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Abstract:
We study electronic screening processes at simple metal surfaces. The jellium model is used for the
ionic background of the metal. The linear electronic response of the metal is computed within the local
density approximation of density functional theory. This theory is applied to two specific problems: 1)
the electronic response of an alkali-metal overlayer chemisorbed on aluminum, and (2) the spectrum of
surface vibrations of aluminum.
For the first problem, our microscopic results for the loss spectrum of electrons backscattered from the
Na/Al interface, reproduces the main features of data available, obtained with electron-energy loss
spectroscopy. For alkali-metal coverages above one monolayer, the loss peak corresponding to a
plasmon-like excitation, which grows from a broad structure for 1 monolayer to a sharp peak for two
monolayers, while it shifts upward in energy. For coverages below one monolayer we obtain a broad
structure between 0.5 and 1 monolayer, whose intensity depends of the incident electron energy ("ghost
peak").
The behavior of the scattering probability for low coverages as a function of the incident energy, gives
us a new mechanism to explain the different behavior of the dispersion of the loss peaks obtained at
two experiments performed at different energies which show contrasting results.
In the second problem, we found longitudinal resonances on the three low index surfaces of aluminum.
The surface resonance dispersion relations agree well with experimental data obtained with He-atom
scattering performed on these surfaces. Comparing the experimental time-of-flight spectra with our
calculated spectral densities of surface vibrations, we find a very good correspondence between the
structures in the experiment and the spectral densities corresponding to displacements perpendicular to
the surface. For the Al(110) surface we show the need of including multilayer relaxation in the
calculation in order to obtain a sharp peak for the longitudinal resonance. A calculation performed with
the unrelaxed surface, does not show this resonance. For the Al(100) and Al(111) surfaces, the
resonances are weaker than for Al(110), and we attribute this to the fact that these surfaces relax very
little. A study of the effect of the force constants on the resonances show that they are not related to a
single force constant but to the total force field at the surface.
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ABSTRACT

W e study electronic screening processes at simple metal surfaces. The jellium
model is used for the ionic background of the metal. The linear electronic response of the
metal is computed within the local density approximation of density functional theory.
This theory is applied to two specific problems: I) the electronic response of an alkalimetal overlayer chemisorbed on aluminum, and (2) the spectrum of surface vibrations of
aluminum.
For the first problem, our microscopic results for the loss spectrum of electrons
backscattered from the Na/Al interface, reproduces the main features of data available,
obtained with electron-energy loss spectroscopy. For alkali-metal coverages above one
monolayer, the loss peak corresponding to a plasmon-like excitation, which grows from
a broad structure for I monolayer to a sharp peak for two monolayers, while it shifts
upward in energy. For coverages below one monolayer we obtain a broad structure
between 0.5 and I monolayer, whose intensity depends of the incident electron energy
("ghost peak").
The behavior of the scattering probability for low coverages as a function of the
incident energy, gives us a new mechanism to explain the different behavior of the
dispersion of the loss peaks obtained at two experiments performed at different energies
which show contrasting results.
In the second problem, we found longitudinal resonances on the three low in d ex .
surfaces of aluminum. The surface resonance dispersion relations agree well with
experimental data obtained with He-atom scattering performed on these surfaces.
Comparing the experimental time-of-flight spectra with our calculated spectral densities
of surface vibrations, we find a very good correspondence between the structures in the
experiment and the spectral densities corresponding to displacements perpendicular to the
surface. For the A l(IlO ) surface we show the need of including multilayer relaxation in
the calculation in order to obtain a sharp peak for the longitudinal resonance. A
calculation performed with the unrelaxed surface, does not show this resonance. For the
Ad(IOO) and A l( I ll) surfaces, the resonances are weaker than for Al(IlO), and we
attribute this to the fact that these surfaces relax very little. A study of the effect o f the
force constants on the resonances show that they are not related to a single force constant
but to the total force field at the surface.
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CHAPTER I

INTRODUCTION

Surface Physics is, because of its technological implications and its wealth of physical
phenomena, a very active branch of Condensed Matter Physics. The very stringent
experimental conditions required for the study of fundamental processes at surfaces have
become more commonly obtainable in recent years. Many experimental techniques are
now available for the study of the properties o f solid surfaces, giving a diversified amount
of information of the phenomena involved. W e can mention as examples high resolution
electron energy loss spectroscopy (HREELS),1 helium-atom scattering spectroscopy,2
photoemission spectroscopy (PS),3 inverse photoemission spectroscopy (IPES),4 scanning
tunneling microscopy (STM),5 etc.. By contrast, theory is well behind the sophistication
of the experimental achievements. The main reason for this, is the very presence of the
surface, which breaks translational symmetry in the direction normal to it. This
breakdown increases the mathematical and computational complexity of the theory
enormously in relation to the bulk. As a consequence, much of the theoretical work uses
classical models for the response of the system, or transplants models from the bulk to
the surface with some added boundary conditions, which dismisses valuable information
about the surface which in most cases is the basis for the new physical processes
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occurring there. After or during creation, the surface rearranges so as to lower its energy.
This gives rise to new phenomena such as relaxation, reconstruction, surface states, etc.,
which have no counterpart in the bulk. Because of these changes, even a microscopic
model that does not have some degree of self-consistency may not be appropriate for th e .
study of surface processes.
The main challenge for the theory is thus to have a good enough modelling of the
system under study and to be able to obtain its spectrum of elementary excitations, which
will couple to external perturbations. In dealing with a system of IO23 interacting particles,
this is not an easy task, and many approximations are necessary before one is able to
obtain any information about the system.
In the theory of solid surfaces, one must distinguish two stages which have
evolved up to different levels of complexity and sophistication. The first stage is the study
of the ground state properties of the system, which by now can be computed for all
elements in the periodic table, obtaining total energies, and quantities related with it. The
second stage (which is central to our work) refers to the response of surfaces to a
perturbation. The importance o f the knowledge o f the response functions of the systems
is related to the large amount of information contained in them (complementary to the
ground state information), and because they are directly related with the measurement
processes, Le., the coupling between the elementary excitations of the system and external
probes (electrons, atoms, photons, neutrons, etc.). Among the large variety of elementary
excitations contained in the response functions, we can mention plasmons, phonons,
excitons, magnons, etc.. The work on this issue is incipient and most existing studies use

I____;

3
the interacting free-electron gas model (pioneering for the bulk by Nozieres and Pines in
the 50’s6), in which a uniform positive charged background is used to replace the ions.
The reason for this is clear: the inclusion of the lattice of ions into the problem makes the
calculation extremely demanding from the point of view of the computational resources
that are needed. Furthermore, even the calculation of bulk response functions is still to
date a challenging problem, if the lattice of ions is taken into account.
A few papers devoted to the study of elementary excitations on semiconductor
surfaces taking into account the lattice of ions have appeared recently,7 but an efficient
methodology for metals remains to be developed.
On the experimental side, there have been many recent studies, probing the
spectrum of elementary excitations on simple metals surfaces. This is very convenient for
a theorist, since the jellium model, within LDA, is best suited for simple metals.
The main purpose of this thesis is to compute, from first principles, several
physical quantities in which electronic screening at simple metal surfaces plays a basic
role. The unifying link in the problems discussed later is the central role played by
%(x,P Ito)

: the quantities o f interest (scattering probability, total energy) are obtainable

from a knowledge of this response function. The first step is to obtain the ground state
density of the system, using the Kohn-Sham8 set of self-consistent equations of density
functional theory, within the local density approximation (LDA),and the jellium model.
The electronic screening of the system is obtained from the density response function
X (x,F|© )

which we compute (also within LDA) using the techniques developed in

Refs. 9 and 10.
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In the calculation of the different physical quantities using

1cp) , (surface

phonons,11 unage plane position,12) the importance of the inclusion of exchange and
correlation effects into the density response function has been demonstrated. Furthermore,
these effects m ust be included consistently in the computation of both the ground state
density and the density response function, in order that sum rules are obeyed.13 The LDA
density response function meets the just mentioned requirements. An extension of this
theory for finite frequencies, based on an adiabatic ansatz for the exchange and correlation
part of the effective electron-electron interaction, has been applied before with success
to the study o f the dynamical response of the loosely bound valence electrons of atoms,
molecules and solid metals surfaces.14"16
Having outlined our framework, we specify two specific problems to which we
have applied linear-response.
I .-A system which has attracted considerable attention for many years is that of
overlayers of alkali-metal atoms chemisorbed on metal surfaces.16 A major focus of this
attention has been directed to the elucidation of the nature of the electronic excitations
in the submonolayer and monolayer (ML) regimes.16"19 Two new experiments have been
performed recently on N a /A l(lll),18’19 aiming at an understanding o f the physics of the
adsorption and response of the overlayer at its simplest level, as one would expect for a
system composed exclusively of ap-bonded metals. However, the results reported suggest
qualitatively different response pictures. The high-resolution electron-energy-loss (EELS)
experiment by Heskett et al.,19, carried out at low incident energy E0, identifies threshold
coverage for plasmon formation to be about I ML. Below this threshold the observed loss
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shifts downward in energy as the coverage is increased; the same is interpreted as a oneelectron transition from the Na Sj1-Ievel at the Fermi level into a coverage-dependent
empty state. This assignment was supported by inverse-photoemission measurements.19
A sharp discontinuity in the loss spectrum is observed for ~ I ML. For Coverage > I M L
the loss shifts upward with coverage, and is identified as an overlayer plasmon. By
contrast, the loss spectrum of Hohlfeld and Horn,18 obtained for high energy E0, does not
undergo a discontinuous jump for ~ I ML. Starting from rather low coverage, their data
show a broad peak, which initially occurs well below the surface plasmon frequency of
Na. W ith increasing coverage the peak gains spectral weight in a monotonic fashion. For
coverage > I M L the loss is again interpreted as a plasmon.
The first purpose of our work on this problem, is to discuss the physics of the
response in the ML-coverage regime, and its manifestation in an electron energy-loss
experiment, via a self-consistent quantum mechanical calculation of the loss spectrum for
an electron-gas model of the Na/Al system. For coverage < I M L we find that the
overlayer does not display coherent behavior, i.e. the loss function has no well-defined
peak; however, the actual loss spectrum does show a peak whose spectral weight decays
rapidly for low incident energy. As the coverage is increased past I M L the response of
the electron gas becomes progressively more coherent (i.e., the loss function develops a
peak), and the loss spectrum becomes a direct mapping of the spectral features of the
overlayer response. The spectrum is then the same for all E0. These results provide a
means for bridging the gap between the two pictures of overlayer response suggested by
the data of Refs. 18 and 19 for ~ I ML.
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We would like to note that our theoretical work on this problem was motivated
by the experiments being conducted on Na/Al at Professor E. W. Plum mer’s laboratory
at the University of Pennsylvania. As we will see in this thesis, our microscopic results
give a good picture of the experimental results. On the other hand, a macroscopic model
probes to be inadequate to interpret the experiment.
Another interesting result that we obtain for the Na/Al system is the theoretical
determination of the existence of an additional surface plasmon in the overlayer for 2 M L
coverage and above. As the coverage is increased, this mode becomes the multipole
surface plasmon observed recently by Tsuei et al.16
2.- The second problem chosen for study is that of the dispersion relations of surface
phonons and resonances at simple metal surfaces. Because of the complexity of the
surface-screening problem, most of the theoretical work up to now has been reduced to
the use of lattice-dynamical models, with use of PC ’s obtained by fitting to the bulk
phonon frequencies.20"23 However, these models are not unique in nature: for a given
physical system there is more than one model capable of explaining the same data. It is
only very recently that theoretical work using microscopic models has been reported.24"27
A proper treatment of surface vibrations needs to include the change of the force
constants brought about by the presence of the surface in a self-consistent way. The
density-response-method used in this thesis fulfills this requirement. As we will see later,
the force constants are obtained from the computation of the pair potential between ions
in the metal. The pair potential contains information about the presence of the surface,
through the spatial dependence of the density response function. From the knowledge of
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the PC ’s it is straightforward to obtain the dispersion relations for the surface phonons.
Again, the basic ingredient in this method is the density response function %(x,x’).
Let us briefly outline some of the issues of interest in the field of surface phonons.
The measured surface phonons dispersion relations for several surfaces show some
features not explained by calculations performed with the use of bulk force constants. The
most important of these differences, is the observation o f anomalous surface-phonon
resonances on the (111) and also the (HO) surface o f the noble metals28 and several
transition metals.29 This has been a controversial issue because of the different ways in
which the resonances have been explained.30’31 The original argument suggests that the
resonances are caused by a change in sp-d hybridization at the surface.30 This explanation
raises the question if the resonances are present for a simple metal such as aluminum.
We have addressed this question in a recent collaboration with Professor J. P. Toennies’
group at the Max-Planck Institut in Gottingen.32 We have showed both experimentally and
theoretically the existence of resonances at all three low-index surfaces of aluminum. We
do not find a large softening of the radial surface PC, as has been proposed for n o b le.
metals30. Instead, we find that the resonances are produced by cumulative effects of
changes in the entire surface force field.
At this point it is appropriate, to comment on two other microscopic theories which
have been developed for the calculation of surface phonon energies. One is the "direct
method" implemented for aluminum by Ho and Bohnen,24 for N a(IlO ) by Rodach,
Bohnen, and Ho33 and for Au(IlO) by Lahee et al.34 In this method, small distortions of
the lattice are introduced and from total energy calculations, relevant elements of the
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mterplanar dynamical matrix are obtained. The power of the method is that it relies on
state-of-the-art band-structure technology. Its main limitation is that, at the present time,
it does not provide entire dispersion relations from first principles. The distortions
necessary for the calculation of the dynamical matrix correspond to wave vectors at the
center or the edge of the surface Brillouin zone. The other method is the so called
"embedded atom" method,35 in which the total energy of the solid is written in terms of
a short-ranged pair potential between atoms and an embedding energy o f each atom into
the solid. By writing this embedding energy as a function of the superposition of the
densities of all other atoms, one can obtain the PC ’s by differentiation.This method is
phenomelogical. The embedding energy as well as the pair potential are determined by
fitting to bulk properties. Its main advantage is that it incorporates many-atom forces
through the embedding energy function.
The outline of this thesis is the following. In Chapter 2 we recall the local-densityapproximation (LDA) of density-functional theory, and outline the numerical method
employed to obtain the response functions for a metal slab. In Chapter 3, we apply LDA
to the problem of energy loss of electrons backscattered from metal surfaces, in particular,
to the system Na/Al. A brief account is given of multipole plasmon excitations. In
Chapter 4 we include the lattice of ions using pseudopotentials and perturbation theory
for the determination of the surface phonons and resonances for the (100), (HO), (111)
surface of Al, arid for Na(IOO). Finally in Chapter 5 we summarize our results, and
highlight the main contributions of our work to the field of solid metal surfaces.
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CHAPTER 2

