softening of the translational mode of the adsorbate and

weak adatom ± substrate interaction in the case of adatom-

type adsorption. Also, the substitutional adsorption is

accompanied by strengthening of the Na7Al bonds and

weakening of Na7Na interactions, and by increase in the

vertically polarized vibrational state density due to coupled

vibrations of adatoms and substrate atoms. All this makes it

possible, together with structural studies, to interpret meta-

stable and irreversible nature of low-temperature adsorp-

tion from the dynamic standpoint.

c. Effect of the coverage on the phonon spectrum

The effect of the adsorbate coverage on the vibrational

properties of adsorption systems was studied in relation to

the Na7Cu(111) systems. It was found experimen-

tally 67, 68, 183 ± 190 and theoretically 54, 75, 76, 191, 192 that sub-

monolayer adsorption of alkali metal atoms on the Cu(111)

surface, up to a saturated monolayer (y=0.44), where

adatoms form a hexagonal structure, (3/263/2), gives rise

to rows of ordered p(363), p(262), p(
���
3
p

6
���
3
p

) structures

at coverages y=0.11, 0.25 and 0.33, respectively. The

calculation of the bond energy for the equilibrium geometry

of the p(262) structure demonstrated that all sodium atoms

are located strictly above the three-fold FCC cavities of the

substrate.186 For the (3/263/2) structure, non-equivalence

of adsorption sites was found in the same work: one adatom

is located strictly above the three-fold FCC cavity, while the

other three adatoms are displaced from these sites. The

structures with (3/263/2), p(363) and p(
���
3
p

6
���
3
p

) perio-

dicities correspond to the (363) unit cell, while for p(262),

the unit cell dimension is (262). The Brillouin zones

corresponding to the described structures are presented in

Fig. 14. As a result of BZ collapse, the symmetrical points

are reflected by the following rule:
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The energy of the S mode upon sub-monolayer adsorp-

tion was measured 68 using EELS for the Na/Cu(111)

system. The resulting value of 21 meV remained invariable

at any coverages. However, the peak intensity correspond-

ing to this mode depended on the coverage at low coverages

(y=0.016 ± 0.2) and was maximum at y=0.15. At

y5 0.25 monolayers, the intensity was constant and

retained its value up to monolayer saturation. Ab initio

calculation also gave the S-mode energy of 21 meV.186 The

equilibrium crystal structure and the vibrational properties

of the Na/Cu(111) system were studied in detail at different

coverages.54 All of the surface modes of the clean Cu(111)

surface were found to be retained; however, they have

coupled vibrations and frequency shifts caused by the

interaction with adatoms. The calculated S-mode energy

was 22 meV for any coverage; it is in line with experimental

data.68 The invariability of the S-mode energy is clearly seen

in the vibrational state density distribution on adatoms

(Fig. 15).

Ananylsis of the phonon state density demonstrated that

the S-mode energy does not depend on the coverage.

However, the coverage has a considerable influence on the

FT mode: this influence increases by a factor of three on

going from y & 0.11 to y & 0.44. As the coverage increases,

the density of adatoms in the layer grows, resulting in

stronger interaction between the atoms, which is responsible

for the FT mode. Experimental investigations of the vibra-

tional characteristics of a multilayer sodium film on the

Cu(100) surface showed 189, 190 that at a 20 monolayer-thick

adsorption film, the FT mode transforms into a longitudi-

nal surface mode of neat sodium. When the coverage is 0.44

corresponding to a saturated sodium monolayer, the spec-

trum of the local density of vibrational states shows S mode

splitting. The splitting is caused by non-equivalence of the

adsorption sites resulting from the structural mismatch of

the monolayer film and the substrate. The effect of adatoms

on the vibrational properties of the substrate is manifested

as excitation of new z-polarized modes in both the low-

frequency and high-frequency regions of the phonon spec-

trum of the substrate. The excitation energy of the trans-

verse S mode, which represents coupled vibrations of

adatoms and substrate atoms is higher than the energy of

the FT mode of coupled translations of the adsorbate atoms

(see Figs 15 and 12). This energy ratio of the vibrational

modes of the adsorbate, as in the case of sodium adsorption

in the three-fold sites on the Al(111) surface, corresponds to

weak adatom ± substrate interaction and metastable nature

of sodium adsorption on the Cu(111) surface.