THEORY OF ELECTRONIC SCREENING AT METAL SURFACES

Introduction

We begin this chapter by giving an account o f the theory that constitutes the basic
ingredients to this work. In the first section we briefly outline the standard method for the
computation of the ground state electronic density of a solid, namely density-functionaltheory, in the local-density-approximation (LDA).8 In a subsequent section we describe
the linear response method which gives us the induced electronic density produced by an
external potential acting on a metallic system. Using density functional theory we obtain
an integral equation for the density response function ypc,^) ■Exchange and correlation
effects are included within LDA. From the response function we obtain the induced
density.
In the final section of this chapter, we define some quantities involved in the
present work, and describe the method used to solve the integral equation for yrptjt) ■

Local-Density-Functional Theory

The central theorem of density functional theory is due to Hohenberg and Kohn8,
who showed that the ground state energy of an electronic system is a unique functional
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of the ground state electronic density n ( j ) . Kohn and Sham8 subsequently obtained a set
of self-consistent equations which include exchange and correlation effects, and which
make it possible to compute the ground state density of the system.
The set of self-consistent equations consists of a one-electron Schrodinger (KohnSham) equation, namely

[ - ^ V J+V „ ® ] 'F vW . e v'Fv© ,

(2 . 1)

and the ground state density given, for T=O0 K by the equation

no ( - > E / v IxpvCf ) I2’

( 2 .2)

where fv=2@(EF-£v), Ef and 0 (x ) being the Fermi energy and the unit step function,
respectively. The effective potential introduced in Eq. (2.1) is given by the equation

Veff(i) =v(x) + ( d sx ' ^ - L + V J f ) ,
J
Ix - ir I

(2-3)

where v (x) is a static external potential, (for example, the ionic potential) and the socalled exchange and correlation potential y (Jf)Is defined by the equation

(2.4)
8n(x)
where we have introduced the exchange and correlation energy functional, Exc[n]. The
form of this functional for an inhomogeneous medium is unknown. The simplest possible
ansatz, namely LDA, in which
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(2.5)

ExcM = J rf3X n(x)£xc(n(x))

£xc being the exchange and correlation energy per electron for an uniform electron gas
o f density n,8,36 turns out to be surprisingly successful.
The determination of the self-consistent ground state density, is reduced to the
solution o f the set of equations 2.1-2.2 Among the different approximations for £xc we
will use the Kohn-Sham approximation for the exchange potential reduced by a factor of
2/3 (equal to the local Slater approximation) and for the correlation potential we use the
local W igner interpolation approximation.8,36
W ith this prescription for Vxc we now have our set of equations fully determined
and we need only to iterate through these equations until we obtain self-consistency. A
numerical procedure to handle this problem has been given by Eguiluz et a l 36

Linear Response Method

In this section we introduce the density response function, which is the basic
ingredient for all the calculations performed in this work.
Consider our system with ground state density n0(x)
external perturbation u

in the presence of an

(x) • The conduction electrons respond in such a way to this

perturbation that an induced density

n. d(x)

is set up in the solid, according to the

equation

n,ind'(X)=Jrf3X7 X0Cx5X7) U c(Xy),

( 2 .6)

where we have introduced the static density response function for non-interacting
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electrons, X0(JciXf),

defined by the equation36

(2.7)

% W )= E
V,v'

£ v - e v'

The self-consistent potential TJ (Xf)
external

potential

potential

U (x)

and

the

induced

introduced in Eq. (2.6) is the sum of the

potential, Uind(X) 10- The

self-consistent

is the total potential acting on the electrons as a consequence of the

screening response of the electron system to the external field. In the LDA, we have

( 2 .8)

where

U0(X ),

denotes the electron number density in the ground state o f the unperturbed

system. Uind(X)

can be obtained from its definition as the change in the self-consistent

potential Vrff(Je) binding the electrons in the ground state.
Now, we can write the induced density, Uind(Jc) , in terms of the external potential
by the equation10

n.

(2.9)

defining here the density response function y(^J^).
It is straightforward to establish an integral equation for the density response
function

%(x,x/)

• Using symbolic notation we have that37
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Since the external potential is arbitrary, w e must have that %=3C(0)+X(0)V%, or using
the full notation

(

2 . 10 )

+ Jd3X1J d 3x2 X0( ^ x 1)V(Xv X2)Xix2,x^)’

where the effective electron-electron interaction is given by '

Ix1-X2I

dn0(x)

(2.H)

Equation 2.10 together with Eq. (2.9) are the keys to obtain a variety of physical
observables related to the response of the system to an external perturbation. Although
these equations are strictly valid only for the static case, co=0, an extension of them for
finite frequencies using the same Vxc as for to=0, has been applied with success to
atoms24,25 and surfaces.38,39

Numerical Methods

In this section we introduce several definitions that will be used throughout this
work, and at the same time we give a brief description of the numerical procedures
utilized to solve the ground state problem and the density response function.
Our basic approximation consists in the use of the jellium model, in which each
layer of ions is replaced by a slab of uniform positive charge density, containing the same
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amount of charge, and centered at the position o f the original ions. The electronic charge
distribution is then computed self-consistently by solving the set of Eqs. 2.1-2.2 . A full
description of a numerical method to obtain the self-consistent electronic profile has been
given in Ref. 36.
We. consider a metal slab containing N l atomic layers. The total thickness of the
jellium slab is given by bNL; its (number) density is denoted by n

• We take the z axis

perpendicular to the surface. We suppose the electronic density actually vanishes at a
distance

Z0

from the surface. The system is then confined between z=0 and z=d, the

jellium edges (uniform slab of positive charge) being located at z=z0 and d-Zy . The length
z0 must be chosen to be. sufficiently larger that its introduction does not perturb the
physical observables we calculate beyond a given small tolerance.
Because of translational invariance on the plane of the surface (the plane xy) for
the jellium model, we can write the Kohn-Sham wave functions in the following form

( 2 . 12)

where

and

x.

are wave vector and position, respectively, in the plane of the

surface, and A is the surface area. In this case the Kohn-Sham equation takes a one
dimensional form:

+Vef£(z)] (t>/z) =£,(}>,(z),

(213)

2m dz2
where the energy eigenvalues E1are related to the eigenvalues Ev of the original equation,
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(Eq. 2.1), according to

-S2Eij1 .
Ev= - — +£,,
Zm

(2.14)

/=1,2,3,

In Eq. (2.13), the effective potential, Veff is given by

Vef/Z>= - Z x e 2J d z '[n^z') - n +(zz)]

+Vxc(z),

(2.15)

where D0(Z) is the electronic density profile, and the density profile for the jellium slab
is given by the equation

n (z)=<P+' Zo<z < d - zo
+
I 0, otherwise.

The wave functions (f>,(z) are expanded in a Fourier sine series, according to the
equation

cl

s=\

a

Upon substitution of Eq. (2.16), and similar expansions for Veff and Ii0(Z ), into Eq.
(2.13), the. differential equation reduces to a matrix equation for the coefficients

af

•

We start the iteration of the self-consistency procedure with an initial guess for Ii0(Z ). For
example, the next iteration step is always performed with a mixing of the old electronic
density and the new one. In the calculation of the surface phonons for a 17 layers
aluminum slab, a typical value for smax was 100.

‘

.
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The two-dimensional Fourier transform of the density response function is defined
by the equation

XixtXf I(D)= f
J (2k )2

X( LO) \z,z').

(2.17)

•

Using similar Fourier representations for %° and the effective electron-electron
interaction, Y(Xv X2) , in the Eq. 2.10, we obtain the following integral equation for the
Fourier coefficients %(& (o \z ^ )
12,Z0 =K0CfcllCOIzjZz)
+Jcfe1Jdz2K0CfcllCOIZjZ1)VCfcll |z1,z2)K(fc|1co |z2,zz) ,

where the 2-dimensional Fourier transform of the effective electron-electron interaction
is given by the equation

V

(

f

c

, +

K ji

dtt

ZtCz1-;:,).

(2.19)

The integral equation (2.18) was reduced to a matrix equation for the Fourier
coefficients KmnCfcyCO) through the introduction of a double-cosine Fourier representation
for the density response function, noninteracting electron density response, and electronelectron interaction. The % CfcllCO) are defined by

K(fc„co |z,zz)= 5 ] Y j KmnCfcllCo) c o s ( ^ i ) c o s ( i ^ L ) .
m=0 n<=0
d
d

(2-20)

After the %^n(& m) are determined, we can compute the induced density in the
system brought about by an external perturbation.
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A detailed account of the numerical implementation of the above procedure is
given in Ref. 10.,
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CHAPTER 3

SCATTERING PROBABILITY OF LOW ENERGY ELECTRONS
FROM SIMPLE M ETAL SURFACES

Introduction

In this chapter we study the electronic response of an alkali-metal overlayer
adsorbed on aluminum (the system Na/Al). Since we will compare our theoretical results
with relevant HREELS experiments, we begin with an outline of the theory for the
inelastic backscattering of electrons from surfaces.
Next we outline the models of alkali-atom chemisorption we have employed in
this work. The original uniform-background model of alkali-atom chemisorption provides
a good overall account of the change in work function due to the adsorption process.39
This model has recently been refined by Serena et al.A0 Both models are discussed below
for coverages < one monolayer (saturation coverage). For coverages beyond one
monolayer we resort to using a constant-density model.
Finally, we present our theoretical results for the loss spectrum for Na/Al, and
compare them with experiment. We also discuss the dispersion relations for the surface
plasmon and dipole-surface plasmon, for different coverages.
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Electron-Energy-Loss Theory

A quantum-mechanical theory for the scattering of low energy electrons by surface
excitations in the regime of small-angle deflections was given by Evans and Mills41,42. A
simpler approach based on the model of a classical trajectory for the electrons impinging
on the surface was later given by Schaich43. The later theory can be obtained from the
quantum- mechanical theory after certain assumptions are made44. We will use here a
hybrid model based on the classical trajectory for the incident electron, but which treats
the response of the surface to the external perturbation produced by the incident electron
quantum-mechanical. A recent review about electron scattering from surfaces, both
theoretical and experimental is given in Ref. I.
Consider an electron impinging on the surface at a time t=0 and whose velocity
is given by

v(f) =V11-v z f sgn(r)

, where ^

and vz are the velocity components

parallel and perpendicular to the surface respectively, f is a unit vector perpendicular
to the surface, and sgn(t)=+l(-l) if t>0 (t<0). The total energy lost by the electron during
its interaction with the surface can be written in the form43

(3.1)
0
where I(co), the probability per unit frequency that the electron has lost the energy fi(0,
is defined by the following equation
(3.2)

In Eq. (3.2), we have introduced the surface energy-loss function T (^ c o ), which
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is defined by the following equation
d

d

PCqllI(O)=-Ifie2J d z J d z ' e ' * ' ^ Im xCq^G) +z'T| \z,z/),
O O

(3.3)

where $ is the wave vector parallel to the surface, the length d is the spatial extent of
the electronic system along the z axis, and p i s a positive infinitesimal.
Ifb o th the substrate and overlayer are described by frequency-dependent dielectric
functions Eb(Co) and es(co), respectively, the loss function is written as follows38

PCqA(O)=t^ l
:

-I
Tm.
I +£(4,1 N

(3.4)

In Eq. (3.4) we have introduced the effective dielectric function of the adsorbatesubstrate system, g (<2 |©) , defined by the equation

S(%|w)=G,(W)

I +A(CO)e ~2q'b

(3.5)

1-A (© )e'2q,b
where b is the thickness of the overlayer, and

A(GO) =

Gb(O O )-G ^(O O )

(3.6)

E b(C D )+ E /C O )

Note that for b=0, we have that S(gJ© )=eb(co) , and the surface energy loss
function P ( ^ J cq) takes on the well-known form

P ( g „ |© ) = f^ i Im

1
I +Eb(CD)

(3.7)

which corresponds to an energy loss peak at the surface plasmon frequency of the
substrate.

21
Now, because in the jellium model P (^ c o )

depends only on the magnitude and

not on the direction of q,,, Eq. (3.2) can be written as

2 2
J ^ ii

(3.8)

where qmax is chosen to mimic the finite aperture angle of the spectrometer in the
experiments. The kinematical factor K(q ;©) is given by

■

;ffl)=?, [dQ------ -------- 1----------------

o

(3.9)

[v=9^(w-Vnf,cose)=]=

The analytic result for the angular integration in Eq. (3.9) has been given by
Camley and Mills.44 The value for qmax is determined from the equation q^^=k, A0, where
AG is the half width of the angular aperture of the spectrometer, and k: the wave vector
of the incident electron. In the following section we show results for the computation of
I(co) for Na/Al and compare them with available experimental results from HREELS.

Chemisorption Models

Before we start the study of the energy-loss spectrum, we describe the different
models for alkali chemisorption within the framework of the jellium model. For coverages
up to I M L we utilize the chemisorption model proposed by Serena et al.,40 which is a
variation of the original uniform-background model due to Lang.39 The width d of the
jellium slab for the adsorbate is given by
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# ) = d ,m + ( 6 - < J 8 ,

.

(3.10)

where 0 is the coverage, dion is twice the Na ionic radius, and b is the interplanar spacing
for the (HO) planes in the bulk. Monolayer coverage corresponds to 0=1 (for which the
areal density of the overlayer is -1 /2 that of an A l( I ll) substrate). While the use of dion
in this model is not supported by new evidence for the absence of an ionic low-coverage
regime,45,46 the loss spectrum is rather insensitive to the details of the formula for d(0) for
0<1. The model does provide a very good account of the work function changes induced
by alkali-atom adsorption. For 0>1 we simulate the overlayer growth according to the
equation d(Q)=bQ, which corresponds to keeping the density of the jellium slab for the
second layer fixed; for 0=2 the second layer is complete. W ith this choice, the work
function remains equal to its saturation value; a variable-density model gives rise to a
pronounced dip in the work function at the start of the second layer. '
In Table I we show results for the work function as a function of coverage for the
system Na/Al. For coverages beyond I M L it is observed experimentally that the work
function remains close to the value for a thick alkali-metal slab. Although there have been
some reports of a dip in the work function at the start of second layer 18,47 this is rather
shallow. In using Lang’s or Serena et al.40 models to grow the second layer, one obtains
a minimum for the work function comparable to that obtained for the first layer, which
is in disagreement with the experiments reported until now. This suggests the use o f a
fixed density model to simulate the growth of the second layer. In this model the work
function remains equal to its saturation value.
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Table I. W ork Function (eV), for Na/Al. See text for explanation, of the adsorption
models.

Chemisorption Model
Coverage 0

Fixed n

Lang

Serena et al.

0 (bare subst.)

3.8

3.8

3.8.

0.5

-

2.49

2.58

0.7

-

2.82

2.81

0.8

-

2.94

2.93

1.0

3.10

3.10

3.10

1.25

3.17

2.18

2.51

1.50

3.12

2.61

2.74

1.75

3.05

2.88

2.93

2.0

3.06

3.06

3.06

Thick Na

3.09

-

-

Loss Spectrum for Na/Al

M ost of the initial experiments of EELS on alkali-metal overlayers on metals, were
performed with a noble or transition metal as substrate, reflecting the importance of these
systems for technological applications. Very recently, experiments have been performed
using aluminum as substrate. The absence of occupied d-bands in aluminum simplifies
the physics involved. Furthermore the jellium model provides a good zeroth-order
approximation. We should note that the motivation in using Al as substrate is the need
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to understand the origin of the losses observed for coverages below I ML. The early
experiments during the past years have been interpreted in terms o f different mechanisms
such as single-particle excitation48, transition from an occupied s-band to an unoccupied
p-band19, transition from a substrate state to an unoccupied overlayer state49, and electronhole pair excitation.38
In this section we show our theoretical results for the loss spectrum for different
coverages of aluminum. We show first the ground state electronic-density for different
coverages in Fig. I. Results for clean aluminum is indicated as bare substrate, and the
different coverages are given for each curve. From Fig. I we see that for 0.5 to I ML,
the density profile does not show a bulk-like part while for 2 M L bulk- like plateau is
already formed. This gives us a first hint o f how inadequate it is to model the overlayer
through the use of a bulk dielectric function that assumes a constant electronic density
throughout the overlayer.
For this figure we have used an effective electron mass of 1.139 times the free
electron mass, in order to fit the experimental value for the surface plasmon energy for
N a of 4 eV. This produces a scaling of the peak positions. Also, we smoothed out the
curves to eliminate background structure coming from the fact that we use a finite size
for the substrate. Indeed, this could be eliminated also by increasing the value of the
damping parameter. The value for T| used in Eq. 3.6 is 0.05 eV which is -1% of the
plasma frequency for Sodium. A substrate thickness corresponding to 45 layers of Al(IOO)
was used in the calculations, with smax=120. It was checked that a larger basis gives
essentially the same results.

I.
1 .0
0 .8

BARE SUBSTRATE

0 .2

0 .4

0 .6

N a /R L

0 .0

NORMALIZED ELECTRON NUMBER D E N S IT Y

OJ

Z ( A )
Fig. I - Electron number density profile for several coverages for the Na/Al system.
Density number is normalized to the value for bulk aluminum. Coverages 1.0, 1.5, and
2.0 correspond to a fixed density model for chemisorption, while for 0.5 we have used
Serena et aIu model.
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Figure 2 shows the loss function for several wave vectors, up to

Clearly,

for 6<1 the overlayer response is featureless (except for its low energy drop-off); the
same corresponds to incoherent electron hole pair excitation. As the coverage is increased
the response gradually becomes coherent, and the loss function shows a peak. Collective
mode-like peaks do not exist even for higher values of q, as shown by Eguiluz and
Campbell,38 and as can be appreciated in Fig. 3 for the wave vectors 6.11 and 0.13

A*1

corresponding to 0.8 coverage. For an aperture angle of - I 0 and incident energies < 100
eV, the values of q, which contribute to !(CD) are < 0.1

A"1. As

one goes to coverages

beyond I ML, a sharp structure corresponding to the surface plasmon begins to grow. The
loss peak corresponding to the surface plasmon, as illustrated in Fig. 2 for 9 > 1.0,
initially moves down in energy as a function of the wave vector.
In comparing the classical loss function (not shown) with the corresponding
microscopic cases, we find that it represents a good approximation only for coverages
close to or beyond two monolayers. For lower coverages, the SP peak in the classical case
remains as shaip as for higher coverages, unlike the microscopic case. Moreover, the
classical SP peak moves down in energy as a function of coverage from I M L to 2 ML.
The loss function is shown in Fig. 4 as a function of the wave vector, for different
values of the frequency. This function, together with the kinematic factor,

K^qjl;GD),

shown in Fig. 5 forms the integrand for I( gd). Although the loss function can have a
rapidly varying structure as a function of G), it is a smooth function o f qt for given G).
Since K(qj,o)) is also a smooth function of qj, the integration necessary to obtain I(G))
is performed without difficulty.

P(g„;cj) (orb. units)
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ENERGY ( eV )
Fig. 2 - Surface energy-loss function for Na/Al. Each panel is labelled by the
corresponding coverage. Solid lines: q„=0.09 A 1 (=qmai for E0=IOO eV and A0=1°.
Dashed lines: q,=0.02 A'1, 0.035 A"1, 0.05 A"1, respectively; for these three wave vectors
the loss function increases monotonically with q,.

LOSS FUNCTION ( Arb. U nits )
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0.8 Na/AI

ENERGY ( eV )

Fig. 3 - Surface energy-loss function for 0.8 Na/AI. Solid line: q,=0.09 A '. Dashed lines:
q„=0.02 A 0.03 A respectively; for these two wave vectors the loss function increases
monotonically with q,. Dotted lines: q,=0.11 A 1, and 0.13 A respectively; for these two
wave vectors the loss function decreases monotonically with q,.
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LOSS FUNCTION ( A rb. U nits )

1.0 Nq/AI

WAVE VECTOR ( A "' )
Fig. 4 - Surface energy-loss function for 1.0 Na/Al. For each curve the corresponding
energy is indicated.
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KINEMATIC FACTOR ( o rb . u n its )

E =IOOeV

1.5 eV

2 .0 eV

3 .0 eV
3 .5 eV

WAVE VECTOR ( A "' )
Fig. 5 - Kinematical factor for E0=IOO eV, 6,=45°. The curves correspond to the
frequencies 1.5 eV (solid line), 2.0 eV (dotted line), 2.5 eV (dashed line), 3.0 eV (longdash-dot line), and 3.5 eV (long dash-short dash line).
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In Fig. 6 we show the loss spectrum, I(co), for an incident energy E0=IOO eV. The
chosen aperture angle was taken to be

1°, the corresponding value o f Cjmax is Cjmax=O-OP A"1.