d. Effect of the crystallographic orientation of the substrate surface

on the phonon spectrum

Clean metal surfaces tend to show anisotropy of atomic

vibrations in the directions perpendicular and parallel to

these surfaces.63, 64 In addition, the anisotropy of displace-

ments along the [001] and [110] directions exists in the (110)

surface, resulting from different atomic environments along

these directions. By studying the adsorption of adatoms of

one metal on simple surfaces of another metal, it is possible

to identify the effect of substrate anisotropy on the dynamic

stability of adsorption systems, which is determined by the

FT to S mode ratio. The experimental and theoretical data

on the vibrational characteristics of various adsorption

systems were described systematically.56, 69, 134 Based on

these data and results of EAM calculations, the role of
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substrate orientation was considered in relation to the

Na ±Cu system. Experimental investigations of sodium

adsorption on simple copper surfaces demon-

strated 67, 183 ± 188, 191 ± 199 that atoms are always adsorbed

according to the adatom type above the three-fold vacan-

cies. This is due to the ratio of the adatom radius and the

interatomic distances in the substrate. The adsorption of

sodium on any of the considered copper surfaces gives rise

to relaxation effects: the first interlayer spacings are short-

ened and rippling of the structure in the subsurface layers

occurs.180 The coverage corresponding to a saturated

sodium monolayer is 0.44 for the (111) surface and 0.5 for

the (100) and (110) surfaces. This gives rise to a structure

with periodicity of (3/263/2), c(262) and (261), respec-

tively.

The effect of substrate orientation can be followed by

considering the distribution of vibrational states over the

atomic layers. The local densities of states for the adsorp-

tion of sodium on the copper (111), (100) and (110) surfaces

are shown in Fig. 16. The splitting of localized peaks

corresponding to FT modes (xy-polarization) and S modes

(z-polarization) is characteristic of the (111) and (100)

surfaces. In the case of the (111) surface, this splitting is

due to non-equivalence of adsorption sites, some atoms

being adsorbed strictly in the three-fold sites, while other

adatoms are displaced from these sites. In the case of the

(100) surface, splitting is related to non-equivalence of the

surrounding by substrate atoms along the [100] and [110]

directions. This behaviour of the modes on the (100) surface

is consistent with the experimental data.

Kliewer and Berndt 67 found the anisotropy of intera-

tomic interactions along the directions that coincide with

G
7

M
70 and G

7
X
70 of the two-dimensional BZ of the adsorption

structure. The energy of the S mode of adatoms located

strictly in three-fold adsorption sites is invariable for both

surfaces being equal to *22 meV. The anisotropy of

adatom vibrations (the wave vector q of which is directed

along [100]) is most pronounced for the (110) surface. In

this case, considerable splitting of the FT mode is observed.

The x-polarized FT mode caused by displacement along the

[100] direction (perpendicular to rows of adatoms) has a

very low vibrational energy (*6 meV). Meanwhile, the

energy of the y-polarized FT mode caused by displacements

along the [1�10] direction (along the rows of adatoms)

sharply increases (*26 meV) and is located above the

energy of the S mode. The peak corresponding to the S

mode has a pronounced localized nature and falls into the

energy gap between x- and y-polarized branches of the FT

mode. The energy of this mode, as in previous cases, is

*22 meV. The appearance of the soft mode along the [100]

direction attests to structural instability of the system along

this direction. Experimental investigation showed 198, 199

that at a coverage of 0.14, sodium adatoms already induce

missing-row reconstruction of the (261) Cu(110) surface.

The experimental 199 value of the energy of low-frequency

part of the FT mode, 5.4 meV, is consistent with the

calculated value (6 meV).

Comparative analysis of the energy ratio of the FT and

S modes provides the conclusion that the most stable

adsorption structure is formed on the (100) surface for

which the energy balance of these modes, which fall in the

same energy range, is observed. Force constant analysis

demonstrated that the Na7Na interaction only slightly

(*15%) predominates over Na7Cu1. The adsorption

structure on the (111) surface is the least dynamically stable

because in this case, the excitation energy of the FT mode is

much lower than the excitation energy of the S mode, which

reflects its migrational instability. This conclusion is also

supported by the degree of modification of the vibrational

characteristics of the substrate surface layer. Sodium

adsorption on the (111) surface induces a minor high-

frequency shift of the Rayleigh mode and gives rise to

additional high-frequency z-polarized vibrations (see

Fig.16 a), while the adsorption on the (100) surface leads

to splitting of the Rayleigh mode of the substrate and

increase in its energy from 15.3 to 17.1 meV. The energy

of longitudinal vibrations of surface atoms of the substrate

decreases.