The energy position of the SP peak, is given in Table 2, together with the positions
extracted from the results of References 18 and 19.
Table 2. Theoretical and experimental values for the position of the SP loss peak
for various coverages (units of eV).
Coverage 0

Theory

Reference 18

Reference 19

0.4

-

2.8

2.3

0.6

_

2.5

2.2

0.75

_

0.8

3.05

2.6

_

0.9

3.40

-

3.1

1.0

3.65

2.8

-

1.25

4.05

1.5

4.15

3.0

3.7

2.0

4.22

3.3

-

2.2

3.3

The broad peak for I ML, at 3.65 eV, occurs at a lower energy that the SP peak
for 2 M L (4.2 eV) which gives an energy difference between these two peaks of 0.6 eV,
in good agreement with the experimental measurements. Also, the peak grows from a
broad peak at I ML to a sharp peak at 2 ML, a tendency which is observed in the
experiments. These two features of the theoretical loss are inherently related to the
quantum mechanical treatment of the overlayer response. For comparison, we show in
Fig. 7 the same calculation, performed with a macroscopic model which uses D m de’s
dielectric constant for the response of the substrate and overlayer.1 The loss spectrum

/ ( cj) ( o rb . u n its )
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ENERGY ( eV )
Fig. 6 - Calculated loss spectra for Na/Al for E0=IOO eV, for (Na coverage) 0 ranging
from 0.5 to 2 (half-ML to 2 ML).

I(w ) ( orb. units )
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ENERGY ( eV )
Fig. 7 - Loss spectra obtained for a macroscopic response model for Na/Al for E0=IOO
eV, for (Na coverage) 0 ranging from 0.5 to 2 ML.
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changes significantly and disagrees qualitatively with experiment. The SP peak shift
downward in energy as the coverage is increased from I to 2 M L . The peak is always
"sharp" in contrast with the microscopic result.
For 1.5 M L and 2.0 ML we see an extra feature at energies above 5 eV,
corresponding to a multipole surface plasmon, as will be discussed below.
For coverages < I ML, where most of the current problems for the interpretation
of the experiments occur, the situation is qualitatively different to that for 0>1 ML. As
we saw in Fig. 3 for the loss function and has been published before by Eguiluz and
Campbell,38 the response of the overlayer for low coverages corresponds to a broad
spectrum of incoherent electron-hole-pair excitations with no indication o f a collectivelike mode peak, even for higher values of q,, than those shown in Fig. 338. From this
knowledge, it has been generally accepted that any structure in the energy loss spectra for
low coverages must come from a different origin than the electron-gas response of the
overlayer.
We discuss our results for low coverages in the light of two recent experiments
performed for Na/Al. The angle integrated experiment by Holhfeld and Horn18 was
performed with an incident energy of 100 eV, while the high resolution, angle resolved
experiment by Heskett et al.19 was performed with 30 eV.
In the HREELS experiment by Heskett et al., two different response regimes are
identified, and threshold coverage for plasmon formation is determined to be about I M L
where a sharp discontinuity is observed in the dispersion relation of the loss peak as a
function of coverage. Above I M L the loss is interpreted as an overlayer plasmon. Below

35
I M L the loss shifts downward in energy as the coverage is increased and it is interpreted
as a one-electron transition from the Na Ss-Ievel at the Fermi level into the unoccupied
N a 3p-orbital. _
As it was shown in Figs. 2 and 3, the loss function has no well-defined peak for
coverages < I ML. However, the loss spectrum does show a peak for an incident energy
E0=IOO eV. For a lower incident energy (Eo=30 eV), the peak reduces to only a shoulder
when the coverage is below I ML. The peak is classified as a "ghost peak"50,51.
The origin of the ghost peak is illustrated in Fig. 8. where we show the kinematic
factor, the loss function, and their product, for 6=0.6 and for a representative value of
For E0=IOO eV, the integrand ( and !(to) as well ) develops a peak as a result of two
competing effects:(i) the loss function drops off for small-energy transfers, but it is quite
constant for higher energies, and (ii) the kinematic factor favors small-energy transfers
and strongly suppresses large-energy transfers. Thus, the existence of the peak in I(Cd) for
G d and E0=IOO eV depends on "kinematic" effects. For E0=30 eV, the kinematic factor
tends" to overwhelm the details of the loss function for small Gd. Also, since ^ max scales
as

ypT , the kinematic factor does not probe the larger-qn part of the response which

favors the development of a peak for higher E0 (qmax=0.05

A"1, for E0=30 eV and A0=1°).

As a result, the peak-to-background ratio (pbr) for the ghost peak for Eo=30 eV is -0.05
which is very small compared with the corresponding value for the 100 eV case
(pbr=0.70) as shown in Fig. 9. In this figure, the spectra for Eo=30 eV were computed
with an aperture angle AG=I0, while for E0=IOO eV, we used A0=2.5° to simulate the
lower angular resolution used in Ref. 18, also in this figure, the dashed line is for 0=0.89

q = 0 .0 6 A

q = 0 .0 4 A

in te g ra n d
I

I

1

2

in te g ra n d
I

I

I

3

4

5

ENERGY ( eV )

1

I

I

I------------ T

2

3

4

ENERGY ( eV )

Fig. 8 - Full line: the integrand of /fto) for 0=0.6, for values of E0 and q, shown in each
panel. Dashed line: surface energy-loss function. Dotted line: kinematic factor.

5

/(<y) ( orb. units )
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ENERGY ( eV )
Fig. 9 - Zf(Oy) for E0=IOO eV (left panel), and for E0= 30 eV (right panel), for 0=0.6,0.8
and I. The dashed line is for 0, for I ML as defined in the experiment in Ref. 11., the
cross indicating the position of the loss measured for this coverage.

38
which corresponds to I M L as defined in the experiment of Ref. 19 ( surface density of
atoms for the overlayer equals 1/2 of the density of atoms for the substrate = 7.04 x IO14
at/cm2, for the system N a /A l(lll) ). The effect of changing the aperture angle on the pbr
for 0=0.8 is illustrated in Fig. 10, where we show loss spectrum for A6=0.75,1.0 and 1.5°.
The corresponding pbr are 0.30,0.47 and 0.55 . After A0=2.5° (not shown), the results are
converged. This is a consequence of the dipolar approximation that we are using here and
is built into the kinematic factor.
In Fig. 11 we show I(co) for E0=SO eV and 0=0.6,0.8,1.0 and 1.25 . For 0=1.25,
the pbr=0.82 for 100 while pbr=0.69 for E0=SO eV. The effect of the difference of
(

incidence energy is small for this coverage as a consequence of the collective-like
response of the overlayer, in comparison with the large changes occurring for coverages
< I ML.
In conclusion, we have shown that for 0<1 the electron-gas ghost-peak mechanism
gives rise to a loss peak for high E0, but not for low E0. This is consistent with the fact
that the loss spectrum of Heskett et al. shows a discontinuous change for ~ I ML. This
discontinuity is caused by the abrupt emergence of the electron-gas loss peak for I ML.
For this coverage a plasmon-like response begins to develop. For high E0, the spectrum
reflects the inherent continuity of the electronic response as a function of coverage for
0-1 ML as is the case in the experiment of Hohlfeld and Horn.
Another aspect of the response of the Na/Al system we have investigated is the
so called "dipole" surface plasmon. This type of elementary excitation was predicted first
on the basis of a hydrodynamic model52"54, and was also discussed in microscopic
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0 .8 Na/AI
LOSS SPECTRUM ( o rb . u n its )

Eo=IOO eV

1

2

3

4

5

6

7

ENERGY ( eV )

Fig. 10 - If(O) for E0= 100 eV and 0.8 Na/AI. Dashed line: AO= 1.5 °. Solid line: A6=1.0°.
Dotted line: A0=0.75°.
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Na/AI

LOSS SPECTRUM ( o rb . u n its )

E = 3 0 eV

ENERGY ( eV )

Fig. 11 - /(co) for E0=SO eV, and for 6=0.6, 0.8, 1.0, and 1.25 ML.

I
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models55,56.. In the earlier studies it was given a physical picture53,54, for the predicted
additional mode as being dipolar in nature, the "regular" surface plasmon being referred
to as "monopole", terminology which makes reference to the zero or non-zero value,
respectively, of the integral over all space of the density fluctuation associated with the
mode for zero wave vector. A large number of theoretical papers have subsequently
provided partial support for this possible existence of these additional surface plasmons57"
60. The first unequivocal experimental confirmation of the existence of an "additional"
surface plasmon has been given by Tsuei et al.61. These authors performed HREELS
experiments for thick slabs of Na, K and Al both in the specular direction; and away from
it. They observed the presence of an additional collective mode for K and Na in the
expected energy range, and having dipolar character. We present theoretical evidence for
the existence of this mode for our overlayer system. We present dispersion relations for
plasmons for N a overlayers and also for thick slabs.
The theoretical loss function for a thick N a slab (-100
qn~0.05

A"1. The surface plasmon corresponds to the

A) is shown in Fig.

12, for

sharp peak located at about 3.9 eV,

while in the high energy tail, we can see embedded a broad stmcture corresponding to the
"dipole" surface plasmon (DSP). This figure is similar to the one shown by Tsuei et al.61
(their Fig. 2), for N a and K. The dispersion relations for the SP and the DSP are plotted
in Fig. 13 for several values of q^ together with the experimental points of Tsuei et al.61
(solid circles). The general trends of the experimental data, as it is the initial negative
slope for the SP, the linear upward dispersion for the DSP, as well as the relative position
of the peaks, are all well reproduced. As can be seen from the scatter in the experimental
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Fig. 12 - Surface loss-function for a thick Na slab, computed for q(=0.09 A'1.
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Fig. 13 - Comparison of experimental (full circles; Ref. 12) and theoretical (open circles)
dispersion curves for a thick sodium film.
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points for the DSP, there is an error bar o f at least I eV. In the determination of the
theoretical points for the DSP from the loss function, we also have an error bar o f the
order o f I eV, due to the fact that the DSP loss is a quite broad structure lying close to
the SP.
Now we look at what happens to the DSP when we consider a few monolayers
of N a on Al. The interesting point, as can be seen in Fig. 6, is that the DSP, becomes a
well defined peak, for 2 M L Na/Al. The situation for a thick slab is recovered only for
high values of q, (~0.2

A'1).

The dispersion relations for the SP and DSP for different

coverages (2, 5 and 10 ML), are illustrated in Fig. 14. As the coverage increases, the
position of the SP and DSP decreases on energy, tending towards the thick slab results.
The reason for the "enhancement" of the intensity for the DSP, can be speculated to be
produced by the confinement o f the DSP in the overlayer, as occurs for standing waves
in thin films.
For completeness we obtained the dispersion relation for a thick Na slab using the
Pseudo-RPA model for the response of the surface37 (exchange and correlation included
in the ground state but not in the response), and the RPA37 (no exchange and correlation
at all). These results are shown in Fig. 15 . The P-RPA points he in higher energies than
those for TDLDA. For the SP, the initial slope is almost zero (but still negative),
compared with TDLDA, and the DSP lies about 2 eV above those results for TDLDA.
This result agrees with the theoretical results shown by Tsuei et al.61 in their Fig. 3. It
must be noted that these authors showed results only for wave vectors beyond

0.1 A"1,

while the experimental points were given for smaller wave vectors. Also, for P-RPA, the
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WAVE VECTOR (A " ')

Fig. 14 - Calculated dispersion curves for surface plasmon (SP) and additional surface
plasmon (DSP) for overlayers of growing number of layers (this number is indicated for
each curve). The lower (higher) set of curves corresponds to the SP (DSP).
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Fig. 15 - Effect of exchange and correlation (within density functional theory) on the
calculated dispersion curves for a thick Na film. Open circles: LDA. Full circles:
exchange and correlation effects are included in the ground state (within LDA) but not
in the response. Squares: RPA.
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DSP structure is in general weaker than for TDLDA. Finally, for RPA, the SP peaks lie
above the previous two models, and it seems that the initial slope is zero or close to it.
The DSP was not obtained because the corresponding structure is hardly perceptible. As
can be seen from Fig. 15, the change produced on the SP dispersion relation is
comparable to the difference between the results for TDLDA and P-RPA models for qj

>0.1 A"1, which suggests that exchange and correlation is as important in the final result
as lattice effects are.
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CHAPTER 4
MICROSCOPIC THEORY OF SURFACE PHONONS
Introduction
In this chapter we study the surface phonons on aluminum. The force constants
are obtained from a microscopic theory, in which the electronic response to the ionic
movements is considered adiabatically. We use the static density response function
%(x,x’), within LDA and second order perturbation theory.
In the following section we give the theory necessary to obtain the bulk phonon
frequencies as well as its extension to the surface phonon problem. Then we give some
results for the pair potential, which is intrinsically related to the force constants. We
continue then with a section describing the general procedures and parameters entering
in the calculation of the surface phonons. The surface phonon dispersion curves for the
three low index surfaces of aluminum are given immediately. W e end this chapter with
a discussion o f surface resonances in aluminum.
Microscopic Theory o f Phonons
W ithin second order pseudopotential perturbation theory, the total energy of a
metal in the bulk can be written as E r=EvLEpain.,62 where the structure independent energy
Ev. is a functional of the electron density, and the energy Epaini is given by a sum over pair
potential <p(/,/') coupling (pseudo) ions located at sites labeled by sets of three integers
denoted collectively as I and /’ respectively. The net pair potential (ptot( / / ) consists of the
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direct Coulomb interaction between the ions, (p(,on)(/,/’), and an indirect interaction
mediated by the screening response of the conduction electrons, (p(el)(/,Z')58

(p JV 0= (p ('" W )+ (p ^ ,n ,

(4.1)

where

( p ^ C //) =

(Ze) 2

and

<p(e/)(/,/ o=Jrf3XJtZ3Xz

-XZ O)-

(4-2)

The interatomic force constant (FC) matrix ^ ^ (I,l’) (p,v=x,y,z) is given in terms
of the pair potential by the following equation

{ZT}=0

(4.3)

where Mfl(Z) is the instantaneous displacement of the Z-th ion from its equilibrium position.
Bulk Phonons
In the bulk the ((J)liv) can be written in the standard central-force form6

CWO-r-aS.CP

(4.4)
Ix(IJZ) J2

for M ’, where Jc(IJ1)^x(I)-x(l') , and the "tangential" (a) and "radial" ((3) PC ’s are
defined by the equations

a(Z,Z 0 =J-Cp '(r),
r

(3(Z,Z0=9 "(r),

(4.5)
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the derivatives o f the bulk and pair potential (p being evaluated at the equilibrium position
for each nearest neighbor (NN). For 1=1’ the P C ’s are obtained from Eq. (4.4) and the
condition of infinitesimal translational invariance63.
The eigenvalue equation which determines the. phonon energies

h(i)(q) and

eigenvectors ev(q) , for a given wave vector q , is given by63,64

E DlivC^X

(4.6)

where the dynamical matrix Dpv is defined by the equation

M

(4.7)
,/

The rank of the dynamical matrix is three (for the present case of a monatomic
lattice). Thus for each wave vector there are three eigenfrequencies. For high symmetry
directions the frequencies of the transverse modes may coincide (degeneracy).
In the calculation of the pair potential and force constants, the pseudopotential was
modelled by a Heine-Abarenkov pseudopotential,26 i.e..

r
-Ze2U

fo r r>r
(4.8)
fo r r<r

The parameters rc, uc were determined using the procedure described in Ref. 26,
i.e., we require that: (i) The total energy of the crystal has a minimum for the
experimental value of the lattice parameter (^= 4.05

A was used for

aluminum) and (ii),

the average of the squares of the bulk phonon frequencies over the Brillouin zone agrees
with the value extracted from neutron-scattering data. W ith this prescription, we get
wc=0.4271 and rc=0.7086 .
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The calculated bulk phonon frequencies for Al along high symmetry directions are
shown in Fig. 16, together with the experimental points extracted from neutron-scattering
data.81 The overall agreement between theory and experiment is clearly excellent.
In Table 3 we give the phonon frequencies at the X and L points of the Brillouin
zone as function of the number of shells o f N N ’s included in the computation of the
dynamical matrix. After the first 3 N N ’s are included, the phonon frequencies suffer only
small changes, and they are converged to about 1% when 12 N N ’s are considered.
It is very instructive to compare the frequencies obtained by the above procedure,
based on the explicit computation of the P C ’s followed by a shell-by-shell computation
of the dynamical matrix, with those obtained by direct evaluation o f the dynamical matrix

Table 3. Bulk phonon energies, given in meY, at the X and L points of the BZ
computed with several N N ’s interaction.
■Number of N N ’s

Polarization

X point

L point

I

Transverse

26.26

17.21

: Longitudinal

39,66

40.27

Transverse

26.26

19.59

Longitudinal

39.66

. 41.34

Transverse

24.23

17.69

Longitudinal

39.25

40.90

Transverse

24.89 .

18.07

Longitudinal

39-80

41.04

Transverse

24.65

17.61

Longitudinal

39.87

40.65

Transverse

24.05

17.30

Longitudinal

39.55

40.47

2

.

.

-3

8

12

. Reciprocal space
method

in reciprocal space.26 ( The latter.procedure bypasses the explicit evaluation of the PC ’s.)
This is also done.in Table 3. The method using PC ’s obtains higher phonon frequencies
than the reciprocal space method. This difference is large for the transverse modes (2%).
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Fig. 16 - Calculated phonon dispersion relation for bulk aluminum. Up to 12 shells of
nearest neighbors are considered. The circles represent the experimental data from Ref.
45.
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Table 4. Bulk force constants oc and (3 up to the 12th NN.Units are given in C2Za03,.
with the lattice parameter 30=4.05 A._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Neighbor

Alpha

Beta

I

-0.3614

6.2137

2

-0.0471

0.7456

3

0.0134

-0.2469

4

-0.0090

0.0675

5

. 0.0044

0.0556

6

0.0004

-0.0883

7

-0.0025

0.0255

8

0.0009

0.0444

9

0.0012

-0.0297

10

-0.0007

-0.0274

11

-0.0008

0.0209

12

0.0004

0.0232

Surface Phonons
For a finite slab, translational invariance in the direction perpendicular to the
surface is broken and the dynamical matrix must contain explicitly the location of each
atomic layer with respect to the surface. If we denote the atomic positions by the pair
(L,K), where K labels the atomic layer (K= 1,2,...Nl , N l being the number of layers) and
L labels the sites of the two-dimensional Bravais lattice, the eigenvalue equation becomes
(4.9)
K',v

where

is a two-dimensional wave vector parallel to the surface, the dynamical matrix

being given by
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(4.10).

where M is the mass of the ions. Then, our eigenvalue problem given by eq. 4.8, becomes
a system of 3NL equations, which we solve using standard diagonalization techniques.
It is very instructive to visualize the change in the nature o f the pair potential
(from which the PC ’s are obtained according to Eq. (4.3) ) near the surface. In Fig. 17
we plot the pair potential for two ions in the bulk as function of the relative distance
between the ions. Clearly, the equipotential lines for displacements normal to the plane
containing the two ions are circles, and this is a consequence of the central character of
the interaction. In Fig. 18 we plot the pair potential for two ions located in the outermost
layer of Al(IOO). The difference with respect to the situation in the bulk is quite obvious.
The equipotential lines are no longer circles, signaling the non-central character of the
pair potential at the surface. This result is a direct consequence of the fact that the density
response function

\z,z') depends on z and z ’ separately, and not just on their

difference (as it does in the bulk). Thus the surface acts as a "third body", and this
renders the pair-potential non-central. The physical reason behind this result is the
breakdown in translational invariance in the direction normal to the surface. It is
illustrative to show the pair potential for two ions at the outermost layer under different
conditions at aluminum surfaces as plotted in Fig. 19. The solid line corresponds to the
pair potential for the relaxed (HO) surface, the dotted line corresponds to the pair
potential for the unrelaxed (HO) surface. For comparison, we include the pair potential
in the bulk as the dashed line. The arrows mark the distance from the origin where the
nearest neighbors are located.
The general procedure for obtaining the phonon frequencies for thick slabs
consisted of the following steps. First, we computed the force constants from first
principles for a slab which typically consisted of 17 layers. Then we stretched this slab

V E R T IC A L D IS T A N C E ( A )

v. v

#

v

LATER AL D IS T A N C E ( A )

Fig. 17 - Pair potential for two ions in bulk aluminum (inside a metal slab). The arrows
show the distance, from the origin, corresponding to 1st n.n., 2nd n.n., 3rd n.n.
respectively. The separation distance between the two ions, projected onto the surface is
labelled as "Lateral distance". The vertical distance labels the difference in position with
respect to the surface.

V E R T IC A L D IS T A N C E ( A )

LA TER AL D IS T A N C E ( A )

Fig. 18 - Pair potential for two ions located at the outermost layer of the Al(IOO) surface.
Axis labelling and arrows same as in fig. 4.2 .

57
up to 51 to 81 layers by adding more layers in the middle of the original slab and
assigning bulk force constants to these added layers. We computed the dynamical matrix
(Eq. 4.9) for the stretched slab, and using standard diagonalization routines we obtained
the phonon eigenfrequencies and eigenvectors. The use of the stretched slab allows us to
obtain phonon spectral densities, which is very convenient for the purpose of studying
some of the features of the surface vibrational modes, such as resonances and gap modes.
We incorporated the effect of lattice relaxation self-consistently, using the algorithm
described in Ref. 37, and then computed the surface force constants for the relaxed slab.
M ultilayet relaxation effects were important for Al(HO). For Al(IOO) relaxation was not
very important, since relaxation is very small (< 1% expansion of first intralayer distance)
and for A l ( I l l ) we did not include relaxation.
Surface Phonons in AK100): M echanism for the Anomalous
Behavior of the Dispersion Curves for Large Wave Vectors
In this section we present results for the surface phonons for Al(IOO) and analyze
them in the light o f the available experimental data. It is to be noted that the frequencies
of surface phonons measured on the (100) surface of fee metals (Cu21, Ni22 and Al65,66)
are higher than the values obtained from bulk force constants .These findings have been
characterized as "surface-phonon anomaly "21,22-67. Since a large-wave-vector phonon probes
the details of the surface structure and surface electronic response, and hence the
interatomic PC ’s at the surface, these "anomalies" have attracted considerable interest. In
particular, Wuttig et al.,21 using a N N ’s model suggest two possible mechanisms to
explain the observed "anomaly" for Cu(IOO), namely (i) a stiffening of ,the interplanar
radial FC coupling N N ’s in the outermost two atomic layers (mechanism consistent with
a contraction of the first interlayer spacing), and (ii) the presence of a surface stress. This
stress is ascribed to the rearrangement of the electron density in the outermost layer, in
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Fig. 19 - Pair potential for two ions located at the outermost layer of the Al(l 10) surface
Solid line: relaxed position. Dotted line: Unrelaxed position. For reference, the bulk pair
potential is shown as a dashed line. Lateral distance measures the separation distance on
the outermost layer.
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conjunction with the observed epitaxy between this layer and the inner ones. Similar
conclusions have been drawn for Ni(IOO)67. We present here the results of a firstprinciples investigation of the above issues for Al(IOO), whose measured RW dispersion
curve along both the

f-X

and

f-M

directions shows the same type of long-wave

vector anomaly as Cu and Ni. We find that the tangential FC coupling first N N ’s in the
outermost layer for displacements along the surface normal is the main ingredient for the
anomaly. Now for the simple models55 this FC is proportional to the first radial derivative
of the bulk pair potential, a nonzero value of its derivative at the surface leading directly
to the surface-stress mechanism. However, as we have shown in the previous section (Fig.
18), the first-principles pair potential at the surface is noncentral (thus displacements
orthogonal to the bond and in the plane of the surface and along the surface normal are
not equivalent), and simple-model interconnection between the RW frequency for large
wave vectors and surface stress21,67 is lost.
In Fig. 20 we show the dispersion curves for the surface phonons for Al(IOO). The
RW at x is labeled as S4 mode while the RW at M is labeled as S1. It is apparent that
the dispersion curve obtained from the first principles PC ’s for the slab lies significantly
higher than the one obtained from the use of bulk PC ’s, the difference being more
pronounced at the M point.
The physics of the anomaly becomes particularly transparent at the M point,
since for this high-symmetry point, the RW corresponds to vibrations of the outermost
layer strictly in the z direction, with an effective spring constant given, to a good
approximation, by the equation

k^-4.[2(t,^(l,l)+(t,^(l,2)] .