The most pronounced effect on the vibrational proper-

ties of the surface layer of the substrate is exerted by

adsorption on the Cu(110) surface: the Rayleigh mode of

the substrate is suppressed and the energy of longitudinal

vibrations decreases. However, unlike the (111) and (100)

surfaces, the adsorption leads to excitation, in the subsur-

face layer, of z-polarized vibrational modes, which are

absent in the case of clean surface. The appearance of

these modes attests to strong interaction of the adatoms

with the second layer. As it was shown above for clean

surfaces, this type of vibrations is inherent in the Pd(110)

surface but not in clean Cu(110) surface.

V. Conclusion

This review considers the state of the art studies of the

dynamics of metallic surfaces. We endeavoured to present

data on surface phonons as fully as possible. Also, taking

the embedded atom method as an example, we demon-

strated the efficiency of using model methods for the

theoretical description of the structure of metal surfaces

and the type of surface atom vibrations, in particular, in the

presence of structural defects or adatoms. The comparative

analysis showed that the use of such methods provides not

only qualitative but also quantitative agreement with ab

initio calculations and experimental data. Undoubtedly, this

simplifies calculations for complex surface systems, extends

the possibilities of further investigations along important

lines of research of surface physics and chemistry (for

example, the dynamics and stability of surface clusters,

interfaces and inner boundaries, in particular, grain boun-

daries in polycrystalline materials,51, 200 atom diffusion and

migration over the surface 201) and helps to describe the

electron ± phonon interaction on the surface.202 The analysis

of numerous publications devoted to the effect of various

factors on the formation of the surface phonon structure

and its evolution upon complication of the surface geometry

or in the presence of adatoms provides the following

conclusions.

In the case of metals that refer to the same structural

group (e.g., FCC), the phonon spectra of both simple and

vicinal surfaces are determined by the surface geometry and

are qualitatively similar irrespective of the chemical type of

the metal. The difference is manifested in the energies of

phonon modes, which are affected by surface force con-

stants and the degree of surface relaxation. The relaxation

gives rise to an additional low-frequency resonance-type

longitudinal mode, which is absent in an ideal surface. The

presence of steps accounts for the change in the phonon

structure of the surface Ð appearance of new type of

vibrational modes, so-called step modes, which are mainly

localized in the step and do not get to the terrace.
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For all adsorption systems, irrespective of the chemical

type of the adsorbate and substrate, the phonon spectrum

always exhibits two characteristic hybridized vibrational

modes, which are largely localized on adatoms and are

caused by adatom ± adatom and adatom ± substrate interac-

tions. Upon adatom sub-monolayer adsorption on metal

surfaces, the adatom ± adatom interaction gives rise to a

low-frequency mode of coupled frustrated translations (FT

mode) in the phonon spectrum; this mode determines the

migration of adsorbed atoms over the substrate surface. The

adatom ± substrate interaction is manifested in the phonon

spectrum as a stretching S mode polarized strictly perpen-

dicular to the surface. This mode is largely responsible for

the desorption stability of adatoms on the substrate surface.

As the coverage increases, the energy of the S mode remains

almost invariable, while the energy of the FT mode

increases.

The sub-monolayer adsorption on the (110) surface of

FCC metals brings about a substantial anisotropy of the

transverse displacements of adatoms. The longitudinal FT

mode is split into x- and y-polarized modes, which prop-

agate across and along the adatom row, respectively. In the

phonon spectrum of the substrate, the density of the shear

modes localized in the surface layer and coinciding in

polarization with the x-polarized mode of the FT adsorbate

increases. In the subsurface layer, there is a highly localized

vertical mode, which propagates in the sagittal plane and is

coupled with analogous vibrations of adatoms. It was

shown experimentally that even a minor coverage

(y4 0.15 monolayers) of the Cu(110) surface by the alkali

metal induces the missing-row reconstruction, which occurs

along x-polarization of the FT mode. The theoretically

calculated behaviour of atomic vibrations upon the adsorp-

tion of alkali metals on the Cu(110) surface suggests the

presence of a dynamic component of this reconstruction.

In the case of sub-monolayer adsorption, the vibrational

spectrum of the substrate is modified: a frequency shift of

the surface modes occurs, the degree of localization of

vibrations on the surface layer decreases and new vibra-

tional modes untypical of a clean surface arise.
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