(4-11)

The P C ’s entering Eq. (4.11) couple an ion in the outermost layer (K=I) with its
first NN in the same layer (K ’= l), and in the second layer (K ’=2) respectively, for

Fig. 20 - Calculated surface-phonon dispersion relation curves for Al(IOO). The dotted
lines correspond to a calculation performed using bulk PC’s.
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displacements normal to the surface. In this equation,
corresponds to displacements orthogonal to the bond;

A^(1,1)

is a tangential FC; it

d)^(l, 2)has a component along the

bond.
In Table 5 we give the values for these PC ’s calculated as outlined above. We
note that the relative difference between surface and bulk values of the electronic
contribution to both PC ’s is about the same (~2%). However, there is a larger cancellation
between electronic and ionic contributions to the total FC for the case of A^(1,1)
[which is why this FC is much smaller than

A^(1,2)

]• As a consequence we have

that the main surface effect is the change in the total value of

^ ( ! ,l)

relative to its
■ This

bulk value, despite the small magnitude o f this FC compared with
change, which is further enhanced by a factor of 2 multiplying (J)^(I5I)

in Eq. (4.11)

is such that it leads to a larger value of Iceff, i.e. to a higher frequency for the RW at M,
than one would have from the "bulk value" of this FC.
Table 5. Interatomic PC ’s entering Eq. (4.11), obtained from the solution of the
surface screening problem. The first, second, and third rows correspond to the (bare)
ionic, electronic, and total P C ’s respectively. The values obtained from bulk PC ’s, are
also given, as are the. values of the "adjusted" surface PC ’s defined in the text. (Units of
B^Za03, where a0 is the lattice constant.)____________________________________________
Surface PC ’s

Bulk PC ’s

Adjusted

(< n

surface PC ’s

(< m

<U U )

(IU U )

Ionic

25.46

25.46

25.46

Electronic

-25.56

-25.09

: -25.37

Total

-0.10

0.37

0.09

Ionic

-12.83

-12.73

-12.83

Electronic

10.03

9.80

9.97

Total

-2.80

-2.93

-2.86

This conclusion remains valid in the general case [Eq. (4.11) is exact for first
N N ’s]. W e find that the change in ^ ( ! , l )

relative to its bulk value [ ^ ( ! , l )

] does
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account for most o f the anomaly at M when enough N N ’s are included for the RW
dispersion curve to be well converged. This is also true at the x point, for which the
analysis is based on an effective spring constant whose definition is somewhat more
complicated than Eq. (4.11).
The dispersion curves shown in Fig. 20 correspond to the relaxed Al(IOO) surface,
for which we obtained an expansion of the first interlayer spacing of ~0.7%;the
corresponding experimental value is ~0%68. (We note that Bohnen and Ho69, on the basis
of a nonperturbative, pseudopotential-based total-energy calculation, also obtained an
expansion, namely 1.2%.) This small expansion is reflected in a small "softening" of
<])£?(1,2)

(Table 5). Obviously, the FC-stiffening mechanism is ruled out for Al(IOO).

In order to bridge the conceptual gap between our microscopic calculation and the
simple models,21,67 we consider the counterpart of Eq. (4.5) for a first-NN central-force
model, for which

( ^ ( I jI)=-O t1 ^and

^ 1( I jI ) = -(3 /2

, where the subscript in a and

P identifies first N N ’s. (Note that in this model Ct1=O in the bulk for stability.) In that case '
IteJjn o d el)= 2(p) +40^)

(4.12)

Clearly, a 20% stiffening of (3, would produce the same upw ard shift of the RW
frequency at M as a nonzero surface value of Ot1 given by Ot1=O.05(3,. This is precisely
what has been argued by Ibach and co-workers for Cu21 and Ni67. W ith regard to the
second mechanism, it is easy to see (still in the spirit of the model) that a nonzero value
of a ,, i.e., of (j)"(r0) at the surface [see Eq. (4,12); r0 is the N N distance] translates into
a nonzero surface stress,67 which via Eq. (4.12) is then reflected in the value of the RW
frequency at M. Note that crucial to the second part of this argument is the fact that in
the model (J)^(IjI)

is set equal to - a v However, in the microscopic approach these two

effects are "decoupled", because the first-principles pair potential is noncentral near the
surface. Its derivative normal to the surface [ (J)^(IjI) ] is what affects the RW

63
frequency, and not its lateral derivative, which is the one that contributes to surface stress
(there is also a contribution to surface stress from the volume energy Ev). Thus the
presence of a finite stress at the surface does not find its way into the RW dispersion
curve for large wave vectors, as it does in the simple models. Now the tangential FC
coupling N N ’s in the outermost layer for displacements normal to the bond and contained
in the plane, of the surface does affect the frequency of the shear (S1) mode at X. This FC
is given by the lateral radial derivative of the first-principles pair potential which as just
noted, contributes to the microscopic origin of the surface stress.
The above discussion provides a novel physical picture of the relation between the
surface-phonon spectrum and the interatomic PC ’s at the surface of Al(IOQ). Now,
consistent with the mechanism which has been found to determine the RW frequency, we
have that the same is an extremely sensitive function of the calculated value of the
electronic contribution o f ^ ^ ( ! ,l )

(recall that the ionic contribution is known exactly).

It is then not surprising that the PC ’s obtained above in an entirely first-principles manner
from our perturbative solution of the surface-screening problem yield a dispersion curve
for the RW along f - X

that is about 9% higher than experiment65,66 near the zone

boundary (which overemphasizes the anomaly); see Fig. 21. This is not a problem due
to numerical inaccuracy in handling the cancellation between electronic and ionic forces;
we view it as signaling the relative importance for the surface vibrational problem of
interactions left out from our Hamiltonian, specifically the three-ion forces. Our results
suggest that even a small contribution to the electronic part of (J)^(I5I)

from the terms

of third order in the pseudopotential would be of quantitative significance.
Comparison of our calculated RW dispersion curve with experiment lead us to the
conclusion that our first-principles electronic surface PC ’s have a built-in "theoretical
error bar" that is ~1% for first N N ’s and a small fraction o f 1% for more distant
neighbors. This criterion translates into a small uncertainty in the total value
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o f (J)^1,2) , and a larger relative uncertainty for
dispersion curve for the RW along the f - X

. In Fig. 21 we show the

obtained by adjusting the electronic P C ’s

according to this criterion, together with the HREELS data of Mohamed and Kesmodel65.
The "adjusted" values of

and (J )^ l,2)

used in this calculation are given in

Table 5 . It m ust be mentioned that if the value for the RW at x is extrapolated to 0°
K from the measurements at different temperatures, it gives a value -16.1 meV that is
close to our RW before adjusting the F.C .’s.70
The same adjusted P C ’s gave a good fit to the RW along the

f-M

direction as can be seen in Fig. 22. The experimental data was obtained using He-atom
scattering by M. Gester66. The different values for the RW at this point are: Bulk FC=14.4
meV, Surface FC=21.2 meV, Adjusted FC=19.3 meV and Experiment=19.0 meV .
Surface Phonons in A l(IlO )
The surface phonons on the A l(IlO ) has been studied experimentally using He. atom scattering by Toennies and Wbll77, and theoretically, using total energy methods by
Ho and Bohnen24 and using the same model used here but performed in reciprocal space
by Eguiluz et al.26 The interest on this surface is related to the known fact of multilayer
relaxation78 which produces a large contraction measured for the interplanar space (-8% ).
Thus, the FC will suffer changes due to both the presence of the surface and the large
relaxation. As we will discuss here, there are quantitative discrepancies close to the border
o f the surface Brillouin zone, between the theory and experiment for .this surface and
further studies are necessary. First we present our results in general and then we compare
in more detail with experimental results and the total energy calculations of Ho and
Bohnen24.
In Fig. 23 we show the surface projected phonons ("muscle") computed with only
bulk PC ’s. The surface modes are clearly separated from the continuum of the muscle.
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Fig. 21 - Dispersion relation for the RW along F -X for Al(IOO). The solid line was
obtained with surface PC’s adjusted as described in the text. The dashed line was obtained
with surface PC ’s calculated from first principles. The dotted line corresponds to a
calculation performed with bulk PC’s. Open circles: HREELS data of Ref. 54 . Solid
circles: He atom scattering data of Ref. 66.
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Fig. 22 - Dispersion relation for the RW and surface resonances along T -M for Al(IOO).
Open circles correspond to He-atom scattering data of Ref. 66.
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In Fig. 24 we have the muscle for the ideal surface (unrelaxed) computed with surface
P C ’s. Finally we show the muscle for the relaxed surface computed with surface P C ’s in
Fig. 25. The changes in the numerical values o f the surface phonon energies at the X bar
point and Y bar point are given in Tables 6 and 7 respectively.
Table 6. Surface phonon energies at the x
point in meV. Each column
corresponds to the P C ’s used to compute the surface phonons.
Relaxed

Modified

Unrelaxed

Bulk

RW

17.46

15.46

14.26

15.48

Long.

16.76

16.65

17.21

17.68

Shear V.

-

-

-

16.47

Gap Mode

33.71

33.70

34.15

32.51

As can be observed in Table 6, the RW for the unrelaxed case is lower in energy
compared with the bulk PC ’s result, while it is higher in energy by more than 3 meV
after relaxation is included. The longitudinal mode is less affected in both cases and
suffers changes of the order of 0.5 meV. Another interesting result, which has been
alluded to before by Ho and Bohnen24, is the fact that in the calculation with bulk PC ’s
there is a shear horizontal (SH) mode (see Fig. 23), which disappears into the continuum
when surface PC ’s are used (relaxed or unrelaxed). This mode can be clearly
distinguished inside the continuum at about 22 meV for the relaxed case. Unfortunately
the SH modes cannot be detected using He-atom surface scattering. Also, it must be noted
for later reference when comparing with experiment that in all the cases exists the RW
and the longitudinal mode. Looking at the eigenvectors corresponding to these two modes,
we find that the RW is mostly localized at the first layer while the longitudinal mode is
mainly localized in the second layer with atomic displacements in the z-direction for this
layer. The high localization of this mode at the second layer (and low localization in the
first layer) makes this mode difficult to detect using He-atom scattering and suggests
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Fig. 23 - Phonon dispersion relations projected onto the Al(IlO) surface computed with
bulk PC ’s.
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Fig. 24 - Phonon dispersion relations projected onto the AJ(110) surface, computed with
the PC ’s constants corresponding to the ideal (unrelaxed) surface.
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Fig. 25 - Calculated surface-phonon dispersion curves for the relaxed A l(IlO ) surface. The
PC ’s were adjusted as indicated in the text.
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trying to measure it using electrons.
The situation at the y

point is more complex, because the RW is not a mode

polarized in the z-direction (Z-mode) at this point. We call SI to the lowest energy mode
or RW, which is longitudinal in character at the border of the BZ. As has been discussed
by Lehwald et al.61 the fact that the lowest energy surface phonon has a longitudinal
character is related to the missing of first NNs along the f _ y

direction at the surface.

The S3 mode is polarized perpendicular to the surface in the first layer and the SH mode
is the shear horizontal mode.
Table 7. Surface phonon energies in meV at the y point. Each column
corresponds to the different FC used in the calculation.
Relaxed

Modified

Unrelaxed

Bulk

S I (RW)

10.53

9.36

11.39

9.88

S3

14.05

13.46

14.26

14.13

SH

14.20

14.20

12.46

11.35

Gap Mode

27.50

27.02

24.31

24.96

As was the case for the x point, the largest change occurs in the phonon energy
corresponding to the SH mode which increases its value from 11.35 meV to 14.20 meV
when we compute with bulk FC and then with the relaxed surface PC ’s. The slight
increase (~0.6 meV ) of the S I mode computed with surface PC ’s is due to a cumulative
effect of changes in several PC 's. For example, the PC corresponding to displacements
along the wave vector connecting an atom at the surface and a first NN at the second
layer tries to increase the energy of this mode while the PC corresponding to
displacements along the same direction but connecting an atom at the surface and a
second NN at the surface tries to decrease the energy of this mode. This mode is slightly
more localized at the second layer than the first layer.
The experimental results of Toennies and W bll77 at x

is 14.6 meV while at y
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they measured a mode at 8.9 meV and other at 13.5 meV. Our R W at x
m eV above the experiment and at

y

is about 2.9

the S I mode is about 1.6 meV above the

experiment, and the S3 mode is 0.55 meV above also. The same large discrepancy at x
has been .obtained by Ho and Bohnen24. Also, they obtained for the SI mode at y

a

difference of 1.5 meV that is almost the same as our result. The fact that two different
first principles calculations give similar results make it difficult to think of the large
discrepancies with experiment as coming from a systematic error in the theory as
suggested by Toennies and Woll.77 It is plausible that part of the problem is due to the
experimental difficulties in preparing a surface which matches the ideal A l(IlO ) surface
used in the theory. As was discussed by Toennies and Woll, the A l(IlO ) is a problematic
surface which presents a high density of defects. This can have an important effect on the
RW at

x

, as suggested by a numerical test we performed, in which the surface FC

(|)zz( l ,l ) is replaced by the bulk value: this replacement produces a change of 2.5 meV in
the RW energy. Furthermore, if one writes down an expression for the RW energy at this
point including up to 2nd N N s, one finds that the only FC coupling atoms in the first
layer is the (J)22Q ,I), which means that the effect of missing first NNs will have an effect
similar to a change of the referred FC. This FC affects the RW only for large wave
vectors and the loss of sharpness and height for the peak corresponding to the RW at
large wave vectors in the TOF measurements could in some extent be a signal o f the
presence of defects at the surface.
A n additional feature, indicated by an arrow in Fig. 26, is present for higherenergy transfers and intermediate wave vectors. This peak is quite intense for the (HO)
surface, and less so for the other two surfaces. The additional peaks could not be
explained in an earlier experimental report for A lQ 10), since they were not predicted by
the theory available at the time, based on phenomenological models.20 Fig. 27 shows the
dispersion relation for the RW and the longitudinal branch along the

f_ x

direction.
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For this last figure we modified the electronic part of some of the FC in the spirit of the
discussion for the Al(IOO), but we cannot get a good fit to the experiment with these
small changes and our modified RW lies still higher than the experiment. The values for
the surface phonons obtained with the modified P C ’s were already given in Tables 6 and
7. In Table 8 we give the values for some of the most important P C ’s for the different
calculations.
Table 8. Values for some o f the most important FC that enter the different calculations
for the A l(IlO ) surface, The units are C2Za03. The superscript (2) means second NNs. All
the others FC refer to first NNs.
Relaxed

Modified

Unrelaxed

Bulk

4U U )

-0.188

0.325

0.566

0.361

(IU V )

-1.146

-1.107

-1.071

-1.282

-9.499

-8.092

-6.685

-6.214

■*wW(M )

-0.485

-0.310

-0.098

-0.746

4U V )

-4.007

-3.901

-3.057

-2.926

In Fig. 28 we show the dispersion relations for the RW and longitudinal resonance
along the

f -X

direction performed with relaxed FC (dashed line), relaxed FC modified

as in Table 8 (solid line) and bulk PC ’s (dotted line). The difference between the
modified FC and unmodified (relaxed) FC begins to be noticeable at about 0.5

A'1 and is

bigger for larger wave vectors. We also note that both results are the same in the region
of wave vectors where the resonance is detected.
Finally, in Table 9 we show the effect on the RW at x

if we change some of the

PC ’s in the unrelaxed case by its relaxed value, one at each time.

SPECTRAL DENSITY AND TOF SIGNAL

ENERGY TRANSFER ( m e V )

Fig. 26 - Experimental TOF spectra for low index surfaces of Al, and calculated phonon
spectral densities along the scan curve, for Z-modes (solid lines) and L-modes (dashed
lines). The phonon^propagation directions correspond to T -X on Al(IOO) and Al(l 10)
surfaces, and T M on Al( 111). The arrows indicate the location of the resonances
which were located experimentally.

PHONON ENERGY ( meV )
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PHONON WAVE VECTOR ( A"1)
Fig. 27 - Longitudinal resonance and RW dispersion relation along the F -X direction
on A l(IlO). The circles correspond to He atom scattering data from Ref. 25.
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Table 9. Energy change of the RW when we replace selected P C ’s in the unrelaxed
surface phonon calculation by the corresponding value for the relaxed surface.The first
column is the modified PC, the second column is the corresponding change in meV
produced in the RW energy.
M odified PC

RW energy change

W 1 ,1 )

+2.73

4>,,(1,3)

+0.92
+0.30

In conclusion, we have shown that for A l(l 10) the inclusion of relaxation produces
large changes in the phonon spectrum. At the x

point our results agree with the results-

o f Ho and Bohnen24, but there is a large discrepancy with the experiment. One possible
improvement to our theory in order to get a better agreement with the experiment is to
include three-ion interactions. A n important result of our calculation is the explanation
of the observed structure in the. experiment as coming from the longitudinal resonance.
Surface Phonons in A l( I ll)
A striking feature of the f c c ( lll) surfaces of Cu, Ag, Au and Pt has been the
observation of an originally unexpected additional mode embedded in the continuum (and
named "longitudinal surface resonance") in both the

f-M

and F - K

directions71"74.

This mode has been reproduced by Bortolani et a l 30 on the basis of a phenomenological
large softening (50-75%) of the lateral force constant in the first layer. It has been argued
that this softening is due to a change in sp-d hybridization in the surface layer30,72. A
different point of view is sustained by Hall et a I.,15 whose work suggest that only a
modest (15%) softening is needed in order to reproduce the observed longitudinal
resonance in C u ( lll) , and also the longitudinal surface mode measured at the band gap
at the M

point75.

Measurements for a nearly-free-electron metal, A l( I ll) were performed in order

________ :_________________________________

Fig. 28 - Spectral densities along the F X on Al(IOO), for displacements perpendicular
to the surface of the first layer of ions.
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to clarify this point76. Absence o f sp-d hybridization for this surface simplifies the physics
involved. The He-atom scattering experiments by Lock et al?6 did not show the
anomalous mode found for the noble metals which was consistent with the explanation
of the surface resonance in terms of sp-d hybridization. However, recent experiments on
the same surface show the existence of a weak longitudinal resonance.32,66 Our
microscopic results show that the radial FC in the first layer is reduced by less than 10%.
The resonances are well reproduced by the microscopic results as we will see in a later
section of this chapter. In this section we will compare our results to the experimental
RW determined by Lock et al.16
A procedure similar to the one applied to the Al(IOO) surface has been
implemented for A l( lll) ; The same yields dispersion curves for the RW in excellent
agreement with the experimental curves76 for four different directions in the surface BZ,
as shown in Fig. 29. The electronic part o f the FC corresponding to displacements
perpendicular to the surface, for two atoms at the surface, was reduced by 1.6%. After
■this reduction, the RW at the M
at the K

point lower its value from 17.7 meV to 17.1 meV and

point the RW changed from 21.5 meV to 18.7 meV. The large change

occurred at the K

point is related to the high localization of the RW at the first layer.

The surface phonon energies are converged to 1% as a function o f the number of NN
interactions, after approximately 5 or more NN are included in the calculation.
In Fig. 29 we compare our calculated RW for four different directions in the
surface BZ with the measured curves by Lock et al.76 The agreement is very good for the
4 directions. According to Lock et al., using a model with central and angular PC’s fitted
to the bulk phonons, they do not need to modify the bulk FC to obtain a good agreement
for the surface phonons, but they need to include up to 10 NN interaction and angular
PC ’s. On the other hand, our phonons computed with bulk FC lie considerably below the
experimental results. A t M

the RW computed with bulk FC is 14.9 meV while the
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experimental value is 17.0 meV. At the K

point, with bulk FC we obtain 15.6 mev for

the RW while the experimental result is 18.7 meV. Thus, we have an "anomaly" similar
to the one for the Al(IOO) surface. The results from Lock et al. seem to suggest that
three-ion interactions are important and their inclusion in our calculation may elim inate.
our "anomaly" bringing the RW computed with bulk FC to an upper position in energy.
This does not mean that we will obtain the surface phonons from the bulk FC, but that
there is an effect coming from the change in the geometry near the surface that has not
been taken into account and is possible to be important.
Surface Resonances on Aluminum
The surface resonances embedded in the continuum of bulk phonons have been
discussed before in connection with the A l(IlO ) and A l( I ll) surface phonons. Now a
considerable amount of work has been devoted recently to the study of the physical
mechanisms behind the "anomalous" surface-phonon resonances first observed for the
(111) surfaces of the noble metals,28 and subsequently also for the (HO) surfaces of these
metals,28 and for both surfaces of several transition metals 29 Several different physical
views of the problem have been put forth.25,30,75 In particular, the original mechanism
proposed by Bortolani et al?0 requires a drastic softening of the radial FC coupling first
nearest neighbors within the outermost atomic layer in relation to its value in the bulk.
This softening has been attributed to a change in sp-d hybridization at the surface. Given
the amount of attention attracted by this conjecture,25,30,75 it is of interest to check it by
inquiring if these resonances may also exist for an sp-bonded metal such as Al. We
addressed this problem in a recent letter where w e have reported He-atom time-of-flight,
and microscopic calculations of surface phonon spectral densities and dispersion curves,
revealing the presence of "anomalous" resonances in the phonon spectrum for low-index
surfaces of Al.32 In this section we compare the phonon spectral densities (SDs), obtained
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PHONON WAVE VECTOR ( A "1)
Fig. 29 - Dispersion relation for the RW along 4 different directions in the surface
Brillouin zone of the A l( I ll) surface. The circles correspond to He atom scattering data
of Ref. 65.
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from our phonon calculation, with the time-of-flight (TOF) measurements, converted to
an energy scale, performed on Al. We find that our SDs reproduce the main features of
the TOF spectra, including the surface resonances. Also, a detailed study of the change
o f the P C ’s and its effect on the surface resonances allow us to conclude that they are
produced by cumulative effects of changes in the entire surface force field and not for the
change of a single surface FC. In particular, for the A l(IlO ) surface where multilayer
relaxation occurs, the observed resonances are well reproduced only after inclusion in the
phonon calculation of a self-consistent multilayer relaxation.
The SDs were computed for each atomic layer (labelled by k=l,2,...) using the
expression given by Hall and Mills79

P pv(kk 7I^ ico)=X )

where p,v=x,y,z,

I^ ,X ^ v V i

5 (to -Co-O p

(4.13)

is the p-component of the eigenvector corresponding to the j-th

eigenmode. W e substituted the delta function by a gaussian function with a half-width
typically of about 0.5 meV. In general, slabs of 81 layers were sufficiently thick to obtain
spectral densities without structure produced by the finite thickness. Although we can
compute the SDs for any layer, we did only for the first and second layer and here we
show results only for the first layer in accord with the generally accepted idea that the
He-atom samples only the first layer76.
In TOF measurements the scattered He-atom gains or losses energy after creation
or absorption of a phonon. Momentum and energy conservation parallel to the surface
gives
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2m
G +q{]-IcpmQf -IcswQi
"

(4.14)

where G is a reciprocal lattice vector in the same direction o f the wave vector

From

these we can find the expression that defines a scan curve:

?„ =*; {(I +— ) lzzsin(6SZ)-0 .)-sinO,}

where the He-atom incident energy is

(4.15)

, 6 is the incident angle, 0SD is the fixed

angle between the source and detector, 9SD=0i+9f, hco is the energy loss, and q„ is the
wave vector parallel to the surface. The phonon dispersion relation is obtained varying
the incident angle Gi with respect to the surface normal.
The spectral densities (Eq. 4.13), as function of q,, and to, contain structures
associated with the presence of modes localized at the surface or w ith a high density of
modes at the surface as shown in Fig. 28 for

p ^ ( l,l |^ m) computed along f _ x

for

the Al(IOO) surface. The scan curve selects a slice of the SDs along a path in the ^ l-CO
space determined by Eq. (4.15). In Fig. 30 we show p z_(l,l |^(o ), along the scan curve
determined by E—34.1 meV, 0—36.1°, 0SD=91.54° obtained from the p ^ q ^ ro ;!,!)
corresponding to Fig. 4.14 .
In Fig. 31 we show the scan curves (dashed lines) for different incident angles,
together with the RW and resonances for the A l(IlO ) surface. H ie spectral densities
computed along these scan curves will show peaks when they cross the RW or
longitudinal resonance. As can be seen also from this figure, the width of the peaks
observed along the scan depends on the angle at which the scan curve crosses the RW
or resonance. An extreme case is when the scan curve is tangent to the RW . This
condition is named "kinematical focusing"76, and it is characterized by the observation of
very broad peaks.
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The TOF spectra should be compared with the reflection coefficient that takes into
account the interaction of the He atom with the surface. An important factor entering the
expression for the reflection coefficient is given by80

..^ c0 I- p uz +iQ'UL 12

(4.16)

CO
where n(co) is the Bose-Einstein distribution function, uz and uL are the perpendicular and
longitudinal eigenvectors respectively and P is a characteristic parameter for each
material. The factor n(co)/co favors contributions from the low frequency part of the
spectrum. On the other hand, the SDs are more pronounced for bigger wave vectors,
where the surface modes are more localized and have correspondingly higher frequencies.
For presentational purposes in Fig. 26 we scaled the theoretical curves by multiplying
with a linear function of the frequency in such a way that it reproduces approximately
two of the RW peaks in the experimental curve.
In Fig. 32 we. compare experimental TOF spectra (upper curve) converted to an
energy-transfer scale, with the phonon

spectral densities computed along the

corresponding scan curves. The lower solid line corresponds to phonon eigenmodes
polarized along the surface normal (Z-modes). The dashed lines correspond to longitudinal
eigenmodes (L-modes). The most prominent feature of the spectra is the R W . An
additional feature is present for higher-energy transfers and intermediate wave vectors.
For the (HO) surface, this peak is quite intense compared with the other two surfaces.
The additional peak could not be explained in an earlier experimental report for A l(IlO )77,
since it was not predicted by the theory at that time, based on phenomenological models20.
Total energy methods13 did not account for it either, since these are designed to produce
first principles surface phonon frequencies at the zone boundary only.
The calculated phonon spectral densities give a good account of the structure
observed in the TOF spectra. The additional feature observed close to the RW in the
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Fig. 30 - Spectral density p2Z for displacements of the first layer of ions, computed along
the scan curve defined by E—34.1 meV, 6i=36.1° . Dashed line: Calculation performed
wiht bulk PC’s.
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Fig. 31 - Scan curves computed for 8 —33.1 meV and several incident angles. We plot
also the RW and longitudinal resonance along F X on the Al(IlO) surface.
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experimental spectra correlates well with the Z-mode of the spectral densities and in
general the whole spectra does. As can be seen in Fig. 33, the extra peak lies inside the
continuum of surface projected bulk branches, the peak is then in the nature of a
resonance. For large q,, the calculated dispersion curves shown in Fig. 33 reflect the
adjustment of the P C ’s at the surface, as discussed in the section for the surface phonons,
and give very good values for the RW frequency at the zone boundary for Al(IOO) and
A l( I ll) but not for A l(IlO ). The resonance is not affected by these modifications o f the
PC ’s because the resonance is only observed for small q,, and is not controlled by the
(J)zz( I 1I), as is the case with the RW. The optimal conditions to observe the longitudinal
resonance are obtained for intermediate wave vectors because for large q,, the cross
section for He atom scattering is known to decay rapidly while for small q,, the resonance
falls into the RW peak, which dominates the scattering.
In order to understand the nature of the resonances we performed several
numerical tests. We discuss the A l(IlO ) results, where the difference between a
calculation performed with the relaxed surface PC ’s and that with only bulk PC ’s is
bigger. A calculation in which all the P C ’s coupling pairs o f atoms located in the
outermost layer are replaced by their bulk values gives results for the resonance very
similar to those of Fig. 26. This means that the P C ’s coupling atoms in the first layer do
not, play a major role. This includes the radial PC usually associated with the existence
of the longitudinal resonance. The rather large relaxation-induced stiffening (-30% ) of
the PC which couples an atom in the outermost layer with its first NN directly under it
in the third layer (<j)zz(l,3) in Table 8) does not affect the resonance much as has been
checked by replacing that single PC by its bulk value. By including the shells of NN one
by one, we find that convergence of the height of the resonance requires the inclusion of
at least seven shells of N N s. If only the first interplanar spacing is let relax the resonance
is not present in the calculated spectral densities. Multilayer relaxation is necessary in

PHONON ENERGY ( meV )
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PHONON WAVE VECTOR ( A '1)
Fig. 32 - Computed RW and longitudinal resonance dispersion relations, for the F -X of
Al(IlO)-The solid line was obtained with surface PC’s adjusted as described in the text.
The dashed line corresponds to a calculation performed with surface PC's for the relaxed
surface. The dotted line corresponds to a calculation performed with bulk PC’s.

PHONON WAVE VECTOR ( A"')
Fig. 33 - Circles: He atom data. The solid-circle subset corresponds, respectively, to the
resonance (arrows) and the RW peaks observed in Fig. 26 Solid lines: Calculated
dispersion curves for the RW and resonances for Z-modes and L-modes. Dotted lines:
lower edge of the transverse bulk-phonon continum.
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order to get the resonance in consistency with the need for the inclusion o f several shells
o f NNs.
From these tests we can conclude that the existence of the resonance is determined
by changes in the entire surface force field coupling an atom in the outermost layer with
those in the second layer. The reduced spectral weight of the resonance for Al(IOO) and
A i( I ll) is attributed to the fact that the relaxation in these surfaces is small (~1%)
compared with the relaxation for A l(IlO ).
In Fig. 34 we compare the spectral densities for the relaxed surface with the
corresponding spectral densities for the unrelaxed surface. For the relaxed case we have
an extra peak in the Z-mode that is not present for the unrelaxed case. This extra peak
is the same that we associated with the experimental feature in Fig. 26.
Our results have shown that longitudinal resonances are present in the theoretical
vibrational spectrum for Al and they correlate very well with the observed structure in
the TOF spectra for this sp-bonded metal. These resonances are not attributed to a
softening of a single surface FC as suggested by simpler models but to changes in the
entire surface force-field.

SPECTRAL DENSITY

PHONON ENERGY ( meV )
Fig. 34 - Spectral densities for the V X direction of AU 110), along the scan curve for
E - 33.1 meV, and 6^=39°. Dotted line: Calculation performed with PC’s for the relaxed
surface. Solid line: Same as before, but with FC s adjusted as described in the text.
Dashed line: Calculation perfonned with PC’s for the unrelaxed surface.
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CHAPTER 5
CONCLUSIONS
In this thesis we have applied linear response theory in the local density
approximation, and within the jellium model, to the study of screening processes at metal
surfaces.
We studied electronic excitations in the Na/Al chemisorption system and compared
our calculated scattering probability to the available electron-energy-loss spectra. In the
monolayer-coverage regime we reproduce the main qualitative features of the EELS
experiments :(i) the loss peak grows from a broad structure to a shaip peak as the
coverage is increased;(ii) the loss peak shifts upwards in energy with increasing coverage.
For coverages up to I ML, the calculated loss spectrum shows a peak whose
intensity depends on the incident energy. This peak is in the nature of ghost peak. It
originates as a combined effect of the kinematical factor and the loss function. The ghost
peak has been undoubtedly masked by the intense one-electron transition observed in the
experiment of Heskett et a l ' 9 which was performed at a low incident energy. Our theory
does not include interband or atomic transitions, and so we cannot try to interpret the
experimental data for very low coverages.
We must note here that crucial to the qualitative success of calculated loss spectra
in the ML-coverage regime is the use of a microscopic model for the response of the
system. A classical model shows a plasmon peak for all coverages and gives rise to a loss
spectrum in qualitative disagreement with the experimental data.
Another interesting result is the behavior of the overlayer plasmon and the dipole
surface plasmon dispersion relations as a function of coverage. We obtain that for low
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coverages the corresponding curves lie above the results for a thick slab of Na, and they
approach to the thick N a results as we increase the coverage. Although this trend
disagrees with the experimental data for Na/Al, they are in accord with recent results for
the K/Al chemisorption system obtained by Professor E. W. Plum m er’s group at the
University of Pennsylvania the same qualitative behavior as our results for Na/Al. We
have started a collaboration with Professor Plum mer’s group in order to elucidate these
issues.
We obtained the dispersion relation for the surface plasmon and dipole surface
plasmon for a thick N a slab, using three different models for the ground state and
response: TDLDA, Pseudo-RPA and RPA . The spread in the calculated dispersion curves
is comparable with the downward shift in the value of the surface plasmon frequency at
zero wavevectpr introduced by our use of an effective mass of 1.139. From these results
we draw the qualitative conclusion that the effects of exchange and correlation on the
dispersion curves are quantitatively as important as those of the crystal structure.
We have also applied linear response theory to the study of surface resonances and
phonons in aluminum. The most important result we found is the existence of surface
resonances on the three low index surfaces of aluminum, and the new physical picture
that evolved in their interpretation. The corresponding dispersion relations of these
resonances compare well with He-atom time-of-flight experiment.
In particular, for the Al(TlO) surface we found that multilayer relaxation plays an
important role in the calculated surface resonance. A calculation performed with the
unrelaxed surface PC ’s does not show a surface resonance. A calculation using bulk P C ’s
shows only a weak resonance.
The reduced spectral weight of the resonances for Al(IOO) and A l( I ll) is
attributed to the fact that these more densely packed surfaces relax very little. For these
two surfaces the calculated relaxation amounts to a ~ 1% expansion o f the first interlayer
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spacing, vs ~6.5 % contraction for A l(IlO ).
Another important point is the effect on the resonances o f changes in the surface
P C ’s. We have found that the resonances are produced by changes in the total force field
in the surface and not by one particular PC. The most important contribution to the
resonance comes from P C ’s coupling atoms between first and second layer. At least seven
shells o f mVs must be included for convergence of the strength o f the resonances.
In a different issue related to surface phonons, we compared our results for the
RW dispersion curves with measured surface phonon dispersion relations in all three
surfaces.
For the Al(IOO) and A l( I ll) surfaces, our results lie above the experiment for the
high symmetry points. For example, for the x point in the Al(IOO) surface, the
theoretical result for the RW lies about -10% above the experiment result at T=300°K,
however, this difference is reduced to less than 5% if we compare with an extrapolation
to 0°K from experimental results performed at different temperatures66. The remaining
difference is argued to be produced by the lack of many-atom interactions in our theory.
Studying the PC ’s changes, we found that the frequency of the RW for large
wavevectors (CL > 0.7

A"1)

depends sensitively on the (small) value of the tangential PC

coupling a pair of surface atoms for displacements normal to the bond and to the surface.
The electron-gas approximation made in our surface-screening calculation translates into
an "error bar" of -1 % in the electronic contribution to this PC (or a possible 10%
overshoot, in the frequency of the RW at the zone boundary). This is attributed to the
(presumably) small contribution to the electronic PC 's from three-atom interactions. For
large q,, the calculated dispersion curves, with a small ( - 1%) adjustment in the electronic
part of the PC just alluded to, yields good values for the RW frequency at the zone
boundary for Al(IOO) and A l( ll l) , but not for Al(IlO).
For the A l(IlO ) surface our results for the relaxed surface for the RW at X

is
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about 2.5 eV higher than the experimental data. Even a calculation performed with bullc
P C ’s gives a RW energy above the experimental measurements. The energy of the RW
increases with relaxation in the theoretical calculation (contraction of the first interplanar
distance), which is the behavior that one expects.
In summary, we have shown that the use of a microscopic theory in the study of
electronic screening at surfaces gives new insight into the physics involved. The study of
the loss spectrum of an alkali-metal overlayer chemisorbed on simple metals gave a good
physical picture of the elementary excitations in this system. Also, in the study o f the
surface phonons and resonances on aluminum, we have obtained a good reproduction of
the surface resonances observed experimentally. The intensity of these resonances is
related to changes in the total force field and not to change of one FC in particular.
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